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Abstract: Irregularity indices are usually used for quantitative characterization of the topological
structures of non-regular graphs. In numerous problems and applications, especially in the fields
of chemistry and material engineering, it is useful to be aware of the irregularity of a molecular
structure. Furthermore, the evaluation of the irregularity of graphs is valuable not only for
quantitative structure-property relationship (QSPR) and quantitative structure-activity relationship
(QSAR) studies but also for various physical and chemical properties, including entropy, enthalpy
of vaporization, melting and boiling points, resistance, and toxicity. In this paper, we will restrict
our attention to the computation and comparison of the irregularity measures of different classes of
dendrimers. The four irregularity indices which we are going to investigate are ¢ irregularity index,
the irregularity index by Albertson, the variance of vertex degrees, and the total irregularity index.

Keywords: molecular graph; irregularity indices; dendrimers

1. Introduction

The rapid growth in the field of medicine has resulted in the production of unknown
nanomaterials, crystalline materials, and drugs. To investigate the chemical properties of these
compounds, huge efforts of the pharmaceutical researchers are required and are being made. One way
to understand it is by using mathematics, and in mathematical chemistry many concepts of graph
theory are being used to formulate the mathematical models for chemical phenomena. Molecules and
molecular compounds can be considered as graphs if we correspond atoms to vertices and chemical
bonds to edges respectively. Such graphs are called molecular graphs. The notion of topological indices
(TIs) helps the pharmacists by providing some information based upon the structures of materials,
which reduce their workload. Computing the TIs of a compound may help in approximating its
medicinal behaviour [1]. With the passage of time, the idea of understanding compounds through
TIs gained significant importance in the field of medicine because it does not require chemical-related
apparatus to study [2]. TIs are being intensively studied for different graphs, especially for chemical
graphs, for example, see [3—6]. TIs can be separated into various classes, specifically distance-based
indices, degree-based indices, eigenvalue-based indices, and mixed indices. An important subclass
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of degree-based indices is the class of irregularity indices that measure the irregularity of the given
graph. A topological invariant TI(G) of a graph G is known as the irregularity index if TI(G) > 0
and TI(G) = 0, if and only if, it is a regular graph. Before the article [7], it was considered that the
irregularity indices do not play a significant role to predict physico-chemical properties of organic
molecules. In [7] authors performed a regression analysis to check and evaluate the applications of
different graph irregularity indices for the estimation of physico-chemical properties of octane isomers.
They showed that there exist many irregularity indices by which four octane isomer properties such
as standard enthalpy of vaporization (DHVAP), Acentric factor (AcenFac), Entropy, and Enthalpy of
vaporization (HVAP) can be estimated with a correlation coefficient greater than 0.9. Before proceeding
further with the details related to irregularity indices, we include some important definitions.

Throughout the article, we denote vertex set of a graph G by V(G) and edge setby E(G). A regular
graph is a graph whose all vertices have the same degree, otherwise it is called the irregular graph.
A sequence cy, . ..,c,, Where ¢c; € Zt foralli =1,...,n',1is called a degree sequence of a graph G,
if a graph G exists with the property that V(G) = {v1,...,0,/} and dg(v;) = c;j. Let n; denotes the
number of vertices of degree j, where j = 1,2,...,n — 1. Lete = uv € E(G), the imbalance of e is
defined as imb(e) := |dg(u) — dg(v)|. In 1997, the term “irregularity of a graph G” was introduced by
Albertson [8]. It is denoted by irr(G) and defined as follows:

irr(G) = ) _ imb(e) 1)

e€E(G)

This invariant is also known as the third Zagreb index. It follows immediately that a graph
has zero irregularity if and only if it is a regular graph. Albertson [8] showed that the irregularity
of any graph is an even number. Furthermore, he also proposed upper bounds for irregularity of
triangle-free graphs, bipartite graphs, and for trees. The relationships between the matching number
and irregularity of unicyclic graphs and trees were examined in [9]. Hansen et al. [10] characterized
the graphs with maximal irregularity. Abdo and Dimitrov [11] worked out for the irregularity of graph
operations. In 2014, Abdo et al. [12] defined the total irregularity measure of a graph G, which was
denoted and detailed as follows:

im(G) =5 L lg(u) —dg(o)] @

u,veV(G)

The relationship between irregularity measures, characterization of graphs with extremal
irregularity and the smallest graph with the same irregularity indices are explored in [13].
Fath-Tabar [14] set up some new bounds on the Zagreb indices using the irregularity of graphs. For the
detail discussions about these graph invariants, we refer [15,16]. Very recently, Gutman et al. [17]
introduced the ¢ irregularity index of a graph G, which is described as:

o(G)= ), (dg(u)—dg(v))* ©)

uveE(G)

