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Abstract: This paper defines the space sgw(ag', f), encompassing all sequences that are
(Ai, f)—lacunary statistically convergent of order «, utilizing an unbounded modulus function
f, a double lacunary sequence 6, = {(ky,1,)}, a generalized difference operator Aﬁ, and a
real number @ € (0,1]. Additionally, the space wgw(Ag,f) is introduced to include all

sequences that are strongly (Aé f)—lacunary summable of order . The paper investigates
properties associated with these spaces, and under specific conditions, inclusion relations

between the spaces S§, (4, f) and wg (4%, f) are established.

Key words: Lacunary sequences, Lacunary statistical convergence, Modulus function

1. Introduction

The extension of the notion of convergence for real sequences to statistical convergence
was undertaken by Fast [1]. In [2], the connection between the space |a;| of strongly
Cesaro summable sequences and the space Ny of strongly lacunary summable
sequences, defined by a lacunary sequence 6, was established by Freedman et al.

For single sequences, Colak [3] proposed the concepts of statistical convergence of
order a and strongly p-Cesaro summability of order . Lacunary statistical convergence
was presented by Fridy and Orhan [4]. Recently, Sengiil and Et [5] studied the concepts
of lacunary statistical convergence of order a and strongly p-lacunary summability of
order a.

Pringsheim introduced the idea of convergence for double sequences in [6]. Mursaleen
and Edely [7] went on to expand this idea to statistical convergence. Patterson and
Savas [8] studied the concept of lacunary statistical convergence using the double
lacunary sequence concept.

The double sequence 6, = {(k,,[l;)} is termed double lacunary if there exist two
increasing sequences of integers such that:

ko=0,h. =k, —ky_4 > oasr - oo
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and
lo=0hs=1,—1l,_; > o0ass — oo,
Notations: k, s = kI, h,s = h,-hg, the intervals determined by 6, are denoted as,
L= {(k): ks < k <k},
I ={D):l;-y <1< L},

Ls = {(k, )i ky_y <k <k &Iy <1<},

.,
qr - k 'QS
r—1

,and Qrs = arqs-

ls—1

For double sequences, the notion of statistical convergence of order a was recently
introduced by Colak and Altin [9].

The difference operator A for £, c and c, was originally presented by Kizmaz [10].
Subsequently, the concept of the difference operator 4 was further expanded to a fixed
positive integer j by Et and Colak [11], who defined it in the following manner:

Y(47) ={w=(w) € w:d/w e Y}forY =£,,candc,
where A/w = (4/wy) = (477 wy, — A7 2wy ) for j = 1 and A%w = (wy).

Additionally, the expansion of this space was undertaken by Et and Esi [12], who
introduced the sequence s = (s;) comprising non-zero complex numbers. The sequence

space Y(A{,') was defined by them in the following manner:

Y(Ai) = {w = (wy) € w:Aiw € X} forY = £, c and c,

where
A(S)Wk = (Sgwy)
and
Aéwk = in:O (_1)m (T]n) Sk+mWk+m
forj > 1.

Using the operator A/, Tripathy and Et [13] proposed the notion of A’-lacunary
statistical convergent sequences and 4’-lacunary strongly summable sequences in 2005.
The concept of the difference operator has been explored from diverse perspectives over
the years by several authors [14-17].

Remember that a function f: [0, c) — [0, 00) is considered a modulus function if and

onlyif(a) f(t) =0ifft =0,(b) f(t+q) < f(t) + f(q), (c) f is increasing, and (d) f
is continuous from the right at 0. This is in agreement with Maddox [18].
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In 2014, the generalization of the concept of natural density was undertaken by Aizpuru
et al. [19], who introduced the f-density of a subset K of positive integers utilizing an
unbounded modulus function f. The expression for the f-density is given as

. fU{peT:p=r}D)
§/(T) = lim 0] '

provided the limit exists.

The concepts of f-density and f-statistical convergence of order a were introduced by
Bhardwaj and Dhawan [20]. Moreover, f-lacunary statistical convergence and strong f-
lacunary summability of order a were defined by Sengiil and Et [21]. In 2019, the

Aﬁ(f)-statistical convergence of order a was introduced by Et and Gidemen [6]. We
recommend [22-26] for more recent findings on ideal convergence via modulus function
and related findings.

2. Material and Method

A sequence w = (wy,;) is defined to be Af; (f)-statistical convergent of order a (sco a)
to w, forall p > 0,

1 .
dim s (e < m,1 < n: Ay = w| 2 p}f) = 0.

This class of sequences, characterized by (4, f)- sco a is demonstrated by S(47, f).

Let 6,, = {(ky, 1,)} be a lacunary sequence and a € (0,1]. A sequence w = (wy,) is

considered to be (Aé f)-lacunary statistical convergent of order a (Isco a) to w,
provided that for all p > 0,

1

lim
wvo £ (R,)

f(l{(k' D)€ Lyy: |A£Wkl - W0| = p}|) = 0.

In this scenario, we denote this convergence as Sg. (Aﬁ, f ) — limwy; = wy.
Sg‘uv(Aﬁ, f) demonstrates the set of every sequences exhibiting (42, f)- Isco a.

A sequence w = (wy;) is considered to be strongly (Af;,f) lacunary summable
sequence of order « (Isso ) if there exists w, such that

1 .
lim f(lAéWkl - Wol) =0.

upien f (RS

Y2 (D€l

In this context, the set encompassing every strongly (Aé',f)-lsso a is indicated by
wg,, (4% f).

Furthermore, we define the space comprising all sequences that are strongly Aﬁ(f)-
Cesaro summable of order « as:
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n—-oo

mn
. 1 .
w“(Aé,f) ={w € w: lim W Z f(|Aéwkl - WOD = 0, for some wy .
kl=1

In this paper, the objective is to generalize and consolidate well-established findings
within the domain of lacunary statistical convergence and the f-statistical convergence

of double sequences. In this study, the (Aﬁ f )-Iacunary statistical convergence of order
a has been defined, and the space S (47, f) has been introduced with the assistance of

the lacunary sequence 6,,, = {(k,, )}, the generalized difference operator Ag, and the
unbounded modulus function (ubmf) f. The space wgw(ag, f), encompassing every

strongly (Aﬁ, f )-lacunary summable double sequences of order a, has also been defined.

For the sake of this study, we assume that j is a constant positive integer, 6,, =
{(k,,1,)} is a double lacunary sequence, and a,f € Rsuchthat 0 < a < B < 1,
(s) represents a fixed sequence of non-zero complex numbers, and the modulus
function £ is unbounded.

3. Results
Now we can start this section by giving our first result.

Theorem 3.1. Consider w = (wy;) and t = (t;;) as two arbitrary sequences. Then,
followings hold:

1. 1£5¢, (AL f) — limwy, = wo and q € C, then S, (AL f) — limqw,, = qwy.

2. If sgw(Ag', f) = limw,, = wp and S§_ (AL, f) —limt, = to, then Se (AL f) -
lim(Wkl + tkl) = WO + to.

Proof. Omitted.

Theorem 3.2. Subsequent inclusions are valid forany o, fwith0 < a < < 1:

1. 55,8 f) =55, (L)

2. wf, (0Lf) cwh (ALf).
Proof. The demonstration for both parts is derived by observing that, due to the rising
characteristic of the modulus function f. f(h%,) < f(hﬁv) for each u,v N if 0 <
a<p <1

Theorem 3.3. Consider the lacunary sequence 8,,, = {(k,, [,,)} such that lim infg,, > 1
and lim infg,, > 1. Let f be an ubmf, and there exists a positive constant c¢ such that for
each >0,z >0, f(yz) = c¢f(y)f (2). Then, followings hold:

1. s(aLf)<sh (ALf),

2. w*(ALf) cwh (ALS).

Proof. Presume that liminfg, > 1 and liminfq, > 1. So, there are k > 0 and { > 0
such thatq,, > 1 + x and q,, > 1 + ¢ for all u, v, which gives that
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huv > K(
kyw ~ A+ 1)1 +Q)

where k,,,, = k,L,. Then, we obtain

pe, > — T e s e > f
uv =— (1 + K')a(]. + ()a u*v uv —_

k)«
1+rx)*(1+ e

(kulv)a>;

as f is increasing.
This means

(r¢)®
1+ + =

f(hiy) = Cf< )f((kulv)“),

due to assumption f(yz) = cf (y)f(2).

Due to the increasing nature of the modulus function f and the fact that o < g, it
follows thatf(hﬁv) > f(hg,). This implies

B ()* .
f(huv) > cf <(1 T T Oa)f((kul,,) ). (1)

1. Letwe S“(Aﬁ,f). By leveraging the monotonically increasing nature of the
modulus function f and inequality (1), we can derive the following conclusion:
1

mf(l{k <k,l<l,: |A£Wkl - W0| > p}l)

1 .
> Wfﬂ{(k: D) € Lyy: |Mwiy — wo| = p}|)

(k) 1 _
>cf ((1 + K)Ka(l + Z)a> f(hgv)f(l{(k, D€ IL,: |Aéwkl - W0| > p}l)

We find w € S§ (AL f) when we take the limit as u,v — oo, which results in the
inclusion.

2. Letw € w%(Al f). Then, according to the inequality (1), we get

1 .
P, £, T ol

ksky, <l

(kd)” 1 -
e L IR

(k,D€ELy

The required inclusion can be obtained by taking the limit as u, v — co on both sides.

Theorem 3.4. Consider the lacunary sequence 6,,, = {(k,, [,,)} such that limsup, g% <
oo, limsup,, q5 < oo, and an ubmf f such that for ¢ > 0, f(r) < cr for all r = 0. Then,
followings hold:

L. 8§, (85 f) € sP(aLf),
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Proof. (i) Suppose that limsup, g5 < oo, limsup, qg < . So, there exists T > 0 so
that gF < T and qf <T for vu,v € N. Let w € S§ (AL, f). For any p > 0, there are
Uy, Uy € N so that

1
f(hiiv)

forall u > uy, v > v,

f(l{(k' l) € Iuv: |A£Wkl - Wol = ,O}l) <p

< pforallu > uyv > v,,

Ny
f(h v)
where
wo = F([{(k, D) € Lyy: |A£Wkl —wo| = p}|)
Let
M:=max{N,,:1 <u<uyjand1 < v <vy}.

Let n and m be such that k,_; <m < k,, and [,_; < n < [,,. Therefore, we deduce the
following:

{k <k,and!

k<mandl < [Mwe - wo| = p)]) €
B T = _f((ku -

1
7’ (I

Lot [dswa = wol 2 p} = m{z Nej

=11

Muyv, 1 <«
= F (el T F Gty 1)){, ). N”’}

i,j=uop+1,v9+1

Mugyv, 1 f: Ny, f (hi;
N f((ku 1lv 1)“) f((ku 1lv 1)“) f(hl,a]

i,j=ug+1,v9+1

Mu,v, 1 N ) N a
= Fealy)® * F Uil )(.,-Z‘:ELO f(h C{ 2. h"’}

i,j=ug+1,v9+1

u,v
Muov() { z ha } w + p.C.TZ.

= Faaly ) P F gz ly—1)®)

i,j=ug+1,v9+1
The inclusion follows by taking the limit in the above inequality.
(ii) Since the evidence is identical to part (i), it is omitted.

Theorem 3.5. Let 6,, = {(k,,[,)} be a double lacunary sequence such that

B
hy,
limy, 00 % >0and a,f € Rsuchthat 0 < a < 8 < 1. Then, followings hold:

i se(alf) g, (8L 1),

ii. a)“(A )_weuv(A )

Proof. (i) Let w € S*(A, f). Then
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1

limm‘nquf(Hk < m,l <n: |A£Wkl - W0| = p}l) = 0,
which implies

1
f((ey 1)

Take p > 0. Then, for all u, v,

limy, o0 )f(|{k < ky L < Ly [Awyy —wo| = p}]) = 0.

{(k, D) €lL: |A£Wkl — W0| > p} c {k <k, andl <l;: |A£Wkl - W0| > p}.

Through the increasing property of the modulus function, it is obtained that

F([{Ue, D) € Lyt |A2wiy — wo| = p}|) < F([{k < key and 1 < Lz |Alwiy — wo| = p}])
£(ns,)
f((k L £(n8)

S )a)f(|{k<k and | < L,: |Alwy, — wo| = p})).

f(l{(k 1) € Ly: |A Wi — Wol > P}l)

By taking the limit as u, v — oo on both sides and utilizing the given assumption, the
inclusion is established.

(i) The inclusion is followed in the same manner as in part (i) by being aware that

F(|Mwiy — wo|) < z £ (|awiq = wol),

(k,DELyy k<k,, and I<l,
holds for any u, v € N.
Theorem 3.6. For real numbers a and § with 0 < a < < 1, the inclusion
sg. (L f) sh (al)
holds.

Proof. Letw € Sg._(AL f). Forall v € N, there isan, € N such that whenever n > n,,
we have

1

hi,
= F([{kD € Ly |A{9Wkl wo| = p}|) <= f(r )

Utilizing the subadditive property of the modulus function f, we obtain

92



DOI: 10.29233/sdufeffd.1469619 2024, 19(2): 86-97

: 1 h&
FU{0D € s |Mwg = wi| 2 p}]) < —rf (22)
= [{(k, 1) € Ly: |Alwyy — wo| = o}
a

uv . . . .
< —, as f is an increasing function
r

1 , 1
— [{(k, D) € Iy |Abwyy — wo| = p}| < ~

uv

Taking the limit as u, v — oo, we getw € S5 (A?).

Lemma 3.1. [18] For any modulus function f, lim,_, %q) 1nf{f(q) q> 0}

Theorem 3.7. Let's suppose there exists a modulus function f so that limg_,,, —— f(q) > 0.

Then,

wgw (A{;, f) c a)guv (Aé)

Proof. Let w € wg (AL f) and lim,_ % = ¢. Then, according to Lemma 3.1 ¢ =

1nf{f(q) q> 0} This implies g < o~ 1f(q) for Vg = 0. Now,

1 ; 1 ;
8w = wo| < ——< > oA (|alwig = wo)
f(hgv) (k,DEL,y f(hlﬁw) (k,DEL,y
o1 j
< A - .
Fagy 2, S wol)

Taking the limit as u, v — oo, results in the inclusion.

Theorem 3.8. Given an unbounded modulus function, denoted as f, and assuming it
satisfies the inequality f(yz) = cf(y)f(z) for some positive fixed c. Then,

o, (8% f) € s, (AL F).

euv

Proof. Assume w € a)g‘uv(Ai, f) and p > 0. Using the modulus function’s increasing
and subadditive properties, we arrive at

1 . 1 )
F(he Z f(lAngl - Wo|) = Wf z |A{9Wkl - W0|

Y2 (kDEly, u (kD Elyy

> f_(;ﬁ )f Z |A£Wkl — wol

uv (k,DELp&|Alwi-wo|2p

f(huv)
£(nE,)

>

f(l{(k D) € Lyy: |A]Wkl Wol 2 P}lp)

=

FU{G D € Lyt |AJwiy — wo| = 0}])f (o),
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utilizing f(yz) = cf (y) f (2).
Taking the limit as u, v — oo, we getw € S5 (AL, £).

Theorem 3.9. Assume that the modulus function f and the lacunary sequence 6,, =

{(ku; lv)} SatiSfy limq—>oo f(q) >0 and hmu o0 f(hyw)

) = 1. Then, the inclusion

Sguv(Aél' f) n foo(Aé) < wguv(Aé’f) n €°° (Aé)’
holds.

Proof. Suppose limq_,oo%—a According to Lemma 3.1 o—mf{f(q) q> 0}

which implies g <o~ 1f(q) for all g >0. Now, let w ESQW(AS,f) N 2. (A1),
meaning there exists U > 0 such that [AZw,, — wo| < U for all k,1 € N. For all & > 0,
consider £, and Z, as the sums over (k,1) € I, |Alwy —wo| =p and (k, 1) € I,
|AJwy — we| < p, respectively. Now,

1
f (hﬁ ) (k,DENy

<+ )(Z F(8dwa = wal) + ) f(1afwia - wOI)>

1 1
< 7 2.7 gy LS

£ (|AIwiq = wo)

< (06 D) € Lyt [N — wo = p}|FCU) + f(p)

—f(ha ) uv sWkl o] = f(h v) ( )
o 0 f (huy

< wepry [ ({06 D € Lot [Bgwia = wo| 2 p})F (V) + —Z==f (o)

f(hyw)
f(hi)

By taking the limit as u,v — oo and utilizing lim, ;e =1, the inclusion is

established.

The lacunary sequence 6, = {k,, l,} is known as lacunary refinement of lacunary
sequence 0,, = {ky, 1} if {k, 1} < {k,,1,}. In this case I,, €I, where I, =
{(k' )ik <k'<ky L., <l <1}

Theorem 3.10. Let 6,,, = {k,,, [;,} be lacunary refinement of 6, = {k,,[,} and 0 <
a < B < 1. Additionally, suppose lacunary sequences 6,,, = {(ky, 1)}, 0., = {k;, 1},}

()

and a modulus function f satisfy 11m1nf )
uv.

> 0. Then, followings hold:

1. Sg (ALf) c5sh (ALf).
2. “)e{w(A f)c“)eu,,(A f)-

Proof. (i) Consider w € SB&V(AS,f). Asl,, 1., forall u,v € N, so for any p > 0, we
can conclude that
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{(k, D) € Ly, |A£Wkl —wo| = p} € {(k, D) € I,,: |A£Wkl —wo| = p},

= F([{Ue D) € Lyt [Awi —wo| = p}]) < F([{(k, D) € Lt |Alwiy — wo| = p}),

as f is increasing

B
= ];((}llg:) f(fiﬁ,,) F({CKk D) € Iy, [Adwiq = wo| = p}|)
= 773 (006D € s g = | = )
forall u,v € N.
By letting u, v — oo and utilizing lim inf];((}ll—é‘i’:)> > 0, the desired inclusion follows.

(ii) Take w € wg‘{w(Ai,f). Inclusion ensues through taking the limit and employing the
provided assumption in the subsequent inequality

B
1 Z ; f(huv) 1 ;
£ (|8 = wo) = D F(1adwi = o))
f (kDEL,, ) f () f (hgv) (kD€L ’
4. Conclusion

In conclusion, this paper has introduced and explored the spaces Sgw(A_ﬁ,f) and
wgw(agj,f), which respectively encompass sequences that exhibit (42, f)-lacunary

statistical convergence of order a and strong (Aﬁ, f)-lacunary summability of order a.
The definitions of these spaces involved the use of an unbounded modulus function f, a

lacunary sequence 6,,,, = {(k,,1,)}, a generalized difference operator Ajs, and a real
number @ € (0,1]. The properties of these spaces were thoroughly examined,
including the establishment of inclusion relations under specific conditions.

The significance of this work lies in the extension and unification of concepts in the
realm of statistical convergence. By introducing and studying these spaces, we provide
a comprehensive framework for understanding the behavior of sequences that exhibit
certain convergence properties. The spaces Sg. (47, f) and wg (44, f) offer valuable
insights into the convergence patterns of sequences, facilitating a deeper understanding
of their statistical and summability characteristics. This research contributes to the
broader field of mathematical analysis, providing new tools and perspectives for
studying the convergence behavior of sequences in various contexts.

Authorship contribution statement

O. Kisi: Conceptualization, Methodology; R. Akbiyik: Data Curation, Original Draft
Writing; M. Giirdal: Visualization, Supervision/Observation/Advice.

Declaration of competing interest

95



DOI: 10.29233/sdufeffd.1469619 2024, 19(2): 86-97

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Ethics Committee Approval and/or Informed Consent Information

As the authors of this study, we declare that we do not have any ethics committee
approval and/or informed consent statement.

References

[1]1 H. Fast, “Sur la convergence statistique”, Colloquium Mathematicum, 2, 241-244, 1951.

[2] A.R.Freedman, J. J. Sember and M. Raphael, “Some Cesaro type summability spaces”, Proceedings
of the London Mathematical Society, 37, 508-520, 1978.

[3] R. Colak, “Statistical convergence of order a”, Modern Methods in Analysis and Its Applications, 1,
2010, pp. 121-129.

[4]1 J. A. Fridy and C. Orhan, “Lacunary statistical convergent”, Pacific Journal of Mathematics, 160,
43-51, 1993.

[51 H. Sengiil and M. Et, “On lacunary statistical convergence of order a”, Acta Mathematica Scientia,
34(2), 473-482, 2014.

[6] A. Pringsheim, “Zur theorie der zweifach unendlichen Zahlenfolgen”, Mathematische Annalen, 53,
289-321, 1900.

[71 M. Mursaleen and O. H. H. Edely, “Statistical convergence of double sequences”, Journal of
Mathematical Analysis and Applications, 288, 223-231, 2003.

[8] R.F. Patterson and E. Savas, “Lacunary statistical convergence of double sequences”, Mathematical
Communications, 10, 55-61, 2005.

[91 R. Colak and Y. Altin, “Statistical convergence of double sequences of order a”, Journal of Function
Spaces, 2013, 1-5, 2013.

[10] H. Kizmaz, “On certain sequence spaces”, Canadian Mathematical Bulletin, 24(2), 169-176, 1981.

[11] M. Et and R. Colak, “On some generalized difference sequence spaces”, Soochow Journal of
Mathematics, 21(4), 377-386, 1995.

[12] M. Et and A. Esi, “On Ko&the-Toeplitz duals of generalized difference sequence spaces”, Bulletin of
the Malaysian Mathematical Sciences Society, 23(1), 25-32, 2000.

[13] B. C. Tripathy and M. Et, “On generalized difference lacunary statistical convergence”, Studia
Universitatis Babes-Bolyai Mathematica, 50(1), 119-130, 2005.

[14] B. C. Tripathy and S. Mahanta, “On a class of generalized lacunary difference sequence spaces
defined by Orlicz functions”, Acta Mathematica Sinica, English Series, 20(2), 231-238, 2004.

[15] B. C. Tripathy and H. Dutta, “On some lacunary difference sequence spaces defined by a sequence of
Orlicz functions and g-lacunary A7 -statistical convergence”, Analele Stiintifice ale Universitatii
Ovidius Constanta, Seria Mathematica, 20(1), 417-430, 2012.

[16] A. K. Verma and L. K. Singh, “(AY, f)-lacunary statistical convergence of order a”, Proyecciones,
41(4), 791-804, 2022.

[17] M. Et and H. Gidemen, “On A} (f)-statistical convergence of order o”, Communications in Statistics-
Theory and Methods, 49(14), 3521-3529, 2020.

[18] I. J. Maddox, “Sequence spaces defined by a modulus”, Mathematical Proceedings of the Cambridge
Philodophical Society, 100, 161-166, 1986.

[19] A. Aizpuru, M. C. Listdn-Garcia, and F. Rambla-Barreno, “Density by moduli and statistical
convergence”, Quaestiones Mathematicae, 37(4), 525-530, 2014.

