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ABSTRACT

In the current research, various nuclear properties energy spectrum, reduced electromagnetic transition probabilities, nuclear moments, and the distributions of
both the nuclear charge and mass density as a function of radial distance from the nucleus center (r) were computed for™*?>9*Sr isotopes' using the
NuShellX@MSU code. The Skyrme (SLy4) potential was utilized to compute the Strontium isotopes' wave functions with mass numbers 90, 92, and 94. By
employing the Gloeckner interaction and bare G-matrix, the computed results showed good agreement with the available experimental information on the
aforementioned nuclear features of all the above isotopes. Additionally, the spins and parities of energy levels were confirmed and determined in accordance
with certain empirical values. Furthermore an acceptable agreement for transition strengthsB(E2; 2§ - 0}) for 29295y, and the dipole magnetic moment of
the ground state in theSr isotope, was observed with the available experimental values. In these calculations, new values were predicted for the above nuclear
properties, which had not been previously determined experimentally.

KEYWORDS:
energy spectra; gloeckner interaction; model space; nuShellX code; skyrme potential; transition strengths
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1. Introduction

Nuclear shell-model calculations are essential for the theoretical
framework used by both experimentalists and theoreticians to
explain many nuclear structure properties (Salman and Hameed,
2022; Hasan et al, 2021). This microscopic model of the atomic
nucleus is one of the most fundamental nuclear models, presuming
that nucleons occupy discrete energy levels and have specified
angular momentum. In the ground state, an isotope's nucleons will be
in the lowest possible energy state (Lawson, 1980). Isotopes in the
mass region greater thanor equal to 90 provide arare opportunity to
examine the effects of the proton subshell closure at 38 and the
neutron shell closure at 50 on level arrangements. A substantial
number of studies have recognized that the nuclear level
arrangements in the mass region greater than or equal to 90 can be
well defined within the shell-model framework. For instance, many
nuclear properties of certain nuclei have been well identified within
this framework. Heng et al. studied the level structure of the “Nb
isotope using the NuShellX code (Heng er a/, 2019). N. S.
Pattabiraman er a/, (2002) discussed the level structure of Mo,
considering proton subshell closure at 38 and neutron shell closure
at 50. In their study, the configuration space included four proton
orbits (from fst0 gg5) and six neutron orbits (from py; to sq)).
Rainovski er al, (2002) described the high-spin levels of the Ly
nucleus, with computations carried out in the proton orbits (0fs/, to
0go/2)and neutron orbits (1p4,0g0/2,1ds/2), including an extended
configuration with neutrons in the 0g;, orbital using Ritsschil code.
The high levels of these isotopes arose from the configurations of a
single g4/, neutron into the ds; level through the neutron shell closure
at 50. In particular, isotones with proton numbers equal to 38 in the
mass number region of 90, 92, and 94 have been significant topics for
examining the lasting interactions in shellmodel calculations and
two—particle excitations.

The isotopes 909294g, appear to be perfect candidates for such a study

to better interpret the nuclear features of isotopes in the mass region

greater than or equal to 90.

This research aims to perform shellmodel calculations using the
NuShellX@MSU code to describe several nuclear properties of the o
94945, isotopes.

2. Theory

Studying the transition probabilities B(E2) can provide new and
important information about the development of nuclear properties
and the shell-model. The electromagnetic transition from an initial
nuclear level (i), where the nucleus can be at rest, to a final nuclear
level (f), results in the nucleus's momentum in state (f) and the
emitted gamma ray being identical. The electromagnetic transition
between them can only occur when the emitted photon carries away
an amount of angular momentum (¥) such that /¢ = J;+£(Brown,
2005):

Ui = Jf| <€ < Ji +1p ()
Where (J =| ] |).
The gamma transition rate is specified by £ the muItipoIarity(AE), the
transition energy, and a factor that depends upon the details of the
internal nuclear structure(Preetha and Kumar, 2017).The
electromagnetic transition probabilities of B(E2) andB(M1)of the
transition between initial and final statesJ; and J; may be given

according to the following formula (Aghahasani et al, 2022; Obeed,
2021):

B(E2:Ji-Jy) = Gy WMy 1 Qo))

B(MLiJi-Jy) = s | Mel ), @)

where(Q),and M are operators of the nuclear moments.
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Electric quadrupole moments are another essential quantity to
characterize the nuclei's shapes, which are linked to the intrinsic

quadrupole moments by the following relationship (Obeed, 2021):

_ 3K%*-j(J+1)
QSUK) - (2]+3)-U+1) Qor (4)

where Krepresentsthe total angular momentum projection on the
nuclear symmetry axis, is the spin, and Qq is the intrinsic quadrupole
moment.

Intrinsic quadrupole moments are defined according to the following
relationship (Obeed and Hasan, 2021):

167'[

Qo = [z (BEE2)Y?,(5)

whereQ> 0 indicates the prolate deformation shape of nuclei,Qs<0
designates the oblate deformation shape of the isotopes, and Q5 =0
indicates the spherical shape. The magnetic moments are given by the
following formula (Carchidi er a/, 1986):

1 o
1=0=[_ o]*E0l0 M0y

where (]”6 (Ml)”])uN represents the operator of the magnetic

.o e
transition, [y = F_O .1051e.fm,pyis the nuclear magnetons, and
my, is the proton mass.

Here, [ Jo1]
momentum factor, the value of which is given by (Carchidi er al,
1986):

] represents the 3j symbol for the angular

[ J 1 l] [ -y 1°° 7)
=] 0] @I+DI+DEI+3)] 7
The calculations in Eq. (6) require knowing the values of the magnetic

moments(g) factors: gf =1,g} = 5585 forprotons and gi' =
0,g¢ = —3.826 for neutrons(Heyde and Irvine,1990).

In the calculations, the density distribution of a system containing A
nucleons was calculated and given according to the following
relationship (Roy and Nigam,1967):

Po(r) = Xitile:(P)I%(8)

3. Results and Discussion

In this research, various nuclear characteristics of strontium isotopes
(°9***sr) with neutrons (N = 52, 54 and 56) were calculated using the
NuShellX@MSU code, which is a shell model code written by Bill Rae.
This code can be used to determine the particular energies and
eigenvectors of low states in shell-model Hamiltonian matrix
computations, as well as the magnitude and beta decay, and radial
wave functions were computed using Skyrme capabilities (SLy4) from
the same code (Brown and Rae, 2014) with energetic charge nucleons
and factor (). The Gloeckner space model for the orbitals of the proton
(2p1/2 1g0s2) and neutron (3sy/, 2ds/,) with the Gloeckner interaction
and bare G-matrix was performed for the valence particles (two
neutrons, four neutrons, and six neutrons) of the isotopengSr, 925y and
%y, respectively, outside §§Sr, which is a closed core. Single-particle
energies of a valence nucleon are represented by the values
€2p1/2 (p)=-7.124MeV, €149/, (p)=—6.248,£5,,,, (n) =-5.506 MeV
and, £54,(n)= -6.338 MeV. The calculations and results of each
isotope are discussed in the following sections.

3.1. Energy levels:

The #sr isotope: This isotope has two neutrons scattered in orbits
(3s1/2, 2ds),) over the 88Sr closed core. Figure 1 presents theoretical
and experimental excitation spectra values for the %°Sr isotope. An

agreement was achieved for the ground state (07) of the calculated
energy level, which was compared to the experimental energy level
in the same ground state (0). An acceptable agreement was also
found for theoretical energies values{0.941,1.543, 2.194, and
2.951}MeV associated with the states(total angular momentum and
parity){21, 41,23 and03 }, which were compared with the values
of the experimental energies{ 0.831%%,1.655%7, 1.892%% ,
and 2.971%1%3} MeV (Basu and McCutchan, 2020).Current
calculations have suggested that the state associated with (37 ) with

the experimental energy value 2.207+%

MeV can be confirmed by
the calculated theoretical state (31); this is due to the accepted
agreement of the above energy value with the theoretical energy
value of 2.210 MeV. ltwas noted that there are values of energies and
their accompanying states {from 2.497+6;(2") to 2.927+7;4} MeV in
the experimental data for which no corresponding values appeared
in the calculations. The highest theoretical value for the energy2.951
MeV in the state Ozrwas obtained, while the experimental values are
higher.

Figure1. Comparison between the calculated level energy values and the experimentaldataof the
9Sr isotope(Basu and McCutchan, 2020)
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The®sr isotope has four nucleons (neutrons) dispersed in orbitals
3syand 2ds; over the closed nucleus 88gr. Figure 2 displays the
experimental and theoretical excitation spectra values for the isotope
925t as follows (Baglin, 2012):a complete agreement was found for the
ground state(07) thatis compared to the ground state in experimental
information.A certain extent of predictable agreement of theoretical
energy values was also found (0.919 and 2.105)between the MeV of
the states 2§ and 1f and the experimental energy
values(0.814*3and 2. 14-0+ 4MeV) in the same states. Through the
calculated theoretical state (37), confirmation of the state
associated(3") with the experimental energy level (2.185%7 MeV) was
obtained; this is due to the acceptable agreement of this level with the
theoretical level(2.169MeV).A probable assertion of the spin only(4)at
the experimental level value (1.673% MeV)was found due to the
acceptable compatibility of this energy value with the theoretical
value(1.561MeV).The parity(+)was confirmed for the experimental
energy value 1.778%13 MeV associated with the spin (4), and the
states(47,0%, 51 and2" )were identified .In terms of the experimental
energy values(2.783%%,2.849%8,2.924%7 and 3.0147¢) these
energies were compatible to an acceptable extent with the theoretical
energy’s values of 2.830, 2.871, 3.002, and 3.213MeV.New theoretical
energy levels(2.179and 3.444 MeV)of the states 23 and 4';were
predicted in these calculations but still have no experimental energy
value for comparison with. There are empirical energy values that have
recently been observed: (1.384f3 29,
(2.053*¢, (2", (2.088%17 0("), (2.527*%, 0, (2.7651%, (57)),

Obeed, F.H. and Hasan, AK. (2024). Study of the nuclear structure properties in strontium (**#2%%sr)

isotopes using nuclear shell model calculations. Scientific journal of King Faisal University: Basic and Applied Sciences, 25(2), 1-5.
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(2.783%%,.),(2.820%18 2(),(1)),(3.12827 (6"), and (3.55817 (6-
,7-)which have no assessment with theoretical energies values.
Through the current study, it was observed that the highest value of the
theoretical energy was3.444MeV with the state 4%, while higher
values have been observed experimentally.

Figure2. Comparison between the calculated level energy values and the experimental data of the
9Sr isotope (Baglin, 2012)
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The945risotope: This isotope has six nucleons (neutrons) dispersed
in the orbits 3s,,, 2ds/, over the 88Sr closed core. Figure 3 presents
the theoretical and experimental excitation spectra values for the**sr
isotope(Negretand and Sonzogni, 2011).Here , theoretically, the
calculated energy level and its ground state(0*;) were in complete
agreement with the experimental ground state(0°), and there was a
predictable confirmation of the states(3),(2"), and (47) for
experimental  energy levels (1.926™%}, 2.271%1¢  and
2.6037%% MeV ).There was a largely appropriate agreement
between these energies and the theoretical energies values (1.889
,2.237and2.572 MeV). There are empirical energy values with the
state (2.146%1%, 4%, and 2.414*1, (37)MeV )that have recently
been observed and have no corresponding theoretical values.

Figure 3. Comparative between the calculated level energy values and the experimental data of the
%Sr isotope (Negret and Sonzogni, 2011)
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3.2. Electromagnetic transition probabilities B(E2), B(M1):

The results of electric quadrupole transition probabilities were
calculated by selecting the effective nucleon charges of protons and
neutrons as follows: (ep:’l‘830e,en:’l‘66e),(ep:1.772e ,n=1544e
), and ( ep:1.655e,en:1.3le),whi|e the parameter values meters of
the orbital and spin nucleon(g) factors g;(p), gs(n), g:(p)
and g,(n)were equalto(5.027,-3.443,1.671,0671), (5.027,~3.443,
1.02,0.02), and(5.027,-3.443,1.0), which , in turn, were used to
correspondingly calculate the dipole magnetic BM7) for?*92%s,
isotopes. The calculated values of reduced electromagnetic transition
possibilities are listed in Tables 1, 2, and 3 for2092%g, isotopes. These
tables display the £2 and M7 transition for the 05 isotope. The
computed B(E2) transition possibilities were in good agreement with
the experimental data(Basu and McCutchan, 2020),specifica||y for the
strong(£2)decays from 27 state to 07 stateat the value B(E2;2f —
03) = 203.6+33e?fm* , which perfectly agreed with the
experimental data(E2;2] — 0F) = 204.2 e?fm*. The calculated
value for the£2 andMftransition strength valuesB(E2;3f — 27) =
32.3e?fm* and 6.163 x 107242  with transition strengths of
B(E2;31 - 4}) = 306.9¢?fm* were not clearly categorized in
the experimental data (£7, M2 £7) for the corresponding values.

In these calculations, the transition strength was predicted for £2, M7,
and £2The transition strengths £2and M7 for the 92gp isotope are listed
in Table2.This comparison displays that the calculated values in this
study of the transition possibilities agreed with the empirical
formation(Baglin, 2012), especially the(£2)transition
strengths B(E2; 2§ — 01) = 197.6 e?fm* with the experimental
value 197.3 & 3e?fm* In the calculations for£2 and Mtransition
strengths of 13 — 27 of the values302.4 e?fm* and5.13x107
u% were found in comparison to the experimental values of
0.740£16 % fm* and0.125x10°+3 p% respectively. Lastly, Table 3
presents the comparison of the experimental (Negret and Sonzogni,
2011) and calculated (£2and M7) transition strength values for the sy
isotope. These comparisons clarified that theforetold£2 transition
strength from 27 — 0F; 203.8 e?fm* well agreed with the
experimental value 203.1 + § e?fm* .FAalues and Miransition
strengths were calculated for the transitions ( 3 — 2 and 41 -
3}) that created the values 9.498x10" e?fm*, 0.521 u%, and
493e?fm*. These values were unverified in multi-polarity(£7 and
ET+M2)in experimental data, but recent calculations have
predicted E2M7, and F2ransition strengths. Anew electromagnetic
transition of several B(£2|)and BM7|)of ******Sr isotopes was
observed (as shown in Tables 1, 2, and 3), where there were no
observations in the experimental data. More information on the
theoretical knowledge of all isotopes regarding energy levels and
electromagnetic transitions will be added.

babilitie:

Table 1. Theoretical comparison between the values of the electr gnetic transition pri
for positive-parity spin states in the®Sr isotope and empirical values (Basu and McCutchan, 2020).

Theoretical Results Experimental Results
S Ir @2 D@ fm ] (BMI DGR [meiporariy | (BE2 ) (fm] (BM1 D(ik)
27 > 0f 2042 | E2 2036+ 35 | —
47 - 27 1593 | E2 1245+ 31
37 > 27 3236 6.163x 107 (E1,(M2)) >287x10° |
37 > 47 3069 | - (E1) >1988x10° [ = -

Table 2. Theoretical comparison between the elect gnetic transition p ies for positive-
parity spin states in the®’Sr isotope and experimental data (Baglin,2012)

Theoretical Results Experimental Results
S T BEZ D@ m®] (BMA 1) G [mulipelarity | (BE2 1) (& fm] (BM1 DG
27 - 07 1976 | E2 1973+3 |
47 - 27 5751 | B2 | - | =
17 > 2f 3024 5.13x102 E2+M1 0.740+1% 0.125x102 £ 3
3f - 27 37.72 349x102 | - | |
37 > 4f 4056 | - | — | |
37> 17 04 | | = | | -
51 - 47 156.3 0.1584x102 |  — |  — |  —
57 - 37 1293 | — [ | = ]
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Table 3. Theoretical comparison between the electromagnetic transition probabilities for positive-
parity spin states in the®'Sr isotope and experimental data (Negret and Sonzogni, 2011)

Theoretical Results Experimental Results
Ji=lr TG D (e2fm*] (BM1 1)(s3)| multi-polarity | (BE2 1)(e2fm®) (BM1 1)(u3)
2t > of PIEX- T - E2 2031+F [
3t > 2f | 9.498x10” 05212 © | — | —
4% > 2} 1375 | 2 | — | =
4% - 3} 1493 | m1+e2) | — |

3.3. Electric quadrupole and magnetic dipole moments:

Nuclear shape is a fundamental property of the nucleus that
describes nuclear structure and many nuclear properties. The current
research contains the nuclear moments (Q,) and (l) of ******sr
isotopes, which were calculated and are shown in Table4.The electric
quadrupole momentwas calculated for all isotopes using shell-model
calculations, but there are, yet no observations in the experimental
data. Through these calculations, itwas observed that the quadrupole
electrical moment of the *°Sr isotope at the2, 47, and37 states, as
well as the states2], 3T, and57 in the *Sr isotope exhibited negative
signs representing the dominance of the oblate shape. Moreover, the
state 47 in the *’Sr isotope and the 2}, 47, and37 states of the *Sr
isotope appeared with positive marks representing the prolate shape
dominance of these states. Table 4 shows the calculated results of
dipole magnetic (1) moments of the Srisotope. This indicated that
the 27and 47 states had values of 0.241 U and —0.6081y,which
were predicted in reasonable agreement with the experimental
data(Basu and McCutchan,2020) :-0.24 4 22y and -0.08 + S8y
ofthe Zfand 4{ states, respectively. In this study, the calculations
yielded many values of dipole magnetic (i) moments of 909294,
isotopes, such as (37, —2.102) uy for the®Sr isotope(2;"-1.365)
(4,',-2.689),(3,"-3.403),(1,"-0.02) and (5,"4.749) ( L) for the’*Sr
isotope. Finally, 21 , 3], and 4f for the %S¢ isotope were
underestimated empirically, with values of -0.743, -3.443, and
—2.754, respectively.

Table 4. Theoretical comparison between the values of the nuclear moments in ***>%Srisotopes and
empirical data using Gl model space.

Theoretical Results Experimental Results
Isotopes (Q) (efm2)
Ih 25 ) | (Q (efm2) )
—0.24+ 32
27 -0.35 -0241 | -
(Basu and McCutchan, 2020)
904 _ 68
s 4 -21.05 0608 | 0.08% 65
(Basu and McCutchan, 2020)
37 -26.31 -2102 | e e
27 -24.15 -1365 | - | e
4% 18.75 -2689 | e
2S¢ 37 -1.57 -3403 | -— |
17 0 0.02
57 -4.37 -4749 | | e
27 28.81 -0.743 | -
%4sr 37 20.86 -3443 | -
4% 16.68 2754 | | e

Q=21.41. 3157

3.4. Density distributions of charge and mass in nuclei:

90,92,94
f Sr

The nuclear charge and mass density distributions o
isotopes were calculated and are shown in Figures 4, 5, and 6,
respectively. These figures illustrate charge density distribution

909294¢ . - .
values of Sr isotopes, which were centered at the nucleus

midpoint with values of Pg= {0.07981, 0.08165, and 0.08358}
Ze/fm'3remaining stable at the specified distance r=0.1fm. These

90,92,94

values for Srisotopes continued to decrease until they stabilized

at zero at a distance r=7.9 fm. The mass density distribution in
909294g, isotopes were in the nuclei midpoint at the value p,=
{0.1614,0.1642, and 0.1670} nuclei/fm>. These values remained
stable at r = 0.1 fm. However, at a distance of r =0.2fm, these values
increased to 0.1617,0.1645, and 0.1673 nuclei/fm > These values

continued to progressively increase up to the radial distancer

=13,14, and 1.5 fm at the values0.1684,0.1718, and 0.1752

e -3¢ 90,92,94
nuclei/fm “for

Srisotopes, respectively. Subsequently, the mass
density distributions of the studied isotopes started to decrease at
distances of 1.4,1.5, and 1.6 fm, reaching values of 0.1683, 0.1716,
and 0.1750nuclei/fm> for the “*°*%sy isotopes. These values
continued to decrease until stabilizing at zero at a radial distance of r
=7.9fmforall isotopes under observation in the current study. There
is, as yet, no experimental data for the distributions of the nuclear

90,92,94

density of charge and mass for Sr isotopes for comparison with

the present calculations.

Figured. Density distributions of nuclear charge and mass as a function ofradial distance from the
midpoint of the **Sr isotope

0.2 T

p ()

4 5 & z s o
r (fm)

Figure 5. Density distributions of nuclear charge and mass contrary tothe radial distance from the
center of the *’Srisotope

4
r (fm)
Figure6.Density distributions of nuclear charge and mass in contrast to the radial distance from the
center of the *Srisotope

4. Conclusions
From the calculated results, the following can be concluded:

®  Absolute agreement was observed between theoretical and
experimental energy values, particularly for the ground state levels of
90.9294g, isotopes.

®  Apositive parity of the 925 isotopes was confirmed for one level of the
empirical energy value.

®  The states (total angular momentum and valence) of some levels in
the 92Sr isotope were determined for undetermined experimental
energy levels.

®  There was a strong agreement between the calculated quadrupole
transitions and empirical data, especially evident in B(E2 ;271 —
01)of the ©°92%sr isotopes.

®  The current calculations revealed the electric quadrupole and dipole
magnetic moments. It was predicted that the ground band energy
states exhibit an oblate shape for’92sy isotopes, except for one level
in the 2Sr isotope, which has a prolate shape. The shape of the*Sr
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isotope is expected to be prolate, which led to the conclusion that the
shape of some regions of the nuclear striatum is affected by structural
influences and could change from one isotope to another neighbor. In
addition, it was found that the shape changes with the number of
neutrons and can also change with the excitation energy or state
within the same nucleus. These variances occur due to the
rearrangement of the structure space of the valance particles or to the
dynamic response.
(] Density distributions for charge and mass in the isotopes 90.92, 94g,,
were identified; the density distributions were found to be in the
nucleus center for (Ze/fm™3) and po(nu::izn) and started
decreasing until fixed at zero at specific valués. In contrast to the
charge density distributions, the mass density distributions showed
contradictory behavior, starting to increase to certain values and
decreasing until they stabilized at zero at certain values of radial
distance.

®  The Glinteraction and the Gl model space were used to calculate the
aforementioned nuclear properties of the 9092945y isotopes.
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ABSTRACT

This research investigated the influence of a hyperlipidic diet in Wistar rats and the therapeutic effect of Brassica rapa powder (BrP). A hyperlipidic diet was
administered followed by oral supplementation of BrP (5%) for 28 days. The BrP supplementation caused a decrease in weight (- 41%), glycaemia (-12%),
creatinemia (-51%), aspartate aminotransferase (AST) level (-80%), and cholesterolaemia (-25%) associated with an increase in HDLc level (+59%). However,
the hepatic lipid profile showed a decrease in phospholipids (PL) (-59%) and total cholesterol (TC) (-67%). In addition, oxidative stress assessment showed a
decrease in the serum (-22%), renal (-30%) and adipose (-8%) levels of TBARS. Furthermore, BrP supplementation boosted glutathione (GSH) protective activity
in adipose tissue with a maximum of +49%. In conclusion, Brassica rapa enhances the serum and tissue balance of metabolic and antioxidant status.
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1. Introduction

Hypercholesterolaemia is a disorder characterized by abnormal
cholesterol secretion and absorption into the blood, which can lead
to a variety of diseases, such as inflammation, atherosclerosis, renal
failure, non-insulin-dependent diabetes, and aging (Kim eral, 2014).
Biomolecules with hypocholesterolaemic and phytotherapeutic
potential are of great interest to the health community who can
prevent and treat dyslipidaemic disorders, because the medical
prescription of certain hypolipidaemic medicines, such as statins and
fibrates, can cause many side effects or intolerances (]ung et al,
2008). The enzymatic antioxidant defence is also compromised by
hyperlipidaemia, namely the activities of glutathione peroxidase
(GSH-Px), catalase (CAT), and superoxide dismutase (SOD).
Analogously, hyperlipidaemia may have a cause in the redox
imbalance. Similarly, antioxidants may be able to prevent the
development of hyperlipidaemia by correcting the early events that
lead to redox imbalance. The species Brassica rapa (Br) or "turnip" is
an excellent source of antioxidants and secondary metabolites (Yerou
er al, 2022). This plant species has many therapeutic properties,
including inhibition of oxidative stress, induction of detoxification
enzymes, reduction of cancer cell proliferation, inhibition of
carcinogenic mutations, protection of the human body against free
radicals, treatment of hepatitis, jaundice, furuncle and sore throat,
and it also has immunostimulant and anti-diabetic effects (Kapusta-
Duch er al, 2012). These biological functions are due to the
abundance of various bioactive substances, including
phenylpropanoid derivatives, sterol glucosides (glucosinolates),
flavonoids (glycosides of isorhamnetin, kaempferol, and quercetin),
and indole alkaloids. Also, due to the synergistic action of
glucosinolates, polyphenols, and triterpenes, considered the main
complexes in cruciferous, and the most studied regarding its
structure, mechanism of action and the effects in human cells (gamec
and Salopek-Sondi, 2019). Several researchers have highlighted the
impact of Brassicaceae on cardiovascular pathologies (including
hypertension and stroke) and dyslipidaemia (Raiola er a/, 2018),

obesity (Lopez- Chillon er al, 2019), metabolic syndrome (Al-Snafi,
2015), type 2 diabetes (Chen et al, 2018), osteoporosis (Dias, 2019),
cancer (Thomas-Charles and Fennell, 2019), and antimicrobial
(reduced microbial colonization), anti-inflammatory, antifungal, anti-
parasitic, and antiviral activities (Ramirez et a/, 2020). In light of this
data, this research aims to study the effects of a hyperlipidic
(atherogenic) diet induced in vivo and the action of Brassica powder
(BrP) supplementation by estimating blood metabolic and redox
status.

2. Materials and Methods
2.1. Plant Matter:

The edible portion of Brassica rapa (Br), also known as turnip and
frequently consumed by Algerians, was considered when selecting
the plant. The fresh Br rhizome was obtained in November 2022 from
the Ghriss local market, which is 19 km from the Mascara province in
Western Algeria (latitude: 35°23'47.90"N, longitude: 0° 08' 24.97"E).
Br rhizomes were prepared in the laboratory and then dried for an
entire day at 38°C. Following drying, the plant material was ground
into a powder to produce Brassica rapapowder (BrP), which was then
stored for later use in hermetic glass containers.

2.2. Experimental Design:

The general recommendations for using live animals in scientific
research by the Pasteur Institute, Algiers, were followed; likewise,
Mustapha Stambouli University approved all the experimental
procedures used in this study. The experiment was conducted on 30
male Wistarrats, weighing approximately 200+10g at two months of
age. Table 1 shows the distribution of animal groups (n = 10) and the
constituents of the standard and experimental diets. Ad /ibitum
access to food and water was provided, and the protocols for the care
and handling of laboratory animals were followed. In animal
husbandry, the following standards were maintained: ambient
temperature of 24°C, relative humidity of 60%, and 12 light: 12 dark
hours. The body weight (Bw) of the animals was recorded once a
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week for 28 days, and their food intake was recorded every day.

Table 1: Composition of the standard and experimental diets (g/kg)

. Standard diet Experimental diet
Composition
cG HFD HFD-BrP (5%)
CAS 200 200 200
Sucrose 50 50 50
Corn starch 590 340 340
Cellulose 50 50 50
Vitamin mix 20 20 20
Mineral mix 40 40 40
Lipids (olive, nut, sunflower) 50 - -
Lamb fat - 300 300
BrP - - 50

CG: control group; HFD: High Fat Diet; HFD-BrP: High-Fat Diet supplemented with 5% of BrP

After a 12-hour fast on the 28™ day of the experiment, the rats in each
group were weighed and anesthetized via an intraperitoneal injection
of a chloral solution (10%) at a rate of 3 ml/kg of Bw. An aortic
puncture was conducted to obtain blood samples, which were then
centrifuged at 1000 rpm for 20 min at 4°C (Sigma, 4K10 Bioblock
Scientific, Germany). The serums were preserved in EDTA-Na2
(0.1%) (Merck, Germany). After twice successively washing and
centrifuging the remaining pellet containing erythrocytes at 4000
rpm for 20 minutes at 4°C using NaCl (0.9%) (Merck, Germany), the
cells were lysed by adding ice-cold water, incubated for 15 minutes in
ice, and then recentrifuged. Kidneys, heart, liver, and adipose tissue
were obtained, washed with an ice-cold NaCl (0.9%) solution, dried,
and weighed; each organ was portioned and preserved at -80°C. All
samples were stored until analysis.

2.3. Serum and Hepatic Biochemical Assays:

At sacrifice, a glucometer was used to measure the fasting blood
glucose. Transaminase serums were estimated by the method of
Reitman and Frankel (1957) using the Spinreact kit (Spain), serum
total protein (Burtis and Ashwood, 1994) and serum albumin (Tietz
et al., 1990) using the Chronolab kit (Switzerland). For the lipid
balance, the Spinreact kit (Spain) was used: serum triglycerides (TG)
(Burtis and Ashwood, 1994), serum total cholesterol (TC) (Richmond,
1973), and serum high-density lipoprotein (HDLc) (Lopes-Virella et
al., 1977). The Friedwal formula was used to determine the serum
low-density lipoprotein (LDLc): LDLc = TC- HDLc~(TG/5), serum
creatinine (Schirmeister, 1964) and serum urea (Fawcett and Scott,
1960) using the Human kit (Germany), and serum uric acid
(Friedewald et al., 1972) using the Biocon kit (Germany). All analyses
were performed following the instructions of the kit supplier. A cold
extraction of lipids on 1 g of sample was conducted in the presence of
a chloroform/methanol mixture (Biochem chemopharma, UK), (4/1,
V/V). The lipid extract was removed from the solvents under vacuum
evaporation at 48°C (Biichi rotary evaporator, Germany). The total
lipids were taken up in 10 ml of isopropanol for the analysis of
various lipid fractions (Delsal, 1944). According to an enzymatic
colorimetric method, total cholesterol (TC), triglycerides (TG) (Kit
Spinreact, Girona Spain) and phospholipids (PL) (Kit Cypress,
Belgium) were determined.

2.4. Oxidative Stress Status:

The method of Quintanilha et al. (1982) was used to determine the
serum TBARS levels. First, 100 pl of the sample was diluted in 0.9 ml
of NaCl (0.9%). After that, 20 pl of 2% butyl-hydroxy toluene (BHT)
(Sigma-Aldrich Chemie, Germany) and 1 ml of TBA (15% TCA and
0.375% TBA in 0.5N HCI) were incorporated into this solution.
Following 30 minutes of incubation at 100°C and ice cooling, the
samples were centrifuged at 4000 x g for 10 minutes at 4°C. The
measurement was made at 532 nm using spectrophotometry, and the
results were presented as mmol/ml of serum. The protocol of Okawa
et al. (1979) was followed to estimate the lipoperoxidation of the
liver, heart, kidneys, and adipose tissue. We crushed 100 mg of tissue

in 0.9 ml of 1.15% KCL. Likewise, 1.5 ml of acetic acid (20%, pH 3.5),
1.5 ml of tissue homogenate, 0.2 ml of a solution containing SDS
(8.1%), and 1.5 ml of TBA (0.8%) constitute the reaction medium.
After adding 4 ml of distilled water to adjust the final volume, the
mixture was vortexed for 30 seconds and heated to 95°C for 1 hour.
After adding 1 ml of distilled water and 5 ml of butanol, the tubes
were agitated and centrifuged at 1000 x g for 10 minutes. Expressed
as mmol/gtissue, the reading was obtained at 532 nm. The procedure
described by Sedlak and Lindsay (1968) was used to analyse the
reduced glutathione (GSH) in the tissue and erythrocyte samples.
After preparing the homogenate in 0.1 M phosphate buffer (pH 6€),
400 pl of cold distilled water, 100 pl of TCA 50%, and 500 pl of the
sample (tissue homogenate, erythrocyte lysate) were mixed. After
shaking, each sample was centrifuged at 1200 x g for 15 minutes.
After centrifugation, 500 pl of supernatant was mixed with 100 pl of
0.01 M DTNB (5,5'"-dithiobis (2-nitrobenzoic acid) and 400 pl of 0.4
M Tris buffer (pH 8.9). The absorbance at 412 nm was measured after
5 minutes of incubation. For erythrocytes and tissues, the results were
expressed in llmol/ml and [Imol/g, respectively.

2.5. Statistical Analysis:

Mean + Standard Error (M£SE) with (n = 6) was used to express the
results. In order to compare the means, students' tests were used
(Statistica software, version 4.1, Statsoft, Tulsa, Oklahoma, USA), °CG
vs HFD; °CG vs. HFD+BrP;  HFD vs HFD+BrP.

3. Results

3.1. Body and Organ Weight:

During the 28 days of experimentation, the two groups (CG and HFD)
showed weight gain of 65.25 gr and 75.25 gr, respectively; however,
after 28 days, we noted a stability in the weight of the HFD+BrP group
with weight decreases of -41% and -27% comparatively with HFD (p <
0.001) and CG (p <0.01), respectively (see Table 2).

Table 2: Weight evolution of experimental and control rats

Group Day 0 Day 7 Day 14 Day 21 Day 28
G 160.25+27 | 188.375+29 202.06:25 215,520 225.5+21°°°°
HFD 200.25+20 228.38+25 252.06+32%7¢ 265.50+£19%7¢ 275.50423%7¢
HFD +BrP | 199.67+29 198.67+24 192.83+15 198.67+21° 164.00+£24< P

CG: Control group; HFD: High-fat diet; HFD-Br: High-fat diet supplemented with 5% of BrP; * p <
0.05; % p <0.01; ** p <0.001.

The relative weight of the target organs is similar in all groups of rats
(see Figure 1); the difference between the groups is statistically
insignificant (p > 0.05).

Figure 1: Relative weights of organs of experimental and control rats
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CG: Control group; HFD: High-fat diet; HFD-Br: High-fat diet supplemented with 5% of BrP

3.2.Serum and Hepatic Biochemistry:
The hyperlipidic diet caused hyperglycaemia, hyperuraemia, and

hypercreatinemia with an augmentation in AST serum. In addition, a
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disorder in the lipid profile was detected. BrP supplementation
showed the following corrective actions: hypoglycaemia (-12%),
hypocreatinemia (-51%), a strong decrease in AST serum level (-
80%), hypochlesterolaemia (-25%), all of which are associated with
an elevation in the HDLc serum level (+59%) (see Table 3).

