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ABSTRACT

n this work, two Schiff base ligands Z,_and Z,, derived from 5-aminoisophthalic acid were synthesized and their structures

were characterized by FTIR, *H(**C) NMR and mass spectrometries. The compounds were investigated for their chemosen-
sor properties towards metal ions [Na*, K*, AP**, Cr¥*, Mn?, Fe3*, Co?, Ni?*, Cu?*, Zn?+, Cd*, Hg?* and Pb?**] were examined using
colorimetric and spectrophotometric methods (UV-Vis absorption and florescence spectroscopy). Both compounds showed
similar sensing properties towards metal ions and they have shown selective sensory properties for Fe** and Hg* ions. Mo-
reover, the compounds were examined for their fluorimetric sensing abilities for nitroaromatic compounds [4-nitrofenol
(NP), nitrobenzene (NB), 2,4-dinitrofenol (DNP), 1,3,5-trinitrophenol (TNP)]. Both compounds showed higher sensitivities
for DNP and TNP than NP and NB. Compound Z,, showed the highest sensitivity for DNP with K_ value of 2.4x10* M. Limit
of detections for nitroaromatic compounds were calculated and both compounds showed LOD values in micromolar levels.
Compound Z,, has shown the lowest LOD value for DNP with 2.77 uM.
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0z

u galismada, 5-aminoizoftalik asitten turetilen iki Schiff bazi ligandi Z,_ve Z, sentezlenmis ve yapilari FTIR, *H(**C) NMR
Bve kutle spektrometrileri ile karakterize edilmistir. Bilesiklerin metal iyonlarina [Na*, K*, AP*, Cr¥, Mn?, Fe*, Co%, Ni%,
Cu?, Zn?, Cd*, Hg?* ve Pb?'] karsi kemosensor ozellikleri kolorimetrik ve spektrofotometrik yontemler (UV-Vis absorpsi-
yon ve floresans spektroskopisi) kullanilarak incelenmistir. Her iki bilesikte metal iyonlarina karsi benzer algilama 6zellik-
leri gbstermis ve Fe*3 ve Hg* iyonlari icin segici sensor ozellikler gbstermistir. Ayrica, bilesiklerin nitroaromatik bilesikler
[4-nitrofenol (NP), nitrobenzen (NB), 2,4-dinitrofenol (DNP), 1,3,5-trinitrofenol (TNP)] i¢in florimetrik saptama yetenekleri
incelenmistir. Her iki bilesikte DNP ve TNP i¢cin NP ve NB'den daha ylksek duyarlilik géstermistir. Z, bilesigi, 2.4x10* M K |
degeriyle DNP icin en yilksek hassasiyeti gostermistir. Nitroaromatik bilesikler igin tespit limiti hesaplandi ve her iki bilesik
de mikromolar seviyelerde LOD degerleri géstermistir. Z,, bilesigi, 2.77 uM ile DNP icin en dlslk LOD degerini géstermistir.
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INTRODUCTION

chiff base compounds are nitrogen analogues of al-

dehydes or ketones and are obtained by the conden-
sation reaction of aldehydes or ketones with primary
amines [1]. Schiff base compounds are widely used in
pigments, catalysts, intermediates in organic synthesis,
polymer stabilizers, dyes, biological activity, molecular
memory storage, imaging systems, pharmaceutical and
agro-industrial chemistry [2]. Since Schiff base compo-
unds have the ability to form stable complexes with
metal ions, they are used in molecular recognition and
in the development of fluorescence sensors [3]. Schiff
base derivatives with nitrogen-oxygen-rich coordinati-
on as a receptor site provide a powerful platform for
detectable color change and fluorescence detection.
In real samples, sensor structures containing Schiff
base and capable of detecting metal ions by various
mechanisms attract attention [4]. Schiff base compo-
unds exhibit characteristic photophysical (absorption
and emission) properties, have various binding sites,
and are easy to synthesize, and these compounds are
preferred in designing chemosensors as in many areas
[5]. For example, a simply prepared quinoline hydroxyl
derivative was used for selectively fluorescent “Off-On”
recognition of Ag* in aqueous medium [6].

Nitroaromatic compounds such as 2,4,6-trinitrotoluene
(TNT) and 2,4-dinitrotoluene (DNT) are primary military
explosives and also major components of unexploded
landmines around the world [7]. The highest-energy
explosives are nitro-substituted (nitrated) compounds
that have the highest priority for detection and are the-
refore the focus of current investigation. The widespre-

Scheme 1. Synthesis of Z, and Z,, .

ad use of military explosives also raises concerns about
environmental pollution where they are produced and
stored [8]. Major public health threat such as anemia,
carcinogenicity, abnormal liver function, cataract deve-
lopment and skin irritation can occur to both animals
and humans through short-term or long-term exposure
to nitroaromatic explosives [9]. Detection of explosives
in agueous solution is of great importance due to the
spread of terrorist activities from land to sea, the pro-
tection of underwater mines and the characterization
of soil groundwater pollution [10]. Commercially avai-
lable methods for detecting explosives are trained dogs,
metal detectors, and ion mobility spectrometry (IMS)
[11]. Therefore, there is an urgent need for innovative
detection strategies that are not only cost-effective and
convenient, but also highly sensitive and selective [12].
Explosive detection of optical sensors including absor-
bance (colorimetric) and fluorescence spectroscopy
has begun to be used [13]. In addition, the source and
detector of the fluorescent method can be easily incor-
porated into a hand-held device for field detection of
explosives. Therefore, the fluorescence-based method
has an important field of use in the rapid, sensitive and
selective detection of explosives. Polyaromatic conju-
gated structures are widely used as fluorescent-based
explosive sensors [14-16].

In this work, we prepared two Schiff base ligands de-
rived from 5-aminoisophthalic acid (Scheme 1) and
characterized their structures by spectroscopic and
analytical methods. Sensing ability of the compounds
toward metal ions and nitroaromatic compounds were
investigated.



MATERIALS and METHODS

Materials and Instrumentation

All reagents and solvents were provided from com-
mercial sources (Aldrich or Merck) and were used as
received without further purification. A Perkin-Elmer
FT-IR spectrometer (Spectrum 400) equipped with an
ATR was used to record infrared spectra. *H(**C) NMR
spectra were obtained in d_-DMSO solvent on a Bruker
400 MHz equipment and TMS was utilized as an internal
standard. The Hitachi U3900H Spectrophotometer was
used to measure UV-Vis absorption spectra.

Synthesisof Z, and Z,,

5-aminoisophthalic acid (0.905 g, 5 mmol) was dissol-
ved in ethanol (30 mL). To this solution, salicylaldehyde
(0.610 g, 5 mmol) for Z,_or 2,3-dihydroxybenzaldehyde
(0.690 g, 5 mmol) for Z, dissolved in ethanol (20 mL)
was added. The solution colours changed to orange
with the addition of aldehyde. The reaction mixtures
were refluxed for 24 hours. The consumption of the al-
dehydes in the reactions are followed by TLC [17]. After
completion of reactions, the mixtures are cooled to the
room temperature. The orange-coloured precipitates
were filtered and dried in air.
Z,: Molecular Formula: C H, NO,. Molecular weight:
285.26 g/mol. Yield: 86%. Colour: Orange. m.p.: >300 °C
(decomposed). FTIR (ATR, cm™): 3198, 3070, 1721, 1695,
1627, 1595, 1572, 1499, 1447, 1405, 1374, 1276, 1192,
1153, 1131, 970, 896, 788, 749, 726, 679, 662, 603, 568,
503. Elemental analysis found (calculated for C ;H,,NO,)
%: C, 62.96 (63.16); H, 3.72 (3.89); N, 4.78 (4.91). 'H
NMR (ppm, DMSO-d,): & 12.65 (1H, b, -COOH), 10.73
(1H, b, -OH), 8.39 (1H, s, CH=N__ ), 813 (2H, s, CH_
v 776 (1H, d, CH_ ), 7.54 (1H, d, CH__ ), 7.50-
744(1H,t, CH ), 7.37(1H,s,CH ), 6.99-6.94 (1H,
t,CH___).CNMR (ppm, DMSO-d,): § 192.41 (COOH),
167.53 (C=N, , ), 166.84, 160.60, 149.23, 136.07, 131.92,
129.73, 126.34, 123.27, 119.77, 117.68. ESI-Q-TOF (m/2):
286.0748 [M + H]*, 318.1734 [M + CH,OH + Na]",

Z,,: Molecular Formula: CH, ,NO_. Molecular weight:
301.25 g/mol. Yield: %83. Colour: Orange. m.p.: 256-
260 °C (decomposed). FTIR (ATR, cm™): 3190, 2887,
1723, 1695, 1644, 1616, 1548, 1462, 1361, 1283, 1198,
1220, 1027, 969, 911, 855, 775, 724, 675, 609, 500. Ele-
mental analysis found (calculated for C ;H,,NO_ C,H.OH)
%: C, 58.65 (58.79); H, 4.83 (4.93); N, 3.95 (4.03). H
NMR (ppm, DMSO-d,): 6 12.76 (1H, b, -COOH), 10.21(1H,

A. Koése and M. Tumer / Hacettepe J. Biol. & Chem., 2023, 51 (1), 1-12 ‘ 3

b, -OH), 9.07(1H, s, CH
8.12(2H, s, CH
CH

oman)r 8:39(1H, s, CH=N
o 7.65(1H, d, CH
voma), 6:84(1H, t, CH__ ), 3.47-4.43(2H, q, -CH,_,
o) 0:993H, t, -CH,_, ). *C NMR (ppm, DMSO-d,): 6
193.19 (COOH), 167.68 (C=N, _ ), 166.66 (C-O), 166.35
(C-0), 149.56, 146.48, 133.28, 131.81, 127.95, 126.31,
123.51, 117.38, 56.13 (-CH,-0,, ), 19.08 (CH,~,. ).

ESI-Q-TOF (m/z): 353.2715 [M + CH,OH + H,O + HJ,
381.3046 [M + 2CH,0H + H.OJ".

\mme)’

aromat‘\c)’ 720(1H’ d’

RESULTS and DISCUSSION

In the context of this study, we have prepared two Schiff
base ligands (Z,, and Z,,) by condensation reaction of
5-aminoisophthalic acid with salicylaldehyde (Z,) or
2,3-dihydroxybenzaldehyde (Z, ) (Scheme 1). The com-
pounds were obtained in high yield and purity [18]. The
structural characterizations of the compounds were
done by FT-IR, *H/**C NMR and mass spectral analysis.
The compounds were tested for their sensing abilities

towards metal ions and nitroaromatic compounds [19].

FTIR spectra of Schiff base compounds (Z, and Z,)
were taken in order to address the characteristic bond
stretching’s in the structures. FTIR spectral data were
given in the experimental section and spectra of the
compounds were provided in the supplementary docu-
ments (Figs. S1 and S2). The characteristic imine bond
(C=N) stretching’s were observed at 1627 and 1616 cm?,
respectively [20—23]. The sharp peaks observed in 1721
and 1695 cm™ for Z, , 1723 and 1695 cm™for Z,, are as-
signed to the carboxy group stretching’s n(COO) [24] .
Observing carboxyl group stretching’s n(C=0) peaks as
two separate peaks was interpreted as the co-existence
of the solid form phenol-imine tautomeric form and the
keto-amin/zwitter ion form for these compounds. Pe-
aks observed in FTIR spectrums of Z,_-Z, compounds
are in harmony with similar compound spectrums fo-
und in the literature [24].

In order to characterize the synthesized Schiff base
compounds, their *H(**C) NMR spectra were taken in d -
DMSO. The *H(**C) NMR spectra of the compounds are
given in Figures 1&2.

In the "H NMR spectra of Z,_and Z,, the carboxyl group
protons (-COOH) were observed as peaks at 12.65 and
12.76 ppm, respectively [24-26]. The phenolic group
protons were observed at 10.73 and 10.21 ppm res-
pectively [21, 27]. A singlet peak at 8.39 ppm for both
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Figure 1. 'H(**C) NMR spectra of Z, .
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Figure 2. 'H(**C) NMR spectra of Z,,.
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ligands were assigned to the imine group protons. Aro-
matic proton signals in the range of 8.13-6.84 ppm were
observed in the spectrums of both compounds. In the
spectrum of Z, , two multiplet peaks at 4.43 and 0.99
ppm are due to the proton signals of ethanol solvent
and integration values suggest that there is one etha-
nol solvent per molecule in the compound sample. The
integration values for proton assignments were in good
agreement with their proposed structure.

When the *C NMR spectrums of the compounds were
examined, carbon atomic signals observed at 192.41
(z,)) and 193.19 (Z,,) ppm were caused by the carboxyl
(-COOH) group [24]. The peaks at 167.53 for Z, and
167.68 for Z,, ppm are attributed to the bond of imine

Figure 3. ESI-Q-TOF spectra of Z,_ (top) and Z,, (bottom).

group carbon atom (C=N) [28, 29]. In the spectra of the
compounds, aromatic carbon atom signals were obser-
ved in the range of 166.84-117.38 ppm. It has been ob-
served that the compounds are compatible with peak
numbers structures observed in the *C NMR spectra.
The two signals observed at 56.13 and 19.08 ppm in the
B3C NMR spectrum of Z, are carbon atom signals from
the ethanol solvent found in the sample.

The structure of the compounds was further characte-
rized by ESI-Q-TOF mass spectral analysis and molecular
ion peaks were observed for both compounds. ESI-Q-
TOF mass spectra of the compounds were given in Fi-
gure 3. In the spectrum of Z, , peaks at m/z 286.0748
and 318.1734 were assigned to the molecular ions
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Figure 4. UV-Vis absorption (up) and emission spectra (down) of Z, and Z,, in DMSO (10° M).

[M+H]* and [M+Na]*, respectively. In the spectrum of
Z,,, two peaks at m/z 353.2715 and 381.3046 were as-
signed to the positively charged molecular ions species
[M+CH_OH, H]* and [M+2CH,OH, HJ*, respectively.

UV-Vis absorption and photoluminescence properti-
es of the Schiff base were investigated compounds in
DMSO (10° M). UV-Vis absorption and photolumines-
cence spectra of Z,_ are shown in Figure 4. The spectra
of Z, are provided in the supplementary documents.
In the UV-Vis absorption spectra of the compounds Z,
and Z,,, there are two absorption bands in the range
of 250-380 nm [26, 28]. The first band was observed at
250-300 nm range and this absorption band was assig-
ned to the m-nt* electronic transitions of rm-electrons in
the structures. The second absorption band was seen at
300-380 nm with lower absorption values. This absorp-
tion band can be attributed to the n-mt* electronic tran-
sitions. The compounds are also emissive when excited
in the UV region. Both compounds gave emission maxi-
mums in the blue region (400-500 nm) when they were
excited in the range of 250-274 nm. Although emission
wavelengths are similar for both compounds, the emis-
sion intensity of Z,_are considerably higher than that of
Z,,. This may be due to the second hydroxyl group inZ,,
which may cause energy transfer in the excited state.

Sensor properties towards metal ions

The chemosensory properties of Z,_and Z,, against metal
cations were investigated colorimetric and spectrophoto-
metric methods. Color changes of ligands in the presence
of metal ions (1:1 ratio) were investigated under daylight,
254 (short wavelength) and 365 nm (long wavelength) light.

Color changes of the DMSO solution (10> M) of the compo-
unds Z, and Z,, in the presence of various metal ions are
given in Figure 5. DMSO solutions (10 M) of both the Z,_
and Z,, are yellow in under daylight. With the addition of
Fe®, the color of both ligands has turned to yellow-brown.
The addition of Hg* turns Z, s solution color slightly yellow,
while the solution color of Z, is noticeably brown. No no-
ticeable change in the solution colors of both ligands was
observed in the presence of other metal ions. Under short
wavelength light (254 nm), the Z, and Z, compounds
showed blue fluorescence. While there was a slight dam-
pening of blue fluorescence in the presence of Fe** and
Hg* ions, no color change was observed in the presence
of other metal ions. Under long wavelength light (365 nm),
both ligands showed blue-turquoise fluorescence. Na*, K,
Al¥*, Cr¥*, Mn%, Co?, Ni?*, Cu?, Zn%*, Cd** and Pb?* ions were
observed with turquoise fluorescence and no noticeable
color changes were observed. In the presence of Fe** and
Hg?* ions, quenching of fluorescence characteristics of
both compounds was detected. Fluorescence quenching
in the presence of Fe* and Hg? ions was also observed in
emission spectra.

When the UV-Vis spectra of receptor compounds were
examined in the presence of metal ions, no significant
change was observed in the wavelengths of the absorption
bands of the receptor compounds. In the presence of Fe3*
and Hg* ions, a significant increase in the absorbance valu-
es of the absorption bands of the ligand was observed. The
emission spectral changes of Z,_and Z,, solutions in the
range of 400-550 nm (excited at 256 nm for Z,_and 269 nm
for Z,,) with the addition of metal ions were investigated.
In the presence of all metal ions, the emission intensities of

7
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Figure 5. Color changes of Z, and Z, in the presence of metal ions under day light and UV-lamp (254 and 365 nm).

Z, and Z, decreased. However, in the presence of Fe3*and
Hg? ions, the emission of Z,is almost turned off. Z, com-
pounds showed colorimetric and fluorimetric sensor pro-
perties against Fe** and Hg? ions in solution environment.

Fluorimetric sensing of nitro-aromatic compounds

Fluorescent quenching-based fluorimetric sensing are
one of the selective and sensitive methods that have
been frequently studied in recent years for the detecti-
on of nitro-aromatic explosives [30]. The quenching ef-
fect occurs in the emission band mainly due to the inte-
raction of the fluorescence sensor with the nitroaroma-
tic compounds [31]. Usually hydrogen bonding and m-1t
interactions occur between the fluorimetric sensor and
the analyte. Monomers, polymers and metal-organic

frameworks with highly conjugated m-electrons are of-
ten used for the detection of nitroaromatic compounds.
There are many reported fluorescence quenching-ba-
sed fluorimetric sensors for the detection of nitroaro-
matic compounds in the literature [31]. However, they
have several drawbacks such as high cost, multi-step
synthesis, reusability, lack of selectivity, and low sensi-
tivity. The fluorimetric sensing properties of the Schiff
base-based compounds that were synthesized within
the scope of the work were investigated by fluores-
cence spectroscopy in the detection of nitroaromatic
compounds. DMSO solutions of nitroaromatic compo-
unds were added to the DMSO solution of the compo-
unds (keeping the ligand concentration constant). The
emission spectra of the obtained mixtures were taken
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Figure 6. Absorbance and emission spectra changes of Z,_in the presence of metal ions.

Table 1. Figure-of-merit (FOM) calculation of the sensor at different glycerol concentrations (FWHM represents full width at half

maximum of the curves).

Ky, M (R?)

Compound NB NP DNP TNP
z, 8.30x10%(0.9897) 1.80x10%(0.9900) 1.84x10%(0.9906) 1.66x10* (0.9835)
z, 3.09x10%(0.9868) 3.40x10%(0.9928) 2.4x10*(0.9892) 1.93x10* (0.9970)

Limit of detections (LOD, uM)

NB NP DNP TNP

2 16.89 66.42 10.16 15.75

z 3.84 25.72 2.77 7.25

at the excitation wavelength of the fluorescent compo-
und, and fluorometric titrations in the presence of inc-
remental addition of nitroaromatic compounds were
performed. In this study, nitrobenzene (NB), 4-nitrop-
henol (NP), 2,4-dinitrophenol (DNP) and 1,3,5-trinitrop-
henol (TNP) available in our laboratory were selected
as nitroaromatic compounds. The emission band of the
ligands decreased with gradual addition of nitroaroma-
tic compounds. The nitroaromatic compounds caused a
quenching effect in the emission spectra. It was obser-
ved that this decrease was linear for all nitroaromatic
compounds.

In order to examine the quenching efficiency of the
compounds for sensitivities towards nitroaromatic
compounds, Stern-Volmer plots (I /I vs [A]) were drawn
and quenching constants (K_) were obtained. The obta-

5%

ined K_ values are given in Table 1.

When the obtained K_ values were examined, it can
be seen that both compounds showed higher sensiti-
vities to DNP and TNP than the other nitroaromatics.
Compound 7, showed better sensitivity towards DNP

and TNP than compound Z, . Emission spectral change,
Stern-Volmer plot (I,/l vs [A]) and emission quenching
percentages of compound Z in the presence of 5-100
mM TNP are given in Figure 7. As the TNP concentration
increased, there was a linear decrease in the emission
intensity of compound Z, . Emission intensity at 435 nm
decreased by 10% in the presence of 5 uM TNP. Addi-
tion of 100 uM TNP, the emission intensity decreased
by 70%. Compound Z,, exhibit the highest sensitivity for
DNP amongst the studied nitroaromatic compounds.
The higher sensitivity of the compounds towards DNP
can be explained better energy transfer in the excited
state between the florescent receptor compounds (Z,,
and Z ) and DNP. Based on the fluorescence titration
data in the presence of nitroaromatic compounds, we
also calculated the limit of detections (LOD) for nitroa-
romatic compounds and LOD values are given in Table
1. The compound Z, and Z,, showed LOD in micromo-
lar levels. Compound Z, showed lower LOD values for
studied nitroaromatic compounds than compound Z,_.
Compound Z,, showed the lowest LOD value for DNP
(LOD: 2.77 mM). Compound Z,,_ showed best sensitivity
and lowest LOD for DNP.

9
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Figure 7. a) Emission spectra change of Z, upon incremental addition of TNP. b) Stern-Volmer plot (10/1 vs [A] c) Emission quenching
percentage upon increased amount of TNP.



CONCLUSIONS

In this work, we prepared two Schiff base ligands from
the reaction 5-aminoisophthalic acid and salicylaldehy-
de (Z,)) or 2,3-dihydroxybenzaldehyde (Z,,). The com-
pounds were characterized by elementel analysis, FTIR,
1H/*C NMR and mass spectral studies. The compounds
were screened for their sensing properties towards ca-
tions and nitroaromatic compounds. Colorimetric and
fluorimetric studies revealed that both compounds (Z,,
and Z,,) have selective sensing abilities towards Fe** and
Hg?* ions. Both Fe®* and Hg? ions caused quenching of
emission band of the free ligands. Fluorimetric sensing
properties of the synthesized compounds towards nit-
roaromatic compounds [nitrobenzene (NB), 4-nitrophe-
nol (NP), 2,4-dinitrophenol (DNP) and 1,3,5-trinitrophe-
nol (TNP)] have also been investigated and data showed
that compound Z, showed the best sensitivity and
lowest LOD values for DNP. Compound Z,, showed the
lowest LOD value for DNP (LOD: 2.77 mM).
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ABSTRACT

he focus of this study is to make important contributions to Meloidae taxonomy. Specimens belonging to thirty-two
Tspecies of the family Meloidae (Coleoptera) were collected from Ankara province in 2018-2019. Male genital structures
of these species were examined. Photographs and drawings of the male genital organ structures of all these species (32
species), and descriptions of some of them, which were found to be missing in the current literature, were given. The taxo-
nomic key has been constructed for these species from the present literature and examined materials. Also, male genital
organs of all species were compared to the literature. Photographs and drawings of the male genital organs of Alosimus
luteus (Waltl, 1838), A. marginicollis (Haag-Rutenberg, 1880) and Euzonitis rubida (Ménétriés, 1832) were given for the first
time with this study.
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u ¢alismanin odak noktasi Meloidae taksonomisine 6nemli katkilarda bulunmaktir. Meloidae (Coleoptera) familyasina ait
B otuz iki tire ait 6rnekler, 2018-2019 yillarinda Ankara ilinden toplanmistir. Bu tirlerin erkek genital yapilari incelenmistir.
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zilarinin tanimlamalari verilmistir. Bu tirler igin mevcut literatlirden ve incelenen materyallerden taksonomik anahtar olus-
turulmustur. Ayrica tim tirlerin erkek genital organlari glincel literatirle karsilastiriimistir. Alosimus luteus (Waltl, 1838),
A. marginicollis (Haag-Rutenberg, 1880) ve Euzonitis rubida (Ménétriés, 1832) erkek genital organlarinin fotograflari ve
gizimleriilk kez bu galismada verilmistir.
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INTRODUCTION

The family Meloidae (Coleoptera) has about 3000 spe-
cies belonging to 120 genera [1]. This family, known as
blister beetles, is cosmopolitan (except New Zealand,
Antarctica and most Polynesian islands) [2]. This family
has the tenebrionoid type of male genitalia, and para-
meres partly or entirely fused but articulated with phal-
lobase. Aedeagus is elongate and generally with two
dorsal hooks, or uncommonly one, and with usually one
ventral endophallic hook. Nemognathinae lacks both
aedeagal dorsal hooks and endophallic hooks. Parame-
res distinct, fused only basally in Eleticinae, Meloinae
and Tetraonycinae; completely fused in most Nemog-
nathinae except in certain genera [2]. The focus of this
study is to make important contributions to Meloidae
taxonomy by examining with the drawing and descri-
bing of male genital organs of specimens collected from
Ankara.

MATERIALS and METHODS

Specimens were collected from Ankara for 69 days
(May-October 2018 (33 days) and April-October 2019
(36 days)) with field studies. The male genital organs
were dissected and compared with the drawings in the
current literature for confirmation of species diagno-
sis. The male genitals were prepared by using standard
methods. These were examined by separating, photos
of them were taken and drawings were made from
ventral and lateral views. Morphological structures of
male genital organs for differential diagnosis are also
given briefly in tables. Photographs of male genitalia
and small-sized specimens were taken with the Euro-
mex SB-1903 Stereoblue microscope. Large specimens
were taken with the Nikon Coolpix P900. The taxono-
mic key has been prepared considering the examined
materials and related literature [3-14]. The differential
diagnosis characters in male genital organs are placed
on the keys. Detailed differences are given in the tables.

RESULTS and DISCUSSION

In this study, 32 species belonging to 2 subfamilies, 5
tribe and 11 genera from Ankara were systematically
examined. Photographs and drawings of the male geni-
tal organ structures of all these species, and descripti-
ons of some of them, which were found to be missing
in the current literature, were given. Photographs and
drawings of the male genital organs of Alosimus luteus,

A. marginicollis and Euzonitis rubida species were given
for the first time in this study. Also, Alosimus armenia-
cus, A. chalybaeus, Lydus turcicus, Hycleus polymorphus,
Mylabris (Eumylabris) cincta, M. (E.) crocata, M. (E.) fab-
ricii, M. (Micrabris) laevicollis, M. (Micrabris) concolor,
Meloe (Eurymeloe) glazunovi, Euzonitis sexmaculata, Zo-
nitis (s.str.) flava and Z. (s.str.) immaculata male genital
organ structures were photographed and drawn for the
first time in detail (evaluation of aedeagus and tegmen
separately, and spiculum gastrale).

Key to the species

1. Antennae elongate and usually filiform; maxil-
lary galeae rather modified and in usually elongate and
forming a suction tube; outer angle of anterior tibiae of
female blunt and short; the dorsal blade of tarsal claws
with a double row of teeth along lower margin; aedea-
gus semi-membranous, without hook, endophallus only
slightly sclerotized, never hooked; parameres usually
completely fUSIONING......cccceviiriririicicieeee e, 2

1. Antennae variously shaped, usually not fili-
form; maxillary galeae usually not modified or elongate
(except for Cerocoma); outer angle of anterior tibiae of
female pointed and elongate (except for Meloe); the
dorsal blade of tarsal claws smooth in lower margin (ex-
cept for Lyttini, and Eumylabris subgenus belonging to
Mylabris); aedeagus strongly sclerotized, with 2-1 hooks,
endophallus well sclerotized and also hooked; parame-
resnotcompletely fusioning.......c.cooeveeniiininicscnees 6

2. Galeae quite elongate, longer than ma-
xillary palpi (Figure 31 in Bologna and Pinto [9]);
gonoforceps cylindrical in lateral view (Figure 3)
.................................................. Nemognatha chyrsomelina

2’ Galeaesslightly elongate, shorter than maxillary
palpi; gonoforceps conical in lateral view ..........c.c.cv..... 3
3. Outer hind tibial spur much longer, wider api-
cally than inner sSpUr ... 4
3. QOuter hind tibial spur about as long as an inner
spur, variable in Width ... 5
4, Head and pronotum black; pronotum spotless;

antenna completely black; gonoforceps completely fu-
sed in ventral view; aedeagus pointed at the apex (Figu-
........................................................... Euzonitis rubida



4, Head and pronotum yellow-ocher; pronotum
with two black slightly spots on the lateral; antenna
brown, only first segment black; gonoforceps slightly
separated in ventral view; aedeagus not pointed at the
apex (FIgure 2) .eveeeeeveeenns Euzonitis sexmaculata

5. Prosternum short, not elongated between
posteriorly anterior coxa; pronotum narrowing ro-
undly the antero-laterally in viewed dorsally (Figure
156 in Bologna [8]); outer hind tibial spur wider than
the inner (Figure 86 in Bologna and Pinto [9]); gono-
forceps pointed at the apex in ventral view (Figure 4)
................................................................. Zonitis (s.str.) flava

5’
ted and pointed between the anterior coxa; pronotum

Prosternum long, clearly posteriorly elonga-

narrowing suddenly antero-laterally in viewed dorsally
(Figure 156 in Bologna [8]); outer hind tibial spurs al-
most equal width (Figure 87 in Bologna and Pinto [9]);
gonoforceps blunt at the apex in ventral view (Figure 5)
..................................................... Zonitis (s.str.) immaculata

6. Elytra short and basally imbricate, not comp-
letely covering abdomen; metathoracic wings absent;
metasternum short; the endophallic hook of the aedea-
gus is too small, not visible clearly in the lateral view

6'
imbricate, covering abdomen; metathoracic wings de-

Elytra normally developed and basally non-

veloped; metasternum elongate; the endophallic hook
of aedeagus is not small, clearly visible in the lateral
view (except Actenodia confluens)

7. Elytral humeral depression very pronounced
Meloe (Eurymeloe) glazunovi

7. Elytral humeral depression less pronounced
................................... Meloe (Eurymeloe) mediterraneus
8. Antenna inserted in front of frontal suture, far
from eyes, the segments strongly modified in male; ae-

deagus with two endophallic hooks

8. Antenna behind frontal suture, near eyes, the
segments moderately or not modified in male; aedea-
gus with one endophallic hook.........ccccceeiieiiiiicnnen.

9. (Male) Frontal calli scarcely developed and
raised over the head, with a frontal area well visible
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between them; antennae and maxillary palpi scarcely
modified; protibiae not modified or only slightly swol-
len dorsally; the apex of aedeagus rounded ...............
9’. (Male) Frontal calli only slightly raised over the
head and not very close to each other, frontal area cle-
arly visible between them; antennae and maxillary palpi
strongly modified; protibiae with a high dorsal keel, va-
riously shaped and not directed outwards; the apex of
aedeagus POINTEd.......ccccvveieiiceeceeeeee e

10. Maxillary palpomere Il and Il weakly enlarged;
antennae only slightly modified within the Cerocoma
subgenus (Figures 2-V and 3-V in Turco and Bologna
[12]); apical lobes of parameres distinctly swollen (Figu-
.................................... Cerocoma (s.str.) bernhaueri
10’.
ged; antennae visibly modified within the Cerocoma
subgenus (Figures 2-S and 3-S in Turco and Bologna
[12]); apical lobes of parameres slightly swollen (Figure
Cerocoma (s.str.) schaefferi

Maxillary palpomere Il and Il distinctly enlar-

11.
claws; maxillary palpi IV thin, slightly widened in medio-

Protarsomere Ill about as long as V, excluding

distal (Figures 3-1 and 4-l in Turco and Bologna [12]); ae-
deagal hooks equal in size; endophallic hooks equal in
size (Figure 8)

Cerocoma (Meloides) longiseta

171’ Protarsomere Il distinctly shorter than V, exc-
luding claws; maxillary palpi IV wide, widened in medio-
proximal (Figures 3-Q and 4-Q in Turco and Bologna
[12]); aedeagal hooks not equal, subapical hook slightly
larger than the apical; endophallic hooks not equal, su-
bapical hook slightly larger than the apical (Figure 9)
................................................ Cerocoma (Meloides) turcica

12.
not enlarged apically; mesepisterna separated or to-
uching along the middle, in front of mesosternum; the
dorsal blade of tarsal claws with one row of teeth along
ventral margin; endophallic hook large and strongly
sclerotize

Antennae moniliform, fusiform or subfiliform,

12’
mesepisterna separated in middle, in front of mesoster-
num, this latter usually with distinct scutum; the dorsal bla-
de of tarsal claws smooth in the ventral margin (except for
Eumylabris subgenus belonging to Mylabris); endophallic
hook not as large as above and less sclerotize ...............

Antennae claviform, slightly enlarged apically;

15
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13. The last segment of maxillary palpi clearly nar-
rowed apically; antennae short, not attaining the base
of pronotum, V—X. segment transverse and symmetri-
cal; male head strongly impressed behind the eye (Figu-
re 58 in Bologna [8]) .ccccovevevevrievennnn. Oenas crassicornis
13’ The last segment of maxillary palpi not clearly
narrowed apically; antennae long, attaining the base of
pronotum, V—X. segment more elongate or if transverse
then at least slightly asymmetrical; male head not imp-
ressed behind Y€ ...
14. Pronotum longer than wide; antennal seg-
ments VI-X more elongate, asymmetrical at the basal;

colour not metallic ...ocoeeveevveiciiiee Lydus turcicus

14’ Pronotum wider than long; antennal segments
VI-X more enlarge, symmetrical at the basal; colour me-
LAHIC vt 15
15. Frontal red spot present; first middle-tarso-

mere shorter than Il in male (Figure 15)
....................................................... Alosimus marginicollis

15’ Frontal red spot absent; first middle-tarsome-
re equal with I, or longer than in male .....ccccccoevevenee.
16. Protibia with apically one spur; first middle-
tarsomere relatively equal with Il in male; aedeagal ho-
oks almost equal-sized (Figure 14)

16’. Protibia with apically two spurs; first middle-
tarsomere longer than Il in male; aedeagal hooks diffe-
FENT-SIZEA oot
17. In the male, middle-tarsomere | thin, clearly
longer than II; the distal hook of aedeagus larger than
the proximal one (Figure 12); body in metallic green or
blue-green colours ..........cccuvuee.e. Alosimus armeniacus

17’
longer than II; the distal hook of aedeagus smaller than
the proximal one (Figure 13); body in black-blue or
black-green colours .......cccceevenanee Alosimus chalybaeus

In the male, middle-tarsomere | wide, slightly

18.
mented

Pronotum wider than long; antennae 9 seg-
.............................................. Actenodia confluens

18’ Pronotum longer than wide; antennae 11 seg-
MENTEA e 19
19. Mesepisterna with a relatively wide and dis-

tinctly furrowed anterior border area (Figures 66—67 in
Bologna and Pinto [9]); pronotum with a very fine medi-
an furrow and depression at the central of disk ......... 20

19"
narrowly grooved, without a wide and furrowed anteri-

Mesepisterna with anterior edge sometimes

or border area (Figures 68—69 in Bologna and Pinto [9]);
pronotum without a fine median furrow at the central
OF ISK ettt

20.
portion named scutum; last antennal segment thin, ro-

Mesosternum without a clear fore modified

unded at apex, not appears contiguous to before the
last; gonoforceps proximally fused in ventral view (Figu-
Hycleus sexmaculatus

20'.
tion named scutum; last antennal segment of swollen,

Mesosternum with a wide fore modified por-

pointed at apex, appears contiguous to before the last;
gonoforceps medially or medio-proximally fused in
VENTIAI VIBW e
21.
patterning with two spots on anterior 1/3; temples wi-
der than eyes ............ Hycleus scabiosae

Antennomere | shorter than twice IlI; elytra

21’
elytra patterning with the black fascia on anterior 1/3;

Antennomere | as long or longer than twice II;

temples not wider than eyes .......c.ccevveeeeieivciceeens 22

22.
rior; only the distal hook of the aedeagus at the apex;
gonoforceps medially fused in ventral view (Figure 19)
............................................................ Hycleus polymorphus

Pronotum with transverse depression in ante-

22’
both hooks of the aedeagus at the apex; gonoforceps

Pronotum without depression in anterior;

medio-proximally fused in ventral view (Figure 21)
seeseennnnns Hycleus zebraeus

23.
gus similar or only slightly different, distal one far from

Mesosternal scutum smooth; hooks of aedea-



23", Mesosternal scutum with punctate and pu-
bescent posterior middle area; hooks of aedeagus dif-
ferent from one another, distal one apical or subapical
(Subgenus: MYIADBIiS) .......cccoeevieieeeiiiieeeeeee 30

24, Dorsal blade of tarsal claws with teeth along
ventral margin; medium or large-sized species (Subge-
nus: EUMVYIAbIIS) oo 25

24,
ventral margin; small-sized species (Subgenus: Micrab-

Dorsal blade of tarsal claws with smooth along

25. Head with small two red spots in between
the eyes; elytral pattern with two spots in anterior and
black fasciae in middle and posterior........c.c...cceue... 26

25’ Head without a spot in between the eyes; ely-
tral pattern with 5 black spots (2:2:1) ..cceveiiiinanes 27

26. Antennomere lll longer than IV; elytral pat-
tern with two spots in anterior, wide fasciae in the
median and subapical, which not reach the lateral
margin; aedeagal hooks almost equal-sized (Figure 23)
...................................................................... Mylabris calida

26’. Antennomere Il as long as IV; elytral pattern
with fascia in anterior, which not reach the lateral mar-
gin, wide fasciae in median and subapical, which reach
the lateral margin; aedeagal hooks different-sized, the
proximal one distinctly larger (Figure 24) .....c.ccccoeveveeenn.
............................................................. Mylabris (E.) cincta

27. Lateral appendages of mesosternum short
and blunt; elytral posterior spot wider than others;
gonoforceps almost conical, suddenly narrowing from
basal to proximal, gradually narrowing from proximal to
apical in lateral view; aedeagal hooks almost equal-si-
zed (Figure 25) ...
.............................................................. Mylabris (E.) fabricii

27’
pointed; elytral posterior spot as wide as, or narrower
than others gonoforceps almost cylindrical at the ba-
sal, gradually narrowing towards the apical in lateral
view; aedeagal hooks different-sized, the proximal one
slightly larger (Figure 26) ...