[20] S. Gupta and V. K. Bhardwaj, “On deferred f-statistical convergence”, Kyungpook Mathematical
Journal, 58(1), 91-103, 2018.

[21] S. Sengiil and M. Et, “f-lacunary statistical convergence and strong f-lacunary summability of order
a”, Filomat, 32(13), 4513-4521, 2018.

[22] E. Diindar and N. Akin, “f-asymptotically I37-equivalence of double sequences of sets”, Afyon
Kocatepe University Journal of Science and Engineering, 19(1), 79-86, 2019.

[23] E. Diindar and N. Akin, “f-asymptotically Is-equivalence of real sequences”, Konuralp Journal of
Mathematics, 8(1), 207-210, 2020.

96



DOI: 10.29233/sdufeffd.1469619 2024, 19(2): 86-97

[24] E. Diindar and N. Akin, “f-asymptotically I$%-equivalence for double set sequences”, Karaelmas

Science and Engineering Journal, 10(1), 26-31, 2020.
[25] E. Diindar and N. Akin, “f-asymptotically I,-equivalence of real sequences”, Journal of

Mathematical Sciences and Modelling, 3(1), 32-37, 2020.
[26] E. Diindar, N. Akin and U. Ulusu, “Asymptotical invariant and asymptotical lacunary invariant

equivalence types for double sequences via ideals using modulus functions”, Honam Mathematical
Journal, 43(1), 100-114, 2021.

97



Siileyman Demirel Universitesi Fen Edebiyat Fakiiltesi Fen Dergisi https://dergipark.org.tr/sdufeffd

Siileyman Demirel University Faculty of Arts and Sciences Journal of Science e-ISSN: 1306-7575
Research Article, 2024, 19(2): 98-107, DOI: 10.29233/sdufeffd.1473548

Genotoxicity and Oxidative Stress of Water Concentrates from Recreation Pools
After Various Disinfection Methods

Zafer Bektas', Melda Sahin®", Vehbi Atahan Togay®, Ugur Sahin'#, Mustafa Calapoglu®

! Department of Chemistry, Faculty of Art and Science, University of Siileyman Demirel, 32200,
Isparta, TURKIYE
https://orcid.org/0000-0002-4808-0068
https://orcid.org/0000-0002-9567-7270
2 Department of Bioengineering, Institute of Science, University of Siileyman Demirel, 32200, Isparta,
TURKIYE
https://orcid.org/0000-0001-9207-6931
*corresponding author: meldasahin0510@gmail.com
3 Department of Medical Biology, Faculty of Medicine, University of Siilleyman Demirel, 32200,
Isparta, TURKIYE
https://orcid.org/0000-0003-4722-3845
4 Genetic Research Unit, Innovative Technologies Application and Research Center, University of
Siileyman Demirel, 32200, Isparta, TURKIYE
https://orcid.org/0000-0002-5629-3485

(Received: 25.04.2024, Accepted: 11.06.2024, Published: 25.11.2024)

Abstract: In this study, it was aimed to evaluate the pool water quality, bacterial contamination,
genotoxicity and oxidative damage parameters according to different disinfection methods in
regression swimming pools in tourist facilities in Antalya, Tiirkiye in March 2019. For this
purpose disinfected pool water samples and erythrocyte solutions and lymphocytes were
incubated at two hours. At the end of the incubation, erythrocyte lipid peroxidation by
thiobarbituric acid reactive substances method and peripheral blood lymphocytes DNA damage
by the single cell gel electrophoresis assay were determined. It showed that all recreational
pool water samples disinfected with different disinfectants caused more DNA damage and
oxidative stress than mains water. Genotoxicity and oxidative stress data showed that the silver-
copper ionization method was the best disinfection method compared to other disinfection
methods. Our findings support the potential genotoxic and oxidative stress effects of exposure
to disinfectant residues due to different disinfectant uses in regression swimming pools. The
positive effects of swimming on human health, continuous monitoring of the quality of pool
water and the preference of silver-copper ionization for disinfection can reduce potential health
risks.

Key words: Swimming pools, Cytotoxicity, Genotoxicity, Oxidative stress

1. Introduction

While swimming pools have long been a tool for exercise and relaxation around the
world, it remains one of the most popular and attractive activities due to its positive effects
on health [1,2]. Unhygienic pools harbor potentially accumulated harmful
microorganisms and organic matter. Pathogenic microorganisms and environmental
pollutants directly or indirectly enter pools and cause water-borne infections.
Microorganisms that cause infections in pool water can be transmitted to swimming pool
users through saliva, blood, urine, vomit and feces [3,4]. Disinfectants (such as chlorine,
chloramines, ozone and UV) used in swimming pools to neutralize microorganisms and
reduce the health hazard of pool users, also provide the formation of residual disinfectant
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that harm the health of people using these pools [5]. It has been determined that the
residual disinfectant formed after disinfection is cytotoxic, neurotoxic and genotoxic. In
addition, residual disinfectant has been found to be mutagenic, carcinogenic and/or
teratogenic [6]. Since chlorine, which is widely used in the disinfection of swimming pool
water, creates many organohalogenated DBPs, research on alternative methods for
disinfection (such as ozone, hydrogen peroxide, copper-silver ionization and UV) of
swimming pool water is increasing [7, 8].

Reactive chemicals used in pool water disinfection cause cellular damage by directly or
indirectly oxidizing DNA, protein/peptide and lipids. The resulting oxidation products,
together with the reactive species produced by disinfection, bind inflammatory cells,
causing oxidative stress [9, 10]. The disinfectant residue formed because of disinfection
used in pool water can cause a general oxidative stress in cells and tissues [11]. Exposure
to residual disinfectant has been found to induce several molecular signaling pathways in
the cellular response to oxidative, genotoxic, and proteotoxic stresses. Exposure to
residual disinfectants created by disinfection methods (such as ozone, hydrogen peroxide,
copper-silver ionization and UV) used in pool water has been found to induce various
molecular signaling pathways in the cellular response to oxidative, genotoxic and
proteotoxic stresses [10-13]. The formation of residual disinfectants can cause cancer,
degenerative conditions, and immune system dysfunction in somatic cells, while DNA
damage in germ cells is linked to reproductive dysfunction, hereditary damage, and
developmental defects Therefore, many studies have focused on the genotoxic effects of
residual disinfectants after disinfection of pool water [14-17].

While previous researchers have focused on the concentrations of certain disinfectant
residues in recreational waters and tried to correlate them with adverse health outcomes
in humans, these efforts may fall short due to the wide variety of toxic components in
these waters due to different disinfection methods. The main purpose of this study is to
compare the genotoxicity and oxidative stress parameters of recreational waters obtained
from a single source treated with different disinfectants (chlorine, ozone, hydrogen
peroxide and copper-silver ionization), rather than trying to relate specific residual
disinfectants or DBPs with genotoxicity and oxidative stress. In our study, we applied
water samples collected from four regression pools with different disinfection methods to
erythrocyte and lymphocyte cultures and compared genotoxicity and oxidative stress
parameters with main water serving as a common source. Our results can help identify
different disinfection treatments in a recreational water system and their impact on human
health.

2. Material and Method

2.1. Chemical and reagents

Sodium chloride (NaCl), potassium chloride (KCI), disodium hydrogen phosphate
(Na2HPOQy), trichloroacetic acid (TCA), potassium dihydrogen phosphate (KH2POys),
triton-X-100 (CsH17CsH(OC2Ha4)s.100H), thiobarbituric acid (TBA), sodium hydroxide
(NaOH), hydrogen chloride (HCI) purchased from the company Merck. Sodium
bicarbonate (NaHCOg), citric acid (CsHsO7), tris base (NH2.C(CH20H)s), acetic acid
(C2H402), ethanol (CzHeO), tris aminomethane (NH2C(CH20H)3z), sodium mono
hydrogen phosphate (Na2HPO4. 7H20) were supplied by SIGMA company.

2.2. Sampling and analysis

Swimming pool samples were collected from five different regression pools using the
same mains water located in the city of Antalya (Tiirkiye), with an estimated length of 25
m, awidth of 12.5 m, and a depth of 1.5-2.5 m. Water samples were taken in March 2019.
Sampling in ponds was done 15 to 30 cm below the water surface. Each of the locations
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was systematically sampled on alternating days at times when it was open to the public
(between 12 and 14 hours). Samples were collected in sterilized vials and immediately
transported to the laboratory. All samples were kept at +4°C until the time of study. Water

sample characteristics are provided in Table 1.
Table 1. Characteristics of pool samples

Pool Code Type Location Temperature (°C) Disinfection Procedure
1 cold pool indoor 25-27°C Chlorination
2 cold pool indoor 25-27°C Ozonation
3 cold pool indoor 25-27°C Hydrogen peroxidation
4 cold pool indoor 25-27°C Silver-copper ionization
5 cold pool indoor 25-27°C Mains water

2.3. Determination of physical-chemical parameters

The main purpose of physical and chemical research was to determine the chemical
composition of water, with special consideration of substances hazardous to human
health. All physical and chemical laboratory tests were done on the day of sample
collection, according to the Water Environmental Federation, and American Public
Health Association (APHA) [18] and the findings were compared with local guidelines.
Swimming pool water temperature (°C) and pH values were measured using a Testo 106
brand temperature meter and WTW pH 330i brand pH-meter, respectively. Other
chemical parameters were analyzed according to APHA, and the findings were compared
with local guidelines [18].

2.4. Determination of microbial factors

The main goal of the microbiological research was to assessment the time-dependent
variation of Escherichia coli (E. Coli) growth, which plays a dominant role in the control
process of swimming pool water quality, regardless of the degree of contamination of the
pool water with DBP using different disinfectants. Microbiological analysis according to
time in regression pools with four different disinfections was performed according to the
TS-EN-I1SO-9308-1 method.

2.5. Determination of erythrocyte MDA levels

The levels of TBARS in erythrocytes were determined as described previously by Stocks
and Dormandy with some modifications [19]. Blood was collected in vials containing
heparin (10 U/mL), from healthy cows slaughtered at the slaughterhouse. Erythrocytes
resuspended at 3 mg/dL hemoglobin in PBS containing 2 mM sodium azide as catalase
inhibitor. This suspension was incubated at 37°C for 60 min in a shaking water bath to
allow inactivation of erythrocyte catalase by the sodium azide. Freshly disinfected pool
waters, main waters (control), positive control (50 uM t-BHP) and negative control (50
UM resveratrol) were equilibrated with PBS puffer (50 mM, pH=7.4). The 3 mL of each
sample were taken and incubated with 1 mL previously prepared red cells suspension at
37°C for 120 min in a shaking water bath. The positive control contains 1.5 mM t-
butylhyroperoxide (t-BHP) volume of in the place of the samples. After the incubation,
900 pL of the erythrocytes exposed to different compounds were mixed with 600 pL of
28% TCA and centrifuged over 10 min at 4500 rpm at room temperature. Thereafter, an
aliquot of 800 puL of supernatant was added to 400 puL of thiobarbituric acid (0.069 M).
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The resulting samples were heated at 100 °C for 60 min. After cooling, the intensity of
pink color of the end fraction product was determined at 532 and 600 nm. MDA
concentrations were calculated as follows:

MDA = (Ag3, — Agoo) X 900 = nmolMDA/g Hb.
2.6. The comet assay analysis

Cell viability was assessed by trypan blue staining, and samples with >90% viability were
used. Lymphocytes were isolated by mixing bloods with Histopaque-1077 (Sigma,
Germany) at a ratio of 1:1 and centrifuged at 2000 rpm for 10 min. at 4 °C. Pool waters
and unconditioned water (negative control) samples buffered with 1 mL of PBS (50 mM
PBS, pH=7.4) was added to lymphocytes and lymphocyte suspensions were incubated at
37°C for 1 and 2 h. Each sample was subjected to triplicate analysis.

The comet assays analysis was carried out under alkaline conditions, basically as
described by Singh et al. with minor modifications [20]. Cell suspensions were
centrifuged at 2500 rpm for 10 min. after incubation, supernatant was removed and
centrifuged again at 2500 rpm for 10 min by adding 1:1 phosphate buffered saline (PBS).
The supernatant was removed again and diluted with PBS depending on the density of
the remaining cells. Approximately 50 pl of cell suspension (approximately 5x10* cells)
mixed with100 uL 0.75% low-melting agarose (LMA, Fisher Scientific), spread on slides
that had previously been coated with 1.0% normal-melting agarose (NMA, Serva
Electrophoresis GmbH), and covered with a coverslip. 5 min later the coverslip was
removed without damaging the agarose gel and the slides were held in lysis solution
(freshly added 2.5 M NaCl, 100 mM Na2-EDTA, 10 mM Tris, pH 10, 10% DMSO, and
1% Triton X-100) in the dark at 4°C for 120 min. Then, they were incubated in freshly
prepared cold electrophoresis solution (300 mM NaOH, 1 mM EDTA, pH 13) for 20 min
in the dark at 4 °C. Then, the slides were placed in an electrophoresis tank containing
electrophoresis solution, and electrophoresis was applied at 25 V (1.02 VV/cm) for 30 min.
Cells were then washed three times with neutralization buffer. Samples were stained with
ethidium bromide and photographed with Zeiss Axiocam Icc 1 camera under Zeiss
Imager Al fluorescence microscope. An average of 100 cells per slide were evaluated
automatically using Open Comet software [21]. Tail moment, tail length and tail density
parameters were used to evaluate DNA damage.

2.7. Statistical analysis

Statistical analyses were evaluated using the SPSS version 11.5 (SPSS Inc., Chicago,
Illinois, USA) statistical program. Differences between groups were assessed using
analysis of variance (ANOVA) followed by Tukey multiple comparisons. Data are
presented as mean + standard deviation (SD) of the mean. A p values <0.05 was regarded
as significant.

3. Results
3.1. Physical-chemical quality assessments

Our research results determined that all physical-chemical parameters of the examined
swimming pools compliance with the Tiirkiye Swimming Pool Water Standards (Decree
No. 28143/2011).

The physico-chemical results and national standard values of the water disinfected with
different disinfectants in the regression pools examined are shown in Table 2. The
recorded temperature for the five swimming pools studied in this study was kept constant
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between 36 and 37°C. The pH value in the pool was found to be within the recommended
range in the Tirkiye National Standard (6.5-7.8) and the World Health Organization
(WHO) directive (7.2-7.8). The mean alkalinity value was within the national standard
range (30-80 mg/L) in all samples. All the samples showed the hardness values
recommended in the national standards. It was determined that the other physical-
chemical values of the pools were within the Tiirkiye National Standards.
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Table 2. Physical-chemical analyzes of water samples taken from the examined swimming pools

Parameters
H Ammonium Nitrite (NO2) Nitrate (NOs) Aluminum HZ?;E?;:
Pool Code Temperature P Total Alkanity  Biguand Copper (Cu) (NHs) (mg/L) (mg/L) (mg/L) (Al) (mg/L) p(H 02
) (units) (mg/L) (mg/L) (mg/L) e
1 26-34 7.4 56 - <0.1 <0.023 <0.014 18.56 <0.05 -
2 25-32 7.4 60 2 <0.1 <0.023 <0.014 16.79 <0.05 -
3 26-30 7.4 65 - <0.1 <0.017 <0.017 22.6 <0.04 55
4 25-28 7.2 58 - <0.1 <0.023 <0.014 13.05 <0.05 -
5 25-27 >6.5<7.8 180 - - 0.50 0.50 50 200 -
National
26 -28 6.5-7.8 30-180 2-30 ND-1 ND-0.5 ND-0.5 ND-50 ND-0.2 40-80
standard?
TS 3263 SM 4500 NO, SM 4500 NOs SM 3500 Al
Method 1SO 10523 SM 2320 B Pool tester SM 3500 CuB SM 4500 NH;3 F B ) B DIN 38409-15

1:Chlorination, 2:0zonation, 3:Hydrogen peroxidation,4:Silver-copper ionization, 5:Mains water.
! Tiirkiye National Standard (NO: 28143), swimming pools—general requirement.

ND: Standard value not defined.
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3.2. Microbial assessments

Table 3 shows the results obtained regarding the time dependent growth of E. coli in the studied
pools and comparing them with the Tiirkiye national standards Microbiological evaluation of
pool water disinfected with different disinfectants according to time was made according to the
TS-EN-1S0-9308-1 method. E. coli growth studied throughout the study varies over time in
different disinfected pools. There was no growth in the four pool water samples that were
disinfected on the first day of disinfection. At the end of the fifth day, it was found that E. coli
growth in ozonated pool water was higher than other disinfectants.

Table 3. Time-dependent microbial quality of water samples collected from the examined swimming pools

Parameters E. coli (CFU/100 mL)
Pool Code Time (day)
1 2 3 4 5
1 0/3 65/1.5 68/1.2 78/1.0 100/0.2
2 0/0.6 110/0.5 140/0.4 190/0.3 300/0.1
3 0/80 40/70 37/50 45/40 70/30
4 0/0.6 80/0.4 76/0.3 110/0.2 150/0.1
ST:r:ido;r?dll <200 CFU/m

CFU: colony-forming units.
¥ Tiirkiye National Standard (NO: 28143).

1:Chlorination/ppm, 2:0zonation/ppm, 3:Hydrogen peroxidation/ppm,4:Silver-copper ionization/ppm, 5:Mains water.
3.3. Biochemical result

In our study, free radical-mediated oxidative damage that may occur because of in vitro
exposure of erythrocytes to residual disinfectant consisting of different disinfectants was
evaluated by MDA determination method. The findings show that disinfectants used in
disinfection of pool water oxidize erythrocyte membrane lipids and cause oxidative damage in
lipids. In addition, lipid damage varies according to the type of disinfectant used.

In particular, the MDA level of disinfection with ozonation was found to be statistically
significantly higher than the other groups except the positive control (t-BHP) (p < 0.05) (Table
4).

Table 4. Effects of different disinfection agents on lipid peroxidation level of erythrocytes

Group Erythrocyte MDA (nmol/g Hb)
Main water 8.07+0.23
Hydrogen peroxidation (g/mL) 9.8340.2720¢
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Ozonation (g/mL) 13.14+0.392¢
Chlorination (g/mL) 11.75+0.722bc
Silver-copper ionization (g/mL) 9.5140.322bc
t-BHP (g/mL) 14.36+0.342¢
Resveratrol (g/mL) 7.17+0.182b

Data represented as mean X + SD. Comparison between the groups analysis of variance (ANOVA) p value.

@ :Compared with the control group,

®:Compared with the hydrogen peroxidation group,
©:Compared with the ozonation group,

@:Compared with the chlorination group,

©:Compared with the silver-copper ionization group,

® :Compared with the t-BHB group is significantly different.

Statistical differences between groups were made with the Tukey post-hoc multiple comparison test. A value of p < 0.05 was considered
statistically significant.

3.4. Comet assay assessments

DNA damage in pool water samples was determined according to different disinfection
methods (Figure 1). Our analyzes showed that all disinfected pool water samples were more
genotoxic than mains water. Chlorination method revealed statistically significantly higher
DNA damage when compared to other disinfection methods (p < 0.001). The lowest DNA
damage was detected in the disinfection of silver-copper ionization.

p=0,002
p=0,018
T p < 0,0001 !
20,004 T 1 p < 0,0001
6,00 ! f p < L,L0U1
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Figure 1. Comparison of time dependent genotoxicity of recreational pool water samples and mains water.
First hour (A), Second hour (B). The columns in the graphs and the bars in the columns represent the mean +
standard error (X£SD)
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4. Conclusion and Comment

In summary, the key findings in the current studies showed that the physico-chemical
parameters of the regression pool water samples, in which we used different disinfection
methods, were within acceptable limits recommended by national standards. Given the
significant effects of regression pools on microbial safety and the health effects on users of
these pools, physical-chemical parameters in regression pools should be constantly monitored.
However, regression pool water samples containing E. coli or fecal coliform that did not meet
the World Health Organization (WHO) standard indicated that pool water quality needed to be
improved [22]. A comprehensive evaluation was made on the genotoxicity and oxidative stress
of different disinfection types in recreational pools using the same mains water using the MDA
parameter. Our data determined that all disinfected recreational pool water samples were more
genotoxic than mains water. It was observed that especially disinfection with chlorination
caused high genotoxicity. In our study, it was determined that the silver-copper ionization
method used was the best disinfection method in terms of genotoxicity compared to other
disinfection methods. It is thought that the application of different disinfection methods in the
regression pool creates cytotoxicity in the cells and this causes oxidative stress. For this reason,
the type of disinfection used in the pool water and the exposure time are very important. Our
analyzes revealed that we should prefer silver-copper ionized pools, which have less negative
effects on human health than the chemicals used in disinfection and the residual disinfectants
formed by these chemicals compared to other disinfection types. In particular, our results
highlighted the importance of using a combination of different bioassays to evaluate the
oxidative stress and genotoxicity of water samples in different disinfection methods (chlorine,
ozone, hydrogen peroxide and copper-silver ionization) commonly used in pool waters.
Although swimming has anti-inflammatory, antioxidant and anti-apoptotic effects, it was
concluded that the disinfectants used in regression pools and the residual disinfectants formed
by them adversely affect human health.
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Abstract: Methylammonium lead iodide (MAPbIs) perovskite thin films, which were pure and
ZnBr;-added at different rates (1, 3, and 5 wt%), were deposited on fluorine-doped tin
oxide/titanium dioxide (FTO/TiO,) substrates by the spin coating method. X-ray diffraction
(XRD) analysis showed that the peak at ~14° was the main peak for all thin films. A shift was
observed with the addition of ZnBr; at the main peak position. As the ZnBr, addition rate
increased, Pbl, peaks occurred at ~12.5°. It was seen in the scanning electron microscope
(SEM) surface image that the grain sizes were larger than the others on the MAPbI; perovskite
thin film with 5 wt% ZnBr; added. For MAPDI; perovskite thin films with 5 wt% ZnBr, added,
the absorbance value in the visible region (from 390 to 780 nm) was higher than the others. It
was observed that the band gap value (Eg) of MAPbI; perovskite thin films can be adjusted by
adding ZnBrs.

Key words: Advanced energy materials, Perovskite thin films, ZnBr, additive

1. Introduction

It is predicted that global energy consumption will reach 30 TW by 2050, and this
situation reminds humanity once again of the importance of sustainable energy sources
[1]. Solar energy is a sustainable and renewable energy source. Solar cells are devices
that convert solar energy into electricity. The chemical formula of perovskite materials is
ABXj3 (A and B are different—sized cations, and X is an anion), and these materials are
used in solar cells as an active absorber layer to absorb sunlight [1, 2]. Perovskite
materials have excellent optoelectronic properties, including high absorption coefficients
(10*-10° cm'Y), tunable band gaps (1.4-2.0 eV), long carrier diffusion lengths (=175 pm),
and low exciton binding energies (<50 meV) [3-6]. Perovskite solar cells, which have a
power conversion efficiency of 26.1%, are still an issue where scientists continue to work
on their production and development [7].