Some properties of this index have been presented in [18,19]. If the order and size of G is n and m,
then the variance of G is defined as [20]:

L) @

Var(G

:\H

Z; (J—f)zzifd?—

As for prerequisite, the reader is expected to be familiar with dendrimers. Recently, it has
been noticed that the highly branched macromolecules have exceptionally different properties from
the traditional polymers. Their structural properties have a huge impact on their applications.
These hyperbranched molecules are called dendrimers. Moreover, the linear growth in the size
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of dendrimers makes them the ideal delivery vehicle candidates for the study of effects of composition,
and size of polymer in the biological properties like cytotoxicity, blood plasma retention time,
lipid bilayer interactions, and filtration, see [21] and references therein. These molecules were first
discovered (and studied) by E.Buhleier [22], D. Tomalia [23], and G. R. Newkome [24]. There are
many known dendrimers with biological properties such as chemical stability, solubility, polyvalency,
electrostatic interactions, low cytotoxicity and self-assembling.

Although plenty of work has been executed on the distance and degree based indices of molecular
graphs, the analyses of irregularity measures for chemical structures still need attention. In [25-28],
the irregularity measures of various chemical structures were investigated. In this work, we are
interested in the irregularity indices of the molecular graphs of different types of dendrimers.
For some topological aspects of different complex dendrimers structures, we refer the interested
reader to [29-37]. We will restrict our attention to three dendrimers Polyamidoamine (PAMAM),
Poly(EThyleneAmidoAmine) (PETAA), and poly(PropylETherIMine)(PETIM) dendrimers.

2. Main Results

In this section, we will compute the irregularity indices of several classes of dendrimers.
Firstly, we describe the significance of PAMAM dendrimers. Furthermore, we will also compute
four irregularity indices for PAMAM dendrimers.

2.1. Irreqularity Measures of PAMAM Dendrimers

The PAMAM dendrimers are a family of dendrimers which is made of repetitively branched
subunits of amide and amine functionality. PAMAM dendrimers have hydrophilic interiors and
exteriors, which play a role for its unimolecular micelle properties. Moreover, PAMAM-based carriers
increase the possibility of bioavailability of problematic drugs. Hence, PAMAM nanocarriers enhance
the potential of the bioavailability of drugs, which are not so soluble for efflux transporters, see [38,39].
Due to these properties, PAMAM dendrimers were extensively studied since their synthesis in 1985,
see [40,41]. Donald A. Tomalia brought in the PAMAM (polyamidoamine) as a novel class of polymers,
called starburst polymers [40]. From then on, the study of PAMAM dendrimers has remained the most
prominent topic of research due to its various applications in different fields, including biomedical
applications. For further detail and biomedical application, we refer [42].

Let Dy (n) be the molecular graph of this dendrimers, where n represents the generation stage
of Di(n). The molecular graph of PAMAM dendrimer has four branches, and the central core
has four vertices. The total number of vertices in each branch is 13 x 20 + 13 x 2! + .-+ + 13 x
21413 x 2"+ 5 = 16 x 2" — 8. Hence, the total number of vertices in this molecular graph is
4(16 x 2" — 8) +4 = 64 x 2" — 28. In [43], it is shown that for a given tree graph G (Tree is a connected
graph which has no cycle), it follows that |[E(G)| = |V(G)| — 1. Since PAMAM dendrimer is a tree
graph, the total number of edges is 64 x 2" — 29. The chemical structure of this dendrimer is shown in
Figure 1.

Theorem 1. Let Dy(n) be the molecular graph of PAMAM dendrimer, where n > 0 is the generation. Then the
irreqularity indices are given by

(D1(n)) = 48x2"—22,

irre(D1(n)) = 552 x 4" —476 x 2" + 102,
(Di(n)) = 64x2"—30,
(D1(n))

irr(Dq(n

o
384 x 4" — 328 x 2" + 69)

Var(D
A 4(16 x 2" —7)2
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Proof. The order and size of Dy (n) are 64 x 2" — 28 and 64 x 2" — 29, respectively. Let Vf(n) be the
set of vertices of degree i in D(n). We can classify the vertices of V(D;(n)) into three partite sets,
the orders of these sets are |V (n)| = 12 x 2" — 4, |V3(n)| =40 x 2" — 18 and |V3(n)| = 12 x 2" — 6.

