
AIP Advances 12, 045017 (2022); https://doi.org/10.1063/5.0089325 12, 045017

© 2022 Author(s).

Predicting new potential antimalarial
compounds by using Zagreb topological
indices
Cite as: AIP Advances 12, 045017 (2022); https://doi.org/10.1063/5.0089325
Submitted: 24 February 2022 • Accepted: 26 March 2022 • Published Online: 13 April 2022

Daniel Brito,  Edgar Marquez, Felix Rosas, et al.

ARTICLES YOU MAY BE INTERESTED IN

Numerical study on the influence of pre-swirl angle on internal flow characteristics of
centrifugal pumps
AIP Advances 12, 045019 (2022); https://doi.org/10.1063/5.0085903

Acoustic waveguide demultiplexer based on Fano resonance: Experiment and simulation
AIP Advances 12, 045018 (2022); https://doi.org/10.1063/5.0087034

A 3D finite element model to study the cavitation induced stresses on blood–vessel wall
during the ultrasound-only phase of photo-mediated ultrasound therapy
AIP Advances 12, 045020 (2022); https://doi.org/10.1063/5.0082429

https://images.scitation.org/redirect.spark?MID=176720&plid=1831964&setID=378289&channelID=0&CID=674608&banID=520717315&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=de480f45599392a1f04c8a9c4946ccf6aba7fd96&location=
https://doi.org/10.1063/5.0089325
https://doi.org/10.1063/5.0089325
https://aip.scitation.org/author/Brito%2C+Daniel
https://orcid.org/0000-0002-7503-1528
https://aip.scitation.org/author/Marquez%2C+Edgar
https://aip.scitation.org/author/Rosas%2C+Felix
https://doi.org/10.1063/5.0089325
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0089325
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0089325&domain=aip.scitation.org&date_stamp=2022-04-13
https://aip.scitation.org/doi/10.1063/5.0085903
https://aip.scitation.org/doi/10.1063/5.0085903
https://doi.org/10.1063/5.0085903
https://aip.scitation.org/doi/10.1063/5.0087034
https://doi.org/10.1063/5.0087034
https://aip.scitation.org/doi/10.1063/5.0082429
https://aip.scitation.org/doi/10.1063/5.0082429
https://doi.org/10.1063/5.0082429


AIP Advances ARTICLE scitation.org/journal/adv

Predicting new potential antimalarial compounds
by using Zagreb topological indices

Cite as: AIP Advances 12, 045017 (2022); doi: 10.1063/5.0089325
Submitted: 24 February 2022 • Accepted: 26 March 2022 •
Published Online: 13 April 2022

Daniel Brito,1,a) Edgar Marquez,2,b) Felix Rosas,3,c) and Ennis Rosas4,d)

AFFILIATIONS
1 Departamento de Matemáticas, Universidad de Oriente, Núcleo de Sucre, Cumana, Venezuela
2 Grupo de Investigaciones en Química y Biología, Departamento de Química y Biología, Facultad de Ciencias Exactas,

Universidad del Norte, Carrera 51B, Km 5, vía Puerto Colombia, Barranquilla 081007, Colombia
3Laboratorio de Fisicoquímica Orgánica, Instituto Venezolano de Investigaciones Científicas, Caracas, Venezuela
4Departamento de Ciencias Naturales y Exactas, Universidad de la Costa, Barranquilla, Colombia

a)danieljobs@gmail.com
b)Author to whom correspondence should be addressed: ebrazon@uninorte.edu.co
c)felrosplay@gmaill.com
d)ennisrafael@gmail.com

