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1. INTRODUCTION
Malaria is a severe infectious illness that impacts mil-
lions of individuals globally every year.1 The most 
lethal parasite responsible for malaria is Plasmodium 
falciparum, causing the majority of malaria-related 
fatalities.2 The disease spreads through mosquito bites, 
and also has the complicated life cycle of the parasite, 
as well as its resistance to insecticides and drugs, con-
tribute to the proliferation of the disease.3 P. falciparum 
is becoming more resistant to available drugs, such as 
antifolates and chloroquine, due to random muta-
tions.4 Although five Plasmodium parasite species can 
cause malaria in humans, P. falciparum and P. vivax 
cause the majority of malaria-related deaths. 
Artemisinin-based Combination Therapies (ACTs) are 
the present standard treatment for P. falciparum 
malaria.4 Despite advancements in drug development, 
preventing and controlling malaria remains difficult 
due to the widespread emergence of drug-resistant 
P.  falciparum strains. This has limited the efficacy of 
current drug treatments, including ACTs. To combat 
drug-resistant P. falciparum malaria, new drug mole-
cules and alternative therapies are needed.4 Artemisinin 
(ART) is a natural antimalarial compound that effec-
tively treats P. falciparum malaria. It functions by creat-
ing highly reactive free radicals and reactive oxygen 
species when interacting with iron. Targeting β-hematin 
formation is a crucial target in hemozoin formation 
pathway of Plasmodium spp.5 Inhibitors of β-hematin 

formation result in immediate protozoal deaths. Thus, 
development or repurposing of new antimalarial hits 
against the ‘Haemoglobin degradation’ (HD) pathway 
which is considered as a very crucial target in antima-
larial drug discovery process.5 The HD pathways are 
basically a catabolic process that is required for the 
intraerythrocytic development of malaria parasites.

Fused imidazopyridines share a structural resem-
blance to the purines, which thus enables to have their 
biological investigations in order to find out potential 
lead/hit candidates of therapeutic values.6–8 The discov-
ery of first GABAA receptor agonist divulged their 
medicinal chemistry potentials.9,10 Numerous enzyme 
inhibitors such as aromatase inhibitors, classical 
non-steroidal anti-inflammatory agents and proton 
pump inhibitors have imidazopyridine (IMP) core in 
them.7 They have been widely reported for varieties of 
pharmacological actions including but not limited to 
Antitumor activity, antimicrobial activity, anti-inflam-
matory activity, antiviral activities, anxiolytic, antipro-
tozoal, in the treatment of immune-related diseases, 
Antidiabetic activity, angiotensin II receptor antago-
nists and antitubercular agents.7–24 Furthermore, many 
marketed drug candidatures bear IMP moiety in their 
cores such as olprinone (acute heart failure), zolpidem 
(insomnia), alpidem (anxiolytic), necopidem and 
saripidem (anti-anxiolytic), zolimidine (peptic ulcer) 
and rifaximin (antibiotic) (Fig. 1).7 Recently, we have 
summarized biological potential of IMPs against 

ABSTRACT: Malaria is a serious illness transmitted through the bite of an infected mosquito, which is caused by a type 
of parasite called plasmodium and can be fatal if left untreated. Thus, newer antimalarials with unique mode of actions 
are encouraged. Fused pyridines have been vastly reported for numerous pharmacological activities including but not 
limited to analgesics, antitubercular, antifungal, antibacterial and antiapoptotic agents. In a current study, a series of 
substituted Imidazo[1,2-a]pyridine-3-carboxamides (IMPCs) (SM-IMP-01-13) along with some hydrazides 
(DA-01-DA-02) were synthesized and characterized by Fourier-transform infrared spectroscopy (FTIR), 1H-/13C-NMR 
(proton/carbon nuclear magnetic resonance), elemental analyses and mass spectra. These synthesized analogies were 
subjected for in vitro biological activities such as Brine Shrimp lethality (BSL), and assay of β-hematin formation inhibi-
tions. The BSL assay results suggested that compounds, SM-IMP-09, SM-IMP-05 were found to be less toxic and they 
also had comparable toxicity as of 5-Flurouracil (control) ((e.g., at 10 µg/ml: 20% deaths of nauplii). Derivatives 
SM-IMP-02, and DA-05 inhibited β-hematin formation: IC50: 1.849 and 0.042 µM, respectively). Our molecular docking 
analysis on plasmodial cysteine protease falcipain-2 indicated that compound DA-05 (–9.993 kcal/mol) had highest 
docking score and it was comparable to standard Chloroquine (–7.673 kcal/mol). The most active molecule, DA-05 was 
also retained with lower HOMO–LUMO energy gap as 3.36 eV. Further, we have also analyzed MEP, and other global 
reactivity indexes for all IMPCs using DFT. Finally, our in-silico pharmacokinetic analysis suggested that all compounds 
were having good% human oral absorption values (≈100%), good Caco-2 cell permeabilities (>1600 nm/s), and non- 
carcinogenic profiles.
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diseases of neglected populations such as malaria, 
trypanosomiasis and tuberculosis (TB).10–16

Hydrazide-hydrazones are very well-known for 
their potent biological activities such as anti-TB and 
antibacterial or antiviral activities.25–29 To our best 
knowledge, only a handful of literature reports on the 
synthesize IMP-hydrazones are available.13,30 However, 
in year 2021 a group of scientists from ‘Shiraz University 
of Medical Sciences, Shiraz, Iran’ successfully prepared 
a series of 12 imidazo[1,2-α]pyridine derivatives bear-
ing 1,2,3-triazole moiety containing hydrazone in 
reporting their antiproliferative potential against lung 
and pancreatic cancer cells as c-Met kinase inhibitors.30 
Previously, Kumar et al.,1 demonstrated the antimalar-
ial activity of newer acyl hydrazone compounds and 
docked against the target plasmodial ‘cysteine protease 
falcipain-2 (FP-2)’. Figure 2 displays known antimalar-
ial agents.