Table 3: Effect of BrP on serum glucose, kidney/l iver biomarkers and lipid profile following 28 days
of oral exposure of hyperlipidaemic rats

Parameters CG HFD HFD+ BrP
Blood glucose (mg/dl) 2586931 345.48£17.5% < 305.40+11.87
Kidney biomarkers
Urea (mg/dl) 7.21£0.91" 6.82+0,81¢ 53141295
Creatinine (mg/dl) 0.64+0.31%" 1.2440.76 < 0.60+0.27¢"
Uric acid (mg/dl) 4.58+1.4 6.67+2.5 6.10£1.8
Liver biomarkers
Total proteins (g/dl) 7.2342 7.66+0.81 8.55+1.44
Albumin (g/dl) 2.35:0.96 2.92+0,36 2.94+0.72
AST (UI/1) 106.8+29 *0* 256.7+£11.9 <™ 50.8+12 b
ALT (UI/1) 67.8129 83.42439 70.00+31
Lipid profile
TG (mmol /L) 1.66 £0.07° 1.14+0.04°¢ 0.65+0.02""
TC (mmol /L) 1410412 2.54+0.644" 1.8940.53¢
HDLc (mmol /L) 0.78+0.33*" 0.35£0.134<" 0.84+0.33"
LDLc (mmol /L) 1.22 £0.60 1.6420.13 147063

CG: Control group; HFD: High-fat diet; HFD-Br: High-fat diet supplemented with 5% of BrP; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; TC: Total cholesterol; TG: Triglycerides;
HDLc: High-density lipop in chol. ol; LDLc: Low-density lipoprotein cholesterol; * p < 0.05; **
p<0.01; %% p <0.01

The hepatic concentrations of PL, TC, and TG increased significantly in
the HFD group, according to our findings. However, we also noticed
that PL (-59%) and TC (-67%) levels decreased significantly in the BrP
supplementation group compared to the HFD group (see Figure 2).

Figure 2: Effect of BrP on the hepatic lipid profile following 28 days of oral exposure in
hyperlipidaemic rats
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CG: Control group; HFD: High-fat diet; HFD-Br: High-fat diet supplemented with 5% of BrP; TC: Total
cholesterol; TG: Triglycerides; PL: Phospholipids; * p < 0.05; ** p < 0.01; *** p <0.001

3.3. Serum, Erythrocyte and Tissue Oxidative Stress
Biomarkers:

According to the results in Table 4, the hyperlipidic diet caused a
significant increase of TBARS in serum (+29%, p < 0.05) and renal
tissue (+43%, p < 0.01) compared to HFD+BrP. Also, in adipocytes
compared to CG (+32%, p < 0.01) and HFD+BrP (+9%, p < 0.05), the
protective action of BrP decreased the amount of TBARS in serum (-
22%, p < 0.05), renal (-30%, p < 0.01) and adipose tissue (-8%, p <
0.05) compared to HFD. In addition, BrP supplementation enhanced
GSH protective activity in adipose, with an increase of +35% (p<
0.05) and +49% (p < 0.05) compared with HFD and CG, respectively.

Table 4: Effect of BrP on serum, erythrocyte and tissue oxidative stress biomarkers following 28 days
of oral exposure in hyperlipidaemic rats

Parameters [ CcG [ HFD [ HFD+ BrP
Serum TBARS (pmol/l) [ 5.7£0.9 [ 6.7£1.9° [ 5.2+ 0.6
Tissue TBARS (umol/gr)

Liver 115.38+24.43 131.05£18.5 114.67£24
Heart 86.16+10.06 90.33+4.9 95.07+28
Kidneys 116.08+37.1 1214223 84.75£32.1<"
Adipose tissue 113.30£9.89*" 149.54429.7 "< 137.53+42.4
Erythrocytic GSH (pmol/l) 0.58+0.12 0.66+0.35 0.70+0.29
Tissue GSH (pmol/l)
Tiver 49.72:9.87 50.15£6.51 48.04+1.82
Heart 51.2241.18 60.88+3.04 66.56+2.50
Kidneys 53.38+2.45 59.63+1.53 59.2141.77
Adipose tissue 52,88+7.77 58.28+2.58 78.71+1.340 "¢

CG: Control group; HFD: High-fat diet; HFD-Br: High-fat diet supplemented with 5% of BrP; TBARS:
thiobarbituric acid reactive substances; GSH: Reduced glutathione; * p < 0.05; ** p < 0.01; *** p <0.001

4. Discussion

The hyperlipidic diet in animals decreases the rate of satiety, induces
increased weight gain, stimulates lipogenesis in visceral adipose tissue,
and causes insulin resistance and lipid abnormalities. In this work, BrP
supplementation appeared to decrease and stabilize the body weight of
the animals. This indicates that BrP has a satiety effect that may boost
the B3—adrenergic receptor in B3—AR—dependent lipolysis and limit the
formation of lipids in fatty tissue cells (An er a/, 2010). In addition, a
significant weight reduction was detected in the rats with fructose-
induced metabolic syndrome supplemented with a hydroalcoholic
extract of Br (400 mg/kg/day), with an elevation in hepatic glycogen
concentration, compared to the reference group (metformin, 10
mg/kg/day)  (Abo-youssef ~and Mohammed, 2013). The
hyperglycaemia observed in our study following a hyperlipidic diet was
due to a decrease in insulin excretion by the pancreas accompanied by
polyuria and glycosuria (Ghasemi et al, 2014), whose pathogenesis is
characterized by insulin resistance, pancreatic B—cell dysfunction and
apoptosis. In this context, the quantity and quality of dietary fat can
modify glucose tolerance and insulin sensitivity. A high fat content in
the diet leads to the deterioration of glucose tolerance through a
number of mechanisms, including reduced insulin receptor binding,
impaired glucose transport through reduced expression of transporter
4 (GLUT4), reduced glycogen synthase levels, and accumulation of
triglycerides in skeletal muscle. The fatty acid composition of the diet
influences the composition of tissue phospholipids, which can be
linked to insulin action by altering membrane fluidity and insulin
signalling. In addition, saturated fatty acids increase hepatic
triglycerides, insulin resistance and harmful ceramides. Thus, it has
been reported that the consumption of saturated fatty acids (SFAs)
leads to a risk of developing type 2 diabetes (Micha and Mozaffarian,
2010). This increase of glycaemia was corrected by the administration
of 5% BrP, which is in agreement with numerous studies confirming the
antihyperglycemic effect of BrP in diabetic rats, as Br can boost insulin
secretion and block intestinal glucose absorption (Amrita-Bhowmik ez
al, 2009). Our data supports the pathogenic role of dyslipidaemia in the
apparition and development of renal disease, which is explained by an
increase in creatinine serum. According to Hattori er a/ (1999), a high-
fat diet causes an infilration of macrophages in the kidneys, which
leads to glomerulosclerosis. Administration of BrP normalized the
creatinine level in hyperlipidic rats. This is consequent of the richness of
Brassicaceae by anthocyanins, antioxidants and free radical scavengers.

A perturbation in liver enzyme activity is possibly an indication of
liver injury or damage. However, triglyceride accumulation inside
hepatocytes caused lipotoxicity due to oxidative stress inside the
hepatocytes (Lim eral, 2012). This correlates with our study in which
an augmentation in AST was noted. BrP treatment caused a reduction
in liver enzyme activity, which could be attributed to its ability to
balance lipoperoxidation and cure lysed cells.

This investigation confirms the development of a lipid profile
perturbation characterized by elevated triglyceride serum levels and
total cholesterol and decreased HDLc. However, HDL prevents LDL
from oxidation and prevents the development of atherosclerosis.
Nevertheless, the hyperglycaemia previously detected in rats can
causes HDL glycation and damages its protective functions, which
can lead to atherosclerosis genesis. BrP administration improves
metabolic disorder by inducing HDLc synthesis and blocking key
enzymes of cholesterol and triglyceride synthesis because the high
presence of flavonoids (quercetin), glucosinolates and coumarins
actively participate to reduce hepatic fat and triglyceride levels
(Soliman eral, 2016).
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Lipoperoxidation mainly attacks polyunsaturated fatty acids (PUFAs)
of the biological membrane and perturbs the biological function of
membrane proteins via receptor inactivation and protease enzyme
activation, leading to an alteration in membrane permeability with
cellular damage. Likewise, hyperglycaemia causes lipoperoxidation
by stimulating the glycation and polyol pathways, which leads to the
strong generation of free radicals. Our findings support previous
research in rats with metabolic syndrome and diabetics treated with
BrP, which shows that HFD elevates serum and tissue (renal and
adipose) levels of TBARS, while treatment with BrP diminishes TBAR
levels (Feillet-Coudray er a/, 2009). Moreover, Kim et al. (2006)
reported that Br hydroalcoholic extract minimizes the damage caused
by oxidative stress. The mechanism for these corrective actions can
be attributed to quercetin, which is known to reduce TBAR levels via
free radical-scavenging, inhibiting oxidative degradation, and metal-
chelating. Furthermore, Brassica's antiradical activity is associated
with the presence of a high concentration of secondary metabolites
that can scavenge singlet and triplet oxygen or decomposing
peroxides, which neutralize reactive oxygen species (ROS) (Fresco er
al, 2010). The natural non-enzymatic antioxidant system relies
largely on glutathione, which protects cells from oxidative damage.
The enzyme glutathione peroxidase functions primarily as a reducing
agent and helps remove hydrogen peroxide. Our research confirms
an enhancement of GSH activity in adipose tissue in the BrP-
supplemented group, confirming the antiradical activity of BrP. Our
results are consistent with those of Abo-youssef and Mohammed
(2013), who confirmed an augmentation of GSH in rats with
metabolic syndrome and treated with 70% ethanolic extract of Br.

Furthermore, this research has classic limitations. Due to the short
duration of the study, it would be desirable to extend the duration of
the investigation (subchronic exposure, more than 3 months). The
route of administration by gavage for each animal would give greater
exactitude and more reliability. The size of the sample was small;
therefore, increasing the number of groups and doses will permit
reproducibility. Finally, for a better understanding of the therapeutic
effect of BrP, it would be preferable to study other parameters such as
target organ histophysiology, rat neurobehavior and other
biomarkers of oxidative stress.

5. Conclusion

Our results show that the hyperlipidic diet caused obesity and
metabolic abnormalities associated with renal and adipose
lipoperoxidation in the hyperlipidic rats. Moreover, these
perturbations were corrected by Brassica rapa powder
supplementation (significant antihyperglycaemic,
antihyperlipidaemic, renoprotective, hepatoprotective and defensive
effects). Brassica rapa contains promising molecules for the
prevention and potentialisation of treatments for metabolic
pathologies (obesity, diabetes, dyslipidaemia). In conclusion, these
favourable biological actions associated with Brassica rapa in
attenuating metabolic and oxidative disorders induced by a
hyperlipidic diet may represent an interesting advance in the search
for new therapeutic agents against this dyslipidaemia. We strongly
suggest introducing Brassica rapa into the diet of patients with
metabolic disorders as a food or dietary complement. Finally, we
would like to point out that these results can only be extrapolated to
humans after long-term studies on several animal species.
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ABSTRACT

The aim of this paper is to determine the postoperative outcomes and mobility levels of patients by utilizing DEMMI scores. This is the first study addressing this
score in laparoscopic cholecystectomy. This cohort study was conducted at the King Fahad Hospital Al Hofuf and the National Guard Hospital in the Kingdom of
Saudi Arabia from January 2022 to January 2023 using a sample of old-age patients undergoing laparoscopic cholecystectomy (LC). The target population
comprised of 75 patients aged 50 years and older. Seventy-five patients were included in the study; the median age was 55, with a minimum age of 50 and a
maximum age of 72, resulting in a range of 22. The early DEMM I score has a median of 62, a minimum of 53, and a maximum of 100, yielding a range of 47.
Regarding the DEMM I score at discharge, the median was 85, with a minimum of 74 and a maximum of 100, resulting in a range of 26. DEMMI scores are a good
tool for assessing patients following laparoscopic cholecystectomy.
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1. Introduction

Gallbladder disease is a common surgical disorder, and the risk of
developing cholecystitis and cholelithiasis linearly increases among
old-age patients (Lo er af, 1996; Bingener er a/, 2003). For such
patients, laparoscopic cholecystectomy (LC) is the standard method of
treatment (Kim ez a/, 2018; Golden et a/ 1996; Fried er al, 1994).

In old-age patients, the preoperative risks factors (underlying health
conditions), the decision between emergency and elective LC, and
postoperative patient mobility levels are main factors affecting the
risk of postoperative complications (Majeski, 2004).

In assessing postoperative outcomes, the de Morton Mobility Index
(DEMMI) plays an essential role. It has been specifically developed
and validated for older patients hospitalized in ward settings (de
Morton eral, 2008a). The independent mobility of this index is a key
factor in predicting morbidity and determining hospital discharge
readiness for older patients (de Morton, 2008b).

There are many published articles about utilization of the DEMMI for
older medical and surgical patients (de Morton, 2008b). To the best
of our knowledge, no studies have investigated the association
between DEMMI and laparoscopic cholecystectomy.

Therefore, the objective of this study is to explore the DEMMI score
of old-age patients following LC.

2. Methodology

This cohort study was conducted at King Fahad Hospital Hofuf and
National Guard Hospital in the Kingdom of Saudi Arabia from
January 2022 to January 2023 with a sample of middle-aged patients
undergoing LC. The target population comprised of 75 patients aged
50 years and older who were scheduled for LC due to cholecystitis or
cholelithiasis. Those with pre-existing mobility or cognitive
impairments unrelated to the LC procedure or undergoing other
major concurrent surgeries were excluded. Data collection

encompassed demographic information (age, gender, BMI), clinical
history (diabetes, hypertension, etc.), surgical details (type of surgery,
operative time, anesthesia duration), and hospitalization duration.
The primary outcome was mobility, assessed using the DEMMI.
Secondary outcomes included length of hospital stay,
rehospitalization rates, and patient-reported outcomes. Assessments
of DEMMI scores were conducted early on postoperatively and at

discharge.

3. Statistical Analysis

The data underwent analysis utilizing the Statistical Package for the
Social Sciences (SPSS) version 26, developed by IBM Corp., Armonk,
NY. Descriptive statistics involved the examination of categorical
data through frequency tables and percentages, while continuous
variables were evaluated using metrics such as median and range.
Upon data exploration, it was determined that the distribution was
not normal. Consequently, nonparametric tests were utilized for
further investigation. The statistical tests, namely the Mann—Whitney
U test and the Kruskal—Wallis test, along with post-hoc analysis for
independent samples, were employed to examine associations
between continuous and categorical variables. A p value of 0.05 for a
95% confidence interval was considered significant.

4. Results

Seventy-five patients were included in the study and the median age
is 55, with a minimum of 50 and a maximum of 72, resulting in a
range of 22. The early DEMMI score has a median of 62, a minimum
of 53, and a maximum of 100, yielding a range of 47. Regarding the
DEMM I score at discharge, the median was 85, with a minimum of 74
and a maximum of 100, resulting in a range of 26. The gender
distribution reveals that females made up the sample’s majority,
constituting 77.3%, while males made up the remaining 22.7%. Body
mass index (BMI) categories illustrate a diverse range, with the
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majority of patients falling within the 35—40 range (57.3%) and the
remainder having a BMI below 35 (14.7%) or above 40 (28.0%). A
count of the number of attacks experienced prior to surgery shows a
relatively balanced distribution, with 28.0% having fewer than three
attacks, 44.0% reporting between three and ten attacks, and 28.0%
experiencing more than ten attacks. Time from the first attack to
surgery displays a spread across various intervals, with 30.7%
undergoing surgery within three months, 36.0% within 3-12
months, and 33.3% after more than 12 months. The majority of
surgeries were elective procedures (57.3%) as opposed to emergency
surgeries (42.7%). Operative and anesthesia times show variability,
with 62.7% of operations lasting over 90 minutes and an equivalent
percentage of anesthesia durations exceeding 90 minutes.

Regarding length of hospital stay, 53.3% of participants remained
hospitalized for more than 24 hours, while 32.0% were discharged
within 24 hours and 13.3% within 12 hours. In terms of
comorbidities, diabetes mellitus (DM) was present in 28.0% of
participants, while 26.7% had hypertension (HTN), as shown in Table
1.

Table 1: The frequencies and percentages of the different patients’ characteristics.

Variable Frequency Percent
F 58 773
Gender M 77 27
<35 1 14.7
Body mass index 35-40 43 57.3
>40 21 28
<3 21 28
Number of attacks before surgery 3-10 33 44
>10 21 28
<3 months 23 30.7
Time from first attack to surgery 3 —12 months 27 36
>12 months 25 333
Elective 43 57.3
Type of surgery Emergency 32 42.7
<45 minutes 8 10.7
Operative time 45 — 90 minutes 20 26.7
>90 minutes 47 62.7
<60 minutes 4 5.3
Anesthesia time 60 — 90 minutes 24 32
>90 minutes 47 62.7
<12 hours 10 13.3
Hospital stay <24 hours 24 32
>24 hours 40 533
N 54 72
bm Y 21 28

The Kruskal—Wallis test indicated a noteworthy association between
the number of attacks prior to surgery and early DEMMI scores (X 2(2)
= 9.192, p = 0.01). Patients experiencing fewer than 3 attacks
displayed a significantly lower MR (28.07) compared to those who
experienced 3 to 10 attacks (MR 45.64, p = 0.003). However, no
significant association was observed with DEMM I scores at discharge
(X2(2) =0.290, p =0.865) (Table 2) (Figures 1 and 2).

Furthermore, the Kruskal-Wallis test revealed a significant link
between the time from the first attack to surgery and early DEMMI
scores (X2(2) =6.266, p = 0.044). Patients undergoing surgery within
less than 3 months from the first attack demonstrated a lower MR
(31.28) compared to those undergoing surgery within 3 to 12 months
(MR 45.75, p = 0.016). However, no statistically significant
association was found with DEMMI scores at discharge (X2(2) =
0.502, p=0.778) (Table 2) (Figures 1 and 2).

Similarly, both early DEMMI scores (X2(2) = 43.685, p < 0.001) and
DEMMI scores at discharge (X2(2) = 23.184, p < 0.001) showed
significantly lower mean rank scores for operative times exceeding 90
minutes, anesthesia durations exceeding 90 minutes (early DEMMI:
X2(2) = 38.234, p <0.001; DEMM I at discharge: X2(2) = 20.311, p <
0.001), and hospital stays exceeding 24 hours (early DEMMI: X2(2) =
13.234, p = 0.001; DEMMI at discharge: X2(2) = 6.424, p = 0.04)
(Table 2) (Figures 1 and 2).

In addition, patients undergoing emergency surgery exhibited

significantly lower MR scores for both early DEMMI scores (U =
1,339, p < 0.001) and DEMMI scores at discharge (U = 1,093, p <
0.001) compared to those undergoing elective surgery, as revealed by
the Mann—Whitney U test (Table 2) (Figures 1 and 2).

Table 2: The associations between the patients’ variables and the early DEMMI score and DEMMI
score at discharge using Mann—Whitney U and Kruskal—-Wallis tests.

R Early DEMMI score DEMMI at discharge score
Variables — —
Test statistics (df) p value Test statistics (df) p value
Number of attacks | X2(2)=9.192 0010 X2(2)=0.290 0.865
Time from first X2(2)=6.266 0.044 X2(2)=0.502 0778
attack to surgery
Type ofsurgery U=1,339 <0.001 U=1,093 <0.001
Operative time | X2(2) =43.685 <0.001 X2@)=23.184 <0.001
Anesthesia
=38. 0.001 =20. 0.001
P X2(2)=38.234 < X2(2)=20311 <
Hospital stay X22)=13.234 0.001 X2Q2)=6424 0040

X2 is Chi square and U is the test statistics for the Mann—Whitney test.

Figure 1: The graphical rep ions of the M. ney U and Kruskal—Wallis tests, which
were used to test the association between patients’ variables and early DEMMI scores.
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5. Discussion

The de Morton Mobility Index (DEMMI) was developed and validated
through several reliability assessments. Studies examining the
reliability of instruments confirm the DEMMI's outstanding reliability,
with errors accounting for only around 9% of the scale width. This
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indicates that, when applied to an older acute general medical
population, the DEMMI demonstrates desirable dependability (de
Morton er al, 2008a). The study focused on evaluating the
effectiveness of the DEMMI in examining five variables influenced by
gender, BMI, DM, and HTN. This was done by comparing early DEMMI
scores and DEMMI scores at discharge in older patients undergoing
either elective or emergency LC. This cohort study involved 75 patients,
predominantly female (77.3%), with a median age of 55. A notable
57.3% of these patients had a BMI between 35 and 40, highlighting
high rates of obesity and overweight conditions in the group.
Additionally, a significant number of patients had DM (28%) and HTN
(26.7%). The study's findings were contrasted with another study
indicating no significant differences in operative and postoperative
outcomes due to obesity with regard to similar surgical procedures
(Nassar er al, 2022). This study identified a significant correlation
between DEMMI scores and the frequency of attacks before surgery,
revealing that fewer attacks led to higher scores. Additionally, a shorter
interval between the first attacks and surgery correlated with increased
scores. On the contrary, extended hospital stays over 24 hours resulted
in lower scores both initially and at discharge. An additional report
highlighted the benefits of early LC in acute cholecystitis, including safer
procedures and potentially shorter hospital stays (Gurusamy er al,
2013). However, diabetic patients had higher morbidity rates, though
this did not affect surgery duration or hospitalization length (Bedirli e
al, 2001). Our study predominantly featured elective procedures
(57.3%), highlighting their planned nature. Conversely, emergency
surgeries correlated with lower mean rank scores and, thus, lower
DEMMI scores both upon initial assessment and upon discharge
compared to elective surgeries. Additionally, surgeries and anesthesia
lasting over 90 minutes were significantly tied to lower DEMMI scores.
Complementing this, another study discovered that aging was
significantly related to increased complications in both elective and
emergency LC, with the impact varying based on the urgency of the
procedure (Kamarajah er al, 2020). These results underscore the
importance of considering surgical variables, the number of attacks, and
the time before surgery when predicting early functional outcomes.
Longer hospital stays, anesthesia durations, and surgical times were
associated with poorer functional outcomes. Emergency procedures
were linked to lower functional scores, highlighting the significance of
careful consideration in such situations.

5.1. Limitations, Strengths, and Recommendations:

This study’s limitations include its relatively small sample size and
lack of analyses of social and demographic factors. Our study’s
strength is that it is the first study to evaluate DEMMI scores in
patients undergoing LC, marking a significant contribution to the
existing literature and expanding our knowledge in this area.

6. Conclusion

To our knowledge, this is the first study to investigate the efficacy of
applying the DEMMI to a middle-aged population, although it has
been applied to the geriatric population. It also focused on patients
post LC. The limitation of the study may be its relatively low cohort.
However, future studies with larger cohorts would be beneficial in

highlighting the efficacy of applying this index to such patients.
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ABSTRACT

Familial hypercholesterolaemia (FH) is a genetic disorder associated with premature cardiovascular diseases; however, the majority of patients remain
undertreated. This systematic review aimed to determine the prevalence of FH patients with low-density lipoprotein receptor (LDLR) gene pathogenic variants
(PV) among the Asian population in Southeast Asian countries. Our search yielded 1,120 citations, with 28 deemed possibly suitable based on title and abstract
screening. However, only six studies that utilised the Dutch Lipid Clinic Network (DLCN) or Simon Broome (SB) criteria were eligible to be included. These studies
provided prevalence figures for clinically diagnosed FH patients, with a total of 17.1% (n=1,005/5,874); this rate was represented by three Malaysian studies,
which estimated that 36—76% of clinically diagnosed FH patients had ZDLR PV. Most patients reported having pre-existing cardiovascular disease, a family
history of premature coronary artery disease and tendon xanthomata. This study found that the prevalence of ZD/RPV among genetically confirmed FH patients
in Southeast Asia is 20.5% (n=286/5,874). Genetically confirmed FH patients are at a higher risk of developing premature coronary artery disease, requiring more
aggressive lipid-lowering treatment. Therefore, identifying LDLR PV among the population is essential for early FH diagnosis and treatment.
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1. Introduction

Familial hypercholesterolaemia (FH) is an inherited metabolic disorder
associated with an elevated level of low-density lipoprotein cholesterol
(LDL-C or LDL cholesterol) and a greater risk of developing premature
cardiovascular disease (PCAD) in both men and women (Bouhairie and
Goldberg, 201 5). LDL-Cis a type of fat that circulates throughout the
body and deposits within artery walls, where itis required for cell repair.
Triglycerides and cholesterol, which are insoluble in water, must bind
to proteins to pass through the hydrophilic blood (Hevonoja et al,
2000). Early identification of FH, with subsequent effective LDL-C-
lowering therapy, will lead to the prevention of coronary heart disease
(CHD) and, eventually, early mortality among FH patients (Packard er
al, 2021).

FH is an autosomal dominant disorder caused by mutations in the LDL
receptor (LDLR) or its ligand, apolipoprotein B 100 (APOB) (Pejic,
2014). LDL-C receptors are essential for LDL-C absorption from the
blood into hepatocytes, while APOB s important for LDL-C structure
maintenance and serves as a recognition site for the LDL-C receptors,
which is required for receptor-mediated endocytosis. Mutations in the
LDLRwere reported to be the most common cause of FH, followed by
APOB (lacocca et al, 2018). In rare situations, a gain-of-function
variantin the proprotein convertase subtilisin-kexin type 9 gene
(PCSK9) may be the cause (Vrablik er al, 2020). In 85—90% of
individuals with FH, over 1,600 gene variants in the LDLR were
reported; these were followed by APOB mutations, where the most
common one (Arg3500—Gln) affects approximately 10% of
individuals with FH. PCSK9gene mutation accounts for less than 5% of
FH cases. Furthermore, only severe PCSK9 mutations cause FH (Pejic,
2014).

LDLR, a glycoprotein found in cell membranes, is involved in the
binding and internalisation of lipoprotein particles in the bloodstream
that carry cholesterol. LDLR is a widely expressed receptor that is
essential for cholesterol homeostasis in humans (Goldstein and Brown,

1974). Many studies on how LDLR removes LDL, a significant
cholesterol carrier in humans, have been conducted (Goldstein and
Brown, 1973; Brown and Goldstein, 1974a; Brown and Goldstein,
1974b; Goldstein and Brown, 1974). Cultured fibroblasts from FH
patients cannot remove serum LDL, resulting in higher serum LDL-C
levels. Normal fibroblasts have a high cell surface binding affinity for
LDL-C via /DLR (Brown and Goldstein, 1974a). Individuals with
homozygotes for the LDIR mutation exhibit extensive deposition of
cholesterol-mediated atheromatous plaques in their coronary arteries,
aorta and aortic valves, and have blood LDL-C levels as high as 800
mg/dL (Brown and Goldstein, 1974b). Carriers with heterozygote LDLR
mutations usually had a two-fold increased risk for coronary artery
disease and a twice-elevated plasma LDL-C concentration compared to
the general population. According to the majority of guidelines, patients
with established coronary artery disease should have their LDL-C levels
adjusted to below 70 mg/dL and 100 mg/dL, respectively, if they have
two or more risk factors for the condition (Goldstein and Brown, 1973).

The exact prevalence of FH in Asian populations remains undetermined.
Many studies have determined that the prevalence of FH in the general
population ranges from 1:200 to 1:250 (Chua er af, 2021). A meta-
analysis of 11 million individuals from 104 studies estimated that the
prevalence of heterozygous FH (HeFH) in the general population was 1
in 313 (Beheshti er af, 2020). The European Atherosclerosis Society
(EAS) Consensus Panel estimates that the prevalence of HeFH ranges
from 1in 200 to 1 in 500, but it could be as high as 1 in 31 in patients
with atherosclerotic cardiovascular disease (ASCVD). Meanwhile,
approximately 1:160,000 to 1:300,000 people have homozygous FH
(HoFH) (Sun er al, 2023). Both HoFH and HeFH induce a marked
increase in LDL-C levelswhich often results in early cardiovascular
disease (Marusic et a/, 2020). Globally, 90—95% of FH patients remain
undiagnosed (EAS, 2018).

Multiple approaches are needed for screening, diagnosing and treating
FH (Pang eral,2020). FH patients can be identified via clinical diagnosis,
personal and family history and physical examination, with genetic
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testing used to confirm the diagnosis (Migliara er a/, 2017). Physical
manifestations of FH, such as tendon xanthomata and corneal arcus in
patients under the age of 45, have been used to develop the most
utilised diagnostic tools for the clinical diagnosis of FH (Rallidis er af,
2020). For instance, Simon Broome’s (SB) criteria are well-known
clinical diagnostic measures for FH that are extensively used in the
United Kingdom, (Humphries er af, 2018). The Dutch Lipid Clinic
Network (DLCN) criteria are commonly used in European nations
(Gidding er al, 2022), whereas the Make Early Diagnosis to Prevent
Early Deaths (MEDPED) criteria are generally used in the United States
(Mastaleru er a/, 2022). Each of these criteria has distinct features and
standards for diagnosing FH. The MEDPED criteria are based solely on
age- and family-relative-specific total cholesterol (TC) levels, while the
DLCN and SB incorporate a variety of other comparable factors.
However, there is no consensus on which diagnostic criteria should be
used as standardised international tools for FH identification
worldwide (Rallidis ez a/, 2020).

As FH is an autosomal dominant disorder, a heterozygous individual
has a 50% probability of transferring the gene to their offspring. If
individuals with identical mutations in both alleles (homozygous),
different pathogenic variants (PV) in both alleles of the same gene
(compound  heterozygotes) or PVin two different genes (double
heterozygotes), they will have obligatory heterozygous offspring, as
long as their partner does not have FH (McGowan er al, 2019). Thus,
cascade screening, which involves genetic testing on family members
of a proband who have been previously diagnosed with FH, seems to
be an effective strategy for FH screening (Vrablik er af, 2020). Cascade
screening is a low-cost method of identifying at-risk individuals that
involves systematic family tracing (Migliara er af, 2017).

There are several types of genetic tests, each with different approaches
(Futema er al, 2021). Targeted next-generation sequencing (NGS)
technologies enabled comprehensive mutation identification,
particularly loci of interest and simultaneous sequencing of several
genes, resulting in genetic information in FH candidate genes,
hypercholesterolaemia-associated genes and other lipid metabolism-
related genes (Qin, 2019). However, it is uncertain whether including
these additional genes in NGS panels enhances the number of FH
patients who could be molecularly identified (Reeskamp er af, 2020).
FH, a reasonably common genetic condition, affects an estimated 20
million individuals worldwide, with over 90% of cases remaining
untreated (Zubieliené er a/, 2022). In Asia Pacific, FH is a common
hereditary disorder impacting at least 15 million people (Kalra er al,
2021). The prevalence of FH in Asia was found to be 1:526 in a recent
meta-analysis, which included four studies: two from Japan, one from
Korea and one from China. In comparison, the FH prevalence in both
North America (9 studies) and Europe was 1:313 (19 studies) (Beheshti
er al, 2020). Therefore, this systematic review aims to summarise the
prevalence of FH patients with LD/RPV among the Asian population in
Southeast Asian countries.

2. Method

This paper conducted a systematic review of observational studies that
were carried out and published per the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) criteria but without
meta-analysis (Liberati er a/, 2009). The Condition, Context and
Population (CoCoPop) framework was utilised to formulate the
Population, Intervention, Comparator and Outcome (PICO) question
(Munn eral, 2015)

2.1. Search Strategy:

Toretrieve potentially relevant reviews, we searched PubMed, SCOPUS
and Web of Science using the keywords ‘(((Prevalence) OR (Incidence)

OR (Frequency) OR (Occurrence) OR (Burden) OR (Commonness) OR
(Frequentness) OR (Chronicity) OR (Continuousness) OR (Regularity)
OR (Appearance) OR (Constancy)) AND ((Southeast Asian) OR
(Brunei) OR (Cambodia) OR (Indonesia) OR (Laos) OR (Malaysia) OR
(Myanmar) OR (Philippines) OR (Singapore) OR (Thailand) OR
(Vietnam))) AND ((Familial Hypercholesterolaemia) OR (Familial
Hypercholesterolaemia) OR  (Hyperlipoproteinaemia) OR
(Hyperlipidaemia) OR (HeFH) OR (HoFH) OR (FH))". English language
restrictions were applied to the search.

2.2. Inclusion Criteria:

221, Study Design

The review includes observational research such as cross-sectional,
case-control and case series studies.

2.2.2. Scope of Study

The review criteria included studies or articles that: (1) contained
information about adult patients (>18 years old); (2) referred to settings
located in Southeast Asia; (3) provided FH disease information; (4)
reported on FH disease prevalence; and (5) discussed positive LDLR
mutations in clinically diagnosed FH patients.

2.3. Outcome:

To determine the prevalence of FH patients with LDLR gene PV based
on FH diagnostic criteria, study population and demographic profile
(age and gender) as well as the frequency of LDLRPV in patients with
FH within the Asian population in Southeast Asian countries.

2.4. Exclusion Criteria:

This review excluded articles for which full texts could not be obtained
from the search; studies that lacked information on FH clinical
diagnosis, personal and family history, physical examination or genetic
testing; papers that did not include adult patients; or research that did
not offer information on the prevalence orincidence of LD/RPV among
FH patients. Moreover, this review rejected non-English research
articles, conference proceedings, abstracts, book chapters and
commentaries.

