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Abstract

In this study, we consider certain classes of surfaces in the pseudo-Galilean space, the
translation and factorable surfaces. We obtain these surfaces that satisfy the equation H = v+,

where H is the mean curvature and v is the normal component of an isotropic vector v.

Keywords: Translating soliton; Manifolds with density; Mean curvature; Pseudo-Galilean

space.

Yari-Galileo Uzayinda Belli Bir Ortalama Egrilige Sahip Yiizeyler Uzerine

Oz

Bu c¢alismada; yari-Galileo uzayinda, dteleme ve ayrisabilir yiizeyler denilen iki belirgin
sinif ele almmustir. v1, bir v izotropik vektdriin normal bileseni olmak iizere bu yiizeylerden

ortalama egriligi H = v* denklemini saglayanlar elde edilmistir.

Anahtar Kelimeler: Otelenen soliton; Yogunluklu manifoldlar; Ortalama egrilik; Yari-

Galileo uzay1.

* Corresponding Author DOI: 10.37094/adyujsci.907765 L@M
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1. Introduction

We are interested in the pseudo-Galilean geometry which is one of the real Cayley-Klein
geometries. Let G1 denote the pseudo-Galilean 3-space, S © G1 an admissible surface, H and N
are the mean curvature and unit normal vector field on S, respectively. Moreover, let (L%, {-,},)

denote the Lorentzian 2-space. We consider the following:

H = v, (1)
where v is the normal component of a unit isotropic vector v € G5 . Note that v+ = (N, v), is
the Lorentzian angle function of S between N and v. Up to the abolute figure of G, since N is
completely isotropic and orthogonal to all non-isotropic vectors, some minimal surface obeys to

Eqn. (1) if v is non-isotropic. This is the justification why we take v as isotropic in Eqn. (1).

The importance of Eqn. (1) is due to the theories of manifolds with density and mean
curvature flow. A surface whose mean curvature holds Eqn. (1) is called translating soliton of the
mean curvature flow [1-5]. In the Euclidean setting, besides straight lines, one-dimensional
solution to Eqn. (1) is the curve s = —logcos s, which is called grim reaper and known for
moving upwards with constant speed under the flow, see [6, 7]. The hyperbolic versions of those
functions are the so-called Lorentzian grim reapers, s » logsinhs and s = logcosh s [8]. In the
Galilean setting, the situation is different. More explicitly, let k be the curvature of a smooth curve
y in the Galilean plane G, and () the Galilean scalar product in G,. Then, Eqn. (1) writes k =

((0,1), v)¢, admitting solutions as straight lines (x = 0) and parabolic circles (k = 1).

Let (x,y,z) denote the affine coordinates in G2 and @(x,y,z) = kx + py + qz,k, p,q €
R. From theory of manifolds with density, a surface satisfying Eqn. (1) is indeed a minimal
surface with density e? [3, 9, 10]. Meanwhile, since v = grad ¢ = ke; + pe, + qes is isotropic
for standard basis vectors {e;, e,, €3} of G3, k must vanish in our case. More generally, a ¢ —mean

curvature (or weighted mean curvature) H, with density e? is givenby 2H, = 2H — (d¢/dN).

One of the basic classes of surfaces in differential geometry is the translation surfaces
generated by translating two curves up to isometry of ambient space. Let S € G5 be a translation

surface and s —» a(s) and t » S(t) two parametric curves, s € [ c R, t €] c R. Then, S is

locally given by
x(s,t) = a(s) + B(t), 2)
where @ := a(s) and B := B(t) are called generating curves. The other class of the surfaces

in which we are interested is the one associated with the product of two single variable functions,
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namely the factorable (or homothetical) surfaces. Up to the absolute figure a factorable surface

is given by one of the explicit forms

x =f(s)g(®) and z = f(s)g(t), 3)

for smooth functions f(s) and g(t). Those surfaces in Galilean and pseudo-Galilean geometries
have been considered in several research articles from different geometrical point of views. For
example, the results on these surfaces in terms of Gaussian and mean curvatures can be found in
[11-19], while the ones in terms of the Laplacian associated with the fundamental forms are in
[20-23]. Some surfaces satisfying Eqn. (1) in G+ were already considered from the manifolds with

density point of view, [24-27].

In some sense, solving Eqn. (1) is a problem of finding prescribed mean curvature surfaces,
which is our main interest. In this paper, we firstly study translation surfaces Eqn. (2) in G5, whose
mean curvature satisfies Eqn. (1). When both a and f are planar, the problem was already solved
in [26] and for this reason, we deal with the only case that one of @ or f§ is planar and the other
spatial. Under this condition, we solve Eqn. (1) completely. In Section 4, we also classify the

surfaces given by Eqn. (3) which satisfy Eqn. (1).
2. Preliminaries

In this section, we recall some basics on the curves and surfaces in the pseudo-Galilean

geometry from [18, 28-33]. We also refer to [34, 35] for the Lorentzian arguments.

Let P3(R) denote a real projective 3-space and (uy : uq : u, : u3)the homogeneous
coordinates. The pseudo-Galilean 3-space G3 is a Cayley-Klein space P;(R) with the absolute
figure {w, f, I}, where w is the absolute plane uy = 0, f the absolute line uy = u; = 0 and I the
fixed hyperbolic involution of points of f. The hyperbolic involutionis (0 : 0 : u, : uz)+~

(0 : 0 : ug : uy) andthenu3 —u? = 0 is the absolute conic.

Let us introduce the affine coordinates (uy : u; : up, : uz)=(0 : x : y : 2).

Up to the absolute figure, the pseudo-Galilean distance between the points p = (p4, p2, p3) and
q = (q1,92,93) is

lq1 — p1l, ifp, #q1
VI —p2)? — (g3 — p3)?l, ifps =qu.

d(p,q) ={

The six-parameter group of motions of Ga leaves invariant the absolute figure and the

pseudo-Galilean distance, given in terms of affine coordinates as follows:
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XxX=a;+x
Yy =a;+azx +ycoshd + zsinh¢
Z=ay+asx +ysinh¢p + zcosh ¢,

where a4, .., as, ¢ are some constants.

There are two sorts of lines and planes in G3. We call a line isotropic when its intersection
with the absolute line f is non-empty and non-isotropic otherwise. A plane is said to be isotropic
if it does not involve f, otherwise it is said to be non-isotropic. The non-isotropic planes are so-
called Lorentzian since its induced geometry is Lorentzian. In the affine model of G3, the

Lorentzian planes are in the form x = const.

A vector v = (vq, vy, V3) is said to be isotropic (non-isotropic) if v; = 0 (# 0). Let w =
(wq, Wy, w3) and () denote the pseudo-Galilean dot product. Then, (v, w); is the Lorentzian
scalar product if both v and w are isotropic. Otherwise, vZ + wi # 0, it is defined by
(v,w); = vyw; . The pseudo-Galilean angle between v and w is defined as the Lorentzian
angle if v and w are isotropic. Otherwise, it is given by the pseudo-Galilean distance. We call v

and w orthogonal if (v,w); = 0.

An isotropic vector v is called spacelike if (v, v); > 0; timelike if (v, v); < 0 and lightlike
if (v,v);, = 0. We call the spacelike and timelike vectors non-degenerate. Let {eq, e,, e3} be

standard basis vectors and v and w no both isotropic vectors. Then, the pseudo-Galilean cross-

product is
0 —e e3
VXgW= |1 %) V3 |.
Wi Wy W3
Therefore we have (v X; w,z); = —det(v,w,Z), where Z is the projection of z onto the

yz —plane. Note that the vector v X; w is orthogonal to both v and w.
Let C be a curve given in the parametric form

s r(s) = (x(s),y(s),z(s)),s €l cR.

The curve C is said to be admissible if the following conditions hold: for each s € I,

' dr . . .
1) r=_cis non-isotropic;
. . . . ’ " d?r . .
2) no where C has no inflection points, i.e. 7" andr = —.z are linearly independent;
3) # and 7" are non-degenerate.
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Then an admissible curve C is said to be parameterized by arc-length if the function x is the

identity, up to a translation of G1. Let C be such a curve. Then we call t = 1’ unit tangent toC and

K = /{r",r""), curvature of C. The normal and binormal to C are defined by
K(S)(O y',z )andb— ()(0 z y)

The torsion of C is introduced by

_det(r'r"r")
T k2

We call the admissible curve C spatial provided T # 0 for each s € I. We call an admissible
curve isotropic planar if it fully lies in an isotropic plane and in such case 7 vanishes identically.
We also call a curve Lorentzian planar if it fully lies in a Lorentzian plane. For a Lorentzian

planar curve the Frenet apparatus are well known.

Let S beasurfacein Ga locally given by a regular map

(ug,uz) P x(ug,up) = (x(upuz):)’(ubuz).z(ubuz)). (uy,uz) €D c R

ox
Let x,i =

P and etc., 1 < i,j < 2. Then, S is said to be admissible if

d _ 0%x
an x’ij _6ui6uj

x; # 0, for some i = 1,2. For such an admissible surface S, the first fundamental form is
(dx,dx); = Edu? + 2Fdu,du, + GduZ,

2 2 . . .
where E = (x,1) yF=x1x,,G= (x,z) . Since nowhere an admissible surface has Lorentzian

tangent plane, up to the absolute figure, the isotropic vector x; Xg x, is normal to S. Let

W = (x’l XG sz,le XG xlz)L.
Then the surface S is called spacelike if W < 0; timelike if W > 0; and lightlike if W = 0. The
spacelike and timelike surfaces are so-called non-degenerate and then, the unit normal vector to

the non-degenerate surface S is

_ X1XGX2
174

Lete =(N,N), = +1 and

Lij <x1xl] (x) xl» > = <x2xu (X) xz; >;
where one of x ; and x , is always nonzero due to the admissibility. Then the second fundamental

form of S is
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Il = Ldu? + 2Mdu,du, + Ndu3,

where L = Lyq, M = L1, N = L,,. Thereby, the Gaussian and mean curvatures are defined as

LN-M? GL—-2FM+EN
andH = - e———
(Wi \74!

K=-¢

We call a surface minimal if H vanishes identically. Throughout this study, we deal with

only non-degenerate admissible surfaces.
3. Translation Surfaces

Let S © G a translation surface whose one generating curve lies in a Lorentzian plane and

the other admissible. Then, it locally parameterizes

x(s,t) = a(s) + (o),
in which we may assume 3 (v) fully lies in the Lorentzian yz —plane. Then the unit normal vector

field and mean curvature are

1
N = nﬁ and H —Eklg,
where ng and kg the principal normal and Frenet curvature of 8. Then, for the surface S, Eqn. (1)

1S nOW

kg = Zs(nﬁ,v)L,
which means that 8 is one dimensional solution in L? to translating soliton Eqn. (1). As can be

seen the generating curve a does not play a role. Therefore, we may state that

Proposition 1. Let S be a translation surface in G2 given by x(s,t) = a(s) + B(t), where
« is some admissible curve and £ is Lorentzian planar. Then, S holds Eqn. (1) if and only if § is

one dimensional solution in L? to Eqn. (1).

We next consider the translation surface S whose one generating curve is isotropic planar,

say f3, and the other spatial. Let

s als) = (s,f(s),h(s)) and t » B(t) = (t, O,g(t)),
where (s,t) € I X ] € R? Then, S is locally given by

x(s,t) = (s +t,f(s), h(s) + g(t)). 4
Denote a prime the derivative with respect to the related variable. Since « is assumed to be

spatial, the following holds

" m

'R —f"'n %0, 5)
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implying that f” and g" must be linearly independent. The unit normal vector field and mean

curvature are

1

N=——
(g™=r)"-r?|

(0.9 —h.—f)
and

= _Lld=n)+r (g
= 2 32
2|(g'-1) -2

Let v = (0,p, q). Then, Eqn. (1) is now

o' =m)+f W +g) =2ep(' = g) —af ) (£~ (g'~ 1Y) (©)

The successive derivatives of Eqn. (6) with respect to s and ¢t yield

gt g = 45g"<_pf’f” ~3(g' =)W +q(f'g - (f'h')’)) M

Assume that g” # 0 in Eqn. (7), for each t € J. Dividing Eqn. (7) with g” and then taking

derivative with respect to t gives

”

" g " " " "
£ (%) = 4eg"(=3h" +af"), ®)
in which the right-hand side of Eqn. (8) is non-vanishing due to Eqn. (5). Then, there exists a

nonzero constant ¢ such that

(%) = 4ecg’. 9)
Hence, Eqn. (8) reduces to (¢ —c)f” = 3h", which contradicts with Eqn. (5). This
discussion allows our assumption to be false, namely there exists t, € J such that g” = 0 in a
neighborhood of t, in J. In such a case the generating curve B(t) is a non-isotropic straight line

parallel to (1,0, go), where g’ = g, € R, namely the surface given by Eqn. (4) is a cylinder with

non-isotropic rulings.
Therefore, we have proved

Theorem 1. The cylinders with non-isotropic rulings are the only translating solitons of

translation type whose one generating curve is isotropic planar and the other is spatial.

There is a class of translation solitons of translation type that we do not consider: both a

and f are spatial, which remains an open problem.
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4. Factorable Surfaces

Lets » f(s)andt » g(t),s € I, t € ], be smooth functions and S © G2 locally the graph
of the product of f := f(s) and g := g(t). Assume that f and g are non-vanishing on I X J.
Up to the absolute figure, the geometric properties of S depend on if it is the graph on an isotropic

or Lorentzian planes. Thereby, we consider the surfaces z = f(s)g(t) (or equivalently

y=f(s)g(t))and x = f(s)g(t), separately.

Let S be locally the surface z = f(s)g(t) which is parameterized by

(s,t) » x(s,t) = (s, t,f(s)g(t)).

The unit normal and mean curvature are given by

N =-——(0,fg’1)
[l(rg"2-1]

and
_ fg'
2|(FgH2-1"%

Let v = (0,p, q) and then Eqn. (1) is

" ' N2
fo' =2:(ofg’ - ) ((fg)" - 1) (10)
Assume that f is a non-constant function. Then, (10) turns to a polynomial of degree 2 in f

—2eq + (2epg’ + g')f + 2eg?f% — 2epg?f3 =0,
in which the coefficients must vanish, giving ¢ = 0 and g’ = 0. We then deduce that v = (0,1,0)

and

x(s, ) = (5,0, 90f (s)) + t(0,1,0), (11)

where g' = go € R — {0}. Eqn. (11) is a parameterization of a cylinder with isotropic rulings. If

f = fo € R — {0}, then

x(s,t) =s(1,0,0) + (0, t, fog(t)),

which is a parameterization of a cylinder with non-isotropic rulings.
Therefore, we have proved
Theorem 2. The cylinders are the only translating solitons of the form z = f(s)g(t).

We next take the surface x = f(s)g(t), parameterized by
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(s,0) = x(s,t) = (f(s)g(t),s, 1) (12)

The unit normal and mean curvature are given by

1

———(0.f9.—f9)
llr92-r77]

N =
and
g = U919 207 '6)+(ra)’s's

2|(r'9?-(rg 2
Then Eqn. (1) with v = (0, p, q) writes

fa{f?(99" - 9%) + 9*(ff — )} = 2¢(pf g + afa) ((F'9)" - (f9)°). (13)

The functions f and g play symmetric roles in Eqn. (13) and we only concentrate for f.
Case (a). f = fy € R — {0}. Then Eqn. (13) implies v = (0,1,0) and

x(s,t) = s(0,1,0) + (fo9(), 0, 1),

which is a cylinder with isotropic rulings.

Case (b). f and g are both non-constant functions. We divide Eqn. (13) with fg (f g ')2

and write

() +() ~2h+a2) () - ) s

After successive derivatives of Eqn. (14) with respect to s and t we may deduce

CIOICRICICIORD w

Assume that f and f’ are linearly independent and, by symmetry, so are g and g . Then Eqn. (15)

reduces to

"3 \3
Y _ (9 =
p(7) -a(5) =0
which implies p = g = 0. This is a contradiction. Therefore, f and f' must be linearly dependent
and put f' = by f, namely f(s) = b,e?1® for nonzero constants b; and b,. Therefore, the surface

bis

becomes x = b,e”15g(t) or, up to a translation, Eqn. (12) turns to

(60 = (x,5-log | 5] t), (16)

which is a translation surface. Its generating curves are
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1 1
xp alx) = (x,aloglxl,O), and t = B(t) := (0,—b—1109|g(t)|,t).
Then, a surface x = f(s)g(t) satisfying Eqn.(1) has to be of form Eqn. (16) if it is non-
cylindrical. Since B(t) is fully in the Lorentzian yz —plane, it has to be one dimensional solution

to Eqn. (1) in L? due to Proposition 1.
To sum up, we have proved

Theorem 3. A surface x = f(s)g(t) satisfying Eqn. (1) is either a cylinder with isotropic
rulings or a translation surface of the form Eqn. (16), where one generating curve is one

dimensional solution to Eqn. (1) in L2,

Example 1. Let a®? — b%? = +1, a,b € R — {0}. Consider the surface x = e*S*P* and take
v = (0, b, —a). This surface is indeed minimal and its normal is N = (0, a, —b) such that Eqn.

(1) holds obviously. Notice that it is also given by

1 b
(x,t) » (x,;loglxl —-t t).
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Abstract

Salinity is considered as one of the most important factors restricting germination
parameters including rate and percentage of seed germination in crops. This study focused on the
alleviating role of exogenously applied 10 mg/L gibberellic acid (GA3) on barley (Hordeum
vulgare L.) seeds during germination under salt stress (120 mM NaCl). Physiological and
morphological changes, and differential gene expression at 3 days after imbibition (DAI) were
determined and compared with or without gibberellic acid (GA3) under salt stress. Exogenous
GA3 was found to increase the shoot and root length of germinated barley seeds under salt stress
by 67 and 15%, respectively, compared to those treated with salinity alone. On the other hand,
exogenous GA3 treatment significantly reduced ion leakage, osmolyte accumulation, and proline
content under salinity. NaCl was found to decrease the expression of the HvABIS5, HvABA7 and
HvKOI by 3, 10, and 33 fold, respectively, at 3 DAI, whereas addition of GA3 in root medium
rescued the expression of these genes to control levels. Besides, exogenous GA3 significantly
decreased mRNA level of HvGA20x4 under salinity during germination. This study may give
insight into the relationship between salinity stress and the genes involved in GA3 metabolism

and germination.

* Corresponding Author DOI: 10.37094/adyujsci.904266 @
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Eksojen Gibberellin (GA3) Uygulamasinin Tuz Stresi Altindaki Arpa Tohumlarimin

Cimlenmesine Fizyolojik ve Molekiiler Etkileri
Oz

Tuzluluk, bitkilerde tohum ¢imlenme orani ve yiizdesi gibi ¢imlenme parametrelerini
kisitlayan en 6nemli faktorlerden biri olarak kabul edilmektedir. Bu galigsma, tuz stresi (120 mM
NaCl) altinda ¢imlendirilen arpa (Hordeum vulgare L.) tohumlarina eksojen olarak uygulanan 10
mg/L giberellik asidin (GA3) stresi hafifletici roliine odaklanmigtir. Imbibisyondan 3 giin sonra
tuz stresi altinda giberellik asit (GA3) ile veya onsuz gergeklesen fizyolojik ve morfolojik
degisiklikler ve farklilasmig gen anlatimi belirlendi ve karsilastirildi. Eksojen GA3'ilin, tuz stresi
altinda filizlenmis arpa tohumlarinin siirgiin ve kok uzunlugunu, yalmzca tuz ile muamele
edilenlere kiyasla sirasiyla %67 ve %15 arttirdig1 bulundu. Ote yandan, eksojen GA3 uygulamasi
tuzluluk altinda iyon sizintisini, ozmolit birikimini ve prolin igerigini anlamli sekilde azaltmistir.
NaCl'nin imbibisyondan 3 giin sonra HvABI5, HvABA7 ve HvKOI genlerinin anlatimimni sirasiyla
3, 10 ve 33 kat azalttig1 bulunurken, kok besiyerine GA3 eklenmesinin bu genlerin anlatim
seviyelerini kontrol grubunun seviyesine ¢ikarmistir. Ayrica, eksojen GA3 tuz stresi altinda
¢imlenen 6rneklerde HvGA2o0x4'lin mRNA seviyesini anlamli derecede azaltmistir. Bu ¢aligma,
tuzluluk stresi ile GA3 metabolizmasi ve ¢imlenme ile ilgili genler arasindaki iliski hakkinda fikir

verebilir.

Anahtar Kelimeler: Arpa; Cimlenme; GA3; Tuzluluk; Prolin; HvKO1; HvGA20x4.

1. Introduction

Salinity is regarded as one of the most important stress factors lowering crop productivity
by preventing or delay seed germination as well as seedling establishment in crops [1]. Salt stress
exhibits adverse effects on plants by accumulation of Na* and Cl~ causing an ionic imbalance and
toxicity, and osmotically reducing water uptake in arid and semi-arid regions [2]. Salt stress
causes detrimental physiological and biochemical changes including certain enzymatic or
hormonal activities, protein mechanism, and gene expression profile in germinating seeds;
therefore, led to delay or preventing seed germination [3, 4]. Seed germination and early seedling
stages are the most sensitive to salinity during plant life-cycle [5]. In plants, salt-stress responsive
genes can be classified into three groups, which are the genes involved in sensing and signalling
of the stress, transcriptional regulators such as DRF I, and salt-stress related genes including LOX,

MT?2, and BASI [6, 7].
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Seed germination is a critical stage in establishing of a plant, and controlled by a number
of factors comprising plant hormones such as gibberellins (GAs) and abscisic acid (ABA). GAs
and ABA are the main endogenous factors, which act antagonistically in the control of seed
germination and dormancy. While GAs promote seed germination, ABA induces and maintains
seed dormancy [8]. Seed germination is regulated by differential expression of plant genes coding
specific proteins necessary for germination, and also with activity of plant hormones which is
regulated by the expression of plant genes [9]. Differential expression of ABA metabolic genes
(e.g. NCEDI), and ABA signalling genes including 4BI3, ABI5, and ABA7 regulate the ABA

level in plant seeds, and therefore play roles in the control of dormancy and germination [8].

Gibberellins (GAs) are diterpenoids acting as a plant hormone and have important roles in
seed germination, plant growth, development processes, as well as the mitigation of abiotic
stresses including salt stress [10, 11]. Among more than 130 GAs, only four of them, namely
GA1, GA3, GA4, and GA7 are thought to function as bioactive hormones [12, 13]. GA3 has been
reported to alleviate the adverse effects of salinity on seed germination and seedling growth in
crops [14, 15]. The biosynthesis of gibberellin is well clarified in model plants and mainly
involves seven major enzymes including ent-kaurene oxidase (KO), ent-copalyl diphosphate
synthase (CPS), ent-kaurenoic acid oxidase (KAO), ent-kaurene synthase (KS), gibberellin 20-
oxidase (GA200x), gibberellin 3-oxidase (GA3ox), and gibberellin 2-oxidase (GA20x) which
controls the inactivation of bioactive GAs [16, 17]. DELLA proteins, known as SLENDER1
(SLN1) in barley, are repressors of GA signalling in plants; thus, they repress the growth and

germination in plants [18, 19].

Barley (Hordeum vulgare L.) is an important field crop after maize (Zea mays L.), wheat
(Triticum aestivum L.), and rice (Oryza sativa L.) in terms of cultivated area (47 million hectares)
and production (147.4 million tonnes) [7]. Global production of barley is mainly used for animal
feed (more than 70%), malting in alcoholic beverages, seed, and human food [20]. While barley
is considered the most salt-tolerant species among cereals, tolerance level of barley against salt
stress varies depending on genotype and stage of plant growth [21]. Barley has been reported to
be more sensitive to salinity during germination and young seedling stages but exhibits an

increased tolerance with age [22].

The objectives of this study were to evaluate the alleviating effects of exogenous GA3 on
seed germination of barley under salt stress, and determine the morphological and physiological
changes as well as to determine the transcription pattern of 3 groups of genes. Groupl genes

including HvABA7, HYNCED1, HvABI3, HvABI5, and HvSLNI are functional in suppression of
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seed germination. Group2 genes involve HvKOI, HvCPSI, HvKAOI, HvKSI, HvGA20oxI,
HvGA3ox1 and HvGA20x4, which are functional in GA3 metabolism and induction of seed
germination. Group3 contains salt-stress responsive genes (e.g., HvMT2, HvBASI, HvDRF I, and
HvLOXI).

2. Materials and methods
2.1. Plant material and growth conditions

The seeds of barley (Hordeum vulgare L.), cv. Marti (a salt-tolerant barley cultivar) were
kindly provided by Agricultural Research Institute (Edirne, Turkey). Trials in the range of 40-200
mM showed that an optimal salt concentration of 120 mM was the best for salinity stress during
seed germination in barley. Besides, the preliminary studies have shown that 10 mg/L GA3
(Caisson labs-G001) dissolved in pure water was the best concentration among the tested GA3
concentrations (1, 10 and 100 mg/L) under salt stress during germination of barley seeds. Ten
barley seeds were germinated in petri dishes containing filter papers soaked with 3 ml dH.O
(control), 10 mg/L (~28.9 uM) GA3, 120 mM NaCl and 120 mM NaCl +10 mg/L GA3 for 3 days
in dark at 25 °C in a climate chamber (Angelantoni, Ekochl 700).

2.2. Determination of osmolality, ion leakage, and proline content

In root and shoot tissues, the osmolyte measurement and ion leakage analysis were
conducted according to Ucarli and Giirel [7]. To determine the osmolyte content, 10 root or leaf
samples (25-30 mg) were kept at —20 °C overnight. The cell sap was obtained by centrifugation
at 4 °C for 30 min at 15000xg. An amount of 15 pul sap was taken from each sample, and after
10-fold dilution, osmolality content was measured using the osmometer (Semi-Micro Osmometer
K-7400, Germany)

For ion leakage analysis, five 2 cm-length leaves (~30 mg) and 40-45 mg roots were
harvested and washed three times with distilled water (dH>O), then kept in glass tubes containing
5 ml dH>O in a controlled chamber at 25 °C in the dark. After 16 h, 50 pl of the liquid sample
was taken from glass tubes including root or leaf samples and measured the conductivity (E1)
using a conductivity meter (HORIBA Scientific, NJ, USA). The glass tubes were autoclaved at
121 °C for 15 min and then, conductivity measurement was repeated to record E2 values. Ion
leakage was calculated using following formula. Ion leakage (%) = (E1/E2) x 100 [7].

Proline content was determined according to Carillo et al. [23]. 20-40 mg of shoot or root
tissue were pulverized with liquid nitrogen in centrifuge tubes and then 200 ul dH,O was added
into the tubes. The samples were incubated for 20 minutes in boiling water and then centrifuged

at 6000 rpm for 1 minute. Supernatant was transferred into a tube and diluted 20-fold with 70%
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ethanol. 150 ul aliquot of extract was added to reaction mixture (300 ul) containing 1% (w/v)
ninhydrin in acetic acid 60% (v/v), and ethanol 20% (v/v). The resulting mixture was boiled in
water bath at 95° C for 20 minute. After cooling at room temperature, mixture was spun down
quickly at 2500 rpm for 1 minute. 200 pl of the mixture was transferred to a microplate well and
read at 520 nm. The proline content was calculated using the following formula.

Proline in umol.g-1FW = (Absextract — blank) / slope * Volextract / Volaliquot *1/FW.
Absextract is the absorbance determined with the extract, blank (expressed as absorbance) and
slope (expressed as absorbance-nmol-1) are determined by linear regression, Volextract is the
total volume of the extract, Volaliquot is the volume used in the assay, FW (expressed in mg) is

the amount of plant material extracted. It is assumed that Absextract is within the linear range.

2.3. Sampling, total RNA isolation, and qPCR

Shoot and root samples from were harvested 3 days after imbibition. Total RNA was
extracted with the TRIzol® (Invitrogen, 15596-026) according to manufacturer’s instructions
using frozen 100 mg roots and shoots. cDNA synthesis, using SuperScript™ First-Strand
Synthesis System (Invitrogen, 11904-018), and qPCR analyses were performed using CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad) according to Ugarli and Giirel [7] .

The transcription pattern of 3 groups of genes, functional in suppression of seed
germination (groupl), functional in GA3 metabolism and induction of seed germination (group2),
and salt-responsive genes (group3), was investigated at 3 DAI in germinating barley seeds by
gPCR (Table 1). The relative mRNA levels of the genes were normalized with respect to the
internal control HvGAPDH and the relative expression level of each gene was analyzed by delta
CT method [24]. All qPCRs were performed in three biological replicates and two technical

replicates.
2.4. Statistical analysis

Statistical analyses were performed with SPSS21 (IBM). Tests for significant differences
were conducted using one-way analysis of variance (ANOVA) with least significance difference

(LSD) tests at the 0.05 level of confidence.
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Table 1: Primer sequences used in qPCR analyses

Gene Accession No Group Primer Sequences Afnp licon
[\} Size (bp)
e w1 JSICACTCnenee
HABIS  AYISOGTS s crrcamanceactacererry %
Vit ST
HGALod  AYSSIA32 5 GGCATGGACAGGACACAGA ¥
sconcoweenenerTs
HOPSL  A¥S51433 S GGACCAAACAACCAATCCAACTTG Y |1°
HVKS] 5’ CATGCAAGGAGCTGTTCTGGAAGA 3’ 115
AYS551436 5’ GGATCAAAGGTTCACTGCCGCTTC 3’
MEROI  AYSSUM 5 GAATCCACATCCTCGCCTAAA 3 7
w0 avar
ower wvz ST
S IATCANMCATINST 2
HLOXI U904 s arGTCGTTGAGGTCCAGCAC S 1
maAS T s TCCACACTACGGCCARTACC Y M
HVGAPDH AK251456 5" TGTCCATGCCATGACTGCAA 3’ 105

5’ CCAGTGCTGCTTGGAATGATG 3’

3. Results and Discussion

3.1. Physiological and morphological effects of NaCl and GA3 treatments

Seed germination is initiated by water imbibition and comprised with many different

metabolic, cellular, and physiological processes [25]. Besides, the germination process can be

232



Ucarli (2021) ADYU J SCI, 11(2), 227-243

affected positively or negatively due to the environmental conditions including water, nutrition,
temperature, and soil properties. Soil salinity negatively affects the germination process by
retarding germination, lowering germination rate, and even preventing germination depending on
salt concentration in soil. Germination and early seedling growth are two critical stages for plant
establishment. Germination is the most sensitive plant growth stage to salinity stress and plants

get tolerance against salt by age [3].

The effects of exogenous GA3 (10 mg/L), salt (120 mM NaCl), and their interactions
during seed germination and post-germination of barley seeds were examined in terms of
morphological changes (length of root and shoot) (Fig. 1), physiological changes including ion
leakage, accumulation of osmolytes, and proline content (Table 2). In the present study, it has
been found that salt (120 mM NacCl) has negative impact on barley germination and early seedling
growth including retarding in root and shoot growth by 35% and 68%, respectively, compared to
control condition (dH,O) at 3 DAI On the other hand, exogenous application GA3 (10 mg/L =
28.9 uM) has alleviated the detrimental effects of salt stress on root and plant development, which
resulted in a significant increase in length of shoot and root by 67% (from 0.84 to 1.40 cm) and
15% (from 3.60 to 4.25 cm), respectively, compared to salt-stressed seeds at P<0.05 level (Fig.
1). In another study, 10 uM GA3 application enhanced the final germination percentage up to
70%, and 31% at 100 mM and 200 mM NaCl, respectively, and the germination velocity
compared to salt stress in the oilseed halophyte Crithmum maritimum [26]. Application of low
concentration of GA3 (5 uM) were able to reverse the detrimental effects of salinity stress (100
mM NaCl) on 10-day-old mung bean seedlings with significant increase in shoot-root elongation
as well as in biomass [27]. These results are in accordance with Abdel-Hamid and Mohamed [28]
who reported that the exogenous applications of GA3 (100 uM = 35mg/L) enhanced the
germination of barley seeds under salt stress. Furthermore, 100 uM GA3 significantly increased
the length of root and shoot under moderate salinity (100 mM NacCl) in barley cv. Giza 126, but
had no effect on growth of root and shoot under higher salt stress (300 mM NaCl). Similarly,
Maggio et al. [29] have reported that exogenous GA3 (100 mg/L) treatment decreased stomatal
resistance and increased plant water use at low salinity (6.8 dS m™) after 141 days of treatment in
tomato, while did not mitigate the salinity effects in moderate (11.7 dS m™") and high (16.7 dS m"
") salt concentrations. Salinity stress causes the delay in germination and growth by reducing
water potential, which resulting slower rate of imbibition. The increased growth of root and shoot
with exogenous GA3 under salt stress may be attributed to the positive influence of gibberellic
acid under salinity, which encourages cell division and cell elongation, and enhances efficiency

of plant water use depending on salt concentration.
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Figure 1: Phenotypes of 3-day-old barley sprouts germinated under different conditions: (A) dH20
(Control), (B) 10 mg/L GA3, (C) 120 mM NaCl, and (D) 120 mM NaCl+10 mg/L GA3. The bar length is
lem. (E) Average shoot and root lengths of three-day-old barley sprouts from six replicates consisting of
three biological and two technical replicates (n=10) with standard error of mean. Values denoted with the
different letters differ significantly (P < 0.05, LSD post hoc test)

To cope with osmotic stress due to salinity, plants synthesize and accumulate osmolytes or
compatible solutes, which are low-molecular-weight, highly soluble compounds, including
proline, glycine betaine, and soluble sugars to increase osmotic potential of the cells, so to
participate in osmotic adjustment [30]. In the present study, osmolyte content was significantly
increased from 352 to 670 and 495 mosmol.kg" by 120 mM NaCl treatment and 10 mg/L GA3,
respectively, at 3 DAL When 10 mg/L GA3 was applied with 120 mM NacCl, osmolyte content
was found higher than GA3-treated seeds and lower than salt-treated seeds. No synergetic effect

was observed.

Proline plays a protective role acting as an important osmoprotectant, enzyme protectant,

and free radical scavenger against salinity stress in plants [31]. 120 mM NaCl significantly
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increased proline accumulation in both shoot and root tissues by 6.5 fold and 7.5 fold,
respectively, compared to controls (P<0.05). Exogenous 10 mg/L GA3 application did not alter
the proline content in both shoot and root tissues compared with non-stressed sprouts at 3 DAL
Furthermore, combined application of 10 mg/L and 120 mM NaCl was observed to reduce proline
accumulation in shoot and root by 57% and 66%, respectively, compared to seeds treated with
120 mM NacCl alone (Table 2). These results suggested that exogenous GA3 may induce the
accumulation of other osmolytes instead of proline. Tuna et al. [32] have reported that foliar
application of GA3 (50 mg/L) in maize seedlings under salt stress (100 mM NacCl) for 5 weeks
slightly decreased in proline content compared to salt-stressed seedlings whilst higher GA3
concentration (100 mg/L) stimulated proline content leading to a big increase in similar
conditions. In the present study, after soaking of seeds with 10 mg/L GA3 under salt stress for 3
days, proline content was found to have decreased by 58 and 65% in shoots and roots,
respectively, compared to seeds soaking with 120 mM NaCl alone. Similarly, seedlings grown
from seeds pre-soaked in GA3 (150 mg/L) was reported to exhibit less accumulation of proline
than rice cultivars exposed to saline conditions (150 mg/L NaCl) for 10 days [33]. Manjili et al.
[14] also have reported negative effects of GA3 (50 mg/L) application on proline content in three
wheat cultivars in comparison with control and salinity conditions (3.5 and 7 dSm™).
Consequently, both positive and negative interactions between GA and proline have been reported

in the literature.

Ion leakage demonstrates membrane damage as a result of salt-induced oxidative damage.
It has been reported that ion leakage increases under salt stress in the vegetative stage of plant
[34]. In the shoot tissues, the ion leakage increased significantly from 38 to 55% after 120 mM
NaCl treatment for 3 days during germination compared to control (dH,O) at P<0.05 level. On
the other hand, when seeds were treated with 10 mg/L GA3 + 120 mM NacCl, ion leakage was
significantly reduced from 55 to 21 % in shoot at 3 DAI (P<0.05). Ion leakage was measured as
93% in roots of sprouts in response to salt stress. On the other hand, application of GA3 (10mg/L)
was seen to increase membrane stability by lowering the elevated ion leakage level from 93 to
79% under salt stress. Tuna et al. [32] have reported that 50 and 100 mg/L GA3 treatments
ameliorated negative effects of salt stress (100 mM NaCl) on membrane permeability by
decreasing ion leakage upon GA3 concentration from 18 to 13 and 11%, respectively, in maize
leaves. The significant reduction in ion leakage suggested that GA3 alleviated the harmful effects

of salt stress on cell membrane, resulting in enhanced salt tolerance during germination.
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Table 2: Proline content, ion leakage, and osmolality in shoot and root tissues of germinated seeds at 3
DAI under different conditions: dH20 (C), 10 mg/L GA3 (GA3), 120 mM NaCl (NaCl) and 120 mM
NaCl+10 mg/L GA3 (NaCl+GA3)

Proline Content Osmolality
Treatment Ion Leakage (%)
(umol.g"'FW) (mosmol.kg™)

Shoot Root Shoot Root Shoot Root
C 3.21+0.64 a 4.10+0.77 a 37.62+3.33 b 82.86+2.86 a 352430 a NA
GA3 3.85+0.26 a 4.36+0.51 a 26.84+2.22 a 83.23+£1.56 a 495+50 b NA
NaCl 20.77+5.38 b 30.90+1.15b 55.27£2.37 ¢ 93.1842.06 b 670+10 ¢ NA
NaCl+GA3 8.98+0.26 a 10.644+5.25 a 20.88+0.66 a 79.0242.23 a 545+£5b NA

Within each column, values denoted by same letters are not significantly different according to the LSD
test at P<0.05 level + Standard error.

3.2. Differential gene expression profiles of barley seeds after NaCl and/or GA3
treatment

Effects of salt (120 mM NaCl), GA3 (10 mg/L) and interaction of GA3 and salt on the
expression profiles of genes at 3 DAI in germinating barley seeds were analyzed by qPCR (Fig.
2). The genes to be analyzed were classified into 3 groups; groupl genes containing HvABA?7,
HvNCEDI, HvABI3, HvABI5, and HvSLNI which are functional in suppression of seed
germination, group2 genes including HvGA20x4, GA3ox1, GA20ox1, HvCPSI, HvKSI, HvKOI,
and HvKAO1, which are functional in GA3 biosynthesis and induction of germination and group3

genes are functional in response to salt stress including HvMT2, HvBAS1, HvDRF1, and HvLOX1.

Germination of seeds is a critical stage in a plant’s life and involves multi-stage processes
which are checked and regulated by differential expression of numerous genes in seed tissues
[25]. GA20-oxidase (GA200x) and GA3-oxidase (GA30x) are major enzymes in the biosynthesis
of Gas, whereas GA2-oxidase (GA20x) has a role inactivation of GA [8].). In this study,
application of exogenous GA3 (10 mg/L) was found to increase the expression of HvGA20x4 in
shoot while decreasing mRNA levels of HvGA20ox1 and HvGA3oxI. It is suggested that the
expression of these genes are differentiated by exogenous GA3 to balance the endogenous GA
level in cells. Furthermore, it has been showed that the active forms of gibberellins such as GA3
could feedback regulate the expression levels of the GA20ox and GA3ox genes, which are the
downstream genes in the pathway of GA biosynthesis [35]. Salt stress slightly decreased the
expression of these three GA-oxidase genes compared to control conditions in shoot at 3DAI. On
the other hand, only GA20x4 was up-regulated among these genes after 10 mg/L GA3+120 mM
NaCl treatment at 3 DAI (Fig. 2). Magome et al. [36] have reported six GA2o0x genes, which are
involved in the repression of growth under high-salinity conditions, were upregulated under high-

salinity stress (150 mM NacCl) in Arabidopsis. In another study, after 150 mM NacCl treatment the
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level of GA biosynthesis genes GmGA3ox1 was also decreased in germinating soybean seeds at
9 h after sowing while expression of GmGA420x8, which inactivates GA, increased compared with
control [37]. In roots of germinated seeds under salt stress, exogenous GA3 was found to have no
significant effect in expressions of HvGA20x4, GA20ox1, and HvGA3o0x1 compared to salinity
conditions (Fig. 2).

CPS, KS, KO, and KAO are the upstream genes in the GA biosynthesis pathway. CPS and
KS, terpene cyclases, are located in the plastids and involved in conversion of geranylgeranyl
diphosphate (GGDP) to ent-kaurene. KO and KAO are the cytochrome P450 monooxygenases,
are located in the outer membrane of the plastid and the endoplasmic reticulum, respectively,
catalyze ent-kaurene to GA 12 aldehyde through a series of oxidation reactions [16, 35]. Salt stress
slightly increased the mRNA level of HvCPSI and KAOI 2 and 1.9 fold, respectively, while
lowering the expression of HvKO1 by 33 fold compared to control in shoot of germinated barley
seeds at 3 DAIL 10 mg/L GA3 application was found to recover the decreased mRNA level of
HvKOI due to the salt stress as the level of control conditions in shoot of germinating sprouts at
3 DAL The expression patterns of HvCPS1 and HvKAQOI were found to be similar in both shoot
and root tissues (Fig. 2). It has been reported that Gas down-regulated GA20ox and GA3ox, did
not change expression of CPS, KS, KO, and K4O genes [16]. Huang et al. [35] have reported that
TaCPS, TaKS, TaKO, and TaKAO genes were constitutively expressed in leaves, young spikes
and stem of wheat, but their relative expression levels changed in different tissues. Furthermore,
the homologs of those genes also showed the different expression pattern in wheat seedlings after
GA3 treatment. In the present study, GA3 (10mg/L) altered the expression level of HvCPS],
HvKS1, HvKAOI, and HvKO]I in barley sprouts at 3 DAI and those genes showed different
expression levels in different tissues. These results indicate that genes involved in GA
biosynthesis may play important role in germination of seeds and may function differently in

tissues and different development stages of plants.

GA and ABA have antagonistic role in germination of seeds. GA enhances seed
germination while ABA prevents or delays seed germination [8]. It has been reported that the
reciprocal modulation of the expression of genes involved in ABA and GA metabolism and
signaling plays role in coordination of changes in the ABA/GA balance [8, 38]. Salt stress has
been reported to induce ABA biosynthesis by promoting expression of the NCEDs (9-cis-
epoxycarotenoid dioxygenase) that codes a rate-limiting enzyme for ABA biosynthesis [39].
Increased accumulation of endogenous ABA content by induction of HvNCED1 with salt (120
mM NaCl) delayed seed germination and retarded shoot growth in barley. Addition of exogenous
GA3 (10 mg/L) into root medium could help to reduce enhanced NCED! level due to salinity in
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shoot so recovered shoot growth in salt-stressed barley seeds. Intriguingly, salinity stress was
found to resulted in a significant reduction in expression of HvABA7 (10 fold) and HVABIS5 (3
fold) in shoots of germinated barley seeds at 3 DAI These genes are participated in suppression
of seed germination and generally upregulated by salinity stress. At present, only a few studies
have been published on Hv4ABA7 gene and it has been reported that HvABA7 was upregulated in
response to salinity and drought stress in barley in contrast to this [40, 41]. Besides, application
of exogenous GA3 resulted in an 18-fold increase in expression of Hv4ABA7 while no alteration
was determined in expression of HvABI5. Enhanced expression of OsNCEDI and OsABI5
resulted in increased ABA level and response, which caused a delay in germination in rice [39].
Increased ABA content disturbs the balance between ABA and GA levels which leads to
retardation in germination and growth. In the study, application of exogenous GA3 to barley
seeds under salt stress was found to decrease the mRNA level of HYNCEDI compared to salinity

conditions at 3 DAI (Fig. 2).

Salinity shows the physiological effects on seed germination by differentiating the
expression of some plant genes including group3 genes. It has been found that application of
exogenous GA3 alone induced the expression of the salt-stress responsive genes including
HvMT2, HvDRF1, HvBASI, and HvLOXI in shoots of barley sprouts at 3 DAI. Even the
expression level of HvBASI and HvDRF'I was higher in GA3-treated sprouts than in salt-treated
sprouts (Fig. 2). HvBAS1 play important role in detoxification of H>O, as an antioxidant enzyme
[7]. Exogenous GA3 may induce the germination and growth by enhancing the expression of the
genes coding ROS scavenging enzymes including HvBAS1 and HvMT2, which resulting in the

reduction of the oxidative damage through accumulation of ROS.
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Figure 2: Gene expression profiles in shoot and root tissues of germinated seeds at 3 DAI. Barley seeds
were treated with dH20 (C), 10 mg/L GA3 (GA3), 120 mM NaCl (NaCl) and 120 mM NaCl+10 mg/L GA3
(NaCl+GA3) during germination. HvGAPDH was used as a reference gene. The mean values from six
replicates consisting of three biological and two technical replicates with standard error. Values represented
by different letters (a, b, ¢, d, and t, X, y, and z in shoot and root, respectively, are significantly different
according to the LSD post hoc test at P<0.05 level
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4. Conclusion

Salinity is one of the most important abiotic stress limiting plant development and
productivity in arid and semi-arid regions. Plants are most susceptible to salt stress in germination
and young seedling formation stages. The exogenous application of GA3 significantly mitigated
salt stress-induced delay of germination and growth inhibition in barley seeds. The results of the
present study suggest that exogenous GA3 application depending on concentration could be
helpful to improve germination and early seedling stages in crops under salt stress conditions.
The expressions of the genes involved in GA3 metabolism and seed germination including the
HvABIS5, HvABA7, HvKOI, and HvGA20x4 were significantly differentiated after exogenous
GA3 treatment. This study may give insight into relationship between salinity stress and genes
involved in GA3 metabolism during germination and post-germination of barley seeds. However,
high-throughput transcriptome analysis would reveal the mechanism underlying the role of GA3

in germination of seeds under salt stress.
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Abstract

In this paper, we construct a variant of the Kantorovich Szasz type operators involving the
Tangent polynomials and estimate the convergence properties of these operators by using the
Korovkin theorem. Also, we obtain the rate of convergence by using the modulus of continuity

and Peetre’s K-functional.

Keywords: Tangent polynomials; Kantorovich-Szasz type operators; Rate of convergence;

Generating functions; Korovkin theorems.

Tanjant Polinomlarim Iceren Kantorovich-Szasz Tipli Operatorlerin Yakinsama

Ozellikleri Uzerine
Oz
Bu ¢alismada, Tanjant polinomlarimi iceren Kantorovich-Szész tipli operatorlerin bir
varyant1 olusturulup, Korovkin teoremi kullanilarak bu operatoriin yakinsaklik 6zellikleri tahmin

edilmistir. Ayrica Peetre’s K- fonksiyoneli ve stireklilik modiilii kullanilarak yakinsaklik hizi elde

edilmistir.
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Anahtar Kelimeler: Tanjant polinomlari; Kantorovich-Szasz tipli operatorler; Yakinsaklik

hiz1; Ureteg fonksiyonu; Korovkin Teoremi.
1. Introduction
It is well known the Tangent numbers are the coefficients in Taylor expansion for tant [1]:

an(®) = ) (=" Tnsy

n=0

t2n+1

CntDr en=0 1

C. S. Ryoo defined the Tangent polynomials with the aid of generating function by using

fermionic p- adic invariant integral in [2]:

S 008 = ()i <5

In the case x = 0, T (0) = Ty is called k th Tangent number. Expressions of these numbers

through generating functions:

z ( 2f+1> |t|<g ®)

Because of obtaining generating function for a set of functions, we derive differential
recurrence relation, pure recurrence relation or calculate certain integral. Using generating
functions, many fundamental properties and identities for special polynomials and numbers can
be obtained [3, 4]. For k € Z*, Tangent polynomials are expressed by using generating functions

at the following identity:

k

T (x) = 2 (?) xk=tT, (4)

Nowadays, many researchers study the central moment and test function notations which
are useful for examining the convergence of sequences of linear positive operators. Moreover,
central moments of Kantorovich type operators are investigated with the aid of moment-

generating functions [5-13].
The organization of this paper is as follows:

In section 2, we give a variant of the Kantorovich-Széasz type operators involving the

Tangent polynomials and estimate the convergence properties of these operators by using
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Korovkin’s theorem. In section 3, we evaluate the rate of convergence by using the modulus of
continuity and Peetre’s K-functional.

2. Convergence Properties

Firstly, we define our new operator involving Tangent polynomials at the following

equation:

k+1

ki =n St ten Z F@d, ©

where Ty .1 > 0 and k € N.

:Iw%

Now, we construct the moments and test functions for r = {0,1,2} in the following lemmas:
e, =t and 97 (t,x) = (t — x)"
We give the values of moments under K (f, x) in Lemma 1 as follows:

Lemma 1. For Vx € [0, ), Eqn. (1) has the following properties:

K;{(BO,X) = 1;
K;‘{(el’x) =x+ 1_—382’
2n(l + e?)
x(l e )

Ki(eyx) = x? + ———=

Proof. Take f = e, in Eqn. (5). Then we have

oo

Ke(L) = 2+1 ) 2 x)Jk+1

e?+1 _ 2 nx<k+1 k)

nx

2 ¢ 2116

=n
n n

=1.

Taking the derivative of both sides of Eqn. (5) with respect to t, we get

Z‘” =l —ge?t 2
— t t
ka(X) Kl = (eZt+1)2 e* +Xmex. (6)
k=0

Replacing t = 1 and x = nx in Eqn. (6), we have
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In the same manner, we obtain

2 k2T (x) = )2

2 — 6e2 2e% — 8e* — 12¢2
] e+ | —— |nxe™ + e™. (8)
k=0

+1° "\ez+ 12 ez + 1)*

Forr =1, we have

oo k+1
e?+1 Ty(nx) (n
* — —nx
K;(t,x)=n > ¢ 2 ] Jk td;
k=0 n
o ﬁ
e + 1 _ 2 [ ]
B nez +1 J—. Tk(nx) 2k +1)
2 k! n2
k=0
_ 2nez +1 J— 2 ka(nx) N nez +1 J— 2 Ty (nx)
2n? ~ k! 2n? ~ k!
_ 1-3e?
- 2n(1+e2)’
For r = 2, we obtain
n 1 oo k+1
e?
K:(t?,x)=n - 2 J t2d,
k=0 n
w ﬂ
e + 1 _ 2 [ ]
P Kk
ne +1 _ - (nx) Bk? +3k + 1)
L
e +1 nxik Tk(nx) e? +1 _ i (nx)
~ 2n? k!
k=0 . k=0
+1e2 + 1e‘"" Ty, (nx)
3 2n2 k!
k=0
_ 2 xa-eh)

n

This completes the proof.

247



Agyuz (2021) ADYU J SCI, 11(2), 244-252

Lemma 2. For Vx € [0, ), we have

1 — 3e?

Kp((t—x),x) = W—I—eez)' )
_, 4 3 2

K:((t = x)2, %) = nil—:ef) . (10)

Proof. By using the linearity of (K};), we have

1 — 3e?

Ki((t—x),x) = K (t,x) — xK;(1,x) = 2n(1 +e2)

Kn((t — %)%, %) = Kn(t2, %) — 2xK5(t, %) + x?K; (1, x)

x(1—e?) 1—3e?
2 _— - - 2
x“ + o x<x+2n(1+ez) + x

x(1—e?) x(1-3e?)
n n(1l+ e?)

—e* + 3e2

—x.

n(1l+ e?)

So the desired results are obtained.

Now we give the main theorem by using the Lemma 1 and Korovkin’s theorem in the

following:

Theorem 3. Let f € C;[0, 0] = C[0, ] N E, where

P is convergentas x — 00}

E = {f:x € [0,00],&

1+ x
and
. B'» . B"(y)
lim = 1and lim = 1.
y-o B(y) y-o B(y)

Then the sequence (Kj;) converges uniformly to f on [0, ] as n — co.

Proof. By applying the well-known Korovkin’s first theorem and Lemma 1, we obtain

lim K (e;,x) = x',i =0,1,2. (11)
n—-oo
and the operator (K;) converges uniformly in each compact subset of [0, ].The proof is

completed by using the property (vii) of Theorem 4.1.4 in [6].
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Estimating the degree of approximation by positive linear operators involving generating
functions of special polynomials has several methods. One of them is the modulus of continuity

given by

w(f,8) = sup{f(t) — f(x),x,t € [a,b],|t —x| < 6}, f € C[0, ], 6>0, (12)

where C[0, o] is called as space of uniformly continuous functions on [0, o]. Also,

IF () = F(0)l < w(f, 6)(' — '+1)

is satisfied for any 6 > 0 and each x € [0, o0)

We give an estimate for degree of approximation of K, (f, x) with the help of definition of

modulus of continuity in the following theorem:

Theorem 4. If € C[0, ] N E , then

’—e“+3e2
|Kn(f,x) = fQ)l <2w] f; mx : (13)

Proof. We have

k+1

"1F® - FOId, (14)

=l 3\ wir: s)a
< 6 + )‘N(f: ) t

k+1

JI{Tlt —x|d; |w(f;6).

n

i Ty (nx
k=0

e +1 n i
ne? +1 -
<|1+3 -n Z

By applying Cauchy-Schwarz inequality, we get

Kl = £G] < nét L oo

~
3= A

:I%

1

k+1 k+1 2
n n
n

that satisfies
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1
k+1 2

" t—xd, < 2 ("x) Jk—lt—xlzdt . (16)

By using the Cauchy-Schwarz inequality for the sum on the right side of Eqn. (16), we

k+1

k

||M8

have

0 k+1 2 nx 2 nx z

T.(nx) (n 2 e 2 e
> )f "le-xld, <A EH (- 050 a7)
= . vn n

nx
=_(ez+1

From Lemma 2, using the second-order test function of the operator (K, ), we have the final

) (Ka((E = )% )7

form of Eqn. (17) as follows:

o) k+1 1

T.(nx) (n enr 2 —e* + 3e%)\2
2 It —x|d, < — .
£ k! Jx n e+ 1\n(l+e?2)

Hence, the proof is completed.

Another method for estimate of rate of approximation is the second order modulus of

continuity given by

w, (f ) = sup{|f(t) _2f (HTx) +f(x)| Jxt€[abl|t—x| < zh}, (18)
where f € C[a, b],h > 0.

The classical Peetre’s K- functional is defined by
K(f,86) = inf =gl +6llg”II3,
(F.0) = inf_{lIf = gll +3llg"I} (19)
where f € Cg[0, ) and C3[0, ) = {g € C5[0,2):g’,g"" € C5[0,0)}.

Theorem 5. For the K, (f, x) operators, we have

|Kn(f, ) = OOl < ¥lifll gz, (20)
—e*+3e? 1-3e2
where 1/J T n(1+e?) x 2n(1+e2)’

Proof. By applying linearity properties of K (f, x) and Taylor expansion of f, we have
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1
Kn(f,x) = G = f) K (s —x,%) + 5 f(p)"Kn((s — x)?,%),p € (x,5).

21)
From Lemma 2, we get
. - —e* + 3e? , 1 — 3e? .,

|Kn(f, %) = f(O)] < Tt e x|l f'llcg +Em||f llcg- (22)
Therefore, the desired result is obtained.

Theorem 6. Let f € C5[0, 00). Then

1 1

K (f,20) = Fl < 2Mw, | £, j;p +min (L59) ¢ 1f e, 23)
where M > 0.

Proof. We rewrite f(t) — f(x) as

fO-Ff)=f@®)—g@®+9@) —gkx) +gx)— fx). (24)

From the linearity properties of Ky (f, x), we have

|Kn(f, %) = fOO| < |Kn(f = g,%) = fOO| + |Kn(g,0) = g + [f(x) —g(x)]. (25)

where we assume that the function g € C2[0, o). By using Theorem 5, we get

Ka(F, 0 = FOI < 21If = glle, +¥llgllez = 2|IIf = gllc, +Wllgllgz). (26)
From Eqn. (26), we obtain

|Kn(f, %) — f(0)] < 2K(f,9), 27)
where K (f, ) is Peetre’s K- functional defined by Eq.(19). We obtain the desired result.

4. Conclusion

The generating function has many useful applications in several fields. For example,
generating function of Bernstein polynomials provides important results to constructing Bezier
curves. In literature, many properties and relations are obtained by using the generating function

of Tangent polynomials.
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Recently, the approximation theory is one of the important application fields of generating
function of special polynomials which have useful properties for constructing linear positive

operators.

In this paper, we constructed a Kantorovich-Szasz type operator, K, (f, x), involving the
generating function of Tangent polynomials. Then, we investigated some properties such as

modulus of continuity, second-order modulus of continuity, and Peetre’s K functional for

Ka(f, %).
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1. Introduction and Preliminaries

Fixed point theory in metric spaces begins with the Banach contraction mapping,
introduced in 1922 [1]. The existence of fixed points in partially ordered metric spaces has been
investigated in [2]. Fixed points of operators in partially ordered metric spaces are very significant

and have been studied by several authors [3-9].

We said that X is regular if the ordered metric spaces (X, <, d) supplies the following cases:
If {x, } is an increasing sequence in X with respect to < such that x, - v € X, then x,, < v for all

r € N.

Banach contraction principle has been weakened and generalized by many researchers. For
example, the notions of @-contraction [10], F-contraction [11], Ciri¢ contraction [12], weak
generalized contraction [4], have been established, and several generalizations of this principle

are obtained.

Jleli and Samet denote by @ the set of functions 0: (0, ) — (1, o) satisfying the following

conditions:
(®1) 6 is non-decreasing;
(@,) for each sequence {t,,} < (0, ), lim,,_,,0(t,) = 1 if and only if lim,_,,t, = 0F;

(O3) there exist 7 € (0,1) and L € (0, 00] such that lim,_q+ “0— = I

Define by W the set of functions W: [0, 00) — [0, o) satisfying the following conditions:
(i) ¥ is non-decreasing;
(ii) foreach k > 1, lim,_,,y™(k) = 0;
(ii1) ¥(0) = 0, and foreach k > 1, Y (k) < k.

In this study, we present new contractive mappings in partially ordered metric spaces,

inspired by the papers of Samira et al. [13], Ciri¢ [12], Jleli and Samet [10].
2. Main Results

Now, we introduce some fixed point theorems for ordered weak 8-contractive and ordered
Ciri¢ type weak 6-contractive mappings in partially ordered metric space. We begin this section

with the definition of ordered weak 6-contractive.
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Definition 1. Let (X, <, d) be a partially ordered metric space. and K: X — X be a self
mapping. Let

Q={(x,y)eXxX:x=<y, d(Kx,Ky) > 0} @)
and 0 € O and 1 € W. We say that K is an ordered weak 8-contractive if there exists § € (0,1)
such that

6(d(Kx, Ky)) < [0(p(d(x, )P, 2

for all (x,y) € Q.

Theorem 1. Let (X, X, d) be a partially ordered complete metric space and K: X — X is an
ordered weakly 8-contractive. Suppose that 8 € @, Y € ¥ and K is non-decreasing and there
exists xo € X such that xq < Kx,. Therefore, K has a fixed point in X provided that at least one

of the following conditions holds
(1) K is continuous,
(i1) X is regular.

Proof. Starting from an arbitrary point x, € X. We consider the constructive sequence
X} € X which is defined by x,, = Kx,_; = K" x,, for all r € N. Suppose that there exists 1, €
y pp

N such that x,,; = x, 41, then x,,, = %y, 41 = Kx;,, and so the proof is completed.

Now assume that for all r € N, x,.,; # x,.. Since x5 < Kxg and K is non-decreasing, we

get

xOﬁxl 5X3$"'$xr<"'.

From x, < x,,1 and d(Kx,_4,Kx;) > 0 for all r € N, we have (x,, x,.1) € Q. So, using Eqn.

(2) we obtain

6(d(xr, Xr41)) = 0Ky, K1) < [0 ($(dCer_1, %)) )17, 3)

for all r € N. Since condition (0,), we obtain

0(d(K"x0, K™ 1%,)) < [0 (d(K™ %0, K" x0)))]?
< [0 (d(K™ 220, K" x0)))]F°

< [0 (d(xo, Kxo))]F". @)

Letting r — oo in the above inequality, we get
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lim6(d(xr, xr41)) = 1. )

From (0,) this implies that

limd (x,, x,41) = 0*.
T—00

Using (03), there exists w € (0,1) and V € (0, o] such that

r-oo  (ACrXr+1))W

lim £4&Erxre)=1 _ (6)

Suppose that V < co. In this case, let S = g > 0. From the definition of the limit, there

exists 1y € N such that

0(d(xyr, xr41)) — 1
-V[<S, forall r = rp.
(dCxr) X)) °
Then we get

0(d (X, xXr41)) — 1
>V-5=85, forall r > r,.
d(xr, Xr41))” 0

Then for all r > 1,5, we obtain

r(d(xr, xr41))" < Hr[0(d(xy, Xr41)) — 1],
where H = % Assume that V = oo. Let S > 0 be an arbitrary positive number. Thus there exists
1y € N such that
0(d(xy, Xrs1)) =1
(d(xp, Xr41))"

for all r > ry. This implies that for all r > 1y,

=S,

r(d(xr, Xr41))” < Hr[0(d (xy, Xr41)) — 1],

1 . .
where H = v Therefore, in two cases, there exists H > 0 and 1y € N such that, for all r > 1y,

r(d(Xy, Xp41))" < Hr[0(d (xy, Xp4+1)) — 1].
By using Eqn. (4), we get

r(d(xr, Xr41))" < Hr([0@(d(xo, x)))]F = 1), (7

for all r > ry. Letting r — oo in Eqn. (7), we obtain

limr(d(x,, x-41))" = 0.
T—00

Therefore, there exists r; € N such that
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d(xp, Xpy1) < il, forall r > . (®)

rw
Next, we prove that {x, } is a Cauchy sequence in K. There exists sequences r,p € N such

that p > r = r;. Then from Eqn. (8), we obtain

d(xr: xp) < d(xr: xr+1) + d(xr+1»xr+2) +--t d(xp—lvxp)

- (o]

515t

i=r LW i=r W

By the convergence of the series Y=, iy in the limit 7 — oo, we get d(x,, x,) — 0. Then {x, } is

iw
a Cauchy sequence in (X, d). Because (X, d) is a complete metric space, there exists v € X such

that

limx, = v. )

r—oo

If K is continuous, then we have

v = llmxr+1 = llmer = Klimx, = Kv.

r—oo

Thus v = Kv, and v is a fixed point of K.
We assume that X is regular, so x,, < v for all r € N. Two cases arise here:
Case 1. If there exists u € N for x,, = v, so

Kv=Kx, =x,41 2 V.
In addition, we have x,, < x,,41. S0, v < Kv and thus v = Kv.

Case 2. Given that x,. # v for all r € N and d(v, Kv) > 0. From lim,_ X, = v, there
exists ; € N such that d(x,,1,Kv) > 0 and d(x,,v) < LKV g every r = ry. In addition,

(%, v) € Q. Thus, from (0,) and ¥ non-decreasing we obtain

0(d(Kxy, Kv)) < [ (d(xr, v)))]
< 0 (d(xr,v)))

)

Aty 0 KD) < 1/J(d(v Kv)) < d(v,sz).

Taking limit as r — oo, we obtain

This implies that
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d(v,Kv)
2 )

a contraction. Hence, we get d(v, Kv) = 0, that is, v = Kv. This concludes the proof.

d(v,Kv) <

Definition 2. Let (X, <,d) be a partially ordered metric space and K: X — X be a self
mapping. Let

Q={(x,y) eXxX:x <y, d(Kx,Ky) > 0}. (10)
Further, 6 € ® and ¥ € W. We say that K is an ordered Ciri¢ type weak 6-contractive if there
exists § € (0,1) such that

0(d(Kx,Ky)) < [0 (P(x,y))]*, (11)
for all (x,y) € Q, where

P(x,y) = max{d(x,y), d(x, Kx), d(y, Ky).% [d(x,Ky) + d(y, Kx)]}. (12)
Theorem 2. Let (X, <, d) be a partially ordered complete metric space and K: X — X is an
ordered Ciri¢ type weak @-contractive. Assume that @ € 6, 1 € ¥ and K is non-decreasing and
there exists xo € X such that x, < Kxg. Therefore, K has a fixed point in X provided that at least

one of the following conditions holds
(i) K is continuous,
(i1) X is regular.

Proof. Given an arbitrary point x, € X we consider the constructive sequence {x,} € X
which is defined by x,, = Kx,._; = K" x,, for all r € N. Assume there exists 7y € N such that

Xy, = Xr,+1, then x, = x,, 11 = Kx;, and so the proof is completed.
Now assume that for all r € N, x,.1 # x,. As Xy < Kx( and K is non-decreasing, we get

xOﬁxl 5X3$"'$xr<"'.

From x, < x,,1 and d(Kx,_1,Kx;) > 0, for all r € N, we have (x,, x,4+1) € Q. So, from Eqn.

(11) we obtain
0(d(xr) Xr41)) = 0(d(Kxr—1, Kxy))
=< [6 (w(max{d(xr—l' xT‘)' d(xr—lr er—l)' d(xrr er)r
~[d(xr—1, Kxy) + d(xp, Kxp_)]1)]P

= [6 (lp(max{d(xr—lv xr)' d(xr» xr+1)}))]ﬁ;
for all » € N. Then suppose that
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d(xr—lJ xr) < d(er xT+1)'
We get

0(d(xr, Xr41)) < [0 (A(xr, %7111

a contradiction. Then we obtain

Ay, 1) < A1, %),

Hence we have

0(d(Kx,—1, Kx)) < [0(P(d(xr—1, %,)))]P.
From condition (64), we get
0(d(K"xo, K™ 1x0)) < [0 (d (K" xo, K"x)))]*
< [0 (d(K™2x0, K™ 1x0)))]F*

< [6@(d(xo, Kxo))]P". (13)
Letting r — oo in the above inequality, we get
lim 6(d(xy, x,41)) = 1, (14)
T—00

From (0,) this implies that

limd(x,,x,41) = 0.
r—o00

Using (03), there exist w € (0,1) and V € (0, o] such that

llm 0(d(XrXr41))—1 =V. (15)

r-oo  (ACrXr+1))V

Suppose that V < co. In this case, let S = g > 0. From the definition of the limit, there
exists 1y € N such that
B(dCer, 41) =1
(d(r) Xr41))™

Thereupon, we get

VI<S, forall r > r.

6(d(x,,x -1
(d(x, r+1))w >V-5=85, forall r = ry.
(d(xr, Xr41))

So, for all r = 1, we obtain

r(d(xr, Xr41))” < Hr[0(d (xy, Xr41)) — 1],
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where H = % Assume that V = oo. Let S > 0 be an arbitrary positive number. Thus there exists
1y € N such that
0(d(xy, Xrs1)) =1
(d(xp, Xr41))"

for all r > ry. This implies that for all r > 1y,

=S,

r(d(xr, Xr41))” < Hr[0(d (xy, Xr41)) — 1],

1 . .
where H = v Therefore, in two cases, there exists H > 0 and 1y € N such that, for all > 1y,

r(d(Xy, Xp41))" < Hr[0(d (xy, X 4+1)) — 1].
Using (13), we have

r(d(xr, Xr41))" < Hr([0@(d(x0, x)))]F" = 1), (16)

for all r > ry. Letting r — oo in Eqn. (16), we obtain

limr(d(x,, x-41))" = 0.
T—00

Therefore, there exists r; € N such that

d(xp, Xpy1) < il, forall r > . (17)

rw
Next we prove that {x,.} is a Cauchy sequence in K. There exist sequences 7,p € N such

that p > r = r;. Then from Eqn. (17), we obtain

d(xr: xp) < d(xr: xr+1) + d(xr+1»xr+2) +-t+ d(xp—lvxp)
p-1 )
1
< T < T
i=r W i=r W

1

. 1. . .
By the convergence of the series Y2, —, in the limit 7 — oo, we get d (x;, xp) — 0. Then {x,} is

w
a Cauchy sequence in (X, d). Since (X, d) is a complete metric space, then there exists v € X
such that

limx, = v. (18)

r—oo

If K is continuous, then we have

v=limx,;; = limKx, = Klimx, = Kv.
T—00 7—00 r—00

Thus v = Kv, and, v is a fixed point of K. We given that X is regular, so x,, < v for all r € N.

Two conditions arise here:
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Case 1. If there exists u € N for that x,, = v, so

Kv=Kx, =x,41 2 v.

In addition, we have x,, < x,,,1. S0, v < Kv and thus v = Kv.

Case 2. Given that x,. # v for all r € N and d(v, Kv) > 0. From lim,_,x, = v, there

exists ; € N such that d(x,,1,Kv) > 0 and d(x,,v) < d(v#m for every r = ry. In addition,

(%, v) € Q. Thus, from (0,) and ¥ non-decreasing we obtain

0(d(Kxr, Kv)) < [0 (P (x,, v))]?
< 0(Y(max{d(x,,v),d(x,, Kx;),d(v, Kv),

= [d(xy, Kv) + d(v, Kx)]})

2
<6 (y(dKv,v))).
This implies that

d(xr+1, Kv) < Y(d(Kv,v)) < d(Kv,v).

Taking limit as r — oo, we obtain

d(v,Kv) < d(Kv,v),

a contraction. Hence, we get d(v, Kv) = 0, that is, v = Kv this concludes the proof.

Example 1. Let X = [0,1] U {2,3}and d(x,y) = |x — y|, forall x, y € X. Define an order

relation < on X, where < is usual order. (X, <, d) is complete and define a mapping K: X — X by

x € [0,1]
, x € {2,3}

Then, K is non-decreasing. We claim that K is an ordered weakly 8-contractive with 8(p) =

ePe’ P(s) = % and = e 3 .Therefore, Theorem 1 and Theorem 2 are satisfied.