With similar analogy but with different synthetic 
approaches, we aimed to synthesize IMP carbohy-
drazide’s (DA-01 to DA-05). We have also carried out 
synthesis of previously reported substituted 
2,7-dimethylimidazo[1,2-a]pyridine-3-carboxamides 
derivatives (SM-IMP-01 to SM-IMP-13) and repur-
posed for checking different biological potentials other 
than anti-TB activity.10 Such hybridized structures 
(DA-01 to DA-05) including (SM-IMP-01 to 
SM-IMP-13), in total 18 compounds, were subjected 
for in vitro antimalarial, and Brine Shrimp lethal-
ity  (BSL) assessments (Supporting information, 

Tables S1–S5, Figs. S1–S6). All synthesized compounds 
were thoroughly characterized for 1H-NMR, 13C-NMR, 
FTIR, mass, and for elemental analysis (Supporting 
information, Figs. S7–S66). Molecular hybridization 
has emerged as a powerful tool where molecules con-
taining more than one structural units are synthesized 
with improved biological activity than their corre-
sponding lead compound. It’s aim is to identify novel, 
highly active compounds by combining two principles 
with observed synergistic pharmacological activities. 
In particular, we coupled imidazopyridines to hydrazide 
core to have imidazopyridine-based hydrazide 
analogues.

In this particular study, the goal was to develop 
effective antimalarial agents against P. falciparum. To 
do so, we tested 18 previously reported substituted imi-
dazo[1,2-a]pyridine-3-carboxamides (IMPCs) (SM- 
IMP-01-013) along with some hydrazides 
(DA-01-DA-05) (Scheme 1). Herein, there are three 
imidazopyridine carboxamide (IMPC) series, (1) with 
6,8-dibromo-, (2) with 6-bromo only (at eighth posi-
tion H) and (3) hydrazides of 6-bromo series. These 18 
derivatives were then analyzed using molecular mode-
ling techniques,31–33 including protein-ligand docking 
against P. falciparum cysteine protease FP-2 (PDB ID: 
3BPF) using the flexible docking method and the sim-
ulation-based docking protocol with Glide module of 
Schrodinger, LLC, NY, 2022 drug discovery suite. We 
also assessed absorption, distribution, metabolism, 
excretion, and toxicity (ADMET) properties.

Fig. 1.  (Color online) Structures of some marketed IMP analogues.
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To confirm the antimalarial potential of the best 
docked compounds, we calculated the MM-GBSA-
based free binding energies of docked complexes 
against the P. falciparum FP-2 enzyme. Furthermore, 
we also evaluated cytotoxicity analysis using BSL bio-
assay. Finally, theoretical analysis was performed by 
calculating DFT properties34–38 and compared with 
observed bioactivities. In addition to this, we con-
ducted extended antimicrobial, and anti-inflammatory 

activities and are attached in supporting 
information.39–49

2. RESULTS AND DISCUSSION

2.1. Synthesis
Synthesis of all 18 compounds were carried out as per 
the previously reported protocols10,13 and as described 

Fig. 2.  (Color online) Classification of malarial drugs based on the scaffold and their structures. Adapted with permission from Ref. 50. 
Copyright 2019 Elsevier.
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in the section ‘Chemistry’ of ‘3. Materials and methods’ 
(Scheme 1).

2.2. Bioactivity analysis
For a set of 18 imidazopyridines, we have conducted 
two assays: (1) BSL assay and (2) inhibition of β-hema-
tin formation Assay. The BSL assay is an bioassay used 
to evaluate cytotoxicity of synthesized compounds or 
natural compounds. The basic principle behind this 
assay is based on the killing ability of tested com-
pounds on brine shrimp (Artemia salina, a simple 
organism). Thus, in order to have better assesments of 
our IMPs, we first checked their cytotoxicities followed 
by β-hematin formation Assay.

2.2.1. Brine shrimp lethality assay (BSL assay)

For current set of imidazopyridine analogues, we esti-
mated preliminary cytotoxicity (estimation of killing 

of a laboratory cultured larvae (nauplii)) using the 
‘Brine shrimp (Artemia salina) lethality assay’ (for 
procedure, please refer supporting information).39–41 
The BSL assay for all 18 compounds demonstrated 
that some of compounds had higher cytotoxicity (e.g., 
at 1 µg/ml: SM-IMP-03, SM-IMP-07, SM-IMP-13, 
DA-01: >40% deaths of nauplii); while some of com-
pounds (e.g., at 1 µg/ml: SM-IMP-02 (10% death of 
nauplii), SM-IMP-09 (10% death of nauplii), 
SM-IMP-05 (10% death of nauplii) were found to be 
less toxic and they also had comparable toxicity as of 
5-Flurouracil (control) ((e.g., at 10 µg/ml: 20% deaths 
of nauplii). We used distilled water (DW) as a nega-
tive control, wherein vincristine sulphate was used as 
positive control. We also, used 5-FU as a positive 
control. With DW, no mortalities were observed, 
while in case of vincristine sulphate control, we 
noticed 94% deaths of nauplii at 1 µg/ml. Results for 
BSL assay are represented in Fig. 3 and Table S1 
(Supplementary Material).

Scheme 1.  Reaction scheme for preparation of compounds (SM-IMP-01) to (SM-IMP-13) and (DA-01-05)10,13 (reproduced from Refs. 10 
and 13).

2350041.indd   7992350041.indd   799 06-Sep-23   4:16:41 PM06-Sep-23   4:16:41 PM

J.
 C

om
pu

t. 
B

io
ph

ys
. C

he
m

. 2
02

3.
22

:7
95

-8
14

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 M
U

SE
U

 P
A

R
A

E
N

SE
 E

M
IL

IO
 G

O
E

L
D

I 
on

 1
2/

20
/2

4.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

https://dx.doi.org/10.1142/S2737416523500412


800

 WSPC/178-JCBC 2350041 ISSN:2737-4165 FA

DOI: 10.1142/S2737416523500412
J. Comput. Biophys. Chem. 2023, 22 (7), 795–814

Journal of Computational Biophysics and Chemistry Research

2.1.2.  In vitro inhibition of β-Hematin formation 
Assay

Results from in vitro antimalarial activity, i.e., β-hema-
tin formation assay for a set of 18 compounds 
(SM-IMP-01) to (SM-IMP-13) and (DA-01-05) are 
presented in Table S3 (Supplementary Material).48,49 
The β-hematin formation inhibitions were expressed 
in percentage (I%) and results were obtained by tripli-
cate repetitions (n = 3). It can be seen that for the first 
series containing 6,8-dibromo substituents, molecule 
SM-IMP-02 was found with IC50 value of 1.849 µM; 
when tested with in vitro inhibition of β-hematin for-
mation assay. For second series with only 6-bromo 
substitution, molecule SM-IMP-09 retained IC50 value 
of 2.486 µM. For the third series, which was having 
hydrazide core in it, molecule DA-05 was found with 
lowest IC50 value. Among all three series of com-
pounds, SM-IMP-13 was found to be least active for 
inhibition of β-hematin formation, compared to the 
standard anti-malarial drug, Chloroquine (IC50 = 
0.054 µM, Reported: IC50 = 0.04 ± 0.002 µM, IC90 = 
0.35 ± 0.006 µM).48