2.5. Study Selection and Data Extraction:

After the articles in the databases were identified, they were imported
into the Mendeley version 2.79.0 software (Elsevier, UK). Duplicate
articles were then removed. The studies were initially screened based
on their titles/abstracts, and irrelevant publications were excluded
(Table 1). The qualifying criteria were utilised to conduct the first-level
screening of paper titles and abstracts. Systematic reviews and meta-
analyses were omitted. Only full-text papers were searched to
determine their suitability for additional screening and inclusion in the
review. The full texts of the remaining publications were then analysed.
A paper was classified as a general population study if the participants
involved in the research were selected from the general population, as
indicated by the authors. A data extraction form was used to extract the
following data: age group of patients (adultor elderly), country of study,
total number of FH patients who had £D/R mutations and the number
of patients with diagnosed FH.

2.6. Strategy for Data Synthesis:

The review focused on narrative synthesis due to the small number of
papers included and methodological discrepancies between the
studies. Data were summarised using prevalence estimates of FH
patients with LDLR PV among populations in Southeast Asian
countries. If the prevalence was not directly available for data
extraction, it was calculated based on the size of the total study cohort
and the number of FH individuals with ZDLR PV. Demographic data
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(age, sex) and prevalence are reported as means with percentages (%).

3. Results
3.1. Study Selection:

Our search yielded 1,120 citations, with 28 deemed possibly relevant
based on title and abstract screening. Following the application of the
inclusion and exclusion criteria, publications were screened at the full-
text level, with six papers being included in this review. Figure 1 depicts
the flow of the included investigations.

3.2. Characteristics of the Included Studies:

The sixincluded studies were published between 2005 and 2022 (basic
details in Table 1). Four studies (Khoo et a/, 2000; Al-Khateeb er a/,
2011; Lye eral,2013; Razman eral,2022) were carried outin Malaysia,
while the remaining two (Punzalan er af, 2005; Pek er al, 2018) were
conducted in the Philippines and Singapore. All studies in this review
used a cross-sectional study design. A total of 5,788 participants were
involved in the studies, with the vast majority coming from a single
research (Razman et al, 2022). One study (Punzalan er a/, 2005) only
included 60 participants. All six studies diagnosed FH as definite,
probable or possible using either the DLCN or SB criteria.

Figure: 1. PRISMA flow diagram for selecting studies on FH in Southeast Asian countries
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Table: 2. Publications on LDLR pathogenic variants and their associated clinical features and history
among FH patients in Southeast Asian countries
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LDLR: low-density lipoprotein receptor gene; PV: pathogenic
variants; *novel pathogenic variant; CVD: cardiovascular disorder;
CAD: coronary artery disease; FH: familial hypercholesterolaemia;
LDL-C: low-density lipoprotein cholesterol.

Table 2 presents four studies in which most patients had personal
CVD, a family history of PCAD and tendon xanthomata. One study
found approximately 41 LDLR variants among 50 individuals with
FH, of whom 26 had LDLR PV (Pek er a/, 2018). Moreover, two
studies conducted in the same country detected eight LDLR PV
among 117 patients with FH (Al-Khateeb er a/, 2011). Another
research found 18 LDLR PV among 30 individuals with FH, of which
four were novel variants (Razman et a/, 2022). In another
investigation, nine LDLR PVs were discovered, six of which were
novel variants identified in 12 patients with FH. Also, a single LDLR
variant was found in 55 older FH patients, which is considered a rare
case (Lye et al, 2013). In a Southeast Asian study, approximately 18
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LDIRdistinct mutations were found (Khoo er a/, 2000); nine of these
have been previously detected, while the other nine are novel
mutations.

3.3. LDLRPV Prevalence Varies by Country:

The results showed that Singapore (Pek er al, 2018), Southeast Asia
(Khoo er af, 2000) and the Philippines(Punzalan er a/, 2005) had a
lower prevalence (26%, 25.6% and 20%, respectively) of LDIR
mutations among clinically diagnosed FH patients compared to
Malaysia (as indicated by three studies), where it was estimated that
approximately 36—76% of patients had £D/Rmutations (Al-Khateeb
eral,2011; Lye eral, 2013; Razman ez al, 2022).

3.4. Prevalence Varies Based on the Clinical Diagnostic
Criteria:

Five studies (Khoo et a/, 2000; Punzalan er a/, 2005; Lye eral,2013;
Pek et al, 2018; Razman et a/, 2022) utilised DLCN, while only one
research (Al-Khateeb er af, 2011) used SB as a diagnostic tool to
detect FH patients. The SB study had the highest frequency of LDIR
PV, reaching 76%. Based on three studies that used DLCN, the
prevalence of LDLR PV among FH patients was 22% in Malaysia
(Razman er al, 2022), 28.1% in Singapore (Pek er a/, 2018) and
25.6% in Southeast Asia (Khoo et a/, 2000).

3.5. Prevalence Varies Based on the Molecular Detection
Technique:

NGS-based studies reported that 26% (Pek er af, 2018) and 36.6% of
FH subjects had £D LR PV (Razman er al, 2022). Two studies that
utilised the DHPLC analysis method found an approximate prevalence
of 20% (Punzalan er af, 2005), with Malaysian FH subjects having the
highest prevalence of LDIR PV at 76% (Al-Khateeb er af, 2011).
Moreover, the MLPA method-based research revealed that about 39%
of FH patients had LDLRPV (Lye er al, 2013). In another study, DGGE
and DNA sequencing revealed that around 25.6% of clinically
diagnosed FH patients had £DLRPV (Khoo et af, 2000).

4. Discussion

This paper is the first systematic review to identify the prevalence of
LDLR PV among FH patients in Southeast Asian countries. This
research included six studies, with a total of 5,788 participants.
Approximately 1,005 patients were clinically diagnosed with FH, with
28.5% (n=286/1,005) having LDIR mutations; however, the vast
majority of FH patients with LDLR PV were from a single study (Al-
Khateeb er af, 2011). The six studies reported that among the Asian
population in Southeast Asian countries, there was a genetically
confirmed prevalence of LDLR PV in FH patients at approximately
20.5%, with 13 out of 267 cases. In addition, another study
discovered that the FH prevalence in the general population was
0.19% in Asia, compared to 0.32% in Europe and North America
(Beheshti eral, 2020).

This review found that FH with positive LDLR PV affects both men
and women equally, and many patients had personal CVD. Over 85%
of men and 50% of women with FH are expected to experience
coronary events (Woodward, 2019). This increases the likelihood of
FH going undetected in female as compared to male patients.
However, because CAD usually manifests much later in life among
women, most of them may be identified based on clinical criteria as
they age (Garcia er al, 2016). Notably, the literature lacks
comprehensive investigation into the potential effects of delayed FH
diagnosis in women with the presence of PV in the LDLR, as opposed
to men; it is also uncertain as to whether such delays could lead to
sub-optimal health outcomes. Nevertheless, understanding the

gender-specific differences in FH with LDLR PV manifestation could
enable earlier diagnosis of this condition, which is critical from a
clinical standpoint.

In most countries, diagnosis is mostly based on DLCN criteria and less
commonly on SB or MEDPED (EAS, 2018). The DLCN, SB and
MEDPED criteria may yield different diagnostic outcomes even in the
same population. This might compromise the accuracy of projected
prevalence in various nations and diagnostic reliability in different
groups (Hu er al, 2020). Patients with PCAD and increased
cholesterol had a greater frequency of LDLR PV, as seen in general
population research (Beheshti er af, 2020; Hu er al, 2020). Thus,
patients with PV require more aggressive lipid-lowering treatment
than those without PV. According to a prior study, a significant
percentage (>10%) of patients with acute coronary syndrome under
the age of 60 were diagnosed with FH (Tanaka ez a/, 2019). The five
non-FH patients who were clinically diagnosed using the DLCN FH
criteria were found to have FH. This is because the DLCN FH criteria
have several advantages, such as reducing the likelihood of FH denial
based on multiple clinical diagnostic elements, particularly the
patient’s clinical history of premature CAD and genetic diagnosis
(Tada er a/, 2021). Since the DLCN FH criteria include extra
categories (DLCN has four, while SB has three categories), utilising
them instead of other criteria may improve sensitivity when
accounting for those categories (Tada et af, 2021).

The identification of a disease-causing pathogenic mutation equals a
definitive FH diagnosis, making genetic screening the most accurate
way to confirm FH (Cuchel eral,2014). In cascade screening, genetic
testing is commonly used to confirm the origin of dyslipidaemia or
establish the presence of a disease-causing gene mutation. First-
degree relatives should be tested as part of standard clinic screening;
it has been hypothesised that a strategy combining index cases and
personal contact with family members by medical professionals may
increase the number of tested people (Wald and Wald, 2018).
According to the NICE recommendations for the diagnosis and
treatment of FH, cascade screening, which combines genetic testing
with LDL-C concentration measurement, must be used to identify
affected relatives of index individuals with a clinical diagnosis of FH.
This should include first-, second- and, if feasible, third-degree
biological relations (DeMott, er af, 2008; Ned and Sijbrands, 2011).
However, genetic screening hasits limitations, as it is expensive, time-
consuming and needs access to healthcare facilities, making it less
useful in less affluent regions of the world (Hu er al, 2020).
Furthermore, research utilising genetic screening yields low FH
prevalence estimates, probably because not all FH-causing mutations
have been found or included in diagnostic testing panels for FH
(Medeiros and Bourbon, 2023). Most patients with a polygenic cause
of elevated LDL-C are mutation-negative (Mickiewicz er af, 2020).
Polygenic hypercholesterolaemia is a common cause of elevated
blood cholesterol. It represents the conditions in which serum
triglyceride (TG) concentrations are within the recommended range
but LDL-C levels are elevated. Polygenic hypercholesterolaemia may
coexist with other conditions, such as metabolic syndrome or obesity,
in certain people with mixed dyslipidaemias (elevations of both LDL-
C and triglycerides). Clinically distinguishing FH from polygenic
hypercholesterolaemia can be occasionally challenging.

FH prevalence tends to increase with age. Beheshti et af, (2020) found
that the frequency of FH was slightly lower among those aged 0—19
years (1in278;95% Cl; 1in 345 to 1in 222). Historically, older age has
been seen as a risk factor for dyslipidaemia. Both cross-sectional and
longitudinal investigations found that TC, LDL-C and TG concentrations
were related to age (Cho er af, 2020). Individuals with
definite/probable FH who received cholesterol-lowering medication
had 193% higher LDL-C levels than those who were unlikely to have FH
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but were given cholesterol-lowering medication (Wang er a/, 2019).
Factors contributing to the age-related disruption of lipid homeostasis
and steady decline in LDL-C clearance include a progressively
decreasing capacity to remove cholesterol by converting it to bile acids,
a decreased activity of the enzyme that controls the rate of bile acid
synthesis and a progressively declining growth hormone secretion.
Growth hormone influences the expression of hepatic LDLR, which is
critical for maintaining normal cholesterol levels (Pallottini and
Trapani, 2010).

5. Study Limitation

Nevertheless, a multimodal strategy including clinical, biochemical,
and genetic parameters is necessary to enhance the detection of FH
and reduce CVD and mortality. New information on the prevalence
of FH is revealed by these studies. However, certain significant
restrictions should be considered. First, even though we used a
thorough search approach, we only included peer-reviewed English
language studies that were indexed in four online databases. Itis still
conceivable that other pertinent research was either not published or
was indexed in other languages, print repositories, or grey literature.
Furthermore, all studies included in this review were conducted on
opportunistic samples and drawn from conveniently accessible
sources. Thus, these findings could only be generalised to the sub-
population from which the samples were collected and may notapply
to the entire population.

6. Conclusions

In this systematic review, we concluded that the prevalence of LDIR
mutations among genetically confirmed FH patients among the general
population of Southeast Asians is 13:267 (286/5874), approximately
20.5% which is quite high, emphasising the need for genetic
confirmation among index cases, as well as cascade screening from
clinically diagnosed FH among Asian populations. There is a need for
the identification of the prevalence of FH patients with LD/ R mutations
in Southeast Asian countries individually to determine the potential
benefits of intensified FH screening in certain population subgroups
and to further investigate potential biases and inequalities in current FH
diagnostic criteria and screening programmes.
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ABSTRACT

Social media is an imperative necessity in contemporary life. People can easily express their emotions and share moments on social media by writing a few words.
Organizations approach Twitter as a rich data source that may be used to study emotions, but while many efforts have focused on sentiment analysis from text,
emotion classification has received less attention. Emotion analysis usually provides a more in-depth assessment of the author's feelings, and in this research, we
propose a dialectal Arabic text emotion classification architecture that accurately classifies the expressions into four emotions (anger, joy, fear, and sadness).
Considering the improvements in natural language processing (NLP), we investigated the Bidirectional encoder representations from transformers (BERT) model.
We implemented our proposed ensemble model via a majority voting technique that merges the best three versions of the pre-trained BERT models that are
considered state-of-the-art in the classification field. We compared the results of our model with eight other machine learning classifiers and ten versions of the
BERT model. The proposed ensemble approach accomplished around 84%, however the highest accuracy of the other investigated models was 76%. The
presented experiments were examined on the Arabic tweets’ dataset for the EI-OC task provided by SemiEval, which contains 5600 tweets.
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1. Introduction

In our daily life, we use a variety of facial expressions, vocal activities,
and written material to express our emotions, prompting researchers
to conduct emotion analysis. The majority of recently presented
studies concentrate on sentiment analysis as positive and negative
(Medhat er a/, 2014), but few go deeper to extract emotions from
written text. In this work, we focus on emotion analysis from written
text. A large number of researchers have introduced various new
techniques and methods for emotion analysis in several languages
such as English, Chinese and Persian, but very few have looked at the
Arabic language and dialects.

Arabic ranks as the fifth most spoken language in the world and is the
official language of more than 27 countries. More than 456 million
Arabs speak the language, and Arabic Social Networks are the fastest-
growing social networking sites in terms of languages used. Over the
last five years, more than 237 million Arabs have used social media
(Istizada, 2023). Emotion significantly impacts human cognitive
processes, such as perception, focus, memory retention, logical
thinking, and problem-solving. It has a significant effect on attention,
while stimulating behavior and activity. Emotion analysis is an
important field of study faces many challenges because of how
complicated natural languages are, and because it is difficult to
comprehend and measure how people express their feelings
mathematically. Studies are in continuous development to prove that
emotion analysis is an extremely useful and powerful marketing tool
that helps product managers understand customers’ emotions and
opinions. It is important to improve a promotion’s success, product
acceptance, and customer satisfaction.

Organizations are also trying to analyze posts, comments, and
discussions to extract all possible information about whether or not
they are interested in a particular topic (Storey & O’Leary, 2024) and
the level of user satisfaction toward a specific product or service. They
focused on emotional marketing by trying to stimulate people's
emotions to buy products or services. On the other hand, emotion
analysis can indicate the success or failure of some governmental or

non-governmental institutions in some of the tasks assigned to them,
such as safety, stability, and good performance. It can also be used as
a special code between members of the same organization as a kind
of privacy and to facilitate the workflow with high efficiency.

The novelty of this paper lies in proposing a robust adaptive model to
accurately classify Arabic text into four emotions: anger, joy, fear, and
sadness. Taking advantage of advances in natural language
processing (Wolf er al, 2020), we explored the BERT model and
implemented a group approach that integrated the three best
versions of the pre-trained BERT model via the majority voting
technique. Our proposed approach competes with the state of the art
classification.

We compared the performance of our approach to eight other
machine learning classifiers and ten versions of the BERT model. The
proposed classification method achieved an accuracy of about 84%,
outperforming the highest accuracy of 76% achieved by other
models. We conducted experiments on a dataset of Arabic tweets for
the EI-OC mission provided by SemiEval, which included about 5,600
tweets. Our findings demonstrate the effectiveness of the proposed
group approach in accurately categorizing emotions in the Arabic
script.

The remainder of this work is organized as follows: Relevant works
are shown in Section 2, background information is shown in Section
3, methodology and our model are presented in Section 4,
experiments and results analysis are presented in Section 5, and the
conclusion is presented in Section 6.

2. Related Work

In recent years, research connected to emotion analysis has made
efforts to employ machine learning approaches. This section covers a
number of studies that employ machine learning algorithms to
analyze user opinions, sentiments, and product evaluations found in
web material.

A. Singh er al. (2016) compared algorithms for supervised machine
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learning classifications that were designed to classify data based on
prior knowledge; analyze the accuracy, learning speed, complexity,
and risk of overfitting; measure the effectiveness of supervised
machine learning algorithms; and compare them broadly with several
machine learning techniques. According to Abdullah and Shaikh
(2018), the UNCC technology examines tweets in English and Arabic
to determine emotions. They presented the identical design in both
languages for each of the five challenges. The system's main input is
a set of psycholinguistic characteristics and a mix of word2vec and
doc2vec embeddings (for example, Affective Tweets from the Weka-
package). They acquire much higher Spearman correlation scores
when they use a fully connected neural network design.

Daood er al. (2017) focused on Arabic emotion categorization. They
collected a set of Arabic tweets from the Levant and marked them
with their desired sentiments and employed a number of ways to
categorize user text messages in order to ascertain their emotional
states. They analyzed the results of multiple machine learning
algorithms, taking numerous factors into consideration to reach the
best emotion recognition result. According to Mohammad er al
(2018), they are the results of the SemEval-2018 Task, which
comprises numerous subtasks on extrapolating a person’s level of
productivity from their tweets. They generated tagged data from
tweets in English, Arabic, and Spanish for each assignment. The
separate tasks were Emotion Classification, Emotion Intensity Ordinal
Classification, Emotion Intensity Regression, and Valence (Sentiment)
Regression. They presented an overview of the techniques, resources,
and tools employed by the participating organizations, focusing on
the most beneficial. They also looked at the underpinnings of a
trustworthy proclivity for a certain race or gender.

Context-aware Geted Recurrent Units(C-GRU) were introduced by A.
E. Samy et al (2018), which assessed the context (themes) of tweets
and utilized them as an extra layer to infer the thoughts that the tweet
was attempting to communicate. By determining the weights that
each sub-modal contributed to the predictions (from subjects and
sentences), the multi-modal model combined the two learned
outputs.

Abdullah er a/ (2020) developed an approach for recognizing and
categorizing emotions in Arabic tweets by employing anger, sadness,
pleasure, and disgust. The results of the studies demonstrated the
usefulness of the suggested models, which enhanced the state of the
art for categorizing Arabic tweets using support vector machines
(SVM) and naive Bayes (NB), which produced the best results.

Alswaidan and Menai (2020) developed three models for emotion
identification in Arabic text: a deep feature-based (DF) model, a
human-engineered feature-based (HEF) model, and a combination
model (HEF+DF). Comparing the performances of the suggested
models on each emotion label allowed them to determine how well
they performed on the IAEDS, AETD, and SemEval-2018 datasets. He
also compared the model's results to those of other cutting-edge
models. The results show that the HEF+DF model outperformed the
DF and HEF models across all datasets.

Elnagar er a/ (2020) thoroughly analyzed several deep learning
models for categorizing Arabic text to see how well they performed
and investigated the influence of using word2vec embedding models
to improve classification task performance.

Khalil er a/ (2021) created a Bi-LSTM deep learning model to
categorize emotions (EC) in shared Arabic tweets for the SemEval-
2018 competition. They have consolidated the dataset files into a
single file to be used in the cross-validation technique. Aravec with
CBOW was used in the word embedding stage. According to their
statistics, Jaccard Accuracy was 0.498, Precision was 0.695, Recall
was 0.551, and F1 Score was 0.615.

Kamila er a/ (2022) used a multi-task framework to create four
emotion labels (anger, joy, fear,and sorrow) with intensity values and
three temporal orientation labels (past, present, and future) from user
tweets. The detected tweets for each user were pooled to determine
the user's temporal orientation and sentiment. They explored how
users' emotional states and temporal orientations interact with one
another. According to this research, anger and happiness are
associated with future orientation, but sorrow and fear are associated
with historical orientation.

Alzanin er al. (2022) recently assessed three classifiers, Support
Vector Machine (SVM), Gaussian Naive Bayes (GNB), and Random
Forest (RF), to classify Arabic text tweets into five groups based on
linguistic features and content. They also looked at two alternative
textual representations: term frequency-inverse document frequency
and word embedding with Word2vec. In our review of related works,
we highlighted several studies that addressed emotion classification
in Arabic text using various machine learning algorithms. While these
studies provided valuable insights into different methodologies and
techniques, they often lacked comprehensive evaluations that
directly compare the effectiveness and performance metrics of the
proposed approaches. Singh er al. (2016), for instance, compared
supervised machine learning classifiers across accuracy, learning
speed, and complexity but did not benchmark against a unified
dataset or standard evaluation metrics. Similarly, Abdullah and
Shaikh (2018) and Daood era/. (2017) focused on emotion detection
in Arabic tweets using specific models like SVM and neural networks,
yet their evaluations primarily emphasized individual model
performance rather than comparative analysis against other state-of-
the-art methods. Our work addresses this gap by systematically
evaluating our ensemble pretrained BERT model against a diverse set
of baseline classifiers, demonstrating significant improvements in
accuracy and robustness across emotion categories, and provides a
clearer perspective on the advancements and impact of our proposed
methodology in the field of Arabic emotion classification.

3. Background

In this section, we will present a brief review of the transformer
architecture and the main classification algorithms.

3.1. Transformer Architecture:

The transformer architecture is a deep learning model designed for
natural language processing (NLP) introduced in 2017 that utilizes
self-attention to capture long-range dependencies within input
sequences (Vaswani er al 2017). The transformer architecture has
transformed the field of NLP by enabling models to attend to
different parts of the input sequence and generate more accurate
outputs. The transformer architecture consists of an encoder-
decoder framework, with the encoder generating hidden
representations of the input sequence and the decoder generating
the output sequence. The self-attention mechanism computes
attention weights for each input token, determining the level of
attention each token should receive when computing the next
hidden representation. This architecture has been widely used in
NLP tasks, and pre-trained transformer models such as BERT and
GPT-2 (Qian er al 2022) have achieved state-of-the-art
performance on many benchmarks (Yagi er a/. 2023).

As seen in Figure 1, computers cannot understand words, thus in the
word embedding stage, they take the input text and turn the words
into vectors of numbers. The positional vector, which provides
context based on the location of each word in the sentence, is then
added to provide word embedding with context information in a
vector of numbers. The transformer architecture consists of the
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encoder, decoder, and final linear layer. The linear layer takes the
decoder's output as input and outputs it.

3.1.1.  Encoder Layer

Each multi-head attention block (with padding mask) at the encoder
layer receives three inputs: Q as question, V as value, and K as key.
These are processed through linear (dense) layers before the multi-
head attention function, which entails determining which portion of the
input to focus on by creating distinct attention vectors and calculating
the weighted average attention vector for each word in the phrase. The
feed-for-word step is a basic feed-for-word neural network that is
applied to each attention vector to make it more digestible so that it may
be put to the next decoder block or linear layer based on its position.

3.1.2. Decoder Layer

The decoder module takes the output of the encoder as input and
generates the output sequence, the masked multi-head attention
(input should be masked) at the decoder layer displays as a vector
of weighted values to show how strongly each word is connected
to the other word in the same phrase. There is also multi-head
attention (with padding mask) because Q receives the decoder's
first attention block output, V and K receive the encoder output as
inputs, and the attention weights describe the priority given to the
decoder'sinput depending on the encoder's output. In other words,
the decoder anticipates the next token by seeing the encoder
output and self-attending to it. Point-wise feed-forward networks
provide the same function as the encoder layer's equivalent step.

Figure 1. Transformers Architectures
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3.2. The Main Classification Algorithms:
3.2.1.  Support Vector Machine Algorithm (SVM)

The Support Vector Machine is one of the most extensively used
supervised learning algorithms for classification and regression
problems (Ye er al 2009). The goal of the SYM method is to find the
optimal line or decision boundary that divides n-dimensional space
into classes, allowing us to simply categorise new data points in the
future. This ideal decision boundary is referred to as a hyperplane. In
SVM, we employ two alternative classifiers (Support Vector classifier
(SVC) and Linear Support Vector classifier (Linear SVC). The main
distinction is that Linear SVC minimises squared hinge loss, whereas
SVC minimises regular hinge loss. Linear SVC allows you to manually
draw a 'hinge' string for loss parameters.

3.2.2.  Naive Bayes Algorithm (NB)

NB is a classification approach that is based on the Bayes Theorem
and the concept of predictor independence (Venkatesh er a/ 2020).
To putitsimply, a Naive Bayes classifier believes that the existence of
one feature in a class has nothing to do with the presence of any other

feature. It organizes critical information and anticipates the target or
dependent variable values generated by an independent or predictor
variable. In NB, we employ two distinct algorithms (Multinomial NB
and Bernoulli NB). Multinomial NB is concerned with counts for
several features that occur, whereas Bernoulli NB is concerned with
counts for a single feature that occurs as well as counts for the same
feature that does not occur.

3.2.3. Stochastic Gradient Descent Algorithm (SGD)

SGD is a prominent and widely used method in Machine Learning
algorithms (Yousaf er a/ 2020). Gradient simply refers to the slope or
tilt of a surface. To get to the lowest point on the surface, one must
descend aslope.

3.2.4. Decision Tree Algorithm

The Decision Tree (DT) function generates a classification structure
that resembles a tree (Mendonca era/ 2007). It divides the main facts
into classes and predicts the values of the target or dependent
variable that is constructed using an independent or predictor
variable.

3.2.5.  Random Forest Algorithm

Random Forest is a common data science technique for obtaining
judgments based on random trees (Breiman, 2001). It is made up of
several separate decision trees that work together as a single unit. The
successful prediction model is the class that earns the most votes
from all of the trees in the random forest.

3.26. K Neighbors Algorithm

K Neighbors Algorithm is a machine learning algorithm that is built
on the Euclidean distance between instance (Kadhim, 2019). It
predicts class labels for each instance and discovers the Nearest k
examples by computing the smallest Euclidean distance between
each instance and the others.

4. Methodology

In this stage, we will provide the dataset used in the research as well
as our proposed approach for analyzing emotions from Arabic tweets
using multiple machine learning classification algorithms and
comparing the trials to determine the best methodology that can be
applied in this sector. Using the Python programming language, we
implement these models and assess the outcomes.

4.1. Data Set:
4.1.1.  Original Dataset

In our research, we utilized a standard dataset of Arabic tweets given
by SemiEval for the EI-OC task 1 [8]. This dataset contained 5600
tweets, 60% of the data, with 3,376 tweets for the training set divided
into 889 for joy, 882 for anger, 877 for fear, and 728 for sadness. The
testing and validation sets made up 40%, with 1,563 tweets for the
test set divided into 448 for joy, 373 for anger, 372 for fear, and 370
for sadness, and 661 tweets for the development set divided into 224
for joy, 150 for anger, 146 for fear, and 141 for sadness. Each set
contained the specified emotional labels: anger, fear, joy, and
sadness.

4.1.2.  Augmented Dataset

To expand the dataset, we used the contextual word embedding
augmentation technique to take some sentences and replace words
with other words with the same meaning as predicted by a label-
conditioned bi-directional language model. For example, " =1
L@l g of § " gxliaawas replaced with " Jiumis wwa @l G o olas
" Gzlias and skl g Laaa¥) o LsT BYLUL e s " was replaced with
"dsshall g Laxa¥l oLt UL =pad ) and then we appended the new
sentence to the dataset. This step was only performed on the training
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set, which increased the number of tweets from 3,376 to 4,215.

4.2. Data preprocessing:

Text preprocessing is important in creating any word embedding
model because it can greatly impact the outcomes. Given that our
dataset was in Arabic, we performed a specific preprocessing to
identify the most effective pattern. The primary preprocessing steps
used are outlined in the following subsections:

4.21. Tokenization

The preprocessing module starts here. separates the textual inputinto
words or tokens, each separated by a delimiter (such as a space or a
punctuation mark). The tokenization procedure produces a list of
terms (Grefenstette ,1999).

We used the Arabic-specific tokenization tools provided by libraries
such as the Natural Language Toolkit (NLTK) or custom tokenization
scripts tailored for our specific dataset. These tools ensure that the
tokenization process preserves linguistic nuances and handles Arabic
script complexities effectively. Each token typically represents a word
or a sub-word and serves as the basic building block for further text
processing tasks like sentiment analysis and emotion classification.
For example:

Original Text: "¢ ,all w8y § 2,019 341,80 ol

Word Tokenization Output: ["tl).é_)l' o) @ sl Saelyall' ', ]
Sub-word Tokenization Output: [','cdg' /@8 oSy syl |
]

4.2.2. Normalization

Itis necessary to preprocess the text to remove noise and normalize
some letters to make Arabic text clearer and more helpful in
enhancing classification, so we clean the data as follows:

a) Replace various characters, which can be written in a variety of
ways, with the normal form as """ replaced with "1" .

b) Remove links and mentions.

c) Remove all diacritical marks as indicated in Table 1.

d) Remove the elongation 'tatweel' character '_', which is used to
expand words (for example, the word ', a3 may convert to
the normal form).

e) Remove all punctuation marks like periods, question marks,
exclamation points, commas, colons, semicolons, dashes,
hyphens, brackets, braces, parentheses, apostrophes, quotation
marks, and ellipses.

f)  Remove numbers.

g)  Remove Latin characters (Aa, Zz).

h)  Remove repeated characters. When describing an action, such
as laughing" 4« ", users frequently purposefully repeat a
character in a word: awe-inspiring” slllIlliIlly indignant,
indignant" I, etc. Every other repeating character was
removed since we reasoned that a word could only have two
repetitions.

i) We Replace emojis with their meaning in words, as shown in
Table 2 (Singh eral 2019), because emojis are common in social
media and have great importance in enhancing the meaning of
the sentence and expressing the writer's feelings, so we cannot

ignore them.
Table 1. Diacritics
Diacritical marks LS4
fanscenitt Tanween (i3 st Short vowels Pronunciation
Shaddah o Shaddah 5.4

< Z Z z fatHah a8

2 B Z - Kasrah 5 yuS
o @ Z 2 DHammah des

z 2 Sukuun (5

Table 2. Emojis and their textual description

Emoji Description

N . .
=] Face with tears of joy
@ Face blowing a kiss
< Grinning face with smiling eyes
* Relieved face

< Squinting face with tongue
= q g g
e Sad butrelieved face
35 Angry face
e/ i

& Loudly crying face

0 .

& Downcast face with sweat
;.: Anxious face with sweat

4.2.3.  NLP Approach

In this approach, we use the transformer learning technique [19],
where an NLP model trained on a very large dataset such as the
Common Crawl and Wikipedia Corpus performs. Similar tasks on
another dataset can be fine-tuned for specific tasks, which calls for
a pre-trained model that adopts the mechanism of self-attention
(Dai er al 2020). It is like recurrent neural networks (RNNs)
(Bullinaria, 2013) in processing sequential input data, but it works
in parallel and inputs all at once, unlike other neural networks, so
the attention mechanism provides context for every position in the
input sequence.

4.2.4. Proposed Ensemble Model

BERT and GPT-2 are the most important transformer-based models.

In this work, we will focus on a pre-trained BERT model and learn how
to compare its various models and work on them to perform text
classification. Figure 2 illustrates the overall architecture of our
system, which consists of four steps: text preprocessing, pretrained
BERT fine-tuning, prediction, and voting.

Figure 2. Proposed ensemble model flowchart
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4.2.5. Pretrained BERT Fine-tuning

In this step, we work on the pre-trained BERT and fine-tune it for our
Arabic data set. To do that, we connect the BERT outputs to an
additional layer involving the SoftMax classifier after the fine-tuning
to predict the text label. In the beginning, we tokenize every sentence
into N tokens and add the [CLS] token at its beginning, the [CLS]
token is a special token added to the beginning of each input sentence
during tokenization. It stands for 'classification’ and is utilized in tasks
where the model needs to make a prediction based on the entire input
sequence. The final hidden state corresponding to the [CLS] token
after processing by BERT serves as the aggregated representation of
the entire input sequence, which is then used as input to subsequent
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classification layers, such as the SoftMax classifier, to predict the text

label.

After that, for each token i, we create an input representation called Ei
by adding its vector embeddings. Then, we feed the Ei vectors into
BERT and fine-tune its parameters using the corpus labelled data. As
shown in Figure 3, We put h for the special [CLS] token's final hidden
vector and Ti for the i-th input token's final hidden vector. Finally, to
obtain the probability distribution for the projected output category,
we use the final hidden state h as the representation of the entire text
asan input for the feed-forward layer with the SoftMax classifier (Sun
etal 2019).

P(c/h) = Softmax (Mh) (1)

Equation (1) represents a way to calculate the probability of a target
variable ¢, given a context or condition h. The equation uses a vector
of scores Mh, which calculates the probability of each possible value
of c given h. The Softmax function is applied to this vector to obtain a
probability distribution over the possible values of ¢, where M is our
task-specific parameter matrix. During fine-tuning, all parameters
from BERT and M are trained jointly to maximize the log-probability
of the correct category.

Figure 3. The fine-tuned BERT diagram
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4.2.6. Voting Technique

We use a voting technique to reduce the complexity of ensemble
models (Tiwari er a/ 2024). In this step, each member of the
ensemble model makes an equal contribution in parallel by giving
avote based on their predictions (Mohammed & Kora, 2022). There
are two strategies of voting technique: soft voting by taking the
average of the predicted results, or hard voting, that were adopted
in our research, as shown in Figure 4. We take the best prediction
by aggregating the scores of each predicted label for the three
models and taking the highest score for the different results. We can
see that if two or three make the same decision, we will take the top
rating. If each model predicts a different answer, we will take the
prediction that has the highest score.

If all opinions of all models have the same scores, then the prediction
in this case will be the class that not only received the same score from
all models, but also received the highest overall score across all
models with the scores for each predicted label across all three
models.

Figure 4. Hard voting technique
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4.3. Machine Learning Approach:

In this approach, we applied eight supervised ML algorithms such as
(linear SVC, SVC, multinomial NB, Bernoulli NB, SGD classifier,
random forest classifier, decision tree classifier, and K Neighbors
classifier. We show the ML architecture in a simple diagram in Figure
5 that shows the steps we followed for classifying the emotions of
Arabic text into four emotion classes: anger, fear, joy, and sadness.

In the second phase, feature extraction and selection are carried out
once the text has been prepared for processing. This section involves
deleting irrelevant, redundant, and noisy data to obtain the best
features that enhance the sentiment analysis procedure.

