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ABSTRACT

n this work, a novel electrochemical label free immunosensor was fabricated for Cadherin-like protein 22 (CDH 22) bio-

marker detection based on specific immunoreaction between anti-CDH 22 antibody and CDH 22 antigen. The developed
immunosensor was constructed through the immobilization of anti-CDH 22 antibodies on 3-cyanopropyltrimethoxysila-
ne (CPTMS) modified ITO substrate. The effective binding of the anti-CDH 22 antibodies on the CPTMS silanization agent
was investigated by using morphological characterization (Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM)) and electrochemical characterization (Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV)).
Under optimum experimental conditions, the ITO/CPTMS modified electrode was a good linker for anti-CDH 22 antibody
anchoring. In addition, CPFTMS modified electrode offered an efficient surface to CDH 22 antigen detection. The immuno-
sensor had a wide linear detection range (0.03-3 pg/mL) with low detection limit (9 fg/mL). Also, it had good reproducibility,
excellent repeatability and long storage stability. In addition, the practical applicability of the proposed immunosensor was
investigated by utilizing human serum samples. The human serum samples recovery results (99.16% - 101.94%) illustrated
the accuracy of the suggested biosensor. Consequently, CPTMS can be a promising platform for biosensor construction and
this suggested immunosensor can be applicable for real human serum analysis.
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0z

B u calismada, anti-CDH 22 antikoru ve CDH 22 antijeni arasindaki spesifik immuno-reaksiyona dayanan, kadherin benzeri
protein (CDH 22) biyobelirtecinin tespiti icin yeni bir elektrokimyasal etiketsiz imminosensor Gretilmistir. Gelistirilen
immunosensor, anti-CDH 22 antikorlarinin 3-siyanopropiltrimetoksisilan (CPTMS) ile modifiye edilmis ITO substrati Gzerinde
immobilizasyonu ile olusturulmustur. Anti-CDH 22 antikorlarinin CPTMS silanizasyon ajanina etkili baglanmasi, morfolojik
karakterizasyon (Taramali Elektron Mikroskobu (SEM), Atomik Kuvvet Mikroskobu (AFM)) ve elektrokimyasal karakterizas-
yon (Elektrokimyasal impedans Spektroskopisi (EIS), Siklik Voltammetri (CV) kullanilarak incelendi. Optimum deney kosullari
altinda, ITO / CPTMS ile modifiye edilmis elektrot, anti-CDH 22 antikor baglanmasi icin iyi bir baglayiciydir. Ek olarak, CPTMS
modifiye elektrot CDH 22 antijen tespiti icin etkili bir ylizey sunmustur. immiinosensér, genis bir lineer tespit araligi (0.03-3
pg/mL) ile dusUk tespit limiti (9 fg/mL) ile sahipti. Ayrica, iyi tekrarlanabilirlik, mikemmel tekrarlanabilirlik ve uzun depola-
ma kararliligina sahipti. Ek olarak, énerilen imminosensérin pratik uygulanabilirligi, insan serum numuneleri kullanilarak
arastirildi. insan serum numuneleri geri kazanim sonuglari (% 99.16 -% 101.94) énerilen biyosensériin dogrulugunu géster-
mektedir. Sonug olarak, CPTMS, biyosensor yapimi igin umut verici bir platform olabilir ve bu 6nerilen imminosensor gergek
insan serum analizi icin uygulanabilir.
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INTRODUCTION

ancer threatens the human health and in the diag-
C nosis of cancer, immunohistochemistry and floures-
cence methods are usually utilized [1, 2]. These methods
require a lot of steps for cancer diagnosis and therefore,
the analysis duration of these methods is long [3]. Bio-
sensors are new devices for detection of biomolecules
and specific biorecognition feature makes them reliable
and rapid tools for medical applications. In biosensor
designing different detection strategies have been uti-
lized [4]. Electrochemical detection is mostly preferred
due to high specificity and sensitivity. Biomarkers are
biomolecules, which are found in human fluids and uti-
lized for early detection of cancer. A lot of studies have
been performed for biomarker detection by utilizing
biosensors [4, 5].

Cadherin-like protein 22 (CDH22) is a transmembrane
glycoprotein. It is known as PB-cadherin and belongs
to cadherin superfamily [6]. It has role in cell-cell ad-
hesion and metastasis. CDH22 hypermethylation is an
independent prognostic biomarker in breast cancer
[7, 8]. It is produced in the pituitary gland and brain. It
helps to form tissue in neural and nonneural cells [6].
Over-expression of CDH22 results in colorectal cancer
[6-8], breast cancer [7] and metastatic melanoma [8]. In
addition, Cadherin-22 is a prognostic marker in advan-
ced cancer stages and a potential factor in cancer me-
tastasis or spread. The hindering of CDH 22 biomarker
decreases the adhesion and invasion rate of breast and
brain cancer cells. Because of this, it has gained inte-
rest in diagnosis of breast cancer [9]. The detection of
CDH22 biomarker is often carried out by utilizing ELISA
kit. The linear range and detection limit of the ELISA kit
are 15.6-500 ng/mL and 2 ng/mL, respectively [9].

Indium tin oxide (ITO) is an excellent transparent se-
mi-conductive substrate in different applications such
as photovoltaic cell, optoelectronic devices and sen-
sors. In sensor applications, it is utilized as a transducer
owing to its unique optical transparency, broad working
potential, stable electrochemical and physical features
[10, 11]. The selection of electrode for electrochemical
immunosensing is important to develop sensitive im-
munosensor. Therefore, ITO is a favorable electrode
material and has been employed as a working electrode
in electrochemical sensors and biosensors. The effecti-
ve anchoring of the biomolecules on the ITO substra-
te surface is a significant point to develop a successful

biosensor. Therefore, several modification strategies
such as physical adsorption [12], electrophoretic de-
position [13-15], electrochemical deposition [16, 17],
silanization [18, 19], self-assembled monolayer forma-
tion [20] and electro-polymerization [21-23] have been
employed to develop ITO based biosensor. ITO subs-
trates have been modified with different silane agents
such as 3-isocyanatopropyl triethoxysilane (IPTES) [24],
3-aminopropyltriethoxy silane (APTES) [25-27], 11-cya-
noundecyltrimethoxysilane (11-CUTMS) [28], (3-glyci-
doxypropyl)trimethoxysilane [29], N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane [18], 3-mercaptopropy!
trimethoxysilane (3-MPTMS) [30], 3-glycidoxy propy-
Idimethoxysilane  [19], 11-(triethoxysilyl)Jundecanal
(TESU) [31], carboxyethylsilanetriol (CTES) [32]. Silane
agents form layers with terminal amino, epoxy or chlo-
ro groups. These groups are utilized for immobilization
of biorecognition molecules. The basic principle of this
technique is based on self-assembled monolayer (SAM)
construction on the ITO substrate with hydroxyl ends.
In this modification method, siloxane bonds are for-
med between hyroxylated ITO sheet surface and sila-
ne agent. Silane based SAMs provide a stable, reusable,
reproducible and well-controlled surfaces for biomo-
lecule attaching. In addition, the preparation of these
layer is simple, and this layer prevents possible dena-
turation and non-specific adsorption. Cyanopropylsilo-
xanes are organosilane molecules and they have both
polar and polarizable properties. Moreover, they have
low surface tension, thus, they increase good surface
wetting and the adhesion between dissimilar materials.
They form interactions between the monolayer and
the substrate which are used as binding platforms. The
CPTMS silane agent includes a head group, an alkyl cha-
in and an end group. The head group, trimethoxy- provi-
des the attaching of the silane agent onto the platform.
The alkyl chain increases the stability of the single layer
owing to van der Waals interactions. The terminal group
provides chemical groups to bind biomolecules [33, 34].

Electrochemical impedance spectroscopy (EIS) is a sen-
sitive and an old electrochemical method utilized in bi-
osensor characterization. It has gained interest due to
informative features. This method is often employed
to investigate the variations formed on the electrode
surface due to antibody-antigen immune-interaction,
probe DNA-target DNA interactions or enzyme-subs-
trate reactions. The changes in electrode-electrolyte
interface give information about the biosensing system.
Additionally, impedance analyses are utilized in several



electrochemical applications such as analysis of elect-
rochemical kinetics of electrodes, batteries and sen-
sors/biosensors [35-37]. It is also a successful way to
characterize of modifications formed on the electrodes.
By using this way, the detection of some analytes from
small ions to large proteins is possible [38, 39]. Because
of this, this method has been utilized for several analy-
tes detection. In the impedance analysis, the biosensing
system includes three electrodes; a working electrode
(modified to investigate the target analyte), a counter
electrode (for applying the electric current) and a refe-
rence electrode (for providing a reference value) [40].
This measurement way is sensitive and simple compa-
red to other redox labelled electrochemical methods
such as cyclic voltammetry (CV), differential pulse vol-
tammetry (DPV) and square wave voltammetry (SWV)
[41]. Electrochemically inert molecules can be measu-
red by using EIS technique, during the analysis is carried
out in the presence of redox couple (ferricyanide/fer-
rocyanide). In this technique, the oxidation and reduc-
tion reactions are formed at the electrode surface [42].