2.3. Molecular docking

2.3.1.  Targeting hemoglobin degradation pathway 
(Plasmodium falciparum Cysteine protease 
falcipain-2 (protein))

The Plasmodium falciparum has a very complex life 
cycle and has a number of biological targets, which can 
be used to discover newer antimalarial agents. Among 

various targets, hemoglobin degradation pathway 
would have also been targeted for effective treatment of 
malaria.1 Prior literature data1 suggest that ‘the falci-
pain family proteases’ (FP-2 and FP-3) are crucial tar-
gets in the hemoglobin hydrolysis. Thus, by inhibiting 
these targets one can avoid hemoglobin hydrolysis and 
thus, retard the parasitic growth. It is important to note 
that ‘non-peptide based’ inhibitors would offer added 
advantages than peptide and peptidomimetic inhibi-
tors with less metabolic degradations and absorption 
profiles than later.1 The selection of protein database id 
(3bpf) was based on previous available data on imida-
zopyridines or hydrazones as antimalarials.1,14 Previous 
in-silico analysis on imidazopyridines suggested that 
this scaffold had better binding scores than standard 
like Chloroquine (docking score: –7.673 kcal/mol).1,14 
Docking analysis showed that the catalytical triad 
Gly83, Cys42 and His174 residues were retained for 
our best docked molecules (SM-IMP-02) and (DA-05) 
with docking scores of –9.783 kcal/mol and –9.993 
kcal/mol, respectively. Further detailed analysis of 
scores and binding sites residues (Figs. 4–7) have been 
given in Table 1 (Supporting information, Table S6). 
The lowest IC50 value of DA-05 is well comparable to 
higher binding free energy scores on pdb id:3BPF as 
–55.91 Kcal.mol–1.

2.3.2. Validation of docking protocols

We validated the docking protocol used herein by 
re-docking of native co-crystallized ligand, E64  
(N-[N-(L-3-trans-carboxyirane-2-carbonyl)-L-leucyl]-
agmatine) within same binding site (the catalytical 

Fig. 3.  (Color online) The results of BSL assay of tested compounds as (SM-IMP-01) to SM-IMP-13), and (DA-01-05), respectively. 
Wherein, DW was used as negative control, wherein 5-Fluorouracil was used a positive control.
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Fig. 4.  (Color online) 3D- and 2D-binding pocket of best docked molecule (among first and second series), SM-IMP-02 within the protein 
PDB ID: 3bpf.

Fig. 5.  (Color online) 3D- and 2D-binding pocket of best docked molecule (among all three series), DA-05 within the protein PDB  
ID: 3bpf.

Fig. 6.  (Color online) 3D- and 2D-binding pocket of least docked molecule (among all three series), SM-IMP-13 within the protein PDB 
ID: 3bpf.
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Fig. 7.  (Color online) 3D- and 2D-binding pocket of standard drug Chloroquine within the protein PDB ID: 3bpf.

Table 1.  The docking scores (kcal/mol) of all 18 
IMPs against a corresponding target (PDB ID: 
3bpf).

Comp.ID/Std.

3BPF

Plasmodium falciparum

SM-IMP-01 –8.187
SM-IMP-02 –9.783 (Among first  

and second series)
SM-IMP-03 –9.291
SM-IMP-04 –8.30
SM-IMP-05 –6.761
SM-IMP-06 –7.477
SM-IMP-07 –9.344
SM-IMP-08 –7.331
SM-IMP-09 –7.445
SM-IMP-10 –7.562
SM-IMP-11 –7.689
SM-IMP-12 –3.210
SM-IMP-13 –3.183

DA-01 –9.359
DA-02 –9.696
DA-03 –8.341
DA-04 –8.593
DA-05 –9.993 (Best docked:  

For series third)
Chloroquine (Std.) –7.673

2.4. Prime-(MM/GBSA) calculations
The Prime-MM/GBSA (Molecular mechanics with 
generalized Born and surface area solvation) is one of 
the important methods in computer-aided drug 
designing to calculate binding energies of selected 
ligand or set of ligands against target chosen. From our 
MM/GBSA calculations, it was clear that the best 
docked molecules from set of SM-IMP-01 to 
SM-IMP-13 and DA-01 to DA-05 represented higher 
(more stable) energies [for 3BPF: DA-05: MMGBSA 
dgBind energy: –55.91 KJ.mol–1] compared with stand-
ard drug, Chloroquine (against 3BPF: MMGBSA 
dgBind energy: –42.96 KJ.mol–1).

2.5. Theoretical analyses
Optimization energies, dipole moment, polarizability, 
and HOMO to LUMO (highest occupied molecular 
orbital and the lowest unoccupied molecular orbital, 
respectively) gap values are represented in Table 2.34–38,51 
These structures of compounds have the lowest energy 
minima and lowest energy conformers. Various 
molecular properties are calculated by using the 
HOMO–LUMO energy gap of the investigated com-
pounds (SM-IMP-01–SM-IMP-13) and (DA-01 and 
DA-05) such as optical and electronic properties and 
molecular stability and reactivity.37,38 Figure 8 shows 
all the structures that have been optimized. Low val-
ues of energy gap and LUMO lead to increased bio-
logical activity.14,37,38 This is due to the low energy 
required for electronic excitation and the strong 
charge transfer interaction between donor and accep-
tor atoms. The optimization of the HOMO–LUMO 

triad Gly83, Cys42 and His174).1 We retained RMSD 
values less than 2 Å, suggesting that docking protocols 
used were validated successfully (Table S7, please refer 
supporting information).14
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Table 2.  Optimization energies, HOMO and LUMO energies and their gap calculated in gas phase at B3LYP/6-311+G(d, p) level 
of DFT calculations.