Now, let E]sk(n) C E(D1(n)) be the set of edges that have end vertices of degrees j and k. We make
partition of the edge set E(D; (1)) on the basis of degrees of end vertices of each edge which yields
four subsets. The cardinalities of these partite subsets are |E3,(n)| = 4 x 2", |[E3,(n)| = 8 x 2" — 4,
|E3,(n)] =24 x 2" — 11, and |E3;(n)| = 28 x 2" — 14.

Followed by the above information and the expressions of irregularity indices manifested in
Equations (1)—-(4), the explicit formulas of these indices can be obtained in the following way:

irr(Dy(n)) =} ldp,u)(u) —dp, () (©)]

uv€E(Dy(n))

) ( Y, + L + X )|dD1(n)(“)—dD1(n)(U)
(n)

uv€ES,(n)  wv€E,(n) uveEd(n

= 48 x 2" —22.
. 1
irn(Di(n)) = 3 ldp, (n) (1) — dp, () (V)]
u,veV(Dy(n))
= %((12><2”74)(40><2"718)+(12><2”74)(12><2”76)
4 (12x2"—6)(40 x 2" — 18))
= 552 x 4" — 476 x 2" + 102.
c(D1(n)) = Yo (dp, () —dp, () (0))?

uveE(Dy(n))

) ( Y, + X + L )<dD1<n>(“)—le(n><v)>2
()

uwveE3,(n)  uveEd(n) uveE3(n

= 64 x2"—30.

2
Var(D1(n)) l/ Z dle(n)(U) - % ( Z( ))le(n)(v))

eV (D, (n)) veV(Dy (n

= (Z a7, )+ Y dh (@) + Y dh (@ )

veV? 06V3 UGV

2
- (Z dp,wy) (0) + Y dp,n)(©) + Y dp () )

veV3 UEV UEV3
_ 1 2 n 2 n
= g ((D(12x 2" —4) + (2)7(40 x 2" ~ 18)

1
(64 x 21 — 28)2
+ (2)(40 x 2" —18) + (3)(12 x 2" — 6))%.

+ (3)%(12x2"—6)) — ((1)(12 x 2" — 4))
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By means of simple calculations, we derive that

384 x 4" — 328 x 2" 4 69)

Var(Dy(m)) - = 4(16 x 2" —7)2
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Figure 1. Dy (n) with n = 3.

The values of the computed irregularity indices against the different generation stages of PAMAM
dendrimers are shown in the Table 1.

Table 1. The values of irregularity indices of structure of Polyamidoamine (PAMAM) dendrimers
against different generation stages.

Growth Stage irr(D1(n)) irr¢(D1(n)) o(D1(n)) Var(D1(n))

Di(1) 74 1358 98 949 /2500
D1(2) 170 7030 226 4901/12,996
D1 (3) 362 31,622 482 22,021/58,564
D1 (4) 746 133,798 994 93,125/248,004
D (5) 1514 550,118 2018  382,789/1,020,100

The complex synthesis of PAMAM limits the clinical translation of the materials based on PAMAM.
Interestingly, PolyEThyleneAmidoAmine (PETAA) dendrimers with more uniform and complete
structure then PAMAM possesses several properties of PAMAM. In the next subsection, we will
investigate four irregularity indices of PETAA dendrimers.
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2.2. Irregularity Measures of PolyEThyleneAmidoAmine (PETAA) Dendrimers

PolyEThyleneAmidoAmine (PETAA) dendrimers have various properties of PAMAM dendrimers
such as the number of bonds between the surface, and the dendrimer core is the same.
Moreover, the number of surface primary amino groups and tertiary amino groups in PETAA
dendrimers are also the same as in PAMAM dendrimers. Other than that, the unique synthesis
process of the PETAA enhances its potential for the large-scale production, which results in more
application in biomedical sciences [44]. Consequently, the study of PETAA becomes a very respected
topic of research. The molecular graph of this dendrimers is denoted by D;(n), where 1 represents
the generation of Dy (7). The number of vertices in Dy(n) is 44 x 2" — 19 and the number of edges is
44 x 2" — 18. The molecular graph D;(#n) for n = 5 is shown in Figure 2.
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Figure 2. Chemical structure of Poly(EThyleneAmidoAmine) (PETAA) dendrimer D(5).

Theorem 2. For the molecular graph of PETAA dendrimers D, (n), the irregqularity indices are the following:

irr(Dy(n)) = 32x2"-13,
irre(Da(n)) = 256 x 4" —204 x 2" 4 40,
o(Da(n)) = 40x2"—17,
(88 x 4" — 69 x 2" 4 13)
Var(Dy(n)) = (23 %27 —9)

Proof. The order and the size of D, (1) are 44 x 2" — 18 and 44 x 2" — 19 respectively. Let V(1) be
the set of vertices of degree i in D;(n). We can classify the vertices of V (D, (n)) into three partite sets;
the orders of these sets are |[VZ(n)| =8 x 2" — 2, |[VZ(n)| =28 x 2" —12,and |VZ(n)| =8 x 2" — 4.