3. Conclusion

Agarwal et. al., [4] defined weak generalized contractions in partially ordered metric
spaces. Ciri¢ [12] denoted Ciri¢ contraction and Jleli and Samet [10] defined -contraction in
metric spaces. We introduce new contraction mappings by combining the ideas of Agarwal et al.,
Ciri¢, Jleli and Samet. In addition, we present an example to show that the new theorems are

applicable.
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Abstract

In this paper, by using identities related to the tessarines, Fibonacci numbers and Lucas
numbers we define Fibonacci tessarines and Lucas tessarines. We obtain Binet formulae,
D’ocagnes identity and Cassini identity for these tessarines. We also give the identities of
Fibonacci negatessarines and Lucas negatessarines and define new vector which are called

Fibonacci tessarine vector.
Keywords: Tessarines; Fibonacci numbers; Fibonacci tessarine vector.
Fibonacci ve Lucas Say1 Bilesenleri ile Fibonacci Tessarinelere Yeni Bir Yaklasim
Oz
Bu makalede, tessarineler, Fibonacci ve Lucas sayilartyla ilgili 6zdeslikleri kullanarak
Fibonacci tessarineler ve Lucas tessarineleri tanimladik. Bu tessarineler i¢in Binet formiillerini,
D’ocagnes 6zdesligini ve Cassini 6zdesligini elde ettik. Ayrica, negatif Fibonacci tessarineler ve

negatif Lucas tessarinelerin 6zdesliklerini verdik ve Fibonacci tessarine vektorii olarak yeni bir

vektor tanimladik.
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Babadag & Uslu (2021) ADYU J SCI, 11(2), 263-275

Anahtar Kelimeler: Tessarineler; Fibonacci sayilari; Fibonacci tessarine vektor.
1. Introduction
A tessarine can be defined as follows [1-3];

T=t1+tzl+t3]+t4_k,

where t;_, are real numbers and +1, i, j, k are governed by relations
i2=-1,j2=+41, ij=ji=k, jk=1i ki=—j.

Let 7 and T’ be tessarines. The addition, subtraction and multiplication of these numbers

are presented as follows

THFT ' =(t;Ft)+(ty, Ft)i+ (tz3Ft3)j+ (ty Fto)k
and
TXT' = +ti+t3j+ta k)Xt +t/i+t3"j+ t,'k)
= (tyt; — ty ty + tats — tatsy ) + (tity' + oty +tgt, + tyts' )i
+(tits + gty —tyty — tuty )+ (ty ty' + taty' + tsty + tats k.
The conjugates of a tessarine are described by T¢,77/ and T¥. In that case, there are

different conjugations as follows:

Ti=t1_t2i+t3j_t4_k,
T]=t1+t2l_t3]_t4_k,

Tkztl_tzi_t3j+t4k.

Then, the following equalities are written

TXTE=t2 +t2 +t2 +t2 + 2j(tyts + tyty),
TXT) =t2 —t2 —t2 +t7 + 2i(tyt, — tsty),

TXTE =t +t—t2—t2+2k(tity — tyts).
Fibonacci numbers and Lucas numbers are defined in many studies. The relations between

these numbers are given and computed in [4-8]. Horadam defined the generalized Fibonacci

sequences [9].

In the present paper, we introduce and study the Fibonacci tessarines and Lucas tessarines

by using some properties of Fibonacci and Lucas numbers, and we obtain some identities for
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them. The Fibonacci numbers f;,, are defined for all integers n by the second order recurrence

relation

foez2 =fosrthe

and initial conditions f; = f, = 1. The Lucas numbers l,, are defined for all integers n by the

same second order recurrence relation as

livz = lnyr + 1y,
but initial conditions I[; = 1, I, = 3. The Binet formulae for the Fibonacci and Lucas numbers

are as follows [10]

n_ﬁn
fn = aa—/; and [, = o™ + g™,
where o =1+2—\/§andﬁ =1_2—\/§.

These facts are well-known and can be found in most basic references, e.g. [11, 12]. In this

paper, we need some of them as follows,

fas2fa-1 = i1 = f2 @)
faifars = = (D", )
fan+1 = fi + firn, 3)
In = fo1 + fars, )
In = favz = fa-2s (5)
L= (=D"ly, (6)
5fafm = lnsm — (D™ b, (7)
frnfass = fmsifa = (D finon) ®)
fon = (D™, ©)

(10)

ln-1 + lns1 = Sfh.
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2. Fibonacci Tessarines and Lucas Tessarines

Definition 1. The n'" Fibonacci tessarine T}, and the n‘"* Lucas tessarine 7;, are defined by,

respectively,
_ , . (11)
Th=Jfot+ farrl + furz J + faask
and
, . . 12
Tn = ln+ bl + bz J + lnask, (12)

where f;, is the nt* Fibonacci number and ,, is the n®"* Lucas number. Also i, j and k are arbitrary

units which satisfy the relations;

i2=-1,j2=+41,k*=-1 and ij=ji=k. (13)

Starting from n = 0, the Fibonacci tessarines and Lucas tessarines can be written

respectively as;

To=1j+2k; [, =14+ 1i+2j+3k; T, = 1+ 2i + 3j + 5k, ...

Ty =2+1i+3j+4k; I =1+3i+4j+7k; T =3+ 4i+7j + 11k,...
Now, let T; = fo + fas1l + faszJ + fuesk  and Ty = fon + frnaal + frnaz J + frask

be Fibonacci tessarines. Then we have

To ¥ T = (o + fin) + (1 + fins1)i + (Fvz + fins2)j + (Fras + fineadk

and

In XTI = (fnfm = fnt1fmer t fas2fmaz — fn+3fm+3)
+(fufm+1 + fasifm + forzfmes + farsfme2)i
+(fnfm+2 + fn+2fm - fn+1fm+3 - fn+3fm+1)j

+(fafmez + faszfm t farafmer + fasifme2)k.

Definition 2. Let 7, be a Fibonacci tessarine. For n > 1, there are three different

conjugations with respect to i, j and k;

Tni = fn - fn+1i + fn+2j - fn+3k:

Tn] = fo t fas1l — fas2 ] — fuesk

Tnk = fn - fn+1i - fn+2j + fn+3k-
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Now by using definition 2 and the Eqn. (11), we can obtain

Tn X Tni = (3 + 2j)f2n+3'
To X Tl = (1 =20 fonys,

Ty X TF = =43 + (D) E.

3. Some Identities on Fibonacci Tessarines and Lucas Tessarines
3.1. Identities

Let n = 1 be an integer. Then, we can give the following relations between Fibonacci

tessarines

T = Tagrl + Doz J — Tnask = B+ 213,
Tn+ Tnpal — Tnya J — Tnask = (1 = 20) 1,43,

Tn = Tne1l — Tnz J + Tnazk = =5fn4s.

Proof. Now, we will give proof of identity T, — T 411 + Tpy2j — Tnezk. We have

Tn — Tagal + Tnyoj — Thask = (fn + fn+1i + fn+2j + fn+3k)
_(fn+1 + fn+2i + fn+3j + fn+4k)i

+(fn+2 +fn+3i +fn+4j +fn+5k)j

_(fn+ + fn+4i + fn+5j + fn+6k)k

= (fn + fn+2) + (fn+4- + fn+6) + 2j(fn+2 + fn+4)-

Here by using the Eqn. (4) and doing necessary calculations, we obtain

T = D1l + Tnaof — Tnask = 20Uz + s + 2jlny3 = 3lnyz + 2jlnss
=B+ 2)ls.

For all n, we compute the following identities with similar method.
T+ Tgal — Tnyz J — Tnask = (1 — 2013,

T = D1l = Tnz J + Tnask = —5fnqs.
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3.2. Identity

Let 7;X be the conjugation of Fibonacci tessarine with respect to the imaginary unit k. Then,

forn > 1, we have

TaTo + Tooa Tia = =5 fonsz.
Proof. From the Eqn. (2) and Eqn. (3), we have

2 2 2 2
T+ TacaTior = fr ot fray = (Fraa & Fras) + 260 nasf = Fria frs)

-1+ S = i + fir2) + 2k(faszfroa = fafased)
= fane1 = fanes + 2k((Frsz + fre)foo = frer (s + £2)
+fan-1 = fanes t2k((frss + f) foms = fa(fatfum1))
= ~(fanss ~ fans1) + 2k (farzfn = fits) = (Fames = fan-1)

+2k(fn+1fn—1 - fnz)

= —5fon+2-

3.3. Identities (Binet Formulae)

Let 7,, and 7;, be Fibonacci tessarine and Lucas tessarine, respectively. For n > 1, the

Binet formulae for these numbers are given as follows;

_ aa"-Bp"
T, = oy
and
T = aa™+ BLL",
where

a=1+ia+ja*+ka*and B =1+if+jB*+ kPS>
Proof. By taking @ = 1+ ia + ja® + ka® and f =1+ if + jB*+ kfB* and using the

Binet formulae for Fibonacci and Lucas numbers, we obtain

Th = fn + fn+1i + fn+2j + fn+3k
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O(n+3 _ ﬁn+3

o(n _ ﬁn O(n+1 _ ﬁn+1 . O(n+2 _ ,Bn+2 ] k

a—pf + a—p L+ a—pf J* a—pf

_(a*(1 +ia+ja? + ka®) = B(1 +if + jB* + kB®)

a-p
_aw g
“Tep

and

Tn = ln+ lppal + lnga Jj + lngsk
= o + B+ (a1 4 L) 4 (a2 + BHR)j 4 (a3 4 NIk
=a(l+ia+ja®+ka®)+ B +iB +jB*+ kB>
= aa® + BB".

3.4. Identity (D’ocagnes identity)
Let m,n = 0 be integers. Then, the D’ocagnes identity for Fibonacci tessarine is given by

ImTn+1 = Im+1In = (_1)m+1 (Tm-n = Sfin-n = fm-n+10)-
Proof. If we use Eqn. (5), Eqn. (8) and Eqn. (9), we have

TnIne1 — Tms1Tn = m + fnaal + fne2) + finask) (fner + fra2l + frss) + fasak)
—(fm+1 T frna2l + fnes) + fnrak) (o + frosal + frs2) + faask)
= _4(_1)m+1 fm—n + (_1)m+1fm—n+2j + (_1)m+1 fm—n+3k

= (_1)m+1[( fm—n + fm—n+1i + fm—n+2j + fm—n+3k)
_(5 fm—n + fm—n+1i)]

= (_1)m+1 (Tn-n = Sfn-n = fin-n+10)-
3.5. Identity (Cassini’s identity)

Let n = 0 be an integer. The Cassini’s identity is given as;

Tns1Tn-1 — T = (=D)"(27, + 2 + 2j — 3k).
Proof. We have

Tn+1Tn—1 - TnZ
= (fn+1 + fn+2i + fn+3j + fn+4k)(fn—1 + fni + fn+1j + fn+2k)
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~(fa + far1l + fas2) + far3k)?
= ff=fa-1far1 — Fertfafarz)
~(firz = fas1fars) T Fnsafnra — fivs)
+ilfn-1fnez = fafner + fasifova — fasafoes)
+(fiier = fafarz = favz + factfuss—fasifass + fasifass — fafas2)
+(fiier = fafarz = favz + factfuss—fasifass + fasifoss — fafns2)
+k(fo-1fn+a — fafn+s)
which implies
Tni1Tn-1 = Tf
= 4(-D)" + (D)™ + (D)) +jRED"
HEDM g+ (D) + k(-1
=4-D"+2iED AL +HjRED+H CDM+ (D) k(DM
= (—1)"(4 + 2i + 6] + 3k).

Also by adding and subtracting the term 3k, we complete the proof.
3.6. Identities (Fibonacci negatessarine and Lucas negatessarine)

Let 7,, and 7;, be Fibonacci tessarine and Lucas tessarine, respectively. The identities of

Fibonacci negatessarine and Lucas negatessarine are defined as;

T = (DT, + (D™, + ) + 2k)

and

T = (D" + (D)™ + 55,3+ + 2k).

Proof. Now, we will give proof of identity J_, . We have

Ton = fon + fonrl + fonsa) + fonask
= fat fra-ni t frm-a) + -k
=DM+ CD M fuoal + (DM ) + (D sk
= (D" o + frarl + furz) + frrszk) = GO i = (DM fy)

_(_1)n+1fn+3k + (_1)nfn—1i + (_1)n+1fn—2j + (_1)nfn—3k
In this identity, taking into account the Eqn. (1), Eqn. (5) and Eqn. (9), we obtain

T—n = (_1)n+1T—n + (_1)n(fn+1 + fn—l)i + (_l)n(fn+2 - fn—Z)j
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+(_1)n(fn+3 + fn—3)k
= (—=D)™"7, + (=D, (i + ) + 2k).

Now, if we use the Eqn. (6), Eqn. (7) and Eqn. (10), we have

T =L+l gni+ g+l gk

Ln+ i+ oz + sk
= (D)Mp + (D" Mg i+ (D)Mo + (D) 3k
= (Do + bnpal + bngof + lygzk) = (CDMppqi — (D™ y)
—(=DMpysk + (CD i+ (CD o) + (CD 5k
= (D" + D™ (s + b))+ (e — li2)j + (nas + 1o3)k)
= (DT + (“D™ 4 Sfi + (~D™ 4 5f) + (D)™ 4 10f,k,
which completes the proof.
Example 1. Let 75, 77 and 7 be the Fibonacci tessarines such that
To=1i+j+2k,
T =1+i+2j+3k,
To=1+2i+3j+5k.

Considering the Eqn. (11) and Eqn. (13), we have

ToT2, —T2=({ +j +2k)(A+2i +3j +5k)— (1 + i + 2j + 3k)?
= —(4+2i+6j+3k)=—-Q27 +2+2j—3k)
and

LT — T

(1+i+ 2 +3k)2+3i +5j +8k)— (1 + 2i +3j + 5k)?
=4+42i+6j+3k =27, +2+2j—3k.

4. Some Applications on the Fibonacci Tessarines

. . . = . =
Definition 3. The n*" Fibonacci tessarine vector 7, and the nt"* Lucas tessarine vector T,
are defined as

To = fasrl + frazJ + frask
and
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Tn = lnsal + lyyz J + lnask,
where f;, is the nt* Fibonacci number and ,, is the n®"* Lucas number. Also i, j and k are arbitrary

units which satisfy the relations;

i?=-1,j2=+41,k*=—-1and ij=ji=k.
Definition 4. [13] Let if}l and fm be Fibonacci tessarine vectors. The dot product

and the cross product of these vectors are defined by

- -

<Tn, T;n>= fos1fmer + faszefmeztfnssfmes

and

i j k
Tn X Ty = det fn+1 fn+2 fn+3
fim+1 fm+z  fmes

= i(fn+2fm+3 + fm+2fn+3) _j(fn+1fm+3 + fm+1fn+3)
+k(fn+1fm+2 + fm+1fn+2)-

Some examples of Fibonacci tessarine and Lucas tessarine vectors can be given easily as;

—

To=1li+ 1j+ 2k, T, = 1i+2j+3kand 7, = 2i 4+ 3j + 5k
and
To = 1i+ 3j+4k, 7/ = 3i+ 4j+ 7k and Ty = 4i +7j + 11k.
Theorem 1. Let 7—; and 7—";1+1 be Fibonacci tessarine vectors. The dot product and the cross

product of these vectors are as follows

A "
<g;1aTn+1>_§lZn+5+ 5

and

= = = . . (=" ., .
To X Toss = Tonsr = 2omrali+ ) + S5 +2) = 26).

Proof. Using the Eqn. (7) and Eqn. (10), we obtain,

<Tn Tns1 > = farifnez + fn+2fn+3+fn+3f}n+4

1
=3 (an+s — (D™ + lngs — GO+ Lpyy — (C1D™L)

="

4
:_l 4+
5 2n+5 5

and the cross product of fn and .’]—fﬁl is given by
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7:;1 X 7—;+1 = i( fuszfnra + fitvz) — J Fnsifoea Hnrafors)

+ k (fasifoes + frez)
Finally, from Eqn. (7), we have

— —

2 1
In X Tpy1 = 3 (Lan+el — Lantsj + lonyak) — 3 D"+ 2j — 2k)

2
=z [(zn+e t lansz — Lns2)i + (“lanas + lanss — Lngz)j + lanak)]

="

75

(i+2j—2k)

n

5

=, A ¢ o
= Tont1 — 2fon+a(i +)) + (i +2j—2k),

where fz’n+1 is a Lucas tessarine vector.
Example 2. Let 7—"; and 7—"; be Fibonacci tessarine vectors such that i’l =(1,2,3),
f]—"; =(2, 3, 5). The dot product and cross product of these vectors are

< ﬁ,@ >=fofs+ fafatfufs

_1\1
—4y 4+ 8 =03
5 5

and

— — — 1
Ty x B =T = 2ify(i +)) — g (i~ 2j — 2k).

Example 3. Let 27—";1_1, fn and fnﬂ be Fibonacci tessarine vectors. For n > 1, the Cassini

identity for Fibonacci tessarine vectors is given by

—

— — — 4’
Toa s =72 = (D" (% +3 -2 k)

— — —2
Proof. Now, we will give proof of identities 7,,_4, T,4+1 and T, we obtain

Too1 Toir = (fal + fret) + fra2k) (Faszl + fras) + frsak)

= —fafnsz + fasifnez — fosafnea + i(fn+1fn+4 + fn+2fn+3)
_j(fnfn+4 + fnz+2) + k(fn+3fn + fn+1fn+2)

and
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—2

Tn = (fn+1i + fn+2j + fn+3k)(fn+1i + fn+2j + fn+3k)

= _fnz+1 + frf+2 - fnz+3 + 2ifn+2fn+3 - ijn+1fn+3 + 2kfn+1fn+2-

From the Eqn. (3) and Eqn. (7), doing necessary calculations, we have

- - - 4
Tn_lTnH—fELZ=(—1)”[(3+i+3j—§k>—4k+4k]

= ()" (ﬁ, +3 —§k>.

5. Conclusion

In this paper, we first describe the concepts of Fibonacci tessarine and Lucas tessarine with
coefficients from the Fibonacci and Lucas numbers. We introduce many identities that have an

important place in the literature on tessarines.
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Abstract

The present research explores, the modified exp (—9(0)) -expansion function method

(MEFM) is tested by applying it to obtain the exact travelling wave solutions for the simplified
MCH equation and the Getmanou equation. Dark optical soliton solutions and dark-bright optical
soliton solutions of the simplified MCH equation and the Getmanou equation are successfully
constructed by using this method. We carry out all the computations and draw the 2D and 3D
graph in this paper by Wolfram Mathematica 9. Besides, the graphical representation obviously
shows forcefulness of this method.

Keywords: The simplified MCH equation; The Getmanou equation; MEFM; Dark optical

soliton solutions; Dark-bright optical soliton solutions; Mathematica.
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Mevcut arastirma, Modifiye edilmis exp(—S(a)) -a¢ilim fonksiyon metodunu (MEFM),

basitlestirilmis MCH denklemi ve Getmanou denklemi i¢in tam hareketli dalga ¢dziimlerini elde
etmek iizere uygulayarak test eder. Basitlestirilmis MCH denkleminin ve Getmanou denkleminin
dark optik soliton ve dark-bright optik soliton ¢oziimleri bu yontem kullanilarak basariyla elde
edilmistir. Bu ¢aligmadaki tiim hesaplamalar Wolfram Mathematica 9 tarafindan yapilmis ve 2D
ve 3D grafikleri ¢izilmistir. Ayrica, grafiksel gosterim bu yontemin acgikca giiclinii

gostermektedir.

Anahtar Kelimeler: Basitlestirilmis MCH denklemi; Getmanou denklemi; MEFM; Dark

optik soliton ¢oziimler; Dark-bright optik soliton ¢6ziimler; Mathematica.
1. Introduction

Many phenomena problems in the real world in applied and engineering sciences are
structured by nonlinear evolution equations (NLEEs). In recent years, nonlinear evolution
equations (NLEEs) have become private species of the branch of partial differential equations
(PDEs). Nonlinear evolution equations (NLEEs) are often used to explain a lot of physical events
in the areas such as acoustic waves, hydromagnetic waves, chemistry, meteorology, engineering,
thermodynamic, biology, physics, fluid mechanic, meteorology, optical fibers, heat transfer,
acoustic gravity waves in mathematics. Because of this, most of methods have been developed
and applied for these problems. Some of these methods include Extended simple equation method
[1, 2], The Paul-Painlevé approach method [3], Multiple Exp-function method [4], ETEM [5],
GKM [6]. The goal of this study, MEFM [7, 8] will be used to acquire new exact solutions of the

simplified MCH equation and the Getmanou equation.

Firstly, we consider the simplified MCH equation [9, 10],

s,+2as . —s,, +PBs’s, =0 aeR,B>0 (D)
where o and [ are constants. Wazwaz [11] investigated a modified form of the Camassa-

Holm equation, which was simplified from the MCH equation and the equation expressed in Eqn.
(1) is called the simplified MCH equation.

Secondly, we investigate the Getmanou equation [12, 13],

+Sx—s’2—s(l—s2)=0 )

1-s

N

xt

Getmanou equation possesses high nonlinearity [13]. Fan studied the single traveling wave

solutions based on the complete discrimination system of the fifth-order polynomials [13]. The

277



Tuluce Demiray & Kastal (2021) ADYU J 5Cl, 11(2), 276-289

trial equation method combined with complete discrimination system for polynomial has been

used to solve the Getmanou equation [12].

Here, our aim is to find new exact solutions of the simplified MCH equation and the
Getmanou equation by way of suggest method. In Section 2, we explain methodology. In Section

3, we apply suggest method to the simplified MCH equation and the Getmanou equation.

2. Materials and Methods

For a known nonlinear partial differential equations are given as follows:

K(s,s,,sx,sy,sﬂ,sxx,syy,---)=O, 3)

where s =5 (x, V,Z,t ) is an obscure function.

Step 1: Getting the transmutation as

S(x,y,t)zS(O'), o=x+y+z—ct, 4)

Eqn. (2) is turned into the following nonlinear equation:
L(S, S!,s”, S”” .. -) = O. (5)
Step 2: Taking the following equation for Eqn. (5) as solution:

i

, exp(—S(O')):' :AO+Alexp(—19)+---+ApeXp(p(_‘9))

I: . (6)
> B [exp(—S(cr))]J By + B, exp(=9)+---+ B, exp(q(~9))

2

described as;

19'(0')=exp(—g(d))+aexp(3(a))+b. (7)

Eqn. (7) has the following solution families:

Family 1: When a # 0, b* —4a >0,

9(o)=In tanh

2a

(T} ]

Family 2: When a #0, b> —4a <0,
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9(0‘)zln{$tanh(¥(a+E)J—2b—aJ. ©)

Family 3: When a =0, b#0,and b° —4a >0,

b
19(6):_ln(exp(b(G+E))—1} (10)

Family 4: When a #0, b #0,and b° —4a =0,

2b(c+E)+4
G =In| — . 11
(@) “[ b (o1 E) J (ah
Family 5: When a=0, b=0,and b> —4a =0,
9(o)=In(c+E). (12)

where 4, B, (O <i<p,0<j< q),E,b, a are constants to be obtained later.

Step 3: Setting Eqn. (6) and Eqn. (7) into Eqn. (5), a system of e "“) can be obtained. We

solve  this system by using Mathematica to identify the coefficients
4,,B,,(0<i<p,0<j<q),E,b,a.

3. Application of MEFM

3.1. Example: The simplified MCH equation

Getting the transformation as

s=s(&), E=x—ct, (13)
Eqn. (1) demeans
(20{—c)s—i-cs”+§s3 =0 (14)

By use of balance principle in Eqn. (14), we get

p=q+l. (15)
Ifweget g=1so p=2,wehave
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g = Ay + 4 exp(—9)+A2 exp(Z(—S)) _ I 16
- B, + B, exp(-9) K2 (1o
and
, YY-9'Y
S=—gr (17)
o YW WY (YY) PR 2 () T

p ’ (18)

Thus, a system of e ") can be obtained. We solve this system by using Mathematica to identify

the coefficients Aj,Bj,(OSiSp,OSqu),E,b,a,

Case 1:

1

2 2
AO:bAZB0 ,AlzlAz b+% ,c=—'BA§ va:l 2+b2+%L§1 : (19)
2B, 2 B 65, 4 B4,

According to Eqn. (19), dark optical soliton solution for Eqn. (1) is gotten

24a B!
~24aB? + ﬂAj[—2+b —2- ;421 tanh[r(x,t):lj

2

S (x,t) = - , (20)
284,B, [b+ /—2— 220;? tanh[r(x,t)]j

2 2
r(X,t)=%[E+x+t6ﬂ;2j _2_2ZZ§1 .
1 2

where
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s1.X%,t.

Figure 1: Three-dimensional and two-dimensional plots of imaginary values of Eqn. (20) for 4, = 4,B; =
4, E=05b=03,a=3=3,-10<x<10,-10<t <10and t = 0.3 for 2D plot

Case 2:

o SeBB (B B AB
P4 2B, 8B, 2B,
(e2y)
2
b2y L 12 1) s
B, 4 B4 B 24B;
According to Eqn. (21), dark-bright optical soliton solution for Eqn. (1) is found
(1) sech[ z(x,0)| (847 +48aB; )(~P+ B4 (B, - B})) o)
S, (x,t)=— 5
’ K (2B, + MB, tanh[ & (x,1)])(P+L (B, +2B,M tanh[ k(x,1)]))
2 tBA’ +24(E+x)B. )M
where M = 1+48a1230, P=48aB;B, Z(x,t)=(ﬁ : ( > ) 0) and
BA, 48B;

2
0

2
k(x,t)z%(E+x+t2’igl jM, K=4B4B,, L=pA4..
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s2. Xt

0.01

Figure 2: Three-dimensional and two-dimensional plots of imaginary values of Eqn. (22) for 4, = 0.2,
By =03B, =01 E=01,b6=03,a=1=-7 —15<x <15 -5 <t < 5andt = 0.01 for 2D plot

Case 3:
1 12a.B; 2B,
=—(-1+b") 4, ——5-2,4, =bA,, B, =2,
A= (1e0) - A = B =
(23)
2 42 2
L Af ,a L —1+b ——4802{3‘; )
24B; 4 pb° A,
According to Eqn. (23), dark-bright optical soliton solution for Eqn. (1) is procured
sech[ /i(x,t) [ (Bb* (~1+b%) 43 —48aiB; )(Bb> 4] +43aB; )
S, (x,t) =-— " (24)

L(b+Ptanh[h(x,t)])(M4',3521422 (1+thanh[h(x,t)]))

2 2 42
where P = 1+480£TB2, h(x,t)=l EJr)cht"%;fj2 P, L=4pbA,B,, M =48aB;.
Bb> A2 2 245
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s3.%,t.
0.1

AIAE AT AT AL IN

Figure 3: Three-dimensional and two-dimensional plots of real values of Eqn. (24) for A, = 3,B, =
2,Bi=3E=01b=-1a=-1,=1,-10<x<10,-10 <t < 10 and t = 0.1 for 2D plot

Case 4:
B{Al _z@BOJ ixJ6cB, v6B,
4= B, _ileen ,  p
Bl b 2 \/E b 3B1 b

(25)

Y —BA} +2i\J6cBAB,+6cB; +3(c—2a)B;
6¢B’ '

According to Eqn. (25), dark optical soliton solution for Eqn. (1) is obtained

36 (c—2a) B, +3Je |1 +2§‘ (iv284,+243¢B, ) tanh [ £ (x,)]

s, (x,1) = , (26)

g -3l (2 wonl (]

where f(x,t)=(E—ct+x),/—%+g.
c
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s4.%t
0.005

15

Figure 4: Three-dimensional and two-dimensional plots of real values of Eqn. (26) for ¢ = —0.1,a = 3,
B =-05-15<x<15-10<t<10,E = 0.3 and t = 0.005 for 2D plot

Case 5:

B; ’ 24,B
N i
4 Bl ﬁAZ Bl

27)
P4, 2B, 1 B 3aB
6B B '

b

According to Eqn. (27), dark-bright optical solution for Eqn. (1) is attained

sech| 1 (x.0)| (B4 +12aB] )(12aB; + p4; (-4B; + B )
P(28, +MB, tanh [k (x.) ])(K + B4; (B, +2B,M tanh [k (x.1)]))

/ : tBA? +6(E+x)Bl )M
where M = 1+1’2;j4§1 , P=2p4,B, f(X,t)z( i ( +x) l) and
2

128’

ss(x,1)= , (28)

2
k(x,t)=%[E+x+t6ﬁ;2 JM . K=12aB}.

1
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s4. Xt
0.005

1

Figure S: Three-dimensional and two-dimensional plots of real values of Eqn. (28) for 4, = 4,B, = —1,
B, =-5E=03a=3, f=-5 —25<x<25-10<t<10andt = —0.05 for 2D plot

In Figs. 1-2, we plot two and three dimensional graphics of imaginary values of Eqn. (20)
and Eqn. (22), which demonstrate the vitality of solutions with suitable parametric choices. Then,
in Figs. 3-5, we draw two and three dimensional graphics of real values of Eqn. (24), Eqn. (26)

and Eqn. (28), which indicate the dynamic of solutions with suitable parametric choices.
3.2. Example: The Getmanou equation

Getting the transformation as

s=s(&), E=x—ct, (29)
Eqn. (2) demeans

c(sz—l)s”—c(s')z—ss+2$3—s=0. (30)

By use of balance principle in Eqn. (30), we get

p=q+l. (31)
Ifweget g=1so p =2, wehave

o Ay + A exp(-9)+ 4, exp(2(-9)) _x 2
- B, + B, exp(-9) ¥’
and
S’ = w, (33)

\PZ
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LY Y (P Y)Y+ 2(W) T

5 3 ’ (34)

(o)

-9 . . . .
Thus, a system of € can be obtained. We solve this system by using Mathematica to

identify the coefficients Ai,Bj ,(OSiSp,OSqu),E,b,a,

Case 1:
4= 2B, , A23202 . B} A = 24,8, , 2B, om A;Z
3 B’ 364, B, 3 2B,
35)
p_ 2B, 5B 5B B’ N B’

34, 34, B’ 364,

According to Eqn. (35), dark-bright optical soliton solution for Eqn. (2) is procured

12(—1+8sech [f(x,t)]z)AzBoBf
((Bl2 +K(5-246 tanh[ £ (x,1)]))(K + B} (5+2/6 tanh [f(x,t)])))
B (~5+4sech[ £ (x.0) ] =246 anh[ / (x.1)]) (36)
((Bf +K(5-2v6 tanh[ £ (x.)]))(K + B (S +2«/3tanh[f(x,t)])))
. 36 A2B’ (—5 +4sech[ f(x1)] +246 tanh| f(x,t)])
((Bf +K (5-2/Ganh[ £ (x,1)])) (K + B (3 +2x/€tanh|:f(xat):|)))
where f (1) = \/%(EE+X— 2"2222 j% K =64,B,.

1

s (x,0) =] +
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0.0004
0.0003
0.0002
0.0001
0.0000

Figure 6: Three-dimensional and two-dimensional plots of solution Eqn. (36) for the values 4, = 5,B, =
0.2,B; =2,E=3,-15<x<15-15<t <15 and t = 0.3 for 2D plot

Case 2:

_ 2B, 2¢B? B 2 ~
A==+ 5 +36\/Z,Al_5(3\/@30”91),/12_\/ZB1

(37
5 2B, 1 (1 12B,Jc+5V2B,
b= +—a=—| —+
3W2¢ B 72( ¢ JeB?
According to Eqn. (37), dark-bright optical soliton solution for Eqn. (2) is found
2
8sech| g(x,t)| P—2K +8v3(72¢B? — B* Jtanh| g (x,¢
[e(x0)] B(mer g )anla(] o

O e (LB (e ) + [+ 5 b (1))

EE—ct+x

Ve

P =T722cB? +48\cB,B +\2B> ,M =12/cB,.

where g(x,f) = , K =360N2cB? +24cB,B, +5\2B?, L =52 and

In Figs. 6-7, we plot two and three dimensional graphics of Eqn. (36) and Eqn. (38), which

show the vitality of solutions with suitable parametric choices.
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Figure 7: Three-dimensional and two-dimensional plots of solution Eqn. (38) for the values 4, = 0.4,B, =
—8,B; = 0.015,F = —2.5,-15<x <15,-15 <t < 15and t = 0.1 for 2D plot

4. Conclusion

In this study, the simplified MCH equation and the Getmanou equation are researched by
via a MEFM. After, we draw 2D and 3D graphs of dark optical soliton solutions, dark-bright
optical soliton solutions of this equation by use of Mathematica. Soliton solutions are of two types
as dark soliton and bright soliton. If there is a solution of type sech hyperbolic function, it is called
a bright soliton solution and if there is a solution of type tanh hyperbolic function, it is called a
dark soliton solution [14]. Solutions are called dark-bright solitons if they contain the sech and

tanh functions at the same time.

From the obtained results, it has been deduced that MEFM is highly credible and strong in
the sense that finding exact solutions. The solutions we obtained from equations are new solutions
brought to the literature. The research shows that the MEFM algorithm is productive and can be

used for many other NLEEs in mathematical physics.
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Abstract

In this study, the (3+1)-dimensional Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation,
which is a mathematical model of non-absorption and dispersion in the non-linear medium, which
sheds light on the sound beam phenomenon, which has a physically important place, is examined.
In order to find the exact solution of this equation, an effective and reliable method, (G'/G,1/G)-
expansion method, is used among analytical methods. The purpose of this method is to obtain
more than one traveling wave solution classes depending on the conditions of the A parameter.
These classes are categorized into hyperbolic, trigonometric, complex trigonometric and rational
forms. The graphics of the solitary waves represented by these successfully obtained solution
classes are presented as 2-dimensional, 3-dimensional and contours. This article makes use of

ready-made package programs for complex arithmetic operations and graphic drawings.
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Keywords: (G /G, 1/ G)-expansion method; (3+1)-dimensional Khokhlov—Zabolotskaya—

Kuznetsov equation; Traveling wave solution.

(3+1)-Boyutlu Khokhlov-Zabolotskaya—Kuznetsov Denkleminin (G /G, 1/ G)-Ag:lllm

Metodu Yardimiyla Solitary Dalga Coziimleri
Oz

Bu ¢alismada, fiziksel olarak 6nemli bir yere sahip olan ses 1511 (sound beam) olayna 151k
tutan, 6zellikle lineer olmayan ortamda dagilim ve sogurma olmayan durumlarin matematiksel
modeli olan (3+1)-boyutlu Khokhlov—Zabolotskaya—Kuznetsov (KZK) denklemi incelendi. Bu
denklemin tam ¢6ziimiinii bulmak i¢in analitik metotlar arasinda yer alan etkili ve giivenilir bir
yontem olan (G'/G, 1/G)-agilim metodu kullanildi. Bu metodun segilme amaci A parametresinin
durumlarina bagh olarak birden fazla yiiriiyen dalga ¢6ziim siiflan elde edilmesidir. Bu siniflar
hiperbolik, trigonometrik, kompleks trigonometrik ve rasyonel formda kategorize edilir. Basarili
bir sekilde elde edilen bu ¢6ziim smiflarinin temsil ettigi solitary dalgalarin grafikleri 2-boyutlu,
3-boyutlu ve kontur olarak sunuldu. Bu makalede karmasik aritmetik islemler ve grafik ¢izimleri

icin hazir paket programlardan faydalanildi.

Anahtar Kelimeler: (G '/G,1/G )-aglhm metodu; (3+1)-boyutlu Khokhlov—Zabolotskaya—

Kuznetsov Denklemi; Solitary dalga ¢oziimleri.

1. Introduction

The debates about the wave theory that started in the 18th century have been brought to a
considerable level. The wave theory we are discussing today and discussed in the future can be
divided into two groups, linear and nonlinear. However, nonlinear wave discussions are more
valuable because life is not linear. For this reason, the traveling wave solutions of partial
differential equations shed light on many events in nature, bringing mathematical models to the
fore. Along with these mathematical models, many researchers have discussed the solution
methods of these models. Generally, the methods that generate the solutions of nonlinear
mathematical models are of the oscillating traveling wave type. In applied science, studies about
perceiving the traveling wave as a signal and processing these signals have become popular today.
Mathematical models, called NPDEs include quantum mechanics, plasma physics, hydro-
dynamic molecular biology, sheet water wave, nonlinear optics, optical fibers, chemistry,
biological science, etc. as seen in various fields of nonlinear science. Investigating NPDEs
provides a clearer understanding of complex events. Lately, many new mathematical models

used by experts all over the world to describe real-life problems of today have attracted attention.
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In this sense, some methods are trial equation method, modified simple equation method,
modified extended tanh method, generalized hyperbolic-function method, sub equation method,
complex method, auxiliary equation method, the homogeneous balance method, the improved

Bernoulli sub-equation function method and many more methods [1-29].
We consider the following Zabolotskaya and Khokhlov (ZK) equation [30],

(ue + vty )y + nuyy, + muy, = 0. €))
This equation was first proposed by Zabolotskaya and Khokhlov in 1969 [31]. The physical
interpretation of this equation shows the propagation of the sound beam in a non-linear medium
with no dispersion or absorption [32]. This nonlinear medium in particular is not strong. This non-
linear medium in particular is not strong. With the term added to Eq. (1), the following (3+1)-

dimensional KZK equation is obtained [32]:

Uye + (Uy)? + Ullyy + TlUyyy + Uy, + MUy, =0, )
where 7, n and m are constant and r # 0. In addition, in Eqn. (2), which is the mathematical model
of the sound beam phenomenon, the function that represents acoustic pressure and sought is
u(x,y, z,t). Here t represents time and (x,y,z) € R3 [33]. This equation was first proposed by
Kuznetsov with the help of Eqn. (1) in 1971 [34]. The term adsorption is defined as thermo-
viscous. A higher-order NPDEs have been defined by adding this term. Traveling wave solutions
were investigated for Eqn. (2) by Akcagil and Aydemir in 2016 with the help of the tanh—coth
method [32]. On the other hand, new exact solutions were reached by Ray with the help of
Kudryashov methods for the time fractional KZK equation [35]. In 2019, analytical solutions of
the (3+1) dimensional time fractional KZK equation were produced with the help of modified
Riemann-Liouville derivative and (G'/G)-expansion method by Zhang et al. [36]. In addition, the
effect of diffraction in these solutions was investigated. In 2021, traveling wave solutions were
produced in trigonometric function and dark optical soliton solution format by applying the
modified exp (—€(&))-expansion function method for Eqn. (2) by Demiray and Kastal [37]. The
main theme of this study is to obtain the traveling wave solutions of Eqn. (2) with the help of the

(G'/G,1/G)- expansion method [38].

The most important reason for using this method is to produce different types of traveling
wave solutions from the literature for the (3+1)-dimensional KZK equation. One of the most
important advantages of this method is that it produces traveling wave solutions in three different
forms. In this study, information about the methodology of the method discussed in Section 2 is
given. In the Section 3, the application of the method to the Eqn. (2) and finally in the Section 4,

important results are given.
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2. Method
2.1. (G' /G, 1/G)-expansion method
In this section, we present analysis of the (G’ /G, 1/G)-expansion method [38].

Z(u, Uy, Uy, Uy, Ug, Ugy, utt,...) =0. 3)
Ifu=U¢)=ulxyzt), &=x+y+z—ct classical wave transformation is applied in

Eqn. (3) while c is a constant, Eqn. (3) is converted into a nODE and this can be written as:

w(u,uu,u’,...) =0. 4)

Reduced complexity by integrating Eqn. (4). G () function is a quadratic function ODE solution,

G'(©) +26E) = p. ®)

Also to ensure operational aesthetics as % =¢=¢and Y =yY(¢) = %8 Here, the

derivatives of the defined functions can be written

¢ =—>+uwp—21 ¢ =—¢y. (6)
By considering the equations given by Eqn. (6), we can present the behavior of the solution

function Eqn. (5) with respect to the A state.

NIfA<0
G(§) = ¢; sinh(V=2§) + ¢z cosh(vV=2§) + %, (7)
where c,and ¢, are real numbers. Considering Eqn. (7);
-2
Y= (92 —2mp+ D), o =cf =}, ®)

written in this form.

i) Ifa>0
G(&) = ¢; sin(VAE) + ¢, cos(VAE) + % 9)
where ¢, and ¢, are real numbers. Eqn. (9), there is following equation;
A
Y=g (P -2+ D), o=cf+cf, (10)
i)If 21=0
GE) =28+ +o (11)

where ¢, and ¢, are real numbers. Eqn. (11), there is following equation;
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_ 1

P? = (92 — 2up). (12)

c2-2uc,

The solution of Eqn. (3) in terms of 1 and ¢ polynomials is

UE) =Xioaidp’ + X1 bip'p, (13)
whereinb; (i =1,...,n)and a; (i = 0,1,...,n) are constants to calculate. n is a positive integer
to be calculated according to the balance principle for Eqn. (4). The corresponding derivatives of
Eqn. (13) are calculated. These derivatives are substituted in Eqn. (4). Next, the polynomial is
connected to P and ¢ are formed. Equating the coefficients of the Y and ¢ in the obtained
polynomial to zero, a system of equations is constructed. The built equation system is solved with
the help of a computer software program. The values of the calculated constants are written in
their place in Eqn. (13). Solutions of Eqn. (4) are obtained. Thus, we find the solutions in relation
to the hyperbolic functions for A<0, the trigonometric functions for A>0 and the rational functions

for A=0.

3. Solutions of the (3+1)-dimensional KZK Equation via (G'/G,1/G)-expansion
Method

We consider Eqn. (2). Additionally, let us consider traditional wave transform as below:

u=U¢) =ulx,yzt), E=x+y+z—ct. (14)
We write Eqn. (14) into system Eqn. (2) to attain nonlinear ODEs

(m+n—c)U+§U2+rU’=0. (15)
By use of balance principle in Eqn. (15), we get n = 1 and in Eqn. (13) the following situation is
attained:

U§) = ao +ay ¢[¢] + by P[S], (16)

where ag, a4, b, then the constants to be determined are unknown. If Eqn. (16) is written in Eqn.
(15) and the coefficients of the Eqn. (2) equal zero, we can set up the following systems of an

algebraic equation

o a? A2b?
(¢[f]) : _Ca0+ma0+na0 +7_Tlal—m: 0,
¢[f] : _Ca1 + mal + Tla1 + a0a1 = 0,
) R L S,
@D TR 2(u? + 220)
Aub?
w[f] . rua; — Cb1 + mbl + nbl + a0b1 + m =0,
BIEWIE] = —rby +ayby = 0. a7
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With the software program, we reached the solutions of the system (17) and the following

situations.
IfA<o0,
Case 1.
ap=-2irvA, a;=2r, by=0, u=0, c=m+n-2irva (18)

where i = v/—1 ,replacing Eqn. (18) into Eqn. (16), the following complex hyperbolic solution is

attained

u(x,y,2,t) = —2irva +
(Zr(czw/—_/l cosh[(x+y+z—t(m+n—2irﬁ))\/—_/1]+c1x/—_/1 sinh[(x+y+z—t(m+n—2irﬁ))\/—_/l]))
(cl cosh[(x+y+z—t(m+n—2irﬁ))w/—_/1]+cz sinh[(x+y+z—t(m+n—2irw/i))\/—_/l])

. (19)

u(x,1,1,1)

u(x, 1,1, ¢t)

uy(x, 1)

Figure 1: 3D, 2D and contour graphs for ¢, =2, ¢; =1, A=-1, r=05 m=02 n=01, y=
1, z =1 of Eqn. (19)

There is VAvV—2 in u that we have presented as a solution. Since A < 0, we have presented
the solution consists only of the real part.
Case 2.

22292
a0=irﬁ, a, =T, b1=r”Tm, c=m+n+ir/a, (20)

where i = v—1, replacing Eqn. (20) into Eqn. (16), the following hyperbolic solution is attained

Uy (x,y,2,t)

=irva

\/_(—512 +¢,2)r2A2 — r2y?

+
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r(czw/—_l cosh[(x+y+z—t(m+n+ir\/z))\/—_l] +cV-2 sinh[(x+y+z—t(m+n+irﬁ))\/—_/1])

Brey cosh[(x+y+z—t(m+n+ir\/D)J—_A]+c2 sinh[(x+y+z—t(m+n+ir\/1))\/—_l]

1)

u(x,1,1,1)

Up(x. 1.1, 1)

-5 5 10

Figure 2: 3D, 2D and contour graphs forc, =2, ¢; =1, A=-0.1, u=-3, r=05 m=02 n=
0.1, y =1, z =1 values of Eqn. (21)

There is VAvV—2 in u that we have presented as a solution. Since A < 0, we have presented

the solution consists only of the real part.

IfA>0,
Case 1.
ag = —2irV2, a,=2r, b;=0 u=0 c=m+n- 2irva, (22)

where i = v—1, replacing Eqn. (22) in Eqn. (16), the following trigonometric solution is attained

us(x,y,z,t) = —2irvA +
Zr(czw/z cos[(x+y+z—t(m+n—2irﬁ))ﬁ]—Clw/zsin[(x+y+z—t(m+n—Zir\/z))\/z])
¢ cos[(x+y+z—t(m+n—2irﬁ))ﬁ]+c2 sin[(x+y+z—t(m+n—2irﬁ))ﬁ]

(23)
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Re(us(x, 1,1,1)
Re(us(x, 1,1, 1)) Re(us(x, 1))
5 10 5F
5 \
50
1.0 -
5 1.5
t 0 a

Im(us(x, 1,1, 1))

Im(u3(x, 1))

X 10
5 -04
0
-0.4 -0.6/f
-0.6
-0.8 -0.8+
-1.0
-1.2 _10h
10
5 L
t 0 -10 -5

Figure 3: Real and imaginary parts of 3D, 2D and contour graphs for ¢, =2, ¢; =1, 1 =01, r =
05 m=1n=12 y=1, z=10fEqn. (23)

IfA=0,

5 10

Case 1.

a,=0, a;=2r, by=0, u=0, c=m+n, (24)

replacing Eqn. (24) in Eqn. (16), the following rational solution is attained

ZCZT
X,y,z,t) = . 2
u4( AL ) c1tc(—(m+n)t+x+y+z) (25)
ug(x, 1,1, t) uy(x, 1,1, 1)
t 10 ug(x, 1) 10
0 S 44 8
4
2l 6
2 Y~
0 . e 4
_ s 5 10
2 2
-4 -2
0
-0 s 0 s P S -0 -5 0 5 10
X

Figure 4: 3D, 2D and contour graphs forc, =0.5, ¢; =1, A=0,r=2, m=02, n=01, y=
1, z =1 of Eqn. (25)

Case 2.

cp2r2—b?

2¢,12

replacing Eqn. (26) in Eqn. (16), the following rational solution is attained

a,=0, a=r, u= , c=m+n, (26)
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us(x,y,2,t)
b,
B —(m+n)t+x+y+2)>%(c,?r2 —b?
c1+c2(—(m+n)t+x+y+z)+( ( ) yz G i)
4cur
( (—(m+n)t+x+y+z)(c22r2—b%)>
rlcy+ >
+ 2cqr (27)
- 2 2,2 _H2)"
C1+Cp(—(man)t+ x4y +7)4 ST XY +2)2 (e 12 -bY)
4cqT
ug(x. 1. 1. ¢) us(x, 1) 10 uln 110
| .
! R ——— 4
10 -5 5 10
-0.5 2
-10 -0 -5 0 5 10

Figure 5: 3D, 2D and contour graphs forc, = 0.4, ¢, =1, b; =05, A=0, r=0.5 m=-02, n=
—0.1, y =1, z=1of Eqn. (27)

Traveling wave solutions play an important role in physically transporting energy from one
place to another. The traveling wave solutions obtained in this study can offer a different
perspective to the acoustic theory. The graphs presented in Figs. 1-5 illustrate the wave behaviour
of traveling wave solutions at any instant, which we can call a standing wave. While drawing

these graphs, the y and z dimensions are considered fixed.
4. Conclusion

In this study, we have proposed hyperbolic, trigonometric, complex trigonometric and
rational traveling wave solutions with the help of (G'/G, 1/G)-expansion method of Eqn. (2)
which is the mathematical model of the sound beam in a non-linear medium without physical
dispersion and absorption. The method is generally categorized into three different classes
depending on the A parameter. The equation was checked with the help of a ready-made package
program that the traveling wave solutions obtained for each class provided. In the traveling wave
solutions obtained, solitary wave solutions were obtained by giving arbitrary constants to the
parameters and the graphics were presented as 3D, 2D, and contour. The solution of the algebraic
equation system discussed in this study, complex operations and the graphics of these solutions
were obtained using a ready-made package program. It has been concluded that this method we

have used is useful and reliably applicable in equations with strong nonlinearity.
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Abstract

In this paper, we introduce two linear convex combination estimators by using known
estimators such as ordinary least squares, ridge and Liu estimators and examine the predictive
performance of these estimators. Furthermore, a numerical example is examined to compare these

estimators under the prediction mean squared error criterion.

Keywords: Biased estimation; Ridge estimator; Linear convex combination; Liu estimator;

Prediction mean square error.
Lineer Konveks Kombinasyon Tahmin Ediciler ve Karsilastirmalar
Oz

Bu makalede, en kiiciik kareler, ridge ve Liu tahmin ediciler gibi bilinen tahmin edicilerle

Ongorii performansini karsilastirmak igin iki lineer konveks kombinasyon tahmin edicisi

* Corresponding Author DOI: 10.37094/adyujsci.938882
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tanimlanmigtir. Ayrica, dngorii hata kareleri ortalamas: kriterine gére bu tahmin edicilerin

karsilagtirilmalari bir sayisal 6rnek ile incelenmistir.

Anahtar Kelimeler: Yanli tahmin; Ridge tahmin edici; Lineer konveks kombinasyon; Liu

tahmin edici; Ongorii hata kareleri ortalamast.
1. Introduction

Consider the following multiple linear regression model:

y=XpB +e, 6]
where y is an nx1 vector of responses, X is an nxp full column rank matrix of explanatory
variables, f§ is a px1 vector of unknown parameters, and ¢ is an nx1 vector of random errors with
iid(0,0?).

The ordinary least squares (OLS) estimator is given by

B=&X)"XYy. )
In the presence of multicollinearity, the OLS estimator is unstable and gives unreliable
information. As biased alternatives, ridge, Liu, and two-parameter estimators can be handled in

this context.

Hoerl and Kennard [1] proposed the ordinary ridge regression (ORR) estimator which is

given by

Bk)=XX+kD'X'y, k=0, 3)
where k is the biasing parameter. The ORR estimator was commonly used in applied researches.
For example; Askin [2] suggested several approaches for extending estimation results to
forecasting with multicollinearity, Montgomery and Friedman [3] examined several biased

estimation methods for forecasting and prediction with multicollinearity.
Liu [4] defined the following alternative biased estimator dealing with multicollinearity
p(d) = XX+ D7 (Xy +dp)
=XX+DIXX+dDB, 0<d <1, 4)
where d is the biasing parameter. (d) is called the Liu estimator by Akdeniz and Kagiranlar [5].
Liu estimator has an advantage over the ORR estimator because it is a linear function of d and it

has smaller mean square error (MSE) than the OLS estimator. Sakallioglu et al. [6] compared the

performance of Liu estimator with the ORR and the iterative estimators using the matrix MSE
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(MMSE) criterion. In the literature, Liu and Liu-type estimators were widely used in linear

models.

Furthermore, Ozkale and Kagiranlar [7] introduced a new two-parameter estimator (TPE)
by grafting the contraction estimator into the modified ridge estimator proposed by Swindel [8].

This estimator is given by

Ble,d)= XX +kD)'(Xy+kdB), k=0,0<d<1. 5)
B (k,d) is a two-parameter variation of the Liu estimator. Ozkale [9] has also noted that 3 (k, d)

can also be demonstrated as
B(k,d) = dB + (1 — d)B (k). (6)

The TPE is a convex combination of the OLS and the ORR estimator. It is also called the ‘affine
combination type’ estimator by Ozkale [9]. Using the mixed estimation method suggested by
Theil [10] and Theil and Goldberger [11], we also derive B(k, d). Similar to the ORR and Liu
estimator, (k,d) was used both theoretically and practically by researchers in various fields.
Ozbay and Kaciranlar [12] introduced Almon TPE based on the TPE procedure for the distiributed
lag models. Ozbay and Kagiranlar [13] introduced a new two-parameter-weighted mixed
estimator (TPWME) by unifying the weighted mixed estimator of Schaffrin and Toutenburg [14]
and the TPE. Tekeli et al. [15] introduced new algorithms using genetic algorithm (GA) for
estimating the biasing parameters of TPE. Cetinkaya and Kagiranlar [16] introduced new TPE for

negative binomial regression (NBR) and Poisson regression (PR) models by unifying the TPE.

Gruber [17, 18] demonstrated that B (k, d) is a special case of the linear Bayes, mixed and
minimax estimators. This new estimator is a general estimator which includes the OLS, the ORR,

the Liu, and the contraction estimators as special cases. We have the following properties:
1. éiﬂﬁ(k, d) = f and ll{i_r)ré[?(k,d) =B
2. limB(k,d) = f(k)
3. For k = 1, we get the Liu estimator, 8(1,d) = (d)
4. ﬁ(k, d) has the following alternative forms

Bk,d) = [I +kXX)"]*(B —dp) +dp
= (X'X + kD)"Y(X'X + kdD)f.
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From this representation, it is clear that lgimﬁ(k, d) = df3, which is the contraction estimator
—00

[19]. In this sense, £ (k, d) overcomes the disadvantage of the contraction estimator.

Then, Gruber [18] demonstrated that the Liu-type estimator can be given as follows:

Bros = dB + (1 — d)py, (7
where d is a biasing parameter, 0 < d < 1 and S, is the linear Bayes estimator (see in details, p.
3741, Eqn. (3.7), Eqn. (3.8) for B, and p. 3742, Eqn. (3.12) for BL0p).

Gruber [18] showed how the Liu-type estimator is optimal according to the Zellner’s
balanced loss function (ZBLF) criterion and compared the efficiency of the Liu-type estimator to
the OLS estimator in terms of the MSE and the ZBLF criteria. A convex combination of two
estimators can be useful when both estimators appear to be appropriate in a specific situation.
Following the Liu-type estimator in Eqn. (7), we consider linear convex combination estimators
taking the ORR and the Liu estimators as the special cases of ;. Then, the linear convex

combination of the OLS estimator and the ORR estimator (LOR) can be given as follows:

Bror =Bk, d) =df + (1 —d)f(k) , k=0,0<d <1 (8)

Similarly, we can define another linear convex combination of the OLS estimator and the Liu

estimator as follows:
Bror = B(d,y) =vB + (1 —y)B(A), )

where y is an arbitrary scalar and 0 <y < 1. Also, B0, = f(d,¥) in Eqn. (9) includes £ and

,é(d) as special cases:
L limp(d,y) = B,
y—-1
2. limB(d,y) = B(d).
y—0

Friedman and Montgomery [20] compared the predictive performance (PP) of the ORR,
OLS and the principal component (PC) estimators according to the prediction mean square error
(PMSE) criterion. Later, Ozbey and Kagiranlar [21] compared the Liu estimator with the OLS,
PC and ORR estimators. Dawoud and Kagiranlar [22] examined the PP of biased regression
predictors with correlated errors. Dawoud and Kagiranlar [23, 24] evaluated the PP of the r-k and

r-d class estimators and they also focused on evaluating the PP of the Liu-type estimator which is
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defined by Liu [25]. This estimator is different from Gruber’s Liu-type estimator which is given
in Eqn. (7). Following Ozbey and Kagiranlar [21] and Dawoud and Kagiranlar [22], Li et al. [26]
evaluated the PP of the principal component two-parameter estimator which is defined by Chang

and Yang [27].

As a consequence, since fror = B(k,d) and Bo, = f(d,y) are more general than the
ORR and the Liu estimators, respectively. Therefore, the PP of the LOR and the LOL estimators
are examined in the sense of the PMSE criterion. To examine the theoretical results, a numerical

example study is conducted.
2. Comparisons of the Prediction Mean Squared Errors

We can obtain the PMSE of the LOR and the LOL estimators. The PMSE of a predictor 7,

is given by

PMSE = E(yo — $0)%, (10)
where y, is the value to be predicted. Let J represents the PMSE. ] is the sum of the variance

(V) and the squared bias (B):

J=V+B. (11)

The variance and the bias can be given as follows:

V(yo —J0) = V(o) + V(Fo), (12)

and

Bias = E(yy — ¥o). (13)

Now, we consider the following canonical form of the model (1)

y=~Za+eg, (14)
where @ = U’ and Z = XU . Then the OLS estimator of « is

@a=Z2)yZy=4"17Z"y, (15)

’

where A = diag(44,4;,...,4,) is the matrix of the eigenvalues of Z'Z and for i = 1,2,...,p A;’s

are in descending order. Its PMSE is given by

2.
Jors = 0° (1 + Z?ﬂzl—oil). (16)

where z is the orthonormalized point for J,. Since & is unbiased, we have

Jors = Vors- (17)
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The ridge estimator of « is

&=CZ+kDZy=UA+kD)Zy, k=0,
and its PMSE is

i=1 4

B

2.9, a2
Jx = o? (1 + Z?ﬂ_zzlg l) + k? ( p —Z‘”le)
i
where a; = A; + k . The Liu estimator of « is

@ =ZZ+DY(Z'y+da)
=(A+DYA+dDHa, 0<d<1,
and its PMSE is

bict 0itti)
]a=02(1+2?=1%5)+(1_d)2( 4 ﬂ) :

i=1 b;

where b; = 1; + 1 and ¢; = A; + d . The LOR estimator or TPE of « is

Gor=[d(Z2) '+ A -d)ZZ+kD)Zy

=[dA'+ (A —-d)( A+ kD) Zy, k= 0.

The variance and bias of the prediction error of the LOR estimator are given by respectively

Vior(Vo — $0) = V(o) + Vior(Fo)
= 0% 4+ V(2o@L0r)

— . 12,2,
=02(1+Z£1W'MMM%]%)

Aiaiz
Bias;or = E(¥o — o) = zoa — zoE (@10r)

=k(1—d) zle—z";lf’“'.

So, the squared bias is

2
. Zoii
Biok = BiasZon = k(1 — d)? (TP, 224",

i=1" ¢,
By summing up the variance and the squared bias of the LOR estimator we obtain

Jror = Vior + Bror
— . 12,2,
— 42 (1 + Z?_l [(A-d)A+da;]?z3;

i=1" g,
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The LOL estimator of « is

oL =W +A-VEZZ+DY(ZZ+dD]a
=I+A-y)A+D Y A+dD]A"Zy, 0<d <1 (27)

The variance of the prediction error of the LOL estimator is

VioL o — o) = V(o) + VioL o)
=02+ V(2@101)

bi+(1-y)c; 252,
= o7 (14 3p., oerConala) 28)
Similarly, the bias, the squared bias and PMSE of the prediction error of the LOL estimator are
given by respectively
Biasyo, = E(yo — $o) = 2o —ZZéaE_(&LOL)
=(1-na-dIL, = (29)

N2
Bio. = Biasfo, = (1 —y)*(1 — d)? ( b Z%lal) , (30)

and

Jror = VioL + Brow

[ybi+(1-y)cil*zg; 0itti)?
= g2 (1 + 25;1%) + (1 -2 -ad)?( le%) . (31)

3. Comparisons of Prediction Mean Squared Errors in Two Dimensional Space

We will study the PP of the LOR and the LOL estimators. Considering a two-dimensional
space, a single prediction point (zq, Zy;) is to be predicted, the ratio z2,/zZ; can be obtained and
used for a reference point in their comparisons. a? will be set to zero because non-zero values of
a? increase only the intercept values for J, J4, JLor and J.o, but leave the curve for Jy.¢

unchanged. So, comparisons of J;og With Jo;s and Ji and J; o, with Jo;s and J; will be made.
Theorem 1.

o?(a3-((1-d)A,+day)?)
A,k2(1-d)?

a)IfaZ > , then

Jror <Jous for af < ((1-d)A; + da,y)?,

2
Jior <Jous < 53 < fu(@d) for af > (1 = DAy + day)?.
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o%(a3-((1-d)A,+day)?)

2
b)Ifaf < == -t

, then

Jror < Jous for af > ((1-d)A; + day)?,
2
Jior <Jous < 53 < fu(@d) for af < (1 = DAy + day)?,

where

o2 (i_<(1-d>11+2da1>2)
fi(a3) = ol .
a2((1-d)Ay+daz)? k2(1-d)2a3 g2
( Aza3 - a} ’12)

(32)

Proof. If the LOR estimator is better than &, we have J;or < Jors. That is,

1—d)A + day)?z? 1—d)A, +da,)?z? k?(1 — d)?a2z?
o2 + o2 (( A ! 1) 01+(( ), ! 2) 02 ( 2) 2%02 _
Aaf Ayas a;

2 2

Z Z
o2+ 0% (2= + 22,

Mo A

Rearranging this inequality, we will obtain

2001— 2 2(1—d)2 g2 2 _ 2
72 (a ((1-d)Az+day) n k*(1-d)*aj _a_) < 2310'2 (i_ ((1-d)A,+daq) )

0z Apa2 a2 A, Ay 2102
If both
o*(1-d)Ap+day)* | k*(1-d)*a; o*
Aya2 + a? A, (33)
and
2 (1 _ (=) +day)?
o (/11 Ara? ) (34)

have the same signs, the superiority condition of the LOR estimator over & is

%< fiad). (39)

2
Zg

If Eqn. (33) and Eqn. (34) have opposite signs, we have
282 2
— > fi(az). (36)
01

If Eqn. (33) and Eqn. (34) have different signs, the right-hand side of Eqn. (36) is smaller than
zero, thus, Eqn. (36) always holds. That is, in this region the LOR estimator is superior to &. The

condition for the positiveness of Eqn. (33) can be easily written as
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a2 %(a2-((1-d)A,+day)?)

2 A,k2(1-d)2 (7
and the condition for the positiveness of Eqn. (34) can be given as
a? > (1 - d)A, +da;)?. (38)

The contrary conditions are required for the negativeness of Eqn. (33) and Eqn. (34). The vertical

asymptote of the hyperbola f; (a%) is at the point

o2 = 2(a3-(1-D 2z +day)?)
2 A,k2(1-d)2

(39)
Corollary 1. If d = 0 in Theorem 1, we get Friedman and Montgomery’s [20] results.
Corollary 2. If k = 1 in Theorem 1, we get Ozbey and Kagiranlar’s [21] results.

Theorem 2.

02(A3-((1-d) A, +day)?)

2
) lfa; > = oy

, then

Jror < Ji for A7 < ((1-d)A; + day)?,
2

Jror < Ji & 22 < fr(a3) for 23 > ((1 — d)A; + day)®.
01

02(A3-((1-d)Ap+day)?)

2
b. Ifas < LR [(—d)?—1]

, then

Jror <J for 23 > ((1-d)A; + day)?,

2
Jior <Ju = 33 < fo(a) for AT < (1 = d)Ay + day)?.

where
2(M1_((1-d)Aq+daq)?
2 7 af A1af
a) = . 40
fZ( 2) a2((1-d)Ay+daz)? | k2(1-d)2a% o221, k2a3 ( )
Aza% ' a% a% a%

Proof. Suppose LOR estimator is better than &, , then, J;op < Ji. That is,

1—d)A + day)?z? 1—d)A, +da,)?z? k?(1 — d)?a?z?
o2 + o2 (( A i 1) 01+(( ), ! 2) 02 ( 2) 2702 _
Aaf Ayas a;

A z2 A, z2 k2a2z2
1401 2402 2402
02+02< —+—— |+ —.
a a a
1 2 2

Rearranging this inequality, we get
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Z02 2 2 2

) (az((l —d)A, + day)? 4 k?(1 - d)?a3 3 22, k2a§>
Apal a; a; a;

Z§510

. (zl (- dA+ da1)2>
) .

a_f /11‘1%
If both
o*((A-d)Ap+day)® | k*(1-d)*ai o%d; ka3
( Aya? + a? a? a? ) (41)
and
2 (A _ (A=ditdan®
g (a% Aia? ) (42)
have the same signs, we have
Zgz 2 43
oz < fa(a3). (43)
01
If Eqn. (41) and Eqn. (42) have opposite signs, we have
Zgz 2
— > fa(a3). (44)
01

If Eqn. (41) and Eqn. (42) have opposite signs, the right-hand side of Eqn. (44) is negative, so,

Eqn. (44) always holds. The condition for the positiveness of Eqn. (41) can be written as

2 _ 02(A3-((1-d)Ay+day)?)

2 k2 [(1-d)2—1] (45)
The condition for the positiveness of Eqn. (42) can be given as
23> ((1 - d)A; + day)2. (46)

The contrary conditions are required for the negativeness of Eqn. (41) and Eqn. (42). The vertical

asymptote of the hyperbola f, (a3) is

2 02(A3—((1-d)A,+da3)?)
27 hka-d)-1]

47)
Theorem 3.

02(b2-(ybo+(1-¥)c2)?)

2
) Ifaz > =

. then

Jror < Jovs for bf < (yby + (1-y)c1)?,

2
Jror < ]OLSC:’% < fz(ag) for bf > (yby + (1 — y)cy)%
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2 _ 02(b3-(yby+(1-7)c2)?)
D) Ifa; <= amraar

, then

Jror < Jovs for bf > (yby + (1-y)c1)?,

2
Jror <Jors < % < fz(ag) for bf < (yb; + (1-y)c1)?,

where
Uz(;gxyb1+(ryya)2)
2 A1 A1b?
f3(a2)=dz( 2 121202 2\
yba+(1-y)c2)?  (1-Y)“(1-d)*as o
( 2203 ' b3 12)

Proof. If the LOL estimator is superior to &, we have J; o1 < Jors. That is,

(48)

o2 + o2 [(Vbl + (1 —=y)e)?z8  (vby + (1 —¥)c2)?25, + (1 -2 - d)a3z5,

A, b? A, b2 b2
<
2 2
2 g2 (%01 Zoz
og°+o (/11 + 1, .

Rearranging this inequality, we get

2 _ 2 —aN2(1—A\2 2 2 _ 2
72 (a (rbz+(1-y)c2) + a-p*a-d)e; o ) < 72,02 (L_ (rb1+(1-y)c) )

02 A2b3 b 2 P 1167

If both

a?(yby+(1-y)cy)? + 1-n*a-a’af o
A, b2 b2 Az

and

o2 (i _ (Yb1+(1—V)C1)2)
A A1b?

have the same signs, we have
Zgz 2
oz < fz(a3z).
01
If Eqn. (49) and Eqn. (50) have opposite signs, we have

78, 2
) > f3(a3).

2
Zg

(49)

(50)

(51

(52)

If Eqn. (49) and Eqn. (50) have opposite signs, the right-hand side of Eqn. (52) is negative, thus

Eqn. (52) always holds. The condition for the positiveness of Eqn. (49) can be written as
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2  02(b3=(yb+(1-y)cz)?)

%2 L (1-)2(1-a)? (53)
Similarly, the condition for the positiveness of Eqn. (50) can be given as
b > (yby + (1 = ¥)cy) (54)

The contrary conditions are required for the negativeness of Eqn. (49) and Eqn. (50). The vertical

asymptote of the hyperbola f;(a3) is at the point

Q2 = 02(bZ-(yby+(1-y)c2)?)
27 0a-v)2(-d)?

(55)
Corollary 3: If y = 0 in Theorem 3, we get Ozbey and Kagiranlar’s [21] results.

Theorem 4.

02(c3-(vby+(1-¥)c3)?)
A2(1-d)2[(1-y)2-1]

a)IfaZ > , then

Jro <Ja forcf < (yby + (1-¥)cy)?,
2
Jior <Ja 33 < fa(@d) for ¢f > (vby + (1y)er)”.

o2(c3-(vby+(1-7)c2)?)
A2(1-d)2[(1-)?-1]

b)IfaZ < , then

Jro <Ja forcf > (yby + (1-¥)cy)?,
2
Jior <Ja 33 < fa(@d) for cf < (vby + (19)er)?,

where

Uz( cf _(yb1+(1-y)cl)2)

A1b% A1b%

a2(yba+(1¥)c)? , A-N2(-d)2ad 02c3 (1-d)2ad)’
A2b3 ' b3 A2b2 b3

(56)

fala3) = (

Proof. If the LOL estimator is superior to &,, we have J; o, < J4. That is,

o o [by + (1-¥)e)?28; | (vby + (1-¥)c2)%25,| - (1) (1-d)?as 25,
oc°+o > > + > <
b2 A,b2 b2
2 4 2 <012251 522252> (1-d)*a3z5,
o
Mbi " A;b3 b3

Rearranging this inequality, we get

, (02(rby + (1 =¥)cy)? N 11—y’ -d)?a; oc; (1- d)ZCX%)
%02 A,b2 b2 A,b2 b2
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Z510

22<& _@m+m—wqf>
. .

Abf Aybf
If both
o? (b +(1-Y)cx)? | (1-p)°(-d)?ad o}  (1-d)%a}
( A b2 + b2 A, b2 b2 ) (7
and
2( i (bi+(1-y)ep)?
g ()le§ A.b2 ) (58)

have the same signs, we have

2
%<ﬁmﬁ (59)

If Eqn. (55) and Eqn. (56) have opposite signs, we have

%2 > fo(ad). (60)

28,
If Eqn. (55) and Eqn. (56) have opposite signs, the right-hand side of Eqn. (58) is negative, thus
Eqn. (58) holds. The condition for the positiveness of Eqn. (55) can be given as follows

2  02(c3=(ybo+(1-7y)c2)?)

2 7 a2y -1] (61)
Similarly, the condition for the positiveness of Eqn. (56) can be given as
cf > (yby + (1 =) (62)

The contrary conditions are required for the negativeness of Eqn. (55) and Eqn. (56). The vertical

asymptote of the hyperbola f, (a2) is

2 _ 02(c=(yb+(1-v)c2)?)
27 na-a2[a-yz-1] (63)

The estimation of the parameters k and d is an important issue. We have not made any attempt to
estimate them. However, we refer our readers to Hoerl and Kennard [1], Kibria [28], Khalaf and

Shukur [29], Muniz and Kibria [30] and Liu [4] among others.
4. Numerical Example

In this section, we will illustrate theoretical results using the example given by Friedman
and Montgomery [20] (i.e., 02 = 1,k = 0.1 and r;, = 0.95) and Ozbey and Kagiranlar [21] (i.e.,
d = 0.9) as well as we let y = 0.5.
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Let us consider the LOR and the OLS estimators. From Eqn. (32), we get

0.004991

2y —

filaz) = 0.0044440%-2.57778’ (64)
which is a hyperbola with a vertical asymptote at

a? = 580. (65)

Because of both z3,/z2; and a3 are positive, we are interested only in the points which lie
in the first quadrant. Figure 1 illustrates this situation. For values of a2 smaller than 580, the LOR
estimator is better than the OLS estimator. For larger values of a3, there is a trade-off between
these two estimators. If the value of the ratio zZ,/z3, is smaller than the value of f; (@3), then the
LOR estimator is superior to the OLS estimator; otherwise, the OLS estimator is better than the
LOR estimator. We take different values of d as 0.1,0.2,...,0.9 to determine the effect of d on
the predictive performance of the LOR estimator and the OLS estimator. Table 1 shows that if d
increases, the value of a% increases. That means, when a% increases, the region where the LOR
estimator is uniformly superior to the OLS estimator increases.