The goal of this work was a specific, sensitive and rep-
roducible ITO based biosensor development for deter-
mination of CDH 22 cancer marker. In the first step of
the immunosensor fabrication, ITO sheet modified with
CPTMS to form immobilization points for anti-CDH 22
antibodies. CPTMS was used for a self-assembled mo-
nolayer formation and it served as a link between ITO
sheet and the biomolecule (anti-CDH 22 antibody).
The variations formed on the immunosensor surface
were investigated via cyclic voltammetry (CV) and EIS
methods. The optimal experimental parameters were
determined by performing a lot of experiments. The
immunosensor analytical characterizations were per-
formed under optimum experimental conditions. The
repeatability, reproducibility and storage stability of
the proposed immunosensor were also analyzed and
discussed. This fabricated biosensor had a wide linear
detection range (0.03-3 pg/mL) and low LOD (9 fg/mL).
In addition, the practical applicability of the proposed
immunosensor was investigated by utilizing human
serum samples. The human serum samples results il-
lustrated the accuracy of the suggested biosensor. The
EIS responses indicated that CDH 22 antigens could be
detected simply and sensitively by this new biosensor.
Moreover, the immunosensor responses demonstrated
that the fabricated biosensor could be employed to de-
tect CDH 22 antigen in human serum samples.
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MATERIALS and METHODS

Reagents

ITO coated Polyethylene Terephthalate (PET) films (re-
sistance and thickness are 60 Q/square and 150 nm),
3-cyanopropyltrimethoxysilane (CPTMS), toluene, Mo-
noclonal anti-CDH 22 antibody, CDH 22 antigen and BSA
were supplied by Sigma-Aldrich. Dilutions of anti-CDH
22 antibodies and CDH 22 antigens were prepared with
PBS buffer (pH 7.4, 50 mM) before use. Ferri-ferro so-
lution was utilized as a redox couple and prepared by
utilizing 5 mM K, [Fe(CN) ]/K,[Fe(CN),].

Apparatus

Electrochemical analyses were recorded with Gamry
1000 Potentiostat/Galvanostat. Disposable ITO sheet
(2*¥20 mm), Ag/AgCl electrode, and platinum wire were
utilized as working, reference and counter electrode,
respectively. Two different electrochemical methods
were employed: EIS and CV. All the analyses were car-
ried out at room conditions using a 5 mM redox couple
solution of K,Fe(CN)./K,Fe(CN),. In the EIS experiments
the frequency range was from 0.05 to 50 KHz. The
working conditions for CV analyses were as follows;
scan rate: 100 mVs? and step size 10 mV. The surface
topography during biosensor fabrication steps was in-
vestigated by using FEI-Quanta FEG 250 Model SEM
microscope at an operating voltage 5 kV. AFM images
were recorded utilizing a NanoMagnetics Instruments-
AFM Plus Model. All AFM images were taken in tapping
mode with a tapping silicon tip and the tip radius was
<10 nm. In order to follow the side groups formed on
the ITO electrode, FTIR (Bruker Vertex 70 ATR Model)
and Raman Spectroscopy (Thermo DXR Raman spect-
rometer equipped with a 780-nm excitation laser) was
employed.

Modification of ITO Electrodes for CDH 22 Antigen
Detection

Before the modification of ITO electrodes, they were
cleaned in ultrasonic bath with ethanol, soap solution
and ultrapure water, respectively. After cleaning, they
were immersed in a mix solution of H,0,/NH,OH/H,0
(1:1:5) for 90 min at room conditions to form hydroxyl
end on the ITO electrode surfaces. Then, they were
washed with ultrapure water and were dried under
argon gas. The silanization of ITO sheets were perfor-
med by immersing in 0.5% CPTMS solution (prepared
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Figure 1. FTIR spectra and Raman spectra of CPTMS functionalized ITO substrate (A and C) and after anti-CDH 22 anchoring on the
working electrode (B and D), Nyquist plots (E) and CVs (F) of the CDH 22 biosensor of the immune-electrode construction stage; Randle’s

equivalent circuit (inset).

by using touene) for overnight. After CPTMS layer for-
mation on the ITO sheets, they were washed with tolu-
ene and ultrapure water to eliminate the nonattached
silane molecules and dried under argon gas. Afterwards,
anti-CDH 22 antibody immobilization was performed
by incubation in anti-CDH 22 antibody solution (2 ng/
mL). The nonattached antibody molecules removed by
washing ultrapure water. Finally, the remaining cyano
groups of CPTMS were blocked by utilizing BSA protein.
After these steps, ITO electrodes could be used for CDH
22 antigen detection.

Human Serum Sample Measurements

Human serum samples were supplied by the Tekirdag
Namik Kemal University Faculty of Medicine. CDH 22
antigen measurements were performed after a 100000
fold dilution with phosphate buffer (50 mM, pH 7.4).
The success of the suggested biosensor was investiga-
ted by addition of CDH 22 antigen to the diluted human
serum samples.

RESULTS and DISCUSSION

Chemical Characterization of the Immunosensor

In this work, the FTIR and Raman Spectrometers were
utilized to investigate the chemical bonds between cya-
no groups of CPTMS present on the ITO substrate and
amino ends of anti-CDH 22 antibodies. The FTIR spectra
of CPTMS functionalized ITO substrate and anti-CDH 22
antibody attached ITO substrate are displayed in Figure
1A and Figure 1B, respectively.

The FTIR spectra of CPTMS functionalized ITO substrate
(Figure 1A) showed the characteristic absorption peak
at 2246 cm™ (—C=N), that proved the CPTMS SAMs were
formed completely [43-45]. As seen Figure 1B, the FTIR
spectrum illustrated that the amino ends were intro-
duced on the CPTMS functionalized ITO substrate. The
peak at 1655 cm™ and 1548 cm™ in the FTIR spectrum
of anti-CDH 22 antibody immobilized disposable ITO
substrate proved that amino ends were present on the
working electrode [28]. In addition to FTIR analysis, Ra-
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Scheme 1. Schematic illustration of biosensor fabrication steps and electrochemical detection of CDH 22 antigen.

man spectrometer was utilized for the chemical charac-
terization. Raman spectroscopy is a useful technique
to investigate of chemical binding of proteins, nucleic
acids, large molecules. In the FTIR spectra of proteins
and nucleic acids are complicated and many bands are
overlapped. The Raman spectra of CPTMS functionali-
zed ITO substrate and anti-CDH 22 antibody attached
ITO substrate are displayed in Figure 1C and Figure 1D,
respectively. As seen in Figure 1C, the cyano group of
CPTMS was observed at 2242 cm™. Amide [, Il and IlI
regions are usually observed between 1650-1680

cm™, 1480-1570 cm™® and 1235-1300 cm?, respectively.
As shown in Figure 1D, amide I, amide Il and amide IlI
bonds were observed at 1662, 1540 and 1329 cm™, res-
pectively.

Electrochemical Characterization of the Fabrication
Procedure

The CDH 22 immunosensor fabrication stages are illust-
rated in Scheme 1. ITO electrode surface was hydroxy-

lated by H,0,/NH,OH/H,0 solution and CPTMS linked to
hydroxyl ends on the ITO electrode surface via siloxane
bonds. In this way, a biomolecule immobilization matrix
was formed on the disposable ITO sheet. CPTMS provi-
ded free cyano ends on the ITO sheet surface allowing
the covalent binding of NH, groups of anti-CDH 22 an-
tibodies. After antibodies binding on the modified ITO
electrode, the free cyano groups blocked by BSA. After
that, the immunosensor was utilized for CDH 22 antigen
detection.