ABSTRACT
Molecular topology allows describing molecular structures following a two-dimensional approach by taking into account how the atoms are
arranged internally through a connection matrix between the atoms that are part of a structure. Various molecular indices (unique for each
molecule) can be determined, such as Zagreb, Balaban, and topological indices. These indices have been correlated with physical chemistry
properties such as molecular weight, boiling point, and electron density. Furthermore, their relationship with a specific biological activity has
been found in other reports. Therefore, its knowledge and interpretation could be critical in the rational design of new compounds, saving time
and money in their development process. In this research, the molecular graph of antimalarials already in the pharmaceutical market, such
as chloroquine, primaquine, quinine, and artemisinin, was calculated and used to compute the Zagreb indices; a relationship between these
indices and the antimalarial activities was found. According to the results reported in this work, the smaller the Zagreb indices, the higher
the antimalarial activity. This relationship works very well for other compounds series. Therefore, it seems to be a fundamental structural
requirement for this activity. Three triazole-modified structures are proposed as possible potential antimalarials based on this hypothesis.
Finally, this work shows that the Zagreb indices could be a cornerstone in designing and synthesizing new antimalarial compounds, albeit
they must be proved experimentally.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0089325

I. INTRODUCTION

Malaria or paludism is a deadly potential disease transmitted
through the Plasmodium species in one of the five forms: P. vivax,
P. ovale, P. malariae, P. knowleis, and P. falciparum.1 Among these
species, P. falciparum represents a latent threat to the population
due to its high morbidity and death index, mainly in the African
continent.2 The higher morbidity and mortality index represent

a significant perturbation toward the economic development of
enrollment populations and a public health problem.3,4 The situ-
ation was dramatic in the last two years due to the COVID-19
pandemic.5 As a result, some authors have suggested a relation-
ship between poverty and malaria.6–11 In this sense, the mitigation
or eradication represents a challenge for the scientific commu-
nity; consequently, this is a millennium goal for the World Health
Organization (WHO).12–14
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Even though the morbidity seems to stay on a plate in the last
five years, the number of children and pregnant women infected
with malaria has increased.15–18 Moreover, in the previous years, the
morbidity and mortality have increased in children and pregnant
women; in other words, the reports of people infected with two falci-
parum Sp. have been standard in several localities worldwide. These
facts, coupled with the recent information about the artemisinin-
resistant strains emerging in Africa and Asia, have increasingly set
the alarm in the WHO.19–21 Furthermore, the panorama becomes
more dramatic considering that the P. falciparum has shown
cross-resistance to the combination of antimicrobials, such as
chloroquine, amodiaquine, and artemisinin.22,23 Therefore, design-
ing or searching for new and more potent antimalarial is required
and imperative.

Among the current tools employed to develop de novo com-
pounds against malaria, quantitative structure–activity relationships
(QSARs) might be mentioned.24–30 This tool focuses on the ligand
structure, considering that a few changes in the molecules increase
biological activity or property. Another approximation assumes two
key parameters—the receptor catalytic site and the ligand–receptor
interactions; thus, it focuses on the natural receptor.31–36 Combining
both approximations mentioned above might lead to the design of
new potent compounds against a specific disease. However, combin-
ing those approximations demands new knowledge, including the
electronic part and the molecular shape.

The molecular shape is related to molecular topology, which
considers the molecular structure “a molecular graph.”37 Recently,
some works have reported the importance of molecular graph
theory and its correlations with some activity/properties.37,38

Molecular topology describes the molecular structures following a
two-dimensional approach, considering the disposal of the atom. In
this respect, the connection matrix between atoms bearing in the
molecular structure, some topological index, such as Winner index,
Balaban index, topological index, and Zagreb indices, unique for a
molecular family, can be computed.38,39

Recently, some authors have reported the correlations of the
aforementioned topological indices with specific biological activ-
ity or physicochemical properties. Furthermore, all of the cor-
relations found were statistically validated. Their results have
shown a suitable predictability coefficient; therefore, the knowl-
edge and interpretation of this kind of topological index might be
a fundamental key for designing new compounds with desirable
properties.40–46

In this work, the Zagreb topological indices for some new
potential antimalarial compounds have been computed, finding a
markable relationship with the antiplasmodial activity. Further-
more, the results were compared with commercial antimalarial
compounds, such as chloroquine and artemisinin, showing that the
Zagreb indices could be used to estimate whether a compound may
be active against Plasmodium falciparum; finally, based on the results
reported, the structures of three possible antimalarial compounds
were presented.47–49,52