Now, let E2 (1) C E(D2(n)) be the set of edges that have end vertices of degrees j and k. There are
four types of edges in E(Dy(n)) based on the degrees of end vertices of each edge. The cardinalities
of these partite sets are |E3,(n)| = 4 x 2", |[E};(n)| = 4 x 2" —2, |E3,(n)| = 16 x 2" — 8, and
|E2,(n)| =20 x 2" — 9.

Now, with the help of vertex and edge partitions and Equations (1)—(4), the irregularity indices
can be computed in the following manner:
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irr(Da(n)) Yo ldpy)(#) — dpym) (0)]

uveE(Dy(n))

i ( Y+ L+ % )'dnz<n><u>dnz<n><v>

uv€E2,(n)  uv€E%(n)  uveE3;(n)

= 32x2"-13.

irr(Do(n))

Y. ldpyn(u) —dp,)(0)]
u,0eV(Dy(n))

N =

= %((8><2”—2)(28><2”—12)+(8><2”—2)(8><2n_4)

+ (8% 2" —4)(28 x 2" —12))
= 256 x 4" — 204 x 2" + 40.

o(Da(n)) = Y (dpym (1) —dpy (v)?
uveE(Dy(n))

( Y, + )Y + ) )(dDz(n)(u)_dDz(n)(v))z

uv€E2,(n)  uve€E%(n) uveE3,(n)

= 40x2"—-17.

2
Var(Dy(n)) = l/ Z dzDz(n)(v) - % ( Z dDz(")(v)>
veV

" oev(Dy(n)) (Da(n))

= % ( Y. A, (@) + L dp, (@) + Y dzDz(n)(U)>

2 2 2
veEV] veV; veEV]

2
- % ( Y dp,)(0) + 22 dpym) (0) + Y dDz(n)(U))

vevy vev; vEV?
1 ; )
= g (DA% 2" -2) + (2(28x 2" - 12)
+ (3)*(8x2"—4)) — M(((l)(S x 2"~ 2))

4+ (2)(28 x 2" —12) 4 (3)(8 x 2" — 4))%.
After simplification, we get

2(88 x 4" — 69 x 2 + 13)
(22 x 2" —9)2

Var(Dy(n)) =

O

The Table 2 describes the values of the computed irregularity indices against the different
generation stages of PETAA dendrimers.
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Table 2. The values of irregularity indices of structure of PETAA dendrimers against different

generation stages.

Growth Stage irr(Da(n)) irre(D2(n)) o(D2(n)) Var(Dz(n))

D,(1) 51 656 63 454/1225
D,(2) 115 3320 143 2290/6241
D5 (3) 243 14,792 303 10,186,/27,889
D, (4) 499 62,312 623 42,874/117,649
D, (5) 1011 255,656 1263 175,834/483,025

In 2003, another dendrimer poly (propyl ether imine) (PETIM) was synthesized [45] and
reported as a carrier for the sustained delivery of the drug ketoprofen [46]. In the last subsection, we
are going to highlight the irregularity-based topological indices of this dendrimers.

2.3. Irreqularity Measures of Poly (propyl ether imine) (PETIM) Dendrimers

Zidovudine (AZT) is the first antiretroviral drug approved by the Food and Drug Administration
(FDA) for the treatment of Acquired Immune Deficiency Syndrome (AIDS) [47]. In a recent
investigation, AZT-loaded PETIM dendrimer for its sustained drug delivery was studied. The findings
of the present study revealed that PETIM dendrimer is a better alternative for sustained drug delivery
of zidovudine in comparison to present conventional therapy [48]. Let D3(n) be the molecular graph
of this dendrimers, where 1 represents the generation stage of D3(n). The molecular graph D3(n) for

n =5 is shown in Figure 3.
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Figure 3. D3(n) with n = 5.
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Theorem 3. For the molecular graph Ds(n), the irreqularity indices can be represented by the
following formulas:

(D3(n)) = 8x2"—6=0(Ds(n)),
(D3(n)) = 40x4"—62x2" 421,
o(Ds(n)) = 8x2"—6,

96 x 4" — 140 x 2" + 42
(D3(m)) (24 x 21 — 23)2

Proof. The order and the size of D3(n) are 3 x 2"3 — 23 and 24(2" — 1) respectively. Let V!(n) be
the set of vertices of degree i in D3(n). We can classify the vertices of V(D3(n)) into three partite sets,
the orders of these sets are |V} (n)| = 2"*1, |V} (n)| =5 x 2"+2 — 21, and |V} (n)| = 271 — 2.