Perovskites can easily be produced as a thin film using low—temperature solution
processing methods. Methods such as dip coating, spray pyrolysis, ultrasonic spray
pyrolysis, and spin coating are widely used to obtain solution—based thin films [8-13].
Although each method has advantages, researchers may prefer the spin coating method
because it involves fewer complex processes and is less expensive compared to other
processes. The spin coating method is a process in which the surface to be coated is
covered with a thin liquid film by rotating rapidly. The liquid spreads over the substrate
and forms a relatively homogeneous thin film. The viscosity and density of the fluid,
rotation speed, and time have an effect on the quality, performance, and thickness of the
coating. Crystallization of the structure can be achieved by applying the annealing process
after the coating [14-16].
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It has been reported in the literature that the crystal structure and band structure of
perovskites are changed by replacing a component of ABX3 with another ion [2]. One
way to improve photovoltaic performance by reducing crystal defects and main ion
migration channels at grain boundaries could be perovskite doping [17-20]. Jing et al.
reported that by adding ZnBr2 to Cso.05(FA0.83MA0.17)0.95Pb1-xZNx(l0.83Bro.17)3 perovskite,
grain size increased and grain boundary defects decreased. They said that with a ZnBr>
additive, the perovskite film showed excellent crystallization, and the solar cell had a
champion power conversion efficiency of 15.64% [17]. Zhu et al. added Zn?* to MAPDI3
and stated that perovskite grains increased and grain boundary defects decreased [21].

In this study, it is expected to improve both the crystal structure and grain size of the
perovskite by adding ZnBr, as an additive to the MAPDI3 perovskite. For this purpose,
ZnBr2 (1, 3, and 5 wt%) was added to MAPDIs and deposited on fluorine-doped tin
oxide/titanium dioxide (FTO/TiO2) substrates using the spin coating method. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet-visible
(UV/Vis) spectrophotometer were used to examine the effect of ZnBr, addition on the
structural, morphological, and optical properties of MAPbI3 perovskite thin films. There
Is no known study in the literature on the examination of the structural, morphological,
and optical properties of MAPDI3 perovskites added with ZnBr..

2. Material and Method

FTO coated substrates are commercially available. FTO substrates with dimensions of
2.0 cm x 2.0 cm x 0.2 cm were ultrasonically cleaned with detergent, distilled water, and
ethanol before being coated with TiO>. The solution prepared for the TiO> layer contains
2.5 mL of titanium tetraisopropoxide (TTIP), 2 mL of acetyl acetone, and 11 mL of
ethanol. The solution was stirred for 30 minutes at room temperature in a glovebox on a
magnetic stirrer. TiO, surfaces were coated with hand spray. The spray process was
repeated 15 times at 30 second intervals from a height of ~15 cm. The substrate
temperature was 475 °C, and the substrates were annealed at 525 °C for 1 hour on a
magnetic heater after coating. Thus, the production of FTO/TiO2 substrates has been
completed. The perovskite layers were deposited on the FTO/TiO2 substrates because
they had higher adherence than the bare soda lime glass.

Methylammonium iodide (MAI, Luminescence Technology) and lead iodide (Pbl.,
Sigma-Aldrich) (1:1 M) were dissolved using dimethyl sulfoxide (DMSO) and n,n-
dimethylformamide (DMF) (1:4). ZnBr, was added to the solution in certain proportions
(1, 3, and 5 wt%). The perovskite solutions were stirred for 40 minutes at 50 °C in a
glovebox by using a magnetic stirrer. After the solutions were cooled to room
temperature, 80 pL of the solution were dropped on the substrate. The perovskite solution
was coated on the substrates by the spin coating method by rotating at 4000 rpm for 30
seconds. 100 mL of chlorobenzene (CB) anti-solvent was dropped at the 15" second of
the coating. It is known that the key to producing efficient solar cells is the crystallization
quality of the perovskite film. The crystallinity of perovskites in solar cells plays an
important role in efficient carrier photo-generation, charge separation at contact, and the
transfer of separated charges. During spin coating, anti-solvent can be dripped onto the
perovskite film to precipitate salts in solution. Thus, smooth and compact thin films can
be obtained [22]. It has been seen that CB is used as an anti-solvent in many studies in
the literature in the production of MAPbDIz perovskite films [12, 23-25]. Then, the
substrates were annealed at 120 °C in a nitrogen environment for 20 minutes. The
schematic representation for spin coating is given in Figure 1.

109



DOI: 10.29233/sdufeffd.1421322 2024, 19(2): 108-116

XRD measurements of the thin films were taken in the range of 10° <26 < 60° using the
Cu Ko radiation (A=1.5418 A) of a Bruker D8 Advance Twin—Twin diffractometer (40
kV, 40 mA). The surface morphologies of the films were observed by SEM (FEI Quanta
FEG 250). The thickness of all thin films was determined by using cross-section SEM
images. The optical absorption studies of thin films were carried out with a UV-Vis-NIR
Spectrophotometer (JASCO V-770 UV-Vis-NIR) operated at room temperature.
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Figure 1. Schematic illustration for spin coating

3. Results

The XRD patterns of MAPbI3 perovskite thin films in the ranges of 10° < 26 < 60° and
12° <260 < 15° are given in Figures 2(a) and (b), respectively. According to prior research,
the principle MAPbDI3 peaks at 26 of ~14° (110), ~28° (220), and ~32° (310) (black line
in Figure 2(a)) confirmed the production of the MAPbIs perovskite film [26, 27].
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Figure 2. XRD patterns of pure, and 1, 3, and 5 wt% ZnBr, additive MAPbI; perovskite thin films
(a) 10° <26 <60° (b) 12°<20 < 15°
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It was observed that the peak intensities of pure MAPDI3 perovskites changed with the
addition of ZnBr> to the perovskite structure. The peak intensity of ~14° (110) in 20 is
higher than the others and is considered the main peak. The average crystallite size (D)
of perovskite thin films can be calculated using the Scherrer equation, given below [28]:

0.941
- pcosé (1)

In this equation, @ is the diffraction angle of the maximum intensity peak, £ is the half
peak width (in radians) of the maximum intensity peak, and A is the X-ray wavelength.
The crystal sizes of perovskite thin films were calculated using EVA software on Bruker's
D8 Advance Twin-Twin device from the FWHM (full width at half maximum) values of
the main peak (given in Table 1). It was observed that the crystal sizes of perovskite thin
films added with 3 wt% and 5 wt% ZnBr, were almost the same and had higher values
than the others. The (110) peak of these perovskites has a higher density and a smaller
peak width than the others (given in Figure 2(b)). It has also been reported in the literature
that this will cause a high degree of crystallinity [26]. With the addition of ZnBr; to
MAPDI3 perovskite thin films, peak formation is observed at approximately 12.5° (given
in Figures 2(a) and (b)). This peak belongs to Pblz [27]. The number of positive metal
cations increases with ZnBr». doping. This situation causes deviations in stoichiometry.
While Zn ions enter the perovskite structure, Pb ions remain outside. These Pb ions appear
as Pbl, peaks in the XRD pattern. Similar situations were observed when MAPbIs was
doped with Li, Sn, and Mg [29-31].

Table 1. Crystal size of pure, and 1, 3, and 5 wt% ZnBr, additive MAPDI; perovskite thin films

Perovskites | Crystallite size (A)
MAPDI; 315

1 wt% ZnBr, 300

3 wWt% ZnBr, 328

5 wt% ZnBr, 326

The addition of ZnBr» did not modify the original crystal phase of the MAPDI3 perovskite,
according to XRD measurements (given in Figures 2(a) and (b)). The XRD peak intensity
of the perovskite film additive with 5 wt% ZnBr; is the highest. This may be due to the
fact that the amount of material deposited on the surface is higher than the others. As
shown in Figure 2(b), the XRD peak of ZnBr, additive perovskite (especially for 3 wt%
and 5 wt%) shifted to the right when compared to perovskite without ZnBr; additive. The
ionic radius of Zn*2 (~74 pm) is smaller than Pb*? (~119 pm). The Pb substitution of Zn
ions can reduce the interplanar spacing of the perovskite crystals. In this case, the Bragg
angle shifts with the ZnBr, doping [17, 21]. Similar results have been reported in the
literature [17, 21, 32].

Figures 3(a)—(d) show surface-SEM images of pure, 1, 3, and 5 wt% ZnBr; additive
MAPbDI3 perovskite thin films (at 50.000x magnification). It can be seen from surface-
SEM images that the substrate surfaces are covered with reticulated structures. Figure 3
shows that the grain size increases with the addition of ZnBr, to MAPDIs perovskites.
Especially in MAPDI3 perovskites with 5 wt% ZnBr; added, it is clearly seen that the
grain sizes are larger than the others. It is known that by doping a small-radius metal into
the perovskite lattice (e.g., In®, Sb®", Ca?*, and Sr?*), the crystal structure can be adjusted
and its optoelectronic properties can be improved [17, 32, 33]. For thiourea and caffeine-
additive MAPDI3, the increase in grain size has been reported in previous studies [19, 20].
Moreover, it has been found in the literature that Zn*? is doped with MAPDIs in order to
reduce grain boundary defects and obtain high-quality and high-performance MAPDI3
[21].
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Figures 4(a)—(d) illustrated cross-section SEM images of pure, and 1, 3, and 5 wt% ZnBr»
additive MAPDI3 perovskite thin films (at 100.000x magnification), respectively. The
average thickness of commercial FTO coated substrates was determined as ~ 385 nm
from the cross-section SEM image. The boundaries of the layers were drawn from the
color contrasts in the cross-section SEM images. However, there is no clear boundary
separating the TiO, layer and all the MAPbI3 perovskite layers in Figures 4(a)—(d). The
total thicknesses of pure, and 1, 3, and 5 wt% ZnBr, additive MAPDI3 thin films and TiO>
layers were found to be 254, 227, 343, and 402 nm, respectively.
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Optical transmittance measurements of pure MAPDbIz and ZnBr, added MAPbDI;
perovskite thin films were performed in the wavelength range of 290-1100 nm. The
relationship between optical transmittance (T) and absorption (A) is given in the following
equation [34]:

A =2 —1og(%T) (2

The wavelength dependent curves of the absorbance (in the visible range (from 390 to
780 nm) of all perovskite thin films are shown in Figure 5(a). 5 wt% ZnBr, additive
MAPDI3 thin films show the highest absorbance value. The increase in crystal and grain
size may cause an increase in light absorption.

The relationship between the optical band gap and the absorption coefficient is given in
the following equation [35]:

ahv=B(hv — E,)" 3)

Here, « is the absorption coefficient, h is the Planck’s constant, v is the frequency of the
incident photon, B is an energy independent constant, and Eg is the semiconductor’s
forbidden band gap. The n is equal to 1/2 for semiconductors with a direct band gap. The
Tauc curve is obtained by plotting (ahv)? versus hv, and the Eq value can be calculated
from the point where this curve intersects the x-axis. The Tauc curves of all produced
perovskite thin films are shown in Figure 5(b).
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Figure 5. (a) Transmittance — wavelength plots (b) Tauc curves for pure, and 1, 3, and 5 wt% ZnBr;
additive MAPbI; perovskite thin films
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For MAPDI3 perovskite thin films, Eq was obtained as 1.58 eV. This value is in agreement
with the literature [36-39]. The Eq values of 1, 3, and 5 wt% ZnBr, added MAPDbI3
perovskite thin films were calculated as 1.59 eV, 1.60 eV, and 1.61 eV, respectively. It is
seen that the band gap of MAPbIs perovskite thin films can be slightly changed by the
addition of ZnBr.. Such tunability of the band gap is advantageous for the development
of a new material platform for optoelectronic applications of perovskite materials.
However, it is not expected to observe an increase in efficiency due to the band gap
alteration in applications containing ZnBr.-additive MAPDI.

4. Conclusion

The spin coating method was used to deposit pure MAPbI3 and ZnBrz-added (1, 3, and 5
wt%) MAPDI3 perovskite thin films on FTO/TiO; substrates. Thin films exhibited the
characteristic XRD peaks belonging to MAPDIs perovskite. As the ZnBr, addition rate
increased, a Pbl, peak was observed at ~12.5°. The presence of these peaks was attributed
to Pblz, which is not included in the MAPDIs perovskite structure with the addition of
ZnBr,. The main peak position at 26=14° in the XRD pattern changed with the addition
of ZnBr,. The grain sizes of MAPbIs perovskites grew as the ZnBr, addition rate
increased, as seen on the surface SEM images. It was observed that both pure and ZnBr»-
added MAPDI3 perovskites exhibited high crystal size and large grains compared to the
literature [19, 20]. The Eq of MAPbDIz perovskite thin films can be changed with the
addition of ZnBr (from 1.58 eV to 1.61 eV). The addition of ZnBr, to MAPbI3 perovskite
thin films is effective in increasing the crystal and grain sizes as well as changing the
band gap. Increasing the crystal and grain sizes may be advantageous for increasing
efficiency in solar cell applications. Thus, ZnBr; additive MAPbIs perovskite thin films
may be preferred as the active layer for absorbing sunlight in solar cells. However, it is
predicted that a small change in the band gap due to the ZnBr» additive will not contribute
to efficiency. The emergence of the Pbl> peak is an undesirable situation. The presence
of unreacted Pbl> negatively affects the stability of the perovskite material. In further
studies, the stoichiometry can be achieved by reducing the Pbl; ratio.
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Abstract: Gastric cancer is the third most common cause of malignancy worldwide and the
prognosis is poor due to drug resistance and molecular diversity of the disease. Therefore,
development of novel therapies is required. Connective Tissue Growth Factor (CTGF) is
involved in the extracellular matrix production, cell proliferation and migration which makes
it a target for the treatment of disease. Nucleic acid-based therapies are used to reduce the
expression of specific MRNA sequences. The purpose of this study was to reduce the migration,
and proliferation of gastric cancer cells through the inhibition of CTGF expression. On this
purpose, a novel locked nucleic acid GapmeR sequence was identified as an inhibitor of CTGF
expression, and the effectiveness of the sequence was shown in the gastric cancer cells. The
gastric adenocarcinoma cells were transfected with GapmeR and changes in gene expressions
of CTGF and collagen type | (COL1A1) were studied by gRT-PCR. The CTGF protein levels
and proliferation were studied by Western Blot analysis and Alamar Blue Assay. The sequence
caused significant reductions in CTGF and COL1A1 mRNA levels and proliferation of cells.
These results might lead to the development of delivery system towards gastric cancer cells by
using this sequence.

Key words: Gastric Cancer, LNA GapmeR, CTGF

1. Introduction

Gastric cancer is the fifth most common diagnosed cancer and third most common
malignancy globally. The primary cause of gastric cancer development is chronic
Helicobacter pylori infection [1,2]. Depending on the metastatic property of the
developed cancer, different treatment approaches such as chemotherapy, chemoradiation,
fluoropyrimidines, platinums, taxanes, irinotecan or immunotherapy are being used [3].

However, acquired drug resistance and the molecular and phenotypic diversity within
tumors [4] cause the verification of prognosis among patients [5]. Therefore,
identification of new targets, therapeutic agents and effective therapies are crucial
towards developing alternative treatment strategies to improve the survival rate of gastric
cancer patients.

Connective tissue growth factor (CTGF) which is also known as cellular communication
network factor 2 (CCN2), is a member of CCN family secretory proteins including
cysteine-rich protein 61 (CCN1), nephroblastoma-overexpressed gene (CCN3), Wisp-
1/elm1 (CCN4), Wisp-2/rCopl (CCN5) and Wisp-3 (CCNG6) [6,7].

Under normal physiological conditions, CTGF is involved in embryonic development,
wound healing and tissue repair [8]. However, cancer research has revealed that,
abnormal expression of CTGF leads to development and progression of tumors in various
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tissues such as lung, prostate, and breast; through the induction of cell proliferation,
migration, invasion and metastasis [9]. CTGF also supports fibrotic and inflammatory
tumor microenvironment which induces malignancy and metastasis [10]. In the literature
it is stated that the overexpression of CTGF in gastric cancer patients, led to a higher
incidence of lymph node metastasis and lower cumulative 5-year survival rate [11].

ECM proteins in tissue microenvironment play critical roles in cancer progression and
invasion. The ability of cancer cells to leave the original tissue, invade and locate into the
metastatic niches is known to be related to the extracellular matrix (ECM) composition
and remodeling rate of the tumor microenvironment [12]. ECM remodeling at the tumor
microenvironment takes place with the combined actions of increased levels of ECM
remodeling enzymes (namely matrix metalloproteinases, MMPs), their tissue inhibitors
and elevated collagen deposition. MMP proteins are known to be important mediators of
ECM degradation and thus they contribute to the disruption of basement membrane and
particularly the increased expression of MMP-9 in gastric carcinoma tissues is associated
with the depth of cancer invasion [13]. In addition to MMPs, the expression of other ECM
components such as collagen are elevated in gastric cancer tissues [14,15]. Abnormal cell-
cell adhesion, increased collagen expression leading to ECM stiffness, increased matrix
metalloproteinase (MMP) activity inducing ECM disruption and remodeling result in
cancer cell invasion [16].

Studies performed by using gastric adenocarcinoma cells revealed that MMP-9 and
collagen gene expressions are elevated in gastric cells and are related to CTGF expression
[17]. The overexpression of COL1AL in gastric cells is known to promote invasion and
migration of the cells in addition to their increased proliferation rate. Moreover, miRNA
associated suppression of these genes, inhibited their proliferation, invasion, and
migration [17,18]. It is also demonstrated that, the inhibition of MMP-9 expression
resulted in reduced migration, invasion and growth of gastric cancer cells [19]. Therefore,
development of therapeutic approaches addressing the reduction of increased ECM
proteins such as MMP-9 and COL1A1 might be promising for reducing migration,
invasion and proliferation of gastric cancer cells.

In the literature it is stated that the knockdown of high CTGF expression in gastric cancer
cells reduces MMP-9 expression in both mMRNA and protein levels. Also, the restoring of
CTGF levels through conditioned media reversed that reduction suggesting that MMP-9
expression is correlated with CTGF levels in the cells [20].

It is also known that collagen, being the main component in the ECM of tumors, is a
substrate of MMPs and is also recognized as tumor-related gene [21]. Moreover, CTGF
acts as a downstream mediator of TGF-p and increases the collagen type | deposition in
tumor microenvironment [22]. The knockdown of COL1A1 was shown to be associated
with low cell migration, invasion and proliferation of gastric cancer cells. Although not
performed with gastric cancer cells, it is worth mentioning that the CTGF knockdown
caused reduced COL1A1 expression in hepatocarcinoma spheroids [22]. In particular,
CTGF overexpression in gastric cancer cells leads to enhanced cell migration and thus
metastasis by inducing nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) signaling pathway. In addition, the elevated collagen expression is known to be
related with tumor enlargement in gastric cancer [23]. Taking all this information
together, CTGF may be considered as a potential target for the treatment of gastric cancer.
The purpose of the study is to reduce CTGF levels in gastric cancer cells so that the
reduction might potentially lead to suppression of collagen and MMP expressions, thus
ultimately reduce cell migration, invasion, and tumor enlargement.
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The use of nucleic acids as therapeutics is an emerging field. Antisense oligonucleotide
(AON) based therapies have been studied in several cancer states. There are also several
clinical trials with these therapeutics [24]. The therapeutic action of AON relies on the
ability of specific nucleic acid sequences to modulate the expression of target mRNA.
AONs are single-stranded 16 to 21-mer long sequences which function either by
degrading the mRNA (through RNase H activity), by modifying the splicing of mMRNA
or by sterically blocking the translation of mMRNA. The use of AON as it is, has some
limitations such as poor cellular penetration, easy degradation by nucleases and possible
toxicity due to degradation products of AONs which might possess antiproliferative
effects [24,25]. Therefore, numerous modifications have been implemented to overcome
these limitations. These modifications have led to the emergence of three different types
of AONs known as the first, second and third generation AONSs.

The “Antisense locked nucleic acid (LNA) GapmeR” used in this study, falls under the
category of third generation AONSs. It is a 16 nucleotide long single-stranded antisense
oligonucleotide that induces RNase H activity. The flanking regions (both 5' and 3') are
modified with LNA and the central region is composed of LNA-free DNA nucleotide.
The central region is responsible for inducing the RNase H activity and the LNA flanking
regions increase the targeting efficiency. It has a fully phosphorothioate (PS) modified
backbone to increase the resistance to enzymatic degradation.

In this study, the custom designed and synthesized Antisense LNA GapmeR was
investigated in terms of its effectiveness in suppressing CTGF expression in gastric
cancer cells. The possible outcome of CTGF inhibition was also studied by analyzing
COL1A1 and MMP-9 mRNA expressions along with the changes in the proliferation of
gastric cancer cells.

2. Material and Method
2.1. Cell culture conditions

Human gastric adenocarcinoma cell line, AGS (American Type Culture Collection,
ATCC CRL-1739) was a kind gift from the laboratory of Prof. Nazli Arda (Istanbul
University, Turkey). This commercially available cell line which exhibits epithelial-like
morphology was isolated in 1979 from the stomach tissue of a 54-year-old, Caucasian,
female patient with gastric adenocarcinoma with no prior anti-cancer treatment. The cells
were cultured under normal conditions (37 °C, 5% CO>) in RPMI medium, supplemented
with 10% FBS, penicillin/streptomycin (1%) and 2 mM L-glutamine.

2.2. GapmeR sequences and transfection studies

The CTGF mRNA specific GapmeR sequence was custom designed by Qiagen with the
product number LG00789631. The scrambled negative control was also purchased from
Qiagen (LGO00000002). For the transfection studies, a commercially available
transfection reagent, HiPerFect Transfection Reagent (HP) (Qiagen, Germany) was used
with a fast forward transfection technique, as follows.

For gene expression studies, HP (3 pL) was diluted in OptiMem™ Reduced Serum
Medium (100 uL) and then mixed with AON sequences (10 uM, 1.5 uL). The mixture
was incubated for 10 min for complete complexation of AON sequences with HP.
Meanwhile, AGS cells (1.2x10° cells) were seeded in 12 well plates. At the end of
incubation, the HP-AON complexes were added onto the cell suspension within the 12
well plates and the medium was completed to 500 uL with a 1:1 (v/v) OptiMem™: RPMI
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full medium. Gene silencing was monitored at 48 h, post transfection. Cells that are not
treated with any type of AON were used as a control group for the experiment.

For protein expression analysis studies, HP (12 pL) was diluted in OptiMem™ medium,
mixed with AON (10 uM, 6 uL) and incubated for 10 min. The HP-AONs complexes
were added dropwise onto AGS cell suspension (6x10° cells) in 6-well plates. The final
volume was completed to 2.5 mL with 1:1 (v/v) OptiMem™ and RPMI full mediums.
The cells that were not treated with AON sequences were used as a control group for the
experiment.