II. METHODS
For the calculation of the topological indices, the formulas

given in the following tabulation will apply:

Topological index Derivation from M(G; x, y)

First Zagreb index =M1 (Dx +Dy)(M(G; x, y))∣x=y=1
Second Zagreb index =M2 (DxDy)(M(G; x, y))∣x=y=1

Forgotten topological
index = F

(Dx2 +Dy2)(M(G; x, y))∣x=y=1

Redefined third Zagreb
= ReZG3

DxDy(Dx +Dy)(M(G; x, y))∣x=y=1

Second modified Zagreb
index = mM2

(SxSy)(M(G; x, y))∣x=y=1

Symmetric division deg
index = SSD

(DxSy + SxDy)(M(G; x, y))∣x=y=1

where

Dx(g(x, y)) = x∂(g(x, y))/∂x, Dy(g(x, y)) = y∂(g(x, y))/∂y,
Sx(g(x, y)) = (g(t, y))/tdt

and

Sy(g(x, y)) = (g(x, t)/tdt, Sx(g(x, y))) = ∫
x

0
g(x, y)/tdt,

Sy(g(x, y)) = ∫
y

0
g(x, y)/tdt.

Next, knowing the molecule, we look for the polynomial associated
with that molecule, taking into account the double and simple bonds
between its atoms. Finally, we elaborate a table with the topologi-
cal indices previously described for each of the groups of associated
molecules. It is important to note that we can select a group of
molecules with the highest biological activity.

To visualize the use of topological indices, we will calcu-
late everything related to the chloroquine molecule. Polynomial
associated with the molecular graph of chloroquine

M(G; x, y) = 2xy2 + xy3 + xy4 + 2x2y2 + 5x2y3 + x2y4

+ 4x3y3 + 10x3y4 + 2x4y4, (1)

Dx(M(G; x, y)) = 2xy2 + xy3 + xy4 + 4x2y2 + 10x2y4

+ 2x2y4 + 12x3y3 + 30x3y4 + 8x4y4, (2)

Dy(M(G; x, y)) = 4xy2 + 3xy3 + 4xy4 + 4x2y2 + 15x2y3

+ 4x2y4 + 12x3y3 + 40x3y3 + 8x4y4, (3)

(Dx +Dy)(M(G; x, y)) = 6xy2 + 4xy3 + 5xy4 + 8x2y2 + 25x2y3

+ 6x2y4 + 24x3y3 + 70x3y4 + 16x4y4,
(4)

M1 = 164, (5)

(Dx +Dy)(M(G; x, y)) = 4xy2 + 3xy3 + 4xy4 + 8x2y2 + 30x2y3

+ 8x2y4 + 36x3y3 + 120x3y4 + 32x4y4,
(6)
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M2 = 245, (7)

Sy(M(G; x, y)) = xy2 + 1/3xy3 + 1/4xy4 + x2y2 + 5/3x2y3

+ 1/4x2y4 + 4/3x3y3 + 5/2x3y4 + 1/2x4y4, (8)

SxSy(M(G; x, y)) = xy2 + 1/3xy3 + 1/4xy4 + 1/2x2y2 + 5/6x2y3

+ 1/8x2y4 + 4/9x3y3 + 5/6x3y4 + 1/8x4y4, (9)

mM2 = 40/9, (10)

(DxSy + SxDy)(M(G; x, y)) = 5xy2 + 10/3xy3 + 17/4xy4

+ 4x2y2 + 65/6x2y3 + 5/2x2y4

+ 8x3y3 + 125/6x3y4 + 4x2y2, (11)

SSD = 251/4, (12)

DxDy(Dx +Dy)(M(G; x, y)) = 12xy2 + 12xy3 + 20xy4

+ 32x2y2 + 150x2y3 + 48x2y4

+ 216x3y3 + 840x3y4 + 256x4y4,
(13)

ReZG3 = 1 586, (14)

(Dx2 +Dy2)(M(G; x, y)) = 10xy2 + 10xy3 + 17xy4 + 16x2y2

+ 65x2y3 + 20x2y4 + 72x3y3

+ 250x3y4 + 64x4y4, (15)

F = 524. (16)

In this way, we will calculate all the topological indices of the
molecules analyzed in the following.