Structure code Optimization energy (a.u.) Dipole moment (debye) Polarizability (α) (a.u.) EH (eV) EL (eV) Eg (eV)

SM-IMP-01 –6005.59 1.54 279.71 –6.22 –1.81 4.42

SM-IMP-02 –6104.85 1.92 279.47 –6.27 –1.87 4.40

SM-IMP-03 –6204.12 2.51 272.55 –6.42 –1.82 4.60

SM-IMP-04 –6465.21 0.89 295.07 –6.38 –1.93 4.45

SM-IMP-05 –6564.47 2.42 295.21 –6.41 –1.98 4.43

SM-IMP-06 –6084.25 1.97 299.94 –6.27 –1.72 4.55

SM-IMP-07 –6084.24 2.18 289.36 –6.29 –1.66 4.63

SM-IMP-08 –3432.05 2.01 257.27 –6.10 –1.64 4.47

SM-IMP-09 –3531.32 3.27 256.95 –6.16 –1.71 4.45

SM-IMP-10 –3891.67 2.23 272.48 –6.26 –1.78 4.49

SM-IMP-11 –3990.93 3.14 272.02 –6.26 –1.80 4.46

SM-IMP-12 –3510.71 1.88 277.48 –6.15 –1.54 4.61

SM-IMP-13 –3510.70 1.68 267.21 –6.11 –1.45 4.66

DA-01 –6099.03 2.18 300.72 –6.33 –2.22 4.12

DA-02 –6138.36 3.09 316.75 –6.22 –2.13 4.09

DA-03 –6198.29 1.17 300.85 –6.39 –2.29 4.11

DA-04 –6213.59 4.24 322.05 –6.06 –2.02 4.05

DA-05 –6303.60 2.74 330.88 –6.51 –3.14 3.36

Fig. 8.  (Color online) Optimized structures of the investigated compounds at B3LYP/6-311+G(d, p) level of DFT calculations in the gas 
phase.
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energy gap and other descriptors is crucial for under-
standing the chemical reactivity of new inhibitors and 
their structure. This information can be very insight-
ful.14,37,38 A  larger energy gap corresponds to greater 
kinetic stability and lower polarizability, resulting in 
lower reactivity. Conversely, a smaller energy gap 
indicates lower stability, increased polarizability and 
greater chemical reactivity (Table 3).14 Among the 
6,8-dibromo-IMP series, i.e., (SM-IMP-01-SM-
IMP-07), compound SM-IMP-07 (4.63 eV) has larger 
energy gap; wherein SM-IMP-02 (4.40 eV) had lower 
energy gap. Further moving to next series of IMPs, 
with only 6-bromo substitution (Hydrogen at eighth 
position), i.e., (SM-IMP-08-SM-IMP-13), compound 
SM-IMP-13 (4.66 eV) represented higher energy gap 
(Fig. 9). Thus, with reference to previously known 
analogy, compounds with lower energy gaps tend to 
more reactive than compounds with larger energy 
gaps. Similarly, for third series of hydrazides com-
pounds, DA-1-DA-05 (in range of 3.12–4.12 eV) are 
with the small energy gaps and more reactive as com-
pared to the SM-IMP-01-13 serials. Supporting Figs. 
S70 and S71 show the HOMO–LUMO orbital with 
energy gap values and labels.

Table 3.  Global reactivity descriptors of the targeted 
compounds.

Structure code µ (eV) χ (eV) η (eV) S (eV) ω (eV)

SM-IMP-01 –4.01 4.01 1.31 0.65 10.52
SM-IMP-02 –4.07 4.07 1.26 0.63 10.48
SM-IMP-03 –4.12 4.12 1.39 0.70 11.83
SM-IMP-04 –4.15 4.15 1.26 0.63 10.85
SM-IMP-05 –4.19 4.19 1.23 0.61 10.77
SM-IMP-06 –4.00 4.00 1.42 0.71 11.30
SM-IMP-07 –3.98 3.98 1.49 0.74 11.76
SM-IMP-08 –3.87 3.87 1.41 0.71 10.59
SM-IMP-09 –3.93 3.93 1.37 0.69 10.61
SM-IMP-10 –4.02 4.02 1.36 0.68 10.95
SM-IMP-11 –4.03 4.03 1.33 0.66 10.81
SM-IMP-12 –3.85 3.85 1.54 0.77 11.37
SM-IMP-13 –3.78 3.78 1.60 0.80 11.45

DA-01 –4.27 4.27 0.95 0.47 8.68
DA-02 –4.17 4.17 0.98 0.49 8.52
DA-03 –4.34 4.34 0.91 0.45 8.56
DA-04 –4.04 4.04 1.02 0.51 8.28
DA-05 –4.83 4.83 0.11 0.60 1.29

Fig. 9.  (Color online) The contour plots of HOMOs and LUMOs 
for the SM-IMP-13 (one with highest HOMO–LUMO energy gap) 
and DA-05 (one with lower HOMO–LUMO energy gap) com-
pounds (the isovalue = 0.02 a.u.).

(a)

(b)

When the chemical potential (µ) falls, it becomes 
harder to lose an electron but simpler to gain one. It 
measures the escape propensity of electrons and is con-
nected to molecular electronegativity. Compound 
DA-05 is the least stable and most reactive of all the 
examined series, as seen in Table 3. The ability of a 
molecule to draw electrons is called electronegativity 
(χ). Compounds DA-05 and SM-IMP-05 exhibit higher 
electronegativity values than the other compounds, 
according to the () values in Table 3. Concepts like 
hardness (H) and softness (S) can aid in your compre-
hension of how chemical systems behave. A soft mole-
cule has a low energy gap compared to a hard molecule’s 
wide energy gap. From theoretical calculations estab-
lished, it was found that the molecule SM-IMP-05 
retained less value of chemical hardness (within 
6,8-dibromo series); wherein SM-IMP-11 had low 
hardness value among 6-bromo series. Overall, among 
series 1 and 2 (6,8-dibromo and 6-bromo), compound 
SM-IMP-05 had less value of chemical hardness (1.23 
eV). For the third series, hydrazides, we found that 
compound DA-05 (0.11 eV) had less value of chemical 
hardness. In terms of softness, the molecules, 
SM-IMP-13 and DA-05 had the highest softness (S = 
0.80 eV, and 0.60 eV, respectively). Electrophilicity (ω) 
is a measure of the energy of stabilization experienced 
by a system when it is saturated with electrons from the 
surrounding environment.14,37,38 This reactivity param-
eter serves as an indicator of a molecule’s ability to 
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donate or accept charge. A lower value of ω indicates 
the presence of a highly reactive nucleophile, while 
higher values suggest the presence of a strong electro-
phile.13 Our results revealed that, hydrazide molecule 
DA-05 (1.29 eV) had lower value of (ω), thus, com-
pound can be considered as a good nucleophile. 
However, molecule SM-IMP-03 is a good electrophile.