2.3. Gene expression studies

In order to determine the efficiency of AON sequence to knockdown CTGF gene
expression and the indirect effects of CTGF downregulation on the AGS cells,
quantitative real time PCR (qRT-PCR) was performed (CFX96 Touch Real Time PCR
System, BioRad). The primer pairs used for the study are given in Table 1.

Table 1. qRT-PCR primer pairs and the amplicon sizes

Primers (5' - 3") Sequence Amplicon
Size (bp)
CTGE Forward GAAGAGAACATTAAGAAGGGCAAA 97
Reverse ATGTCTTCATGCTGGTGCAG
Collagen | Forward GTTGTGCGATGACGTGATCTGTGA 110
Type | Reverse TTCTTGGTCGGTGGGTGACTCTG
MMP 9 Forward CGTCTTCCAGTACCGAGAGA 124
Reverse GCAGGATGTCATAGGTCACG
GAPDH Forward TGCACCACCAACTGCTTAGC 87
Reverse GGCATGGACTGTGGTCATGAG

On day 2, the RNA was isolated (NucleoSpin RNA isolation kit, Macherey Nagel) and
converted to cDNA (OneScript Plus cDNA Synthesis Kit, ABM) according to
manufacturer’s protocols. For gRT-PCR analysis BlasTaq™ 2X gqPCR MasterMix
(ABM, Canada) was used with primers given (6 pmol). The gRT-PCR cycling conditions
for all the primers were as follows: 95°C, 10 min initial denaturation, followed by
denaturation at 95°C 15 s and annealing-extension 65°C 60 s for 35 cycles.

The reaction was terminated with melt curve analysis (65°C-95°C; 1°C/1 cycle). The
fold changes of CTGF, COL1A1 and MMP9 was calculated by normalization to GAPDH
as an internal control using the 24! relative expression equation:

AC; (treated) = C; (target gene) — C: (ref. gene) 1)

AC: (control) = C; (target gene) — C; (ref. gene) (2)
AACt = AC; (treated) — ACt (control) 3)

Target normalized to reference gene and relative to control 4

(Fold Change) = 2744¢t
2.4. Western blotting

72 h post-transfection, the cells were washed with cold PBS, scraped in RIPA buffer
supplemented with PMSF (1 mM) and incubated for 30 min at +4°C with constant
shaking. The resultant suspension was centrifuged 10000 rpm for 10 min at +4°C and the
protein concentration was measured from the supernatant by BCA method. For western
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blot analysis, equal amounts of protein sample were separated in SDS-PAGE (4%
stacking-12% separating gel). The samples were run at 75V for 90 min and transferred to
nitrocellulose membranes using Trans-Blot Turbo Transfer System (Bio-Rad, USA). The
membranes were blocked with 5% skim milk (1h at RT) and incubated at +4°C overnight
with CTGF primary antibody (Proteintech, 25474-1AP; 1/1000), washed with TBS-T.
The membranes were then incubated with HRP-conjugated anti-rabbit secondary
antibody (1/2000 at RT) and finally visualized with ECL reagent (SignalFire™, CST)
using gel documentation system (GelDoc EZ System, Bio-Rad). The intensity of the
protein bands was analyzed using Image Lab 6.1 Software.

2.5. Effect of AON on the proliferation of AGS cells

AGS cells (10* cells/well) were seeded on 24 well plates. The cells were transfected with
scrambled and CTGF AON sequences by using HP as described in section 2.2. The cells
were incubated for 48 h and effect of AON sequences on the cell proliferation was
observed by Alamar Blue Cell Viability Assay. For analysis, the cells were washed twice
with PBS, colorless DMEM containing 10% Alamar Blue Solution was added to each
well and incubated (1.5 hours at 37°C under 5% CO>). The OD values (570 nm and 595
nm) of the individual wells were used to calculate percent reduction. Data is represented
as percent viability calculated with respect to percent reduction of the positive control.

2.6. Statistical analysis

All qualitative data presented were expressed as mean + standard deviations. Statistical
analyzes were carried out using GraphPad Prism (GraphPad Software 8.0.2). Statistical
differences between the groups were determined using one-way ANOVA with Tukey
post-hoc analysis. Statistical significance was expressed as p <0.05 *.

3. Results and Discussion

3.1 Gene expression studies

In this study, a novel GapmeR sequence was studied for its efficiency in inhibiting CTGF
MRNA in gastric cancer cells. For this intent, the GapmeR sequence targeted specifically
to CTGF mRNA was administered to AGS cells with a transfection reagent (HiPerFect
Transfection Reagent, Qiagen). As negative control a scrambled GapmeR sequence was
used to eliminate the nonspecific inhibitory effect of the GapmeR presence on gene
expression. The fold changes of both scrambled and CTGF targeted GapmeR sequences
were calculated with respect to TCPS (tissue culture polystyrene) control group, where
none of the GapmeR sequences or HiPerFect Reagent were applied. The changes in the
gene expressions of the groups were studied with gRT-PCR technique and analyzed by
2°8ACt relative quantification method (Figure 1). The primer pairs used for the study are
provided in Table 1.

48 h post transfection, statistically significant reduction was observed in CTGF mRNA
levels. The fold change of CTGF mRNA was 0.36 + 0.05 leading to 64% inhibition. In
addition, the scrambled GapmeR sequence did not lead to any reduction in the fold change
of CTGF mRNA. This result shows that the inhibition of CTGF mRNA in CTGF GapmeR
administered cells was not a nonspecific reduction. The suppression in CTGF levels is
due to the GapmeR sequence used specifically against CTGF [26].

After confirming the reduction in CTGF mRNA levels in gastric cancer cells, the ultimate
effect of CTGF inhibition on the expression of ECM components, such as COL1A1 and
MMP9 gene expression levels were also studied by qRT-PCR technique. COL1Al
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MRNA expression was also found to be significantly reduced (80%) by the treatment with
the CTGF GapmeR (AON) sequence. The fold change of Col1A1 mRNA was found to
be 0.20 £+ 0.06. This result is very important for this study, because COL1AL is closely
related to tumor regulation, functioning as an oncogene [27,28]. Many studies confirmed
that, in different kinds of cancers, COL1AL is associated with the metastatic ability,
invasion and proliferation of cancer cells and the same results were observed with gastric
cancer cells. For instance, the downregulation of COL1A1 through miRNA resulted in
reduction in cell invasion and migration capability in gastric cancer cells. In addition, in
the same study, siRNA mediated knockdown of COL1A1 caused reduced cell viability
and proliferation [29]. It is known that the increased COL1A1 levels activate the TGFf
signaling and thus ultimately leads to increased migration and invasion. Therefore, the
suppression of COL1A1 might be advantageous in reducing the migration of gastric
cancer cells. In addition, CTGF, being the downstream mediator of TGF, is known to
induce the migration of gastric cancer cells, which can be reversed by RNAI induced
knockdown of CTGF. Taking the information about the involvement of CTGF in cell
migration and the effect of COL1A1l expression in cell invasion, migration and
proliferation of gastric cancer cells, finding effective therapeutic agents acting on CTGF
and COL1AZ1 can be considered as an advantageous treatment strategy. In this study, the
GapmeR mediated suppression of CTGF also resulted in inhibition in COL1Al
expression. This result can be considered as a good starting point to further explore the
response of the cells to this reduction. Therefore, further studies such as wound healing
assay and Matrigel-coated invasion assays [30] are required to observe the effectiveness
of the inhibition of these mMRNA levels on migration and invasion.

Since cancer invasion and metastasis requires the action of matrix metalloproteinases
(MMP), reduction in the MMP levels can be considered as a powerful impact of the
therapeutic reagent. Alteration in MMP-9 levels was chosen as a parameter to be analyzed
in the present study because of its importance in invasion in addition to the direct effect
of CTGF on MMP-9 levels and activity [31]. The transfection of AGS cells with CTGF
targeting AON sequence, however, did not cause any inhibition in MMP 9 levels. This
was an interesting result, as mentioned before, the direct effect of inhibition of CTGF in
gastric cancer cells resulted in the reduction in MMP-9 levels as determined by qRT-PCR
and western blot analysis. The unsuccessful inhibition of MMP 9 in AGS cells might be
due to AON dose used for the study. The proliferation of cells during experiments
ultimately may lead to reduction in the AON concentration per cell, therefore by
increasing the dosing, effective MMP9 inhibition might be observed. Moreover, time
course studies might be performed to determine whether the unsuccessful mRNA
suppression is because of insufficient dose, or due to RNA turnover.
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Figure 1. Fold changes of CTGF, collagen (Col1A1) and MMP9 mRNA expression after administration
of GapmeR sequence. TCPS: TCPS control; Scrambled AON: Treatment with scrambled AON sequence,
CTGF AON: Treatment with CTGF AON sequence. The fold changes are given as mean = STDEV
(p<0.05 %)

3.2 Western blotting

The effect of CTGF GapmeR AON on the CTGF protein levels were also studied by
western blot technique (Figure 2). The CTGF band intensity was normalized to the
corresponding band intensity of B-actin. With respect to TCPS control group, a 44% of
inhibition in CTGF protein levels was observed, when the AGS cells were treated with
the GapmeR AON sequence. The achievement of reduction in CTGF protein levels
implies that the amount of AON administered to AGS cells was sufficient to suppress
both the CTGF mRNA and protein levels.

43 kDa

| [ [
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Figure 2. CTGF protein expression of AGS cells after treatment with CTGF GapmeR AON sequence.
B-actin serves as loading control. I: TCPS Control, II: Treatment with scrambled AON sequence, IlI:
Treatment with CTGF AON sequence.

34 kDa

3.3 Effect of AON on the proliferation of AGS cells

It is known that abnormal expression of CTGF in different types of tumors such as
prostate cancer, gliomas, breast cancer is also observed in gastric cancer, and it leads to
increased cell proliferation along with increased migration and metastasis. Therefore, it
is important to observe reduced proliferation of gastric cancer cells following CTGF
GapmeR AON treatment. The proliferation ability of the AGS cells were studied with
Alamar Blue Cell Viability Assay. It can be clearly observed from Figure 3 that, with the
treatment of cells with CTGF GapmeR AON, the proliferation of the cells reduced
significantly (by 50%) when compared to TCPS. More importantly, the scrambled AON
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did not cause reduction in cell viability, revealing that the reduction in AGS cell
proliferation with CTGF AON administered group is not through the toxicity of the
GapmeR presence, but through the inhibition in abnormal CTGF expression in gastric
cancer cells. There are studies in the literature suggesting the possible reason for reduced
gastric cell proliferation due to CTGF inhibition. Cyclin D1 levels, one of the regulators
of cell cycle, in addition to the c-Myc levels were found to be correlated with the
overexpression of CTGF and thus the proliferation [32]. Therefore, suppressing CTGF
levels might reduce the proliferation, however further studies are needed to understand
the background of reduced cell proliferation with suppression of CTGF in AGS cells.
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Figure 3. % viability of AGS cells treated with GapmeR sequences. (p<0.001***)
4. Conclusion

In summary, the custom designed CTGF GapmeR AON, used in this study is highly
effective in inhibiting the CTGF mRNA expression in gastric cancer cells. The reduction
is also followed by the reduced expression of collagen from the AGS cells, which might
be the indicator of reduced ECM production. The CTGF reduction was also observed in
the protein levels and caused significant suppression in the proliferation of AGS cells.
Further studies with mentioned GapmeR sequence on gastric cancer cell proliferation,
migration and invasion, may lead to the development of alternative effective ways for
reversing the tumor enlargement, invasion and metastasis.
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Abstract: This study aims to evaluate one of the wastes of the olive oil industry, olive pulp
powder (OP), due to its consisting of mainly polarizable lignocellulosic biomass, as a dispersed
phase in electric field-responsive (ER) fluid whose rheological properties can be tuned by an
externally applied electric field (E). The supplied OP was extracted with n-hexane, and
structural and thermal analysis revealed the removal of residual oil and soluble small
molecules. The OP and n-hexane treated-OP (h-OP) were dispersed in silicon oil (SO), and
their rheological and dielectric properties, and dispersion stabilities were investigated.
According to the flow test results, the yield stresses (t,) of both dispersions increased with
increasing concentration and the E. The ty of the OP/SO and h-OP/SO dispersions (25 wt%)
under E=3.5 kV/mm increased 29 and 130 times greater than their 1, values under no E,
respectively. The dielectric spectrum analysis showed that enhanced interfacial polarization
and decreased nonpolarized forces after the n-hexane extraction improved the ER response of
the h-OP/SQO dispersion. The enhanced dispersion stability (90%) was determined for h-OP/SO
dispersion at 25 wt%. As a result, the h-OP could be a sustainable candidate for evaluation as
a dispersing phase of ER fluids for vibration-damping systems.

Key words: Sustainability, Agricultural industry waste, Olive pulp powder, Electric field
responsive fluids, Upcycling

1. Introduction

With the advancement of technology, the rise in productivity of agricultural products
leads to significant increases in waste production. Due to the high amount of waste
generated in the agricultural industry, its high cost and environmental effects lead to a
substantial problem. Both academic and industrial studies on transforming bio-based
products obtained from raw biomass and renewable agricultural resources into eco-
friendly products capable of rivaling petroleum-based alternatives in the market have
recently attracted attention [1]. The significant rise in the world population leads to a rapid
increase in food consumption and, therefore, to a rise in agricultural industry-related
wastes released. For this reason, it is essential to encourage producers and consumers to
reduce solid waste production by recycling, reusing, and upcycling. Recently, increasing
awareness of environmentally friendly products and choosing biodegradable materials
have come to the fore to overcome and reduce environmental problems.

Smart materials with rheological characteristics that can be manipulated using an external
electric field (E) are promising for applications such as hydraulic control systems, robotic
systems, the automotive industry, microfluidics, and drug release [2] and one of them is
called electric-field responsive or electrorheological (ER) fluids. The suitable particles
that can be polarized by the E effect are dispersed in an insulating carrier fluid like silicone
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oil (SO) to obtain an ER fluid. In the ER fluid, fibrillar or columnar-like structures
perpendicular to the electrodes are formed by aligning the dispersed particles in the
applied E direction. These reversibly formed structures allow the dispersion to transform
from a liquid-like state to a solid-like state. Many ER-active materials have been
developed and reported in the literature to date. The first studies were mostly on materials
such as silica, alumina, zeolite, cellulose, and starch, which derive their polarizability
from the water adsorbed into their structure. Subsequently, interest has turned to
intrinsically polarizable materials, such as various conductive polymers, carbon
nanotubes, graphene oxide, and poly(ionic) liquids, whose polarizability does not depend
on the water in their structure [3].

Considering sustainability and green chemistry principles, priority should be given to
studies on developing ecological products in ER fluids or using green strategies to prepare
ER active materials. In this respect, because of their biodegradability and natural
abundance, the use of biologically sourced materials such as cellulose [4], chitin, chitosan
[5, 6, 7], porous chitosan [7], starch [8, 9, 10], alginate [11], etc., and their modified forms
or composites have been reported as ER active materials. In addition to environmentally
friendly materials, there have been limited studies in the literature on using agricultural
wastes as ER active materials. In a study, the ER performance of microcrystalline
cellulose obtained from rice husk waste by applying alkaline, bleaching, and hydrolysis
processes were examined, and its electric field response was reported to be lower
compared to previously prepared microcrystalline cellulose using different sources but
exhibited viscoelastic properties with similar trends [12]. In another study,
microcrystalline cellulose obtained from rice husk waste was used to prepare
phosphatized microcrystalline cellulose via the esterification reaction of cellulose in the
presence of urea and phosphoric acid, and its dispersions in SO displayed a higher ER
response [13]. Also, waste rice husk was utilized to prepare nano-silica particles by
applying acid and heat treatments, and it was reported that its dispersion in SO responded
strongly to the E [14]. In another study, the dispersion of organic waste spent coffee
grounds obtained after extracting coffee from roasting coffee grounds (containing trace
metals and hemicellulose, cellulose, lignin, and some residual acids released during
roasting of coffee) in SO was reported to show higher ER activity at a particular threshold
concentration value (40% by volume) than pre-waste state ground coffee dispersion in
SO [15]. It was suggested that the ER activity of spent coffee grounds was due to some
functional groups remaining on the grain surfaces after the extraction process.

In the olive oil production process, olive pulp (OP) is obtained by processing the residual
solid waste, mostly consisting of seeds, shell, and pulp, remaining after the extraction of
crude olive oil [16]. High amounts of organic matter, fat, carbohydrates, proteins, and
water-soluble phenolic species remained in the OP, and its composition mainly consists
of lignocellulosic biomass (30-41.6% lignin, 35.3-49.0% cellulose, pectic polymers,
hemicelluloses, oils, and minerals) [16]. The utilization of agro-industrial residue, OP, is
increasingly gaining attention and becoming more commonplace as a fuel, an additive in
animal feed, and a filler in polymer composites [17]. Since this agricultural industry waste
comprises polarizable structures such as cellulose, hemicellulose, and lignin, OP can be
evaluated as a dispersed phase in electric field-responsive smart fluids.

This study aimed to evaluate one of the agro-industrial wastes, the OP, as an electric field-
responsive material. The supplied OP particles were washed with n-hexane using a
Soxhlet apparatus to remove residual oil and soluble small fatty acid molecules. After
ball-milling, OP and n-hexane treated OP (h-OP) were used as the dispersed phase for
preparing ER fluid. OP and h-OP dispersions were prepared in SO. Their dielectric
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properties and dispersion stabilities were investigated, and their rheological properties
under E were explored via steady shear, oscillatory shear, and creep-recovery tests.

2. Materials and Methods
2.1. Materials

Olive pulp (OP) particles, approximately 150 pum size were kindly supplied under the
brand name MOROVA by the Senol Food Industry Incorporated Company (Aydin,
Tiirkiye). The supplied OP particles comprised the pulp-rich part obtained by processing
the solid waste pulp remaining after the oil was taken from the olive fruit after drying and
granulating. The extraction solvent, n-hexane, was purchased from Merck and used as
received. Silicone oil (SO, polydimethylsiloxane with viscosity of 1.0 Pa s and density
of 0.967 g/mL) was provided from Sigma Aldrich and vacuum dried before preparing ER
fluids as a dispersing medium.

2.2. Preparation of ER fluids

Before using the OP particles for the preparation of ER fluids as a dispersing phase and
for further characterization studies, the residual oil, soluble small molecules, and fatty
acids were extracted via the Soxhlet extraction at 100°C using n-hexane for 24 h. After
vacuum drying at 60°C for 24 h, to obtain fine-grade powder form for further uses, the
OP particles and n-hexane extracted OP particles (h-OP) were grounded using a ball-
miller at 20 Hz for 20 min (Retsch, MM400, Germany). The ER dispersions were
prepared by dispersing OP and h-OP at mass percent concentration series of 5-25 wt% in
SO with 5% increments. The dispersions were mixed mechanically and then thoroughly
using a probe sonicator (Sonics, Vibracell, USA) to make uniform dispersion, and utilized
for the rheological, dielectric, and dispersion stability measurements.

2.3. Characterization methods

The primary functional groups present in OP and h-OP were determined via attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Scientific,
Nicolet 1S50, USA), operating with a resolution of 4 cm™ and conducting 64 scans.
Elemental analysis of the samples was conducted using Thermo Scientific Flash 2000
organic elemental analyzer (USA). The thermal analysis of the samples was conducted
using a Hitachi STA 7300 (Japan) thermogravimetric analyzer device in the range of an
ambient temperature to 800°C under an inert Ar atmosphere, and the heating rate was
adjusted to 10°C/min. The degradation temperature at which the most significant mass
loss occurred (Tmax) was measured from the maximum value of the mass loss derivative.
After coating with a thin layer of gold using a sputter coater (Leica EM ACEZ200,
Germany), the morphologies of the samples were investigated via scanning electron
microscopy (SEM) with an accelerating voltage of 5 kV (SEM, Hitachi SU5000, Japan).
The four-probe technique was employed to measure the electrical conductivities of the
OP and h-OP by using their compressed disc-shaped pellets with defined dimensions at
25°C (Entek Electronic, FPP 470-A, Tiirkiye), and the average electrical conductivity
values of the samples were derived by collecting measurements from at least five distinct
locations on the pellet. The apparent densities of OP and h-OP were determined using the
calculated volume and measured mass of the prepared pellets as mentioned earlier.

2.4. Dielectric measurements

An impedance analyzer (Agilent E4980A precision LCR meter, Japan) equipped with a
parallel plate capacitor for liquids (Agilent 16452A, Japan) was used to measure the
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dielectric characteristics of the OP and h-OP dispersions within the frequency range from
20 Hz to 1 MHz.

2.5. Dispersion stability measurements

The dispersion stabilities of the OP and h-OP dispersions were determined by taking the
percentage ratios of the height of the dispersion occupied by the particle-rich part to the
entire height of the dispersion.

2.6. The rheological measurements

The rheological measurements of all the OP and h-OP dispersions were conducted at
25°C using a torque rheometer (Thermo-Haake RS600, Germany) connected to the DC
electric field generator (HCL 14, FuG Electronik, Germany). During measurements, the
gap between the measuring geometries of 35.0 mm parallel plates was adjusted to 1.0
mm. After pre-shearing (60 s ) for 60 s, the dispersions were allowed to reach
equilibrium without shearing for 60 s under a particular E application before initiating
each measurement. The flow curves were generated by measuring shear stresses (1) and
viscosities (1) as a function of shear rates (y) under various E values. The elastic and loss
moduli were determined via dynamic oscillatory rheological measurements to display the
viscoelastic properties of the ER fluids. Firstly, elastic, and viscous modulus values of the
dispersions were measured as a function of shear stress at a constant frequency of 1 Hz
as a function of the E to determine the linear viscoelastic regions (LVER). The LVER
was determined by observing the limit of the plateau region of elastic modulus (G') versus
the stress curve after where the G' became stress-dependent. Secondly, the viscoelastic
moduli were measured over a 1-100 Hz frequency range at constant stress levels within
the predefined LVER at various E values. The creep-recovery tests were conducted
through measurement of the strain values over a specified period of 100 s during the
application of the applied stress (1 > 0) instantaneously and recovered strain values after
releasing the applied stress (t = 0) for another 100 s.

3. Results
3.1. Characterizations

The OP and h-OP samples displayed the specific FTIR spectrum of a lignocellulosic
compound dominantly (Figure 1). Both materials exhibited similar peaks without any
significant peak shifts but with a decrease in peak intensity for several peaks, as discussed
below. The OP presented a broad band with a maximum of around 3300 cm™, assigned
to the stretching vibration of the O—H involved in hydrogen bonding. The two peaks
around 2922 and 2852 cm?, identified as the asymmetric and symmetric C—H stretching
vibrations in methyl and methylene groups found in cellulose, lignin, hemicellulose, and
fatty acids, were notably observed in OP [18, 19].