III. RESULTS
A. Molecules: Chloroquine, primaquine, and quinine

Chloroquine, primaquine, and quinine are quinolones contain-
ing antimalarial compounds51 used as a primary line of actions
against Plasmodium Sp., mainly against Plasmodium vivax and
Plasmodium ovale. Although they have related structures, their
antimalarial mechanism of action rests on different growth stages
of the parasite, the differential mechanism of actions against
Plasmodium Sp. is quite interesting; thus, few structural modifi-
cations might lead to new antimalarial compounds. In this sense,
the topological index could drive toward this kind of structural
modification.

Figure 1 shows the structures of chloroquine, primaquine, and
quinine. As mentioned above, three molecules have a quinolone
nucleus relating to their biological activities. Structurally, three
molecules have the pharmacophoric core (quinolones) together with
the aliphatic or cyclic amines. In addition, all of them have at
least an electron-withdrawing group (Cl, in chloroquine, methoxy
group in primaquine and quinine) in the aromatic ring; therefore,
they have similarities in their molecular graph, and their associated
polynomials are expected as noted in Fig. 2.

B. Polynomials associated with molecules:
Chloroquine, primaquine, and quinine
1. Chloroquine

Total sides = 28; associated polynomial is as follows:

M(G; x, y) = 2xy2 + xy3 + xy4 + 2x2y2 + 5x2y3 + x2y4

+ 4x3y3 + 10x3y4 + 2x4y4. (17)

FIG. 1. Chloroquine and chloroquine-related antimalarial compounds studied in this work. CQ = chloroquine, PQ = primaquine, and QN = quinine.
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FIG. 2. The plot of associated polynomials of chloroquine, primaquine, and quinine.

2. Primaquine
Total sides = 25; associated polynomial is as follows:

M(G; x, y) = 2xy2 + xy3 + 2x2y2 + 2x2y3 + 2x2y4 + 5x3y3

+ 8x3y4 + 3x4y4. (18)

3. Quinine
Total sides = 33; associated polynomial is as follows:

M(G; x, y) = xy2 + xy3 + 2x2y2 + 8x2y3 + x2y4 + 9x3y3

+ 9x3y4 + 3x4y4. (19)

C. Graph of molecules: Chloroquine, primaquine,
and quinine

Figure 2 clearly shows the graph of similarities in the associated
polynomials; chloroquine and primaquine have similar plots, while
quinine, the smallest active, presents a different associated graphical.

D. Topological index of molecules: Chloroquine,
primaquine, and quinine

Table I reveals a kind of relationship between the topolog-
ical index and IC50. The order of activity reported for P. falci-
parum growth assay is primaquine, chloroquine, and quinine. As

expected, the modification around the quinolone group modified the
associated polynomial and, consequently, the Zagreb indices.

Three compounds belong to the same chemical family,
quinolones; thus, a kind of relationship might be observed, which
explores the Zagreb indices—the smaller the Zagreb indices, the
greater the antimalarial activity. Even though this result seems to be
non-conclusive due to the data size, it encourages us to explore these
indices in other structural, chemical families.

E. Molecules: Artemisinin, dihydroartemisinin,
artemether, arteether, and artelinic acid

Figure 3 shows the 2D molecular structures of artemisinin-
and artemisinin-derivatives. Artemisinin is considered the last anti-
malarial in the pharmaceutical market.55 Several authors related
the mechanism of action of artemisinin to the cleavage of the
peroxide catalyst by Heme-Fe; consequently, the free radical
formed kills the parasites by hemozoin alkylating the malarial
pigment.56,57

Artemisinin is believed to act via a two step mechanism.
Artemisinin is first activated by antiparasitic heme-Fe, which
catalyzes the cleavage of this endoperoxide. Then, a resulting
free-radical intermediate may kill the parasite by alkylating and
poisoning one or essential malarial protein(s).