The modification steps of the CDH 22 biosensor was
investigated by EIS and CV analyses. EIS is a powerful
method for investigation of the electrode interface pro-
perties. [Fe(CN)63'/4'] was a redox active couple and utili-
zed for monitoring electrochemical features of the pro-
posed immunosensor [43]. Figure 1E shows the Nyquist
plots after modification steps. Nyquist plots of the mo-
dified ITO electrodes contain a semicircle portion and
a linear portion. A semicircle part and a linear part are
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Figure 2. SEM and AFM images of bare ITO (A and B), ITO/OH (C and D), ITO/CPTMS (E, and F), ITO/CPTMS/anti-CDH 22 (G and H), ITO/
CPTMS/anti-CDH 22/BSA (I and J), ITO/CPTMS/anti-CDH 22/BSA/CDH 22 (K and L).

obtained at higher frequencies and at lower frequenci-
es, respectively. The semicircle part and the linear part
are related to electron transfer and diffusion processes,
respectively. The semicircle diameter is responsible for
the electron transfer resistance (Rct). The variations in
Rct value is associated with the blocking effect of the
step-by-step fabrication process of the immmunosen-
sor. The impedance responses are fitted to the Randle’s
equivalent circuit. It contains the ohmic resistance of
the electrolyte solution (Rs), constant phase element
(CPE), Warburg impedance (Zw) and charge transfer re-
sistance (Rct) (Figure 1E inset). Under ideal conditions,
Zw and Rs illustrate the properties of the electrolyte
solution and diffusion of the redox couple, therefore
to they are not affected from electrode modification
steps. Additionally, CPE and Rct display the dielectric
and insulating features at the electrode/electrolyte in-
terface and the variations occurred on the electrode
surfaces affects them [44, 45].

Electrochemical characterizations with CV and EIS met-
hods are useful to evaluate the electrochemical process
on the modified surfaces. The CVs and EIS spectra were
shown in Figure 1 to illustrate the electrochemical be-
havior of the ITO surface during the immunosensor fab-
rication. As shown in Figure 1E, ITO/CPTMS electrode
had small semicircle diameter that indicated easy elect-
ron transfer between electrode surface and electroly-
te solution. After anti-CDH 22 antibody immobilization
on the CPTMS modified ITO substrate, an increase was
seen in semicircle diameter. The immobilization of an-
tibodies caused a layer formation on the ITO substrate
surface. Thus, the electron transfer rate was decreased.
In the BSA blockage step, electron transfer was obstruc-
ted, and an increase was seen in semicircle diameter.
The specific immuno-reaction between anti-CDH 22 an-
tibody and CDH 22 antigen formed a immunocomplex
and a large semicircle diameter was seen. Compared



to hydroxylated ITO surface, the CPTMS modified ITO
electrode surface had lower peak currents (Figure 1F).
This result confirmed the CPTMS SAMs on the ITO subs-
trate surface. After anti-CDH22 antibody, BSA and CDH
22 antigen immobilization, peak currents were dec-
reased due to nonconductive layers formation on the
electrode surface. These layers prevented the electron
transfer between ITO electrode surface and electrolyte
solution. In other words, these layers illustrated hind-
rance effects to electron transfer.

Morphological Characterization of the Fabrication
Steps

The morphological characterization of the proposed
immunosensor was performed AFM and SEM imaging.
Figure 2 illustrates images of the proposed immunosen-
sor surfaces during the fabrication. After cleaning of ITO
sheet, a smooth surface was obtained (Figure 2A and
Figure 2B). In this step, the average roughness (Ra) was
measured as 1.7 nm on a 5x5 pum scale. The hydroxyla-
tion of clean ITO sheet increased the roughness of ITO
surface (Figure 2D). As seen in figure 2C, this process
changed the electrode surface. After hydroxylation, the
average roughness (Ra) was measured as 3.5 nm on
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a 5x5 um scale. As mentioned above, Self-assembled
monolayer formation technique was utilized for biore-
cognition molecule immobilization. In this study, CPTMS
was used as linker for anti-CDH 22 antibody anchoring,
The SEM and AFM images illustrated that a uniform
CPTMS SAMs formation on the ITO electrode in Figure
2E and Figure 2F, respectively. The average roughness
(Ra) was measured as 22.8 nm on a 5x5 pum scale. The
variations on the ITO substrate surface after anti-CDH
22 antibody attaching are displayed in Figure 2G and Fi-
gure 2H. It can be clearly seen that the anti-CDH 22 an-
tibodies were linked on the substrate and they looked
like granules. In this step, the Ra value was measured
as 88 nm on a 5x5 um scale. At the BSA blockage step,
the surface morphology of the ITO substrate was chan-
ged as observed in Figure 2| and Figure 2J. After BSA
immobilization, the Ra value was measured as 21 nm on
5x5 um scale. Figure 2K and Figure 2L display the SEM
and AFM images of specific immuno-reaction between
anti-CDH 22 antibodies and CDH 22 antigens. As seen in
SEM image (Figure 2K), the surface was changed and it
was in accord with AFM observation. The Ra value was
measured as 126 nm on 5x5 pum scale (Figure 2L).

Figure 3. Optimization results (A) CPTMS quantity, (B) anti- CDH 22 antibody level, (C) anti-CDH 22 antibody incubation duration, (D)

CDH 22 antigen incubation duration.
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Figure 4. EIS (A) and CV (B) results of the biosensor for the determination of CDH 22 biomarker (from 0.03 to 3 pg/mL), calibration plot

(inset). Reproducibility (C), Storage stability (D) of the biosensor.

Optimization of Experimental Conditions

In order to determine optimal experimental conditi-
ons, a variety of experiments were performed. The
optimization of these parameters provided a sensitive
and stable biosensor fabrication. In this work, CPTMS
concentration, anti-CDH 22 antibody level, anti-CDH 22
antibody incubation duration and CDH 22 antigen incu-
bation duration were optimized. These analyses were
performed at room conditions and these parameters
were followed by EIS and CV.

In the first stage of the experimental conditions optimi-
zation, the utilized CPTMS concentration was optimized.
This stage had a significant role in the binding of adequ-
ate amount of anti-CDH 22 antibodies. Because of this,
three different amounts (0.1%; 0.5%; 1% w/w) were
studied. Silane ends of CPTMS bound to hydroxyl gro-
up of hydroxylated ITO electrode. The low CPTMS level
caused low immunosensor response because, a stable
SAMs was not formed. The high CPTMS levels (0.5% and
1%) caused similar immunosensor signals. The highest
signal was achieved after utilizing 0.5% concentration of
CPTMS. The responses of the immunosensors that ob-
tained after usage of these levels were utilized to drawn

of the linear curves. These linear curves are illustrated
in Figure 3A. Then, anti-CDH 22 antibody level was op-
timized. This stage had a significant role in analytical
performance of the proposed immunosensor. In order
to select optimal anti-CDH 22 antibody level, 1.5 ng/mL,
3 ng/mL and 6 ng/mL anti-CDH 22 antibody concentra-
tions were tried. The highest ARct value was found at
3 ng/mL anti-CDH 22 concentration. Because of this, 3
ng/mL anti-CDH 22 level was selected optimal antibody
level. The calibration plots of these levels are displayed
in Figure 3B. To determine the optimal CDH 22 anti-
body incubation time, CPTMS functionalized ITO sheets
incubated in anti-CDH 22 antibody solution for 30, 45
and 60 min. The highest response was found after 60
min incubation, but the response at 45 min incubation
time was nearly same. Therefore, 45 min was selected
as the optimal incubation time for antibody anchoring.
The short preparation period of the immunoelectrode
provides a short fabrication process of the proposed
immunosensor. The calibration plots of the different
incubation times are displayed in Figure 3C. Lastly, the
immunoreaction period between anti-CDH22 antibody
and CDH 22 antigen was optimized. At this step, the
prepared immunoelectvrodes were immersed in CDH



22 antigen solution for three different times (30 min, 45
min, 60 min). The maximum immunosensor response
was obtained after 60 min incubation. The other signals
were nearly same and low. Because of this, 60 min was
optimum incubation time (Figure 3D).

Electrochemical Detection of CDH 22 Antigen
Electrochemical detection of CDH 22 antigen was achi-
eved by CV and EIS analyses in the presence of redox
system. Figure 4 illustrates the EIS and CV responses of
the immunosensor at the increasing concentration of
CDH 22 antigens. The increasing concentration of CDH
22 antigens caused gradual increases in impedance res-
ponses (Figure 4A) and gradual decreases in CVs (Figure
4B). Also, these responses showed that these antigens
formed a blocking wall, and lead to higher electroche-
mical resistances and lower peak currents. Also, an inc-
rease in Rct value was observed as the concentration of
CDH 22 antigen concentration increased from 0.03 pg/
mL to 3 pg/mL (Figure 4A inset). The limit of detection
(LOD) was estimated to be 9 fg/mL based on the 3o rule.
The limit of quantification (LOQ) was calculated to be 30
fg/mL based on the 100 rule.