2.5.1. Molecular electrostatic potential (MEP)

In biochemistry and pharmacology, molecular electro-
static potentials (MEPs) have been widely employed to 
find distinctive patterns of positive and negative poten-
tials that either promote or inhibit specific types of 
biological processes.13 It is generally known that the 
reactive behavior of a molecule can be understood and 
predicted using the electrostatic potential estimated 
over a molecular surface. The electrostatic potential 
maps were generated to determine the charge distribu-
tion around a molecule and therefore determine the 
regions that could form hydrogen bonding.13 MEP 
investigations are utilized to locate electrophilic and 
nucleophilic areas in designed compounds, which can 
help predict reactive sites. Figure S72 illustrates this 
process, where negative, positive and neutral zones on 
MEP surfaces are depicted in red, blue and green 
colors, respectively. The oxygen atom is surrounded by 
a mostly negative, red zone, which is somewhat hin-
dered by the presence of surrounding carbons and the 
attachment of bromine. Structure showing negative 

regions are in good correlation for attachment and 
attracting the potential electrophiles as in the 
SM-IMP-05, SM-IMP-07 and DA-05, respectively. 
Figure 10 shows the MEP plots for best bioactive mol-
ecules, SM-IMP-02, SM-IMP-09 and DA-05. Whereas, 
we also depicted the MEP plot for least bioactive mol-
ecule, SM-IMP-13.

2.5.2. Mulliken charge distribution analysis

These calculations have important aspects in the appli-
cation of quantum chemical calculation to molecular 
system because of atomic charges effecting dipole 
moment, electronic structure, molecular polarizability 
and a lot more properties of molecular systems. The 
analysis of the frontier orbitals for the title chemicals 
showed that all the orbital transitions from HOMO to 
LUMO involve the ππ* transition mixing with some 
degree of the nπ* transition except for DA-05. For 
DA-05, such orbital transition involves a charge trans-
fer. The difference in the orbital transitions might indi-
cate that there was neither an electron-donating nor an 
electron-accepting region in the studied compounds 
besides DA-05. Therefore, the atomic Mulliken charges 
of the studied compounds were taken to investigate the 
charge distribution of the title compounds in this 
study. As depicted in Supplementary Fig. S73, the oxy-
gen atom on the carbonyl group bears the most nega-
tive charge compared with the other atoms among all 
the studied compounds.

Fig. 10.  (Color online) MEP maps for the investigated compounds (SM-IMP-02 (best active in 6,8-dibromo series), SM-IMP-09 (best active 
in 6-bromo series), DA-05 (best active in hydrazide series) and SM-IMP-13 (least bioactive among all three series).
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2.6.  Antimalarial activity of the Substituted 
Imidazopyridines (IMPs) (SM-IMP-01 to 
SM-IMP-13, and DA-01-05) and calculated 
Density-functional theory (DFT)-based 
theoretical properties

In order to check the potential antimalarial activities of 
the said 18 IMPs, we subjected them against β-hematin 
formation assay (Fig. 11). The in vitro analysis results 
indicate that the presence of a halogen, specifically  
(–Br) at the sixth and eighth positions of the bromo- 
IMPCs (series first, second and third) (as shown in 
Scheme 1), strongly influences the outcome. In the first 
series (SM-IMP-01 to SM-IMP-07), it was observed 
that the IC50 value for SM-IMP-02 (IC50 (µM): 1.849) 
was lower compared to the 6,8-dibromo series. This 
may be attributed to the presence of a 4-F substituent 
at the terminal phenyl ring of the hydrazide core. 
Comparing SM-IMP-02 with other molecules, 
SM-IMP-04 and SM-IMP-05, we found that IC50 values 
were slightly increased. With the exception of molecule 
SM-IMP-01, other compounds with 2,5-dimethyl 
(SM-IMP-06) and ethyl functionalities (SM-IMP-07) 
tend to lower the bioactivity. Moving on to another 
series featuring 6-bromo-IMPCs (with only one –Br on 
the IMP scaffold, located at the sixth position), it was 
observed that the absence of the –Br group at the 
eighth position had a significant impact, as evidenced 
by the higher IC50 values for inhibition of β-hematin 
formation with the same aldehyde substituents. This 

also indicates the fact that if we compare two series 
(first and second), compounds with 6,8-dibromo sub-
stituents are more potent antimalarials than those with 
6-bromo substitution. In addition, electron releasing 
substituents attached on the terminal aryl (–Ar) would 
likely increase the bioactivity. Among hydrazide series 
(third series) (DA-01-DA-05), compounds with –NO2 
substituent, i.e., DA-05 demonstrated strong activity. 
Further, we noticed that except –NO2 substituent on 
aryl moiety attached to (IMP-C = O-NH---) function-
ality would be giving better results compared to 
other  substituents of electron-releasing or electron- 
withdrawing natures. This also points out the fact that 
hydrazide core has substantially increased the bioactiv-
ity of –bromo series (second series).

The in vitro bioactivity trend among all three series 
was also seen when we compare their associated 
HOMO–LUMO energy gaps.13 In the final series, 
which comprised five hydrazides of IMPCs, it was 
found that they displayed lower HOMO–LUMO energy 
gaps, leading to higher antimalarial activities. The 
smaller energy gaps observed in the hydrazides 
(DA-01-DA-05) can be explained by their electronic 
properties, which may influence their bioactivities 
either positively or negatively.13 Among the 18 com-
pounds evaluated in our β-hematin formation assays, 
DA-05 (with a smaller energy gap of 3.36 eV) exhibited 
a good IC50 value compared to the standard drug 
Chloroquine, showing IC50 values of 0.042 µM and 
0.054 µM, respectively. Lower chemical hardness (η) 

Fig. 11.  (Color online) The results of the inhibition of β-hematin formation assay (IC50 values, µM) of tested compounds as (SM-IMP-01) 
to SM-IMP-13), and (DA-01-05), respectively. Wherein, Chloroquine was used as a standard antimalarial drug.
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values of hydrazide series (DA-01-DA-05) with first 
two series (molecules, SM-IMP-01 to SM-IMP-13) 
explain higher bioactivity values of hydrazide series. In 
the literature, it was found that lower chemical hard-
ness (η) values would likely have relation with strong 
bioactivity.14,15,31 Similarly, higher softness (S) values of 
SM-IMP-13 (S: 0.80 eV and 0.60 eV, respectively) and 
DA-05 within their respective series would likely have 
connection with their lower IC50 values. The cytotoxic-
ity values calculated using ‘BSL assay’ are also follow-
ing similar analogy as explained above. Considering 
our current data, we can say that hydrazide core with 
bromo-Imidazo[1,2-a]pyridine-3-carboxamides would 
serve as potential antimalarial agents in near future.