On the other hand, all the compounds shown in Fig. 3 have
been already proved against Plasmodium falciparum. However, just

TABLE I. Topological index and biological activity of chloroquine, primaquine, and quinine.

Compounds M1 M2 mM2 SSD F ReZG3 IC50
a (nM) References

Chloroquine 164 245 40/9 251/4 524 1586 12.63 53
Primaquine 150 232 551/144 163/3 488 1538 11.33 53
Quinine 198 302 215/48 845/12 630 1948 66.52 54
aConcentration of drug required for 50% inhibition.
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FIG. 3. Artemisinin- and artemisinin-derivatives have already been proved against Plasmodium falciparum.

artemisinin is already in the pharmaceutical market; the rest of the
compounds have not been able to pass to the third phase due to
some problems with pharmacokinetic properties. Therefore, despite
these absorption problems, the similarity in their structures com-
pared to artemisinin could be a cornerstone to design new potential
antimalarial compounds. For this purpose, the associated polynomi-
als for the compounds shown in Fig. 3 were calculated and depicted
in Sec. III F.

F. Polynomials associated with molecules artemisinin,
dihydroartemisinin, artemether, arteether, and
artelinic acid
1. Artemisinin

Total sides = 27; associated polynomial is as follows:

M(G; x, y) = 2xy3 + 4xy4 + 3x2y2 + x2y3 + 11x2y4

+ 3x2y4 + 3x4y4. (20)

2. Dihydroartemisinin
Total sides = 26; associated polynomial is as follows:

M(G; x, y) = 3xy3 + 4xy4 + 3x2y2 + 2x2y3 + 8x2y4 + x3y3

+ 2x3y4 + 3x4y4. (21)

3. Artemether
Total sides = 27; associated polynomial is as follows:

M(G; x, y) = xy2 + 2xy3 + 3xy4 + 3x2y2 + 3x2y3 + 8x2y4

+ x3y3 + 2x3y4 + 3x4y4. (22)

4. Arteether
Total sides = 28; associated polynomial is as follows:

M(G; x, y) = xy2 + 2xy3 + 4xy4 + 4x2y2 + 3x2y3 + 8x2y4

+ x3y3 + 2x3y4 + 3x4 + y4. (23)

AIP Advances 12, 045017 (2022); doi: 10.1063/5.0089325 12, 045017-5
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5. Artelinic acid
Total sides = 38; associated polynomial is as follows:

M(G; x, y) = 2xy3 + 2xy4 + 4x2y2 + 7x2y3 + 7x2y4 + 6x3y3

+ 9x3y4 + x3y3 + 2x3y4 + x4y4. (24)

G. Graph of molecules: Artemisinin,
dihydroartemisinin, artemether, arteether,
and artelinic acid

The associated polynomials of artemisinin-derivatives were
plotted and displayed in Fig. 4. However, the structural similari-
ties between the compounds, slightly different, are reflected in their
associated polynomials plot and, consequently, in their chemical
behavior. In this respect, Fig. 4 reveals that dihydroartemisinin,
artemether, and arteether are closer to each other in structure than
artemisinin and far from structural similarity to artelinic acid.

H. Topological index of artemisinin,
dihydroartemisinin, artemether, arteether,
and artelinic acid

Table II contains the Zagreb indices of artemisinin-derivatives
and the half-maximal inhibitory concentration (IC50) against P.
falciparum growing for all compounds shown in Fig. 4. It can be
noted that the base pharmacophore is the artemisinin; however,

modification of carbonyl moiety toward different functional groups
influences the biological activity, suggesting the more complexes the
substituent in that position, the minor the biological activity. More-
over, from the graph theory point of view, functional groups on the
artemisinin-based compounds augmented the values of the Zagreb
indices in the structures.