In this part, we get the same results of the example given by Friedman and Montgomery
[20] if d = 0. Also, we get the same results of the example given by Ozbey and Kagiranlar [21]
if k=1.

Let us consider the ORR and the LOR estimators. From Eqn. (40) and Eqn. (47), we get

0.04382
0.44a%-15.2

f2(af) = (66)

and

a3 = 34.54. (67)
Figure 2 shows this case. For values of a7 < 34.54, the LOR estimator is better than &,. For
great values of a3 there is a trade-off between these estimators. If (z2,/z5,) < f,(a3), then the

LOR estimator is superior to &, otherwise &, is better than the LOR estimator.

The effect of d on the PP of the LOR estimator and &, is described in Table 2. Table 2
shows that if d increases, the value of @3 increases. That means, when a2 increases, the region

where the LOR estimator is better than & increases.

Let us take into account the PP of the OLS and the LOL estimators. From Eqn. (48) and
Eqn. (55), we have

2y 0.017236
fa(az) = 0.00226a2-1.8595 (68)

315



Kagiranlar et al. (2021) ADYU J SCI, 11(2), 302-320

and

a? = 820. (69)

Figure 3 shows this situation. For values of a3 < 820, the LOL estimator is uniformly superior
to the @. If (28,/25,) < f3(a3), then the LOL estimator is better than &. Otherwise, @ is better

than the LOL estimator.

The effect of y on the PP of the LOL estimator and & is described in Table 3. Table 3 shows
that if y increases, the value of a2 increases. That means, when a# increases, the region where

the LOL estimator is uniformly superior to & increases.

In this part, we get the same results of the example given by Ozbey and Kagiranlar [21] if

y =0.
Let us examine the PP of the LOL and &;. From Eqn. (56) and Eqn. (63), we have
2y 0.01694
falaz) = 0.00681a2-1.7687 (70)
and
a? = 260. (71)

Figure 4 shows this case. For values of a5 < 260 , the LOL estimator is superior to &,. If
(28,/231) < fa(a?), then the LOL estimator is superior to &;; otherwise, @4 is superior to the

LOL estimator.

The effect of y on the PP of the LOL estimator and &, is described in Table 4. Table 4
shows that if y increases, the value of a2 increases. That means, when a3 increases, the region

where the LOL estimator is uniformly superior to &, increases.

Table 1. d and a2 values for the LOR vs. the OLS

d 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
aZ  46.67 55.00 65.71 80.00 100.00  130.00  180.00  280.00  580.00

Table 2. d and a2 values for the LOR vs. the ORR

d 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a? 11.58 1333 1529 17.50 20.00 22.86 26.15 30.00 34.54

Table 3. y and a3 values for the LOL vs. the OLS

y 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

a? 446.667 505.000 580.000 680.000 820.000 1030.000 1380.000 2080.00  4180.00
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Table 4. y and a3 values for the LOL vs. the Liu

y 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9

a? 201.053 213.333 227.059 242.500 260.000 280.000 303.077  330.000

361.818
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Figure 1: Comparison of the PMSE for LOR and OLS estimators
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Figure 2: Comparison of the PMSE for LOR and ORR estimators
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5. Conclusion

The predictive performance of the LOR estimator over the OLS and the ORR estimators is
evaluated. Similarly, the predictive performance of the proposed LOL estimator over the OLS
and the Liu estimators is examined in the sense of the PMSE. The comparisons of these estimators
are in terms of the PMSE criterion at a specific point in the two-dimensional regressor variable
spaces. In this context, the PMSE of the LOR and the LOL estimators are developed and four
theorems are given. In addition, three corollaries are given here examining that the theorems given
by Friedman and Montgomery [20] and Ozbey and Kagiranlar [21] are just special cases of the

Theorems 1 and 3.
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Abstract

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease and pathologically
characterized by the presence of neurofibrillary tangles (tau aggregation) and amyloid plaques
(amyloid-beta (Af) aggregation). PSEN1 protein with 9 transmembrane helices acts as aspartyl
protease and is one of the catalytic components of y secretase complex, that cleaves amyloid
precursor protein (APP). Furthermore, PSENT1 protein plays a significant role in the process of
APP and in the generation of amyloid beta (Ap). In the present study, it was aimed to estimate
the probable deleterious effects of missense SNPs in PSENI gene that is associated with AD on
protein stability and structure by using bioinformatics tools. SIFT, PolyPhen-2, PROVEAN, PhD-
SNP, and PANTHER PSEP software were used to estimate the deleterious SNPs, whereas I-
Mutant 3.0 and MUpro web tools were used to determine the effects of amino acid substitution
on protein stability. Additionally, the effects of wild type and mutant amino acids on protein three-
dimensional structure via modeling were predicted by Project HOPE webserver. The phylogenetic
conservation of amino acid residues of PSEN1 protein was analyzed by ConSurf. In total, 386
missense SNPs were found in the human PSENT1 gene from the National Center for Biotechnology

Information Single Nucleotide Polymorphism (NCBI dbSNP) database and 65 SNPs of which

* Corresponding Author DOI: 10.37094/adyujsci.884889 L@:
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were determined to be deleterious or damaging. In the present study, 8 significant missense SNPs-
1s63749891 (R278T), rs63750301 (P264L), rs63750353 (N135D), rs63750524 (R278S),
1363750772 (E273A), 1563751229 (P267S), 1s121917807 (G2668S), and rs201617677 (R157S)-
were determined as high-risk pathogenic. Some differences between wild-type amino acids and
mutant amino acids such as hydrophobicity, charge, size, and folding properties were determined
according to the modeling findings. Our study demonstrates that high-risk pathogenic missense
SNPs have the potential to alter the catalytic activity of the y secretase complex and subsequently
the amount of AP40 and AP42. Therefore, these missense SNPs may contribute to AD

pathogenesis studies.
Keywords: Alzheimer’s Disease; PSEN1; Gene; Mutation; SNP.

Zarar Verici SNP’lerin ve Alzheimer Hastaligiyla iliskili PSEN1 Proteinine Etkilerinin

Tanimlanmasi: Hesaplamah Analiz
Oz

Alzheimer Hastalii (AH), progresif ndrodejeneratif hastaliktir ve patolojik olarak
norofibriler yumaklar (tau agregasyonu) ve amiloid plaklarin (amiloid beta (Af) agregasyonu)
varlig1 ile karakterize edilir. 9 transmembran heliks iceren PSENT1 proteini, aspartil proteaz olarak
islev géormektedir ve amiloid Oncii proteini (APP) parcalayan y sekretaz kompleksinin katalitik
bilesenlerinden biridir. Ayrica, PSEN1 proteini APP siirecinde ve amiloid beta (Af) olusumunda
onemli rol oynamaktadir. Bu ¢alismada, AH ile iliskili PSENI genindeki missense (yanlis
anlamli) SNP’lerin protein stabilitesi ve yapisi iizerindeki olasi1 zararli etkilerinin biyoinformatik
araglar kullanilarak tahmin edilmesi amag¢lanmistir. Zararlt SNP’lerin tahmin edilmesinde SIFT,
PolyPhen-2, PROVEAN, PhD-SNP ve PANTHER PSEP yazilimlar1 kullanilirken, amino asit
degisiminin protein stabilitesi tizerindeki etkilerini belirlemek i¢in I-Mutant 3.0 ve MUpro web
araglar1 kullanildi. Ek olarak, yabanil tip ve mutant amino asitlerin proteinin li¢ boyutlu yapisi
izerindeki etkileri ise modelleme yoluyla Project HOPE programu ile tahmin edilmistir. PSEN1
proteininin amino asit kalintilarinin filogenetik korunumu ConSurf'ile analiz edildi. NCBI dbSNP
veritabaninda insan PSENI geninde toplam 386 missense SNP bulundugu ve 65 SNP’nin ise
zararli veya zarar verici oldugu belirlendi. Bu ¢alismada, 8 dnemli missense SNP- rs63749891
(R278T), rs63750301 (P264L), rs63750353 (N135D), rs63750524 (R278S), rs63750772
(E273A), 1563751229 (P267S), 15121917807 (G266S), ve 15201617677 (R1578S)- yiiksekli riskli
patojenik olarak belirlendi. Yabanil tip ve mutant amino asitler arasindaki hidrofobiklik, yiik,
boyut ve katlanma 6zellikleri gibi baz1 farkliliklar modelleme bulgularina gore belirlenmistir.

Calismamiz, yiiksek riskli patojenik missense SNP’lerin y sekretaz kompleksinin katalitik
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aktivitesini ve akabinde AP40 ve AP42 miktarimi degistirme potansiyelinin oldugunu

gostermektedir. Bu nedenle, bu missense SNP'ler, AH patogenez ¢alismalarina katk: saglayabilir.
Anahtar Kelimeler: Alzheimer Hastalig; PSEN1; Gen; Mutasyon; SNP.
1. Introduction

Alzheimer’s Disease (AD) that is the most frequent form of dementia in western
populations is a multifactorial disease with a robust genetic background [1]. It is estimated that
65.7 million people worldwide will have AD in 2030 and 115.4 million in 2050. AD is
pathologically characterized by the presence of neurofibrillary tangles (tau aggregation) and
amyloid plaques (amyloid-beta (Af) aggregation). Consequently, these pathological hallmarks
cause to disruption of synaptic transmission, neuronal cell death, and cognitive deficits [2]. It is
known that the heritability of AD is approximately 60-80% and the genetic mechanisms of AD

remain unclear and have to be elucidated [3].

Presenilin 1 (PSEN1, OMIM: 104311) gene that is localized on chromosome 14 with 12
exons is involved in the pathogenesis of AD. PSEN1 protein with 9 transmembrane helices acts
as aspartyl protease and is one of the catalytic components of y secretase complex, that cleaves
amyloid precursor protein (APP). PSENT1 protein takes a significant role in the process of APP
and in the generation of amyloid beta (AB). PSEN1 as a component of y secretase complex is
implicated in several neurobiological processes such as survival of neurons, memory, and synapse
formation [4]. PSENI mutations are involved in the most frequent form of inherited AD and are

100% penetrant [5].

Single nucleotide polymorphisms (SNPs) are one of the most common type of genetic
variations in human genome and are used as molecular markers for genetic studies. The SNPs
that are located in non-coding RNA and protein-coding genes are classified as functional and
neutral. The functional SNPs affect numerous biological pathways and functions and are risky for
multifactorial diseases such as Alzheimer’s Disease, whereas neutral SNPs do not affect
biological processes [6]. Determination of the deleterious effects of SNPs by in silico methods
contributes to identify the SNPs associated with diseases and then to design the genotyping studies
according to the findings of the in silico studies. In a study, the identification of the
deleterious/damaging effects of missense SNPs in PSEN1 gene was investigated by molecular
dynamics (MD) simulations, it has been reported that no significant association was found

between the structure and function of PSENT1 protein and deleterious SNPs [7].
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In the current study, we aimed to identify missense SNPs in Alzheimer’s disease-associated
PSENI gene to investigate the probable pathogenic effects of SNPs on several properties of the
amino acid residues of PSENI protein such as stability, charge, hydrophobicity, size, folding,

structure, and evolutionary conservation by using bioinformatics tools.
2. Material and Methods
2.1. Determination of gene-gene interactions

Gene-gene functional interactions of PSENI gene were analyzed by GeneMANIA
database. The GeneMANIA Cytoscape app provides researchers to determine the network of
gene-gene interactions. The generated network involves the genes most associated with the
investigated gene or genes and functional annotations from Gene Ontology. The database contains
more than 500 million interactions spanning eight organisms: Homo sapiens, Mus musculus,
Rattus norvegicus, Danio rerio, Caenorhabditis elegans, Arabidopsis thaliana, Saccharomyces

cerevisiae, and Drosophila melanogaster [8].
2.2. Data mining

SNPs in the human PSENI gene were obtained from NCBI dbSNP database in August
2020. Those missense SNPs were extracted for further analysis. The sequence and accession
number of the protein encoded by PSENI gene were retrieved from NCBI dbSNP and Uniprot
databases. The Single Nucleotide Polymorphism database is a variation database that involves
entries submitted by private organizations and public laboratories for numerous organisms [9].
The Uniprot database contains protein sequences and related annotation in detail. Uniprot enables

researchers to analyze large amounts of sequence and functional knowledge for proteins [10].
2.3. Identification of deleterious/damaging SNPs

Online publicly accessible web tools were used in order to identify deleterious/damaging

SNPs. In this regard, the procedure was followed step by step as shown in Fig. 1.

SIFT/PolyPhen-2/ I-Mutant/Mupro
PSEN1 N NCBI dbSNP —y PROVEAN/PhD-SNP/ PROJECT HOPE
PANTHER PSEP ConSurf

Figure 1: Online web tools used for SNP analysis (adapted from [11])
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The Sorting Intolerant from Tolerant (SIFT) web server estimates the effects of
substitutions of amino acids on proteins according to sequence homology and physical properties
of amino acids. This algorithm enables users to characterize missense mutations [12]. The cutoff
value in the SIFT software is a tolerance index of >0.05 [13]. An amino acid substitution with a
value of <0.05 is estimated as deleterious/intolerant to the human body, whereas a value of >0.05
is estimated as tolerable [14]. PolyPhen-2 (Polymorphism Phenotyping v2) is an online web
server that estimates the potential effects of amino acid substitutions on the function and stability
of human proteins according to comparative and structural evolutionary assessment. The
predictive findings are obtained as deleterious or intolerant [15]. This online web tool performs a
score calculation based on the identification of a protein whose 3D-structure is known and its
substitution site. PolyPhen score (PSIC) is calculated for each individual variant of sites and the
differences were determined. It is known that there is a direct correlation between the score
differences of variants and functional impacts of a specific amino acid substitution [13]. Protein
Variation Effect Analyzer (PROVEAN) web server is used for the estimation of the functional
effects of deletions, insertions, and amino acid substitutions. The cutoff score was adjusted to -
2.5 in PROVEAN web server for high accuracy [16]. Predictor of human Deleterious Single
Nucleotide Polymorphisms (PhD-SNP) predicts the effect of a mutation as a neutral or disease-
related (pathogenic) with a reliability index score [17]. Freely available web tool PANTHER-
PSEP estimates missense variations which may be implicated in the pathogenesis of human

diseases based on the phylogenetically conservation scores [18].

2.4. Determination of the effects of deleterious/damaging SNPs on the stability of
PSENT1 protein

In the present study, [-Mutant 3.0 and MUpro programs were used in order to determine
the impacts of amino acid substitution on protein stability. [-Mutant 3.0 estimations are carried
out initiating either from the protein sequence or protein structure. I-Mutant 3.0 software presents
the association between protein stability and free energy change value (DDG) between wild type
and mutant amino acids. DDG value <0 (kcal/mol) indicates a decrease in stability, whereas DDG
value >0 (kcal/mol) presents an increase in stability. Consequently, it provides a prediction of
protein stability as decreased or increased [ 19]. MUpro predicts the effects of mutations on protein

stability based on the tertiary structure of the protein and the protein sequence [20].
2.5. Modeling of deleterious/damaging SNPs by Project HOPE

Project HOPE is a user friendly web application that analyzes the structural impacts of a

mutation of interest. Project HOPE obtains structural information from several sources such as
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sequence annotations in UniProt, calculations on three-dimensional protein structure, and
estimations from the Reprof database. HOPE integrates this information to analyze the effects of
a specific mutation on the protein structure. Moreover, HOPE enables users to predict the effects

of wild type and mutant amino acids on protein 3D-structure via modeling [21].
2.6. Prediction of evolutionary conservation

ConSurf bioinformatics tool was used for the analysis of the phylogenetic conservation of
amino acid residues of PSEN1 protein with the conservation scores in the range of 1 and 9 (1:

rapidly evolving regions; 9: conserved positions) [22].

3. Results and Discussion

The gene-gene interaction network of PSENI gene is shown in Figure 2. The findings of

GeneMANIA tool show that the human PSEN] gene has 165 interactions in total with 21 genes.

A total of 22,537 variations in the human PSENI gene, 386 of which were missense was
found in NCBI dbSNP database. In the current study, 65 missense SNPs were determined as
pathogenic by at least 4 of SIFT, PolyPhen-2, PROVEAN, PhD-SNP, and PANTHER PSEP
software (Table 1).

)

O 0 o

P P O Networks

Physical Interactions

@ @ @ Co-expression

Predicted
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' Shared protein domains

=

Figure 2: Gene-gene interactions of PSEN|1
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Protein stability affects three-dimensional structure and function of protein. Alterations in
protein stability cause to protein misfolding, degradation, and aggregation [23]. The effects of 65
high-risk missense SNPs of PSENI on protein stability was analyzed by I-Mutant 3.0 and MUpro
software. The missense SNPs with DDG value <0 were estimated to destabilize PSEN1 protein.
Moreover, the missense SNPs with DDG value <-1 were predicted to decrease significantly
protein stability. These findings demonstrate that 7 of these SNPs lead to increase of protein
stability (shown by at least one of two algorithmic programs), whereas 58 of these SNPs result in
decrease of protein stability. 31 variants of PSENI with AAG values less than —1 kcal/mol
(C410Y, L113P, F386S, L226R, Y115D, 1229F, L282R, L258F, L166R, T291P, R278S, A246E,
P117S, Y154N, L85P, V272A, 1213F, L271V, V261F, M233T, L174R, L420R, C92S, L174M,
L2508, L286V, 1213T, L153V, W165C, R108W, F205L) significantly decreased the stability of
PSENI1 protein (see Table 2).

Each amino acid has specific size, charge, and hydrophobicity values. Generally, wild-type
and mutant residues have some differences in the regard of these properties. The findings of

modeling of deleterious SNPs in PSENI gene are seen in Table 3.

Phylogenetic conservation is vital for the determination of the negative consequences of
mutations [23]. The amino acids located in conserved regions were highly damaging compared
to the amino acids positioned in other sites. According to the ConSurf web server, R278T, P264L,
N135D, R278S, E273A, P267S, G266S, P218L, and R157S were predicted as highly conserved
and these residues were determined as functional residues. The findings of ConSurf are shown in

Figure 3.
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Table 1: Missense SNPs of PSEN] gene estimated as pathogenic by several bioinformatics tools

. & : =

= %é Ty 3 £ i z E%A . - ém EE

> $2 EF - £ EE 0§ 2% z% z & EZ Es

723 i 8 E > £3 £ = § @ ZZ

£ e =

rs661 G/A C410Y DEL 0 Pro-damg 1000 DEL -9.987 Discase 7  Pro-damg  0.89
1563749805 T L113P  DEL 0.003 Pro-damg 1.000 DEL -5.966 Disease 5 Pro-damg  0.85
1563749824 T A79V  DEL 0.018 Pro-damg 1.000 DEL -3.627 Neutral 0 Pro-damg  0.85
1563749836 G/A A231T DEL 0.046 Pro-damg 1.000 DEL -3.647 Neutral 3 Pro-damg  0.85
1563749860 T/C F38S DEL 0 Pro-damg 1.000 DEL -7.334 Disease 5 Pro-damg  0.89
1563749880 G/A G209R  DEL 0 Pro-damg 1.000 DEL -7.560 Disease 7 Pro-damg  0.89
1563749891 G/C R278T  DEL 0.001 Pro-damg 1.000 DEL -5.462 Disease 2 Pro-damg  0.89
1563749961 T/G L226R DEL 0 Pro-damg 1.000 DEL -5.670 Disease 4 Pro-damg  0.86
1563749962 T/G Y115D  DEL 0.003 Pro-damg 1.000 DEL 9.319 Disease 3 Pro-damg  0.86
1563749967 G/C V82L  DEL 0.004 Pro-damg 0.998 DEL 2722 Neutral 3 Pro-damg  0.85
1563749970 AT 1229F  DEL 0.003 Pro-damg 1.000 DEL -3.680 Disease 4 Pro-damg  0.74
1563749987 T L219F DEL 0.003 Pro-damg 1.000 DEL -3.780 Disease 0 Pro-damg  0.85
1563750050 T/G L282R  DEL 0.001 Pro-damg 0.998 DEL -4.560 Disease 5 Benign 0.5
1563750053 G/T G209V DEL 0 Pro-damg 1.000 DEL -8.505 Disease 8 Pro-damg  0.89
1563750248 G/C L258F  DEL 0.002 Pro-damg 1.000 DEL -3.663 Neutral 3 Pro-damg  0.85
1563750265 T/G LI66R DEL 0 Pro-damg ~ 0.999 DEL -5.667 Disease 6 Pro-damg  0.85
1563750298 A/C T291P  DEL 0.041 Pro-damg 0.999 DEL -3.649 Disease 5 Pro-damg  0.54
1563750301 T P264L.  DEL 0.004 Pro-damg 1.000 DEL 9.075 Disease 6 Pro-damg  0.89
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Table 1: (Continued)
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1s63750306  A/C MI46L  DEL 0015 ppodgamg ~ 0.942 DEL -2.838 Discase 6  Pro-damg  0.85
1563750324 C/T P284S  DEL 0.001 Pro-damg 1.000 DEL -7.276 Disease 0 Pro-damg  0.89
1s63750353 A/G N135D DEL 0.023 Pro-damg 0.999 DEL -4.685 Disease 7 Pro-damg  0.89
1563750418 T/C S169P  DEL 0.001 Pro-damg 0.997 DEL -4.746 Disease 7 Pro-damg  0.85
1563750444 G/A G217D  DEL 0.001 Pro-damg 1.000 DEL -6.448 Disease 7 Pro-damg  0.85
1$63750487 C/T L226F DEL 0.003 Pro-damg 1.000 DEL -3.780 Neutral 3 Pro-damg  0.86
1$63750524 A/C R278S  DEL 0.001 Pro-damg 1.000 DEL -5.445 Disease 2 Pro-damg  0.89
1563750526 C/A A246E  DEL 0.007 Pro-damg 0.995 DEL 3111 Disease 5 Benign 0.5
1$63750550 C/T P117S  DEL 0.007 Pro-damg 1.000 DEL -7.248 Neutral 2 Pro-damg  0.85
1563750577 C/T S170F  DEL 0.005 Pro-damg 0.999 DEL -5.564 Disease 6 Pro-damg  0.85
1563750588 T/A Y154N  DEL 0.009 Pro-damg 1.000 DEL -8.456 Disease 5 Pro-damg  0.89
1$63750599 T/C L85P  DEL 0.001 Pro-damg 1.000 DEL -6.391 Disease 7 Pro-damg  0.85
1563750601 G/T V96F  DEL 0.001 Pro-damg 1.000 DEL -4.643 Disease 5 Pro-damg  0.85
1$63750634 T/G L250V  DEL 0.002 Pro-damg 1.000 DEL -2.860 Neutral 1 Pro-damg  0.89
1563750680 T/C V272A DEL 0.001 Pro-damg 0.999 DEL -3.563 Neutral 5 Pro-damg  0.85
1563750772 A/C E273A  DEL 0.003 Pro-damg 0.999 DEL -5.462 Neutral 3 Pro-damg  0.86
1s63750815 G/T V8IL  DEL 0.045 Pro-damg 0.998 DEL -2.739 Neutral 5 Pro-damg  0.85
1$63750852 G/A M93V  DEL 0.002 Pro-damg  0.988 DEL -3.719 Neutral 1 Pro-damg  0.89
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1s63750861 A/T 1213F DEL 0.044 Pro-damg 1.000 DEL -3.780 Disease 5 Pro-damg 0.85
1$63750863 C/IT P284L  DEL 0.002 Pro-damg 1.000 DEL -9.158 Disease 5 Pro-damg 0.89
1s63750886 C/G L271V ~ DEL 0.003 Pro-damg 0.999 DEL -2.722 Neutral 6 Pro-damg 0.89
1363750907 C/T T1471 DEL 0.008 Pro-damg 1.000 DEL -5.612 Disease 6 Pro-damg 0.89
1563750964 G/T V261F  DEL 0 Pro-damg 1.000 DEL -4.537 Disease 4 Pro-damg 0.85
1563751024 T/C M233T  DEL 0.003 Pro-damg 0.998 DEL -5.503 Disease 4 Pro-damg 0.85
1563751025 T/G L174R  DEL 0.001 Pro-damg 0.999 DEL -5.552 Disease 6 Pro-damg 0.89
1563751032 T/G L420R  DEL 0.001 Pro-damg 0.997 DEL -5.103 Disease 6 Pro-damg 0.85
rs63751071 T/G M1391 DEL 0.001 Pro-damg 0.988 NEUTRAL -1.710 Disease 6 Pro-damg 0.78
rs63751102 G/T C263F DEL 0.012 Pro-damg 0.987 DEL -6.852 Disease 6 Pro-damg 0.89
1563751141 G/C €928 DEL 0.008 Pro-damg 1.000 DEL -9.131 Disease 2 Pro-damg 0.86
1363751144 C/A L174M  DEL 0.006 Pro-damg 0.999 NEUTRAL -1.762 Disease 0 Pro-damg  0.89
1563751163 T/C L2508 DEL 0 Pro-damg 1.000 DEL -5.720 Disease 4 Pro-damg 0.89
1563751210 aT S169L  DEL  0.001 Pro-damg 0.977 DEL -5.679 Disease 6 Pro-damg 0.85
1563751229 aT P267S DEL  0.003 Pro-damg 1.000 DEL -7.260 Neutral 3 Pro-damg 0.89
1563751235 C/G L286V  DEL  0.02 Pro-damg 0.999 DEL -2.706 Neutral 4 Pro-damg 0.89
1563751292 A/G Y154C  DEL 0.001 Pro-damg 1.000 DEL -8.459 Disease 2 Pro-damg 0.89
1563751309 T/C 1213T DEL  0.002 Pro-damg 1.000 DEL -4.723 Disease 3 Pro-damg 0.85
1563751420 aT A260V DEL 0 Pro-damg 1.000 DEL -3.663 Neutral 2 Pro-damg 0.89
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Table 1: (Continued)
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63751441 C/G LISV DEL 0013 pogame 099 ppL 2503 Neumal 2 Prodame 089
163751484 - G/CWI6SC - DEL 0 Pro-damg 1000 DEL 12335  Disease 5  Pro-damg  0.89
15121917807  G/A  G266S DEL 0 Pro-damg 1000 DEL 5445 Discase 0  Pro-damg  0.89
15200576075 /T RIOSW DEL 0009  Pprodamg 1000  DEL 2958  Discase 5 Prodamg 0.7
15267606983  G/C  G217R  DEL 0.003  prodamg 1000  DEL 7326  Disease 5  Prodamg 085
rs1042864 T/G F205L DEL  0.004 Pro-damg 1.000 DEL -5.595 Neutral 1 Pro-damg 0.89
rs140064975 - C/T  P218L  DEL 0.003  Pro-damg 1000 DEL 9450  Disease 7  Pro-damg  0.89
rs146855665  A/G - MO3V. DEL 0003 pro-damg 0988 DEL 3719  Neutral 1 Pro-damg  0.89
15200065583  A/G  YI95C DEL 0.042  prodamg 0999  DEL 8064  Disease 5  Prodamg 085
rs201617677  GT  R157S  DEL 0007  Pro-damg 0992  DEL 5445 Disease 5 Pro-damg _ 0.85

DEL: Deleterious; Pro-damg: Probably Damaging
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Table 2: Effects of missense SNPs on PSEN1 protein stability by MUpro and -MUTANT 3.0

SNP ID A:;ii‘c‘l" MUpro MUpro I-MUTANT I-MUTANT
change Result DDG Result RI

rs661 C410Y Decrease -1.5702591 Decrease 4
rs63749805 L113P Decrease -1.2471141 Decrease 5
1563749824 AT9V Increase 0.30877608 Increase 3
rs63749836 A231T Decrease -0.7915774 Decrease 8
rs63749860 F386S Decrease -2.0290316 Decrease 8
rs63749880 G209R Decrease -0.4073739 Decrease 6
rs63749891 R278T Decrease -0.82107432 Decrease 8
rs63749961 L226R Decrease -1.4840623 Decrease 6
rs63749962 Y115D Decrease -1.130926 Decrease 0
1563749967 V82L Decrease  -0.035332349 Decrease 8
rs63749970 1229F Decrease -1.0943433 Decrease 8
rs63749987 L219F Decrease -0.60164771 Decrease 7
rs63750050 L282R Decrease -1.8779089 Decrease 9
rs63750053 G209V Decrease -0.24172348 Decrease 4
163750248 L258F Decrease -1.1461876 Decrease 8
163750265 L166R Decrease -1.5897411 Decrease 7
rs63750298 T291P Decrease -1.6653398 Decrease 4
rs63750301 P264L Decrease -0.14082925 Decrease 8
rs63750306 M146L Decrease -0.35915167 Decrease 6
rs63750324 P284S Decrease -0.85404669 Decrease 9
rs63750353 N135D Decrease -0.48001694 Decrease 1
rs63750418 S169P Increase 0.27204534 Increase 3
rs63750444 G217D Decrease -0.51867258 Decrease 4
rs63750487 L226F Decrease -0.9439387 Decrease 7
rs63750524 R278S Decrease -1.0422465 Decrease 9
rs63750526 A246E Decrease -1.1272521 Decrease 4
rs63750550 P117S Decrease -1.5170786 Decrease 8
rs63750577 S170F Decrease -0.76852242 Decrease 1
rs63750588 Y154N Decrease -1.1430991 Decrease 7
rs63750599 L85P Decrease -2.1723561 Decrease 6
rs63750601 VI6F Decrease -0.43148039 Decrease 8
rs63750634 L250V Decrease -0.92485763 Decrease 8
rs63750680 V272A Decrease -1.5337295 Decrease 8
rs63750772 E273A Decrease -0.65624872 Decrease 7
rs63750815 V8IL Decrease -0.16833404 Decrease 7
rs63750852 M93V Decrease -0.66951747 Decrease 5

332



Avsar (2021) ADYUJ SCI, 11(2), 321-349

Table 2: (Continued)

SNP ID A:;ii‘c‘l" MUpro MUpro I-MUTANT I-MUTANT
change Result DDG Result RI
rs63750861 1213F Decrease -1.0867232 Decrease 8
rs63750863 P284L Increase 0.060398754 Decrease 1
rs63750886 L271V Decrease -1.2309305 Increase 8
rs63750907 T1471 Increase 0.18845675 Decrease 4
rs63750964 V261F Decrease -1.0883674 Decrease 9
rs63751024 M233T Decrease -1.6717531 Decrease 7
rs63751025 L174R Decrease -2.1523904 Decrease 5
rs63751032 L420R Decrease -1.3814382 Decrease 6
rs63751071 M1391 Decrease -0.32100029 Decrease 6
rs63751102 C263F Decrease -0.56900868 Decrease 3
rs63751141 C928 Decrease -2.0291827 Decrease 4
rs63751144 L174M Decrease -1.4928968 Decrease 2
rs63751163 L250S Decrease -1.6753384 Decrease 9
rs63751210 S169L Decrease -0.26655644 Decrease 0
rs63751229 P267S Decrease -0.77273729 Decrease 8
rs63751235 L286V Decrease -1.3590371 Decrease 8
rs63751292 Y154C Decrease -0.54194646 Decrease 4
rs63751309 1213T Decrease -2.0230433 Decrease 8
rs63751420 A260V Increase 0.18155527 Increase 3
rs63751441 L153V Decrease -1.4723186 Decrease 7
rs63751484 W165C Decrease -1.3047304 Decrease 7
rs121917807 G266S Decrease -0.58466487 Decrease 8
1s200576075 R108W Decrease -1.4052264 Decrease 4
15267606983 G217R Decrease -0.46268638 Decrease 5
rs1042864 F205L Decrease -1.315548 Decrease 5
rs140064975 P218L Increase 0.3308844 Decrease 2
rs146855665 MI3V Decrease -0.66951747 Decrease 5
1s200065583 Y195C Decrease -0.92612274 Decrease 2
1s201617677 R157S Decrease -0.64541036 Decrease 8
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SNP ID

Modeling

Description

1s661

OH

SH 4 §
/<(0H | =
HoN
[e]
HoN

| Y
<

Conversion of cysteine into
tyrosine at position 410 due to
rs661  polymorphism. The
mutant  residue is less
hydrophobic than wild-type
residue

1563749805

‘ OH
N
HzNﬁ;oH <H\/IY

o

Conversion of leucine into
proline at position 113 due to
163749805  polymorphism.
This mutation is probably
damaging to the protein

1s63749824

1563749836

Conversion of alanine into
valine at position 79 due to
1563749824 polymorphism and
it is probably damaging to the
protein

Conversion of alanine into
threonine at position 231 due to
rs63749836 and it is located in
transmembrane domain and
affects the interactions with
membrane lipids

1563749860

Conversion of phenylalanine
into serine at position 386 due
to 1s63749860 polymorphism
and it is located close to active
site and affects protein
function and interactions with
membrane lipids

1563749880

Conversion of glycine into
arginine at position 209 due to
1s63749880 polymorphism and
it is probably damaging to the
protein

1563749891

Conversion of arginine into
threonine at position 278 due to
rs63749891  polymorphism.
This mutation is probably
damaging to the protein
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SNP ID

Modeling

Description

1563749961

Conversion of leucine into arginine
at position 226 due to rs63749961
polymorphism. This mutation is
probably damaging to the protein

1563749962

Conversion of tyrosine into aspartic
acid at position 115 due to
163749962 polymorphism. The
mutant residue may cause to loss of
interactions

1563749967

Conversion of valine into leucine at
position 82 due to rs63749967
polymorphism. The mutant residue
may cause to bumps due to being
bigger than wild-type

1563749970

Conversion of isoleucine into
phenylalanine at position 229 due to
163749970 polymorphism. The
mutant residue may cause to bumps
due to being bigger than wild-type

1563749987

Conversion of leucine into
phenyalanine at position 219 due to
163749987 polymorphism. This
mutation is probably damaging to
the protein

rs63750050

Conversion of leucine into arginine
at position 282 due to rs63750050
polymorphism. The mutation is
possibly damaging

1563750053

Conversion of glycine into valine at
position 209 due to rs63750053
polymorphism. The mutant residue
is bigger and more hydrophobic than
the wild-type residue
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SNP ID

Modeling

Description

1563750248

Conversion of leucine into
phenylalanine at position 258
due to 1$63750248
polymorphism. The mutant
residue is bigger than wild-type
residue  and affects the
interactions with lipid
membrane

1563750265

Conversion of leucine into
arginine at position 166 due to
rs63750265

polymorphism. The mutant
residue is less hydrophobic
than the wild-type residue

1563750298

Conversion of threonine into
proline at position 291 due to
163750298  polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

1563750301

1563750306

Conversion of proline into
leucine at position 264 due to
163750301 polymorphism.
This mutation might disturb the
conformation

Conversion of methionine into
leucine at position 146 due to
1s63750306  polymorphism.
The mutant residue is smaller
and it may cause to loss of
interactions

1563750324

Conversion of proline into
serine at position 284 due to
1563750324 polymorphism and
it is probably damaging to the
protein

1563750353

Conversion of asparagine into
aspartic acid at position 135
due to 1$63750353
polymorphism. The charge of
mutant residue is different
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Table 3: (Continued)

SNP ID Modeling Description

Conversion of serine into
proline at position 169 due to
163750418  polymorphism.
The mutant residue is more
hydrophobic and affects the
interactions with membrane
lipids

1563750418

Conversion of glycine into
aspartic acid at position 217
- due to rs63750444
~ polymorphism. This mutation
may lead to incorrect
conformation and disturb the
local structure

1s63750444 \

Conversion of leucine into
phenylalanine at position 226
due to rs63750487
polymorphism and it is
probably damaging to the
protein

1563750487

Conversion of arginine into
serine at position 278 due to
163750524  polymorphism.
The mutant residue is more

— hydrophobic and may lead to
loss of hyrogen bonds and
- misfolding

1563750524

QH
O
H . . .
“QNJ\"/O j{ Conversion of alanine into
O

glutamic acid at position 246
rs63750526 j: o due to rs63750526
\Cé b= polymorphism. This mutation
‘ g\:a leads to loss of hydrophobic

interactions

%OH i LN/OH Conversion of proline into
H 2
o

3 serine at position 117 due to
1s63750550 1s63750550  polymorphism.
This mutation may lead to

| - incorrect conformation and
S 5= disturb the local structure

OH
> N%(OH ; Conversion of serine into
= OH
HoN

phenylalanine at position 170

1563750577 \ due to rs63750577
polymorphism. The mutant

residue is more hydrophobic
and may lead to loss of hyrogen
22 — N = bonds and misfolding
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SNP ID

Modeling

Description

rs63750588

Conversion of tyrosine into
asparagine at position 154 due
to rs63750588 polymorphism.
This mutation leads to loss of
hydrophobic interactions

1563750599

Conversion of leucine into
proline at position 85 due to
163750599  polymorphism.
This mutant residue is smaller
and therefore it may lead to
loss of interactions

1563750601

Conversion of valine into
phenylalanine at position 96
due to 1s63750601
polymorphism. This mutant
residue may cause to bumps
due to being bigger than wild-

type

1563750634

Conversion of leucine into
valine at position 250 due to
1s63750634  polymorphism.
This mutant residue is smaller
and it may cause to loss of
interactions

1563750680

Conversion of valine into
alanine at position 272 due to
rs63750680  polymorphism.
The mutant residue is smaller
and it may cause to loss of
interactions

1563750772

Conversion of glutamic acid
into alanine at position 273 due
to rs63750772 polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

1563750815

Conversion of wvaline into
leucine at position 89 due to
rs63750815  polymorphism.
The mutant residue may cause
to bumps due to being bigger
than wild-type
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SNP ID

Modeling

Description

1s63750852

Conversion of methionine into
valine at position 93 due to
163750852 polymorphism. This
mutant residue is smaller and
therefore it may lead to loss of
interactions

1563750861

Conversion of isoleucine into
phenylalanine at position 213
due to
163750861 polymorphism. The
mutant residue may cause to
bumps due to being bigger than
wild-type

1563750863

Conversion of proline into
leucin at position 284 due to
1s63750863 polymorphism and
it is probably damaging to the
protein

1563750886

Conversion of leucine into valine
at position 271 due to
163750886 polymorphism. The
mutant residue is smaller and it
may cause to loss of interactions

1563750907

Conversion of threonine into
isoleucine at position 147 due to
163750907 polymorphism. The
mutant  residue is  more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

1563750964

Conversion of valine into
phenylalanine at position 261
due to 1563750964
polymorphism. The mutant
residue may cause to bumps due
to being bigger than wild-type

1s63751024

Conversion of methionine into
threonine at position 233 due to
163751024 polymorphism. The
mutant residue is smaller and it
may cause to loss of interactions
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Table 3: (Continued).

SNP ID Modeling Description

Conversion of leucine into
arginine at position 174 due to
163751025  polymorphism.
This mutation leads to loss of
hydrophobic interactions

1563751025

Conversion of leucine into
arginine at position 420 due to
1s63751032
polymorphism. This mutation
leads to loss of hydrophobic
interactions

1s63751032

Conversion of methionine into
isoleucine at position 139 due
to rs63751071 polymorphism.
The mutant residue is smaller
and it may cause to loss of
interactions

rs63751071

Conversion of cysteine into
phenylalanine at position 263
due to 1s63749836
polymorphism and it is
probably damaging to the
protein

rs63751102

Conversion of cysteine into
serine at position 92 due to
1s63751141 polymorphism and
it is probably damaging to the
protein

1s63751141

Conversion of leucine into
methionine at position 174 due
to rs63751144 polymorphism.
The mutant residue may cause
to bumps due to being bigger
than wild-type

rs63751144

Conversion of leucine into
serine at position 250 due to
1s63751163

polymorphism. This mutation
is probably damaging to the
protein

1563751163
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SNP ID

Modeling

Description

rs63751210

1s63751229

Conversion of serine into
leucine at position 169 due to
rs63751210  polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

Conversion of proline into
serine at position 267 due to
163751229  polymorphism.
This mutation may lead to
incorrect conformation and
disturb the local structure

1563751235

Conversion of leucine into
valine at position 286 due to
rs63751235

polymorphism. The mutant
residue is smaller and it may
cause to loss of interactions

1s63751292

Conversion of tyrosine into
cysteine at position 154 due to
163751292 polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

1s63751309

Conversion of isoleucine into
threonine at position 213 due
to rs63751309 polymorphism.
The mutant residue is smaller
and it may cause to loss of
interactions

1s63751420

Conversion of alanine into
valine at position 260 due to
163751420  polymorphism
and it is probably damaging to
the protein

1s63751441

Conversion of leucine into
valine at position 153 due to
1s63751441  polymorphism.
This mutation is probably
damaging to the protein
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Table 3: (Continued)

SNP ID Modeling Description

Conversion of tryptophan into
cysteine at position 165 due to
163751484  polymorphism.
This mutation is probably
damaging to the protein

rs63751484

Conversion of glycine into
serine at position 266 due to
rs121917807 polymorphism.
This mutation may lead to
incorrect conformation and
disturb the local structure

rs121917807

Conversion of arginine into
tryptophan at position 108 due
to rs200576075
polymorphism and it is
probably damaging to the
protein

15200576075

Conversion of glycine into
arginine at position 217 due to
1s267606983 and it s
probably damaging to the
protein

15267606983

Conversion of phenylalanine
into leucine at position 205
due to rs1042864
polymorphism. The mutant
residue is smaller and it may
cause to loss of interactions

151042864

Conversion of proline into
leucine at position 218 due to
rs140064975 polymorphism
and it is probably damaging to
the protein

15140064975

Conversion of methionine
into valine at position 93 due
to rs146855665
polymorphism. This mutation
is probably damaging to the
protein

15146855665
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Table 3: (Continued)

SNP ID Modeling

Description

OH o

15200065583 FAz

Conversion of tyrosine into
cysteine at position 195 due to
rs200065583  polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

rs201617677

o

Conversion of arginine into
serine at position 157 due to
1s201617677 polymorphism.
The mutant residue is more
hydrophobic and may lead to
loss of hyrogen bonds and
misfolding

I wild-type residue Ml mutant residue
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Alzheimer’s Disease is a progressive neurodegenerative disease and caused by abnormal
accumulation of tau protein and amyloid beta (AP) in the central nervous system [24]. Human
PSENI is one of the causative genes in the pathogenesis of AD. On the other hand, the
underpinning mechanism of that how PSENI mutations cause to dementia and neurodegeneration

is needed to be elucidated [25].

In the current study, the target SNPs in the human PSENI gene with an approach based
on the computer-based software tools such as PolyPhen-2, SIFT, PROVEAN, PhD-SNP,
PANTHER PSEP, [-Mutant 3.0, MUpro, Project HOPE, and ConSurf were determined before
experimental studies. Determination of target SNPs that have pathogenic effects on the protein
structure and stability by in silico methods is significant for genotyping studies. In this study, the

SNPs that might have functional effects on the PSEN1 protein were investigated.

It has been determined that these 386 SNPs in the human PSENI gene are missense and
65 polymorphisms are deleterious/damaging. The PSENI rs63749824, rs63750418, rs63750863,
rs63750886, rs63750907, rs63751420, and rs140064975 polymorphisms resulting in A79V,
S169P, P284L, 1271V, T1471, A260V, and P218L amino acid substitutions, respectively,

increase protein stability, whereas other 58 polymorphisms lead to decrease of protein stability.

The genes that PSEN1 gene interacted most with were NCSTN (nicastrin), PSEN2
(presenilin 2), and CTNND2 (catenin delta 2), respectively, according to the findings of the
GeneMANIA software tool. Moreover, GeneMANIA results indicated that NCSTN, PSEN2, and
CTNND?2 genes have several significant functional roles such as beta-amyloid metabolic process,

amyloid precursor protein metabolic process, and positive regulation of apoptosis.

Determination of the effects of amino acid substitutions on protein structure and function
is crucial in order to elucidate the complex mechanisms of human diseases caused by single
nucleotide polymorphisms [26, 27, 28]. Project HOPE software findings have provided
significant information about the probable effects of missense SNPs in the human PSEN! gene.
Findings of the current study have reported that amino acid substitutions in the PSEN] gene affect
the interactions with membrane lipids, charge, and hydrophobicity, and may cause to loss of
interactions, bumps due to being bigger than wild-type, loss of hydrogen bonds and misfolding,
incorrect conformation and disturb the local structure. It has been demonstrated that rs63749805,
1363749824, 1563749880, 1563749891, 1563749961, 1563749987, 1563750050, 1563750324,
1363750487, 1563750863, 1563751102, 1563751141, 1563751163, 1563751420, rs63751441,
rs63751484, 1s200576075, rs267606983, rs140064975, rs146855665 polymorphisms in the
PSENI gene may lead to probably damaging to PSEN1 protein.
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In a study conducted with early-onset AD cases, three rare missense variants (G417A,
G209A, and T119]) were found to be significant in the pathogenesis of AD [29]. It has been
reported that PSEN1 W165C had pathogenic effect on early-onset AD [30]. In our study, PSEN1
W165C was determined as damaging. It has been demonstrated that PSEN1 P264L was
pathogenic in Turkish dementia patients [31]. Similarly, PSEN1 P264L was found to be high-risk
pathogenic missense SNP in the current study. Veugelen et al. reported that PSEN1 C410Y

variants may be implicated in the generation of AfS [32].

According to the data obtained from PolyPhen-2, SIFT, PROVEAN, PhD-SNP, PANTHER
PSEP bioinformatics programs, 65 missense SNPs were determined as damaging. 8 missense
SNPs were evaluated as high-risk pathogenic due to their effects on protein stability, being in
highly conserved positions of the protein sequence, and causing changes in some properties of
the protein, such as charge and hydrophobicity. Based on the findings of the current study in
general, it was demonstrated 8 significant missense SNPs -1rs63749891 (R278T), rs63750301
(P264L), rs63750353 (N135D), rs63750524 (R278S), rs63750772 (E273A), 1s63751229
(P267S), 15121917807 (G266S), and 15201617677 (R157S)- were determined as high-risk
pathogenic since: a) the 8 missense SNPs were predicted to be damaging by at least 4
bioinformatics tools; b) these missense SNPs may decrease the stability of PSEN1 protein; c) it
was determined that these 8 missense SNPs were in highly conserved positions in the protein
sequence; d) 3D-modeling showed that these SNPs were damaging to PSEN1 protein and may

cause to some changes such as charge, and hydrophobicity.

Our study demonstrates that high-risk pathogenic missense SNPs may have the potential to
alter catalytic activity of y secretase complex and subsequently the amount of AB40 ve AB42.

Therefore, these missense SNPs may contribute to AD pathogenesis studies.

4. Conclusion

The current study investigated the effects of functional SNPs associated with the human
PSENI gene via computational methods due to the relationship between PSEN1 and Alzheimer’s
Disease. In a total of 22,537 SNPs in PSEN1 gene, 386 SNPs were found to be missense.
Moreover, 8 significant missense SNPs were determined as high-risk pathogenic by all of the
bioinformatic tools used in this study. We suppose that the results of the present study comprise
a basis for future experimental and in silico studies. The present study suggests that function
and/or structure of PSEN1 protein might be disturbed by various missense SNPs. These missense
SNPs may be mightily considered as main targets in causing diseases such as AD associated with

PSEN1 malfunction and therefore will be helpful for the development of novel and effective
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drugs. It is known that in silico analysis of missense SNPs in human genes that are associated

with AD is notable for future population and candidate gene studies.
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Abstract

The aim of this study is to comparatively investigate the decolorization of Reactive Blue
171 (RB 171) by using three different bacterial strains as Bacillus megaterium Al (Al),
Gordonia sp. MC-D1 (D1), and Bacillus pumilus D3 (D3) and also a white rot fungus
(Pleurotus ostreatus). All tested bacteria were incubated with RB 171 dye at 150 mg/L
concentration for 24-72 h under static or agitated (150 rpm) conditions while the fungus was
incubated with 150 mg/L of the dye under the same conditions for 3-24 h. The highest bacterial
decolorization values were obtained after 72 h of incubation under static conditions, and the
maximum decolorization rates were detected as 84, 83 and 75% for Al, DI, and D3,
respectively. However, the color of RB 171 dye was removed at 93% rate by Pleurotus
ostreatus under static conditions after 24 h of incubation. Similar results were also obtained

from the agitated studies of the tested fungal and bacterial strains except Al. The maximum

* Corresponding Author DOI: 10.37094/adyujsci.973203 L@;
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decolorization values obtained with Al, D1, and D3 at 150 rpm, 72 h were 30, 88 and 89%,
respectively. The highest decolorization activities of Pleurotus ostreatus were 93% for both
static and agitated (150 rpm) conditions. In addition, zymogram analyzes of the fungal culture
fluids obtained from SBM, and SBM containing 150 mg/L RB 171 were also performed to
detect the presence of laccase.

Keywords: Bacterium; Decolorization; Textile dye; White rot fungus; Zymogram.

Bir Beyaz Ciiriikg¢iil Fungus ve Cesitli Bakteriyel Suslar ile Tekstil Boyasinin Renginin
Gideriminin Karsilasgtirmal Olarak Arastirilmasi

Oz

Bu ¢alismanin amaci, ii¢ farkli bakteriyel sus Bacillus megaterium Al (A1), Gordonia sp.
MC-D1 (D1) and Bacillus pumilus D3 (D3) ve ayrica bir beyaz c¢liriik¢iil fungusun (Pleurotus
ostreatus) kullanimi ile Reaktif Mavi 171° in (RM 171) renginin gideriminin karsilastirmali
olarak aragtirilmasidir. Test edilen tiim bakteriler 150 mg/L konsantrasyonda RM 171 boyasi ile
24-72 saat boyunca statik ve galkalamali (150 rpm) kosullarda inkiibe edilirken fungus 150
mg/L boya ile aym1 kosullarda 3-24 saat boyunca inkiibe edildi. En yiiksek bakteriyel renk
giderimleri statik kosullarda 72 saat inkiibasyon sonrasinda elde edildi ve maksimum renk
giderim oranlar1 Al, D1 ve D3 i¢in sirasiyla 84, 83 ve %75 olarak saptandi. Bununla birlikte,
Pleurotus ostreatus ile statik kosullarda, 24 saat inkiibasyon sonrast RM 171 boyasinin rengi
%93 oraninda giderildi. Benzer sonuglar Al hari¢ test edilen fungal ve bakteriyel suslarin
calkalamali ¢alismalarindan da elde edildi. A1, D1 ve D3 ile 150 rpm ve 72 saatte elde edilen
maksimum renk giderim degerleri sirasiyla 30, 88 ve %89’ dur. Pleurotus ostreatus’ un en
yliksek renk giderim aktiviteleri hem statik hem de ¢alkalamali (150 rpm) kosullarda %93 idi.
Ayrica lakkaz varliginin tespiti amaciyla SBM ve 150 mg/L RB 171 igeren SBM’den elde

edilen fungal kiiltiir stvilarinin zimogram analizleri de yapilda.

Anahtar Kelimeler: Bakteri; Renk giderimi; Tekstil boyasi; Beyaz ¢iiriik¢iil fungus; Zimogram.

1. Introduction

Textile and dye industry wastewaters contain various textile dyes. Among these dyes;
Reactive dyes are widely used in the textile industry due to their high binding capacities to
cellulosic fibers. Therefore, reactive dyes are used at much higher rates than conventional dyes,
and consequently there are more reactive dyes residues in textile factory wastewaters [1]. These

wastewaters can be discharged to aquatic environments or soil without any or sufficient
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treatment and negatively affect the aquatic life by reducing photosynthesis and also oxygen
level in the water because of their intense color [2, 3]. However, the toxic and/or genotoxic
effects of the dyes found in these wastewaters can adversely affect aquatic and terrestrial
ecosystems, leading to serious environmental problems [4, 5]. For this reason, these
wastewaters must be subjected to treatment process before being discharged to the environment.
Because many synthetic dyes have antimicrobial effects, the textile dyes are generally resistant
to biodegradation by the conventional biological wastewater treatment systems. Accordingly,
studies on the color removal of textile wastewaters were generally carried out using
physicochemical methods such as adsorption, precipitation, filtration, electrochemical oxidation
in the literature [6]. But high amounts of sludge formation and insufficient degradation of dyes
and removal of their degradation products are the disadvantages of physicochemical processes.
However, their economic unfeasibility and environmental pollutant potential of the chemicals
used are the other negative aspects of physicochemical processes [7-9]. In addition, the yield of
color removal in traditional biological wastewater treatment methods is low. Thus,
environmentally friendly and effective methods are needed for color removal of these dyes. In
accordance with this purpose, many researchers are trying to find ecofriendly and efficient
biological alternatives for dye decolorization [3, 10, 11]. Microbial decolorization may be an
alternative method for color removal of these dyes, by selecting the appropriate methods and
microorganisms. Bacteria and also white rot fungus can decolorize and detoxify of textile dyes
[12, 13]. Laccases (E.C. 1.10.3.2) are produced by most of white rot fungi, and these enzmes are
generally secreted extracellularly [14]. There are various reports in the literature that fungal
laccases are responsible for the decolorization of many dyes [12, 13, 15, 16]. Accordingly, the
spectrophotometric and zymogram analyzes were performed to detect if the laccase was the
enzyme responsible from fungal dye decolorization. The aim of the study is to compare the
decolorization potentials of Reactive Blue 171 (RB 171) dye by using the isolated bacteria like
Bacillus megaterium Al, Gordonia sp. MC-D1, Bacillus pumilus D3, and a white rot fungus

(Pleurotus ostreatus) in various conditions.

2. Materials and Methods

2.1. Microorganisms

In this study, three isolated bacteria and one white rot fungus were used for decolorization
of Reactive Blue 171 (RB 171). Bacteria used in the studies were Bacillus megaterium strain A1l
(A1, Accession number KC579390), Gordonia sp. MC-D1 (D1, Accession number KF663602),
Bacillus pumilus D3 (D3, Accession number JX860616) while the fungus was Pleurotus

ostreatus (P. ostreatus). Bacteria were transferred to fresh Nutrient Agar (NA) plates every
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month and produced as pure solid culture at 30 °C. Similarly, the fungus was transferred to the
plates containing fresh Sabouraud Dextrose Agar (SDA) every month and produced as pure
filamentous fungal culture at 30 °C. The obtained pure bacteria and fungus cultures are kept in
stock at 4 °C in a refrigerator of Inonu University Arts and Science Faculty Biology

Department.

2.2. Textile dye
RB 171 (Fig. 1), an azo dye, was used as a textile dye in the studies. This dye was added
to Nutrient Broth (NB) and Stock Basal Medium (SBM) at final concentration as 150 mg/L.
Cl

/A

N N

Cl
/k

N/

OH NH2 SOgNa

N=N
SO;Na
NaOsS NaO; s SO;Na

SO;Na

Figure 1: The chemical structure of RB 171 dye

2.3. Preparation of bacterial cultures
The samples taken from the stock solid cultures of Al, D1 and D3 produced on NA
were transferred to NB media. Then these bacteria were incubated at 30 °C at 150 rpm for

obtaining the liquid bacterial cultures to be used in the experiments.

2.4. Preparation of fungal cultures

The mycelia of P. ostreatus were incubated at 30 °C on slant Sabouraud Dextrose Agar
(SDA) for 7 days. Then the mycelial suspensions were utilized for inoculum [17]. The fungus
was precultured in 250 mL flasks containing 100 mL Sabouraud Dextrose Broth (SDB) at 150
rpm for 5 days and then homogenized at low speed under aseptic conditions. The homogenized

mycelia were utilized as the inocula [18].

2.5. Dye decolorization studies
After preliminary preparations, | mL of Al, D1 and D3 liquid cultures were separately
transferred to NB media containing 150 mg/L RB 171 at the final concentration. However,

2.5 mL of homogenized P. ostreatus mycelia were transferred into SBM containing 150 mg/L
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RB 171 dye. SBM consisted of (g/L): KH,PO4 0.2; CaCl,-2H>O 0.1; MgSO4-7H,O 0.05;
NH4H>PO4 0.5; FeSO4-7H>0 0.035; glucose 2; yeast extract 1. The samples were incubated at
30 °C under static and agitated (150 rpm) conditions.

Dye decolorization activities of microorganisms were determined by spectrophotometric
(Shimadzu-UV-1601, UV/Visible) measurements at 24, 48 and 72th hours for the bacterial
strains. However, the decolorization rates obtained with use of the fungus were detected at 3, 6,
9, 12, and 24th hours. The maximum wavelength of the RB 171 was determined as 619 nm via
spectrophotometric scanning. The percents of dye decolorization activities obtained after the
treatment of RB 171 dye with the microorganisms as stated above were calculated against the

control groups at 619 nm. All experiments were performed at least 3 replicates.

2.6. Spectrophotometric analyzes of fungal laccase

The crude laccase activities of Pleurotus ostreatus culture fluids from SBM and
SBM+150 mg/L. RB 171 were detected by spectrophotometrically at 420 nm using ABTS [2,2-
Azino-bis (3-ethylbenzthiazoline-6- sulfonic acid)] as the substrate [19].

2.7. Zymogram analysis of Pleurotus ostreatus culture fluids
Pleurotus ostreatus culture fluids obtained from two different media (SBM and SBM
containing 150 mg/L RB 171) were used as the crude laccase enzyme sources. Native
polyacrylamide gel electrophoresis (Native PAGE) were performed on native polyacrylamide
gels. Laccase activities were determined on native polyacrylamide gels with ABTS as the

substrate [12].

3. Results and Discussion

3.1. Bacterial dye decolorization

Among the tested bacterial species, D1 and D3 performed better color removals at
agitated condition while A1l effectively decolorized RB 171 dye at static condition. This color
removal clearly seen at Fig. 2 as macroscobically, and this experiment was also supported by

spectrophotometric scanning (Fig. 3).
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Figure 2: Macroscopic images of the decolorization of RB 171 under static condition by Al (a) and
under agitated condition by D1 (b) and D3 (c)
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Figure 3: Spectrophotometric scanning images of the decolorization of RB 171 under static condition by
A1 (a) and under agitated condition by D1 (b) and D3 (c¢)

The color removal percentages based on the time dependent absorbance measurements
could be seen at Table 1. The highest color removal was generally obtained at 72th hour for all
of the bacterial strains tested in both static and agitated conditions (Table 1). The most effective
color removals were detected as 84, 83, and 75% in static conditions while the maximum
decolorization rates were 30, 88, and 89% in agitated conditions for the strains of A1, D1, and
D3, respectively.

Bacterial decolorization efficiency may vary depending on the type of bacteria tested,
the dye, and whether the incubation conditions are static or agitated. For this purpose, different
bacterial species and incubation conditions have been tested in decolorization of various dyes in
many studies. Accordingly; in some of the studies in the literature, it is reported that higher
decolorization rates were obtained in static conditions [20-22] and in others under shaking
conditions [23-25]. This situation can be explained by the metabolic diversity of the tested
bacterial species.

Six different isolates (DEC1-DEC6) of Aeromonas hydrophila were tested for
decolorization of RB 171 dye at 100 mg/mL concentration in a work by Chen et al. [26]. It was
stated that the highest decolorization activity was 80% for DEC 1, and DEC 6 isolates at the 7th

day of incubation. The decolorization of azo dyes such as Reactive Violet 13 and Reactive Blue
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171 at 50 and 100 ppm by Pseudomonas stutzeri in different media was studied by Gangavarapu
and Ravuri [27]. According to the results, the maximum removal rates of Reactive Violet 13 and
Reactive Blue 171 dyes (50 ppm) in Mineral Salt Media (MSM) were detected as 64% and
66%, whereas, 82% and 88% were measured as the highest decolorization values for the same
dyes in Luria Broth (LB) media within 24 h, respectively. Moreover, the usability of Bacillus
cereus RJVL 2514 for the decolorization of Reactive Violet 13 and Reactive Blue 171 dyes
were investigated by the same researchers in another work. It was reported that the highest dye
removal percents were detected for Reactive Violet 13 and Reactive Blue 171 at 50 ppm
concentrations in MSM (92%, 91%) and also LB media (98%, 96%) within 24h, respectively
[28].

Table 1: Decolorization rates of RB 171 by Al, D1, and D3 after different incubation periods

Time Dye Decolorization (%)
(h) Al D1 D3
Static Agitated Static Agitated Static Agitated
24 68 14 23 77 22 78
48 81 26 49 88 41 88
72 84 30 83 88 75 &9

3.2. Fungal dye decolorization
P. ostreatus effectively decolorized the color of RB 171 in both static and agitated

conditions at all incubation times tested (Fig. 4).

(a) (b) © @

Figure 4: Macroscopic images of the decolorization of RB 171 by P. ostreatus under static conditions (a
and c) and agitated conditions (b and d) after 3 h (a and b) and 24 h (c and d) incubation periods

Similarly, these color removals were also supported by spectrophotometric scanning
(Fig. 5), and the percentages of the decolorization based on the time dependent absorbance

measurements were showed at Table 2. The maximal color removal data were measured at 24th
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hour as 93% for static and also agitated conditions. Vantamuri and Kaliwal tested the white rot
fungus Marasmius sp. BBKAV79 for decolorization and degradation of Navy Blue HER
(Reactive Blue 171) dye at 50 mg/L within 24 h under agitated condition. It was reported that
the dye decolorization rate was 91.25% at 50 mg/L, but the decolorization value decreased to
37.50% at 150 mg/L [29]. In another work, Reactive Blue 171 dye removal rates were only 40%
and 20% at 150 and 200 mg/L after the treatment with Trichosporon beigelii NCIM-3326 for 48

h under the static condition [30].
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Figure 5: Spectrophotometric scanning images of the decolorization of RB 171 by P. ostreatus under
static (a) and agitated conditions (b) after 3 h incubation period

Table 2: Decolorization rates of RB 171 by P. ostreatus after different incubation periods

Time (h) Dye Decolorization (%)
Static Agitated
3 87 87
6 89 90
9 91 91
12 91 92
24 93 93

3.3. Determination of Pleurotus ostreatus laccases by spectrophotometric analyzes

Some researchers were reported that laccase production was induced when fungi
incubated in the media containing dye [31-33]. Similarly, in this study, the results of
spectrophotometric measurements showed that the laccase activity in SBM+150 mg/L RB 171
was higher (ten-fold) than the enzyme activity in SBM. The increase of laccase activity in dye-

containing SBM compared to SBM can be seen macroscopically in Fig. 6.
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(@ (b)

Figure 6: Spectrophotometric images resulting from the reaction of Pleurotus ostreatus culture fluids
obtained from SBM (a) and SBM+150 mg/L RB 171 (b) with ABTS for 1 minute

3.4. Determination of Pleurotus ostreatus laccases by zymogram analysis

According to the zymogram analysis, one laccase band was observed in Pleurotus
ostreatus culture liquid obtained from SBM while two laccase bands were observed in the
fungal culture fluid from SBM containing 150 mg/L RB171 (Fig. 7). As mentioned above,
higher laccase production in the dye-containing medium is also seen in the zymogram analysis.
Accordingly, more intense laccase bands were detected in the culture fluid obtained from the
dye-containing SBM compared to the culture fluid from SBM. This suggests that the dye tested

(RB 171) induces the laccase production of Pleurotus ostreatus.

() (b)

Figure 7: Zymogram of the crude laccases produced by incubation of Pleurotus ostreatus in SBM (a) and
SBM+150 mg/L RB 171 (b)

4. Conclusion

This study performed by using three bacteria and a white rot fungus had shown that the
color of RB 171 textile dye could be effectively removed in a short time and economically
under static and agitated conditions. Furthermore, the spectrophotometric and zymogram

analyzes showed that the laccase enzyme produced by Pleurotus ostreatus could play a role in
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the decolorization process, and also the dye tested could also induce the laccase production.
According to the data obtained from this study, an economical and rapid solution to
environmental pollution can be found by removing the color of many textile dyes completely or
at a high rate with various microorganisms. In addition, the production of an industrial enzyme,

laccase can be increased during the decolorization process.
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Abstract

In this paper, we tackle a problem of the estimation of some risk measures for transmuted
Weibull distribution. In this regard, the maximum likelihood method is used to estimate the risk
measures. We also obtain asymptotic confidence intervals based on the asymptotic distributions
of maximum likelihood estimators of risk measures. Then, we consider a comprehensive Monte
Carlo simulation study to assess the performances of these estimators at different sample sizes

and parameter settings.

Keywords: Risk measures; Transmuted Weibull distribution; Point estimation; Interval

estimation.
Déniistiiriilmiis Weibull Dagihm icin Risk Olgiilerinin Tahmini
Oz
Bu ¢alismada doniistiiriilmiis Weibull dagilimi igin bazi risk 6l¢iilerinin tahmini problemini
ele aldik. Bu baglamda risk 6l¢iilerini tahmin edebilmek i¢in en ¢ok olabilirlik yontemi kullanildi.
Ayrica risk Olciilerinin en ¢ok olabilirlik tahmin edicilerinin asimptotik dagilimlarina dayali
yaklagik giiven araliklar1 elde ettik. Sonrasinda, bu tahmin edicilerin farkli 6rnek hacimleri ve

parametre degerlerinde performanslarii degerlendirmek i¢in genis bir Monte Carlo benzetim

caligmasi tasarladik.

* Corresponding Author DOI: 10.37094/adyujsci.92683 1 L@ﬁ
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Anahtar Kelimeler: Risk oOlciileri; Doniistliriilmiis Weibull dagilimi; Nokta tahmini; Aralik

tahmini.
1. Introduction

Transmuted Weibull distribution is suggested by [1] via quadratic transmutation map

(QRTM). The QRTM is proposed by [2], and it is summarized by

F(x) =G)[1+A(1-G)], (1)
where A € [-1,1], G(x) refers the cumulative distribution function (CDF) of baseline
distribution, and F (x) denotes the CDF referring transmuted distribution which newly generated

by the QTRM. Consider the baseline distribution Weibull distribution with CDF G(x; @, B) =

a
1—exp {— (i) } and the probability density function (PDF) g(x;a,B) =

B
% (%)a_l exp {— (%)a} then, the PDF and CDF of transmuted Weibull distribution are
F(x;a,B,4) = [1 —exp {— (%)a}] [1 + dexp {— (%)a}], 2)
and
a-1 a a
fa, B 1) = %(%) exp {— (%) } [1 — A+ 2exp {— (%) }], 3)

respectively, where f > 0 is a scale parameter, @ > 0 shape parameter and A € [—1,1] [1]. In this
study, the transmuted Weibull distribution is briefly denoted by TW (a, 8,1). The TW (a, 8, 1)
distribution has a potential to model the data sets in many fields such as, agriculture, biology,
economics, actuarial sciences. Aryal and Tsokos [1] described some characteristic properties such
as moments, variance, quantile function, reliability function, hazard function, order statistics of
TW (e, 8, 4) distribution. They emphasized that the hazard function can be increasing, decreasing
or constant for TW (a, 8, A) distribution in [1]. In this case, it can be said that due to the flexible
of the hazard function, the TW (a, B, 1) distribution has the potential to model many datasets
having different hazard functions. Khan et al. [3] examined some statistical properties such as
geometric mean, harmonic mean, entropies, mean deviation, L-moments of TW (a, B, 1)
distribution. They also provided the log-transmuted Weibull regression model and its applications

in [3]. For more details about TW («, 8, A) distribution please see [1, 3].

Recently, many actuaries and insurance practitioners have focused on the measurement of
financial risk. The risk measures manifest themselves in many different types of insurance
problems including the determination of capital, and the estimation of possible maximum losses

[4]. Therefore, we focus on the estimation of risk measures for TW (a, 8, 1) distribution.
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The main purpose of this paper to tackle the problem of point and interval estimation of
risk measures for the TW (a, B, A) distribution. We estimate the risk measures such as value at
risk (VaR), tail value at risk (TVaR), tail variance (TV), and tail variance Premium (TVP) for the
TW (e, 8, 4) distribution. The rest of this study is organized as follows: In Section 2, we describe
the risk measures for the TW (a, 8, 1) distribution. Then, the maximum likelihood estimators
(MLES) of these risk measures and asymptotic confidence intervals based on MLEs are derived
in Section 3. In Section 4, an extensive Monte Carlo simulation study designed to evaluate the

performances of these estimators according to mean squares errors (MSEs) and bias.
2. Risk Measures
2.1. VaR measure

The VaR is one of the popular risk measures, and it quantifies maximum loss for
investments. It is also known quantile risk measure. The VaR is generally used by firms and
regulators in the financial sector in order to determine the amount of assests required to cover
potential losses. The VaR of a random variable X is the g¢k quantile of its cdf, denoted by VaRq,
and it is defined by VaR, = Q(q) [5-7].

Let X be a random variable from TW («, B, A)distribution. The VaR is defined as follows:

1
VaR, = B [— log (1 — Aty “2;”2'“")]“, )

where q € (0,1).
2.2. TVaR measure

TVaR, also known as tail conditional expectation is important risk measure. It measures
the expected value of the loss given that an event outside a given probability level has occurred

[6, 8, 9]. The TVaR of TW (a, 8, 1) distribution is

1

1
TVaR, = m J xf (x) dx
VaR,

=+ (5 ©)

where I'(., x) is incomplete gamma function, and VaR,, is given in Eqn. (4).
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2.3. TV measure

The TV is important risk measure suggested by [10]. The TV of TW (a, 8, 1) distribution

is given by

TV, X = E(X% | X > x,) — {TVaR,}*

1
:ﬁ J x2f (x) dx — {TVaR,}*

VaRg

_ B 2 (VarRg\4 _ 2
_1_qr(1+a,( : ) ) {TVaR,}?, (6)
where TVaR, is given in Eqn. (5).

2.4. TVP measure

The TVP is one of the significant measures of risk which play a crucial role in insurance

sciences [9]. The TVP of TW («, B, A)distribution is

TVE, =TVaR, + 6TV, (7)
where 0 < 6 < 1, TVaR, and TV, are defined in Eqn. (5) and Eqn. (6), respectively.

3. Estimation of Risk Measures
3.1. Maximum Likelihood Estimation of risk measures

In order to obtain the MLEs of examined risk measures, we first derive MLEs of «, f and

Let X;,X,,..., X, be a random sample from TW (a, 8, 1) distribution. Then log-likelihood

function is given by [1, 2]

a-1 n2[1—1+21exp(—£0a]

() =nlog ()~ i, () + 2o tog () +3.0) “log  ®

where ¥ = (a, 5,4). The MLE of ¥ is given by

P = argllrlnax{f(‘l’)} ©)

By using Eqns. (4)-(7) and invariant property of MLE, we can compute the MLEs of mentioned
risk measures of VaR, TVaR, TV, and TVP by
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)
+
=
|
~
=
+
)
N—
N
|
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)
S
R

VaR, =B |—log|1— = ) (10)
TVaR, = —r(1+2 (V“Rq)a (11)
akq T 1-q a’\ B ’

~ __i?i 2 Vary a N 2

TV, = _qr<1 +2.(5Y ) {Tvar,}, (12)
and

TVP, =TVaR, + 6TV, (13)
respectively.