Now, let Ejlk(n) C E(D3(n)) be the set of edges that have end vertices of degrees j and k. There are
three types of edges in E(D3(n)) based on the degrees of end vertices of each edge. The cardinalities
of these partite sets are |El,(n)| = 2", |Ed,(n)| = 2(2 x 2"*3 —9), and |EL; (n)| = 6(2" — 1).

Followed by the above information, and the expressions of irregularity indices manifested in
Equations (1)-(4), the explicit formulae of these indices can be formulated as follows:

irr(D3(n)) = Yo dpyy(#) — dpy ) (0)]
uveE(Ds3(n))

) ( Y o+ X )'dD3<n>(”>st<n>(”)|

uv€EL,(n)  uveEL(n)

= 8x2"—6.

im(Ds(m) = 3 ¥ lpy(s) — doy ()
u,veV(D3(n))
= %((2”*1)(5 x 212 — 1) 4 (5 x 272 — 1) (2" —2))
= 40x4" —62x2"+21.
c(D3(n)) = Y (dpy(u) —dpy (v)?

uveE(D3(n))

= ( Y + X )(dD3(n)(u)_dD3(n)(U))2

uv€El,(n)  uveEL(n)

= 8x2"—6.
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2
1 1
Var(D3(n)) = 5 Y, dp,() - ) Y. dpyu(©)
veV(D3(n)) veV(D3(n))
1 2 2 2
= | Ldp,m@+ L dhp @+ L dp ) (0)
veV} veVy) veVy)
2
1
— | L Aoy (@) + L dpym(0) + ) dpym)(0)
veV] veVy) veVy
1 n n
= m((l)z(z 1)+ (2)2(5 x 22 - 21)

+ P -2) - (V@)

+ (2)(5x2"2 —21) 4 (3)(2"! —2))%.

Further simplifications yield

96 x 4™ — 140 x 2" 442

Var(Ds3(n)) = (24 x 2 — 23)2

O

The Table 3 presents the values of the computed irregularity indices against the different
generation stages of PETIM dendrimers. In the next section, we present some graphical analysis
of irregularity measures (of the structures under discussion) based upon the results obtained in
this section.

Table 3. The values of irregularity indices of structure of poly (propyl ether imine) (PETIM) dendrimers
against different generation stages.

Growth Stage irr(D3(n)) irre(D3(n)) o(D3(n))  Var(Ds3(n))

Ds5(1) 10 57 10 146/625
D3(2) 26 413 26 1018/5329
D3(3) 58 2085 58 5066/28,561
D5 (4) 122 9269 122 22,378/130,321
D3(5) 250 38,997 250 93,866/55,5025

3. Graphical Analysis and Discussions

In this section, we present our theoretical outcomes and deduce which of the dendrimer structures
depicted above is more irregular than the remaining ones with respect to a specific irregularity index.
Each dendrimer structure relies on a single variable n. We plot the graph with irregularity index
of Di(n), Dy(n), and D3(n) (on a single graph) as a dependent variable and # as an independent
variable. We observe that all the irregularity indices behave in a particular way with the increase in
the value of n. We provided the graphical appearances of these indices with respect to the change in
the growth stage of the dendrimer structure. In this graphical examination, the blue colour shows the
graphical functioning of the PETIM dendrimer structure, the red colour shows the graphical behaviour
of the PETAA dendrimer structure, and the green colour shows the graphical response of the PAMAM
dendrimer structure. We present the values of various irregularity indices for the dendrimer structures
in Tables 1-3. With the help of these tables, the comparative behavior of these irregularity indices
for dendrimer structures has been expressed in Figures 4—7. These figures show that the molecular
structure of PAMAM dendrimer is highly irregular as compared to the other dendrimer structures
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and the molecular structure of PETAA dendrimer is more irregular than the molecular structure of
PETIM dendrimer.
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Figure 4. Albertson irregularity index.
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Figure 7. Variance index.

4. Conclusions

A modern trend in QSAR/QSPR studies is the use of properties which can be secure from the
molecular structure without any other input data. The basic reason for this is to forecast the chemical
properties of such a huge collection of compounds and drugs takes a large number of chemical
inspections, thereby these tasks increase the burden of work of the chemical and pharmaceutical
researchers. Thus, the strategy of estimating the topological indices has offered the explanations of such
medicinal behaviour of various compounds and drugs. Hence, the irregularity indices for the molecular
graphs of dendrimers are demonstrated by a mathematical derivation method and we presented the
comparison of the molecular structures by using the graph structures. Our outcomes could perform a
significant role in estimating and comparing the properties of these molecular structures.