Repeatability, Reproducibility and Stability

The repeatability of the proposed immunosensor was
evaluated by measuring CDH 22 concentration (0.3 pg/
mL) with 10 different bioelectrodes prepared under
identical conditions. The relative standard deviation
(RSD) was measured as 2.17%. The reproducibility of
the suggested immunosensor was investigated by me-
asuring CDH 22 concentration with 5 different biosen-
sing system. Under the identical experimental conditi-
ons, the RSD was measured as 1.50% (Figure 4C). These
obtained results indicated an excellent precision and
good reproducibility of the prepared immunosensor.

Table 1. Results of human serum samples.

Found by the bio- Added CDH 22

Sample sensor amount
(pg/mL) (pg/mL)
Human
0.50 0.2
Serum 1
Human
0.68 0.2
Serum 2
Human
0.82 0.2
Serum 3
Human
0.83 0.2
Serum 4
Human 0.52 0.2

Serum 5
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The stability of the CDH 22 immunosensor was also in-
vestigated. The immunosensor was stored at 4°C for 10
weeks. During the storage period, a gradually decrease
was seen in the impedance response. After 7 weeks of
storage, the impedance response of the CDH 22 immu-
nosensor decreased 74.3% of its initial activity, showing
that the immunosensor could keep its activity for a long
time (Figure 4D).

Analysis of Real Human Serum Samples

In order to verify the applicability of suggested immu-
nosensor, the prepared immunoelectrodes were utili-
zed for human serum sample analysis and the accuracy
of the proposed biosensor was examined by utilizing
the standard addition technique. The CDH 22 protein
is present in human serum at ng/mL. Therefore, the
human serum samples were diluted 100000 times by
using PBS buffer. As observed in Table 1, the recovery
ranges were from 99.16 to. 101.94%, that confirmed
the applicability of the biosensor for CDH 22 antigen
determination.

Conclusion

In this study, an impedimetric immunosensor was suc-
cessfully introduced by using disposable ITO sheet for
CDH 22 biomarker detection. This sensitive and specific
immunosensor was developed by immobilizing anti-
CDH 22 antibody onto CPTMS modified ITO electrode.
Step-by-step modification process and the immuno-
sensing process was followed by using electrochemical
(CV, EIS) and morphological (SEM and AFM) techniques.
Under optimum experimental conditions, the develo-
ped immunosensor displayed a selective detection of
CDH 22 cancer biomarker. In addition, our proposed
method exhibited a highly sensitive and selective deter-
mination of CDH 22 antigen with a detection limit of 9

Total found % Recovery Z;:;:E:ZZ
0.72 101.94 1.94
0.88 100.57 057
1.03 101.41 141
1.04 101.00 100
0.72 99.16 0.84
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fg/mL and a linear range from 0.03 pg/mL to 3 pg/mL.
The success of the proposed biosensor in human serum
samples analysis illustrated that this biosensor was a
simple, cost-effective, selective and sensitive platform

for determination of biomarkers. This proposed immu-

nosensor provided simple tool for biomarker detection
in clinical applications.
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Plasmonic Zr-Based Metal-Organic Frameworks for Accelerated De-Colorization of
Methylene Blue Under LED Light Irradiation

LED Isik Isinimi Altinda Metilen Mavisinin Hizlandirilmis Renksizlestirilmesi igin
Plazmonik Zr-esasli Metal-Organik Cergeveler

Kouroush Salimi
Department of Chemical Engineering, Ankara Yildirim Beyazit University, Etlik, Ankara, Turkey.

ABSTRACT

W ell-defined photocatalyst with 3D morphologies have attracted the attention of scientists due to the more accessible
reactive surfaces, easy to recover from reaction medium, and low aggregation. Within this scope, photocatalysis
based on plasmonic metal-organic frameworks (MOFs) were synthesized and utilized as an alternative reactive platform
for visible-light degradation of methylene blue (MB) under green LED irradiation for the first time. In order to reduce the
recombination between electron-hole pairs, a stable oxidant, namely sodium persulfate (PS) was employed to accelerate
the photocatalytic decolorization of MB. These feasible strategies demonstrated that a bleaching degree of 91% (i.e., in the
presence of PS) within 120 min was achieved compared to the bare Au@UiO-66@Pdop NPs (bleaching degree 31%). The
obtained results from this study highlighted the superior properties of the newly synthesized core-shell Au@UiO-66@Pdop
photocatalysts and clearly declared the great potential of the photo-responsive MOFs for organic pollutant degradations
as well.

Key Words
Plasmonic metal organic frameworks (MOFs), visible LED light, photocatalytic decolorization.

0z

boyutlu morfolojiye sahip iyi tanimlanmis fotokatalizorler, daha erisilebilir reaktif ylzeyler, reaksiyon ortamindan kolay

bir sekilde elde edilebilmeleri ve dislik agregasyona sahip olmalarindan dolayi bilim adamlarinin dikkatini ¢ekmistir.
Bu kapsamda, plazmonik metal organik cerceve (MOF’ler) esasli fotokatalizor sentezlendi ve ilk kez yesil LED isik 1sinimi
araciligiyla metilen mavisinin (MB) gorindr i1sik altindaki degradasyonu igin alternatif bir reaktif platform olarak kullaniimis-
tir. Elektron-bosluk ciftleri arasindaki rekombinasyonu azaltarak MB’nin fotokatalitik renksizlestirilmesini hizlandirmak igin
istikrarl bir oksidan olan sodyum persulfat (PS) kullaniimistir. Uygulanan stratejiler araciligiyla ¢iplak Au@UiO-66@Pdop
NP’lere kiyasla (yikim derecesi %31) PS kullanilarak 120 dakika iginde %91’lik bir degredasyon derecesinin eldesi gosterilmis-
tir. Bu ¢alismadan elde edilen sonuglar, yeni sentezlenmis ¢ekirdek kabuk (core-shell) yapisindaki Au@UiO-66@Pdop foto-
katalizorinun tstin ozelliklerini vurgulamis ve 1sik duyarli MOF’lerin organik kirleticilerin degradasyonu igin de mikemmel
potansiyelini agik sekilde ortaya koymustur.
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INTRODUCTION

ecently, visible light sensitive photocatalysts (i.e.,
RGaP, WO,, Cds, ZnS, and etc.) have attracted the
attention of related communities due to their narrow
band gap compared to conventional UV-light respon-
sive TiO, based materials [1-3]. However, this inorganic
photocatalysts showed some drawbacks like low light
conversion efficiency, hard desorption/separation from
reaction media, as well as strong tendency for agglo-
meration [4]. This issue places the demand for the fab-
rication of a new class of photocatalysts with potential
application in organic pollutant degradations.

Metal—organic frameworks (MOFs) are a class of porous
coordination polymers constructed by strong chemical
bonding of metal nodes and organic linkers [5, 6]. The
unigue chemical composition and diverse structural and
functional features (i.e., large surface area, easy in-pore
and surface functionalization) make them an extraordi-
nary material for various applications including carbon
dioxide capture, catalyst, separation science, sensing,
biomedical, and analytical sciences [7-12]. Owing to the
absorption of the irradiated light, MOFs were carried
out as a significant photocatalyst for environmental fi-

elds [4, 13]. Xamena et al. reported the application of
MOF-5 in photocatalytic degradation of phenols un-
der UV-light irradiation [14]. Das et al. investigated a
Zn,0-containing doubly interpenetrated MOF for pho-
tocatalytic degradation of methyl orange using UV or
visible light source [15]. More recently, reduced energy
demand of photocatalytic degradation processes and
optimizing of the photocatalytic parameters increased
the use of LED photoreactors [16]. These photoreactors
provided high energy efficiency, long lifespan, as well
as low power consumption compared to the conventi-
onal light sources [16]. In this context, MIL-53 (Fe) was
developed for accelerated photocatalytic degradation
of acid Orange 7 (AO7) using visible LED light irradiation
[16]. They provided an accelerated photocatalytic per-
formance by reducing the charge carrier recombination
using persulfate as an oxidant [16].