Lateral appendages of mesosternum long and
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28. Elytra unicolour yellow-brown; antenna long,
reaches the basal of the elytra; the basal part of gono-
forceps deeply emarginated in ventral view (Figure 29)
....................................................... Mylabris (Mic.) unicolor
28",
ciae; antenna short, reaches the medial of the prono-
tum; the basal part of gonoforceps shallow emarginated

or straight in ventral VIEW .....ccccocovvvrceveiseeeecin 29

Elytra with brown but with black spots or fas-

29. Elytral pattern with two spots in anterior
and posterior, one middle greatly sinuous narrow fas-
cia; gonoforceps medio-proximally fused in ventral
view; aedeagal hooks almost equal-sized (Figure 27)
..................................................... Mylabris (Mic.) geminata

29, Elytral pattern with 6 spots (2:2:2); gonofor-
ceps proximally fused in ventral view; aedeagal hooks
different-sized, the distal one wider and shorter (Figure

28) s Mylabris (Mic.) laevicollis
30. Elytral black apical fascia narrow; an-
tennomeres IlI-X reddish; gonoforceps medially

fused in ventral view; the apical lobe of gonofor-
ceps distinctly curved in lateral view (Figure 30)
Mylabris

(s.str.) olivieri

30". Elytral black apical fascia wide; antennomeres
black; gonoforceps proximally fused in ventral view; the
apical lobe of gonoforceps slightly curved in lateral view

............................................................................................... 31
31. Pronotum with a shallow anterior transverse
depression; gonoforceps very wide in lateral view (Figu-
re 31) v Mylabris (s.str.) quadripunctata
31 Pronotum without anterior transverse depres-
sion; gonoforceps almost slender in lateral view (Figure
32) e Mylabris (s.str.) variabilis
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Subfamily: NEMOGNATHINAE Laporte, 1840
Tribe: Nemognathini Laporte, 1840
Genus: Euzonitis Semenov, 1893

This genus is represented by 17 species in the Palaearc-
tic Region, 5 species in Turkey [15]. In this study, male
specimens of two species belonging to this genus were
examined. These species are Euzonitis rubida and E.
sexmaculata. Differential diagnosis characters on male
genital structures of examined species belonging to this
genus were given Table 1.

Euzonitis rubida (Ménétriés, 1832)

Male Genital Organ Morphology (Figure 1): Gonofor-

2]

ceps completely fused in ventral view; phallobase con-
vex and long; in lateral view gradually narrowing from
basal to distal, rotated position in the apically, the phal-
lobase is narrow, the ventral flat, is different in shape;
aedeagus large, sclerotized and dense setae, pointed at
the apex; spiculum gastrale long, the apodeme quite
long and converged.

Figure 1-2. 1. £. rubida, 2. E. sexmaculata. A. Habitus (&), B-l. Male genitalia photos and drawings (B-C. Tegmen (ventral view), D-E.
Tegmen (lateral view), F-G. Aedeagus (lateral view), H-I. Spiculum gastrale).

Table 1. Differential diagnosis characters on male genital structures of examined species belonging to Euzonitis.

Male genital structures/Species

Gonoforceps (Ventral view)

Phallobase (Ventral view)

Gonoforceps (Lateral view)

Phallobase (Lateral view)

Aedeagus

Apodeme of the spiculum gastrale

E. rubida

Completely fused, pointed at the apex

Convex and long

Gradually narrowing from basal to distal

Narrow and ventral side straight

Pointed at the apex

Closer to each other

E. sexmaculata

Almost completely fused, only slightly
separated and blunt at the apex

Slightly convex and short

Gradually narrowing from basal to apical

Wide and ventral side convex

Not pointed at the apex

Parallel to each other



Remarks: There is no information on the male genital
organ of this species in the available literature, and
photos, drawings and detailed description of the male
genital organ are given, for the first time by this study.

Euzonitis sexmaculata (Olivier, 1789)
Male Genital Organ Morphology (Figure 2): For detailed
description, see Bologna [8].

Remarks: With the drawing included in the findings of
Bologna [8], it is seen that the aedeagus is quite similar,
but the phallobase is narrower and less curved in the
lateral view. With the drawing in the findings of lablo-
koff-Khnzorian [16], it is seen that the structure of the
gonoforceps is similar, but the aedeagus is different. It
is thought that the reason for this difference is because
the aedeagus cannot be drawn laterally. In the findings
of Serri et al. [17], it is thought that the lateral view of
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the gonoforceps is not included and the aspect ratio of
the drawing is not preserved in the ventral view, so it is
thought to be rather narrow and long.

Genus: Nemognatha llliger, 1807

This genus is represented by 6 species in the Palaearctic
Region, one species in Turkey [15]. In this study, male
specimens of one species belonging to this genus were
examined.

Nemognatha chrysomelina (Fabricius, 1775)
Male Genital Organ Morphology (Figure 3): For detailed
description, see Bologna [8].

Remarks: It was observed that the drawings in this study
were compatible with the drawings in the findings of
Bologna [8, 18].

Figure 3. Nemognatha chrysomelina. A. Habitus (&), B-I. Male genitalia photos and drawings (B-C. Tegmen (ventral view), D-E. Tegmen

(lateral view), F-G. Aedeagus (lateral view), H-I. Spiculum gastrale).
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Figure 4-5. 4. Z.(s.str.) flava, 5. Z. (s.str.) immaculata. A. Habitus (&), B. Prosternum, C-J. Male genitalia photos and drawings (C-D. Teg-
men (ventral view), E-F. Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum gastrale).
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Table 2. Differential diagnosis characters on male genital structures of examined species belonging to Zonitis

Male genital structures/Species

Slightly narrowing from basal to proximal,
suddenly narrowing from proximal to
apical, pointed at the apex

Gonoforceps (Ventral view)

Phallobase (Ventral view)
Gonoforceps (Lateral view)

Aedeagus

Genus: Zonitis Fabricius, 1775

This genus is represented by 29 species in the Palaearc-
tic Region, 8 species in Turkey [15]. Male specimens of
two species were examined in this study. These species
are Zonitis (s.str.) flava and Z. (s.str.) immaculata. Diffe-
rential diagnosis characters on male genital structures
of examined species belonging to this genus were given
Table 2.

Zonitis (s.str.) flava Fabricius, 1775
Male Genital Organ Morphology (Figure 4): For detailed
description, see Bologna [8].

Z. (s.str.) flava

Convex

Narrow at the basal

Pointed at the apex

Z. (s.str.) immaculata

Slightly narrowing from basal to medial,
suddenly narrowing from medial to apical,
blunt at the apex

Medially arched
Wide at the basal

Rounded at the apex

Remarks: The drawings in this study showed differences
in the apex of the aedeagus with the drawings included
in the findings of Bologna [8] and Ruiz [19]. It was obser-
ved that the male genital organ structure of the deter-
mined species was more similar to the drawing in the
findings of Ruiz [19].

Zonitis (s.str.) immaculata (Olivier, 1789)
Male Genital Organ Morphology (Figure 5): For detailed
description, see Bologna [8].

Remarks: It was observed that the drawings in this
study were compatible with the drawing in the findings
of Bologna [8].



Subfamily: MELOINAE Gyllenhal, 1810
Tribe: Cerocomini Leach, 1815
Genus: Cerocoma Geoffroy, 1762

The genus Cerocoma is the most species-rich genus of
the Cerocomini tribe. This genus is represented by 29
species belonging to 5 subgenera in the Palaearctic
Region, and 23 species belonging to four subgenera in
Turkey [12, 15]. In this study, male specimens of four
species belonging to this genus were examined. These
species are C. (s.str.) bernhaueri, C. (s.str.) schaefferi, C.
(Meloides) longiseta and C. (Meloides) turcica. Differen-
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tial diagnosis characters on male genital structures of
examined species belonging to this genus were given
Table 3.

Cerocoma (s.str.) bernhaueri Pardo Alcaide, 1977
Male Genital Organ Morphology (Figure 6): For detailed
description, see Turco and Bologna [12].

Remarks: Turco and Bologna [12] were reported that
Cerocoma (s.str.) bernhaueri is quite similar to C. (s.str.)
dahli, and these two species were confused so much
so far. Compared to the current literature, the external

Figure 6-9. Male habitus and genitalia. 6. Cerocoma (s.str.) bernhaueri, 7. C. (s.str.) schaefferi, 8. C. (Meloides) longiseta, 9. C. (Meloi-
des) turcica; A. Habitus (&), B-1. Male genitalia photos and drawings (B-C. Tegmen (Ventral view), D-E. Tegmen (Lateral view), F-G.

Aedeagus (Lateral view), H-1. Spiculum gastrale).

Table 3. Differential diagnosis characters on male genital structures of examined species belonging to Cerocoma.

Male genital structures
8 ) C. bernhaueri
/Species
Apical lobes of

Swollen
parameres (Ventral)

C. schaefferi

Slightly swollen

C. longiseta C. turcica

Swollen Swollen

Slightly curved, with

Apical lobes of
parameres (Lateral)

Apex of aedeagus

Dorsal hooks of
aedeagus

Endophallic hooks of
aedeagus

Straight, with apical
lobes directed forward

Rounded

Subapical hook slightly
larger than the apical

Equalin size

Straight, with apical
lobes directed forward

Rounded
Almost equal (subapical
hook slightly larger than

the apical)

Equalin size

Straight, with apical
lobes directed forward

Pointed

Equalin size

Equal in size

apical lobes dorsally
directed

Pointed

Subapical hook slightly
larger than the apical

Subapical hook slightly
larger than the apical
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morphologies (antenna and maxillary palpus segments,
the structure of the protibia) and the male genital organ
of this species appear to be compatible with the dra-
wings of Turco and Bologna [12].

Cerocoma (s.str.) schaefferi (Linnaeus, 1758)

Male Genital Organ Morphology (Figure 7): For detailed
description, see Turco and Bologna [12].

Remarks: It was observed that this species detected in
this study is compatible with the drawings of Turco and
Bologna [12] rather than the drawing of Bologna [8].

Cerocoma (Meloides) longiseta Turco & Bologna, 2011
Male Genital Organ Morphology (Figure 8): For detailed
description, see Turco and Bologna [12].

Remarks: It was observed that this species detected in
this study is compatible with the drawings of Turco and
Bologna [12].

Cerocoma (Meloides) turcica Pardo Alcaide, 1977
Male Genital Organ Morphology (Figure 9): For detailed
description, see Turco and Bologna [12].

Remarks: It was observed that this species detected in
this study is compatible with the drawings of Turco and
Bologna [12].

Tribe: Meloini Gyllenhal 1810

Genus: Meloe Linnaeus, 1758

This genus is represented by 122 species in the Pala-
earctic Region, 20 species in Turkey [15]. In this study,
male specimens of two species belonging to this genus
were examined. These species are Meloe (Eurymeloe)
glazunovi and M. (Eurymeloe) mediterraneus. Differen-
tial diagnosis characters on male genital structures of
examined species belonging to this genus were given
Table 4.

Figure 10-11. 10. M. (Eurymeloe) glazunovi, 11. M. (Eurymeloe) mediterraneus. A. Habitus (&), B-I. Male genitalia photos and drawings
(B-C. Tegmen (ventral view), D-E. Tegmen (lateral view), F-G. Aedeagus (lateral view), H-1. Spiculum gastrale).

Table 4. Differential diagnosis characters on male genital structures of examined species belonging to Meloe.

Male genital structures/Species

The basal part of parameres (Ventral
view)

Phallobase (Ventral view)

Parameres (Lateral view)

Phallobase (Lateral view)

M. (E.) glazunovi

Slightly wide

Gradually wider towards the apical

Slender, prominently curved in before
apical lobe

Slender

M. (E.) mediterraneus

Very wide

Gradually narrower towards the apical

Slightly wider, slightly curved in before
apical lobe

Wide



Meloe (Eurymeloe) glazunovi Pliginskij, 1910

Male Genital Organ Morphology (Figure 10): Gonofor-
ceps fused medio-distally in ventral view, parameres
parallel, narrows in the medio-distal, basal of para-
meres deeply emarginated; in lateral view parameres
slender, prominently curved in before apical lobe; the
proximal hook of the aedeagus curved, the endophallic
hook is at the apex, very small, within the membrane;
spiculum gastrale thin, blunt at the apex.

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to be
compatible with the drawing included in the findings of
lablokoff-Khnzorian [16], although it is somewhat wit-
hout details and confusion.

Meloe (Eurymeloe) mediterraneus G. Miller, 1925
Male Genital Organ Morphology (Figure 11): For detai-
led description, see Bologna [8, 20].

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to be
compatible with the drawings included in the findings
of lablokoff-Khnzorian [16] and Bologna [8, 20].
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Tribe: Lyttini Solier, 1851

Genus: Alosimus Mulsant, 1857

The genus Alosimus described as the subgenus of the
genus Lydus in the early literature, such as Escherich
(1896) and Maran (1942) [9]. The received taxonomic
status has been defined by Kaszab [7] and some taxo-
nomic problems have been clarified by studies of Bolog-
na [8, 18, 21]. This genus represented by 27 species in
the Palaearctic Region and 15 species in Turkey [15]. In
this study, male specimens of four species belonging to
this genus were examined. These species are Alosimus
armeniacus (Falderman, 1837), A. chalybaeus (Tauscher,
1812), A. luteus (Waltl, 1838) and A. marginicollis (Haag-
Rutenberg, 1880). Differential diagnosis characters on
male genital structures of examined species belonging
to this genus were given Table 5.

Alosimus armeniacus (Faldermann, 1837)

Male Genital Organ Morphology (Figure 12): Gonofor-
ceps fused medially in ventral view, the width of the
middle cavity is narrower than the width of a parame-

re; in lateral view proximally arched, apical lobe curved;
aedeagal distal hook positioned almost at the apex, dif-
ferent in shape and size from the proximal hook, the

=]

Figure 12-15. Male habitus and genitalia. 12. Alosimus armeniacus, 13. A. chalybaeus, 14. A. luteus, 15. A. marginicollis, A. Habitus (&),
B. First middle-tarsomere (B,. dorsal view, B,. lateral view), C-J. Male genitalia photos and drawings (C-D. Tegmen (ventral view), E-F.
Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum gastrale).
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Table 5. Differential diagnosis characters on male genital structures of examined species belonging to Alosimus.

Male genital structures
/Species

Fusion state of
Gonoforceps (Ventral
view)

Width of the cavity
between parameres
(Ventral view)

Gonoforceps (Lateral
view)

Dorsal hooks of
aedeagus

Distance between the
dorsal hooks

Endophallic hook of
aedeagus

Apodeme of the

A. armeniacus

Medially fused

Narrower than the
width of a paramere

Proximally arched,
apical lobe curved

Distal hook distinctly
larger

Relatively far

Thin and elongated
straight down

Relatively short

A. chalybaeus

Medially fused

Clearly as wide as
paramere

Medially arched, apical
lobe relatively curved

Proximal hook distinctly
larger

Far

Thin and elongated
straight down

Short

A. luteus

Medio-proximally fused

Almost as wide as
paramere

Distally and proximally
arched, apical lobe
slightly curved

Hooks almost equal-
sized

Relatively close

Short and curved
downward

Relatively long

A. marginicollis

Medially fused

Narrower than the
width of a paramere

Proximally slight arched,
very strongly curved

distally towards the
ventral

Proximal hook larger

Distinctly far

Short and curved
downward

Relatively short

spiculum gastrale

proximal hook directed downward, the distal hook of
aedeagus clearly larger than the proximal one, the dis-
tance between them relatively far, endophallic hook
thin and elongated straight down; apodeme of the spi-
culum gastrale relatively short.

Remarks: Compared to the present literature, the male
genital organ was found to be compatible with the dra-
wing of Bologna [18]. Since the aedeagus and tegmen
were drawn as a whole without separation in the study
by Bologna [18], the tegmen could not be compared
ventrally. Also, in several studies were conducted by
various researchers from different regions of Iran [17,
22, 23] drawings of male genital organ structures of this
species are included. However, in these studies, it is
seen that the aspect ratios of the drawings cannot be
maintained and therefore the aedeagus is quite bulging
from the medial and the proximal hook is larger than
the distal hook.

Alosimus chalybaeus (Tauscher, 1812)

Male Genital Organ Morphology (Figure 13): Gonofor-
ceps fused medially in ventral view, the width of middle
cavity width of a paramere; in lateral view medially arc-
hed, apical lobe relatively curved; aedeagal distal hook
positioned almost at the apex, different in shape and
size from the proximal hook, proximal hook directed

downward, the distal hook of aedeagus clearly smaller
than proximal one, the distance between them far, en-
dophallic hook thin and elongated straight down; apo-
deme of the spiculum gastrale are short.

Remarks: The specimens examined in this study was
more similar to the drawing in Bologna [18] than in the
drawing of Gupta [24]. However, in both studies, aede-
agus and gonoforceps were evaluated only laterally and
the ventral view of gonoforceps could not be compared.
When looking at the drawing of this species in the fin-
dings of lablokoff-Khnzorian [16], it was observed that
the proximal hook of aedeagus was smaller than the
distal one and was more similar to the A. armeniacus
species detected in this study.

Alosimus luteus (Waltl, 1838)

Male Genital Organ Morphology (Figure 14): Gonofor-
ceps fused medio-proximally in ventral view, width of
middle cavity relatively width of a paramere; in lateral
view distally and proximally arched, apical lobe slightly
curved; aedeagal distal hook positioned almost at the
apex, similar in shape and size with proximal hook, the
proximal hook directed downward and significantly
smaller than the distal hook, the distance between
them relatively near, with the small prominent protru-
sion on the proximal hook, endophallic hook short and
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Figure 16. Lydus turcicus; A. Habitus (&), B-I. Male genitalia photos and drawings (B-C. Tegmen (ventral view), D-E. Tegmen (lateral

view), F-G. Aedeagus (lateral view), H-1. Spiculum gastrale).

curved downward; spiculum gastrale emarginated in
the apex, and its apodeme relatively long.

Remarks: Alosimus luteus, differs from other species of
the genus with a protibial spur, pronotum and elytra
yellowish-brown, and two black spots on the pronotum
[7]. In the studied specimens, the black spots on the
pronotum are seen as a large, slightly pronounced black
spot. No information has been found and compared in
the literature regarding the male genital organ of this
species. For the first time in this study, the photo, dra-
wing and detailed description of the male genital organ
were given. This species was morphologically similar
to Alosimus decolor (Abeille de Perrin, 1880) and most
distinctly distinguished by the presence of black spots
on the pronotum [7]. The examined specimen was com-
pared with the male genital organ of the A. decolor in
the findings of Bologna [18]. In the drawing of Bologna
[18], it was observed to be different than the different
were aedeagus hooks of A. decolor was short and gono-
forceps was prominent curved in the medial position in
the lateral view, compared to the A. luteus detected in
this study.

Alosimus marginicollis (Haag-Rutenberg, 1880)
Male Genital Organ Morphology (Figure 15): For detai-
led description, see Maran [6].

Remarks: A. marginicollis, is easily distinguished from
other species of the genus with its two large, distincti-
ve lemon yellow-orange spots in the pronotum [7]. This
species is endemic to Turkey, photos and drawings of
the male genital organ are given, for the first time by
this study.

Genus: Lydus Dejean, 1821

The genus Lydus is represented by 16 species in the Pa-
laearctic Region and 10 species in Turkey [15]. In this
study, male specimens of one species belonging to this
genus were examined.

Lydus turcicus Kaszab, 1952_

Male Genital Organ Morphology (Figure 16): Gonofor-
ceps fused medio-proximally in ventral view, the width
of the middle cavity is the width of a paramere; in late-
ral view proximally strongly arched, phallobase narrow;

aedeagal distal hook positioned at the apex, different
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in shape and size from the proximal hook, the proximal
hook directed downward and almost twice the distal
hook, the distance between them relatively near, en-
dophallic hook long and directed downward; spiculum
gastrale deeply emarginated in the apex, and its apo-
deme large.

Remarks: In the current literature [18, 25], it is reported
that L. trimaculatus, L. quadrimaculatus Tauscher, 1812
and L. turcicus can be confused with each other. Pro-
notum of Lydus turcicus is widest just behind the medi-
al, significantly narrowed towards the anterior; head is
long; the temple is very long and longer than the lon-
gitudinal diameter of the eye, and differs from other
species of this genus [25]. Compared to the current li-
terature of the male genital organ of this species, it was
found to compatible with the drawing in the findings
of Bologna [18]. Kaszab [25] mentioned only the dorsal
hooks of the aedeagus when described this species.

Genus: Oenas Latreille, 1802

The genus Oenas is represented by 12 species in the
Palaearctic Region and 3 species in Turkey [15]. In this
study, male specimens of one species belonging to this
genus were examined.

Oenas crassicornis (llliger, 1800)
Male Genital Organ Morphology (Figure 17): For detai-
led description, see Bologna [8].

Remarks: This species differs from other species of this
genus by the fact that I. segment of middle tarsi in the
male is laterally compressed and enlarged considerably
towards the ventral, furrow under the eye of male de-
eper and the pronotum and elytra are yellow-ochre [8,
26]. According to current literature, there are differen-
ces between the drawings of the male genitalia of this
species [8, 18, 23]. In particular, it is seen in some stu-
dies that the apex of the aedeagus is round [8, 18] or
pointed [23]. Also, it is seen that, positions and sizes of
the dorsal hooks of aedeagus are different. Aedeagus
of examined specimens was seen to be compatible with
the aedeagus of specimens collected from Turkey by [8,
18]. However, it differs with gonoforceps being thinner
in lateral view. This suggests that the Oenas, whose
external morphological characters were revealed by
Kaszab [26], requires a re-examination and taxonomic
revision with current methods.

Figure 17. Oenas crassicornis; A. Habitus (&), B-I. Male genitalia photos and drawings (B-C. Tegmen (ventral view), D-E. Tegmen (lateral

view), F-G. Aedeagus (lateral view), H-1. Spiculum gastrale).



Tribe: Mylabrini Laporte, 1840

Genus: Actenodia Laporte, 1840

This genus is represented by 9 species in Palaearctic Re-
gion, 18 species in World and 2 species in Turkey [10,
15]. In this study, male specimens of one species belon-
ging to this genus were examined.

Actenodia confluens (Reiche, 1866)
Male Genital Organ Morphology (Figure 18): For detai-

led description, see Bologna et al. [10].

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-
patible with the drawings of Bologna et al. [10].

Genus: Hycleus Latreille, 1817

The hyper-diverse genus Hycleus is the most species-
rich genus of Meloidae. This genus is represented by
more than 500 species and widely distributed in the Old
World [27]. This genus is represented by 117 species in
the Palaearctic Region, and 10 species in Turkey [15]. In
this study, male specimens of four species belonging to
this genus were examined. These species are Hycleus
polymorphus, H. scabiosae, H. zebraeus and H. sexma-
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culatus. In the current literature (3, 5, 8, 18, 28-30] no
diagnostic keys are covering all of the detected speci-
es. Species diagnoses were made by comparing species
descriptions and some taxonomic characters such as
structures of mesosternum and drawings of male ge-
nital organ. Differential diagnosis characters on male
genital structures of examined species belonging to this
genus was given Table 6.

Hycleus polymorphus (Pallas, 1771)
Male Genital Organ Morphology (Figure 19): For detai-
led description, see Bologna [8].

Remarks: Compared with the current literature, it is
seen that the genitalia of the detected species is com-
patible with the drawing in the findings of Bologna [8].
This species, which is included in the findings of lablo-
koff-Khnzorian [16] and given as Mylabris polymorpha,
is thought to be H. zebraeus, since the aedeagus does
not have a distal longitudinal area between the distal
and proximal hooks in the male genital organ drawing.
However, in both studies, aedeagus and gonoforceps
were evaluated only laterally and the ventral view of
gonoforceps could not be compared.

Figure 18. Actenodia confluens (Reiche, 1866); A. Habitus (&), B-I. Male genitalia photos and drawings (B-C. Tegmen (Ventral view),
D-E. Tegmen (Lateral view), F-G. Aedeagus (Lateral view), H-I. Spiculum gastrale).
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Figure 19-22. 19. Hycleus polymorphus, 20. H. scabiosae, 21. H. zebraeus, 22. H. sexmaculatus. A. Habitus (&), B. Mesosternum, C-J.

Male genitalia photos and drawings (C-D. Tegmen (ventral view), E-F. Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum
gastrale), K. Antenna, L. Elytra.

Table 6. Differential diagnosis characters on male genital structures of examined species belonging to Hycleus.

Male genital
structures/Species

Fusion state of
Gonoforceps (Ventral
view)

Location of the dorsal
hooks of aedeagus

Dimensions of the
dorsal hooks of
aedeagus

Distal dent placed
between the dorsal
hooks

H. polymorphus

Medially fused

The distal hook at the
apex

The proximal hook
longer and pointed
downwards

Present

Hycleus scabiosae (Olivier, 1811)

Male Genital Organ Morphology (Figure 20): For detai-

led description, see Bologna [18].

Remarks: Compared with the current literature [16-18,
22, 23, 30], it is seen that between genitalia drawings
of this species is very little difference between, and

H. scabiosae

Medio-proximally fused

Both hooks at the apex
The proximal hook

longer, wider, and
downward curved

Absent

H. zebraeus

Medio-proximally fused

Both hooks at the apex
The proximal hook

longer, wider, and
downward curved

Present (very small)

H. sexmaculatus

Proximally fused

The distal hook at the
apex

The proximal hook
longer, wider and
pointed downwards

Absent

it appears to be consistent with the male genitalia of

from Turkey.

Hycleus zebraeus (Marseul, 1870)
Male Genital Organ Morphology (Figure 21): For detai-

the specimens collected in the findings by Bologna [18]

led description, see Bologna [18].



Remarks: In the current literature, this species has been
seen to be very confused with H. polymorphus [8, 18,
27, 31]. Bologna [31] stated the distinctive characters of
these two species. In the specimens examined, it is tho-
ught that it is very difficult to distinguish these species
by both the width of the basal yellow point of the elytra
and the width of the antenna. It is thought that male ge-
nital organ and mesosternum structures can give a cle-
arer distinction character. In this study, it is thought that
the visual (dorsal hooks of the aedeagus) which is gi-
ven in figures 19 and 21, to differentiate from the male
genitalia, can contribute to the current literature. Also,
compared to the current literature of the male genital
organ of this species, it was found to compatible with
the drawings of Bologna [18] rather than the drawing of
Moslemi et al. [23].
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Hycleus sexmaculatus (Olivier, 1811)
Male Genital Organ Morphology (Figure 22): For detai-
led description, see Serri et al. [32].

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-
patible with the drawing in the findings of Serri et al. [32]
and lablokoff-Khnzorian [16]. Also, the elytral pattern of
this species varies. The elytral pattern of the examined
specimens in this study is compatible with the drawing
of Marseul [3], lablokoff-Khnzorian [16] and Serri et
al. [32] rather than drawing in the findings of Bologna
[18]. lablokoff-Khnzorian [16] was drawn the antenna of
this species, but it is seen that the last segment is quite
short and chunk and this drawing is thought to belong
to the female specimen.

Figure 23-26. 23. Mylabris (E.) calida, 24. M. (E.) cincta, 25. M. (E.) crocata, 26. M. (E.) fabricii. A. Habitus (&), B. Mesosternum, C-J.
Male genitalia photos and drawings (C-D. Tegmen (ventral view), E-F. Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum

gastrale).
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Table 7. Differential diagnosis characters on male genital structures of examined species belonging to Mylabris (Eumylabris).

Male genital
structures/Species

Fusion state of
Gonoforceps (Ventral
view)

Gonoforceps (Lateral
view)

Dorsal hooks of
aedeagus

Spiculum gastrale
(Ventral view)

Apodeme of the
spiculum gastrale

M. (E.) calida

Medio-distally fused

Gradually narrowing
from basal to apical

Hooks almost equal-
sized, differently curved

Spiculum gastrale
deeply "V" shaped
notched at apex

Relatively long

M. (E.) cincta

Medially fused

Narrowing from basal
to proximal, almost
parallel from proximal
to distal, suddenly
narrowing from distal
to apical

Proximal hook distinctly
larger

Spiculum gastrale

deeply "V" shaped
notched at apex

Relatively long

M. (E.) crocata

Medio-proximally fused

Almost cylindrical at
the basal, gradually
narrowing towards the
apical

Proximal hook slightly
larger

Spiculum gastrale
slightly deep "V"
shaped notched at apex

Wide and relatively
short

M. (E.) fabricii

Proximally fused

Almost conical,
suddenly narrowing
from basal to proximal,
gradually narrowing
from proximal to apical

Hooks almost equal-
sized

Spiculum gastrale
deeply "V" shaped
notched at apex

Relatively long

Genus: Mylabris Fabricius, 1775

This genus is represented by 16 subgenera and 173 spe-
cies in Palaearctic Region [13-15, 33, 34], and is repre-
sented by 6 subgenera and 33 species in Turkey [13, 15,
35]. In this study, male specimens of 10 species (most
species) and 3 subgenera belonging to this genus were
examined. These subgenera are Eumylabris Kuzin, 1954,
Micrabris Kuzin, 1954 and Mylabris Fabricius, 1775.

Subgenus: Eumylabris Kuzin,1954

This subgenus is represented by 19 species in the Pala-
earctic Region, 5 species in Turkey [15]. Bologna et al.
[36] reported that this subgenus needs revision, there
are many undefined species, and some defined taxa
may also be synonymous. In this study, male specimens
of four species belonging to this subgenus were exami-
ned. These species are Mylabris (Eumylabris) calida, M.
(E.) cincta, M. (E.) crocata and M. (E.) fabricii. There is
no taxonomic key covering all species identified in the
current literature [3, 5, 8, 16-18, 22, 23, 29, 30]. While
the species were determined, descriptions, drawings of
mesosternum, and male genitalia were compared. Also,
as seen below, male genital organs show some differs in
the current literature. Whether this difference is due to
drawings, whether it is due to variation in male genital
organs of different populations, or if it is drawings of
different taxa, by re-examining all species of this subge-

nus and, as reported by Bologna et al. [36], it is thought
that the subgenus can be understood by revision. Diffe-
rential diagnosis characters on male genital structures
of examined species belonging to this subgenus were
given Table 7.

Mylabris (Eumylabris) calida (Pallas, 1782)
Male Genital Organ Morphology (Figure 23): Gonofor-

ceps fused medio-distal in ventral view; in lateral view
relatively flat, gradually narrowing from basal to api-
cal; aedeagal distal hook far from the apex, is same in
shape, differently curved from the proximal hook, the
endophallic hook is almost at the apex; spiculum gast-
rale deeply “V” shaped notched at apex, the apodeme
relatively long.

Remarks: It was reported by Bologna [18] that descrip-

tion and important taxonomic drawings of this species
were given by Pardo Alcaida (1954). However, due to
the difficulty of accessing this publication, the descrip-
tion of the male genital organ is also given here. Compa-
red to the current literature, it is very similar to the male
genital organ drawing (given as M. (E.) posticalis (Dokh-
touroff, 1889)) in the findings of Pan et al. [11]. Also, the
drawing in this study was observed that the drawings of
Kuzin [30] and lablokoff-Khnzorian [16] were compatib-
le with except for minor differences.



Mylabris (Eumylabris) cincta Olivier, 1795

Male Genital Organ Morphology (Figure 24): Gono-
forceps fused medially in ventral view; in lateral view
narrowing from basal to proximal, almost parallel from
proximal to distal, suddenly narrows from distal to api-
cal; aedeagal distal hook far from the apex, is different
in shape, the distal hook of aedeagus clearly short and
thick than the proximal one, the endophallic hook is at
the apex; spiculum gastrale deeply “V” shaped notched
at apex, the apodeme relatively long.

Remarks: It was reported by Bologna [18] that descrip-
tion and important taxonomic drawings of this species
were given by Pardo Alcaida (1954). However, due to
the difficulty of accessing this publication, the descrip-
tion of the male genital organ is also given here. Compa-
red to the current literature, it has been observed that
there are quite different drawings. Although the hooks
of Aedeagus are compatible with the drawing given by
findings of lablokoff-Khnzorian [16] from Armenia, the
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proximal hook of the aedeagus looks quite long and cur-
ved; in the drawing in Moslemi et al. [23] findings, the
proximal hook is quite short and chunk.

Mylabris (Eumylabris) crocata (Pallas, 1781)
Male Genital Organ Morphology (Figure 25): For detai-
led description, see Bologna [8].

Remarks: Elytral pattern of specimens belonging to this
species, with five (2:2:1) spots are similar to M. fabricii.
This species was determined with examining mesoster-
num structure and male genital organ. Compared with
the current literature, male genitalia of this species is
compatible with the drawing and description in the fin-
dings of Bologna [8, 18]. However, in both studies, aede-
agus and gonoforceps were evaluated only laterally and
the ventral view of gonoforceps could not be compared.
In the studies of Serri et al. [17], the aedeagus was not
drawn, and the drawing of the gonoforceps structure
from the ventral and lateral is more similar to the male

Figure 27-29. 27. Mylabris (Mic.) geminata, 28. M. (Mic.) laevicollis, 29. M. (Mic.) unicolor. A. Habitus (3, B. Mesosternum, C-J. Male
genitalia photos and drawings (C-D. Tegmen (ventral view), E-F. Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum

gastrale).
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Table 8. Differential diagnosis characters on male genital structures of examined species belonging to Mylabris (Micrabris).

Male genital structures /
Species

Fusion state of Gonoforceps
(Ventral view)

Gonoforceps (Ventral view)

M. (Mic.) geminata

Medio-proximally fused

Narrowing from basal to
proximal, parallel from
proximal to distal, suddenly
narrowing from distal to apical,

M. (Mic.) laevicollis

Proximally fused

Narrowing from basal to
proximal, relatively parallel
from proximal to apical,
narrowing at the apical,

M. (Mic.) unicolor

Proximally fused

Narrowing from basal to
proximal, parallel from
proximal to distal, narrowing
at the apical, parallel in the

separated apex

The basal part of gonoforceps

(Ventral view) Straight

Gradually narrowing from
basal to distal, distally with
large round grooves

Gonoforceps (Lateral view)

Dorsal hooks of aedeagus Hooks almost equal-sized

Mylabris (Eumylabris) fabricii Soumacov, 1924
Male Genital Organ Morphology (Figure 26): For detai-
led description, see Bologna [8].

Remarks: Compared with the current literature, male
genitalia of this species is compatible with the drawing
and description in the findings of Bologna [8, 18]. Ho-
wever, in both studies, aedeagus and gonoforceps were
evaluated only laterally and the ventral view of gono-
forceps could not be compared. In studiesin Iran [17, 22,
23], the male genital organ drawings are quite similar to
the M. (E.) crocata determined in this study.

Subgenus: Micrabris Kuzin, 1954

This subgenus is represented by 19 species in the Palae-
arctic Region, 5 species in Turkey [15]. In this study, male
specimens of three species belonging to this subgenus
were examined. These species are Mylabris (Micrabris)
geminata, M. (Micrabris) laevicollis and M. (Micrabris)
unicolor. Differential diagnosis characters on male ge-
nital structures of examined species belonging to this
subgenus were given Table 8.

Mylabris (Micrabris) geminata Fabricius, 1798
Male Genital Organ Morphology (Figure 27): For detai-
led description, see Bologna [8].

rounded apex apex

Shallow emarginated Deeply emarginated

Parallel from basal to the
distal, sharp narrowing at
distal, thin apical

Relatively parallel from basal
to the distal, sharp narrowing
at distal, thin apical

The distal hook wider and
shorter

Hooks almost equal-sized, the
distal hook thinner

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-
patible with the drawings included in the findings of
Bologna [8, 18] and lablokoff-Khnzorian [16]. However,
in both studies, aedeagus and gonoforceps were evalu-
ated only laterally and the ventral view of gonoforceps
could not be compared.

Mylabris (Micrabris) laevicollis Marseul, 1870

Male Genital Organ Morphology (Figure 28). Gono-
forceps fused proximally in ventral view, narrowing
from basal to proximal, relatively parallel to proximal
to apical, narrowing at the apical, rounded apex; in
lateral view relatively parallel to basal to distal, sharp
narrowing at distal, thin apical; aedeagal distal hook far
from the apex, is different in shape, the distal hook of
aedeagus clearly long and thick than the proximal one,
the endophallic hook is almost at the apex, wide and
sharply curved; the apodeme of the spiculum gastrale
are thinning, relatively short

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-
patible with the drawing included in the finding of lab-
lokoff-Khnzorian [16]. However, aedeagus and gonofor-
ceps were evaluated only laterally and the ventral view
of gonoforceps could not be compared.



Mylabris (Micrabris) unicolor Faldermann, 1837

Male Genital Organ Morphology (Figure 29): Gonofor-
ceps fused proximally in ventral view, narrowing from
basal to proximal, parallel to proximal to distal, narro-

wing at the apical, parallel in apex; basal of parameres
deeply emarginated; in lateral view parallel to basal to
the distal, sharp narrowing at distal, thin apical; aede-
agal distal hook far from the apex, is almost equal in
length, the distal hook of aedeagus narrower than the
proximal one, the endophallic hook is at the apex, wide
and sharply curved; the apodeme of the spiculum gast-
rale are thin and short

Remarks: This species, as reported by Pan and Bolog-
na [13], M. (s.str.) concolor Marseul 1870 is very similar
and morphological characters of these species, especi-
ally the male genital organ and mesosternum, should be
examined carefully. Compared to the current literature
of the male genital organ of this species, it was found
to compatible with the drawing included in the finding
of lablokoff-Khnzorian [16]. However, aedeagus and go-
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Subgenus: Mylabris Fabricius, 1775

This subgenus is represented by 26 species in Palae-
arctic Region [13, 15, 33, 34, 37, 38] and 9 species in
Turkey [13, 15]. This subgenus was revised Pan and Bo-
logna [13] and species descriptions, diagnostic keys and
drawings of some taxonomic characters (male genitals,
mesosternums and elytral patterns) are given. In this
study, male specimens of three species belonging to
this subgenus were examined. These species are Mylab-
ris (s. str.) olivieri, M. (s. str.) quadripunctata and M. (s.
str.) variabilis. Differential diagnosis characters on male
genital structures of examined species belonging to this
subgenus were given Table 9.

Mylabris (s.str.) olivieri Billberg, 1813

Male Genital Organ Morphology (Figure 30): For deta-
iled description, see Bologna [8] and Pan and Bologna
[13].

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-

Figure 30-32. 30. Mylabris (s.str.) olivieri, 31. M. (s.str.) quadripunctata, 32. M. (s.str.) variabilis. A. Habitus (&), B. Mesosternum, C-J.
Male genitalia photos and drawings (C-D. Tegmen (ventral view), E-F. Tegmen (lateral view), G-H. Aedeagus (lateral view), I-J. Spiculum

gastrale).
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Table 9. Differential diagnosis characters on male genital structures of examined species belonging to Mylabris (Mylabris).

Male genital structures L
B ) / M. (s.str.) olivieri
Species

Fusion state of Gonoforceps

Medially fused
(Ventral view) ediallyfuse

Gradually narrowing from
basal to medial, almost
parallel from medial to distal,
gradually narrowing from
distal to apical

Gonoforceps (Ventral view)

Gonoforceps (Lateral view) Slender

The apical lobe of Gonoforceps

) Curved
(lateral view)

Dorsal hooks of Aedeagus Proximal hook slightly larger

Mylabris (s.str.) quadripunctata (Linnaeus, 1767)

Male Genital Organ Morphology (Figure 31): For deta-
iled description, see Bologna [8] and Pan and Bologna
[13].

Remarks: Compared to the current literature of the
male genital organ of this species, it was found to com-
patible with the drawing included in the finding of Bo-
logna [8] and Pan and Bologna [13]. According to Pan
and Bologna [13], this species is very similar to M. (s.
str.) cernyi Pan and Bologna, 2014, and is distinguished
by examined their genitalia. In this study, many speci-
mens were examined, and diagnoses were supported.