2.7. In-silico pharmacokinetic calculations

2.7.1. The Physicochemical properties

The Physicochemical properties of various compound 
are described in Table 4. Log-P denotes the com-
pound’s hydrophilicity; if a compound is hydrophilic, 
the value of Log-P is negative. Our data demonstrate 
that all of the derivatives have positive scores, indicat-
ing that they are all lipophilic. A greater Log-P value 
might result in inadequate solubility and absorption 
qualities. Number of hydrogen bond donors (nHA) 
and number of hydrogen bond acceptors (nHD) are 
also shown in Table 4 including electronic density (By 
using electronic density ρ, we can determine easily 
ground energy state and all other properties of mole-
cules) and molecular weight. DA-01–DA05 series lies 
more in the optimal range as compared to SM-IMP-01 
to SM-IMP-13 series, respectively.

2.7.2.  Boiled-egg model analyses of synthesized 
compounds

It is well known that apart from efficacy and toxicity 
profiles of lead or drug-like candidates, many of 
assessed hits would fail at the stage of pharmacokinet-
ics and bioavailability stages.25 This is due to two main 
aspects of absorption of drug matters: (1) 
Gastrointestinal and (2) Brain accesses. The earlier 
estimations of ADME analyses (absorption, distribu-
tion, metabolism and excretion) actually decreased 
the number of failures of hit molecules at pharmacoki-
netics stages.25 Nowadays, various machine learn-
ing-based models are available on handy which can 
predict such profiles within short span of time, 
although they may have false-positives or negatives, 

still increasing usage of same would definitely help 
researchers to narrow down the screening list of hit 
molecules, accelerating the drug discovery. One of 
such tools is ‘SwissADME’ (http://www.swissadme.ch/
index.php).52 Thus, in order to check the plausible GI 
absorption profiles for our 18 imidazopyridines, we 
used ‘Boiled-egg’ model (The Brain Or IntestinaL 
EstimateD permeation method). This model is based 
on the polarity indexes of molecules. From our boiled-
egg model analyses, we noted that for series 
(SM-IMP-01 to SM-IMP-13), all molecules lie in ‘yel-
low zone’ of Blood-Brain Barrier (BBB) permeabili-
ties; wherein among carbohydrazide, molecule, 
(DA-05) falls in ‘white zone; indicating good GI 
absorption profile of same (Table 6). The overall anal-
yses of all compounds suggested that these compounds 
have BBB penetrations and they need to be optimized 
further for better GI profiles in near future.

2.7.3.  Lipinski’s rule calculations (Drug-likeness 
analysis)

It is very evident that pharmacokinetic parameters 
play very critical roles in the developments of new 

Table 4.  Physicochemical properties of the compounds.

Structure code
Molecular 

weight nHA nHD
Electronic 

density AlogP

SM-IMP-01 423.10 2 1 1.078 4.05

SM-IMP-02 441.09 2 1 1.081 4.25

SM-IMP-03 459.08 2 1 1.085 4.46

SM-IMP-04 457.55 2 1 1.082 4.71

SM-IMP-05 475.54 2 1 1.087 4.92

SM-IMP-06 451.16 2 1 1.084 5.02

SM-IMP-07 451.16 2 1 1.082 4.43

SM-IMP-08 344.21 2 1 1.057 3.30

SM-IMP-09 362.20 2 1 1.063 3.51

SM-IMP-10 378.65 2 1 1.071 3.97

SM-IMP-11 396.64 2 1 1.079 4.17

SM-IMP-12 372.26 2 1 1.066 4.27

SM-IMP-13 372.26 2 1 1.067 3.69

DA-01 450.13 3 1 1.081 4.12

DA-02 468.12 3 1 1.079 4.32

DA-03 464.15 3 1 1.082 4.60

DA-04 480.15 4 1 1.089 4.10

DA-05 495.12 5 1 1.091 4.01
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Table 5.  In-silico ADME analyses of synthesized compounds using QikProp*.

Title #Stars Volume QplogPo/w QPlogHERG QPPCaco #metab
Percent human 
oral absorption PSA

Rule 
of five

Rule of 
three

DA-01 1 1106.595 4.849 –6.262 1939.616 2 100 62.148 0 1
DA-02 1 1159.675 5.12 –6.083 1938.691 3 100 62.153 1 1
DA-03 2 1122.718 5.086 –6.132 1940.541 2 100 62.14 1 1
DA-04 1 1181.477 4.941 –6.139 1939.027 3 100 70.44 0 1
DA-05 0 1146.632 3.883 –5.507 207.841 3 91.165 106.703 0 1
SM-IMP-01 0 1002.284 4.323 –5.476 3116.367 3 100 48.85 0 0
SM-IMP-02 1 1018.564 4.559 –5.361 3119.494 2 100 48.849 0 1
SM-IMP-03 1 1037.066 4.801 –5.336 3257.623 2 100 48.251 0 1
SM-IMP-04 1 1046.441 4.816 –5.405 3115.725 3 100 48.859 0 1
SM-IMP-05 2 1061.138 5.018 –5.303 3116.082 2 100 48.856 1 1
SM-IMP-06 1 1101.623 4.844 –5.208 3126.827 5 100 47.498 0 1
SM-IMP-07 0 1105.184 4.989 –5.443 3633.326 4 100 48.206 0 1
SM-IMP-08 0 958.281 3.79 –5.522 2711.177 3 100 49.385 0 0
SM-IMP-09 0 974.224 4.024 –5.403 2706.48 2 100 49.368 0 0
SM-IMP-10 0 1001.803 4.278 –5.444 2708.883 3 100 49.377 0 1
SM-IMP-011 1 1015.261 4.475 –5.332 2735.968 2 100 48.932 0 1
SM-IMP-012 0 1057.396 4.307 –5.248 2718.298 5 100 48.059 0 1
SM-IMP-013 0 1060.633 4.453 –5.472 3186.123 4 100 48.671 0 0
Ciprofloxacin 1 1015.58 0.28 –3.246 13.434 0 48.777 97.988 0 1
FLUCONAZOLE 0 901.609 0.514 –4.907 801.517 1 81.93 75.477 0 0

Notes. *#stars = Number of property or descriptor values that fall outside the 95% range of similar values for known drugs, QplogPo/w = Predicted octanol/
water partition coefficient, QPPCaco = Predicted apparent Caco-2 cell permeability in nm/s, Percent Human Oral Absorption = Predicted human oral 
absorption on 0% to 100% scale, volume = Total solvent-accessible volume in cubic angstroms using a probe with a 1.4 Å radius, PSA = Van der Waals surface 
area of polar nitrogen and oxygen atoms, #metab = Number of likely metabolic reactions, dipole = Computed dipole moment of the molecule.