The peaks observed at various wavenumbers corresponded to specific molecular
vibrations are given as following: The band observed at 1740 cm™ was assigned to the
stretching vibration of C=0 bonds in carbonyl, carboxyl, and acetyl groups; 1635 cm™
represented a composite signal encompassing bands associated with conjugated C-O
bonds in quinones coupled with C=0 stretching in various groups, as well as contributions
from adsorbed water molecules and C=C stretching in the aromatic skeleton of lignin;
C=0 stretching vibrations in the amide bond of residual proteins; 1514 cm™* indicated the
stretching vibration of C=C bonds in the aromatic skeleton of lignin and N-H bending
and C-N stretching vibrations in the residual proteins; the signals at 1455 and 1416 cm™*
were linked to the deformation of C—H bonds in lignin and carbohydrates; 1373 cm™
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corresponded to the bending vibration of C—H bonds in cellulose and hemicellulose, along
with the stretching vibration of C—O bonds in the guaiacyl unit of lignin; 1232 cm™
represented the stretching vibration of C—H bonds in the syringyl unit of lignin and C-N
stretching vibrations found in residual proteins; 1030 cm ™ was designated as representing
the skeletal vibration of the C—O-C pyranose ring in cellulose [19, 20] and ~600-750
cm™ may be corresponded to the stretching of the C-S bonds in the residual sulfur
containing amino acids [22]. All peaks were retained for h-OP after Soxhlet extraction of
OP with n-hexane. However, the reductions of the broad peak spanning from 3600 and
3000 cm 2, the peaks around 2922 and 2852 cm™, and the peak at 1740 cm™ can be
ascribed to the successful removal of the excess oil, fatty acids, and non-polar soluble
molecules in the OP after Soxhlet extraction for h-OP.

h-OP

Transmittance (%)

E : g
] 8} (s e

7 C-N
- 1030
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Wavenumber (cm™)

Figure 1. ATR-FTIR spectra of the OP and h-OP

The elemental composition of the OP depends on the origin of the compound [21]. As a
lignocellulosic material, the main substances in OP are carbon sources constituting
hemicellulose, cellulose, and lignin. Additionally, protein and extractives as nitrogen,
sulfur sources, and fat are other constituents of the OP [22]. The removal of the excess
olive oil, fatty acids, and soluble extractive molecules was also revealed by elemental
analysis. According to the elemental analysis results, the decrease in C and H content of
the OP after Soxhlet extraction revealed the successful removal of excess olive oil, fatty
acids, and small soluble non-polar molecules. On the other hand, n-hexane extraction
could not effectively remove the most polar compounds, including proteins and amino
acids (which were sources of N and S). The elemental analysis results were in good
agreement with the ATR-FTIR results.

Table 1. The % composition obtained from elemental analysis (N, C, H, S) of the OP and h-OP
N C H S

(%) (%) (%) (%)
OP 1.8343+0.0335 51.0651+0.071 6.4708+0.0247 0.1409+0.0077

h-OP  3.9993+0.2572 48.2369+0.037 5.8969+0.2877 0.1572+0.0079

Sample

A comparison of the thermogravimetry (TG)/differential TG (DTG) curves of the OP and
h-OP is presented in Figure 2a-b. The OP and h-OP exhibited two main decomposition
steps in an inert atmosphere during the thermal degradation (Figure 2a). A slight mass
loss of 6% and 5% occurred between 40°C and 130°C, corresponding to the evaporation
of moisture adsorbed to the OP and the h-OP, respectively. The second decomposition
step occurred within the 150-550°C temperature range for both samples. According to
the previous studies, the primary constituents of the OP, i.e. hemicellulose, cellulose, and
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lignin, showed consecutive pyrolysis steps involving primary pyrolysis of hemicellulose
occurred between 150-315°C giving a shoulder at lower temperatures, and cellulose
occurred between 300-400°C with a well-defined sharp peak followed by mainly lignin
pyrolysis occurred over a broad temperature span from 100°C to 900°C as a wide shoulder
on the main degradation domain [23, 24]. Besides, the decomposition temperature
intervals of these components can partially overlap [19]. The OP studied in this work
showed a Tmax at 320°C followed by decay with a long tail and a shoulder around 366°C
which disappeared for h-OP (Figure 2b) due to the removal of remaining olive oil [25] in
the OP after the Soxhlet extraction process, corresponding to approximately 4% mass loss
difference, which was consistent with the elemental analysis results by considering the
difference in C and H content between OP and h-OP. Hemicellulose, composed of various
saccharides, has random and amorphous structures and, thus, has weaker thermal stability
than cellulose, with an ordered and long unbranched linear polymeric structure consisting
of glucose units with a glycosidic bond. For that reason, the shoulder is usually observed
for hemicellulose content of the OP at lower temperatures of the main decomposition
peak. However, this shoulder did not appear in the DTG curve of the OP and h-OP due
to the superposition of its decomposition with cellulose and lignin [19]. Additional broad
peaks with insignificant intensity observed above 600°C were detected, likely indicating
the decomposition of mineral matter in the samples [26].

The SEM images in Figure 2c-d indicated that both samples demonstrated approximately
the same size, irregular, particulate-like, and slightly porous structures with cavities on
the surfaces. In previous studies, spherical-like with a low aspect ratio and porous
structures were reported for olive pulp powder [24, 27].
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Figure 2. TG/DTG curves of (a) OP and (b) h-OP, and SEM image of (c) OP and (d) h-OP

Various critical key factors affect the electric field response of the ER fluid including
particle size distribution, shape, wettability, electrical conductivity, dielectric
characteristics of the particles, the concentration of the dispersion, the E, temperature,
properties of carrier fluid, and dispersion stability [2]. Therefore, developing ER fluids
with the desired high performance is challenging given the complexity of these variables.
The conductivity of the dispersed particles is recommended to be in the semiconducting
range of 10°-107? S/cm [28]. The conductivities of OP and h-OP were measured as
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(8.05+0.83)x10~" S/cm and (5.44+1.00)x10~" S/cm, respectively, indicating their being
in the desired range as an ER active material. Additionally, Soxhlet extracting with n-
hexane may lead to a relative decrease in the conductivity of OP due to the removal of
the fatty acid molecules.

3.2. Dielectric properties

The strength of the electric field response of an ER fluid has a strong relationship with its
dielectric properties, and thus, so does the polarizability of the dispersed particles. A good
ER response requires larger interfacial polarizability and dielectric loss peaks in the 102
to 10° Hz range. The dielectric analysis was conducted to explore the correlation between
the intensity of the ER phenomenon and the dielectric characteristics of ER fluids. The
spectra of dielectric permittivity (&') and loss (¢") of the OP/SO and h-OP/SO dispersions
are shown in Figure 3 for 25 wt%.
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Figure 3. Dielectric spectra of the OP/SO and h-OP/SO dispersions (25 wt%). The solid lines show the
fitted the €' and &" spectra using the Equation 1

The Havriliak—Negami (HN) dielectric relaxation equation (Equation 1), combined with
the conductivity term, was applied to fit the experimental complex dielectric permittivity,
ex(w) [29, 30]. The first two terms indicate the HN function for a single relaxation
process, and the last term corresponds to the contribution of conductivity to the dielectric
loss spectrum in Equation 1 [31]. Additionally, the o is the angular frequency (f), where
o = 2xf. The thn IS the average relaxation time of the polarization process and is equal to
1/2nfmax Where fmax represents the frequency at which the dielectric loss peak occurs. The
Ag i1s the dielectric relaxation strength, which displays the difference in the €' at low
frequency (&s) with the €' at the high-frequency limit, g(c0). The exponents o and P related
to the broadness and asymmetry of the respective relaxation loss peak, respectively (0<
a, B< 1), and describe the distribution of the relaxation times. The ¢ is the conductivity of
the dispersion, £(0) is the vacuum permittivity (8.854x10722 F/m), and the N denotes the
exponent that defines the conduction process. The relevant dielectric parameters obtained
are tabulated in Table 2.

e (w) = &' (w) — ie" (w) = g(0) + fe — i( id )N (1)

[1+ (iwtyy)t—*]8 Eow

Table 2. Dielectric parameters obtained from the fitted dielectric spectra according to the Equation 1 for
the OP/SO and h-OP/SO dispersions (25 wt%)

Sample £ g(@)  Ac=gsg(0) fmax(H2) THN (S) a B G
OP/SO 2.755 2.556 0.199 1.0x10° 1.6x10°° 0.196 0.72 1.8x10™¢
h-OP/SO  2.866 2,578 0.288 8.0x10° 2.0x107  0.178 0.99 1.1x10™¢
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The Ae relates to the degree of interfacial polarization, whereas the relaxation time tHn
denotes the rate of polarization. Maximizing the strength of the relaxation process is
crucial for achieving a high ER response [31]. Although the Ag values were relatively
low, both dispersions exhibited the required polarization response to the E at the desired
rate of 102-10° Hz range. The h-OP/SO exhibited a relatively higher magnitude of
interfacial polarization and shorter relaxation time than OP/SO, consistent with the ER
performance discussed in section 3.4. At lower frequencies, the dispersions exhibited
pronounced electrode polarization traits attributed to the abundant polar hydroxyl groups
in cellulose [32]. Comparable rises in dielectric loss were reported in low-frequency
regions for nanocellulose and microcellulose particles dispersed in olive oil, attributed to
the connection of the cellulose particles in the large agglomerates leading to the
conductivity through the dielectric oil medium [31]. The observed difference in dielectric
properties of OP/SO and h-OP/SO can be associated with an increase in interphase
boundaries after removing the excess fatty acids and extractive molecules, which may
ease the polarizability of the particles.

3.3. Dispersion stabilities

The dispersion stability is one of the essential criteria to assess the long-term usage of ER
fluids and possible industrial applications. The dispersion stability is desired to be
maintained during application, and ER activity is weakened drastically if there is a
sedimentation tendency of the dispersed phase. The nature, morphology, size, and surface
properties of the dispersed particles, type, and viscosity of the medium, the presence of
any stabilizer such as surfactants, and density mismatch between the dispersed phase and
carrier fluid are the main factors affecting the dispersion stability. Numerous attempts
have been undertaken in the literature to enhance the dispersion stability [33]. The
apparent densities of the dispersed particles were determined to evaluate the effect of the
density on the dispersion stability. The apparent density of the OP and h-OP were
determined as 1.197+0.002 g/cm® and 1.235+0.010 g/cm?, respectively. The density of
carrier fluid, SO, is known as 0.970 gcm®. The relatively slight density contrast between
the dispersed OP and h-OP and the SO may lead to improved dispersion stability.

The OP/SO and h-OP/SO dispersions with various concentrations were allowed to settle
undisturbed for one month. Their dispersion stabilities were assessed by measuring the
change in anti-sedimentation ratio with time at 25°C. Initially, all the dispersions were in
a well-dispersed state (Figure 4). Throughout the settling process, dispersed particles in
the fluid gradually settled to the bottom of the container, leaving a relatively clearer
carrier fluid above the sediment enriched with particles. Over time, the anti-sedimentation
ratio reached an equilibrium value faster at lower and slower at higher concentrations for
both samples.

The anti-sedimentation ratios of the dispersions enhanced as the dispersion concentration
rose, attributed to the heightened interactions between the dispersed phase and dispersing
medium, along with the increase in dispersion viscosity [34]. On the other hand, the effect
of gravitational forces on dispersed particles became prominent at lower concentrations,
resulting in lower dispersion stability. When the results of SEM analysis and density
measurement were evaluated, it was concluded that both samples had similar particle size,
morphology, and density values. Thus, the anti-sedimentation ratio improvement from 74
% to 90 % reached at the end of 30 days for 25 wt% was attributed to the improved
interfacial adhesion between the carrier fluid and h-OP after Soxhlet extraction by n-
hexane of OP.
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Figure 4. The visual appearance of the OP/SO and h-OP/SO dispersions at the initial of the dispersion
stability test and after 30 days of observation for 5-25 wt%, and the change in the anti-sedimentation
ratio with time for the OP/SO and h-OP/SO dispersions

3.4. Electrorheological properties
3.4.1. The flow behavior

The steady shear rheological measurements were carried out under appropriate
controllable E values to understand the behavior of dispersions to the E. Various
rheological models, including Bingham [35], de Kee—Turcotte [36], Herschel-Bulkley
[37], Cho—Choi—Jhon (CClJ) [38], or Seo—Seo [39] can be utilized to depict the
rheological characteristics of the ER fluids. In this study, the CCJ model (Equation 2) was
selected to demonstrate the flow behavior of both dispersions over the shear range
examined since the successful fitting curves of shear stress were observed for both
dispersions studied. The flow behavior of both ER dispersions across a broad spectrum
of shear rates was examined using the CCJ model, and the best-fitting curves (solid
curves) are depicted in Figure 5 for 25 wt% concentration.

Ty

TSt s Tt

L @

The CCJ model equation comprises six parameters where t is the shear stress, ty is the
dynamic yield stress, 1« IS the viscosity at a high shear rate, y is the shear rate, t; and t2
are time constants, and the exponent a is associated with the reduction of shear stress
while the exponent B has the range of 0 < < 1 [38]. When subjected to an E, randomly
distributed particles were drawn towards each other and linked due to the electric field
polarization effect, resulting in the formation of chain/columnar-like structures. In the
low shear rate region, the shear stress increased rapidly, and the mechanical shear force
was insufficient to break the linking force between electric field-induced particles
forming fibrillar or columnar- like structures. Thus, the curve maintained high shear stress
at low shear rate values. The shear stress and viscosity values were raised with the
increase of the E for both dispersions.
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The rates at which fibrillar-like structures, formed through induced electrostatic
interactions, are broken down and rebuilt between the dispersed particles under shear
force are mainly dependent on the race between electrostatic forces arising from
interfacial polarization of dispersed particles and hydrodynamic forces resulting from
shear flow within the dispersion [40, 41]. At low y, electrostatic forces prevailed, while
at high y, hydrodynamic forces disrupted aligned structures and facilitated flow. The
electrical-induced structures were then completely broken down, and the shear stress
values raised gradually with rising y, showing Newtonian fluid behavior beyond the
critical y because there was not enough time for the chain-like structure to reform
adequately during swift shear deformation. These changes in the microstructure of
dispersed particles led to a significant decrease in viscosity, displaying a shear-thinning
behavior. At low E range (0.5-1.5 kV/mm), the breakage of the aligned dispersed
particles was not substantial, and a wide plateau emerged in the shear stress until reaching
the critical y. As the E increased to a higher range, the flow curve displayed a decline in
shear stress at a moderate y values, range due to the apparent destruction rate against the
reformation rate of the fibrillar-like structures [39]. Similar behaviors were observed for
the dispersions of porous chitosan particles in carrier fluid olive oil [42].
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Figure 5. The change in shear stress and viscosity (flow curves) of (a) OP/SO and (b) h-OP/SO
dispersions under various E for 25 wt% concentration. The solid curves in the shear stress-shear rate
graph shows the best-fitted curves using the Equation 2

The flow curves were obtained for the OP/SO and h-OP/SO dispersions with a series of
concentrations between 5-25 wt% to explore how the particle concentration influences
the ER performance and to determine the optimum concentration value for further
rheological measurements. Therefore, the ty values of the dispersions determined
according to the Equation 2 were compared. The dependence of the ty on the E as a
function of OP and h-OP particle mass percentages are shown in Figure 6a and Figure 6b,
respectively. The ty was increased with increasing particle mass percentage and the E.
With increasing E, the shear resistance related to the yield stress was strengthened due to
the increased electrostatic forces between the particles arranged in the direction of E. This
observation was more pronounced as the particle concertation increased due to the
decrease in interparticle distance and the increase in the number of denser
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fibrillar/columnar-like structures [43]. On the other hand, the ty values displayed two
distinct linear trends on the log-log scale with the E, intercepting at E=2.0 k\V/mm for all
dispersions (the dotted lines in Figure 6). After that point, the slope was changed, and the
increase in the 1y with the E was observed to be insignificant. This observation could be
attributed to the saturation of the interfacial polarization above this electric field strength
[44].

The power law equation describes the correlation between ty and E as tyxE®, where a
serves as the index parameter indicating the slope of the fitted curve on a log-log scale
used to evaluate the mechanism of the ER effect. In the case of a is equal to 2 and 1.5,
the ER mechanism corresponds to the polarization model and the conduction model,
respectively [45]. However, the dispersed particle size and shape, surface characteristics
and concentration, as well as the dielectric properties of the dispersion on the 1y affect
this relationship in certain instances [43]. The slope of the ty curve was approached from
0.5to 1.5and 0.7 to 2.0 as the dispersion mass percentage was increased from 5% to 25%
for OP/SO and h-OP/SO dispersion for up to 2 kV/mm, respectively. With increasing the
dispersed particle concentration, the behavior approached the conduction and polarization
model for the OP/SO and h-OP/SO dispersion, respectively. Therefore, the response of
OP particles dispersed in SO under an E indicated that it was primarily influenced by the
significant impact of the conductivity mismatch between the particles and the carrier
medium [46]. A similar index parameter value of <1.5 was previously reported for various
biomaterial-based ER fluids, including a-chitin nanorods [47], porous chitosan [7],
phosphorylated potato starch [9], and polypyrrole—silica—methylcellulose composite [48].
The decrease in the index o value (<1.5) was attributed the formation of the non-
polarization forces such as hydrogen bonding interactions of the dispersed particles with
the carrier fluid and surface polarization saturation [43, 47, 49]. In another study,
poly(ionic liquid) based ER fluid whose ER response originated from local ion motion
tended to follow the conduction model, whereas its composite with polyaniline led to
incline to polarization model [50]. On the other hand, h-OP/SO dispersion was consistent
with the polarization model, whose o value was 2.0, indicating that the removal of fatty
acids and extractives contributes to the enhancement of polarization of OP particles by
decreasing the non-polarization forces. In a study, nanocellulose particles dispersed in
castor oil containing ricinoleic acid were reported to exhibit the index parameter
approaching 1.5 with increasing concentration, due to the hindering of the electrostatic
forces because of H-bonding or van der Waals interactions between the hydroxyl groups
in the nanocellulose particles and the carrier fluid castor oil [44].
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Figure 6. The yield stress as a function of the E for (a) OP/SO and (b) h-OP/SO dispersions for
concentrations between 5 to 25 wt%, the dotted lines show the trendlines of a power-law scaling
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3.4.2. Oscillation rheology results

The viscoelastic characteristics of the OP/SO and h-OP/SO dispersions (25 wt%) were
examined by the dynamic oscillation experiments. The shear stress sweep test was
conducted firstly to determine the LVER of the dispersions at a constant frequency of 1
Hz, as shown in Figure 7a. The elastic modulus (G') values were independent of the
applied shear stress in the LVER and increased with the E. Furthermore, the enhanced
polarization forces between the particles led to a shift of the LVER to higher shear stresses
with increasing E. At the end of the plateau region, the electrical-induced fibrillar
structures became broken, and the G' values began to decrease by the applied oscillatory
shear deformation. The G' was increased by around 12 and 35 times for OP/SO and h-
OP/SO dispersions, respectively, under 3.0 kV/mm in the LVER compared to off-field
conditions, indicating h-OP/SO dispersion showed significantly greater elastic dominant
character than OP/SO dispersion.
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Figure 7. (a) The shear stress dependence of G' and (b) the frequency dependence of the G' and G" for
OP/SO and h-OP/SO dispersions

Secondly, the change in G' and viscous modulus (G") values of both dispersions were
determined as a function of the frequency in the range of 1-100 Hz at constant stress
values in the previously determined LVER at various E values, as shown in Figure 7b. In
the off-field, the G' slightly exceeded the G™ within the studied frequency range and both
moduli values increased with frequency for both dispersions. Thus, the OP/SO and h-
OP/SO dispersions behaved like weak gel and confirmed the presence of the low yield
stress values at 25 wt% concentrations obtained from the steady shear flow curve tests.
The main reason for such gel-like formation without the E could be attributed to the
percolation network formation and the structural organization of the dispersed particles
due to the restricted motions through dominant attraction forces between them. The
formation of similar percolation networks for various particles such as clay [51],
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detonation nanodiamond [52], and porous chitosan particles [7] were reported, and the
reasons were attributed to the particle anisotropy.

With the E, the G' values dramatically exceeded the G" and reached about 65 kPa and
100 kPa at the electric field of 3 kV/mm for OP/SO and h-OP/SO, respectively,
demonstrating that the predominant behavior was solid-like, characterized by a stable
plateau region, rather than viscous. The G' values of h-OP/SO dispersion were 1.5 times
greater than that of OP/SO dispersion under E, indicating the enhanced polarization
ability and higher solidification of h-OP dispersion. The moduli values were increasing
with E, indicating that the electrical-induced fibrillar structures of the OP/SO and h-
OP/SO dispersions were not broken in the studied frequency range, and the elastic and
solid-like properties of the dispersions were strengthened with E. The increased gap
between the values of G' and G" with increasing the E demonstrated the increase in the
elastic component of the dispersions.

3.4.3. Creep and recovery results

In a creep recovery test, the deformation behavior of a material is evaluated by initially
measuring the strain under a constant shear stress load, followed by unloading, over a
specified duration at a constant temperature. After the stress is removed, there is only a
partial recovery that is controlled by the retardation and the corresponding creep for
viscoelastic materials, and the recovery ratio () was defined to evaluate the contribution
of the elastic character of the ER fluid and calculated using the following Equation 3 [53]:

Yi— Y

Yi

where vi denotes the achieved strain prior to the removal of the applied shear stress (7o),
while yr represents the strain following the removal of the to. A creep-recovery test was
conducted to monitor the deformation and recovery of the electrically induced structures
over time, and the recorded strain as a function of time under various E for the optimum
dispersion, h-OP/SO, is presented in Figure 8.
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Figure 8. Changes in strain over time at different levels of E during the creep-recovery test for h-

OP/SO. The creep-recovery curve of h-OP/SO for off-field is displayed in the inset figure (to = 5 Pa for
the first 100 s and then 10 = 0 Pa, 25 wt%).

Upon stress loading, an instantaneous strain appeared and subsequently escalated over
time, reaching a maximum value indicating time-dependent nonlinear deformation under
constant stress. After the removal of the stress loading, subsequent time-dependent
reformations were observed under E. In contrast, almost no recovery was observed
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without the presence of the E, as shown in the inset figure in Figure 8. The strain values
obtained during the creep-recovery test decreased as E increased, suggesting the
formation of a more robust solid-like structure with increasing E [33]. For the h-OP/SO
dispersion, the recovery ratios with increasing E were observed to enhance as following:
YE=1kvimm=0.27 < yE=2kv/imm=0.42 < ye=3kv/imm=0.48, suggesting increased elastic response
among particles at higher E.