3.2. Asymptotic confidence interval

In this subsection, we provide the asymptotic variances and covariances of the MLEs &, 8

and 1 by entries of the inverse of the observed Fisher information matrix is given by

k(W) A(w)  9%e(w)
da? dadp dadl
“1G) _ | 9k dk(w) %)
I (l‘u) - dpda FYE apaa
R ACO I C O ()]

da 0B A2

Now, we can obtain the variance of Var(ﬁ) using delta method as Var(ﬁ) =B'I"! (‘T’)B

where R denotes one of the risk measures (VaR, TVaR, TV, TVP), Ris the MLE of R and B’ =

(aR dR OR

%’ﬁ’ﬁ)' By using the MLEs of «,f and A4 Var(l?)can be estimated. The asymptotic

100(1 — )% confidence interval of risk measures by

<1? —Zz,n /Var(]? R — Z, _n /Var(ﬁ))
2 2

where 2,100 " percentile of N(0,1).
4. Simulation Study

In this section, we design a comprehensive Monte Carlo simulation study to assess the
performances of MLEs, of risk measures according to biases and MSEs. The simulation study is
performed based on 5000 repetitions. We consider the sample size 25, 50, 100, 200, 500 and two
parameter settings as follows:(a¢ = 0.5, = 1.5,1 = 0.2),(a = 1,8 = 2,4 = 0.5). The results

of simulation study are presented in Tables 1-2. Table 1 provides average of biases and MSEs of
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risk measures such as VaR, TVaR, TV, and TVP. Also, Table 2 presents the average of lengths

and coverage probabilities (CPs) of these risk measures.

Table 1: Average biases and MSEs of risk measures

bias MSE
n a L A Siglevel 6 VaR TVaR TV TVP VaR TVaR TV TVP

25 -0.0629 -0.0096 -0.006 -0.012  0.0883 0.0018 0.0004 0.0026
50 -0.0406 -0.0043 -0.0035 -0.0061  0.0433 0.0008 0.0001 0.0011
100 0.5 1.5 0.2 0.5 0.5 -0.0195 -0.0006 -0.0021 -0.0017  0.0188 0.0003 0.00008 0.0005
200 -0.0116 0.0005 -0.0019 -0.0004  0.0093 0.0002 0.00007 0.0003
500 -0.006  0.001 -0.0013 0.0003  0.0037 0.0001 0.00004 0.0001
25 -0.0463 -0.0405 0.0485 -0.0162 1.0149 0.0841 0.0505 0.0407
50 0.0116  0.002 0.0004 0.003 0.4698 0.0368 0.0117 0.0234
100 0.5 1.5 0.2 075 0.5 0.0089 0.0208 -0.0152 0.0132 0.231 0.0199 0.0047 0.014

200 0.0218 0.028 -0.0201 0.018 0.119 0.0127 0.0029 0.0093
500 0.0172 0.0249 -0.0201 0.014 0.0485 0.0069 0.0018 0.0054
25 -0.03 -0.0151 -0.0013 -0.016  0.0574 0.0019 0.001 0.0034
50 -0.0151 -0.0096 0.0022 -0.0082  0.0253 0.0008 0.0004 0.0014
100 1 2 05 0.4 0.6 -0.006 -0.006 0.0029 -0.0042 0.0149 0.0004 0.0002 0.0007
200 -0.0056 -0.0047 0.0027 -0.003 0.0075 0.0002 0.0001 0.0003
500 -0.0049 -0.0029 0.0014 -0.002  0.0024 0.0001 0.0001 0.0001
25 0.0448 -0.1257 0.7922 0.3495  0.7267 0.4067 3.8147 0.4188
50 0.0327 -0.0684 0.501 0.2321  0.2071 0.2191 1.8846 0.2019
100 1 2 05 0.8 0.6 0.0095 -0.0226 0.2892 0.1508  0.6506 0.1288 1.0662 0.1183
200 0.01287 0.0029 0.1564 0.0967  0.0663 0.0841 0.7361 0.083

500 -0.0022 0.0064 0.0941 0.0628  0.0196 0.0487 0.5343 0.0601

Table 2: Average lengths and CPs of risk measures

length CP
n a B A Siglevel 6 VaR TVaR TV TVP VaR TVaR TV TVP
25 1.0773 0.1596 0.075  0.19 09138 0.923 0.84 0.9208
50 0.7571 0.1129 0.0506 0.134  0.9316 0.9364 0.848 0.939
100 0.5 1.5 0.2 0.5 0.5 0.5284 0.0804 0.036 0.0958 0.943 0.9428 0.8404 0.9424
200 0.374 0.0596 0.0278 0.0716  0.9494 0.945 0.8436 0.944
500 0.2387 0.0405 0.0204 0.0494 0.949 0.9304 0.8322 0.9264
25 3.741 1.1613 0.8475 0.8683  0.8836 0.9104 0.8476 0.9192
50 2.6325 0.8108 0.4831 0.6535 0.9074 0.926 0.865 0.9344
100 05 1.5 02 075 0.5 1.8941 0.595 0.3286 0.4978  0.9292 0.9316 0.8786 0.9404
200 1.3459 0.4449 0.242 03815 0.9356 0.9262 0.8838 0.933
500 0.8693 0.3003 0.1645 0.2651  0.9452 0.9342 0.8932 0.9316
25 0.7477 0.1629 0.1262 0.2025 0.9172 0.9494 0.8898 0.9352
50 1 2 05 0.4 0.6 0.535 0.1113 0.0915 0.1362  0.9358 0.9582 0.9038 0.9454
100 0.3797 0.0779 0.0687 0.0934  0.9394 0.9498 0.9094 0.9472
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200 0.2704 0.057 0.053 0.0658  0.9438 0.9458 0.9142 0.953

500 0.1716 0.0379 0.0374 0.0412  0.9496 0.9172 0.9126 0.9554
25 1.928 2.7358 8.9104 2.8183 0.898 0.9482 0.9524 0.9646
50 1.4025 2.0489 6.4002 1.9501  0.9094 0.9544 0.9558 0.9606
100 1 2 05 0.8 0.6 1.0116 1.5629 4.8082 1.4423  0.9282 0.9498 0.9314 0.8688
200 0.7256 1.2158 3.756 1.1273  0.9384 0.9286 0.881 0.7732
500 0.4699 0.8916 2.8454 0.8698  0.9442 0.8804 0.8248 0.7528

From Tables 1-2, It is seen that as the sample size increases, the MSEs and biases of risk
measures decrease and approach zero. Also, we observed that the lengths decrease and CPs
approach 0.95 as expected. In the case of high significance level (it is defined in Eqn. (4) as q),

the MSEs and biases of the risk measures are larger than in other cases.
5. Conclusion

In this study, we provide some risk measures such as VaR, TVaR, TV, and TVP for
TW(a,B,A) distribution. We use the maximum likelihood method to estimate these risk
measures. Then, we obtain MLEs of examined risk measures using the invariant property of MLE.
Not only point estimates of risk measures but also interval estimates are discussed. Approximate
confidence intervals based on the asymptotic distribution of MLE were obtained. Monte Carlo
simulations are performed to observe the performance of the estimators according to MSE and
bias. From the results of the simulation study, it is observed that the MLEs of risk measures

provided the estimation procedures.
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Abstract

The present study has reported the production of the environmentally friendly
Kombucha tea fungus (TF), as well as its investigation as a potential biosorbent to remove
cationic methyl violet (MV) dye from the aqueous solutions. TF was characterized by
using FT-IR, thermal analysis and zeta potential measurements. The biosorption of MV
was significantly dependent on the pH of the solutions and the highest removal for MV
was observed at pH=9.0 which was also proved with zeta potential measurement.
Biosorption equilibrium was established in 10 min and a definition of the overall rate-
controlling step in the biosorption of MV onto TF was carried out. The biosorption data
were in good agreement with the pseudo-second-order kinetic and Langmuir isotherm
models. The maximum biosorption capacity of TF for MV was determined as 1180.09
mg g . In addition, an effective biosorption performance was observed even in the
presence of high foreign ion concentrations. The results indicated that TF could be

utilized as a highly efficient biosorbent for MV biosorption from aqueous solutions.

Keywords: Tea fungus; Biosorption; Methyl violet; Isotherms.
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Sulu Cozeltilerdeki Boyarmadde Kirliliginin Biyosorpsiyonu icin Etkili ve Cevre Dostu
Cay Mantari

Oz

Bu ¢alisma, ¢evre dostu Kombucha ¢ay mantarinin (TF) iiretimini ve sulu ¢ozeltilerden
katyonik metil viyole (MV) boyarmaddesinin uzaklastirilmasinda biyosorban olarak
potansiyelinin aragtirtlmasini sunmaktadir. TF, FT-IR, termal analiz ve zeta potansiyel 6l¢timleri
kullanilarak karakterize edilmistir. MV nin biyosorpsiyonu, ¢ozeltilerin pH’sina énemli Sl¢lide
baglhdir ve en yiiksek MV giderimi, zeta potansiyeli Ol¢iimii ile de kanitlanan pH=9.0’da
gbzlenmistir. Biyosorpsiyon 10 dakika igerisinde dengeye ulasmis ve MV’nin TF {izerine
biyosorpsiyonunda hiz simirlayici adim belirlenmistir. Biyosorpsiyon verileri, yalanci ikinci
dereceden kinetik ve Langmuir izoterm modelleri ile iyi bir uyum gostermistir. TF’nin MV igin
maksimum tek tabakali biyosorpsiyon kapasitesi 1180.09 mg g olarak belirlenmistir. Ayrica,
yiiksek yabanci iyon derisimlerinin varliginda dahi etkili bir biyosorpsiyon performansi
gdzlenmistir. Sonuglar, TF’ nin sulu ¢ozeltilerden MV biyosorpsiyonu i¢in yiiksek verimli bir

biyosorban olarak kullanilabilecegini gostermistir.
Anahtar Kelimeler: Cay mantari; Biyosorpsiyon; Metil viyole; Izotermler.
1. Introduction

Kombucha is a traditional probiotic drink that is prepared from the fermentation of sugar
added black or green tea with lactic acid bacteria, acetic bacteria, and yeasts [1-3]. After
fermentation, a symbiotic culture namely, Medusomyces gisevii (tea fungus) layer forms that
floats on the tea in 7-15 days [4]. Under the culture, there is Kombucha tea with a pH in the range
0f2.5-3.0. Kombucha tea is originated from China (Manchuria) and after gained rapid popularity
and spread all over the world, mainly to Russia and Germany [5]. Kombucha tea contains several
components with known benefits for human health such as water-soluble vitamins, minerals,
amines, purines, flavonoids, catechins, tannins, essential oils and hydrolytic enzymes [6-8]. In
particular, it has anti-diabetic, anti-carcinogenic and anti-inflammatory effects. Moreover, it plays
a healing role in the treatment of gastric ulcers, lowering high cholesterol, improvement of the
liver and the immune system [9]. As the demand for Kombucha increases, to gain more benefits
from obtained culture, the application potential in various industrial areas such as textiles and
cosmetics has been investigated [10-12]. In addition, the use of this fungus to eliminate the

environmental damage of pollutants in industrial wastewater has attracted attention as a popular
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biotechnological research subject. Among the pollutants, dyes are substances that have a high
potential for use in most various industrial areas such as food, leather, textile, paper and plastics
[13,14]. Methyl violet (MV) which is a cationic dye with high color intensity is extensively used
as a purple dye for textile products such as silk, wool, nylon, cotton and in printing ink. In
addition, MV has been widely utilized as a pH indicator [15]. It is employed as an ingredient in
Gram’s stain for classifying bacteria and also a bacteriostatic agent in the medical field. MV has
a toxic organic structure which causes diverse health problems for humans such as cancer, skin
irritation, respiratory and kidney failure and permanent blindness [16, 17]. Because of all its
hazard mentioned above, MV needs to be effectively removed from the aqueous solutions before
being discharged into the environment. There are diverse methods such as biological, physical
and chemical that are utilized to eliminate pollutants from the aqueous solutions [18, 19].
However, their uses have many restraints such as application difficulty, process cost, low yield
and occurrence of huge amount of sludge. Biosorption is a popular pollution treatment method
that is ecofriendly, economic, easy to application, non-toxic and high efficiency [20, 21].
Biological origin materials such as bacteria [22], fungus [23], alg [24] and agricultural wastes

[25] are used as biosorbents in the biosorption.

In this context, tea fungus (TF) was used as a biosorbent for the biosorption of methyl violet
(MV) from the aqueous solutions. The characterization of the TF was carried out with Infrared
Spectroscopy (IR), Thermogravimetric (TG) analysis and zeta potential measurements. The
effects of pH, TF amount, temperature, contact time, initial MV concentration and ionic strength
on the biosorption were investigated to determine the best biosorption conditions. The biosorption
kinetics and equilibrium isotherms data were modeled and the mechanism of the biosorption
process was evaluated. The maximum biosorption capacity of TF towards MV was compared

with other studies in the literature.
2. Materials and Methods
2.1. Chemicals and preparation of TF

MV was used as a dye pollutant in the biosorption process. Its maximum absorption
wavelength (Amax) and molecular weight were 584 nm and 393.9 g mol™, respectively. HCI and
NaOH solutions in various concentrations were preferred to adjust the pH values. Deionized water
was utilized for dissolving dye and preparing the target concentration of solutions. All the reagents
provided for the biosorption were analytical grade and purchased from Merck. The Kombucha
tea with fungus, sugar and black tea leaves were provided from the local market in Turkey. The

production process of the fungus in biosorption included the following steps.; First, 3 L of water
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was put in a glass bottle and boiled, then 45 g L' sugar was added into this water. After the sugar
was dissolved, 10 g of black tea leaves were added into the solution and brewed for 15 min.
Subsequently, the solid-liquid phase was separated by filtration and the solution was kept in a
glass bottle. Kombucha tea and fungus were added to the previous solution at room temperature
and then left to the incubation process for about 15 days. At the end of this process, a disc-shaped,
smooth new fungus (TF) was obtained on the Kombucha tea. Before being used in the biosorption
process, this fungus was washed with plenty of deionized water to eliminate any possible
impurities. It was put in an oven at 65°C for drying. Then, it was ground and sieved through a 200
um sieve to obtain a homogeneous grain-sized biosorbent (Fig. 1). Finally, it was stored in a

capped bottle for utilization in all experiments.

[ -

Figure 1: Kombucha tea fungus before (a) and after (b) drying, grinding and sieving
2.2. Biosorption studies

The various parameters (pH, contact time, biosorbent amount, temperature, initial pollutant
concentration and ionic strength) were investigated for the biosorption of MV. The pH
experiments were carried out by 20 mL of a 100 mg L' MV solution with 0.625 g L"! of TF and
the pH value was attentively adjusted between 2.0 and 10.0 by adding a small volume of NaOH
or HCI solutions using a Hanna pH meter. MV solutions were stirred in a 25 mL glass bottle for
60 min. To determine the optimum biosorbent amount, TF was weighed from 0.250 to 1.25 g L™
and added into 100 mg L' MV at pH 9.0. The temperature was changed between 15 and 40°C at
an initial MV concentration of 100 mg L™". In order to execute kinetic analysis, contact time for
MYV biosorption onto TF was applied in the range of 1-90 min. The effect of initial MV
concentration on the biosorption capacity of TF was examined by changing the concentrations
from 50 to 800 mg L' at the confirmed conditions. To investigate the ionic strength effect on the
biosorption of MV, the biosorption experiments were occurred with 100 mg L' of MV solutions
containing NaCl in the concentration range of 0.02—0.1 mol L' under the optimum biosorption
conditions. After each application of biosorption experiment, the TF was separated from the
medium via filtration. All experiments were repeated in triplicate. The obtained samples were

measured by using a UV-vis spectroscopy (Shimadzu UV-2600 spectrophotometer). The obtained
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data were evaluated by biosorption amount and biosorption (%) of MV using the equations which

were given as below

_Vx(Co-C) (1)

m

e

: : Co—C
Biosorption (%) = ==
0

2

In this equation, g.: The amount of MV biosorbed on TF at equilibrium (mg g™"), m: The
amount of TF (g), Cy: The initial concentration (mg L™") of MV, C.: equilibrium concentration

(mg L") of MV, V: The volume of MV solution (L).
2.3. Characterizations

FT-IR analyses were (Bruker Tensor 27 FT-IR spectrometer) carried out in the 400—4000
cm ' range to identify the surface functional groups of TF before and after MV biosorption.
Thermogravimetric analysis (TGA) of TF in the temperature range of 30-700°C was done by
using Perkin Elmer Diamond TG/DTA instrument with a rate of 10°C min' under the air
atmosphere. The pH-dependent surface charges of TF were specified using a zeta potential
measurement (ZEN 3600 Model Zetasizer Nano-ZS). For this measurement, 0.50 g L' of TF was

added into 20 mL of deionized water and the pH was changed in the range of 2-10.
3. Results and Discussion
3.1. Characterization of FT

TF was characterized by FT-IR spectroscopy and thermal analysis. As mentioned in the
introduction, TF has several components in its ingredient. In the FT-IR spectrum of TF, the broad
band appearing at 3381 cm™' can be owing to v(O-H) stretching vibrations of phenolic alcohols.
Aliphatic v(C-H) stretching vibrations appear at 2937 cm™' and 2898 cm™'. The picks observed at
1727 em™ and 1638 cm™ are assigned to the carbonyl v(C=0) and imine v(C=N) stretching
vibrations, respectively. Aromatic v(C=C) stretching vibration is observed at 1424 cm™. After
MYV biosorption, the pick observed at 3381 cm™ shifts to high wavenumber and also the intensity
of aliphatic v(C-H) stretching vibration decreases. They can be due to the fact that phenolic -OH,
imine and aliphatic -CH- groups are covered by dye molecules. The carbonyl pick at 1727 cm™
disappears and some peaks shift (Fig. 2). They show the biosorption of MV onto TF. TG/DTG
curves are acquired to determine the decomposition stage of TF. As illustrated in Fig. 3, the first

stage in the temperature range 30-100°C is the elimination of water molecules. After this step, the
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Figure 2: FT-IR spectra of TF and TF-MV
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Figure 3: TG/DTG curves of TF

3.2. Biosorption parameters
3.2.1. Effect of pH

Biosorption amount is generally affected by the pH of the dye solution because of affecting
the functional groups on the biosorbent and the ionization degree of the dye molecules. Thus, it

is a major experimental parameter that should be considered. Fig. 4 displays the results for the
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biosorption of MV onto TF when the pH is changed at a range of 2.0-10.0 of the MV solutions
at room temperature. The biosorption capacity of TF for MV removal increases with the
increasing pH of the biosorption medium and reaches an equilibrium value of 154.46 mg g™ at
pH 9.0 (Fig. 4). After this pH value, no significant change appears in the MV biosorption ability
of TF. Therefore, pH 9.0 is selected as the pH value of the biosorption media for further
experiments. As the acidity of the biosorption medium increases, the positive charge density
increases due to the protonation of the functional groups on the biosorbent surface. Thus, the
interaction of cationic dye molecules with the biosorbent surface is restricted, resulting in lower
biosorption. The negative charge density related to the concentration of OH™ ions rises on the
biosorbent surface when the pH increases. Thus, the electrostatic interactions between cationic
dye MV and TF are enhanced. The surface charge density values of TF in deionized water at
various pHs which support the obtained data from the pH parameter are presented in Fig. 4. It is
showed that the zeta potential of TF decreases considerably from —1.60 mV at pH 2.0 to —30.40
mV at pH 10.0. TF has no points of zero charge and the biosorbent surface has the highest negative
charge density (—35.40 mV) at pH=9.0 where the maximum amount of the biosorption is

achieved.
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Figure 4: Zeta potential of TF in deionized water and pH effect on the MV biosorption
3.2.2. Effect of TF amount and temperature

The biosorbent amount is another important parameter that highly affects the biosorption
process yield and cost. It has been indicated that the pollutants are removed at high efficiency
with the increase in the biosorbent amount which gives rise to the increase of active sites on the
biosorbent surface [26]. Hence, the effect of TF amount on the MV biosorption was examined in

the range of 0.25-1.00 g L™" with pH of 9.0 (Fig 5a). As seen in Fig 5a, the biosorption yield
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increases from 84.75% to 96.83% as the amount of TF increases from 0.250 to 0.500 g L. It is
noted that after 0.750 g L' amount of TF, the biosorption yield decreases to 86.66%. This
decrease can be explained with the fact/inference that the biosorbent can aggregate at higher
amounts and its active binding sites can be lower for interaction with dye molecules. With a very
economic amount of 0.500 g L™, the biosorption reaches its highest efficiency. For this reason,
the optimum amount of TF to be used in further biosorption experiments was determined as 0.500

gL

To investigate whether the biosorption was temperature-dependent, the biosorption
experiments were realized at the temperature range of 15—40°C at the initial MV concentration
of 100 mg L', TF amount of 0.500 g L™' and the contact time of 60 min. As depicted in Fig. 5b,
the biosorption amounts of MV change from 190.20 to 191.10 mg g™ with the increase of the
temperature from 15 to 40°C. The results show an insignificant effect of temperature in the
biosorption ability of TF for MV removal. Similar results for the effect of temperature are
observed in the literature [27-28]. As a result, this system is very advantageous as it has the

potential for the elimination of MV from the solution with very high efficiency at any temperature.
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Figure 5: The effect of TF amount (a) and temperature (b) on the MV biosorption

3.2.3. Effect of contact time and biosorption kinetics

To provide information about the biosorption behavior of MV onto TF as a function of
contact time, the biosorption experiments were performed in the contact time range of 1-90 min
at 20°C. The effect of contact time on biosorption is demonstrated in Fig 6a. MV is rapidly
removed from the aqueous solution in 10 min and after this point, the biosorption equilibrium is
established. This rapid biosorption is due to the binding of the MV molecules to a great number
of vacant active biosorption sites on TF. The biosorption amount of MV rises from 180.52 to

188.86 mg g' in the time range of 1-10 min. The biosorption reaching equilibrium quite fast is
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an important advantage that supports the practicality of the method. A similar study was also
reported for biosorption equilibrium time as 10 min [29]. The biosorption kinetic applications are

commonly utilized to reveal the control mechanism of the biosorption process.

In this study, to explore the MV biosorption nature, the obtained experimental data from
contact time were applied to Lagergren-first-order [30], pseudo-second-order [31] and intra-
particular diffusion kinetic models [32]. The kinetic parameters obtained from fitting the
experimental data to these three kinetic model equations are presented in Table 1. When the
highest R* values are compared, it is easy to see that the R* of the pseudo-second-order model for
TF (R*= 0.999) is significantly higher than Lagergren-first-order (R*= 0.597) and intra-particular
diffusion kinetic models (R*= 0.787). The plot of the pseudo-second-order kinetic model for the
biosorption of MV onto TF is exhibited in Fig. 6b. The obtained data for the biosorption of MV
onto TF are better fitted to the pseudo-second-order kinetic model. This finding indicates that the
rate-limiting step in the biosorption process can be chemical biosorption which includes electron

exchange or electron sharing between MV and TF.

Table 1: Kinetic parameters for the biosorption of MV

Model Parameters Values
Lagergren-first-order model ky 1.97x1072
ky 7.96
log(e — 4:) =108(4e) ~ 5553¢ 1
R? 0.597
Pseudo-second-order model k, 1.31x1072
1 1
L_ 2+(—)t q. 194.18
qe  k2qe.*  \qe
R? 0.999
Intraparticle diffusion model k, 3.11
g =Ktz +C c 178.94
R? 0.787

(where, g: (mg g!): The biosorption capacity of TF at ¢ time, ki (min™), k2 (g mg™! min™'), k, (mg g
min?): The rate constants, C (mg g'): The intercept.)
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Figure 6: The effect of contact time (a) and the plot of the pseudo-second-order kinetic model for the MV
biosorption (b)

3.2.4. Effect of initial MV concentration and biosorption isotherms

Various isotherm models used to interpret experimental biosorption data at equilibrium
give significant information about the biosorption mechanism and maximum biosorption capacity
of the biosorbent. In this study, the obtained data in equilibrium were applied to Langmuir [33]
and Freundlich [34] isotherm models. According to the general isotherm plot (Fig. 7a), the
obtained data prove that the biosorption capacity of TF increases from 87.20 to 1149.0 mg g
with increasing the initial concentration of MV from 50 to 800 mg L' in the solutions. This can
be due to the occupation of the biosorption sites on TF as the concentration of the MV increases.
The biosorption process reaches equilibrium when the MV concentration is 700 mg L™ and after

this concentration value, the biosorption amount of MV is constant.
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Figure 7: General isotherm plot (a) and Langmuir isotherm model for the MV biosorption (b)
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Table 2 shows the Langmuir and Freundlich isotherm parameter values for MV biosorption
onto TF. From the results, the data are well fitted to the linearized Langmuir isotherm model than
the Freundlich isotherm model because of the highest R* value. The values of g and K are
identified from the slope and intercept of the linear Langmuir plot of C./g. versus Cy(Fig 7b). The
maximum biosorption capacity of TF is determined as 1180.09 mg g~' for MV cationic dye from
this model. The R; value of 0.175 demonstrates the favorable interaction between the TF surface
and MV molecules. From the results, it can be assumed that the maximum biosorption amount
corresponds to saturated monolayered MV molecules on the TF surface with constant energy. The
maximum biosorption capacity of TF for MV is quite high or comparable when compared to
several biosorbents in the literature (Table 3). TF is considered environmentally friendly, as it not

only has an excellent biosorption capacity but also is not treated with any chemicals.

Table 2: Isotherm parameters for the biosorption of MV

Isotherm model Equations Parameters R?
C. 1 4 C,
. e TmaxKi  Qmax Gmax=1180.09, K1=2.36x1072
Langmuir o 1 Ri=0.175 0.998
L™ 1+k.¢,

1

Freundlich Ing, = InK; + —InC, n=1.608, Kr=50.60 0.956
n

(where, gmax: The maximum MV biosorption capacity of TF (mg g™!), KL and Kr: The Langmuir (L mg™)
and Freundlich (L g™!) constants, respectively, Rz: The separation factor constant and n: Heterogeneity
factor.)

Table 3: Comparison of biosorption capacity of TF for MV with other sorbents reported previously

Biosorbent gm (mg g™) Reference
Calcined lotus leaf 26.315 [35]
PFPCS 3756.33 [36]
Dithiocarbamate-grafted star-like polymer 1239 [37]
Graphene oxide hydrogel composite 1052.63 [38]
Carya illinoensis powder 642.0 [39]
Anethum graveolens 833.33 [40]
Pu-erh tea powder 277.78 [41]
Breadfruit core 307 [42]
Phragmites australis activated carbon 351.33 [43]

TF 1180.09 Present study
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3.2.5. Ionic strength effect

The ionic strength effect on the MV biosorption onto TF was examined under optimum
conditions (pH: 9, TF amount: 0.500 g L', t: 10 min, initial MV concentration: 100 mg L', T:
20°C). For this purpose, NaCl solutions were added to MV solutions in such a way that the final
salt concentrations in the solutions were between 0.02 mol L™" and 0.1 mol L™". As seen in Figure
8, the biosorption capacity of TF results in a reduction of approximately 12% when the salt
concentration is 0.02 mol L™' and the biosorption efficiency of MV gradually decreases with
increasing NaCl concentration. The biosorption yield of MV is evaluated as 72.20% when the
concentration of NaCl reaches 0.08 mol L™ and after this point, the increase in the salt
concentration does not influence the biosorption. This can be expressed by a competition between
cationic MV molecules and Na' ions, which decreases the electrostatic charge on the surface or

raises ionic strength [42-43].
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Figure 8: The ionic strength effect on the MV biosorption

4. Conclusion

Kombucha tea fungus (TF) was simply prepared with sugar, black tea leaves and tea
containing Kombucha culture. It was used as a biosorbent for methyl violet (MV) biosorption
from aqueous solutions. TF was identified with various characterization techniques such as FT-
IR, TG analysis and zeta potential measurements. The results demonstrated that pH was an
important parameter on the biosorption of MV. The maximum biosorption capacity for TF for the
biosorption of MV was achieved at pH=9.0 and the biosorption amount of MV was evaluated as
188.86 mg g~' in a short 10 min contact time with 0.500 g L™" of TF. The observed extremely
short equilibrium time is a significant advantage in saving time in the biosorption process. The
changes in temperature from 15 to40°C did not lead to any changes in the MV biosorption. The

biosorption process was well defined with the Langmuir isotherm model and the calculated
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maximum biosorption capacity value was 1180.09 mg g™'. As a result, TF was superior to many
biosorbents because of its high biosorption capacity for MV and also its being a green biosorbent
that did not undergo any chemical treatment. All these findings have proven that TF was very

effective in dye pollutant removal as well as in other areas of use in industry.
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Abstract

The classification methods consider the probability of predicting the majority class to be
high when the number of class observations is different. To address this problem, there are some
methods such as resampling methods in the literature. Undersampling, one of the resampling
methods, creates balance by removing data from the majority class. This study aims to compare
different optimization methods to determine the most suitable observations to be taken from the
majority class while undersampling. Firstly, a simple simulation study was conducted and graphs
were used to analyze the discrepancy between the resampled datasets. Then, different classifier
models were constructed for different imbalanced data sets. In these models, random
undersampling, undersampling with genetic algorithm, undersampling with differential evolution
algorithm, undersampling with an artificial bee colony, and under-sampling with particle herd

optimization were compared. The results were given rank numbers differing depending on the
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classifiers and data sets and a general mean rank was obtained. As a result, when undersampling,

artificial bee colony was seen to perform better than other methods of optimization.
Keywords: Imbalanced classes; Classification; Undersampling; Optimization.
Dengesiz Siniflamada Optimizasyona Dayal Azoérnekleme
Oz

Siniflama yontemleri, sinif gozlemlerinin sayis1 farkli oldugunda ¢ogunluk sinifini tahmin
etme olasiliginin yiiksek oldugunu disiiniir. Bu sorunu gidermek i¢in literatiirde yeniden
ornekleme yontemleri gibi bazi yontemler bulunmaktadir. Yeniden 6rnekleme yontemlerinden
biri olan azornekleme, ¢ogunluk smifindan verileri silerek denge olusturur. Bu calisma, az
ornekleme yapilirken ¢ogunluk siniftan alinacak en uygun gozlemleri belirlemek igin farkli
optimizasyon yontemlerini kargilastirmayr amaglamaktadir. Ilk olarak, basit bir simiilasyon
calismast yapilmis ve yeniden Orneklenen veri setleri arasindaki farkliligi analiz etmek i¢in
grafikler kullanilmistir. Daha sonra, farkli dengesiz veri setleri i¢in farkli siniflayict modelleri
olusturulmustur. Bu modellerde rastgele azornekleme, genetik algoritma ile azdrnekleme,
diferansiyel evrim algoritmasi ile azdrnekleme, yapay ar1 kolonisi ile azornekleme ve pargacik
stiriisii optimizasyonu ile azornekleme karsilagtirilmistir. Sonuglara siniflandiricilara ve veri
setlerine gore degisen sira numaralar1 verilmis ve genel bir ortalama sira elde edilmistir. Sonug
olarak, yetersiz Ornekleme yapildiginda, yapay ar1 kolonisinin diger optimizasyon

yontemlerinden daha iyi performans gosterdigi goriilmiistiir.
Anahtar Kelimeler: Dengesiz smiflar; Siniflama; Azoérnekleme; Optimizasyon.
1. Introduction

Class imbalance is one of the major problems in machine learning. Class imbalance leads
to bias in the learning process from the data set. This bias causes incorrect predictions and makes
it difficult to evaluate the model. Resampling is one of the most frequently used methods for
dealing with this problem. In this method, balance is achieved by increasing the number of data
of minority class observations and/or by reducing the number of data of majority class

observations.

Undersampling methods are the methods that provide balance by reducing the majority
class observations. Oversampling methods are the methods that provide balance by increasing the
minority class observations. The most basic one of the undersampling methods is random

undersampling (RUS) method. It is often used in literature to handle class imbalance problem.
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For example, Chen et al. [1] reduced the aliasing artifacts and improved image quality by using a
hybrid scheme in the form of RUS-based singular value decomposition and compressed sensing.
Liu and Tsoumakas [2] used the RUS to improve the learning method of the Ensemble of
Classifier Chains against class imbalance. Noise detection is a popular approach to select samples
to be removed. Tomek Link [3] is one of these noise detection methods frequently used in the
literature to select samples to be discarded in undersampling applications [4-6]. Edited Nearest
Neighbor [7] is another noise detection method that can be used for undersampling. It uses three-
nearest neighbor and single-nearest neighbor sequentially to reduce the number of samples.
Laurikkala [8] proposed a neighborhood cleaning rule to undersample the majority class. The
method uses Edited Nearest Neighbor to remove noisy samples not only in the majority class but

also in the minority class.

Removal of observations to achieve class balance causes undesirable loss of information
available. To minimize the loss of information, it would be more appropriate to select the
observations by non-random methods. Many methods have been suggested in the literature for
this purpose [9-13]. The purpose of this study is to use optimization to select observations that
are to be removed in undersampling. Optimization is the process of achieving the most appropriate
solution for a specific purpose under certain constraints. In other words, optimization is the
process of obtaining the best result under given conditions. Different optimization techniques
have been developed to solve the problems encountered. There are two types of algorithms for
solving optimization problems. One of these is the classical algorithms that can obtain the optimal
solution by scanning the entire solution space. The other is the heuristic algorithms which
intuitively reach the solution in a short time without scanning the solution's entire space. Genetic
Algorithm (GA) [14], Particle Swarm Optimization (PSO) [15], Differential Evolution Algorithm
(DE) [16], and Artificial Bee Colony (ABC) [17] are some examples of heuristic algorithms.

Methods of optimization were used in various ways when applying methods of resampling.
Garcia and Herrera [18] have proposed eight different methods for selecting the observations to
be taken in undersampling with evolutionary algorithms. Inspired by this method, Roshan and
Asadi [19] increased the performance of bagging by detecting the best performing bonds with the
multipurpose evolutionary algorithm. Yu et al. [20] improved the performance of the Support

Vector Machines classifier in imbalanced class data sets by setting an optimized decision limit.

In the introductory section of this study, class imbalance problem and optimization methods
are mentioned and related studies in the literature are given. In the second section, the problem of
class imbalance is explained. Then, random sampling and sampling methods with optimization

are introduced. In the third section, the performance criteria used in the model evaluation while
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there is a class imbalance are explained. In the fourth section, models with different data sets and
different classifiers are formed. In these models, performance results are obtained with and
without resampling. In the fifth section, the averages of all results are given and the significance
of the difference between these results is tested. Finally, the results are compared and suggestions

are made in the sixth section.
2. Materials and Methods
2.1. Class imbalance problem

Algorithms, where the dependent variable is categorical and where these categories are
estimated using certain independent variables are referred to as classification. In classification,
the categories included in the dependent variable take the class name. Classification methods were
developed to determine the order in the observation data and categorize the sample based on this
order [21]. Most classification methods establish a model assuming that the number of
observations of these classes are equal. In this case, when the number of observations in the
classes varies, the models show bias in favor of the class with many observations. This is called
class imbalance problem. In almost all actual data, the number of observations of classes is not
equal, i.e., there is a class imbalance. However, the term class imbalance is used for situations
where a significant imbalance rate exists. This is called between-classes imbalance and is a
condition often encountered [22]. When there is an inter-classes imbalance, the class with fewer
observations is called the positive class, and the class with more observations is called the
negative class. There are some methods used to solve the problem of class imbalance. These

methods include the following:

e [n resampling methods, data derivation or data reduction may be applied until the data
is balanced [23].

o Different weights can be given to the observations.
e Different weights can be given to the classes.
e By using ensemble algorithms, positive classes can be predicted more easily [24].

Resampling methods are methods in which the data set is modified to make the observation

classes in the data set more balanced [25].

The resampling method can be grouped under three titles. These are oversampling,
undersampling, and hybrid methods. In oversampling methods, the aim is to increase the balance

of the positive class data in a certain way. In undersampling methods, some observations from
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the majority class observations are supposed to be balanced either randomly or in a controlled

way. In hybrid methods, undersampling and oversampling methods are used in conjunction.
2.2. Random undersampling

The most basic of undersampling methods is the random undersampling method. In this
method, a certain amount of data is randomly selected from the negative class and the remainder
is removed from the data set. Thus, balance can be ensured. RUS deletes the observation from the
original data set. The procedure for RUS is given in Algorithm 1. Random observations from T}, 4
of the entered T training set are selected and removed. However, discarding existing information
in this method causes loss of information. This is also undesirable. Consequently, RUS is a simple

method of adjusting the balance of the T data set [25].

Algorithm 1: RUS (Exact Balance)

Input : Training dataset, T
Function :
1. T,y and T,,,¢ < datasets belonging to classes

2. Npey and Ny, <-number of observations in Ty, and T, respectively
3. L = Npeg — Npos (Number of samples required for exact balance)
4. U « L-length series randomly selected within 1,2, ..., Ny, series
5. Taoy < Theq after discarding samples selected in U
Output : Ty < Thoy and Ty, datasets together

2.3. Undersampling with optimization

The purpose of this method is to determine the most useful observations to be taken from
samples of negative class. For this, it is necessary to determine the data set, which provides the
best separation in the T training data set. Algorithm 2 specifies the degree to which the separation
is accomplished. This algorithm is the objective function of the optimization method used in

Algorithm 3. Vector Z with length Ny, to be tested in optimization are the parameters to be
optimized. These parameters are set as 0 < Z; < 1,i = 1,2, ..., Ny¢4 in optimization method. Z

parameters are rounded in the objective function. Thus, all parameters take values of either 0 or
1. This is because the method of optimization to be used may not optimize discrete parameters.

Data sets of negative and positive classes are determined and two data sets are notated as Tyq4
and Tp,s are obtained. Then, negative observations in Ty.4, Which have a value of 1 in the Z
vector, are removed and Tl is obtained. Then T;J} and T,,s are combined and the new

undersampled data set, T*" is obtained. A decision tree (cp = 0.01), K, is trained in T;;25. The

389



Saglam et al. (2021) ADYU J SCI, 11(2), 385-409

performance of K in dataset T*" is used to determine the performance of the resampling method.
For this, independent variables of T*" are used to obtain the predictions of K and area under ROC
curve (AUC) is used to measure the performance. The subset T*" of T, maximizing the AUC
level obtained from the estimation gives us the optimal subset. The performance of T"" obtained
with this method depends on multiple factors. The optimization method to be used is, obviously,
one of the factors. Different optimization methods may find different subsets. Iteration numbers
in optimization methods may change the results. The type of the classifier (CART decision tree

in this case) and the evaluation criteria (AUC in this case) are also important factors.

Undersampling with the optimization method optimizes too many parameters. Therefore,
it takes too much time compared to resampling methods without optimization. Too many
parameters need too many combinations and more iterations are required to optimize them. Each

iteration also takes longer because the parameter number is high.

Algorithm 2: Objective Function of undersampling with optimization

Input : Train data set, T; Z vector of length N,,,, with values in range [0,1]

Function

1. Z =[Z + 0.5] (rounding)

2. Theg and T, < datasets of classes

3. They < Ty observations corresponding to value of 1 in the vector Z

4. Ty < Thoy and Ty, datasets together

5. K « decision tree model trained in %"

6. Pr(Y = positive class|X = x) « positive class probabilities of K
Output :  Perf «AUC calculated using Pr(Y = positive class|X = x)

Algorithm 3: Undersampling with optimization

Input : Train data set, T
Function
1. Ty and T, < datasets of classes
2. Nypeq and N,,,¢ < number of observations in T4 and T, respectively
3. Optimize vector 0<Z;<1,i=12,..,N,,, using the objective
function in Algorithm 2
3. Z < optimized parameters
4. Z,pe = [Z + 0.5] (rounding)

5. They < They observations corresponding to the value of 1 in the vector

Zopt
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Output : Tun < Theg and T,,¢ datasets together

2.4 Performance criteria

In order to determine the classification models developed for a data set with class imbalance
problem, the most suitable performance criterion should be selected. Although there are many
performance criteria in the literature, F;, G-mean and AUC are frequently used in imbalanced
data sets instead of misleading criteria such as accuracy or error rate [26, 27, 28, 29, 30]. F; and
G-mean are calculated using confusion matrix. The confusion matrix is given in Table 1. Some
of the performance criteria that were calculated through confusion matrix are presented in Table
2. Since accuracy is biased towards the negative class, imbalanced data sets produce biased
results. While sensitivity and precision consider positive class performance to be very high,
specificity gives the negative class more importance. G-mean is the geometric mean of sensitivity
and specificity. F; score is the harmonic mean of sensitivity and precision. Since G-mean and F;

consider both classes, they give a more realistic and general performance in imbalanced datasets.

Table 1: Confusion matrix

Prediction
Positive Negative
Truth Positive True positive (TP) False positive (FP)
Negative False negative (FN) True negative (TN)

Table 2: Some performance criteria used to evaluate classification models

Criterion Formula
TP +TN

TP+TN +FP+FN
TP

Accuracy

True positive rate (Sensitivity)

TPT41—V TY
T ti te (Specificit _—
rue negative rate (Specificity) F NTTDT N
Positive prediction value (Precision) _—
TP + FP
G-mean \/Sensitivity x Specificity
2
F, 1 1

Precision © Sensitivity

AUC is the most commonly used criterion for graphical performance. Calculation of AUC

can be given as follows:
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1
AVC = f ROC(t)dt (1)
0
3. Simulation

Figure 1 shows the flow chart of forming the model with or without resampling. The study
was conducted on simulation data and then 11 different data sets which are available online [31].
Table 3 shows the structural characteristics of the data sets. Undersampling methods were applied
to achieve balance in the train dataset by removing observations from the negative class. Methods
of undersampling used are; RUS, undersampling with genetic algorithm (US with GA),
undersampling with differential evolution algorithm (US with DE), undersampling with an

artificial bee colony (US with ABC), undersampling with particle flock optimization (US with

PSO).
/ Data Set ;

/ Train Set / Test Set

-~ Resampling

S Optimization

Balance with

optimized
undersampling
4 A4 l
[ Train the classifier ]
Make predictions on the test data and Y,
evaluate the classifier

Figure 1: Flow chart of modelling with and without
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No resampling

AUC = 0.5
F1=0.5
Gmean = 0.7

-5 0 5

US with GA

AUC = 0.94
F1=0.4

Gmean = 0.693

0

AUC = 0.94
F1=0.5
Gmean = 0.7

Figure 2: Decision boundaries of radial SVM in the simulation data set (“+ signs indicate test set,

circles indicate training set)
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The maximum number of iterations was set to 100 in all optimization methods. The class
observations were made in the simulation study as two dimensional X,4~N(0,3) with length
500 and X,s~N(5,2) with length 20. The training and test data set were stratified as 90% and
10% respectively. The radial SVM model was formed on the imbalanced training set. Secondly,
the balance was achieved with RUS, and the model was formed. Subsequently, four different
optimization methods were used and undersamplings were applied. Figure 2 shows the decision
boundaries and performances of the models. Although according to the original data set, there
was no increase in F; score, US with GA and US with ABC reached 0.94 AUC. Compared to
other methods, US with PSO was more inefficient in the simulation study. In the datasets
undersampled by optimization methods, it is seen that less data is discarded from the majority
class compared to the RUS method. If we consider that the US with GA, US with DE, and US
with ABC methods perform close to or better than RUS, we see that we can achieve the desired

results with less information loss. But the same is difficult to say for US with PSO.

Table 3: Structural properties of data sets

Dataset Independent N Npos Npeg Imbalance Ratio
Variable (Nneg/Nypos)
Number
breast 9 277 81 196 2.420
bupa 5 345 145 200 1.379
cleveland 5 296 34 262 7.706
ecoli 5 335 34 301 8.853
haberman 3 305 81 224 2.765
Sonar 60 120 23 97 4217
glassO 9 214 70 144 2.057
kyphosis 3 81 17 64 3.765
newthyroidl 5 215 35 180 5.143
Seeds 7 199 66 133 2.015
Vertebral 6 310 100 210 2.100

Eleven different data sets and 5 different classifiers were used to analyze the performances
of these methods. AUC, F; and G-mean criteria were used to evaluate the performance of the
models. The 10-fold cross-validity was repeated 10 times and the performance criteria were
averaged. In addition, the performance of the methods was graded from 1 to 6 with 10 x 10 =100
models set up for each case. The sequence numbers were properly synchronized when the same
performances were achieved in this ranking. To give an example, all (1 + 2 + 3) /3 =2 were
assigned rank numbers when the three methods were in the first place, and the subsequent
methods were assigned 4-5-6 rank numbers. The obtained rank numbers were averaged for 100

models and added to the results.
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In the study, J48 decision tree (C = 0.25, M = 2), K nearest neighborhood (KNN, K = 5),

radial support vector machines (SVM, o = 1, C = 0.25), naive bayes and logistic regression

classifiers were used.

The AUC measurements of the J48 classifier are given in Table 4 and the average rank in

Table 5. In the 11 data sets, the best results were obtained once without resampling, four times in
RUS, three times in US with GA, one time in US with DE, and two times in US with ABC. The
best ranking was achieved with US with GA, and the worst with US with PSO when the rankings

were analyzed. While GA was the optimization method that gave the best result in AUC rankings,

the method that gave the worst result was PSO.

Table 4: AUC values for J48 classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.6168+0.11
0.6168+0.09
0.5209+0.0575
0.7921+0.1858
0.5727+0.0953
0.6982+0.1976
0.7939+0.0975
0.5905+0.1948
0.9501+0.0899
0.918+0.0833
0.8384+0.0862

0.6069+0.1225
0.6285+0.1023
0.5878+0.1374
0.7988+0.1271
0.6269+0.0979
0.7125+0.1931
0.7874+0.0912
0.7181+0.1765
0.937+0.0734

0.8965+0.0821
0.8385+0.0755

0.6047+0.1292
0.6126+0.0972
0.5288+0.1267
0.7949+0.1511
0.6137+0.1087
0.7627+0.1898
0.8049+0.1035
0.6371+0.2016
0.9569+0.0784
0.9024+0.079

0.8399+0.0814

0.629+0.1082
0.614+0.0981
0.5455+0.1177
0.7888+0.1471
0.6147+0.1144
0.7598+0.1786
0.7973+0.089
0.6015+0.1819
0.95+0.0808
0.9085+0.0709
0.8389+0.0792

0.6192+0.1145
0.6123+0.0962
0.5379+0.1145
0.803+0.1659
0.6193+0.1008
0.7164+0.2081
0.7868+0.1028
0.6461+0.193
0.94+0.0912
0.9125+0.0811
0.8474+0.0863

0.6262+0.1214
0.617+0.0932
0.525+0.1075
0.7587+0.1748
0.58+0.0995
0.7492+0.1917
0.7999+0.1031
0.5886+0.1787
0.9547+0.0735
0.9165+0.0762
0.8261+0.0924

Table 5: AUC mean ranks for J48 classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 3.68 3.565 3.75 3.2 3.445 3.36
bupa 3.56 3.24 3.615 3.525 3.545 3.515
cleveland 3.715 2.785 3.65 3.39 3.685 3.775
ecoli 3.245 3.58 3.51 3.66 3.35 3.655
haberman 3.855 2.98 3.215 3.42 3.31 422
Sonar 3.655 3.97 33 3.295 3.535 3.245
glassO 3.505 3.685 3.275 3.57 3.715 3.25
kyphosis 3.965 2.67 3.425 3.72 3.305 3.915
newthyroidl ~ 3.02 4.205 3.29 3.535 3.535 3.415
Seeds 3.18 3.935 3.57 3.645 3.415 3.255
Vertebral 3.385 3.68 3.47 3.505 3.195 3.765
Mean 3.524 3.481 3.461 3.497 3.458 3.579

The F; measurements of the J48 classifier are given in Table 6 and the average rank in

Table 7. In the 11 datasets, the best results were obtained ten times without resampling and one

time in US with GA. In terms of rank averages, the best ranking was reached when no resampling

was performed, while the worst ranking was achieved when RUS was applied. While the

optimization method that gave the best result in F; rankings was ABC, the method that gave the

worst result was GA.
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Table 6: F; values for J48 classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO

breast 0.8206+0.046 0.7038+0.0929  0.7608+0.0756  0.7708+0.0749  0.755+0.084 0.7637+0.0753
bupa 0.7063+0.0706 0.6644+0.107 0.5852+0.1437  0.5763+0.1495  0.6267+0.1624  0.6363+0.1305
cleveland 0.9337+0.0162 0.7415+0.1415  0.9102+0.0424  0.9255+0.0258  0.913740.037 0.9173+0.0362
ecoli 0.9614+0.0196 0.8683+0.0629  0.954+0.0271 0.9549+0.0251  0.9533+0.027 0.9563+0.028

haberman 0.8084+0.0537 0.7604+0.075 0.7859+0.0684  0.7791+0.0895  0.7821+0.0734  0.7803+0.0716
Sonar 0.5043+0.2811 0.4947+0.2217  0.5827+£0.2566  0.5709+0.2669  0.5506+0.2752  0.5758+0.2785
glass0 0.848+0.0655 0.7997+0.0696  0.8285+0.0821  0.8136+0.0798  0.8278+0.0729  0.8218+0.0814
kyphosis 0.8298+0.0831 0.7222+0.1746  0.7931+0.1185  0.7841+0.1371  0.7891+0.1377  0.7907+0.1235
newthyroidl ~ 0.9837+0.0219 0.9601+0.0354  0.9787+0.0249  0.976+0.0244 0.9753+0.0276 ~ 0.9755+0.026

Seeds 0.89+0.0949 0.8404+0.1068  0.8523+0.099 0.8563+0.091 0.8784+0.0931  0.8662+0.0997
Vertebral 0.8668+0.0547 0.8377+0.0659  0.8496+0.0561  0.8429+0.0588  0.8637+0.0551  0.8416+0.0605

Table 7: F; mean ranks for J48 classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 1.945 4.82 3.66 3.325 3.615 3.635
bupa 2.48 3.07 4.21 4.325 3.38 3.535
cleveland 2.415 5.74 3.44 2915 3.315 3.175
ecoli 2.625 5835 3.16 3.215 3.245 2.92
haberman 2.555 4.22 3.45 3.57 3.525 3.68
Sonar 3.765 4.145 3.305 3.24 3.435 3.11
glassO 2.735 4.2 3.39 3.9 3.34 3.435
kyphosis 2.805 4.28 3.615 3.585 3.35 3.365
newthyroidl ~ 3.025 4345 3305 3.495 3.385 3.445
Seeds 293 3.965 3.79 3.775 3.175 3.365
Vertebral 2.885 3.82 3.56 3.885 2.92 3.93
Mean 2.742 4404  3.535 3.566 3.335 3.418

The G-mean measurements of the J48 classifier are given in Table 8 and the average rank

in Table 9. In the 11 datasets, the best results were obtained two times without resampling, six

times in RUS, two times in US with GA, and one time in US with DE in 11 data sets. When

examining the averages of the rankings, it was seen that the best ranking was achieved when

applying RUS, and the worst ranking was achieved when no resampling was applied. While GA

was the optimization method that gave the best result in G-mean rankings, the method that gave

the worst result was PSO.

Table 8: G-mean values for J48 classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.51+0.1689

0.5841+0.0857
0.0203+0.1001
0.704+0.233

0.4054+0.2724
0.6133+0.3036
0.7812+0.0946
0.3025+0.3502
0.9434+0.1019
0.9114+0.0753
0.7471+0.0987

0.5718+0.1185
0.5897+0.1153
0.5257+0.2173
0.7902+0.1074
0.6052+0.1263
0.6766+0.236

0.7706+0.0801
0.6312+0.2596
0.9314+0.0818
0.8821+0.0835
0.8054+0.076

0.5602+0.1376
0.5581+0.119

0.1597+0.2633
0.7423+0.1893
0.5796+0.1355
0.7191+0.2513
0.7916+0.1016
0.4504+0.3615
0.9419+0.0994
0.8863+0.0783
0.7801+0.0818

0.5841+0.1292
0.555+0.1207

0.1614+0.2603
0.738+0.2026

0.5679+0.153

0.6998+0.2701
0.7765+0.1209
0.3735+0.3632
0.9314+0.1059
0.8912+0.0709
0.7854+0.0837

0.5822+0.1175
0.5619+0.1108
0.1577+0.2675
0.7228+0.2308
0.5795+0.1466
0.6691+0.2825
0.7741+0.0982
0.4316+0.3576
0.9239+0.113

0.9046+0.0735
0.7559+0.0982

0.5698+0.1514
0.569+0.1021

0.1378+0.2534
0.7113+0.2235
0.5355+0.1505
0.6947+0.2794
0.774+0.0999

0.3402+0.362

0.9338+0.0981
0.8974+0.0789
0.7657+0.0903
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Table 9: G-mean rank means for J48 classifier

Dataset No resampling RUS USwith GA  USwithDE  USwith ABC  US with PSO
breast 422 3.47 3.67 3.12 3.275 3.245
bupa 3.345 3.125 3.625 3.83 3.53 3.545
cleveland 4.355 1.745 3.71 3.645 3.715 3.83
ecoli 3.485 34 3.395 3.53 3.55 3.04
haberman 4.04 2.84 3.295 3.545 3.245 4.035
Sonar 3.83 4.01 3.295 3.23 3.49 3.145
glassO 3.43 3.84 3.245 3.5 3.43 3.555
kyphosis 4.095 2.655 3.275 3.635 3.455 3.885
newthyroidl ~ 2.965 4.035 3.295 3.575 3.605 3.525
Seeds 2.95 3.97 3.795 3.77 3.17 3.345
Vertebral 4.21 2.755 3.235 3.255 3.915 3.63
Mean 3.72 3.259 3.44 3.512 3.489 3.58

The AUC measurements of the KNN classifier are given in Table 10 and the average ranks
are given in Table 11. In the 11 datasets, the best results were obtained five times without
resampling, four times with RUS, and two times in US with GA. When examining the averages
of the rankings, it was seen that the best ranking was achieved without resampling and the worst
ranking was achieved when RUS was applied. While the optimization method which gave the

best result in AUC rankings was ABC, the method that gave the worst result was PSO.

Table 10: AUC values for KNN classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.6473+0.1052
0.6614+0.0842
0.5378+0.1342
0.8913+0.0988
0.6531+0.0961
0.917+0.1157

0.8749+0.0823
0.6472+0.2394
0.9919+0.0409
0.9693+0.0391
0.9092+0.0525

0.6617+0.1104
0.6648+0.0862
0.5581+0.1596
0.9134+0.0595
0.6529+0.1051
0.8745+0.1331
0.8528+0.0779
0.6596+0.2136
0.9793+0.0459
0.9725+0.0336
0.9036+0.0477

0.6553+0.101

0.6518+0.0853
0.5418+0.1415
0.9092+0.0768
0.6443+0.1013
0.9036+0.127

0.8541+0.0834
0.6611+0.237

0.9878+0.0405
0.9734+0.0337
0.9044+0.0548

0.6584+0.0966
0.6613+0.085
0.551+0.1387
0.9156+0.0737
0.651+0.1044
0.8969+0.1315
0.8526+0.0819
0.647+0.2407
0.9878+0.0288
0.9731+0.0319
0.9074+0.0495

0.6573+0.0943
0.6611+0.0874
0.5492+0.1483
0.91+0.0804
0.648+0.1051
0.9046+0.1217
0.864+0.0857
0.6448+0.2327
0.9869+0.0414
0.969+0.0395
0.9086+0.0541

0.6611+0.1091
0.6573+0.0785
0.5322+0.1363
0.9099+0.0764
0.6456+0.105
0.9023+0.1257
0.8454+0.0867
0.6402+0.2424
0.987+0.0412
0.97+0.0354
0.907+0.0505

Table 11: AUC rank means for KNN classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 3.88 3.29 3.505 3.435 3.61 3.28
bupa 3.36 34 3.775 3.415 3.535 3.515
cleveland 3.52 3.325 3.53 3.47 3.335 3.82
ecoli 3.555 3.705 3.435 3.23 3.44 3.635
haberman 3.31 3.42 3.785 3.42 3.49 3.575
Sonar 2.745 4.41 3.385 3.635 3.31 3.515
glassO 2.455 3.81 3.75 3.895 3.03 4.06
kyphosis 3.49 3.495 3.325 3.495 3.575 3.62
newthyroidl ~ 2.69 4.28 3.48 3.61 3.49 3.45
Seeds 3.53 3.545 3.435 3.29 3.465 3.735
Vertebral 3.155 3.855 3.62 3.63 3.21 3.53
Mean 3.245 3.685 3.548 3.502 3.408 3.612
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The F; measurements of the KNN classifier are given in Table 12, and the average ranks
are given in Table 13. In the 11 datasets, the best results were obtained ten times without
resampling and one time in RUS. When examining the average rankings, it was seen that the best
ranking was achieved without resampling and the worst ranking was achieved when RUS was

applied. While the optimization method which gave the best result in F; rankings was ABC, the

method that gave the worst result was DE.

Table 12: F; values for KNN classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.8164+0.0446  0.7128+0.0781  0.7607+0.0682  0.7591+0.072 0.7488+0.0757  0.7597+0.0773
bupa 0.7151+0.064 0.6658+0.0834  0.6084+0.1053  0.59544+0.1084  0.6768+0.1044  0.6336+0.1002
cleveland 0.9341+0.0134  0.7179+£0.0885  0.9036+0.0336  0.9041+0.0334 ~ 0.9033+0.0306  0.9092+0.0286
ecoli 0.9561+0.0236  0.8896+0.0506  0.9525+0.0244  0.9527+£0.0277  0.9528+0.0261  0.953+0.027
haberman 0.8228+0.0467  0.71984+0.0718  0.7768+0.0571  0.7694+£0.0669  0.7742+0.0657  0.771+0.0621
Sonar 0.7201+0.2115  0.5336+0.1536  0.6404+0.2064  0.6122+0.1911  0.6593+0.2196  0.62+0.1903
glass0 0.8368+0.0693  0.771+0.0898 0.7869+0.1011  0.7832+0.0854  0.8124+0.0847  0.7744+0.0918
kyphosis 0.8549+0.0627  0.6627+0.1778  0.8271+0.0997  0.8094+0.1187  0.8239+0.0966  0.806+0.1107
newthyroidl ~ 0.9776+0.0213  0.961+0.0343 0.9757+0.0246  0.9758+0.0261  0.9752+0.026 0.9743+0.0263
Seeds 0.8397+0.1078  0.8703+0.0954  0.8586+0.0993  0.8619+0.1029  0.8522+0.0981  0.8566+0.0992
Vertebral 0.8795+0.0507  0.846440.056 0.8551+0.0599  0.8589+0.0573  0.8741+0.0543  0.8657+0.0562

Table 13: F; rank means for KNN classifier

Dataset No resampling RUS USwith GA  USwithDE  USwith ABC  US with PSO
breast 1.815 4.795 3.565 3.545 3.79 3.49
bupa 1.91 3.205 4.425 4.78 2.73 3.95
cleveland 1.6 6 3.465 3.425 3.405 3.105
ecoli 2.625 5.86 3.275 3.06 3.105 3.075
haberman 1.625 5.4 3.345 3.62 3.445 3.565
Sonar 2.14 5.055 3.27 3.775 3.09 3.67
glassO 2.13 4.355 3.68 3.855 2.895 4.085
kyphosis 247 5.285 3.14 3.315 3.23 3.56
newthyroidl ~ 3.155 4.355 3.36 3.315 3.4 3.415
Seeds 3.855 3.18 3.47 3.42 3.55 3.525
Vertebral 2.665 4.405 3.925 3.625 2.995 3.385
Mean 2.363 4.718 3.538 3.612 3.24 3.53

The G-mean measurements of the KNN classifier are given in Table 14, and the average
ranks are given in Table 15. In the 11 data sets, the best results were achieved once without
resampling, seven times in RUS, and two times in US with DE. When the rank averages are
examined, it was seen that the best ranking is reached when RUS is applied and the worst ranking
is reached when no resampling is applied. While the optimization method which gave the best

result in G-mean rankings was DE, the method that gave the worst result was PSO.

Table 14: G-mean values for KNN classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.491+0.1433 0.6063+0.1029  0.5965+0.121 0.6024+0.1235  0.5889+£0.1112  0.5852+0.1324
bupa 0.6066+0.0887  0.62+0.0858 0.6017+0.0882  0.5993+0.0876  0.6065+0.0915  0.6116+0.0845
cleveland 0+0 0.4971+0.2218  0.0627+0.172 0.0399+0.1362  0.0227+0.115 0.036+0.1321
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ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.6932+0.2592
0.4515+0.1882
0.8406+0.1701
0.7489+0.1184
0.0932+0.2581
0.8628+0.1572
0.8704+0.0871
0.8097+0.082
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0.8305+0.1195
0.5998+0.1053
0.7461+0.1368
0.7562+0.0934
0.538+0.3016

0.8996+0.1166
0.9037+0.0733
0.8301+0.0622

0.7691+0.2262
0.5593+0.1238
0.8062+0.1682
0.7609+0.1004
0.2994+0.3863
0.8929+0.1299
0.8915+0.0774
0.8246+0.0711

0.7959+0.1877
0.5744+0.1242
0.7983+0.1487
0.7613+0.0898
0.3243+0.3748
0.8905+0.1346
0.8963+0.0809
0.8324+0.0637

0.7573+0.2195
0.5837+0.123
0.8127+0.1711
0.7484+0.1086
0.2402+0.3525
0.8896+0.1277
0.884+0.0806
0.814+0.0776

0.7694+0.2189
0.5486+0.1303
0.8013+0.165

0.7436+0.0973
0.2942+0.357

0.8888+0.1323
0.8901+0.0772
0.8286+0.0722

Table 15: G-mean rank means for KNN classifier

Dataset No resampling RUS GA DE ABC PSO
breast 4.765 3.25 3.135 3.15 3.31 3.39
bupa 3.5 3.115 3.605 3.745 3.55 3.485
cleveland 4.095 1.38 3.78 3.875 3.975 3.895
ecoli 3.905 3.205 3.49 3.275 3.65 3.475
haberman 491 2.84 3.435 3.185 2.955 3.675
Sonar 2.17 4.995 3.28 3.775 3.105 3.675
glass0 3.34 3.565 3.325 3.365 3.54 3.865
kyphosis 4315 2.585 3.395 3.35 3.785 3.57
newthyroidl ~ 3.425 4.015 3.38 3.345 3.4 3.435
Seeds 3.885 3.17 3.46 3.42 3.55 3.515
Vertebral 3.76 3.38 3.59 3.275 3.665 3.33
Mean 3.825 3.227 3.443 3.433 3.499 3.574

The AUC measurements of the radial SVM classifier are given in Table 16, and the average

ranks are given in Table 17. In the 11 datasets, the best results were obtained five times without

resampling, four times in RUS, and two times in US with GA. When the averages of the rankings

were examined, it was seen that the best ranking was achieved without resampling and the worst

ranking was achieved when RUS was applied. While the optimization method which gave the

best result in AUC rankings was ABC, the method that gave the worst result was PSO.

Table 16: AUC values for radial SVM classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.6454+0.1174
0.7124+0.0737
0.6946+0.1735
0.8878+0.1397
0.6543+0.1122
0.6496+0.3671
0.8801+0.0767
0.8211+0.1889
0.9945+0.0127
0.9852+0.0206
0.8843+0.0664

0.5424+0.1658
0.6899+0.0824
0.5804+0.2161
0.9284+0.0562
0.6688+0.1087
0.4933+0.2564
0.8676+0.0796
0.7748+0.2553
0.9955+0.0141
0.9828+0.0231
0.8831+0.0585

0.6282+0.1137
0.6839+0.081
0.6666+0.1737
0.9062+0.11
0.6884+0.1157
0.3483+0.3553
0.8641+0.0795
0.8464+0.1699
0.9956+0.0156
0.9844+0.0214
0.8841+0.0645

0.6305+0.1238
0.6822+0.0833
0.6711+0.168

0.9088+0.1041
0.6928+0.1084
0.4027+0.3668
0.8674+0.0809
0.8277+0.1926
0.9966+0.0114
0.9813+0.0279
0.8894+0.0602

0.6092+0.1343
0.7022+0.0734
0.6599+0.1717
0.8936+0.1273
0.6965+0.1052
0.481+0.3894

0.8743+0.0791
0.8426+0.1741
0.9971+0.012

0.9838+0.0218
0.8827+0.0646

0.6226+0.1318
0.6884+0.0779
0.6379+0.1879
0.903+0.1093
0.6904+0.1055
0.3379+0.34
0.8716+0.0772
0.7962+0.2171
0.996+0.0123
0.9842+0.0227
0.8813+0.063

Table 17: AUC rank means for radial SVM classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 2.99 4.085 3.57 3.315 3.67 3.37

bupa 2.495 3.755 3.93 3.9 3.02 3.9

cleveland 2.685 3.855 3.605 3.485 3.655 3.715

ecoli 3.155 3.99 3.4 3.345 3.565 3.545
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haberman 4.295 4.105 3.175 3.215 2.92 3.29
Sonar 2.645 3.11 3.99 3.85 3.535 3.87
glassO 2.92 3.064 4.01 3.625 3.165 3.04
kyphosis 3.41 391 3.125 3.505 3.275 3.775
newthyroidl ~ 3.755 3.51 3.445 3.44 3.39 3.46
Seeds 3.285 3.675 3.435 3.73 3.505 3.37
Vertebral 3.085 4.015 3.515 3.135 3.385 3.865
Mean 3.156 3.786 3.564 3.504 3.371 3.618

The F; measurements of the radial SVM classifier are given in Table 18 and the average
ranks are given in Table 19. In the 11 datasets, the best results were obtained nine times without
resampling and two times in RUS. When the averages of the rankings were examined, it was seen
that the best ranking was achieved without resampling and the worst ranking was achieved when
RUS was applied. While the optimization method which gave the best result in F; rankings was
ABC, the method that gave the worst result was DE.

Table 18: F,; values for radial SVM classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.8194+0.0214  0.5094+0.1433  (0.7538+0.127 0.7804+0.0703  0.7335+0.1058  0.7759+0.0791
bupa 0.753+0.0551 0.7251+0.06 0.5706+0.156 0.5056+0.1405  0.6801£0.1355  0.6579+0.1484
cleveland 0.9352+0.0138  0.597+0.1404 0.9313+0.0197  0.9314+0.0166 ~ 0.9321+0.0157  0.9299+0.0193
ecoli 0.9552+0.0211  0.9344+0.0313  0.9548+0.0242  0.9529+0.0251  0.9536+0.0228  0.9548+0.0234
haberman 0.84+0.0313 0.7209+0.0815  0.7989+0.0522  0.7946+0.06 0.7956+0.062 0.7996+0.0599
Sonar 0+0 0.2256+0.1296  0+0 0+0 0+0 0+0

glass0 0.865+0.0446 0.8364+0.0753  0.8303+0.0676  0.8327+0.066 0.8588+0.0546  0.835+0.07
kyphosis 0.8749+0.0802  0.7525£0.1731  0.8602+0.1082  0.858+0.1002 0.8582+0.1009  0.8478+0.0995
newthyroidl ~ 0.9779+0.0259  0.9202+0.0464  0.9369+0.0461  0.9425+0.041 0.9445+0.0451  0.9426+0.0442
Seeds 0.8808+0.0942  0.8906+0.0961  0.882+0.091 0.8792+0.0918  0.877+0.0921 0.8854+0.0866
Vertebral 0.8796+0.0401  0.8493+0.0577  0.8592+0.0498  0.8614+0.0488  0.8748+0.0466  0.8643+0.0479

Table 19: F; rank means for radial SVM classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 1.97 5.79 3.38 3.03 3.715 3.115
bupa 1.95 2.86 4.49 5.225 2.98 3.495
cleveland 2.68 6 3.025 3.145 3.04 3.11
ecoli 2.915 5.03 3.155 3.455 3.325 3.12
haberman 1.86 5.44 3.43 3.48 3.46 3.33
Sonar 3.88 1.6 3.88 3.88 3.88 3.88
glassO 2.59 3.755 4.14 3.855 2.735 3.925
kyphosis 2.925 4.71 3.13 3.285 3.305 3.645
newthyroidl ~ 1.87 4.645 3.775 3.605 3.485 3.62
Seeds 3.55 3.29 3.49 3.6 3.65 3.42
Vertebral 2.56 4.425 3.925 3.72 2.815 3.555
Mean 2.614 4322 3.62 3.662 3.308 3.474

The G-mean measurements of the radial SVM classifier are given in Table 20, and the
average ranks are given in Table 21. The best results were obtained two times without resampling
and nine times in the RUS. When the rank averages were examined, it was seen that the best

ranking was achieved when RUS was applied and the worst ranking was achieved when no

400



Saglam et al. (2021) ADYU J SCI, 11(2), 385-409

resampling was applied. While the optimization method which gave the best result in G-mean

rankings was ABC, the method that gave the worst result was PSO.