Interestingly, this group of compounds seems to follow the
same pattern as chloroquine families. Therefore, it hypothesized
that the minor the Zagreb indices, the better the antiplasmodial
activity.

The similar behavior of artemisinin and chloroquine families
is not a coincidence; the mechanism of action for both families
is related to heme-complex; chloroquine is proposed as a Fe-
complexing that prevents the hemozoin alkylating formation, while
the artemisinin-based compounds form reactive oxygen species that
kill parasites.

I. Triazole–quinolones derivatives
The Zagreb indices were calculated for two additional families

of compounds reported as potential against Plasmodium falciparum,
whose mechanism of actions is related to the heme-group, to gather
evidence to validate our hypothesis.

Figure 5 shows the 2D structure of a series of quinolones
fused to triazoles reported as antimalarial compounds. Compound
C displayed biological activity measured against 3D759 Plasmodium

FIG. 4. The plot of associated polynomials of (1) artemisinin, (2) dihydroartemisinin, (3) artemether, (4) arteether, and (5) artelinic acid.
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TABLE II. Topological indices and biological activity of artemisinin-derivatives shown in Fig. 3.

Compounds M1 M2 mM2 SSD F ReZG3 IC50
a Reference

Artemisinin 156 212 633/144 859/12 516 1346 2.41

58
Dihydroartemisinin 146 194 655/144 417/6 472 1214 2.28
Artemether 150 199 703/144 425/6 480 1238 2.43
Arteether 154 203 739/144 437/6 488 1254 2.88
Artelincacid 218 306 91/16 1063/12 682 1882 3.30
aConcentration of drug required for 50% inhibition.

falciparum strain, compound A against 3D7 and Dd2 strains,59 and
compounds B and D against D1059 and Dd2 P. falciparum strains,
respectively.

J. Polynomials associated with molecules: A, B, C,
and D
1. Molecule A

Total sides = 37; associated polynomial is as follows:

M(G; x, y) = xy4 + x2y2 + 2x2y4 + 13x3y3 + 19x3y4 + x4y4. (25)

2. Molecule B
Total sides = 36; associated polynomial is as follows:

M(G; x, y) = 2xy3 + xy4 + x2y2 + 4x2y3 + 2x2y4 + 15x3y3

+ 9x3y4 + 2x4y4. (26)

3. Molecule C
Total sides = 33; associated polynomial is as follows:

M(G; x, y) = xy2 + 2xy4 + x2y2 + 5x2y3 + 6x2y4 + 2x3y3

+ 12x3y4 + 4x4y4. (27)

4. Molecule D
Total sides = 39; associated polynomial is as follows:

M(G; x, y) = xy3 + xy4 + 4x2y2 + 4x2y3 + 4x2y4 + 8x3y3

+ 15x3y4 + 2x4y4. (28)

K. Graph of molecules A, B, C, and D
The associated polynomials were plotted and shown in Fig. 6.

Once the polynomials are related, the graphs stand as a valuable tool
to find which compounds are truly close in structure and chemical
behavior. In this sense, A, B, and C show biological activity against a
similar target, in contrast to compound B.

L. Topological indices of molecules A, B, C, and D
Table III reveals the Zagreb indices of the 2D structures shown

in Fig. 5. When compounds with antimalarial activity measured in
the same strains are compared (A and C, B and D), the pattern
is similar to chloroquine-derivatives and artemisinin-derivatives.
Therefore, the minor the Zagreb indices, the better the biological
activity. This pattern fulfilled at least for M1, M2, mM2, and SSD in
the entire date.

FIG. 5. 2D structures of quinolines–
triazole derivatives studied in this work.
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FIG. 6. Associated polynomial graphs of
the molecules shown in Fig. 5.