4. Conclusion

By considering environmental issues, the utilization of nontoxic and eco-friendly
products as a component of ER fluids is highly desired. With this respect, the agricultural
organic waste, the olive pulp (OP), discarded after the olive oil extraction process
consisting of sustainable biomass sources, was upcycled as an electric field-responsive
smart fluid. The OP was further subjected to Soxhlet extraction by n-hexane to remove
excess residual fatty acids and small molecules that existed in the raw OP. Structural,
thermal, morphological, and electrical characterizations of the OP and n-hexane treated
OP (h-OP) samples were performed. Successful removal of the excess oil, fatty acid, and
residual small molecules in the OP was revealed by ATR-FTIR, elemental analysis, and
TG/DTG analysis. The conductivities of the OP and h-OP were determined to be in the
desired semiconducting range for the ER fluids, and relatively lower conductivity was
obtained for h-OP compared to OP. Also, the h-OP dispersion showed a relatively higher
magnitude of interfacial polarization and shorter relaxation time than that of the OP
dispersion due to the improved polarization resulting from the increase in interphase
boundaries after the Soxhlet extraction process and decreased nonpolarized forces. The
enhanced dispersion stability was determined for h-OP dispersion. Both control shear rate
flow curve and oscillation rheological analysis results under the E indicated that Soxhlet
extraction led the OP to display stronger electric field response and higher ER activity.
This study suggests that OP, an agricultural industrial waste that occurs in high amounts
in the olive oil production process, is a good candidate for upcycling in the field of electric
field responsive smart fluids due to its higher dispersion stability and ER activity after
being subjected to the pre-washing process by n-hexane.
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Abstract: Phenolic compounds are serious risks to both the environment and human health. It
has led to an increase in the number of scientific studies on the elimination of these pollutants.
Among these compounds, 2,4-Dimethylphenol is particularly common and therefore of
significant concern. This study investigates the removal of this chemical using pure and
calcined Coturnix-Coturnix Japonica eggshells as adsorbents. For theoretical calculations of
2,4-Dimethylphenol, the Density Functional Theory B3LYP/ 6311++G(d,p) basis set is used.
These calculations provided information about the molecule's geometry, molecular
electrostatics potential surface map, frontier molecular orbitals, and chemical activity values.
To validate the experimental findings, theoretical infrared spectra for 2,4- Dimethylphenol
were calculated and compared with experimental results. Then, the adsorption process of 2,4-
Dimethylphenol on pure and calcined eggshells was described. Experimental infrared spectral
results were supported by theoretical calculations and approved the adsorption process via
strong wavenumbers in the related spectrum. The surface morphology of eggshells was
characterized using light microscopy, Atomic Force Microscopy, and Scanning Electron
Microscopy.

Additionally, demonstrated strong agreement between experimental and theoretical infrared
spectra for pure 2,4- Dimethylphenol. Post-adsorption Infrared spectral analysis showed that
2,4- Dimethylphenol adsorbed to calcined eggshells. This study highlights the potential of
mentioned eggshells as natural, promising materials for environmental remediation and
pollution control. Thus, it can contribute to improving environmental and human health.
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1. Introduction

Phenols derived from benzene exhibit various chemical reactivity and physical properties.
These characteristics make them integral components in numerous industries, including
pharmaceuticals [1], agricultural [2], personal care [3], and daily applications [4]. 2,4-
Dimethylphenol (2,4-DMP) is formed by substituting the methyl groups to the phenol
ring. [5]. It can also be explained as benzene ring which substitute hydroxyl and methyl
groups. It is also called 2,4-Xylenol. 2,4-DMP is a compound widely used in the world,
such as disinfectants, and antiseptics [4], wood preservatives [6], chemical intermediates

[7].

However, 2,4-DMP; is a toxic, carcinogenic, endocrine disruption, air, water, and soil
pollutant, making it harmful to humans and wildlife [4, 8-10]. Industrial processes and
combustion activities [11] are among the reasons why 2,4-DMP causes air pollution.
These processes can cause both smog and respiratory ailense. Removal techniques such
as adsorption onto activated carbon, cleaning with chemical reagents, and catalytic
oxidation provide effective means to reduce airborne 2,4-DMP levels and improve air
quality [12]. In addition, advances in photocatalysis [13] are promising for degrading 2,4-
DMP molecules into harmless byproducts. 2,4-DMP creates difficulties in water and
wastewater treatment due to its persistence and resistance to traditional treatment methods
[14-16]. Physical processes such as filtration and membrane separation can effectively
remove to particulate 2,4-DMP [17]. Chemical processes involving oxidation with ozone
or chlorine, as well as advanced oxidation processes (AOPSs) such as UV/H20; or UV/Og,
are used to degrade dissolved 2,4-DMP [13, 18].

Soil contamination with 2,4-DMP, which often results from agricultural practices,
industrial leaks, or improper disposal of waste, requires remediation strategies to prevent
its accumulation in food crops and groundwater [6, 9]. Soil washing [19], bioremediation
using microbial degradation [20] and phytoremediation [21], which uses plants to uptake
and detoxify 2,4-DMP, are among the techniques used to reduce soil pollution. Activities
aimed at reducing the negative effects of phenols on the environment and living things
are one of the most current research topics. When research was conducted on WoS (Web
of Science) using the words “phenols and environment” and “phenols and remove” in the
last 10 years, it was observed that the studies on these subjects increased. (Supplementary
Figurel)

Eggshells have a physical and chemical structure to be used not only in the protection of
developing embryo, but also especially in adsorption processes. Their porous structure,
which has an internal order in terms of physical properties, and their chemical
composition of approximately 94% calcium carbonate, make eggshells effective
supplement for a wide variety of substances [22-24]. The adsorbent property of eggshells
stems from their porous structure allows physical and chemical interaction with
surrounding molecules and ions [25, 26-28]. Calcining eggshells by burning them at an
average of 800 'C allows them to increase their adsorption capacity [29].

In environmental applications, eggshells have received great attention as cost-effective
and environmentally friendly adsorbents for the removal of pollutants from air, water,
and soil. Research has shown the effectiveness of eggshells in adsorbing heavy metals,
organic pollutants, and dyes, offering promising solutions to reduce environmental
pollution and improve water quality [25-28, 30]. The abundance and low cost of eggshells
make them attractive alternatives to traditional adsorbents, contributing to sustainable and
environmentally responsible practices in various industries. As a result of the screening,
there is a potential to remove phenols from the environment, generally through eggshells.
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There are almost no studies on the removal of 2,4-DMP from the environment via
eggshell. In this work, it has been researched that 2,4-DMP can be removed from the
environment by using the adsorption feature of Coturnix-Coturnix Japonica (CCJ) and
calcined Coturnix-Coturnix Japonica (C-CCJ) eggshells. In this way, it is thought that
this study can be evaluated in terms of environmental improvement processes, pollution
control and the protection of human health.

2. Material and Method
2.1. Experimental details

The CCJ eggshell was washed, then separated from its membrane, boiled with pure water
at 110°C for 2 hours and left to dry at room temperature. In addition to that, calcination
was carried out at 800 °C for 2 hours. Fourier Transform Infrared Spectroscopy (FTIR)
analyses of CCJ eggshells were performed before and after calcination. A stereo
microscope, Scanning Elektron Microscope (SEM) image and Atomic Force Microscope
(AFM) image of the CCJ were taken. Adsorption with 2,4-DMP (Sigma Aldrich) on CCJ
eggshell samples was carried out for 72 hours. 2,4-DMP was not subjected to any
purification process. The filtered samples were washed with ethanol. FTIR analyses were
performed again. 24-DMP was analyzed in the range of 200-300 nm using an Ultraviolet
Visible (UV-Vis) spectrophotometer.

2.2. Computational details

The software package Gaussian 09 was utilized to do the theoretical computations. The
B3LYP functional and 6311++G(d,p) basis sets were used in the density functional theory
(DFT) approach to produce results for quantum chemical calculations [31]. The harmonic
force field of the cluster was evaluated via scaled quantum mechanical force field
suggested by Pulay et al.[32] Potential Energy Distributions of the cluster were computed
by MOLVIB [33, 34]. The computed wavenumbers by DFT/B3LYP/6-311++G(d,p) level
of theory were scaled to provide acceptable agreement between experimental and
calculated wavenumbers. The following scale factors were applied; O-H stretch 0.88; C-
H stretch 0.95; C-H deformation 0.92; all others 0.98. The GaussView software was used
to visualize the results. A Schematic representation of 2,4-DMP is shown in Figure 1. The
optical properties, encompassing the ultraviolet-visible (UV-Vis) spectrum and excitation
energy, were derived through time-dependent density functional theory (TD-DFT)
calculations employing the CAM-B3LYP functional, while also accounting for solvation
effects in chloroform. Incorporating solvent effects in theoretical computations is
essential for achieving a satisfactory alignment between theoretical predictions and
experimental spectral data. In this investigation, the excitation energy was computed
utilizing the integral equation formalism of the polarizable continuum model (IEF-PCM)
[35, 36].
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Figure 1. Schematic representation of 2,4-DMP

3. Results

3.1. Molecular geometry

The 2,4-DMP molecule is formed by bonding methyl to the 2nd and 4th carbon atoms of
the benzene atom and OH to the 5th carbon atom. The bond angle and bond length
calculation results showing the geometric structure of this molecule are presented in
Supplementary Table 1.

Bond lengths may elongate or shorten as a result of orbital interactions and the charge
distribution within the molecular structure. The presence of electronegative atoms
induces charge transfers, resulting in changes in the lengths of C-O, C-N, and C-C bonds
[37]. According to the table, when the bond lengths in the aromatic ring are evaluated,
the C1-C2 bond length has the highest value (1.4046 A), while the shortest bond length
is calculated as well as C1-C6 (1.3910 A). The theoretical structural parameters of 2,4-
dimethylphenol (2,4-DMP) were compared with the experimental structural parameters
of phenol [38]. The O-H bond length in phenol was determined to be 0.957 A, while in
2,4-DMP it was calculated as 0.9624 A. The C-O bond length was 1.3750 A in phenol
and 1.3719 A in 2,4-DMP which it is calculated in this work (Supplementary Table 1). In
the phenol molecule, C-C bond lengths range from 1.391 A to 1.395 A. Similarly, in 2,4-
DMP, the C-C bond lengths vary between 1.391 A and 1.405 A. This indicates a
remarkable consistency between these two similar structures.

The bond lengths of all C-H bonds in the methyl group were calculated to be in the range
of 1.0915-1.0951 A, and the C-H bond lengths in the aromatic structure were calculated
between in the range of 1.0850-1.0868 A. When looking at the bond angles in the 2,4-
DMP molecule, the smallest bond and biggest bond angle values in the aromatic ring of
this molecule were determined as C3-C4-C5 (117,7287°) and C2-C3-C4 (122.8751°),
respectively. The bond angles in the methyl group are smaller than that of the aromatic
structure.

3.2. Molecular electrostatic potential surface (MEP)

The charge distribution and changeable charge region of molecules are shown by
molecular electrostatic potential surface maps, or MEPs. The charge distribution is
frequently used to predict aspects of hydrogen bonding, molecular behavior, structural
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activity, electrophilic and nucleophilic reactivity, and intermolecular interaction [37],
[38]. Furthermore, by locating active areas in chemical bonds, MEP maps play a critical
role in the development of novel techniques for chemical synthesis. The color-coded
electrostatic potential surface map is shown in Figure 2. The increments are in the
following order: green, blue, orange, yellow and red [39]. On the molecule's MEP map,
the region with low electron density is marked in blue, and the region with high electron
density is coded in red [40]. The range of -0.0635 a.u. to +0.0635 a.u. represents the
regions with the highest negative to highest positive potential for the 2,4-DMP molecule.
The most electronegative region is the relative red zone, which is concentrated on the O
atom and is made up of displaced pi electrons in the middle of the phenyl rings. Blue-
coded sections are the most positively nucleophilic and are next to the H atom in the OH
group.

-0.0635 a.u

+0.0635 a.u

Figure 2. Molecular electrostatic potential mapped of 2,4-DMP

3.3. Frontier molecular orbitals (FMOs) and chemical activity

Among the molecular orbitals, LUMO denotes the lowest unoccupied molecular orbital
and HOMO denotes the highest occupied molecular orbital. The HOMO and LUMO
energies are recognized as crucial variables in quantum chemistry [41]. For instance, a
molecule’s HOMO energy directly represents its ionization potential, whereas LUMO
represents the molecule's electron affinity. Additionally, the chemical stability of a
molecule and the electric charge flow characteristics are ascertained by analyzing the
energy gap between HOMO and LUMO. Like this, the HOMO and LUMO energy values
dictate several of the molecule’s distinctive characteristics. The quantum chemical
formulas that are derived from HOMO and LUMO energies are listed below [42].

lonization energy | = - Enomo

Electron affinity A = - ELumo

Hardness n = (I-A)/2

Softness S=1/2n

Mulliken electronegativity parameter y = (I+A)/2
Electrophilic index w = u? 27,

Chemical potential p = -(I1+A)/2

Maximum charge transfer parameter ANmax = (I+A)/2(1-A)
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Figure 3. HOMO-LUMO Plot of 2,4-DMP

Figure 3 displays the HOMO and LUMO surface pictures, while Table 1 provides the
calculated values. Because of their large energy gaps, the data demonstrate that 2,4-DMP
possesses high hardness and low softness properties. These suggest that this molecule has
high kinetic stability and low chemical activity, indicating its stability. The chemical
reactivity descriptors show that low softness and high hardness values indicate less
intermolecular charge transfer and, hence, poor polarity. With the use of frontier
molecular orbital (FMO) analysis, we were able to determine that the methyl groups and
phenyl rings (as n-type bonding) are where the molecular orbitals of HOMO and LUMO
in 2,4-DMP are concentrated (Figure. 3). The value of HOMO energy is -6.27 eV. The
value of LUMO energy is -0.46 eV. Furthermore, a projected energy gap of 5.81 eV exists
between the HOMO and LUMO orbitals (Table 1). These small HOMO-LUMO energy
gaps demonstrate that 2,4-DMP is the site of the charge transfer. Electrons travel from
high chemical potential to low chemical potential in molecules, moving from one with a
low % to one with a high . The definition of the y value in the title molecule is 3.37 eV.
For 2,4-DMP, the n value is determined as 2.90 eV based on the HOMO and LUMO
energies.

Table 1. Global chemical reactivity indices for the 2,4-DMP

Parameters Values [eV]
Enomo -6.27
ELumo -0.46
AE 5.81
lonization potential (1) 6.27
Electron affinity (A) 0.46
Electronegativity () 3.37
Chemical potential (p) -3.37
Chemical hardness (1) 2.90
Chemical softness (s) 0.17
Electrophilic index (w) 1.96
Maximum load transfer | 0.58
parameter ( ANmax)

eV: electron-volt, Enomo= highest occupied molecular orbital energy, ELumo= lowest
unoccupied molecular orbital energy, AE= energy differences between Exomo and ELumo.
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3.4. Spectral analysis

Supplementary Table 2 reports the positions of the IR bands, as well as their assignments,
measured and computed using the B3LYP/6311++G(d,p) method. The experimental and
theoretical FTIR spectra of 2,4-DMP are presented in Figure 4, while the experimental
and theoretical UV-Vis. spectra are shown in Figure 5.

In Figure 4, it is seen that the peaks in the spectrum resulting from the theoretical
calculation are sharper and separate from each other, while the peaks in the spectrum
obtained with the experimental method are less sharp and overlap each other. The reason
for this is that the interaction between molecules is prominent in the experimental study
and the liquid form of 2,4-DMP is used for analysis, while theoretical calculations are
made on a single molecule in gaseous form.

In the experimental spectrum of 2,4-DMP, the broad band at 3358 cm™ is attributed to
the O-H band, and this band is observed at 3375 cm™ in the theoretical spectrum. The
strong bands observed at 1505 cm™, 1261 cm™, 1200 cm?, and 1115 cm™ in the
experimental spectrum of 2,4-DMP. They are attributed to the vibration of C-C, H-C-C,
H-O-C, and H-C-C bonds, respectively. These results are supported with the literature
[43]. The vibration bands observed at 806 cm™, 766 cm™ and 717 cm™ in the experimental
spectrum are the bands formed by the conjunction of the C atoms in the ring to the methyl
group. These bands were calculated at 809 cm™, 788 cm™, and 717 cm™ in the theoretical
spectrum, respectively.

d(_'.'l'l ( :' h Pl ) )
x e
= i (I
= )
w0 I| I |
g | i
= 1 |
= |
¥ T T T T T T T g T . T .
4000 3500 3000 2500 2000 1500 1000 500
AT AN \'|'-_|' [
@ f(b) Fﬁp l\ I (1
g | I.| ' il
E ‘ 'r
= .
g |
- |
=
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 4. (a) Experimental (b) Theoretical FTIR spectra of 2,4-DMP
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Figure 5. (a) Experimental (b) Theoretical UV-Vis. spectra of 2,4-DMP

The experimental and theoretical UV-Vis. spectra are presented in Figure 5. Due to the
presence of a benzene ring, 2,4-DMP exhibits significant absorption in the UV-Vis
spectra because of m-m* transitions. The methyl groups influence the absorption
maximum. Upon examining the experimental and theoretical UV-Vis. spectra of the
molecule, an absorbance value was observed at 280 nm experimentally and at 255 nm
theoretically. The observation of the absorbance value calculated through the theoretical
method at a lower wavelength compared to the experimental value can be attributed to
the limitations of the chosen computational approach and the possibility that theoretical
calculations were conducted under ideal conditions for a single molecule. According to
the scientifically validated NIST Chemistry WebBook, 2,4-DMP exhibits a peak at 275
nm in its UV-Vis spectrum [44]. This result is consistent with the findings of this study.
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Figure 6. FTIR spectra of (a) pure CCJ, (b) Calcined form of CCJ (C-CCJ) and, (c) pure 2,4-DMP
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FTIR spectra of (a) pure CCJ, (b) calcined form of CCJ (C-CCJ) and (c) pure 2,4-DMP
are presented in Figure 6. When the FTIR spectra of CCJ and C-CCJ were examined, a
deep peak in the fingerprint region between 1500-1000 cm™ and 2 moderate intensity
peaks between 1000-500 cm™ were observed. These peaks are characteristic vibration
bands of eggshell. They were observed in our previous studies [45] and attributed to
carbonate peaks; details are available in other studies [30], [46]. In Figure 6c, peaks in
the range of 3500-3000 cm®, which belong to 2,4-DMP, are seen in pure CCJ, also. The
peaks in this region belong to OH groups. The C-CCJ form of CCJ after calcination is
shown in Figure 6(b). It is observed that water is completely removed from the eggshell
calcined at 800 °C, but there is a sharp OH peak belonging to the hydroxyl group in Figure
6b.

%4 Transmittance

N
4000 1500 SO0 2500 2000 15060 16 00 400

Wavenumber cm?

Figure 7. FTIR spectra of (a) 2,4-DMP+CCJ and (b) 2,4-DMP+C-CCJ. Arrows implies the strong peaks.

In Figure 7, it can be seen that the peaks showing adsorption in both CCJ and C-CCJ are
in the range of 1600-500 cmt, which is called the fingerprint region. The strong peaks in
this area are marked with arrows. The calcination process enables the vibration bands of
2,4-DMP to be observed more clearly in the range of 4000-3000 cm™. While no peaks
are observed in this region in pure CCJ after adsorption, weak and medium peaks are
observed in C-CCJ.

In the characteristic peaks of 2,4-DMP, the H-C-H and C-C-C angle bending peak at 1415
cmt are seen at 1420 cm™ in C-CCJ after the adsorption process. Unfortunately, in the
same region, ~ 1400 cm™, there is a broad band in the CCJ spectrum. For this reason, this
peak, which may belong to adsorption at CCJ, may be hidden. The 2,4-DMP band at 1261
cmt appeared as a strong peak at 1278 cm™ in the region indicated by the arrow in
DMP+C-CCJ. H-C-C-C torsion vibrational mode at 875 cm™ are seen at 864 cm™ for 2,4-
DMP+C-CCJ in Figure 7.

3.5. Surface image analysis

AFM and SEM images of the outer surface of CCJ eggshells are presented in Figure 8.
Figure 8a depicts the stereo microscope image of the painted CCJ eggshell. Figure 8b
shows an area of 5x5 um in AFM image. In this selected area, the distance between the
highest and lowest points is approximately 1000 nm. When Figure 8b is examined, the
morphological structure of the outer surface of the eggshell consists of bumps. In these
bumps, the dark brown color shows the highest points, while the dark blue colors show
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the lowest points. It is generally seen as having bubble structure. However, these bubbles
do not have a regular size on the selected surface. Some bubbles are very small while
others are quite large. The area where light green and yellow colors are mixed resembles
the appearance of a valley. Figure 8c is the SEM image of the outer surface of the
eggshell. 20Kx magnification was used to obtain this image. It can be seen that it has a
bubble structure of different sizes, just like in the AFM image. Two fractures are clearly
visible on the SEM image. These fractures are thought to be ventilation channels. Figure
8d is the SEM image of calcined eggshells recorded at 10Kx magnification. It consists of
particles stuck together. These particles no longer look like bubbles. The applied
calcination process changed the bubbled and regular appearance of the eggshell. Its outer
surface appears to have very rough particles. Almost no particle is like another in both
appearance and size. When the particulate structure of C-CCJ in the SEM image is
evaluated with FTIR results, it is seen that C-CCJ is more suitable for adsorption than
pure CCJ. Particles of eggshells are significantly more attractive to remove chemicals
than untreated (pure) eggshells. As it was also mentioned before another work [47].
Figure 8 shows that the pore diameters of the CCJ eggshell are of different sizes and the
pore distribution is not uniform.

Figure 8. External surface image of CCJ eggshell (a) Stereo microscope (b) AFM (c) SEM and (d)
SEM of C-CCJ
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4. Conclusion

When looking at the bond lengths and bond angles in the geometry of the 2,4-DMP
molecule, the shortest C-H bond length is between C5-H8 (1.0850 A). The longest C-H
bond length of the molecule is seen to be between C14-H16 (1.0951 A). It is seen that the
C2-C3-C4 angle has the largest degree (122.8751°). At the same time, this angle is the
largest in the aromatic ring.

In the case of FTIR spectra evaluated, it is observed that water is completely removed
from the eggshell calcined at 800 °C, but there is a sharp OH peak in the C-CCJ spectrum
belonging to the hydroxyl group. After adsorption process, the 2,4-DMP band at 1328
cm™ appeared as a strong peak at 1278 cm™ in the region indicated by the arrow in
DMP+C-CCJ. C-C-C-C torsion and H-C-C-C torsion vibrational modes at 875 cm™ are
seen in 872 cm™ in CCJ and 864 cm™ in C-CCJ.

Following the adsorption procedure, the C-C stretching and H-C-H angle bending peaks,
which are typical peaks of 2,4-DMP, are seen at 1409 cm™ in C-CCJ. Unfortunately, there
is a huge band in the CCJ spectrum in the same area, ~ 1400 cm™. This may explain why
this peak, which might be related to adsorption at CCJ, is concealed. Peaks (in red arrows)
in fingerprints region of the spectra assured the adsorption 2,4-DMP on C-CCJ.
Adsorption properties can be occurred on surface and/ or inside pores on CCJ. C-CCJ
became a powdered form with particles and its particles make attractive sites for
adsorption.