Table 20: G-mean values for radial SVM classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.1087+0.1739  0.4599+0.1615  0.3307+0.2134  0.3666+0.2347  0.3846+0.2455  0.3167+0.2392
bupa 0.6257+0.0824  0.6185+0.0792  0.5701+0.1112  0.5489+0.1041  0.6068+0.0874  0.5926+0.1067
cleveland 0.0049+0.049 0.473+0.2252 0.0627+0.1712  0.0531+0.1613  0.0444+0.1523  0.0317+0.1265
ecoli 0.549+0.2918 0.7246+0.2439  0.6533£0.2643  0.6579+0.2568  0.6091+0.2776 ~ 0.6315+0.2772
haberman 0.2752+0.2021  0.6192+0.1089  0.5344+0.1509  0.5702+0.1236  0.5697+0.1311  0.5288+0.1673
Sonar 0+0 0.0294+0.1017  0+0 0+0 0+0 0+0

glass0 0.7377+0.1137  0.7699+0.1084  0.7463£0.1042  0.7568+0.0974  0.7544+0.111 0.7468+0.1112
kyphosis 0.3236+0.3847  0.6165+0.3033  0.4577+0.4007  0.4429+0.3898  0.3801+0.3967  0.3884+0.3827
newthyroidl ~ 0.9718+0.0435  0.924+0.0429 0.9368+0.051 0.9418+0.0456  0.9413£0.0527  0.942440.0453
Seeds 0.9027+0.0779  0.9163+£0.0772  0.9066+0.0742  0.9025+0.0757  0.9013+0.0759  0.9072+0.0726
Vertebral 0.7749+0.0852  0.7962+0.0781  0.7874+0.0743  0.7941+0.0781  0.7844+0.0803  0.7881+0.075

Table 21: G-mean rank means for radial SVM classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 5.085 2.545 3.555 3.165 3.06 3.59
bupa 2.82 3.19 3.865 4.345 3.26 3.52
cleveland 4.095 1.505 3.785 3.8 3.865 3.95
ecoli 3.85 3.385 3.34 3.46 3.62 3.345
haberman 5.6 2.36 3.455 3.03 3 3.555
Sonar 3.54 33 3.54 3.54 3.54 3.54
glassO 3.67 3.125 3.78 3.395 3.36 3.67
kyphosis 3.86 2.865 3.37 3.51 3.645 3.75
newthyroidl =~ 2 4.555 3.745 3.585 3.515 3.6
Seeds 3.585 3.17 3.5 3.62 3.675 3.45
Vertebral 3.755 3.185 3.57 3.275 3.555 3.66
Mean 3.805 3.017 3.591 3.52 3.463 3.603

The AUC measurements of the Naive Bayes classifier are given in Table 22, and the
average rank in Table 23. In the 11 datasets, the best results were obtained seven times without
resampling, two times with US with GA, and two times with US with PSO. When the averages
of the rankings were examined, it was seen that the best ranking was achieved without resampling
and the worst ranking was reached when RUS was applied. While the optimization method which

gave the best results in AUC rankings was ABC, the method that gave the worst results was DE.

Table 22: AUC values for Naive Bayes classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.72+0.0998 0.7156+0.1009  0.7253+£0.1017  0.721540.098 0.7235+0.0992  0.7239+0.0962
bupa 0.6041+0.0917  0.5989+0.0938  0.6019+0.0929  0.5898+0.089 0.6032+0.0897  0.6025+0.0889
cleveland 0.6386+0.1591  0.6314+0.1702  0.631£0.1591 0.6321+0.1621  0.633+0.1553 0.6206+0.1584
ecoli 0.92+0.0702 0.9104+0.0808  0.9184+0.0719  0.91994+0.0709  0.9188+0.0708  0.9168+0.0714
haberman 0.6865+0.1091  0.6782+0.1193  0.6816+0.11 0.6796+0.1132  0.6832+0.109 0.6856+0.112
Sonar 0.8886+0.1289  0.8916+0.112 0.8919+0.1248  0.8891+0.1347  0.8896+0.1241  0.8895+0.1173
glass0 0.8926+0.0681  0.8664+0.072 0.8698+0.0827  0.8722+£0.0656  0.8844+0.0739  0.8635+0.081
kyphosis 0.7975+0.1888  0.7869+0.1861  0.8001+0.1917  0.777+0.1946 0.8011+0.1902  0.8086+0.1768
newthyroidl ~ 0.9674+0.0399  0.9483+0.0531  0.9519+0.0476  0.9503+0.0514  0.9561+0.043 0.9575+0.043
Seeds 0.9646+0.0385  0.9615+0.04 0.9631+0.0396  0.9628+0.0391  0.9637+0.0393  0.9629+0.0385
Vertebral 0.8397+0.0748  0.8383+0.0772  0.8374+0.0758  0.8406+0.0756  0.8388+0.074 0.8439+0.0725
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Table 23: AUC rank means for Naive Bayes classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 3.77 4.035 3.05 3.515 3.355 3.275
bupa 3.295 3.635 3.43 3.72 3.46 3.46
cleveland 3.03 3.455 3.615 3.385 3.645 3.87
ecoli 3.285 3.715 3.51 33 3.39 3.8
haberman 3.225 3.62 3.54 3.705 3.525 3.385
Sonar 3.515 3.635 3.42 34 3.52 3.51
glassO 2.855 3.755 3.675 3.685 3.04 3.99
kyphosis 3.4 3.68 3.455 3.72 3.395 3.35
newthyroidl ~ 2.935 3.78 3.685 3.735 3.455 3.41
Seeds 3.255 3.765 3.505 3.51 3.4 3.565
Vertebral 3.53 3.695 3.86 3.19 3.675 3.05
Mean 3.281 3.706 3.522 3.533 3.442 3.515

The F; measurements of the Naive Bayes classifier are given in Table 24 and the average

rank in Table 25. In the 11 datasets, the best results were obtained ten times without resampling

and one time with US with PSO. When the averages of the rankings were examined, it was seen

that the best ranking was achieved without resampling and the worst ranking was reached when

RUS was applied. While the optimization method which gave the best result in F; rankings gave

ABC, the method that gave the worst result was DE.

Table 24: F, values for Naive Bayes classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.8257+0.0372
0.6746+0.0753
0.9266+0.0302
0.937+0.0355

0.8311+0.0406
0.6375+0.2684
0.8051+0.0834
0.8899+0.0626
0.9695+0.0321
0.8549+0.0914
0.8143+0.0649

0.7982+0.0712
0.604+0.1004

0.7282+0.0763
0.9009+0.0467
0.771+0.0647

0.5887+0.197

0.7306+0.1047
0.8093+0.1145
0.9493+0.0402
0.8424+0.0987
0.7939+0.0698

0.8211+0.0564
0.526+0.1055

0.8877+0.0415
0.9284+0.0374
0.7981+0.0563
0.6117+0.2594
0.7286+0.1121
0.872+0.0905

0.9573+0.0337
0.8502+0.0896
0.7983+0.0664

0.8185+0.059

0.5153+0.0964
0.8864+0.0406
0.924+0.0405

0.802+0.0546

0.6477+0.2398
0.7378+0.0969
0.8549+0.0906
0.9555+0.0339
0.8469+0.0895
0.7998+0.0697

0.8212+0.0545
0.6229+0.1117
0.8858+0.0422
0.9299+0.0382
0.7977+0.0563
0.6293+0.2589
0.7728+0.1121
0.8725+0.0967
0.9602+0.0309
0.8482+0.0892
0.8079+0.0679

0.821+0.0512
0.5537+0.1141
0.891+0.0399
0.9291+0.0386
0.7991+0.0495
0.6513+0.2555
0.73+0.101
0.8618+0.09
0.9594+0.029
0.8506+0.0925
0.8043+0.0648

Table 25: F; rank means for Naive Bayes classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 3.295 4.235 333 3.375 3.385 3.38
bupa 1.645 3.185 4.575 4.67 2.775 4.15
cleveland 1.375 5.95 34 3.525 3.52 3.23
ecoli 2.255 5.41 3.25 3.715 3.165 3.205
haberman 1.9 4.765 3.685 3.495 3.65 3.505
Sonar 32 4.265 3.65 3.19 3.47 3.225
glassO 2.225 3.945 4.095 3.89 2.87 3.975
kyphosis 2.73 4.715 3.255 3.625 3.19 3.485
newthyroidl ~ 2.72 4.045 3.575 3.76 3.455 3.445
Seeds 3.255 3.77 3.455 3.57 3.565 3.385
Vertebral 2.79 3.965 3.84 3.755 3.215 3.435
Mean 2.49 4.386 3.646 3.688 3.296 3.493
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G-mean measurements of the Naive Bayes classifier are given in Table 26 and average

ranks are given in Table 27. In the 11 datasets, the best results were obtained four times without

resampling and seven times in the RUS. In terms of rank averages, the best ranking was achieved

by RUS, and the worst by US with GA. While the optimization method which gave the best result

in G-mean rankings was ABC, the method that gave the worst result was the GA.

Table 26: G-mean values for Naive Bayes classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.3682+0.2003
0.5828+0.0885
0.2689+0.294
0.7919+0.1345
0.467+0.1733
0.7262+0.26
0.7849+0.0842
0.3715+0.3912
0.9632+0.0462
0.8903+0.0719
0.7768+0.0757

0.6469+0.1213
0.5844+0.0925
0.5469+0.207
0.8374+0.1012
0.5992+0.1322
0.7672+0.1661
0.7363+0.0886
0.6034+0.3323
0.9512+0.0378
0.8838+0.0771
0.77£0.0711

0.5802+0.1327
0.5455+0.0842
0.3662+0.2895
0.8026+0.1306
0.5502+0.14
0.7163+0.266
0.733+0.0974
0.4756+0.3999
0.9586+0.0319
0.8895+0.0691
0.77+0.0733

0.6015+0.1294
0.5413+0.0799
0.3865+0.2796
0.8015+0.137

0.5735+0.1484
0.7496+0.2347
0.7414+0.0842
0.4635+0.3887
0.9569+0.0319
0.8871+0.0707
0.7728+0.0747

0.5918+0.1413
0.5708+0.0908
0.3542+0.2772
0.799+0.1292

0.5827+0.1287
0.7246+0.2469
0.7652+0.1006
0.4601+0.4029
0.9587+0.0341
0.8866+0.0691
0.7738+0.0762

0.591+0.1232
0.5572+0.0867
0.3022+0.295
0.8018+0.1356
0.569+0.1374
0.7499+0.2397
0.7314+0.0952
0.44+0.4073
0.959+0.0312
0.8877+0.0726
0.7733+0.0722

Table 27: G-mean rank means for Naive Bayes classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 5.435 2.48 3.41 3.205 3.245 3.225
bupa 2.865 2.955 4.025 4.03 3.485 3.64
cleveland 3.615 2.29 3.69 3.565 3.835 4.005
ecoli 2.915 3.97 3.49 3.745 3.375 3.505
haberman 4.94 2.8 3.625 3.155 3.155 3.325
Sonar 3.245 4.065 3.66 3.235 3.53 3.265
glassO 2.535 3.74 3.99 3.78 2.97 3.985
kyphosis 3.69 3.195 3.43 3.55 3.51 3.625
newthyroidl ~ 2.81 3.995 3.525 3.74 3.485 3.445
Seeds 3.255 3.77 3.455 3.57 3.565 3.385
Vertebral 3.14 3.795 3.69 3.645 3.325 3.405
Mean 3.495 3.369 3.635 3.565 3.407 3.528

The AUC measurements of the Logistic Regression classifier are given in Table 28, and

the average rank in Table 29. In the 11 datasets, the best results were obtained five times without

resampling, one time in US with ABC and five times in US with PSO. When the averages of the

rankings were examined, it was seen that the best ranking was achieved without resampling and

the worst ranking was achieved when RUS was applied. While the optimization method which

was the best results in AUC rankings was ABC, the method that gave the worst results was DE.

Table 28: AUC values for logistic regression classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar

0.7215+0.1073
0.7107+0.0884
0.7403+0.1578
0.9067+0.0708
0.6807+0.1273
0.7314+0.1561

0.7128+0.105
0.7092+0.0903
0.7225+0.1555
0.8986+0.0737
0.6784+0.1221
0.5458+0.212

0.7224+0.1056
0.7042+0.0886
0.7328+0.1556
0.9048+0.0732
0.6807+0.1348
0.6897+0.1929

0.7252+0.1096
0.7036+0.0896
0.7363+0.155

0.9038+0.0723
0.6806+0.1225
0.5949+0.1948

0.7202+0.1072
0.7077+0.0887
0.7377+0.1597
0.9056+0.0719
0.6792+0.1232
0.6628+0.1994

0.7225+0.1064
0.7047+0.0884
0.7359+0.1527
0.9036+0.0718
0.6814+0.1272
0.6175+0.1964
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glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.8216+0.0858
0.8357+0.1641
0.9778+0.054

0.9888+0.0336
0.9312+0.0425

0.8114+0.086

0.8168+0.1701
0.9878+0.0442
0.9719+0.0486
0.9305+0.0402

0.8134+0.0861
0.8361+0.1628
0.9864+0.0513
0.9698+0.0526
0.9302+0.0442

0.8106+0.0866
0.8296+0.1722
0.985+0.0422
0.9752+0.0503
0.932+0.0433

0.8225+0.083

0.8357+0.1632
0.9861+0.0365
0.9826+0.0379
0.9299+0.0445

0.8156+0.0865
0.8395+0.1625
0.9932+0.0316
0.9833+0.0363
0.9319+0.0421

Table 29: AUC rank means for logistic regression classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 3.485 4 3.405 3.295 3.45 3.365
bupa 3.14 3.38 3.62 3.795 3.5 3.565
cleveland 3.115 3.895 3.8 34 3.31 3.48
ecoli 3.195 3.785 3.485 3.575 3.42 3.54
haberman 3.455 3.685 3.285 3.475 3.555 3.545
Sonar 2.655 4.27 3.13 3.985 3.31 3.65
glassO 3.195 3.55 3.695 3.77 3.13 3.66
kyphosis 3.31 3.85 3.455 3.58 3.52 3.285
newthyroidl  3.68 3.51 3.355 3.61 3.57 3.275
Seeds 2.995 3.875 3.79 3.57 3.29 3.48
Vertebral 3.47 3.595 3.48 3.335 3.71 3.41
Mean 3.245 3.763 3.5 3.581 3.433 3.478

The F; measures of the Logistic Regression classifier are given in Table 30, and the average

rank in Table 31. In the 11 datasets, the best results were obtained ten times without resampling

and one time with US with PSO. When the averages of the rankings were examined, it was seen

that the best ranking was achieved without resampling and the worst ranking was reached when

RUS was applied. While the optimization method which gave the best result in F; rankings was

ABC, the method that gave the worst result was DE.

Table 30: F, values for Logistic Regression classifier

Dataset No resampling RUS US with GA US with DE US with ABC US with PSO
breast 0.8355+0.0474  0.7303+0.0773  0.785+0.0733 0.786+0.0807 0.7734+0.0833  0.781+0.0824
bupa 0.7337+0.0657  0.6787+0.08 0.584+0.0908 0.5675+0.1012  0.6892+£0.1035  0.6255+0.0915
cleveland 0.9412+0.0142  0.7924+0.0638  0.92644+0.0317  0.9274+0.03 0.9252+0.0302  0.929+0.0262
ecoli 0.9573+£0.0191  0.8928+0.0526  0.9534+0.0216  0.953+0.0223 0.9569+0.0202  0.9532+0.0213
haberman 0.8449+0.0253  0.7911+0.073 0.8417+0.0433  0.8364+0.055 0.8376+0.0458  0.842+0.0457
Sonar 0.4384+0.243 0.326+0.184 0.411+0.2199 0.3397+0.1981  0.4052+£0.2274  0.3542+0.2112
glass0 0.8265+0.0646  0.7616+0.076 0.7734+0.0761  0.7651+£0.0804  0.807+0.064 0.7778+0.0803
kyphosis 0.8743+0.0901  0.7844+0.1455  0.8561+0.1082  0.8579+0.1093  0.8626+0.1112  0.8551+0.1101
newthyroidl ~ 0.9856+0.0221  0.9812+0.0283  0.986+0.023 0.9859+0.0227  0.9856+0.0211  0.9884+0.0198
Seeds 0.9341+0.0779  0.9274+0.0798  0.9253+0.0742  0.9236+0.0779  0.9263+£0.0778  0.9199+0.0792
Vertebral 0.888+0.0464 0.8697+0.0531  0.872+0.0589 0.8704+0.0548  0.8834+0.0467  0.8773+0.0545

Table 31: F; rank means for Logistic Regression classifier

Dataset No resampling RUS USwith GA  USwithDE  US with ABC  US with PSO
breast 1.735 5.15 3.375 3.325 3.79 3.625
bupa 1.75 2.755 4.92 5.09 2.62 3.865
cleveland 2.07 6 3.235 3.155 3.35 3.19
ecoli 2.64 5.705 3.235 3.28 2.765 3.375
haberman 3.09 5.07 2.99 3.34 3.455 3.055
Sonar 2.82 3.99 3.375 3.875 3.22 3.72
glassO 2.165 4.24 3.81 4.105 2.785 3.895
kyphosis 2.995 4.695 3.365 3.335 3.24 3.37
newthyroidl ~ 3.51 3.745 3.475 3.445 3.545 3.28
Seeds 3.245 3.46 3.49 3.565 3.46 3.78
Vertebral 2.65 3.965 3.815 4.04 3.085 3.445
Mean 2.606 4.434 3.553 3.687 3.21 3.509
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The G-mean measurements of the Logistic Regression classifier are given in Table 32, and

the average of the rankings are given in Table 33. In the 11 datasets, the best results were obtained

two times without resampling, seven times in RUS, one time in US with DE, and one time in US

with PSO. When the rank averages are examined, it was seen that the best ranking was achieved

when RUS was applied and the worst ranking was reached when no resampling was applied.

While the optimization method which gave the best result in G-mean rankings was ABC, the

method that gave the worst result was PSO.

Table 32: G-mean values for Logistic Regression classifier

Dataset

No resampling

RUS

US with GA

US with DE

US with ABC

US with PSO

breast
bupa
cleveland
ecoli
haberman
Sonar
glassO
kyphosis
newthyroidl
Seeds
Vertebral

0.5676+0.1264
0.6277+0.0944
0.1495+0.2492
0.6304+0.2396
0.3366+0.1824
0.5984+0.2861
0.6978+0.1216
0.4359+0.3947
0.9531+0.0893
0.9503+0.0619
0.8248+0.0714

0.6443+0.0986
0.6512+0.0817
0.6424+0.1875
0.8087+0.1089
0.6211+0.1288
0.5068+0.242

0.7263+0.086

0.6308+0.3119
0.9611+0.0886
0.9477+0.061

0.8393+0.0655

0.6534+0.1153
0.6028+0.0728
0.3951+0.3086
0.6991+0.2258
0.5238+0.1594
0.5932+0.2585
0.7201+0.1008
0.4907+0.3897
0.9575+0.0909
0.9452+0.059

0.8318+0.0734

0.6659+0.1156
0.5917+0.0789
0.3728+0.3211
0.7334+0.1961
0.5384+0.1656
0.5143+0.2604
0.7238+0.0948
0.5615+0.3737
0.9633+0.0836
0.9436+0.0611
0.8336+0.0697

0.6579+0.1107
0.6219+0.0877
0.3499+0.313

0.6913+0.2328
0.528+0.1766

0.5719+0.2703
0.7111+0.0915
0.5065+0.3945
0.9661+0.0616
0.9461+0.0601
0.8287+0.0682

0.6533+0.1217
0.6188+0.0776
0.3277+0.3099
0.7038+0.2171
0.5237+0.1607
0.5313+0.2745
0.7196+0.1032
0.5442+0.3718
0.9714+0.0575
0.9413+0.0612
0.8317+0.0748

Table 33: G-mean rank means for Logistic Regression classifier

Dataset No resampling RUS USwithGA USwithDE  USwith ABC US with PSO
breast 4.925 3.59 3.14 2.89 3.215 3.24
bupa 3.325 2.42 4.045 4315 3.51 3.385
cleveland 4.6 1.94 3.39 3.42 3.805 3.845
ecoli 3.855 2.935 3.69 3.4 3.43 3.69
haberman 5.275 1.94 3.47 333 3.395 3.59
Sonar 2.895 3.995 3.315 3.835 3.29 3.67
glassO 3.8 3.255 34 3.435 3.615 3.495
kyphosis 3.595 3.445 3.705 3.375 3.45 3.43
newthyroidl ~ 3.52 3.765 3.465 3.435 3.535 3.28
Seeds 3.245 3.46 3.49 3.565 3.46 3.78
Vertebral 3.73 3.36 3.525 3.435 3.535 3.415
Mean 3.888 31 3.512 3.494 3.476 3.529

4. Results and Discussion

The rank means for all cases is given in Table 34. Kruskal Wallis H test was used to test

whether the difference between the rank means found for all cases was statistically significant.

Since there was a significant difference between all cases, Dunn test was performed for pairwise

comparisons. Significance levels of all these statistical tests are given in Table 35. The following

inferences were made on the basis of these results:
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o For AUC, F; and G-mean, there is a significant difference between the rank averages
according to resampling status.

e For AUC, F; and G-mean, there is no significant difference between the no resampling
and RUS rank averages.

e For AUC, F; and G-mean, there is a significant difference between the no resampling
and GA rank averages.

o For AUC, F; and G-mean, there is a significant difference between the RUS and GA
rank averages.

o For AUC, F; and G-mean, there is a significant difference between the no resampling
and DE rank averages.

o For AUC, F; and G-mean, there is a significant difference between the RUS and DE
rank averages.

e For AUC, there is no significant difference between the GA and DE rank averages. For
Fy, there is a significant difference between the GA and DE rank averages. For G-mean, there is
no significant difference between the GA and DE rank averages.

o For AUC, F; and G-mean, there is a significant difference between the no resampling
and ABC rank averages.

e For AUC, F;and G-mean, there is a significant difference between the RUS and ABC
rank averages.

o For AUC, F; and G-mean, there is a significant difference between the GA and ABC
rank averages.

e For AUC and F; there is a significant difference between the DE and ABC rank
averages. There is no significant difference between the DE and ABC rank averages for G-mean.

o For AUC, F; and G-mean, there is a significant difference between the no resampling
and PSO rank averages.

e For AUC, F; and G-mean, there is a significant difference between RUS and PSO rank
averages.

e For AUC and G-mean, there is a significant difference between GA and PSO rank
averages. For F;, there is no significant difference between GA and PSO rank averages.

e For AUC, there is no significant difference between the DE and PSO rank averages. For
F; and G-mean, there is a significant difference between the DE and PSO rank averages.

e For AUC, F; and G-mean, there is a significant difference between the ABC and PSO

rank averages.
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Table 34: Rank means for all cases

Criterion No resampling RUS USwith GA USwithDE US with ABC US with PSO
AUC 3.290 3.684 3.519 3.523 3.422 3.560
F 2.563 4.453 3.579 3.643 3.278 3.485
G-mean 3.747 3.194 3.524 3.505 3.467 3.563

Table 35: Kruskal-Wallis H test and pairwise comparisons for the mean of all cases

Test Pauc Pr, Pemean
Kruskall-Wallis H Test <0.001* <0.001* <0.001*
1-2 <0.001* <0.001* <0.001*
1-3 <0.001* <0.001* <0.001*
2-3 <0.001* <0.001* <0.001*
1-4 <0.001* <0.001* <0.001*
2-4 <0.001* <0.001* <0.001*
3-4 0.439 0.012 0.252
Dunn Test 1-5 <0.001* <0.001* <0.001*
2-5 <0.001* <0.001* <0.001*
3-5 <0.001* <0.001* 0.019
4-5 <0.001* <0.001* 0.079
1-6 <0.001* <0.001* <0.001*
2-6 <0.001* <0.001* <0.001*
3-6 0.070 0.001 0.100
4-6 0.092 <0.001* 0.026
5-6 <0.001* <0.001* <0.001*

5. Conclusion

The problem with class imbalance is that the dependent variable contains different class
observation numbers. This situation affects most classification methods. Resampling methods are
the most common methods for solving the class imbalance problem. One of the resampling
methods is undersampling method. The aim of the undersampling method is to achieve balance
by extracting certain observations within the positive class. It is very important to correctly select

these observations, as discarding observations causes information loss.

In this study, optimization methods were used in the selection of observations to be
extracted in undersampling. The optimization methods used are GA, DE, ABC and PSO.
According to the general rank means of these methods, the best optimization method was found
to be ABC. The difference between the ABC method and other methods was found to be
significant as a result of the Kruskal Wallis H and Dunn tests.

Four optimization methods were used in this study. Since these optimization methods were
used in the default settings, they are open to investigating how effective they are at different
settings. In addition, it is possible to use different classifiers and different performance criteria in

the objective function.
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Abstract

Machine learning is a field of artificial intelligence that allows computers to predict and
model future events by making inferences from past information with mathematical and statistical
operations. In this study, we used tree-based regression models, one of the machine learning
methods, to determine and predict the effect of health indicators of 191 countries on the human
development index (HDI) between 2014 and 2018 years. When tree-based regression models were
compared according to model performance criteria, it was found that the best model was the
gradient boosting model with the highest R? = 0.9962 and the smallest RMSE = 0.0094. With the
gradient boosting model, the three most important variables to HDI are; current health expenditure
per capita, physicians and nurses, and midwives, respectively. By selecting the ten countries with
the highest HDI values and Turkey, HDI values were estimated for 2018-2019 with a gradient
boosting model. The countries for which HDI values are best predicted by the gradient boosting
method are Netherlands, Sweden, Norway, Iceland, Denmark, Turkey, Ireland, Germany,

Australia, and China.
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Agac¢ Tabanh Regresyon Modelleri Kullanilarak Saghk Gostergeleri ile insani Gelisme

Endeksinin Tahmini
0Oz

Makine 6grenmesi, bilgisayar yardimiyla gegcmisteki bilgileri kullanarak matematiksel ve
istatistiksel islemlerle ¢ikarimlar elde eden ve gelecekteki olaylar hakkinda tahmin yiiriitiilmesi
modelleme yapilmasina imkan veren bir yapay zeka alanidir. Bu ¢alismada 191 iilkenin 2014-
2018 yillarinda saglik gostergelerinin insani gelisim endeksi (IGE) iizerindeki etkisini belirlemek
ve tahmin yapmak icin makine 6grenmesi yontemlerinden agag¢ tabanli regresyon modelleri
kullanilmigtir. Agachi tabanli regresyon modelleri model performans kriterlerine gore
karsilastirildiginda en iyi modelin en yiiksek R*= 0.9962 ve en kiigiik RMSE = 0.0094 degeri ile
gradyan artirma model oldugu bulunmustur. Gradyan artirma model ile IGE indeksine en fazla
etki eden 3 degisken sirasiyla: kisi basina cari saglik harcamasi, doktorlarin sayisi ve hemsireler
ile ebelerin sayisi olarak bulunmustur. IGE degeri en yiiksek olan 10 iilke ve Tiirkiye segilerek
gradyan artirma model ile 2018-2019 yillar1 i¢in IGE degerleri tahmin edilmistir. Gradyan artirma
yontemi ile IGE degeri en iyi tahmin edilen iilkeler sirasiyla Hollanda, Isvec, Norveg, Izlanda,

Danimarka, Tiirkiye, Irlanda, Almanya, Avustralya ve Cin seklindedir.

Anahtar Kelimeler: Makine 6grenmesi algoritmalart; Agac tabanli regresyon modelleri;

Gardyan arttirma model; Insani gelisim endeksi; Saglik degiskenleri.
1. Introduction

Machine learning, a new and promising sub-branch of algorithmic data analysis, has rapidly
advanced in recent years. Due to the rapid increase in available storage space, processing power,
and network connectivity, there has been great progress in data collection, sharing, and processing
technologies. Also, given the recent increase in the volume of data from all sources, it is possible
to apply learning methods in increasingly complex data that are impossible to analyze with prior
technology. Machine learning programs computers use statistical theory to create mathematical
models to optimize a performance criterion using sample data or past experiences [1]. Several
algorithms are used in machine learning to categorize data sets, analyze their results, and make
predictions. Machine learning algorithms are widely used in many sectors such as education,
economy, marketing, health, etc. In healthcare, machine learning algorithms are used in many

areas such as prediction, diagnosis, disease tracking, and processing of unstructured data [2, 3].
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Health services are considered one of the main determinants of economic and social development.
Health data belonging to health services guide the development of countries in the field of health.
The Human Development Index (HDI) is a concept introduced by the United Nations to measure
countries' human development levels. HDI determines the human development levels of societies
through three main areas: health, education, and income. Yakut et al. [4] using infant mortality
rate, gross national product, high school enrollment rate, growth, foreign direct investment,
energy consumption, energy production, inflation, exports, number of internet users,
unemployment, imports, mobile phone subscribers, and health expenditures. They made a
classification using ordered logistic regression analysis and artificial neural networks on the
Human Development Index of 81 countries. Zhang et al. [5] applied the Gradient Boosting
Decision Tree Algorithm (GBDT) to analyze health data and make predictions. They concluded
that the GBDT algorithm performs better than the traditional least-squares method, ridge
regression, lasso regression, ElasticNet, SVR, and KNN algorithm methods. Konig et al. [6]
analyzed the impact of multimorbidity on health care costs in Germany on all sectors of care using
an advanced tree-based graphic model. Rengber and Mete [7] classified countries according to
the Human Development Index (HDI) using machine learning techniques such as Artificial
Neural Network (ANN) and Adaptive Neural Fuzzy Inference System (ANFIS) and compared
the results with the HDI. Yakut and Korkmaz [8] created decision trees with C5.0 and Gini
algorithms using data from 79 countries from 2010-2017. They determined the HDI factors by
the decision trees method and classified the countries as very high, high, medium, and low-level
developed countries. They determined that the variables that affect most the HDI are education,
employment, and health indicators. Dos Santos et al. [9] used the SMOReg data mining algorithm
to predict Latin American countries' human development index and life expectancy. Hu et al.
[10] examined the critical factors of high costs for breast cancer patients using the Quantile
Regression Forests approach, a flexible tree-based machine learning technique using health data.
Saboo et al. [11] compared the ANN and linear regression-based approach in estimating the HDI.
Cosar [12] made a classification using Naive Bayes, ANN, and logistic regression methods to
determine the effect of healthcare indicators in OECD (Organization for Economic Co-operation

and Development) countries on the HDI.

In this study, we used tree-based regression models, one of the machine learning methods,
to determine and predict the effect of health indicators of all countries on the human development
index. The article is divided as follows: In Section 2, decision tree, random forest, extreme
gradient boosting, and gradient boosting from Tree-Based Regression models are defined. In
Section 3, the application of Tree-Based Regression models is explained with data for all

countries. Finally, a brief discussion is given in Section 4.
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2. Tree-Based Regression Models

Tree-based regression models use one or more decision trees. We considered four tree-
based machine learning methods, decision tree (CART), random forest regression, extreme

gradient boosting (XGBoost), and gradient boosting model.
2.1. Decision tree

CART was created by [13]. The CART programs construct classification or regression
models of a very general structure using a two-step process; the resulting models may be
represented as binary trees [14]. The mean squared error is used for the split data in the CART

algorithm. Mean squared error (MSE) for a specific node is defined as;

1 —
MSE0de = —Z(Yi - ynode)z- (1)
mp

ode

If it is assumed that there is a binary split on each node on the tree, it will be divided into left and

right. For each division, the error term with

1 _
MSEjefe = EZ(}G — Viett)?, 2

(¥ — Fright)?. 3)

MSEright =

Myright

For each attribute j, the following formula is calculated,

min(MSEleft + MSEright)- (4)
The smallest of the values is chosen. The dataset splits recursively, which means that the subsets

that meet a partition are partitioned until they reach a predetermined expiration criterion [14].
2.2. Random Forest regression

The ensemble learning algorithms produce a prediction model by combining the strong
points of a group of simpler, a lot of basic models [15]. The most widely used ensemble learning
algorithms are bagging and Random Forest algorithms. Breiman’s Random Forest classification
is an improved version of the bagging technique achieved by adding the randomness feature. The
following steps are taken for the Random Forest algorithm: firstly, n bootstrap samples are taken
from the original data set. Then CART is created for each bootstrap sampling. A new estimate is
made by combining the estimates made by n trees separately. Estimation is made by taking the

average of the results made in regression trees [16].
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2.3. Extreme gradient boosting

Chen and Guestrin [17] proposed a scalable, end-to-end tree strengthening system called
XGBoost in 2016. XGBoost, its algorithm is also called a regular gradient boosting technique.
The XGBoost algorithm is optimized by using different arrangements of the Gradient Boosting
algorithm. XGBoost is fast to interpret, prevents overlearning, and can handle large-sized datasets

well.
2.4. Gradient boosting model

Friedman [18, 19] established the foundation for the next generation of boosting
algorithms. Ridgeway [20] proposed a gradient boosting model using the link between upgrade
and optimization. This algorithm can be preferred for regression and classification problems. It
creates a model with a combination of its weak models. Increasing the gradient here aims to reach

the minimum error values by updating the predictions according to the learning rate.
2.5. Evaluation metrics for regression models

The mean absolute error (MAE), the mean squared error (MSE), the root mean squared
error (RMSE), and the coefficient of determination (R?) is used for model selection. R?is used to
measure the wellness of the fit by the trained models. MAE, MSE, RMSE are the average error

measures [25]. The error measures and R? are defined as follows

MAE = = (Zly; - §1),

MSE = < %(vi — ),

RMSE = /ﬁmi -9,

2 _ 1 ZGi=9?
RT=1 LGi-»*- )
3. Application Part

In this study, the health indicators and HDI of 2014 and 2018 were used for 191 countries.
The data obtained are available URL1-2 [21, 22]. The variables used in the study are given in
Table 1.

414



Akin & Kog (2021) ADYU J SCI, 11(2), 410-420

Table 1: Description of the variables

Variable Description

HDI Human development index

X1 Gross domestic product growth (annual %) (GDP)

Xy Current health expenditure (% of GDP)

X3 Hospital beds (per 1,000 people)

Xy Specialist surgical workforce (per 100,000 population)
Xs Current health expenditure per capita (current US$)

X Nurses and midwives (per 1,000 people)

Xy Physicians (per 1,000 people)

During the preparation of the data set for analysis, the multiple assignments (MICE)
method with chained equations was used for the missing value. In the MICE methods, a statistical
distribution is obtained over the data set. Then thanks to this distribution, a link is used that fills
in the missing value [23]. After the data set was completed, the data for the years 2014-2017 were
divided as training and the data for 2018 as test data. CART, random forest regression, XGBoost,
and gradient boosting model were applied. Analyzes were performed using version 3.5.2 of the R

software.

Performance criteria for training and test data are given in Table 2 to compare models.

Table 2: Performance measurement for Models

Train Data Test Data
MODELS
R? RMSE | MAE MSE R? RMSE | MAE MSE
CART 0.8309 | 0.0620 | 0.0441 0.0038 0.8704 | 0.0546 | 0.0395 | 0.0029
Random forest 0.9884 | 0.0170 | 0.0116 0.0003 0.8865 | 0.0579 | 0.0416 | 0.0034
XGBoost 0.9884 | 0.0170 | 0.0117 0.0002 0.7181 | 0.0884 | 0.0664 | 0.0078
Gradient boosting model | 0.9962 | 0.0094 | 0.0073 0 0.8942 | 0.0539 | 0.0394 | 0.0028

The model with the highest R? value and lower error rates than RMSE, MAE, and MSE
shows the best performance. In Table 2, the algorithm that gives the best performance in
predicting training data and test data is the gradient boosting model. When the gradient boosting

model is applied to the training data, the visible results of the model are as shown in Fig. 1.
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Regression Model Results

HDI

e
o
S

Predicted value
o
P
3

S
=
S

Density
N

/ Deviation

0.0250
0.0200
0.0150
0.0100
0.0050
’ AdjR2 = 0.9958
RISE = 0.009852
o MAE = 0.007608
0.40 0.60 0.80
Real value
model4
[] Model [[] Real

04

08
Continuous values

Cuts and distribution by absolute error

0.030

0.020

0.0158
0.0123
0.00847
- Q00113 i i ..
0.0034 &
0.00227
0.000 9.00115 00227 e [N -

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Absolute [#]

Cuts and distribution by absolute percentage error

6.0
T
@ 4.0
3
° 2.47
] 1.78
< oess 0:865. mlos e .
.63 O
0.0 &%—----
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
T 03 :;
> 02
2 o1 = ™
@
3 4 ] |
-5.0 25 0.0 25 50

Figure 1: Gradient boosting regression model results for train data

Figure 1 shows the regression results plot, errors plot, and distribution plot. When the

graphs are examined, it is seen that the gradient boosting model is suitable for the data. Feature

importance graph describes which features are relevant.

x5

X7

x6

x4

x1

x3

Relative influence

Figure 2: Gradient boosting model feature importance bar chart

In Fig. 2, it is seen that the three most important variables for the gradient boosting model

used to determine the effect of health indicators on HDI are x5, x7, and x6, respectively.
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When the gradient boosting model is applied to the data of the ten countries with the highest
HDI index and Turkey, the predicted values for 2018 and 2019 are as follows.

Table 3: HDI index prediction with gradient boosting model

Countries HDI2015 Predictedzo1s Predictedzo19
Norway 0.947 0.956 0.95304
Switzerland 0.953 0.955 0.90801
Ireland 0.922 0.951 0.93866
Germany 0.908 0.946 0.91917
China 0.879 0.946 0.92261
Iceland 0.958 0.946 0.95179
Australia 0.893 0.943 0.92787
Sweden 0.951 0.943 0.90990
Netherlands 0.943 0.942 0.93263
Denmark 0.952 0.939 0.93321
Turkey 0.804 0.817 0.85975

When the 2018 actual values (HDI) of the countries selected from Table 3 and the predicted
values for 2018 and 2019 are examined, the country with the best-predicted HDI value with the
gradient boosting method is found to be the Netherlands, and the worst predicted country China.
HDI forecast values change charts of selected countries for 2018 and 2019 are given in Fig. 3.

1

0,95

0,9

0,85
m 2018 HDI

0,8
2019 HDI

0,75

0,7

Figure 3: HDI forecast values comparison graph of countries
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Figure 3 shows HDI predictions with health indicators, and it is seen that HDI values of
Iceland and Turkey increase, while HDI values of Norway, Switzerland, Ireland, Germany, China,

Australia, Sweden, Netherlands, and Denmark countries decrease.
4. Conclusion and Discussion

Human development, which is a concept that aims to raise the living standards of societies
to the living standards of the modern world, is defined as the process that enables individuals to
live their lives as they value and to exercise their basic human rights [25]. Health is one of the
three most important components of the HDI.

In this study, the health indicators and HDI of 2014 and 2018 were used for 191 countries.
Health indicators; GDP, current health expenditure, hospital beds specialist surgical workforce,
current health expenditure per capita, nurses and midwives, and physicians have been selected
from several indicators that may potentially impact the HDI. First, tree-based decision tree,
random forest, extreme gradient boosting, and gradient boosting model methods, which are
machine learning algorithms, were applied to the training data to determine the effect of health
indicators on HDI of all countries and to make predictions. When the model performance criteria
were examined, it was found that the best model was the gradient boosting model with the highest
R?=0.9962 and the smallest RMSE = 0.0094. According to the gradient boosting model results,
the three variables that have the greatest effect on the HDI index are current health expenditure
per capita, physicians, nurses, and midwives. Then ten countries with the highest HDI values and
Turkey were chosen, and HDI values were estimated for 2018-2019 with the gradient boosting
model. The countries with the best HDI value estimated by gradient boosting method are
Netherlands, Sweden, Norway, Iceland, Denmark, Turkey, Ireland, Germany, Australia, and
China, respectively. The gradient boosting method has estimated HDI values with the same
mistake for Turkey and Denmark. However, Turkey has increased the HDI in the years, lagged
behind many developed countries. Considering the analysis results, it is seen that the effect of the
level of health expenditure on the HDI is quite high. Therefore, countries should allocate more
resources to the field of health. Also, given the impact of numbers of physicians, nurses, and
midwives on human development, it is obvious that more healthcare staff investment will increase
human development at higher rates. These results are very consistent with the literature [8]. The
limitation of this study is that the HDI index of 2020 and 2021 could not be predicted. HDI
predictive values can be calculated when current data on health variables of countries are

available.
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Abstract

In this study, as a new approach to the concept of asymptotical equivalence in the Wijsman
sense for double set sequences, the new concepts which are called asymptotical invariant
statistical equivalence of order § and asymptotical lacunary invariant statistical equivalence of
order B (0 < B < 1) in the Wijsman sense for double set sequences are introduced and explained
with examples. In addition, the existence of some relations between these concepts and
furthermore, the relationships between these concepts and previously studied asymptotical

equivalence concepts in the Wijsman sense for double set sequences are investigated.

Keywords: Asymptotical equivalence; Convergence in the Wijsman sense; Double

lacunary sequence; Invariant statistical convergence; Order [3; Sequences of sets.
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Oz

Bu calismada, ¢ift kiime dizileri i¢in Wijsman anlaminda asimptotik denklik kavramina
yeni bir yaklasim olarak, ¢ift kiime dizileri icin Wijsman anlaminda f (0 < f < 1) yme1
mertebeden asimptotik invaryant istatistiksel denklik ve asimptotik lacunary invaryant
istatistiksel denklik olarak adlandirilan yeni kavramlar tanitildi ve 6reklerle agiklandi. Ayrica,
bu kavramlar arasinda bazi iliskilerin varlig1 ve dahasi bu kavramlar ve daha 6nceden ¢ift kiime
dizileri i¢in Wijsman anlaminda c¢alisilmig asimptotik denklik kavramlar1 arasindaki iligkiler

incelendi.

Anahtar Kelimeler: Asimptotik denklik; Wijsman anlaminda yakinsaklik; Cift lacunary

dizi; Invaryant istatistiksel yakinsaklik; B inc1 mertebe; Kiime dizisi.
1. Introduction

Long after the concept of convergence for double sequences was introduced by Pringsheim
[1], using the concepts of statistical convergence, double lacunary sequence and o-convergence,
this concept was extended to new convergence concepts for double sequences by some authors
[2-4]. Recently, for double sequences, on two new convergence concepts called double almost
statistical and double almost lacunary statistical convergence of order a were studied by Savas
[5, 6]. Moreover, for double sequences, the concept of asymptotical equivalence was introduced

by Patterson [7].

Over the years, on the various convergence concepts for set sequences were studied by
several authors. One of them, discussed in this study, is the concept of convergence in the
Wijsman sense [8, 9]. Using the concepts of statistical convergence, double lacunary sequence
and o-convergence, this concept was extended to new convergence concepts for double set
sequences by some authors [10-12]. In [11], Nuray and Ulusu studied on the concepts of invariant
statistical and lacunary invariant statistical convergence in the Wijsman sense for double set
sequences. Furthermore, for double set sequences, the concepts of asymptotical equivalence in
the Wijsman sense were introduced by Nuray et al. [13] and then these concepts were studied by

some authors.

In this paper, using order 8, we studied on new asymptotical equivalence concepts in the

Wijsman sense for double set sequences.

More information on the concepts of convergence or asymptotical equivalence for real or

set sequences can be found in [14-24].
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2. Preliminaries

First of all, let us recall the basic notions necessary for a better understanding of our study

(3, 10, 12, 13, 25].
For a metric space (Y, d), p(y, C) denote the distance from y to C where

P, 0):= py(€) = infd(y,c),

for any y € Y and any non empty set C S Y.

For a non empty set Y, let a function g:N — 2¥ (the power set of Y) is defined by
g(m) = C,,, € 2Y for eachm € N. Then the sequence {C,,} = {Cy, C5, ... }, which is the codomain

elements of g, is called set sequences.

Throughout this study, (Y, d) will be considered as a metric space and C, Cyp, Dy Will

be considered as any non empty closed subsets of Y.

A double set sequence {C,,,,, } is called convergent to the set C in the Wijsman sense if each

yevY,

mgn_?oopy(cmn) = py (C).
A double set sequence {C,,,,} is called statistical convergent to the set C in the Wijsman

sense ifevery £ > 0 andeachy €Y,

1
m = {Gm,m:m < pn < g, 1oy (Cun) = py (O] 2 £} = 0.

A double sequence 6, = {(js, k;)} is called a double lacunary sequence if there exist

increasing sequences (j;) and (k;) of the integers such that

jo=0, hy =js—js—q 2 and kg =0, hy =k, — ks > © as s,t — oo,

In general, the following notations is used for any double lacunary sequence:

tst = jsktr hge = hs}_ltv Iy = {(m' n):js—l <m < and k;_; <n < kt}'
kt

Js
= —- and = g
s Js-1 e ke—1

Throughout this study, 8, = {(js, k¢)} will be considered as a double lacunary sequence.

A double set sequence {Cp,,} is called lacunary statistical convergent to the set C in the

Wijsman sense if every ¢ > 0 andeachy €Y,
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1
lim _|{(m: n) € Ise: |py(Cmn) — py(O)] 2 f}' = 0.

st Ry

The term p,, (gﬂ) is defined as follows:

P, Cn)
_ zC,. UD
o (Cmn> _ ) PG, Do) Y5 Fmn 2
Dmn
A , Y€ Cun U Dy

Double set sequences {Cp,,} and {D,,,} are called asymptotically equivalent in the

Wijsman sense if eachy € Y,

mn

and denoted by C;,,, z Dy

Let o be a mapping such that o: N* — N* (the set of positive integers). A continuous linear
functional ¥ on ¢ is called an invariant mean (or a o-mean) if it satisfies the following

conditions:
1. Y(x,) = 0, when the sequence (x;,) has x,, = 0 for all u,
2. Y(e) =1, wheree = (1,1,1,...) and
3. Y(Xoy) = Y (xy) forall (x,) € o

The mappings o are assumed to be one to one and such that 6™ (u) # u for all m,u € N*,
where 0™ (u) denotes the m th iterate of the mapping o at u. Thus 1 extends the limit functional

on ¢, in the sense that ¥(x,,) = limx,, for all (x,,) € c.

Double set sequences {C,,,} and {D,,,} are called asymptotically invariant statistical

equivalent to multiple 4 in the Wijsman sense if every £ > 0 and each y €Y,

C m n
(24

Domyonw)
The set of all asymptotically invariant statistical equivalent to multiple A double set

1
lim —
p.q—o pq

{(m,n):m <pn<gq,

uniformly in u, v.
sequences in the Wijsman sense is denoted by {W4(S,)}.

Double set sequences {Cp,,} and {D,,,} are called asymptotically lacunary invariant

statistical equivalent to multiple A in the Wijsman sense if every ¢ > 0 and eachy €Y,

424



Ulusu et al. (2021) ADYU J SCI, 11(2), 421-430

>¢f =0

] 1
lim —
Stoo Ny

{(m, n) € Iy:

Comuyamw)
g )4
oM™ (u)o™(v)

uniformly in u, v.

3. Main Results

In this section, for double set sequences, the concepts of asymptotical invariant statistical
and asymptotical lacunary invariant statistical equivalence of order § (0 < f < 1) in the Wijsman

sense were introduced. Also, the inclusion relations between them were investigated.

Definition 1. Double set sequences {C,,,} and {D,,,} are asymptotically invariant

statistical equivalent to multiple A of order £ in the Wijsman sense if every ¢ > 0 and each y €

Ya
>¢f| o

wi(sh
uniformly in u, v, where 0 < 8 < 1 and we denote this in Cy,, £l Dy format, and simply

) <C¢7m(u)a”(v)> 3
Y \Dgmuyon(v)

lim ——=[{(mn):m<pn<gq,
p.a-= (pq)F |{

called asymptotically invariant statistical equivalent of order § in the Wijsman sense if 1 = 1.

Example 1. Let Y = R? and double set sequences {C,,,} and {D,,,,} be defined as

following:
1
{(a, b) e R?:a? + (b —1)? = —} ;  if m and n are square integers
Cnnt = mn
{(1,0)} ; otherwise.
and
1
{(a, b) e R?:a? + (b + 1)? = —} ;  if m and n are square integers
Dipn:= mn
{(1,0)} ; otherwise.

In this case, the double set sequences {C,,,} and {D,,,} are asymptotically invariant statistical

equivalent of order § (0 < 8 < 1) in the Wijsman sense.

Remark 1. For f = 1, the concept of asymptotical invariant statistical equivalence of order
f in the Wijsman sense coincides with the concept of asymptotical invariant statistical

equivalence in the Wijsman sense for double set sequences in [25].
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Definition 2. Double set sequences {Cy,,,, } and {D,,,, } are asymptotically lacunary invariant

statistical equivalent to multiple A of order £ in the Wijsman sense if every ¢ > 0 and each

o) -

) <C0m(u)a”(v)> 34
Y\ Domyonw)
wi(sEy)

uniformly in u, v, where 0 < f < 1 and we denote this in C,,;, ~ Dy, format, and simply

yeY,

1.

1m

S,t—>o0 ﬁ
’ hSt

{(m, n) € Igy:

called asymptotical lacunary invariant statistical equivalent of order § in the Wijsman sense if

A=1

The set of all asymptotically lacunary invariant statistically equivalent double set sequences

to multiple A of order 8 in the Wijsman sense is denoted by {W'(S fg)}.

Example 2. Let Y = R? and double set sequences {C,,,} and {D,,,} be defined as

following:
{(a,b) ER*: (a—m)>+(b+n)2 =1} ; if (m,n) € I,
Con: = m and n are square integer
{(-1,-1)} ; otherwise.
and
{(a,b) ER%: (a+m)>+(b—n)2 =1} ; if (m,n) € I,
Dy = m and n are square integer
{(-1,-1} ; otherwise.

In this case, the double set sequences {Cy,,} and {D,,,} are asymptotically lacunary invariant

statistical equivalent of order § (0 < f < 1) in the Wijsman sense.

Remark 2. For f =1, the concept of asymptotical lacunary invariant statistical
equivalence of order £ in the Wijsman sense coincide with the concept of asymptotical lacunary

invariant statistical equivalence in the Wijsman sense for double set sequences in [25].

Theorem 1. Ifliminfsqf > 1 and liminftqég > 1 where 0 < < 1, then

wi(sE w(shy)
Cmn ~ Dmn = Cmn ~ mn-

Proof. Let 0 < f <1 and suppose that liminfsqf > 1 and liminftqf > 1. Then, there

exist i, u > 0 such that qf =>1+nand qf = 1+ p for all s, t, which implies that
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B
hst > N ht > UBMB

b~ AW f S A+mPA+ P

For every ¢ > 0 and each y € Y, we have

oy <Cam(u)a”(v)> 34

{(m,n): m < jo,n <k,

4

fft Domuyon(v)
Comwyon ()
2_5 (mn) €Elg: |py|m————|— A =¢
o0 Domwyon(v)
RE 1 Compn n
s 1 {(m,n) € |, <M> s sz}|
fst hst ng(u)an(v)
nPubf 1

|{(m, n) € Ig:

Cam(u)a"(v)> }|
N 1 P peAOLAGR Y P
(A +mPL+PF pf g <Dam(u)on(v)

wi(s5)

for all u,v. If C,,;;, ~  Dpn, then for each y € Y the term on the left side of the above

inequality convergent to 0 and this implies that

1 C mion
— {(m,n) € Iy: |py (T Wy _ 31 > g}| 50
R, Domuyon)
W3 (Sqg)
uniformly in u, v. Thus, we get Cp,,y, ~ mn-

Theorem 2. If limsupsqs < oo and limsup,q; < oo, then

A
w1 (s5o) wish)
mn ~ mn = Cmn ~ mn»

where 0 < 8 < 1.
Proof. Let limsupggg < o0 and limsup,q; < oo. Then, there exist M, N > 0 such that g5 <

wi(sEg)
M and q; < N for all s,t. Also, we suppose that C,,, £l Dy (Where 0 < f < 1) and € >

Co’“(u)o“(v))
3PN Al OLECR By P31}
Y <Dam(u)an(v)

Then, there exist sg, tg € N such that for every £ > 0,eachy € Y and all s > 54,t = ¢

0, and let

for all u, v. Now, let
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yi=max{kg: 1 <s <5451t <t}

and let p and g be any integers satisfying j;_1 <p <js; and k;—; < q < k;. Then, for each

g

y € Y we have

oy <Cam(u)a”(v)> 34

|{(m,n): m<pn<gq,

()P Dgmwyon(v)
1 C m n
S5 {(m, n):m<js,n < ke, |py <—0 Wa (v)> > sr}|
{)(s—l)(t—1) Dsmuyonv)
1
= #B—{Kll + Kqo + Ky1 + Kyo + -+ Ksoto + -+ Kst}
(s—1)(t-1)
Soto 1 B Ks,(tg+1)
=P  max {kma} |+ hsotto+1) WP
(s—1)(t-1) \ 1=sn<t, (s—=1)(t-1) so(to+1)
B K(so+1)t B K(so+ 1D (to+1) B Kst
this,+1)e, hpo ° (S0+1)(to+1) hﬁo e hse—5
(So+1)t0 (So+1)(t0+1) St
s,t
SotoY 1 Kst B
=5 + B sup _/3 hmn
Usenie-1  Li-n—1) \5750 Mg ) \ st
t>t, m2so,to
s,t
SotoY 1 Kst
=75 +{) sup _/3 Z hmn
f(s—l)(t—l) (s—1)(t-1) Szig hst mnzsg,to
SotoY +e (js _jso)(kt - kto)
B 41—1)@-1) L(s-1)(t-1)
SotoY
S5 +84sq:
Cls-1(-1)
St
< ﬁ"—"y + EMN,
Cls-1(e-1)

for all u, v. Since js_4, k1 = 0 as p,q — o, it follows that foreachy € Y

Comuyon(v) )
PN QA OLAR P P BN
Y <Dam(u)a"(v)

W|{(m,n): m<pn<gq,

AccB
. . WZ (So')
uniformly in u, v. Thus, we get Cp,,y  ~ mn-

Theorem 3. If

1< liminqu < limsupgs < o and 1< lin%inqu < limsupg; < oo,
s s t
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where 0 < f < 1, then

wisky) wish)

mn mn < Cmn

~

Din.

Proof. This can be obtained from Theorem 1 and Theorem 2, immediately.

B
Theorem 4. Ifliminf>t > 0 where 0 < § < 1, then (W5 (S,)} € (W4 (S5)).

S,t—oo tgt

Proof. For every ¢ > 0 and each y € Y, it is obvious that

Cm n
py( o™ (wa (v))_/1 25}

{(m, n):m<jo,n <k
Dsmuyon(v)
) {(m, n) € Igy:

> ¢},

) <Cam(u)an(v)> 34
Y \Domyonw)

4

Thus, we have

{(m,n): m < jo,n <k,

oy <Cam(u)a”(v)> 34

Lt Domyon(v)
1 C m n
> 1 {<m,n> € |, (M)_A > §}|
Yt D gmyon )
R 1 C oy gn
a1 {(m,n) € i oy <M> _als 5}|
st hP, Domayonw)

Y
w3 (

So . . .
forall u,v. If Gy "~ . C, then for each y € Y the term on the left side of the above inequality
convergent to 0 and this implies that
Comuyamw)
P pm )4
oM™ (u)o™(v)

> E}| -0
WSl

uniformly in u, v. Thus, we get Cpy,  ~ €. Consequently, {W5(S,)} S {WZA(SfG)}.

h—B {(m, n) € Iy:

st
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Abstract

The Compact Muon Solenoid (CMS) Experiment is one of the particle detectors at CERN’s
Large Hadron Collider (LHC). The CMS Collaboration consists of more than 5000 scientists,
engineers, technicians and students from more than 200 institutes and universities from more than
40 countries. The CMS collaboration has a wide physics program and published more than 1000
papers. The CMS has provided open access to 2 PB of'its data recorded in proton-proton collisions
for research and educational use. This paper gives a brief description on how to analyze the CMS

open data and shows a simple Higgs Boson analysis with the data recorded in early 2011.

Keywords: CMS Open Data; Virtual Machine; Higgs.
CMS Acik Veri ile Egitici Higgs Calismas
Oz

Kompakt Miion Solenoid (CMS) Deneyi, CERN’in Biiyilk Hadron Carpistiricisindaki
(LHC) parcacik dedektodrlerinden biridir. CMS Isbirligi, 40’tan fazla iilkeden 200’den fazla
enstiti ve iniversiteden 5000’den fazla bilim insani, miihendis, teknisyen ve ogrenciden
olusmaktadir. CMS Isbirligi genis bir fizik programma sahiptir ve 1000’den fazla makale
yaymlamistir. CMS, aragtirma ve egitim amaclh kullanim igin proton-proton ¢arpismalarinda

kaydedilen verilerinin 2 PB’sine agik erisim saglamistir. Bu makale, CMS agik verilerinin nasil

* Corresponding Author DOI: 10.37094/adyujsci.1003333 L@ﬁ
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analiz edilecegine dair kisa bir agiklama sunar ve 2011’in baglarinda kaydedilen verilerle basit bir

Higgs Boson analizini igerir.

Anahtar Kelimeler: CMS Acik Veri; Sanal Makine; Higgs.

1. Introduction

The Compact Muon Solenoid (CMS) [1] is a general-purpose detector at the Large Hadron
Collider (LHC) at CERN. The CMS has a broad physics programme ranging from studying the
Standard Model to searching for extra dimensions and particles that could make up dark matter.
The CMS collaboration has published more than one thousand papers, one of the most important
publications was on the observation of the Higgs Boson [2] in 2012. The CMS Collaboration
continues its efforts on studying the properties of the Higgs Boson [3-38] ever since the first

observation.

Since 2014 the CMS Collaboration started to release recorded data into open datasets. The
CMS data are unique and are of interest to the scientific community as well as to those in

education. Several papers [39-47] focusing on new methods and physics results have been

published with the CMS open data.

This paper has educational intentions and focuses on CMS Open Data from 2011 (7 TeV)
for a study on the Higgs Boson. Section 2 describes how to set up a virtual machine, the datasets
and the event selection, Section 3 displays the event topology of the Higgs Boson candidates and

Section 4 shows the results.

2. The Datasets and Event Selection

One of the decay channels of the Higgs Boson is H—ZZ—4/, where the final decay
products can be four muons, four electrons or two muons and two electrons. For this study,
DoubleMuon [48] and DoubleElectron [49] datasets from RunA of 2011 were used since the

events stored in these datasets have at least two high-energy muons or electrons.

A virtual machine'is installed and the CMS computing environment is set up” to analyze
the CMS Open Data. The Higgs Boson candidates were selected by requiring to have two Z boson
candidates in the event. The Z boson candidates selection relied on the presence of a pair of muons
or electrons. The muon candidates are selected from muons identified as both Global and Tracker
Muon with the y*/d.o.f of the global-muon track fit is less than 10 and the number of inner-tracker
hits are more than 10. The muon candidates are also required to have transverse momentum (pr)

higher than 5 GeV/c, absolute value of the pseudo-rapidity (|5|) less than 2.4 and the ratio of the
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scalar sum of the Pt of tracks in the inner tracker (XPr) and the transverse energies (XEt) in
calorimeter cells (both in the Electromagnetic Calorimeter (ECAL) and Hadronic Calorimeter
(HCAL)) within a cone of radius AR = V(Ap)? + (A)> = 0.3 centered on the direction vector of
the candidate particle (dRo3) and the Pt of the muon candidate less than 0.15. The electron
candidates are selected from electrons passing loose identification requirements. The electron
candidates are also required to have Pt higher than 7 GeV/c, || less than 2.5 and additional
isolation criteria: in the barrel region (|| < 1.44) the ratio of the £Pt within dRg 3 and the Pr of the
electron candidate less than 0.09, the ratio of the XEr in the ECAL within dRo 3 and the Pt of the
electron candidate less than 0.07 and the ratio of the ZEr in the HCAL within dRg 3 and the Pt of
the electron candidate less than 0.10, in the forward region (5| > 1.57) the ratio of the Pt within
dRo 3 and the Pr of the electron candidate less than 0.04, the ratio of the £Er in the ECAL within
dRo3 and the Pr of the electron candidate less than 0.05 and the ratio of the ZEr in the HCAL
within dRo3 and the Pr of the electron candidate less than 0.0025. The region between 1.44 and
1.57 is excluded for the electrons due to low electrons reconstruction efficiency. Events with

single Z boson candidate are also studied.
3. Event Displays

The CMS collaboration has developed a tool for visualizing particle collisions. Figure 1
shows event displays of Higgs Boson candidates from 2011 and 2012 decaying to four muons,
four electrons or two muons and two electrons. The muon tracks and the muon stations with a
muon hit are shown in red, the electron tracks and the energy deposited in ECAL cells are shown

in green, and the energy deposited in the HCAL cells are shown in blue in the event displays.
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" CMS Experiment at the LHC, CERN CMS Experiment at the LHC, CERN
a Data recorded: 2011-Oct-13 12:47:38.421105 GMT g Data recorded: 2012-May-07 07:46:20.384985 GMT

Run / Event / LS: 178424 / 666626491 / 585 Run / Event / LS: 193575 / 400912970 / 523

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.271030 GMT
Run/ Event / LS: 195099 / 137440354 / 115

Figure 1: The event displays of the Higgs Boson candidates. The up-left display shows four muons, the
up-right display shows four electrons, and the low-middle display shows two muons and two electrons. The
particle tracks in the CMS tracker are shown in yellow in the upper-left display, for the other two displays
visualization of the particle tracks are disabled to make the electron tracks (in green) visible to the reader

4. Results

One million events per dataset (DoubleMu and DoubleElectron) were analyzed for Z
candidates. Figure 2 shows the kinematic properties of the muons used for Z candidate
reconstruction. Figure 3 shows the kinematic properties and the mass of the Z candidates
reconstructed by the muon pairs. Figure 4 shows the kinematic properties of the electrons used
for Z candidate reconstruction. Figure 5 shows the kinematic properties and the mass of the Z
candidates reconstructed by the electron pairs. Both the muons and electrons are mostly in the
barrel region and their transverse momenta peaks at around a bit higher than 40 GeV/c. The Z
candidates are mostly in the forward region. The reconstructed mass of the Z candidates centered
at 91 GeV/c?. The mass of the Z candidates have a narrower mass peak for the muon case than
the electron case. This suggests that the muon resolution of the CMS detector is better than its

electron resolution. The details of the muon reconstruction performance can be found at [50].
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Figure 2: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the more energetic muon. The right column shows the pseudo-rapidity (up-right) and
transverse momentum (low-right) distributions of the less energetic muon
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Figure 3: The pseudo-rapidity (up-left) and transverse momentum (up-right) distributions of the Z
candidates reconstructed by the muon pairs. The mass distribution (low-middle) of the Z candidates
reconstructed by the muon pairs
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Figure 4: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the more energetic electron. The right column shows the pseudo-rapidity (up-right) and
transverse momentum (low-right) distributions of the less energetic electron
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Figure 5: The pseudo-rapidity (up-left) and transverse momentum (up-right) distributions of the Z
candidates reconstructed by the electron pairs. The mass distribution (low-middle) of the Z candidates
reconstructed by the electron pairs.
All events were analyzed for Higgs Boson candidates; 35,329,695 events in DoubleMu

dataset and 3,835,254 events in DoubleElectron dataset. Figure 6 shows the kinematic properties

of the Z candidates used for Higgs Boson reconstruction by using the DoubleMu dataset. Figure
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7 shows the kinematic properties and the mass of the Higgs Boson candidates by using the
DoubleMu dataset. Figure 8 shows the kinematic properties of the Z candidates used for Higgs
Boson reconstruction by using the DoubleElectron dataset. Figure 9 shows the kinematic
properties and the mass of the Higgs Boson candidates by using the DoubleElectron dataset. The
Z candidates are evenly distributed in pseudo-rapidity for both datasets. The Higgs candidates are
mostly in the forward region for both datasets. Even though it is not possible to make a conclusion,
the mass of the Higgs Boson candidates with the DoubleMu dataset shows a slight excess in the
120-130 GeV/c2 range. A similar excess doesn’t exist in the Higgs Boson candidate mass plot

with the DoubleElectron dataset.
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Figure 6: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the real Z candidates. The right column shows the pseudo-rapidity (up-right) and transverse
momentum (low-right) distributions of the virtual Z candidates. The plots are produced by using the
DoubleMu dataset
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Figure 7: The pseudo-rapidity (up-left), transverse momentum (up-right) and the mass distribution (low-
middle) of the Higgs candidates reconstructed by using the DoubleMu dataset
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Figure 8: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the real Z candidates. The right column shows the pseudo-rapidity (up-right) and transverse
momentum (low-right) distributions of the virtual Z candidates. The plots are produced by using the
DoubleElectron dataset
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Figure 9: The pseudo-rapidity (up-left), transverse momentum (up-right) and the mass distribution (low-
middle) of the Higgs candidates reconstructed by using the DoubleElectron dataset

5. Conclusion

The CMS Open Data collections are released for research and educational use. The data
can be analyzed by installing a virtual machine and setting up the CMS computing environment.
It is possible to visualize the collision data and make histograms. This paper aims to give pointers
to guidelines on how to analyze the data and presents a simple Higgs Boson analysis with the data

recorded by CMS experiment in early 2011.
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Abstract

In this study, exchange bias effect was investigated in boron added NiMnSb Heusler alloys.
The samples were fabricated by arc melting method with NigMns7.5Sbi3 s+Bx, NisgMns77Sbi3 3+Bx
and NisMns70Sbi3.1+Bx nominal compositions. XRD analyzes showed that the samples were in
L2, crystal structure at room temperature. While the martensitic phase transition temperatures
increased, the magnetic moment value decreased with the increase in Mn content. The decrease
in magnetization is resulted from increase in antiferromagnetic interactions with the increase of
Mn content. Under low field and zero field cooling M-T measurements revealed that
antiferromagnetic interactions were more dominant at low temperature but ferromagnetic
behavior was more effective in the system at high temperature region. The coexistence of
ferromagnetism and antiferromagnetism in a magnetic material can cause the exchange bias
effect. Therefore, the hysteresis loops were examined at 5 K of the samples cooled under 50 kOe
magnetic field. The shift at the origin of the magnetization curve, which is attributed to the

exchange bias effect, increased with increasing Mn amount.

Keywords: Ferromagnetic shape memory effect; NiMnSb Heusler alloys; Exchange bias

effect, Antiferromagnetic interactions.
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Bor Eklenmis NiMnSb Ferromanyetik Sekil Hatirlamah Alasimlarda Exchange Bias
Etkisi

Oz

Bu c¢alismada bor eklenmis NiMnSb Heusler alagimlarinda exchange bias etkisi
arastirilmistir. Numuneler, NigMns75SbizstBx, NiwMns;7Sbi33+Bx ve NisMnszoSbis1+By
baslangi¢ kompozisyonunda ark ergitme yontemiyle lretildi. XRD analizleri, 6rneklerin oda
sicakliginda L2 kristal yapisinda oldugunu gosterdi. Mn igeriginin artmastyla martensitik faz
gegcis sicakliklar artarken manyetik moment degeri azalmaktadir. Manyetizasyondaki azalma,
Mn igeriginin artmasiyla antiferromanyetik etkilesimlerdeki artigtan kaynaklanmaktadir. Diistik
alan ve sifir alan sogutmasi altindaki M-T Olciimleri, diisiik sicaklikta antiferromanyetik
etkilesimlerin daha baskin oldugunu, ancak yiiksek sicaklik bolgesinde sistemde ferromanyetik
davranisin daha etkili oldugunu ortaya koydu. Manyetik bir malzemede ferromanyetizma ve
antiferromanyetizmanin bir arada bulunmasi, exchange bias etkisine neden olabilir. Bu nedenle,
50 kOe manyetik alan altinda sogutulan numunelerin 5 K’de histerezis dongiileri incelenmistir.
Exchange bias etkisine atfedilen manyetizasyon egrisinin orijinindeki kayma, artan Mn miktar1

ile artmustir.

Anahtar Kelimeler: Ferromanyetik sekil hatirlama etkisi; NiMnSb Heusler alagimlari;

Exchange bias etkisi; Antiferromanyetik etkilesimler.
1. Introduction

Shape memory alloys (SMAs) are extensively studied by scientists and industrial
organizations due to their useful mechanical properties. As a result of these studies, nowadays
SMAss are used in many technological applications such as orthodontic braces and cardiovascular
stents used to open occluded or narrowed vessels, as well as industrial applications such as
sensitive thermal sensors, medical devices, electronic devices, spacecraft, superelastic eyeglass
frames and building materials [1]. While the shape memory effect can be activated by heat in
classical SMAs, in ferromagnetic shaped alloys (FSMAs), in addition to heat, it can be achieved
with an external magnetic field. The fact that the shape memory mechanism is faster than classical
SMAs increases the interest in FSMAs. FSMAs, which can be activated sensitively by magnetic

field, have various usage areas such as sensors, magnetic coolers and actuators [2].

The exchange bias (EB) term is used to describe the shift of the hysteresis loop along the
magnetic field axis. The origin of this phenomenon is the exchange interaction between

antiferromagnetic (AFM) and ferromagnetic (FM) spin structures. EB occurs when a FM and an
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AFM spin structures are in contact, and the system is cooled from high temperatures through the

Néel temperature of the AFM in an external magnetic field [3].

FSMAs are very convenient to be used in practical applications as it exhibits the shape
memory effect and strong magnetization simultaneously. Ferromagnetic NioMnZ (Z= In, Sn, Sb)
Heusler alloys (HAs) have been studied extensively in recent years due to their multifunctional
physical properties and magnetic behavior in martensitic transformation. Ni-Mn based HAs have
attracted considerable attention in the family of shape memory alloys since they exhibit useful
physical properties such as magnetic shape memory effect, magnetocaloric effect,

magnetoresistance, elastacaloric effect [4].

During the martensitic transformation, the high temperature phase called austenite
transforms into a low temperature phase called martensite. It has been reported that the crystal
structure transforms from L2; (high temperature) to 10M, 14M or L1y (low temperature) with
starting martensitic transformation [5, 6]. Since the martensite phase has less symmetry, its
magnetic state is not very clear [7]. Generally, the magnetization of HAs is caused by Mn atoms.
The nearest neighbor distance between Mn atoms in NizMnGa alloys is about 0.4119 nm. The
Ruderman-Kittel-Kaeya-Y o exchange interaction mediated by the conduction electrons gives rise
to a ferromagnetic ordering. In Mn-rich HAs, extra Mn atoms occupy Z sites, therefore the
distance between Mn atoms suddenly decreases (for NioMn;+xGaix x>0 about 0.2912 nm) and at
such small distances, the magnetic moments preferably align as antiparallel in both high and low
temperatures phases of the alloy [8]. With the increase of AFM interactions, which can be
expected that the EB property will improve.

In this study, boron-doped NiMnSb SMAs were produced in ingot form by arc melting
method. The martensite transition temperatures, hysteresis properties and magnetic properties of
the produced samples were revealed by magnetization measurements depending on temperature
and magnetic field. As explained above, AFM interactions are expected to increase by decreasing
the distance between Mn atoms due to the rich Mn content. It is aimed to improve the EB property
by increasing AFM interactions. Therefore, the EB properties of the samples will be investigated

in the last stage of the study.
2. Experimental

Polycrystalline NisMns375Sbiss+By, NisoMn377Sbi33+Byx and NiswMns70Sbis 1+Bx ingots
were produced by arc melting method in argon atmosphere. Samples were remelted several times
to ensure homogenization. Mn evaporation at the production process makes it difficult to fabricate

HAs at the desired stoichiometry [9, 10]. We reported that Mn evaporation was significantly
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inhibited in boron added Ni-Mn-Sn HAs [2, 4]. It can be expected that Boron addition exhibited
similar results in Ni-Mn-Sb alloys. Therefore, 3 moles boron were added to each sample and it is
also known that excess B in the ingots can leads to fragility of the alloys. The ingot samples were
heat treated in vacuumed quartz ampoules at 1173 K for 48 h, and then quenched in ice-water.