drugs from scratch obtained hits. Unfavorable 
ADMET factors ultimately result in drug candidature 
failures.52 Thus, in order to assess varieties of pharma-
cokinetics parameters, we subjected all synthesized 
compounds for ‘QikProp’ screening (Table 5). Except 
molecules DA-02, DA-03 and SM-IMP-05 all mole-
cules showed no violations of Lipinski rule of five 
(Ro5: 5 H-bond donors (HBD), 10 H-bond acceptors 
(HBA), the molecular weight >500, and Clog P > 5), 
which is crucial while considering ‘Drug likenesses’. 
Moreover, for rule of three (molecular weight <300, 
the cLogP ≤ 3, HBD ≤ 3 and HBA ≤ 3) violations, 
many compounds represented not more than 1 viola-
tion. Absorption is a process by which drug candida-
ture reaches systemic circulation via different routes 
of drug administrations (such as oral and intrave-
nous) and drugs are supposed to have sufficient per-
meabilities in order to cross lipophilic cell membranes, 
for example MDCK and Caco2 cells. QikProp analy-
ses as represented in Table 5, showed that except com-
pound (DA-05), all compounds displayed good 

(100%) human oral absorption values compared to 
standard drugs Ciprofloxacin (48.777%) and 
Fluconazole (81.93%). From the analysis on ‘QPPCaco’, 
we have noted the fact that all compounds have very 
good Caco-2 cells permeabilities (as represented by 
higher values >1500 nm/s). Moreover, values for 
‘QplogPo/w’ (Predicted octanol/water partition coef-
ficient) were obtained within the said acceptable 
range of ‘QikProp’ (QplogPo/w<6). Pertaining to dis-
tribution, this can be guided via PBP and BBB param-
eters (plasma binding protein and blood brain barrier, 
respectively). It is also known that dugs acting on 
central nervous system (CNS) have to cross BBB bar-
rier. From our analyses on ‘QplogBB’ values, we noted 
that many our synthesized molecules may cross BBB, 
which was adherent to the results obtained 
from  ‘Boiled-egg’ model analysis, except (DA-05). 
Concerning metabolism, which is a process by which 
a drug molecule (xenobiotic) is transformed into 
more water-soluble metabolites facilitating excretion, 
mostly but not always via urine. Results exhibited that 
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all synthesized compounds may undergo a minimum 
of 2 to a maximum of 5 numbers of metabolic reac-
tions from Phase-I or/and Phase-II metabolic path-
ways. Finally for toxicity calculations, we used an 
online server ‘admetSAR’ (http://lmmd.ecust.edu.cn/
admetsar2/) and results depicted that many of our 
compounds would exhibit no mutagenicity or car-
cinogenesis. Considering cardiac toxicity via human 
ether-a-go-go related gene (hERG), we noted that our 
compounds have little higher but comparable 
‘QPlogHERG’ values as of Ciprofloxacin (–3.246) and 
Fluconazole (–4.907).

2.8. Spectral data interpretations
Interpretations of spectral data for NMR, and FTIR are 
available in our previous publication. Spectra for 
1H-NMR, 13C-NMR, mass of all compounds are availa-
ble in Supplementary Material (Supporting informa-
tion, Figs. S7–S66).

2.9. ‘SwissTargetPrediction’ analyses
The probable predicted targets for synthesized com-
pounds were accessed using the ‘‘SwissTargetPrediction’ 
analyses.53 Our analysis suggested that synthesized 
compounds had varied targets such as Kinases, Family 
of G-protein coupled receptors, Primary active trans-
porters, Proteases and Voltage-gated ion channels. 
Their detailed reports are supplemented in Table S8.

3. MATERIALS AND METHODS
General Information

All chemicals and reagents used in this study were pro-
cured from Sigma Aldrich and Lab India, Pvt., Ltd., 
Mumbai. Further details on instruments and recording 
parameters are available in the supporting information.

3.1. Chemistry
Scheme 1 elaborates on the synthesis protocol adapted 
for molecules (SM-IMP-01) to (SM-IMP-13) as per 
previously published paper by our group.10 Scheme 1 
also details on hydrazides (DA-01- DA-05). Full details 
on synthesis have been attached in the supporting 
information.

3.2. Bioactivity protocols
Bioactivity protocols such as BSL assay, in vitro anti- 
inflammatory assay, in vitro beta-haemitin assay, and 
antimicrobial analysis were performed as per litera-
ture-known protocols.48 Their exact details have been 
provided in the Supplementary Material.

3.3.  In-silico study protocol (Molecular 
Docking and MM/GBSA calculations)

For our study on synthesized Imidazopyridine ana-
logues, we aimed to analyze their plausible binding 

Table 6.  Boiled-egg model analyses of all synthesized compounds (SM-IMP-01 to SM-IMP-13 and DA-01-05).

Boiled-egg model analysis for (SM-IMP-01 to SM-IMP-13)
Boiled-egg model analysis for (DA-01-DA-05)

(Carbohydrazide)
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mechanisms using the molecular docking simulations 
with ‘Glide, Schrodinger, LLC, NY, 2022’ tool. Before 
proceeding for actual docking step, we downloaded 
required X-ray crystal structure of protein target of 
Plasmodium. We downloaded its 3D-crystal structure 
from the protein database bank (http://www.rcsb.org, 
the Research Collaboratory for Structural bioinformat-
ics (RCSB)) with PDB code as 3BPF (Resolution: 2.90 
Å; Falcipain-2 with its inhibitor, E64, which has key role 
in hemozoin pathway).The selection of this PDB id was 
based on the prior literature analysis. The downloaded 
crystal structure was then pre-processed, minimized 
and finally optimized using the ‘protein preparation 
wizard’ of Maestro 12.1 Platform, 2022.1 Then, all 2D 
structures of ligands (Imidazopyridines) were first 
drawn using ‘Chemdraw Ultra 12.0’ and saved in ‘.sdf ’ 
format; which were then imported in Maestro platform 
and further processed for their energy minimizations 
steps using ‘LigPrep, Schrodinger, LLC, NY, 2022’ mod-
ule. Ionization states and generation of numbers of 
conformers were set to defaults. Finally, grid was gener-
ated with radii of 20 Å into the receptor lattice (consid-
ering the locations of concerned internal ligands) and 
utilized for the molecular docking analysis using ‘Glide/
XP’ (Extra Precision mode). Table 1, enlists best docked 
compounds and their docking scores with selected tar-
get under this study protocol. For proper 2D/3D-
visualizations of ligand-protein interactions; we 
implemented ‘BIOVIA Discovery studio visualizer ver-
sion 19.1.0.18287 (Dassault systems, Paris, France)’. We 
also calculated Prime-MM/GBSA (molecular mechan-
ics generalized born surface area (MM/GBSA)) ener-
gies for best docked complexes using ‘Prime’ module 
(Schrodinger LLC, NY, 2022).31

Formula expanded is given as follows:

ΔG(bind) = ΔG(solv) + ΔE(MM) + ΔG(SA),

where

·	 ΔGsolv is the difference in GBSA solvation energy of 
the 3BPF-inhibitor complex and the sum of the sol-
vation energies for unliganded 3BPF and inhibitor.