In this study, plasmonic zirconium-based metal—orga-
nic frameworks (Au@UiO-66@Pdop) were utilized for
de-colorization of methylene blue (MB) under green
LED light irradiation for the first time in the literature.
Plasmonic photo-responsive catalyst was synthesized
using polydopamine nanoparticles (Pdop NPs) as star-
ting template. Thanks to the catechol groups of the

Figure 1. Schematic illustration of the synthetic pathway of Au@Ui0-66@Pdop MOFs.
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Figure 2. SEM and EDX analysis of A-B) Ui0-66@Pdop, and C-D) Au@UIO-66@Pdop NPs.

Pdop, quite stable core-shell catalyst NPs with desired
spherical morphologies and good localized surface
plasmon resonance (LSPR) properties were obtained.
Additionally, a home-made green LED light source was
employed to investigate the performance of the pho-
to-responsive Au@UiO-66@Pdop NPs for an efficient
decolorization of organic pollutant. An excellent pho-
tocatalytic performance was recorded using sodium
persulfate (PS) with important reduction in the charge
carrier recombination. Finally, the effect of different re-
action conditions on the variation of MB concentration
(C/C0) and reaction time were reported.

MATERIALS and METHODS

Synthesis Methods

Polydopamine nanoparticles (Pdop NPs) were synthesi-
zed according to the literature with some modifications
[17]. Briefly, an agueous solution containing ammonia
(3.5 mL, 2.5 %), ethanol (2 mL), and DDI water (6 mL)
were stirred at room temperature for 5 min followed by
the addition of dopamine hydrochloride (1 mgin 1 mL
DDI water). The resulting dispersion was stirred at room
temperature for 8 h. Finally, Pdop NPs were centrifuged
and washed with DDI water several times.

A well-defined core shell structure between Pdop
NPs and Zr-based MOFs (UiO-66) was achieved in the
presence of metal nodes and organic building blocks
[18]. Typically, Pdop NPs (1 mg) were dispersed into
N-N,dimethylformamide (DMF, 10 mL) and ultraso-

nicated for 10 min using an ice-bath. Then, zirconium
chloride (ZrCl,, 1 mg) and 1,4-benzenedicarboxylic acid
(H2BDC, 10 mg) were introduced into the as-prepared
solution and stirred at 140°C for 100 min. MOF shell co-
ated Pdop NPs (UiO-66@Pdop) were isolated from re-
action media and washed with methanol and DDI water,
respectively.

For the synthesis of plasmonic Zr-based MOFs (Au@
UiO-66@Pdop), MOF coated Pdop NPs were dispersed
into an aqueous solution of chloroauric acid (30 mg, 50
mL) and vigorously mixed at 50°C for 2 h. Then, the so-
lution was heated to boiling and the boiling was conti-
nued for 5 min. Subsequently, an aqueous solution of
tri-sodium citrate (2 mL, 0.035 g) was introduced into
the as-prepared solution and the boiling was further
continued for 30 min. The resulting nanostructures
were cooled down to room temperature and finally
washed with DDI water for three times using centrifuga-
tion method. Finally, Au NPs embedded Zr-based MOFs
(Au@UiO-66@Pdop) were kept in DDI water for further
usage.

Characterization of Au@UiO-66@Pdop MOFs

The surface morphology and size distribution of na-
nostructures were determined by a scanning electron
microscope (Hitachi, SU5000, Japan) which is equip-
ped with an Energy Dispersive X-Ray spectrometry
(EDX). The surface chemistry of plasmonic MOFs were
analyzed using X-ray photoelectron spectroscopy (XPS,
Thermo-K-Alpha-Monochromatic  high-performance
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Figure 3. UV-vis spectra of the aqueous solution of Ui0-66@Pdop and Au@UiO-66@Pdop NPs.

XPS Spectrometer, source gun: Al K-Alpha at 1.4 kV fo-
cus voltage, beam current: 6 mA). The UV-vis measu-
rement of devices was performed by Schimadzu 3600
spectrophotometer.

Photocatalytic Activity Tests

The photocatalytic degradation of methylene blue (MB)
was carried out using a home-made green-LED photo-
reactor equipped with a cylinder type aluminium which
containing 237 LED lamps. Typically, 20 mL of dye so-
lution (3.125x10° M) containing 20 mg of plasmonic
photocatalyst was magnetically stirred in the dark for
30 min in order to reach an adsorption-desorption equ-
ilibrium as well. Then, the light was irradiated onto the
solution in which the sampling was carried out in spe-
cific time intervals. For this purpose, 2.0 mL of sample
solution was taken from the reactor and centrifuged at
5000 rpm for 5 min. The real-time concentration of MB
molecules in the supernatant was measured at 610 nm
using the UV-vis spectrometer. The same procedure
was repeated when the PS (2.0 mM) was introduced in
the reaction medium.

RESULTS and DISCUSSION

The synthetic pathway for the fabrication of plasmonic
core-shell Au@UiO-66@Pdop MOFs is represented in
Figure 1. Firstly, Pdop NPs were synthesized by poly-
merization of dopamine in alkaline medium using am-
monia, ethanol, and DDI water. After that, the one-pot
synthesis of well-defined Zr-based MOF shell onto Pdop
NPs was carried out using DMF, H_BCD, and ZrCl4. The
presence of strong diol groups (-OH) onto Pdop NPs led
to the enrichment of Zr** ions as well as chelate forma-
tion while the organic building blocks (H,BCD) initiated
the nucleation of UI0-66 MOF. This technique preven-
ted the independent formation of MOFs in the reaction
medium. Additionally, once the nucleation of MOF onto
Pdop NPS was started, the layer-by-layer shell growth
realized without free MOF particles in the reaction me-
dium. Finally, Au@UiO-66@Pdop MOFs were achieved
using a simple solution impregnation method, in which
Au NPs were successfully embedded into the pores of
MOF shell as well.
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Figure 4. XPS spectra of A) UI0-66@Pdop and B) Au@UiO-66@Pdop NPs.

The SEM images and EDX analysis of the UiO-66@Pdop
and Au@UIiO-66@Pdop NPs are presented in Figure 2.
As seen here, all of the NPs were demonstrated narrow
size distribution with no significant change in the sphe-
rical morphology of the starting Pdop nanoparticles (Fi-
gure 2A and 2B). Additionally, Zr-based MOFs were suc-
cessfully coated onto the Pdop templates without free
MOF aggregates (Figure 2 A, B). Furthermore, the SEM
images and EDX mapping of the Au@UiO-66@Pdop

NPs clearly showed that the solution impregnation of
Au as well as Au NPs embedding were also successfully
synthesized. Moreover, from the EDX analysis, Zr Lal
(17.5 Wt%), O Kal (38.9 Wt%), C Kal (43.6 Wt%), and
Au Mol (53.5 Wt%), C Kal (42.2 Wt%), N Kal (4.3 Wt%)
elemental compositions related to the Ui0-66@Pdop
and Au@UiO-66@Pdop NPs were achieved with quite
clear photographs, respectively.
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Figure 5. A, B) photographs of the designed home-made green LED photo-reactor, C) The variation of MB concentration (C/CO) and
reaction time at different catalytic conditions (Reaction parameters: MB initial concentration: 3.125x10° M; Au@UiO-66@Pdop: 20
mg; PS: 2.0 mM), and D) The changes in the UV-vis spectra of MB during the decolorization process using plasmonic catalyst (Reaction
parameters: MB initial concentration: 3.125x10° M; Au@UI0-66@Pdop: 20 mg; PS: 2.0 mM).

Figure 3 showed the UV-vis spectra of the aqueous so-
lution of Ui0-66@Pdop and Au@UiO-66@Pdop NPs.
As seen here, appearance of a new peak around 554
nm obviously demonstrated the embedding of the Au
NPs into the pores of UIO-66@Pdop NPS as well. This
peak indicated the localized surface plasmon resonan-
ce (LSPR) properties of Au NPs in which no peak was
observed around 500-600 nm in the case of UIO-66@
Pdop NPS. Moreover, the related LSPR peak are in good
agreement with the obtained EDX results in which the
dense elemental composition of the Au NPS were suc-
cessfully identified.

To recognize the chemical states of the UiO-66@Pdop
and Au@UiO-66@Pdop NPs, the XPS analysis techni-
que were employed (Figure 4). As seen here, five main

peaks (i.e., O 1s, N 1s, Cls, Zr 3p1, and Zr 3d) related
to the binding energies of the UI0-66@Pdop NPs were
observed with good intensities (Figure 4A). In Figure
4B, Au 4d3 and Au 4f binding energies were supported
the presence of Au NPs into the pores of UIO-66@Pdop
nanostructures which are in good agreement with EDX
and UV-vis results. Note that, embedding of Au NPs via
solution impregnation method significantly influenced
the XPS results that identified the successful fabrication
of the plasmonic Au@UiO-66@Pdop NPs (Figure 4B).