Figure. 5. Machine learning classification diagram
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4.31. Features Selection

Many text features have been exploited in Sentiment Analysis (SA)
research. The most popular ones are negation, n-grams, part of speech
(POS), and term frequency. In our work, we use n-gram. The n-gram is
a continuous string of n words taken from a prescribed sequence of text.

4.3.2. Features Extraction

In this phase, a piece of textis transformed into a feature with a specific
weight to create each feature. There are various weighting methods,
such as Boolean, Term Frequency (TF), and Term Frequency-Inverse
Document Frequency (TF-IDF) (Rajaraman & Ullman, 2011). It uses the
TF-IDF Vectorizer, a simple technique to vectorize text documents that
transform sentences into a feature vector of numbers to be compatible
with classifiers in the classification stage.

4.3.3. Machine Learning Classification

After getting, reading, preprocessing, and vectorizing the dataset by
the TF-IDF Vectorizer, we proposed an adaptive emotion
classification model for Arabic text into four emotional classes: anger,
joy, fear, and sadness, using a broad, comprehensive set of machine
learning classifiers. This model works on eight supervised ML
algorithms such as linear SVC, SVC, multinomial NB, Bernoulli NB,
decision tree classifier, SGD classifier, random forest classifier, and K-
Neighbors classifier. Each algorithm is described in detail in this
section.
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5. Experiments and Results

In this paper, we work on several experiments to achieve the proposed
model for Arabic text classification. We use the BERT model for Arabic
text (Antoun er al. 2020), which has been pre-trained on 200 million
phrases in Arabic, about 8.2 billion words, or 77 GB of text content. It
features 512 maximum sequence lengths, 12 attention heads, 12
encoder blocks, 768 hidden dimensions, and 110 M parameters. We
examine 10 new versions of this model and select the best three models
to build our proposed ensemble model: bert-base-arabertv2, bert-
medium-Arabic, and bert-large-arabertv02-twitter. We evaluate our
proposed ensemble BERT model against other machine learning
algorithms.

5.1. Analysis of Different BERT Models for Arabic Text
Classification:

We trained ten different transformer models (Alammary, 2022) and
evaluated their performance based on the training loss, validation
loss, and F1-score. From these evaluations, we selected the three
models that performed the best, which were the bert-base-arabertv2,
bert-medium-Arabic, and bert-large-arabertv02-twitter  models.
Table 3 shows the results of the last epoch for each of the ten models,
including their training loss, validation loss, and F1-score. The bert-
base-arabertv2, bert-medium-Arabic, and bert-large-arabertv02-
twitter models had the lowest training and validation losses and the
highest F1-score, indicating that they performed the best overall.
Therefore, we used these three models in the validation and test
phases of our proposed ensemble model.

Table 3. Results of last epoch in each BERT model

Transformers model name Training Loss Validation Loss F1-score
aubmindlab/bert-base-arabertv2 0.817400 0.972181 0.711044
aubmindIab/berl-large-arabert\/l 1.403100 1.390501 0.220877

asafaya/ber[-mini-Arabic 0.935900 1.096127 0.562784
asafaya/ber[-medium-Arablc 0.710900 1.110692 0.692890
asafaya/ber(-Iarge-Arabic 1.400800 1.421856 0.226929
Distilbert-base-multilingual-cased 0.856100 1.223140 0.614221
nlptown/bert-base-mullingual- 0.816600 1.338099 0594554
uncased-sentiment

bert-large-arabertv02-twitter 0.664000 0.760911 0.757943

xIm-roberta -base 1.002700 1.036626 0.630862
xIm-roberta-large 1.392200 1.418853 0.220877

5.2. Evaluation Experiments:

As demonstrated in this experiment, we made a comparison between
training the three selected models on the original data set and the
augmented data set after appending the augmented sentences.

The results presented in Table 4 show the performance of the three
selected BERT models of the last epoch in the training step, namely bert-
base-arabertv2, bert-medium-Arabic, and bert-large-arabertv02-
twitter, on both the original and augmented datasets. The models were
evaluated based on their training loss, validation loss, and F1 score.

The bert-large-arabertv02-twitter model achieved the highest F1-score
of 0.757943 on the original dataset and 0.753404 on the augmented
dataset, followed by the bert-base-arabertv2 with an F1-score of
0.715582 on the original dataset and 0.670197 on the augmented
dataset, and the bert-medium-Arabic with an F1-score of 0.694402 on
the original dataset and 0.682300 on the augmented dataset.

Overall, the results suggest that the performance of the models varied
depending on the quality of the dataset, with models performing better
on the original dataset than the augmented dataset, which means that
adding synonyms significantly confuses the results.

Table 4. Results of last epoch in the 3 best BERT models we used in our proposed model
Model Faze Training Loss Validation Loss F1-Score
bert-base-arabertv2 original 0.781600 0.896417 0.715582
augmented 0.578800 1.106806 0.670197
. . original 0.780700 0.910520 0.694402

bert-medium-Arabic
augmented 0.574400 1.196405 0.682300
. original 0.664000 0.760911 0.757943
bert-large-arabertv02-twitter

augmented 0.548300 0914224 0.753404

We performed the voting step using the three best-performing models
(bert-base-arabertv2, bert-medium-Arabic, and bert-large-arabertv02-
twitter) and found that the F1-score increased by 9%. We then validated
our ensemble model on a new dataset that included augmented
sentences and compared the results with those obtained from the
original dataset. However, we found that the results obtained using the
augmented dataset were worse than those obtained using the original
dataset, as shown in Table 5. The results suggest that the proposed
ensemble model did not perform better on the augmented dataset,
contrary to the researchers’ expectations, due to the complexity of the
Arabiclanguage and the fact thata word carries more than one meaning
depending on its presence in the sentence and its relationship to the
words next to it. The augmentation process caused dispersion in the
model used and led to worse results than using the original database.

Table 5. Classification report

Dev (validation set)-original Test-original

emotion precision recall f1-score precision recall f1-score
anger 0.82 0.7 0.76 0.8 0.79 0.8
fear 0.8 0.86 0.83 0.86 0.84 0.85
joy 0.9 0.93 0.92 0.91 0.92 092
sadness 0.66 0.71 0.69 0.77 0.79 0.78
accuracy 0.82 0.84

Dev-augmented T g

emotion precision recall f1-score precision recall f1-score
anger 0.84 0.63 0.72 0.85 0.69 0.76
fear 0.81 091 0.86 0.80 0.86 0.83
joy 0.91 0.9 0.9 0.92 0.92 092
sadness 0.6 0.75 0.66 0.71 0.80 0.75
accuracy 0.81 0.82

In our research paper, we analyzed the results obtained from
our emotion classification model and used aconfusion matrix to
clearly visualize the performance of the model on both the original
dataset and the augmented dataset. Figure 6 (a) displays the
confusion matrix for the validation results on the original dataset,
representing the true prediction labels and the missed ones for each
of the four classes. The diagonal line of the confusion matrix shows
the number of predictions where the classifier correctly predicted
the emotion label, while the other numbers indicate the missed
predictions. Similarly, Figure 6 (b) displays the results of the test
step on the original dataset.

To further evaluate the effectiveness of our model, we also analyzed
the performance on the augmented dataset. Figure 6 (c) represents
the validation results on the augmented dataset, and Figure 6 (d)
displays the results of the test step on the augmented dataset. By
comparing the results from the original and augmented datasets, we
can observe a clear difference in the number of missed
predictions between different emotions. Specifically, we found that
the highest number of missed predictions was between anger and
sadness. These findings suggest that our model may need further
improvement to better distinguish between these two emotions.
Overall, our analysis of the confusion matrix provides a
comprehensive understanding of the performance of our emotion
classification model and highlights areas for potential improvement.
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Figure 6. Confusion matrices for dev. and test results on original and augmented datasets
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Our research aimed to compare the performance of eight machine
learning algorithms with three n-grams (uni—gram, bi-gram, tri—gram)
in text classification (Wynne & Wint, 2019) (Euna er a/ 2023). We
evaluated the performance of each algorithm by calculating accuracy,
precision, recall, and f1-score, and summarized the results in Table 6.
Our findings indicate that the uni-gram approach provided the best
results across all algorithms tested. In addition, we observed that the
linear support vector classifier (SVC) achieved the highest accuracy,
with a F1-score of 59.8%.

However, we also developed a proposed ensemble model and
compared its performance with that of the eight machine learning
algorithms tested. Our experimental results showed that our
proposed ensemble model achieved a significant improvement in
accuracy, with an F1-score of 84%, compared to the 60% accuracy
obtained by the linear SVC model.

These findings demonstrate that our proposed ensemble model
offers a promising approach to improving the accuracy and reliability
of text classification tasks and has importantimplications for the field
of natural language processing. By using a combination of several
machine learning techniques, our ensemble model was able to
outperform the individual models, highlighting the value of ensemble
techniques in improving text classification performance. F1-score is
the harmonic mean of a system's precision and recall values. It can be
calculated by the following formula (Yacouby & Axman, 2020) to
make a clear comparison with the same measure. By calculating the
F1-score for the classifiers, the linear SVC classifier achieved the best
result with 59.8%.

F1 —score = 2 x (precision * recall) /(precision +
recall)

Table 6. results of ML classifiers

Algorithm gram accuracy | precision Recall

1 0.601 0.598 0.601
Linear SVC 2 0.600 0.598 0.600
3 0.596 0.595 0.596
1 0.560 0.612 0.560

SvC 2 0.486 0.607 0.486

3 0.440 0.630 0.440

1 0.581 0.628 0.581

MultinomialNB 2 0.568 0.624 0.568
3 0.561 0.622 0.561

1 0.511 0.615 0.511

Bernoulli-NB 2 0.375 0.640 0.375
3 0.316 0.682 0.316

1 0.585 0.580 0.585

SGD Classifier 2 0.589 0.589 0.589
3 0.587 0.585 0.587

1 0.289 0.318 0.289

Decision Tree 2 0.289 0.318 0.289
3 0.289 0.318 0.289

1 0.239 0.362 0.239

Random Forest 2 0.237 0.278 0.237
3 0.235 0.056 0.235

1 0.432 0.517 0.432

K-neighbors 2 0.423 0.513 0.423
3 0.419 0.502 0.419

5.4. Comparison With Previous Works:

Our research focused on evaluating the performance of our proposed
ensemble BERT model compared to previous related work that used
the same dataset. Our objective was to determine the effectiveness of
our approach in tackling the SemEval 2018 EL-OC task1 dataset, a
challenging task in the field. Our experimental results showed that
our ensemble BERT model achieved the best results in accuracy, with
an improvement of +8.5% compared to the previous best-performing
model.

To compare the performance of our proposed model with previous
work, we tested our results over the SemEval 2018 EL-OC task1
dataset and compared them with the results published in previous
publications. Specifically, we compared our results with those
obtained by Kamila er a/ (2022). Our proposed model achieved an
F1-score of 0.83 and an accuracy of 0.84, which represents a
significant improvement over the results achieved by Kamila er a/.
(2022), who achieved an F1-score of 0.731 and an accuracy of 0.753.

Overall, our results demonstrate that our proposed ensemble BERT
model is highly effective in addressing the SemEval 2018 EL-OC task1
dataset, outperforming the previous state-of-the-art models. These
findings have importantimplications for the field of natural language
processing, as they offer a promising approach for improving the
accuracy and reliability of text classification tasks.

6. Conclusion

This work represented an ensemble pretrained BERT model that
provides emotion classification for Arabic text in four classes (anger,
joy, fear, and sadness) using a voting technique between the best
three models in the Transformers library, which is a powerful,
modern state-of-art model that has improved the accuracy of results
from 76% to 84%. We merged these models and compared the results
with other experiments on eight machine learning classifiers: linear
SVC, SVC, multinomial NB, Bernoulli NB, SGD classifier, decision tree
classifier, random forest classifier, and K-Neighbors classifier,
implemented using three different n-grams with the TF-IDF feature
values technique, using the Arabic tweets dataset given by the
SemiEval competition for the El-oc task. Our method produced
excellent performance with 82% validation accuracy and 84% testing
accuracy.

In the future, we aim to apply the model we proposed to a larger
dataset, work on the NLP technique to resolve natural language
issues like the sarcasm detection issue and assess its impact on the
results of emotion detection.

While this work has demonstrated potential approaches to emotion
classification for Arabic text, the Arabic inflectional system, or the so-
called Eraab, can be used to broaden the scope of this research, which
has already shown some promising methods for sentiment
categorization for Arabic text. We think that including the Eraab system
in the framework for emotion analysis may enhance the results.
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ABSTRACT

Several plants contain chemical substances that have various biological activities, but they also probably cause harmful effects on cellular membranes. This work
deals with the Centaurea iberica(Iberian starthistle) plant. The objective of this study is to identify the main chemical groups in the methanolic extract 80% of the
plant, determine its total phenolic content, evaluate its toxic effect on human erythrocytes, and also assess its activity in the protection of normal and glucose-6-
phosphate dehydrogenase (G6PD) enzyme-deficient human erythrocytes membranes against oxidative hemolysis. Phytochemical analysis revealed that C
iberica extract contains several bioactive compounds. The results also showed that the plant extract contained good level of total phenolic compounds. The
extract exhibited a low hemolytic effect. It also showed excellent activity in the protection of normal and G6PD-deficient human erythrocytes against oxidative
hemolysis.
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1. Introduction

Since ancient time, plants are used as source of shelter and food for
human (Kalita ez a/, 2011). Plants contain different components
which are used in traditional medicine, and several modern drugs
have natural origin (Lohith er a/, 2013).

Although Syria is not a big country, it is rich in animal and plant
diversity. This is due to its climatic and topographic diversity. More than
3500 species belonging to 131 plant families have been found in this
country, hundreds of which might have medicinal importance
(Alachkar er al, 2011). Centaurea genus is in the family Asteraceae,
comprising about 400 to 700 species (Kilic, 2013). Their purple, blue,
yellow, or orange flower heads are color spots in many Mediterranean
habitats and are appreciated photo subjects by many travelers (Hilpold,
2011). Members of the Centaureagenus are used as ornamentals such
as Centaurea cyanus (Tomar, 2017) and Centaurea cineraria. Some
Centaurea species are used in folk medicine and this is due to the
secondary compounds they contain (Hilpold, 2011). The term “Novel
Weapons Hypothesis” was proposed to describe the general effects of
Centaurea species (Khammar and Djeddi., 2012). Centaurea ibericais
an annual or biennial herb (20-80 cm), with pale pink, flowers (Davis,
1975). It contains many phytochemical compounds. Previously,
flavones, fatty acids, steroids, volatile constituents, and sesquiterpene
lactones have been reported from this plant (Khan er a/, 2011). It was
known for its uses in folk medicine for the cure of peptic ulcer, malaria,
stomach upset, common cold, abdominal pain, and herpes infections,
and suggested against inflammatory situations such as asthma and
abscesses (Khammar and Djeddi., 2012). On the other hand, Previous
investigations on different extracts of this plant have shown cytotoxic
activity (Dumlu and Giirkan., 2006).

The cytotoxic effect of many plants on human erythrocytes has
previously been tested. The extract of Allium stracheyiBaker prepared
using butanol as a solvent, was reported to have a high cytotoxic effect
(100%) on human erythrocytes, at the concentration of (500 pg/ml)
(Mukherjee and Rajasekaran., 2010). In another study, the extract of
Bridellia Ferruginea prepared using hexane as a solvent, was reported
to have a hemolytic effect (92%) at the concentration (80 ng/ml)

(Vinjamuri eral, 2015).

This study investigated the phytochemical components in C iberica
extract, evaluated its total phenolic content, its hemolytic effect, and
anti-hemolytic activity through the inhibition of induced oxidative
hemolysis. This research forms part of our detailed study on some
Centaureaspecies (doctoral thesis).

2. Materials and Methods

2.1. Plant Material Collection:

Arial parts of C. ibericawere collected from the countryside of Aleppo
city (Al Sfera). The plant material was authenticated and air-dried.
Then, it was ground well to powder.

2.2. Preparation of the Hydro Alcoholic Extract:

50 g of plant powder was mixed with 250 ml of aqueous methanol
80% in asealed container. Then the container was putin an ultrasonic
waves bath (Hwashin Technology, Korea) for 25 min (30 kHz, 250C).
The extract obtained was filtered using the Whatman-No.-1 filter
paper in the sintered glass Biichner funnel under low pressure. The
crude extract was obtained by evaporating the solvent in a rotary
evaporator (Heidolph Instruments, Germany) under reduced
pressure at 40 0C and kept in a desiccator. The extract was weighed
to calculate the percentage of the extraction yield (Sangeetha and
Vidhya, 2016).

2.3. Qualitative Analysis of C. iberica Extract:

Phytochemical screening of the aerial parts of C iberica was
conducted. Few amount of C. /bericaextract was dissolved in distilled
water and then filtered. Phytochemical constituents screening was
performed using the filtrate.

2.3.1. Saponins
Few amount of filtrate (10 ml) was shaken vigorously. The presence

of saponins was indicative if foam appeared and persisted for 10
minutes (Mojab eral, 2003).

Corresponding Author: Ruba Joujeh

00963991184213, rubajoujeh3@gmail.com



32

2.3.2. Phenolic compounds

Few amount (3 ml) of lead acetate solution (10%) was added to 5 ml
of filtrate. The presence of phenolic compounds was indicative if
bulky white precipitate developed (Sangeetha and Vidhya, 2016).

2.3.3. Tannins

Few drops of ferric chloride solution (5%) were added to the filtrate.
The presence of tannins was indicative if green color appeared
(Shwetha eral, 2016).

For Gelatin test, 1% gelatin solution containing 10% sodium chloride
was prepared, then few drops of this solution were added to the
filtrate, the presence of tannins was indicative if white precipitate
developed (Pandey and Tripathi, 2014).

2.3.4. Flavonoids

Little amount of the filtrate (5 ml) was treated with few magnesium

turnings and drops of concentrated hydrochloride acid HCI. The
presence of flavonoids was indicative if pink color developed (Mojab
etal,2003).

2.3.5. Carbohydrates

Few drops of methanolic alpha-naphthol (1%) were added to the
filtrate (5 ml), and shaked well. Then concentrated Sulfuric Acid was
added to the tube, and the presence of carbohydrates was indicative
if a violet ring appeared at the junction (Wani er al/, 2012).

2.4. Determination of Total Phenolic Content (TPC):

TPC in the hydromethanolic extract of C ibericawas determined by
the Folin—Ciocalteu method as described by (Alhafez eral, 2014): To
1ml of the extract, 4.8 ml of distilled water was added, followed by
the addition of 4 ml of sodium carbonate Na,CO; (2%) and 200 pl of
Folin—Ciocalteu reagent. The mixture was incubated for 60 minutes
at 25°C. Then, the absorbance of the mixture was measured at 760
nm using a spectrophotometer. A blank sample was prepared using
distilled water instead of C. /bericaextract. The TPC of the extract was
determined in four replicates. Gallic acid solutions (50-450 mg/L)
were used as standard. TPC in the dry extract was quantified from the
standard calibration curve of gallic acid solutions, and expressed as
milligrams of gallic acid equivalents per gram of dry extract.

2.5. Cytotoxic effect on human erythrocytes (hemolytic
effect assessment) (Sahu er a/, 2014):

1 ml of different concentrations of C. iberica extract (100-250-500-
1000-2000-3000 pg/ml) was transferred by micropipette to test
tubes containing a fixed volume (1 ml) of red blood cell suspension
(10%). Test tubes were incubated for thirty minutes in a water bath at
37°C. Then, tubes were centrifuged by laboratory centrifuge for ten
minutes at 2500 rpm (Heraeus Megafuge, Germany), and the
absorbance was determined spectrophotometrically at 540 nm
(Shimadzu, Japan). The hemolytic effect of the extract was evaluated
by comparison with the positive control (distilled water) and negative
control (PBS). The hemolysis percentage was calculated using the
equation:

Percentage hemolysis = [(Abs,-Abs,) / (Abss-Abs,)] 100

Abs.- Absorbance of sample.

Abs,- Absorbance of PBS.

Abs,- Absorbance of distilled water.

Note: the erythrocytes suspension and the concentrations of the C
iberica extract were prepared in phosphate buffer saline (PBS)
[KH,PO, (0.24 g), NaCl (8 g), Na,HPO, (1.44 g), KCI (0.2 g) dissolved
in 1 liter of distilled water, pH=7.4] (Kuhlmann, 2006).

2.6. Inhibition of H,0,-induced hemolysis (anti-
hemolytic activity) (Kavitha and Lena, 2014):

The human erythrocyte hemolysis was performed with hydrogen
peroxide (H,0,) as a free radical initiator. 0.5ml of erythrocytes
suspension (10%) was added to 1ml of C. iberica extract of different
concentrations (100-250-500-1000-2000-3000 pg/ml), and the tubes
were incubated for five minutes at room temperature. To each tube, 0.5
ml of H,0, (in PBS pH 7.4) was added (the concentration of H,0, was
prepared to obtain about 90% hemolysis after 4 h incubation).
Likewise, the erythrocytes were treated with 1 ml of PBS and 0.5 ml
H,0, and without plant extract to obtain complete hemolysis (blank).
Test tubes were incubated at 37°C for four hours. Then, centrifuged at
2500 rpm for 10 min. Finally, the absorbance (abs) of the supernatants
was measured spectrophotometrically at 540 nm. The inhibitory effect
of the extract was compared with positive control (standard antioxidant
Ascorbic acid) and negative control (PBS). The 50% inhibitory
concentration (IC50) values were calculated as the antioxidant
concentration required for the inhibition of 50% of hemolysis.

The percentage of protection was determined by the equation:
Protection%= 100 — [(Abs of test sample / Abs of control) ¥100]

The same procedure was done to investigate the activity of the extract
in the protection of G6PD enzyme-deficient human erythrocytes
against oxidative hemolysis. In this test, three concentrations of plant
extract were chosen (1000-2000-3000) pg/ml. These concentrations
were selected because they showed the highest activities in the
previous test on the normal erythrocytes.

3. Results

3.1. Yield Extraction and Phytochemical Analysis:

After extraction, C iberica extract resulted in 15.46% yield. The
extract was characterized by a yellowish-green color and a pleasant
grassy smell.

Phytochemical screening revealed that C jberica extract contains
several bioactive compounds which display several pharmacological
and biological activities. It revealed the presence of saponins,
phenolic compounds, flavonoids, tannins and carbohydrates.

3.2. Total Phenolic Content (TPC):

TPC in C iberica aerial parts extract was determined by the Folin-
Ciocalteu method. Total phenolics determination was based on the
absorbance value of the extract solution (0.01 g/ml) that reacted with
the Folin-Ciocalteu reagent, followed by a reference to the standard
calibration curve of gallic acid (figure 1), according to the following
equation: y =0.0036x + 0.2257,R2=0.9961

The Result implied that C Jberica aerial parts hydromethanolic
extract contains good phenolic content with a value of 40.09+ 0.52
mg gallic acid equivalent/g of extract (mg GAE/g).

Figure 1. The standard calibration curve of gallic acid equivalents (mg GAE/L)
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3.3. Cytotoxic Effect on Human Erythrocytes:

C. iberica hydromethanolic extract exhibited a low hemolytic effect
on human erythrocytes in comparison to negative control, so it is
probably considered safe for human erythrocytes at low
concentrations. The absorbance value was increased gradually with
an increase in plant extract concentration (Table 1). Significant
differences between extract and negative control were noticed at the
range of concentrations (500-3000 Lg/ml).

Table 1. The percentages of hemolytic activity by C. iberica extract

concentration C. iberica
(pg/ml) Hemolysis%
100 132+1.6
250 209+23
500 483 £29
1000 6.717+2.0
2000 9.06 £0.9
3000 10.05 1.1

All values are represented as mean + SD
“Correlation is significant at the 0.05 level

3.4. Inhibition of H,0, Induced Hemolysis (Anti-
hemolytic Activity):

When red blood cells were incubated with the standard antioxidant
(Ascorbic acid) and H,0,, a marked reduction in hemolysis was
noticed at the range of concentrations of (250-3000 [lg/ml), while at
the highest concentration (3000 Lg/ml) hemolysis was found to be
increased as well as the protection was decreased (table 2, figure 2).
The 1C50 value of Ascorbic acid was 230.9 [lg/ml (figure 3).

Table 2. The percentages of hemolysis and protection by Ascorbic acid and C. iberica against
oxidative hemolysis

Concentration Ascorbic acid 1C50
(Mg /ml) Hemolysis% Protection% (Mg /ml)
100 79.7475 20.25+1.5
250 43.9875 56.01+3.9
500 23.8775 76.12+3.6 230.9
1000 9.9575 90.04+1.7
2000 5.3775 94.62+2.1
3000 21.65 78.35+2.6
Concentration C. iberica 1C50
(g /ml) Hemolysis% Protection% (Ug /ml)
100 85.81 14.19°+2.77
250 79.738 20.26+1.72
500 61.262 38.74'+2.03 623.41
1000 41.52 58.487+2.02
2000 15.452 84.55°+3.43
3000 10.27 89.73°+2.24

Protection values are represented as mean + SD
“Correlation is significant at the 0.05 level

Figure 2. Anti-hemolytic activity of Ascorbic acid against oxidative hemolysis
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Figure 3. Anti-hemolytic activity of Ascorbic acid 1C50 (pg/ml)
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For normal erythrocytes, C. iberica extract showed an anti-hemolytic
effect in a concentration-dependent manner. It provided notable
activity at concentrations range of (2000-3000 pg/ml), in comparison
to Ascorbic acid as a positive control, in terms of percentage inhibiting
activity which ranged from 84.55% to 89.73% (table 2, figure 4). The
IC50value of C. ibericaextract was 623.41lg/ml (figure 5). The lower
the IC50 the more protection offered against hemolysis. Significant
differences (p<0.001) between extract and Ascorbic acid were
noticed at all tested concentrations.

Figure 4. The anti-hemolytic activity of C. iberica extract in comparison to Ascorbic acid
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In the case of G6PD-deficient erythrocytes, the extract also provided
excellent activity with a maximum protection value of (92.72%) at
the concentration (3000 lg/ml) (table 3).

Table 3. The protective effect of C. iberica extract for G6PD enzyme-deficient human erythrocytes

C. iberica
Concentration (Mg /ml) Hemolysis% Protection%
1000 10.28 89.7240.9
2000 9.39 90.61+1.13
3000 7.28 9272413
rotection values are represented as mean + SD

4. Discussion

In comparison with a previous study that used ultrasound-assisted
extraction and was conducted in Turkey, the extraction yield of C
iberica using different solvents (chloroform, methanol, n-Hexane)
was (1.46%, 7.04%, 1.14%), respectively. The difference in yield can
be explained by different environmental factors (Erel er a/, 2014). In
our study, the ultrasound-assisted extraction technique was used. As
per to previous study (Albayrak er al, 2017), ultrasonic extraction
gave a better extract with a larger amount of extractive substances
and stronger antioxidant and antimicrobial activities than the extracts
prepared using other techniques (Soxhlet extraction, Maceration).

The resultimplied that C. /bericaaerial parts hydromethanolic extract
contains good phenolic content. Phenolic compounds are widely
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found in plant products, and they are found to have antioxidant
activities (Nabavi er a/, 2010), these activities due to their general
structure which consists of hydroxyl group attach to the aromatic ring
which is capable donating electron and stabilizing free radicals (Afsar
etal,2016).

The increase in toxicity values with an increase in plant extract
concentration is due to the quantity of chemical compounds
contained in the extract. C. /berica aerial parts extract contains
saponins as demonstrated by the results of the chemical analysis,
which were known for their hemolytic effect (Noudeh er a/, 2010).
With consideration that the color of the extractin high concentrations
increases the absorbance value versus the colorless PBS solution.

The principle of this assay is that hydrogen peroxide generates
radicals that attack the erythrocyte membrane and thus induce the
chain oxidation of lipids and proteins, and cause hemolysis (Joshan
and Rawal, 2012). Ascorbic acid was used in this test as positive
control because it is well-known antioxidant agent, it may scavenge
radicals and thus inhibit cytotoxicity prompted by oxidants
(Boonkasem er al, 2015). Our results are in agreement with the
previous study which reported that low concentrations of Ascorbic
acid provided good antioxidant activity, while high concentrations
caused hemolysis (Ibrahim er a/, 2006). Our results suggest that C.
iberica aerial parts extract is a good anti-hemolytic agent and offeres
biological action compared with the standard used. This result
reflects the antioxidant capacity of the extract which has been
reported to be highly correlated with the content of phenolic
compounds (Sariburun er al, 2010). In this context, the inhibitory
effect of the plant extract may be due to its phenolic compounds
which can quench the radicals generated by H,0,, before these
radicals attack the erythrocytes membrane and cause oxidative
hemolysis.

5. Conclusion

According to the literature survey, this is the first report of the
hemolytic and anti-hemolytic effects of C. iberica. The current study
concluded that C jberica aerial parts extract contains good levels of
total phenolic compounds and also many bioactive constituents. The
results demonstrated that C. iberica has a low hemolytic effect, and
also showed appropriate anti-hemolytic activity against hydrogen
peroxide-induced hemolysis. Therefore, it can be suggested that C
iberica aerial parts extract may have a beneficial effect in the
treatment of oxidative stress-related diseases. Additional studies are
wanted to support these results.
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ABSTRACT

The purpose of the currentinvestigation is to evaluate the methanolic extract from Apium graveolens seeds for chemical composition and in vivo antimicrobial activity,
supported by a histological study. The chemical profile of the methanolic extract was identified using high-performance liquid chromatography diode array detector
analysis. The toxicity and antimicrobial effects of the methanolic extract were examined through in vivo experiments on rats weighing 220 + 5 g. The histological stud
was conducted using the rats’ ileum. The methanolic extract (80%) contained sinapic acid (49.9%), ascorbic acid (25.4%), butylated hydroxyanisole acid (6.1%), and
quercetin (8.2%), with a yield ratio of 11.74%. The dose of 50 mg/kg of the methanolic extract did not lead to animal lethality or toxicity symptoms. Two days after
treatment, the blood cultures of all females treated with the methanolic extract at 50 mg/kg showed sterility (100%). The same result appeared on the fifth day after
treatment in all males of the same group. Histopathological examination revealed normal and well-preserved architecture of the ileum in both sexes. The study
concludes that the methanolic extract of Apium graveolens possesses significant antimicrobial capacity.
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1. Introduction According to the Iiterétgre, h.owe\)('ert no in vivo studiesb have been
conducted on the antimicrobial activity of the methanolic extract of

Enteric infections are a growing public health problem, posing a A. graveolens seeds from the Mascara region in western Algeria. The

critical threat across the world. objective of this investigation is to study the polyphenolic profile of

One particular international public health concern is the struggle the methanolic extract of A. graveolens seeds, evaluate its in vivo

against Escherichia coli (£ col)) infections, which cause intestinal antimicrobial activity against intestinal infection induced by the

diseases and bleeding. Such bacteria, which can be found in food and pathogen £. colj; and conduct a histological study.

drinking water, can cause acute intestinal inflammation and chronic

diarrhea (Pokharel er al, 2023 and Xiao eral, 2022). £. coliis the most 2. Materials and Methods

common gram-negative bacterium associated with bloodstream

infections (Kolesnichenko er af, 2021). Such infections are thought to 2.1. Sampling:

be responsible for more than 2 million deaths per year (Cheng et al, For the presentinvestigation, Apium graveolensseeds (Figure 1) were

2024). The use of antibiotherapy has been crucial in preventing collected in May 2021from El Maarif in the Tighennif plain, which

microbial infections. Nevertheless, the global expansion of antibiotic extends over an area of 108 km? and is located 20.70 km from

resistance highlights the need for novel therapies. Mascara in western Algeria (latitude 35°24'55.56 N; longitude

A new supply of natural antimicrobial substances is provided by 0°19'46.72 E) (Figure 2). The plant materials were authenticated by

medicinal plants, which are important in addressing basic health experts for the present research.

demands. Furthermore, several natural materials, including essential
oils originating from edible and medicinal plants, spices, and herbs have
been declared to possess antimicrobial potency and perform as natural
antimicrobials against a variety of pathogenic microbes, as well as food
spoilage (Khalil er af, 2015). Apium graveolens, popularly known as
celery, belongs to the family Apiaceae, which primarily consists of
aromatic plants, including the genus Apium. These plants are grown
worldwide for their petioles, bulbous roots, seeds, and green leaves (
Mezeyova er al, 2018 and Roslon er al, 2010) and possess in vitro
antimicrobial properties (Salehi et al, 2019). Indeed, in some
investigations, A. graveolens has shown modest antibacterial efficacy
against multi-drug-resistant Sa/monella typhi (AI—Aboody, 2021; Rani
and Khullar, 2004). Other studies have reported that methanol is the
best solvent for extracting antimicrobial compounds from Apium plants
(Edziri er al, 2012 and Penna er a/, 2001). Moreover, recent research
has revealed positive antibacterial effects of these plants against
methicillin-resistant  Staphylococcus aureus in vitro and in vivo
(Prakoso eral, 2020).

Figure 1: Seeds of Apium graveolens
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Figure 2: Location of the Tighennif plain
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2.2. Bacterial Strains:

The pathogenic agent Escherichia coli(E. coliATCC 25922) utilized in
this investigation was acquired from the Faculty of Nature and Life
Sciences at the University of Mostaganem, Algeria. To validate the
test microorganism and test its susceptibility, the VITEK microbial
identification system adapted by bioMérieux (bioMérieux, France)
was chosen.

2.3. Extraction and Preparation of Plant Sample:

The dried plant materials were macerated with 500 ml of methanol
(80%) for 24 h at room temperature. The extract was filtered and
dried at a temperature of 40 °C under reduced pressure (Chouikh er
al, 2020). The crude extract was lyophilized and maintained at 4 °C
for further analysis (EINaker er al, 2021).