The theoretical data show that 2,4-DMP has strong hardness and poor softness qualities
due to its wide energy gaps. These imply that the molecule is stable because of its high
kinetic stability and low chemical activity. These results force us to explain the adsorption
type as physisorption.

When the surface morphology of the CCJ is examined in SEM images, it is seen that both
the size and distribution of the pores on the surface are heterogeneous. While the surface
morphology is a single plateau in pure CCJ images, the SEM image of C-CCJ has
particles. These particles are thought to be responsible for the adsorption of 2,4-DMP
onto C-CCJ.

The study showed that 2,4-DMP can be removed from the environment by using CCJ and
C-CCJ eggshells. In this study, the porous structure of CCJ and C-CCJ eggshells was
proven using surface imaging techniques (light microscope, AFM and SEM). It has been
shown that CCJ and C-CCJ eggshells are promising natural materials for the removal of
2,4-DMP from the environment, with their cheap and easily accessible properties they are
also biodegradable. Whether they remain in nature or dissolve, they are not hazardous to
the environment.
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Supplementary Material

Table S1. Bond lengths and bond angles for 2,4-DMP

2,4-DMP

Atoms Bond length (A) Atoms Bond Angles (°) Atoms Bond Angles (°)
Cl-C2 1.4046 C2-C1-C6 120.5474 C2-C10-H12 111.1916
C1-C6 1.3910 C2-C1-018 116.8836 C2-C10-H13 110.9211
C1-018 1.3719 C6-C1-018 122.5689 H11-C10-H12 106.5044
C2-C3 1.3922 01-C2-C3 117.7989 H11-C10-H13 108.4363
C2-C10 1.5061 01-C2-C10 119.9197 H12-C10-H13 108.4366
C3-C4 1.4013 C3-C2-C10 122.2814 C4-C14-H15 111.4706
C3-H7 1.0867 C2-C3-C4 122.8751 C4-C14-H16 111.4538
C4-H5 1.3930 C2-C3-H7 118.1537 C4-C14-H17 111.2448
C4-C14 1.5106 C4-C3-H7 119.9930 C15-C14-H16 107.1750
C5-C6 1.3947 C3-C4-C5 117.7287 H15-C14-H17 107.7049
C5-H8 1.0850 C3-C4-C14 120.7002 H16-C14-H17 107.5798
C6-H9 1.0868 C5-C4-C14 121.5702 C1-018-H19 108.9943

C10-H11 1.0941 C4-C5-C6 120.8748

C10-H12 1.0941 C4-C5-H8 119.8790

C10-H13 1.0915 C6-C5-H8 119.2462

C14-H15 1.0944 C1-C6-C5 120.175

C14-H16 1.0951 C1-C6-H9 119.7726

C14-H17 1.0921 C5-C6-H9 120.0523

018-H19 0.9624 C2-C10-H11 111.1890
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Table S2. Assignments of experimental and theoretical wavenumbers (cm™) of pure
2,4-DMP, 2,4-DMP adsorbed on CCJ and 2,4-DMP adsorbed on C-CCJ eggshells.

2,4-DMP | Theoretic | Exp. IR | Assignment (%PED) 2,4- 2,4-
al (Scaled) DMP+ | DMP+
CCJ C-CcCJ
3615 vw
3835 3375 3358 br von (100) 3291 br | 3472 m
3181 3022 3017 w veh (98)
3156 2998 ver (94)
3136 2979 2972 ven (97) 2973w | 2979w
3104 2949 ver (85)
3103 2948 2947 w veh (83) 2946 w
3074 2920 2922 w ven (91) 2918 m
3071 2918 veh (97)
3023 2872 2861 vw | vcu (90) 2856 w
1653 1620 1614 m vee (52)+ 8rcc(10) + dccce (11) 1620w | 1619 w
1635 1504 1505vs | vec (44) + Scce (32)+ 8(hec)(18) 1500 sh
1527 1497 OHCH (10)+ OHCe (14)+ THCCC (10)+ vce (26)
1510 1479 Srer (51)+ + theee (14)
1491 1461 1461 m Theee (12)+ Sucn (65) 1460 sh
1487 1457 ShcH (65)+ theee (20)
1455 1426 1415 m Shch (73)+ Sccc (20) 1400 vs | 1420 vs
1416 1388 SHen (90) 1409 vs
1413 1385 1378 m Sher (93) 1373 w
1352 1325 1328 vw | vee (43) 1335w
1332 1305 OHCe (12)+ 6000(10)"‘ Voc (17)+ vce (46)
1315 1288 1261 vs Sncc (54)+ dnoc (17) 1278 s
1198 1174 1200 vs SHoc(66)+ vee (21) 1250 w
1183 1159 1150 m Sncc (48)+ vece (17) 1160 w
1172 1149 1115vs Snce (52)+ voc (16) 1081w | 1119 m
1059 1039 Theee(56)+ Spen (11)
1057 1036 1035 m Theee(50)+ Sncn (16) 1036 w
1026 1012 m Treee(35)+ voc (12) 1009 w
1047
1034 1013 THeee(47)
1009 989 982 w dcce (44)+ voc (38)
966 947 930s vee (26)+ theee (13)+ Scec(11) 926 w
960 883 875s vee (28)+ theee (15) 870vs | 864s
880 809 806 vs Theee (80) 811 sh
856 788 766 vs THCCC (83) 777 m
827 761 717 m Treee (62) 712s 716 m
691 635 tecee (73)+Thcec(14) 601 w 577w
584 572 Tocce (13)+ Suee (15)+ vee (51)
580 568 553s teeee (13)+ tocee(39)+ theee(11) 557 w 560 vw
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Figure S1. Numerical data of the search made with the words "Phenol
and environment" and "Phenol and remove" in WOS between 2014 and
2023.
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Abstract: Drought stress is one of the leading abiotic stresses that have a devastating impact on
sustainable agricultural policy as a result of the decrease in crop yield. For this reason,
hormones or growth regulators can be used to grow plants that can adapt to morphological and
physiological changes caused by stress. Triacontanol (TRIA) is a hormone that takes part in
abiotic stress tolerance mechanisms and performs this task by ensuring the continuity of
growth, productivity, development and vital metabolic processes. In this study, the
morphophysiological and cytogenetic effects of exogenous TRIA application in barley
(Hordeum vulgare cv. Avci) under drought stress were investigated. The results showed that
drought stress negatively affected barley both morphophysiologically and cytogenetically.
Application of exogenous TRIA had an increasing effect on germination percentage, radicle
number, coleoptile length and percentage under drought stress. Moreover, in the same
environment, with the effect of TRIA, there was an increase in the mitotic index (44%) and a
decrease in chromosomal abnormalities (46%). The conclusion drawn from this study is that
the application of 10 uM TRIA application causes physiological and cytogenetic improvements
in barley under drought stress, resulting in the plant's stress tolerance.

Key words: Drought, Mitotic activity, Morphophysiological effects, TRIA.

1. Introduction

One of the biggest risks to plant growth is drought stress, which is caused by increasing
temperatures due to climate change around the world, decreasing precipitation, and using
the wrong tactics such as inconsistent irrigation. Crop development and productivity are
severely harmed by drought stress because it lowers the quality of the morphological,
physiological, and biochemical features of plants [1]. According to research conducted in
a variety of countries, the drop in yearly precipitation produced by global warming has
had a deleterious impact on plants, including a fall in relative water content and loss of
turgor [2]. Drought also interferes with growth, photosynthesis, and other vital
physiological and biochemical functions [3]. Previous studies has demonstrated that the
stress caused by drought increases chromosomal aberrations, decreases the cell cycle and
mitotic index, damages biological membranes and macromolecules, and generates
oxidative stress [4-7].
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Adverse environmental conditions such as drought threaten the survival of plants that
depend on soil and inhibits plant growth, development, and product quality [8]. Numerous
plant investigations have demonstrated the detrimental consequences of drought stress at
the physiological [9-12] and cytogenetic levels [6, 13, 14]. However, plants produce a
range of organic substances, including plant hormones, that aid in their adaptation in
response to these changes through a variety of biochemical, molecular, and structural
alterations [15].

Plant hormones are a class of signaling molecules that are present in minute quantities in
cells. They are crucial for regulating metabolism in response to biotic and abiotic stresses
and for improving a plant's capacity to morphologically and physiologically adapt to
unfavorable environmental circumstances [16]. Although prior research has established
the roles of certain hormones, including gibberellin, ethylene, auxins, ABA, and salicylic
acid, in abiotic stress tolerance, it is recognized that the mechanisms of action of these
hormones vary depending on the degree of stress, the type of plant, and the tissues that
are under stress [17-19]. TRIA is a plant growth regulator that helps plants adapt to harsh
environments like salt and drought by balancing a variety of physiological and
biochemical processes. After exogenous application of TRIA, which is in the form of a
30-carbon primary alcohol, the increase in photosynthesis, water and nutrient
assimilation, membrane stability, gene regulation and activities in vital processes has
attracted the attention of researchers [20]. TRIA, which is present in plant epicuticular
waxes, increases nitrogen fixation when applied exogenously to plants. In addition, it
raises the levels of photochemical pigments, sugars, soluble proteins, free amino acids,
carbonic anhydrase, transpiration rate, photosynthetic rate, and water usage efficiency
[21]. The exogenous injection of TRIA boosts growth, dry mass, photosynthetic
pigments, photosynthesis rate, suitable osmolytes, and antioxidant enzyme activities,
hence mitigating the harmful effects on plants under abiotic stress conditions. This is
because TRIA actively regulates the processes of plants in changing environmental
conditions [22-24].

Aim of the work was designed to comprehensively test of the efficiency level of
exogenous TRIA against effects physiological, cytotoxic and genotoxic in caused by
drought stress in Hordeum vulgare cv. Avecl meristem cells and to contribute to the gap
in the literature. That is, it is aimed at clarifying to what extent exogenous TRIA tolerates
drought stress, whether it encourages cells to enter the mitosis division, and whether it
causes any changes in the structure and behavior of chromosomes.

2. Material and Method

Hordeum vulgare cv. Avci seedlings were obtained from Ankara Field Crops Central
Research Institute and employed in the study's experimental phases. In addition, PEG
6000, among the chemicals used to reveal the effect of drought stress in plants, was
supplied by Merck Firm (S7455691, 1 kg) and the TRIA Fluka Firm (90275, 100 mg)
was supplied. To generate a 500 ml stock with a 100 uM concentration for the
investigation, the TRIA was dissolved in distilled water and kept at +4 °C in the
refrigerator. In a preliminary investigations conducted by us, the most proper
concentration of TRIA in alleviation of the drought stress at the germination were
determined as 10 uM and also 22% PEG 6000 was the most suitable concentration for
drought stress. 22% PEG 6000 concentration was prepared fresh each use by dissolving
it in distilled water.
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2.1. ldentification of physiological properties

Every germination experiment involving the barley seeds utilized in the study was
conducted in a dark, sterile incubator with a temperature setting of 20 °C. During the first
phase of the germination trials, seeds that appeared physically alive, plumpness, and
similar characteristics were chosen. Prior to use, these chosen seeds were surface
sterilized by washing them with distilled water for 24 hours and pre-treated in 1% sodium
hypochlorite for 10 minutes. The sterilized seeds were placed in conical flasks with 50
ml of distilled water and 10 uM TRIA, and they were soaked for a full day at room
temperature. Following that, these seeds were placed in 10 cm sterile, disposable petri
plates that were double-layered with blotting paper on the bottom and contained 7 ml of
distilled water and 22% PEG 6000. The germination percentage, fresh weight, radicle
numbers and lengths, coleoptile percentage, and lengths of the seedlings sprouting from
the germinated seeds were measured after the planted petri dishes were maintained in the
incubator for seven days. The length of the radicle was measured by using a ruler to
measure the portion of the germinated seeds from the point where the root and stem
separated to the tip of the longest fringe root. By using a ruler to measure the length of
each germinating seed, from the point where the root and coleoptile separate to the tip of
these organs, the coleoptile length was ascertained. The number of radicles and the
percentage of coleoptiles in the seedlings were determined by counting the germinated
roots and coleoptiles based on their concentrations at the end of the seventh day in the
incubator. A precision scale was used to weigh all of the germinated seeds after they had
sprouted for seven days. The average fresh weight, given in grams per plant, was then
calculated by dividing the weight by the total number of seeds that germinated [25].

2.2. ldentification of cytogenetic characteristics

The root tips of seeds belonging all concentrations in the research after they reached 0.5—
1 cm in length, the roots were chopped and placed in glass bottles containing pretreatment
solution. Then, the root tips pretreated for 4 h. at paradichlorobenzene. Following a
distilled water wash, root tips extracted from the paradichlorobenzene solution were kept
in acetic alcohol (3 parts ethyl alcohol/1part glacial acetic acid) solution at +4 °C for a
full day. After being taken out of the acetic alcohol, the root tips were placed in 70%
alcohol solutions and refrigerated at +4 °C until the cytogenetic procedures were carried
out [26].

2.3. Root tip staining procedures and preparation

After the root tips, which had been kept at +4 °C and 70% alcohol, had been washed
several times with tap water were kept in 5 N HCI at room temperature for 20-25 minutes
for hydrolysis. Hydrolyzed root tips were stained with Feulgen at room temperature for
1h. The root tips were then let to sit in little petri dishes filled with water for 15 min. to
remove any leftover dye. Finally, after the dying process, the slayts were prepared by the
crushing method for the preparation process and examinations were made [26].

2.4. Calculating chromosomal aberrations and mitotic index

The 100X magnification of the microscope was used to scan the slides prepared for the
purpose of examining the stages of mitosis. Three iterations of counting the prepared
slides were performed. After counting at least 3000 cells for each application (3x1000),
mitotic index, phase indices and chromosomal abnormalities were calculated using the
following equations. Images of chromosomal anomalies were photographed (100X) using
a C-5060 WZ digital camera and an Olympus CX41 research microscope.
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L Number of cells in mitosis
Mitotic index (%) = Total number of cells X100

. Number of abnormal cells
Chromosome aberrations (%) = Number of colls In mitosis X100

. Number of cells belonging to phase
Phase indices = —— [27,28].
Total number of dividing cells

3. Results and Discussions

In this study, the physiological characteristics and cytogenetic effects of exogenous TRIA
application in barley under normal and drought conditions were investigated and the
results were compared. According to the results obtained, the scores of physiological
changes in control and PEG 6000 applied seeds is presented in Table 1. The germination
percentage value of barley seeds planted in petri dishes in distilled water (control group)
environment after seven days was 79.00+5.03 However, with TRIA application alone to
stress-free environment reached value of 92% increasing in the germination percentage
by approximately 16% compared to the control group. This increase, in addition to being
numerical, also revealed a statistically significant different. Drought stress showed its
negative effect by decreasing from 79.00+£5.03 to 42.00+4.00 (approx. 47%) the
germination percentage compared to the control group. Exogenously applied TRIA were
ameliorated the negative effect caused by drought on germination percentage, achieving
value almost close to the stress-free environment Drought+TRIA application compared
to alone drought on the germination percentage was showed an increase of 70% and the
germination percentage value was 72.00+7.30. As a result of the study, it was determined
that the fresh weight of barley seeds germinated in distilled water environment was
257.00+5.72 mg. TRIA administered alone showed an inhibitory effect of approximately
5% on fresh weight. After the application of drought stress, fresh weight down to
111.00+2.16 mg by decreasing approximately 60% compared to the control group. After
Drought+TRIA applied, there was a decrease in the amount of fresh weight compared to
the control group, as in the non-stress environment. It was observed that the root length
values in the control group were both statistically and numerically close to each other
when TRIA was applied alone in a non-stressed environment. Accordingly, while the
radicle length in the control group was 10.00+2.21 cm, it was 10.93+1.81 cm after TRIA
application. However, drought stress and TRIA application values under stress also
showed very close values to each other. After applying drought stress alone, radicle length
decreased to 4.89+1.52 c¢cm, a 52% decrease compared to the control group. Likewise,
after TRIA applied in a stressful environment, radicle length decreased to 4.22+1.27 cm.

In the study conducted to determine the number of radicles in barley seeds, this value was
determined to be 4.75+0.59 in the control group. After the addition of TRIA, the number
of radicles increased by approximately 5% and reached 4.99+0.72. As expected, the
number of radicles decreased after drought stress. As a results of the study, the number
of radicles decreased by approximately 30% under stress, with a value of 3.34+0.76. After
exogenous TRIA application in the presence of drought stress, the number of radicles
increased slightly, up to 3.40+0.91. When the coleoptile percentage values were examined
in the study, it was determined that the results obtained after the control group and TRIA
application were very close to each other. According to the results obtained, the coleoptile
percentage values in the control group and after TRIA application were determined to be
98.69% and 100%, respectively. Application of drought stress caused the coleoptile
percentage in barley plants to decrease by approximately 32%, down to 68% compared
to the control group. However, TRIA applied in the presence of stress showed a
stimulating effect on this parameter. According to the results obtained, the coleoptile
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percentage increased by approximately 25% compared to the control group and rose to
83.80%. When the results obtained were examined, it was determined that the results of
coleoptile lengths were parallel to the results of coleoptile percentage. Accordingly, the
coleoptile length values in the control group and after TRIA application were 10.13+1.99
and 10.21+1.84 cm. Drought stress had a negative effect on this parameter, as in all other
parameters. Application of drought stress caused the coleoptile length to decrease by 82%
to 1.92+1.32 cm. TRIA applied under drought stress showed an encouraging effect on
coleoptile length by increasing the coleoptile length (approx. 12%) and reached
2.18+1.31cm (Table 1).

Table 1. Effects of exogenous TRIA on physiological changes in barley under drought stress and normal
conditions (*Shows values with insignificant difference (p<0.05) for each column shown with same
letters, = standard deviation).

inati leoptil
Applications Geel;:l(::::lamen Fresh Radicle Number of Ce(:'cee(:llial ee Coleoptile
PP P g weight (mg) length (cm) radicles P g length (cm)
(%) (%)
Control *79.00+£5.03%  257.00+£5.72¢  10.00+2.21°  4.75+0.59% 98.69+2.63°¢ 10.13+1.99b
10 pM TRIA 92.00+5.66°  248.00£9.09° 10.93+1.81>  4.99£0.72°  100.00£0.00¢  10.21+1.84°

%22 PEG 6000  42.00+4.000  111.00+2.16%  4.89+1.522  3.34+0.76° 68.00+2.372 1.92+1.322

%22 PEG 6000

.00+7.30P .00+2.940  4.22+1.27*  3.40+£0.912 .80+11.10° .18+1.312
110 uM TRIA 72.00+7.30 108.00+2.94 4.22+1.27 3.40+0.91 83.80+11.10 2.18+1.31

Under normal conditions, where there are no biotic or abiotic stresses, there is no need to
use additional external hormones or growth regulators for the seeds to germinate. In the
absence of any stress conditions, growth regulators given externally to plants have
positive effects on seed germination and seedling growth but may also have negative
effects. According to the findings obtained in this study, it was determined that drought
stress had an inhibitory effect on all physiological parameters. There are many studies
showing that there is a decrease in germination percentage, fresh weight, root number,
root length, coleoptile length and percentage as a result of applying drought stress [29—
32]. In order to alleviate or eliminate such negative effects of drought stress, researchers
have applied TRIA exogenously to various plants and at different drought stress
intensities and shared the results. In one of these studies, 30% TRIA application to
Triticum aestivum L. seedlings resulted in physiological developments due to increased
seed germination, seedling growth, and free amino accumulation after PEG-based
drought stress application [33]. In another study, it was reported that TRIA application in
Vigna unguiculata (L.) seeds under drought stress improved the stress tolerance of the
plant by improving germination parameters such as germination ability, relative seed
germination, germination rate, radical and hypocotyl length, total seedling length and
growth [34]. Sanadhya et al. [35] stated that TRIA pre-application to mung bean seeds
significantly increased root and shoot length, germination percentage, fresh and dry
weight of seedlings, thus increasing tolerance to PEG-induced drought stress. In another
study conducted on rice plant, it was stated that TRIA application created a defense
mechanism against drought stress by improving seed germination, seedling length, fresh
mass, dry mass and biochemical enzyme activities [36]. After detailed literature research,
no study was found investigating the effects of exogenous TRIA application on
morphophysiological characteristics of especially barley plants under drought stress
conditions. Therefore, the effects of TRIA application on the germination percentage,
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fresh weight, number of radicles, radicle length, coleoptile length and coleoptile
percentage in barley plants under drought and normal conditions are presented for the
first time in this study. As can be seen from the results, drought stress caused negative
effects on all parameters, causing a decrease in the values. Additionally, it is clearly seen
that exogenous application of TRIA together with drought stress also creates a response
mechanism to drought stress. It has been concluded that the increase in germination
percentage, radicle length, radicle number, coleoptile percentage and length values
caused by TRIA application has significant effects on coping with drought stress,
especially in barley plant and other plants that can be used.
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Figure 1. Effects of exogenous TRIA on mitotic division stages in barley under both drought and normal
conditions (PI: Prophase index, MI: Metaphase index, Al: Anaphase index, TI: Telophase index)

Mitotic index and chromosome abnormality values according to the data obtained in this
study are shown in Table 2. The mitotic index value was determined to be 10.20+0.76%
in the control group germinated in distilled water environment. With the application of
drought stress to the control group, TRIA applied in both normal and drought
environments revealed statistically and numerically significant differences. TRIA
application alone increased the mitotic index value by approximately 8% (11.04+0.21 %)
compared to the control group. The lowest mitotic index value was observed after the
application of drought stress. That is, drought stress was an inhibitory effect by reducing
the mitotic index value by 20% (8.18+0.61%). With Drought stress+TRIA application,
the mitotic index was the highest value reached. The findings revealed that TRIA applied
under stress had a stimulating effect by increasing the mitotic index value by
approximately 44% (11.85+0.12%) compared to alone drought stress conditions.

Following the determination of the mitotic index, the indices at each stage of mitosis were
determined by taking into account the dividing cells of all concentrations (Figure 2).
While the concentration with the highest index in prophase, which is the first phase of
mitosis, was the TRIA application alone, the concentration with the lowest index was
seen in the control group. When the metaphase indices were examined, the concentration
with the highest index was the drought stress application, while the concentration with
the lowest phase index was the control group. At anaphase indexes, Drought stress+TRIA
application had the highest phase index compared to all other concentrations, while TRIA
and drought stress applications alone showed the lowest anaphase index values. At
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telophase the highest index value occurred in the control group. In addition, Drought
stress+TRIA and alone drought stress had the lowest telophase index values (Figure 1).
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Figure 2. Distribution of chromosome abnormality indices in mitosis stages of exogenous TRIA applied
to barley under drought and normal conditions (IA: Interphase abnormalities, PA: Prophase
abnormalities, MA: Metaphase abnormalities, AA: Anaphase abnormalities, TA: Telophase

abnormalities).