The samples were marked as Sb-13.5, Sb-13.3 and Sb-13.1, respectively.

X-ray diffraction (XRD) for the structural characterization was performed with CuKa
radiation in the Rigaku Miniflex 600 device.

Martensitic phase transition temperatures were found by temperature dependent
magnetization (M-T) measurements. M-T measurements were performed under constant 100 Oe
and 10 kOe magnetic fields between 5 K and 350 K, both heating and cooling. Magnetization
dependent on magnetic field (M-H) measurements of ingots were measured at 5 K and 325 K up
to the magnetic field of +9 T. To determine the EB properties, the samples were cooled to 5 K
under 50 kOe magnetic field. The shifts in the origin of the magnetization curve were investigated
by the M-H measurements of the samples cooled under the field. All magnetic moment

measurements were carried out with VSM attachment of Quantum Design PPMS-9T system.
3. Results and Discussions

The XRD patterns of the Sb-13.5, Sb-13.3 and Sb-13.1 samples are shown in Fig. 1. It was
determined that the samples were in the bce L2 crystal structure, so the samples used in the study
are expected to be in the austenite phase at room temperature. The lattice parameter, for Sb-13.5,
Sb-13.3 and Sb-13.1 samples were calculated to be 0.5955 nm, 0.5952 nm and 0.5948 nm,
respectively, using Rietveld refnement. The lattice parameter decreased by decreasing the amount
of Sb and increasing the Mn atoms with smaller radius simultaneously. Consequently, unit cell of
austenite phase shrinks with increasing Mn content. The obtained results reveal that the
interatomic distance between Mn-Mn decreases by replacing Sb with Mn. Although the intensity
of the main peak (220) was obtained in the highest Sb-13.5 sample, no significant difference was
observed in the XRD patterns of the samples. In addition, any peak attributable to impurity was
not found. Ni-Mn based alloys that exhibit the shape memory effect generally have a cubic L2
crystal structure in the austenite phase. Therefore, the samples can be expected to be in the

austenite phase at room temperature.
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Figure 1: XRD pattern of Sb-13.5, Sb-13.3 and Sb-13.1

During the martensitic transformation, the austenite phase with high crystallographic
symmetry (usually cubic) transforms into a martensite phase (like tetragonal and orthorhombic)
with a lower order parameter [11]. When austenite to martensite phase transformation occurs in
FSMAs, a sharp decrease in magnetization occurs due to the decrease in the order parameter in
the crystal structure and vice versa. Additionally, a thermal hysteresis occurs during the phase
transition because of the twin boundaries formed in the martensite phase and friction at the twin
boundaries [12]. Temperature dependent magnetization curves (M-T) of the Sb-13.5, Sb-13.3 and
Sb-13.1 samples are given in Fig. 2. According to the obtained results, all samples exhibited
martensitic transformation. It was determined that all samples exhibited martensitic
transformation and the phase transition temperature increased with increasing Mn content. The
changing of the martensitic transition temperatures is usually attributed to the number of valence
electrons per atom (e/a) and the unit-cell volume of the austenite phase. The phase transition
temperature is usually directly proportional to e/a. If the e/a effect is analyzed in terms of the band
model: Austenite with L2, crystal structure is stabilized since the Fermi surface just touches the
(110) Brillouin zone. By increasing e/a, the Fermi surface and (110) Brillouin regions overlap;
and as a result, excessive increase in system energy leads to lattice distortion to minimize free
energy, i.e. martensite formation. The second factor affecting the phase transition temperatures is
the atomic size effect. It is widely accepted that unit cell shrinkage of austenite at high temperature

will promote martensitic transformation due to changes in the relative positions between the Fermi
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surface and the Brillouin zone. As a result, increasing the Mn content raises the e/a ratio, thus

causing an increase in the phase transition temperature [13].
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Figure 2: M-T curves of the Sb-13.5, Sb-13.3 and Sb-13.1 samples at 10 kOe

Another notable point in Fig. 2 is reducing in magnetic moment depend on Mn content.
The maximum magnetic moment value decreased with the increase of Mn content. The
contribution of Ni to the total magnetization is quite low since Ni atoms in Ni-Mn-X (X=Sn, Sb,
In) alloys have an antiparallel spin arrangement. The total magnetic moment is mostly calculated
from the spin moments of Mn atoms [14, 15]. Since the exchange interactions in HAs depend on
the distance between Mn and Mn, the magnetization and phase transformation temperatures are
highly dependent on the chemical composition [16]. The magnetic properties of HAs can be
modified by changing the distance between Mn atoms. If the Mn content of HAs (NisoMnas+xSbas.
x) 1s greater than 25, extra Mn atoms will occupy the Sb site. The distance between Mn atoms gets
shorter and its spin moment will be antiparallel to that of other Mn atoms at Mn sites. An increase
in antiparallel interactions causes a decrease in the maximum magnetic moment value in the

FSMAs [15].
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Figure 3: ZFC and FC M-T curves of the Sb-13.5, Sb-13.3 and Sb-13.1 samples at 100 Oe

Although it is expected that antiferromagnetic interactions will increase with increasing
Mn amount, there is no data that can be direct evidence of the existence in antiferromagnetic
interactions in Fig. 2 because the spin alignment of the materials is strongly affected by the 10
kOe magnetic field. Therefore, temperature-dependent magnetization measurements were carried
out in both ZFC (Zero Field Cooling) and FC (Field Cooling) regimes at a relatively low magnetic
field. Firstly, the samples were cooled to 5 K without a field, then the measurements were carried
out by applying the field (100 Oe). In the final step, the magnetizations of the cooled samples
were measured under 100 Oe field. The obtained results are shown in Fig. 3. It is clear that
magnetization increases with increasing temperature in the low temperature region (between 5K
and ~175K) in all samples. This increase is a common characteristic behavior of AFM. When the
temperature rises above about 175 K, magnetization decreases. It shows that ferromagnetic
interaction is more dominant in this region. With the further increase in temperature, phase
transitions occurred at different temperatures for each sample and a sharp increase in
magnetization occurred. In cooling M-T (FC) analyses, magnetization increases continuously
after the completion of the martensitic phase transition due to permanent magnetization. When
M-T curves in high magnetic field (10 kOe Fig. 2) and low magnetic field (100 Oe Fig. 3) are
compared, phase transition temperatures decrease with increasing field. Martensitic phase

transition temperatures are listed in Table 1.
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Table 1: Martensitic phase transition temperatures of the samples

Sample Magnetic Field As(K) Ar(K) M:; (K) Mt (K)
Sb-13.5 100 Oe 270.41 279.56 268.17 255.77
10 kOe 267.16 277.14 264.83 249.40
Sb-13.3 100 Oe 278.42 287.14 274.22 264.23
10 kOe 274.97 286.03 273.55 257.96
Sb-13.1 100 Oe 297.39 307.23 292.32 284.90
10 kOe 292.97 302.38 290.51 279.38
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Figure 4: M-H results of the samples (a) at 5 K (b) at 325 K

Magnetization vs applied magnetic field (M-H) curves of the samples at 5 K and 325 K are
presented in Fig. 4a and 4b, respectively. While the magnetization saturates quickly at 5 K, they
did not reach saturation at 325 K. Consistent with the M-T analysis, the highest magnetization
value was obtained in the Sb-13.5 sample. As the Mn content increases, a contraction occurs in
the unit cell and distance between Mn atoms becomes shorter. Mn atoms nearing each other more
than the critical distance prefer antiparallel spin alignment. Therefore, a decrease occurs in total

magnetization.
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Figure 5: Hysteresis loops of the (a) Sb-13.5 (b) Sb-13.3 (c) Sb-13.1 and (d) overlapped for all samples at 5 K

The origin of the EB effect is fundamentally the exchange interaction that occurs at the
interface of the antiferromagnetic and ferromagnetic phases. In the absence of an external
magnetic field, the AFM has no net magnetization or is very small. With the application of the
external magnetic field, the spins of the soft FM phase rapidly rotate in the same direction as the
field. The spins of the AFM phase close to the AFM-FM interface are affected by this strong
magnetization and they become the same alignment with FM phase. If the added energy is enough
to create a Néel domain wall within the AFM, it implies a shift in the switching field of the FM.
As aresult, a shift occurs in the origin of the magnetization curve [17]. For the EB effect to occur,
Tn (Néel temperature) should be lower than T¢ (Curie temperature) [7]. To examine the EB effect,
the samples were cooled under 50 kOe magnetic field and M-H measurements were carried out
at 5 K. The obtained hysteresis loops are given separately for each sample (Fig. 5a-c) and
overlapped for all samples (Fig. 5d). The shift to the centers of origins attributed to the EB effect
is clearly visible from Fig. 5. The obtained data from the XRD revealed that the unit cell narrowed
by decreasing the Sb content and increasing the Mn. As discussed above, with decreasing the

distance between atoms, the AFM interactions increase between Mn atoms. With increasing AFM
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interactions, the EB effect and hence the shift in the origin of the hysteresis increases. EB is
mainly connected to the coexistence of FM-AFM interfaces [18]. Therefore, the presence of EB
in HAs is a proof that AFM interactions are present in the system. This indicates that there is an
AFM interaction inside the FM matrix at low temperatures. Currently, the effect of EB in FSMAs
is not completely understood as T is not clearly determined in these materials [19]. Besides, the
EB field (Hgg) can be determined from Fig. 5 as a function of Mn content. The Hgg is defined as
Hes=—(H;+H:>)/2. Here, H; and H, are the left and right coercive fields, respectively [20—23]. Hes
values of Sb-13.5, Sb-13.3 and Sb-13.1 samples were calculated as 340 Oe, 600 Oe and 820 Oe,

respectively.
4. Conclusion

In this study, the NigMns75Sbi3s5+By, NiseMn377Sbi33+By and NiswMns70Sbis 1+Bx ingots
were fabricated by arc melting method. It was determined that the produced samples were in cubic
L2, structure at room temperature with XRD analysis. Mn evaporation complicates the production
of HAs. Boron was added to the nominal compositions to prevent Mn evaporation (3 mol). M-T
analyzes at 10 kOe showed that all samples exhibited martensitic transformation. The phase
transition temperature increased with increasing the content of Mn in accordance with the e/a rule.
In HAs with excess Mn, the distance between Mn atoms becomes shorter and Mn atoms prefer
an AFM alignment. ZFC and FC M-T measurements were performed at low magnetic field (100
Oe) to determine the antiferromagnetic behavior of the samples. ZFC measurements revealed that
antiferromagnetism was dominant in the 5-175 K range. In the high temperature region,
ferromagnetism exhibited a more dominant behavior. Magnetic field dependent magnetization
measurements showed that Mn content and magnetization were inversely proportional. This is
due to the increase of antiferromagnetic interactions in the ferromagnetic matrix with increasing
Mn content. The EB effect, which is important for technological applications, was investigated in
the last part. It was concluded that the EB effect was improved with the increase of Mn content.
Besides, these results are evidence for the existence of antiferromagnetic interactions in HAs,

especially at low temperatures.
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Abstract

In this study, four different levels, B3LYP/6-31G(d,p), RM062X/6-31G(d,p), B3LYP/6-
311++G(d,p) and HSEHI1PBE/6-31G(d,p) of the DFT quantum chemical calculation method
have been applied to the molecular structure of the Cs-Cs0Cls molecule as a halogenated fullerene.
Additionally, the molecular structure of pure Ceo fullerene was presented as complementary and
supportive work. Furthermore, the simulated FT-IR, Raman and UV-Vis (in cyclohexane solvent)
spectra, HOMO-LUMO analysis, the molecular electrostatic potential (MEP) map, the *C NMR
chemical shift values in both gas phase and tetrachloromethane with deuterated chloroform
solvent and the thermodynamics properties at the mentioned levels of the Cs-CgoCls molecule
were reported. Fullerene has many physical and electrochemical properties, which can be utilized
in several medical fields. Especially, it can fit inside the hydrophobic cavity of HIV proteases,
restricting the get into substrates to the catalytic site of the enzyme. Hence, it is utilizable as an

antioxidant and radical scavenger.

* Corresponding Author DOI: 10.37094/adyujsci. 938050 L@;—
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Keywords: Fullerenes; Cs-Cs0Cls; DFT; HOMO-LUMO analysis; The 3C NMR chemical
shifts; MEP.

C,-C50Cls Molekiiliiniin Molekiiler Geometri ve Elektronik Ozelliklerine Uygulanan Metot
ve Baz Seti, DFT/B3LYP/6-31G(d,p), RM062X/6-31G(d,p), B3LYP/6-311++ G(d,p)
ve HSEH1PBE/6-31G(d,p), Yontemlerinin Karsilastirmah Incelemesi

Oz

Bu calismada, DFT kuantum kimyasal hesaplama yonteminin, B3LYP/6-31G(d,p),
RMO062X/6-31G(d,p), B3LYP/6-311++G(d,p) ve HSEH1PBE/6-31G(d,p) olmak iizere dort farkls
diizeyinde, halojenlesmis bir fulleren olan Cg-CeCls molekiiliniin molekiiler yapisina
uygulanmistir. Ek olarak, saf Cso fullerenin molekiil yapisi, tamamlayicit ve destekleyici bir
caligma olarak sunulmustur. Ayrica, simiile edilmis FT-IR, Raman ve UV-Vis (sikloheksan
¢oziiciisiinde) spektrumlari, HOMO-LUMO analizi, molekiiler elektrostatik potansiyel (MEP)
haritas1, déteryumlanmis kloroform ¢éziicii ile hem gaz fazinda hem de tetraklorometanda "*C
NMR kimyasal kayma degerleri ve Cs-Cs0Cls molekiiliiniin belirtilen diizeylerdeki termodinamik
ozellikleri rapor edilmistir. Fuleren, cesitli tibbi alanlarda kullanilabilecek birgok fiziksel ve
elektrokimyasal ozellige sahiptir. Ozellikle, HIV proteazlarinin hidrofobik boslugunun igine
sigabilir ve substratlara enzimin katalitik bdlgesine girmesini kisitlayabilir. Bu nedenle, bir

antioksidan ve radikal temizleyici olarak kullanilabilir.

Anahtar Kelimeler: Fulleren; Cs-Cs0Cls; DFT; HOMO-LUMO analizi; 3C NMR
kimyasal kayma; MEP.

1. Introduction

As the best example for the monotype molecules, the fullerene or Buckminster fullerene
Ceo, which derives its name from the geodesic dome designed by the architect Buckminster Fuller,
is any of a series of hollow carbon molecules [1-4]. Over 40 years after its discovery, the
fullerenes still attract the attention of many researchers in various scientific and technological
fields such as nanotechnology, material science, medicine, chemistry, and physics [5-10].
Although the fullerene Ceo is the most popularly applied in a large range of fields, the other
fullerenes with a different number of carbon atoms were also discovered. Within this framework,
the sizes of hollow carbon polyhedra called fullerenes vary from Cyo to lattices of more than 400

carbon atoms [11-12].
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Furthermore, the derivatives of the various fullerene complexes with heavy metals were
also found the interesting applications in medicinal chemistry, material science, and

nanotechnology [13-17].

On the other hand, it is well-known that halogen bonding occurred in a substance with a
halogen atom provides a nucleophilic region which plays a crucial role in pharmacology,
materials sciences and biology [18]. In this context, the halogenated fullerenes have also been
investigated intensively during the last two decades and demonstrate encouraging characteristics
toward material science utilizations since they are flexible predecessors for the synthesis of
diverse intricate derivatives. In this framework, the chloro fullerenes are very useful for the
halogen derivatives with optical and biomedical properties [19-22]. Likewise, sizable completion
has been accomplished in the development and structural specification related to fullerene
bromides [19] and fluorides [23]. Regardless of countless statements on chlorination of Ceo via
distinct reagents, solely two characteristic compounds have been seal off density functional theory
(DFT) for fullerene derivatives has been broadly experienced in describe their structure and
molecular properties [24-27]. In this context, the use of the B3LYP level with the 6-31G* basis

set of the theory can be mentioned for applicability to large molecules [28].

DFT is used for calculating molecular geometry parameters of compounds, spectroscopic
properties such as Raman, 'H and "C NMR chemical shift values and thermodynamic
characteristics, UV-Vis spectra, IR, electronic features like HOMO, MEP, and LUMO of the
compounds [29]. Take into consideration, the satisfactory electronic correlation influences and
selecting capable basis sets in this technique, the trustworthy vibrational frequencies and
optimized geometric coefficients of molecules be able to foresee [30-33]. At the beginning of the
1990s in DFT, the Becke-3-Lee Yang Parr (B3LYP) hybrid approach and the Becke’s three
parameters incorporating Perdew and Wang’s 1991 (B3PW91) approach are labeled first-
generation methods, and the Heyd—Scuseria—Ernzerhof hybrid combined with Perdew, Burke,
and Ernzerhof’s exchange and correlation functions (HSEH1PBE) approach, which is also

mentioned as the HSE06 approach, is a second-generation method [33-37].

Our study is settled on research carried out by Kuvychko et al. [21] in where the Infrared
and Raman spectra of C,-CeoCls were extensively investigated by both experimental studies and
the vibrational frequency computations toward the PBE/6-31G* grade of the principles. However,
the molecular structure and electronic properties of the Cs-CsCls molecule were not studied
properly in the mentioned work. Therefore, even if it is an absence of experimental information

considering DFT calculations are a forceful quantum chemical instrument for the identification
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of the electronic frame related to molecules, we found it worth focusing on investigating the

molecular frame and electronic features of C,-CsoCls compounds in detailed data [38, 39].

In this framework, the present work reports the results of the quantum chemical
calculations of the optimized molecular construction, the FT-IR, UV-Vis (in cyclohexane solvent)
and FT-Raman by using the B3LYP/6-31G(d,p), RM062X/6-31G(d,p), B3LYP/6-311++G(d,p),
and HSEH1PBE/6-31G(d,p) levels of the theory [34,40,41]. In this article, abbreviations will be
used BS-1 for B3LYP/6-31G(d,p), BS-2 for RM062X/6-31G(d,p), BS-3 for B3LYP/6-
311++G(d,p), BS-4 for HSEH1PBE/6-31G(d,p), respectively. Furthermore, the NMR chemical
shifts ("H and '*C) both in tetrachloromethane solutions and in the gas-phase; the UV spectrum
in cyclohexane (the upper limit electronic suction wavelengths given that Amax); LUMO-HOMO

energy spaces and thermodynamics characteristics of the Cs-CeoCls molecule are presented.
2. Materials and Methods
2.1. Computational details

In this study, optimization calculations in the ground state were made in the Gaussian 09W
[42] program for all conformations. The output files were contemplated via Gauss View software.
[43]. Also, calculations were performed by Dell Rack server. The structural properties, which is
electronic properties and molecular geometry of the Cs-CesoCls fullerene molecule, were estimate
at the BS-1, BS-2, BS-3 and BS-4 levels of the DFT. However, the simulated FT-Raman and FT-
IR vibrational spectra of the Cs-CsoCls molecule were presented by computing at the mentioned
levels [34, 40, 41]. Furthermore, the optimized structure of the Ceo fullerene was calculated with

only at the BS-1 method.

Nevertheless, the stable structure of the Cs-CgoCls fullerene molecule was initially obtained
with the BS-3 method by way of CPCM (the conductor-like polarizable continuum technique).
After that, NMR values were determined using GIAO (the gauge-including atomic orbital)
method attribute to optimization at the mentioned levels in tetrachloromethane with deuterated
chloroform and in the gas phase (e= (2.24 and 4.8)) [38, 45]. The UV-Vis spectra (in ethanol and
in the gas phase) were acquired utilizing the time-dependent DFT (TD-DFT) theory at the BS-1,
BS-2 and BS-3 levels [46, 47]. Furthermore, the FMO and MEP maps that figure out the title
compound were performed through the BS-1, BS-2, BS-3 and BS-4 levels of the theory

additionally, their 3D plots were confirmed at the mentioned level.
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3. Results and Discussion
3.1. Molecular structures

The stable structures of the fullerene Cgo molecule at the BS-1 and the Cs-Cg0Clg fullerene

molecule at the BS-3 levels, respectively, and their atom numbers are exhibited in Fig. 1.

CsCo0Cl6

Figure 1: The stable optimized molecular structures of the Ceo fullerene at the BS-1 level on the left and
the Cs-Co0Cls molecule at the BS-3 level on the right with their atom numberings

Table 1: The calculated most stable state energy values of Ceo and Cs-CeoCls fullerenes

Method/Basis set E (Hartree) Dip. Mom. (D)
Cso (BS-1) -2286.174135 0.000000
Cs-Co0Cle (BS-1) -5047.325711 6.476442
Cs-Co0Cle (BS-2) -5046.447915 5.267343
Cs-CooCle (BS-3) -5044.200344 5.527418
Cs-Ce0Cle (BS-4) -5047.944625 5.238593

Furthermore, the calculated energy values of the fullerene Ceo and the C,-CgoCls compound
for their most stable states are summed up in Table 1. Nonetheless, the stable geometry parameters
of the Cg fullerene calculated with the BS-1 method are stated in Table S1 as the supplementary
material. Similarly, the optimized molecular geometry parameters calculated at the BS-1, BS-2,

BS-3 and BS-4 levels of the Cs-CsoCls compound are given in Table S2.

As far as we know, the researchers have not been yet performed X-ray spectroscopy work
on the Cs-CsoCls sample. However, the chlorination with ICI produces the Cs-CgoCls compound

which is isostructural with CleBrs [48-49]. For this reason, we used some crystallographic values
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of the CleoBrs compound [48] in order to compare with the bond lengths calculated withal the BS-
1 of Cs-CgoCls fullerene. In this context, the Cs-CsoCls molecular has a non-crystallographic C;
symmetry, a monoclinic crystal system, and a P21/c space group [48-49]. Therefore, the
experimental values of the C-C(Cl) single bonds, the C-CI bond lengths, and the remaining C-C
bonds in the central pentagons of the Cs-CgoCls fullerene should be averaged 1.96 A, 1.53 A and
1.45 A while the remaining inter pentagonal C-C bonds should be averaged 1.38 A [49-50].
According to our calculations which are shown in Table S2, the C-CI bond lengths in the
pentagons can be averaged 1.85 A at the BS-1 and BS-3 methods, 1.81 A at the BS-3 method and
1.82 A at the BS-4 method. The dissimilarity among the experimental C-Br and theoretical C-Cl
bond lengths which is about 0.11 A can be attributed to the effect of chlorine halogen atom on the
bond with C atom as less electronegative than Br atoms [50]. Similarly, the C1-C2, C1-C7 and
C8-C9 single bond lengths in the pentagon of the Cs-CeoCls fullerene were calculated as 1.54 A
at the BS-1, BS-2 and BS-3 levels, and as 1.53 A at the BS-4 level which is excellent
correspondence with the experimental results [48]. Likewise, the C7=C8 and C2=C29 double
bonds in the pentagon were reckoned as 1. 35A and 1.34 A at the BS-1 level and also worked out
BS-2, BS-3 and BS-4 levels, respectively, for both double bonds which are also in perfect match
with the experimental values [51], while the C1-C6 and C8-C20 single bonds in inter pentagon
were found as 1.58 A at the BS-1 and BS-3 levels, and as 1. 57 A at the BS-2 and BS-4 levels.

Moreover, by considering Fig. 1 and Table S1 for Ceo fullerene the calculated C-C single
bonds at the BS-1 level can be averaged almost as 1.45 A and the double C=C bonds can be also
averaged as 1.39 A. These calculated data are in excellent correspondence including the values
in the literature [52]. Therefore, by considering the given results we can state that the chlorination

of Cgo fullerene exhibits a significant distortion on the fullerene.

Furthermore, as seen in Table S2, we can declare that the dihedral angles and bond of the
C;-Ce0Cls molecule computed at the mentioned four different levels can be formed a database for

the studies about the halogenated fullerenes in the future.
3.2. Vibrational frequencies

While we pointed out in the section introduction, the experimental and theoretical
determined at the PBE/TZ2P level Infrared and Raman vibrational frequency values of the Cs-
Ces0Cls molecule were given in the work which was verified by Kuvychko et al. [21]. Furthermore,
the experimental infrared vibrational frequencies [53] and the assignments of the infrared and

Raman vibrational band modes were verified in the early studies [19, 21, 54]. For this reason, we
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presented here, only the simulated IR and Raman vibrational spectra of the Cs-CsoCls molecule at

the BS-1, BS-2, BS-3 and BS-4 levels are shown in Figs. 2 and 3, respectively.
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Figure 2: The simulated IR spectra at the BS-1, BS-2, BS-3 and BS-4 levels for the Cs-Cs0Cls molecule
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Figure 3: The simulated Raman spectra at the BS-1, BS-2, BS-3 and BS-4 levels for the Cs-Cs0Cls molecule

462



Karakas Sarikaya et al. (2021) ADYU J SCl, 11(2), 456-473

As seen in Figs. 2 and 3, the both IR and Raman vibrational frequency values computed
with the BS-1 method are in excellent correspondence including the experimental values given in

[53] while the values computed at the remaining levels exhibit very slightly shifts from all
vibrational bands.

3.3. NMR analysis

It is well-known that nuclear magnetic resonance (NMR) is a crucial instrument to grasp
the magnetic properties which satisfy accurately the prediction of molecular structures and the
isotropic chemical shifts that allow identifying the relative ionic species [53-54]. The obtained
results from our calculations are given in Table S4 for both in tetrachloromethane with deuterated

chloroform solvent and gas phase of Cs-CsoCls molecule. NMR spectra of the Cs-CsoCls molecule
at the BS-1, BS-2, BS-3 and BS-4 levels are shown in Fig. 4.
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Figure 4: The simulated NMR spectra at the BS-1, BS-2, BS-3 and BS-4 levels for the Cs-Cs0Cls molecule
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By considering Table S3 the experimental/calculated values in tetrachloromethane with
deuterated chloroform solvent at the BS-1, BS-2, BS-3 and BS-4 levels for C1, C3 and C20 which
are connected to the chlorine atoms with high electronegativity of the Cs-CgoCls molecule were
found at 69.4 ppm/ 76.5, 70.8, 67.8, 89.4 ppm, 55.4 ppm/63.1, 55.2, 54.8, 75.5 ppm and 54.9
ppm/ 62.2, 54.5, 53,9, 74,6 ppm, respectively [48]. Therefore, we can state that the experimental
and computed with the BS-4 method for C'* NMR features of the cited carbon atoms are in good
agreement. Otherwise, the highest C'* NMR chemical shift values as experimentally/ theoretically
in the mentioned chemical solution were found in the regions 152.8-146.9 ppm/ 169.8- 161.3 ppm
at the BS-3 level as seen in Table S3.

3.4. UV-Visible spectroscopy and HOMO-LUMO analysis

The simulated at the BS-1, BS-2 and BS-4 levels of the theorem UV-Vis spectra in the
cyclohexane solvent and gas-phase of the C,-CesoCls molecule are handed over in Fig. 5.
Furthermore, the calculated Amax Worth, f oscillator strengths (vacuum/cyclohexane) and also
excitation energies are presented in Table 2. By considering Table 2 and Fig. 5, the resemblance
between the experimental and computed Amax values at the cited levels demonstrates that the

nearest to experimental values valid for the values calculated with BS-2 method [53].

= Calculated with hseh1pbe6-31g{d,p)}(BS4) 539
= Calculated with rm062x/6-31g(d,p)(BS-2)
e Calculated with b3lypi6-31g(d,p)(BS-1)

Oscillator Strength

T T T
800 600 400

Figure 5: The simulated UV-Vis spectra in the cyclohexane solvent and gas phase at the BS-1, BS-2 and
BS-4 levels for the Cs-Ce0Cls molecule
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Therefore, the recorded electronic absorption bands at 380 nm, 280 nm and 257 nm in the
cyclohexane solvent can correspond to the computed wavelengths at 427.26/428.22 nm,
421.42/421.43 nm and 418.25/418.30 nm in vacuum/cyclohexane at the BS-2 level, respectively

which are attributed to the transitions n— n* and n— ©*, respectively [53, 55].

However, the deviation among the experimental and computed Amax worth for the transition
n— w* is 48.22 nm while this difference values become 141.43 nm and 161.3 nm for the
transitions m— m* which are highly large. For this reason, the UV-Vis spectroscopy for fullerenes
derivatives was found as an unreliable method in the past [56]. These differences in the Amax Worth
computed at the BS-1 and BS-4 levels of the theory for the Cs-CgoCls molecule were found larger
than those worth worked out at the BS-2 level. The calculated data can see by looking at Table 2
and Fig. 5.

Table 2: The calculated at the BS-1, BS-2 and BS-4 levels of the theory UV-Vis parameters in the
cyclohexane solvent and gas phase of the Cs-Ce0Cls molecule

Experimental* (BS-1) (BS-2) (BS-3)
Amax (Nm) Amax (M) Amax (nNm) Amax (M)

(in cyclohexane ) (vacuum/ cyclohexane ) (vacuum/ cyclohexane) (vacuum/ cyclohexane )

386 545.40/ 553.69 427.26/428.22 532.67/537.61

280 534.55/539.45 421.42/421.43 524.40/ 526.80

257 518.72/ 518.52 418.25/418.30 505.28/512.82
211 Excitation energies (eV) Excitation energies (V) Excitation energies (eV)
(vacuum/ cyclohexane )  (vacuum/ cyclohexane ) (vacuum/ cyclohexane )

2.2733/2.2392 2.9018/2.8953 2.3276/2.3062

2.3194/2.2984 2.9420/ 2.9420 2.3643/2.3535

2.3902/2.3911 2.9643/2.9640 2.4538/2.4177

f (oscillator strengths) f (oscillator strengths) f (oscillator strengths)
(vacuum/ cyclohexane )  (vacuum/ cyclohexane ) (vacuum/ cyclohexane )

0.0002/ 0.0006 0.0001/0.0002 0.0001/0.0003
0.0000/ 0.0000 0.0000/ 0.0000 0.0000/ 0.0001
0.0002/ 0.0004 0.0001/0.0001 0.0004/ 0.0003

Taken from ref. [53].

On the other hand, the lowest occupied and highest unoccupied molecular orbitals (LUMO
and HOMO) are also called the frontier molecular orbitals (or FMOs) and are played an important

role in chemical reaction [57, 58].

The formed energy space among LUMO and HOMO molecular orbitals, which is a crucial
parameter, indicates the molecular chemical stability. Furthermore, molecular properties such as
electronegativity, kinetic stability, chemical reactivity, polarizability, softness, and chemical

hardness, and aromaticity can find out via utilizing this energy space [57, 59].

Figure 6 shows the 3D plots of LUMO-HOMO molecular orbitals for the C,-CgoCls
molecule obtained at the BS-1, BS-2, BS-3 and BS-4 levels in the result of our calculation.
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Figure 6: The 3D plots of HOMO-LUMO of the Cs-Cs0Cls molecule obtained at the BS-1, BS-2, BS-3

and BS-4 levels

Table 3: Some molecular properties of Cs-Cs0Cls molecules

Method/Basis set BS-1 BS-2 BS-3 BS-4

Electronic Energy (EE) -5047.325711  -5046.447915 -5044.200344 -5047.944625 Hartree
Zero-point Energy Correction 0.383416 0.391142 0.389969 0.382543 Hartree
Thermal Correction to Energy 0.414375 0.421606 0.420520 0.413441 Hartree
Thermal Correction to Enthalpy 0.415319 0.422550 0.421464 0.414385 Hartree
Thermal Correction to Free Energy 0.328937 0.336738 0.335767 0.328075 Hartree
EE + Zero-point Energy -5046.942295 -5046.056772 -5043.810375 -5047.562082 Hartree
EE + Thermal Energy Correction -5046.911337 -5046.026309 -5043.779824 -5047.531184 Hartree
EE + Thermal Enthalpy Correction -5046.910392 -5046.025365 -5043.778880 -5047.530240 Hartree
EE + Thermal Free Energy Correction  -5046.996775 -5046.111176 -5043.864577 -5047.616550 Hartree

E (Thermal) 260.024 264.562 263.880 259.438 kcal/mol
Heat Capacity (C.) 146.280 143.598 144.230 146.103 cal/mol-K
Entropy (S) 181.806 180.606 180.365 181.654 cal/mol-K

By using the calculated energy gap values between the HOMO-LUMO levels given in Fig.
6, some molecular properties of the Cs-CsoCls compound were indexed in Table 3 [60]. Therefore,
the calculated energy gap value at the BS-2 level was found as 4.77 eV as seen in Table 3.
However, this value is not in excellent correspondence including the calculated energy value at
the BS-2 level of about 3 eV for the transition n— #* as can be understood from Table 2.
However, these differences are even greater in the other three levels. These results support the

view that the UV-Vis technique is not reliable for the fullerene derivatives [56].
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3.5. The molecular electrostatic potential (MEP)

So as to understand the molecular affects in structure, the molecular electrostatic potential
(MEP) is well-known as a significant instrument. Also, MEP mapping is a valuable tool to study
molecular properties, like electronegativity, chemical reactivity, dipole moments, and partial
charges of molecules. On the other hand, the MEP has also described as the affect energy among
a unit positive test charge and the charge distribution of the molecule [61,62]. Generally, the
electrostatic potentials on surfaces are shown in different colors. Consequently, the blue and red
painted sections illustrate the zones of positive and negative electrostatic potential while green
colored sections demonstrate the zones with zero potential. The negative zones of molecular
electrostatic potential are associated with electrophilic reactivity and also the positive zone are

associated with nucleophilic reactivity.

In our calculations, we present the 3D plots of the MEP for the C,-Cs0Cls molecule by using
the optimized molecular structures at the BS-1, BS-2, BS-3 and BS-4 levels in Fig. 7.

B3LYP/6-311++(d,p) (BS-3)
RMO062X/6-31g(d,p)(135-2)

Figure 7: Molecular electrostatic potential (MEP) surface of the Cs-Cs0Cls molecule obtained at the BS-1,
BS-2, BS-3 and BS-4 levels.

By considering Fig. 7, the negative regions (with red color or seems to be yellow here) of
the MEP plane are confined on the Cl atoms in the Cs-CgoCls molecule while the dark blue and
blue sites are localized on the carbon atoms that are in the core of the title compound. On the other

hand, the green regions are confined to the surroundings of the fullerene cage.
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3.6. Thermodynamic parameters

The total energy of molecular structure is the sum of its vibrational, rotational, electronic
and translational energies (E = E, + E; + E. + E,). Furthermore, the thermodynamic parameters
like rotational constants (GHz), entropy, S, heat capacity, Cy, thermal energy, E, zero-point
vibration energy, ZPVE, dipole moment can be calculated by using DFT computational methods
[63-65]. In the gas phase, the computed thermodynamic parameters of the Cs-CgsoCls molecule at
the BS-1, BS-2, BS-3 and BS-4 levels are donated in Table 4.

According to Table 4, the minimum energy of the Cs-CsoCls was found as -5047.944625
Hartree DFT calculations at the BS-3 method. Meanwhile sum calculated thermal energies were
realized to be 260.024, 264.552, 263.880, and 259.438 kcal/mol at the BS-1, BS-2, BS-3 and BS-

4 levels, respectively.

Table 4: The calculated thermodynamic parameters (in gas phase) of Cs-Cs0Cls molecule

Method/Basis set BS-1 BS-2 BS-3 BS-4

Electronic Energy (EE) -5047.325711  -5046.447915 -5047.944625 -5044.200344 Hartree
Zero-point Energy Correction 0.383416 0.391142 0.382543 0.389969 Hartree
Thermal Correction to Energy 0.414375 0.421606 0.413441 0.420520 Hartree
Thermal Correction to Enthalpy 0.415319 0.422550 0.414385 0.421464 Hartree
Thermal Correction to Free Energy 0.328937 0.336738 0.328075 0.335767 Hartree
EE + Zero-point Energy -5046.942295  -5046.056772 -5047.562082 -5043.810375 Hartree
EE + Thermal Energy Correction -5046.911337  -5046.026309 -5047.531184 -5043.779824 Hartree
EE + Thermal Enthalpy Correction -5046.910392  -5046.025365 -5047.530240 -5043.778880 Hartree
EE + Thermal Free Energy -5046.996775  -5046.111176 -5047.616550 -5043.864577 Hartree
Correction

E (Thermal) 260.024 264.562 259.438 263.880 kecal/mol
Heat Capacity (Cv) 146.280 143.598 146.103 144.230 cal/mol-K
Entropy (S) 181.806 180.606 181.654 180.365 cal/mol-K

Taken from ref. [48].

4. Conclusion

In the current study, the examination of the stable structure of the Cs-CgoCls molecule at the
BS-1, BS-2, BS-3 and BS-4 levels of the theory and the stable molecular structure of Cg fullerene
at the BS-1 level was presented as a supportive work. Similarly, the simulated Raman and
Infrared spectra of the Cs-CeoCls at the noticed level are in excellent correspondence including the
experimental data. The 'C NMR chemical shift values of the Cs-C4Cls compound in
tetrachloromethane with deuterated chloroform solution and gas-phase were verified at the

noticed levels.

The computed chemical shift values in tetrachloromethane with deuterated chloroform
solvent at the BS-4 level of the carbon atoms which are connected to the Cl halogen atoms of the
Cs-Cs0Cls molecule are in excellent correspondence including the experimental data. The

simulated UV-Vis spectra of the Cs-CeoCls molecule in the cyclohexane solvent and gas-phase
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were computed at the BS-1, BS-2 and BS-4. Furthermore, the MEP and HOMO-LUMO analyses
and thermodynamic parameters of the Cs-CeCls molecule at the mentioned levels were also

presented.
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Table S1. The calculated geometric parameters at the B3LYP/6-31G(d,p) level of Ceo fullerene molecule. Bond lengths in Angstrom (A)

and angles in Degrees (°).

Bond Lenght Bond Angles Bond Angles Dihedral Angles Dihedral Angles

C(60)-C(34) 1.395 C(35)-C(60)-C(30) 107.996 C(12)-C(4)-C(3) 107.993 C(30)-C(60)-C(34)- 138.191 C(13)-C(39)-C(38)-  0.001
C(60)-C(30) 1.453 C(35)-C(60)-C(34) 119.983 C(2)-C(3)-C(11) 119.998 C(30)-C(60)-C(34)-  0.002 C(39)-C(38)-C(37)-  0.007
C(60)-C(35) 1.453 C(30)-C(60)-C(34) 120.004 C(2)-C(3)-C(4) 120.007 C(35)-C(60)-C(34)-  0.029 C(39)-C(38)-C(37)- 138.211
C(59)-C(42) 1.453 C(10)-C(59)-C(11) 120.002 C(11)-C(3)-C(4) 108.017 C(35)-C(60)-C(34)-  -138.160 C(28)-C(38)-C(37)-  -138.181
C(59)-C(11) 1.396 C(10)-C(59)-C(42) 108.008 C(3)-C(2)-C(9) 120.006 C(34)-C(60)-C(30)-  -142.614 C(28)-C(38)-C(37)-  0.023
C(59)-C(10) 1.453 C(11)-C(59)-C(42) 120.006 C(3)-C(2)-C(1) 120.008 C(34)-C(60)-C(30)-  0.028 C(39)-C(38)-C(28)-  -0.007
C(58)-C(41) 1.453 C(29)-C(58)-C(40) 119.991 C(9)-C(2)-C(1) 108.010 C(35)-C(60)-C(30)-  -0.021 C(39)-C(38)-C(28)-  -142.663
C(58)-C(40) 1.453 C(29)-C(58)-C(41) 120.002 C(6)-C(1)-C(7) 120.004 C(35)-C(60)-C(30)- 142.621 C(37)-C(38)-C(28)- 142.612
C(58)-C(29) 1.396 C(40)-C(58)-C(41) 108.003 C(6)-C(1)-C(2) 119.983 C(34)-C(60)-C(35)- 142.633 C(37)-C(38)-C(28)-  -0.044
C(57)-C(43) 1.453 C(56)-C(57)-C(43) 119.996 C(7)-C(1)-C(2) 107.996 C(34)-C(60)-C(35)-  -0.024 C(38)-C(37)-C(30)- 142.630
C(57)-C(56) 1.396 C(56)-C(57)-C(10) 119.985 C(33)-C(34)-C(46)  108.001 C(30)-C(60)-C(35)-  0.031 C(38)-C(37)-C(30)-  -0.012
C(57)-C(10) 1.453 C(43)-C(57)-C(10) 108.002 C(33)-C(34)-C(60)  119.989 C(30)-C(60)-C(35)-  -142.626 C(36)-C(37)-C(30)-  0.004
C(56)-C(55) 1.453 C(20)-C(56)-C(55) 107.999 C(46)-C(34)-C(60)  120.009 C(11)-C(59)-C(42)-  -142.647 C(36)-C(37)-C(30)-  -142.638
C(56)-C(20) 1.453 C(20)-C(56)-C(57) 120.010 C(32)-C(33)-C(34)  120.004 C(11)-C(59)-C(42)-  -0.012 C(30)-C(37)-C(36)-  0.015
C(55)-C(45) 1.395 C(55)-C(56)-C(57) 120.013 C(32)-C(33)-C(44)  120.016 C(10)-C(59)-C(42)-  -0.004 C(30)-C(37)-C(36)- 142.627
C(55)-C(54) 1.453 C(45)-C(55)-C(56) 119.993 C(34)-C(33)-C(44)  108.011 C(10)-C(59)-C(42)- 142.632 C(38)-C(37)-C(36)-  -142.617
C(54)-C(53) 1.396 C(45)-C(55)-C(54) 120.019 C(33)-C(32)-C(41)  119.999 C(42)-C(59)-C(11)- 138.176 C(38)-C(37)-C(36)-  -0.005
C(54)-C(21) 1.453 C(56)-C(55)-C(54) 108.010 C(33)-C(32)-C(31)  120.013 C(42)-C(59)-C(11)-  0.019 C(49)-C(36)-C(35)-  -142.644
C(53)-C(47) 1.453 C(21)-C(54)-C(53) 120.009 C(41)-C(32)-C(31)  108.012 C(10)-C(59)-C(11)-  -0.039 C(49)-C(36)-C(35)-  0.014
C(53)-C(52) 1.453 C(21)-C(54)-C(55) 107.993 C(30)-C(31)-C(40)  119.988 C(10)-C(59)-C(11)-  -138.197 C(37)-C(36)-C(35)-  -0.028
C(52)-C(51) 1.453 C(53)-C(54)-C(55) 119.999 C(30)-C(31)-C(32)  119.979 C(42)-C(59)-C(10)-  -0.004 C(37)-C(36)-C(35)- 142.629
C(52)-C(23) 1.396 C(52)-C(53)-C(47) 107.991 C(40)-C(31)-C(32)  107.994 C(42)-C(59)-C(10)-  -142.623 C(60)-C(34)-C(33)- 142.657
C(51)-C(48) 1.453 C(52)-C(53)-C(54) 119.992 C(31)-C(30)-C(60)  120.011 C(11)-C(59)-C(10)- 142.642 C(60)-C(34)-C(33)-  -0.013
C(51)-C(50) 1.396 C(47)-C(53)-C(54) 119.979 C(31)-C(30)-C(37)  120.010 C(11)-C(59)-C(10)-  0.022 C(46)-C(34)-C(33)-  0.031
C(50)-C(49) 1.453 C(23)-C(52)-C(51) 120.001 C(60)-C(30)-C(37)  107.992 C(40)-C(58)-C(41)-  -142.613 C(46)-C(34)-C(33)-  -142.639
C(50)-C(25) 1.453 C(23)-C(52)-C(53) 120.007 C(12)-C(29)-C(11)  108.014 C(40)-C(58)-C(41)-  -0.018 C(44)-C(33)-C(32)-  -138.245
C(49)-C(36) 1.396 C(51)-C(52)-C(53) 108.014 C(12)-C(29)-C(58)  120.007 C(29)-C(58)-C(41)-  0.001 C(44)-C(33)-C(32)-  -0.015
C(49)-C(27) 1.453 C(50)-C(51)-C(48) 120.001 C(11)-C(29)-C(58)  120.001 C(29)-C(58)-C(41)- 142.596 C(34)-C(33)-C(32)-  -0.005
C(48)-C(47) 1.453 C(50)-C(51)-C(52) 119.995 C(27)-C(28)-C(38)  120.010 C(41)-C(58)-C(40)-  -0.015 C(34)-C(33)-C(32)- 138.226
C(48)-C(35) 1.395 C(48)-C(51)-C(52) 107.986 C(27)-C(28)-C(14)  120.013 C(41)-C(58)-C(40)- 142.630 C(41)-C(32)-C(31)-  -0.053
C(47)-C(46) 1.396 C(25)-C(50)-C(49) 108.007 C(38)-C(28)-C(14)  107.999 C(29)-C(58)-C(40)-  -142.633 C(41)-C(32)-C(31)-  -142.620
C(46)-C(45) 1.453 C(25)-C(50)-C(51) 120.006 C(26)-C(27)-C(28)  119.996 C(29)-C(58)-C(40)-  0.012 C(33)-C(32)-C(31)- 142.602
C(46)-C(34) 1.453 C(49)-C(50)-C(51) 120.002 C(26)-C(27)-C(49)  108.002 C(41)-C(58)-C(29)-  0.006 C(33)-C(32)-C(31)-  0.034
C(45)-C(44) 1.453 C(36)-C(49)-C(50) 119.994 C(28)-C(27)-C(49)  119.985 C(41)-C(58)-C(29)-  -138.222 C(32)-C(31)-C(30)- 138.159
C(44)-C(33) 1.453 C(36)-C(49)-C(27) 120.003 C(16)-C(26)-C(27)  119.990 C(40)-C(58)-C(29)- 138.190 C(32)-C(31)-C(30)-  -0.046
C(44)-C(43) 1.396 C(50)-C(49)-C(27) 108.000 C(16)-C(26)-C(25)  119.994 C(40)-C(58)-C(29)-  -0.038 C(40)-C(31)-C(30)-  0.030
C(43)-C(42) 1.453 C(35)-C(48)-C(51) 119.999 C(27)-C(26)-C(25)  107.996 C(10)-C(57)-C(43)-  -0.012 C(40)-C(31)-C(30)-  -138.175
C(42)-C(41) 1.395 C(35)-C(48)-C(47) 120.007 C(24)-C(25)-C(50)  119.995 C(10)-C(57)-C(43)-  -142.605 C(58)-C(29)-C(11)-  -142.615
C(41)-C(32) 1.453 C(51)-C(48)-C(47) 108.017 C(24)-C(25)-C(26)  120.015 C(56)-C(57)-C(43)- 142.582 C(58)-C(29)-C(11)-  -0.016
C(40)-C(31) 1.453 C(46)-C(47)-C(53) 120.020 C(50)-C(25)-C(26)  107.995 C(56)-C(57)-C(43)-  -0.011 C(12)-C(29)-C(11)-  0.040
C(40)-C(39) 1.395 C(46)-C(47)-C(48) 119.986 C(18)-C(24)-C(23)  107.993 C(10)-C(57)-C(56)- 138.177 C(12)-C(29)-C(11)- 142.639
C(39)-C(13) 1.453 C(53)-C(47)-C(48) 107.993 C(18)-C(24)-C(25)  119.988 C(10)-C(57)-C(56)-  -0.045 C(58)-C(29)-C(12)-  0.055
C(39)-C(38) 1.453 C(34)-C(46)-C(45) 107.992 C(23)-C(24)-C(25)  120.001 C(43)-C(57)-C(56)-  0.012 C(58)-C(29)-C(12)- 142.618
C(38)-C(37) 1.395 C(34)-C(46)-C(47) 120.006 C(24)-C(23)-C(52)  120.002 C(43)-C(57)-C(56)-  -138.210 C(11)-C(29)-C(12)-  -142.597
C(38)-C(28) 1.453 C(45)-C(46)-C(47) 119.995 C(24)-C(23)-C(22)  108.003 C(43)-C(57)-C(10)-  0.010 C(11)-C(29)-C(12)-  -0.034
C(37)-C(30) 1.453 C(46)-C(45)-C(55) 119.988 C(52)-C(23)-C(22)  119.991 C(43)-C(57)-C(10)- 142.625 C(38)-C(28)-C(14)-  0.010
C(37)-C(36) 1.453 C(46)-C(45)-C(44) 108.013 C(19)-C(22)-C(21)  120.005 C(56)-C(57)-C(10)-  -142.589 C(38)-C(28)-C(14)-  -142.650
C(36)-C(35) 1.453 C(55)-C(45)-C(44) 120.001 C(19)-C(22)-C(23)  107.998 C(56)-C(57)-C(10)-  0.026 C(27)-C(28)-C(14)- 142.665
C(34)-C(33) 1.453 C(43)-C(44)-C(33) 119.988 C(21)-C(22)-C(23)  120.013 C(57)-C(56)-C(55)-  -142.665 C(27)-C(28)-C(14)-  0.005
C(33)-C(32) 1.395 C(43)-C(44)-C(45) 120.007 C(22)-C(21)-C(54)  119.988 C(57)-C(56)-C(55)-  -0.005 C(14)-C(28)-C(27)-  -138.177
C(32)-C(31) 1.453 C(33)-C(44)-C(45) 107.983 C(22)-C(21)-C(20)  120.001 C(20)-C(56)-C(55)-  -0.010 C(14)-C(28)-C(27)-  -0.012
C(31)-C(30) 1.396 C(44)-C(43)-C(57) 119.990 C(54)-C(21)-C(20)  108.000 C(20)-C(56)-C(55)- 142.650 C(38)-C(28)-C(27)-  0.045
C(29)-C(11) 1.453 C(44)-C(43)-C(42) 119.993 C(8)-C(20)-C(56) 120.006 C(57)-C(56)-C(20)- 142.663 C(38)-C(28)-C(27)- 138.210
C(29)-C(12) 1.453 C(57)-C(43)-C(42) 107.996 C(8)-C(20)-C(21) 119.995 C(57)-C(56)-C(20)-  0.044 C(49)-C(27)-C(26)-  0.012
C(28)-C(14) 1.453 C(41)-C(42)-C(59) 119.995 C(56)-C(20)-C(21)  107.998 C(55)-C(56)-C(20)-  0.007 C(49)-C(27)-C(26)- 142.605
C(28)-C(27) 1.396 C(41)-C(42)-C(43) 120.015 C(7)-C(19)-C(22) 119.988 C(55)-C(56)-C(20)-  -142.612 C(28)-C(27)-C(26)-  -142.582
C(27)-C(26) 1.453 C(59)-C(42)-C(43) 107.995 C(7)-C(19)-C(18) 119.979 C(54)-C(55)-C(45)- 138.223 C(28)-C(27)-C(26)-  0.011
C(26)-C(16) 1.396 C(32)-C(41)-C(42) 119.988 C(22)-C(19)-C(18)  107.994 C(54)-C(55)-C(45)-  0.025 C(25)-C(26)-C(16)- 138.155
C(26)-C(25) 1.453 C(32)-C(41)-C(58) 107.993 C(17)-C(18)-C(24)  119.999 C(56)-C(55)-C(45)-  -0.004 C(25)-C(26)-C(16)-  0.006
C(25)-C(24) 1.395 C(42)-C(41)-C(58) 120.001 C(17)-C(18)-C(19)  120.014 C(56)-C(55)-C(45)-  -138.202 C(27)-C(26)-C(16)-  -0.002
C(24)-C(23) 1.453 C(39)-C(40)-C(31) 120.005 C(24)-C(18)-C(19)  108.011 C(56)-C(55)-C(54)- 142.636 C(27)-C(26)-C(16)-  -138.151
C(24)-C(18) 1.453 C(39)-C(40)-C(58) 120.013 C(6)-C(17)-C(16) 108.011 C(56)-C(55)-C(54)-  0.010 C(27)-C(26)-C(25)-  -0.010
C(23)-C(22) 1.453 C(31)-C(40)-C(58) 107.998 C(6)-C(17)-C(18) 120.004 C(45)-C(55)-C(54)-  -0.013 C(27)-C(26)-C(25)- 142.617
C(22)-C(21) 1.395 C(38)-C(39)-C(13) 108.000 C(16)-C(17)-C(18)  120.016 C(45)-C(55)-C(54)-  -142.639 C(16)-C(26)-C(25)-  -142.602
C(22)-C(19) 1.453 C(38)-C(39)-C(40) 120.001 C(17)-C(16)-C(26)  119.988 C(55)-C(54)-C(53)-  -0.014 C(16)-C(26)-C(25)-  0.025
C(21)-C(20) 1.453 C(13)-C(39)-C(40) 119.988 C(17)-C(16)-C(15)  107.983 C(55)-C(54)-C(53)-  -138.143 C(26)-C(25)-C(24)-  -138.198
C(20)-C(8) 1.395 C(28)-C(38)-C(37) 120.006 C(26)-C(16)-C(15)  120.007 C(21)-C(54)-C(53)- 138.173 C(26)-C(25)-C(24)-  -0.036
C(19)-C(7) 1.396 C(28)-C(38)-C(39) 107.998 C(5)-C(15)-C(14) 119.988 C(21)-C(54)-C(53)-  0.045 C(50)-C(25)-C(24)-  -0.002
C(19)-C(18) 1.453 C(37)-C(38)-C(39) 119.995 C(5)-C(15)-C(16) 108.013 C(55)-C(54)-C(21)-  -0.005 C(50)-C(25)-C(24)- 138.159
C(18)-C(17) 1.395 C(36)-C(37)-C(38) 119.989 C(14)-C(15)-C(16)  120.001 C(55)-C(54)-C(21)- 142.603 C(25)-C(24)-C(23)- 142.613
C(17)-C(16) 1.453 C(36)-C(37)-C(30) 108.015 C(15)-C(14)-C(28)  119.993 C(53)-C(54)-C(21)-  -142.627 C(25)-C(24)-C(23)-  -0.001
C(17)-C(6) 1.453 C(38)-C(37)-C(30) 120.001 C(15)-C(14)-C(13) ~ 120.019 C(53)-C(54)-C(21)-  -0.019 C(18)-C(24)-C(23)-  0.018
C(16)-C(15) 1.453 C(37)-C(36)-C(49) 120.007 C(28)-C(14)-C(13)  108.010 C(54)-C(53)-C(47)-  -142.584 C(18)-C(24)-C(23)-  -142.596
C(15)-C(14) 1.395 C(37)-C(36)-C(35) 107.987 C(12)-C(13)-C(39)  120.009 C(54)-C(53)-C(47)-  0.029 C(25)-C(24)-C(18)-  -142.644
C(15)-C(5) 1.453 C(49)-C(36)-C(35) 119.999 C(12)-C(13)-C(14)  119.998 C(52)-C(53)-C(47)-  -0.015 C(25)-C(24)-C(18)-  0.017
C(14)-C(13) 1.453 C(48)-C(35)-C(60) 120.008 C(39)-C(13)-C(14)  107.993 C(52)-C(53)-C(47)- 142.598 C(23)-C(24)-C(18)-  -0.044
C(13)-C(12) 1.396 C(48)-C(35)-C(36) 120.006 C(4)-C(12)-C(13) 119.979 C(54)-C(53)-C(52)- 142.597 C(23)-C(24)-C(18)- 142.617
C(12)-C(4) 1.453 C(60)-C(35)-C(36) 108.010 C(4)-C(12)-C(29) 107.991 C(54)-C(53)-C(52)-  -0.055 C(52)-C(23)-C(22)-  -0.012
C(11)-C(3) 1.453 C(6)-C(5)-C(4)-C(3) 0.010 C(52)-C(23)-C(22)- 142.633 C(49)-C(50)-C(25)-  -142.632 C(7)-C(19)-C(18)- 142.620
C(10)-C(9) 1.396 C(6)-C(5)-C(4)-C(12) 138.194 C(24)-C(23)-C(22)- -142.630 C(27)-C(49)-C(36)- 138.180 C(7)-C(19)-C(18)- -0.034
C(9)-C(8) 1.453 C(15)-C(5)-C(4)-C(3) -138.167 C(24)-C(23)-C(22)- 0.015 C(27)-C(49)-C(36)-  0.006 C(19)-C(18)-C(17)- 138.245
C(9)-C(2) 1.453 C(15)-C(5)-C(4)-C(12) 0.017 C(23)-C(22)-C(21)- 138.174 C(50)-C(49)-C(36)-  -0.005 C(19)-C(18)-C(17)-  0.005
C(8)-C(7) 1.453 C(12)-C(4)-C(3)-C(11) 0.009 C(23)-C(22)-C(21)-  0.002 C(50)-C(49)-C(36)-  -138.179 C(24)-C(18)-C(17)-  0.015
C(7)-C(1) 1.453 C(12)-C(4)-C(3)-C(2) -142.644 C(19)-C(22)-C(21)- -0.039 C(50)-C(49)-C(27)- 142.589 C(24)-C(18)-C(17)-  -138.226



C(6)-C(1)
C(6)-C(5)
C(5)-C(4)
C(4)-C(3)
C(3)-C(2)
C(2)-C(1)
C(13)-C(12)-C(29)
C(29)-C(11)-C(59)
C(29)-C(11)-C(3)
C(59)-C(11)-C(3)
C(9)-C(10)-C(59)
C(9)-C(10)-C(57)
C(59)-C(10)-C(57)
C(2)-C(9)-C(8)
C(2)-C(9)-C(10)
C(8)-C(9)-C(10)
C(9)-C(8)-C(20)
C(9)-C(8)-C(7)
C(20)-C(8)-C(7)
C(1)-C(7)-C(19)
C(1)-C(7)-C(8)
C(19)-C(7)-C(8)
C(1)-C(6)-C(17)
C(1)-C(6)-C(5)
C(17)-C(6)-C(5)
C(4)-C(5)-C(15)
C(4)-C(5)-C(6)
C(15)-C(5)-C(6)
C(5)-C(4)-C(12)
C(5)-C(4)-C(3)

1.395

1.453

1.396

1.453

1.395

1.453

119.992
119.995
107.986
120.001
119.994
120.003
107.999
107.987
119.999
120.007
119.989
108.015
120.001
120.011
107.992
120.010
119.989
120.009
108.001
119.995
120.006
107.992
120.020
119.986
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C(5)-C(4)-C(3)-C(11)
C(5)-C(4)-C(3)-C(2)
C(4)-C(3)-C(2)-C(1)
C(4)-C(3)-C(2)-C(9)
C(11)-C(3)-C(2)-C(1)
C(11)-C(3)-C(2)-C(9)
C(9)-C(2)-C(1)-C(7)
C(9)-C(2)-C(1)-C(6)
C(3)-C(2)-C(1)-C(7)
C(3)-C(2)-C(1)-C(6)
C(47)-C(53)-C(52)-C(51)
C(47)-C(53)-C(52)-C(23)
C(53)-C(52)-C(51)-C(48)
C(53)-C(52)-C(51)-C(50)
C(23)-C(52)-C(51)-C(48)
C(23)-C(52)-C(51)-C(50)
C(53)-C(52)-C(23)-C(22)
C(53)-C(52)-C(23)-C(24)
C(51)-C(52)-C(23)-C(22)
C(51)-C(52)-C(23)-C(24)
C(52)-C(51)-C(48)-C(47)
C(52)-C(51)-C(48)-C(35)
C(50)-C(51)-C(48)-C(47)
C(50)-C(51)-C(48)-C(35)
C(52)-C(51)-C(50)-C(49)
C(52)-C(51)-C(50)-C(25)
C(48)-C(51)-C(50)-C(49)
C(48)-C(51)-C(50)-C(25)
C(51)-C(50)-C(49)-C(27)
C(51)-C(50)-C(49)-C(36)
C(25)-C(50)-C(49)-C(27)
C(25)-C(50)-C(49)-C(36)
C(51)-C(50)-C(25)-C(26)
C(51)-C(50)-C(25)-C(24)
C(49)-C(50)-C(25)-C(26)
C(58)-C(41)-C(32)-C(33)
C(42)-C(41)-C(32)-C(31)
C(42)-C(41)-C(32)-C(33)
C(58)-C(40)-C(31)-C(32)
C(58)-C(40)-C(31)-C(30)
C(39)-C(40)-C(31)-C(32)
C(39)-C(40)-C(31)-C(30)
C(58)-C(40)-C(39)-C(13)
C(58)-C(40)-C(39)-C(38)
C(1)-C(6)-C(5)-C(4)

142.638
-0.015
-0.001
138.228
-138.233
-0.003
-0.031
-142.633
142.626
0.024
0.034
-142.618
-0.040
-142.639
142.615
0.016
0.038
138.222
-138.190
-0.006
0.030
-142.627
142.627
-0.030
138.197
-0.019
0.039
-138.176
-142.641
-0.022
0.004
142.623
142.647
0.012
0.004
-142.617
142.644
-0.017
0.042
142.605
-142.607
-0.044
-0.002
-138.174
0.012

C(19)-C(22)-C(21)-
C(23)-C(22)-C(19)-
C(23)-C(22)-C(19)-
C(21)-C(22)-C(19)-
C(21)-C(22)-C(19)-
C(54)-C(21)-C(20)-
C(54)-C(21)-C(20)-
C(22)-C(21)-C(20)-
C(22)-C(21)-C(20)-

C(21)-C(20)-C(8)-
C(21)-C(20)-C(8)-
C(56)-C(20)-C(8)-
C(56)-C(20)-C(8)-
C(18)-C(19)-C(7)-
C(18)-C(19)-C(7)-
C(22)-C(19)-C(7)-
C(22)-C(19)-C(7)-

C(22)-C(19)-C(18)-
C(22)-C(19)-C(18)-

C(10)-C(9)-C(2)-
C(10)-C(9)-C(2)-
C(8)-C(9)-C(2)-
C(8)-C(9)-C(2)-
C(20)-C(8)-C(7)-
C(20)-C(8)-C(7)-
C(9)-C(8)-C(7)-
C(9)-C(8)-C(7)-
C(8)-C(7)-C(1)-
C(8)-C(7)-C(1)-
C(19)-C(7)-C(1)-
C(19)-C(7)-C(1)-
C(5)-C(6)-C(1)-
C(5)-C(6)-C(1)-
C(17)-C(6)-C(1)-
C(17)-C(6)-C(1)-
C(17)-C(6)-C(5)-
C(17)-C(6)-C(5)-

C(31)-C(40)-C(39)-
C(31)-C(40)-C(39)-
C(40)-C(39)-C(13)-
C(40)-C(39)-C(13)-
C(38)-C(39)-C(13)-
C(38)-C(39)-C(13)-
C(40)-C(39)-C(38)-
C(40)-C(39)-C(38)-

-138.211
-0.042
-142.605
142.607
0.044
-0.001
142.623
-142.603
0.021
-0.007
-138.211
138.181
-0.023
-138.159
0.045
-0.030
138.175
0.053
-142.602
142.644
-0.014
0.028
-142.629
0.012
-142.630
142.638
-0.004
0.021
142.614
-142.621
-0.028
-0.029
-138.192
138.160
-0.002
0.007
-142.605
138.211
0.039
-142.603
0.019
0.005
142.627
-0.021
142.603

C(50)-C(49)-C(27)-
C(36)-C(49)-C(27)-
C(36)-C(49)-C(27)-
C(51)-C(48)-C(47)-
C(51)-C(48)-C(47)-
C(35)-C(48)-C(47)-
C(35)-C(48)-C(47)-
C(47)-C(48)-C(35)-
C(47)-C(48)-C(35)-
C(51)-C(48)-C(35)-
C(51)-C(48)-C(35)-
C(48)-C(47)-C(46)-
C(48)-C(47)-C(46)-
C(53)-C(47)-C(46)-
C(53)-C(47)-C(46)-
C(47)-C(46)-C(45)-
C(47)-C(46)-C(45)-
C(34)-C(46)-C(45)-
C(34)-C(46)-C(45)-
C(47)-C(46)-C(34)-
C(47)-C(46)-C(34)-
C(45)-C(46)-C(34)-
C(45)-C(46)-C(34)-
C(55)-C(45)-C(44)-
C(55)-C(45)-C(44)-
C(46)-C(45)-C(44)-
C(46)-C(45)-C(44)-
C(45)-C(44)-C(33)-
C(45)-C(44)-C(33)-
C(43)-C(44)-C(33)-
C(43)-C(44)-C(33)-
C(45)-C(44)-C(43)-
C(45)-C(44)-C(43)-
C(33)-C(44)-C(43)-
C(33)-C(44)-C(43)-
C(57)-C(43)-C(42)-
C(57)-C(43)-C(42)-
C(44)-C(43)-C(42)-
C(44)-C(43)-C(42)-
C(43)-C(42)-C(41)-
C(43)-C(42)-C(41)-
C(59)-C(42)-C(41)-
C(59)-C(42)-C(41)-
C(58)-C(41)-C(32)-
C(13)-C(39)-C(38)-

-0.010
-0.026
-142.625
-0.009
-142.638
142.644
0.015
-138.228
0.001
0.003
138.232
138.167
-0.010
-0.017
-138.194
-142.637
-0.010
-0.020
142.607
-0.012
142.605
-142.624
-0.007
-142.581
0.006
0.040
142.627
-0.044
142.621
-142.639
0.026
-138.155
0.002
-0.006
138.151
0.010
-142.617
142.602
-0.025
138.198
0.037
0.002
-138.159
0.044
-142.623

C(18)-C(17)-C(16)-
C(18)-C(17)-C(16)-
C(6)-C(17)-C(16)-
C(6)-C(17)-C(16)-
C(18)-C(17)-C(6)-
C(18)-C(17)-C(6)-
C(16)-C(17)-C(6)-
C(16)-C(17)-C(6)-
C(26)-C(16)-C(15)-
C(26)-C(16)-C(15)-
C(17)-C(16)-C(15)-
C(17)-C(16)-C(15)-
C(16)-C(15)-C(14)-
C(16)-C(15)-C(14)-
C(5)-C(15)-C(14)-
C(5)-C(15)-C(14)-
C(16)-C(15)-C(5)-
C(16)-C(15)-C(5)-
C(14)-C(15)-C(5)-
C(14)-C(15)-C(5)-
C(28)-C(14)-C(13)-
C(28)-C(14)-C(13)-
C(15)-C(14)-C(13)-
C(15)-C(14)-C(13)-
C(14)-C(13)-C(12)-
C(14)-C(13)-C(12)-
C(39)-C(13)-C(12)-
C(39)-C(13)-C(12)-
C(29)-C(12)-C(4)-
C(29)-C(12)-C(4)-
C(13)-C(12)-C(4)-
C(13)-C(12)-C(4)-
C(59)-C(11)-C(3)-
C(59)-C(11)-C(3)-
C(29)-C(11)-C(3)-
C(29)-C(11)-C(3)-
C(57)-C(10)-C(9)-
C(57)-C(10)-C(9)-
C(59)-C(10)-C(9)-
C(59)-C(10)-C(9)-
C(10)-C(9)-C(8)-
C(10)-C(9)-C(8)-
C(2)-C(9)-C(8)-C(7)
C(2)-C(9)-C(8)-
C(1)-C(6)-C(5)-

-142.621
-0.026
0.044
142.639
142.639
0.013
-0.031
-142.657
-0.005
-142.627
142.582
-0.040
-138.223
0.004
-0.025
138.202
0.020
142.637
-142.607
0.010
-0.010
-142.636
142.639
0.012
138.143
0.015
-0.045
-138.173
0.015
-142.598
142.584
-0.029
-142.627
0.030
-0.030
142.627
-0.006
-138.180
138.179
0.005
-142.627
0.005
-0.015
142.617
142.624
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Table S2. The calculated geometric parameters at the four different levels of the CgoCls molecule. Bond lengths in Angstrom (A) and angles in Degrees (°).