2.4. High Performance Liquid Chromatography Diode
Array Detector (HPLC-DAD) Analysis:

Following the aim of evaluating the polyphenolic profile of the tested
extract, the analysis was performed using HPLC identification with
the YL9100 HPLC system (Young Lin, Anyang, Korea). The HPLC
instrument was supplied with a C18 column and diode array detector.
The mobile phase consisted of acidified water at 1% formic
acid/acetonitrile, and methanol was applied as a solvent. The extract
concentration was 5 mg/ml, and the composites were detected at 254
nm under a flow rate of 1 ml/min with a gradient mode; injection
volumes were then set at 20 pl. The identification and quantification
of phytochemical constituents were assessed by comparison with
standards. The quantity of each phytocomponent was expressed
based on peak area without correction factors.

2.5. Experimental Animals:

The experimental animals utilized in this research were Wistar rats of
both sexes weighing 220 + 5g. These test rats were raised in the
Animal Care Facility of the Faculty of Nature and Life Sciences,
Mustapha Stambouli University, Mascara, Algeria.

Animals were housed under optimal standard conditions of
temperature (25 + 2 °C) and relative humidity (60%—70%) with a

nychthemeral rhythm (12 h light/dark cycle); standard food and
water were given adlibitum. All experimental studies were performed
following an overnight fast, but free water access was available. The
test animals were assigned at random to several groups to conduct
the different experiments.

All experimental processes and approaches adopted in this
investigation were conducted according to the ethical standards of
the Organization for Economic Cooperation and Developmentand in
compliance with Algerian Law Number 12-235/2012, which is
crucial for safeguarding animals used in scientific research.

2.6. Acute Toxicity:

The study aimed to investigate the toxic effects of the methanolic
extract acquired from A. graveolens seeds in Wistar rats (weighing
220 + 5g) based on the criteria established by the Organization for
Economic Cooperation and Development (OECD, 2008).Two groups
were used: The first group (n = 6) received normal saline (9%) orally
(p-0.) and served as a control group (CG), whose behavior was to be
compared to that of rats from the other group. The second group (n =
6) received individual doses of the methanolic extract of A
graveolensseeds (AGM) (50 mg/kg) p.o. (AGMG).

After treatment, the animals were fasted for 2 hours, after which food
was made available. To conduct this experiment, the test animals
were selected at random. They were observed over 7 days for
mortality, changes in skin color, membranes, and pupils, body
posture, movement, rearing, tremors, and absorption, as well as the
effects of the dose on pain, touch sensitivity, righting reflex, and
dietary behavior.

2.7. In Vivo Antimicrobial Activity:

The methanolic extract was tested for its antimicrobial properties on
an £ cofi-induced intestinal infection model. A total of 18 rats were
divided randomly into three groups (n =6), which were designated as
follows: The negative control group (NCG) received sterile normal
saline (9%); the positive control group (PCG) was treated with a
standard antibiotic (4 mg/kg of amoxicillin and clavulanic acid)
administered p.o.; and the tested group (CSAG) was administered a
dose of 50 mg/kg body weight of A. graveolens seed methanolic
extract (AGM) p.o.

Forty eight hours before the administration of treatment, all animals
were given Tml of saline solution containing 10%cfu/ml of £ coliin
the exponential phase intraperitoneally and then placed in various
cages. After 24 hours, blood cultures were conducted to ensure that
the animals were infected. After 72 hours, blood cultures were
conducted for all groups. This process was carried out regularly after
48, 72, and 144 hours (Yunana er a/, 2018). This investigation was
conducted under aseptic conditions.

2.8. Histological Study and Preparation of Samples:

After 7 days of experiment, a histological evaluation was conducted
on all experimental animals. They were anesthetized, then sacrificed,
and the ileum of each was removed. The ileum was kept in a 10%
formalin buffer solution. Samples were dehydrated with increasing
alcohol percentages from 50% to 99.6% and cleared in xylene; they
were then embedded in paraffin using an embedding machine.

After this, blocks of paraffin-embedded samples were sectioned using
a rotary ultramicrotome, distributed onto glass slides, and dried
overnight. They were stained with hematoxylin and eosin for further
microscopic analysis. Microphotography was conducted using Leica
Microsystems (Leica Microsystems, Wetzlar, Germany)‘
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3. Results and Discussion

3.1. Yield and AGM Chemical Composition:

The yield value of AGM was 11.74%, higher than the 8.4% obtained by
Minaiyan et al. (2021). Seasonal and geographical variables and the
postharvest procedure, as well as the extraction solvent, affect the yield
percentage (Burdejova er al, 2023). The HPLC analysis of the AGM
revealed many phytochemicals, of which the most significant were
sinapic acid (49.9%), ascorbic acid (25.4%), quercetin (8.2%), and
butylated hydroxyanisole acid (6.1%). This chemical composition is not
present in the celery seed ethanol extract and celery seed ethyl acetate
fraction identified by gas chromatography-mass selective detector (Kim
er al, 2021). However, sinapic acid and quercetin were found in
A.graveolens seed extract as profiled by Ghoname er a/ (2023). The
phytochemistry of A. graveolens is known to be impacted by various
factors, including the plant parts (leaves, stem, or seeds), climatic
conditions, geographiclocation, agronomic applications, time and stage
of harvest, and postharvest treatment (Chaudhly etal,2022; Malhotra,
2006 and Sorour eral, 2015) (Table 1, Figure 3).

Table 1: Chemical composition of the methanolic extract of A. graveolens seeds.

Peak Retention Time (min) Area (%) Compound Name
1 3.093 499 Sinapic acid
2 3.820 254 Ascorbic acid
3 19.567 6.1 Butylated hydroxyanisole acid
4 26.777 7.6 Unknown
5 27.300 26 Unknown
6 29.540 82 Quercetin
7 34.817 0.2 Unknown
Total 100.0
Figure 3. High performance liquid ct graphy ct g of the methanolic extract of A.
graveolensseeds.
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3.2. Acute Toxicity:

Our findings indicated that the dose of 50 mg/kg of AGM did not
result in any animal death or signs of toxicity throughout the
experimentation period (Table 2).

Table 2: Extract effect on acute toxicity.

Parameters cc AGMG
Alertness usual usual
Restlessness usual usual
Grooming usual usual
Touch response usual usual
Pain response usual usual
Tremors usual usual
Writhing reflux usual usual
Salivation usual usual
Pupils usual usual
Urination usual usual
Food intake usual usual
Water intake usual usual
Convulsion usual usual
Writhing usual usual
Gripping usual usual
Skin color usual usual
Fur shedding/density usual usual
Corneal reflex usual usual
Mortality no mortality no mortality

CG: control group; AGMG: group received the methanolic extract of A.graveolens seeds.

3.3. Antimicrobial Activity Evaluation:

Blood cultures of the NCG (males and females) revealed an intense
bacterial culture during the first four samples, followed by a slight
decrease in the last sample. However, blood cultures of the PCG
showed an intense bacterial culture in males and a slightly less
intense bacterial culture in females on day D'0. A continuous
decrease in bacterial intensity was observed in all specimens of the
PCG across the rest of the experiment.

Observation of the blood cultures of the CSAG indicated an intense
bacterial culture in both sexes in the first sample. In the males of this
group, a significant decrease in the number of bacterial colonies was
detected in the two subsequent blood samples (D'3 and D'5). In D'6
and D'7, the blood cultures were sterile. In the females of the group,
blood cultures showed sterility from the second blood sample
onward. The sterility of the blood cultures carried out for the CSAG
from the second sample for females and the fourth sample for males
suggests, when compared to the PCG, that the components of AGM
are more powerful than the tested antibiotic (Table 3).

Numerous epidemiological investigations have demonstrated that
the genus Apium contributes significantly to avoiding microbial
proliferation thanks to its antibacterial and antifungal properties
(Kooti and Daraei, 2017). The crude extracts of A. graveolens show
notable bactericidal activity against several gram-positive, -negative,
and fungal strains. It has been demonstrated that plant extracts’
potency and their bioactive components, especially flavonoids, have
antimicrobial properties (Al-Aboody, 2021).

Indeed, the outcomes seen here accord with those of Uddin et
al.(2015), performed in vitro, which demonstrated that A. graveolens
extracts had strong antimicrobial effects and exhibited good efficacy
against £ coli; S. aureus, S. typhi, B. subtilis, and P. aeruginosa.
Flavonoids, alkaloids, and saponins are phytoconstituents of
A.graveolens extract that contribute to its antibacterial activity.
Flavonoids’ antibacterial effects can be attributed to a number of
processes, including energy metabolism suppression, nucleic acid
production, and cytoplasmic membrane function, while bacterial cell
membrane permeability is correlated with saponins (Khotimah eral,
2020).

Due to its hydroxyl group’s action on bacterial membranes, quercetin
is aflavonoid that demonstrates antibacterial activity against a variety
of gram-positive and gram-negative bacteria. Quercetin was found to
be a potent antibacterial agent in vitro against isolates of £ colithat
produced OXA-48 B—Iactamase by lowering the minimum inhibitory
concentrations of imipenem and piperacillin when used in
combination (Majumdar and Mandal, 2024). By modulating the
activity of adenosine triphosphate, this phytocomposite inhibits the
growth of £ coli(Qi et al, 2022).

Moreover, the structural integrity of the bacterial cell wall and cell
membrane was compromised by quercetin, which made these more
permeable. The cell's endochylema contents were discharged, which
altered adenosine triphosphate activity. In fact, quercetin impacted
protein expression in the cell, reduced bacterial protein production,
and ultimately caused cell lysis and death (Wang et al., 2018). In
addition, quercetin breaks or modifies plasma membranes, prevents
population intervention pathways, stops bacterial adhesion, and
inhibits efflux pumps, which interrupt the synthesis of nucleic acids
(Qi eral, 2022).

Studies conducted in vitro and in vivo have revealed that vitamin C
works against clinical isolates of £ coli as an antibacterial and anti-
biofilm agent (Hassuna et al, 2023).

The antibacterial action of sinapic acid against £ coliand S. aureusis
substantial. It contributes to the suppression of the NorA efflux pump,
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since it has the highest affinity for the protein NorA and forms
meaningful interactions, including hydrogen bonds with tyrosine
(Singh er al, 2022).

Table 3: Detection of £. coliin blood cultures.

Group Sex D0 D’3 D’5 D’6 D'7
NCG Male e+ e+ e+ e e
Female e e+ e+ e b

PCG Male o+ ++ ++ + -

Female +++ ++ ++ + -

Male - + T — —

CsAG Female 4+ - - - -

++++: t00 NUMerous to count; +++: numerous; ++: moderate; +: low; —: sterile.
NCG: negative control group (infected); PCG: positive control group (infected; treated with antibiotics);
CSAG: infected group treated with the methanolic extract of A graveolens seeds.

3.4. Histological Study:

The anatomopathological study of the ilea of the NCG in males and
females indicated intense inflammation marked by an inflammatory
infiltrate containing eosinophilic polynuclear leukocytes and
lymphocytes, vascular congestion, and remodeling of lymph nodes,
which reflects ileitis; this was probably a consequence of the induced
intestinal infection. This could then be expected, through bacterial
invasion, to translocate to target organs, such as the liver, spleen, and
general blood circulation.

Microscopic examination of the ileum in rats from the PCG revealed
an inflammatory infiltrate and vascular congestion in both sexes. In
addition, the histological architecture of this group was modified by a
well-marked cellular necrosis of the villi. These results show that the
antibiotic had an oxidative effect, causing cell necrosis. Subsequently,
it caused a modification in the architecture of the ileum by affecting
the intestinal microbial flora and the immune system of the ileum in
general, resulting in an imbalance and the persistence of
inflammation. This led to other complications and pathologies.

lleum histology of the CSAG, however, showed a normal and well-
preserved morphological appearance similar to that of the neutral
control group, with normal mucosa and epithelial tissue and well-
preserved architecture and relief of the villi, as well as a normal chorion,
seat of a slight infiltrate, which is normal in males, and no visible
vascular congestion or necrotic remodeling in males or females,
representing no inflammation. This appearance was more conspicuous
than that of the PCG, which suggests, firstly, that the extract treated the
infection and, secondly, that it protected the organ against lesions,
destruction, and cellular necrosis. Indeed, it stimulated its functioning
and its microbial flora by improving the immune system, fighting
against the pathogen, treating inflammation, and fighting cellular
oxidation (Figure 4).

Recent research has examined the anti-inflammatory potential of
chemicals extracted from Apium plants (Al-Asmari er al, 2017;
Powanda and Rainsford, 2011; Vahidi er a/, 2019 and Ziyan er al,
2007). One of these chemicals is quercetin, whose anti-inflammatory
effect was demonstrated by its decreasing the production of
inflammatory molecules such as nuclear factor-kappa B (NF-KB),
reactive C—protein, activator protein 1, mitogen—activated protein

kinase, reactive nitric oxide synthase, and cyclooxygenase-2
(Aghababaei and Hadidi, 2023).

Moreover, due to the presence of vitamins, including vitamin C and
vitamin A, A. graveolens can positively affect the immune system
(Sowbhagya, 2014). A recent study demonstrated the antioxidant
and anti-inflammatory qualities of ascorbic acid in treating urinary
tract infections induced by £ coli with significant increases in
antioxidants (glutathione and total antioxidant capacity) and
decreases in inflammatory mediators (malondialdehyde and NF-KB)
(Hassuna er al, 2023). Furthermore, sinapic acid suppresses the
signaling of activating transcription factor 2 protein and NF-KB by
targeting transforming growth factor beta-activated kinase 1 (Jang er

al, 2023).

These findings also align with the histological results obtained in the
CSAG, where ileitis, the inflammation of the ileum, was not visible.

Plants of the genus Apium are rich in flavonoids and phenolic
components, which are principally responsible for antioxidant
activity. Numerous studies have been performed to demonstrate that
the seeds, roots, and leaves of Apium plants possess antioxidant
capacities both in vitro and in vivo (Al-Asmari er a/, 2017; Liu er al,
2020). Recent investigations have revealed that celery leaves, as
compared to petioles, are an excellent source of natural antioxidants
and free radical scavengers (Liu et al., 2020). Flavonoids and phenolic
chemicals found in celery extract prevent reactive oxygen species
(ROS) from being produced during inflammation (Hussain er al,
2016).

Quercetin is the most potent natural antioxidant. It has been shown
that quercetin exhibits antioxidant properties as an ROS scavenger
(Aghababaei and Hadidi, 2023). By controlling glutathione levels, it
can strengthen the body's antioxidant systems (Qi et al, 2022).
Furthermore, quercetin can reduce oxidative stress in A549 cells by
modifying the expression of genes linked to antioxidants (Qi eral,
2022).

In addition to ascorbic acid, a reducing agent that may decrease and
neutralize ROS, including hydrogen peroxide, sinapic acid is a
promising antioxidant that efficiently reduces oxidative stress
indicators in plasma and tissues while increasing non-enzymatic
antioxidants in plasma (Nithya and Subramanian, 2017).

Such data explain the absence of cellular necrosis, the preservation of
the villus structure, and the well-maintained architecture of the ileum
in the CSAG. They thus confirm the antioxidant effect of this extract.

Figure 4: Histopathological sections of ileum.

l‘ ’ j )?(

. ?

(1) Negative control group (infected); (2) positive control group (infected; treated with antibiotics), (A) male;
(B) female; (3) infected group treated with the methanolic extract of A. graveolens seeds, (A) male; (B)
female (Hematoxylin and eosin staining x 100). VC: vascular congestion; L: lymphocytes; EPL: eosinophilic
polynuclear leukocytes; VN: villi necrosis; V: villi; LN: lymphatic nodes.

4. Conclusion

This study revealed that the methanolic extract of A graveolensseeds
was a rich source of various bioactive molecules (sinapic acid
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[49.9%)], ascorbic acid [25.4%], butylated hydroxyanisole acid
[6.1%], and quercetin [8.2%]). A. graveolens seed extract harvested
from western Algeria was found to be completely safe and non-toxic
at the dose of 50 mg/kg. Furthermore, the in vivo study showed that
this extract was 100% effective in treating £ co/i-induced intestinal
infection in the treated animals.

The efficiency of this extract could be associated with the various
phytochemicals found in the plant. This result is confirmed and
validated by the application of this plantin treating various microbial
infections in traditional medicine. Apium graveolens is an
antimicrobial agent that could be used as an antibiotic or a natural
antimicrobial ingredient in the antibiotic industry. This plant also
possesses anti-inflammatory and antioxidant properties, which
qualify it as an excellent therapeutic substance.

This study suggests that future research should be designed to
investigate the effect of other extraction solvents and techniques on
the phytocomposition of this plant and evaluate its antimicrobial
activity in vitro and in vivo in treating infections and combating
antibiotic resistance. Additionally, clinical trials should be devised
with large sample numbers and extended follow-up periods to
explore the extract’s applicability and acquire relevant clinical data,
including toxicity, to evaluate its specific therapeutic dosage and
improve its application in patients.
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ABSTRACT

The presence of blade surface cracks creates chances for vibration propagation that affects wind turbine performance. This study examines the effects of
transverse cracks on the vibration levels and power output of wind turbine systems. Multiple regression models are developed as predictive tools to highlight the
impact of transverse crack sizes and variations in rotational speed on vibration levels and power generation. Grey relational analysis is used as an optimisation
technique to identify optimal settings for maximum power output and minimum vibration levels. By modelling and analysing these factors, the study reveals a
significant correlation between increased crack size and elevated vibration levels, which can compromise structural integrity. Additionally, while higher rotational
speeds initially boost power output, they also lead to exponential increases in vibration, exacerbating the risks associated with blade defects. The findings
emphasise the critical need for a balanced approach in optimising turbine performance, introducing a novel approach to speed management and vibration
control, which is employed in this study. The research suggests potential avenues for future exploration, including the development of advanced materials and
design innovations aimed at mitigating these risks, enabling safer and more efficient turbine operation.
KEYWORDS
Defect, optimal settings, power, rotational speed, regression, vibration

CITATION
Al-Hinai, A. H., Varaprasad, K. C. and Vinod Kumar, V. (2024). Performance optimisation of wind turbine simulator with transverse cracked blades using Taguchi-based grey

relational analysis. Scientific journal of King Faisal University: Basic and Applied Sciences, 25(2), 42— 9. DOI: 10.37575/b/eng/240044

turbine performance (Tibaldi er af, 2016). Additionally, regression
modelling and optimisation techniques are widely used in wind

1. Introduction

Wind energy has rapidly gained prominence as a key renewable
energy source, motivated by global implementation of energy
efficiency and reliability (Wagner, 2015). The evolution of the wind
energy sector from constant-speed wind turbine systems to more
advanced systems reflects industrial innovation (Polinder, 2011).
Direct-drive wind turbine systems are particularly valued for their
reliability in wind turbine applications, especially as wind power is
increasingly integrated into the grid (Blaabjerg and Ma, 2017).

energy research to predict performance metrics in order to enhance
efficiency (Balasubramanian eral, 2020).

Figure 1: Transverse defects on wind turbine blades (Wang er al, 2022)

Wind turbines are complex machines that convert wind energy into
electrical power and are composed of key components such as
blades, rotors and generators (Al-Hinai er a/, 2024). Horizontal-axis
turbines are a more popular type and feature three blades and high-
speed asynchronous generators (Lubosny, 2003). These systems rely
on the dynamic wind pressure exerted on the blades to be converted
into electrical energy. The efficiency of this process depends on the
durability of the blades, which must withstand significant mechanical
and environmental stresses (Pacheco er a/, 2024). However, blade
defects remain a challenge, impacting turbine performance and

longevity and leading to increased maintenance, downtime and
safety risks (Liu er al, 2015). Fatigue-related failures are common,
particularly in blades and joints, with transverse fracture faults being
a significant issue, as shown in Figure 1 (Sutherland, 1999). Crack
formation in blades typically occurs in three steps: crack initiation,
stable crack extension and eventual fracture. The total fatigue life of
a blade can be expressed as the sum of crack initiation life and crack
propagation life:
N[o[al = Nini[ia(ion + Npropoga[ion

Wind turbine vibrations present significant challenges to the system's
performance and longevity, originating from aerodynamic forces,
mechanical imbalances and structural defects (Xie and Aly, 2020).
Various control and vibration monitoring techniques are employed to
detect and mitigate these issues (Barszcz, 2019). Experimental setups
and simulations are vital for studying these vibrations and optimising

This research seeks to optimise the wind turbine performance while
minimising vibration levels. This involves an innovative analysis of a
wind turbine simulation system with transversely defective blades
operating at various rotational speeds. The study identifies the
optimal settings that enhance power output while reducing vibration
levels, making proactive maintenance through condition monitoring
increasingly essential as wind turbines continue to grow in capacity
(Koulocheris er af, 2013). The structure of this paper is as follows:
Section 2 reviews the existing literature on wind turbine technology
and vibration challenges; Section 3 outlines the methodology used,
including the simulation setup and data analysis techniques; Section
4 presents the results, focusing on the optimisation of power output
and vibration reduction; and finally, Section 5 concludes with the
study’s contributions and suggestions for future research.

Corresponding Author: Abdulh d Hamdan Al-Hinai

00968 99883473, 223306@students.su.edu.om



43

2. Literature Review

In recent years, wind energy has gained importance as a critical
source of renewable energy. With advancements in wind turbine
technology, the status of effective condition monitoring and vibration
analysis has increased to ensure optimal performance and
operational safety. As wind turbines become larger and are deployed
in remote areas, condition monitoring becomes vital (Yang et al,
20009).

Wind turbine blades are susceptible to various forms of damage and
wear over time, leading to increased vibrations and decreased
performance. Research has identified numerous technologies and
methods to mitigate these vibrations and enhance wind turbine
efficiency. Integrated approaches and optimisation algorithms have
been explored extensively for vibration control and performance
optimisation. Skrimpas et al (2016) proposed an algorithm for
effective along-wind vibration control of large wind turbines,
demonstrating the potential of algorithmic solutions for dynamic
response issues (Skrimpas er al, 2016). Similarly, Sarkar and
Chakraborty (2018) investigated optimal designs for long-wind
vibration control, showcasing the synergy of advanced control
algorithms and passive vibration control devices (Sarkar and
Chakraborty, 2018).

Machine learning algorithms have also shown promise in structural
health monitoring, as highlighted by Flah er a/ (2020), who
conducted a systematic review on the subject (Flah er a/, 2020).
Conversely, Sheng (2012) focused on vibration analysis in the ‘Wind
Turbine Gearbox Condition Monitoring Round Robin Study’,
providing insights into the specific challenges and requirements of
monitoring turbine gearboxes (Sheng, 2012). Liu er al (2020)
examined fault diagnosis of industrial wind turbine blade bearings
using acoustic emission analysis, demonstrating its effectiveness in
harsh conditions and slow-speed operations (Liu ez af, 2020).

Innovative methods continue to emerge. Joshuva and Sugumaran
(2017) introduced a new blade condition monitoring technique based
on the transmissibility of frequency response functions, utilising signals
from multiple sensors for both damage detection and location (Joshuva
and Sugumaran 2017). Ou er al. (2017) proposed a novel intelligent
icing detection method for blades using SCADA data, addressing the
significant issue of ice accretion (Ou er al, 2017). Yang er al. (2015)
emphasised the critical role of structural health monitoring and
condition monitoring in assessing wind turbine components, while
Antoniadou er al (2015) discussed the complexities of damage
detection in offshore wind turbines, highlighting the need for effective
structural health monitoring and condition monitoring strategies (Yang
et al, 2015). Liu er al. (2019) explored non-contact methods such as
thermography for blade icing detection, offering insights into
subsurface damage detection (Liu et al., 2019). Florian and Sgrensen
(2015) stressed the need for reliable remote monitoring systems and
proposed a blade lifetime assessment model for preventive
maintenance planning (Florian and Sgrensen 2015). Kusnick er a/.
(2015) focused on intelligent condition monitoring systems for rotor
imbalance detection (Kusnick eral, 2015).

Vibration analysis remains a cornerstone of wind turbine monitoring.
Dong er al (2018) studied structural vibration monitoring and
operational modal analysis of offshore wind turbines, enhancing the
understanding of vibration characteristics (Dong er af, 2018). Liu er
al. (2020) introduced an empirical wavelet thresholding method for
blade-bearing fault detection, while Teng er a/ (2019) proposed a
novel vibration model for diagnosing compound faults in gearboxes
(Liu eral, 2020 and Teng et a/, 2019). He er a/. (2016) developed an
innovative order-tracking method for planetary gearbox vibration
analysis (He et al, 2016).

Blade defects significantly impact turbine performance and reliability.
Manufacturing flaws are a primary cause of blade repairs and failures.
Computational fluid dynamics can effectively analyse faults in
vertical axis wind turbines, with defects affecting torque output.
Researchers have developed probabilistic models to assess blade
reliability, treating defects as uncertainty variables (Riddle er al,
2018). Monte Carlo simulations describe failure probabilities,
offering more accurate reliability assessments and potential
reductions in design conservatism.

Despite extensive research on vibration analysis and condition
monitoring, comprehensive studies on the performance of turbines
with defective blades are lacking. Castorrini era/ (2019) conducted a
computational analysis of performance deterioration due to
environmental erosion, but more research is needed on defective
blades' impact on overall performance (Castorrini er a/, 2019).
Research focused on the aerodynamic shape optimisation of blades
using advanced computational models and the development of novel
optimisation algorithms, such as the artificial bee colony algorithm
for shape optimisation (Derakhshan er al, 2015). Non-stationary
signal processing techniques applied to vibration analysis and the use
of vibration and power curve analysis for detecting icing on blades
represent potential areas for future research (Maheswari and
Umamaheswari, 2017). As the wind energy industry expands,
reducing operation and maintenance costs while improving
reliability remains a priority (Tchakoua eral, 2014).

3. Methods and Materials

To investigate the performance of a wind turbine simulator (WTS),
real wind speed data from the town of Sohar in Oman was used as a
hypothetical operating range of shaft rotational speed using WTS
conversion. The WTS model employed in this research work was the
SpectraQuest (SQ) type that used a VibraQuest (VQ) simulation
software and data acquisition system. This investigation aimed to
reduce the generated average of the vibration waveform range. This
is basically the difference between the average of (m) positive peaks
and the average of (n) negative peaks, as shown in Figure 2. When the
vibration level was reduced, the WTS performance increased. The
following equations were used to calculate the average of positive
peaks, the average of negative peaks and the vibration level:

Average of positive peaks
> (positive vibration peaks)

m
Average of negative peaks
iL,(negative vibration peaks)

Vibration level = average of pOSitintlé peaks
— average of negative peaks

This section involved 1) an experimental setup of the SQ WTS; 2) the
Taguchi design of the experiment (DoE); 3) experimental testing of
the WTS as per DoE; 4) analysing the generated vibration waveform
and power output; 5) analysing Taguchi response; 6) regression
modelling of vibration level and power output; and finally 7)
optimising the multi-responses using grey relational analysis (GRA)
and sensitivity analysis.

Figure 2: Research concept
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Experimental serup: The SQ WTS used in this research was of a three-
blade type horizontal-axis wind turbine, as shown in Figure 3. The
base dimensions were 2.991 m x 2.438 m, the centreline height was
2.369 m, the swept blade diameter was 3.3 m, and the weight was
222.7 kg. A tachometer and an accelerometer were mounted on the
rotational shaft to measure the rotational speed and vibration level in
one direction of vibrational excitation, respectively (Koulocheris er
al, 2013). A data acquisition system read the signals from these
sensors and sent them to the VQ simulation software for analysis and
to generate vibration reports, as shown in Figure 4. The three
transversely defective blades used in this research work are shown in
Figure 5.

d
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Figure 3: SQ WTS Figure 4: VQ analysis software
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Figure 5: Three transversely defective blades (three crack levels)
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Taguchi design of experiments: The experimental work was planned
by Taguchi design of experiments (DoE) with two main independent
parameters; namely A: crack size and B: shaft rotational speed. The
transverse crack size varied from 33.4 mm to 74.0 mm, and finally to
98.8 mm, while the shaft rotational speed varied from 50 rpm to 100
rpm, and finally to 150 rpm, as a hypothetical operating range of
Sohar wind speed using WTS conversion ratio. The total number of
experimental tests performed was L9 (nine tests as per the DoE). The
responses were the generated vibration level (average of positive
peaks and average of negative peaks) and power output.

Experimental testing of the WTS as per DoE: This involved a
systematic replacement of one of the three blades with transversely
defective blades. The defective blades had crack sizes of 33.4 mm,
74.0 mm and 98.8 mm, respectively. The testing started with the first
defective blade of 33.4 mm under a shaft rotational speed of 50 rpm,
then 100 rpm, and finally 150 rpm. The same testing was repeated for
defective blades of 74.0 mm and 98.8 mm, respectively.

Vibration waveform and power output analysis: The accelerometer
read the vibration signals and sent them to the data acquisition
system that transferred them to the VQ software to generate the
vibration report in MS Excel format. The generated report showed a
defined set of 10,000 vibration waves (positive and negative
waveform peaks) for each test that were used later for vibration
analysis. The WTS had a three-phase field-controlled alternator to
produce the power output (voltage and current). The control
interface of the WTS displayed both voltage and current that
indicated the amount of field power output.

Regression modelling: The regression modelling for vibration levels
and power output was performed to develop the following regression
models; linear, linear and squared, linear and interaction, and finally
the full model. The regression models were compared for the best fit
with respect to the R-squared values for each response.

Optimisation of multi-responses using GRA: This research work
aimed to optimise the performance of wind turbine systems while
mitigating the vibration that occurs. For the average of negative
vibration peaks and power output, the higher-the-better criterion was
used, while for positive vibration peaks, the lower-the-better criterion
was used. The normalisation of the original sequence of each
response was calculated as follows:
For higher-the-better criterion: Y;; = 77'1;1(]);??;(5:&)
ij ij

For lower-the-better criterion: Y= %

ij ij
where x;is the measured response, min(x;)is the minimum of x;and
max(x,/) is the maximum of x;; 7is the response variables and jis the
experiment number. The deviation sequence (distinguishing
coefficient) A,}vwas calculated as follows:

where max(Y;) is the expected sequence, Yj is the comparability

=max(Y;) - Y;

sequence and A,/is the deviation sequence of max(¥;) and Y The
grey relational coefficient f,}vwas calculated as follows:

o min(4;;) + ¢ X max(4;;)

Y AU + Z X max(AU)
where {is the differentiating coefficient, 03{31, and 0.5 is the widely

accepted value. The grey relational grade (GRG) (¥) for each
experiment was computed as follows, for n number of responses:

n
_ Zi=1$ij
J n
If larger Yis obtained, then the equivalent set of process parameters
is nearer to the most favourable optimal setting.

4. Results and Discussion

The generated vibration reports by the VQ software are discussed in
this section, with regression analysis, optimisation and sensitivity
analysis.

4.1. Initial Observations:

During the initial setup phase, preliminary observations were made
to understand the baseline performance of the WTS with both
healthy and defective blades. The presence of a transverse defect in
one blade led to increased vibration levels and fluctuations in power
output. These observations were important for this research work, as
they showed the impact of blade defects under varying conditions:

(] For healthy blade performance: The simulator with three healthy blades
exhibited stable operational characteristics with minimal vibration
levels. Power output increased consistently and within expected ranges
for the given rotational speeds. The vibration waveforms recorded were
smooth and showed almost no signs of irregularities, indicating the
balanced and proper functioning of the blades.

(] For defective blade performance: Replacing one healthy blade with a
transversely defective blade resulted in noticeable changes. Increased
vibration levels were immediately observed. There was a significant
impact of the defect on the turbine's dynamic behaviour. The
vibration waveforms displayed irregularities and higher peaks
compared to the healthy blade setup, indicating the potential for
structural instabilities. The power output was observed to fluctuate
more with the defective blade. This reflected the impact of increased
vibrations and possible energy losses.

4.2. Waveform Analysis Results:

The vibration signals were analysed and recorded using VQ software.

Al-Hinai, A. H,, Varaprasad, K. C. and Vinod Kumar, V. (2024). Performance optimisation of wind turbine simulator with transverse cracked blades using Taguchi-based grey relational analysis. Scientific journal of King Faisal
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This software provides a detailed time-domain waveform for each test
scenario. Figure 6 illustrates the vibration waveforms generated by VQ
software. The vibration levels increased as the rotational speed
increased.

Figure 6: Vibration waveforms: a) at 50 rpm (crack size = 33.4 mm), b) at 100 rpm (crack size = 33.4
mm), c) at 150 rpm (crack size =33.4 mm), d) at 50 rpm (crack size = 74.0 mm), e) at 100 rpm (crack
size =74.0 mm), f) at 150 rpm (crack size = 74.0 mm), g) at 50 rpm (crack size =98.8 mm), h) at 100

rpm (crack size = 98.8 mm), and i) at 150 rpm (crack size = 98.8 mm)

)

1\)ﬂ
The detailed performance of the experimental work was performed
for nine tests, considering the Taguchi design of the experiment. In

each test, the VQ software generated a waveform report of a set of
10,000 vibration waves with positive and negative peaks. At the same

g) i)

time, the three-phase field-controlled alternator produced the power
output (voltage and current) displayed on the control interface of the
WTS. Table 1 shows the measured responses of the experimental
work.

Table 1: Measured responses from experimental tests

Input Parameters Responses
Test | CrackSize, | RotSpd., B | Avg. (negative Avg. (positive Vibration T
s A (mm) (rpm) peaks) (m/s?) peaks) (m/s?) | Level (m/s?) o‘(l\[/‘l;)ul
1 334 50 -1.361 1.384 2.745 1.804
2 334 100 -4.990 4.647 9.637 9.912
3 334 150 -5.940 5.757 11.697 23.622
4 74.0 50 -1.337 1.470 2.807 1.539
5 74.0 100 -5.173 4.646 9.820 9.632
6 74.0 150 -6.105 6.116 12.221 23331
7 98.8 50 -1.390 1.464 2.855 1.478
8 98.8 100 -5.171 4.750 9.921 9.475
9 98.8 150 -6.087 6.125 12.212 23.037

4.3. Taguchi Response Analysis:

Taguchi's response analysis focuses on optimising performance
metrics through the design of experiments and the minimisation of
variability. The experimental investigations on WTS with a transverse
cracked blade were analysed using Taguchi’s response analysis,
response for means and response for signal-to-noise ratios (SNR).
The influence of selected input process parameters on various
performance measures such as average of peaks (negative and
positive), vibration level and power output are detailed.