The chromosomal aberration frequencies data obtained from barley root tips
germinated both distilled water and drought stress in the absence or presence of 10 uM
TRIA are summarized in Table 2. After alone TRIA application, chromosomal
abnormalities frequency was 19.97+0.46%. After the application of drought stress,
chromosomal abnormalities increased significantly and an abnormality percentage of
approximately 35% was reached. Drought stress+TRIA application significantly reduced
chromosomal abnormalities while there was a decrease of approximately 50% compared
to alone drought stress, and the chromosomal abnormality frequency decreased to
approximately 19%.

After chromosome abnormalities were determined, chromosomal abnormality indices at
each stage of mitosis were determined by taking into account dividing cells in all the
concentrations. Since there are no chromosomal abnormalities in a stress-free
environment, control group has the lowest chromosomal abnormality indices value in all
phase. According to the results obtained, the application in which prophase, metaphase,
anaphase and telophase abnormalities were most observed was the application of alone
drought stress. In the interphase, the application with the highest chromosomal
abnormality indices value was alone TRIA application (Figure 2).

In this study conducted on the root tips of barley plants to determine chromosome
abnormalities, although no chromosome abnormalities were found in any of the seeds
germinated in the control group, various chromosome abnormalities were found at
samples belonging other concentrations. Microscopic images of a wide range of
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chromosome aberrances observed in the preparations prepared with root tips belonging
to all other application groups are shown in Figure 3-5.
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Figure 3. Interphase and prophase stages of exogenous TRIA applied under normal conditions and with
drought stress and images of the chromosome abnormalities. a: normal prophase (arrow), b: micronucleus
(arrow), c: micronucleus (arrow) in two-vacuolated cell, d: granulation, e: micronucleus (arrow),
elongated nucleus with two vacuoles (short spaced arrow), anaphase (long spaced arrow), f: granulation
(arrow), elongated nucleus with three vacuoles (striped arrow), g: sickle-shaped nucleus (arrows), h: two-
vacuolated cell in interphase.

Chromosomal abnormalities, which occur spontaneously or as a result of the adverse
effects of environmental stress, reflect the deleterious effects of a toxic agent on plant
cells [37]. The aneugenic and clastogenic effects, which account for a significant
proportion of the chromosome abnormalities observed in this study, may be largely due
to spindle thread disruption and chromosome breakage, respectively. Micronucleus (MN)
assay is agreed to be the most effective endpoint for the analysis of the mutagenic effects
of toxic agents. The presence of a large MN in a cell is indicative of an aneugenic effect
resulting from chromosome loss. Conversely, the presence of a small MN in a cell is
indicative of a clastogenic effect due to chromosome breaks [38]. Briand and Kapoor [39]
have indicated that the MNs (Figure 1a, c, e, 2 b, 3b) are a possible consequence of
vagrant chromosomes and fragments. It is widely acknowledged by the research that a
number of chromatin regulation-related factors, including histone modification enzymes,
linker histone H1, HMG proteins and ATP-dependent chromatin remodelling factors,
play a role in plant abiotic stress responses [40, 41]. Chromatin granulation observed at
interphase (Figure 1d, f) is likely the result of the deformation of the nuclear material
caused by toxic agents. This is thought to be a consequence of the aforementioned factors
and abnormal chromatin condensation, and indicative of potential abnormalities that may
occur in future mitosis phases. Sickle-shaped nucleus and elongated nucleus with
vacuoles may have occurred due to absence of NUMA (Nuclear Mitotic Apparatus) in
interphase, which is a protein required for the formation of spindle poles in mitosis. Sun
et al. [42] and Merdes and Cleveland [43] asserted that the absence of NuUMA in
interphase nuclei was associated with non-spherical, elongated or beaded nuclear
morphology, suggesting that NUMA may act as a non-fundamental nucleoskeletal
element during interphase. The formation of sticky chromosomes (Figure 4 e,f) may be
attributed to a number of factors, including aberrant DNA condensation, anomalous
chromosomal wrapping and the inactivation of the axes [44]. It has also been proposed
that such abnormalities may be caused by an incorrect folding of the chromatin fibres
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[45]. Some researchers posit that the presence of sticky chromosomes indicates a high
degree of toxicity affecting the chromatin, as well as an irreversibility of the change [46,
47]. Chromosome aberrations, such as bridges and breaks, are indicative of a clastogenic
action, whereas chromosome losses, laggards, sticky, multipolarity and C-metaphase
originate from aneugenic effects [48]. Given that kinetochore attachment is a stochastic
process, it is susceptible to errors and can result in chromosome malorientation [49].
Mitodepressive actions, including spiralized chromosomes extending from pole to pole
in metaphase, disorderly pro-anaphase, alignment anaphase, ring chromosome in
anaphase, multipolar anaphase, bridges and polar slip in ana-telophase, star chromosome
in ana-telophase, may be primarily attributable to the aforementioned factors.
Furthermore, Tabur and Demir [50] proposed that the nucleoplasmic bridges observed in
ana-telophase may have resulted from inversions. Similarly, Bonciu et al. [51] suggested
that these bridges may originate from dicentric chromosomes or result from a faulty
longitudinal break of sister chromatids during anaphase. Additionally, Fiskesjo [52]
posited that bridges are clastogenic effects, resulting from both chromosome and
chromatid breaks. Vagrant chromosomes (Figure 5i) and lagging chromosomes (Figure
5m) occur during the anaphase, whereby one or more chromatids become detached from
the rest of chromatids and are unable to move towards the poles. Patil and Bhat [53] have
put forth the hypothesis that laggard chromosomes may originate from the failure of the
spindle apparatus to organize in the typical manner. Also, the laggard of chromosomes
may have occurred due to a weak mitotic impress. It is hypothesised that irregular
chromosome contractions may result in uncoiling of chromosomes in prophase and
metaphase cells. Consequently, it is postulated that TRIA and/or drought stress may have
been the cause of the aforementioned abnormalities, due to their ability to stimulate or
inhibit enzymes and proteins that are essential for normal cell division, and thereby
disrupt the spindle mechanism.

In addition to the substances found in the plant, substances such as hormones and growth
regulators given externally can be perceived as stress in plant growth development and
toxicity tests. This may result in mitodepressive effects such as inhibition of mitosis or
suppression of DNA synthesis, depending on the dose of the substance administered or
the duration of application [28]. Thanks to the active properties of the substances
exogenously administered to plants, the fact that they cause different levels of clastogenic
responses on chromosome structures and behavior varies according to plant species [54].
Researchers have done very little to examine the effects of TRIA on mitotic activity, and
this is a major gap in the literature. In one of the rare studies conducted, they stated that
TRIA application against the negative effect of salt stress on mitotic activity did not
improve mitotic activity, but caused a decrease in chromosome abnormalities [55]. In
another study, it was reported that TRIA application under ABA hormone decreased
mitotic activity and chromosome abnormalities [56]. This study is the first in the literature
to determine the clastogenic effects of exogenous TRIA on especially barley root tip
meristems under the effects of drought stress. According to the results of the study, it has
been determined that exogenous TRIA application promotes mitotic activity both in a
stress-free environment and despite the negative effects of drought stress, and also helps
maintain chromosome stability by reducing mutational damage that may occur in DNA
or chromatids under drought stress. Although they generally occur as a result of
environmental stresses, chromosomal abnormalities may also occur, albeit very rarely, as
a result of changes occurring within the plant. This situation occurs especially under the
influence of substances that have a toxic effect on plant cells [37]. Along with abiotic
factors, biotic toxic agents cause chromosomal abnormalities as a result of aneugenic
(changes in the total chromosome number) and clastogenic (changes in chromosome
structure) effects. As a result of this study, it has been proven again that drought stress
causes various chromosome abnormalities. Considering that chromosome abnormalities
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occur as a result of stimulation/inhibition of enzymes and proteins necessary for normal
cell division and disruption of the spindle mechanism [57], it is clear that stress has
negative effects on these mechanisms. TRIA applied under drought stress showed
ameliorative effects on chromosome abnormalities. This means that exogenous TRIA has
a stimulating feature on the mechanisms mentioned above.

Table 2. Effects of exogenous TRIA applied on cytogenetic changes in barley under drought stress and
normal conditions (*Shows values with insignificant difference (p<0.05) for each column shown with
same letters, & standard deviation).

Applications Mitotic index 2‘;)::_?;?3:?
Control *10.20+0.76° 0.00+0.002
10 ptM TRIA 11.04+0.21b° 19.97+0.46°
%22 PEG 6000 8.18+0.61? 35.03+2.32°¢
%22 PEG 6000 + 10 pnM TRIA 11.85+0.12¢ 18.98+1.25°

Figure 4. Images chromosomal aberrations of the metaphase stage of exogenous TRIA applied under
normal conditions and drought stress. a: normal metaphase, b: micronucleus in metaphase (arrow), c:
spiralized chromosomes extending from pole to pole in metaphase, d: fragmented chromosomes (arrows),
e and f: sticky chromosomes.

4. Conclusion

As a result of this study, the morphophysiological and cytogenetic effects of exogenous
TRIA application on H. vulgare cv. Avci, a barley cultivar under both distilled water and
drought stress were examined. Drought stress fatally affects plant growth and
development, and it is obvious that agricultural areas in almost all parts of the world will
be damaged by these negative conditions in the near future. The results clearly show that
TRIA application both under drought stress and alone showed encouraging effects on the
mitotic index. While TRIA hormone application alone and drought stress caused
chromosome abnormalities, TRIA application under stress reduced chromosome
abnormalities. This study supports that the pre-application of TRIA given externally in
drought conditions can eliminate the negative conditions in the studied parameters. In
order to fully reveal the cytogenetic role of TRIA, it is very important and necessary to
determine the effects of biosynthetic inhibitors involved in cell division on chromosome
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behavior in different plant species. Consequently, investigating the effects of TRIA on
basic metabolic events that may directly or indirectly affect cell division and chromosome
configuration will be important to form the basis of strategies to combat drought stress.

Figure 5. Images of the anaphase and telophase stage of exogenous TRIA applied under normal
conditions and drought stress and the chromosome abnormalities. a: normal anaphase, b: micronucleus
(arrow), disorderly anaphase and ring chromosome (striped arrow), c: bridge in anaphase (arrow), d:
alignment anaphase and double bridge in anaphase (arrows), e and f: alignment anaphase, g: star
anaphase, h: multipolar anaphase, i: vagrant chromosome (arrow), j and k: pole slip in anaphase, I: early
telophase, m: lagging chromosome. (arrow), n: star telophase, o: pole slip in telophase.
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Abstract: The type of radiation that harms humans and living organisms is the ionizing type.
In this type of radiation, radiation passing through the cell transfers energy to biological tissues
and causes harmful biological effects along with chemical changes. Therefore, radiation
exposure doses should be kept as low as possible and appropriate shielding materials should be
used between radiation and living tissue. In this study, stopping power and range calculations
of B-100 bone and C-552 air-equivalent plastic materials, which are International Commission
on Radiation Units & Measurement (ICRU) materials, were performed for alpha particles in
the energy range of 0.1 MeV - 10 MeV. The effective charge approach within the scope of
Bethe-Bloch theory and Bohr stripping criterion was used in collision stopping power
calculations. The Continuous Slowing-Down Approximation (CSDA) method and the 3/8
Simpson approximation were chosen for range calculations. The error rates were found to be
less than 10% when the results were compared with the available literature data.

Key words: Stopping power, CSDA range, Radiation, Alpha particles, Phantom

1. Introduction

Radiation can be divided into two groups: ionizing and non-ionizing. The type of
radiation that harms humans and living organisms is the ionizing type. lonizing radiation
has cumulative effects on living organisms, especially humans, throughout their lives and
increases the risk of developing cancer. In this type of radiation, radiation passing through
the cell transfers energy to biological tissues and causes harmful biological effects along
with chemical changes. Therefore, doses to be exposed to radiation should be kept as low
as possible and appropriate shielding materials should be used between radiation and
living tissue. In this respect, the energy loss (stopping power) per path taken by the
charged particles in the target and the path they take (range) are significant in the
interaction of radiation with matter [1].

In radiotherapy, dose accumulation and the interaction of radiation with target tissues
must be understood before the patient is exposed to radiation. These interactions and dose
accumulations can be investigated using phantom materials equivalent to the target of
interest. Therefore, the study presented here is aimed at examining the interaction of
radiation with bones and air. Although some studies have been carried out on bone and
air-equivalent plastic materials so far, stopping power and range calculations of these
targets have not been made for alpha particles other than ICRU [2] and the Stopping and
Range of lons in Matter (SRIM) [3].

SRIM is a group of programs that quantum mechanically describes atom and ion
collisions and can perform stopping power, range and straggling calculations up to 2 GeV
energy. These calculations use a statistical algorithm that consider bulk electronic
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excitations and bond structures between atoms. The ICRU 49 report contains tables of
electronic, nuclear and total stopping power, CSDA range and deflection factors for 73
target materials for protons and alpha particles with energies between 1 keV and 1 GeV.
Collision stopping powers at low energies (about 0.5 MeV for protons and below 2 MeV
for alpha particles) are based on experimental data, while at energies higher than these
energies they are based on Bethe stopping power theory, including quasi-empirical
average excitation energies, shell corrections and the 1st Born approximation. SRIM
program and ICRU report data are internationally valid and globally accepted reference
databases on the interaction of radiation with matter.

In this study, stopping power and range calculations were made analytically for B-100
bone and C-552 air-equivalent plastic materials, which are ICRU materials, for alpha
particles in the 0.1 MeV-10 MeV energy range. Effective charge approach within the
scope of Bethe-Bloch theory and Bohr stripping criterion was used in collision stopping
power calculations. Sapporo QZP functions [4] from Gaussian basis sets were preferred
for the electronic potential energy functions of the targets. The CSDA method and the 3/8
Simpson approximation were chosen for range calculations. When the results obtained
were compared with the available literature data, it was determined that the error rates
were less than 10%. Therefore, stopping power and CSDA range calculations were
performed with an innovative approach by using a new electronic potential energy
function, taking into account the effective charge, stripping distance and effective average
excitation energy of these targets.

2. Material and Method
2.1. Target materials

The materials selected in this study were B-100 bone-equivalent plastic (ICRU card 112)
and C-552 air-equivalent plastic (ICRU card 116) targets, which are generally used in
radiotherapy and are ICRU materials. The atomic number fraction by weight, average
excitation energies (1), and densities (p) of the materials are given in Table 1.

Table 1. Density, composition, and mean excitation energy of B-100 and C-552 materials

Atomic number fraction by weight I p
Materials
H C N o F Si Ca | (eV) | (g/cm®)
B-100" | 0.065 | 0.536 | 0.021 | 0.032 | 0.167 0.176 | 85.971 | 1.452
C-552" |0.024 | 0.501 0.004 | 0.465 | 0.003 86.863 | 1.765
* |CRU 49

2.2. Stopping power calculations

In this study, collision stopping power and CSDA range calculations were made for alpha
particles in the energy range of 0.1 MeV-10 MeV in bone and water equivalent materials.
As it is known, stopping power calculations of heavy charged particles consist of collision
and nuclear parts. However, the contribution from the nuclear stopping power calculation
to the total stopping power is negligible in the energy range of interest. Therefore, only
the contributions from collision stopping power were considered here.

Collision stopping power calculations were performed within the framework of the
effective charge approach [5], which includes the first Born approximation and takes into
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account the Bethe-Bloch theory [6]. Accordingly, the energy loss per unit length when
alpha particles with velocity v arrive at the target is given by

4e?

meCZﬁZ

min

Scoll(v) =

Where, e is the elementary charge, m, is the mass of the electron, c is the speed of light,
B =v/c, Z; is the effective charge of the target, g, and g are momentum transfers.
The effective charge and momentum transfers of the target can be found from the
following relation:

[0e]

Z; =f anr?p(r)dr (2)
Ts
2m,v 21"
Amax = he ’ Amin = E (3)

Here p(r) is the electron density of the target material, r is the distance from the nucleus,
1, 1S the stripping distance, and I* is the effective mean excitation energy of target
material.

1 (o]
Inl* = 7 f ln[thp(r)]4nr2p(r)dr 4)
2 Jrg

wy, is the plasma frequency, and y is the a constant that can be set to /2. The electronic
potential energy function

U(rs) = [-mp(r)r*]/5+ C (®)

obtained from the solution of Poisson's equation and the Bohr stripping criterion [7]
expression were used [8]. and C is a constant. In this study, the charge density of the target
materials was calculated using the expression

p() = ) [u, )|’ ©)
h

2.3. Gaussian basis sets

Sapporo QZP functions [9] from Gaussian basis sets were preferred to calculate the
electronic charge density. This function, which consists of radial and angular parts, is as
follows:

g(r,6,¢) = N(L,a)r'e= Y, (6, ) @)

Where [ is angular momentum quantum number, Y;,,, is spherical harmonics, «, is
exponential coefficient, and N (I, «) is the normalization constant and is given as follows:

2(2a,)*" | 2

NGao) =——r7— [+ on

ay) (8)
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Here, atomic orbitals are considered to be spherical (I = 0) and spin interactions are
ignored.

2.4. CSDA range calculations

The range calculations of alpha particles were based on the continuous slowing down
approximation (CSDA), which describes the path taken by these particles as they lose
energy until they continuously slow down and run out of energy:

Er dE
R=p, f ) )
E; coll

Here p, is the density of the target, E; and Ej are the initial and final energies of the alpha
particles, respectively. Since this integral is very difficult to calculate analytically for
range calculations, the more convenient Simpson 3/8 method, known as the four-point
approximation, was used:

Er dE 3 1 1

E; Scoll |Scoll Scoll
(10)
n—1 1 n-3 ]
+3 (El+]AE)+ZZ (E, + j.AB)|
— Scoll — Scoll J
Jj=1 j=3
1,2,4,5 3,6,9
3. Results and Discussion
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Figure 1. The collision stopping power results of B-100 bone-equivalent plastic material for alpha
particles

Figure 1 shows the collision stopping power results of B-100 bone-equivalent plastic
material for alpha particles with 0.1-10 MeV energy. It is understood that the values
approach each other at energies of 2 MeV and above, but there are significant differences
at energies lower than 2 MeV. It is particularly noteworthy that the calculated values
suddenly decrease at low energies. The peaks of the curves are localized in the 600-700
keV interval, and the peak values obtained here differ from the available data. The error
rates of the calculated stopping power values with the ICRU data are 2.25% in the 2-10
MeV energy range and 2.74% in the 0.1-2 MeV energy range.

2000 —

| 58e —o— |CRU 49
1600 This study | |

1400

1200 S
1000
800 -
_ a —= C-552

600

400

Collision Stopping Power (MeV/g/cm?)

0,1 1 10
Energy (MeV)

Figure 2. The collision stopping power values of the C-552 air equivalent plastic material for alpha
particles

Figure 2 indicates the collision stopping power values of the C-552 air-equivalent plastic
material for alpha particles in the energy range from 0.1 MeV to 10 MeV. At energies of
about 1.5 MeV and above, the values are close to each other, but at energies lower than
1.5 MeV there are differences in the data. In particular, the stopping power values
obtained in this study differ significantly from the existing values. The values are
localized in the range of 650 keV-700 keV, with the peaks of the data being at 650 keV
for SRIM and 700 keV for ICRU and this study. The error rates of the collision stopping
power values calculated here with the ICRU data are 3.48% for alphas with 2-10 MeV
energies and 4.08% for alphas with 0.1-2 MeV energies.
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Figure 3. The CSDA range of alpha particles in B-100 bone-equivalent plastic material.

Figure 3 represents the CSDA range of alpha particles with energies of 0.1-10 MeV in B-
100 bone-equivalent plastic material. The figure displays that the range values increase
with the energy of the alpha particles. The envelope of the curves generally depicts the
shape of a parabola. Although the SRIM values are quite close to the ICRU data, there
are significant differences in the values obtained in this study. These differences become
more noticeable with increasing energies, especially from 4 MeV onwards. The error rates
of the CSDA range values calculated in this study with the ICRU data are 5.40% in the
0.1-2 MeV energy range, while they are at 5.14% in the 2-10 MeV energy range.
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Figure 4. The CSDA range of alpha particles in C-552 air-equivalent plastic material.

Figure 4 demonstrates the CSDA range values in the C-552 air-equivalent plastic target
of alpha particles with energies of 0.1-10 MeV. As expected, the range values increase
proportionally with the energy of the incoming alpha particles. The amount of increase is
non-linear and more in line with a parabolic curve. Again, SRIM values and ICRU data
are close to each other, and the values calculated here show significant changes. The error
rates of the calculated CSDA range values with the ICRU data are 6.12% in the 0.1-2
MeV range, while they are around 5.86% in the 2-10 MeV range.

In this study, collision stopping power and, indirectly, range calculations were performed
using the effective charge approach within the Bethe-Bloch framework. In this approach,
the 1st Born approximation is used for high-speed charged particles. So, the speeds of the
incoming charged particles are greater than the orbital speeds of the electrons in the target
atom. Thus, the Bohr stripping criterion and the potential energy function including the
electronic charge density of the target were used to calculate the excitation cross section.

CSDA range calculations were based on the 3/8 Simpson rule. This rule approximates the
function of interest, the inverse stopping power function, by a parabola, hence a 3rd-order
polynomial. This further reduces the probability of error. Error rates of 5-6% in range
calculations are due to the use of higher-order polynomials to connect the points and thus
more accurate integral calculations. Although this method gives more accurate results
than the Trapezoidal method, it would be useful to apply different integration methods
such as Gaussian quadrature and Romberg method to the calculations and compare the
results.

So far, many studies have been conducted using the effective charge approximation [5, 8,
10-14]. In these studies, parameters such as the atomic charge, average excitation energy,
and stripping distance of different target materials were used at their effective values. In
the present study, a new electronic potential energy function with the effective values of
the target materials of interest was constructed and calculations based on these functions
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were performed. Therefore, due to these effective parameters, this method outperforms
the SRIM data at energies above 2 MeV because it does not require Bloch, Barkas and
shell corrections. However, the high error rates at energies lower than 2 MeV are due to
the fact that the 1st Born approximation is not valid at low energies. Because additional
events such as electron capture occur at these energy levels. In this region, the distorted
wave Born approximation or the Coulomb wave Born approximation should be used
instead of the plane wave Born approximation.

4. Conclusion

In this work, collision stopping power and CSDA range data of bone and air-equivalent
plastic materials were calculated for alpha particles. Both stopping power and range
values were found to be more consistent with literature data at energies above 2 MeV. In
general, when averaged, it was observed that the values obtained were compatible with
the ICRU data with an error rate of less than 10%. These predicted values based on the
study showed good agreement with the stopping power and range values of alpha particle
in SRIM code and ICRU. The data calculated in this study will provide important
contributions to studies involving the interaction of radiation with matter.
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