Method/Basis set Method/Basis set Method/Basis set
RM062X/6 HSEHIPBE/6 B3LYP/6- RMO062X/6 HSEHIPBE/6 B3LYP/6- Dihedral Angles RM062X/6 HSEHIPBE/6 B3LYP/6-
Bond — B3LYP/6 31G(d 31G(d 311++G(d Bond Angl BILYP/6- 31G(d 31G(d 311++G(d BLYP/6 31G(d 31G(d 311++G(d
Lenght  -31G(d,p) (d,p) (d,p) \ @p ond Angles 41 Gdyp) (d,p) (d,p) \ (@p 31G(dyp) (d,p) (d,p) ) @p

(C1.C2) 1.54 1.54 1.53 1.54 (C2.C1.C6) 114.5 114.4 114.4 114.5 (C6.C1.C2.C3) 25.2 26.3 25.8 249
(C1.C6) 1.58 1.57 1.57 1.58 (C2,C1.CD 100.9 100.6 100.9 100.9 (C6.C1.C2.C9 -137.5 -137.9 -137.8 -137.5
(CL1,C7) 1.54 1.54 1.53 1.54 (C2,C1,Cl162) 106.4 106.7 106.5 106.3 (C7,C1,C2,C3) 148.6 149.4 149.2 148.4
(C1.Cl62) 1.84 1.81 1.81 1.84 (C6,C1.CN 114.5 114.4 114.4 114.5 (C7.C1.C2.C9 -14.1 -14.8 -14.4 -13.9
(C2,C3) 1.49 1.49 1.49 1.49 (C6,C1,Cl162) 113.1 113.0 113.0 113.1 (Cl62,C1,C2,C3) -100.5 -99.4 -99.8 -100.8
(C2.C9 1.35 1.34 1.34 1.34 (C7.C1.Cl62) 106.4 106.7 106.5 106.3 (Cl62.C1.C2.C9) 96.8 96.4 96.7 96.8
(C3.CH 1.53 1.52 1.52 1.52 (C1.C2.C3) 125.5 125.6 125.7 125.4 (C2.C1.C6.CH5 1.1 1.2 1.3 1.1
(C3.C11) 1.54 1.54 1.53 1.54 (C1.C2.C9 108.9 109.1 108.9 108.9 (C2.C1.C6.C17) 114.7 114.2 114.5 114.8
(C3.Cl61)  1.85 1.81 1.82 1.85 (C3.C2.CH 123.2 123.4 123.2 123.2 (C2.C1.C6.Cl163) -122.1 -122.3 -122.1 -122.0
(C4.C5 1.37 1.37 1.37 1.37 (C2,C3.C4 108.5 107.7 107.9 108.6 (C7.C1.C6.C5) -114.7 -114.2 -114.5 -114.8
(C4.C12) 1.44 1.44 1.44 1.44 (C2.C3.C1D 109.8 109.2 109.4 109.9 (C7.C1.C6.C17N -1.1 -1.2 -1.3 -1.1
(C5.C6) 1.53 1.53 1.52 1.53 (C2,C3.Cl61) 113.3 113.1 113.6 113.2 (C7.C1,C6.Cl163) 122.1 122.3 122.1 122.0
(C5.C15 1.44 1.44 1.43 1.44 (C4.C3.C1D 101.2 100.9 101.0 101.3 (Cl62.C1.C6.C5) 123.2 123.5 123.4 123.1
(C6.C17) 1.53 1.53 1.52 1.53 (C4,C3.Clo1) 111.7 112.3 112.0 111.5 (Cl62.C1.C6.C17) -123.2 -123.5 -123.4 -123.1
(C6,C163) 1.84 1.81 1.82 1.84 (C11,C3,Cl61) 111.7 112.8 112.1 111.6 (Cl62,C1,C6,Cl63) 0.0 0.0 0.0 0.0
(C7.C8) 1.35 1.34 1.34 1.34 (C3.C4.C5) 123.8 123.8 123.8 123.8 (C2.C1.C7.C8) 14.1 14.8 14.4 13.9
(C7,C19) 1.49 1.49 1.49 1.49 (C3,C4,C12) 109.8 109.9 109.9 109.7 (C2,C1,C7,C19) -148.6 -149.4 -149.2 -148.4
(C8.C9 1.47 1.47 1.46 1.47 (C5.C4.C12) 119.5 119.6 119.5 119.6 (C6.C1.C7.C8) 137.5 137.9 137.8 137.5
(C8.C20) 1.50 1.50 1.49 1.49 (C4.C5.C6) 126.2 126.4 126.3 126.2 (C6.C1.C7.C19) -25.2 -26.3 -25.8 -24.9
(C9.C10) 1.50 1.50 1.49 1.49 (C4,C5.C15) 119.7 119.7 119.7 119.7 (Cl62.C1.C7.C8) -96.8 -96.4 -96.7 -96.8
(C10.C57) 1.52 1.52 1.52 1.52 (C6.C5.C15) 109.0 109.1 109.1 109.0 (Cl162.C1.C7.C19) 100.5 99.4 99.8 100.8
(C10.C59) 1.53 1.52 1.52 1.52 (C1,C6.C5) 112.8 112.6 112.7 112.9 (C2.C1.Cl62.Cl63) 126.5 126.6 126.4 126.5
(C10.Cl66) 1.85 1.81 1.82 1.85 (C1.C6.C17N 112.8 112.6 112.7 112.9 (C6.C1.Cl162.Cl163) 0.0 0.0 0.0 0.0
(C11.C29) 1.44 1.44 1.43 1.44 (C1,C6.Cl163) 114.4 114.4 114.4 114.4 (C7.C1.Cl62.Cl63) -126.5 -126.6 -126.4 -126.5
(C11.C59) 137 1.37 1.37 1.37 (C5.C6.C17N 100.9 100.7 100.8 101.0 (C1.C2.C3.CH -35.1 -36.5 -36.0 -34.7
(C12.C13) 1.40 1.39 1.39 1.39 (C5,C6.Cl163) 107.4 107.8 107.7 107.3 (C1.C2.C3.C11) -144.8 -145.3 -145.0 -144.6
(C12,C29) 1.45 1.45 1.44 1.45 (C17,C6,C163) 107.4 107.8 107.7 107.3 (C1,C2,C3,Cl61) 89.5 88.2 88.8 89.8
(C13.C14) 1.44 1.44 1.44 1.44 (C1,C7.C8) 108.9 109.1 108.9 108.9 (C9.C2.C3.C4) 125.3 125.5 125.3 125.3
(C13,C39) 1.45 1.45 1.45 1.45 (C1,C7,C19) 125.5 125.6 125.7 125.4 (C9,C2,C3,C11) 15.6 16.7 16.3 15.3
(C14.C15) 1.39 1.39 1.39 1.39 (C8.C7.C19) 123.2 123.4 123.2 123.2 (C9.C2.C3.Cl61) -110.1 -109.7 -109.8 -110.2
(C14.C28) 1.45 1.45 1.44 1.45 (C7.C8.C9 109.6 109.4 109.5 109.6 (C1.C2.C9.C8) 9.5 9.9 9.7 9.4
(C15.C16) 1.45 1.45 1.44 1.44 (C7.C8.C20) 125.3 125.5 125.4 125.3 (C1.C2.C9.C10) 170.9 171.8 171.7 170.5
(C16.C17) 1.44 1.44 1.43 1.44 (C9.C8.C20) 122.4 122.4 122.5 122.3 (C3.C2.C9.C8) -153.7 -154.7 -154.4 -153.5
(C16.C26) 1.39 1.39 1.39 1.39 (C2,C9.C8) 109.6 109.4 109.5 109.6 (C3.C2.C9.C10) 7.7 7.2 7.6 7.6
(C17.C18) 1.37 1.37 1.37 1.37 (C2.C9.C10) 125.3 125.5 125.4 125.3 (C2.C3.C4.C5 20.5 21.3 21.1 20.3
(C18.C19) 1.53 1.52 1.52 1.52 (C8.C9.C10) 122.4 122.4 122.5 122.3 (C2.C3.C4.C12) -130.1 -129.6 -129.8 -130.3
(C18.C24) 1.44 1.44 1.44 1.44 (C9.C10.C57Y  109.5 109.0 109.1 109.7 (C11.C3.C4.C5) 136.0 135.7 135.8 136.0
(C19.C22) 1.54 1.54 1.53 1.54 (C9.C10.C59) 108.9 108.3 108.5 109.1 (C11,C3.,C4.C12) -14.7 -15.2 -15.1 -14.6
(C19,Cl64) 1.85 1.81 1.82 1.85 (C9,C10,Cl166) 111.0 111.2 111.3 110.9 (Cl61,C3,C4,C5) -105.1 -103.9 -104.7 -105.2
(C20.C21) 1.53 1.52 1.52 1.52 (C57.C10.C59) 102.3 102.1 102.2 102.4 (Cl61.C3.C4.C12) 104.3 105.1 104.4 104.3
(C20,C56) 1.52 1.52 1.52 1.52 (C57,C10,Cl66  111.9 112.3 112.2 111.7 (C2,C3,C11,C29) 128.8 128.2 128.4 129.0
(C20.Cl65) 1.85 1.81 1.82 1.85 (C59.C10.C166 112.8 113.4 113.2 112.7 (C2.C3.C11.C59) -20.0 -20.8 -20.7 -19.7
(C21.C22) 1.37 1.37 1.37 1.37 (C3.C11.C29) 109.6 109.6 109.7 109.5 (C4.C3.C11.C29) 14.4 14.9 14.7 14.3
(C21.C54) 1.44 1.44 1.43 1.44 (C3.C11.C59) 1234 123.5 123.5 123.4 (C4,C3.C11,C59) -134.4 -134.1 -134.3 -134.5
(C22.C23) 1.44 1.44 1.43 1.44 (C29.C11.C59) 119.3 119.2 119.2 119.3 (Cl61.C3.C11.C29) -104.6 -105.1 -104.6 -104.5
(C23,C24) 1.45 1.45 1.44 1.45 (C4.C12.C13) 1212 121.2 121.3 121.2 (Cl61.C3.C11.C59) 106.6 105.9 106.3 106.8
(C23.C52) 1.40 1.39 1.40 1.40 (C4.C12.C29) 108.5 108.4 108.4 108.5 (C3.C4.C5.C6) 29 29 2.8 29
(C24.C25) 1.40 1.39 1.39 1.39 (C13.C12.C29) 120.1 120.1 120.2 120.2 (C3.C4.C5.C15) -149.0 -149.7 -149.4 -149.0
(C25.C26) 1.44 1.44 1.44 1.44 (C12.C13.C14) 119.1 119.1 119.0 119.1 (C12.C4.C5.C6) 150.9 151.3 151.1 150.8
(C25.C50) 1.45 1.45 1.45 1.45 (C12.C13.C39) 120.3 120.3 120.3 120.3 (C12,C4.C5.C15) -1.1 -1.3 -1.2 -1.1
(C26,C27) 1.45 1.45 1.44 1.45 (C14,C13,C39) 108.0 108.0 108.0 108.0 (C3,C4,C12,C13) 155.4 155.6 155.6 155.3



(C27,C28)
(C27.C49)
(C28,C38)
(C29.C58)
(C30,C31)
(C30.C37)
(C30,C60)
(C31.C32)
(C31,C40)
(C32.C33)
(C32,C41)
(C33.C34)
(C33,C44)
(C34.C46)
(C34,C60)
(C35.C36)
(C35,C48)
(C35.C60)
(C36,C37)
(C36.C49)
(C37,C38)
(C38.C39)
(C39,C40)
(C40.C58)
(C41,C42)
(C41.C58)
(C42,C43)
(C42.C59)
(C43,C44)
(C43.C57)
(C44,C45)
(C45.C46)
(C45,C55)
(C46.C47)
(C47,C48)
(C47.C53)
(C48,C51)
(C49.C50)
(C50,C51)
(C51.C52)
(C52,C53)
(C53.C54)
(C54,C55)
(C55.C56)
(C56,C57)
(Cl162.C163
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(C13,C14.C15)
(C13.C14.C28)
(C15,C14.,C28)
(C5.C15.C14)

(C5,C15,C16)

(C14.C15.C16)
(C15,C16,C17)
(C15.C16.C26)
(C17,C16,C26)
(C6.C17.C16)

(C6,C17,C18)

(C16.C17.C18)
(C17,C18.,C19)
(C17.C18.C24)
(C19,C18,C24)
(C7.C19.C18)

(C7,C19,C22)

(C7.C19.Cl64)
(C18,C19.,C22)
(C18.C19.C164
(C22.C19.C164
(C8.C20.C21)

(C8,C20,C56)

(C8.C20.C165)
(C21,C20,C56)
(C21.C20.C165
(C56.C20.C165
(C20.C21.C22)
(C20,C21,C54)
(C22.C21.C54)
(C19,C22,C21)
(C19.C22.C23)
(C21,C22,C23)
(C22.C23.C24)
(C22,C23.C52)
(C24.C23.C52)
(C18,C24.C23)
(C18.C24.C25)
(C23,C24.C25)
(C24.C25.C26)
(C24,C25,C50)
(C26.C25.C50)
(C16,C26,C25)
(C16.C26.C27)
(C25,C26,C27)
(C26.C27.C28)
(C26,C27,C49)
(C28.C27.C49)
(C14,C28.C27)
(C14.C28.C38)
(C27,C28.,C38)
(C11.C29.C12)
(C11,C29,C58)
(C12.C29.C58)
(C31,C30,C37)
(C31.C30.C60)
(C37,C30,C60)
(C30.C31.C32)
(C30,C31,C40)

119.0
108.4
120.0
121.4
108.5
120.1
108.5
120.1
121.4
109.0
126.2
119.7
123.8
119.5
109.8
108.5
109.8
1133
101.2
111.7
111.7
108.9
109.5
111.0
102.3
112.8
111.9
122.2
109.2
120.2
123.4
109.6
119.3
108.6
121.2
119.6
108.5
121.2
120.1
119.1
120.3
108.0
119.0
120.0
108.4
119.9
107.8
120.1
119.9
107.8
120.1
108.6
121.2
119.6
119.9
120.0
107.9
120.0
120.2

119.0
108.4
119.9
121.3
108.4
120.1
108.4
120.1
121.3
109.1
126.4
119.7
123.8
119.6
109.9
107.7
109.2
113.1
100.9
112.3
112.8
108.3
109.0
111.2
102.1
113.4
112.3
122.4
109.3
120.2
123.5
109.6
119.2
108.6
121.2
119.5
108.4
121.2
120.1
119.1
120.3
108.0
119.0
119.9
108.4
120.0
107.8
120.1
120.0
107.8
120.1
108.6
121.2
119.5
119.9
120.0
108.0
120.0
120.2

119.0
108.4
119.9
121.4
108.4
120.1
108.4
120.1
121.4
109.1
126.3
119.7
123.8
119.5
109.9
107.9
109.4
113.6
101.0
112.0
112.1
108.5
109.1
111.3
102.2
113.2
112.2
122.3
109.3
120.2
123.5
109.7
119.2
108.6
121.3
119.5
108.4
121.3
120.2
119.0
120.3
108.0
119.0
119.9
108.4
120.0
107.8
120.1
120.0
107.8
120.1
108.6
121.3
119.5
119.9
120.0
108.0
120.0
120.2

119.0
108.4
119.9
121.3
108.5
120.1
108.5
120.1
121.3
109.0
126.2
119.7
123.8
119.6
109.7
108.6
109.9
113.2
101.3
111.5
111.6
109.1
109.7
110.9
102.4
112.7
111.7
122.2
109.2
120.2
123.4
109.5
119.3
108.7
121.2
119.6
108.5
121.2
120.2
119.1
120.3
108.0
119.0
119.9
108.4
120.0
107.8
120.1
120.0
107.8
120.1
108.7
121.2
119.6
119.9
120.0
107.9
120.0
120.1

(C3,C4.C12,C29)
(C5.C4.C12.C13)
(C5,C4.C12,C29)
(C4.C5.C6.C1H
(C4,C5,C6,C17)
(C4,C5,C6.C163)
(C15,C5.,C6,C1)
(C15.C5.C6.C17)
(C15,C5,C6,Cl163)
(C4.C5.C15.C14)
(C4,C5.C15,C16)
(C6.C5.C15.C14)
(C6,C5.,C15,C16)
(C1.C6.C17.C16)
(C1,C6.C17,C18)
(C5.C6.C17.C16)
(C5,C6,C17,C18)
(Cl63.C6.C17.C16)
(C163,C6,C17,C18)
(C1.C6.C163.C162)
(C5,C6.,C163,Cl62)
(C17.C6.C163.C162)
(C1,C7.C8.C9)
(C1.C7.C8.C20)
(C19,C7.C8,C9)
(C19.C7.C8.C20)
(C1,C7,C19,C18)
(C1.C7.C19.C22)
(C1,C7,C19,Cl64)
(C8.C7.C19.C18)
(C8,C7,C19,C22)
(C8.C7.C19.Cl64)
(C7,C8.C9.C2)
(C7.C8.C9.C10)
(C20,C8,C9,C2)
(C20.C8.C9.C10)
(C7,C8,C20,C21)
(C7.C8.C20.C56)
(C7,C8,C20,Cl65)
(C9.C8.C20.C21)
(C9,C8,C20,C56)
(C9.C8.C20.C165)
(C2,C9.C10,C57)
(C2.C9.C10.C59)
(C2,C9.C10,Cl66)
(C8.C9.C10.C57)
(C8,C9.,C10,C59)
(C8.C9.C10.C166)
(C9,C10,C57,C43)
(C9.C10,C57.C56)
(C59,C10,C57,C43)
(C59.C10.C57.C56)
(C166,C10,C57,C43
(Cl166.C10.C57.C56
(C9,C10,C59,C11)
(C9.C10,C59.C42)
(C57,C10,C59.C11)
(C57.C10,C59.C42)
(C166.C10.C59.C11

10.1
33
-142.0
-14.4
-135.0
112.6
140.0
19.4
-93.0
-1.9
143.5
-158.2
-12.9
-140.0
14.4
-19.4
135.0
93.0
-112.6
0.0
-126.1
126.1
-9.5
-170.9
153.7
-1.7
35.1
144.8
-89.5
-125.3
-15.6
110.1
0.0
-162.1
162.1
0.0
25.6
136.8
-99.2
-133.5
-22.4
101.7
-136.8
-25.6
99.2
22.4
133.5
-101.7
127.9
-22.8
12.4
-138.2
-108.6
100.8
20.3
-127.7
136.2
-11.9
-103.4

10.5
33
-141.9
-15.0
-135.1
112.1
140.0
19.9
-92.9
-1.5
143.7
-158.4
-13.2
-140.0
15.0
-19.9
135.1
92.9
-112.1

-126.0
126.0
-9.9
-171.8
154.7
-7.2
36.5
145.3
-88.2
-125.5
-16.7
109.7

-162.5
162.5
0.0
26.1
136.5
-99.2
-133.5
-23.1
101.2
-136.5
-26.1
99.2
23.1
133.5
-101.2
127.5
-23.6
13.0
-138.0
-108.8
100.1
21.1
-127.3
136.1
-12.4
-102.9

133.6
127.5

-138.1
-108.8
100.3
21.0
-127.3
136.1
-12.2
-103.1

10.0

-142.0
-14.3
-135.0
112.7
140.1
19.3
-92.9
-1.9
143.5
-158.2
-12.8
-140.1
143
-19.3
135.0
92.9
-112.7

-126.1
126.1
94
-170.5
153.5
-7.6
34.7
144.6
-89.8
-125.3
-15.3
110.2

-161.8
161.8
0.0
253
136.7
-99.4
-133.5
-22.1
101.7
-136.7
-25.3
99.4
22.1
133.5
-101.7
128.1
-22.5
12.4
-138.3
-108.5
100.9
20.1
-127.9
136.2
-11.8
-103.6
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(C32,C31,C40)
(C31.C32.C33)
(C31,C32,C41)
(C33.C32.C41)
(C32,C33,C34)
(C32.C33.C44)
(C34,C33.,C44)
(C33.C34.C46)
(C33,C34.,C60)
(C46.C34.C60)
(C36,C35,C48)
(C36.C35.C60)
(C48,C35,C60)
(C35.C36.C37)
(C35,C36,C49)
(C37.C36.C49)
(C30,C37,C36)
(C30.C37.C38)
(C36,C37,C38)
(C28.C38.C37)
(C28,C38.,C39)
(C37.C38.C39)
(C13,C39.C38)
(C13.C39.C40)
(C38,C39,C40)
(C31.C40.C39)
(C31,C40,C58)
(C39.C40.C58)
(C32,C41,C42)
(C32.C41.C58)
(C42,C41,C58)
(C41.C42.C43)
(C41,C42,C59)
(C43.C42.C59)
(C42,C43.,C44)
(C42.C43.C57)
(C44,C43.C57)
(C33.C44.C43)
(C33,C44.C45)
(C43.C44.C45)
(C44,C45,C46)
(C44.C45.C55)
(C46,C45,C55)
(C34.C46.C45)
(C34,C46,C47)
(C45.C46.C47)
(C46,C47.,C48)
(C46.C47.C53)
(C48,C47.C53)
(C35.C48.C47)
(C35,C48.,C51)
(C47.C48.C51)
(C27,C49,C36)
(C27.C49.C50)
(C36,C49,C50)
(C25.C50.C49)
(C25,C50,C51)
(C49.C50.C51)
(C48,C51,C50)

107.8
119.9
107.9
120.1
120.2
119.8
107.8
107.9
119.9
119.9
119.9
107.9
120.0
108.0
119.9
120.1
108.0
119.9
120.1
119.8
107.9
120.1
107.9
119.7
120.1
119.9
108.1
120.0
120.1
108.3
119.0
119.6
121.0
108.8
120.3
108.7
120.8
120.0
108.2
119.3
108.2
119.3
120.0
107.8
120.2
119.8
119.9
120.1
107.9
120.0
120.2
107.8
119.8
107.9
120.1
107.9
119.7
120.1
119.9

107.8
119.9
107.9
120.2
120.2
119.8
107.8
108.0
119.9
119.9
119.9
108.0
120.0
108.0
119.8
120.0
108.0
119.8
120.0
119.8
107.9
120.1
107.9
119.7
120.1
119.9
108.1
120.0
120.1
108.3
119.0
119.6
121.0
108.8
120.3
108.6
120.8
120.0
108.2
119.3
108.2
119.3
120.0
107.8
120.2
119.8
119.9
120.2
107.9
120.0
120.2
107.8
119.8
107.9
120.1
107.9
119.7
120.1
119.9

107.8
119.9
107.9
120.1
120.2
119.8
107.8
107.9
120.0
120.0
119.9
108.0
120.0
108.0
119.9
120.1
108.0
119.9
120.1
119.8
107.9
120.1
107.9
119.7
120.1
119.9
108.1
120.0
120.1
108.3
118.9
119.6
121.1
108.8
120.3
108.6
120.9
120.0
108.2
119.3
108.2
119.3
120.0
107.8
120.2
119.8
119.9
120.1
107.9
120.0
120.2
107.8
119.8
107.9
120.1
107.9
119.7
120.1
119.9

107.8
119.9
107.9
120.1
120.2
119.9
107.8
107.9
119.9
119.9
119.9
107.9
120.0
108.0
119.9
120.1
108.0
119.9
120.1
119.8
107.9
120.1
107.9
119.7
120.1
119.9
108.1
120.0
120.1
108.3
119.0
119.6
121.0
108.8
120.3
108.7
120.8
119.9
108.2
119.3
108.2
119.3
119.9
107.8
120.2
119.9
119.9
120.1
107.9
120.0
120.1
107.8
119.8
107.9
120.1
107.9
119.7
120.1
119.9

(Cl166.C10.C59.C42
(C3.C11.,C29.C12)
(C3,C11,€29,C58)
(C59.C11,C29.C12)
(C59,C11,C29,C58)
(C3.C11.C59.C10)
(C3,C11,C59,C42)
(C29.C11.C59.C10)
(C29,C11,C59,C42)
(C4.C12.C13.C14)
(C4,C12,C13,C39)
(C29.C12.,C13.C14)
(C29,C12,C13,C39)
(C4.C12,C29.C11)
(C4,C12,C29,C58)
(C13.C12,C29.C11)
(C13,C12,C29,C58)
(C12.C13.C14.C15)
(C12,C13.,C14,C28)
(C39.C13.C14.C15)
(C39,C13.C14,C28)
(C12.C13.,C39.C38)
(C12,C13.,C39,C40)
(C14.C13.C39.C38)
(C14,C13.C39,C40)
(C13.C14.C15.C5)
(C13,C14.C15.C16)
(C28.C14.C15.C5)
(C28,C14.,C15,C16)
(C13.C14.C28.C27)
(C13,C14.,C28.,C38)
(C15.C14.C28.C27)
(C15,C14,C28,C38)
(C5.C15.C16.C17)
(C5,C15,C16,C26)
(C14.C15.C16.C17)
(C14,C15.,C16,C26)
(C15.C16.C17.C6)
(C15,C16,C17,C18)
(C26.C16.C17.C6)
(C26,C16,C17,C18)
(C15.C16.C26.C25)
(C15,C16,C26,C27)
(C17.C16,C26.C25)
(C17,C16,C26,C27)
(C6.C17.C18.C19)
(C6,C17,C18,C24)
(C16.C17.C18.C19)
(C16,C17,C18,C24)
(C17.C18.C19.C7)
(C17,C18.,C19,C22)
(C17.C18.C19.Cl64
(C24,C18,C19,C7)
(C24.C18.C19.C22)
(C24.C18.C19.Cl64
(C17.C18.C24.C23)
(C17,C18.,C24,C25)
(C19.C18.C24.C23)
(C19,C18.,C24,C25)

108.5
9.3
-153.6
141.0
-33

108.7
-9.6
-153.8
140.9
-3.3

108.7
-9.5
-153.9
141.1
-33

108.4
-9.2
-153.6
141.0
-3.4
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(C48,C51,C52)
(C50.C51.C52)
(C23,C52,C51)
(C23.C52.C53)
(C51,C52,C53)
(C47.C53.C52)
(C47,C53,C54)
(C52.C53.C54)
(C21,C54.C53)
(C21.C54.C55)
(C53,C54.C55)
(C45.C55.C54)
(C45,C55,C56)
(C54.C55.C56)
(C20,C56,C55)
(C20.C56.C57)
(C55,C56,C57)
(C10.C57.C43)
(C10,C57,C56)
(C43.C57.C56)
(C29,C58,C40)
(C29.C58.C41)
(C40,C58.,C41)
(C10.C59.C11)
(C10,C59.C42)
(C11.C59.C42)
(C30,C60,C34)
(C30.C60.C35)
(C34,C60,C35)
(C1.C162.C163)
(C6,Cl163.C162)

108.1
120.0
120.3
119.2
108.0
108.3
120.1
119.0
121.0
108.8
119.6
120.3
120.8
108.7
109.4
123.8
119.9
109.4
123.8
119.9
120.3
119.2
108.0
122.2
109.2
120.2
119.9
108.1
119.9
66.7

65.8

108.1
120.0
120.3
119.2
108.0
108.3
120.1
119.0
121.0
108.8
119.6
120.3
120.8
108.6
109.4
124.0
119.9
109.4
124.0
119.9
120.3
119.2
108.0
122.4
109.3
120.2
119.9
108.1
119.9
66.7

65.9

108.1
120.0
120.3
119.2
108.0
108.3
120.1
118.9
121.1
108.8
119.6
120.3
120.9
108.6
109.4
123.9
119.9
109.4
123.9
119.9
120.3
119.2
108.0
122.3
109.3
120.2
119.9
108.1
119.9
66.8

65.9

108.1
120.0
120.2
119.2
108.0
108.3
120.1
119.0
121.0
108.8
119.6
120.3
120.8
108.7
109.3
123.8
119.9
109.3
123.8
119.9
120.2
119.2
108.0
122.2
109.2
120.2
119.9
108.1
119.9
66.7

65.8

(C7,C19,C22,C21)

(C7.C19,C22.C23)

(C18,C19,C22,C21)
(C18.C19.C22.C23)
(Cl164,C19.C22,C21
(C164.C19.C22.C23
(C8,C20,C21,C22)

(C8.C20,C21.C54)

(C56,C20,C21,C22)
(C56,C20.C21.C54)
(Cl165.C20.C21.C22
(Cl165.C20.C21.C54
(C8,C20,C56,C55)

(C8.C20,C56.C57)

(C21,C20,C56,C55)
(C21.C20,C56.C57)
(C165,C20,C56,C55
(Cl165.C20.C56.C57
(C20,C21,C22,C19)
(C20.C21,C22.C23)
(C54,C21,C22,C19)
(C54.C21,C22.C23)
(C20,C21,C54,C53)
(C20.C21.C54.C55)
(C22,C21,C54,C53)
(C22.C21,C54.C55)
(C19,C22,C23.C24)
(C19.C22,C23.C52)
(C21,C22,C23,C24)
(C21.C22,C23.C52)
(C22,C23,C24.C18)
(C22.C23.C24.C25)
(C52,C23,C24.C18)
(C52.C23.C24.C25)
(C22,C23,C52,C51)
(C22.C23.C52.C53)
(C24,C23.C52,C51)
(C24.C23.C52.C53)
(C18,C24.C25.,C26)
(C18.C24.C25.C50)
(C23,C24,C25,C26)
(C23.C24.C25.C50)
(C24,C25,C26.,C16)
(C24.C25.C26.C27)
(C50,C25,C26,C16)
(C50.C25.C26.C27)
(C24,C25,C50,C49)
(C24.C25.C50.C51)
(C26,C25,C50,C49)
(C26.C25.C50.C51)
(C16,C26,C27,C28)
(C16.C26.C27.C49)
(C25,C26,C27,C28)
(C25.C26.C27.C49)
(C26,C27,C28.,C14)
(C26.C27.C28.C38)
(C49,C27,C28.C14)
(C49.C27.C28.C38)
(C26,C27,C49,C36)

20.0
-128.8
134.4
-14.4
-106.6
104.6
-20.3
127.7
-136.2
11.9
103.4
-108.5
-127.9
22.8
-12.4
138.2
108.6
-100.8

144.4
-146.3

20.8
-128.2
134.1
-14.9
-105.9
105.1
-21.1
127.3
-136.1
12.4
102.9
-108.7
-127.5
23.6
-13.0
138.0
108.8
-100.1

144.8
-146.6

20.7
-128.4
134.3
-14.7
-106.3
104.6
-21.0
127.3
-136.1
12.2
103.1
-108.7
-127.5
234
-12.7
138.1
108.8
-100.3

144.7
-146.5

19.7
-129.0
134.5
-14.3
-106.8
104.5
-20.1
127.9
-136.2
11.8
103.6
-108.4
-128.1
22.5
-12.4
138.3
108.5
-100.9

144.3
-146.2



Karakas Sarikaya et al. (2021) ADYU J SCI, 11(2), 456-473

(C26,C27,C49,C50)
(C28.C27.C49.C36)
(C28,C27,C49,C50)
(C14.C28.C38.C37)
(C14,C28,C38,C39)
(C27.C28.C38.C37)
(C27,C28,C38,C39)
(C11.C29.C58.C40)
(C11,C29.C58.C41)
(C12.C29.C58.C40)
(C12,C29.C58.C41)
(C37.C30.C31.C32)
(C37,C30,C31,C40)
(C60.C30.C31.C32)
(C60,C30,C31,C40)
(C31.C30.,C37.C36)
(C31,C30,C37,C38)
(C60.C30.C37.C36)
(C60,C30,C37,C38)
(C31.C30.C60.C34)
(C31,C30,C60,C35)
(C37.C30.C60.C34)
(C37,C30,C60,C35)
(C30.C31.C32.C33)
(C30,C31,C32,C41)
(C40.C31.C32.C33)
(C40,C31,C32,C41)
(C30.C31.C40.C39)
(C30,C31,C40,C58)
(C32.C31.C40.C39)
(C32,C31,C40,C58)
(C31.C32,C33.C34)
(C31,C32,C33.C44)
(C41.C32,C33.C34)
(C41,C32,C33.C44)
(C31.C32,C41.C42)
(C31,C32,C41.,C58)
(C33.C32,C41.C42)
(C33,C32,C41,C58)
(C32.C33.C34.C46)
(C32,C33,C34,C60)
(C44.C33,C34.C46)
(C44,C33.,C34,C60)
(C32.C33,C44.C43)
(C32,C33,C44,C45)
(C34.C33,C44.C43)
(C34,C33,C44.C45)
(C33.C34.C46.C45)
(C33,C34.,C46.C47)
(C60.C34.C46.C45)
(C60,C34.,C46.C47)
(C33.C34.C60.C30)
(C33,C34,C60,C35)
(C46.C34.C60.C30)
(C46,C34.C60,C35)
(C48.C35.C36.C37)
(C48,C35,C36,C49)
(C60.C35.C36.C37)
(C60,C35,C36,C49)
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(C36,C35,C48,C47)
(C36.C35.C48.C51)
(C60,C35,C48,C47)
(C60.C35.C48.C51)
(C36,C35,C60,C30)
(C36.C35.C60.C34)
(C48,C35,C60,C30)
(C48.C35.C60.C34)
(C35,C36,C37,C30)
(C35.C36.C37.C38)
(C49,C36,C37,C30)
(C49.C36.C37.C38)
(C35,C36,C49,C27)
(C35.C36.C49.C50)
(C37,C36,C49,C27)
(C37.C36.C49.C50)
(C30,C37,C38,C28)
(C30.C37.C38.C39)
(C36,C37,C38,C28)
(C36.C37.C38.C39)
(C28,C38.C39,C13)
(C28.C38.C39.C40)
(C37,C38,C39,C13)
(C37.C38.C39.C40)
(C13,C39,C40.C31)
(C13.C39.C40.C58)
(C38,C39,C40,C31)
(C38.C39.C40.C58)
(C31,C40,C58,C29)
(C31.C40.C58.C41)
(C39,C40,C58.,C29)
(C39.C40.C58.C41)
(C32,C41,C42,C43)
(C32.C41.C42.C59)
(C58,C41,C42,C43)
(C58.C41.C42.C59)
(C32,C41,C58,C29)
(C32.C41.C58.C40)
(C42,C41,C58.,C29)
(C42.C41.,C58.C40)
(C41,C42,C43,C44)
(C41.C42,C43.C57)
(C59,C42,C43,C44)
(C59.C42,C43.C57)
(C41,C42,C59.C10)
(C41.C42.C59.C11)
(C43,C42,C59.C10)
(C43.C42.,C59.C11)
(C42,C43,C44,C33)
(C42.C43,C44.C45)
(C57,C43,C44,C33)
(C57.C43,C44.C45)
(C42,C43,C57,C10)
(C42.C43.C57.C56)
(C44,C43.C57.C10)
(C44.C43.C57.C56)
(C33,C44.C45,C46)
(C33.C44.C45.C55)
(C43,C44.,C45,C46)
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(C43,C44.C45.C55) 0.0 0.0 0.0 0.0
(C44.C45.C46.C34) -0.2 -0.2 -0.2 -0.1
(C44,C45,C46,C47) -142.7 -142.7 -142.7 -142.7
(C55.C45.C46.C34) 141.5 141.5 141.4 141.4
(C55,C45,C46,C47) -1.0 -1.0 -1.1 -1.1
(C44.C45.C55.C54) 1393 139.3 139.3 139.3
(C44,C45,C55.C56) -1.9 -1.8 -1.9 -1.9
(C46.C45.C55.C54) 1.8 1.8 1.9 1.9
(C46,C45,C55.C56) -139.4 -139.3 -139.3 -139.3
(C34.C46.C47.C48) -0.3 -0.3 -0.3 -0.3
(C34,C46,C47,C53) -138.3 -138.4 -138.4 -138.4
(C45.C46.C47.C48) 137.6 137.6 137.6 137.7
(C45,C46,C47,C53) -0.4 -0.5 -0.5 -0.4
(C46.C47.C48.C35) 0.1 0.1 0.1 0.1
(C46,C47,C48,C51) -142.5 -142.5 -142.5 -142.5
(C53.C47.C48.C35) 142.7 142.8 142.8 142.8
(C53,C47,C48,C51) 0.1 0.1 0.1 0.1
(C46.C47.C53.C52) 1425 142.5 142.5 142.5
(C46,C47,C53.C54) 1.1 1.1 1.2 1.1
(C48.C47.C53.C52) -0.1 -0.1 -0.1 -0.1
(C48,C47,C53.C54) -141.4 -141.5 -141.4 -141.4
(C35.C48.C51.C50) -0.1 -0.1 -0.1 -0.1
(C35,C48,C51,C52) -142.7 -142.7 -142.7 -142.7
(C47.C48.C51.C50) 142.5 142.5 142.5 142.5
(C47,C48,C51,C52) -0.1 -0.1 -0.1 -0.1
(C27.C49.C50.C25) -0.1 -0.1 -0.1 -0.1
(C27,C49,C50,C51) -142.2 -142.2 -142.2 -142.2
(C36.C49.C50.C25) 142.2 142.2 142.2 142.2
(C36,C49,C50,C51) 0.0 0.1 0.1 0.1
(C25.C50.C51.C48) -137.7 -137.7 -137.7 -137.7
(C25,C50,C51,C52) 0.4 0.4 0.4 0.4
(C49.C50.C51.C48) 0.0 0.0 0.0 0.0
(C49,C50,C51,C52) 138.2 138.2 138.2 138.2
(C48.C51.C52.C23) 141.6 141.7 141.6 141.6
(C48,C51,C52,C53) 0.0 0.1 0.1 0.1
(C50.C51.C52.C23) -0.9 -0.8 -1.0 -1.0
(C50,C51,C52,C53) -142.5 -142.4 -142.5 -142.5
(C23.C52.C53.C47) -142.0 -142.1 -142.0 -142.0
(C23,C52,C53.C54) -0.2 -0.2 -0.2 -0.2
(C51.C52.C53.C47) 0.0 0.0 0.0 0.0
(C51,C52,C53,C54)  141.9 141.9 141.8 141.8
(C47.C53.C54.C21) 140.5 140.5 140.5 140.5
(C47,C53,C54,C55) -0.3 -0.3 -0.4 -0.3
(C52.C53.C54.C21) 3.2 3.1 32 32
(C52,C53,C54,C55) -137.6 -137.7 -137.6 -137.6
(C21.C54.C55.C45) -146.3 -146.2 -146.3 -146.3
(C21,C54,C55.C56) -0.9 -1.0 -0.9 -0.9
(C53.C54.C55.C45) -1.2 -1.2 -1.2 -1.2
(C53,C54,C55.C56) 144.2 144.1 144.3 144.2
(C45.C55.C56.C20) 153.9 154.3 154.1 153.9
(C45.C55.C56.C57) 1.9 1.8 1.9 1.9
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Table S3. The calculated at four different levels and experimental *C NMR isotropic chemical shifts ( in tetrachloromethane with deuteriated chloroform solvent,
ppm) of CsoCls molecule

Cal. chemical shifts (ppm) (in tetrachloromethane with deuteriated chloroform) Exp.* Cal.chemical shifts (ppm) (in gas)

Nucleus B3LYP/6- RMO062X/6- HSEHIPBE/6- B3LYP/6- B3LYP/6- RMO062X/6- HSEHI1PBE/6- B3LYP/6-
Carbon  31G(d,p) 31G(d,p) 31G(d,p), 311++G(d,p) 31G(d,p) 31G(d,p) 31G(d,p), 311++G(d,p)
C2 150.1 164.4 145.7 169.8 152.8 150.0 164.1 145.5 169.7
c7 150.1 164.4 145.7 169.8 151.0 150.0 164.1 145.5 169.7
C11 146.8 160.7 142.6 166.2 148.3 146.8 160.7 142.5 166.2
C22 146.8 160.7 142.6 166.2 148.2 146.8 160.7 142.5 166.2
C36 143.2 156.9 138.6 162.6 147.6 142.8 156.5 138.5 161.9
C37 143.2 156.9 138.6 162.6 147.6 142.8 156.5 138.5 161.9
C30 143.0 156.8 138.5 161.5 147.6 142.5 156.2 137.9 161.5
C35 143.0 156.8 138.5 161.5 147.6 142.5 156.2 137.9 161.5
C5 142.9 156.6 138.4 161.4 147.2 142.3 156.1 137.8 161.1
Cc17 142.9 156.5 138.4 161.4 147.1 142.3 156.1 137.8 161.1
c60 142.4 156.5 137.9 161.3 146.9 142.2 156.0 137.7 160.7
C32 142.3 156.3 137.9 161.3 146.5 142.2 155.6 137.7 160.7
c47 142.3 156.3 137.7 161.0 146.4 141.8 155.6 137.1 160.3
C21 142.2 156.2 137.7 161.0 146.4 141.6 155.6 137.0 160.3
C59 142.2 156.2 137.7 161.0 146.2 141.6 155.6 137.0 160.3
C33 142.2 156.2 137.7 161.0 144.2 141.6 155.6 137.0 160.3
C46 142.2 156.2 137.7 160.9 144.0 141.6 155.6 137.0 160.2
Cc27 142.2 155.7 137.5 160.9 143.5 141.5 155.5 136.9 160.2
C28 142.2 155.7 137.5 160.3 143.2 141.5 155.5 136.9 159.6
C40 141.5 155.6 136.8 160.3 142.8 140.8 155.0 136.2 159.6
C51 141.5 155.6 136.8 160.2 142.3 140.8 155.0 136.2 159.5
C38 141.1 155.3 136.1 160.2 142.0 140.5 154.7 135.5 159.5
C49 141.1 155.3 136.1 159.5 141.8 140.5 154.7 135.5 158.9
C34 141.1 155.3 136.1 159.5 141.6 140.4 154.7 135.5 158.9
C31 140.9 155.3 136.1 159.1 140.8 140.3 154.7 135.5 158.4
C48 140.9 155.2 136.1 159.1 140.5 140.3 154.6 135.5 158.4
C39 140.8 155.1 136.0 158.6 140.2 140.2 154.5 135.4 157.9
C50 140.8 155.1 136.0 157.7 140.2 154.5 135.4 157.0
Ca4 138.1 152.2 133.7 157.4 137.4 151.5 133.1 156.7
C45 138.1 152.2 133.7 157.4 137.4 151.5 133.1 156.7
Ci14 138.0 152.0 133.4 157.0 137.3 151.3 132.7 156.3

C26 138.0 152.0 133.4 157.0 137.3 151.3 132.7 156.3
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Cc8 137.8 151.7 133.4 156.4 137.1 151.1 132.7 155.8
9 137.8 151.7 133.4 156.4 137.1 151.1 132.7 155.8
Ca1 137.3 151.5 132.7 156.3 136.7 151.0 132.3 155.6
C53 137.3 151.5 132.7 156.3 136.7 151.0 132.3 155.6
C43 137.1 151.2 132.6 156.0 136.7 150.6 132.0 155.5
C55 137.1 151.2 132.6 156.0 136.7 150.6 132.0 155.5
C52 136.9 150.6 132.2 155.9 136.3 150.2 131.8 155.3
C58 136.9 150.6 132.2 155.9 136.3 150.2 131.8 155.3
C12 136.6 150.6 132.1 155.3 136.2 150.2 131.5 155.0
C24 136.6 150.6 132.1 155.3 136.2 150.2 131.5 155.0
C15 136.2 150.6 131.9 154.3 135.9 150.2 131.5 153.9
C16 136.2 150.6 131.9 154.3 135.9 150.2 131.5 153.9
C13 136.0 150.2 131.3 154.1 135.4 149.6 130.7 153.6
C25 136.0 150.2 131.3 154.1 135.4 149.6 130.7 153.6
C23 135.5 149.5 131.0 153.9 135.4 135.2 148.9 130.6 153.4
C29 135.5 149.5 131.0 153.9 135.2 148.9 130.6 153.4
C42 134.4 149.3 130.0 153.3 134.5 148.7 130.0 153.4
C54 134.4 149.3 130.0 153.3 134.5 148.7 130.0 153.4
C56 134.4 148.2 129.9 152.7 134.1 148.3 129.5 152.4
C57 134.4 148.2 129.9 152.7 134.1 148.3 129.5 152.4
ca 129.2 143.2 124.7 147.0 129.4 143.3 124.9 147.1
C18 129.2 143.2 124.7 147.0 129.4 143.3 124.9 147.1
Cc1 76.5 70.8 67.8 89.4 69.4 75.8 70.2 67.2 88.9

cé6 74.9 66.9 65.6 87.0 66.5 74.0 66.2 64.9 86.3

C3 63.1 55.2 54.8 75.5 55.4 62.2 54.6 54.1 74.7

C19 63.1 55.2 54.8 75.5 62.2 54.6 54.1 74.7

C10 62.2 54.5 53.9 74.6 61.4 53.9 53.2 73.8

C20 62.2 54.5 53.9 74.6 54.9 61.4 53.9 53.2 73.8

*Taken from ref. [49].
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Abstract

Under oxidative stress conditions, which are defined as the deterioration of antioxidant and
prooxidant balance in the organism in favor of prooxidants, ROS species that trigger the formation
of various diseases occur. The fact that these harmful species cause oxidative damage to biological
macromolecules is expressed as prooxidant activity. In this study, Cu(Il)—catalyzed prooxidant
activities of pomegranate, apricot, peach, and pear juices and extracts of mint, white tea, and
rosehip were measured by using gold nanoclusters synthesized via chicken egg white proteins.
Fluorometric and spectrophotometric gold nanocluster biosensors and carbonyl assay were used.
The fruit juices were used directly by diluting with pure water. Herbal plant samples were
extracted in an ultrasonic water bath, filtered through microfilters, and stored in the refrigerator.
Total prooxidant activities of fruit juices and herbal plants were calculated in terms of mM
epicatechin equivalent, and the results obtained by applying all methods were compared with each
other. It has been found that the applied methods can be used to accurately determine the total

prooxidant activity of many food products.

Keywords: Prooxidant activity; Gold nanocluster; Protein oxidation; Biosensor; Fruit juice;

Herb.
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Cesitli Meyve Sular ve Sifah Bitkilerin Prooksidan Aktivitelerinin Altin Nanokiime

Biyosensorleri ve Karbonil Yontemi ile Karsilastirilmasi
Oz

Organizmadaki antioksidan ve prooksidan dengesinin prooksidanlar lehine bozulmasi
olarak tanimlanan oksidatif stres kosullar1 altinda, ¢esitli hastaliklarin olusumunu tetikleyen ROS
tiirleri meydana gelmektedir. Bu zararh tiirlerin biyolojik makromolekiillerin oksidatif hasarina
sebep olmasi prooksidan aktivite olarak ifade edilir. Bu ¢alismada yumurta aki proteinleri ile
sentezlenen altin nanokiimeler kullanilarak nar, kayisi, seftali ve armut sular1 ile nane, beyaz ¢ay
ve kusburnu ozitlerinin Cu(Il)-katalizli prooksidan aktiviteleri olgiildi. Florometrik ve
spektrofotometrik altin nanokiime biyosensorleri ile karbonil yontemi kullanildi. Meyve sulari
dogrudan saf suyla seyreltilerek kullanildi. Sifali bitki 6rnekleri ise ultrasonik su banyosunda
ekstrakte edildikten sonra mikrofiltreden siiziiliip buzdolabinda saklandi. Meyve sular1 ve sifali
bitkilerin toplam prooksidan aktiviteleri mM epikatesin esdegeri cinsinden hesaplandi ve tiim
yontemlerin uygulanmasiyla elde edilen sonuclar birbirleri ile karsilastirildi. Uygulanan
yontemlerin bircok gida {irlinliniin toplam prooksidan aktivitesinin hassas bir sekilde tayin

edilebilmesi i¢in kullanilabilecegi goriildii.

Anahtar Kelimeler: Prooksidan aktivite; Altin nanokiime; Protein oksidasyonu;

Biyosensor; Meyve suyu; Sifali bitki.
1. Introduction

Antioxidants are substances that significantly prevent or delay the negative effects of free
radicals and reactive species against biological macromolecules when they are present in foods
or the body at low concentrations [1]. Prooxidants are toxic substances that induce oxidative
damage in biomacromolecules and various pathological events or diseases. Oxidative stress may
form as a result of the imbalance of antioxidants and prooxidants in the presence of transition
metal ions present in the organism. These ions induce the redox cycling of natural antioxidants
leading to the formation of reactive species such as reactive oxygen, reactive nitrogen, and
phenoxy radicals that can damage cellular macromolecules such as DNA, lipids, and proteins in
the presence of oxygen resulting appear chronic diseases and cancer [2]. It has recently been

acknowledged that almost every disease is owing to some level of oxidative stress.

Proteins the major targets in the organism are attacked by free radicals resulting in some
covalent changes directly or indirectly. Direct oxidative attacks involve transition metal ion

catalyzed site-specific oxidative damage, where the reduced form of protein-bound metal ion

475



Akyiiz (2021) ADYU J SCI, 11(2), 474-486

caused to occur hydroxyl radicals via Fenton reaction. Radical-directed oxidation stimulates
releasing carbonyl groups in amino acids as markers of oxidative protein damage, especially in
lysine, arginine, prolidine, and tyrosine [3]. Protein oxidation detection is commonly based on the
measurement of stable dinitrophenyl (DNP) adduct formed from the reaction between carbonyl
groups and 2,4—dinitrophenylhydrazine (DNPH) reagent [4, 5]. Nevertheless, this assay has some
critical drawbacks: 1) require the use of a significant amount of decontaminated protein; 2)
incapable to distinguish oxidized/nonoxidized proteins in cell or tissue; 3) non—enzymatic
glycation of proteins may add carbonyl groups onto amino acid residues; 4) some plant and
protein components have considerable absorbance at 370 nm such as hemoglobin and myoglobin;
5) nucleic acids in plant extracts contain carbonyl groups that can cause positive errors [3, 6, 7].

Hence, carbonyl groups must not be accepted quantitatively indicative of protein oxidation.

Pomegranate which has been used in conventional medicine for centuries in ancient
cultures is a Middle Eastern fruit that extends throughout the Mediterranean region, eastward to
India and China [8]. Major bioactive components of pomegranate are flavan-3-ols, flavonols,
hydroxybenzoic acids, hydroxycinnamic acids, anthocyanins, gallotannins, and ellagitannins [9,
10]. Apricot fruit and products are attracted because of their special aroma, nutritive values, and
taste. Major compounds of apricot are flavonoids, anthocyanins, and especially phenolic acids
[11]. Peach that is native to South Asia and grown worldwide is one of the most widely consumed
fruits in some European countries, especially those with the Mediterranean diet. Major
compounds of peach are hydroxycinnamic acids, flavanols, anthocyanins, and flavonols [12].
Pear fruits that are widely extended throughout the temperate areas of the world, such as Australia,
America, and China are in favor among consumers due to their easy digestibility and desirable

taste. Major compounds of pear are phenolic acids and flavonoids [13].

Mint genres which had approximately 25-30 types distributed in Europe, Asia, Africa,
North America, and Australia are widely utilized as fresh vegetable, food, herbal tea, medicine,
flavoring, and spice for centuries. Major compounds of mint are phenolic acids and flavonoids.
Especially the amount of rosmarinic acid in the mint extract is too high in the majority [14, 15].
White tea is originated and mainly produced in the southeastern coastal region of China and is
known for its minimum processing and natural characteristics. Major compounds of white tea are
phenolic acids, proanthocyanidins, glycosylated, and acetylated derivatives of flavan-3-ols and
flavonols especially catechins [16, 17]. Rosehip has healing effects in inflammatory diseases,
infections, flu, skincare, anti-ulcer treatments, and chronic pains. It is also used in commercial

foodstuffs as a healthy ingredient in tea, marmalades, jellies, jams, soups, probiotic drinks, and
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yogurts. Major compounds of rosehip are ascorbate, B-carotene, glutathione, a-tocopherol,

anthocyanins, resveratrol, phenolic acids, proanthocyanidins, flavonols, and flavanols [18, 19].

Natural antioxidants are found in abundance in cereals, fruits, herbs, and beverages.
Antioxidants found in these sources are vitamins, carotenes, phenolic compounds such as
tocopherols, flavonoids, phenolic acids, alkaloids, chlorophyll, and nitrogenous compounds such
as protein, amine, polyfunctional organic acids. However, it has been proven that these health—
beneficial compounds have prooxidant activity at high metal concentrations, high pH, and in an
oxygenated environment [20-22]. Since prooxidant activity is not common unlike antioxidant
capacity, its mechanism is not easily understandable and its effects are not well-known, is an area
that needs more research and development. In this context, the determination of free radical
formation and prooxidant activity is important in terms of applying an antioxidant-rich diet and/or
drug use to reduce the risk of developing cancer and chronic diseases. Various prooxidant activity
determination methods have been previously developed by our research group such as solution-
based, solid protein-based, and nanocluster-based biosensors [23-28]. In this study, among these
methods, gold nanocluster biosensors were applied to measure the prooxidant activities of fruit

juices and plant extracts.

In the last decades, noble metal nanoclusters (NCs) have received remarkable interest due
to their easy synthesis, subnanometer size, photostability, and biocompatibility [29]. These
nanomaterials are particularly used for metal detection and imaging in medicine [30-32]. In this
study, Cu(Il)-induced total prooxidant activities of fruit juices like pomegranate, apricot, peach,
and pear juices, and herbal extracts as mint, white tea, and rosehip were measured for the first
time with respect to the fluorometric and spectrophotometric chicken egg white protein directed
gold nanocluster (CEW—AuNC-FL and CEW-AuNC-UV) biosensors and carbonyl assay. The

results obtained from all methods were compared with each other.
2. Materials and Methods
2.1. Reagents and instrumentation

The chemical substances used in this study were supplied from the corresponding sources:
tetrachloroauric acid (HAuCly), 2,4—dinitrophenylhydrazine (DNPH), and neocuproine (Nc) from
Aldrich (Taufkirchen, Germany); ethylenediaminetetraacetic acid (EDTA) disodium salt from
Fluka (Buchs, Switzerland); sodium dihydrogen phosphate dihydrate (NaH>PO4.2H,0), sodium
hydroxide (NaOH) and ethanol (EtOH) from Sigma—Aldrich (Taufkirchen, Germany); disodium
hydrogen phosphate (Na,HPO4), hydrochloric acid (HCI) and copper(Il) sulphate from Riedel—

de Haén (Seelze, Germany).
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An Agilent Cary Eclipse fluorescence spectrophotometer (Santa Clara, CA, United States)
was used to measure fluorescence intensity values. An Agilent Cary 100 UV-Vis
spectrophotometer (Santa Clara, CA, United States) was used to measure absorbance values. A
Hanna Edge pH-meter (Woonsocket, RI, United States) was used to adjust pH values of solutions
using a combined glass electrode. A Select vortex apparatus was used to stir solutions. A Witeg
water bath was used for the synthesis of nanocluster solution. A Bandelin Sonorex ultrasonic
water bath (Berlin) was used for the extraction of herbs. A Heidolph MR Hei—Standard magnetic
stirrer (Schwabach, Germany) was used to dissolve protein solution. A Shimadzu ATX222
(Kyoto, Japan) analytical balance equipped with UniBloc was used to weigh all chemicals. A

Millipore Simpak1 Synergy185 (France) ultra-pure water system was used to obtain pure water.
2.2. Preparation of solutions

Neocuproine (7.5 mM) solution was prepared in EtOH. Phosphate buffer
(NaH,PO4/Na,HPOs, 0.5 M, pH 7.4), 2.0 mM copper, and 0.1 M EDTA solutions were prepared
in pure water. DNPH (10 mM) solution was prepared in pure water including 0.2 N HCI solution.

Gold nanocluster solutions were synthesized as described in our previous work [26].

Fruit juices and herbal plants were purchased from a local market. Two grams of herb
(mint, white tea, and rosehip) were weighed into a beaker, and extraction was started by adding
10 mL pure water. After 15 minutes, the supernatant was decanted, and the extraction process
was repeated two times with another 10 and 5 mL pure water, respectively. The extraction
process took 45 minutes in total. All extracts were passed through a GF/PET (glass
fiber/polyethylene terephthalate) 1.0/0.45-um microfilter before analysis. Fruit juices were

diluted with pure water and filtered through a microfilter.
2.3. CEW-AuNC-FL biosensor

CEW-AuNC-FL was based on the quenching CEW-AuNC fluorescence intensity via
binding Cu(l) ions to protein thiol groups (Ax=360 nm, Aen=0640 nm) [26]. CEW—AuNC (1 mL),
0.5 M, 0.5 mL pH 7.4 phosphate buffer, 2 mM, 0.5 mL copper(Il), x mL sample solution, and (1
— x) mL of pure water were added to a test tube and incubated for 20 minutes. After adding 0.1
M, 0.5 mL EDTA solution, these mixtures were incubated for 10 minutes. Intensity values were

recorded at 640 nm. Blank was prepared by adding all solutions except sample solution.

The total prooxidant activities of fruit juices and herbal extracts were calculated as mM

epicatechin (ECAT) using the calibration line formed between intensity difference (Al) of blank
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and sample, and concentration of epicatechin standard. For the CEW—AuNC-FL biosensor: eecar

=2860000 L mol ' cm ™' [26].
2.4. CEW-AuNC-UYV biosensor

CEW-AuNC-UV method was based on the measuring absorbance value of Cu(I)-Nc
chelate formed by the reaction between protein-bound Cu(I) and neocuproine which was thought
to primarily bind to the thiol groups of the protein on CEW—-AuNC surface [25]. CEW—AuNC (1
mL), 0.2 M, 1 mL pH 7.4 phosphate buffer, 1 mM, 1 mL copper(Il), x mL sample solution, and
(2 —x) mL of pure water were added to a test tube and incubated for 30 minutes. After adding 0.5
mL, 0.1 M EDTA and 7.5 mM 1 mL Nc solutions, absorbance measurements were performed at

450 nm. Blank was prepared by adding all solutions except sample solution.

The total prooxidant activities of fruit juices and herbal extracts were calculated as mM
ECAT by using the calibration line formed between absorbance and concentration of epicatechin

standard. For the CEW—AuUNC-UYV biosensor: ggcat = 1809 L mol ' cm™ [25].
2.5. Carbonyl assay

Carbonyl assay was based on the measuring absorbance values of the dinitrophenyl (DNP)
hydrazone adduct formed from the reaction of the 2,4-DNPH reagent with the carbonyl groups
released as a result of protein oxidation [4, 5]. CEW—AuNC (1 mL), 0.5 M, 0.5 mL pH 7.4
phosphate buffer, 2 mM, 0.5 mL copper(Il), x mL sample, (1 — x) mL of pure water, and 10 mM,
1 mL DNPH solutions were added to a test tube and incubated for 30 minutes. After this period,
absorbance values were recorded at 370 nm. Blank was prepared by adding all solutions except

sample solution.

The total prooxidant activities of fruit juices and herbal extracts were calculated as mM
ECAT by using the calibration line formed between absorbance and concentration of epicatechin

standard. For the carbonyl assay: ercat = 6478 L mol ' em™ [33].
2.6. Statistical analysis

All experiments were performed in triplicate for each sample. Statistical analyses were
performed using Excel software (Microsoft Office 2016) for calculating the mean and the standard
error of the mean. The significance of differences between the means of TPA values found with
the CEW-AuUNC-FL, CEW-AuNC-UV, and carbonyl assays was evaluated using the Pearson

correlation coefficient.
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3. Results and Discussion

In the last decades, nanomaterials have been utilized in various scientific and technological
fields. Nanoclusters are particularly preferred in medical applications due to their very small size
and not to accumulate in the body unlike nanoparticles [34]. In this study, NCs were used as a
prooxidant biosensor for measuring copper-catalyzed prooxidant activities of some fruit juices

and herbal extracts.

Antioxidant compounds are widely used as food ingredients or food additives [20]. Since
these compounds are known to exhibit prooxidant behavior under certain conditions, the amount
of dose used in the food industry becomes important. Thus, measuring prooxidant activity of
phenolics known to be health—beneficial compounds has gained importance as it may guide diets

carefully and in certain concentrations and prevent getting sick.
3.1. Fluorescence response to fruit juices and herbs

The specific fluorescence response of CEW-AuNC-FL at 640 nm was quenched via
bonding cuprous ions to protein thiols on the NC surface. To examine the effect of fruit juices
and herbs on the fluorescence response of CEW—AuNC-FL, the responses of pomegranate,
apricot, peach, and pear juices and mint, white tea, and rosehip extracts in phosphate buffer

medium (pH 7.4) without other solutions, i.e. nanocluster, metal ion were measured at 640 nm.

500

400

300

200

100

Fluorescence intensity (a.u.)

Figure 1: Fluorescence intensities of fruit juices and herbs in phosphate buffer medium (pH 7.4) at 640 nm
without other solutions, i.e. nanocluster, metal ion (n=3)

The blank shown in Figure 1 was a nanocluster solution including phosphate buffer and
Cu(ID) solutions except for the sample. As can be seen in Figure 1, it was found that fruit juices
and plant extracts did not affect the measured results as they did not have their fluorescence

responsc.
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3.2. Total prooxidant activities of pomegranate, apricot, peach, and pear juices

Total prooxidant activities (TPAs) of pomegranate, apricot, peach, and pear juices were
investigated with respect to the fluorometric (CEW—AuNC-FL) and spectrophotometric (CEW—
AuNC-UV) gold nanocluster biosensors and carbonyl assay. TPAs were calculated and expressed
as mM ECAT equivalent by using the molar absorptivities of epicatechin given in the “Materials
and Methods” section. All experiments were performed in triplicate for each sample. The results

obtained can be seen in Figure 2.

Total prooxidant activity (mM)

0 al ol .

Pomegranate Apricot Peach Pear

CEW-AuNC-FL ECEW-AuNC-UV ECarbonyl assay

Figure 2: Total prooxidant activities of pomegranate, apricot, peach, and pear juices were calculated and
expressed as mM ECAT equivalent in the bar diagram concerning the CEW—-AuNC-FL, CEW-AuNC-
UV, and carbonyl assays (n=3)

The TPA results obtained with AuNC biosensors were compatible unlike carbonyl assay results
which were relatively higher. It is thought that the reason for the higher prooxidant activity results
obtained via carbonyl assay is the presence of organic acids such as citric and malic acids, which
are abundant in the content of fruits [9]. Since pomegranate fruit contains a high amount of both
flavonoids and phenolic acids [10], prooxidant activity was found to be quite high compared to
the other fruit juices, i.e. for pomegranate 2.96, 2.7, 3.67 mM; for apricot 0.23, 0.2, 0.66 mM; for
peach 0.11, 0.25, 0.52 mM, and for pear 0.12, 0.21, 0.86 mM with respect to the CEW—AuNC—
FL, CEW-AuNC-UYV, and carbonyl assays respectively. The main reason why pear and apricot
juice was weak prooxidant was that hydroxycinnamics were in majority compared to the flavanols
in pear and apricot [35]. In the study of Slezak et al. (2017), they added high concentrations of

pomegranate peels to the cell cultures and reported that pomegranate increased intracellular level
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of ROS (reactive oxygen species) as behaving prooxidant activity [36]. Girard-Lalancette et al.
(2009) reported that peach was slightly prooxidant at 16 ug mL" concentration on inhibiting
DCFH oxidation [37]. On the other hand, no study could be found in the literature for the
determination of the prooxidant activity of apricot and pear juices. In this context, prooxidant

activities of related fruit juices were determined for the first time with the present study.

3.3. Total prooxidant activities of mint, white tea, and rosehip

TPAs of mint, white tea, and rosehip extracts were investigated with respect to the
fluorometric (CEW—-AuUNC-FL) and spectrophotometric (CEW—-AuNC-UV) gold nanocluster
biosensors and carbonyl assay. The results were calculated as mM epicatechin equivalent using
the molar absorptivities of ECAT. All experiments were performed in triplicate for each sample.

The results obtained can be seen in Figure 3.
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B CEW-AuNC-FL mCEW-AuNC-UV Carbonyl assay

Figure 3: Total prooxidant activities of mint, white tea, and rosehip extracts were calculated and expressed
as mM ECAT equivalent in the bar diagram with respect to the CEW—-AuNC-FL, CEW-AuNC-UV, and
carbonyl assays (n=3)

The TPA order of the herbal extracts was white tea > rosehip > mint using CEW—-AuNC-
FL, CEW—-AuUNC-UV, and carbonyl assays. This order was the same with respect to the findings
of all three methods. The presence of organic acids included the carbonyl moieties in herbs cause
to increase TPAs according to the carbonyl assay [19]. Therefore, carbonyl assay results were
higher than nanocluster biosensors such as for mint 2.13, 2.02, 2.79 mM; for white tea 11.5, 10.06,
15.0 mM, and for rosehip 3.3, 3.05, 5.02 mM with respect to the CEW—-AuNC-FL, CEW-AuNC-

UV, and carbonyl assays respectively. Considering that the prooxidant activities of catechin
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species are generally higher than phenolic acids, it is reasonable that the prooxidant activity of
white tea rich in catechins is higher than other plants. In our previous studies, in which we used
solid biosensors, the prooxidant activity of mint was found to be considerably lower than that of
green tea. In these studies, the total prooxidant activity of mint was calculated as 0.50 mM ECAT
equivalent according to the Cu(Il)-catalyzed protein-based solid biosensor method, and 3.30 mM
ECAT according to the Fe(IlI)-catalyzed protein-based solid biosensor method [24, 27]. Although
there are many studies in the literature for the measurement of the antioxidant capacity of white
tea, there is no study for determining prooxidant activity. Moldovan et al. (2016) reported that the
prooxidant activity of rosehip was 6 mg mL"' in tea extract [38]. Likewise, since it is known that
white tea also contains catechin compounds, such as green tea, this knowledge supports the results
obtained. In the study of Wang et al. (2000), it was reported that the content of flavan-3-ols found
in unfermented white tea were in the following order (-)-EGCG > (-)-EGC > (-)-EC > (-)-ECG >
(+)-C [39]. Also in our previous study, it was explained that especially EGCG compound had
higher prooxidant activity than other catechin species [25]. Due to containing a high amount of
EGCG and this compound is a stronger prooxidant than other catechins, it can be explained that

white tea has much higher prooxidant activity than other herbs.
3.4. Determining significance level via Pearson correlation

The mean of total prooxidant activity values of pomegranate, apricot, peach and pear juices,
and mint, white tea, and rosehip extracts measured by the CEW-AuNC-FL, CEW-AuNC-UV,
and carbonyl assays were utilized to calculate significance level via Pearson’s correlation. The
Pearson correlation coefficients showed that applied methods were strongly positively correlated
with each other at 95% confidence level with the values of R were 0.9998 for CEW—AuNC-
FL/CEW-AuUNC-UV, 0.998 for CEW-AuNC-FL/carbonyl, and 0.9979 for CEW-AuNC-
UV/carbonyl (P-value<.00001).

4. Conclusion

In this study, total prooxidant activities of pomegranate, apricot, peach, and pear juices and
mint, white tea, and rosehip herbal extracts were determined successfully with respect to the
fluorometric and spectrophotometric gold nanocluster (CEW—AuNC-FL and CEW-AuNC-UYV)
biosensors and carbonyl assay. It was proved that the samples studied in the CEW—AuNC-FL
method did not have their own fluorescence responses at the wavelength measured. Thus, it was
understood that the determined prooxidant activity was only due to the fluorescence quenching
of NCs with reducing the copper ion by the phenolics in the samples. The results obtained by the

fluorometric and spectrophotometric CEW—AuNC biosensors were more compatible where the
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carbonyl assay results were higher than the others. Since the studied samples contain high
amounts of organic acid, it is thought that higher prooxidant activity was measured with positive
error compared to other methods. Also, there was no significant difference at 95% confidence
level via Pearson’s correlation. The calculations showed that applied methods were strongly
positively correlated with each other with the values of R were 0.9998 for CEW—AuNC-
FL/CEW-AuUNC-UV, 0.998 for CEW-AuNC-FL/carbonyl, and 0.9979 for CEW-AuNC-
UV/carbonyl (P—value<.00001). The prooxidant activity of pomegranate juice was approximately
10 times higher than other fruit juices, and the prooxidant activity of white tea was approximately
5 times higher than other plant extracts. When the results of juices and herbal teas are compared,
it is seen that the prooxidant activity of herbal teas is much higher. Considering these results, the
consumption of herbal teas should be taken into consideration in terms of healthy life and

nutrition.
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Abstract

This paper deals with the evaluation of lipophilicity expressed by logP.w parameter of ten
barbiturate derivatives generally used as sedative-hypnotics based on Density Functional Theory
(DFT) calculations. All geometry optimizations and frequency calculations have been carried out
by using DFT/B3LYP/ 6-311++G (d,p) basis set in gas phase and also in water and n-octanol
phases. Gibbs free energies of solvation for studied barbiturates were calculated to predict logPoy.
The correlation between the calculated logP.w values and available data in literature has been
examined. Root mean square error (RMSE), mean square error (MSE), mean absolute deviation
(MAD) and mean absolute percentage error (MAPE) statistics were utilized in measuring
predictive accuracy (forecast performance) of DFT method used in this study. Accordingly, the
reasonable results have been obtained in estimating the partition coefficient of the mentioned ten
barbiturate derivatives by DFT/B3LYP/6-311++G (d,p) method. The lipophilicity tendency of
the studied barbiturates was interpreted with the help of the calculated quantum chemical
descriptors such as HOMO energy (EHOMO), LUMO energy (ELUMO), molecular volume
(Vm), electrophilicity index (). ELUMO, Vm, and ® descriptors gave reasonable results rather
than EHOMO. Also, the 3D molecular lipophilicity potential (MLP) maps that display the

accumulative lipophilic contributions of each atom in studied barbiturates were visualized.
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Bazi Barbitiiratlarin Lipofilikligi Uzerine Yogunluk Fonksiyonel Teori

Cahismalan
Oz

Bu makale, Yogunluk Fonksiyonel Teori (YFT) hesaplamalarina dayali olarak, genellikle
sedatif-hipnotik olarak kullanilan on barbitiirat tlirevinin logP,y parametresi ile ifade edilen
lipofilikliginin degerlendirilmesini ele almaktadir. Tiim geometri optimizasyonlar1 ve frekans
hesaplamalar1, gaz fazinda ve ayrica su ve n-oktanol fazlarinda DFT/B3LYP/6-311++G (d,p)
temel seti kullanilarak yapilmistir. LogPow degerlerini tahmin etmek i¢in, ¢alisilan barbitiiratlarin
Gibbs serbest solvasyon enerjileri hesaplanmistir. Hesaplanan logP.w degerleri ile literatiirdeki
mevcut veriler arasindaki korelasyon incelenmistir. Bu ¢alismada kullanilan YFT y&nteminin
tahmin dogrulugunun (tahmin performansi) Ol¢iilmesinde ortalama karekok hata (RMSE),
ortalama kare hata (MSE), ortalama mutlak sapma (MAD) ve ortalama mutlak yiizde hata
(MAPE) istatistiklerinden yararlanilmistir. Buna gore, bahsedilen on barbitiirat tiirevinin dagilim
katsayisinin DFT/B3LYP/6-311++G (d,p) yontemi ile tahmin edilmesinde makul sonuglar elde
edilmistir. Incelenen barbitiiratlarin lipofilisite egilimi, HOMO enerjisi (EHOMO), LUMO
enerjisi (ELUMO), molekiiler hacim (Vm), elektrofilik indeks (w) gibi hesaplanan kuantum
kimyasal tanimlayicilar yardimiyla yorumlanmistir. ELUMO, Vm ve @ tanimlayicilar1 EHOMO
degerine kiyasla daha makul sonuglar vermistir. Ayrica, ¢alisilan barbitiiratlarda her bir atomun
birikimli lipofilik katkilarm1 gosteren 3 boyutlu molekiiler lipofiliklik potansiyeli (MLP)

haritalar gorsellestirilmistir.
Anahtar Kelimeler: YFT; Barbiturat; Solvasyon serbest enerjisi; Hata analizi.
1. Introduction

Epilepsy is one of the most common and severe neurological disorders observed as seizures
that occur with some symptoms as a result of sudden, abnormal and hyper synchronized
discharges of a group of neurons in the central nervous system [1]. A wide variety of treatments
to prevent seizure activity options are available. The purpose of the treatment with antiepileptic
drugs (AEDs) is to provide the best possible quality of life by not only elimination of seizures or
reducing the number of seizures but also avoidance of drug interactions and adverse effects [2].
AEDs are chosen first of all according to clinical success, then tolerability, drug interaction, and
ease of use [3-5]. By discovery of phenobarbital, a barbituric acid derivative, many new

substances have begun to be used as anticonvulsants in pharmacotherapy [6-7]. Although
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barbituric acid derivatives were initially considered as AEDs due to their anticonvulsive effects,
they could be used in very small doses and in mild cases because of their sedative-hypnotic
effects. Although barbituric acid itself is not pharmacologically active, 5,5-disubstituted
derivatives have been observed to have hypnotic effect. The duration and depth of efficacy of
barbiturates varies according to characteristics of substituents. Consequently, the purpose of use
in treatment also changes. For instance, long-acting derivatives are used for antiepileptic and
hypnotic purposes, while short-acting derivatives are used as injection anesthetics. Due to these
features, barbiturates have been included in many Structure-Activity Relationships (SAR),
Quantitative Structure-Activity Relationships (QSAR) and also Quantitative Structure-
Pharmacokinetic Relationships (QSPkR) studies [8-15].