4.3.1. Taguchi’s Response Analysis for the Average of Negative Peaks

In this case, the process parameters, crack size (A) and rotational
speed (B), were analysed for their effects on the average of the
negative side of vibration waveform peaks. In Table 2, the mean and
SNRvalues illustrated how changes in each factor (A or B) impact the
system's performance. Considering the higher-the-better criterion,
the best possible set of process parameters observed from the
analysis was A1B1, which means a crack size of 33.4 mm and a
rotational speed of 50 rpm.

Table 2: Response table for the average of negative peaks

Level Means Signal-to-Noise Ratios
A B A B
1 5.903 8.637 14.97 18.73
2 5.795 4.889 14.75 13.78
3 5.784 3.956 1474 11.94
Delta 0.119 4.681 0.22 6.78
Rank 2 1 2 1

4.3.2. Influence of Process Parameters on the Average of Negative
Peaks

Focusing on the average of negative peaks of the vibration waveform,
it was observed that varying crack sizes had a small impact on the
negative peak values. The mean values increased slightly from level 1
to level 3. This indicated that larger cracks resulted in slight increases
in negative peak amplitudes. However, the variation in negative
peaks associated with increasing the rotational speed is far more
pronounced. As the rotational speed escalated from level 1 to level 3,
negative peak values decreased significantly. This reflected a
substantial negative correlation between higher rotational speeds
and the average of negative peaks. The delta value of 4.681 further
emphasised that rotational speed is considerably more influential on
this response than the size of the crack.

4.3.3. Taguchi’s Response Analysis for the Average of Positive Peaks

In this instance, the average of the positive side of the vibration
waveform peaks was examined in relation to the process parameters
of crack size (A) and rotating speed (B). The performance of the WTS
was impacted by changes in each factor (A or B), as seen by the mean
and SNR in Table 3. The optimal set of process parameters found in
the analysis, while taking into account the lower-the-better criterion,
was A1B1 also, which corresponded to a crack size of 33.4 mmand a
rotational speed of 50 rpm.

Table 3: Response table for the average of positive peaks

Level Means Signal-to-Noise Ratios
A B A B
1 3.930 1.440 -10.458 -3.162
2 4.078 4.681 -10.807 -13.407
3 4113 5.999 -10.863 -15.558
Delta 0.184 4.560 0.406 12.396
Rank 2 1 2 1

4.3.4. Influence of Process Parameters on the Average of Positive
Peaks

Examining the average of positive peaks of the vibration waveform,
there was found to be a similar trend. The means showed a gradual
increase from level 1 to level 3 as crack size increased. This suggested
that larger cracks can lead to elevated positive peak amplitudes.
However, the impact of rotational speed was once again more dramatic.
The SNR declined steeply from level 1 to level 3. This indicated that
higher rotational speeds correlate with significantly reduced positive
peaks. The noticeable delta of 4.560 underscored how rotational speed
influenced this parameter more strongly than crack size did, drawing
parallels to the observed effects on negative peaks.

4.3.5. Taguchi’'s Response Analysis for the Vibration Level

The present study also examined the impact of two process
parameters, namely crack size (A) and rotating speed (B), on the
vibration waveform level. Table 4 shows how variations in each
factor (A or B) affected the system's performance. Based on the lower-
the-better criterion, A1B1, which indicated a crack size of 33.4 mm
and a rotational speed of 50 rpm, was likewise the best feasible set of
process parameters found in the analysis.

Table 4: Response table for vibration level

Level Means Signal-to-Noise Ratios
A B A B
1 8.026 2.802 -16.604 -8.949
2 8.283 9.793 -16.850 -19.817
3 8.329 12.043 -16.926 -21.613
Delta 0.303 9.241 0.322 12.664
Rank 2 1 2 1
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4.3.6. Influence Of Process Parameters on the Vibration Level

The vibration level analysis further reinforced the conclusion
regarding the dominant role of rotational speed. As crack size
increased, the average vibration level also rose. This suggested that
larger cracks contributed to a wider level of vibration. The delta value
of 0.303 indicated a consistent effect, but the influence of rotational
speed was markedly more significant. With a delta of 9.241, the
widening of the vibration level at higher speeds (from 2.802 to
12.043) highlighted that the increased rotational speeds led to
substantial enhancements in the vibration profile, which correlated
with the turbine's operational dynamics.

4.3.7. Taguchi’'s Response Analysis for the Power Output

The present study tested the impact of the two process parameters on
the power output. The performance of the system was impacted by
changes in each factor (A or B), as shown by the mean and signal-to-
noise ratios values in Table 5. Considering the higher-the-better
criterion, A1B3, which indicated a fracture size of 33.4 mm and a
rotational speed of 150 rpm, was the best feasible set of process
parameters found in the analysis.

Table 5: Response table for power output

Level Means Signal-to-Noise Ratios
A B A B
1 11.779 1.607 17.505 4.088
2 11.501 9.673 16.925 19.710
3 11.330 23.330 16.725 27.358
Delta 0.449 21.723 0.779 23.270
Rank 2 1 2 1

4.3.8. Influence Of Process Parameters on The Power Output

When examining the generated power output, the effects of both
parameters became even clearer. Here, as crack size increased, the
power output consistently decreased. This indicated that larger cracks
adversely impact energy production capability, which was illustrated
by a delta of 0.449. In stark contrast, the influence of rotational speed
was overwhelmingly positive. As rotational speeds rose, the mean
power output surged dramatically, from 1.607 at level 1 to an
impressive 23.330 at level 3, with a delta value of 21.723.

4.4. Analysis of Variance for Measured Performance:

Analysis of variance (ANOVA) is a statistical tool used to compare the
means of input parameters to determine the significant differences
between them. It assesses the observed variations in data due to real
differences between input parameters. The ANOVA for the measured
performance in WTS showed the significance of the input parameters,
crack size (A) and rotational speed (B), on the system's responses.
ANOVA was used on the performance measures at 95% confidence
level and was computed using Minitab statistical software. In this
context, ANOVA was likely to reveal that rotational speed (B) was the
more dominant factor influencing both the vibration level and power
output. Conversely, crack size (A) showed a statistically secondary
role effect.

° For the average of negative peaks, the analysis revealed that crack size
(A) had 2 degrees of freedom (DF) with an adjusted sum of squares
(Adj SS) of 0.0261 and an adjusted mean square (Adj MS) of 0.0130.
This yielded an F-value of 3.73 and a P-value of 0.122. In contrast,
rotational speed (B) had 2 DF, an Adj SS of 36.8381, an Adj MS of
18.4190, an F-value of 5,270.03 and a significant P-value of 0.000.
The error term was attributed to 4 DF and contributed an Adj SS of
0.0140 and an Adj MS of 0.0035. This brought the total Adj SS to
36.8781.

®  Forthe average of positive peaks, crack size (A) also had 2 DF with an
Adj S5 of 0.0569 and an Adj MS of 0.0284. This resulted in an F-value
of 2.65 and a P-value of 0.185. Rotational speed (B) exhibited a much
larger effect, with 2 DF, an Adj SS of 33.0363, an Adj MS of 16.5181,
an F-value of 1,538.58 and a P-value of 0.000. The error component
again had 4 DF, yielding an Adj SS of 0.0429 and an Adj MS of 0.0107.
This culminated in a total Adj SS of 33.1361.

° In the case of vibration range, crack size (A) was characterised by 2 DF,

an Adj SS of 0.160 and an Adj MS of 0.0798. This led to an F-value of
4.69 and a P-value of 0.089. Rotational speed (B) highlighted a more
substantial impact. It reflected in its 2 DF, an Adj SS of 139.328 and an
Adj MS of 69.6642, which produced an F-value of 4,096.79 and a P-
value of 0.000. The error term had 4 DF with an Adj SS of 0.068 and
an AdjMS of 0.0170. This resulted in a total of 139.556 for the Adj SS.

° Lastly, for power output, crack size (A) held 2 DF with an Adj SS of
0.308 and an Adj MS of 0.154. This resulted in a significant F-value of
30.03 and a P-value of 0.004. Rotational speed (B)demonstrated an
even stronger statistical significance, with 2 DF, an Adj SS of 723.471,
an Adj MS of 361.736, an F-value of 70,470.46 and a P-value of 0.000.
The error component contributed 4 DF with an Adj SS of 0.021 and an
Adj MS of 0.005. This led to a total Adj SS of 723.800.

The ANOVA results demonstrated that rotational speed (B) was the
higher significant factor influencing all the performance measures in
the wind turbine simulator, with consistently high F-values and very
low P-values across the board. While crack size (A) showed less
influence, on the vibration level, it was mostly significant and, on the
power output, it was more significant‘ However, its significance is
considerable if the WTS run for a longer time.

4.5. Multi-Regression Modelling Results:

Regression is an effective statistical method used to model the
relationship between dependent variables and independent
variables. It helps to predict the dependent variable's value based on
the known values of the independent variables. In this section, a
regression analysis was conducted to quantify the relationship
between crack size (A) and shaft rotational speed (B) as predictors
and the average of negative peaks, average of positive peaks,
vibration level and power output as responses. Using Minitab
software in the regression analysis, four types of regression models
were developed to determine the best model fit for WTS
performance.

®  The first model is a linear regression model that incorporates two
input variables: crack size (A) and rotational speed (B).

° The second model, termed linear plus squared, not only includes the
same linear input variables, A and B, but also adds squared terms for
crack size (A2) and rotational speed (B2).

° The third model is a linear regression model with interaction, which
includes the linear variables Aand B alongside an interaction term that
represents the product of crack size and rotational speed (A x B).

®  Llastly, the fourth model (full quadratic model) encompasses all the
components of the previous models, integrating the linear variables A
and B, their squared terms A2 and B2 and the interaction term A x B.
This comprehensive approach allows for a detailed exploration of
how these variables collectively influence vibration range and power
output.

The R-squared values of the developed models were compared to
determine the best-fit model. The regression models analysed in the
study yielded various R? values, which reflect the proportion of
variance explained by the models across the outcomes:

®  For the first model (linear regression model), the R? values were
89.203% for the average of negative peaks (in m/s2), 94.279% for the
average of positive peaks, 91.896% for the vibration range and
97.838% for power output.

®  The second model (linear and squared) demonstrated a significant
improvement, achieving R2 values of 99.962% for average negative
peaks, 99.870% for average positive peaks, 99.951% for vibration
range and 99.997% for power output.

®  The third model (linear and interaction) showed the R? values slightly
lower but still substantial, with 89.217% for average negative peaks,
94.350% for average positive peaks, 91.931% for vibration range and
97.840% for power output.

° Finally, the fourth model (full quadratic), which incorporated linear,
squared and interaction terms, attained R? values of 99.975% for
average negative peaks, 99.941% for average positive peaks, 99.986%
for vibration range and an impressive 99.999% for power output.

From the developed regression models, the full quadratic model
showed the best fit. The regression equations for the responses are:
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Average of negative peaks
= 5.30860287 — 0.0042579A
—0.1580261B + 3.4165 X 1075A?
+ 0.00056322B% — 2.082 x 107 5A X B

Average of positive peaks
= —3.7228 4+ 0.00262453A
+0.1193637B — 3.365 X 1075A?
—0.0003848B% +4.632 x 107 5A X B

Vibration level = —9.0314029 + 0.00688248A
+0.27738983B — 6.781 X 1075A?
—0.000948B% + 6.7141 x 107 5A X B

Power output = —0.6459295 — 0.0032357A — 0.0039085B
—2.9461 x 10-8A% — 0.00111891B%
—3.634x1075A X B

4.6. Optimisation:

The objective of this research was to optimise the performance of the
wind turbine system by balancing the power output and minimising
vibration levels. The optimisation process utilised GRA in conjunction
with a full factorial design in Minitab software. The optimisation
process resulted in defining the optimal settings of process
parameters. The GRA focused on two primary criteria: maximising the
power output (higher-the-better) and minimising the vibration level
(lower-the-better). In this case, the vibration level is the level between
average of positive peaks and average of negative peaks. This means
that only vibration level and power output responses are considered
in the optimisation process. By applying these criteria, a grey
relational grade (GRG) was computed for each experimental test.
®  The first test received a Grade Relational Coefficient (GRC) of 1.000
and a GRG of 0.668, ranking it second overall.
° The second test reported a GRC of 0.407 and a GRG of 0.427, resulting
in a seventh-place ranking.

° The third test, notable for its strong performance, achieved a GRC of
0.346 and a GRG of 0.673, earning the top rank of one.

° The fourth test recorded a GRC of 0.987 and a GRG of 0.661, securing
the third rank.

° The fifth test had a GRC of 0.401 and a GRG of 0.421, placing it in
eighth position.

° Thessixth testyielded a GRC of 0.333 and a GRG of 0.654, ranking fifth
overall.

° The seventh test obtained a GRC of 0.977 and a GRG of 0.655, which
putitin fourth place.

° The eighth test had a GRC of 0.398 and a GRG of 0.418, finishing
ninth.

° Finally, the ninth test achieved a GRC of 0.334 and a GRG of 0.642,
resulting in a sixth-place ranking.

The GRG combined the GRCs into a single performance score. The
third test (A1B3) showed the highest GRG (0.673), giving it the top
rank, which means crack size = 33.4 mm and rotational speed = 150
rpm. This indicated the best overall performance. With higher GRG
achieved, the third test was the best balance between vibration
control and power output, making it a more optimal scenario. The
confirmation of the results is shown in Table 6. The regression
equation for GRG is:

GRG = 1.3724 +2.3x 1075A — 0,018779B

—9.236 X 107%A%? + 9.46 x 1075B?
—2.812x107°A X B

Table 6: Initial and optimal setting for WTS performance analysis

Initial setting Optimal setting
Parameters and levels A1B1 A1B3
Average of negative peaks (m/s?) -1.361 -5.940
Average of positive peaks (m/s?) 1.384 5.757
Vibration level (m/s?) 2.745 11.697
Power output (W) 1.804 23.622
Grey relational grade 0.668 0.673

4.7. Sensitivity Analysis:

To illustrate how the values of independent variables, the crack size
and rotational speed, can affect the dependent variables, the
vibration levels and power output, the analysis can be extended using
theoretical frameworks grounded in the observed trends and

relationships derived from the tested scenarios. Assumptions can be
made as follows: 1) the relationship between independent variables
and dependent variables can be approximated linearly in the feasible
operational range; 2) crack size will vary between 0 mm (no defect)
to 100 mm (severe defect), while rotational speed will vary from 0
rpm to 200 rpm, capturing both healthy operation and increasing
operational stress; and finally, 3) vibration levels should be expected
to increase with crack size and rotational speed, while power output
should ideally increase with rotational speed but may decrease as
crack size increases.

Based on observed data, a hypothetical model can be defined using
the following generalised equations capturing the relationships
between the variables:
Vibration level = c¢ + (k1 X crack size)

+ (k2 X rotational speed)

Power output = d + (inl X rotational speed)
— (m2 X crack size)

Where k1, k2, m1 and m2 are coefficients representing the sensitivity
of the respective dependent variables to the independent variables,
and c and d are constants representing baseline vibration levels and
power output under ideal conditions (e.g. no defect and no rotational
speed). The differing signs in the equations captured the nuanced
effects of each variable on the system's performance.

For simulated scenarios, to explore how the values of crack size and
rotational speed affect vibration levels and power output, the
following hypothetical values were considered:

° Crack size (mm): 0, 33.4, 50, 74, 98.8, 100
° Rotational speed (rpm): 50, 100, 150, 200

The following hypothetical coefficients were assumed based on the
given data:

k1=0.1 (increase of 0.1 m/s? for every mm of crack size)
k2 =0.05 (increase of 0.05 m/s? for every rpm of speed)
m1=0.15 (increase of 0.15 W for every rpm of speed)

m2 =0.02 (decrease of 0.02 W for every mm of crack size)
c=1.5 (baseline vibration level with no defect)

d =5 (baseline power output with no defect)

Using these values, the vibration levels and power output were
calculated. At a crack size of 0 mm and a rotational speed of 50 rpm,
the vibration level measured 4 m/s?, and the power output was
recorded at 12.5 W. When the crack size increased to 33.4 mm and
the rotational speed was set at 100 rpm, the vibration level rose
significantly to 9.84 m/s?, with the power output reaching 19.332 W.
As the crack size continued to grow to 50 mm and the rotational
speed increased to 150 rpm, the vibration level further escalated to
14 m/s?, while the power output increased to 26.5 W. At a crack size
of 74 mm and a rotational speed of 200 rpm, the vibration level was
measured at 18.9 m/s?, producing a power output of 33.52 W.
Conversely, at a crack size of 98.8 mm and a rotational speed of 100
rpm, the vibration level recorded was 16.38 m/s?, accompanied by a
power output of 18.024 W. Finally, at a crack size of 100 mm with a
rotational speed of 200 rpm, the vibration level peaked at 21.5 m/s?,
while the power output reached 33 W. These results illustrate the
relationship between crack size, rotational speed, vibration levels and
power output, highlighting the trends in performance as conditions
change.

From the calculations in this simulated scenario, the relationship
between independent and dependent variables can be observed
clearly: as crack size increased, and/or as rotational speed increased,
the average vibration levels tended to rise, and the power output
initially increased with higher rotational speeds but was negatively
influenced by increasing crack sizes. Thus, while higher speeds can
enhance power generation, larger defect sizes could lead to a
reduction in the overall power output. This theoretical exploration
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allowed for anticipating the operational behaviour of the WTS under
configurations, beyond those specifically tested, aiding in
optimisation and fault management strategies.

4.8. Study’s Limitations:

The use of wind speed data from Sohar, Oman, may restrict the
generalisability of the results to other regions with different wind
patterns. Additionally, the WTS may not fully capture the complexity of
real-world turbine operations, which potentially affects the accuracy of
vibration and power output measurements. The research focuses
specifically on transverse blade defects and a limited range of
parameters, such as crack size and shaft rotational speed. Other
variables, such as wind turbulence and material fatigue, may be
considered, which could influence the performance.

5. Conclusions

This research investigated the effects of input parameters such as
crack size and rotational speed on the performance of a WTS system
using vibration analysis, including regression analysis and the
Taguchi design of experiments. The findings underscore the influence
of blade defects on operational stability and power generation
capabilities.

The experimental data revealed that the presence of defects
significantly altered the vibration profile of the WTS. Specifically, the
average of negative peaks increased from -1.361 m/s2 for a healthy
blade at 50 rpm to -5.940 m/s? when the crack size increased to 33.4
mm at 150 rpm. The average power output changed dramatically in
tandem with these vibrations. This demonstrated increased
fluctuations: the power output rose from 1.804 W (healthy blade at
50 rpm) to 23.622 W (transversely defective blade at 150 rpm).

Regression analysis yielded R? values of 99.999% for power output in
the full quadratic model, the highest among all fitted models. This
indicated an excellent fit and suggested that both crack size and
rotational speed substantially contributed to the variance in
performance metrics.

The optimisation process was undertaken using GRA, indicating that
the optimal settings for enhanced performance were achieved with a
crack size of 33.4 mm and a rotational speed of 150 rpm. This resulted
in the best GRG of 0.673. These conditions effectively balance the
power output (23.622 W) while maintaining a manageable vibration
level (11.697 m/s2).

The sensitivity analysis demonstrated that both increasing crack size
and rotational speed escalated vibration levels. At a crack size of 100
mm combined with a rotational speed of 200 rpm, vibration levels
surged to 21.5 m/s2, while power output was only marginally
affected. This suggested operational strain could lead to mechanical
failure over time.

This study lays a strong foundation for future research aimed at
developing predictive maintenance strategies and improving the
understanding of WTS under real-world conditions. Continuous
monitoring and modelling of key parameters are essential for ensuring
the reliability and efficiency of wind energy systems, reducing
downtimes and optimising energy output in practical applications.
Future research should focus on exploring advanced materials and
design modifications to mitigate the adverse effects of cracks and
enhance safe operation at higher speeds. Additionally, expanding on
specific recommendations and addressing potential challenges in
implementing these solutions will be critical for advancing the field.
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ABSTRACT

The study was conducted to determine the toxicity approach of four honey bee propolis and venom concentrations, 500, 1,000, 2,000 and 3,000 ppm, regarding
the biological aspects of the wax moth larvae Galleria mellonella L. Using 2,000 and 3,000 ppm propolis concentrations gave a 100% reduction percentage on
wax moth larvae after spraying the treatment for 72 and 48 hours consistently. Applying 3,000 ppm of bee venom resulted in a 100% mortality percentage for
the three test times of 24, 48 and 72 hours. The lowest period of larval development was observed when propolis was used at a concentration of 3,000 ppm, with
an average of 7.66+0.33 days. At the 3,000 and 2,000 ppm concentrations of propolis, the pupal stage was unable to develop for adults of the insect, as all the
individuals died. For bee venom, at concentrations of 3,000 and 2,000 ppm, none of the larvae have succeeded in the development of pupa or adultinsects. Bee
venom was the most effective substance against wax moth larvae, followed by propolis; LC50 values were 272.62 and 3,166.42 ppm, respectively. These results
clarified the need for more research to affirm their effect in the field and on honey bees.
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1. Introduction

Beekeeping is an important part of modern agriculture because it
pollinates the country's main crops, makes honey for the food
industry and produces beeswax for use in many other industries. For
this reason, it is important to keep an eye on the health and
productivity of honey bee colonies (Bradbear, 2004). Honey bees are
often attached by Galleria mellonella, Achroia grisella and the new
species of wax moths, Galleria similes (Ellis et af, 2013). It is thought
that the damage done by G. mellonellalarvae is one reason why wild
and solitary honey bee numbers are declining (Kong era/, 2019). This
insect breaks down beeswax, which is a valuable product that can
bring in a lot of money, along with honey (Bradbear, 2004).
Additionally, both adult and larval wax moth stages can spread
pathogens that cause serious bee diseases, like foulbrood (Owayss
and Abd-Elgayed, 2007). A variety of physical techniques have been
used to control G. mellonella L. (James, 2011). A wide range of
biological control agents (Ellis er a/, 2013) and the sterile insect
technique have been assessed for their efficacy against this parasite
(El-Kholy and Mikhaiel, 2008). Furthermore, numerous insect
hormone analogues and insect growth regulators have been
evaluated for their effectiveness against G. mellonella L. (Amany er
al, 2021). However, chemicals are still needed to get rid of this pest.
It is easy and efficient to use these chemicals, but we should think
about whether they are safe and will contaminate bee products
(Nagqash eral, 2016). Accordingly, a thorough assessment of viable
non-chemical wax moth control strategies in dry environments might
be a crucial task for bettering living circumstances, as it would help
beekeepers combat this pest and boost their yield. The study
objectives are to assess and validate some proposed bee products as
agents for controlling wax moths and identify a possible preventive
strategy for the study region.

2. Materials and Methods

2.1. Study Area and Honey Bee Colonies:

Field experiments for collecting and producing honey bee propolis
and venom were evaluated in 2023 at the Research and Training
Station Apiary, King Faisal University, Al-Ahsa Province, Eastern
Region, Kingdom of Saudi Arabia. Local honey bee colonies (Apis
me///'fera)/emen/tica) with nearly equal strength in bees, brood and
food were used.

2.2. Propolis Samples Collection and Extraction:

Propolis resin was obtained by scraping propolis off frame rests and
edges, bottom boards and the insides of hive boxes. Propolis was
refined with an ethanol solvent. Propolis was minced after being
stored overnight in a deep freezer at -20°C. A propolis sample was
weighed, then a 70% ethanol solvent (1:30 w:v) was added, and the
mixture was left at room temperature for 24 hours. The propolis
suspension was subjected to an ultrasonic bath for 20 minutes at a
temperature of 20°C. The filter paper was employed to separate the
resultant suspension at ambient temperature. The operation was
subsequently repeated with the portion of the suspension that was
retained in the filter. The residue was subsequently extracted again
under identical circumstances (Popova, et al, 2004). For forthcoming
research, the extracted material (the stock) will undergo evaporation
for drying (Netikovd er al, 2013).

2.3. Bee Venom Collection and Extraction:

Bee venom was harvested using the Bee Venom Collector Device for
20 minutes every 15 days. The device was set aside the third comb
from the entrance to the hive. After the collection was finished, the
dried venom was scraped off with a sharp blade and placed into a
dark container and kept in a cool and dry place. Bee venom extracts
are made with a water solvent (Kosuge, 1969). The stock extracts,
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Ethanol Extraction of Propolis (EEP) and Water Extraction of Venom
(WEV), were tested against the fifth instar of the wax moth larvae
Galleria mellonella. Four concentrations (500, 1,000, 2,000 and
3,000 ppm) were prepared and tested from each extract by spraying
over the larvae.

2.4. Preparation of G. mellonellal.Larvae Culture:

Local strains of G. mellonella L. larvae were procured from the Plant
Protection Research Institute, Pest Physiology Department, ARC,
Egypt. The collected larvae were placed in glass rearing jars (8 x 8 x
20 cm) and artificially raised using a medium that was created by
following Wiesner's guidelines (1993). The media included bee
honey (75 mL), glycerol (75 mL), rice cerelac (100 g), wheat bran (100
g), dry yeast (1 g), nipagen as an antimicrobial (0.15 g), vitamins and
minerals (2 capsules; 500 mg) and water (50 mL). The collected
larvae were transferred to a glass rearing jar, which was filled with 50
freshly hatched larvae per jar, 100 g of the medium and a metal cover
with holes for ventilation. The jar was then sealed and kept in an
incubator set at 25°C with fresh food supplied three times a week. To
start a new generation, pieces of wax were put into the pupal stages'
jars to facilitate their transition into moths and encourage them to
deposit eggs on them (Figure 1).

Figure1. Shows adult (a), eggs (b), larva and pupa (c) and symptoms of damage (d)
the author took all photos)
Al -

2.5. Biochemical Studies:

2.5.1. Toxicity and Biological Aspects of Bee Propolis and Venom
Extracts Against G. mellonellalarvae

Under laboratory settings, 500, 1,000, 2,000 and 3,000 ppm
concentrations were prepared from the stock solutions (100%) of
propolis and bee venom extracts. These tested materials were then
used as liquid formulations for EEP and WEV extraction and placed
onto plastic plates (10 cm) containing the required media. Ten larvae
of G. mellonella fifth instar were put together with 10 g of tiny
artificial medium fragments in each Petri plate. One millilitre of each
concentration was sprayed above the wax moth larvae. Then, the
larvae and medium were covered with a muslin cloth and fastened
with elastic bands to keep the larvae from fleeing. The number of
dead larvae was counted by daily observations. Every treatment was
carried out three times. Every day, the examined larvae were
inspected to count and remove any dead ones. After 24, 48 and 72
hours of treatment, mortality percentages were computed.

2.5.2. Preparation of Homogenate Samples

To homogenise the samples, all dead G. mellonella larvae were
collected for each treatment, placed in the freezer and placed on the
centrifuge device, and then a sample was taken for an analysis
representative of each treatment. After homogenising the samples in
distilled water, the BECKMAN GS-6R Centrifuge was used to
centrifuge the mixture for 10 minutes at 5°C at 6,000 rpm. Following
centrifugation, the fluid supernatant was separated into tiny aliquots
(0.5 mL) and kept cold until the primary constituents were analysed.
Each biochemical determination was done in three replicates (Assar
etal,2016).

2.5.3. Total Carbohydrate Content Determination

Using an anthron reagent, the technique outlined by Singh and Sinha
(1977) was used to calculate the total amount of carbs. (A) Anthron
reagent preparation: 28 mL of H,0, 50 mg of anthron and 72.0 mL of

concentrated H,SO, (98%) were combined, and the mixture was
vigorously shaken. (B) Method: 100 pL of the insect homogenate
sample solution was diluted to one millilitre using distilled water, and
then five millilitres of anthron reagent were added. In a test tube, 1.1
mL of water and 5 mL of anthron reagent were used as a blank. After
10 minutes of being submerged in boiling water, each tube was
allowed to cool for 15 minutes at room temperature. At 620 nm, the
absorbance was measured. The carbohydrate content was given as
milligrams per gram of body weight.

2.5.4. Total Protein Content Determination

Following centrifugation, the fluid supernatant was separated into
tiny aliquots (0.5 mL) and kept cold until the primary constituents
were analysed. Each biochemical determination was done in three
duplicates. The Bradford (1976) technique was employed to quantify
the total proteins by utilising bovine serum albumin as a reference
standard. (A) Protein reagent preparation: 50 millilitres of 95%
ethanol was used to dissolve 100 milligrams of Coomassie Brilliant
Blue G-250. Then, 100 mL of 85% (w/v) phosphoric acid was added
to this solution. One litre was the final volume at which the resultant
solution was diluted. (B) Protein assay: 50 L of pupal homogenate
were pipetted into a test tube with 50 [LL of phosphate buffer (pH
6.6). The test tube's contents were then vortexed after the protein
reagent (5 mL) was added. After two minutes, the absorbance at 595
nm was measured in comparison to a blank made with five millilitres
of protein reagent and 0.1 millilitres of phosphate buffer (pH 6.6). The
protein content was calculated in milligrams per gram of body
weight.

2.5.5. Total Lipid Content Determination

Phosphovanillin reagent and standard curve were used to quantify
the content of total lipids in the insect homogenate following Joseph
et al, (1972). Following centrifugation, the fluid supernatant was
separated into tiny aliquots (0.5 mL) and kept cold until the primary
constituents were analysed. Each biochemical determination was
done in three duplicates. (a) Preparation of the phosphovanillin
reagent: 10 mL of 100% ethanol was used to dissolve 0.6 g of pure
vanillin, which was then added to 100 mL of distilled water. After
adding 400 mL of concentrated phosphoric acid, the mixture was
kept at room temperature in a dark glass bottle. (b) Procedure: In a
test tube, 250 pL of insect homogenate sample solution was
combined with 5 mL of concentrated sulfuric acid, and the mixture
was heated in a boiling water bath for 10 minutes. Then, 500 pl of the
digest was added to the 6.0 mL phosphovanillin reagent after it
cooled to room temperature. Following a 45-minute dark incubation
period, the colour generated was quantified at 525 nm in comparison
to a reagent blank made with 6.0 mL of phosphovanillin reagent and
500 pl of distilled water. The lipid content was given as milligrams per
gram of body weight. (c) Lipid standard curve preparation: To create
the standard curve, serial concentrations of a combination of palmitic
and oleic acids (7:3) ranging from 0.5 to 5 mg/mL were produced in
100% ethanol and handled similarly to the unknown. Optical density
was used to blot the standard curve against concentration.

2.6. Analytical Statistics:

Probit analysis was used to calculate analytical statistics and LCs
values, which were given in ppm units. ANOVA was used to assess
the mortality data (Snedecor and Cochran, 1980). Using the Costate
(version 6.204) statistical software programme, CoHort Software
(CoStat Software, 2004), the least significant difference (LSD) was
performed to assess the means differences at p<0.05.
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3. Results and Discussion

3.1. Toxicity Tests of the Bee Propolis and Venom Against
Wax Moth Larvae:

Table 1 indicated that bee venom was the most potent applied

compound against wax moth larvae followed by propolis. LCs, values

were 272.62 and 3,166.42 ppm, respectively.

Table1. LC50 and LCI0 values of the tested bee propolis and venom on wax moth larvae 6.

mellonella
Treatment LCso (ppm) LCq (ppm) Upper lower value Slopet S.E.
. 2,526.15
Propolis 3,166.42 15,419.54 451834 1.68+0.28
128.56
Bee venom 27262 1,569.80 403.03 1.68+0.30

S.E.=Standard Error

According to Mahgoub er al, (2018), third-instar larvae were given
topical applications of crude honey bee venom at doses of 0, 6.25,
12.5,25 and 50 Lg. At the lower concentration, the calculated death
percentages for all treatments were 8%, and at the high
concentration, 52%. The determined fatal median concentration
(LCs0) was 38.27 Ug/Il. The result of Ghoneim (2020) indicated that
3,428.9 ppm was determined to be the LCs. In terms of growth and
development, the larvae's somatic weight gain decreased somewhat
in proportion to the concentration.

Garedew er a/, (2004) mentioned that propolis is toxic at high
concentrations and an insect growth regulator at lower ones. In
addition, using propolis on the fifth larval instar caused a very high
mass-specific metabolic rate and cuticle thinner and more fragile,
allowing the free transit of nonpolar toxic substances from the
surroundings after being easily disrupted by propolis components.

3.2. Effect of Bee Propolis and Venom on the Larval Stage
of G. mellonella:

Table 2 and Figure 2 present the mean mortality and reduction
percentage of wax moth larvae when applied to four concentrations
of propolis 500, 1,000, 2,000 and 3,000 ppm. Propolis recorded the
highest mortality number for concentrations of 2,000 and 3,000 ppm
after treatment for 72 hours. The mean mortality values were 10 for
both concentrations, followed by propolis concentrations of 2,000
and 3,000 ppm after 48 hours with mean mortality values of
7.66+0.33 and 9.6+0.33, respectively. The lowest percentages of the
mortality rate for using a propolis concentration was observed for
500 ppm after 24 hours of treatment: 0.0% and 6.6%, respectively.
Using 2,000 and 3,000 ppm of propolis concentrations gave a 100%
reduction percentage after treatment for 72 hours, followed by using
the propolis after 48 hours, which led to the percentage of mortality
being 76.6% and 96%, respectively. According to Shimanuki and
Knox (1997), honey, pollen, wax combs and the skins of bee larvae
are the main foods for wax moth larvae. A statistical analysis
indicated that significant differences in the mortality rate of the wax
moth among all treatments were observed. According to Hussein er
al, (2022), depending on the concentration and length of exposure,
there are substantial changes in the percentage of killing between
propolis extract concentrations at a probability threshold of 5%.
During the initial therapeutic period, the mortality percentage
observed at a concentration of 2% was 53.3%. For one week, the
interaction resulted in the highest death rate of 76.6% when the
concentration was 3%. In contrast, the comparator medication did
not cause any mortality. The experiment also revealed the initial
larval stage's susceptibility to compounds extracted from propolis
and cinnamon plants. The results showed that there were
considerable variations in the proportion of organisms killed based
on the concentration and duration of exposure to the extracts. As an
illustration, the maximum mortality rate observed at the given

concentration was 3%, which increased to 76.6% during one week of
treatment. Conversely, the minimum mortality rate at the same dose
was 2%, reaching 53.3% on the first day of the experiment. Sanad and
Mohany (2015) indicated that mortality percentages went up by
increasing the time after application. The highest percentages of late
instar larvae were obtained after 72 hours of treatment of all tested
materials, except for the mint treatment. Mint oil recorded the highest
accumulative mortality percentage after the three days at 4%, giving
70%, pursued by 4% Chinese propolis and 4% cinnamon, which gave
60%, while 4% clove gave 50%, and 4% of Egyptian propolis gave
only 40%. These results agree with Izhar-ul-Haq er a/, 2008.