Author Contributions: The contribution of the authors is as follows: Conceptualization, Z.I. and M.K].;
methodology, Z.I; validation, RI.,, A.F. and M.A.C.; investigation, Z.I.; M.K.].; writing—original draft preparation,
Z.1., AF,RIL; writing—review and editing, D.Z., M.L

Funding: This research received no external funding.
Acknowledgments: All the authors are thankful to their respective institutes for providing the research facilities.

Conflicts of Interest: The authors declare no conflict of interest.



Processes 2019, 7, 662 13 of 14

References

1. Gozalbes, R.; Doucet, ].P.; Derouin, F. Application of topological descriptors in QSAR and drug design:
History and new trends. Curr. Drug Targets Infect. Disord. 2002, 2, 93-102. [CrossRef] [PubMed]

2. Amic, D,; Beaa, D.; Lucic, B.; Nikolic, S.; Trinajstic, N. The vertex connectivity index revisited. . Chem. Inf.
Comput. Sci. 1998, 38, 819-822. [CrossRef]

3. Gao, Y; Zhu, E; Shao, Z.; Gutman, I.; Klobucar, A. Total domination and open packing in some
chemical graphs. J. Math. Chem. 2018, 5, 1481-1492. [CrossRef]

4. Nasiri, R,; Fath-Tabar, G.H. The second minimum of the irregularity of graphs. Electron. Notes Discret. Math.
2014, 45,133-140. [CrossRef]

5. Shao, Z.; Wu, P; Zhang, X.; Dimitrov, D.; Liu, ].B. On the maximum ABC index of graphs with prescribed
size and without pendent vertices. IEEE Access 2018, 6, 27604-27616. [CrossRef]

6. Ye, A.; Qureshi, M.I;; Fahad, A.; Aslam, A.; Jamil, M.K,; Zafar, A.; Irfan, R. Zagreb connection number index
of nanotubes and regular hexagonal lattice. Open Chem. 2019, 17, 75-80. [CrossRef]

7. Réti, T,; Sharafdini, R.; Dregelyi-Kiss, A.; Haghbin, H. Graph irregularity indices used as molecular descriptor
in QSPR studies. Match Commun. Math. Comput. Chem. 2018, 79, 509-524.

8. Albertson, M.O. The irregularity of a graph. Ars Combin. 1997, 46,219-225.

9.  Luo, W.; Zhou, B. On the irregularity of trees, unicyclic graphs with given matching number. Util. Math.
2010, 83, 141-147.

10. Hansen, P.; Mélot, H. Variable neighborhood search for extremal graphs. 9. bounding the irregularity
of a graph. Discret. Math. Theor. Comput. Sci. 2005, 69, 253-264.

11.  Abdo, H.; Dimitrov, D. The irregularity of graphs under graph operations. Discuss. Math. Graph Theory 2014,
34, 263-278. [CrossRef]

12.  Abdo, H.; Brandt, S.; Dimitrov, D. The total irregularity of a graph. Discret. Math. Theor. Comput. Sci. 2014,
16, 201-206.

13. Dimitrov, D.; Skrekovski, R. Comparing the irregularity, the total irregularity of graphs. Ars Math. Contemp.
2015, 9, 45-50. [CrossRef]

14. Fath-Tabar, G.H. Old, new Zagreb indices of graphs. Match Commun. Math. Comput. Chem. 2011, 65, 79-84.

15.  Abdo, H.; Cohen, N.; Dimitrov, D. Graphs with maximal irregularity. Filomat 2014, 28, 1315-1322. [CrossRef]

16. Nasiri, R.; Ellahi, H.R.; Gholami, A.; Fath-Tabar, G.H. The irregularity, total irregularity of Eulerian graphs.
Iran. ]. Math. Chem. 2018, 9, 101-111.

17.  Gutman, I; Togan, M.; Yurttas, A.; Cevik, A.S.; Cangul, LN. Inverse problem for sigma index. Match Commun.
Math. Comput. Chem. 2018, 79, 491-508.