Mylabris (s.str.) variabilis (Pallas, 1782)

Male Genital Organ Morphology (Figure 32): For deta-
iled description, see Bologna [8] and Pan and Bologna
[13].

Remarks: According to Pan and Bologna [13], this spe-
cies is similar to M. (s.str.) ciliciensis (Escherich, 1899)
and commonly confused with it, being distinguished
with frontal red spot wide, antennomeres usually black,
structures of scutum and male genitalia. Compared to
the current literature of the male genital organ of this
species, it was found to compatible (except minor dif-
fers) with the drawing included in the finding of Bologna

M. (s.str.) quadripunctata M. (s.str.) variabilis

Proximally fused Proximally fused

Gradually narrowing from
basal to medial, almost
parallel from medial to distal,

Slightly narrowing from basal
to distal, suddenly from distal

to apical gradually narrowing from
distal to apical
Very wide Slender

Slightly curved Slightly curved

Proximal hook much larger Proximal hook larger

[8] and Pan and Bologna [13]. It is thought that these
small differences, especially in the proximal hook of the
aedeagus, may be due to the position of the aedeagus.

CONCLUSION

When the current literature on genital organs of this
family is examined, Gupta [24] ‘s a higher classification
based on the structure of male and female genital or-
gans draws attention. In the publication of Gupta [24],
a total of 15 tribe and many genera belonging to Me-
loinae and Nemognathinae subfamilies were studied.
However, since only the structure of the genital organs
was examined, differences were observed in the taxo-
nomic situations of many higher taxa and therefore this
classification was not accepted [8]. In the current clas-
sification of the family, first-instar morphology, adult
morphology and adult behavior characters were used
[39], then this classification as combined with the mole-
cular data set (nuclear ITS2 and mitochondrial 16S) was
supported [1].

Male genital organs from species determined in this
study and current literature [8, 11, 13, 16-19, 22-24,
30] were examined. As a result, it is thought that they
give important taxonomic characters for the Meloidae
family as well as in many other Coleoptera families. Ho-



wever, this does not mean that other taxonomic charac-

ters are less important or not and that species deter-
mine can only be made on the male genital organ. The
combined use of taxonomic characters gives the most

accurate results.
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ABSTRACT

mage analysis of cell biology and tissue engineering is time-consuming and requires personal expertise. However, evalu-

ation of the results may be subjective. Therefore, computer-based learning and detection applications have been rapidly
developed in recent years. In this study, Confocal Laser Scanning Microscope (CLSM) images of the viable pre-osteoblastic
mouse MC3T3-E1 cells in 3D bioprinted tissue scaffolds, captured from a bone tissue regeneration study, were analyzed
by using image processing techniques. The aim of this study is to develop a reliable and fast algorithm for the automated
analysis of live/dead assay CLSM images. Percentages of live and dead cell areas in the scaffolds were determined, and
then, total cell viabilities were calculated. Furthermore, manual measurements of four different analysts were obtained
to evaluate subjectivity in the analysis. The measurement variations of analysts, also known as the coefficient of variation,
were determined from 13.18% to 98.34% for live cell images and from 9.75% to 126.02% for dead cell images. Therefore, an
automated algorithm was developed to overcome this subjectivity. The other aim of this study is to determine the depth
profile of viable cells in 3D tissue scaffolds. Consequently, cross-sectional image sets of three different types of tissue scaf-
folds were analyzed.

Key Words
Image correlation; edge detection; cell area counting; tissue engineering.

0z

Ucre biyolojisi ve doku mihendisliginde gorinti analizi zaman alan ve kisisel uzmanlik gerektiren bir islemdir. Ancak so-
H nuglarin degerlendirilmesi 6znel olabilir. Bu nedenle bilgisayar destekli 6grenme ve tespit uygulamalari son yillarda hizla
gelismistir. Bu calismada, bir kemik dokusu rejenerasyon galismasindan yakalanan, 3D biyo-baskili doku iskelelerinde canli
pre-osteoblastik fare MC3T3-E1 hiicrelerinin Konfokal Lazer Taramali Mikroskop (CLSM) gorintuleri, gérintl isleme teknik-
leri kullanilarak analiz edilmistir. Bu ¢calismanin amaci, canli/6li analizi CLSM goérintilerinin otomatik analizi igin giivenilir ve
hizl bir algoritma gelistirmektir. iskelelerdeki canli ve &li hiicre alanlarinin yiizdeleri belirlenmis ve ardindan toplam hiicre
canliliklari hesaplanmistir. Ayrica, analizde 6znelligi degerlendirmek icin dort farkli analistin manuel olgimleri yapilmistir.
Varyasyon katsayisi olarak da bilinen analistlerin 6lgiim varyasyonlari, canl hiicre gorintuleriigin % 13.18 ile % 98.34 ve 610
hicre goruntileriigin % 9.75 ile % 126.02 arasinda belirlenmistir. Bu nedenle, bu 6znelligi asmak i¢in otomatik bir algoritma
gelistirilmistir. Bu calismanin diger amaci, 3 boyutlu doku iskelelerindeki canli hiicrelerin derinlik profilini belirlemektir. So-
nug olarak, tg farkli doku iskelesinin kesitsel gorinti setleri analiz edilmistir.
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INTRODUCTION

iological images contain patterns, objects and/or li-
B ving cells that provide functional information about
the structure or system being viewed. Some of these
images may belong to artificial materials, while others
may belong to the culture images of cellular structures.
Various imaging techniques such as confocal laser scan-
ning microscopy (CLSM), scanning electron microscopy,
and optical microscopy can be used to obtain images of
materials or cells [1,2]. These images can be examined
using semi-automatic and/or fully-automatic software
[3-5]. Many researchers use image analysis programs
such as ImagelJ to perform manual analysis [6]. Various
information about abiotic environments, such as cells
and tissue, can be obtained from this software. For
example, some tissue scaffold properties such as fiber
diameter, pore diameter and permeability can be deter-
mined, and also cell and tissue properties such as the
amount of cell, percentage of cell viability, area cove-
red by cells can be analyzed [7-20]. There are several
approaches to analyze these properties and obtain the
analytical data. One of these approaches is user-depen-
dent utilities (Image J, etc). In user-dependent approach,
analyses take a very long time and also require personal
expertise [21]. Other approaches are semi-automated
and fully-automated analysis software which user does
not have direct influence. They shorten the analysis
time and reduce the dependency on the user. Thus,
subjective results derived from the user can be avoi-
ded. There are various studies in the literature about
automatic approaches [22]. Confocal microscopy ima-
ges were used to identify glial fibrillary acidic proteins
(GFAP) found in brain astrocytes in one of the studies
and an algorithm was developed to classify cells [23]. In
a similar study, the region of the cell nucleus was identi-
fied in an image obtained from mouse hippocampus by
staining cell nuclei and RNA in different colors [24]. Pic-
cinini et al. studied optical microscopy images obtained
by staining dead cells with trypan blue. These images
were analyzed and live and dead cells were classified
[25]. In another study, an algorithm was developed to
distinguish myelin sheath and nerve itself from the ner-
ve through the SEM images of a nerve bundle. The axons
in the inner part of the nerve bundle and the myelin
sheaths that surrounding these axons were determined
separately and a distribution graph of the diameters of
the nerve fibers in the nerve bundle was extracted [26].

In this study, CLSM images obtained from MC3T3-E1

pre-osteoblastic cells (osteoblast precursor) on alginate
and alginate-HAp (hydroxyapatite) tissue scaffolds were
used. At first, the percentages of the area of the live and
dead cells were calculated by four different analysts
using Imagel utility. Then, the developed algorithm was
performed semi-automatically for the same analysis
and the percentages of the area that belongs to the live
and dead cells were calculated. The innovative appro-
ach of the developed method is adaptive and calculates
the area percentages of the dead cells according to si-
milar studies in the literature. In the presented method,
firstly raw images were separated by the pre-processing
step. Afterwards, an image correlation algorithm for li-
ving cells, and an adaptive statistical approach for dead
cells were developed. Then, the results of the algorithm
and visual scoring were compared. Moreover, the coef-
ficient variance was calculated to determine the measu-
rement deviation between manual analyses. After the
algorithm was successfully developed, cross-sectional
CLSM images of live MC3T3-E1 cells in three different
tissue scaffolds (alginate-HAp, conventional Gel-MA
and microwave-assisted Gel-MA) were analyzed. Using
these image sets, it was determined how the viability
of the cells changed depending on the depth of the tis-
sue scaffold in further studies. All cross-sectional ima-
ges were examined, and a percentage of the viability
related to depth was calculated. This characterization
process is another innovative aspect of this study. The
maximum and minimum cell viability was determined
as a function of depth.

MATERIALS and METHODS

Production of Tissue Scaffolds

Alginate and Alginate-Hydroxyapatite (HAp) scaf-
folds

Alginate and alginate-HAp tissue scaffolds were produ-
ced by cross-linking reaction. Sodium alginate was dis-
solved in PBS (pH: 7.4) at a concentration of 3% (w/v).
CaS04 (1%,w/v) was added into the sodium alginate so-
lution to initiate internal gelation. Then, internal cross-
linking was carried out by mixing the two solutions via a
three-way valve. The mixing ratios of CaSO, and sodium
alginate solutions were optimized in terms of printabi-
lity and gelation. For encapsulation of cells, MC3T3-E1
pre-osteoblasts were dispersed in hydrogels at a den-
sity of 3x107 cells/mL. The resulting viscous solution
was imprinted in 24-well Petri dishes via Fab@Home
bioprinter. As a result of the extruder-based imprinting



process, cell-entrapped constructs in cylindrical geo-
metry (6 mm x 1 mm) were obtained. These constructs
were cross-linked with CaCl, and transferred to the cell
culture stage in the presence of nutrient medium in a
CO, incubator. The same process was repeated with
the addition of the nano-HAp, which was produced by
the biomimetic approach [27], into the sodium alginate
solution, thus alginate-HAp tissue scaffolds including
MC3T3-E1 cells were obtained.

Methacrylated gelatin (Gel-MA) scaffolds

Gelatin was methacrylated by two ways: Conventional
method [28] and microwave-assisted methacrylation
[29]. The reaction products, conventional Gel-MA and
microwave-assisted Gel-MA, were dried in a freeze-
dryer (Christ, Germany) and stored at -80°C until hydro-
gel preparation steps. Methacrylated gelatin (Gel-MA)
hydrogels were prepared by photo-crosslinking in the
present of photo-initiator (Irgacure, 0.3 w/v). Irgacure
was completely dissolved in PBS (pH: 7.4) at 509C. Gel-
MA was dissolved in this solution at 37 °C. MC3T3-E1
mouse pre-osteoblast cells were gently dispersed and
mixed into sterile hydrogel solutions at a density of 2 x
107 cells/mL A cell-bio-ink mixture was loaded into the
deposition syringes of Fab@Home bioprinter and prin-
ted along the X-Y—Z target paths. After printing, cell-
laden hydrogel disks (6 mm x 1 mm) were immediately
crosslinked with UV (320-480 nm) light at an intensity of
200 mW/cm? for 40 s.

Imaging of Cell Viability

Alginate and alginate-HAp hydrogel scaffolds

In this study, the images that were used for viability
analysis were captured by using a confocal laser scan-
ning microscope (Zeiss, LSM510) with a live / dead
analysis molecular probe (Life Technology). Images
were captured in sequential scanning mode using 0.5,
20x/0.5 and 1 AU values in numerical aperture number,
objective magnification (Zeiss Plan-Neofluar objecti-

Figure 1. Block diagram of the image analysis algorithm.
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ve) and pinhole size parameters, respectively. On days
3 and 9 of the culture, cell-containing hydrogels were
washed with PBS (pH: 7.4) and incubated with 2 uM cal-
cein AM and 4 uM ethidium homodimer (EthD-1) before
imaging. In this protocol, live cells were stained green
with fluorescein marker calcein acetoxymethyl (calcein
AM), while dead cells were stained red with EthD-1 [27].
The true color (RGB) images obtained by the aforemen-
tioned technique were recorded in a ‘tif’ image format
with a size of 1024x1024 (Real size equivalent in materi-
al: 460 um x 490 um) pixels.

Conventional and microwave-assisted Gel-MA hydro-
gel scaffolds

The cell viability of these group of hydrogels were exami-
ned using a live/dead viability kit. The cell-laden hydro-
gels were washed in PBS and incubated in 2 uM Calcein
AM and 4 uM ethidium homodimer (Ethd-1) solution for
30 min. The cell-loaded Gel-MA hydrogels were obser-
ved under a confocal microscope (Zeiss, LSM 510) with
the same parameters that detailed above. Two image
sets of 3D bioprinted tissue scaffolds were taken from
on day 3.

Image Processing Techniques for Analysis of Live or
Dead Cell Percentages

CLSM images were analyzed using MATLAB 2015b.
Images used in the study were obtained from pre-
osteoblastic MC3T3-E1 cell cultures. In the cell culture
study, 35 different images obtained from 3D bioprinted
tissue scaffolds were analyzed. Then, 25 cross-sectional
images of three different tissue scaffolds at every 9 um
were taken from each tissue scaffold for cell viability
characterization. This process was carried out to inves-
tigate the depth-dependent variation of the cell growth
rate in experimental cell culture studies. During charac-
terization, the same algorithm was used to determine
viability as the function of depth. The block diagram for
the developed algorithm was given in Figure 1.
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Preprocessing
The following algorithm steps were applied to the cell
images in the preprocessing part.

Splitting RGB image into layers: RGB image consists
of three layers which are red, green, and blue channels.

Based on the current staining technique, a green layer
for the live cell and a red layer for the dead cell were
obtained from the RGB image [27]. In splitting process,
overlapped regions were excluded owing to the uncer-
tainty about viability condition.

Removing noises from the image: The noise on the

images which was caused by the imaging technique was
removed using Wiener adaptive filter. This filter is an
effective tool for removing signal-independent zero-
mean white Gaussian noise [30]. Noisy image can be
modeled as in Eq.1.

X ;=Y tn 1)

X, is the noisy image, y,,//.is the noise-free image and n,
is the additive Gaussian noise. The aim of the noise re-
moval process is to suppress the noise stemming from
noisy image (Xw) by minimizing the mean squared error
(MSE). A linear estimate )71;/. of y, is derived from Eq.2
where N is the number of elements in y, At this point,
Wiener filter minimizes the mean square error betwe-
en the estimated image QU and the original image y,,in
Eq.2 [31].

MSE () =—
@)

X, s the density value of a pixel in the NxN image. Pi-
xel-wise adaptive Wiener filter use neighborhoods of
size (2n+1)x(2m+1) window to estimate the local image
mean and standard deviation. In this study, window
size was chosen as 5x5 [32]. It assumes that the noise
is stationary with zero mean and variance o, and un-
correlated with the original image X, Based on these
assumptions, Wiener adaptive filter estimates the local
mean and variance around each pixel using Eq.3 and
Eq.4 [32—-34]. If the variance is large, the Wiener filter
performs little smoothing. If the variance is small, the
Wiener filter performs more smoothing.

n+i m+j
= DI
i.j %
(2n+l 2m+1 k,n,Jm 3)
n+i  m+j
c, = (X, —m;
" (2n+1 )(2m+1 anJZm b
(4)
G..—V
r L] LJ
X =m+ . (xi,j—mlj)
ij

m, is the local mean in Eq.3 and o,is the local variance
in Eq.4. Then Wiener filter creates a pixel-wise filtering
using these estimates and estimated image is obtained
according to Eq.5.

v, is the local noise variance in Eq.5, was obtained using
the mean value of all local estimated variances [32—34].

Smoothing the image with Gaussian filter: After the
noise removal step, Gaussian type low-pass filter was
applied to fill tiny gaps in cells and to remove high fre-

guency noise. Most edge-detection algorithms are sen-
5]. This filtering was used because of
the edge-detection in the next part. Gaussian matrix

sitive to noise (3

(hg) was generated with 5x5 kernel size due to o=1 stan-
dard deviation in Eq.6 [36]. Gaussian matrix formed in
before was convolved with image according to Eq.7 and
new softened image (h) was obtained.

2 2
~(m2+m?)

h, (m,n,)=e 20°

hg (nl’n2)

ZnIan 4

h(nl,n2



Image correlation, statistical image analysis and
thresholding process

In order to obtain live cells contour on the preproces-
sed image cross-correlation, statistical image analysis
and then thresholding steps were performed. Two di-
mensional cross-correlation function was calculated
with Eqg.8. X is the MxN sized preprocessed image and H
is the PxQ sized template which was selected as a mask
in Eq.8. Template was selected in based on pixel size to
cover the whole cell. For this reason, P and Q values
may change according to the size of the template. At
the end of this process, the correlation matrix was ob-
tained in (N+Q-1) x (M+P-1) dimensions [37].

M-1N-1

C(k,l)=ZZX(m,n)I-_I(m—k,n—l)

m=0n=0

—(P-1)<k<M-1,

—(Q-1)<I<N-], @)

Afterwards, normalization process was performed to
the correlated image by using Eg. 9. Where, X' is the
normalized cross-correlation matrix, W is the mean of
the cross-correlation matrix and o is the standard devi-
ation of the cross-correlation matrix.

_X-p
(o)

XI
(9)

In the normalization process, the average pixel value
of the image was subtracted from each pixel value and
the calculated difference was divided by the standard
deviation. With this process live cells were identified by
positive values. Also, non-viable regions were identified
by negative values. Owing to this situation, the thres-
hold value has been set to zero.
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Then, edge detection functions were used to extract
contours from the thresholded image. For edge detec-
tion process, three different algorithms (Sobel, Prewitt
and Canny) were applied [37]. For the edge detection
process, Sobel kernels in Figure 2a, Prewitt kernels in
Figure 2b and Canny kernels in Figure 2c were used for
convolution.

In order to minimize the methodological error, three
methods were separately used. Then three edge detec-
ted images were combined with each other by adding
one image. The final edge detected image was superim-
posed on the raw image.

Adaptive thresholding for dead cells: The thresholding
method for living cells has been insufficient for the de-

tection of dead cells. Therefore, a different approach
has been developed. In this approach, threshold values
for detecting dead cells were obtained adaptively from
the images. These threshold values were determined
using the statistical analysis of the pixel density histog-
rams of dead cell images. Accordingly, two threshold
levels were designated for adaptive thresholding based
on dead cell images. is the value obtained by dividing
the average values of the image matrix by the standard
deviation of the matrix values (Eq.10) and is the avera-
ge value of the image matrix (Eq.11).

threshold1 = ‘ mean (mfl”’ix) ‘
‘ standartdeviation (matrix) ‘ (10)
threshold? = ‘mean(matrix)‘ (11)

Figure 2. Edge detection kernels used for convolution, a) Sobel kernels, b) Prewitt kernels, c) Canny kernels.
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After these threshold values were calculated, the me-
dian values of intensity levels in each line of the image
were selected for each row and they were obtained as
an one-dimensional vector. The highest value of this
vector was selected as a selector for the adaptive thres-
holding. This value was used for threshold selection.
The operation used in the algorithm was explained as a
conditional expression in Eg.12.

If maximumvaluemedian> threshold?2 susethreshold],

If maximumvaluemedian < threshold?2 susethreshold?,;

(12)

Once the threshold value has been selected, dead-cell
areas were detected by applying an image thresholding

process. After cell lines were identified, dead cell conto-
urs were determined with the edge detection method
that was explained in advance. Then cell contour image
was placed on the gray level image of dead cells.

Detection of cell area and calculation

Calculation of live and dead cell percentages
According to the thresholding process, pixel densities
higher than the threshold were set to ‘1’ and the others
were set to ‘0". On the thresholded images of live and
dead cells, cell areas were calculated by counting the
values of “1’s on image with pixel® unit. Percentages of
cell areas were calculated by dividing the whole pixel on
image into cell areas. After the counting process, the
area percentages of the cells were reported.

Figure 3. An example of a raw image (3D bioprinted tissue scaffold of alginate-HAp on day 3, Surface image).



Inspection of analysts and reporting of live and dead
cell percentages

Images of live and dead cells were analyzed with Image)
program by four analysts. Each analyst reported his/her
measurements and according to these measurements,
some of the statistical parameters have been calculated.
In this evaluation, average values of calculations, stan-
dard deviations and variation coefficient percentages
of the numerical values were calculated by the analysts.
The variation coefficients, calculated by the mean value
ratio of the standard deviation, express how much the
distributions in the manual measurements change with
respect to the average. The percentage of variation co-
efficient is the measure of how different analyst are de-
viating from the average measured value for the same
measurement. In other words, it can be described as
subjectivity in measurement. Thence, the metrics of the
analysts were reported in Experimental Results part.

RESULTS and DISCUSSION

A raw image sample was given in Figure 3. According
to the assay protocol, the live cells stained green with
calcein AM and the locations of the dead cells stained
red with EthD-1 were shown in the Figure 3. Non-cell
image artifacts, which produce fluorescence effect by
interacting with HAp in the tissue scaffold, were also
indicated in this raw image (Figure 3).
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In the preprocessing step, firstly the raw image was di-
vided into red, green and blue layers so that dead and
living cells can be analyzed separately. In addition, the
overlapping parts of the living and dead cells in the red
and green layers were also removed to prevent mista-
kes that may be caused by the dyeing technique or the
imaging technique. Then, the Wiener adaptive noise fil-
ter was applied to the images. As the last step of prep-
rocessing, Gaussian type low pass filter was applied to
soften the images. The images obtained as a result of
the preprocessing steps were given in Figure 4.

After the preprocessing step of the algorithm, the gre-
en and red image layers were converted to gray level.
Correlation, normalization, and thresholding steps were
performed for live cells as described in Image correla-
tion, statistical analysis and thresholding section. For
dead cells, as described in Image correlation, statistical
analysis and thresholding section, an adaptive thres-
hold value derived from images containing dead cells
and varying with each image was used. Eventually, the
contours of the live and dead cells in the images were
determined and the superimposed-on images obtained
as a result of preprocessing, and they were converted
to gray level (Figure 5).

Figure 4. Images obtained as a result of preprocessing steps, a) Live cells, b) Dead cells.
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Figure 5. Images obtained as a result of thresholding and edge detection process, a-c) Live cells, b-d) Dead cells.

Thirty-five CLSM images of alginate and alginate-HAp
tissue scaffolds were analyzed using the developed
algorithm and live and dead cell percentages were cal-
culated. In addition, the same image set was analyzed
manually by four different analysts with Image) men-
tioned in Detection of cell area and calculation section.
The results acquired from the algorithm were evaluated
on the basis of analysts’ results and statistical analysis.
The measurements and calculations for image the set
were given in Table 1.

As a result of this calculation process; intervals of vari-
ation coefficient percentages were obtained and ave-
rage values of variation coefficient percentages were
calculated (Table 2).

The other goal of this study is to determine the cell via-
bility depending on the depth of the tissue scaffold. For
this purpose, the change in the viability percentages
of MC3T3-E1 cells in tissue scaffolds was investigated
based on the depth of the tissue scaffold. For this cha-
racterization, the MC3T3-E1 cells implanted into the
produced three different tissue scaffolds (alginate-HAp,
traditional gel-MA, and microwaved gel-MA) were visu-
alized with CLSM. Cross-section images were taken at
every 9 um and an image set was created for each tissue
scaffold with 25 individual cross-sectional image. Each
cross-sectional image in this set was examined separa-
tely and the viability percentages of the cross-sectional
areas were calculated. The percentage of the live cell
area depending on the depth of the tissue scaffolds was
shown in Figure 6.



Table 1. Calculations for the image set (The variables given in the table are Al: Analyst 1, A2: Analyst 2, A3: Analyst 3, A4: Analyst 4,
MA = Mean of Analysts, ASD = Standard Deviation of Analysts, AL: Algoritma Result, VC = Percentage of Variation Coefficient, CC:Cell
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Condition, LCl=Live Cell Image, DCI=Dead Cell Image, Calculation of all measurements are given in percentages).

Image
No.

10

11

12

13

14

15

16

17

18

19

20

cc

LCI
DCI
LCI
DCl
LCI
DCI
LClI
DCI
LCI
DCI
LCI
DCl
LCI
DCI
LCI
DCI
LCI
DCI
LCI
DCI
LCI
DCI
LCI
DCI
LCI
DCl
LCI
DCl
LCI
DCI
LCI
DCl
LCI
DCI
LCI
DCI
LCI
DCI
LCI
DCl

Al%

3.228
0.205
3.335
0.277
3.922
0.254
5.037
0.343
4.438
0.202
5.649
0.538
2.234
0.105
6.028
0.357
3.804
0.021
5.028
0.5
2.402
0.167
1.238
0.083
1.543
0.233
2.453
0.501
1.155
0.099
1.165
0.373
3.814
0.145
4.202
0.109
3.685
0.217
4.128
0.105

A2%

4.277
0.246
3.613
0.756
6.554
0.331
3.648
0.227
7.670
0.658
6.351
0.658
3.837
0.114
7.669
0.249
3.858
0.060
6.489
0.328
3.273
0.163
1.566
0.166
2.740
0.193
3.526
0.878
1.212
0.217
2.697
0.147
3.090
0.401
4.817
0.063
3.729
0.225
3.031
0.225

A3%

4.034
0.318
3.387
0.491
6.76
0.572
4.189
0.673
6.146
0.522
8.107
1.457
4.592
0.251
10.801
1.213
8.435
0.659
10.361
0.827
2.811
0.277
2.033
0.158
2.871
0.348
3.064
0.381
0.848
0.206
3.173
0.391
4.776
0.386
6.591
0.232
4.874
0.839
5.111
0.383

Ad%

5.863
0.420
5.332
0.041
13.971
0.439
5.668
0.230
4.531
0.124
11.235
0.311
12.415
1.175
8.848
0.066
12.584
0.878
7.683
0.061
11.208
0.838
3.561
0.143
2.030
0.108
3.358
0.188
1.546
0.300
3.540
0.513
5.230
0.235
6.726
0.323
3.324
0.921
6.279
0.264

MA%

4.351
0.297
3.917
0.391
7.802
0.399
4.635
0.368
5.696
0.376
7.835
0.741
5.770
0.411
8.337
0.471
7.170
0.404
7.390
0.429
4.924
0.361
2.100
0.138
2.296
0.221
3.100
0.487
1.190
0.206
2.644
0.356
4.228
0.292
5.584
0.182
3.903
0.551
4.637
0.244

M)

0.956
0.081
0.824
0.264
3.733
0.120
0.775
0.182
1.327
0.221
2.157
0.432
3.930
0.445
1.740
0.441
3.647
0.372
1.956
0.278
3.641
0.279
0.890
0.033
0.540
0.086
0.409
0.252
0.248
0.071
0.905
0.132
0.832
0.107
1.097
0.102
0.582
0.331
1.200
0.099

VC%

21.97
27.40
21.03
67.47
47.85
29.96
16.72
49.47
23.29
58.64
27.53
58.25
68.12
108.13
20.87
93.51
50.87
92.06
26.47
64.78
73.96
77.23
42.39
23.65
23.51
39.10
13.18
51.68
20.81
34.76
34.21
37.12
19.69
36.59
19.65
56.29
14.92
60.09
25.88
40.63

AL%

4.740
0.394
4.156
0.301
6.336
0.219
4.936
0.142
5.883
0.122
7.201
0.620
6.896
0.432
6.767
0.306
8.238
0.137
7.770
0.288
6.051
0.581
3.340
0.059
3.347
0.166
4.362
0.215
1.614
0.094
2.354
0.429
5.024
0.259
5.957
0.044
4.533
0.832
4.962
0.134
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Table 1. Continue.

Image

No. cc Al% A2% A3% Ad% MA% SD VC% AL%
LCI 1.948 4.002 3.126 5.632 3.677 1.344 36.54 3.915
2 DCI 0.115 0.100 0.334 0.236 0.196 0.095 48.62 0.322
LCI 3.028 4.981 2.981 5.863 4.213 1.249 29.63 4.740
2 DCI 0.251 0.202 0.423 0.516 0.348 0.127 36.51 0.394
LCI 1.162 1.212 2.903 2.236 1.878 0.731 38.90 2.532
2 DCl 0.122 0.571 0.302 0.782 0.444 0.252 56.75 0.179
LCI 10.666 10.997 12.548 16.502 12.678 2.319 18.29 10.279
a DCl 0.2 0.252 0.2 0.221 0.218 0.021 9.75 0.091
LCI 2.048 4.351 5.755 12.731 6.221 3.985 64.047 7.711
# DCI 0.203 0.145 0.203 0.476 0.257 0.129 50.166 0.000
LCI 6.657 5.187 12.197 7.388 7.857 2.628 33.446 6.282
2 DCI 1.545 1.142 2.279 2.252 1.804 0.483 26.743 0.058
LCI 4.236 4.021 7.349 10.574 6.545 2.673 40.843 7.320
o DCl 0.964 0.140 3.933 0.000 1.259 1.587 126.029 0.657
LCI 3.598 2.651 4.960 9.390 5.150 2.582 50.140 6.453
’8 DCl 0.833 0.894 2.993 1.557 1.569 0.870 55.417 0.504
LCI 4.980 2.412 7.827 7.308 5.632 2.146 38.105 5.546
2 DCI 0.539 0.104 4.008 0.695 1.337 1.557 116.525 2.230
LCI 1.576 1.529 6.760 6.340 4.051 2.503 61.789 6.530
%0 DCI 0.555 0.471 1.495 0.245 0.691 0.478 69.066 2.234
LCI 1.220 0.570 7.190 5.046 3.507 2.729 77.826 6.527
* DCl 0.109 0.375 0.435 0.183 0.276 0.134 48.558 0.018
LCI 2.137 3.310 11.083 2.444 4.744 3.685 77.688 4.727
> DCI 0.103 0.145 0.843 0.587 0.420 0.309 73.751 0.000
LCI 0.816 0.626 3.326 9.023 3.448 3.390 98.342 5751
> DCI 0.333 0.086 0.527 0.156 0.275 0.171 62.055 0.911
LCI 0.581 0.478 4.302 3.563 2.231 1.722 77177 3.484
34 DCl 0.034 0.031 0.109 0.229 0.101 0.080 79.672 0.511
LCI 1.922 2.021 7.878 2.500 3.580 2.491 69.573 2.471
. DCl 0.153 0.196 1.500 0.372 0.555 0.552 99.345 0.651

Table 2. Statistical analysis of analysts” measurements results.

. Intervals of Variation Coefficient Average Values of Variation Coefficient
Glycerol Concentrations (%)
Percentages (%) Percentages (%)
Live Cell Images 13.18-98.34 40.72

Dead Cell Images 9.75-126.02 59.02
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Figure 6. Cell viability change depending on the depth of tissue scaffolds.

Maximum cell viabilities were obtained down from the
tissue scaffold at intervals of 63 um and 90 pm. Maxi-
mum cell viability of Alginate-HAp was obtained at 72
um and viability of the cells rapidly decreased until 198
um. After this depth, there was no viability observed.
For Traditional Gel-MA and Microwaved Gel-MA, the
maximum cell viabilities were obtained at 90 um and
63 um, respectively. After these points, viability of cell
rapidly decreased but never reached zero for either tis-
sue scaffolds. Three images of maximum cell viability
for tissue scaffolds were shown in Figure 7.

DISCUSSION

In this work, study was designed to semi-automatically
detect cell viability based on the depth of the 3D biop-
rinted tissue scaffold. Firstly, an algorithm has been de-
veloped which enables accurate detection of live and
dead cells. The algorithm can easily distinguish separate

cells. However, it may be insufficient to distinguish adja-
cent intertwined cells in some cases. To overcome this
problem, detected cell areas were used instead of cell
number in calculations. In this way, a relative cell viabi-
lity evaluation can be made. In the continuation of the
study, the cell viability in the 3D bioprinted tissue scaf-
fold was determined depending on the depth. Contrary
to the studies frequently encountered in the literature,
in which the scaffold material structure was examined
in the 3D plane, the efficiency of cell activity was exami-
nedinthe 3D plane in the presented study [22,28,39]. In
this study, the examination of cell activity, which chan-
ges due to different material properties, along the 3d
section plane, constitutes its distinguishing aspect from
other material-cell interaction studies in the literature
[22,29,40]. However, unlike the manual evaluations per-
formed with user-based software in the literature for
cell detection, in the presented study, multiple evaluati-
ons could be made in a short time with a semi-automa-

47



48

T. Uyar et al. / Hacettepe J. Biol. & Chem., 2023, 51 (1), 37-50

Figure 7. Depth images of tissue scaffolds with the highest percentage of cell viability, a) Alginate-HAp (72 um) b) Conventional Gel-

MA (90 um) c) Microwave-assisted Gel-MA (63 um).

tic software design that is least dependent on the user
(analyst) [41]. At this point, user reliability, which is anot-
her perspective of the study, is also discussed in order
to make user (analyst) and software comparisons. The
reliability of the analysis in such studies depends on the
segmentation accuracy of live and dead cells. Analysts
who are experts in their fields inspect these cell images
with a visual examination. Visual inspection may cause
subjective results and affect the outcome of the study
[6,38]. Furthermore, these results are not reproducible
because of the personal expertise of the analysts. One
of the goals of this study is to evaluate the results of a
person-to-person variation (analyst effect) in the visual
analysis. The results of our study showed that analysts
may make different interpretations in the examination.
These subjective interpretations can cause faulty eva-
luations that may lead researchers to mislead in their
studies. The obtained results were compared with the
percentage of the variation coefficient, which repre-
sents the measurement difference between four dif-
ferent analysts. The coefficients of the variation were
obtained from 13.18 % to 98.34 % for live cells and from
9.75% to 126.02% for dead cells with respect to measu-
rements of the analysists. In addition, the average valu-
es of variation coefficient percentages are 40.72% for
live cell images and 59.02% for dead cell images. The-
se results indicate the inter-analysts’ variabilities. It is
thought that the reason for this difference is that the
perception of human eyes differs from each other du-
ring visual evaluation. Another reason for the high rate
of deviation in dead cell images is that the number of
cells in the dead cell images is small compared to that
of live cell images, and this increases the rate of mis-
detection. Also, it is determined that the mean values
of the analysts’ measurements were close to algorithm

results when Table 1 was examined. In cases where the
coefficient of the variation in manual measures is low,
the algorithm results are converging the average of the
manual results.

CONCLUSIONS

In the study, area percentages of live and dead cells in
CLSM images of cell cultures that were implanted to
alginate and alginate-HAp tissue scaffolds were calcu-
lated semi-automatically. The results show that there
were too many deviations between the manual evalu-
ations of the analysts. Conversely, it has been shown
that reproducible results can be obtained with the de-
veloped algorithm. Moreover, depth-dependent cell
viability analyses were performed on the tissue scaf-
fold. The maximum cell viability was obtained at 63
um, 72 um and 90 um for microwave-assisted Gel-MA,
alginate-HAp, conventional Gel-MA scaffolds, respec-
tively. For Alginate-HAp scaffold cell viability began to
decrease and there was no viability deeper than 198
um. For conventional Gel-MA and Microwave-assisted
Gel-MA tissue scaffolds, cell viability began to decrease
but never reached zero percentage. Depending on the
depth of the tissue scaffold, a reduction in viability is ex-
pected. This situation can be explained by the reduced
transport of the nutrition substances needed by the
cells based on diffusion physics.
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ABSTRACT

n this study, the performance of PAN/Zeolite-based composite barrier material was evaluated for the removal of 12Sn and

7*Se radionuclides from an aqueous solution. Performance evaluation of the composite barrier material was performed
separately for 12°Sn and 7°Se radionuclides using SWOT analysis. In addition, the risks to non-human organisms in case of
accidental release of these radionuclides from radioactive waste landfills have been evaluated. These risks were evaluated
by calculating the total doses of freshwater and terrestrial biota using the ERICA assessment tool. The exposed total dose
range of reference biota as such crustaceans, phytoplankton, and vascular plants in freshwater was decreased to 4.02E6-
3.87E9 uG h* for 2°Sn isotope, and 3.35E07-1.92E12 uG h for "°Se isotope using composite barrier material. In terrestrial
reference biota such as annelids, grasses and grasses, lichens and bryophytes, mammals and trees, the exposed total dose
range was decreased to 4.51E06-7.41E04 uG h* for %Sn and 2.15E06-5.53E09 uG h* for °Se.

Key Words
Radioactive waste repositories, composite barrier, Tin-126, Selenium-79, risk assessment.

0z

u calismada, sulu bir ¢ézeltiden 26Sn ve 7°Se radyonuklidlerin uzaklastiriimasi icin PAN/Zeolit bazli kompozit bariyer
Bmalzemesinin performansi degerlendirildi. Kompozit bariyer malzemesinin performans degerlendirmesi 12°Sn ve °Se
radyonuklidleri igin SWOT analizi kullanilarak ayri ayri yapilmistir. Ayrica, radyoaktif atik depolama alanlarindan bu radyo-
nuklitlerin yanhshkla salinmasi durumunda, insan disi canlilara yénelik riskler degerlendirilmistir. Bu riskler ERICA assess-
ment tool kullarak tatl su ve karasal biotalarin alacagi toplam dozlar hesaplanarak degerlendirilmistir. Tatli sudaki kabuklu-
lar, fitoplankton ve vaskdler bitkiler gibi referans biyotalarin maruz kaldigi toplam doz araligi, kompozit bariyer malzemesi
kullanilarak 12°Sn izotopu icin 4.02E6-3.87E9 uG h*'e ve 7*Se izotopu icin 3.35E07-1.92E12 uG h*'e distrulmustir. Annelidler,
cimenler, likenler ve briyofitler, memeliler ve agaclar gibi karasal referans biyotasinda, maruz kalinan toplam doz aralig 1%Sn
icin 7.41E04-4.51E06 uG h'ya ve 7°Se igin 2.15E06-5.53E09 uG h*'e dusuralmastur.
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INTRODUCTION

uclear power plants seem to key solution for the
N increasing energy demand by the high capacity
factor, preventing climate change; nevertheless, the ra-
dioactive wastes problem because of their high radioac-
tivity are waiting for a permanent solution like conduc-
ting studies on the storage and disposal of radioactive
waste repositories. The main concern of the waste re-
positories is to attain the water to the waste repository
and to migrate the radionuclides in the waste packages
to the biosphere. In order to protect the waste reposi-
tory from the water and prevent the migration of the
radionuclides in waste packages, the multi-barrier con-
cepts composed of the engineered barriers and geolo-
gical formation were developed and has been studied
by researchers and authorities since the 1970s [1,2].

The main reason for developing the engineered barri-
er is the adsorption of the radionuclides having a long
half-life and extension of the time that attain the ra-
dionuclides to the biosphere; therefore, the concent-
ration of the radionuclides is decreased and they will
not jeopardize human and ecosystem health. In order
words, Engineered barriers work for the extension of
the time to attain the radionuclides to the biosphere
and for prevention of the attain the water to the waste
repository; therefore, they work bi-directional. In the
absence of the engineered barrier, water succeeds to
meet the waste repository and radionuclides migrate
to the biosphere earlier and more concentration than
expected without adsorption [1,2].