·	 ΔEMM is a difference in the minimized energies 
between 3BPF — inhibitor complex and the sum of 
the energies of the unliganded 3BPF and inhibitor.

·	 ΔGSA is a difference in surface area energies of the 
complex and the sum of the surface area energies 
for the unliganded 3BPF and inhibitor.

Prime MM-GBSA calculates the energy of optimized 
free receptors, free ligand, and a complex of the ligand 

with a receptor. It also calculates the ligand strain 
energy by placing ligand in a solution which was 
autogenerated by VSGB 2.0 suit. The prime energy 
visualizer presented the visualization of energy.

3.4.  In-Silico BOILED-egg model and ADMET 
predictions

For all synthesized compounds, in-silico Gastro-
intestinal absorptions and BBB penetrations BBB 
accessibility have been determined using online web-
server, ‘SwissADME’ (http://www.swissadme.ch/index.
php). While ADME properties have been calculated 
using ‘QikProp’ module of Schrodinger, LLC, NY, 2022 
drug discovery suite.

3.5. Density-functional theory
For our current set of compounds, we used the DFT 
methods and optimized ground states of imidazopyri-
dines using the Gaussian 09 package. All the investi-
gated structures were optimized by using the DFT 
calculations which use three-parameter Becke, Lee-
Yang-Parr (B3-LYP) functional including the D3 cor-
rection for dispersion and the 6-311+G (d, p) basis sets. 
Optimized parameters related to the electronic proper-
ties were investigated including the geometric parame-
ters, frontier molecular orbitals (FMO) and the global 
reactivity biological descriptors. The energy gap can be 
compared with some of the molecular properties such 
as reactivity and electrical conductivity and is defined 
as follows.

 Eg = ELUMO – EHOMO, (1)

where energy gap is denoted with Eg, energies of lowest 
unoccupied molecular orbital denoted as  ELUMO and 
energies of highest occupied molecular orbital denoted 
as EHOMO, respectively. Other electronic properties also 
considered including the hardness (η), softness (S), 
chemical potential (µ) and electrophilicity index (ω) 
values were determined using the Koopman’s theorem. 
The chemical stability and reactivity can be correlated 
with the chemical hardness (η), electronegativity (χ), 
softness (S) and electrophilicity index (ω).

Equations (1) and (2) were used to calculate the 
values of the ionization potential (IP) and electron 
affinity (EA):

 IP = –EHOMO, (1)
 EA = –ELUMO. (2)
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For global hardness η and electronegativity χ val-
ues we used Eqs. (3) and (4):

 
η = − = −[ ] [ ]

,IP EA LUMO HOMO

2 2
E E

  (3)

 
X E E= + = +[ ] [ ]

.IP EA LUMO HOMO

2 2
  (4)

And global electrophilicity ω value was calculated 
in the following equation:

 
ω

µ
η

=
2

2
,  (5)

where ∝= +E ELUMO HOMO
2  is the chemical potential of the 

system.
Finally, the global softness σ value was computed 

with the following equation:

 
σ

η
= 1

2
.  (6)

Moreover, we have also calculated Mulliken charge 
distribution analysis. For all calculations, gaussian09 
suite, and for the visualization, Guass View 6 
(Dennington RD, Keith TA, Millam JM. GaussView, 
version 6.0. 16. Semichem Inc. Shawnee Mission KS. 
2016.) utility were used. 

3.6. Spectral data of synthesized compounds
The spectral data for all the synthesized compounds 
are available in the supporting information.

3.7  ‘SwissTargetPrediction’ analyses  
for prediction of target classes

For all synthesized compounds, we evaluated their 
probable targets by using the online webserver 
‘SwissTargetPrediction’ available at [http://www.swis-
stargetprediction.ch/].

4. CONCLUSION
In summary, a series of known 13 IMPCs 
(2,7-dimethylimidazo[1,2-a]pyridine-3-carboxam-
ides) along with five carbohydrazide analogues were 
synthesized and characterized for their spectroscopic 
data. Synthesized analogues were found to have com-
parable antimalarial activity. The most significant 

result was obtained for SM-IMP-02, and DA-05, which 
inhibited β-hematin formation significantly: IC50: 1.849 
and 0.042 µM, respectively. Molecular docking results 
of DA-05 on target 3bpf (Falcipain-2 with its inhibitor, 
E64) suggested that this compound was having highest 
MM/GBSA dgbind energy of –55.91 KJ.mol–1. This indi-
cated that molecular target for (DA-05) might be on 
hemozoin pathway of Plasmodium falciparum. It was 
also found that, a compound (DA-05) had lower 
energy gap (Eg = 3.36 eV), which denotes that this com-
pound might have the highest activity. By looking at 
BSL assay data, the same compound exhibited 10% 
mortality of nauplii at 1 µg/ml, which was comparable 
with standard 5-FU. However, in order to arrive at 
exact conclusions, a 2D-QSAR study might be carried 
out in future. Furthermore, carbohydrazide (DA-05) 
demonstrated greater electronegativity and also the 
highest softness values. Our molecular modeling tech-
niques used so far in this study suggested that the 
in-silico (molecular docking, binding free energy anal-
ysis and DFT calculations) results are actually support-
ing the observed experimental bioactivities of 
imidazopyridine analogues. Thus, we can also say that 
they are conforming to each other. Finally, our evalua-
tion for in-silico ADMET pointed out the facts that 
several modifications must be required in order to 
reduce BBB accessibility, and to increase their water 
solubility. The proposed hit molecule, DA-05 could 
also be used for in-detailed antimalarial potentials 
using higher in vivo models. Moreover, it can also be 
seen that compounds with 6,8-dibromo substituents 
would be prone to exhibit highest bioactivity, if they 
are not coupled with hydrazide moiety. However, we 
believe that our preliminary in vitro data may be useful 
for researchers to develop potent analogues of IMPCs 
in near future.
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