Table 2. Mean mortality and percentages of the late wax moth stage treated with propolis

Propolis concentrations(ppm) | 24 hours % 48 hours % 72 hours %
500 0.0b - 0.66d+0.33 6.6 1.66c+0.881 | 16.6
1,000 0.66b+0.33 6.6 2.33c+0.66 | 23.3 5.66b+0.33 56.6
2,000 3.66a+0.33 | 36.6 | 7.66b+0.33 | 76.6 10.0a 100
3,000 3.0a+0.57 30 9.6a+0.33 96.0 10.0a 100
Control 0.0b - 0.0d - 0.0d -
[SDo 7050 1242 1328
F 7.3 121.214 10.187
P .0000*** .0000*** 0000***

Figure 2. Mortality percentages of the wax moth larvae stage treated with propolis
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From Table 3 and Figure 3, it could be concluded that applying 3,000
ppm of bee venom concentration on wax moth larvae gave a 100%
mortality percentage for the three tested times of 24, 48 and 72 hours.
The mean mortality value was 9+0.57 of 2,000 ppm bee venom
concentration with a 90% mortality percentage after 24 hours of
applying. Then, the mean mortality value reached 10 with a 100%
mortality percentage after 48 and 72 hours of using 2,000 ppm
concentration. The mean mortality values of wax moths were
6.66+0.33 and 8.33+0.33 and 10 with mortality percentages of 66,
83.3 and 100% after 24, 48 and 72 hours with 1,000 ppm
concentration, respectively. Data showed that applying 500 ppm of
bee venom on wax moths gave the lowest mortality values after 24,
48 and 72 hours, giving 3.66+0.33, 7.33+0.33 and 9,66+0.33, with
the lowest mortality percentages of 36, 73.3 and 96.6%, respectively.

Table 3. Mean mortality and percentages of the late wax moth stage treated with bee venom

Bee ve‘nom 24 hours % 48 hours % 72 hours %
concentration(ppm)
500 3.66b+0.33 36 7.33¢+0.33 733 9.66a+0.33 96.6
1,000 6.66b+0.33 66 8.33b+0.33 83.3 10.0a 100
2,000 9.0a+0.57 90 10.0a 100 10.0a 100
3,000 10.0a 100 10.0a 100 10.0a 100
Control 0.0d - 0.0d - 0.0b -
LSDs, 1.050 0.664 0.469
F 150.3 387 886
P .0000*** .0000*** .0000***

Figure 3. Mortality percentages of the wax moth larvae stage treated with bee venom
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3.3. Effect of Bee Propolis and Venom Extracts During
Post-embryonic Development of G. mellonella
Larvae:

Table 4 shows the impact of four propolis concentrations of 500,
1,000, 2,000 and 3,000 ppm on the number of days experienced by
larvae, pupae and adults after treatment. The shorter period of
the larval stage with propolis at a 3,000-ppm concentration was
followed by a concentration of 2,000 ppm and then 1,000 ppm with
averages of 7.66, 11.33 and 18 days, respectively. The highest period
of larval development for control was, on average, 24 days. Sanad and
Mohany (2015) mentioned that the larval stage duration decreased
by increasing the Egyptian propolis concentration, where it was
14.91+2.6 days at a 4% concentration, compared with 24.2+4.1 days
at the control. The mean duration of the larval stage was decreased
by increasing the Chinese propolis by a 4% concentration compared
with 25.245.1 days at control.

A significant difference between the control and each of the tested
four concentrations was observed. The lowest periods of pupa were
3,000 and 2,000, followed by 1,000 ppm. The average pupa stages
were 6.66+0.33,8.66+0.88 and 12.33+0.33 days. Sanad and Mohany
(2015) described that as the Egyptian propolis concentration
increased, the mean duration of the pupa stage decreased. It was
15.041.3 at 4% concentration, compared with 17.1+1.7 days for the
control. The mean duration period of the pupal stage decreased by
increasing the Chinese propolis concentration, giving 15.0+1.3 days
at 4% concentration, compared with 16.1+1.8 days at control. At
3,000 and 2,000 ppm concentrations of propolis, the pupae were
unable to develop for adults, where all the individuals died. On the
other hand, with a 1,000-ppm concentration of propolis, all pupae
were developed for adults. The average was 8.33+0.33 days, and the
control was the highest average of 13+0.57 days. Sanad and Mohany
(2015) mentioned that adult longevity was 10.1+1.7 days at 4% of
the Egyptian propolis concentration compared with 14.2+2.3 days at
the control.

Wax moth larvae are at the harmful stage that destroys wax combs
with food and brood. Therefore, the longer the duration of the larvae
stage, the greater the damage, and vice versa: the shorter the duration
of the larvae stage, the lower the damage. Any substance that causes
the wax moth eggs to not hatch or leads to a shorter duration of the
larvae phase is important and can be included in the integrated
control programmes of the greater wax moths (Ellis er a/, 2013).
According to Garedew er al, (2004), the wet weight of the larval
instars increased drastically, from a mean value of 23+2.5 mgat L5 to
65.745.8 mg at L6 more than twice, achieving its maximum mean
value of instars used in the investigation. Furthermore, the weight
change during the entire larval developmental stage ranges from <1
mg at L1 to nearly 400 mg at L7.

Table 4. Effect of different propolis concentrations on the post-embryonic development period of
wax moth larvae

Prop?lis Period of stages (day) Adult longevity
concentration (ppm) Larval Pupal
500 21.33a+0.88 15.33a+0.66 11.66b+0.33
1,000 18.0b+1.15 12.33b+0.33 8.33¢+0.33
2,000 11.33c+1.45 8.66c+0.88 0.0d
3,000 7.66d+0.33 6.66d+0.33 0.0d
Control 24.0a+0.57 16.0a+0.57 13a£0.57
LSDsq, 3.044 1.878 1.050
F 49.976 46.812 352.7
P 0.0000*** 0.0000*** 0.0000***

In Table S, the lowest period of larvae development was at the
concentration of 3,000 followed by 2,000, and the least was 500 ppm
of bee venom with averages of 3.0+0.57, 3.3+0.88 and 12.33+1.45
days, respectively. For the concentrations of 3,000 and 2,000 ppm,
none of the larvae have succeeded in the development of pupa or adult
insects. The concentrations of 500 and 1,000 ppm larvae evolved into

pupa and did not succeed in reaching the adult stage. The study
conducted by Ghoneim (2020) evaluated the effects of treating newly
molted third-instar larvae of G mellonella with scorpion L.
quinguestriatus venom. The inability of G. mellonella larvae during
ecdysis to shed their exocuticle (Linton eral, 1997) or the suppression
of chitin production (Adel, 2012) could be the reason for the larvae's
death when exposed to the studied arthropod products.

Ghoneim er a/, (2000) mentioned that larval death may be attributed
to the antifeedant impact of the venom and secretion, leading to
persistent starvation in the larvae. The poison had a lethal effect on the
pupae, as the severity effect was directly proportional to the dosage. In
addition, the tested venom can induce pupal deaths in G. mellonellaby
interfering with important processes like suffocation, bleeding and
desiccation (Possani er a/, 1999). In contrast, the venom did not have
any impact on the survival of adult individuals. These deaths occur
because the venom hinders proper exuviation and disrupts essential
homeostatic mechanisms (Ghoneim er a/, 2000).

Table 5. Effect of different bee venom concentrations on the post-embryonic development period of
wax moth larvae

Prop?lis Period of stages (day) Adult longevity
concentration (ppm) Larval Pupal
500 12.33b+1.45 8.33b1.76 0.0d
1,000 10.33b+2.60 7.66b+1.45 0.0d
2,000 3.33c¢+0.88 0.0c 0.0d
3,000 3.0 c£0.57 0.0c 0.0d
Control 25.0a£1.15 17.0a£1.15 13.0a+1.20
LSDsg, 4.744 3.608 1.627
F 35.38 38.025 126.75
P 0.0000*** 0.0000*** 0.0000***

3.4. Effect of Bee Propolis and Venom on Total Lipid,
Protein and Carbohydrates of G. mellonellaLarvae:

The present investigation indicates that all propolis concentrations
impactlipids, protein and carbohydrates compared with control on wax
moths. The data in Table 6a and Figure 4, the highest average of lipids,
was achieved by propolis concentrations 2,000 and 1,000 ppm with
mean values of 10.93+0.67 and 10.55+0.34, respectively. The lowest
average of lipids was achieved by the control, giving a 3.16+0.26 value.
Lipids are a vital energy source, precursors to hormones and structural
components for insects. They are carried from their place of production
of storage to the user organs by the hemolymph (Zhou and Miesfeld,
2009). However, the current findings partially align with previous
studies that indicate an increase in lipids in different insect species
following treatment with certain insect growth regulators during the
larval stage (Bouaziz eral, 2011). Protein had the highest average when
a concentration of 3,000 ppm of propolis was used, with a mean value
of 31.94+4.01. Control had the second-highest average, giving a mean
value of 27.94+0.44. Protein metabolism is vital for generating energy
and facilitating insect reproduction (Taskin and Aksoylar, 2011). It also
plays a mandatory role in the development of adult structures in insects
during their transformation from larvae and pupae to adults (Resmitha
eral,2014). Through hormones, enzymes and nucleoproteins, proteins
integrate and regulate a number of physiological and metabolic
processes in the body of an insect (Chapman, 2012). For the
carbohydrate analysis, the highest average rate was achieved by the
control with a mean value of 2.59+0.006. A significant analysis was
observed for all treatments compared with the control. During an
insect's metamorphosis, carbohydrates are crucial to the composition
and operation of every tissue. Furthermore, carbohydrates are
necessary metabolites for the development of the embryo and the
proper operation of the reproductive systems in both sexes.
Carbohydrates are generally important for the physiology of insects
exposed to external poisons (Kaufmann and Brown, 2008).

A wax moth larvicidal effect was observed when treated larvae with
propolis and increased with the concentrations. In addition, higher
concentrations of propolis extract accelerated the larvae and pupae
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developmentin adults, which might lead to malformed and immature
individuals. This higher rate of development requires more energy
and feeds, which can be obtained by lipids and carbohydrate
metabolic (Ararso and Legesse, 2016).

Table 6a. Total lipids, protein and carbohydrate values (mg/gram) for wax moths in different

concentrations of propolis
Pmpells Lipids Protein Carbohydrates
concentration (ppm)

500 7.88b+0.90 18.55b+0.28 1.11d+0.066
1,000 10.55a+0.34 19.82b+0.43 1.60c+0.04
2,000 10.93a+0.67 21.82b+0.30 1.74b0.043
3,000 6.19b+0.58 31.94a+4.01 0.57e+0.01

Control 3.16c+0.267 27.94a+0.44 2.59a+0.006
LSDsq, 1.89 5.758 0127

F 28.598 9.770 342.67

P 0.0000*** 0.0017*** 0.0000***

Figure 4. Content of lipids, protein and carbohydrates of the wax moth larvae treated with propolis
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Table 6b and Figure 5 show the analysis of wax moths' lipids, protein
and carbohydrates when extracting four concentrations of bee
venom. The results are as follows: Wax moths' lipids were higher
when treated with bee venom at a concentration of 1,000 ppm,
followed by concentrations of 2,000 ppm and 500 ppm. The value of
the lipids was lower in the control treatment.

According to Tanani er al, (2021), in the fifth and seventh instars of
normal larvae, respectively, the lipid content dropped steadily with
instar (265.77+18.0 and 247.75 mg/g). This data demonstrates that
all arthropod venoms have a shared impact of inducing larvae to
amass a greater amount of lipids compared to control counterparts.
Apitoxin had the lowest level of larval-boosting activity during their
fifth instar. The scorpions’ venom had the smallest enhancing impact
on lipids in the seventh stage of larval development.

Lipids are a vital source of energy, precursors to hormones and
structural components for insects. They are carried from their place of
production of storage to the user organs by the haemolymph (Zhou
and Miesfeld, 2009). According to Canavoso er al, (2001),
the reduction of lipids in wax moth larvae bodies treated with bee
venom might be due to the venom's toxic compounds, which
influence the synthesis of lipids in G. mellonella larvae and pupae
bodies. In addition, bee venom disruptively affected physiology and
subsequently deranged vital growth and reproduction functions
(Bouaziz eral, 2011).

The treatment with 2,000 ppm of bee venom had the highest protein
content of the wax moth body, followed by the control and 3,000
ppm with negligible variations among them (27.3940.48, 27+0.44
and 25.38+1.58). The treatment with 500 ppm of bee venom
produced the lowest protein value (20.03+0.10, P<0.0003). Tanani
er al, (2021) indicated that the treated larvae had significantly less
total protein, irrespective of the venom amount or larval stage
development. The effectiveness of the bee venom, observed in the
larvae during their fifth instar with an inhibition rate of 19.80%, and
wasp venom, observed in their seventh instar with a reduction rate of
34.77%, showed the most significant decline. Scorpion venom
showed the least amount of strength loss (17.45% and 15.7%

decreases in the fifth and seventh instar larvae, respectively)‘

Protein metabolism is critical for insect energy production and
reproduction (Kong eral,2019), as well as for putting together adult
structures when insects change from larvae or pupae to adults
(Resmitha er af, 2014). Proteins are essential for controlling and
organising many of the body's natural and metabolic processes. This
is achieved through the action of hormones, enzymes and
nucleoproteins (Chapman, 2012). When it comes to analysing
carbohydrates, the control group outperformed the others with an
impressive average rate of 2.58+0.006. There was a noticeable
analysis conducted for all treatments in comparison to the
control. When G. mellonellalarvae in their third instar were exposed
to the LCs, value of each venom by Tanani er al, (2021), there was a
significant decrease in the amount of carbohydrates found in their
bodily tissues during both their fifth and seventh instars. For regular
larvae, there was a decrease in the amount of carbohydrates as they
progressed through each instar. Specifically, in the fifth and seventh
instars, the amount dropped to 0.0366+0.007 mg/g. When it comes
to the impact on carbohydrates, it is interesting to note that the wasp
venom had a minimal effect on the fifth larval instar. On the other
hand, the scorpion venom had a similar effect on the seventh larval
instar, resulting in reductions of 11.78% and 21.04%, respectively.

Carbohydrates are crucial for the development and functioning of
various tissues during the process of metamorphosis in insects. In
addition, carbohydrates initially support the proper functioning of the
reproductive organs in both males and females, as well as in the
development of embryos (Kaufmann and Brown, 2008).
Carbohydrates significantly impact the physiology of insects exposed to
foreign toxins, as highlighted by Kaufmann and Brown (2008).

The toxicity effect of bee venom on corn earworms, tobacco
hornworms and lesser and greater wax moths was recorded (Ghoneim
et al, 2019a). In addition, Ghoneim er a/, (2019b) mentioned that bee
venom causes reduced larval growth rate and weight and prevents
adultemergence and fecundity for G. mellonellal.

Table 6b. Total lipids, protein and carbohydrate values (mg/gram) for wax moths in different
concentrations of bee venom

s VeAnom Lipids Protein Carbohydrates
concentration(ppm)
500 8.23ab+0.61 20.03c£0.10 0.14d+0.020
1,000 12.13a+0.285 24.04b+0.65 0.22d+0.003
2,000 11.75a+4.85 27.39a+0.48 1.40b+0.07
3,000 6.11ab+0.46 25.38ab+1.58 0.34c+0.003
Control 3.16b+0.26 27a+0.44 2.58a+0.006
LSDsy, 6.948 2.586 0.103
F 2.969 14.886 105.177
P 0.0741(ns) 0.0003*** 0.0000***

Figure 5. Content of lipids, protein and carbohydrates of wax moth larvae treated with bee venom
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4. Conclusion

Based on the current findings, the applications of high concentrations
of bee venom and propolis result in a complete reduction (100%
reduction percentage) of wax moth larvae. At concentrations of 3,000
and 2,000 ppm of propolis, the pupal stage of the insect was unable to
develop into the adult stage, resulting in the death of all individuals. At
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concentrations of 3,000 and 2,000 ppm of bee venom, none of the
larvae were able to reach the pupae or adult stage. At concentrations of
500 and 1,000 ppm, the bee larvae underwent metamorphosis into
pupae but were unable to complete their development into adults.
Accordingly, we recommend using bee venom with a concentration of
2,000 ppm and propolis with a concentration of 3,000 ppm to control
the greater wax moth Galleria mellonella under laboratory conditions.
However, bee venom and propolis can find their way into integrated
pest management programmes to manage the greater wax moths in the
foreseeable future.
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ABSTRACT

This study investigates the optical properties of nanocomposite films made from polyvinyl alcohol (PVA), polyvinyl acetate (PVAC), and a 50/50 polyblend of
PVA and PVAC, doped with varying concentrations 0, 3, 6, and 9 wt.% of the metal complex Fluoro pentaamine cobalt (Ill) fluoride [Co(NH3)sF]F2 (FACF). The
films were prepared using a solvent casting method and analysed with a computerised UV.VISIR spectrophotometer over the wavelength range of 250—850 nm.
Key optical parameters, including the refractive index, extinction coefficient, and optical conductivity, were determined through absorption studies. The optical
absorbance increased with higher FACF concentrations. UV-Vis spectra were used to estimate the band gap energies and investigate the electronic transitions
from the valence band to the conduction band. A decrease in the band gap for allowed direct transitions was observed: from 4.0 eV to 2.55 eV for PVA, 4.1 eV to
2.6 eVfor PVAC,and 4.35 eV'to 2.6 eV for the polyblend as the FACF contentincreased. Additionally, both the extinction coefficient and refractive index increased
with higher FACF concentrations. These nanocomposite films show potential for use in photovoltaic cells, optical sensors, LEDs, photodetectors and other
luminescent devices, though further research is needed.
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1. Introduction

Nowadays, polymers are widely diversified and play an important
role in many aspects of human life due to their better features
compared to traditional materials, such as low production costs,
chemical stability, lightweight and ease of processing (Aziz er al,
2017; Bhagyaraj er al, 2020). Novel polymers and polymer
composites have several unique qualities, including simple
processing methods and optical characteristics that make them
strong contenders for a variety of optoelectronic uses, including data
processing, integrated optics, optical sensors, microlasers and
Nanophotonics (Beckers er al, 2017; Loste er al, 2019). Moreover,
polymers impregnated with noble metal nanoparticles exhibited
unique and elevated features resulting from a distinct fusion of the
intrinsic properties of the polymers and those of the metal
nanoparticles (Hassan and Ah-yasari, 2019). By hydrolysing
polyvinyl acetate in ethanol using potassium hydroxide, Haehnel and
Hermann produced poly (vinyl alcohol) (PVA) for the first time in
1924 (Sharma er al, 2023). PVA is a highly versatile material with
several desirable properties, including high dielectric strength and
excellent transparency and optical properties. These characteristics
make it an arttractive option for the preparation of electrolyte
membranes, given its mechanical and chemical strength
(Palanichamy er af, 2023). PVA is synthetic, linear and semi-
crystalline in nature. It contains a carbon chain and a hydroxyl
functional group that acts as the backbone (Agrawal eral, 2023). Itis
the most popular water-soluble polymer with the formula (C;H,0)n,
and it is manufactured by saponification of poly ‘vinyl ester’ with
sodium hydroxide (NaOH). PVA has an extremely high transmission
of visible light, making it desirable in a variety of opto-electronic
systems and applications and is economically and environmentally
beneficial (Palanichamy etal,2023). Under acidic conditions, the OH
groups in PVA tend to cross-link with aldehydes, forming hemiacetal
or actual linkages chemically (Bulinski, 2021), (Zhong et al, 2024).

In contrast, Poly (vinyl acetate) (PVAC) is referred to as ‘white glue’. It

is a clear, glassy substance that is transparent atambient temperature,
insoluble in water, odourless, colourless, and non-toxic. PVAC is a
thermos-plastic polymer. In the presence of an alkali or acid, it can be
alcoholysed to produce PVA. PVAC is highly stable in the presence of
light and hardly ages under the influence of light. The term ‘white
latex’ is commonly used to describe PVAC emulsion. It can be
modified directly with a variety of additives. Its mechanical strength
is good; specifically, it is a water-based adhesive and does not pollute
the environment (Aruldass er a/, 2019). Since PVAC contains a
COOH group, it can be amenable to the formation of safe and
biocompatible films for application in both industrial and biomedical
settings (Khalifa er a/, 2024).

Substances called metal complexes are frequently used in analytical
chemistry. They can be produced to have specific molecular
geometries, making it possible to use their unique spectroscopic,
physical and electrochemical properties for analytical applications
(Elattar er af, 2024), (Yam and Lo, 1999). A metal complex or a
‘coordination complex’ is a type of chemical compound that consists
of a coordination centre, which is usually a basic metal atom or ion,
and a surrounding group of linked neutral molecules. Alternatively,
they can be anions such as fluoride or chloride, also referred to as
ligands or complex agents. These ligands can produce bonds by
donating electrons to the orbitals of the metal ion (Kettle, 2013).
Transition metals are distinguished by the multiple oxidation states
(Chan and Wong, 2013). A paramagnetic compound Fluoro penta
Amine Cobalt (Il) Fluoride [Co(NHs)sF]F, (FACF) is the metal
complex utilised in this work. FACF exhibits characteristic optical
properties that are primarily influenced by the ligand field around the
Co’* ion, leading to the formation of distinct absorption bands in the
UV-visible region. The observed colour is a consequence of these
electronic transitions, and spectroscopic techniques like UV-Vis and
IR spectroscopy are essential for studying these properties (Van Eldik
er al, 1978), (Schonherr, 2004). The purpose of this study is to
examine the influence of incorporating metal complexes of FACF at
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varying concentrations on the optical behaviour of PVA and PVAC,
both individually and in a poly blend of 50% PVA + 50% PVAC, using
UV-visible radiation. The results of these measures have been
subjected to investigation and discussion with regard to their
potential applicability in a multitude of industrial applications.

2. Experimental Procedures

2.1. Prepared Fluoro Penta Amine Cobalt (1) Fluoride
(FACF):

The preparation of FACF was conducted in accordance with the
methodology described by Rabee era/ (2013). In a 400 ml container,
(2g) of ammonium fluoride NH,F was dissolved totally in
approximately 15 ml of pure NH;" while stirring continuously. Then
(3.5 g) of Cobalt fluoride (CoF,) was added progressively to the mix.
After obtaining a brown-coloured slurry, 2.5 mL of 33% Hydrogen
Peroxide (H,0, was gradually added. At the end of the effervescence,
approximately 15 mL of concentrated hydrofluoric acid (HF) was
gradually added. While stirring continuously on a hot plate, the
mixture was heated to 85°C for 20 minutes, and then a Buchner
funnel was used to filter out the FACF crystals after using ice to cool
the mixture to room temperature.

2.2. Samples Preparation:

The polymers used in this work as the polymer matrix were poly
(vinyl alcohol) (PVA), (C;H4O)n, and poly (vinyl acetate) (PVAC)
(C4HO,)n. The PVA used was a fine white grain with a molecular
weight ranging from 30,000 to 70,000 and a purity of 99.5%. PVAC is
a solid polymer granule that is white to yellow with a molecular
weight of 100,000 and 99.6% pure. All of the chemicals needed to
make FACF were purchased from Sigma-Aldrich. Mothed of Solvent
casting was used to create films of PVA, PVAC and 50% PVA + 50%
PVAC doped with 0, 3, 6 and 9 wt% of metal complexes of FACF. First,
distilled water was added to solid PVA (C,H,0)n to produce a PVA
solution. The distilled water was used to mix the PVA emulsion for
ten hours, and then stirred it with a magnetic stirrer for two hours at
70°C. Using a magnetic stirrer, the required weight fractions of FACF
were distributed in distilled water for one hour and then
progressively added while stirring continuously into the polymeric
emulsion, leaving it under string for two hours. Subsequently, the
solution was transferred to clean Petri dishes and left to gradually
evaporate at room temperature for a week. Following the drying
process, the thin films were peeled from the Petri dishes and kept in
vacuum desiccators until utilised. Using the same steps, the
remaining PVAC samples and the combination solution of 50 % PVA
+ 50% PVAC were prepared. The produced films had a thickness
between 100 and 120 nm. The optical characteristics of the sample’s
preparation films were examined using UV.VISIR spectroscopy in the
submitted work.

3. Results and Discussions

3.1. Fourier Transform Infrared Spectroscopy (FTIR):

Fourier transform infrared (FTIR) spectroscopy is a significant analytical
technique for examining the structural characteristics of polymers. It
offers insights into the complex interactions and associations between
the diverse components present in polymeric systems. Figure 1
illustrates the FTIR spectra of PVA, PVAC and a poly blend of 50% PVA
+50% PVAC doped with 0, 3, 6 and 9 wt. % of the metal complex of
FACF. Below, Tables 1,2 and 3 simulate common expected peaks based
on typical FTIR responses for PVA and PVAC polymers doped with a
cobalt complex. The tables present illustrative data regarding the
absorption intensities at notable wavenumbers for each sample

configuration. They comprise readings and typical peak regions
observed for these materials in FTIR, encompassing prominent regions
for PVA, PVAC and their doped blends.

Figure 1a. FTIR graph of PVA, PVAC and a poly blend of 50% PVA + 50% PVAC doped with 0, 3, 6 and
9 wt. % of the metal complex of FACF.
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Table 1. Values of absorption peaks, peak assignments and transmission of PVA with 3, 6,9 wt. %

concentration of FACF composites; results based on FTIR analyses.
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Table 2. Values of absorption peaks, peak assignments and transmission of PVAC with 3, 6,9 wt. %

concentration of FACF composites; results based on FTIR analyses.
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Table 3. Values of absorption peaks, peak assignments and transmission of 50% PVA + 50% PVAC,

with 3, 6,9 wt. % concentration of FACF composites; results based on FTIR analyses
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3.2. UV-VIS Spectra:

The spectra of absorbance for wavelengths of samples ranging from
200 to 900 nm are indicated in Figure 1 for samples of PVA, PVAC and
50 % PVA + 50% PVAC with different concentrations of 0, 3, 6, and 9
wt.% FACF. Itis possible that multiple electron transitions can happen
in polymers. Optical absorption measurements are used to determine
the band structure, absorption edge and optical energy band gaps. Pure
polymers show no signs of absorption, but by increasing the doping
concentration of the FACF, the absorption gradually increases, as
indicated in this figure. In other words, absorption increases with the
proportion of absorbed molecules, and this rise can be explained by the
minute structural distortion found in both PVA and PVAC (Abdelaziz,
2012). The FACF compound enhances the absorbance spectra of the
PVA and PVAC host materials. Furthermore, as the concentration of
FACF increases, the wavelength corresponding to the aforementioned
shoulder-like absorption band also increases. The addition of FACF
resulted in the appearance of unique peaks that could be attributed to

the formation of charge transfer complexes in the polymer due to the
presence of halogens (Gadhave and Dhawale, 2022). These peaks
broaden when the concentration of FACF increases due to the high
binding between the additive and the host poly. The complexation
between PVA, PVAC and FACF is indicated by the red-shift behaviour
observed in the composite films and could potentially resultfrom a shift
in crystal structure caused by additives (Abdelrazek and Elashmawi,
2008). Furthermore, Figure 1 illustrates how absorbance rises with the
percentages of absorbed particles. From the graph, it is evident that
maximum absorption is found at 9% for all samples in this study.

Figure 2. Optical absorption versus wavelength of (a) PVA, (b)PVAC and (c) 50 %PVA+50% PVAC,

with 0, 3, 6, and 9 wt. % concentration of FACF composites.
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Due to the exceptional importance of the optical band gap and the
energy values of the materials being studied, there have been
numerous attempts to analyse and calculate the energy required for
the electronic transition from the valence-band level to the
conduction-band level. Based on the following experimental
relationship, these models and assumptions are based on the value of
the absorption coefficient O, which appears as an exponential
function of the photon energy near the band edge in the
semiconductor (Mohammed er a/, 2022):

ahv = (hv—Eopt)” oo ()

where ﬁ is a constant named the band tailing parameter, £y is the
energy of the optical band gap, and y is the power factor of the
transition mode, which depends on the type of material being studied
— whether itis direct or indirect, allowed or forbidden. The energy of
the band gap is determined from the graph of (ahv)"™ vs photon
energy (hV). The plots of the band gap energy values obtained from
Figures 3 a, b and c illustrate the allowed direct transition y=1/2. As
seen in Figures 3 a, b and ¢, a reasonable linear fit is obtained for
(ahv)* vs hU. The respective values of E,, are obtained by
extrapolating to (0thv) 2= 0 for allowed and direct transition. In the
current investigation, a band gap of 4 eV was gained for pure PVA,
while 4.1 eV was obtained for pure PVAC, as shown in table 4. It can
be observed that across all three material systems, higher doping
concentrations (in particular, the 9 wt% sample) result in a markedly
elevated absorption coefficient at a given photon energy. This trend
suggests that the addition of FACF enhances the material's capacity to
absorb light, potentially due to an increase in electronic states that
facilitate photon absorption. In each case, the absorption rate rises
markedly at a particular threshold energy level. This point frequently
correlates with the material's band gap energy, wherein electronic
transitions from the valence to the conduction band become feasible.
The figures indicate that the absorption onset occurs at
approximately 2 to 3 eV, which suggests that this range may be close
to the band gap energies for these doped polymers, PVA vs PVAC vs
mixed (50% PVA +50% PVAC). Each polymer matrix (PVA, PVAC and
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the blend) displays distinctive absorption characteristics in the
presence of the dopant. In general, the absorption coefficient for the
mixed system (50% PVA + 50% PVAC) appears to increase in a more
gradual manner with increasing doping concentration. In contrast,
the pure PVAC and PVA systems exhibit more pronounced changes in
slope with each doping level. The slope of the absorption curves
undergoes a change with the level of doping, particularly at higher
doping concentrations. For example, the 9wt% doped samples
exhibit a steeper curve, indicating a higher rate of increase in
absorption with photon energy. This finding may be attributed to an
enhanced interaction between photons and the electronic states
introduced by the FACF dopant. The interaction between each
polymer matrix and the dopant is unique, influencing the absorption
behaviour in a manner that can be tailored by modifying the dopant
concentration and polymer composition. The observed reduction in
the optical energy gap with increasing doping ratio can be attributed
primarily to the introduction of impurity-induced states (band tails),
enhanced carrier interactions and disorder effects that modify the
band structure. At lower doping levels, the optical energy gap may
initially appear constant or even increase slightly due to the Burstein-
Moss shift. However, as doping intensifies, the cumulative effects of
band gap renormalisation, carrier-phonon interactions and localised
states in the band tails result in a narrowed optical energy gap. This
behaviour is highly relevant in applications such as solar cells and
LEDs, where tuning the band gap by doping can improve device
performance and efficiency (Zidan er a/, 2003). Table 4 presents the
obtained values of the energy band gaps.

Figure 3. Energy gaps of allowed direct transition (@thV) 2 against photon energy for PVA, PVAC and
50% PVA+50% PVAC, with 0, 3, 6, and 9 wt. % concentration of FACF composites
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The variation in the coefficient of excitation & with wavelength
provides confirmation of the interaction between the energy of the
medium and the photon. The value of K was determined by applying
the following formula (Balkanski, 1980):

Kk=all4r.......(2)

The dependence of K on the wavelength 190—800 nm of pure for
both PVA, PVAC and 50% PVA+50% PVAC / 0, 3, 6, 9 wt% of FACF
compound samples is illustrated in Figure 4 a, b and c. The graph
shows a decline in the coefficient of excitation values for the pure
PVA, PVAC and 50% PVA+50% PVAC samples across 290—800 nm
wavelengths, while there is an increase in the coefficient of excitation
valuesforthe 3, 6,and 9 wt%. As the concentration of FACF increased,
the coefficient of excitation also increased due to the higher
concentration of the additive, resulting in a greater coefficient of
absorbance.

Figure 4. Extinction coefficient versus wavelength for (a) PVA, (b)PVAC, and (c) 50% PVA+50%
PVAC, with 0, 3, 6, and 9 wt. % concentration of FACF composites.
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The refractive index (n) is an essential optical characteristic of every
polymer. It is closely linked to a material's optical, magnetic and
electrical characteristics, making it valuable for researching the
chemical, physical and molecular features of a polymer using optical
methods. The index of refraction is calculated according to the
following formula (Salman eral/, 2015):

4R-K* (R+1)
®R-)* (R-1)
where Ris reflectance. The plans are shown in Figures 5 a, b and c,
which represent the variations of the refraction index of PVA, PVAC
and 50% PVA+50% PVAC, with different doping concentrations of 0,
3, 6, and 9 wt.% FACF thin films, respectively, in the investigated
range of wavelengths at room temperature. In Figure 5, it is evident
that for all prepared samples, the index of refraction decreases as the
wavelength increases. Conversely, the figure demonstrates that the
index of refraction (n) increases with the addition of the additive
percentage FACF, which is in line with the growth in packing density
due to the rise in FACF content (Rabee er a/, 2013). In other words,
this result can be attributed to the occurrence of additional atomic
refractions as a consequence of the growth linear polarisation, which
is consistent with the Lorentz formula (Ahmad ez a/, 2007).