In the design phase of the multi-barrier, the design of
the engineered barriers is shaped by the geological for-
mation and radioactive waste repositories. However,
one of the engineered barriers is generally made of the
buffer material where radionuclides contact firstly. The
buffer materials should be designed to adsorb more
radionuclides having a long half-life. Furthermore, the
buffer materials should be designed with high chemical,
physical and structural properties such as low permea-
bility, high plasticity, and high cation exchange capacity
[3-8].

7°Se and 1%*Sn are remarkable radionuclides in the was-
te packages because they are long half-live fission pro-
ducts and radiologically harmful in the spent nuclear
fuel [9-11]. The fission efficiency for 12°Sn and °Se are
0.0236% and 0.04%, respectively [11,12]. The half-life of

1265n is 2.35x10° and it is a dangerous beta (max = 252
keV) and gamma (87.6, 86.94 or 64.3 keV) emitter by
thermal neutrons although it has a relatively low pro-
duction of about 0.056% is a fission product. The half-
life of 7°Se is 65000 years and it is potentially dangerous
for beta radiation (max = 0.056 MeV) [12]. According to
the Belgian deep geological repository, °Se is seemed
to the main contributor to the activity release. Seleni-
um is also redox-sensitive radionuclides that shows oxi-
dation states as -11, 0, IV and VI in aguatic media.

According to the recommendation of the Internati-
onal Commission on Radiological Protection (ICRP)
in 1978, while defending the view that “if people are
sufficiently protected, other living organisms will also
be adequately protected”. In 1991, it was stated that
environmental control is also necessary for humans to
be adequately protected, that other species should not
be at risk, that non-human organisms may occasionally
be harmed, but cannot endanger endangered species
or create an imbalance between species. This change
in the paradigm of the ICRP has accelerated the work
carried out within the framework of the protection
of non-human species from radiation. Since it will not
be possible to evaluate the effects of radiation on all
species in the ecosystem, separate assessments are
made for reference organisms, exposure routes and
terrestrial, freshwater and marine environments. With
the ERICA (Environmental Risk from lonizing Contami-
nants: Assessment and Management) program, which is
a modelling simulation developed for this purpose, it is
possible to predict the transfer of environmental or ra-
dionuclide pollution on the reference plants or animals,
to determine the equivalent dose amount to which the
biota will be exposed, and to evaluate the impact [13].

Within the framework of this paradigm, the doses to be
exposed to non-human biota as a result of the release
of 126Sn and 7°Se into the environment as a result of an
accident that may occur in radioactive waste repository
areas were calculated using the ERICA Tool Program.
The exposed total doses of selected freshwater and
terrestrial reference biota were evaluated separately
in the presence and absence of the composite barrier
material used in the waste storage area. SWOT analysis
was used to show strengths, weaknesses, opportunities,
and threats of the composite barrier material.



MATERIALS and METHODS

ERICA assessment tool is a product developed within
the 6th Framework project ERICA and is one of the most
inclusive assessments that has been recognized and
used by international organizations such as ICRP, IAEA.
ERICA Assessment Tool is used for determination of the
amount of equivalent dose to which it will be exposed
and effect evaluation on reference plant or animal that
is determined by IAEA and UNSCEAR by transfer of envi-
ronmental or radionuclide contamination [14,15]. loni-
zing radiation exposure, effects and risks, chemical and
environmental risk characterization and environmental
management can be performed in order to protect the
ecosystem structure and function using this computer-
based software [16].

ERICA has 3 tiered approaches and it can be adapted to
the specific assessment of using reference organisms.
In Tier 1, only the selected elements of a specific area
can be examined according to appropriate reference
organisms and the risk assessment is made according to
result by comparing against Environmental Media Con-
centration Limits (EMCL). The results are given as Risk
Quotients (RQ):

"M
R — n
Q Z EMCL,

where, RQ= Total Risk quotient, M = measured or pre-
dicted maximal activity concentration for radionuclide
“n” in the medium in Bq L? for water, Bq kg? (dry weight)
for soil or sediment or Bg m™ for air; EMCL = Environ-

mental Media Concentration Limit for radionuclide “n
(same units as media) [16].

In Tier 2, selected elements in the specific area can be
examined according to selected reference organisms
and, the risk assessment is made according to the re-
sult. Selected reference organisms are representing the
range of typical organisms from aquatic, terrestrial and
marine environments. The results enable the calculati-
on of doses and identification of the potentially most
exposed reference organism by using the concentration
value (CR) in Bq kg* and distribution coefficient (K ) in
Bq kg®. Tier 2 is important for determining the uncerta-
inties within the effects analysis part of the assessment
[16].
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In Tier 3, these results can be evaluated according to
probability estimates. This tier enables to enter of the
data for the site-specific probability distribution func-
tions and gives the uncertainties in the final dose-rate
results. Sensitivity analysis is important for the parame-
ters on the effects on the model output and this helps
to quantities the uncertainties especially cost-effective
research [16].

In this study, ERICA Assessment Tool is used for the ef-
fect of the barrier on the dose exposure in the freshwa-
ter biota, i.e., crustacean, phytoplankton, vascular plant,
and terrestrial biota i.e., annelid, grasses and herbs,
lichen and bryophytes, mammal, shrub, tree. Initial Se
and Sn concentration and remaining concentration in
the solution after adsorption were converted to activity
by using the following formula:

A:ln—zx

tl/2

mN ,a

M

where A is activity (Bq), t. , is half-life of the nuclei (s),

1/2
M is the molarity of the substance (kg mol?), m is mass
of substance (kg), NA is Avogadro’s number (mol?), a is

the abundance.

In order to calculate to the subjected dose of the fresh-
water reference biota in the ERICA Tool Assessment
Program, the required distribution coefficient (K,) value
was calculated as:

A—-A4, V
=1 ‘x—
A m

e

K,

where A, is the activity concentration of the initial so-
lution (Bg mL*), A_is the activity concentration of the
solution in equilibrium (Bg mL?), V is the volume of the
solution (mL), mis the amount of the adsorbent (0.05 g).

RESULTS and DISCUSSION

In the event of an accident that may occur in radioactive
waste storage, the risks of the spread of waste radio-
nuclides to the environment have also been evaluated.
The tin and selenium concentrations in the solution be-
fore and after the adsorption process were converted
into activity units, and the performance of the barrier
material to reduce the migration of tin and selenium
ions into the ecosystem was investigated.
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Table 1. Total 1%°Sn dose range for freshwater biota.

Freshwater
Sn Without barrier With barrier
Crustaen Phytoplankton  Vascular Plant Crustaen Phytoplankton  Vascular Plant
Max. Dose (UG h?) 1.24E+10 2.41E+08 1.08E+10 3.87E+09 7.49E+07 7.49E+07
Min. Dose (UG h?) 9.44E+08 4.01E+07 8.32E+08 2.37E+08 4.02E+06 4.02E+06
Table 2. Total *2°Sn ddose range for terrestrial biota.
Terrestrial
Without barrier With barrier
Sn
Grasses & Lichen Grasses & Lichen
Annelid Mammal Shrub Tree Annelid Mammal Shrub Tree
Herbs &bryophytes Herbs &bryophytes
Max. Dose
(G 1456407  5.45E+06 6.20E+06 1356407  5.46E+06  4.43E+06  4.51E+06  1.69E+06 1.93E+06 4.20E+06  1.70E+06
"G b
Min. Dose
G ) 9.66E+05  3.63E+05 4.13E+05 9.00E+05  3.64E+05  2.95E+05  2.42E+05  9.11E+04 1.04E+05 2.26E+05  9.14E+04
it
Table 3. Total "°Se dose range for freshwater biota.
Freshwater
Se Without barrier With barrier
Crustaen Phytoplankton  Vascular Plant Crustaen Phytoplankton  Vascular Plant
Max. Dose (UG h?) 7.13E+12 1.01E+09 1.07E+12 1.92E+12 2.73E+08 2.87E+11
Min. Dose (uG h?) 4.75E+11 6.77E+07 7.11E+10 2.35E+11 3.35E+07 3.52E+10
Table 4. Total "°Se dose range for terrestrial biota.
Terrestrial
Without barrier With barrier
Se
Grasses & Lichen Grasses & Lichen
Annelid Mammal Shrub Tree Annelid Mammal Shrub Tree
Herbs &bryophytes Herbs &bryophytes
Max. Dose
G 1.52E+09  5.78E+08 2.06E+10 6.50E+07  1.86E+09  1.86E+09  4.09E+08  1.56E+08 5.53E+09 1.75E+07  4.99E+08
it
Min. Dose
(G ) 1.01E+08  3.86E+07 1.37E+09 433E+06  1.24E+08  1.24E+08  5.02E+07  1.91E+07 6.79E+08 2.15E+06  6.13E+07
it

The different activity ranges between the 1.14E09 and
1.71E10 Bqg L? activity values, the ERICA Tool Assess-
ment program evaluated how much aquatic and ter-
restrial biota could receive as a result of leakage into
the environment without barrier material in the waste
area and the presence of barrier material. In the absen-
ce of barrier material, crustaceans, phytoplankton, and

vascular plants, which are studied as freshwater biota,
will be exposed to significant doses. The total dose ran-
ge to which this biota will be exposed varies between
1.60E7 and 1.24E10 uG h™* from the radioactive isotope
of tin, and between 6.77E07 and 7.13E12 uG h? from
the radioactive isotope of selenium (Table 1 and Table
3). In the case of using barrier material, the total dose

1.38E+06

7.41E+04

4.99E+08

6.13E+07



Figure 1. SWOT analysis for the composite barrier materials.

range to which this biota will be exposed decreases to
4.02E6 to 3.87E9 uG h? for radioactive tin isotope, and
3.35E07 to 1.92E12 uG h for radioactive selenium iso-
tope. In the case of using a barrier, the external dose is
reduced by approximately 70%.

In terrestrial reference biota such as annelids, grasses
and grasses, lichens and bryophytes, mammals and
trees, the observed total dose range in the case of not
using barrier material is between 2.95E05 and 1.45E07
uG h?for tin, and between 4.33E06 and 2.06E10 puG h?
for selenium (Table 2 and Table 4). In the case of using
barrier material, the dose range to which this biota will
be exposed has decreased by 70% and it is 4.51E06 to
7.41E04 uG h? for tin and 2.15E06 to 5.53E09 uG h?
for selenium. Since the exposure to freshwater and
terrestrial biota from the total doses originating from
radioactive waste repositories has not been examined
in another study before with the ERICA program, it was
not possible to compare with the literature.

SWOT analysis was used to evaluate the strengths, we-
aknesses, opportunities, and threats of the use of com-
posite barrier materials in the spread of radionuclides,
which are dangerous for living things due to their long
half-lives and activities in radioactive waste repository
areas. The results of the SWOT analysis are given in Fig.
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1. Weaknesses can be improved for different radionuc-
lides by using composite barrier materials of different
compositions. In addition, by investigating the interacti-
ons of different radionuclides with the barrier materials
in more detail, it can be suggested to use different com-
posite barrier materials according to the radionuclide
inventory of radioactive wastes.

CONCLUSION

In this study, the effectiveness of a composite barrier
material for 1°Sn and °Se used in radioactive waste
repository areas was evaluated. In accordance with
the recommendation of the International Commission
on Radiological Protection (ICRP), the ERICA Tool Prog-
ram was used to assess the total exposures of selected
freshwater and terrestrial reference biota. The doses of
freshwater and terrestrial biota originating from 1%Sn
and 7*Se are significantly reduced in the presence of the
composite barrier material. Some of the freshwater and
terrestrial biota are more exposed to these doses.

In line with the results obtained, the usability of the
composite barrier material was evaluated in terms of
strengths, weaknesses, opportunities, and threats
using SWOT analysis.
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ABSTRACT

he aim of this study was to investigate the chemical composition (vitamin C, phenolic, and sugar compounds), the cyto-

toxic effect on healthy (L-929) and lung cancer (A-549) cells, and the antioxidant capacity of fruits belong to thirteen
cornelian cherry (Cornus mas L.) genotypes grown under the same conditions in Turkey. Fruit samples were extracted by
the ASE technique. The chemical composition was analyzed by HPLC-DAD-RID. A reversed-phase Clipeus C18 reversed-pha-
se column (250 mm x 4.6 mm, 5 um) were used. For gradient elution mobile phase A contained 4.5 % acetic acid in water;
solution B acetonitrile were used as mobile phase with flow rate 1.0 mL/min. Antioxidant capacity, total phenolic, and total
anthocyanin content were determined using spectrophotometric methods. Cytotoxic effects were evaluated by MTT assay
in 1-929 and A-549 cell lines for 48 h. No toxic effect of the fruit extracts was observed on -929 healthy mouse fibroblast
cells, while it was determined to reduce cell proliferation (approximately 50%) on A-549 lung cancer cells. The featured
genotypes were 44-03, 44-20, 44-21, 77-09, and 44-21, 44-16, 77-05, respectively. The featured genotypes for antioxidant
capacity and cytotoxic effects on A-549 cells were 44-03, 44-20, 44-21, 77-09, and 44-21, 44-16, 77-05, respectively. The
results have brought out that there are significant differences between the genotypes (p < 0.05) and cornelian cherry fruits
have a significant antioxidant capacity and potential for antiproliferative effects.

Key Words
Cornus mas L., phenolic compounds, vitamin C, antioxidant capacity, antiproliferative effect, lung cancer.

0z

u calismanin amaci, kizilcik meyvelerinin kimyasal bilesimi (C vitamini, bireysel fenolik ve seker bilesikleri) ve antioksidan

kapasitesinin yaninda, meyve ekstrelerinin saglikli (L-929) ve akciger kanseri (A-549) hiicreleri GUzerindeki sitotoksik etki-
sini arastirmaktir. Turkiye'de ayni kosullarda yetistirilen on tg kizilcik (Cornus mas L.) genotipi meyve érnekleri ASE teknigi ile
optimum kosullarda ekstrakte edildikten sonra kimyasal bilesim, HPLC-DAD-RID ile analiz edildi. Clipeus C18 ters faz kolonu
(250 mm x 4.6 mm, 5 um) kullanildi. Gradiyen elisyon uygulanarak yapilan belirlemede dakikada 1 ml akis oraninda, mobil
faz olarak solvent A: %4,5 asetik asit sollisyonu ve solvent B: asetonitril kullanildi. Antioksidan kapasitesi, toplam fenolik ve
toplam antosiyanin icerigi spektrofotometrik yontemler kullanilarak belirlendi. Sitotoksik etkiler, 48 saat boyunca L-929 ve
A-549 hicre hatlarinda MTT testi ile degerlendirildi. Meyve ekstraktlarinin L-929 saglikh fare fibroblast hiicreleri tGzerinde
toksik etkisi gbzlenmezken, A-549 akciger kanseri hlcrelerinde hiicre proliferasyonunu (yaklasik %50) azalttigi belirlendi.
A-549 hucreleri Gzerindeki antioksidan kapasite ve sitotoksik etkiler icin 6ne ¢ikan genotipler sirasiyla 44-03, 44-20, 44-21,
77-09 ve 44-21, 44-16, 77-05 oldugu belirlendi. Elde edilen sonuglar, genotipler (p < 0.05) arasinda énemli farkhlklar oldu-
gunu ve kizilcik meyvelerinin 6nemli bir antioksidan kapasiteye ve antiproliferatif etki potansiyeline sahip oldugunu ortaya
koymustur.
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INTRODUCTION

ruits and vegetables are sources of natural antio-
indants thanks to their secondary metabolites as
well as being a food source. Antioxidants that have a
preventive effect against harmful free radicals causing
cancer, heart diseases, and many other diseases have
been drawn attention due to their beneficial effects on
human health [1]. Free radicals may comprise from the
oxidation and reduction reactions that normally occur
in the organisms, as well as harmful sources such as to-
xic products of cell metabolism, radiation, viruses, ultra-
violet beams, and cigarette smoke. These reactive spe-
cies cause oxidative damage in lipids, proteins,nucleic
acids, and various pathological events. It is known that
the relevant reactive species cause molecular changes
and gene mutations in cells, and play a role in aging, cel-
lular damage, and tissue destruction.

Antioxidants that neutralize free radicals and prevent
their formation by giving their electrons serve a pro-
tective function in the human body. They are found in
foods and the body in lower concentrations than oxi-
dizable substrates and delay or prevent the oxidation
of the substrate that causes oxidative damage [2]. Vi-
tamins, carotenoids, and polyphenols are among the
natural sources of antioxidants. Polyphenols are com-
pounds found in many vegetables, fruits, and beverages
such as tea and red wine and contain mainly flavonoids
and phenolic acids. These compounds have the radi-
cal scavenging effect either by breaking free radicals
chain reactions or directly by suppressing free radicals
[3]. Polyphenols, commonly found in most plants, have
pharmacological activity due to their ability to remove/
prevent the reactive oxygen species causing destructi-
ve damage to the cells [4].

There are some problems with the use of synthetic an-
ticancer agents following: Effecting without distinction
between the normal tissue and tumor, their sensitivity
to induced drug resistance, the severe side effects, etc.
Such issues raise the interest in using natural bioactive
ingredients as cancer preventive or healing agents [4].

Cornelian cherry is a tree plant growing naturally. Its
fruits are generally consumed freshly or as jam, mar-
malade, syrup, jelly, compote, dried layers of fruit pulp,
tarhana, and juice [5-6]. Besides, its fruit, leaf, root, and
shell are used in folk medicine as an antipyretic, diarr-

hea preventive, and removing kidney stones. Cornelian
cherry fruits have a rich content of anthocyanin, fla-
vonoid, and phenolic compounds. Many studies have
revealed the antiseptic, antioxidant, antidiabetic, and
antimicrobial properties of the cornelian cherry [4-5,
7-13]. Based on a scientific basis use of herbal medicine
for the prevention of diseases such as cancer, obesity,
diabetes, and cardiovascular, the studies to reveal the
therapeutic properties of plants are increasing, and cor-
nelian cherry attracts attention from this aspect as well.
In the genotypes used in the current study, there is no
study on the individual phenolic compounds and cyto-
toxic activity. The aim of this study is to determine the
phenolic content and antioxidant capacity properties of
fruits of different cornelian cherry genotypes from the
Malatya Province of Turkey and investigate the in-vitro
cytotoxic effects of fruit extracts on lung cancer cells.

MATERIALS and METHODS

The fruit material used in the study was obtained from
the cornelian cherry genetic resources collection orc-
hard belonging to Apricot Research Institute, located in
Malatya Province of Turkey. Fruit samples were taken
from fourteen cornelian cherry genotypes. The fruit
samples removing the kernel were pulped with a blen-
der. Fruit puree was dried with lyophilizer (Christ Alpha
1-2 LD plus, Germany) and powdered. The obtained fruit
powder was used in all analyzes.

Extraction Procedure and Spectrophotometric Analy-
ses

Analyses Accelerated Solvent Extraction (ASE) 200
system (Dionex, Sunnyvale, CA, USA) with 11-60 mL
stainless steel ASE vessels used for the pressurized
liquid extraction was used for the extraction of poly-
phenol from the fruit samples. The fruit samples were
extracted in the solvent mixture of methanol:water:HCl
(70:29.9:0.1 v/v/v) at 25°C, 1500 psi for 60 min [14]. The
obtained extract evaporated to dryness by rotavapor
under reduced pressure. The dry residue was redissol-
ved in a 4 mL solvent mixture of methanol:water (1:1
v/v), and then was filtered through a 0.45 um PVDF
(polyvinylidene difluoride) filter. The filtrate was used in
all analyzes except sugar and vitamin C analyzes. The to-
tal phenolic content (TPC) was determined by the Folin-
Ciocalteu method [15], and the results were expressed
as mg gallic acid/100 gDW (dry weight). UV/VIS Spect-
rophotometer (Shimadzu 2000S Model, Japan) was
used for detection of TPC in the cornelian cherry samp-



les. To determine the antioxidant capacity, DPPH radical
scavenging and reducing power tests were performed.
DPPH radical scavenging test was performed by using
the method of Yen and Hung [16]. The reducing power
test was performed by using the method of Hwang et al.
[15]. Results were compared with a standard curve pre-
pared with Trolox, and expressed as mg Trolox (TE)/100
gDW. Total anthocyanin content (TAN) was determined
using the pH-differential method [17] and expressed as
mg cyanidin-3-O-glucoside (c3g)/100 gDW.

Analysis of Phenolic Compounds

The qualitative and quantitative determination of poly-
phenols was carried out using a Shimadzu HPLC, equipped
with Shimadzu DGU-20A5 model vacuum degasser and
Shimadzu 20 ADXR solvent pump. Separations were per-
formed using a Clipeus C18 5 um reversed-phase column
(250 mm x 4.6 mm). Detection was performed with a Shi-
madzu SPD-M20A photodiode array detector. To prepare
analytically pure polyphenol standards, 1000 mg/L stock
solutions were prepared by dissolving 0.010 g polyphenol
into deionized pure water and completed with 10 mL met-

Table 1. The gradient program applied by HPLC.

Analysis time (min) Solvent B Flow ra‘te
(%) (mL/min)
0.01 0
7 5
12 15
20 40 1
25 100
30 100
40 5
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hanol and water (1:1 v/v). By using these stock solutions
standard solutions of each polyphenol were prepared da-
ily. The determination of phenolic compounds was carried
out by the HPLC-DAD system. In the determination by app-
lying gradient elution, Solvent A: 4.5% acetic acid solution
and Solvent B: acetonitrile were used as mobile phases.
The elution conditions are given in Table 1. The content of
the phenolic compounds was determined according to its
calibration curve and expressed as mg/100 gDW.

Validation Studies

Limit of detection (LOD) and limit of quantification
(LOQ) was calculated by multiplying 3.3 and 10 by the
standard deviation of the blank solution(s) respectively.
To determine the % recovery, the sample was spiked a
known amount of phenolic compound standard, and
then both spiked sample and unspiked sample were
measured to determine amount of phenolic compound
by HPLC.

Table 2. The validation parameter values from HPLC for phenolic compounds.

Retention Calibration
Phenolic
Time (min) LOD* LoQ* Curve
compounds
Gallic acid 5.44 0.033 0.048 y=605.33x+34.12
Catechin 14.37 0.034 0.060 y=111.68x+3.29
Chlorogenic acid 15.15 0.005 0.010 y=559.62x+12.41
Epigal** 16.61 0.044 0.060 y=20.244x-2.04
Epicatechin 16.93 0.026 0.043 y=13.296x+4.29
Rutin 18.94 0.012 0.019 y=308.2x+5.50

*mg/100 mL, **Epigallocatechin gallate

Column temp. Injection vol. Wavelength
(*C) (uL) (nm)
271,273
278,279
30 20
325,354
Linear Recovery Precision Precision
R2 Range* (%) intra-day inter-day
RSD % RSD %
0.9999 0.05-10 90.39 4.84 7.95
0.9999 0.06-5.0 77.47 6.92 9.50
0.9999 0.025-5.0 77.00 8.91 10.07
0.9999 0.25-25.0 80.00 4.40 6.72
0.9998 0.05-5.0 77.40 3.22 8.03
0.9999 0.025-2.5 98.44 237 6.73
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The percentage of recovery was calculated using Equ-
ation (1):

C1-C0

100
C(spike) g

% Recovery =
(1)

where C1 is the measured concentration of the spiked
sample, CO is the measured concentration of the unspi-
ked sample and C(spike) is the added concentration of
phenolic compound standard. The validation parameter
values calculated for the phenolic compounds are given
in Table 2.

Analyses of Sugar Compounds and Vitamin C

Sugar analysis in fruit samples was carried out by HPLC-
RID (refractive index detector) (Shimadzu RID-10A). Se-
parations were performed using a Carbohydrate 5um
column (250 mm x 4.6 mm). The solvent mixture of
acetonitrile:water (77:23 v/v) was used as mobile phase.
0.50 g fruit sample was weighed into a centrifuge tube,
and then 10 mL ultrapure water was added on. Tubes
were mixed well by vortex and then centrifuged at 6000
rpm for 5 min. The upper phase was taken and filtered
through a 0.45 um PVDF filter. Sugar content was deter-
mined by injecting to HPLC the filtrate.

The determination of vitamin C was carried out by the
HPLC-DAD (Diode-Array Detection) system (Shimadzu
SPD-M20A). Separations were performed using a Phe-
nomenex C18 5um column (250 mm x 4.6 mm). The
ultrapure water (pH: 2.2) was used as mobile phase.
2.50 g fruit sample was weighed into a centrifuge tube
wrapped with aluminium foil, and then 10 mL 6% me-
taphosphoric acid was added on. Tubes were mixed well
by vortex and then centrifuged at 6000 rpm for 2 min.
The upper phase was taken and filtered through a 0.45
um PVDF filter. Vitamin C content was determined by
injecting to HPLC the filtrate, at 254 nm [18].

In-vitro Cytotoxic Activity

929 (normal mouse fibroblast cell line, ATCC, CCL-1)
and A-549 (human lung cancer cell line, ATCC, CCL-185)
cells were grown and maintained in Dulbecco’s Modifi-
ed Eagle’s Medium (DMEM) containing 10% fetal bovine
serum (FBS), 1% penicillin and streptomycin and were
incubated at 37 °C in a humidified atmosphere of 5%
CO2. Stock cultures were passaged at 2 to 3-day inter-
vals.

The MTT [2, 5- diphenyl - tetrazolium bromide, and 3 -
(4, 5-dimethyl thiazolyl)] test was used to evaluate the
cell viability. The test is based on producing a blue for-
mazan product from mitochondrial dehydrogenase that
indicates the normal functions of mitochondria and as a
result of the measurement method of the resulting cell
viability and cytotoxicity [19]. 1-929 and A-549 cells at
a density of 1x104 cells/well were seeded into 96- well
plates in DMEM containing 10% FBS. Then, the cells
were treated with different concentrations (100-200
ug/mL) of the extract. 48 h after the treatment, the me-
dium of each plate was changed with a fresh medium
containing MTT solution. After 4 h of incubation, the
incubated media was added to the solubilization buffer.
Then, the absorbance of each well was read at a wa-
velength of 570 nm using Elisa Reader (Epoch, Biotek,
USA). Cell proliferation was obtained by proportioning
the absorbance values obtained from the negative
control to the absorbance values of the experimental
groups. The absorption value from controls (cells not
treated with extracts) was considered having 100% cell
viability [20, 21].

Statistical analysis

Analyses were performed with three replicates. All data
were subjected to variance analyses. Significant diffe-
rences among applications were determined according
to LSD multiple comparison test at p < 0.05. In addition,
correlation coefficients between results of the analysis
were calculated. The chemical compositions and cyto-
toxic effects on L929 and A549 cell lines of the tested
fruit samples were compared using principal compo-
nents analysis (PCA). Besides, Pearson’s Correlation
Test (p < 0.01 and p < 0.05) was applied to evaluate the
relations among the assessed fruit characteristics. All of
the statistical analyzes were performed using IBM SPSS
Statistics 22 software.

RESULTS and DISCUSSION

TPC, total anthocyanin and antioxidant capacity

TPC values of fruit extracts belonging to cornelian
cherry genotypes were measured using the calibra-
tion graph prepared in the spectrophotometer with
concentrations of 1.00, 2.50, 10.00, 25.00, and 50.00
mg/100 mL of gallic acid standard. Results expres-
sed as gallic acid equivalent (GAE) are given in Figure
1A. The TPC values of the fruits ranged from 201.45-
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Figure 1. Total phenol (A) and total anthocyanin (B) contents, antioxidant capacity to DPPH radical scavenging (C), and reducing power

(D) tests of cornelian cherry fruit extracts (GU: Gliney Uzun).

808.73 mg GAE/100 gDW, and the genotypes with the
highest phenolic content were 44-21 (808.73+7.27 mg
GAE/100DW), 44-20 (739.64+10.91 mg GAE/100 gbW)
and 77-09 (710.55+32.73 mg GAE/100 gDW), respec-
tively. Genotype 77-07 contained the lowest phenolic
content (201.45+32.73 mg GAE/100gDW). These results
are in agreement with those obtained by Stiropoulos et
al. (280-560 mg GAE/100 g), Tural and Koca (281-579
mg GAE/100 g), De Biaggi et al. (196.68 mg GAE/100
g), Cosmulescu et al. (163.69-359.28 mg GAE/100 g),
Kucharska and Letowska (261.70-464.12 mg GAE/100 g)
and Cetkovska et al. (217.4-614.3 mg GAE/100 g) [7-9,
22-24]. However, there are also higher and lower values
in the literature compared to the results of our study.
For instance, Yousefi et al. [25] and Pantedis et al. [10]
reported that TPC is 1310.2 and 2611mg GAE/100 g
(higher than the results of our study) in cornelian cherry
fruit, respectively, while Klymenko et al. [26] within the
range of 91.34-200.00 mg GAE/100 g (lower than the
results of our study).

TAN results of fruit extracts belonging to cornelian
cherry genotypes are given in Figure 1B. TAN values
ranged from 0.67 to 41.08 mg c3g/100 gDW. The ge-
notype 44-20 (41.08+0.73 mg c3g/100 gDW) came into

prominence with the highest total anthocyanin content,
while the genotype 44-03 (0.67+0.27 mg c3g/100 gDW)
had the lowest.

Anthocyanins are pigments that give pink, red, blue, and
purple colors to fruits and vegetables [17]. The results
of our study are in agreement with those reported by
Karaaslan (12.0-23.3 mg/100 g), Kantar (32-36 mg/100
g), and Cetkovska (6.1-34.7 mg/100 g) [17, 24, 27]. Com-
pared to our results, either higher or lower results were
reported in the previous studies. For example, De Bi-
aggi et al. (134.71 mg/100 g), Moldovan et al. (92.23
mg/100 g), Pantelidis et al. (223 mg/100 g) and Popovic
et al. (0.00058-0.03 mg/100 g) etc. [5, 8, 10, 11].

Fruit extracts were analyzed for their antioxidant capa-
city using DPPH radical scavenging and reducing power
assays. Results are given in Figure 1C (DPPH) and 1D
(reducing power). According to the DPPH assay, antio-
xidant capacity values varied between 1377.22-3003.91
as mg TE/100 gDW, and 75.22-88.89 as % inhibition. Ge-
notypes 44-03 (3003.91+7.77), 44-20 (2991.82+25.24),
44-05 (2945.76+49.75), and 77-09 (2910.25+7.42 mg
TE/100 gDW) showed the highest antioxidant capa-
city. According to the reducing power assay, antioxi-
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dant capacity values varied between 1869.16-4943.36
mg TE/100 gDW. Genotypes 44-21 (4943.76+59.97),
77-09 (4847.65+21.58), 44-20 (4559.67+19.02), 44-05
(4375.19+14.43) and 44-03 (1339.88+14.68 mg TE/100
gDW) showed the highest antioxidant capacity accor-
ding to reducing power assay. In a study conducted on
six cornelian cherry genotypes, antioxidant capacity
(DPPH) values of three genotypes were 76.32-82.37%
(in agreement with our results), while the other three
genotypes were reported to be between 38.98-60.86%
(lower than our results) [12]. In another study in which
different solvents were used, the antioxidant capaciti-
es (reducing power) of extracts obtained from ethanol
and methanol solvents were 3531.91 and 2734.56, res-
pectively, while it was 5894.99 for acetone, 1207.73 for
acetonitrile, and 920.65 mg TE/100 g for water [17]. The
use of different extraction solvents may be the reason
for the difference in results.

Phenolic compounds

Phenolic component determinations of extracts obtained
after extraction from fruits belonging to fourteen corneli-
an cherry genotypes were made by the HPLC-DAD system.
In all genotypes, gallic acid, catechin, epicatechin, chloro-
genic acid, epigallocatechin gallate (Epigal), and rutin com-
pounds were determined in different concentrations. 44-
20 and 44-21 with their gallic acid, chlorogenic acid, Epigal,

and epicatechin contents, 44-20 and 44-02 with their ca-
techin content, and 44-25 with its rutin content were de-
termined as the prominent genotypes (Table 3). There are
many previous reports on phenolic compounds of corneli-
an cherry fruits. The gallic acid, catechin, chlorogenic acid,
epicatechin and rutin contents of the examined samples
were between 21.91-55.07, 10.35-30.41, 4.09-33.98, 6.83-
17.58, 7.60-36.33 and 3.69-15.68 mg/100 gDW respecti-
vely, in agreement with previous studies (gallic acid: from
0.05 to 166; catechin: from 0.39 to 395; chlorogenic acid:
from 1.29 to 15; epicatechin: from 0.40 to 211; rutin: from
0.29 to 81 mg/100 g) [8, 9, 11, 13, 28-39]. In this current
study, Epigal content of the examined samples was bet-
ween 6.83-17.58 mg/100 gDW, lower than the result (19
mg/100 g) of Harnly et al. [40], who studied in unripped
cornelian cherry fruits. As a matter of fact, the contents
of some phenolic compounds unripe fruits are higher than
those of ripe fruits [41]. Data from both previous studies
and the present study have appeared on a wide scale. The
different polarities of the phenolic compounds may affect
those extraction yields depending on the polarity of the
extraction solvents. Many factors, such as the solvent used
in extraction, the extraction technique, genotype/variety
feature, growing location, altitude, and plant nutrition sta-
tus, may be the reason for the variation in the results.

Table 3. Phenolic compounds in cornelian cherry fruit extracts (mg/100 gDW); data are expressed as meanSD (n = 3); means in the
same column bearing different letters are significantly different (p < 0.05).

Chlorogenic

Genotype Name Gallic Acid Catechin Acid Epigal Epicatechin Rutin
44-02 23.08+4.61gh 30.12+1.33a 24.49%0.27c 7.61+0.67ef 10.06+1.54def 9.60+0.32cd
44-03 27.19+1.65efg 20.05+1.80bc 10.92+0.36e 6.83+0.60f 14.54+1.11c 10.57+0.81c
44-05 30.42+2.33def 17.1441.83cd 17.58+1.66d 12.83+0.42c 11.32+1.66cdef 7.88+0.65ef
44-08 22.95+0.85gh 10.35+0.13g 4.09+0.11g 6.96+0.03f 8.26+0.64ef 3.69+0.09g
44-16 38.48+0.61bc 13.43+0.75efg 8.81+0.18f 6.85+0.86f 9.65+0.41def 6.54+0.48f
44-18 39.31+5.36b 19.9443.13bc 11.03+2.03e 13.46+2.37bc 12.48+3.41cd 13.77+2.81b
44-20 55.07+3.61a 30.41+0.22a 32.35+0.83a 17.45+1.48a 35.1445.59a 8.45+0.80de
44-21 54.75+2.16a 21.41+5.05b 33.98+0.17a 17.58+1.64a 36.33+0.16a 10.90+0.19¢
44-22 38.61+3.57bc 21.15+2.41b 27.044£2.04b 10.74+0.36d 18.95+3.05b 7.47+0.87ef
44-25 25.66+1.58fgh 21.994+2.11b 27.35£1.43b 13.36+0.94bc 11.10+3.41cdef 15.68+1.08a
77-05 21.91+3.07h 12.91+2.98fg 17.34+2.45d 14.69+0.56b 10.06+2.03def 6.45+0.91f
77-07 30.97+0.99de 18.64+0.09bc 16.59+0.11d 6.94+0.18f 10.18+1.47def 8.34+0.45de
77-09 41.24+4.83b 16.61+1.46cde 16.34+0.00d 9.22+0.47de 11.70+0.01cde 7.68+0.28ef

GU 34.01+2.02cd 14.65+0.34def 10.30+0.14ef 7.89+0.05ef 7.60+0.70f 8.91+£0.40de
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Figure 2. HPLC chromatograms of sample genotype 44-18 (A) and standards mix solution (B).
1: Gallic acid, 2: Catechin, 3: Chlorogenic acid, 4: Epigallocatechin gallate, 5: Epicatechin, 6: Rutin
Standards mix solution (1, 3, 4, and 6: 0.025 mg/100 mL; 2 and 5: 0.05 mg/100 mL).

Sugar Compounds and Vitamin C

Sugar compounds of cornelian cherry fruits was deter-
mined with the HPLC-RID, and the results are presented
in Table 4. The differences in glucose contents among
cornelian cherry genotypes were statistically insignifi-
cant (p > 0.05). Amounts of fructose, sucrose, and glu-
cose ranged from 1.86-2.94, 0.03-0.12 and 3.05-4.59
% DW, respectively. Perova et al. [42] reported that
fructose and glucose contents in cornelian cherry fruits
were in the range of 2.2-3.8% and 2.5-7.0%, respecti-
vely. In a study of fresh and dried cornelian cherry fruits,
fructose was found to be 1.90%, glucose 12.26% and

sucrose 0.17% in fresh fruit samples. In a study [43] of
fresh and dried cornelian cherry fruits, fructose was fo-
und to be 1.90%, glucose 12.26% and sucrose 0.17% in
fresh fruit samples. In dried fruit samples fructose was
found to be 2.63%, glucose 7.45% and sucrose 0.25%. In
another study [44], it was reported that fructose and
glucose contents in cornelian cherry fruits were 3.7%
and 5.4%, respectively. Antolak et al. [45] reported that
cornelian cherry juice contained 5.56g/100 mL fructose
and 2.97g/100 mL glucose. The results of fructose and
glucose reported by us were near to these literature
data, while the sucrose results were lower than.
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Table 3. Phenolic compounds in cornelian cherry fruit extracts (mg/100 gDW); data are expressed as mean+SD (n = 3); means in the
same column bearing different letters are significantly different (p < 0.05).

Genotype Name Vitamin C Glucose* Fructose Sucrose
44-02 69.86+1.35j 4.35+0.66 2.69+0.42ab 0.10+0.02c
44-03 126.76+2.391 4.32+0.44 2.43+0.30abc 0.05+0.01g
44-05 198.35+1.29e 3.60+0.70 2.32+0.34abc 0.08+0.01d
44-08 254.38+0.08b 4.59+0.71 2.94+0.47a 0.08+0.01d
44-16 258.42+3.40b 4.06%0.85 2.9040.63a 0.07+0.01de
44-18 264.68+3.12a 4.42+0.39 2.36+0.33abc 0.11+0.01bc
44-20 247.41+2.80c 3.46+0.64 2.02+0.40bc 0.07+0.02ef
44-21 216.1745.64d 3.05+0.59 2.01+0.39bc 0.05+0.01fg
44-22 139.53+1.27g 3.71+0.51 2.81+0.62a 0.08+0.01de
44-25 8.48+0.45| 4.52+0.61 1.90+0.05c 0.12+0.01ab
77-05 132.36+0.04h 3.20+0.46 2.07+0.61bc 0.03+0.01h
77-07 213.28+8.20d 3.97+0.65 2.54+0.54abc 0.08+0.01d
77-09 21.96+0.72k 4.40+0.81 1.86+0.02c 0.12+0.01a

GU 146.16+2.95f 3.86+0.36 2.09+0.27bc 0.12+0.01ab

The vitamin C results of cornelian cherry fruits ranged
from 8.48 to 264.68 mg/100 gDW (Table 4). The genoty-
pe 44-18 had the highest vitamin C content in its fruits
(264.68+3.12 mg/100 gDW). The vitamin C contents of
cornelian cherry fruits were reported as being between
16.0 and 299.5 mg/100 g in previous studies [7, 10, 12,
23, 24]. Vitamin C results for other genotypes except
the 44-25 genotype (8.48+0.45 mg/100 gDW) are con-
sistent with the literature data.