The photocatalytic decolorization of MB was performed
to study the photocatalytic performance of Au@UiO-66@
Pdop NPs under green LED light irradiation (Figure 5A, B).
For this purpose, the aerobic degradation of MB was car-
ried out in an aqueous solution (20 mL) containing 20 mg
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Figure 6. The plots of pseudo-second-order kinetic model for the photocatalytic degradation of MB.

of plasmonic catalyst. Different catalytic conditions were
employed to investigate the variations of the MB concerta-
tion (C/C0)/reaction time functions (Figure 5C). As seen here,
without light irradiation, no significant degradation was ac-
hieved for 210 min, demonstrated that MB was very stable
toward Au@UIO-66@Pdop/dark or Au@UiO-66@Pdop/PS/
dark conditions. These two important results clearly showed
that plasmonic Au@UIO-66@Pdop NPs neither decolorized
the MB solution nor activated the PS and reactive charge
carries in dark reaction medium. While in the case of Au@
UiO-66@Pdop/LED, a moderate 31% bleaching degree was
recorded. This value might be attributed to the compatibi-
lity between green LED and plasmonic Au@UiO-66@Pdop
absorption wavelength (see Figure 3). In order to achieve a
reasonable bleaching degree, the fast recombination betwe-
en photogenerated electron (e-) and hole (h+) pairs must be
minimized [16, 19]. The introduction of PS into photocatalytic
reaction medium either increased the performance of Au@
UiO-66@Pdop NPs directly or generated reactive charge car-
ries in which 91% decolorization of MB was recorded within
120 min (Figure 5C). Furthermore, PS (i.e., an electron accep-
tor) inhibited the recombination between photogenerated

electron (e-) (i.e., generated electron from Au@UIO-66@
Pdop catalyst) and hole (h+) pairs as well as accelerated the
decolorization of MB under LED light irradiation.

The photocatalytic performance of Au@UIO-66@Pdop NPS
as well as real-time concentration of MB molecules in the
supernatant were measured using the UV-vis spectrometer
(Figure 5D). As seen here, the concentration of the MB was
sharply decreased under green LED irradiation. After 120 min,
approximately 91% of the MB was bleached which corres-
ponds to the structural changes in the chromophoric groups
of the dye molecules [20]. Furthermore, the pseudo-second-
order reaction kinetics of the photocatalysts were calculated
and the obtained results were reported in Figure 6. The reac-
tion rate constants related to the bare (Au@UiO-66@Pdop/
LED) and oxidant containing catalyst (Au@Ui0-66@Pdop/PS/
LED) are obtained to be 0.0001 and 0.0012 min?, respecti-
vely. These results clearly demonstrated the higher catalytic
activity of oxidant containing reaction medium compared to
the bare one.
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CONCLUSION

In summary, plasmonic Au@UiO-66@Pdop NPs were
synthesized for efficient decolorization of MB under
green LED light irradiation. The catechol groups of the
Pdop NPs initiated the Zr (IV) chelate formation in which
the organic building blocks started the nucleation of
the MOF layer. The physico-chemical analysis of the NPs
clearly revealed that stable plasmonic photocatalyst
with desired morphology was obtained. A superior and
satisfied bleaching degree was achieved thanks to the
wavelength compatibility between the irradiated light
source as well as good dispersion of the Au@UIO-66@
Pdop NPs in reaction medium. Moreover, the introduc-
tion of PS accelerated the decolorization via reducing
the charge recombination. The combination between
the Au@Ui0-66@Pdop NPs and green LED light for vi-
sible light degradation of such an organic pollutant co-
uld provide the wide range application of the plasmonic
MOFs.
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ABSTRACT

he Sea of Marmara is exposed to pollutants in excess from the coastal industrial facilities and intensive urbanization, and

because of that, the ecosystem is affected negatively. The aim of this study was to determine the environmental factors
and ecological parameters on the species distribution and abundance of Ostracoda in Kapidag Peninsula coastline. At four
seasons (April, July, October 2011 and January 2012), samples were collected from 21 stations (total of 84 samples) and 36
Ostracoda species were identified. The most distributed ostracod species were Carinocythereis antiquata, Aurila convexa,
Loxoconcha gibberosa, Paradoxostoma fuscum, Cushmanidea elongata, and Xestoleberis decipiens. The highest numbers of
individuals observed were Loxoconcha rhomboidea and Xestoleberis aurantia. During the study, water temperature varied
between 7.5 and 30°C, salinity varied between 12.1 and 29.2%eo, pH varied between 6.6 and 8.7, and dissolved oxygen varied
between 1.2 and 15.3 mgL? in the stations across the four seasons. Depth, mud percentage and the transparency of the
water were the most effective factors on the living ostracod species of Kapidag Peninsula coastline according to spearman
correlations.

Key Words
Kapidag Peninsula, ostracoda, ecology, distribution.

0z

M armara Denizi, kiyisinda yer alan yogun sanayilesme ve kentlesmeden dolayi kirlilige maruz kalmakta, bu nedenle de
ekosistemi olumsuz yonde etkilenmektedir. Bu calismada Kapidag Yarimadasi kiyisindaki Ostracoda tirlerinin dagilimi
ve bolluguna etki eden cevresel faktorlerin ve ekolojik parametrelerin belirlenmesi hedeflenmistir. Dért mevsim boyunca
(Nisan, Temmuz, Ekim 2011 ve Ocak 2012) 21 istasyonda (toplam 84 adet) 6rnek toplanmis ve 36 Ostracoda turu belirlen-
mistir. En genis dagilim gosteren tlrlerin Carinocythereis antiquata, Aurila convexa, Loxoconcha gibberosa, Paradoxostoma
fuscum, Cushmanidea elongata, ve Xestoleberis decipiens oldugu gorilmustir. En fazla birey sayisi Loxoconcha rhomboidea
ve Xestoleberis aurantia tlrlerinde saptanmistir.Calismada dort mevsim boyunca sicaklik 7.5-30°C, tuzluluk %012.1-29.2, pH
6.6-8.7, ve ¢0zUnmus oksijen 1.2-15.3 mgL* araliklarinda belirlenmistir. Spearman korelasyon analizine gore derinlik, gamur
ylzdesi ve gorunlrlugin Kapidag Yarimadasi kiyilarinda yasayan ostrakod turleri tizerinde en etkili faktorler oldugu belir-
lenmistir.
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Kapidag Yarimadasi, ostrakod, ekoloji, dagilim.
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INTRODUCTION

he small bivalved crustaceans, ostracods, have la-
Tterally compressed bodies and two calcified valves.
These crustaceans are diverse at very different envi-
ronmental conditions [1, 2], including estuaries, seas,
oceans, lagoons, lakes, ponds, streams, springs, rivers,
peatlands, caves [3] and groundwaters from deep seas
[4] to coastal and also terrestrial environments [5] Fos-
sils and living ostracods have been used as important
indicator organisms for recent paleoecological studies
because of their great potential for ecological monito-
ring [6,7]. The ostracod species, widely distributed in
aquatic areas, are important for ecological balance in
terms of the separation of detritus and the nutrition of
fish. Ostracods are also an important food source for
invertebrates [5] and fish [8]. In both polluted and cle-
an aquatic environments, ostracods are indicators of
changes in marine habitats [9], which can be more reli-
able and more economic for environmental monitoring
than long-term chemical analyses. Their composition,
density, and diversity of assemblages are controlled by
environmental parameters (salinity, temperature, pH,
oxygen, hydrodynamic conditions with the type of subs-
tratum) and also related to anthropogenic pollution (e.g.
nutrient and heavy metal content) [2,6,10]. They are
sensitive to anthropogenic pollution [11,12] and can be
used as indicators in marine, brackish, and freshwater
environments [13-17].

The Sea of Marmara, which divides the Asian and Eu-
ropean parts of Turkey, is a transitional waterway bet-

Figure 1. Locations of the sampling stations.

ween the Black Sea and the Mediterranean Sea in the
Turkish Strait System (TSS). This inner sea connects the
Black Sea and the Aegean Sea with the Bosporus in the
north and the Dardanelles in the south [18]. The Sea of
Marmara which covers a surface area of 11,350 km? is
under pressure of pollution from large industrial estab-
lishments as well as the high population density and its
domestic waste [19].