Figure 5. The refraction of the index vs wavelength for (a) PVA, (b)PVAC, and (c) 50% PVA+50%
PVAC, with 0, 3, 6, and 9 wt.% concentration of FACF composites.
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Figure 6 shows the deviation of optical conductivity O as a function
of photon energy for PVA, PVAC and 50% PVA+ 50% PVAC, with
different doped concentrations of 0, 3, 6, and 9 wt.% FACF thin films.
It can be observed that pure PVA and PVAC have nearly constant
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conductivity O up to about 5.6 eV of photon energy, then it rises as
the photon energy increases. The higher absorption behavior of the
polymer composite films, resulting from the increased concentration
of FACF, leads to an enhancement in optical conductivity. The band
gap energy decreases while optical conductance increases due to an
increase in the FACF concentration caused by a growth in the total of
mobile charge carriers and an increase in the amorphous nature of
the host polymer.

Figure 6. Optical conductivity O as a function of photon energy for (a) PVA, (b)PVAC and (c)
50%PVA+50%PVAC, with 0, 3, 6, and 9 wt.% concentration of FACF composites.

o:s 0.14
o (a)/_\ 0 /\
0.12 —PYA 01

9 9 1=}
© oocx; 3w 008 | _pvac
006 { —9 wp% 006 | — Swi%
004 /— 0.04 _SV_‘
002 002
o °
1 2 3 4 : ) . J

2 3
photon Energy-eV

014 (C)/\
0.12

01
008 | —S0%PVAsSO%RVAC
— 3wt%

004 | _ gaeo
002

B

photon Energy-eV
0.16

2 3
photon Energy-eV

Table 4. Energy gap values of the allowed direct transition of PVA, PVAC and 50% PVA+50% PVAC,

with 0, 3, 6, and 9 wt.% concentration of FACF composites.

PVA/[Co(NH;)5FIF, | PVAC/[Co(NH;)5FIF, | 50%PVA+50%PVc/[Co(NH3)5FIF,

Additi
ive E,(ev) of allowed E,(ev) of allowed E,(ev) of allowed direct
concentrate % 8 . 8 L. E e
direct transitions direct transitions transitions
0 4 41 4.35
3 3 3 3
6 2.8 29 28
9 2.55 26 26

4. Conclusions

Polymer films based on PVA, PVAC and 50% PVA+50% PVAC, with
different concentrations; 0, 3, 6, and 9 wt.% FACF, were prepared
using a solvent casting procedure. The optical characteristics were
analysed depending on the additive concentrations. The UV
outcomes demonstrated that FACF is an effective additive for
improving the optical characteristics of both PVA and PVAC, whether
used individually or in combination. The absorbance of the PVA and
PVAC increased as the weight percentages of FACF increased. The
optical properties also show that as the concentration of FACF
increases, the band gap energy of the host polymer matrix decreases.
This is thought to be due to a higher level of disorder as a result of the
increase in the local state within the optical band gap for both PVA
and PVAC films. The appearance of the overlap corresponds to the
increase in doping concentrations for all samples, which is caused by
additional complexation with the polymer matrix. These overlaps
confirm that the energy band gap decreases with increasing FACF
content in the polymer matrix. The optimal optical characteristics
were achieved at 9 wt.% FACF for all prepared samples. The impact of
varying concentrations of FACF on the optical performance of
nanocomposite films has been studied, with a particular focus on the
coefficients of extinction, optical conductivity, and index of
refraction. Finally, the field of metal-doped PVA research is still open.
Owing to its significance in novel high-tech uses, its effectiveness in
optoelectronics has been a significant focus of scientific investigation.
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1. Introduction and Preliminaries

In this paper, we consider finite, simple and undirected graphs G =
(V, E), with vertex set V and edge set E. We denote the number of
vertices in a graph G by |G|. Two vertices, u and v, in G are adjacent
or neighbours if uv € E. The set of neighbours of a vertex v in G is
denoted by N; (v) or by N(v) if G is known from the context. The
number of edges in a path is its /ength. We denote a path with k
vertices by Py. A cycle graph with k vertices is denoted by C.

Roman domination was first introduced by Cockayne er a/, (2004)
after a series of papers on strategies used to defend the ancient
Roman Empire (ReVelle, 1997; Stewart, 1999; Revelle and Rosing,
2000). The Roman domination notion was inspired by Emperor
Constantine's (272—337 AD) defence plan to protect the Roman
Empire. The approach was as follows: (i) any city in the empire could
have no more than two legions stationed there, and (ii) every city
without a legion had to be near a city with two armies. Therefore, if
an attack were launched against a city without an army, a city with
two armies could send one of its armies to defend the former. Roman
domination and its variants have been the subject of more than 100
academic articles. Even though the original strategy focused on army
distribution, it can now be applied to any distribution problem, such
as service centre distribution. Perfect Roman domination introduced
in (Henning et al, 2018), ltalian domination introduced as Roman
{2} -domination in (Chellali er a/, 2016) and perfect ltalian
domination introduced in (Haynes and Henning, 2019) are variants
of Roman domination. In the current paper, we continue the study of
perfect Roman and perfect Italian dominations.

For a graph G = (V, E), every function f:V — A, where A C Z,
corresponds to the partition (Vlf|Vlf ={veV|f(v) =i}i€A).
Theweightof fisw(f) : = Y,ey f (v).If H isasubgraph of G, then
W(f(H)) := Yvevan f (V). A Roman dominating function (RDF)
isafunction f: V' — {0,1,2} such thatevery v € V' is adjacentto at
least one vertexin VZf.The Roman domination number of G, denoted
by ¥r(G), is the minimum weight of an RDF f on G. For recent work
in Roman domination, we refer the reader to Luiz (2024). A function
f:V(G) - {0,1,2} is a perfecr RDF (PRDF) on G if every v € VOf is

adjacent to exactly one vertex u € sz . The perfect Roman
domination numberof a graph G, denoted by yg(G), is the minimum
weight of a PRDF on G. It is clear that any PRDF on G is also an RDF,
s0 Yr(G) < ¥ (G) for every graph G. We refer the reader to
(Henning and Klostermeyer, 2018; Darkooti er a/, 2019 and Cabrera
Martinez, 2022) for further work in perfect Roman domination.

We now provide a simple example to illustrate the concept of perfect
Roman domination: Let Ps := v;V,V3V,V5 be a path with five
vertices. Let f: V(Ps) — {0,1,2} be a function defined as f (v,) =
0, f(v)) =2, f(v3) =2,f(v,) =0,f(vs) =1 is a PRDF, as
every vertex with weight equal to 0 (namely, v; and v,) is adjacent
to a vertex with weight equal to 2. Observe that w(f) = 5 but that
¥2(G) # 5, as we can find another PRDF with a weight less than 5.
Define a function g:V(Ps) = {0,1,2} such that g(v;) =2,
gwy)=0,9(w;3)=0,g(v,) =2and g(vs) = 0. Then, g is a
PRDF on Py with w(g) = 4. Itis not difficult to check that there is no
PRDF on P with a weight less than 4. So, ¥ (P5) = 4.

An Jtalian dominating function (IDF) on G is a function f: V(G) —
{0,1,2} such that if v € Vof, Yuen() f (W) = 2. The minimum
weight of an IDF on G is called the /ralian domination number of G,
denoted by y;(G). Observe that every RDF on a graph G is also an
IDF, s0¥;(G) < yr(G) < ¥} (G). htalian domination is also called
Roman {2} -domination in the literature. We refer the reader to
(Almulhim er af, 2024) for a recent survey paper on Roman {2}-
domination.

A function f:V(G) — {0,1,2} is a perfect IDF (PIDF) on G if for
every v € Vof : Yuen@w) f (W) = 2. The perfect ltalian domination
numberof G, denoted by }/Ip (@), is the minimum weight of a PIDF on
G. Clearly, every PIDF on G is also an IDF, so y;(G) < yIp(G). To
read more about perfect Italian domination, we refer the reader to
(Nazari—Moghaddam and Chellali, 2022; Banerjee er al, 2021;
Pradhan eral, 2022).

Toillustrate the concept of perfect Italian domination, let f: V(P5) —
{0,1,2} be a function on Ps such that f(v;) =1, f(v,) =0,
f@Ws)=1,f(v) =0and f(vs) =1 . Then, ¥ = {(v,v} .
ZuEN(vz)f(u) = f(vl) + f(U3) =2 and ZuEN(m)f W =
f(v3) + f(vs) = 2. So f is a PIDF on Ps with w(f) = 3. It is not
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difficult to check that there is no PIDF on P5 with a weight less than
3. So, ylp(Ps) =3.

In general, none of the numbers yz(G) and ¥} (G) is bound for the
other. Let G = Ky, ... be the complete m-partite graph where
n; = 3foreachi € [m]. fm =4,y (G) =n, +ny + -+ 1y
(Lauri and Mitillos, 2020); while, Y (G) < 4, as we can label one
vertex from the first partite and one vertex from the second partite
with 2 and label the rest of the vertices with 0. 1fm = 3,77 (G) = 3
(Lauri and Mitillos, 2020), while Y (G) = 4 (Cockayne ez af, 2004).
As Yr(G) < ¥E(G), the latest example yields a graph G with
¥P(G) <y (G) . Generally, none of the numbers ¥} (G) and
¥P(G) is bound for the other. If m = 4, y£ (G) < ng + 1, where
Ny = Min;epym1{n;}, as we can label one vertex in the n, -partite
with 2, label the rest of vertices in the same partite with 1 and label

the rest of vertices in G with 0. So, yg @) < )/IIJ ).

This paper aims to increase the list of NP-complete problems. In
mathematics, the NP-completeness theory is used to determine how
difficult it is to find a polynomial time algorithm to solve a decision
problem. More than 3,000 problems in graph theory and computer
science have proven to be NP-complete problems when expressed as
decision problems. This list is growing rapidly. All NP-complete
problems are thought to have similar hardness. So, if one of those
problems is solved in polynomial time, all other NP-complete
problems can be solved in polynomial time. This observation hints at
the usefulness of having a large list of NP-complete problems.

Darkooti er af, (2019) proved that perfect Roman domination is an
NP-complete problem for bipartite graphs. In the current paper,
similar methods are used to prove that the perfect Roman domination
problem is NP-complete for Cartesian product graphs.

Lauri and Mitillos (2020) proved that perfect ltalian domination is
NP-complete even if G is a bipartite planar graph. In this paper, we
follow the technique they used and prove that perfect ltalian
domination is NP-complete even if G is a Cartesian product graph.

In the last section of this paper, we discuss perfect Italian domination
of the Cartesian product graph of the paths B, and F;, or of the path
P. and the cycle C, or of the cycles C, and C, wherer,s = 6. We
also give un upper bound fory; P(G), where G is a Cartesian product
of graphs. For perfect Roman domination of the Cartesian product of
cycles and paths, we refer the readers to Almulhim er a/, (2022).

Let G; and G, be two graphs. The Cartesian product graph of G; and
G, denoted by G; X G, is a graph with the Cartesian product
V(G,) X V(G,) as its set of vertices. Two vertices (v, u), (v, u') €
G, K G, are adjacent if either

v=v anduu’ € G, or
u=u"andvv' € G;.

o prove our results, we must first introduce several graphs. Let H,, ;

= EV(HX,) E(He)) . 121, whee  V(Hy)
={x,y, Uy, ", U, vy, -, v} and E(Hxl) = {xu;, yu;, yv; |
i €[l]} . The graph H,3 is shown in Flgure 1. Let H.

= (V(H ), E(HC)) where V(H.):={c,c’,c"} and E(H,)

={cc',cc"} , so H. is a path of length two. Let O,
1= (V(OC),E(OC)), where V(0,) : ={c,c’,c",d',d"} and E(O,)
i={cc,ec”,ed',cd”, c'c",d'd"}. Let K, beacllque of size two with
the vertex set {wy, w,}. Let Fy ) : = H, , X K, F, : = H, X K, and
Q.:=0,XK,.

Figure 1. The graph Hy 3.

2. The Complexity of Perfect Roman
Domination of Cartesian Product
Graphs

In this section, we prove that the perfect Roman domination problem
for Cartesian product graphs is NP-complete.

To begin, we write the problem as a decision problem, that is, a
problem for which the answer to its instances is either yes or no. So,
instead of asking, ‘Let G be a graph. Find a PRDF on G of minimum
weight’, we let PERFECT ROMAN DOMINATION be the decision
problem where a graph G and an integer k are given. The goal is to
decide whether G has a PRDF of weight at most k.

If a function f:V(G) - {0,1,2} is given, we can check in
polynomial time (with respect to the number of vertices in the graph)
whether the function is PRDF of weight less than or equal to k. We
need to check only the weight of the neighbours of each vertex and
whether the sum of all vertices’ weight is at most k.Thus, the problem
is NP. We proceed by providing a polynomial-time reduction from the
decision problem EXACT 3-COVER (X3C). (X3C). What we mean by a
polynomial-time reduction is that if there is a polynomial algorithm
to solve the PERFECT ROMAN DOMINATION problem, then there is
a polynomial algorithm to solve the X3C problem. So, the PERFECT
ROMAN DOMINATION problem is not more difficult than the X3C
problem.

In the X3C problem, a set X with |X| = 3q and a collection C of 3-
element subsets of X are given. The question is, does C contain a
subset C’ such that every element x € X is in precisely one element
of C'? If the answer is yes, we say (X, C) has an exact cover. The X3C
problem is known to be NP-complete (Johnson and Garey, 1979).

Proposition 1. Let f be a PRDF on G containing F,; as a subgraph,
with {(x,w,), (x,w,)} as a vertex cut. If f(x,w;) =2, then
w (f(Fx,l)) >1+2

Proof- Assume that f(y,w;) = 2. Therefore, for all i € [I], the
vertex (U;, Wy) is adjacent to two vertices labelled 2. So, we must
have f (u;, w;) = 1foralli € [1]. This implies thatw (f(Fx,l)) >
I + 4.So, the statement holds. We may assume that f (y, w; ) # 2.1f
f(v;,wy) = 0forsomei € [l], then we must have f(v;, w,) = 2.
So, for all i € [l], either f(v;,w;) =1 or f(v;,w,) = 1. This
implies thatw (f(Fx,l)) > | + 2. Thus, the statement holds. m
Remark 1. Due to the symmetry between the vertices (x, wy) and

(x,wy), the result of Proposition 1 holds if we write f (x,w,) = 2’
instead of f(x,w;) = 2.

Proposition 2. Let f be a PRDF on a graph G containingFy,;,1 = 3
as a subgraph, with{(x, wy), (x, w,)} as a vertex cur. Iff (x,w;) =
1, thenw f(Fx,l)) > 5.

Proof. We prove by discussing all possibilities of f(x,w,) . If
f(x,w,) = 2, the result follows by Proposition 1 and Remark 1. If
fCx,wy) =1, then clearly w (f(Fx_l)) >6.1ff(x,wy) =0,itis
clear thatw (f(Fx‘l)) >5.n
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Proposition 3. Let f be a PRDF on a graph G containingFy,;,1 = 3
as a subgraph, with{(x,wy), (x,w,)} as a vertex cut.

f G wy) = 0 and f (x,wp) = 1, thenw (f(Fy,)) 2 5.
f G wy) = 0 and f (x,wp) = 0, thenw (f(Fy,)) 2 4.
Ifw (f(Fx,l)) =4, thenf(y,wy) = f(y,wy) = 2.

The following proposition is not difficult to check.

Proposition 4. Ler G be a graph containing F, as a subgraph, with
{(c,wy), (c,wy)} as a vertex cut. Iff is a PRDF on G, then f has
allocated labels of weight greater than or equalro4 ro F,.

Theorem 1. PERFECT ROMAN DOMINATION is NP-complete for
Cartesian product graphs.

Proof let (X,C) be an instance of X3C such that X =
{x1,%3, ", X34} and C ={C;,Cy,+,C;} . We describe a
polynomial-time reduction from the X3C instance to a PERFECT
ROMAN DOMINATION instance.

Let H be the graph with vertex set V(H) = {x1,x; =+, X34} U
{c1,¢2, 7, e} suchthatx;c; € E(H) ifand onlyif x; € Cj. Letk =
12q + 4t. Let Q be the graph obtained from H by identifying x; for
i € [3q] with x in Hy . (informally, for each i € [3q], attach a copy
of Hy . to X;) and attaching to c; for i € [t] two pendants ¢';, ¢”;
(i.e. ¢; is identified with c in H,). We denote the vertex y in the graph
H,, | that corresponds to x; by y;. Let G be the Cartesian product of
Q and K, (with {w;, w,} as the vertex set of K;). We prove (X, C)
has an exact cover if and only if G has a PRDF f withw(f) < k.

Let C' be an exact cover of (X, C). Define a function f:V(G) —
{0,1,2} as follows: set f (y;, w;) = f(y;, w,) = 2foralli € [3q];
set f(c,wy) =f(cp,wy)=2 if CGEC ; set f(c';,wy)=
f(c";,wy) =2if C; € C\ C'; and all the remaining vertices are
labelled 0. As |X| = 3q and |C| = ¢, then w(f) = 4(3q) + 4t =
12q + 4t = k. Since C’ is an exact cover, every X; is in exactly one
3-element subset C; € C', so (x;,w;) is adjacent to exactly one
vertex, namely (Cj, Wl), labelled 2. Similarly, (x;, w,) is adjacent to
exactly one vertex, namely (C]-, WZ), labelled 2. It is not hard to see
that any other vertex labelled 0 is adjacent to exactly one vertex
labelled 2. Thus, f is a PRDF.

Conversely, assume that there exists a PRDF f on G such that
w(f) < k.Notethat G contains 3q copies of F, .. Observe also that
for any S [3q]' E(in,k - {(xifwl)r (xivWZ)}r G- in,k) = ¢;
informally, if Fy, ; is connected to G — Fy, i, it is connected only
through the vertices (x;, w;) and (x;, w,). From Propositions 1, 2
and 3, f has allocated labels of weight greater than or equal to 12q
to Uje[zq] V(in,k) . Note that G contains t copies of F,. By
Proposition 4, the function f has allocated labels of weight greater
than or equal to 4t to U¢[¢ V(Fcl.). Therefore, f allocates labels of
weight exactly 12q to Uje[zq] V(in,k) and exactly 4t to
Uiele] V(Fcl.) . By Proposition 3, we must have f(x;w;)=
fCxi,wz) =0 and f(y;,wy) = f(y;,w,) = 2 for all i € [3q].
This also means thatall neighbours of (x;, wy) in Fy, j are labelled 0.
Since f is a PRDF, (x;, wy) is adjacent to exactly one neighbour of
the form (C]-,Wl) such that f(Cj,Wl) =2. Thus C'={( |
f(Cj, W1) = 2}isan exact cover of (X,C). m

3. The Complexity of Perfect Italian
Domination of Cartesian Product
Graphs

In this section, we prove that the perfect ltalian domination problem
of Cartesian product graphs is NP-complete.

Let the PERFECT ITALIAN DOMINATION be the decision problem
where a graph G and an integer k are given and the goal is to decide
whether G has a PIDF of weight at most k.

If afunction f:V(G) — {0,1,2} is given, we can check in polynomial
time whether the function is a PIDF with w(f) < k. Thus, the
problem s in NP class. To proceed, a polynomial-time reduction from
X3C will be given. We need some propositions before describing the
reduction.

Proposition 5. Let f be a PIDF on a graph G containing Fy, | as
subgraph, with{(x,wy), (x,w,)} as a vertex cut. Iff(x,wy) # 0,
thenw(f(Fx‘l)S > L

Proof- Assume that f(x,w;) = 2. If f(u;,w;) > 0forall i € [1],
then w (f(Fx_l) >1+2, and we are done. So, assume
f(u;,w,) = 0for somei € [I]. Then, f(y,w;) = 0. LetQ :={i |
f;, wy) = 0}. Then, f(v;, w,) = 2for alli € Q. Thus, for every
i€[l] , either f(v,w)) =1 or f(vi,wy)=1 . Then
w (f(Fx’l)) > 1+ 2,and we are done.

Assume f(x,w;) = 1. If f(y,w;) = 2, then f(u;, w;) > 0 for all
i €[1];s0,w (f(Fx_l)) > 1+ 3,andwearedone. If f(y,w;) =1,
then for every i € [I], either f(v;, wy) = 1 or f(v;,w,) = 1. So,
w (f(Fx’l) > 1+ 2, and we are done. If f(y,w;) = 0, then for
every i€ [l], either f(u;w;)>0 or f(u;,w;)>0 . So,
w (f(Fx’l)) > [ +1,and we are done. m

Remark 2. Due to the symmetry berween (x,wy) and (x,w,), the
result of Proposition 5 holds if we write f (x,w,) # 0 instead of
flx,wy) =07

Letu € G and f be a PIDF on G. We say that u is satisfied if either
f@) #0or Ypena) f (v) =2. Letu € H € G with f(u) = 0.
We say that u is in-satisfied with respect to H if u is satisfied and

Yvenaynu f (V) = 2; we say thatwis our-satisfied with respect to
Hifuis satisfied and Y peny@nn f (V) = 2.

Proposition 6. Let G be a graph conrainingF,.;,1 > 3 as a subgraph,
with {(x,wy), (x,w,)} as a vertex cut. Let f be a PIDF on G . If
fCe,wy) = 0andf(x,w;) = 0, f has allocated labels of weight at
least4 to F,. , with equality ifand only if f (y, w;) = f(y, w,) = 2.

Proposition 7. Let G be a graph containing Q. as a subgraph, with
{(c,wy), (c,wy)} as a vertex cut. Let f be a PIDF on G . Then,
W(f(QC)) > 4. In addition, if W(f(QC)) =4, then either
fle,wy) = fle,wy) =0o0rf(c,wy) = fc,w,) = 2.

Proof If each vertexin the set {(c, wy), (c", wy), (¢',wy), (¢", w,)}
is labelled 1 or 2, then W(f(QC)) > 4,and we are done. So,
assume without losing generality that f(c’,w;) =0 . Since
N((C', Wl)) = {(c,wy), (c",wy), (c', w,)}, the weight assigned to
those vertices combined is 2. Note that no vertex in N((C', Wl)) is
adjacent to a vertex in {(d’,w,),(d",w;)}. If each vertex in
{(d',wy), (d",w,)} is labelled 1 or 2, we are done. Without losing
generality, suppose f(d,w;) =0 Since N((d', Wz)) =
{(c,wy), (d",wy), (d',w;)}, the weight assigned to those vertices
combined is 2. Thus, the first claim is true. The second claim is not
difficult to check. m

Theorem 2. PERFECT ITALIAN DOMINATION is NP-complete for
Cartesian product graphs.

Proof let (X,C) be an instance of X3C such that X =
{x1,x3, . X34} and C ={Cy,Cy, -+, C;} is a collection of 3 -
element subsets of X. We describe a polynomial-time reduction to
PERFECT ITALIAN DOMINATION.

Let H be the graph with vertex set V(H) = {xl,xz, -'~,x3q} V]
{c1,¢2,70, ¢}, where x;¢; € E(H) if and only if x; € C;. Letk =
12q + 4t. Let Q be the graph acquired from H by identifying x; for
i € [3q] with x in Hy . (informally, for each i € [3q], attach a copy
of Hy j, to x;) and identifying ¢; with ¢ in O, (informally, foreach i €
[t], attach a copy of O, to ¢;). Let G : = Q X K,, that is, G is the
Cartesian product of Q and K,. We prove that (X, C) has an exact

Almulhim, A. (2024). Perfect Roman and Perfect Italian Domination of Cartesian Product Graphs. Scientific Journal of King Faisal University: Basic and Applied Sciences, 25(2), 63—8. DOI: 10.37575/b/sci/240037



66

cover if and only if G admits a PIDF f such thatw(f) < k.

Assume that (X,C) has an exact cover C'. Define a function
f:V(G) - {0,1,2} as follows: set f(y;,w;) = f(y;, w,) = 2 for
alli € [k]. If C; € C', set f(c;,wy) = f(c;,wy) =2.1fC, €C\
C,' set f(C,irwl) = f(d,irwl) = f(C”irWZ) = f(d"ilWZ) =1
Label the remaining vertices with 0. See Figure 2. Since C” is an exact
cover, every x; € X is in exactly one element of C". So, (x;, w;) and
(x;, w,) are satisfied, and it is simple to check that the rest of vertices

of G are satisfied. Thus, f is a PIDF with w(f) = 4(3q) + 4t = k.

Conversely, assume that there exists a PIDF f on G such that
w(f) <k . By Proposition 5 and Remark 2, f(x;w;)=
fCx;,wy) =0 for every i € [3q]; otherwise, we would have
w(f) > k. By Proposition 6, W(f(ka)) > 4. Observe that G
contains 3¢ copies of Fy .. By Proposition 7, W(f(QC)) > 4. Note
that G contains t copies of Q.. Since w(f) < k, we must have
w (f(Fx’k)) = 4 for all the 3q copies of F,.;, and W(f(QC)) =4
for all the t copies of Q.. By Proposition 7, for every i € [t], either
f(Cirwl) = f(Ci, WZ) =0 or f(Ci'WI) = f(ci'WZ) =2
Construct the subset €' € C as follows: let C; € C" if and only if
f(c;, wy) = 2.By Proposition 6, for every i € [3q], (x;, wy) is out-
satisfied with respect to Fy ;. So, for every i € [3q], (x;,wy) is
adjacent to exactly one ( Wl) with f( W1) = 2. Thus, every
x; € Xisin exactly one eIement in C'. Thus, C is an exact cover. i

Figure 2. The restriction of f on Qq.

" O
i Nci, w
[ ——-q \
,,}/dl'w]) (e, wa)\\
(ciy w1 )2

) 12(ci, w2) (ciy u'x)ﬁ/ iy Wa)
N\ wn) (@ wz) 7 N\ wn)  (dw
\O———0/ \ P———

\ \
(', w1 )0 O, w2) (w0 AN wo)
(a) CieC’ (b) CigC’

4. Bounds on ¥} (6) of the Cartesian
Product of Graphs

In this section, we show that if G € {B.- X P, C,. X C,}, where
r,s =6, yI P(&) < |G| + mln{r s}, andif G = B. X Cs, where
r=6,y'(G) <= 2 |G| +1 r We also give an upper bound for
7 P(G), where G isthe Carte5|an product of graphs. Then, we end this
section with an open problem.

The graph B. X P, is a grid graph, P, X C is a cylinder grid graph,
and C,. X Cs is a torus grid graph with 7 rows and s columns. We
denote the vertex in row i and column j by @; ;; see Figure 3.

Figure 3. Cartesian products of paths and cycles.

a1 @12 13 614 @15 -T2 013 8rd 015 G2 013 Ord 015

o . 35
3. ‘yu {133 P34 03

Qa2 (43 Pas 045

The grid graph P00Ps The cylinder grid graph PyCICs The torus grid graph C400Cs

LetG € {B X P, B X Cs,C K Cs}. Let f:V(G) — {0,1,2} be a
function defined by
1, ifjeven,
f(ai‘]-) = {1, ifje{l,s}andi =1 mod 3,
0, otherwise.
To begin, assume that G = P, X F;. We could presume thatr < s.
Lemma 1. /fr = 0 mod 3,y/(G) <= |G| +%r‘
Proof-Define a function f": V(G) — {0,1,2} by
ifje{l,s}tandi=r—1,
f (a”) {f(au) otherwise.

See Figure 4; we use red to highlight the vertices a; ; for which
f'(ai) # ().
Clearly,f isaPIDFon G.If s is odd,

r(s—3 2r
wiry =T623 T
2 3
26
6, r
™2 2
Inequality (1) holdsas = 6.If s is even,

, r(s —2) r
w(f") —T+r+§+1
E+ +1
~273
6l r
@ 2 2

Inequality (2) holds as 7 = 6. Thus, the statement holds. m

Figure 4. The function f’ when = 0 mod 3.

1 1 0 1 0 1 1 1 1 0 1 0 1 0 1

0o 1 0 1 0 1 |0 O 1 0 1 0 1 0 1

0 1 0 1 0 1 10 0 1 0 1 0 1 0 1

1 1 0 1 [0 1 1 1 1 10 1 0 1 0 1

11 0 1 0 1 1 11 0 1 0 1 [0 |1

0 1 0 1 0 1 10 0 1 0 1 0 1 0 1
(a) s is odd (b) s is even

Lemma?2. /fr =1 mod 3,/ (G) <= |G| +1 ST
Proof Itis not difficult to see that f is a PIDF on G.
If s is odd,

w(f) =g(s—3)+r+M+2

TS 4
3

r
2 +g+
s T
<7+E
i,
2 2

If s is even,

Thus, the statement holds. m

Remark 3. Observe that ifG € {P. X Cs,C, X Cs}, v =1 mod 3
ands is odd, then f is a PIDF on G. From the above proof, ylp @) <
ol 7

2 2

Lemma3. /fr = 2 mod 3,/ (G) <= |G| +1 ST

Proof. Checking that fisaPIDFon G is 5|mp|e, see Figure 5.

If s is odd,
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w(f) = 2 2

If s is even,

So, the statements hold. l

Figure 5. The function f whenT = 2 mod 3.

1 1 0 1 0 1 1 1 1 0 1 0 1 0 1 0 1
0 11 0 1 10 1 /0 ‘0 1.0 1 0 1 0 41 0 1
0 o j1 o 1o :() Lo o piodojijo 1
1 1 0 1 0 3 1 :1 1 0 41 0 1 0 11 10 j1
0 11 10 1 10 1 0 :0 1.0 1 0 1 0 41 0 1
ool ool o 0 Lo Jo pidoj1ijo 1
1 Jo 1o 1 1 l 1 10 1 0o 1 0 11 [0 1
(a) s is odd (b) s is even

Remark 4. If G = P. X C;, 7 = 2 mod 3 and s is odd, then f is a
PIDF on G50, (6) < 'S+~
Theorem 3. If G = P. X P, where 1,5 = 6, y7(G) S%|G| +
%min{r, s}
Proof. Follows by Lemmas 1,2and 3. m
Now, assume G € {P. X (s, C, X C}.
Lemmad. If siseven, ¥} (G) < % |G].
Proof. Let g: V(G) — {0,1,2} be a function defined by
1, ifjiseven,
g (ai) = {0, ifjisodd.
The function g is a PIDF on G with weight equal to 3 |G|. =
Lemma5.If sisoddandr = 0 mod 3,7} (G) < % |G| + %r.
Proof. If G = P, X C;, we slightly modify the function f by labelling
a; ;with 1ifj € {1,s}andi =7 — 1, keeping the rest of the labels
without any change. This is the labelling used in Lemma 1 (the
function f”), and we showed that the sum of all labellings is at most
161 +57
If G = C, X Cg, then f is PIDF on G, and w(f) < w(f"). So, the
statement holds. m
Lemma6.If sisoddandr = 2 mod 3,7} (G) < % |G| + %r.
Proof. For G = B. X (g, see Remark 4. For G = C,. [X Cj, define a
function f": V(G) — {0,1,2} by
, 1, ifje{l,s}andi=r,
fa;) = f(a;;), otherwise.

Checking that f'isaPIDFis simple, in addition,

, r(s—3) 2(r—2)
w(f) =—; 7+
TS + r
26
TS, T
sot3
The last inequality follows from the fact that = 2 mod 3 andr >
6.1

4

wl e +
-

+

Theorem 4. Letr,s > 6.1f G = P ) C;, 1 (G) < |G| +57.f
G = €, ® Co, ¥P(G) <5|G| +minr,s}.

Proof. Follows by Lemmas 4—6, Remarks 3 and 4, and the symmetry
between s andr when G = C, [X Cg. m

Looking at Theorems 3 and 4 and knowing thaty (H) < %|H| +1
if His a path or a cycle, it is natural to ask whether we can always
drive an upper bound for (G, G,) in terms of ¥} (G,) or

¥P (G3). The following theorem answers this question.

Theorem 5. Let G; and G, be graphs and G = G;X G, . Assume
Y (G)=m and y'(G))=my; . Then, yF(G)<
min{m, |G|, m,|G,|}.

Proof. We can assume that min{m, |G, |, m, |G|} = m;|G;|. Letg
be a PIDF witnessing that ¥ (G;) = m,. Define afunction hon G as
follows: for every (v,u) € G;X G, seth(v,u) = g(v). Let (v,u)
be any vertex in G. If h(v,u) # 0, itis done. So, assume h(v,u) =
0. Let A:={(w,u") |uu' € E(G,)} and B:={(v',uw) | vv' €
E(Gy)}; then, N(v,u) = A U B. Every vertex in A is labelled 0 as
h(v,u) = gw) =h(wv,u) =0 . Since g is a PIDF on Gy,
Ywwesh (W u) = ZV,ENal(,,)g (") = 2. Thus, h is PIDF on G
andw(h) < my|G,|. =

Haynes and Henning (2019) showed that if T is a tree with |T| = 3,
thenyf(T) < g [T|. The following is a direct result of the previous
theorem.

Corollary 1. If Ty and T, are trees with |Ty|,|T,| = 3, then
Y[p(Tlg T < §|T1|Z| Tyl.

Haynes and Henning (2019) proved that their result is tight. They
showed that if n is a multiple of 5, there exists a tree T with |T| = n
such thaty/ (T) = 2n. For example, let T’ be the graph obtained
from the star graph §4 by adding an extra vertex adjacent to one of
the leaves; then, |T'| =5 and y/(T") = 2 [T'| . However,
)/Ip(T' XIT") < 17. We end this paper with t?\e following open

question.

Question. Is the bound in Corollary 1 tight?

5. Conclusions

In this paper, we proved that the perfect Roman domination and perfect
Italian domination problems of the Cartesian product graphs are NP-
complete. We also provided an upper bound for the perfect Italian
domination number for the Cartesian product of a path and a path, a
path and a cycle, a cycle and a cycle, and a tree and a tree. For future
work, we suggest studying the complexity of the perfect Roman
domination and perfect Italian domination of the Cartesian product of
specific types of graphs. We also suggest finding the tight upper bound
of the perfect Italian domination number of the Cartesian product of
paths and cycles and investigating the perfect Roman and perfect ltalian
domination numbers of the Cartesian product of other types of graphs.
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