In-vitro Cytotoxic Activity

The cytotoxic effects of the fruit extracts on healthy
cells (L-929) are presented in Figure 2. 100 and 200
ug/mL extract doses of the studied cornelian cherry
genotypes showed no toxic effects on L-929 cells. The
cytotoxic effects of the extracts on lung cancer cells
(A-549) are given in Figure 3. The significant cytotoxic
activity was observed against lung cancer cells in both
extract doses of the studied genotypes, especially 44-
16 and 44-21. The extracts of other genotypes were ob-
served to reduce the proliferation of lung cancer cells,
too (p £0.05). In some genotypes (44-05, 44-08, 44-22,
GU), the cytotoxic activity on A-549 (lung) cells increa-
sed by increasing the extract dose.

Yousefi et al. [25] reported that cornelian cherry fruit
extracts showed anticancer potential and increased
the apoptosis in SKOV3 (ovarian), MCF-7 (breast), PC-3

(prostate), and A-549 (lung) carcinogenic cell lines. Also,
cornelian cherry leaves [4] and fruit juice [46] were sta-
ted to reduce cancer cell proliferation. Hosseini et al.
[47] reported that the cornelian cherry extracts signi-
ficantly reduced cell proliferation in the gastric carcino-
ma cell lines and thus could be used as a potent inhibitor
of cancer cell proliferation. However, they found that
when administered a 10 mg/mL extract dose in -929
cells, the cell proliferation was reduced by approxima-
tely 80%. Depending on increasing doses, it was speci-
fied that cornelian cherry fruit extracts shown a high
level of cytotoxic effect on healthy cells.

The results of correlation analysis between biochemical
fruit characteristics and cytotoxic properties of corneli-
an cherry genotypes examined within the scope of the
study are presented in Table 5. Accordingly, different
correlation levels were determined among most of the
evaluated fruit characteristics, which are statistically
significant (at 0.01 and 0.05 significance levels).

TPC showed positive correlations in a low level with
DPPH, moderate level with CAT, CA and Epigal, and a
high level with RP, GA and Epicat. In addition to TPC,
DPPH was found correlated with RP but in a high level (r
= 0.62). A moderate positive correlation was found bet-
ween RP and GA, Epigal and Epicat, and a low-level ne-
gative correlation (r = -0.39) with Fructose. TAN highly
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Figure 3. Cell proliferation inhibitory activities of cornelian cherry fruit extracts (100 and 200 pg/mL) against L929 healthy cell lines.
The vertical bars represent mean+SD of three individual experiments (NC: Negative Control; PC: Positive Control).

Figure 4. Cell proliferation inhibitory activities of cornelian cherry fruit extracts (100 and 200 pg/mL) against A549 lung cancer cell
lines. The vertical bars represent mean+SD of three individual experiments (NC: Negative Control; PC: Positive Control).

correlated with Epigal, moderately with CA and Fructo
se and in a low level with Epicat, Glucose and A-100, but
the directions of the correlations were different. Low
level of correlations were found for GA with CAT, VitC,
Glucose, medium level with CA, Epigal and A-200, high
level but different directions with Epicat. CAT showed a
low level of positive correlation with Epigal (r = 0.38), a
moderate level of positive correlation with Epicat, Rutin

and L-200, and a high level of positive cor relation with
CA (r=0.72). CA showed positive correlation with Rutin
(r = 0.37), negative and low-level correlation with Glu-
cose (r =-0.35), and a high level of positive correlation
with Epigal and Epicat. Similarly, Epigal also showed a
high level of positive correlation with Epicat, besides it
showed a positive low level of correlation with Rutin, a
low level of negative correlation with A-100 and A-200,
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Table 5. Correlation coefficients among the assessed variables obtained from Pearson’s Correlation Test.

DPPH RP TAN GA CAT CA Epigal Epicat

0.33* 0.73%* 0.28 0.62** 0.43** 0.45** 0.43** 0.62**
0.62** 0.19 -0.04 -0.05 -0.06 0.16 0.10

0.20 0.55%* 0.11 0.21 0.50%* 0.54**

0.24 0.16 0.54*%* 0.70** 0.35%

0.35*% 0.50%* 0.54** 0.82**

0.72** 0.38* 0.55**

0.69** 0.75%*

0.72**

Rutin VitC Glucose Fructose Sucrose L-100 L-200 A-100
0.26 -0.09 -0.06 -0.30 0.09 0.10 0.23 -0.02
-0.20 -0.15 0.02 -0.24 -0.21 0.17 0.06 0.07
0.15 0.06 -0.16 -0.39** -0.12 -0.16 -0.15 -0.20
0.17 -0.19 -0.33* -0.50** 0.01 -0.17 -0.01 -0.32*
0.15 0.35*% -0.31* -0.22 -0.06 -0.28 -0.27 -0.30
0.48** -0.17 -0.05 -0.11 0.10 0.11 0.49%* 0.24
0.37* -0.24 -0.35* -0.30 0.11 -0.07 0.24 -0.07
0.37* 0.12 -0.42*%* -0.42%* -0.23 -0.34* -0.15 -0.37*
0.18 0.26 -0.40** -0.22 -0.34* -0.17 -0.10 -0.22
-0.31* 0.14 -0.32* 0.34* -0.34* 0.11 -0.12

-0.19 0.30 -0.36* -0.24 -0.51%* -0.28

-0.27 0.43** 0.37* 0.27 0.34*

-0.10 0.22 0.06 0.15

0.30 0.36* 0.44%*

0.68** 0.80**

0.68%*

TPC: Total Phenolics, RP: Reducing Power, TAN: Total Anthocyanin, GA: Gallic Acid, CAT: Catechin, CA: Chlorogenic Acid, Epigal: Epigallocatechin gallate, Epicat: Epicatechin, VitC: Vitamin C

and a moderate negative correlation with Glucose and
Fructose. Epicat was also found negatively correlated
with Sucrose and A-200 in a low level and moderate
level with Glucose. Rutin showed negative correlations
with VitC, Fructose and L-100, and positive but low cor-
relations with Sucrose. VitC also showed correlations
with Sucrose (r =-0.36) and a moderate negative corre-
lation with 1-200 and A-200 (r = -0.51 and r=-0.46, res-
pectively). Glucose showed positive correlations with
Sucrose, [-100, A-100 and A-200, whereas Sucrose with
-200, A-100 and A-200. All cytotoxic properties were
found significant and positively correlated with each ot-
her in high and very high levels.

The eigen and variance values of the first four compo-
nents out of a total of eighteen components obtained
as a result of the principal component analysis of the
fruit characteristics of the cornelian cherry genotypes
examined within the scope of the study are summarized
in Table 6.

As a result of the analysis, it was seen that the first two
components expressed 52.02% of the total variance,
with the first and second components being 30.34%

and 21.69%, respectively. This was followed by the
third and fourth components with 10.68% and 10.09%,
and the cumulative variance expressed with the fourth
component reached 72.79%. As a result of their study
on 21 cornelian cherry varieties grown in New Zealand,
Lu et al. [48], reported that the cumulative variance of
the first two components was 67.9% in the results of
the principal components analysis performed with 6
different physical fruit characteristics. The higher value
obtained in this current study would be due to the re-
latively lower variance in the population in terms of the
characteristics examined, as well as the lower number
of biochemical properties examined.

The component score results of the characters and the
genotypes of the first two components, which represent
the majority of the obtained variance and express almost
all of the characters examined as a result of the principal
component analysis, are presen ted in the bi-plot charts gi-
ven in Figure 4. When the figure is examined, similar to the
results reported by Brown et al. [49], it was observed that
the genotypes were distributed around the chart based
on their distinguishing characteristics instead of forming
clusters whose boundaries could be sharply determined.

A-200

0.00

0.24

-0.12

-0.14

-0.40**

0.24

-0.09

-0.32*

-0.31*

0.11

-0.46**

0.43**

0.07

0.47**

0.63**

0.68**

0.71**
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Table 3. Phenolic compounds in cornelian cherry fruit extracts (mg/100 gDW); data are expressed as mean+SD (n = 3); means in the
same column bearing different letters are significantly different (p < 0.05).

Variable Vitamin C Glucose* Fructose Sucrose
TPC 0.58 0.52 0.34 -0.02
DPPH 0.14 0.22 0.76 -0.40

RP 0.63 0.20 0.56 -0.30
TAN 0.58 0.21 -0.15 -0.28
GA 0.78 0.05 0.10 0.23
CAT 0.37 0.67 -0.24 0.40
CA 0.68 0.49 -0.27 0.29
Epigal 0.87 0.16 -0.07 -0.04
Epicat 0.86 0.20 0.15 0.35
Rutin 0.31 0.40 -0.61 -0.24
VitC 0.21 -0.59 0.24 0.38

Glucose -0.51 0.31 -0.03 -0.39

Fructose -0.41 -0.29 0.09 0.68

Sucrose -0.35 0.50 -0.31 -0.22
-100 -0.53 -0.56 0.39 0.28
-200 -0.34 -0.81 0.00 0.23

A-100 -0.56 -0.62 0.19 0.27

A-200 -0.54 -0.68 0.11 -0.03

Eigen values 5.46 3.90 1.92 1.82
Variance (%) 30.34 21.69 10.68 10.09
Cumulative variance (%) 30.34 52.02 62.70 72.79

TPC: Total Phenolics, RP: Reducing Power, TAN: Total Anthocyanin, GA: Gallic Acid, CAT: Catechin, CA: Chlorogenic Acid, Epigal: Epigallocatechin gallate, Epicat: Epicatechin, VitC: Vitamin C

As a result of the analysis, most of the phytochemical fruit
characteristics were represented by the first component.
The most important characters affecting the first com-
ponent were respectively; Epigal (0.87), Epicat (0.86), GA
(0.78), RP (0.63), TAN (0.58), TPC (0.58), and Glucose (-0.51).

Positive PC1 values points the genotypes with higher valu-
es in terms of these traits, except for Glucose, which gives
negative value. In support the genotypes 44-20" and ‘44-

21" were with their higher RP, GA, Epicat and Epigal con
tents. All of the cytotoxic parameters were represented by
the second component as well as CAT (0.67), VitC (-0.59),
and Sucrose (0.50). For example, the genotype ‘44-02’
was distinguished with higher cytotoxic properties. DPPH
(0.76) and Rutin (-0.61) affected the third component and
Fructose (0.68) the fourth of which effect on the distributi-
on of the genotypes examined in the first two components
was weak.
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Figure 5. Segregation of apricot cultivars according to pomological and phytochemical characteristics determined by principal compo-
nent analysis (TPC: Total Phenolics, RP: Reducing Power, TAN: Total Anthocyanin, GA: Gallic Acid, CAT: Catechin, CA: Chlorogenic Acid,
EPIGAL: Epigallocatechin gallate, EPICAT: Epicatechin, VITC: Vitamin C).

Studies show that using cornelian cherry fruits as a functi-
onal food gains importance due to their high phenolic con-
tent and potential therapeutic benefits. Phenolic compo-
unds are the main compounds responsible for pharmaco-
logical activity. Its health-supporting effects arising from
its potent antioxidant activities were stressed in many
studies. In this study, the antioxidant potential of cornelian
cherry fruit extracts and their cytotoxic effects on A-549
(lung) cancer cells were investigated. Results of the pre-
sent study showed that the fruit extract inhibited cell pro-
liferation by showing the cytotoxic effect on A-549 cells.
The phytochemical contents of the fruits used in the study
were also determined. 44-21, 44-16, and 77-05 genotypes
were the genotypes with the highest cytotoxic effects
(approximately 50%) on A-549 cells. Many mechanisms
may be responsible for these beneficial effects. Singlet
oxygen and free radical scavenging antioxidant activity are
possible action mechanisms of cornelian cherry extracts,
and this activity was observed in vitro. Cornelian cherry
extracts have the potent to reduce the riskof various can-
cer diseases. Well-designed long-term clinical studies are
needed to confirm these results.
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ABSTRACT

n the central nervous system (CNS) of mammalian species, y-aminobutyric acid (GABA) is the primary inhibitory neurot-

ransmitter due to it regulates neuronal development through leading neural differentiation, proliferation, migration, etc.
GABAA receptor is the major GABA receptor since it has the highest expression level among the other GABA receptors
within CNS. Many pieces of evidence prove that the defects in the GABAergic pathway might give rise to serious diseases
such as schizophrenia, epilepsy, anxiety, depression, insomnia, etc. In this study drug library with a totally of 8170 ligands
consists of three distinct datasets which are FDA-approved Drugs, Drugs Approved by World but not FDA, and Non-human
Metabolites have been screened for the allosteric site of the GABAA receptor with PyRx Virtual Screening Tool and ligand-
receptor interactions have been analyzed with Biovia Discovery Studio software. Results reveal that Digoxin and its two
distinct derivatives (DD1 and DD2), as well as Conivaptan, are promising in the treatment of GABAergic pathway-based
disorders. The findings of this report should be verified with further molecular dynamics (MD) simulations and the ligands
should be tested by both in vitro and in vivo studies.

Key Words
Virtual drug screening, molecular docking, GABA, GABAergic pathway, central nervous system, nervous disorders.

0z

emeli turlerinin merkezi sinir sisteminde (MSS) y-aminobutirik asit (GABA), noéral farklilasma, ¢ogalma, gog vb. yolaklari

diizenleyen néronal gelisim icin birincil inhibitér nérotransmiterdir. GABA, reseptéri MSS icindeki diger GABA reseptorleri
arasinda en yuksek ekspresyon seviyesine sahip oldugu icin major GABA reseptoridir. GABAerjik yolaktaki bozukluklarin sizofreni,
epilepsi, anksiyete, depresyon, uykusuzluk gibi ciddi hastaliklara yol agabilecegini gosteren pek ¢ok kanit bulunmaktadir. Bu calis-
mada FDA Onayli ilaglar, Diinyaca Onayli Ama FDA Onayli Olmayan ilaglar ve insan Disi Metabolitler olarak g farkli verisetinden
olugan toplam 8170 ligand iceren ilag kiitiphanesi GABA, reseptdrinin allosterik bolgesi icin PyRx Virtual Screening Tool ile ta-
ranmis ve ligand-reseptdr etkilesimleri Biovia Discovery Studio yazilimi ile analiz edilmistir. Sonuglar, Digoksin ve iki farkl tirevinin
(DD1 ve DD2) ve ayrica Conivaptan’in GABAerjik yolak temelli bozukluklarin tedavisinde umut verici oldugunu ortaya koymaktadir.
Bu raporun bulgulari daha ileri molekiler dinamik (MD) similasyonlari ile dogrulanmali ve ligandlar hem in vitro hem de in vivo
galismalarla test edilmelidir.
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INTRODUCTION

y-aminobutyric acid (GABA) is the primary inhibitory
neurotransmitter in the mammalian central nervous
system (CNS). Through the GABAergic pathway, GABA
acts a significant role in neuronal development by re-
gulating neural differentiation, migration, proliferation,
etc [1], [2]. Fundamentally, the functions of GABA are
exhibited by binding to three distinct receptors which
are GABA,, GABA,, and GABA_receptors [3]. While GA-
BA, and GABA_ are chloride ion (Cl') transporter ionot-
ropic and ligand-gated receptors, GABA, is a metabot-
ropic receptor [4]. Differentiation in GABA expression,
GABA metabolism, synaptic receptors’ activity, and
differentiation on Cl" ion concentration across the cell
membrane is the primary parameters defining the re-
gulation of neuronal activity [5].

Among the GABA receptors, GABA, has the highest
expression level along with the CNS and is primarily res-
ponsible for fast inhibition in the brain [6]. The chemi-
cal structure of GABA, receptors contains five distinct
subunits whichare a; ¢, B, V.5 8, € 6,1, p , [7]. I
general, GABA, receptors that are widely expressed in
the mammalian brain contain two a, two B, and one y
chains, and this conformation of GABA, receptors enab-
les phasic inhibition which is fast and temporaneous
through rapid desensitizing of postsynaptic receptors.
In addition, tonic (long-term) activation within mamma-
lian organisms is mediated by extrasynaptic GABA, re-
ceptors containing a5 subunit in the hippocampus and
ntsubunit in the brain [8]—[10]. This tonic activation acts
a prominent role in neuronal development since it regu-
lates neural cell growth, formation of synapses, migra-
tion, and proliferation. Furthermore, GABA, receptors’
localization over the synapses provides strong com-
munication between neural cells [11]. As such, GABA,
receptor expression profile, construction of its structu-
re, and regular process of GABAergic pathway through
these receptors are the main parameters for neuronal
network creation and development within CNS [12].

Many discoveries demonstrate that the defects of the
GABAergic pathway might cause serious diseases [13].
Among these diseases, schizophrenia takes the lead as
one of the most significant neurodevelopmental disor-
ders [14]. The primary symptoms of schizophrenia such
as psychotic thoughts, hallucinations, delusions, and

behavioral alterations are sourced from disrupted ne-
uronal communications [15]. Various researches have
reported that the inhibition of a5 subtype GABA, re-
ceptor by enhanced binding affinity of GABA gives rise
to schizophrenic behavior patterns [16]. In addition,
enhanced immune reactivity of a2 subtype GABA, re-
ceptor which is sourced from prenatal infections also
might create schizophrenic pathogenesis [17]. Besides,
the observation of attenuation on GABA  receptor exp-
ression and GABAergic pathway might cause other se-
rious neuronal disorders such as epilepsy [18], anxiety
[19], depression [20], insomnia [21], etc. For instance,
it’s been reported that extreme anxiety, avoidance be-
havior, and traumatic memories may be sourced by
inhibition of GABA, receptors and be treated with to
increase GABAergic transmission by various chemical
compounds such as benzodiazepines [22]. Moreover,
surprisingly it’s recently been discovered that GABA
metabolites secreted by B-cells inhibit CD8* T cell acti-
vity and suppress anti-tumor immune response through
binding to GABA  receptors expressed on the surface
of CD8* T cells [23]. Those findings indicate the great
potential of GABA, receptors to treat several diseases
from neuronal disorders to cancer and to date, various
inhibitors have been developed such as Suramin [24],
Broflanilide [25], Clozapine [26], etc.

In this study, virtual drug screening targeting the GA-
BA, receptor’s allosteric site has been carried out with a
molecular docking-based approach. As such, 1609 FDA-
Approved Drugs, 4254 Drugs Approved by World but
not FDA, and 2307 Non-human Metabolites -a total of
8170 ligands- have been investigated during the virtual
screening. Furthermore, the ligand that is included in
the chemical structure of GABA, receptor (Benzamidi-
ne) has been re-docked and 7 distinct known inhibitors
have been analyzed in order to validate the research.
Findings demonstrate that two distinct Digoxin derivati-
ves (ZINC0O00118915215 (DD1) and ZINC0O00118915217
(DD2)) from the Drugs Approved by World but not FDA
dataset have the highest binding affinity to the allos-
teric site of GABA, receptor. In addition, the Digoxin
drug (ZINC000242548690) from the FDA-Approved
Drugs dataset has been revealed as one of the ligands
having the highest binding affinity after Conivaptan
(ZINCO00012503187). Therefore, Digoxin and its deri-
vatives are evaluated as promising compounds in the
treatment of GABAergic pathway-based diseases.



MATERIALS and METHODS

Receptor Preparation

Crystal structure of GABA  receptor and grid box sizes
selection were carried out by following the research
published by Sahila and his colleagues in 2015 [27]. The
GABA, crystal structure with PDB ID: 4COF was retrie-
ved in .pdb format from Protein Data Bank (PDB). X-ray
diffraction analysis of the selected GABA, receptor
has a 2.97 A resolution, 0.226 R-value (free), and 0.206
R-value (observed). The downloaded receptor structure
was imported in UCSF Chimera software version 1.16.
The ligands and heteroatoms of the GABA, receptor
were removed from the structure and the receptor was
prepared by following the Dock Prep module of UCSF
Chimera [28]. During preparation solvent molecules
(water) were removed, hydrogen atoms and partial
charges were added, and the side chains were replaced
by using Dunbrack 2010 rotamer library. Once the pre-
paration had been completed, the prepared receptor
was exported in .pdb format and imported into PyRx
Virtual Screening Tool so that to be used in molecular
docking studies.

Ligand Preparation

In order to perform virtual drug screening, a library
containing a total of 8170 ligands was prepared inclu-
ding FDA-Approved Drugs dataset consisting of 1609
ligands, Drugs Approved by the World but not FDA da-
taset consisting of 4254 ligands, and Non-human Meta-
bolites dataset consisting of 2307 ligands. The ligands
constituting datasets were retrieved from the ZINC15
database. The datasets were imported in PyRx software
separately, and the ligands were prepared by following
the energy minimization module of the PyRx Virtual
Screening Tool [29].

Molecular Docking

Virtual drug screening was conducted on the AutoDock
Vina package loaded in PyRx Virtual Screening Tool by
docking all ligand datasets to the allosteric site of the
GABA, receptor [30]. During the molecular docking
strategy, the file format of ligands was converted to
.pdbgt, and grid box coordinates were defined as x=
-20.224, y=-20.175, z= 126.3505 by following the Sahila
et. al’s publication and considering the benzamidine li-
gand location in the crystal structure of the protein [27].
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Grid box dimensions were set to x= 40.143, y= 40.138,
z=40.053. Once the molecular docking had been comp-
leted, the data demonstrating binding affinity, rmsd/
ub, and rmsd/Ib of each dataset were exported in .csv
format. The ligands with the highest binding affinity
and mode with O value of each rmsd/ub, and rmsd/Ib
parameters had been selected, and receptor-ligand in-
teractions’ analysis was carried out in Biovia Discovery
Studio Visualiser software.

Validation

In order to validate the molecular docking strategy, the
structure of Benzamidine ligand found in the crystal
structure of the receptor had been exported as .pdb
format and re-docked to the receptor by following li-
gand preparation and molecular docking protocols. Be-
sides, 7 known GABA antagonists which are Broflanilide
(CHEBI: 131598), Clozapine (CHEBI: 3766), Flumazenil
(CHEBI: 5103), Hydrochloride (CHEBI: 145121), Picrotoxi-
nin (CHEBI: 8206), Suramin (CHEBI: 45906), Xenovulene
A (CHEBI: 66336) were downloaded from ChEBI databa-
se and docked by conducting the same procedure.

ADME Study and Toxicity Profile

Absorption, Distribution, Metabolism, and Excretion
(ADME) and toxicity properties of the three ligands ex-
hibiting the highest binding affinity within the Drugs
Approved by the World but not FDA and Non-human
Metabolites datasets were analyzed with both OSIRIS
Property Explorer tool [31] and swissADME server [32].
As such, physico-chemical properties (formula, mole-
cular weight, molar refractivity, and topological polar
surface area (TPSA)), lipophilicity parameters (iLOGP,
XLOGP3, WLOGP, MLOGP, SILICOS-IT, and Consensus
Log Po/w), solubility properties (Log S, SILICOS-IT solu-
bility in both mg/ml and mol/I units, and solubility class),
druglikeness properties (druglikeness and drug-score),
pharmacokinetics parameters (Gl absorption, BBB per-
meant, P-gp substrate, CYP1A2 inhibitor, CYP2C19 inhi-
bitor, CYP2C9 inhibitor, CYP2D6 inhibitor, and CYP3A4
inhibitor), and toxicity profiles (mutagenicity, tumorige-
nicity, irritant effects, and reproductive effects) of rela-
ted ligands were revealed. There was no requirement
for ADME and toxicity analysis of the FDA-Approved
Drugs dataset now that the ligands had been tested by
FDA previously.
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RESULTS and DISCUSSION

In order to reveal possible promising GABA antagonists,
molecular docking mediated virtual drug screening was
carried out. As such, a ligand library with a total of 8170
ligands consisting of three distinct datasets which are
FDA-Approved Drugs (1609 ligands), Drugs Approved
by World but not FDA (4254), and Non-human Meta-
bolites (2307 ligands) were docked to the allosteric
site of GABA, receptor. The binding affinity values and
interacting receptor residues of the best 20 ligands of
FDA-Approved Drugs, Drugs Approved by World but not
FDA, and Non-human Metabolites are shown in Table 1,
Table 2, and Table 3, respectively.

The molecular docking strategy was validated by re-
docking the Benzamidine compound found in the crystal
structure of the receptor. In this scope, the Benzamidi-
ne compound was exported as a separate file and re-
docked to the allosteric site of the receptor. The binding
affinity and the RMSD values of re-docked Benzamidine
was determined as -6.7 kcal/mol, and 0.0 (rmsd/ub, and
rmsd/Ib), respectively. Furthermore, the Benzamidine-
receptor interactions in both the downloaded crystal
structure and the re-docked structure were performed
in Biovia Discovery Studio (Figure 1). Results demons-
trate that while Benzamidine in the crystal structure in-
teracts with Tyr62, Phe200 residues through pi-pi stac-
ked interactions and Tyr97, Glul55, Ser156, Tyr157, resi-
dues through conventional hydrogen bonds, re-docked
Benzamidine interacts with Tyr62, Phe200 through pi-
pi stacked interactions, Tyr97, Ser156, Tyr157 through
conventional hydrogen bonds, Glu155, Tyr205 residues
of the receptor through the salt bridge and pi cation
interactions. Similarities of interacting residues of the
receptor and the types of interactions demonstrate the
sufficient accuracy of the molecular docking approach
conducted in the study.

Furthermore, 7 known GABA antagonists were doc-
ked to the GABA, receptor’s allosteric site and bin-
ding affinities were analyzed (Table 4). The chemical
structures of the three best-scored ligands from each
dataset were illustrated in Figure 2. Inhibitor docking
findings demonstrate that the Suramin ligand has the
highest binding affinity with -10.4 kcal/mol value. In
addition, Broflanilide has -9.5 kcal/mol binding affinity,
and Clozapine has -8.3 kcal/mol binding affinity. The
receptor interactions of these three ligands and rema-
ining inhibitors were analyzed in order to reveal com-

mon interacting residues of the GABA, receptor with
GABA antagonists. As such it’s revealed that Suramin
might create conventional hydrogen bonds with Ala45,
carbon-hydrogen bonds with Ser46, Asp48, Asnl100,
Lys102, Argl80, halogen (fluorine) interactions with
lled7, Asp48, Met55, alkyl and pi-alkyl interactions with
Ala45, Leu99, Alal35, Metl137, pi-cation interaction
with Arg180 residues, Broflanilide might create carbon-
hydrogen bonds and pi-anion interactions with Asp43,
pi-pi stacked interaction with Tyr62, alkyl and pi-alkyl
interactions with Tyr62, Leu99, Phe200, Ala201 resi-
dues, Clozapine might create carbon-hydrogen bond
with Asp43, pi-sigma interactions with Tyr62, Phe200,
conventional hydrogen bonds with GIn64, alkyl and pi-
alkyl interactions with Leu99, Ala201, halogen (fluorine)
interactions with Lys173 residues of the GABA, recep-
tor (Figure 3). Considering the findings and interactions
of remaining GABA antagonists, the common residu-
es were revealed as; Asp43, Ala45, Ser4d6, lled7, Tyr62,
Leu99, Ala135, Met137, Tyr157, Argl80, lle181, Phe200,
Ala201. The number of common amino acids and their
percentages in interaction have been analyzed by con-
sidering 20 best ligands of the three datasets as well as
the inhibitors. The results are demonstrated in Table 5.

Among 1609 FDA-Approved
(ZINCO00012503187,

ZINC000036701290,

ZINC000004099009, ZINC000095617679,
ZINC000011679756) exhibited higher binding affi-
nity then -10.4 kcal/mol which is the Suramin’s bin-
ding affinity. In particular, the three best-scored li-
gands from the FDA-Approved Drugs dataset that are
ZINC000012503187 (Conivaptan), ZINC0O00242548690
(Digoxin), ZINCO00036701290 (Ponatinib) have been
evaluated as promising with the binding affinities of
-11.8 kcal/mol, -11.6 kcal/mol, and -10.9 kcal/mol, res-
pectively. The receptor interactions of these ligands are
demonstrated in Figure 4. Conivaptan is a Vasopressin
receptors (V1a and V2) inhibitor [33] and is widely used
in decreasing sodium levels in the blood and heart failu-
re diseases [34]. Findings demonstrate that Conivaptan
might create conventional hydrogen bonds with Asp43,
carbon-hydrogen bonds with Ala45, Alkyl, and pi-alkyl
interactions with Ala45, Leu99, Alal35, Ala201, pi-pi
stacked, and pi-pi t-shaped interactions with Tyr157,
Phe200, pi-sigma interaction with Asn100, and pi-cation
interaction with Arg207. Digoxin is a molecule extracted

Drugs, 7 drugs
ZINC000242548690,
ZINC000203757351,

from Digitalis lanata [35] and is used in the treatment of
many cardiac diseases since it has activity on increasing
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Table 1. Best 20 ligands, their binding affinities and interacting receptor residues of FDA-Approved Drugs dataset.

FDA-Approved Drugs

Ligand Name Binding Affinity (kcal/mol) Receptor Residues Interacting with Ligand

ASPA43, ALA45, LEUS9, ASN100, ALA135, TYR157,

ZINC000012503187 -11.8 PHE200, ALA201, ARG207
ZINC000242548690 116 ALA45, SER46, ME;filgngsb'\f;ISS TYR62, LEU9Y,
ZINCO00036701290 10.9 ASN41, ASP43, ALAAflLSA,ZT(\)(;RlGAZéSIZ_g;EM, LEU99, PHE200,
7INCO00004099009 106 ALA45, SER46, ASP48, ASP101, LYS102, ALA135,
GLU182
ZINCO00011679756 105 ASN41, ASP43, 'Z—YHR:;(,);Y_F\;LRSZ(,)SPHEZOO, ALA201,
ZINC000100378061 -10.3 ALA45, TYR62, LEU9SY9, ARG180, PHE200
ZINC000000538658 -10.2 ALA45, TYR62, LEU99, ARG180
ZINCO00004097344 102 ASP43, ALAii,ALZEOU:SS?l—,HARLZAOlZ?fr,YI\QZEgsl?)Z GLU155,
ZINC000040430143 -10.2 ASN41, ASP43, TYR62, PHE200, ALA201
ZINCO00052955754 102 ALA45, TYR62, MET137, ARG180, GLU182, PHE200,
ARG207,
ZINCO00068202099 102 ASN41, ASP43, 'II;T_lREGZZO,O‘I:YARL]AS;beGIG9, GLY170,
ZINC000169621231 -10.2 ALA45, ASN100, ARG180
ZINCO00006716957 101 ALA45, LEU9§,LSI:[8A21,33—£LIJ\/:ILI;';Z’LS;Z{,JTSFZISL GLU153,
ZINC000064033452 -10.1 ASP43, TYR62, SER156, TYR157, PHE200, ALA201

ZINCO00070466416 -10.1 ASP43, ALA45, SER46, TYR62, ALA135, MET137



76 | H.S. Portakal / Hacettepe J. Biol. & Chem., 2023, 51 (1), 71-91

Table 2. Best 20 ligands, their binding affinities, and interacting receptor residues of Drugs Approved by World but not FDA dataset.

Drugs Approved by World but not FDA

Ligand Name Binding Affinity (kcal/mol) Receptor Residues Interacting with Ligand

ILE47, METS5, ALA135, MET137, ARG180, GLU182,

ZINC000118915215 -11.9 LEU183, PRO184
ZINC000118915217 -11.9 MET49, TYR97, ALA135, MET137, ARG180, PRO184
ZINCO00001542146 113 ALA45, ILE47, TYR6§I,—LIJI:EL;J§,9},)QI‘;§;SS, MET137, ILE181,
ZINC000150339052 -10.9 ALA4S, Aspl\jilT'\l/lgE;:?'?—; FL_ZIE;JJ?QI;R?)LZL213S, CYS136,
ZINCO00118915214 108 ILE47, VAL50, Ail;lji,gé}ﬁ;éi,;;/lETBZ GLU153,
ZINC000011616152 -10.7 ASP43, ALA45, TYR62, ARG180, PHE200, ALA201
ZINCO00256109538 107 SER46, ILE47, ASPif,Al;/Iail:élpzoGlLSUjZ, VAL53, MET55,
ZINC000885764928 -10.7 TYR62, ALA135, ARG180, PHE200
ZINC000008143788 -10.6 TYR62, GLN64, PHE200
ZINCO00095618690 106 ASP48, TYR62, LEU99, ALA135, MET137, ARG180,
GLU182
ZINCO00000577115 -10.5 TYR62, GLU155, TYR157, PHE200, ALA201, TYR205
ZINCO00043195321 105 ASP43, ALA4S, TYR6A2|,—AL§t)Ji9, ARG180, PHE200,
ZINC000224657532 -10.5 ASP43, GLN64, GLU155, PHE200, ALA201, TYR205
ZINC000000537940 104 ASN41, GLUl:f,ggil?;'RAzzg,lisééé174' PHE200,
ZINCO00095618689 104 TYR62, GLY127, ;{IZI;)}LI?;Z?},SGLUNQ, PHE200,
ZINCO00003872494 103 TYR62, TYR97, GLU155, TYR157, PHE200, ALA201,

TYR205



Ligand Name

ZINC000028642721

ZINC000100029436

ZINCO00004098622

ZINCO00085432705

ZINCO00003870412

ZINCO00004096846

ZINC000169335484

ZINCO00003874317

ZINCO00003255767

ZINC000032052445

ZINC000038231587

ZINC000072180374

ZINCO00096006026

ZINC000100256265

ZINC000256095149

ZINC000257693609

ZINCO00000156701

ZINC000008215411

ZINC000085552319

ZINC000096015174
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Table 3. Best 20 ligands, their binding affinities and interacting receptor residues of Non-human Metabolites dataset.

Non-human Metabolites

Binding Affinity (kcal/
mol)

-10.1

-10.0

-9.9

-9.8

-9.7

-9.7

-9.6

-9.5

-9.4

-9.4

-9.4

-9.4

9.4

-9.4

9.4

-9.4

9.3

9.3

9.3

9.3

Receptor Residues Interacting with Ligand

ALA45, SER46, ILE47, THR60, ASN100, ASP101, ALA135,
CYS136, MET137, ARG180, GLU182

ALA45, SER46, ILE47, ASP48, TYR62, LEU99, ILE181, PHE200,
ALA201, ARG207

ASP43, ALA4S5, SER46, TYR62, TYR97, LEU99, ASN100, ASP101,
ARG180, PHE200, TYR205

ALA45, SER46, ASP48, TYR62, LEU99, ALA135, MET137,
PHE200, ALA201

ALA45, SER46, ASP48, ASN54, MET55, LEU9S, ASN100,
ASP101, ALA135, MET137

SER46, ASP48, ASN54, ASN100, ASP101, ALA135, MET137,
ARG180

ASP43, ALA45, ASP48, ASN54, MET55, LEU9S, LYS102, ALA135,
CYS136, MET137, GLU153, ARG180, GLU182, ARG207

ASN41, TYR62, GLN64, GLU155, SER156, TYR157, THR176,
PHE200, ALA201, TYR205

ASP43, ALA45, TYR62, GLN64, LEUS9, TYR157

ALA45, SER46, ASN100, ASP101, ALA135, ARG180

TYR62, TYR157, PHE200, ALA201, TYR205

TYR62, LEU99, ASN100, MET137, ASN149, CYS150, THR151,
PHE200

ASP41, SER46, ASP48, METS5, GLN64, ALA135, CYS136,
MET137, GLU153, TYR157, ARG180, GLU182

ASP43, ALA4S, TYR62, LEU99, ASN100, CYS136, ASN149,
THR151, ARG180, PHE200

ILE47, ASP48, MET137, ARG196, SER209

ASP43, ALA45, SER46, ASP48, TYR62, LEU9S9, ASN100, ARG180,
GLU182, PHE200

ASN41, ASP43, TYR97, TYR157, ALA201, TYR205

ASPA43, ALA45, SER46, ASP48, VALS3, ASN54, MET55, THR60,
LEUSY, ASN100, ASP101, CYS136, ARG180, GLU182, PRO184

ASN41, ASP43, GLN64, TYR97, GLU155, VAL198, VAL199,
PHE200, ARG207

ILE47, ASP48, ASN149, ARG180, ILE181, GLU182, SER211

77
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Figure 1. Interactions between the allosteric site of the GABAA receptor with Benzamidine; A) in crystal structure analysis B) re-
docked result analysis.

Table 4. The ligands, their binding affinities, and interacting receptor residues of Inhibitors dataset including re-docked Benzamidine

ligand.

Inhibitors Including Re-docked Benzamidine

Binding Affinity

Ligand Name (kcal/mol) Receptor Residues Interacting with Ligand
Suramin o4 ALA45, SER46, ALA135, CYS136, MET137, ASN149, CYS150, THR151,
' GLU153, ARG180, VAL194, ARG196, PHE200, ARG207, SER209
Broflanilide 95 ALA4S, SER46, ILE47, ASP48, MET55, LEU99, ASN100, LYS102, ALA135,
’ MET137, ARG180
Clozapine -8.3 ASP43, TYR62, LEU99, PHE200, ALA201
Hydrochloride -79 ASP43, ALA45, LEU99, MET115, TYR157, THR176, ALA201
Xenovulene -7.3 ALAA45, SER46, ILE47, ILE181
Flumazenil -7.1 ASP43, TYR62, GLN64, LEU99, LYS173, PHE200, ALA201
Picrotoxinin -6.8 SER46, ILE181

Benzamidine -6.7 TYR62, TYR97, GLU155, SER156, TYR157, PHE200, TYR205
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Table 5. The analysis of the frequency features of interacting common aminoacid residues of the allosteric site of GABA  receptor

within three datasets and the inhibitors.

Common Aminoacid Residues’ Frequencies

Aminoacid Name Number
ASP43 28
ALA45 37
SER46 23
ILE47 10
TYR62 35
LEU99 34
ALA135 30
MET137 24
TYR157 17

ARG180 26
ILE181 5
PHE200 37
ALA201 24
Total 330

myocardial contractility, blood pleasure, stroke volume,
and reducing heart rate [36]. Results put forward that
Digoxin might create alkyl and pi-alkyl interactions with
Ala45, Met49, Leu99, Alal135, Pro184, carbon-hydrogen
bonds with Ser46, Tyr62, Pro184, pi-sulfur bonds with
Met55, conventional hydrogen bonds with Val53, and
Met55 residues of the receptor. Ponatinib is the third
FDA-approved drug among the ones with the highest

Percentage

% 8.48

%11.21

% 6.96

% 3.03

% 10.61

% 10.30

%9.10

% 7.27

% 5.17

% 7.87

% 1.52

% 11.21

% 7.27

% 100

binding affinity. It was approved by the FDA in 2012 as
a tyrosine-kinase inhibitor [37] and is used in the treat-
ment of leukemia [38]. It’s revealed that Ponatinib might
create conventional hydrogen bonds with Asn41, Asp43,
Arg207, carbon-hydrogen bonds with Ala45, GIn64, pi-
pi stacked, and pi-alkyl interactions with Ala45, Tyr62,
Leu99, Phe200, and Ala201 residues of the receptor.
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Figure 2. Three ligands with the highest binding affinity of each dataset from the molecular docking results.
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Figure 3. Interactions between the allosteric site of the GABA, receptor with the three best-scored ligands of Inhibitors; A) Suramin,
B) Broflanilide, C) Clozapine.