Computer-aided methods have become a fundamental research tool for scientists from a
wide range of fields including biology, physics, chemistry and pharmacology and play a central
role in combining theoretical and experimental results. QSAR studies can contribute to the
designing new drugs by determining the important interactions that can have an effect on
bioactivity, and predicting major parameters such as absorption, hydrophilicity, lipophilicity and
toxicity. Among these parameters, the lipophilicity and hydrophilicity have been explored in
detail both experimentally and theoretically [16-24]. The capability of a drug to dissolve in a lipid
phase when an aqueous phase also exists frequently referred to as lipophilicity. The lipophilicity
can be defined numerically by partition coefficient of a molecule in n-octanol-water system. The
partition coefficient, P is dimensionless, and its logarithm (logP) is often used as the measure of
lipophilicity [25]. In medicinal chemistry, logP is an extremely major physicochemical parameter

and has private benefit in pharmacology and toxicology [26].

Sedative-hypnotics, despite their different chemical structure, show certain common
physicochemical and structural features. All of them contain polar (hydrophilic) groups as well
as nonpolar (lipophilic) groups in their structures. Such compounds have dominant lipophilic
character. All barbiturates mentioned in this study have two Hydrogen Bonding Donor (HD) and
three Hydrogen Bonding Acceptor (HA) sites that influence the pharmacological activity. For
barbiturates, maximum effect and pharmacological optimization is achieved by having n-octanol-
water partition coefficients around P = 100 (logP = 2) [17]. This property of the compounds is an

important criterion in crossing the blood-brain barrier and in their reabsorption.

The main purpose of this study is to explore the efficacy of substitutions at 5 position of
barbiturate ring on its lipid solubility based on DFT methods. Thus, DFT calculations for non-

ionic forms of ten barbiturate derivatives generally used as sedative-hypnotics have been
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performed. The chemical structures and IUPAC names of studied barbiturates are shown in

Fig. 1. Correlations between logP,w and computed descriptors have been presented.

N

L

BARBITAL
5,5-Diethyl-1,3-diazinane-2,4,6-trione

N

BUTABARBITAL
5-Butan-2-yl-5-ethyl-1,3-diazinane-2,4,6-trione

PROBARBITAL
5-Ethyl-5-propan-2-yl-1,3-diazinane-2,4,6-trione

>

VINBARBITAL

5-Ethyl-5-[(E)-pent-2-en-2-yl]-1,3-diazinane-2,4,6-trione

2

HEPTABARBITAL

5-(Cyclohepten-1-yl)-5-ethyl-1,3-diazinane-2,4,6-trione

4"

BUTETHAL
5-Butyl-5-ethyl-1,3-diazinane-2,4,6-trione

+

N

AMOBARBITAL
5-Ethyl-5-(3-methylbutyl)-1,3-diazinane-2,4,6-trione

s

HEXETHAL
5-Ethyl-5-hexyl-1,3-diazinane-2,4,6-trione

CYCLOBARBITAL
5-(Cyclohexen-1-yl)-5-ethyl-1,3-diazinane-2,4,6-trione

L

PHENOBARBITAL
5-Ethyl-5-phenyl-1,3-diazinane-2,4,6-trione

Figure 1: The chemical structures and IUPAC names of studied barbiturates
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2. Materials and Methods

DFT calculations of the barbiturate derivatives were performed by using Gaussian 09
software package [27]. Also, 3D frontier molecular orbital diagrams were visualized by means of
GaussView 5 molecular visualization software [28]. Geometry optimizations of all molecules
were completed in vacuum and also in water (¢ = 78.36) and n-octanol (¢ = 9.863) media by using
Becke, three-parameter, Lee-Yang-Parr (B3LYP) method and 6-311++G (d, p) basis set [29, 30].
The effect of the medium dielectric constant was examined by means of self-consistent reaction
field (SCRF) theory calculations using the Integral Equation Formalism Polarizable Continuum
Model (IEFPCM) for water and n-octanol phases [31-34]. The Gibbs free solvation energies of

the studied molecules were calculated with the data obtained from IEFPCM calculation outputs.

As known, in accordance with Koopmans theorem [35], the ionization energy (I) and
electron affinity (A) can be described via HOMO and LUMO orbital energies [36, 37] as follows
(Eqn.(1) and Eqn. (2)) :

I = —=Enomo (1)
A=—-Eymo ()

In addition, this study includes the calculation of theoretical physicochemical parameters
like energy gap (AE), chemical softness (S), chemical hardness (n), electronegativity (y),
elec33trophilicity index (w) and chemical potential (). Computational chemists make extensive
use of the quantum chemical descriptors proposed by Parr and co-workers [38-42] to predict the

chemical behavior of a particular molecule. The relevant formulas are given below (Eqn. (3)-(7)):

Enomo + ELumo

= ZHOMO 1 PLomo 3)
x="5 @
n="-" (5)
S= 5 (6)

0="1 ()
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3. Results and Discussion
3.1. Partition coefficient calculations of barbiturates

Thermochemistry is as relevant to solution chemistry as it is for molecules and reactions in
the gas phase. An often-desired quantity is the free energy, which can be used to compute the
solvation energy of a molecule: the energy going from the gas phase to solution. To get an idea
about the relative solubility of a solute in different environment, free energy of solvation can be
computed for the same solute with different solvents [43]. In this study, Gibbs free energies of
solvation for barbiturates were calculated in water and n-octanol phases by using IEFPCM solvent
model mentioned in Materials and Methods section in order to predict logP. The theoretical logP

partition coefficient can be estimated according to formula given below (Eqn. (8)) [44].

_ AGwat(—:r_AGn—ucl.‘anol
LogP,, = 2.303RT ®)

In Formula, R and T are the gas constant and temperature, respectively. AGwater and AGn.-
octanol are the free energy differences of compounds in solvent and in gas phase. Results of

calculations for solvation free energy and theoretical LogP,., values are shown in Table 1.

Table 1: Solvation free energy and logPow values of studied barbiturates

AGgoy (kcal/mol) LogPowait

Water Octanol LogPow

(7839 (oggy  (cale) Ref [10]  Ref.[21]  Ref.[8]  Ref. [24]

Barbital 9.35 8.09 0.92 0.65 0.65 0.68 0.65 0.72
Butethal 9.28 7.94 0.98 1.65 1.89 1.65 1.70  1.78
Butabarbital 8.88 7.61 0.93 1.45 1.69 1.56 1.69 1.66
Amobarbital 9.29 7.97 0.97 1.95 2.07 2.07 2.09 219
Probarbital 9.68 8.27 1.04 0.95 - - 095 1.13
Hexethal 9.95 6.73 2.36 2.65 - - 3.08 2.84
Vinbarbital 10.02 8.44 1.15 - 1.65 - 195 1,95
Cyclobarbital 9.73 8.43 0.96 1.20 - - 120 1.24
Heptabarbital 9.88 8.50 1.01 - - - 2.03 1.77
Phenobarbital 10.68 9.23 1.06 1.42 1.42 1.42 141 139
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When the values given in the literature are compared with the logPow values calculated at
the 6-311++G (d,p) level of theory, the graph in Fig. 2 appears. Figure 2 shows the relationship
between the calculated logPow values and the values given in different sources. It is understood
from these results that the DFT/B3LYP/6-311 ++ G (d, p) theoretical computational method has
the power to predict the partition coefficients of the mentioned barbiturates with a ratio of over
50%. Additionally, method performance analysis has been conducted to investigate the
compatibility of the DFT/B3LYP/6-311++G (d, p) method with different literatures. Root mean
square errors (RMSE), mean square errors (MSE), mean absolute deviations (MAD), and mean
absolute percentage errors (MAPE) were calculated [45]. Error analysis results of DFT method
used for logPcac. are shown in Table 2. The closer RMSE, MSE, MAD results are to zero, the
better the predictive power of the method. Also, the smaller MAPE means the better forecast.
Therefore, it can be concluded that the DFT/B3LYP/6-311++G (d, p) method used in this study
provides reasonable results in estimating the partition coefficient of the mentioned ten barbiturate

derivatives.

1,50 PRI Yy 20,9852)(‘(’0,5458
Py R?=0,5165
®Ref24 column 1 @ Ref24 column 2 Ref10

0,8 1 1,2 14 1,6 1,8 2 2,2 2,4

LOchaIc.

Figure 2: Linear correlations of logPcaic.and logPiit. values

Table 2: Error analysis of DFT method used for prediction of logPealc.

RMSE MSE MAD MAPE
Ref. [10] 0.50 0.25 0.43 29.2
Ref. [24] Column 1 0.69 0.48 0.61 35.1
Ref. [24] Column 2 0.66 0.43 0.57 32.8
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3.2. HOMO-LUMO analysis of barbiturates

As it is already well known, HOMO and LUMO energy levels are very important in
molecular reactivity. EHOMO and ELUMO can describe the hydrogen bond basicity and
hydrogen bond acidity of a molecule respectively [46]. Therefore, in this study, frontier molecular
orbital energy levels and energy gaps (AE) were calculated for barbiturates to investigate the
chemical reactivity behaviors. Some physicochemical properties such as Chemical Hardness (1),
Softness (S), Electronegativity (y), Chemical Potential (1) and Electrophilicity index (w) were
also calculated with the same level of theory. We also carried out calculations in two different
solvent media by using IEFPCM solvent model which is the most widely used one to evaluate the
solvent effect [34]. The calculated results are listed in Table 3 and Table 4. Figure 3 represents
the AE values of barbiturates according to changing dielectric media. No sharp increases or
decreases in energy gap values were observed on going from gas phase to solvent phase. However,
a decrease was observed in AE values of barbiturates containing cyclic and unsaturated
substituents compared to others. The high energy gap value indicates good stability and low
reactivity. The 3D diagrams for HOMO-LUMO energy levels of studied barbiturates are given in
Fig. 4. According to Figure 4, while the LUMO locations do not change, it is observed that the
HOMO locations change in barbiturates containing cyclic and unsaturated substituents.

Table 3: EHOMO, ELUMO and Energy gap (AEFELUMO-EHOMO) results for studied barbiturates at
different dielectric media (in eV)

Gas Water (¢=78.39) Octanol (¢=9.863)
Enowmo Evumo AE Enomo  Evrumo AE Enomo Evumo AE
Barbital -7.735 -1.729 6.005 -7.740 -1.698 6.041 -7.739 -1.706 6.033
Butethal -7.719 -1.707 6.011 -7.735 -1.690 6.045 -7.734 -1.696 6.037

Butabarbital -7.683 -1.775 5.907 -7.697  -1.763 5.933 -7.696 -1.769 5.926
Amobarbital -7.716 -1.703 6.013 -7.734  -1.687 6.046 -7.731 -1.692 6.039

Probarbital -7.704 -1.707 5.997 -7.728  -1.699 6.029 -7.727 -1.704 6.022
Hexethal -7.701 -1.792 5912 -7.713  -1.764 5.948 -7.711 -1.771 5.940
Vinbarbital -7.072 -1.681 5.391 -7.026  -1.757 5.268 -7.014 -1.746 5.267

Cyclobarbital -7.008 -1.667 5.340 -6.962  -1.754 5.207 -6.948 -1.742 5.206
Heptabarbital  -6.932 -1.669 5.263 -6.892  -1.750 5.141 -6.880 -1.738 5.141
Phenobarbital  -7.280 -1.759 5.521 -7.271  -1.820 5.451 -7.255 -1.810 5.445
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Figure 3: AE values of barbiturates according to changing dielectric media
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Table 4: Calculated quantum chemical descriptors of studied barbiturates

Compound Chemical Hardness Softness (S) Chemical Potantial  Electronegativity Ft;e fltll;i()egll(l:;;
() (eV) (ev™h ) (eV) @ (eV) (eV)
Barbital 3.00265 0.16652 -4.73247 4.73247 3.72942
Butethal 3.00564 0.16635 -4.71342 4.71342 3.69577
Butabarbital 2.95380 0.16927 -4.72934 4.72934 3.78608
Amobarbital 3.00673 0.16629 -4.71016 4.71016 3.68932
2 Probarbital 2.99870 0.16674 -4.70622 4.70622 3.69302
*® | Hexethal 2.95639 0.16913 -4.74853 4.74853 3.81352
Vinbarbital 2.69570 0.18548 -4.37709 4.37709 3.55361
Cyclobarbital 2.67025 0.18725 -4.33804 4.33804 3.52375
Heptabarbital 2.63162 0.19000 -4.30077 4.30077 3.51430
Phenobarbital 2.76074 0.18111 -4.51995 4.51995 3.70008
Barbital 3.02088 0.16551 -4.71968 4.71968 3.68690
Butethal 3.02292 0.16540 -4.71301 4.71301 3.67401
Butabarbital 2.96672 0.16854 -4.73056 4.73056 3.77154
Amobarbital 3.02319 0.16539 -4.71111 4.71111 3.67072
E, Probarbital 3.01475 0.16585 -4.71410 4.71410 3.68567
g Hexethal 2.97421 0.16811 -4.73914 4.73914 3.77570
Vinbarbital 2.63447 0.18979 -4.39233 4.39233 3.66156
Cyclobarbital 2.60373 0.19203 -4.35832 4.35832 3.64764
Heptabarbital 2.57094 0.19448 -4.32172 4.32172 3.63238
Phenobarbital 2.72563 0.18344 -4.54580 4.54580 3.79074
Barbital 3.01666 0.16575 -4.72281 4.72281 3.69696
Butethal 3.01870 0.16563 -4.71533 4.71533 3.68277
Butabarbital 2.96346 0.16872 -4.73274 4.73274 3.77917
Amobarbital 3.01979 0.16557 -4.71179 4.71179 3.67591
'S | Probarbital 3.01135 0.16604 -4.71587 4.71587 3.69260
<
3 | Hexethal 2.97013 0.16834 -4.74186 4.74186 3.78523
= | Vinbarbital 2.63379 0.18984 -4.38049 4.38049 3.64279
Cyclobarbital 2.60304 0.19208 -4.34539 4.34539 3.62699
Heptabarbital 2.57066 0.19450 -4.30947 4.30947 3.61221
Phenobarbital 2.72264 0.18365 -4.53301 4.53301 3.77357
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Figure 4: Frontier molecular orbital diagrams of studied barbiturates

It is pretty much practical to use computational methods including solvent models to
determine the hydrophilic and lipophilic properties of drug candidates and to get an insight about
correlations between computed descriptors and partition coefficients. Some studies reported the
correlations between logP,. and theoretically calculated descriptors such as EHOMO, ELUMO,
molecular polarizability (), molecular volume (Vw), Electrophilicity index (®) in order to analyze
the relationship between physicochemical properties and molecular structure [47-49]. It is

mentioned in these publications that the value of logP is inversely proportional to EHOMO and
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ELUMO because of their roles in formation of hydrogen bond and directly proportional to
molecular volume and electrophilicity index. In the light of this information, if we evaluate the

relationship between logP,w values and computed descriptors, the ranking should be as follows:

Straight-chain Branched-chain Cyclic and unsaturated side
barbiturates barbiturates chain barbiturates
Considering Barb>Bute>Hex Amo>Pro>Buta Phen>Vin>Cyclo>Hepta
EHOMO Y P
Considering ELUMO Hex>Barb>Bute Buta>Pro>Amo Phen>Vin>Cyclo>Hepta
Considering Vm Hex>Bute>Barb Amo>Buta>Pro Hepta>Cyclo>Vin>Phen
Considering ® Hex>Barb>Bute Buta>Pro>Amo Phen>Vin>Cyclo>Hepta

Barb: Barbital, Bute: Butethal, Hex: Hexethal, Amo: Amobarbital, Pro: Probarbital, Buta: Butabarbital,
Phen: Phenobarbital, Vin: Vinbarbital, Cyclo: Cyclobarbital, Hepta: Heptabarbital

When looking at this ranking, it can be seen that ELUMO, V, and o descriptors give
reasonable results rather than EHOMO. The robustness, reliability and validity of the property
predictive power of a QSPR model vary depending on the compatibility of computed molecular

descriptors.

Many sources of molecular descriptors can be found through quantum chemical
calculations. Meanwhile, other lipophilicity descriptors Molecular Lipophilicity Potential (MLP)
and Polar Surface Area (PSA) were calculated by using molinspiration cheminformatics software.
The maps of MLP were visualized in Molinspiration Galaxy 3D Structure Generator v2018.01
beta [50, 51].

The map of Molecular Lipophilicity Potential defines qualitatively the 3D distribution of
lipophilicity of a molecule on molecular surface. Polar surface area is characterized as the surface
area (A?) of O- and N-centered polar fragments and hydrogens bonded to them in a molecule and
it is mightily related to hydrogen bonding capacity and polarity. It has been stated that for a
molecule to penetrate the brain, the polar surface area must be around 90 A? at most [52]. The
barbiturates mentioned in this study are structurally similar, they all contain the same number of
Hydrogen Binding Donor and Hydrogen Binding Acceptor sites, because of this the calculated
PSA values (75.27 A?) are the same for studied barbiturates. Therefore, the lipophilic character

of the substituents attached at the position 5 has a major influence on the LogP,., value.

Figure 5 represents maps of MLP and calculated molecular volume values for ten

barbiturate derivatives. When Fig. 5 is examined, it is clearly seen which surfaces of the
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barbiturate derivatives are lipophilic and which are hydrophilic. The most lipophilic surfaces are
coded by violet and blue, the intermediate lipophilic surfaces are coded by green, and finally the
hydrophilic surfaces are coded by orange and red. This situation demonstrated the effect of the

structural properties of the substituents on lipid solubility of barbiturates.

Barbital-166.78 A3 Hexethal-233.99 A3

Butethal- 200.38 A3 Vinbarbital-210.75 A3

Butabarbital-200.17 A3 Cyclobarbital-217.20 A®

Amobarbital-216.97 A3 Heptabarbital-234.00 A>

Probarbital-183.37 A3 Phenobarbital-204.82 A3

Figure 5: Maps of MLP and calculated molecular volume values for ten barbiturate derivatives
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4. Conclusion

Partition coefficient estimations of ten barbituric acid derivatives containing straight,
branched, cyclic or unsaturated side chain at C-5 position have been performed by using
DFT/B3LYP method and 6-311++G(d,p) basis set. The correlation between the calculated values
and the values given in the literature was examined. According to the scatter diagram obtained as
a result of the linear correlation study, it was determined that the theoretical method used could
predict the partition coefficients of barbiturate derivatives with a ratio of over 50%. Method
performance analysis has been conducted by calculating RMSE, MSE, MAD, and MAPE to
investigate the compatibility of this method in estimation of LogP,w. The error analysis results
show that DFT/B3LYP/6-311++G (d, p) method has a predictive capability for mentioned ten
barbiturate derivatives. Additionally, HOMO-LUMO evaluation and calculations of quantum
chemical descriptors such as Chemical Hardness (1), Softness (s), Electronegativity (y), Chemical
Potential (pn) and Electrophilicity index (w) have been carried out with the same level of theory
for not only gas phase but also water and n-octanol phases. It has been observed that there is no
notable change in the energy gap values, which help to characterize chemical reactivity and
kinetic stability, when passing from the gas phase to the solvent phase. According to 3D HOMO-
LUMO diagrams of studied barbiturates, while the LUMO locations do not change, the HOMO

locations change in barbiturates containing cyclic and unsaturated substituents.

Besides, the relationships between logP.w and computed descriptors EHOMO, ELUMO,
Vm and © have been presented. ELUMO, V., and o descriptors gave reasonable results rather
than EHOMO. Last, it is clear that the maps of Molecular Lipophilicity Potential (MLP)
visualized in Molinspiration Galaxy 3D Structure Generator v2018.01 beta are consistent with
the results. According to the MLP map, it was seen that the most lipophilic regions coded with
blue and violet colors were more intense in the Hexethal derivative with the highest partition
coefficient. Hence, the usage of computational methods may offer an influential strategy in order

to derive novel descriptors that may assist to determine lipophilicity in drug design studies.
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Abstract

The present study was conducted to estimate the radiation attenuation parameters of six
different antineoplastic drugs used in the cure of cancer diseases. The effective atomic number
and electron density of anastrozole, epirubicin, gemcitabine, ifosfamide, methotrexate and
paclitaxel were computed theoretically in the energy region of 1 keV to 100 GeV. The energy
absorption buildup factors (EABF) and exposure buildup factors (EBF) for these chemotherapy
drugs were also examined by applying Geometric Progression (GP) fitting method. The variation
of EABF and EBF values with photon energy and penetration depth were presented graphically
and discussed. The results obtained from this study pointed out that buildup factors rely on the
chemical combination of the drugs, incident photon energy and penetration thickness. It was
observed that ifosfamide had a significantly better radiation absorption effect compared to other
drugs. The data obtained from this study are expected to be useful in the fields of radiation
biology, radiation dosimetry and radiotherapy.

Keywords: Cancer drugs; Radiation; Effective atomic number; Effective electron density;

Buildup factors.
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Oz

Bu caligsma, kanser hastaliklarinin tedavisinde kullanilan alt1 farkli antineoplastik ilacin
radyasyon zayiflama parametrelerini degerlendirmek igin gerceklestirilmistir. Anastrozol,
epirubisin, gemsitabin, ifosfamid, metotreksat ve paklitakselin etkin atom numarast ve etkin
elektron yogunlugu 1 keV ile 100 GeV enerji bolgesinde teorik olarak hesaplandi. Bu kemoterapi
ilaclart i¢in enerji sogurma yigilma faktorleri (EABF) ve maruz kalma yigilma faktorleri (EBF)
de GP fit yontemi uygulanarak incelenmistir. EABF ve EBF degerlerinin foton enerjisi ve niifuz
etme derinligi ile degisimi grafiksel olarak sunulmus ve tartisilmigtir. Bu ¢aligmadan elde edilen
sonuglar, yigilma faktorlerinin ilaglarin kimyasal kombinasyonuna, gelen foton enerjisine ve
niifuz etme kalinhigina baglh olduguna isaret etti. Ifosfamidin diger ilaglara gére énemli 6lgiide
daha iyi radyasyon sogurma etkisine sahip oldugu gozlemlendi. Bu calismadan elde edilen
verilerin radyasyon biyolojisi, radyasyon dozimetrisi ve radyoterapi alanlarinda faydali olmas1

beklenmektedir.

Anahtar Kelimeler: Kanser ilaclari; Radyasyon; Etkin atom numarasi; Etkin elektron

yogunlugu; Yigilma faktorleri.
1. Introduction

Ionizing radiation (X, gamma rays, etc.) performs a major act in the diagnosis and cure of
illness in medical applications such as diagnostic radiology, radiotherapy and like, as it has the
ability to acquire images and destroy cells or tumours [1]. Radiotherapy technologies, which are
being updated day by day with the use of high energy radiation in cancer treatments, are now
being implemented as a priority option for many types of cancer. Today, 60-70% of cancer cases
receive radiotherapy at least once in the process after the disease is diagnosed [2]. In some cases,
simultaneously chemotherapy and radiotherapy are effectively applied in the treatment of some
types of cancer, and this treatment is called chemoradiotherapy. In this way, by increasing the
sensitivity of the cells to radiation with chemotherapy, radiation is provided to be more effective
on the cells. When ionizing radiation passes through biological tissues, it can cause chemical
alterations in tissues, leading to cell damage or cell and tissue death [3]. Therefore, evaluation of
the interaction parameters of X or gamma rays with chemotherapy drugs may be beneficial for
the estimation of absorbed radiation doses and radiation dose limits in chemoradiotherapy

treatments.

The prior knowledge of radiation attenuation parameters such as mass attenuation
coefficients (um), effective atomic number (Z.sr), effective electron density (Ne) and buildup

factors are critical in various practices such as medical physics, radiation physics, radiation
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dosimetry, radiotherapy, computerized tomography, and radiation biology. The most basic
parameter among these parameters is the mass attenuation coefficient, which measures the
probability of photon interaction (absorption or scattering) with the drug sample and this
parameter and other parameters can be calculated using pum [4]. Buildup factor, an important term
in radiation dosimetry besides that shield design can be categorized as energy absorption buildup
factor (EABF) and exposure buildup factor (EABF). It depends on the atomic number of the
absorber medium [5]. EABF is defined as the amount of absorbed or deposited energy in the
interacting material and the detector response function is as the absorption in the interacting
medium. EBF is defined as the amount of exposure and the detector response function is as the
absorption in air [2, 6]. Various methods have been developed in the literature to work out the
buildup factors that take into account various parameters such as photon energy, absorbing
medium properties and distance [7-10]. The GP fitting method [7, 11] is the most widely used
method to calculate buildup factors of various materials. Using the GP fitting method, many
researchers have studied buildup factors of various materials such as concretes [12], alloys [13,
14], glasses [15, 16], polymers [17], building materials [18] human organs and tissues [19], teeth
[20], bioactive compounds [21], amino acids [22], enzyme inhibitors [23], thermoluminescent
dosimetric (TLD) materials [24], solvents [6] and like. In these studies, it was emphasized that

GP method is a suitable method for calculating photon buildup factors for various materials.

Antineoplastic drugs used in the cure of cancer illness are drugs conceived to disturb or
avoid cellular proliferation by inhibiting deoxyribonucleic acid (DNA) synthesis. Antineoplastic
drugs are generally classified as alkylating agents, antimetabolites, antitumor antibiotics,
hormone and hormone antagonists, alkaloids and other antineoplastic drugs [25]. Anastrozole
(Ci7H19Ns), epirubicin (C27H26NO11), gemcitabine (CoH11F2N30s), ifosfamide (C7HisCLLN2O,P),
methotrexate (CyH2:NgOs) and paclitaxel (C47HsiNOi4) are some of the commonly used
antineoplastic drugs in chemotherapy. Anastrozole is an aromatase inhibitor utilized in the
handling of second-level breast cancer and avoids the production of the hormone oestrogen, which
triggers the formation of breast cancer. Epirubicin is an anthracycline antitumor antibiotic and is
used alone or in combination with other chemotherapy drugs to cure certain diseases such as
breast and ovarian cancer. Ifosfamide, an alkylating oxazophosphorine agent, is one of the
chemotherapy drugs that avoid the reproduction of cancer cell DNA by averting its reproduction.
Todays, it is used in the treatment of lymphoma, soft tissue sarcoma and advanced breast, testicle,
ovarian, stomach and lung cancers. Methotrexate is a type of antimetabolite agent that inhibits
DNA replication or causes apoptosis by synthesizing incorrect codes and is extensively used in
the cure of various types of cancer diseases such as head and neck cancers, ovarian, bladder,

cervix, stomach, large intestine, testicle, breast, bone cancer, choriocarcinoma cancers and etc.
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Similar to methotrexate, Gemcitabine is a type of antimetabolite agent. It is a chemotherapy drug
used in the treatment of pancreas, lung, bladder and breast cancers as well as other tumours such
as ovarian cancer, mesothelioma and head and neck cancers. Paclitaxel is an antitumor agent
active against a wide variety of cancers that are generally considered to be resistant to
conventional chemotherapy. It is effective in the treatment of metastatic breast or ovarian cancer

[25-31].

Radio protective effects of various drugs have been estimated by many researchers. Oto et
al. computed gamma ray interaction parameters (i.e. Um, Zetr, Nei, EABF and EBF) of different
drugs used in cholinergic medications using WinXCOM computer program [1]. Sayyed et al.
calculated Zesr, Noi, EABF and EBF for Nonsteroidal anti-inflammatory drugs (NSAIDs) [32].
Kavaz et al. computed photon buildup factors of some chemotherapy drugs by using the GP fitting
method in the energy region 0.015-15 MeV up to penetration depths of 40 mean free paths (mfp)
[33]. Akman and Kagal calculated some essential radiation attenuation parameters such as pim, Zefr
and N of some drugs used in Chemotherapy with the help of the WinXCOM program [34].
Ekinci et al. investigated the EABF and EBF of some anti-inflammatory drugs by using the GP
fitting method [35]. Yorgun and Kavaz determined pm, Zetr, Nei of some cancer drugs at 13.81,
17.7, 26.34 and 59.54 keV photon energies. They also computed EABF and EBF of these cancer
drugs in the energy region 0.015—-15 MeV up to penetration depths of 40 mfp [2].

The aim of this research work is to estimate radiation interaction parameters of six different
antineoplastic chemotherapy drugs commonly used for cancer treatment. There is almost no study
in the literature on the radiation absorption parameters of these drugs. Therefore, it may be useful
to investigate the radiation interaction parameters of these drugs for chemoradiation dose limits
and dose calculations. For this purpose, Z.ir and Nei values of some chemotherapy drugs such as
anastrozole, epirubicin, gemcitabine, ifosfamide, methotrexate and paclitaxel were computed in
the energy range of 1 keV—100 GeV. Additionally, the energy absorption and exposure buildup
factors of these antineoplastic chemotherapy drugs were calculated by means of GP fitting method

for the energy range 0.015-15 MeV up to the penetration depth of 40 mfp.
2. Materials and Methods
2.1. Computation of Z.i and N

The mass attenuation coefficients for investigated drug samples were computed by using

mixture rule given in the following equation [36, 37]:
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=Tl

where p is the density, w; and (%) are the weight fraction and mass attenuation coefficient for
i

individual element in drugs, respectively. The theoretical pn values for the investigated drugs
were determined using WinXCOM software package [38]. For the drug samples, the effective

atomic number were computed with the help of the following formula [1, 33]:
K
2i fidi ( p)i
4
2ifiz; (5)

j

Zefr = 2)

where fi, Ai, Z; and (ﬁ) are the molar fraction, atomic weight, atomic number and mass

2

attenuation coefficient of relative element in the drug samples, respectively. In addition, the
effective electron density, a parameter closely related to the effective atomic number, can be

calculated by following equation [33, 35]:

Zerr
(A)

nz
Nt = Ny

=N
Y inA; 4

(electrons/g) 3)
where Na represents the Avogadro constant and (A) indicates average atomic mass of the

material.
2.2. Computation of EABF and EBF

The energy absorption and exposure buildup of chemotherapy drugs under the study were
determined in three steps. In the first step, Compton partial mass attenuation coefficient
((Wp)compton) and the total mass attenuation coefficient (W/p)rowm values were determined for
different elements (Z = 4-30) and also for investigated drug samples using WinXCOM program.
Then the interpolation formula given in Eqn. (4) was employed to compute the equivalent atomic
number (Zeq) of chosen drug by matching the ratio R ((pm)compton/(Lim)Total) at a particular photon

energy with the convenient ratio of the pure element at the same energy [7,39];

_ Zy(logR, —logR) + Z,(log R — logR,)
B logR, —log R,

4)

eq

where R signifies the ratio for chosen drug samples at particular energy which lies between R;
and R». Z; and Z;, denote atomic numbers of the elements corresponding to the ratios R; and Ro,

respectively. More details for the calculation procedure can be found in reference [38]. In the
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second step, in order to evaluate buildup factors the GP fitting coefficients for elements were
acquired from the ANSI/ANS-6.4.3 database [40]. This database provides the GP fitting
parameters for 23 elements (Z=4-92), water, air and concrete in the energy region of 0.015-15
MeV up to 40 mfp [39]. The obtained Z.q values were used to determine geometric progression
(GP) fitting coefficients (a, b, c, d, and Xi) for the drug samples using the following relation [33,
39, 41];

b Py(logZ; —logZ.q) + P,(log Zeq —log Zy)
logZ, —logZ,

®)

where P denotes GP fitting parameters of studied drug samples. P; and P, are the values of GP
fitting coefficients corresponding to the Z; and Z, atomic numbers at a specific energy,
respectively. In the last step, the computed GP fitting coefficients were used to generate the energy
absorption and exposure build-up for selected antineoplastic drugs at some standard photon
energies in the energy range 0.015-15 MeV up to 40 mfp penetration depths. This calculation was
accomplished by using the following GP fitting formulas [7, 33, 39, 41];

B(E,X)=1+H(KX—1) forK #1 (6)
B(EX)=1+0b-1) forK=1 (7)

tanh (Xik — 2) — tanh(-2)

1 — tanh(-2)

K(E,X) =cx*+d forx <40 mfp ®)

where E, x and K (E, X) are the photon energy, penetration depth in mfp and dose multiplicative
factor, respectively. a, b, ¢, d and Xy are the GP fitting parameters and b is the buildup factor at

one mfp.
3. Results and Discussion

The chemical formula and elemental composition of the studied antineoplastic
chemotherapy drugs are presented in Table 1. The um values of anastrazol, epirubicin,
gemcitabine, ifosfamide, methotrexate and paclitaxel drugs were computed using WinXCOM
software package [37]. From the computed um values Zer and N values of investigated drugs

were worked out with the help of the Eqn. (2) and (3) in the energy range from 1 keV to 100 GeV.

Table 1: Chemical formula and elemental composition of investigated drugs

Weight fraction of elements (%)
C N (0] F P Cl

Drug Chemical Formula
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Anastrozole Cy17H19Ns 0.065 0.696 0.239 - - - -
Epirubicin Ca7H26NO1 0.048 0.600 0.026 0.326 - - -

Gemcitabine CoH{1FaN304 0.042 0411 0.160 0.243 0.144 - -
Ifosfamide C7H5C1LN,O,P 0.058 0.322 0.107 0.123 - 0.119 0.272

Methotrexate C20H22NgOs 0.049 0.529 0.247 0.176 - - -
Paclitaxel C47H51NO 14 0.060 0.661 0.016 0.262 - - -

Figure 1 and 2 show the variation of the computed Zcs+ and N values with photon energy
for the investigated antineoplastic chemotherapy drugs. Z.sr and N values of ifosfamide have a
peak at 1.892 keV photon energy, which correspond to the K absorption edge of chlorine. The
computed Z.r values ranged from 3.68-6.30 for Anastrozole, 4.35-6.98 for epirubicin, 4.69-7.47
for gemcitabine, 4.70-12.35 for ifosfamide, 4.32-6.81 for methotrexate and 4.00-6.83 for
paclitaxel, respectively. The Ng values also ranged from 3.10x10%-4.26x10* electrons/g for
Anastrozole, 3.31x10%—4.11x10* electrons/g for epirubicin, 3.30x10*—4.05x10* electrons/g for
gemcitabine, 3.15x10%-8.26x10% electrons/g for ifosfamide, 3.30x10%-4.09x10* electrons/g
for methotrexate and 3.35x10%-4.28x10 electrons/g for paclitaxel, respectively. The highest Zes
and N values of the studied drugs were observed in the low energy region (E<0.1 MeV) where
photoelectric absorption which is cross section proportional to the Z*> and E** is the dominant

interaction mechanism [23].

—_
n

—4— Anastrozole == Epirubicin
—&— Gemcitabine —®— [fosfamide

—_
NS}

—2— Methotrexate —&— Paclitaxel

10

Effective Atomic Number (Z,)
oo

Lo 11 1) 1@l

0,001 0,01 0,1 1 10 100 1000 10000 100000
Photon Energy (MeV)

Figure 1: Z.st values of investigated chemotherapy drugs versus photon energy

As seen from Figs. 1 and 2, the lowest Zer and Nei values of the studied drugs were
determined in the intermediate energies (0.1 MeV<E 10 MeV). It was seen that in this energy
region where Compton scattering is the most important interaction process, Z.sr and N values are
almost independent to photon energy. This may be due to the weak dependence of the Compton

scattering cross section to atomic number and photon energy (i.e. proportional to Z and E™) [37].
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At energies greater than 10 MeV, Z.r and Ng values increase slowly with increasing photon
energy and are almost constant at further energies. This change can be clarified by actually that
pair production is the dominant interaction process at high energies. Because the pair productions
cross section is directly proportional to E and Z?[13]. This observed trend in Zer and N values
is consistent with the results of the study reported by Oto et al. [1] who investigated radiation
interaction parameters of some cholinergic drugs. As shown in Figs. 1 and 2, ifosfamide has
considerably higher Z.+ and N¢ values than other studied drugs in the low and high energy
regions. In the intermediate energy region, the Z. values of ifosfamide are slightly larger than
those of the other drugs, while the N values are approximately the same. The reason for this
apparent difference in the Zsr and Ne values of ifosfamide may be that ifosfamide contains
phosphate (Z=15, weight fraction= 0.119) and chlorine (Z=17, weight fraction =0.272), unlike

other drugs.

9,5E+23 + .
] —4&— Anastrozole =~ Epirubicin

—&— Gemcitabine —@— Ifosfamide
—#=— Methotrexate &= Paclitaxel

8,5E+23 ]

7.5E+23

6,5E+23 ]

5,5E+23
45E+23 7

3,5E+23 1

Effective Electron Number (N,)

0,001 0,1 10 1000 100000

Photon Energy (MeV)

Figure 2: Ne values of investigated chemotherapy drugs versus photon energy

The Z.q values calculated using the interpolation formula given in Eqn. (4) in the 0.015-15
MeV energy range for the examined drugs are given in Table 2. It is obviously sighted from Table
2 that ifosfamide has the highest Z.q values among the examined antineoplastic drugs, while
anastrozole has the lowest Z¢q values. The high Zq values of ifosfamide are due to the presence
of phosphate (Z=15, weight fraction= 0.119) and chlorine (Z=17, weight fraction=0.272) in the
chemical structure of ifosfamide, unlike other drugs. Similarly, the reason why anastrozole has
low Zq values is due to the lack of oxygen, fluorine, phosphate and chlorine in the chemical
structure of anastrozole. The GP fitting coefficients of the EABF and EBF for investigated

radioprotectors are listed in Table 3-8 at the energy region of 0.015-15 MeV.
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Table 2: Z.q values of investigated drugs at the energy region of 0.015-15 MeV

Energy (MeV) Anastrozole Epirubicin Gemcitabine Ifosfamide Methotrexate Paclitaxel
0.015 6.009 6.639 7.094 11.85 6.514 6.446
0.02 6.014 6.636 7.099 11.97 6.509 6.443
0.03 6.008 6.618 7.097 12.09 6.489 6.422
0.04 5.989 6.598 7.086 12.13 6.468 6.399
0.05 5.970 6.578 7.072 12.14 6.451 6.378
0.06 5.951 6.562 7.059 12.13 6.436 6.360
0.08 5.922 6.535 7.036 12.08 6.413 6.331
0.1 5.901 6.515 7.017 12.00 6.396 6.309
0.15 5.867 6.483 6.980 11.79 6.368 6.274
0.2 5.850 6.463 6.954 11.62 6.352 6.253
0.3 5.831 6.444 6.929 11.39 6.335 6.232
0.4 5.823 6.435 6.917 11.26 6.327 6.222
0.5 5.819 6.429 6.910 11.18 6.323 6.217
0.6 5.816 6.427 6.906 11.14 6.321 6.214
0.8 5.813 6.424 6.903 11.09 6.319 6.211
1 5.813 6.423 6.902 11.08 6.318 6.210
1.5 5.673 6.262 6.701 10.28 6.177 6.032
2 5.630 6.206 6.637 9.71 6.126 5.968
3 5.620 6.193 6.623 9.60 6.114 5.953
4 5.617 6.190 6.620 9.56 6.111 5.949
5 5.617 6.189 6.620 9.53 6.110 5.948
6 5.617 6.188 6.618 9.53 6.110 5.947
8 5.616 6.186 6.617 9.51 6.108 5.944
10 5.617 6.184 6.617 9.51 6.106 5.942
15 5.618 6.184 6.614 9.50 6.107 5.942

Table 3: GP fitting parameters for anastrozole in the energy range 0.015-15 MeV
EABF EBF

Energy (MeV)

b [ a Xk d b [ a Xk d

0.015 1.397 0.526 0.153 14421 -0.077 1385 0.538 0.146 14.310 -0.072
0.02 1.895 0.737 0.077 16436 -0.037 1.872 0.730 0.080 16.546 -0.040
0.03 3,716 1.150 -0.026 12.601 0.008 3.503 1.150 -0.026 12.846 0.008
0.04 5.073 1.740 -0.128 14.102 0.056 5.276 1.750 -0.130 13.917 0.064
0.05 5.598 2.078 -0.165 14.488 0.070 6.749 2.123 -0.171 14.344 0.074
0.06 5420 2304 -0.187 14.668 0.079 7.270 2.408 -0.200 14.522 0.089
0.08 4841 2510 -0206 14.823 0.083 6.888 2.725 -0.230 14.456 0.101
0.1 4280 2569 -0210 14.926 0.083 6.107 2.836 -0.239 14.368 0.104
0.15 3.538 2484 -0.203 15230 0.076 4.573 2.892 -0.247 14.292 0.107
0.2 3.184 2360 -0.194 15211 0.073 3.775 2.771 -0239 14.949 0.108
0.3 2785 2.142 -0.176 14.990 0.070 3.148 2.494 -0.219 14.343 0.099
0.4 2613 1942 -0.155 14.758 0.063 3.027 2.268 -0.201 13.324 0.085
0.5 2452 1.811 -0.140 15.794 0.062 2.661 2.072 -0.180 13.936 0.084
0.6 2392 1.673 -0.121 14.937 0.047 2544 1.904 -0.159 13.615 0.068
0.8 2.196 1.567 -0.110 14.100 0.047 2320 1.726 -0.139 13.727 0.068
1 2.087 1463 -0.094 14.158 0.041 2203 1.567 -0.114 13.737 0.057
1.5 1.939 1277 -0.061 14308 0.027 2.031 1330 -0.073 13.718 0.037
2 1.840 1.173 -0.039 14.390 0.016 1918 1.199 -0.046 14.147 0.023
3 1.715 1.051 -0.012 13.942 0.004 1.764 1.062 -0.015 12.253 0.008
4 1.627 0989 0.003 13.594 -0.003 1.664 0.983 0.005 22.560 -0.007
5 1.567 0944 0.015 14.609 -0.008 1.584 0.937 0.017 14.663 -0.011
6 1.521 0901 0.029 12.647 -0.017 1.531 0.907 0.026 14.563 -0.016
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8 1.438 0.874 0.037 11.762 -0.018 1.443 0.870 0.037 16.022 -0.030
10 1.382 0.858 0.040 14.389 -0.022 1.377 0.854 0.042 12.741 -0.020
15 1.287 0.837 0.047 15238 -0.030 1.280 0.837 0.047 14.811 -0.028
Table 4: GP fitting parameters for epirubicin in the energy range 0.015-15 MeV
EABF EBF
Energy (MeV)
[ a Xk d b [ a Xk d

0.015 1.292 0499 0.160 14518 -0.078 1.286 0.497 0.162 14.284 -0.081
0.02 1.677 0.634 0.114 15440 -0.056 1.659 0.637 0.112 15.544 -0.055
0.03 3.081 0956 0.023 14782 -0.021 2.945 0.955 0.024 14.657 -0.022
0.04 4400 1.450 -0.080 13915 0.032 4450 1.458 -0.082 13.707 0.034
0.05 5176  1.806 -0.132 14.170 0.056 5.711 1.829 -0.136 14.048 0.059
0.06 5261 2073 -0.166 14.143 0.073 6.222 2.124 -0.172 14.036 0.078
0.08 4.890 2342 -0.194 14.045 0.083 6.040 2.465 -0.209 13.808 0.094
0.1 4495 2388 -0.195 14.666 0.080 5.526 2.561 -0.213 14.395 0.093
0.15 3.636 2395 -0.197 14.684 0.078 4.175 2.659 -0.227 14.125 0.100
0.2 3266 2283 -0.188 14.784 0.076 3.579 2.558 -0.221 14.231 0.098
0.3 2.817 2.095 -0.172 14.613 0.068 3.061 2.287 -0.197 14.248 0.086
0.4 2.625 1913 -0.152 14.554 0.062 2.778 2.097 -0.179 13.733  0.075
0.5 2459 1.794 -0.138 15.185 0.059 2.604 1932 -0.160 14.163 0.071
0.6 2383 1.671 -0.121 14.650 0.048 2.482 1.800 -0.143 13.827 0.059
0.8 2200 1.555 -0.107 14.139 0.045 2.281 1.642 -0.124 13.902 0.057
1 2.096 1.447 -0.090 14.430 0.038 2.161 1.513 -0.104 13.864 0.049
1.5 1.938 1276 -0.060 14.315 0.026 1.999 1.300 -0.066 14.001 0.031
2 1.841 1.169 -0.038 14.403 0.015 1.889 1.188 -0.043 13.981 0.020

3 1.714 1.051 -0.011 14.104 0.003 1.745 1.059 -0.014 12.385 0.006

4 1.627 0988 0.004 13.123 -0.003 1.649 0.987 0.004 23.623 -0.007

5 1.565 0944 0.015 14.740 -0.008 1.572 0.939 0.017 14315 -0.011

6 1.514 0907 0.028 13.308 -0.018 1.523 0.907 0.027 13.980 -0.016

8 1.430 0.881 0.034 12.096 -0.017 1.437 0.872 0.037 16.010 -0.031
10 1.375 0.861 0.040 14322 -0.022 1.371 0.859 0.041 12.715 -0.021
15 1.281 0.838 0.047 15.732 -0.033 1.275 0.841 0.046 15.225 -0.030

Table 5: GP fitting parameters for gemcitabine in the energy range 0.015-15 MeV
Energy (MeV) EABF EBF
b c a Xk d b c a Xk d

0.015 1.228 0479 0.166 14.429 -0.081 1.226 0.471 0.173 14.292 -0.087
0.02 1.538 0.570 0.137 14.855 -0.068 1.523 0.577 0.133 14.963 -0.065
0.03 2.657 0.824 0.059 15588 -0.038 2.563 0.829 0.056 15.778 -0.040
0.04 3914 1246 -0.045 13.748 0.014 3.871 1.253 -0.047 13.568 0.016
0.05 4.838 1.606 -0.107 13918 0.045 4964 1.614 -0.109 13.826 0.047
0.06 5119 1.896 -0.148 13.764 0.0609 5454 1913 -0.151 13.684 0.070
0.08 4914 2213 -0.185 13.441 0.105 5407 2268 -0.192 13.316 0.110
0.1 4.660 2245 -0.183 14466 0.089 5.195 2326 -0.191 14.380 0.082
0.15 3.745 2302 -0.189 14.420 0.077 3.977 2461 -0.210 14.111 0.095
0.2 3357 2202 -0.180 14.799 0.076 3.410 2420 -0.209 13.395 0.090
0.3 2.838 2.061 -0.168 14.259 0.067 2974 2.160 -0.182 14.083 0.077
0.4 2.621 1.900 -0.151 14.259 0.060 2.711 1.993 -0.165 14.005 0.070
0.5 2461 1.786 -0.138 14.283 0.056 2.548 1.850 -0.148 14.135 0.063
0.6 2366 1.679 -0.124 14305 0.050 2418 1.747 -0.135 14.065 0.058
0.8 2202 1.546 -0.105 14.190 0.044 2.247 1.590 -0.114 14.009 0.050
1 2.106 1.432 -0.087 14.672 0.036 2.129 1.480 -0.097 13.953 0.044
1.5 1.934 1276 -0.060 14.355 0.026 1.980 1.282 -0.061 14.493 0.027
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2 1.838 1.173 -0.039 14.151 0.017 1.872 1.182 -0.041 13.964 0.019

3 1.711 1.054 -0.012 13224 0.004 1.730 1.060 -0.014 13.243 0.005

4 1.628 0984 0.006 13.777 -0.005 1.639 0988 0.004 19.265 -0.006

5 1.566 0937 0.018 14.068 -0.012 1.567 0940 0.018 13913 -0.012

6 1.504 0922 0.022 15397 -0.017 1.520 0904 0.029 13.151 -0.017

8 1.430 0.874 0.037 12.066 -0.021 1.429 0.880 0.035 13.645 -0.023

10 1.369 0.866 0.039 14326 -0.022 1365 0.866 0.039 13.530 -0.022

15 1.276 0.839 0.048 15335 -0.034 1.273 0.841 0.047 15.125 -0.032

Table 6: GP fitting parameters for ifosfamide in the energy range 0.015-15 MeV
Energy (MeV) EABF EBF
b [ a Xk d b [ a Xk d

0.015 1.039 0402 0209 13.063 -0.127 1,039 0398 0.213 13.098 -0.131

0.02 1.087 0428 0.183 14507 -0.094 1.086 0.438 0.179 14318 -0.092

0.03 1.288 0442 0.192 14242 -0.102 1.282 0.447 0.190 14.444 -0.102

0.04 1.625 0.548 0.146 15245 -0.077 1.598 0550 0.146 15.117 -0.078
0.05 2.175 0.615 0.133 13.753 -0.072 2.050 0.638 0.121 14.471 -0.063

0.06 2.732  0.767 0.081 13357 -0.056 2.429 0.781 0.075 14.637 -0.057
0.08 3.748 1.048 0.002 14331 -0.016 2.926 1.030 0.007 13.644 -0.021

0.1 4267 1285 -0.049 12.623 0.008 3.101 1.229 -0.035 12292 -0.004
0.15 4.088 1.619 -0.107 13330 0.039 3.064 1478 -0.079 15.006 0.016
0.2 3.636 1.721 -0.122 13.723 0.044 2.897 1570 -0.094 15490 0.023
0.3 3.037 1.743 -0.126 13991 0.046 2.634 1.605 -0.101 15270 0.026
0.4 2.729 1.688 -0.120 14211 0.042 2469 1.575 -0.099 15.188 0.027
0.5 2.541 1.628 -0.113 14286 0.040 2343 1.540 -0.096 15.076 0.029
0.6 2404 1.565 -0.103 14.563 0.036 2249 1494 -0.089 15400 0.026
0.8 2228 1467 -0.090 14.856 0.032 2115 1419 -0.080 15223 0.025
1 2.112 1386 -0.077 14.872 0.028 2.021 1356 -0.070 15.699 0.023
1.5 1.937 1255 -0.054 14286 0.021 1.890 1.241 -0.051 15.049 0.018
2 1.843 1.159 -0.035 14.701 0.013 1.811 1.158 -0.035 14.792 0.013

3 1.708 1.053 -0.010 12225 0.000 1.696 1.054 -0.011 11.500 0.001

4 1.617 0984 0.008 13.076 -0.010 1.614 0991 0.005 16.231 -0.008

5 1.548 0944 0.019 12944 -0.014 1.544 00952 0.002 14.850 -0.016

6 1.491 0919 0.026 15568 -0.027 1.499 0915 0.006 13.305 -0.024

8 1.398 0900 0.032 12303 -0.020 1.411 0.897 0.003 12969 -0.023

10 1.339 0.882 0.038 13916 -0.028 1.352 0.874 0.005 13.557 -0.030

15 1.241 0.872 0.043 14734 -0.034 1264 0.832 0.058 14.664 -0.048

Table 7: GP fitting parameters for methotrexate in the energy range 0.015-15 MeV
EABF EBF
Energy (MeV)
c a Xk d b [ a Xk d

0.015 1312 0.504 0.158 14500 -0.078 1.305 0.505 0.159 14.289 -0.079

0.02 1.720 0.654 0.107 15.635 -0.052 1.700 0.655 0.106 15.740 -0.052

0.03 3210 099 0.013 14338 -0.015 3.059 0995 0.014 14.288 -0.016
0.04 4540 1.509 -0.090 13954 0.037 4.619 1518 -0.092 13.749 0.039
0.05 5265 1861 -0.139 14236 0.059 5923 1.888 -0.143 14.110 0.062
0.06 5297 2120 -0.170 14255 0.074 6.436 2.180 -0.178 14.143 0.080
0.08 4.884 2375 -0.196 14214 0.083 6.207 2515 -0.213 13.948 0.095
0.1 4452 2424 -0.198 14.714 0.081 5.608 2.620 -0.219 14.396 0.095
0.15 3.610 2417 -0.199 14748 0.078 4.222 2707 -0.232 14.128 0.102
0.2 3244 2302 -0.190 14.781 0.075 3.619 2591 -0.224 14.430 0.100
0.3 2.813 2.103 -0.173 14.695 0.068 3.082 2317 -0.200 14.287 0.088
0.4 2.626 1916 -0.152 14.623 0.062 2794 2.121 -0.182 13.670 0.077
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0.5 2458 1.796 -0.138 15394 0.060 2.617 1951 -0.162 14.170 0.073
0.6 2387 1.669 -0.121 14.730 0.047 2497 1.813 -0.145 13.772 0.060
0.8 2.199 1.557 -0.108 14.127 0.045 2288 1.654 -0.126 13.877 0.059
1 2.094 1450 -0.091 14374 0.039 2169 1521 -0.105 13.844 0.050
1.5 1.939 1275 -0.060 14307 0.027 2.003 1303 -0.067 13.901 0.032
2 1.842 1.168 -0.037 14.452 0.015 1.893 1.190 -0.043 13.985 0.020
3 1.714 1.051 -0.011 14272 0.003 1.748 1.058 -0.014 12.222 0.006
4 1.626 0989 0.003 12999 -0.003 1.650 0986 0.004 24.450 -0.008
5 1.564 0945 0.015 14.868 -0.008 1.573 0939 0.017 14391 -0.011
6 1.516 0904 0.029 12913 -0.018 1.524 0907 0.026 14.137 -0.015
8 1.430 0.882 0.034 12.102 -0.017 1.438 0.870 0.037 16.455 -0.033
10 1.376  0.860 0.040 14321 -0.022 1372 0.857 0.041 12562 -0.021
15 1.282 0.838 0.047 15805 -0.033 1.275 0.841 0.046 15244 -0.030
Table 8: GP fitting parameters for paclitaxel in the energy range 0.015-15 MeV
Energy (MeV) EABF EBF
b [ a Xk d b [ a Xk d
0.015 1.323  0.507 0.158 14.490 -0.078 1.315 0.509 0.158 14.291 -0.078
0.02 1.742  0.665 0.103 15739 -0.050 1.723 0.665 0.103 15.844 -0.050
0.03 3279 1.016 0.008 14.103 -0.012 3.119 1.016 0.008 14.093 -0.013
0.04 4616 1.542 -0.095 13975 0.039 4711 1551 -0.097 13.772 0.041
0.05 5317 1.893 -0.143 14274 0.061 6.046 1923 -0.147 14.146 0.064
0.06 5318 2.148 -0.173 14324 0.075 6.568 2215 -0.181 14.209 0.082
0.08 4.880 2396 -0.198 14330 0.083 6321 2549 -0.216 14.043 0.096
0.1 4421 2450 -0.201 14.750 0.081 5.668 2.663 -0.223 14397 0.097
0.15 3.588 2435 -0.200 14.801 0.079 4.262 2746 -0.235 14.131 0.103
0.2 3224 2319 -0.191 14778 0.075 3.655 2.620 -0.226 14.608 0.101
0.3 2.808 2.111 -0.173 14.775 0.069 3.101 2346 -0.203 14324 0.090
0.4 2.627 1919 -0.153 14.691 0.062 2809 2.145 -0.185 13.607 0.078
0.5 2457 1.797 -0.138 15.606 0.060 2.630 1971 -0.165 14.176 0.075
0.6 2391 1.667 -0.120 14.812 0.047 2512 1.825 -0.147 13.716 0.060
0.8 2.199 1.559 -0.108 14.115 0.045 2296 1.666 -0.128 13.852 0.061
1 2.092 1454 -0.091 14316 0.039 2.177 1528 -0.107 13.822 0.051
1.5 1.941 1275 -0.060 14293 0.027 2.010 1310 -0.069 13.729 0.033
2 1.843 1.167 -0.037 14518 0.014 1900 1.193 -0.044 14.003 0.021
3 1.715 1.050 -0.011 14.451 0.003 1.753 1.058 -0.014 12.013 0.006
4 1.626 0990 0.003 12920 -0.002 1.654 0986 0.004 25241 -0.008
5 1.564 0947 0.014 14992 -0.007 1.576 0939 0.017 14521 -0.011
6 1.519 0900 0.030 12390 -0.018 1.526 0.908 0.026 14.387 -0.015
8 1.431 0.883 0.034 12.061 -0.016 1.440 0.868 0.038 16.930 -0.034
10 1.379 0.859 0.040 14330 -0.022 1374 0.855 0.042 12.407 -0.021
15 1.284 0.838 0.047 15811 -0.032 1.277 0.840 0.046 15202 -0.029

The variation of EABF and EBF values with incident photon energy for anastrozole,
epirubicin, gemcitabine, ifosfamide, methotrexate and paclitaxel at some chosen
penetration depth were plotted in Figs. 3 and 4, respectively. It was monitored that the
EABF and EBF values of the studied drugs at 1, 5, 10 and 40 mfp, increased with
increasing energy, reached the maximum value in the intermediate energies and then

decreased again in the further energies. As can be seen from Figs. 3 and 4, the EABF and
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EBF values of ifosfamide are smaller than EABF and EBF values of other drugs. The
maximum EABF and EBF values were seen at the 0.3 MeV photon energy for ifosfamide
and 0.1 MeV photon energy for anastrozole, epirubicin, gemcitabine, methotrexate and
paclitaxel. This trend observed in EABF and EBF values can be explained on the basis
that while Compton scattering is the dominant interaction mechanism in the medium
energy region, photoelectric absorption and pair production are the dominant interaction
mechanisms in the low and high energy region, respectively. On the other hand, this trend
is also in line with the observation of Sayyed et al. [32] who estimated photon buildup
factors of some anti-inflammatory drugs. It was also seen that the values of EABF and
EBF increased with increasing depth of penetration and became very high for the greatest
at penetration depth 40 mfp. This increase is a result of multiple scattering events for large

penetration depths [17].
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Figure 3: The EABF values of drugs in the energy range of 0.015-15 MeV at 1, 5, 10 and 40 mfp
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Figure 4: The EBF values of drugs in the energy range of 0.015-15 MeV at 1, 5, 10 and 40 mfp

The EABF and EBF values of the investigated anti neoplastic chemotherapy drugs
against the mfp for 0.015, 0.15, 1.5 and 15 MeV photon energies are given in Figs. 5 and
6, respectively. From Figs. 5 and 6, it was observed that the EABF and EBF values of the
studied chemotherapy drugs increased with the increase in mfp values. It is clear from
these figures that EABF and EBF values of the investigated drugs at 0.15 and 1.5 MeV
energies are higher than the others. It was seen that ifosfamide, which has the highest Zq
value, has the smallest EABF and EBF values at low energies (0.015 and 0.15 MeV). On
the other hand, Anastrozole has the highest EABF and EBF values at 0.015 and 0.15 MeV
photon energies owing to its low Z¢q value. Also, the EABF and EBF values of ifosfamide
remains nearly constant at 0.015 MeV energy, while the EABF and EBF values of other
drugs increase with increasing mpf values. At 0.15 MeV, EABF and EBF values of the
studied chemotherapy drugs increased with the rising up in mfp values. The maximum
values were observed for anastrozole and paclitaxel and minimum value was observed

for ifosfamide in this energy. It was seen that the EABF and EBF values of drug samples
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decreased with the increasing Z.q values at lower than the 0.15 MeV, because the cross
section of photoelectric absorption, which is the effective interaction process at low
energies, is strongly dependent on Zeq*>. Contrary to others, the EABF and EBF values
for 1.5 MeV photon energy are almost independent of the chemical composition (i.e. Zeq)
of the drugs as reported by Kavaz et al. [34]. This result can be clarified by the
predominance of Compton scattering at 1.5 MeV energy. As can be seen from Figs. 5 and
6, the values of EABF and EBF of the drugs increase with increase in Z¢q at 15 MeV
between 10 and 40 mfp and ifosfamide showed higher values than other drugs due to the
dominance of pair production in this region. This result is agreeing with the findings
reported by Kavaz et al. [42] who evaluated EABF and EBF factors of some radio

protective agents.
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Figure 5: The energy absorption buildup factor for the drugs up to 40 mfp at 0.015, 0.15, 1.5 and 15 MeV
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Figure 6: The energy exposure buildup factor for the drugs up to 40 mfp at 0,015, 0.15, 1.5 and 15 MeV

4. Conclusion

The present study was carried out to obtain information on photon interaction
parameters of different antineoplastic chemotherapy drugs. The energy absorption
buildup factors and exposure buildup factors of anastrozole (Ci7Hi19Ns), epirubicin
(C27H26NO11), gemcitabine (CoH11F2N304), ifosfamide (C7Hi15Cl12N20O2P), methotrexate
(C20H22NgOs) and paclitaxel (C47Hs51NO14) chemotherapy drugs were computed using GP
fitting method. Also, Zesr and Nei values were determined with the help of the WinXCOM
program for photon energies from 1 keV to 100 GeV. The results obtained in this study
showed that Zerr and Nei values are dependent on the photon energy. The highest Zes
values were found for ifosfamide and the lowest Zfr values for anastrozole. This study
also showed that buildup factors vary depending on the chemical composition (i.e. Z¢q)
of the drugs, photon energy and mean free path. Among the studied samples, ifosfamide
has the largest buildup factor values at 15 MeV photon energy, while it has the smallest
values at 0.015, 0.15 and 1.5 MeV photon energies. It was concluded that ifosfamide has
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better photon absorption properties since it contains phosphorus and chlorine in its
chemical structure, unlike other drugs. It is predictable that the results of this work will

be beneficial in areas such as radiation dosimetry and chemoradiotherapy.
References

[1] Oto, B., Oto, G., Madak, Z., Kavaz, E., The interaction of gamma radiation with drugs
used in cholinergic medications, Journal of Radiation Biology, 96(2), 236-244, 2020.

[2] Yorgun,N.Y., Kavaz, E., Gamma photon protection properties of some cancer drugs
for medical applications. Results in Physics, 13 (102150), 1-6, 2019.

[3] Veranda, E., Tavares, D., Radioprotection mechanisms and radioprotective agents,
including honeybee venom, Journal of Venomous Animals and Toxins, 4(1), 5-20, 1988.

[4] Sayyed, M.L.,, Kaky, K.M., Sakar, E., Akbaba, U., Taki, M.M., Agar, O., Gamma
radiation shielding investigations for selected germanate glasses, Journal of Non-Crystalline
Solids, 512, 33-40, 2019.

[5] Manohara, S.R., Hanagotimath. S.M., Gerward, L. Energy absorption buildup factors
of human organs and tissues at energies and penetration depths relevant for radiotherapy and
diagnostics, Journal of Applied Clinical Medical Physics, 12, 3557-3566, 2011.

[6] Singh, S.P., Singh, T., Kaur, P., Variation of energy absorption buildup factors with
incident photon energy and penetration depth for some commonly used solvents, Annals of
Nuclear Energy, 35, 1093-1097, 2008.

[7] Harima, Y., Sakamoto, Y., Tanaka, S., Kawai, M. Validity of the geometric progression
formula in approximating gamma ray buildup factors, Nuclear Science and Engineering, 94, 24-
35, 1986.

[8] Shimizu, A., Calculations of gamma ray buildup factors up to depths of 100 mfp by the
method of invariant embedding, (I) analysis of accuracy and comparison with other data, Journal
of Nuclear Science and Technology, 39, 477-486, 2002.

[9] Suteau, C., Chiron, M., An iterative method for calculating gamma ray buildup factors
in multi-layer shields, Radiation Protection Dosimetry, 116, 489-492, 2005.

[10] Sardari, D., Saudi, S., Tajik, M., Evaluation of gamma ray buildup factor data in water
with MCNP4C code, Annals of Nuclear Energy, 38(23), 628-631, 2011.

[11] Harima Y., An approximation of gamma ray buildup factors by modified geometrical
progression, Nuclear Science and Engineering, 83, 299-309, 1983.

[12] Singh, V.P., Badiger, N.M., I[nvestigation on radiation shielding parameters of
ordinary, heavy and super heavy concretes, Nuclear Technology and Radiation Protection 29,
149-156, 2014.

[13] Sakar, E., Biiyiikyildiz, M., Alim, B., Sakar, B.C., Kurudirek, M., Leaded brass alloys
for gamma-ray shielding applications, Radiation Physics and Chemistry, 159, 64—69, 2019.

[14] Sakar, E., Determination of photon-shielding features and build-up factors of nickel—
silver alloys, Radiation Physics and Chemistry, 172, 108778, 2021.

519



Caglar & Bilgici Cengiz (2021) ADYU J SCI, 11(2), 503-521

[15] Kaur, P., Singh, D., Singh, T., Gamma ray shielding and sensing application of some
rare earth doped lead-alumino-phosphate glasses, Radiation Physics and Chemistry, 144, 336—
343,2018.

[16] Rammah, Y.S., Ozpolat, O.F., Alim, B., Sakar, E., El-Mallawany, R., El-Agawany
F.1., Assessment of gamma-ray attenuation features for La** co-doped zinc borotellurite glasses,
Radiation Physics and Chemistry, 176, 109069, 2020.

[17] Sayyed, M., AlZaatreh, M., Matori, K., Sidek, H., Zaid, M., Comprehensive study on
estimation of gamma ray exposure buildup factors for smart polymers as a potent application in
nuclear industries, Results in Physics, 9, 585-592, 2018.

[18] Sharaf, J.M., Saleh, H., Gamma-ray energy buildup factor calculations and shielding
effects of some Jordanian building structures, Radiation Physics and Chemistry, 110, 87-95,
2015.

[19] Manjunatha, H.C., Rudraswamy, B., Computation of exposure build-up factors in
teeth, Radiation Physics and Chemistry, 80 (1), 14-21, 2011.

[20] Kurudirek, M., Topcuoglu, S., Investigation of human teeth with respect to the photon
interaction, energy absorption and buildup factor, Nuclear Instruments and Methods in Physics
Research B, 269, 1071-1081, 2011.

[21]. Yilmaz, D., Gedik, Z., Tugrak, M., Gul, H.L., Energy absorption buildup factors of
some potential bioactive compounds in the energy region 0.015-15 MeV, Spectroscopy Letters,
50(6), 301-306, 2017.

[22] Bursalioglu, E., Balkan, B., Kavanoz, H.B., Okutan, M., Icelli, O., Yalcin, Z., Energy
absorption and exposure buildup factors of essential amino acids, Biomed Research
International, 359754, 2014.

[23] Turhan, M.F., Durak, R., Kagal, M.R., Determination of Gamma Ray Buildup Factors
of Some Enzyme Inhibitors, International Journal of Scientific and Engineering Research, 10 (9),
8-13,2019.

[24] Manohara, S.R., Hanagodimath, S.M., Gerward, L., Energy absorption buildup factors
for thermoluminescent dosimetic materials and their tissue equivalent, Radiation Physics and
Chemistry, 79, 575-582, 2010.

[25] Kummerer, K., Haiss, A., Schuster, A., Hein, A., Ebert, L., Antineoplastic compounds
in the environment-substances of special concern, Environmental Science and Pollution
Research, 23(15), 14791-14804, 2016.

[26] Yeo, W., Johnson, P.J., Radiation-recall skin disorders associated with the use of
antineoplastic drugs, Pathogenesis, prevalence, and management, American Journal of Clinical
Dermatology, 1, 113-116, 2000.

[27] Wiseman, L.R., Adkins J.C., Anastrozole: a review of its use in the management of
postmenopausal women with advanced breast cancer, Drugs Aging, 13, 321-32, 1998.

[28] Coukell, A.J., Faulds, D., Epirubicin: An updated review of its pharmacodynamic and
pharmacokinetic properties and therapeutic efficacy in the management of breast cancer, Drugs,
53,453-482, 1997.

[29] Mini, E., Nobili, S., Caciagli, B., Landini, 1., Mazzei, T., Cellular pharmacology of
gemcitabine, Annals of Oncology, 17, 7-12, 2006.

520



Caglar & Bilgici Cengiz (2021) ADYU J SCI, 11(2), 503-521

[30] Dechant, K.L., Brogden, R.N., Pilkington, T., Faulds, D., lfosfamide/mesna: A review
of its antineoplastic activity, pharmacokinetic properties and therapeutic efficacy in cancer,
Drugs 42, 428467, 1991.

[31] Rowinsky, E.K., Donehower, R.C., Paclitaxel (taxol), The New England Journal of
Medicine, 332, 1004 -1014, 1995.

[32] Sayyed ML, Issa S.A., Auda S.H., Assessment of radio-protective properties of some
anti-inflammatory drugs, Progress in Nuclear Energy, 100, 297-308, 2017.

[33] Kavaz, E., Ahmadishadbad, N., Ozdemir, Y., Photon buildup factors of some
chemotherapy drugs, Biomed Pharmacother, 69, 34—41, 2015.

[34] Akman, F., Kacal, M.R., Investigation of radiation attenuation parameters of some
drugs used in Chemotherapy in Wide Energy Region, Journal of Radiology and Oncology, 2, 047-
052, 2018.

[35] Ekinci, N., Kavaz, E., Ozdemir, Y., 4 study of the energy absorption and exposure
buildup factors of some anti-inflammatory drugs, Applied Radiation and Isotopes, 90, 265-273,
2014.

[36] Jackson, D.F., Hawkes, D.J., X-ray attenuation coefficients of elements and mixtures,
Physics Reports, 70, 169—233, 1981.

[37] Alim, B., Sakar, E., Baltakesmez, A., Han, 1., Sayyed, M.I., Demir, L., Experimental
investigation of radiation shielding performances of some important AISI-coded stainless steels:
Part I, Radiation Physics and Chemistry, 160, 108455, 2020.

[38] Gerward, L., Guilbert, N.K., Jensen, B., Levring, H., WinXCom-a program for
calculating X-ray attenuation coefficients, Radiation Physics and Chemistry, 71(3—4), 653-654,
2004.

[39] Sakar, E., Ozpolat, O.F., Alim, B., Sayyed, M.I., Kurudirek, M., Phy-X/PSD:
Development of a user friendly online software for calculation of parameters relevant to radiation
shielding and dosimetry, Radiation Physics and Chemistry, 108496, 1-12, 2020.

[40] ANSI/ANS-6.4.3, Gamma ray attenuation coefficient and buildup factors for
engineering materials, Illinois: American Nuclear Society, La Grange Park, 1991.

[41] Raut, S.D., Awasarmol, V.V., Shaikh, S.F., Ghule, B.G., Ekar, S.U., Mane, R.S.,
Pawar, P.P., Study of gamma ray energy absorption and exposure buildup factors for ferrites by
geometric progression fitting method, Radiation Effects and Defects in Solids, 173 (3-4), 429-
438, 2018.

[42] Kavaz, E., Perisanoglu, U., Ekinci, N., Ozdemir, Y., Deftermination of energy

absorption and exposure buildup factors by using GP fitting approximation for radioprotective
agents, International Journal of Radiation Biology, 92(7); 380-387, 2016.

521