M. Triazoles compounds
Recently, Santos et al.50 reported a series of 1,2,3 triazole com-

pounds with antimalarial in vitro activity against 3D7 Plasmodium
falciparum strain. In this respect, the Zagreb indices were calcu-
lated for the more active triazole to verify if they follow the pattern
found in the compounds families mentioned above. Figure 7 displays
the 2D structure of the triazole compounds reported by Santos and
studied in this work.

N. Polynomials associated with triazole molecules
shown in Fig. 7

The polynomials associated were calculated similarly than for
all the compounds described in Sec. I, and the results are in the
following.

O. Triazole molecule 1
Total sides = 26; associated polynomial is as follows:

M(G; x, y) = xy2 + xy4 + 2x2y2 + 5x2y4 + 7x3y3 + 10x3y4. (29)

P. Triazole molecule 2
Total sides = 36; associated polynomial is as follows:

M(G; x, y) = 2xy4 + x2y3 + 3x2y4 + 12x3y3 + 17x3y4 + x4y4. (30)

Q. Triazole molecule 3
Total sides = 32; associated polynomial is as follows:

M(G; x, y) = xy4 + x2y3 + x2y4 + 15x3y3 + 14x3y4. (31)

TABLE III. Topological index and biological activity of molecules: A, B, C, and D.

Compounds M1 M2 mM2 SSD F ReZG3 IC50
a Reference

A 240 385 553/144 473/6 806 2058 14.70

50B 218 329 37/8 238/3 696 2098 11.33
C 206 318 155/36 455/6 676 2128 1.33
D 238 363 361/72 171/2 774 2356 13.60
aConcentration of drug required for 50% inhibition.
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FIG. 7. 2D structures of the four most active triazoles reported by Santos et al.

R. Triazole molecule 4
Total sides = 34; associated polynomial is as follows:

M(G; x, y) = 3xy4 + x2y3 + x2y4 + 9x3y3 + 20x3y4. (32)

S. Graph of triazole molecules 1, 2, 3, and 4
In addition, the polynomials associated graphics of triazole

compounds studied are displayed in Fig. 8. According to the molec-
ular graphics, triazoles 1 and 3 are similar in shape; in contrast, even
though triazoles 2 and 4 present a common moiety, the molecular
graphs are different. This last result becomes attractive due to prov-
ing that a bit of modification in a compound might drive toward
different chemical behavior than the original and, consequently, in
other biological activities.

T. Topological index of triazole molecules: 1, 2, 3,
and 4

The Zagreb indices of the most active triazoles in Fig. 7,
together with their antiplasmodial IC50, are displayed in Table IV. A
close inspection reveals that the smaller the Zagreb indices of these

compounds, the better the antimalarial activities. Therefore, the
topological indices and the biological activity of triazole compounds
are shown in Table IV.

According to the results presented in this work, it seems the
hypothesis, the smaller the Zagreb indices, the better the antimalar-
ial activity, works quite well for quinolines- and triazole-derivatives.
Therefore, based on this statement, it is possible to propose new
molecules against Plasmodium Sp. that meet the Zagreb indices
requirement and test them against Plasmodium Sp.

U. Design of new molecules: Modified structures MS1,
MS2, and MS3

Considering that the triazole compounds mentioned above
showed suitable activity in vitro, the hypothesis discussed above
might be used to propose some modified structuring to obtain
new potential antimalarial compounds; therefore, a few structural
modifications might lead to triazole that leads to compounds with
lower Zagreb indices and better biological activity. A more insight-
ful inspection of triazole compounds led to finding fundamental
chemical characteristics linked to biological activity. For example,
triazoles 1 and 3 showed that the para methoxy group (-Ome)

FIG. 8. Polynomials associated graphics of the compounds: triazole 1, triazole 2, triazole 3, and triazole 4 shown in Fig. 7.
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TABLE IV. The topological indices and the biological activity of triazoles compounds shown in Fig. 7.