82 | H.S. Portakal / Hacettepe J. Biol. & Chem., 2023, 51 (1), 71-91

Figure 4. Interactions between the allosteric site of the GABAA receptor with three best-scored ligands of the FDA-Approved Drugs;
A) ZINCO00012503187 (Conivaptan) B) ZINC000242548690 (Digoxin), and C) ZINCO00036701290 (Ponatinib).



In addition, 4254 ligands from the Drugs Appro-
ved by World but not FDA dataset had been doc-
ked to the allosteric site of the GABA, receptor,
and 17 (ZINC000118915215, ZINC000118915217,
ZINC000001542146, ZINC000257362202,
ZINC000150339052, ZINC000256630457,
ZINC000118915214, ZINC000011616152,
ZINC000118915216, ZINC000256109538,
ZINC000885764928, ZINC0O00008143788,
ZINC000095618690, ZINCO00000577115,
ZINC000043195321, ZINC000100054749,
ZINC000224657532) drugs were discovered with
higher binding affinity than Suramin which is the
best-scored ligand of the inhibitors. The three best-
scored ligands which are ZINC000118915215 (DD1),
ZINC000118915217 (DD2), and ZINC000001542146
(Pranlukast) were analyzed since they have the binding
affinities of -11.9 kcal/mol, -11.9 kcal/mol, and -11.3
kcal/mol, respectively. The ligand-receptor interacti-
ons of the related ligands are demonstrated in Figure
5. While DD1 and DD2 are distinct derivatives of the Di-
goxin molecule, Pranlukast is a widely used drug as an-
tiallergic and antiasthmatic since it’s a cysteinyl leukot-
riene receptor-1 antagonist [39], [40]. Ligand-receptor
interaction studies revealed that DD1 creates conventi-
onal hydrogen bonds with lle47, Glu182, pi-sulfur bonds
with Met55, alkyl and pi-alkyl interactions with Ala135,
Met137, Leul83, Prol84, and carbon-hydrogen bond
with Arg180, DD2 creates alkyl and pi-alkyl interactions
with Met49, Alal35, Metl137, Prol84, pi-sulfur bond
with Met55, conventional hydrogen bond with Tyr97,
carbon-hydrogen bond with Arg180, Pranlukast creates
alkyl and pi-alkyl interactions with Ala45, Tyr62, Leu99,
Ala135, Met137, lle181, Phe200, conventional hydrogen
bonds with lle47, Glu182, pi-pi stacked interaction with
Tyr62, pi-donor hydrogen bond with Met137, and car-
bon-hydrogen bond with 1le181 residues of the recep-
tor.

Eventually, ligands of the Non-human metabolites da-
taset had been docked to the GABA, receptor and no
ligand with a binding affinity higher than Suramin’s
was revealed among the 2307 ligands. However, 7
ligands  (ZINCO00028642721, ZINC000100029436,
ZINCO00004098622, ZINC000085432705,
ZINC000003870412, ZINCO00004096846,
ZINC000169335484) had exhibited higher binding affi-
nity than-9.5 kcal/molwhich is the Broflanilide’s (second-
best inhibitor) binding affinity. Docking studies revealed
that the three best-scored ligands of the Non-human
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Metabolite dataset were ZINC0O00028642721 (Sennidin
A), ZINC0O00100029436, and ZINCO0O0004098622 with
the binding affinities of -10.1 kcal/mol, -10.0 kcal/mol,
and -9.9 kcal/mol, respectively. The receptor interacti-
ons of these ligands are demonstrated in Figure 6. The
data demonstrate that ZINC000028642721 (Sennidin A)
might create pi-sigma interaction with Ala45, conventi-
onal hydrogen bonds with Ser46, lle47, Asp101, Ala135,
Met137, Glul182, carbon-hydrogen bonds with Thr60,
Asn100, Cys136, pi-alkyl interactions with Alal35,
Arg180, ZINC000100029436 might create alkyl and pi-
alkyl interactions with Ala45, Leu99, Phe200, Ala201,
carbon-hydrogen bonds with Ser46, Asp48, lle181, con-
ventional hydrogen bonds with Ile47 pi-pi stacked inte-
ractions with Tyr62, Phe200, and ZINCO00004098622
might create conventional hydrogen bonds with Asp43,
Ser4d6, Tyr97, Leu99, carbon-hydrogen bond with Ala45,
pi-alkyl interactions with Ala45, Leu99, pi-pi stacked
interactions with Tyr62, Phe200, unfavorable donor-
donor and unfavorable acceptor-acceptor interactions
with Asp101, Argl80, pi-donor hydrogen bonds with
Asn100, Tyr205 amino acid residues of the receptor.

In the light of the findings, 30 drugs with the highest
binding affinity and their datasets were listed in Table 5.
Data put forward that the five best ligands are DD1, DD2
(from Drugs Approved by World but not FDA), Conivap-
tan, Digoxin (from FDA Approved Drugs), and Pranlukast
(from Drugs Approved by World but not FDA) with the
binding affinities of -11.9 kcal/mol, -11.9 kcal/mol, -11.8
kcal/mol, -11.6 kcal/mol, and -11.3 kcal/mol, respecti-
vely. Since the Digoxin drug and its two distinct deriva-
tives exhibited quite binding affinity, these compounds
were evaluated as rather promising in order to be used
in the treatment of GABAergic disorders. In addition,
there is no evidence in literature demonstrating the
binding profile of Digoxin to GABA, receptors’ allosteric
site, Gautam et al. have reported that GABAergic agent
production increases during dose-dependent Digoxin
treatment [41]. As such, the findings might keep light on
the molecular mechanism of the increases in GABAergic
agent production, and provide significant evidence in
order to test Digoxin and its derivatives (DD1, and DD2)
in the treatment of GABAergic disorders. Furthermore,
Vasopressin receptors inhibitor Conivaptan and cyste-
inyl leukotriene receptor-1 antagonist Pranlukast might
be repurposed for treatment of GABAergic disorders
since they have quite binding affinity to the allosteric
site of the GABA receptor.
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Figure 5. Interactions between the allosteric site of the GABAA receptor with three best-scored ligands of the Drugs Approved by
World but not FDA; A) ZINC0O00118915215 (DD1), B) ZINC000118915217 (DD2), and C) ZINCO00001542146 (Pranlukast).
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Figure 6. Interactions between the allosteric site of the GABAA receptor with three best-scored ligands of the Non-human Metabo-
lites; A) ZINCO00028642721 (Sennidin A), B) ZINC0O00100029436, and C) ZINCOO0004098622.



Ligand Name

ZINC000118915215

ZINC000118915217

ZINCO00012503187

ZINC000242548690

ZINC000001542146

ZINC000257362202

ZINC000036701290

ZINC000150339052

ZINC000256630457

ZINC000118915214

ZINC000203757351

ZINC000011616152

ZINC000118915216

ZINC000256109538

ZINC000885764928

ZINCO00008143788

ZINCO00004099009

ZINC000095617679

ZINC000095618690

ZINCO00000577115
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Score
(kcal/mol)

-11.9

-11.9

-11.8

-11.6

-11.3

-11.2

-10.9

-10.9

-10.9

-10.8

-10.8

-10.7

-10.7

-10.7

-10.7

-10.6

-10.6

-10.6

-10.6

-10.5

Table 6. The scores, datasets, interacting receptor residues of the best scored 30 ligands from the molecular docking results.

30 Ligands with Best Scores

Dataset

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

FDA Approved Drugs

FDA Approved Drugs

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

FDA Approved Drugs

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

FDA Approved Drugs

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

FDA Approved Drugs

FDA Approved Drugs

Drugs Approved by
World but not FDA

Drugs Approved by
World but not FDA

Receptor Residues Interacting with Ligands

ILE47, METS5, ALA135, MET137, ARG180, GLU182,
LEU183, PRO184

MET49, TYR97, ALA135, MET137, ARG180, PRO184

ASP43, ALA45, LEU99, ASN100, ALA135, TYR157, PHE200,
ALA201, ARG207

ALA45, SER46, MET49, VAL53, METS55, TYR62, LEU9S,
ALA135, PRO184

ALA45, ILE47, TYR62, LEU99, ALA135, MET137, ILE181,
GLU182, PHE200

ALAA45, SER46, ASP48, MET49, GLUS2, VAL53, METS55,
LEUSY, LYS102, ALA135, THR151, PRO184

ASN41, ASP43, ALA4S, TYR62, GLN64, LEU99, PHE200
ALA201, ARG207

ALA45, ASP48, METS5, LEU99, ALA135, CYS136,
MET137, THR151, PRO184

ASP43, ALA45, TYR97, LEU99, ASN100, ALA135, MET137,
GLU182, PHE200, ALA201

ILE47, VALS0, ASN54, ALA135, MET137, GLU153, LEU183
ARG196

ASP43, ALA45, LEU99, ASN100, LYS102, ALA135, ARG180,
ARG196, PHE200, ALA201, ARG207

ASP43, ALA45, TYR62, ARG180, PHE200, ALA201

ASP43, ASP48, VAL53, METS55, LEUS9, ALA135, MET137,
ARG180, LEU183, PRO184

SER46, ILE47, ASP48, MET49, GLU52, VAL53, METS5,
ALA135, PRO184

TYR62, ALA135, ARG180, PHE200

TYR62, GLN64, PHE200

ALA45, SER46, ASP48, ASP101, LYS102, ALA135, GLU182

ASP43, ALA45, TYR62, LEU99, MET115, TYR157, ARG180,
PHE200, THR202, ARG207

ASP48, TYR62, LEU99, ALA135, MET137, ARG180,
GLU182

TYR62, GLU155, TYR157, PHE200, ALA201, TYR205



Table 6. Continue

Score
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30 Ligands with Best Scores

Ligand Name (keal/mol) Dataset
ZINC000011679756 -10.5 FDA Approved Drugs
ZINC000043195321 -10.5 S&EiZiEE::ZSSSK
ZINC000100054749 -10.5 3§§§Z?ﬂ§:ﬁf§é§
ZINC000224657532 -10.5 3&;52?5E:2;f?;2
ZINC000000537940 -10.4 3&252¢EE22:§€52
ZINCO00006745272 -10.4 FDA Approved Drugs
ZINC000095618689 -10.4 3&352¢5§f¥f§§2
ZINC000003872494 -10.3 3&2§Z¢55:ZSS;Z
ZINC000011616153 -10.3 3&2§Z¢i£:zfgsz
ZINC000022058728 -10.3 Drugs Approved by

World but not FDA

Receptor Residues Interacting with Ligands

ASN41, ASP43, TYR62, TYR157, PHE200, ALA201, THR202,
TYR205

ASP43, ALA4S, TYR62, LEU99, ARG180, PHE200, ALA201,

ALA45, SER46, ASP48, LEUSS, ASN100, ASP101, LYS102,
ALA135, CYS136, MET137, ASN149, THR151

ASP43, GLN64, GLU155, PHE200, ALA201, TYR205

ASN41, GLU155, TYR157, ARG16S, ALA174, PHE200,
ALA201, THR202, TYR205

ASPA43, ALA45, SER46, ASP48, TYR62, GLN64, LEUS9,
ASN100, ASP101, ALA135, PHE200

TYR62, GLY127, TYR157, LYS173, GLU179, PHE200,
ALA201, TYR205

TYR62, TYR97, GLU155, TYR157, PHE200, ALA201,
TYR205

ASP43, ALA45, SER46, ASPA8, METS5, TYR62, ARG180,
PHE200, ALA201

ALA45, METS5, LEU99, ALA135, GLU182, PRO184
ARG207

Once the virtual drug screening had been completed,
ADME analysis and toxicity profile of the three best-
scored ligands from the Drugs Approved by World
but not FDA and Non-human Metanolites datasets
were carried out with swissADME server and OSIRIS
Property Explorer tool. Since they had been tested by
FDA previously, the ligands from FDA-Approved Drugs
were not investigated in ADME and toxicity studies. The
physico-chemical properties, lipophilicity, water-solu-
bility, druglikeness properties, pharmacokinetics, and
toxicity results of the ligands are listed in Table 6. Since
DD1 and DD2 are structural isomers, the ADME and to-
xicity profiles of these derivatives have similar proper-
ties. Both derivatives were analyzed as water-soluble,
they have no inhibitory activity on CYP isoforms, they
have no permeation activity from the blood-brain bar-
rier (BBB), and they have no possible side effects such
as mutagenicity, tumorigenicity, irritant effects, and
reproductive effects. While Pranlukast was found as

insoluble in water as well as not permeant from BBB,
its inhibitory effects on CYP2C19, CYP2C9, and CYP3A4
were observed. In addition, ADME and toxicity studi-
es of Non-human Metabolites ligands revealed that
ZINC000028642721 (Sennidin A) is poorly soluble, has
a CYP2C9 inhibition activity, has no undesired effect,
ZINC000100029436 is moderately soluble in water, has
no CYP isoform inhibition activity, but has mutagenicity
effect, and ZINCO00004098622 is water-soluble, has no
CYP isoform inhibition activity, but has a reproductive
effect. In the light of the information on binding affi-
nities, chemical interactions with the amino acid resi-
dues of the receptor, ADME analysis, and toxicity pro-
files of the ligands, FDA approved Digoxin drug and its
derivatives (ZINC000242548690, ZINC000118915215,
and ZINC000118915217) as well as Conivaptan which
was approved by FDA and Pranlukast are evaluated as
promising in order to be used in the treatment of GA-
BAergic disorders.
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Table 7. ADME and toxicity analysis of the best three ligands from Drugs Approved by World but not FDA and Non-human Metabolites

datasets.
ADME and Toxicity Analysis
Properties Drugs Approved by World but not FDA Non-human Metabolites
L dN ZINC000118 ZINC00011 ZINCO0000 ZINCO0002 ZINC00010 ZINCO0000409
igand Name
8 915215 8915217 1542146 8642721 0029436 8622
Formula C35H54011 C35H54011 C27H23N504 C30H18010 C31H36N2011 C20H2209
Molecular
igh | 650.80 650.80 481.50 538.46 612.62 406.38
Physico- Weight (g/mol)
chemical
roperties
prop Molar
. 166.04 166.04 135.27 138.55 161.88 102.03
Refractivity
TPSA (topological
polar surface 164.37 A? 164.37 A? 123.00 A2 189.66 A? 201.00 A2 160.07 A
area)
Log PO/W (iLOGP) 4.19 4.53 3.07 2.16 4.48 1.71
Log PO/W(XLOGPS) 1.24 1.24 4.32 4.80 4.18 0.73
Log PO/W (WLOGP) 2.34 2.34 4.44 3.96 3.85 -0.07
Lipophilicity
Log pofu (MLOGP) 1.17 1.17 3.07 1.27 0.51 -0.87
Logpo/w(SlLICOS—IT) 1.28 1.28 5.12 3.46 3.21 0.00
Consensus Log
2.04 2.11 4.00 3.13 3.25 0.30
Po/w
Log S (SILICOS-IT) -1.86 -1.86 -10.46 -6.59 -5.84 -1.02
SILICOS-IT
n 8.92e+00 8.92e+00 1.68e-08 1.38e-04 8.90e-04 3.90e+01
Solubility (mg/ml)
Solubility
SILICOS-IT
o 1.37e-02 1.37e-02 3.49e-11 2.56e-07 1.45e-06 9.59e-02
Solubility (mol/l)
Moderatel
Solubility Class Soluble Soluble Insoluble Poorly soluble Y Soluble
soluble
Druglikeness 3.42 3.42 -4.02 0.52 0.93 -6.63

Druglikeness

Drug-score 0.41 0.41 0.21 0.32 0.17 0.25



Table 7. Continue

Properties

Gl absorption

BBB permeant

P-gp substrate

CYP1A2 inhibitor

Pharmaco-
kinetics

CYP2C19
inhibitor

CYP2C9 inhibitor

CYP2D6 inhibitor

CYP3A4 inhibitor

Mutagenicity

Tumorigenicity

Toxicity

Irritant Effects

Reproductive
Effects

Conclusion

The GABAergic pathway is one of the most promi-
nent pathways responsible for neuronal development
and is managed through the interactions between
y-aminobutyric acid (GABA) which is the primary inhi-
bitory neurotransmitter in CNS and its receptors which
are GABAA, GABAB, or GABAC receptors. Among these re-
ceptors, the GABA, receptor has the highest expression
level along with CNS and regulates neural cell migration,
proliferation, growth, and synapse structures generati-
on by performing phasic inhibition and tonic activation.

ADME and Toxicity Analysis

Drugs Approved by World but not FDA

Low Low Low
No No No
Yes Yes Yes
No No No
No No Yes
No No Yes
No No No
No No Yes
No No No
No No No
No No No
No No No

To date, much evidence has revealed that defects in the
GABAergic pathway might cause several serious disea-
ses such as schizophrenia, epilepsy, anxiety, depression,
insomnia, etc. Besides, it’s recently been reported that
anti-tumor immune response is suppressed through
the inhibition of CD8 T cell activity by GABA metabo-
lite secreted by B-cells. As such, the discovery of novel

H.S. Portakal / Hacettepe J. Biol. & Chem., 2023, 51 (1), 71-91

Low

No

No

No

No

Yes

No

No

No

No

No

No

Non-human Metabolites

Low

No

No

No

No

No

No

No

Yes

No

No

No

Low

No

No

No

No

No

No

Yes

inhibitors targeting the GABAergic pathway and the re-
purposing of approved drugs are quite promising app-
roaches for the treatment of regarding disorders from
schizophrenia to cancer.
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In this study, a molecular docking mediated virtual
drug screening strategy targeting the allosteric site of
the GABA, receptor has been carried out with a total
of 8170 ligands consisting of 1609 FDA-Approved Drugs,
4254 Drugs Approved by World but not FDA, and 2307
Non-human Metabolites. Furthermore, the developed
strategy has been validated with the re-docking of the
Benzamidine ligand which is found in the crystal struc-
ture of the receptor, and the docking of 7 known GABA
antagonists. Results demonstrate that two Digoxin
derivatives which are ZINC000118915215 (DD1) and
ZINC000118915217 (DD2) from the Drugs Approved by
World but not FDA dataset have the highest binding af-
finity to the allosteric site of the GABA, receptor. Furt-
hermore, Digoxin drug (ZINC000242548690) from the
FDA-approved Drugs dataset has been analyzed as one
with the highest binding affinity after Conivaptan drug
(ZINCO00012503187). In addition, ADME and toxicity
studies have revealed that DD1 and DD2 have quite a
drug potential since they are water-soluble, have no
inhibitory effect on CYP isoforms, and have no possible
undesired effects such as mutagenicity, tumorigenicity,
irritant effects, and reproductive effects. While Digoxin
is @ molecule produced by Digitalis lanata, it’s widely
used in several cardiac diseases. Besides, Conivaptan is
a Vasopressin receptors (Vla and V2) inhibitor and is
also widely used in heart failure diseases. As such, the
great potential of Digoxin and its derivatives (DD1 and
DD2) in the treatment of GABAergic pathway-based
disorders is declared in this report. In addition, Coni-
vaptan has great potential, too, since it has a quite bin-
ding affinity to the allosteric site of the GABA  receptor.
However, the findings of the report should be analyzed
with molecular dynamics (MD) simulation studies, and
the potential of the related drugs should be tested by in
vitro and in vivo studies.
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ABSTRACT

hytochemical and some proximate composition analysis was carried out on three (3) selected edible medicinal plants leaves

which were believed to be of medicinal value and have physiological effects as anti-inflammatory, antibacterial, anti-pyretic,
antioxidant, laxative etc. The significant aim of the research is to identify the phyto-components as well as compounds presents
in the ethanolic extract of Mentha Spicata L. (Mint), Rosemarinus Officinalis (Rosemary), and Coriandrum Sativum (Coriander)
using two different analytical methods, GC-MS, along with their functional groups using FT-IR. The GC-MS analysis reveals various
compounds identified as major constituents and mostly all the compounds identified was found to possess medicinal properties.
The data analysis from FT-IR spectrometry representing most of the strong absorptions bands which further indicates major
functional groups such as aliphatic amines, alkanes, aromatic (primary and secondary) and carboxylic acids. While the preliminary
phytochemical screening conducted indicates the presence of Flavonoids, Tannins, Triterpenoids, and Saponins from the ethano-
lic extracts of the plant extracts. Therefore the findings indicate that all the selected plant samples are potential sources of me-
dicinal activities and can be applied in the field of phyto-medicine considering their diverse ethno-pharmacological importance.

Key Words
Medicinal Plants, phytochemical screening, phyto-medicine, phyto-components.

0z

itokimyasal ve bazi yakin bilesim analizleri, tibbi ve fizyolojik degeri olduguna inanilan anti-inflamatuar, antibakteriyel, anti-pi-

retik, antioksidan, yumusatici vb. etkileri olan Gg (3) secilmis yenilebilir bitki yapragi Gzerinde gerceklestirilmistir. Bu calismanin
esas amacl Mentha spicata L (Nane), Rosemarinus officinalis (Biberiye) ve Coriandrum sativum (Kisnis)'in etanolik ekstraktinda
bulunan fito-bilesenlerin yani sira bilesikleri iki farkli analitik yontem, GC-MS, ile birlikte fonksiyonel gruplar igin FT-IR kullanarak
tanimlamaktir. GC-MS analizi, ana bilesenler olarak tanimlanan gesitli bilesikleri ortaya cikarir ve cogunlukla tanimlanan tim bile-
siklerin tibbi 6zelliklere sahip oldugu bulunmustur. FT-IR spektrometrisinden elde edilen veri analizi, alifatik aminler, alkanlar, aro-
matik (birincil ve ikincil) ve karboksilik asitler gibi ana fonksiyonel gruplari da gosteren glgli absorpsiyon bantlarini géstermektedir.
Yapilan on fitokimyasal tarama, bitkilerin etanolik ekstraktlarindan Flavonoidler, Tanenler, Triterpenoidler ve Saponinlerin varligini
gosterir. Bu nedenle bulgular, segilen tim bitki 6rneklerinin potansiyel tibbi aktivite kaynagi oldugunu ve gesitli etno-farmakolojik
onemi dikkate alinarak fito-tip alaninda uygulanabilecegini gostermektedir.
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INTRODUCTION

n the history of man-kind, plants and their derivatives

have always been an important source of medicines
for our health conditions for ages. The first knowled-
ge and discovery of the various healing properties of
plants has been traced back to ancient days. It is also
known that plants are the most important rich source
of drugs both in traditional system and that of modern
medicines [1]. However, over time, humans have deve-
loped an interest in knowing and investigating the exact
source and constituents responsible for most of the
healing properties associated with the plants parts (2,
3]. As a result of these studies conducted on the plants
species birth the word phytochemistry which is regar-
ded as the science responsible for the compounds con-
tained in plants extracts. In recent years, we have seen
a revival of interest in the use of medicine from herbal
sources, which is evidently possible because herbal me-
dicine has been reported to be a safe with no adverse
side effects compared with the synthetic drugs. Most
of the medicinal values of these plants lies in some che-
mical substances that produce a definite physiological
action on the human body [4-6]. Coriandrum Sativum L.
(Apiaceace Family) was originated around the Mediter-
ranean region and usually cultivated mainly in tropical
areas. Coriander is among one of the edible plants from

Table 1. Nutrient composition of coriander leaf as per USDA [2].
Nutrients
Energy
Protein
Carbohydrates
Total lipids(fat)
Calcium, Ca
Magnesium, Mg
Iron, Fe
Phosphorus, P
Zinc, Zn
Potassium, K
Vitamin C
Sodium, Na
Thiamine
Niacin
Riboflavin
Vitamin A,
Vitamin B-12
Fatty acids ( MUFA)

the Apiaceae family to be considered medicinal plants
due to its exceptionally functional qualities and well do-
cumented medicinal history. Aside from its nutritional
compositions as seen in Table 1, it is also well known
for its sanative character for ages and its phytochemi-
cal constituents excel in all bioactive compounds which
include, phenolic compound Flavonoids and ascorbic
acid. Coriander also has curative and preventive pro-
perties such as anti-microbial and anti- carcinogenic.
Coriander leaves are also a very vital and important
crop that represents a unique position in flavoring subs-
tances because of its fragrance and it seeds are used
in traditional medicine as an immune booster, and also
used in the preparation of many household dishes as
it is believed to have contained some medicinal curing
abilities that help in curing bed cold, fever, and stomach
disorders [7-9]

Rosmarinus officinalis (Rosemary) is a perennial edible
plants with a specie name Rosmarinus officinalis and
is a very popular herbs due to its enormous health
properties. Table 2 reveals the chemical and mineral
composition of the rosemary plant. Rosemary is an indi-
genous plant of Mediterranean region where it usually
grow and being cultivated worldwide. The plant name
arises from rosmarinus in Latin meaning ‘dew of the sea’
and it has been accepted as the plant with the highest

Amount (per 100 g)
279 kcal
21.93g
52.10g

478¢g
1246 mg
694 mg
42.46 mg
481 mg
472 mg
4466 mg
566.7 mg
211 mg
1.252 mg
10.707 mg
1.500 mg
293 ug
0.00 ug
2.232g



Table 2. Chemical and minerals composition of rosemary plant [10].
Compounds
a -Pinenene
a -Caryophyllene
Eucalyptol
Borneol
Camphor
Y-Terpinene
D-Verbenone
Limonene
Methyl jasmonate
o -Muurolene
Borneyl acetate
Myrecene
Eugenol
B- Germacrene
a -cardinene

farnesyl
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%Composition
9.72
8.38
5.11

24.13
5.01
5.005
4.17
2.29
2.24
1.58
1.55
0.204
1.18
1.52
0.63
0.32

Table 3. Chemical constituent of peppermint as per monographs of international pharmacopeia [13].

Compounds
Cineole
Limonene
Menthone
Isomenthone
Methyl acetate
Isopulegol
Pulegone
Carvone

Menthfuran

antioxidants activity and believed to possess phytoc-
hemical compounds such as Flavonoid, triterpenes, di-
terpenes and Steroids [10] Rosemary is a very tolerance
plant that can withstand moderately harsh weather it
usually grows averagely within temperature range of 25
-30°C. The plant can adopt and tolerate easily in almost
all weather condition [11]. Mentha spicata (Mint) Mint
is a very fast growing edible perennial plants with many
different varieties that usually grow tall up to 3 feet tall
which composes of varieties of chemical constituents
(Table 3). The Mentha spicata species plant replicate
well when exposed to sunlight and sometimes in under
partial shades, they are usually planted early in raining
seasons which is sometimes referred to as growing sea-

Percentage composition (%)
3.5-14.0
1.0-5.0

14.0-32..0
1.5-10.0
2.8-10.0
Max 0.2
Max 4.0
Max 1.0
1.9-10.0

son, the plant required at least an average temperature
of 25 — 35°C (normally under moist soil condition) but
excess or too much water will cause some diseases i.e.
roots and leaf diseases [12, 13]. The significant goal of
this paper is to identify and isolate volatile biologically ac-
tive compounds from the ethanolic extracts of the plants
and determine their pharmacological effects.

MATERIAL and METHODS

Collection and extraction of plant extracts

All the fresh plants samples were obtained from a farm
garden in Lefkosa district of TRNC, and the plants samp-
les were identified by a botanist from the TRNC ministry
of agriculture and natural resources, all leaves are se-
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parated from the main plant stalk, soaked and wash in
water, air dried at room temperature 25°C. The dried
sample were further weighed and crushed into powder.
All the plants samples for the phytochemical analysis
were extracted in ethanol and distilled water, the et-
hanolic extract of the plants leaves were prepared by
soaking 50g of each of the dried powder of every samp-
le individually in 500 mL of absolute ethanol solution
and further allowed to stay for 48 hrs under room tem-
perature condition in other to achieved thorough ext-
raction. After two days, the resulting content was then
filtered through a whatmann filter paper (No. 42, 125
mm) and kept for evaporation of the solvent to get the
dried concentrated extracts. The dried portion of the
extract was then frozen and stored at 5°C and the crude
residue was weighed and used for all the preliminary
phytoconstituent analysis.

Preliminary phytochemical screening

The preliminary phytochemical analysis for the ethano-
lic extract were performed to identify different phytoc-
hemical content in the plants samples by using standard
procedure by Sofowora [14], Trease and Evans [15] and
Ayoola et al. [16].

Test for Saponins (frothing test)

0.5 g of the crude ethanolic sample was weighed and
added to 10 mL of distilled water in a test tube, the re-
sulting solution was vigorously shaken and stable froth
is observed if formed. Followed by adding 3 drops of
olive oil to the froth formed sample and shaken vigoro-
usly after which the sample is further observed for the
formation of emulsion.

Test for Tannins
Two qualitative analysis are used in testing for the pre-
sence of Tannins in any given samples.

KOH Test: 10mL of freshly prepared 10%KOH solution
in a clean beaker, and 0.3 g of the crude ethanol extract
was added and vigorously shaken to dissolve. And par-
tial or dirty precipitate observed indicate the presence
of Tannins.

Ferric chloride Test: 0.5 g of extract was dissolve in
10mL distilled water and boiled in a test tube and a few
drops of ferric chloride solution was added to the boi-
led sample a formation of brownish green color is ob-
served for the confirmation of Tannins.

Test for Flavonoids

2mL of sodium hydroxide (NaOH) was mixed with the cru-
de extract of the plant a formation of concentrated yellow
color was observed with further addition of 2 drops of di-
luted H SO, which later become colorless.

Test for Steroids

2mL of chloroform solution was added to 5mL of aqueous
crude sample of the plant extract follow by 4mL of con-
centrated H,SO, and indication of reddish color indicate
the presence of Steroid in the sample.

Test for Terpenoids

5mL of aqueous ethanolic extract of the plant sample was
mixed in 4 mL of chloroform and 1mL of acetic anhydride
was added to the mixed solution follow by addition of 2 mL
of concentrated H,SO, formation of reddish violet color in-
dicates the presence of triterpenoids in the sample,

Test for Glycosides

4 mL of concentrated acetic acid was mixed with 2mL
of chloroform and aqueous extract of the plant sample
the mixture was then cooled and concentrated H, SO,
was added and a formation of green color indicate the
presence of glycoside in the given sample.

FTIR Spectroscopic Analysis

Fourier Transform Infrared Spectrophotometer (FTIR)
is one of the most important analytical tools for the
determination and identifying the types of functional
group presents in a given compounds. FTIR method and
technique was used for the determination and identi-
fication of various types of functional groups in each
powdered leave extract of all the three sample used in
the analysis as described by Yadav et al. [9]. The infra-
red spectroscopy spectrum (IR) was obtained using FTIR
Shimadzu Japan in the range 400—4000 cm* with which
10mg of dried extract powdered sample of each of the
plant sample was grounded in a mortar and pestle in or-
der to obtain a fine powdered sample and the obtained
extracts was subsequently used for the FTIR analysis.

GC-MS Specifications

All the plant extracts analyses were performed using a
GC-MS system (GCMS-QP2010 SE plus Shimadzu Tech-
nology Japan) equipped with an HP-5MS capillary co-
lumn (30 m x0.25 mm). The injection volume of each
sample was 1 uL. And Helium was used as a carrier gas



with flow rate of 1 mL/min, the injection port tempera-
ture was 250°C and the program of the sample was set
to a temperature ranges from 50°C to 300°C at a rate
of 50°C/min and 10 min hold at 300°C for non- volatile
constituents.

Peak Identification

The interpretation of mass spectrum of GC-MS and the
constituents was identified by comparing their mass
spectra with those in the Database of National Institu-
te of Standard and technology (NIST). The spectrum of
the unknown component was compared with spectrum
of the known components stored in the NIST Library
according to the chemical constituents present in the
plant extracts.

RESULT and DISCUSSION

Preliminary phytochemical analysis

The Preliminary phytochemical analysis results revea-
led the presence of medically active compounds in the
plants samples studied. As shown in Table 4, it could
be seen that almost all the three selected plants con-
tain various secondary metabolites such as Flavonoids,
Saponins, Tannins, Triterpenoids and Steroids respec-
tively, with the exception of Mints (Mentha spicata L)
samples in which its test analysis results for Flavonoids
test showed negative result. The positive results of the
preliminary tests for Saponins, Flavonoids, and steroids
are displayed in Fig .1. All the three (3) plants selected
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for the study are very vital and mostly used for the tre-
atment of many diseases as a results of their phytoc-
hemicals constituents which have been confirmed in so
many studies conducted in the field of food and nutri-
tion and have been reported to possess high medicinal
value. Flavonoids are very vital bioactive polyphenols
that are distributed widely in the plant kingdom and
play an important role in photosynthesizing cells [17,
18]. Flavonoids have been reported to possess a wide
range of biological activities such as antibacterial, anti-
inflammatory and analgesic [19-21]. Furthermore these
findings suggest that all the plants samples analyzed
contain phytochemical nutrients in them, therefore all
the three plants are a potential sources of natural anti-
oxidants that could serve great importance in therape-
utic purposes [22-24].

Gas chromatography Mass spectrometry (GCMS)
Analysis

From Figure 2 and Table 5, the GC-MS analysis of the
ethanolic extract of Rosemary (Rosemarinus officinalis)
revealed the presence of various bioactive compounds.
Some of the biologically active compounds revealed
by the GC-MS are camphene a (monoterpenes) at a
retention time of 5.33 with peak area of 43.2% which
is known for its analgesic and anti- inflammatory pro-
perty, and Eucalyptol( 1,8-cineole) with retention time
of 14.67 and peak area of 7.6% is used as antioxidant,
anti-cancer and analgesic in drug formulation, while

Figure 1. Preliminary phytochemical screening showing (a) Flavonoid test for rosemary, (b) Steroids test for rosemary, (c) Flavonoid

test for Mentha spicata, (d) Steroids test for Mentha spicata.

97



98

J. Mohammed et al. / Hacettepe J. Biol. & Chem., 2023, 51 (1), 93-102

Figure 2. GC-MS Spectral Analysis of Ethanolic extract Rosmarinus officinalis.

Figure 3. GC-MS Spectral Analysis of Ethanolic extract of Coriandrum sativum.

Figure 4. GC-MS Spectral Analysis of Ethanolic extract of Mint plant.

Table 4. Phytochemical constituents present in the plants extracts.

Percentage composition (%)

Plants
Flavonoids Tannins Saponins Steroids
Mint - + + +
Rosemary + + + +
Coriander + + + +

- Negative result

+ Positive result

Triterpenoids
+

+
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Figure 5. FTIR Analysis of Rosmarinus officinalis at solid state.

Table 5. Activity of Phyto-components identified in Rosmarinus officinalis by GC-MS.

Retention Time(Min) Compounds Name LRI Peak Area %
5.337 Camphene (monoterpenes) 943 43.2
8.233 1,1,3,3-tetramethyl 1487 11.4
14.671 Eucalyptol (1,8- cineole) 1059 7.6
18.161 Trans-caryophyllene 1224 2.7
19.832 Limonene 1545 1.2
Others 33.9

Table 6. Activity of Phyto-components identified in Coriandrum sativum by GC-MS.

Retention Time(Min) Compounds Name LRI Peak Area %
5.62 2,6-octadienal 3,7-dimethyl 1024 0.45
12.90 Docosane 2208 0.25
14.457 1,2Benzenedicarboxylic acid 1620 24.7
18.652 Gamma terpene 1137 2.12
19.942 2H-Pyran-3-ol 1278 0.87
Others 71.61

Table 7. Activity of Phyto-components identified in Rosmarinus officinalis by GC-MS.

Retention Time(Min) Compounds Name LRI Peak Area %
9.928 2 Cyclohexen-1-one 873 0.76
12.729 Trimethylpyrazine 1008 0.94
16.749 1 Dodecanol( n-dodecanol) 1461 0.54
19.594 Hexadecamethyl 2097 0.3
18.645 Octadecane 1810 0.23
14.134 1,2,benzene dicarboxylic acid 1620 24.43

Others 72.8
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Trans- caryophyllene at retention time 18.161 with a
peak area of 2.7% has an anti-microbial and anti- bac-
terial as a their biological activity. Also a bioactive com-
pounds Limonene with a retention time of 19.832 and
peak area of 1.2% has antimicrobial and antibacterial
activity [25, 26].

As revealed in Figure 3 and Table 6 which shows the GC-
MS analysis results of Coriandrum sativum. The phyto-
constituents detected in ethanolic extract Coriander
with their retention time and peak area are 2,6-octadi-
enal 3,7-dimethyl with retention time of 5.62 and peak
area 0.45%, Docosane with retention 12.9 and peak
area 0.25%, 1,2-Benzenedicarboxylic acid (phthalic
acid) with retention time of 14.45 and peak area of 24.7,
Gamma terpene with retention time 18.65 and peak
area of 2.12% and finally 2H-Pyran- 3-ol with retenti-
on time 19.94 and peak area of 0.8%. 2, 6-octadienal, 3,
7-dimethyl is used as Anti-fungal agent and also in Anti-
cancer treatments. Biologically active compound Doco-
sane also has antioxidant and anti-microbial properties
and 1,2-Benzenedicarboxylic acid (phthalic acid) is used
as anti-oxidant and antibacterial agents, also Gamma
terpene has been reported to have a potent antioxidant
property, and cardiovascular support and also provide
neuro-protection [27]. While 2H-Pyran-3-ol serve as
Antibacterial, antimicrobial as well as anti-oxidants.

The GC-MS analysis of Mentha spicata are shown in Fi-
gure 4 and Table 7. The phytoconstituents detected in
ethanolic extract of Mints (Mentha spicata) sample ext-
ract using gas chromatography-mass spectrometry(GC-
MS) with their retention time and peak area are 2
Cyclohexen-1-one at a retention time of 9.928 with a
peak area of 0.76%, and its biological activities include
Antioxidants, antibacterial agents used in drugs formu-
lation. And Trimethylpyrazine (TMP) with retention time
of 12.729 min with a peak area of 0.94% and is used
in treatment of cardiovascular diseases, headache and
vertigo and also used in preventing cell damage [28-30].

FTIR Analysis

Basically in this study the potential of FTIR Spectroscopy
as analytical tools is used for identification of various
functional groups responsible for medicinal properties
in all the plant samples. The FTIR spectra of Rosmarinus
officinalis, Coriandrum sativum and Mentha Spicata are
revealed in Figure 5, 6 and 7 respectively. The results
confirms the presence of many characteristics functio-
nal groups detected at different vibrational frequency

band in the IR spectrum. The various functional groups
observed using FTIR spectrum indicates the presence
of O-H group(alcohol), carboxylic acid, amine, sulphur
derivatives ,amino acid, and nitro - compounds among
others. From the summarized FTIR Spectrum the fin-
gerprint at 3299.54 cm™® in rosemary sample which is
the representative for O-H group predict the presence
of alcohol in the sample, and the analysis reveals that

all the three plants samples contains O-H(alcohol) and
CH (alkane) functional group in them [31]. The band at
2922.423, 2832.61, 2993.83, and 2981.63cm-! repre-
sent — CH2 and —CH3 groups which is due to presence
of chlorophyll groups in the samples the weak band at
1476.80 cm™ in parsley sample which is the represen-
tative of N-H bending is as a result of the amino acid
present in that sample [32, 33]. And also the bands at
1152.24,1029.98 and 1057.85 cm™ represent stretching
vibration of (C-O) and are due to the presence of acid.
As OH (alcohol group) group has the ability of forming
hydrogen bonding capacity, presence of OH group pro-
bably indicates the higher potential of the sample to-
wards inhibitory activity against microorganisms [34].