18.  Abdo, H.; Dimitrov, D.; Gutman, I. Graphs with maximal ¢ irregularity. Discret. Appl. Math. 2018, 250,
57-64. [CrossRef]

19. Gutman, I. Stepwise irregular graphs. Appl. Math. Comput. 2018, 325, 234-238. [CrossRef]

20. Bell, EK. A note on the irregularity of graphs. Linear Algebra Appl. 1992, 161, 45-54. [CrossRef]

21. Abbasi, F,; Aval, S.F.; Akbarzadeh, A.; Milani, M.; Nasrabadi, H.T.; Joo, S.W.; Hanifehour, Y.; Koshki, K.N.;
Pashei-Asl, R. Dendrimers: Synthesis, applications, and properties. Nano Scale Res. Lett. 2014, 247, 1-10.
[CrossRef]

22. Bubhleier, E.; Wehner, W.; Vogtle, F. Cascade and nonskid chain like syntheses of molecular cavity topologies.
Synthesis 1978, 2, 155-158. [CrossRef]

23. Tomalia, D.A.; Baker, H.; Dewald, J.R.; Hall, M.; Kallos, G.; Martin, S.; Roeck, ].; Ryder, J.; Smith, P. Dendritic
macromolecules: Synthesis of starburst dendrimers. Macromolecules 1986, 19, 2466-2468. [CrossRef]

24. Newkome, G.R;; Yao, Z.; Baker, G.R.; Gupta, V.K. Micelles. Part 1. Cascade molecules: A new approach to
micelles. A [27]-arborol. ]. Org. Chem. 1985, 50, 2003—2004. [CrossRef]

25.  Abdo, H.; Dimitrov, D.; Gao, W. On the irregularity of some molecular structures. Can. J. Chem. 2017,
95, 174-183. [CrossRef]

26. Gao, W.; Aamir, M,; Igbal, Z.; Ishaq, M.; Aslam, A. On irregularity measures of some dendrimers structures.
Mathematics 2019, 7, 271. [CrossRef]

27. Gutman, I.; Hansen, P.; Mélot, H. Variable neighborhood search for extremal graphs 10. Comparison of

irregularity indices for chemical trees. . Chem. Inf. Model. 2005, 45,222-230. [CrossRef]


http://dx.doi.org/10.2174/1568005024605909
http://www.ncbi.nlm.nih.gov/pubmed/12462157
http://dx.doi.org/10.1021/ci980039b
http://dx.doi.org/10.1007/s10910-018-0877-6
http://dx.doi.org/10.1016/j.endm.2013.11.026
http://dx.doi.org/10.1109/ACCESS.2018.2831910
http://dx.doi.org/10.1515/chem-2019-0007
http://dx.doi.org/10.7151/dmgt.1733
http://dx.doi.org/10.26493/1855-3974.341.bab
http://dx.doi.org/10.2298/FIL1407315A
http://dx.doi.org/10.1016/j.dam.2018.05.013
http://dx.doi.org/10.1016/j.amc.2017.12.045
http://dx.doi.org/10.1016/0024-3795(92)90004-T
http://dx.doi.org/10.1186/1556-276X-9-247
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1021/ma00163a029
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1139/cjc-2016-0539
http://dx.doi.org/10.3390/math7030271
http://dx.doi.org/10.1021/ci0342775

Processes 2019, 7, 662 14 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

48.

Igbal, Z.; Aslam, A.; Ishaq, M.; Aamir, M. Characteristic study of irregularity measures of some nanotubes.
Can. J. Phys. 2019. [CrossRef]

Gao, W,; Igbal, Z.; Ishaq, M.; Sarfraz, R.; Aamir, M.; Aslam, A. On eccentricity-based topological indices
study of a class of porphyrin-cored dendrimers. Biomolecules 2018, 8, 71. [CrossRef]

Gao, W,; Igbal, Z.; Ishag, M.; Aslam, A.; Aamir, M.; Binyamin, M.A. Bounds on topological descriptors of the
corona product of F-sum of connected graphs. IEEE Access 2019, 7, 26788-26796. [CrossRef]

Gao, W,; Igbal, Z; Ishaq, M., Aslam, A. Sarfraz, R. Topological aspects of dendrimers via
distance-based descriptors. IEEE Access 2019, 7, 35619-35630. [CrossRef]

Hussain, Z.; Munir, M.; Rafique, S.; Hussnain, T.; Ahmad, H.; Kwun, Y.C.; Kang, S.M. Imbalance-based
irregularity molecular descriptors of nanostar dendrimers. Processes 2019, 7, 517. [CrossRef]

Igbal, Z.; Aamir, M.; Ishaq, M.; Shabri, A. On theoretical study of Zagreb indices and Zagreb polynomials of
water-soluble perylenediimide-cored dendrimers. J. Inf. Math. Sci. 2018, 10, 647-657.