Molecule M1 M2
mM2 SSD F ReZG3 IC50

a (μM) Reference

Triazole 1 158 237 251/72 697/12 514 1516 2.80

50Triazole 2 228 361 559/144 977/12 784 2428 5.56
Triazole 3 204 321 27/8 817/12 670 2084 4.44
Triazole 4 232 366 185/48 955/12 780 2418 6.96
aConcentration of drug required for 50% inhibition.

diminished the antimalarial activity; on the other hand, for triazoles
2 and 4, the antimalarial activities were sensitive to the chemical
group linked to the imine group—a carbonyl group, instead of a
2,4-dichlorobenzene group—decreased the activities. For these rea-
sons, triazoles 1 and 3 were used as starting structures to be modified
based on the Zagreb indices hypothesis explained above. Figure 9
shows the 2D modified structures of three compounds designed in
line with the results found in this work; in addition, Fig. 10 shows
the polynomial associated graphs of the three molecules proposed in
this work.

V. Polynomials associated with predicted structures
(modified structures)
1. Structure MS1

Total sides = 31, associated polynomial is as follows:

M(G; x, y) = 2xy4 + 2x2y3 + 2x2y4 + 9x3y3 + 16x3y4. (33)

2. Structure MS2
Total sides = 30; associated polynomial is as follows:

M(G; x, y) = xy4 + 2x2y3 + 2x2y4 + 12x3y3 + 13x3y4. (34)

3. Structure MS3
Total sides = 21; associated polynomial is as follows:

M(G; x, y) = xy4 + 2x2y3 + 7x3y3 + 11x3y4. (35)

W. Topological indices of modified structures
(predicted structures)

Table V reveals that exchanging ester and benzamide moiety
in triazoles 1 and 4 to pyrazole and pyrazolecarbaldehyde (modified
structure 1) leads to systems with lower Zagreb indices. On the other
hand, the exchange of both para chlorobenzene and amide moiety
in triazoles 2 and 4 to pyrazole substituent leads to a decrease in the
Zagreb indices (modified structures 2 and 3).

According to Table V, the possible biological activity would be
as follows: the modified structure 3 > modified structure 2 > mod-
ified structure 1; on the other hand, the general order, compared
to triazole-derivatives in Fig. 7, would be the modified structure
3 > triazole 1 >modified structure 2 >modified structure 1 > triazole
3 > triazole 2 > triazole 4. Moreover, in compliance with the hypoth-
esis stated above, the modified structure 3 IC50 would be <2.80 μM,
while the biological activity of the modified structure 2 would be
between 4.44 and 2.80 μM. Finally, the biological activity of the
modified structure 1 would be between 4.44 and 6.96 μM.

FIG. 9. 2D structures of the proposed compounds that are potentially active against Plasmodium falciparum, according to the results found in this work.
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FIG. 10. Polynomials associated graphics of the modified structures: MS1, MS2, and MS3.

TABLE V. Topological index of modified structures.

Compounds M1 M2 mM2 SSD F ReZG3

MS1 198 309 41/12 415/6 662 2026
MS2 190 296 13/4 194/3 624 1916
MS3 134 211 41/18 274/3 444 1382

Even though the results presented in this work are hypothetical,
their excellent relationship with the already reported experimen-
tal works depicted a possible starting point to validate and design
new molecules to be tested against the Plasmodium falciparum
parasite.

IV. CONCLUSIONS
The Zagreb indices of several antimalarial compounds were

calculated in this work, and their relationship with the biological
activity was established. Our results show a clear pattern in the study
of structures: the smaller the five Zagreb indices studied, the bet-
ter the antiplasmodial activity. In this respect, some new structural
combinations have been proposed as possible antimalarial moieties
starting with triazole compounds. In addition, based on the polyno-
mial associated graph, the similarities in behavior might be observed;
thus, the similarity between two compounds not only should be
established from their structures but the polynomials associated.
Finally, the study of the associated polynomials seems to be a fun-
damental cornerstone to help design new antimalarial compounds,
starting from an already proved structure.

ACKNOWLEDGMENTS
The authors acknowledge the financial support for this research

from the Universidad del Norte (Internal Project No. 2019-017) as
well as supporting the open access invoice.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
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