To date, 210 benthic ostracod species have been de-
termined from the Sea of Marmara [20]. Also, 382 ost-
racod species have been reported in Turkish seas (326
from marine and 56 from coastal brackish waters) [21].
Percin-Pacal and Balkis, (2012) [22] reported 112 ost-
racod species (including most of the ostracod species
identified in this study) together with their SEM pho-
tographs from Bandirma Bay and Erdek Bay, which
compose the east end west side of Kapidag Peninsula.
Our new data of the ecological parameters and species
compositions are compared with the above-mentioned
study by Pergin-Pacal and Balkis, (2012) [22] and other
studies [23, 24].

The present study aims to investigate the relationships
of the recent ostracod species with different physicoc-
hemical parameters, a determination of spatio-tempo-
ral distributions, and habitat preferences of the species
living between a depth of 0.5 and 30 m on the Kapidag
Peninsula coastline. The secondary objective of this
paper is to analyze the spatial and seasonal change of
physicochemical and biological parameters considered
to be caused by anthropogenic activities.



MATERIALS and METHODS

Study Area

Kapidag Peninsula is located between Bandirma Bay
(in the southeast) and Erdek Bay (in the southwest)
on the southern coast of the Sea of Marmara (Figure
1). The area of the peninsula is approximately 290 km?.
It is generally covered with bushes and, in some areas,
forests, too. Tourism and fishing are widespread in the
region. Erdek, covered with olive groves, fruit gardens,
and vineyards, is a popular tourist center in the region.
Bandirma Bay has a higher population density and in-
dustrial activities compared with Erdek Bay, meaning it
is threatened by pollution from industrial and domestic
waste as a result of industrial facilities surrounding it
and population growth.

Bandirma is a developing industrial region and a ma-
jor contributor to the regional economy and populati-
on growth with an organized industrial zone, founded
in 1997 and located over an area of 150 hectares [25].
With the acceleration of industrialization, an additio-
nal area of 200 hectares was set aside to contribute to
the development of trade. Bandirma Port is the second

Table 1. Results of human serum samples.

Stations Coordinates
N1 40°30'48.1"N-27°48'14.1"E
N2 40°30'51.7"N-27°48'15.8"E
N3 40°30'55.8"N-27°48'21.4"E
N4 40°30'59.4"N-27°48'21.3"E
N5 40°31'10.9"N-27°48'27.4"E
W1 40°26'08.2"N-27°44'55.0"E
W2 40°26'08.4"N-27°44'54.2"E
W3 40°26'08.5"N-27°44'53.2"E
w4 40°26'11.4"N-27°44'48.3"E
W5 40°26'11.0"N-27°44'46.1"E
El 40°26'38.7"N-28°00'32.2"E
E2 40°26'39,1"N-28°00'32.5"E
E3 40°26'37.2"N-28°00'33.4"E
E4 40°26'35.5"N-28°00'31.6"E
ES 40°26'32.5"N-28°00'30.8"E
C1 40°25'22.7"N-27°57'17.7"E
C2 40°27'35.9"N-28°01'23.7"E
c3 40°29'33.7"N-27°57'52.9"E
C4 40°30'24.1"N-27°47'30. 9"E
C5 40°29'38.9"N-27°40'59.5"E

Cc6 40°26'04.0"N-27°44'53.3"E
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largest port in the Sea of Marmara after Istanbul Port
[25]. In the future, Bandirma Port will become bigger,
which will create negative environmental effects on the
Sea of Marmara, which has already received most of
Bandirma’s pollution. Therefore, there is a strong possi-
bility that the data from this study will contain valuable
information for the future of the region.

The oceanographic characteristics of the coastline of
Kapidag Peninsula are similar to the Sea of Marmara,
and the water column has a two-layer structure. The
surface water (the brackish Black Sea water) of the Sea
of Marmara has a salinity of 17.6%. and flows through
the Bosporus to the Sea of Marmara. The waters of the
Mediterranean originate with a salinity of about 38 %o
and flow through the Dardanelles to the Sea of Marma-
rain a lower layer. According to the density differences
between the two water layers, there is an intermediate
(Halocline zone) salinity mass 25 m deep [19].

Sampling Procedure

The sampling was carried out from 21 stations at depths
of 0.5, 1, 5, 10, 20, and 30 m out from the southeast, so-
uthwest, and north sides of the peninsula in April, July,

Depth Sediment type Sampling equipment

10 Sand
20
30

5 Sand and mud

10 Van Veen Grab
20

30

Shell and mud

10 Mud
20
30
0.5
0.5

Mytilus gall inciali
0.5 V;ﬁstiih‘?ﬁ’cr‘;‘l’g;za ' hand net (mesh size 50

0.5 um)
0.5
0.5
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October 2011, and January 2012 (Figure 1). The coordi-
nates for each sampling site were determined using a
hand-held GPS. Coordinates and other characteristics
of each sampling site are given in Table 1.

The Ostracoda samples were collected with a hand net
(mesh size 50 um) from six stations (from shallow wa-
ters not exceeding 50 cm in depth) which has 0.1 m2
sampling area. For other stations, a Van Veen Grab
sampler was used to perform vertical cross-section
sampling at depths of 1, 5, 10, 20, and 30 m which has
0.1 m2 sampling field. Two replicates were collected in
each station. The 200 gr of the uppermost sediments
was fixed in 70% ethanol in situ. Also 200 gr sediments
were gathered and stored for the sediment analysis. For
distinguish the ostracod species, the sediment was was-
hed off under pressurized tap water and separated into
four grain-size fractions by using standardized sieves
(2, 1.5, 0.5, 0.25, and 0.125 mm mesh size). Ostracods
were sorted under a stereomicroscope and fixed again
in 70% ethanol. Subsequently, the washed specimens
were preserved in 70% ethanol, and the retained ma-
terial transferred to a petri dish to be picked out of the
sediment under a stereo zoom microscope, and the soft
body parts were dissected in lactophenol solution for
taxonomic identification. The number of adult individu-
als belonging to each identified ostracod species was
detected. The ostracods were handpicked and identifi-
ed using the keys developed by Mordukhai and Boltovs-
koi (1969) [26], Schornikov (1969) [27], Barbeito-Gonza-
les (1971) [28], Hartmann and Puri (1974) [29], Bonadu-
ce et al. (1975) [30], Athersuch et al. (1989) [31], Yassini
(1979) [32], and Stambolidis (1985) [33]. The current
taxonomy and classification of ostracod species were
checked using the WoRMS (2018) [34] (http://www.ma-
rinespecies.org/aphia.php? p=taxdetails&id=1078).

Analytical Procedure

The sea water was collected by 3L Ruttner water samp-
ler with marked rope at 5m intervals from five different
depths (1, 5, 10, 20 and 30m) for the physico-chemical
analyses. The sea temperature (°C) at the water samp-
ling depth was measured by means of a thermometer fi-
xed to the Ruttner water sampler. The Winkler method
[35] was used to measure dissolved oxygen (DO) (mgl
1) and the Mohr-Knudsen method [36] for the salinity
(Sal.) (%o). The Orion multiparameter device was used to
measure the pH and ORP value of the seawater in situ.
The transparency of the water was determined by using
a 25 cm diameter Secchi disc. Mud percentage analyses

of the sediments were defined according to Folk (1974)
[37] methods and classification, sand fraction is compo-
sed by grains whose diameter varies from 63 to 2000
mm, silt fraction consists of grains with diameter ran-
ging between 4 and 63 mm, and clay fraction constitu-
tes very fine material, whose diameter is less than 4 mm.
Total organic carbon (TOC) was analyzed using the Wal-
key-Blake method, which involves titration after a wet
combustion of the samples [38,39]. The total calcium
carbonate contents of the sediments were determined
using the gasometric-volumetric method [39].

Statistical Analyses

Bray-Curtis similarity index was used to detect the
species similarity among the 21 sampling stations. The
degree of similarities were expressed as dendrograms.
Bray-Curtis similarity index were estimated using Biodi-
versity Pro software package 2.0 [40]. Also this softwa-
re package was used to examine seasonal distributional
differences in ostracod species and to calculate the
Shannon—Weaver diversity index (H’) Pielou’s evenness
(J') and Margalef richness (D') for each site across four
seasons. [40]. These calculation indexes were based on
the 36 ostracod species found at the sites.