Igbal, Z.; Ishag, M.; Aamir, M. On eccentricity-based topological descriptors of dendrimers. Iran. J. Sci.
Technol. Trans. Sci. 2019, 43, 1523-1533. [CrossRef]

Igbal, Z.; Ishag, M.; Aslam, A.; Gao, W. On eccentricity-based topological descriptors of water-soluble
dendrimers. Z. Nat. 2018, 74, 25-33. [CrossRef]

Kang, S.M.; Iqbal, Z.; Ishaq, M.; Sarfraz, R.; Aslam, A.; Nazeer, W. On eccentricity-based topological indices
and polynomials of phosphorus-containing dendrimers. Symmetry 2018, 10, 237. [CrossRef]

Zheng, ].; Igbal, Z.; Fahad, A.; Zafar, A.; Aslam, A.; Qureshi, M.L; Irfan, R. Some eccentricity-based topological
indices and polynomials of poly(EThyleneAmidoAmine) (PETAA) dendrimers. Processes 2019, 7, 433.
[CrossRef]

Tomalia, D.A.; Baker, H.; Dewald, J.R.; Hall, M.; Kallos, G.; Martin, S.; Roeck, J.; Ryder, J.; Smith, P.
Dendrimers II: Architecture, nanostructure and supramolecular chemistry. Macromolecules 1986, 19, 2466.
Froehling, P.E. Dendrimers and dyes a review. Dyes Pigment. 2001, 48, 187-195. [CrossRef]

Tomalia, D.A.; Baker, H.; Dewald, J.R.; Hall, M.; Kallos, G.; Martin, S.; Roeck, ]J.; Ryder, J.; Smith, P. A new
class of polymers: Starburst-dendritic macromolecules. Polym. ]. 1985, 17, 117-132. [CrossRef]

Alper, J. Rising chemical stars could play many roles. Science 1991, 251, 1562-1564. [CrossRef]

Aratijo, R.V,; Santos, S.S.; Ferreira, E.I; Giarolla, ]. New advances in general biomedical applications of
PAMAM dendrimers. Molecules 2018, 23, 2849.

Bondy, J.A.; Murty, U.S.R. Graph Theory; Springer: London, UK, 2008.

Huang, B.; Tang, S.; Desai, A.; Lee, K.H.; Leroueil, PR.; Baker, ]J.R. Novel Poly(EthyleneAmidoAmine)
(PETAA) dendrimers produced through a unique and highly efficient synthesis. Polymer 2011, 52, 5975-5984.
[CrossRef]

Ramakrishna, T.; Jayaraman, N. Synthesis of poly(propyl ether imine) dendrimers and evaluation of their
cytotoxic properties. J. Org. Chem. 2003, 69, 9694-9704.

Jain, S.; Kaur, A ; Puri, R.; Utreja, P; Jain, A.; Bhide, M.; Ratnam, R.; Singh, V.; Patil, A.S.; Jayaraman, N. Poly
propyl ether imine (PETIM) dendrimer, A novel non-toxic dendrimer for sustained drug delivery. Eur. J.
Med. Chem. 2010, 45,4997-5005. [CrossRef]

Liang, Z.; Gong, T.; Sun, X,; Tang, ].Z.; Zhang, Z. Chitosan oligomers as drug carriers for renal delivery
of zidovudine. Carbohydr. Polym. 2012, 87, 2284-2290. [CrossRef]

Jain, S.K.; Sharma, A.; Mahajan, M.; Sankar, R. In-vitro and in-vivo evaluation of poly (propyl ether imine)
(PETIM) dendrimer for sustained delivery of zidovudine. J. Antivir. Antiretrovir. 2013, 5. [CrossRef]

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1139/cjp-2018-0619
http://dx.doi.org/10.3390/biom8030071
http://dx.doi.org/10.1109/ACCESS.2019.2900061
http://dx.doi.org/10.1109/ACCESS.2019.2904736
http://dx.doi.org/10.3390/pr7080517
http://dx.doi.org/10.1007/s40995-018-0621-x
http://dx.doi.org/10.1515/znc-2018-0123
http://dx.doi.org/10.3390/sym10070237
http://dx.doi.org/10.3390/pr7070433
http://dx.doi.org/10.1016/S0143-7208(00)00099-1
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1126/science.2011736
http://dx.doi.org/10.1016/j.polymer.2011.10.060
http://dx.doi.org/10.1016/j.ejmech.2010.08.006
http://dx.doi.org/10.1016/j.carbpol.2011.10.060
http://dx.doi.org/10.4172/jaa.S10-004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Main Results
	Irregularity Measures of PAMAM Dendrimers
	Irregularity Measures of PolyEThyleneAmidoAmine (PETAA) Dendrimers
	Irregularity Measures of Poly (propyl ether imine) (PETIM) Dendrimers

	Graphical Analysis and Discussions
	Conclusions
	References