Conclusion

This present study has been performed to established
different phytochemical parameters on three medically
valued plants using two distinctive analytical techniques
FTIR, and GC-MS. The GCMS chromatogram conducted
on all the selected plant extracts revealed the presence
of many bioactive compounds of medicinal value such
as Camphene (monoterpenes), Eucalyptol (1,8- cineole),
Trans-caryophyllene, Limonene, 2-Cyclohexen-1-one,
Trimethylpyrazine(TMP), 1-Dodecanol (n-dodecanol),
Octadecane, 1,2-benzendicarboxylic acid (phthalic
acid), 2,6- octadienal 3,7-dimethyl, Gamma terpene,
2H-Pyran-3-ol, 1,4 Cyclohexadiene, and Metronidazole
(anazole). While the FTIR analysis conducted showed
the presence of many characteristics functional groups
such as Carboxylic acids, amine amide, and OH group
along with sulphur derivatives with some notable alka-
nes and alkynes. The preliminary phytochemical scree-
ning indicates the presence of various secondary meta-
bolites such as Tannins, Flavonoids, Saponins, Triterpe-
noids and Steroids which is evident in the research carri-
ed out by [35, 36, 37]. Therefore, these findings suggest
that all the three plants samples analyzed contain many
phytochemical compounds in them, and conclusively
are a potential sources of natural antioxidants that co-
uld serve great importance for varieties of therapeutic
purposes.



Figure 6. FTIR Analysis Coriandrum sativum at solid state.

Figure 7. FTIR Analysis Mentha Spicata at solid state.
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ABSTRACT

Helicobacterpylori (H. pylori) infection is accepted as the most important chronic bacterial infection. In recent years, it is repor-
ted that the bacteria are developing resistance against the applied antibiotics. In order to increase the success rate, decrease
recurrence and achieve eradication, it is very important to investigate nontoxic biocompatible herbal resources to be used in
addition to antibiotic therapy. Herbal oils, obtained from plants are being used for various purposes for a long time, particularly
in commercial and scientific fields. Therefore, in our study, we chose various herbal oils (Eucalyptus globulus, Juniperus communis,
Rosmarinus officinalis, Thymus vulgaris) that are known to be effective against gastric and gastrointestinal tract diseases which
do not have adequate investigations over H. pylori in the literature, and we aimed to investigate their antimicrobial activity over
H.pylori and cytotoxic activity on Human Umbilical Vein Endothelial Cells (HUVEC) cell line. The antimicrobial activity is investi-
gated by microdilution assay (MIC, MBC), and cytotoxic activity is investigated by MTT and LDH assays. As a result, it was found
that Eucalyptus globulus (MIC: 2,81 %v/v, MBC: 5,62 %v/v), Juniperus communis (MIC: 0,35 %v/v, MBC: 0,70 %v/v), Rosmarinus
officinalis (MIC: 2,81 %v/v, MBC: 5,62 %v/v), Thymus vulgaris (MIC: 0,70 %v/v, MBC: 1,40 %v/v) oils were effective against H. pylori.
Besides, it was determined that Thymus vulgaris herbal oil had the highest cytotoxic effect, and Eucalyptus globulus herbal oil had
the lowest cytotoxic effect on the HUVEC cell line.

Key Words
Helicobacter pylori, herbal oil, antibacterial activity, cytotoxicity.

0z

elicobacter pylori (H. pylori) enfeksiyonu en 6nemli kronik bakteriyel enfeksiyon olarak kabul edilmektedir. Son yillarda te-

davide kullanilan antibiyotiklere karsi bakterinin direng gelistirdigi rapor edilmistir. Tedavide basari oraninin yikselmesi ve
rekirrensin azalmasi igin, toksik olmayan biyouyumlu bitkisel kaynaklarin arastirilarak sistemik antibiyotik tedavisine ek olarak
kullaniimasi ve eradikasyonun saglanmasi son derece énemlidir. Bitkilerden elde edilen yaglar uzun yillardan beri gesitli amaglara
yonelik, 6zellikle ticari ve bilimsel alanlarda kullaniimaktadir. Bu nedenle ¢alismamizda; genellikle mide ve gastrointestinal sistem
rahatsizliklarina iyi geldigi bilinen ve literatirde H. pylori Gzerinde yapilmis yeterli calismasi bulunmayan cesitli bitkisel yaglar (Eu-
calyptus globulus, Juniperus communis, Rosmarinus officinalis, Thymus vulgaris) secilmis ve H. pylori'ye karsi antimikrobiyal etkin-
likleri ile Human Umbilical Vein Endothelial Cells (HUVEC) hiicre soyu Uzerindeki sitotoksik etkilerinin arastiriimasi amaglanmistir.
Bitkisel yaglarin antimikrobiyal etkinlikleri mikrodilisyon yéntemi ile (MIC, MBC), sitotoksik etkinlikleriise MTT ve LDH yontemleri
ile incelenmistir. H. pylori’ye karsi antimikrobiyal etkisini arastirdigimiz, Eucalyptus globulus (MIC: 2,81 %v/v, MBC: 5,62 %v/v),
Juniperus communis (MIC: 0,35 %v/v, MBC: 0,70 %v/v), Rosmarinus officinalis (MIC: 2,81 %v/v, MBC: 5,62 %v/v) ve Thymus vulgaris
(MIC: 0,70 %v/v, MBC: 1,40 %v/v) 'in etkili oldugu gozlemlenmistir. Ayni zamanda HUVEC hicre soyu Uzerinde Thymus vulgaris
bitkisel yaginin en yuksek, Eucalyptus globulus bitkisel yaginin ise en disUk sitotoksik etkiye sahip oldugu tespit edilmistir.

Anahtar Kelimeler

Helicobacter pylori, bitkisel yag, antibakteriyel aktivite, sitotoksitite.
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INTRODUCTION

t is thought that H.pylori and other helicobacteria

found in the digestive system are as old as the first
living organisms and settled as the main flora bacteria
in the digestive systems of large mammals and the first
primates [1]. H. pylori, which was produced in the labo-
ratory for the first time in 1982, was thought to belong
to this genus due to its similarities to the genus Camp-
ylobacter and was defined as Campylobacter pyloridis
[2]. However, in later studies, it was revealed that many
phenotypic and genotypic characteristics were diffe-
rent from the Campylobacter genus, and therefore this
new genus was named Helicobacter [3]. H. pylori, which
is highly motile, gram-negative, and spiral-shaped, has
been found to colonize the mucus layer on the gastric
mucosal epithelium in individuals with ulcer or gastri-
tis disease [4]. Marshall and Warren, who discovered
colonies formed by spiral-shaped microorganisms on
the surface of the medium in their study, and then suc-
ceeded in producing spiral microorganisms in biopsy
samples from more than 11 patients, concluded that
the formation of some gastroduodenal diseases may
be associated with these bacteria [5]. Proving the rela-
tionship between this spiral-shaped microorganism and
gastroduodenal diseases is considered as one of the im-
portant developments that left its mark on medicine in
the 20th century.

Today, H. pylori infection is accepted as the most im-
portant chronic bacterial infection and the most im-
portant cause of chronic gastritis [6]. It is known that
H. pylori, which can survive in the stomach for life if left
untreated, is associated with diseases such as peptic
ulcer, gastritis, gastric cancer, and mucosal-associated
lymphoid tissue (MALT) lymphoma [7]. According to the
2005 IlI. Maastricht Consensus reports of the European
H.pyloristudy group, it is less common in developed
countries than in developing countries, while this rate
is 20%-30% in developed countries, it is 85%-95% in
developing countries, and more than 50% of the world
population is reported to be infected with this bacteri-
um. H.pylori was first described as a group 1 carcinogen
by IARC (International Agency for Research on Cancer)
in 1994. Therefore, the treatment of H.pylori is very
important. The primary reservoir of H.pylori is the hu-
man gastric mucosa. However, the passageway to this
region, the factors affecting the passageway, and the
rates of passage are still being investigated. Treatment
of the infection is combined antibiotic therapy known

as “triple therapy”, which is administered to patients
for 7-10 days. Clarithromycin and amoxicillin (or metro-
nidazole) are administered in combination with proton
pump inhibitors, but this treatment does not provide
100% eradication. This treatment protocol was deter-
mined by the 1997 report of the European Helicobacter
pylori Working Group. Initially, the success of this com-
bination was very high, but in recent years success rates
have decreased, and recurrences have increased. It is
thought that there are many factors such as antibiotic
resistance, patient compliance, bacterial virulence and
density, geographical features, and genetic differences
[8,9]. H.pylori was first isolated from the oral flora by
Krajden and Shames in 1989 [10], then in dental plaque
by Majmudar et al. in 1990 [11], Dowsett et al. in 1999
on the dorsum of the tongue [12], and Oshowo et al. in
salivain 1998 [13], and they thought that the oral cavity
could be a reservoir like the gastric mucosa. Although
the current systemic antibiotic therapy is effective on
the stomach, eradication is not successful because anti-
biotics cannot penetrate the dental plaque biofilm [14].
This situation has been reported in developed western
countries that the treatment success has decreased at
unacceptable rates. For this reason, it is thought that
the drugs used in the treatment of H.pylori are insuf-
ficient. These problems encountered in treatment have
led researchers to develop new antibacterial drugs to
support treatment. More attention is paid to the search
for new antibacterial drugs, especially herbal medicines,
against H. pylori. Therefore, to increase the success
rate of the treatment and decrease its recurrence, it is
extremely important to search for non-toxic biocom-
patible herbal sources and to use them in addition to
systemic antibiotic treatment and to ensure eradication.
Essential oils obtained from plants have been used for
various purposes for many years, especially in commer-
cial and scientific fields [15,16]. Herbal oils, which have
a wide range of uses, have been the subject of interest
of many scientists in recent years and their biological
activities have been investigated by examining their
structures. Today, the research of medicinal plants and
their essential oils is very important both scientifically
and economically. Herbal oils are among the drugs used
in the treatment from ancient times to the present day.
Considering the purpose of use in folk medicine, some
biological activities have been scientifically explained
as a result of pharmacological studies on these herbal
oils [17-19]. Therefore, in our study; various herbal oils,
which are known to be good for stomach and gastroin-
testinal system disorders in folk medicine and for which



there are no adequate studies on H.pylori in the lit-
erature, were selected and it was aimed to investigate
their antimicrobial activities against H.pylori as well as
their cytotoxicity on human endothelial cells. For this
purpose, antimicrobial activities of herbal oils against
H.pylori were investigated by microdilution method and
their cytotoxic properties were evaluated on HUVEC
cell line by MTT and LDH methods.

MATERIALS and METHODS

H.pyloriculture

Cells were extracted from cryobank and incubated
overnight in 37 °C CO, containing incubator, using solid
medium. After incubation, petri dishes were evaluated
morphologically for the production of different colo-
nies. Cells, collected by inoculation loop were evaluated
for motility and contamination with 40X magnification.
The cells cultivated in the petri dish were collected by
sterile cotton bud which was mixed in medium contain-
ing eppendorf and homogenous spreading cultivation
was performed to a new petri dish with the same cot-
ton bud for cell passaging and incubated for a night long.
Following incubation, bacteria reproduced in the petri
dish were collected by steril cotton bud and transferred
to a FBS and antibiotic containing liquid medium and left
in the mixing incubator (37 °C, 100 rpm) for a night long.
Following incubation, cell count was performed in the
spectrophotometry device to determine the number of
bacteria to be used in the antimicrobial activity tests
and cell characterization was also performed.

Gram staining

Ten ul of the medium was dropped to one side of the
slide. A little amount of cells were collected from the
cells in the petri dish by inoculation loop and dropped
over the medium on the slide. After drying, the slide
was fixed by crossing over the flame three times. Af-
terwards, the slide was consecutively dyed with crystal
violet for 1 minute, washed with water, dyed with lu-
gol for 1 minute, washed and decolorized with alcohol
and lastly washed with aqueous fuchsine for 1 minute,
washed and left for drying. After drying, immersion oil
was dropped over the preparate, evaluated with 100X
magnifying objective and photopgraphs were obtained.

Evaluation of properties of H.pylori with urease and
cathalase tests

The bacteria obtained from fresh culture were culti-
vated over urea medium prepared in 1.5 ml eppendorf
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tubes and left for incubation in 37 °C. Turning of the
medium color from yellow to pink was accepted as
positivity of the presence of H.pyloriin the medium. For
the cathalase test, colony obtained from fresh culture
was placed over the slide and 3% hydrogen peroxide
was dropped. Bubble formation was accepted as the
positivity fro the presence of H. pylori.

H.pyloricell count

In order to produce a time-growth curve of the cells, cell
counts were made every 2 hours for 48 hours to create
a growth curve of cells. At the end of the 2nd hour from
bacteria passaged from solid medium to liquid medium,
20 pL was collected from the bacteria passaged from
solid medium to aqueous medium, 980 pL of medium
was added and measurement was performed in UV-VIS
spectroscopy in 600 nm wave form.

Antimicrobial effects of the herbal oils against H.
pylori

Minimal Inhibitory Concentration (MIC) test was perfor-
med in 96 well plates by microdilution method which
was based on reference method recommended by the
NCCLS. After determination of inhibition concentrati-
ons, minimal bactericidal concentrations were determi-
ned by MBC test [20-22].

MIC and MBC tests

MIC values were determined by broth dilution method.
To each well of the 96 well plate, 100 pl, 10% FBS con-
taining Brucella broth medium was added for testing
concentrations. 90 ul oil and 10 pl DMSO were mixed
in sterile eppendorf tube by vortexing and added to the
first well that contained 100 ul Brucella broth medium.
Two times serial dilutions of the herbal oils, starting
from 45% in the first well and including 8 different con-
centrations were prepared. Then, 108/100 ul CFU bac-
teria suspension was added to each well. Amoxycillin
and DMSO were used as positive and negative control,
consecutively. At the same time, growth of H.pylori in
a well without addition of any herbal oil or DMSO oil
mixture over medium in another well was evaluated as
control group. 25 g in 8 ul of 250 mg 80 ml Amoxina
suspension was added to positive control well. Also 10
ul DMSO was added to negative control well and tested.
Plate was left for incubation in 37 °C for 24 hours. After
incubation, % oil concentration in the first well with-
out growth was identified as MIC value. For MBC, 10 ul
was obtained from wells and cultivated to Brucella agar
containing petri dishes with separate compartments for
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each concentration and left for 24 hours incubation in
37 °C. After incubation, % oil concentration in the first
well without growth was identified as MBC concentra-
tion.

Chemicals & Treatment

The herbal oils were obtained from Aksuvital Natural
Products Corporation. Essential oils were produced
from leaves or flowers by hydrodistillation method ac-
cording to the type of plant and fixed oils were obtained
from squeezing of the oily seeds of the plants by cold
press machine. Cytotoxicity of herbal oils were evalu-
ated on the human umbilical vein endothelium cell line
(HUVEC ATCC® CRL-1730™).

Determination of cytotoxicity

For assessment of cytotoxicity, HUVEC cell line, cul-
tured with DMEM/F12 culture medium (Thermo Fisher
Scientific, Catalog No: 11320033) supplemented with
10% fetal bovine serum (Sigma-Aldrich, Catalog No:
F7524) and 1% antibiotic solution (Thermo Fisher Sci-
entific, Catalog No: 15140122) was used. 5 x 10° cells
per well were seeded into 96-well cell culture plates
as triplicates and incubated under humid environ-
ment containing 5% CO, at 37 °C tissue culture incuba-
tor overnight to allow attachment. Stock solutions of
herbal oils were prepared by mixing with DMSO at 500
mg/mL concentration, and diluted to 1, 50, 100, 250
ve 500 ug/ml final concentrations by mixing with cell
culture medium. Cells were incubated with the media
containing herbal oils for 48 hours, and cytotoxicity was
measured via LDH and MTT assays. For the evaluation
of LDH release, commercial LDH cytotoxicity assay kit
was used according to manufacturer’s instructions (Cell
Bio Labs CytoSelect LDH Cytotoxicity Assay Kit (Catalog
No: CBA241)). For negative control, cell culture medium
was used whereas for positive control, cells lysed by the
addition of Triton X-100 solution provided by the kit was
used. The absorbance was measured at 450 nm by a mi-
croplate spectrophotometer (BioTek Epoch Microplate
Spectrophotometer) [23].

Relative cytotoxicity was calculated according to
manufacturer’s protocols:

OD Compound treated sample  OD negative control 100

Relative Cytotoxicity (%) = OD positivecontrol ~ OD negative control

Toxicity was also evaluated by MTT assay, which re-
lies on the reduction of tetrazolium dye MTT (3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

to insoluble formazan by the activity of mitochondrial
enzyme succinate dehydrogenase. For the determina-
tion of toxicity by MTT assay, cells were incubated with
herbal oils as defined as in the LDH assay; at the end
of the incubation period, the culture medium was re-
placed with 200 ul medium containing 10% MTT re-
agent (Sigma-Aldrich, Catalog No:TOX1-1KT). The non-
treated group was served as positive control while plain
cell culture medium was used as negative control. At
the end of incubation time, formazan crystals were dis-
solved by the addition of solubilization solution provid-
ed with the kit. The resulting solutions (violet in color)
were transferred to another 96 well plate as triplicates.
The absorbance was measured by a microplate spectro-
photometer at a wavelength of 570 nm [24-26]. Viability
was calculated as given below.

OD Compound treated sample  OD negative control <100

Relative Cellular Viability (%) - OD positivecontrol  OD negative control

Statistical Analysis

The statistical analysis of dose and percentage cytotox-
icity analysis were performed using “SPSS software for
Windows version 17,0 (Statistical Package for the Social
Sciences Inc, Chicago, IL, USA)” software. Continuous
variables were defined by “Mean * Standart Deviation”.
The 24" and 48" hour values within their own groups
were evaluated using Friedman test (p< 0,05 was ac-
cepted as statistically significant) and comparison of
24" and 48" hour values were performed using Mann
Whitney-U test (p< 0,05 was accepted as statistically
significant). Multiple comparison of the groups were
performed by Kruskal-Wallis test and dual comparison
of the groups were performed by Mann Whitney-U test.

RESULTS and DISCUSSION

Antimicrobial effects of herbal oils

The MIC and MBC values were found as follows: Euca-
lyptus globulus (MIC: 2.81% v/v, MBK: 5.62% v/v), Juni-
perus communis (MIC: 0.35% v/v). v/ v, MBC: 0.70% v/v),
Rosmarinus officinalis (MIC: 2.81% h/v, MBC: 5.62% v/v),
and Thymus vulgaris (MIC: 0.70% h/v, MBC: 1.40% v/
v) (Table 1). As seen in the literature, Esmaili et al. [27]
evaluated the anti-H.pyloriactivities of essential oils of
Thymus vulgaris and Eucalyptus globulus by the agar
diffusion method and found the anti-H. pylori activi-
ties for T. Vulgaris and E. globulus to be 10.8 and 46.4
ug/ mL, respectively. Therefore, T. Vulgaris had a bet-
ter inhibitory effect against H.pylori than E. globulus, in



Table 1. MIC and MBC values of herbal oils against H.pylori (% v/v).

Tested Concentrations of

Herbal Oils Herbal Oils
(% v/V)
Eucalyptus globules
Juniperus communis
45-0.35

Rosmarinus officinalis

Thymus vulgaris

agreement with our study. In the study of Mahady et al.
[28], it was reported Rosmarinus officinalis as MIC: 25
ug/mL. The activity of Juniperus communis extract was
also found to be weak (MIC: 100 ug/mL). Antimicrobial
effects of Rosmarinus officinalis and Juniperus commu-
nis against H. pylori were observed in our study, which is
in accordance with the study. However, Juniperus com-
munis was found to be more effective than Rosmarinus
officinalis in our study.

Cytotoxic effects of herbal oils

It is a desirable feature for a drug that will have the po-
tential to be used in medicine, not only showing the ex-
pected effect but also not showing any toxic effects. In
this context, as the next step, the cytotoxic effects of 4
herbal oils, which we found antimicrobial effect against
H. pylori, on the HUVEC cell line were also investigated
in our study. The viability of the HUVEC cell line was
over 80% as a result of the application of Eucalyptus
globulus at all concentrations. While the viability rate
of Rosmarinus officinalis was above 100% at concentra-
tions up to 500 pl/mL, it was observed that the viability
rate decreased below 20% at 500 pl/mL concentration.
It was observed that the viability of Juniperus communis
decreased significantly in response to increasing con-
centrations, while the viability of the HUVEC cell line
was observed to be significantly lower at all concent-
rations of Thymus vulgaris . In this situation; on HUVEC
cell lines treated with 1, 5, 50, 100, 250 pl/ml concent-
rations of Rosmarinus officinalis and 500 ul/ml Eucaly-
ptus globulus, the 24th hour viability rates were found
to be the highest. When 48 hour the viability values
of cells were compared (Table 2), the viability of cells
were were above 80% up to 50 pl/mL concentration of
Eucalyptus globulus, whereas the viability decreased
below %50 significantly at higher doses of oils. Similar
results were obtained with the increasing concentrati-
ons of Rosmarinus officinalis extract oil. It was observed
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MIC MBC
(% v/v) (% v/v)
2.81 5.62
0.35 0.70
2.81 5.62
0.70 1.40

that the viability of Juniperus communis was between
60-80% up to a concentration of 50 ul/mL, while at
higher doses, the viability rate decreased significantly
below 20%. Although the viability of the HUVEC cell line
was significantly lower at all concentrations of Thymus
vulgaris , it was noted that the viability rates increased
from 20% to 40% with the increase in concentration. In
this situation; The highest viability rates at the 48" hour
were detected on HUVEC cell line treated with Eucaly-
ptus globulus at 1,5, 50, 100, 250 pl/ml concentrations
and Thymus vulgaris at 500 pl/ml concentration.

Cabral et al. [29],. investigated the cytotoxicity of the
essential oil of Juniperus communis subsp. alpina (Suter)
celak needles by MTT method, and they reported the
essential oil decreased the human keratinocyte HaCaT
cell viability as 65.65% + 1.195 (at 1.25 pl/mL concent-
ration); 21.47 + 4.078 (at 0.64 pl/mL), and 1.59% + 1.206
(at 0.32 pl/mL concentration) compared to the control.
Similarly, in our study, it was observed that the viability
rate of the HUVEC cell line that we studied in response
to the increasing concentrations of J.communis decre-
ased.

Déll-Boscardin et al. [30] investigated the cytotoxic ef-
fects of the essential oils of young and mature leaves of
Eucalyptus benthamii on various cancer cells and repor-
ted that no cytotoxic effect was observed on the Hela
cell line, but a very weak cytotoxic effect on Jurkat cells.
In our study, as a result of the application of E.globulus
on the HUVEC cell line at all concentrations, the viability
rate was above 80% at the end of the 24th hour. When
the exposure time was prolonged, it was observed that
the viability rate decreased below 50% at concentrati-
ons above 50 pl/mL at the end of the 48™ hour.

Cattaneo et al. [31] investigated the efficacy of hydro-
alcoholic extracts of Rosmarinus officinalis on human
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Table 2. Statistical values of the viability of herbal oils on HUVEC cell line measured by MTT method.

c 1 ul/ml 5 pl/ml 50 pl/ml 100 pl/ml 250 pl/ml 500 pl/ml «
(n:3) (n:3) (n:3) (n:3) (n:3) (n:3)
Eucalyptus globules
24. hr 0.90+0.01 0.87+£0.02 0.94 +0.02 0.96 £ 0.02 0.98+0.01 0.98 £0.02 0.021
48. hr 0.97 £0.01 0.85+0.01 0.81+0.06 0.53+0.01 0.44+0.01 0.12+0.01 0'012
p** <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 '
Juniperus communis
24. hr 1.21+0.06 1.10+0.03 0.90+0.24 0.70+£0.15 0.25+0.04 0.14 £0.02 0.012
48. hr 0.75+0.01 0.60+0.01 0.75+0.01 0.15+0.02 0.03+0.01 0.06 £0.01 0'010
p** <0.001 <0.001 >0.05 <0.001 <0.001 <0.001 '
Rosmarinus officinalis
24. hr 1.33+£0.08 1.18 £0.06 1.15+0.06 1.15+0.07 1.15+0.02 0.12+0.01 0.079
48. hr 0.86+£0.02 0.73+0.01 0.53+0.01 0.51+0.01 0.04 £0.02 0.07£0.01 O‘OIO
p** <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 '
Thymus vulgaris
24. hr 0.26+0.13 0.13+£0.10 0.35+0.06 0.38+0.03 0.41+0.02 0.46 +0.07 <0.001
48. hr 0.11+£0.08 0.13+0.08 0.13+0.08 0.26 £0.20 0.41+0.20 0.46+0.11 <O'001
p** 0.005 0.005 <0.001 0.23 0.35 0.89 ’

C: Concentrations
* Friedman test
** Mann-Whitney U test

melanoma A375 cell line viability by MTT and Trypan
blue methods. The results showed that R.officinalis ext-
ract decreased cell proliferation in a time and dose-de-
pendent manner. In our study, it was observed that the
viability rate was above 100% despite the application of
R.officinalis essential oil at very high doses (up to 500
ul/mL) at the end of the 24th hour, and when the expo-
sure time was extended to 48 hours, the viability rate
gradually decreased with increasing doses.

Ayesh et al. [32] investigated the effects of Thymus vul-
garis L. ethanol extract on cellular viability and cytoto-
xicity by MTT and LDH methods on THP-1 leukemia cell
line and freshly isolated peripheral blood mononuclear
cells (PBMCs). As a result, they reported that the extract
significantly reduced the number of viable THP-1 and
PBMCs in a concentration-dependent manner. In our
study, it was observed that T. vulgaris herbal oil signifi-
cantly reduced the viability of the HUVEC cell line at all
concentrations.



When the % cytotoxicity rates of the oils measured by
the LDH method on the HUVEC cell line were compared
at the 24" hour (Table 3), Thymus vulgaris had the hig-
hest cytotoxicity at all concentrations, and it was obser-
ved the cytotoxicity rates increased from 60% to over
75% with the increase in dose. The cytotoxicity of Ju-
niperus communis and Rosmarinus officinalis increased
with increasing concentration, but the cytotoxicity of
Eucalyptus globulus was observed at the lowest level at
all concentrations and did not exceed %10-15. Thus, at
all concentrations, Thymus vulgaris was detected as the
herbal oil with the highest cytotoxicity at the 24" hour
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on the HUVEC cell line. When the % cytotoxicity rates
of the oils measured by the LDH method on the HUVEC
cell line were compared at the 48" hour (Table 3), it was
shown that the cytotoxic effects of all oils increased sig-
nificantly at increasing concentrations. In this situation;
Eucalyptus globulus at concentrations of 1,100 ul//ml;
Thymus vulgaris at concentrations of 5,500 u//ml; and
Rosmarinus officinalis at concentrations of 50, 250 ul/
ml on HUVEC cell line were found to have the highest
toxicity at the 48™ hour.

Table 3. Statistical values of cytotoxic activities of herbal oils measured by LDH method on HUVEC cell line.

c 1 pl/ml 5 ul/ml 50 pl/ml 100 pl/ml 250 pl/ml 500 pl/ml "
(n: 3) (n: 3) (n: 3) (n: 3) (n: 3) (n: 3) P
Eucalyptus globules
24. hr 0.11+0.01 0.11+0.01 0.14+0.01 0.10+0.01 0.12+0.01 0.12+0.01 0.024
48. hr 0.25+0.01 0.26 £0.01 0.35+0.01 0.68+0.17 0.44+0.01 0.65+0.01 0'019
p** <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 '
Juniperus communis
24. hr 0.15+0.01 0.16+0.01 0.17+0.01 0.21+0.01 0.23+0.01 0.60+0.01 0.012
48. hr 0.10+0.01 0.16 +£0.01 0.19+0.01 0.29+0.01 0.30+0.01 0.57+0.01 0‘010
p** 0.05 0.5 0.05 0.05 0.05 0.12 '
Rosmarinus officinalis
24. hr 0.18 £0.01 0.21+0.01 0.22+0.01 0.23+0.20 0.48 £0.01 0.63+0.01 0,026
48. hr 0.14 £0.01 0.25+0.01 0.37+0.01 0.50£0.01 0.64 £ 0.02 0.73+0.02 0'010
p** 0.05 0.05 0.05 0.05 0.05 0.05 '
Thymus vulgaris
24. hr 0.60 £0.01 0.57+0.01 0.65+0.01 0.65+0.01 0.65+0.01 0.74 £0.01 0.017
48. hr 0.04+0.01 0.43+0.10 0.36+0.01 0.66 +0.01 0.46 +0.40 0.82+0.02 0'055
p** 0.05 0.05 0.05 0.27 0.50 0.05 '

K: Concentrations
* Friedman test
** Mann-Whitney U test
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Comparisons of the efficacy of herbal oils on the HUVEC  In Figure 2; the highest viability rates at 48 hours were
cell line evaluated by MTT and LDH methods are given  determined on the HUVEC cell line treated with Euca-
in Figures 1-4. lyptus globulus at concentrations of 1, 5, 50, 100, 250
ul/ml and Thymus vulgaris at 500 ul/ml concentration.

In Figure 1; the highest viability rates at 24 hours were

determined on the HUVEC cell line treated with Rosma-

rinus officinalis at a concentration of 1, 5, 50, 100, 250

ul/ml and Eucalyptus globulus at 500 pl/ml.

Figure 1. Comparison of the % viability of vegetable oils on HUVEC cell line at the 24" hour measured by MTT method.

Figure 2. Comparison of the % viability of vegetable oils on HUVEC cell line at the 48" hour measured by MTT method.
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Figure 3. Comparison of % cytotoxicity rates of vegetable oils on HUVEC cell line at the 24th hour measured by LDH method.

Figure 4. Comparison of % cytotoxicity rates of vegetable oils on HUVEC cell line at the 48th hour measured by LDH method.

In figure 3; at all concentrations, Thymus vulgaris was  In Figure 4, Eucalyptus globulus at concentrations of
detected as the highest cytotoxic herbal oil against Hu- 1,100 pl/ml, Thymus vulgaris at concentrations of 5,500
ul/ml, and Rosmarinus officinalis at concentrations of
50, 250 pl/ml on HUVEC cell line were found to have the

highest toxicity at 48 hours.

vec cell line at 24. hour.
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CONCLUSION

Vegetable oils have been used for thousands of years
in food preservation, medicine, alternative medicine,
and natural treatments. As a result of pharmacological
studies on these vegetable oils, considering their inten-
ded use, some of their biological activities have been
scientifically explained. Studies show that vegetable oils,
which have a wide range of uses, have antimicrobial ac-
tivities against various microorganisms. In our study, 4
different vegetable oils, which are generally known to
be good for stomach and gastrointestinal system disor-
ders and for which there are no adequate studies in the
literature, were selected, and their antimicrobial activi-
ties against H.pylori and their cytotoxic effects on HU-
VEC cell line were examined. As a result, we believe that
the findings of our study will contribute to the literature.
The fact that Eucalyptus globulus, Juniperus communis,
Rosmarinus officinalis, and Thymus vulgaris, which have
been used in the treatment of gastrointestinal diseases
in folk medicine for many years, have shown significant
antibacterial activity against H.pyloriconstitutes very
valuable findings for further research. Unlike our study,
the cytotoxic effects of selected vegetable oils on he-
althy cell lines have not been adequately addressed in
the literature.

In the light of the information we presented in our study,
can be concluded that further in vitro and in vivo stud-
ies aiming to determine the efficacy and toxicity of the
active chemical compounds of vegetable oils, which
was found to have anti H pylori activity, on strains with
different virulence, will contribute significantly to the
development of adjuvant herbal medicines that will in-
crease the eradication rates.
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Analysis of Conformational Differences of Copper and Alkali Metal Complexes of
Insulin Using Trapped lon Mobility-Mass Spectrometry Technique

Tuzaklamali iyon Hareketliligi-Kiitle Spektrometrisi Teknigi Kullanilarak insiilinin
Bakir ve Alkali Metal Komplekslerinin Konformasyonel Farkliliklarinin Analizi

Mehmet Atakay”
Department of Chemistry, Hacettepe University, 06800, Ankara, Turkey.

ABSTRACT

olecular recognition, protein folding, and formation of supramolecular structures that occur at the molecular level
I\/l of biological processes are based on noncovalent interactions. Interactions between metal atoms and proteins are
also based on noncovalent interactions that underlie the mechanisms involved in many cellular processes. The activities of
enzymes are highly dependent on the interactions of such protein groups with cofactors, substrates, metal ions, and other
proteins. The compositions and binding stoichiometry of protein-metal complexes can be determined with high accuracy
performing mass spectrometry (MS) analysis. The conformational features of protein-metal complexes can be studied ad-
ditionally using a mass spectrometer with ion mobility spectrometry (IMS) capability. This study focuses the monitoring the
differences in the conformational changes of insulin protein during the formation of its complex with copper and alkali me-
tals using trapped ion mobility spectrometry — time-of-flight (TIMS—TOF) mass spectrometer instrument. The compaction of
the insulin structure by the formation of the insulin-copper complexes in the gas phase was determined with TIMS-TOF-MS
analyses. However, no change was observed in the insulin structure with the addition of H, Na, and K atoms as adducts at
the same analysis conditions.

Key Words
Noncovalent interactions, protein-metal complexes, conformational change, trapped ion mobility-mass spectrometry.

0z

I\/I olekiler tanima, protein katlanmasi ve supramolekiler yapilarin olusumu gibi molekiler diizeyde meydana gelen bi-
yolojik stiregler kovalent olmayan etkilesimlere dayanir. Metal atomlari ve proteinler arasindaki etkilesimler de birgok
hiicresel stregte yer alan mekanizmalarin temelini olusturan kovalent olmayan etkilesimlere dayanmaktadir. Enzimlerin
aktiviteleri, bu tur protein gruplarinin kofaktorler, substratlar, metal iyonlari ve diger proteinlerle olan etkilesimlerine biyik
Olgide baglidir. Protein-metal komplekslerinin bilesimleri ve baglanma stokiyometrileri, yiksek dogrulukta kitle spektro-
metrik (MS) analiz ile belirlenebilir. Protein-metal komplekslerinin konformasyonel 6zellikleri ise iyon hareketliligi spektro-
metrisi (IMS) 6zelligine sahip bir kiitle spektrometresi kullanilarak ek olarak incelenebilmektedir. Bu ¢alismada tuzaklamali
iyon hareketliligi spektrometrisi - ugus zamanl (TIMS-TOF) kitle spektrometresi kullanilarak bakir ve alkali metallerle komp-
lekslerinin olusumu sirasinda instlin proteininin konformasyonel degisimlerindeki farkhliklarin izlenmesine odaklaniimakta-
dir. insulin-bakir komplekslerinin olusmasiyla insiilin yapisinin gaz fazinda daha kompakt hale geldigi TIMS-TOF-MS analizleri
ile belirlenmistir. Ancak ayni analiz kosullarinda H, Na ve K atomlarinin eklenmesiyle insilin yapisinda herhangi bir degisiklik
gozlenmemistir.
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INTRODUCTION

Metal ions interact with proteins and form metal-pro-
tein complexes in many biological processes. Such pro-
cesses, which include folding and stabilizing protein
structures and acquiring their biological functions, take
place in the presence of metal ions [1]. Besides the for-
mation of coordination complexes between metals and
proteins, there are also complex formations based on
noncovalent interactions such as hydrogen bonding,
ni-stacking, and hydrophobicity [2]. Protein structures
can undergo structural changes specific to the inte-
raction sites for target recognition by forming comple-
xes with metals [3]. Proteins can interact with metals
through functional groups such as amine, hydroxyl,
phosphate, sulfonate, and carboxylic acid located in
their structures. The amine groups at the N-terminus
of the protein chains and the carboxylic acid groups
at the C-terminus are also potential binding sites for
metals [4]. Complexes involving such interactions are
characterized by various analytical techniques such
as calorimetry, X-ray crystallography, circular dichro-
ism, and nuclear magnetic resonance spectroscopy. In
addition to the analytical advantages of these techni-
ques, they also have some shortcomings in the analy-
sis of noncovalent complexes. The necessity for large
amounts of samples, long analysis times, complicated
interpretation of data due to the interference of sig-
nals, the problems encountered in the crystallization
of such samples, and the inability to detect complexes
using spectroscopic methods are the most prominent
shortcomings of these techniques [5-6]. Mass spectro-
metry (MS) techniques that allow monitoring such inte-
ractions with high accuracy and sensitivity can produce
ionic species in their both native and gas-phase forms
during or after the ionization. In fact, with the develop-
ment of soft ionization techniques in MS, analyses can
be performed to preserve noncovalent interactions in
complex structures while transferring from the soluti-
on to the gas phase [7-8]. Strong interactions between
metal ions and biomolecules in the solution phase are
generally not disrupted during electrospray ionization
(ESI) [9]. The preservation of the structures of metal-
protein complexes based on noncovalent interactions
during the soft ionization process makes it possible to
analyze these species in their intact forms. The bonding
ratios and stoichiometry of the complexes formed due
to noncovalent interactions of metals and proteins can
be determined by evaluating the mass spectra obtained
from the ESI-MS analysis [10-11]. Conformational chan-

ges resulting from the binding of metals to proteins
can be monitored using the ion mobility-mass spectro-
metry (IM-MS) technique. The ion mobility units of the
IM-MS instruments separate the ions into different ion
packets according to their arrival time differences in
the gas phase depending on their collision cross section
(CCS) values [4]. Such problems in previously mentioned
analytical techniques are not encountered in IM-MS
analyses. Thus, IM-MS has become prominent among
other analytical techniques in the structural analysis of
protein-metal complexes.

In this study, the noncovalent complexes of the insulin
protein with copper and alkali metals were compared and
analyzed in terms of changes in protein’s conformational
features using the trapped ion mobility spectrometry —
time-of-flight — mass spectrometry (TIMS-TOF-MS) tech-
nique. Copper is an essential trace element in several re-
dox processes in living organisms. Trace elements which
are very important for many biological activities, regulate
many physiological reactions by forming complexes with
biomolecules [12]. Many living organisms use a certain
amount of copper metal to survive and maintain their
physiological functions correctly [13]. It is an essential me-
tal ensuring the correct functioning of the proteins and
enzymes in the vital biological pathways. It must also be
included in metabolic processes to functionalize many
enzymes in organisms [12, 14]. Insulin is a hormone that
consists of 51 amino acids and is secreted from the panc-
reas in the body [15]. It regulates glucose, protein, and
fat metabolisms in the blood [16]. Proper functioning of
insulin metabolism is vital for human health and this me-
tabolism needs to be regulated for patients with diabetes.
Insulin commonly forms complexes with metals such as
copper, magnesium, sodium, and potassium, in addition
to zinc and calcium [17-18]. Pancreatic B-cells within these
metabolic activities form insulin-zinc coordination comp-
lexes [19]. Group | and Il metal ions such as K¢, Na*, Ca®,
and Mg? are also involved in insulin secretion from panc-
reatic B-cells [20].

MATERIALS and METHODS

Chemicals

Insulin human, copper (ll) nitrate hydrate (99.999% trace
metals basis), methanol, and water (LC-MS grade) were
purchased from Sigma-Aldrich (St Louis, MO, USA). The
mass and mobility calibration of methods were performed
using the standard tune mixture purchased from Agilent
Technologies (Santa Clara, CA, USA).



Trapped lon Mobility-Mass Spectrometry Analyses
Trapped lon Mobility Spectrometry — Time-of-Flight
(TIMS—TOF) mass spectrometer (Bruker Daltonics, Bre-
men, Germany) was used in mass spectrometry (MS)
and ion mobility-mass spectrometry (IM-MS) analyses
of insulin and insulin- copper () nitrate mixtures. TIMS
technique applies an electric field in a funnel to keep
ions in a gas flow. Following the ion trapping event, the
electric field is gradually reduced by decreasing voltage
to allow sequential elution of trapped ions with ascen-
ding mobilities [20].

Insulin human protein was dissolved in water at 0.5
mg/mL concentration. The protein solution was dilu-
ted with water:methanol mixture (7:3, v/v) to 0.01 mg/
mL final concentration prior to TIMS—TOF-MS analyses.
Copper (ll) nitrate solution was also prepared in water
at 1.0 mg/mL concentration. Then, 1.0 uL of the copper
(1) nitrate solution was added to the insulin solution be-
fore TIMS-TOF-MS analyses. The sample solutions were
directly infused into the ESI source at a flow rate of 3.0
uL/min. MS and IM-MS analyses were performed using
the following ESI source settings: 4500 V capillary vol-
tage, 0.5 bar nebulizer gas pressure, 4.0 L/min drying
gas flow, and 150 °C drying gas temperature. TIMS para-
meter settings: IMS ramp start: 0.50 V.s/cm?, ramp end
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2.00 V.s/cm?; ramp time 350 ms; AV deflection transfer
and capillary exit: 20V, funnel 1 and deflection transfer:
120 V, ramp start and accumulation exit: 120 V. Nitro-
gen was used as source gas which is filled in the TIMS
unit of the instrument. The mass and mobility calibra-
tions were performed externally using the Agilent ESI-L
Low Concentration Tuning Mix [22-23]. DataAnalysis 5.0
software provided by Bruker was used for processing
the acquired data.

RESULTS and DISCUSSION

Insulin protein has a molecular weight of approximately
5.7 kDa and contains two chains linked by two disulfide
bonds in its structure [24]. The signals of multiply char-
ged ions of the insulin protein are obtained in the mass
spectrum as a result of ESI-MS analysis of insulin in the
positive ion mode. The m/z values of the signals obser-
ved in the mass spectrum generally vary depending on
the charge states of the ions formed in the gas phase.
The net charges of the ions in the gas phase differ accor-
ding to the number of protons or metal atoms adducted
to the protein structure.

[INS+5H]5
[INS+6H]5* 1161.7292 A
968.2757
[INS+7H]™
8‘30.0946
' [INS+4H]%*
1451.9085
ll 1 i i
+Cu
+Cu B
i+2Cu c
L +
o +2Cu u
| racu +3Cu it +Cu
L1 i+aCu L+aCu jratu ;
e o i +acu rac
R iae rec | ascu | +3cu
" “ L . | Ly i . : i i i '
900 1000 1100 1200 1300 1400 m/z

Figure 1. ESI mass spectra of (A) Insulin (B) Insulin with the addition of Cu(NO,),. The numbers of attached Cu atoms to insulin are

indicated for each peak in the mass spectrum.
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Table 1. The m/z list of obtained ions in the TIMS-TOF-MS analyses of insulin and its mixture with Cu(NO,), between 4+ and 7+ charge

states.
7+
INS + 7H INS + 6H + Na INS +6H + K INS +5H + Na +K INS + 5H + 2K INS+4H +Na+2K INS+3H+2Na+2K
830.0946 833.2323 835.5153 838.6562 840.9356 844.0789 847.214
INS + Cu INS +2Cu INS +3Cu INS +4Cu INS + 5Cu
838.7953 847.4976 856.3426 865.0437 874.0313
6+
INS + 6H INS +5H + Na INS +5H + K INS +4H + Na +K INS +4H + 2K INS +3H + Na + 2K INS +3H + 3K
968.2757 971.9408 974.6005 978.2634 980.9256 984.5878 987.2500
INS + Cu INS +2Cu INS +3Cu INS +4Cu INS + 5Cu
978.4267 988.5789 998.7314 1009.0504 1019.2023
5+
INS + 5H INS +4H + Na INS +4H + K INS +3H + Na +K INS + 3H + 2K INS + 2H + Na + 2K INS + 2H + 3K
1161.7292 1166.1269 1169.3200 1173.7143 1176.9083 1181.3046 1184.4981
INS + Cu INS +2Cu INS +3Cu INS +4Cu INS +5Cu
1173.9100 1186.0929 1198.2752 1210.6593 1223.2418
4+
INS + 4H INS +3H + Na INS +3H + K INS + 2H + Na + K INS + 2H + 2K INS + H + Na + 2K INS + H + 3K
1451.9085 1457.4058 1461.3972 1466.8898 1470.8836 1476.3755 1480.3865
INS + Cu INS + 2Cu INS +3Cu
1467.1353 1482.6146 1498.0901

Firstly, human insulin was analyzed in the study in the
positive ion mode by the ESI-MS technique without
adding any acid or salt. In the mass spectrum obtained
from these ESI-MS analyses, signals of the insulin prote-
in ions having charges between 4+ and 7+ were obser-
ved (Figure 1). When the signal intensities in the ESI-MS
spectrum, which are directly proportional to the relati-
ve abundances of the ions, are compared, it is seen that
the signal intensities of 5+ (m/z 1161.7292) and 6+ (m/z
968.2757) charged ions of the insulin protein are much
higher than the signal intensities of 4+ (m/z 1451.9085)
and 7+ (m/z 830.0946) charged ions in the ESI mass
spectrum (Figure 1A). In the same mass spectrum, sig-
nals of Na+ and K+ adduct ions are also observed at low
intensity. Numbers and types of adducted atoms with
corresponding m/z ratios of the ions observed at diffe-
rent charge states are given in Table 1.

When the insulin sample was analyzed after mixing with
Cu(NO,), salt, it was observed in the obtained ESI-MS
spectrum that different numbers of Cu atoms were
attached to the insulin protein structure in the 4+ / 7+
charge state range (Figure 1B). These signals observed
in the mass spectrum indicate that different numbers

of copper atoms can bind to the insulin structure in the
gas phase. While up to five copper atoms were bound
to insulin at 5+, 6+, and 7+ charge states, maximum of
three copper atoms could attach to the same protein in
lower charge states (e.g., 4+ charge state). The numbers
of attached copper atoms with corresponding m/z rati-
os of copper adduct ions observed at different charge
states are also given in Table 1.

lon mobility-mass spectrometry (IM-MS) analyses were
also performed for the same samples. In IM-MS analy-
ses, ion mobility diagrams are acquired, in which the
mobility (1/K ) and m/z data are located on the y- and
x-axis, respectively. In these diagrams, the signal inten-
sities of the ions are expressed by choosing an appropri-
ate color range. Areas appearing in light color on the di-
agram indicate higher signal intensity. The signals of the
4+ and 7+ charged insulin ions are observed as straight
linear lines extending from the corresponding mobility
ranges in the ion mobility diagram obtained from the
TIMS-TOF-MS analyses of the insulin sample (Figure 2A).
It can be noticed that the signals of alkali metal adduct
insulin ions form partial lines towards the upper right
corners of the linear lines corresponding to each charge



state at higher mobility values. (Figure 2A). This data in-
dicates that the protein structure expands as expected
due to the increase in m/z value with the addition of
alkali metal atoms to the insulin structure.

Signals of copper adduct protein ions were also obser-
ved in the ion mobility diagrams obtained from IM-MS
analyses after the addition of Cu(NO,), salt to the insulin
sample. (Figure 2B). This diagram shows signals belon-
ging to copper adduct insulin ions in the 4+ and 7+ char-
ge range as straight linear lines extending through their
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corresponding mobility ranges. It can be seen in Figure
2B that ions with higher numbers of copper atoms in
their structure form lines towards the lower right cor-
ner with lower mobility values, depending on the chan-
ge in the number of copper atoms in the copper adduct
jons. The m/z values of the total structures increase due
to the binding of copper atoms to the insulin protein.
The fact that this increase in the m/z values of the ions
corresponds to the decrease in their mobility (1/K ) in-
dicates that the structures become more compact in
the gas phase due to copper atom binding.

Figure 2. 2D TIMS-MS contour plots of (A) human insulin (B) human insulin with the addition of Cu(NO,),. White arrows show the Cu

adducts of the insulin ions between 4+ and 7+ charge states.
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The mobility values in the data obtained from the ion
mobility diagrams were converted to CCS values accor-
ding to the Mason-Schamp equation [25-26]. The y-axis
is proportional to the relative abundances of the ions,
while the x-axis corresponds to the CCS (A?) values in
the plots obtained after the conversion. The shifts of
the curves in these plots on the CCS axis (x-axis) make
it possible to determine the extent to which the analy-
zed species contains compact or extended forms in the
gas phase and to monitor the formation of these con-
formers. Extracted ion mobilograms of various copper
adduct insulin ions between 4+ and 7+ charged states
obtained from TIMS-TOF-MS analyzes are given in Figu-

re 3A-D. The conformational change in each charge sta-
te is evaluated individually. At the highest charge state
(7+ charge state), it is seen that the CCS value of the
structure decreases significantly as the number of cop-
per atoms attached to the insulin structure increases
(Figure 3A). This plot shows that the green-colored cur-
ve (INS+5Cu) has a higher intensity signal in the lower
CCS region compared to the other curves. It is seen that
the curve intensity increases in this compact CCS regi-
on from the black-colored curve (INS+Cu) to the green-
colored curve (INS+5Cu). This data shows that with the
addition of copper atoms to the insulin structure, the
abundance of the compact form of the structure incre-

Figure 3. Extracted ion mobilograms of various Cu adducts of insulin ions between 4+ and 7+ charged states obtained from TIMS-TOF-
MS analyses (A-D). The numbers of attached Cu atoms to insulin protein are shown at each set of mobilograms with their correlated

colors.



ases significantly at the 7+ charge state. These nonspe-
cific interactions between metals and proteins usually
cause the compaction of the proteins in the gas phase
[27-28]. Similarly, in the 6+ and 5+ charge states, the
curves shifted to lower CCS values as the copper atom
binds to the insulin protein, indicating that the addition
of the copper atom makes the protein more compact in
the gas phase (Figures 3B and 3C).

It is expected that the addition of copper atoms carr-
ying extra charge to the protein will be less tolerated
by the protein at the lowest charge state (4+ charge
state). For this reason, the mobilograms obtained in
this charge state, where only three copper atoms can
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be added to the insulin protein, are given in Figure 3D.

The signals having lower intensity could be obtained at
this lower charge state compared to the others due to

the lower stability of the copper adduct protein ions.

Therefore, it is more difficult to notice conformational
changes from the signals in the mobilograms obtained
at this charge state. It is seen that the signal intensities
at lower CCS values increase due to the increase in the
number of copper atoms attached to the protein from
the black-colored curve (INS+Cu) to the blue-colored
curve (INS+3Cu) (Figure 3D). This data also supports
the inference that copper atom bonding increases the
relative abundance of the compact form of the insulin
protein in the gas phase.

Figure 4. Extracted ion mobilograms of various H, Na, and K adducts of insulin ions between 4+ and 7+ charged states obtained from
TIMS-TOF-MS analyses (A-D). The numbers of attached H, Na, and K atoms to insulin protein are shown at each set of mobilograms

with their correlated colors.

121



122

M. Atakay / Hacettepe J. Biol. & Chem., 2023, 51 (1), 113-124

MS analyses performed in positive ion mode have a
high probability of binding sodium and potassium alkali
metals to the analytes. The alkali metal adduction can
be observed even at very low salt levels. In contrast, at
higher salt concentrations, it can cause the presence of
dominant signals of adducted ions in the mass spectrum.
Especially in ESI-MS analyses that provide multiply char-
ged ion formation, it is highly probable that more than
one sodium and potassium ions bind to a single species
even in a very low amount of salt. The formation of ions
by binding alkali metals to peptides and proteins can
also cause changes in the conformation of these speci-
es in the gas phase [29]. The insulin protein was analy-
zed by the IM-MS technique without adding any metal
salt to the sample. Thus, the signals of H, Na, and K ad-
duct protein ions with different combinations of these
atoms were also evaluated for conformational analysis.
The mobilograms obtained for these ions at different
charge states are given in Figure 4A-D. The different co-
lored extracted ion mobilograms of various H, Na, and
K adduct insulin ions between 4+ and 7+ charged states
obtained from TIMS-TOF-MS analyses are evaluated on
the CCS axis (x-axis) of the mobilograms depending on
different numbers and types of adduct atoms. It is seen
that they do not show apparent shifts in the corres-
ponding x-axis (Figure 4 A-D). In addition, no significant
change was detected in the intensities of the curves in
the mobilograms at both low and high CCS values cor-
responding to the compact and extended forms of the
protein, respectively. The IM-MS data containing these
signals with random distributions show that no obvious
conformational change in the insulin protein structure
occurs with the addition of H, Na, K atoms, and their
different combinations. In some cases, the addition of
such atoms increases the CCS value slightly with the inc-
rease in molecular mass, but it does not even cause a
net change in the CCS value.

The data in the mobilograms given in Figures 3 and 4 are
obtained under the same analysis conditions. According
to these mobilograms, it was determined that the pro-
tein-metal complexes formed as a result of the nonspe-
cific binding of copper atoms (monoisotopic mass of Cu:
62.9296 Da) to the insulin protein became more com-
pact than the single insulin protein in the gas phase. Ho-
wever, there is no change in the protein structure such
as compaction as a result of the addition of atoms such
as H (1.0078 Da), Na (22.9898 Da), and K (38.9637 Da),
which are smaller than the copper atom. These results
showed that copper metal and alkali metals interact

with insulin protein in different ways in the gas phase
and this difference can be monitored through confor-
mational changes with IM-MS analysis [30-31].

Conclusion

Mass spectrometry techniques that allow monitoring
noncovalent interactions with high accuracy and sen-
sitivity can produce ionic species in their intact forms
during or after ionization. Various types of ionic speci-
es of the same sample can be transferred to the mass
analyzer by performing ionization, where many para-
meters are effective. As a result of these ionization pro-
cesses, protonation or metal ion adduction may occur
according to the chemical environment of the analyte.
In MS analyses, metal complex structures are detected
due to ion-ion/ion-neutral interactions occurring in
the gas phase. Therefore, analyzing the formation and
conformational features of such dynamic metal inclu-
sion complexes requires reliable analytical methods
with high sensitivity. The ESI-MS technique provides
many advantages over other biophysical techniques,
especially high sensitivity and speed, in the characteri-
zation of biological complexes containing noncovalent
interactions. In addition, mass spectrometry enables
direct determination of m/z values with high accuracy,
making it possible to determine the compositions and
stoichiometry of complexes. Besides determining the
chemical structures of the noncovalent complexes,
conformational features of the complexes and changes
in their shape during the complex formation can also
be monitored dynamically using the IM-MS technique.
The IM-MS instruments provide conformational data by
performing the characterization of the analytes accor-
ding to their masses, charge states, and shapes simul-
taneously in the gas phase. The signals of protonated
jons were dominant with the presence of Na+ and K+
adduct ion signals in the ESI mass spectrum obtained
in this study from the IM-MS analysis of human insulin
in the positive ion mode. The IM-MS data indicated no
noticeable conformational change in the structure of
the insulin protein with the binding of H, Na, K atoms
and their different combinations. Signals of copper ad-
duct insulin ions from 4+ to 7+ charge states were ob-
served in the ESI mass spectrum obtained from IM-MS
analysis after the addition of CU(N03)2 salt to the insu-
lin sample. The shift of extracted ion mobilograms of
copper adduct insulin ions to lower CCS values with the
addition of copper atoms to the insulin structure proves
that the abundance of the compact form of the insulin
increases in the gas phase. The data obtained from the



IM-MS analyses of insulin-metal complexes show that

alkali metals and copper bind to insulin by different

mechanisms. The changes in the protein conformation

caused by the attachment of various metals to the insu-

lin protein can be distinguished with high sensitivity and
accuracy by performing IM-MS analyses.
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Benchmarking Polymeric Cryogels for Inmobilized Metal Affinity Chromatography
Immobilize Metal Afinite Kromatografisi icin Polimerik Kriyojellerin Karsilagtirmasi
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ABSTRACT

Cryogels are polymers prepared in frozen milieu, and garnered significant attention in the field as new separation mat-
rices. They have denoted significant benefits including supermacroporosity, short diffusion path, low pressure, and
resistance for both adsorption and elution. Macro- and connected pores give polymeric cryogels a unique spongy structure.
Immobilized metal affinity chromatography (IMAC) is a standard analytical separation method for the purification of bio-
molecules. Several transition ions generate stable complexes with electron-rich compounds. IMAC sorbent is obtained by
complexing first-order transition metal ions over chelating agents. On the other hand, lysozyme is an enzyme found in vari-
ous vertebrate cells and secretions. Common applications include its use as a cell disrupting agent, as an anti-bacterial agent,
as a meal additive, and as a medicine against infections and ulcers. In this study, cryogel-based polymeric material was
prepared by free-radical polymerization method with hydroxyethyl methacrylate/glycidyl methacrylate monomer pair that
were covalently interacted with iminodiacetic acid metal chelating agent. The regions showing affinity for lysozyme enzyme
were formed by binding with Ni(ll) metal ions. The polymeric cryogel was first characterized using Fourier transform inf-
rared spectrophotometer, scanning electron microscopy, thermal gravimetric analysis, X-ray photoelectron spectroscopy
and swelling degree test. Then, the effects of pH, concentration, temperature, salt concentration and flow rate on enzyme
adsorption capacity were evaluated, and optimum conditions were found. According to the optimization experiments, the
maximum adsorption capacity of polymeric cryogel was reported as 11.82 mg/g at pH 7.4 and 25°C with a 0.5 mL/min flow
rate and without ionic strength.

Key Words
Enzyme adsorption, immobilized metal affinity chromatograpy, cryogel.

0z

|< riyojeller, donmus ortamda hazirlanan polimerlerdir ve yeni ayirma matrisleri olarak bu alanda buyuk ilgi gormustur. Su-
permakrogozenekliligi, kisa diflizyon yolu, disik basinci ve hem adsorpsiyona hem de elisyona karsi gosterdigi az direng
gibi 6nemli faydalar saglamislardir. Buylk ve bagl gozenekler polimerik kriyojellere 6zgiin stingersi yapi 6zelligi kazandirir.
immobilize metal afinite kromotografisi (IMAC), biyomolekiillerin saflastiriimasi icin kullanilan standart analitik bir ayirma
yontemidir. Bircok gegis iyonu elektronca zengin bilesiklerle kararl kompleksler olustururlar. Birinci sira gecis metal iyonlari
selatlayici ajanlar Gzerinden komplekslestirilerek IMAC sorbenti elde edilir. Lizozim gesitli omurgali hiicreleri ve salgilarinda
bulunan bir enzimdir. Yaygin uygulamalari arasinda bakteri hlcre igi trlnlerin gikarilmasi i¢in bir hiicre pargalayici madde,
oftalmolojide anti-bakteriyel bir madde, sit Grinlerinde bir gida katki maddesi, enfeksiyon ve Ulser tedavisi icin bir ilag
olarak kullanilmalari sayilabilir. Bu ¢alismada, hidroksietil metakrilat/glisidil metakrilat monomer cifti ile serbest radikal
polimerizasyonu yontemi ile hazirlanan kriyojel-temelli polimerik malzeme iminodiasetik asit metal selatlayici ajani ile ko-
valent olarak etkilestirilmis ve Ni(ll) metal iyonlari ile baglanarak lizozim enzimine afinite gésteren bolgeler olusturulmustur.
Hazirlanan polimerik kriyojel dnce Fourier transform spektrofotometresi, taramali elektron mikroskopisi, termal gravimetrik
analiz, X-1sin1 fotoelektron spektroskopisi ve sisme derecesi testi ile karakterize edilmistir. Daha sonra, lizozim adsorplama
kapasitesine pH, derisim, sicaklik, tuz derisimi ve akis hizi etkileri arastirilarak optimum kosullar bulunmustur. Optimizasyon
deneylerine gore, polimerik kriyojelin maksimum adsorpsiyon kapasitesi, pH 7.4’de, 25°C'de, 0.5 mL/dk akis hizinda ve iyonik
kuvvet olmadan 11.82 mg/g olarak rapor edilmistir.
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INTRODUCTION

onventional chromatographic techniques have some
Crestrictions including high pressure drop, reduced
flow rate, low prolificacy, and complexities [1]. For overco-
ming these restrictions, new techniques have been advan-
ced and utilized successively in polymeric forms [2]. Cryo-
gels are supermacroporous polymeric materials prepared
at sub-zero Celsius degrees employing a suitable activator/
initiator pair [3]. The free-radical polymerization happens
in the solvent and frozen monomer solution in the forming
sides between the ice crystals. These ice crystals behave
as porogen suppliers and a supermacroporous polymer
is obtained following the thawing step [4]. They show low
pressure drop and high flow rate compared with conven-
tional methods. Moreover, they are low-cost and easy-go-
ing materials and have sponge-like forms with high mec-
hanical stability and durability [5,6]. These properties offer
distinctive applications to cryogels for several adsorption
studies [7-9]. Immobilized metal ion affinity chromatog-
raphy called as IMAC is a significant analytical technique
for various biomolecules [10]. This method contains co-
valently bonded chelating sides to interact with metals.
These metals are utilized for various biomolecules adsorp-
tion by coordinative binding features of amino acid sides
of proteins [11]. IMAC also has more benefits including
high healing yield with usage of non-denaturing desorp-
tion condition [12]. Different transition metals can obtain
consistent complex with electron-rich compounds and
arrange O-, N-, and S-containing molecules via ion-dipole
bindings [13]. Metal-ion coordination with biomolecules is
well suited for molecular recognition due to its specificity
and stability, directing the biomolecules as a mediator to
form a stable complex with high selectivity [14]. The tight
binding and bond strength can be adjusted by selecting
the appropriate metal ion for the biomolecule. The cost-
friendly metal ions and ease-regeneration of adsorbents
are charming properties of metal-chelate separation [15].
As a biomolecule, lysozyme is a hydrolase enzyme found
in body secretions such as saliva, tears, sweat, mucus,
and also milk, and egg whites. It cleaves B-1-4 glycosidic
bonds, contains 129 amino acids, and weighs 14.4 kDa
[16]. Common usage fields include anti-bacterial, anti-viral,
anti-tumor, anti-inflammatory, anti-histaminic agent, and
antimicrobial agent [17, 18]. High purity needs for therape-
utic and natural biomolecules along with pressures to dec-
rease costs have warned more simple, efficient, and less
expensive adsorption methods in the last years [19,20].

Here, poly(2-hydroxyethyl methacrylate (HEMA)/
glycidyl methacrylate (GMA)) cryogel was prepared
with a free-radical polymerization method. The imi-
nodiacetic acid (IDA) was modified to this cryogel as a
chelating agent and then Ni(ll) ions were incorporated
into this cryogel for affinity binding of lysozyme. The
cryogel was characterized employing scanning electron
microscope (SEM), Fourier transform infrared spectros-
copy (FTIR), thermal gravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), and swelling degree
studies. Following the characterization experiments,
optimum lysozyme adsorption conditions (pH, concent-
ration, temperature, salt concentration, and flow rate)
were investigated in an aqueous solution. The mathe-
matical calculations were utilized to compare experi-
mental data with theoretical data for clarifying adsorp-
tion properties.

MATERIALS and METHODS

Chemicals

2-Hydroxyethyl methacrylate (HEMA), glycidyl met-
(GMA), persulfate  (APS),
N,N’-methylene  bisacrylamide (MBA), N,N,N’,N’-
tetramethylethylenediamine (TEMED), iminodiacetic
acid (IDA), nickel nitrate hexahydrate and lysozyme
were acquired from Sigma. Other chemicals were rea-
gent grades and the water utilized in the experiments

hacrylate ammonium

was purified by Barnstead ROpure LP®.

Preparation of cryogel

The monomer mixture was made ready by mixing 0.283
g of MBA added in 10 mL of H,0, 1.3 mL of HEMA, and
100 pL of GMA prepared in 3.7 mL of H,0 for preparati-
on of cryogel. After that, 20 mg of APS and 25 ul of TE-
MED were stirred to this mixture. The final mixture was
added into a syringe with a covered outlet. The syringe
was kept at -12°C for a one day for free-radical polyme-
rization and thawed at 25°C. Following the washing step
for removing the impurities and unreacted monomers,
the cryogel was used for the next steps. For the next
step, 10 mg/mL of IDA solution (pH 11.0) was covalently
modified to the PHEMA-GMA cryogel utilizing a peris-
taltic pump at 75°C for 6 h. Finally, PHEMA-GMA-IDA
cryogel was cleared with CH,COOH and H,0 to elimina-
te excess IDA and the pH 4.5 of Ni(ll) solution interacted
with PHEMA-GMA-IDA cryogel at 25°C for 2 h to chelate
Ni(ll) ions. The PHEMA cryogel was also prepared as a
control polymer by employing same method with no
GMA, IDA and Ni(ll) ions.



Characterization of cryogel

The characterization experiments of cryogel were per-
formed using SEM (QUANTA 400F Field Emission), XPS
(Thermo Fisher Scientific, K-Alpha), TGA (Q500 V20.13),
FT-IR (Thermo Fisher Scientific, Nicolet iS10), and swel-
ling degree analysis for the examination of topology,
elemental, physical and chemical properties, respec-
tively. The FT-IR spectrum was obtained between 400
cm™ and 4000 cm™® wavenumbers. The surface topo-
logy and pore structure of cryogel were examined by
SEM analysis. The cryogel was covered with a gold la-
yer before being placed in the sample holder. Thermal
stability of cryogel was performed at a heating rate of
10°C/min under N, by means of a thermogravimetric
analyzer. The elemental property of cryogel was analy-
zed with XPS. Dried cryogel was attached to the samp-
le holder with copper tapes and vacuumed for 30 min.
Following surveying the general elemental map of the
composition, the analysis was finalized. Dried cryogel
was weighed (W) before swelling to determine equilib-
rium swelling degree of cryogel and then dropped into
10 mL of water and swollen cryogel was weighed (W_ )
at regular intervals (0-30 min) and calculated the follo-
wing equation:

sw

Swelling degree = W"T x100%

0

Lysozyme adsorption of cryogel

The benchmarking adsorption of cryogel was performed
in accordance with the effects of pH (4.0-8.0), lysozyme
concentration (0.05-2.0 mg/mL), temperature (4-45°C),
salt concentration (0-1.0 M NaCl) and flow rate (0.25-
2.0 mL/min). For adsorption studies, the lysozyme was
prepared in 10 mL of pH solutions, and reacted with
cryogel using peristaltic pump for 2 h. Following this
experiment, the adsorbed lysozyme was desorbed with
desorption solution (0.1 M NaCl) for 1 h and cleaned
with water for 1 h. The ultraviolet-visible absorbance
values of samples were evaluated at 280 nm. The adsor-
bed lysozyme was calculated following equation:

Q=(Ci—Cf)x%

Qis adsorbed lysozyme amount (mg/g), C and C, are first
and last lysozyme concentration (mg/mL), V is volume (mL)
and mis cryogel mass (g). All adsorption experiments were
done three times.
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Mathematical calculations

The interaction between lysozyme and cryogel was de-
termined with two adsorption models including Langmuir
and Freundlich using experimental data. Langmuir adsorp-
tion model interests homogeneous interaction between
adsorbed biomolecules and polymers and is defined by
equation:

1 1 1
Qeq _{ OmaxbCeq } " { Qmax}

Q,,, and Q,, are maximum and equilibrium adsorbed
lysozyme amount (mg/g), C,isan equilibrium concentrati-
on (mg/L), and b is Langmuir constant belongs to adsorpti-
onenergy.Q__ and b can be computed from the slope and

intercept of plot of Ceq against Ceq/Qeq.

The Freundlich adsorption model interests to heteroge-
neous binding between adsorbed biomolecules and poly-
mers and is described by equation:

1
InQeq = anf+(— xInCeq

n
1/n and K. are Freundlich mathematical constants belongs
to heterogeneity and adsorption capacity and they can be
computed from the slope and intercept of plot of InQ_,
against InCeq.

RESULTS and DISCUSSION

Characterization of cryogel

The cryogels were characterized using SEM, XPS, TGA, FT-
IR, and swelling degree analysis for examination of topo-
logy, elemental, physical, and chemical properties, respec-
tively. The surface morphologies of cryogels were investi-
gated at several magnifications via SEM analysis (Figure 1).
It could be noticed that the cryogels had supermacroporo-
us structures and the pore size was highly bigger than size
of lysozyme, letting it to penetrate simply. The existence
of channels with a diameter (around 50-100 um) was ob-
tained in the voids of dense thick polymeric walls. More-
over, the roughness difference between the PHEMA and
PHEMA-GMA-IDA cryogels showed that the modification
was successfully accomplished in the polymer structure
[21].
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Figure 1. SEM images of PHEMA (A1-A3) and PHEMA-GMA-IDA (B1-B3) cryogels.

As depicted in Figure 2, the peaks belonging to functional
groups were observed in the XPS spectra of the C, O, and
N elements of the PHEMA-GMA-IDA cryogel. The corres-
ponding chemical groups along with their binding energies
(eV) were stated on the plots. Briefly, the presence of C=0
was observed at 288.29 eV and 533.46 eV from carbon and
oxygen data. The shoulder on the main peak at 286.25 eV
and 532.18 eV correlated with the C-O groups in the cryo-
gel [22].

Figure 2. XPS spectra of PHEMA-GMA-IDA cryogel.

The thermal stability of PHEMA-GMA-IDA cryogel was tes-
ted with TGA analysis (Figure 3A). TGA spectra result sho-
wed that cryogel lost only 3.6% of water and impurities up
to 200°C and the sharp mass loss between 300-500°C was
due to the breakdown of bonds in cryogel. Furthermore,
it was observed that 4.0-4.7% mass of PHEMA-GMA-IDA
cryogel was preserved at 800°C [23]. FT-IR spectrum of
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Figure 3. TGA (A) FT-IR (B) spectrum and swelling degree (C) of PHEMA-GMA-IDA cryogel.

PHEMA-GMA-IDA cryogel was demonstrated in Figure 3B.
According to the spectra, the characteristic peaks of cryo-
gel were broad peaks from 3200 to 3500 cm™ designing
to OH stretching, the peaks at 2953 cm™ and 3221 cm™
designing to CH and CH, stretchings. A peak at 1716 cm™
indicated C=0 configuration of HEMA and GMA. The C-O
stretching of the carbonyl showed up at 1240 cm™. In addi-
tion, 1076 cm™ was belonged to C-N functional group and
the peak of the epoxy, C-O-C weakened at 900 cm™ and
750 cm™ that indicating the presence of IDA in the cryo-
gel [24]. Finally, %swelling degree of PHEMA-GMA-IDA was
calculated as 714.1g H,0/g cryogel, respectively. It was
observed that PHEMA-GMA-IDA cryogel began to swell in
a short time (2 min) and after 10 min, its water holding
capacity was stabilized (Figure 3C) [25].

Lysozyme adsorption of cryogel

The optimum parameters effects were carried out for
evaluating the performance of PHEMA-GMA-IDA cryo-
gel for the calculation of lysozyme adsorption capacity
values. The pH effect on the adsorbed lysozyme was
examined using several buffers (pH 4.0, 5.0, 6.0, 7.0,
7.4, and 8.0) including 0.5 mg/mL of lysozyme at 25°C
without ionic strength (1.S.) at a 0.5 mL/min flow rate
(F.R.). As Figure 4A demonstrated the maximum adsor-
bed lysozyme capacity was obtained at pH 7.4. The iso-
electric point of lysozyme molecule is around pH 11.0, it
carries a net negative charge at a pH above its pl owing
to the surface-accessible amino acid residues. Thus, the
PHEMA-GMA-IDA cryogel was simply electrostatically
bonded lysozyme with at this pH [26].

Figure 4. pH (A), temperature (B), ionic strength (C) and flow rate (D) effects on the adsorbed lysozyme. The adsorption experiments

conditions: (A): CWSOZW\e
C =0.5 mg/mL, pH 7.4, T=25°C, F.R.= 0.5 mL/min, (D): C

lysozyme lysozyme

=0.5 mg/mL, T=25°C, 1.5.=0 M, F.R.= 0.5 mL/min (B): C

=0.5 mg/mL, pH 7.4, 1.5.=0 M, F.R.= 0.5 mL/min, (C):

* lysozyme

=0.5 mg/mL, pH 7.4, T=25°C, 1.5.=0 M.
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The relation between adsorbed lysozyme and tempe-
rature provided significant information to appoint the
interaction. As depicted in Figure 4B, several tempera-
tures (4°C, 25°C, 37°C, and 45°C) were investigated with
0.5 mg/mL of lysozyme sample solutions at pH 7.4 wit-
hout I.S. at a 0.5 mL/min F.R. The maximum adsorbed
lysozyme amount was noticed at 25°C. As the bindings
between lysozyme and PHEMA-GMA-IDA cryogel star-
ted to decline as temperature rise continued, the adsor-
bed lysozyme amount also reduced. The adsorption on
IMAC supported an effect of electrostatic, hydrophobic,
and/or donor-acceptor interactions [27]. Moreover, the
1.S. effect (0.1 M NaCl, 0.25 M NaCl, 0.5 M NaCl and 1.0
M NaCl) on lysozyme adsorption was assessed with 0.5
mg/mL of lysozyme sample solutions at pH 7.4 at 25°C
with a 0.5 mL/min F.R. Increment of the amount of NaCl
followed in the adsorbed lysozyme reduction due to
the bonds weakening between lysozyme and PHEMA-
GMA-IDA cryogel. The NaCl molecules may react with
lysozyme using electrostatic interactions and prevent
the binding sites [28] (Figure 4C). Finally, the interaction
between lysozyme and PHEMA-GMA-IDA cryogel vari-
ed at several F.R. As observed in Figure 4D, the maxi-
mum lysozyme adsorption was found at a 0.5 mL/min
F.R. At higher rates, the lysozyme and PHEMA-GMA-IDA
cryogel could not interact each other [29].

Mathematical calculations

The PHEMA-GMA-IDA cryogel interacted with lysozyme
samples with different concentrations (0.05 mg/mL, 0.1
mg/mL, 0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL, 1.0 mg/
mL, 1.5 mg/mL and 2.0 mg/mL) at pH 7.4 and 25°C with
a 0.5 mL/min F.R. and no I.S. The adsorbed lysozyme
amount increased with concentration increment (Figure
5A). It was observed that the PHEMA-GMA-IDA cryogel
showed a high lysozyme capacity owing to binding sites
being well-fitted with lysozyme [30]. The maximum ad-
sorbed lysozyme amount was obtained as 11.82 mg/g
for PHEMA-GMA-IDA cryogel. But, the PHEMA cryogel
had only 2.19 mg/g adsorption capacity because of the
non-specific interactions. It was also concluded from
these results that affinity of lysozyme to the cryogel
was increased specifically with attachment of IDA and
Ni(ll). The adsorption type of PHEMA-GMA-IDA cryogel
was estimated by Langmuir and Freundlich models (Fi-
gure 5B, Figure 5C, Figure 5D, and Table 1). In accordan-
ce with the mathematical calculations, the regression
coefficients (R? = 0.9911 for Langmuir, R? = 0.9867 for
Freundlich) and the maximum adsorbed lysozyme amo-
unts (Q, =12.86 mg/g for Langmuir, Q__ =30.14 mg/g
for Freundlich) were compared and noticed that the
interaction between lysozyme and PHEMA-GMA-IDA
cryogel was coherent with Langmuir adsorption mo-

max

Figure 5. The effect of concentration on the adsorbed lysozyme (A), comparison experimental results with adsorption models (B),
Langmuir (C) and Freundlich (D) models. The adsorption experiments conditions: pH 7.4, T=25°C, 1.5.=0 M, F.R.= 0.5 mL/min.



Table 1. Adsorption model coefficients.
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Langmuir Freundlich

Q,, (mg/g) Q,., (mg/g) b (mL/mg) R? Kf 1/n R?

11.82 12.84 15 0.9911 11.16 1.35 0.9867
Table 2. Comparing polymers in terms of the metal type, interaction, polymer, target, and adsorption capacity.

References Metal Interaction Polymer Target Capacity
[32] Cu* PHEMA-IDA Magnetic beads Human serum albumin 28.4 mg/g
[33] Cu® PHEMA-MAH Beads Cytochrome ¢ 31.7 mg/g
[34] Cu® PGMA-IDA Beads Immunoglobulin G 171.2 mg/g
[35] Cu® PHEMA-GMA-IDA Bead-embedded cryogel Immunoglobulin G 257 mg/g
[36] Cu? PGMA-IDA Beads Hemoglobin 130.3 mg/g
[37] Ni2* PHEMA-GMA-IDA Cryogel Urease 11.30 mg/g
[38] Zn* PHEMA-GMA-IDA Cryogel Yeast alcohol dehydrogenase 9.94 mg/g
[39] Cu? PGMA-IDA Magnetic beads Human serum albumin 37.7 mg/g
[40] Fe3* PAAM-GMA-IDA Cryogel Catalase 12.99 mg/g

This study Ni2* PHEMA-GMA-IDA Cryogel Lysozyme 11.82 mg/g

del which referred the interaction type was monolayer,
homogeneous, and binding sites had similar affinity for
lysozyme. So, lysozyme reached to the interaction sites
with no diffusion problems [31].

CONCLUSION

In this study, the preparation of PHEMA-GMA-IDA cryo-
gel for the efficient adsorption of lysozyme was repor-
ted. The PHEMA-GMA-IDA cryogel was synthesized
using free-radical polymerization and then modified for
IMAC technology to create binding sites for lysozyme.
This simple, stable, and low-priced preparation and ad-
sorption process can be more distant used for various
polymers-based systems for purification, separation,
adsorption and sensor applications. Other polymers-

based systems were summarized in Table 2 to compare
the polymers in terms of the metal type, interaction,
target, and adsorption capacity. As compared with exis-
ting polymer-based systems, this study was described
for the first time and carries great potency for enzyme
adsorption. Furthermore, this work demonstrates an
adaptable method which can be distributed to the ot-
her biomolecules separation and adsorption and supp-
lies a novel platform to synthesize new-generation bi-
omaterial.
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