The frequency of ostracod species was calculated by
using the formula F = Nax100/Nn. F is the frequency
of the species, Na is the number of sampling stations
containing the species, and Nn is the total number of
sampling stations [41, 42].

The two-tailed Spearman rank correlation test [43] was
applied to evaluate the levels of correlations between
the environmental variables (temperature, salinity, pH,
dissolved oxygen, total organic carbon, total calcium
carbonate, transparency of the water, oxidation-reduc-
tion potential, and depth), and 36 ostracod species.

Canonical correspondence analysis (CCA) was also used
to evaluate the species—environment relationships and
to identify environmental factors potentially influen-
cing ostracod assemblages [44]. Data were analyzed
using the Multi-Variate Statistical Package (MVSP), ver-
sion 3.22 [45].
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RESULTS

Species Assemblages

In this study, 36 ostracod species belonging to 12 fa-
milies were determined from the 21 stations sampled
over the four seasons (Table 2). A total of 5841 indivi-
duals were counted. The highest number of individuals
observed were: L. rhomboidea (Fischer, 1855) (369 indi-
viduals) and X. aurantia (Baird, 1838) (351 individuals)
species. The greatest numbers of species and individu-
als were observed from the genera of Loxoconcha (5
species and 1614 individuals), Xestoleberis (4 species
and 1185 individuals), and Paradoxostoma (4 species
and 834 individuals).

Carinocythereis antiquata, A. convexa, L. gibberosa, P.
fuscum, P. maculatum, C. elongata, and X. decipiens
were the most distributed species on the Kapidag Pe-
ninsula coastline (see Table 2). The most frequent speci-
es were L. gibbereosa (78.6%), X. decipiens (78.6%), and
A. convexa (77.4 %); the least frequent species were
B. dentata (3.6%), P. jonesii (3.6%), and P. ceratoptera
(4.8%) (see Table 2).

Water Quality

During the study, water temperature varied between
7.5°C and 30°C, salinity varied between 12.5 and 29.2
%o, pH varied between 6.6 and 8.7, ORP varied between
-104.1 and 672.3 and DO varied between 1.2 and 15.3
mg L. Total organic carbon content of the sediment va-
ried between 0.02% and 3.5%, total calcium carbonate
varied between 0.3% and 85.9%, and mud percentages
were highest in the deeper stations compared with the
coastal sampling stations (Table 3).

Species Tolerance and Environment Correlation
Species such as L. rhomboidea, L. stellifera, L. tumida, L.
minima, X. aurantia, X. communis, and A. prasina are
dominant species because these species are highly tole-
rant to various ecological variables (see Table 3). Some
habitat variables and ostracod species observed on the
coastline of Kapidag Peninsula are shown in Table 3.

According to the Shannon—Weaver diversity index va-
lues, the highest species diversity was determined at
sampling stations W-2 and W-3 in spring and the lowest
in fall at the sampling station N-4. Pielou’s evenness (J')
results were highest at sampling stations N-3, N-4, and
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E-4 in fall, E-3, E-4, E-5, and C-5 in winter, and were the
lowest at the sampling station E-3 in spring. According
to Margalef richness (D') results, the highest value was
determined at sampling station N-4 in fall, while the lo-
west value was at station W-3 in summer (Table 4).

Bray-Curtis similarity index illustrates eight clustering
groups of species (Figure 3 A). Groups 7 and 8 have sub-
clusters grouped by similarity of ostracod assemblages.
Most ostracods determined in this study have been
found in the continental shelf of the Sea of Marmara.
Therefore most of them are high tolerant and abundant
species and they grouped together with in the seventh
clustering group (Table 3). Bray-Curtis similarity index
illustrates five clustering groups of stations (Figure 3
B). The level of similarity among station with a cluster is
highly related to habitat type and depth as seen in Figu-
re 3 B (Table 1). Because C-1, C-2, C-3, C-4, C-5,C-6 are
coastal stations and grouped together with. Also W-1,
W-2, W-3, W-4, W-5 stations grouped together with in
the west side of the Kapidag peninsula.

The significant correlations among the 36 species and
10 environmental variables according to the results of
the Spearman correlation analysis are shown in Table 5.
Depth, mud percentage, and transparency of the water
were the most effective ecological parameters on the
ostracod species according to Spearman correlations
on the Kapidag Peninsula coastline.

While there was no significant relationship between the
number of species and physicochemical parameters at
the stations, a positive correlation was found between
the number of individuals and total calcium carbonate
and species numbers (Table 6).

The relationship between the physicochemical variab-
les and species composition on the Kapidag Peninsula
coastline is illustrated by the CCA biplot in Figure 4 The
lengths of the arrows on the CCA graph show the strong
effect of environmental variables on the distribution
of ostracods (Figure 4). According to the results of the
CCA, mud percentage and TCC content were the factors
most affecting ostracod species on the Kapidag Penin-
sula coastline. Also species composed groups coherent
with Bray-Curtis dendrograms (Figure 3) that shown
with dashes in Figure 4.
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Table 3. Determined environmental variables in habitats of living ostracod species on the coasts of Kapidag Peninsula. (Abbreviations:
Sal= salinity, DO = dissolved oxygen; T = temperature; TOC = total organic carbon; TCC = total calcium carbonate; ORP = oxidation-reduction
potential; SD = Secchi depth; MP = mud percentage; TNI = total number of individuals).

Species Depth DO
Sal. (9 H T(°C TOC (% TCC (% MP (% ORP SD TNI
Code (m) al. (%o) (melY) p (°C) (%) (%) (%) (m)
Achx 0-30 17.7-27.9 1.2-14.6 7.4-8.7 7.5-27 0.29- 0.7 0.3-70.8 (-85); 610.3 0.5-10.5 129
7-27. . . 4-8. : 5 a1 85.85 . . ; . . .
12.5- 0.02- 0.3-
Acon 0-30 292 1.2-14.7 6.6-8.7 7.5-30 789 85 85 0.3-94.2 (-104.1);672.3 0.5-13 291
12.5- 0.02- 0.3-
Apra 0-30 9.2 1.2-14.7 6.6-8.7 7.5-30 789 35.85 0.3-94.2 (-85);672.3 0.5-12 312
17.1-
Bber 1-30 282 1.2-15.3 6.6-8.7 7.5-27 0.02-3.5 0.7-85.9 24-74.1 (-85);623.6 1-11.0 120
10.6-
Bden 5-10 19-247 1.6-143 76-8.2 7.5-16.5 0.52-2.1 4.6-22.1 13.4 35.4;610.3 2.7-10.0 9
0.59-
Bsub 1-30 19-275 1.2-14.3 7.4-8.2 8.0-17.0 789 0.4-22.1 2.2-70.8 (-85);610.6 1.0-12.0 72
12.7- 0.02-
Cant 0-30 9.2 1.2-15.3 6.6-8.7 7.5-27 241 0.3-85.9 0.3-94.2 (-85);672.3 0.5-12.0 225
17.7-
Cbat 1-30 9.2 2.0-9.9 74-8.2 8.0-18.0 0.5-2.1 0.7-22.1 2.4-94.2 (-38.4);364.8 1.0-12.0 48
Ccar 0-30 77 1.2-15.3 6.6-8.7 7.5-27 0.02-2.3 0.3- 0.4-94.2 (-84.3);599.5 0.5-12.0 117
59.9 . . .6-8. . . . 85.85 . . .3);599. . .
. 16.8-
Cdif 0-30 259 2.0-13.2 7.2-8.7 8.0-270 0.5-2.1 0.3-22.1 0.4-94.2 54.5-592 0.5-10 36
Cedw 0-30 21.2- 2.0-10.5 7.0-8.2 8.0-270 0.47-2.1 0.3- 0.4-94.2 54.5-672.3 0.5-10 42
55 9 . . .0-8. . . . . 17.98 . . . . .
12.5- 0.02-
Celo 0-30 292 1.2-14.6 6.6-8.7 7.5-30.0 789 0.3-85.9 0.3-94.2 (-85);672.3 0.5-12 207
17.7-
Cqua 0-10 254 2.0-13.2 7.6-8.7 8.0-28.0 0.29-2.1 0.6-22.1 0.3-134 54.5-413.1 0.5-10 39
12.5-
Ctor 0-20 )54 1.3-13.2 7.4-8.7 10.7-29  0.06-1.7 0.6-5.8 0.3-0.6 50-643.3 0.50 30
Cvar 10-20 18.3-25 1.2-14.3 7.6-8.2 7.7-27 0.64-2.1 0.4-859 0.9-134 (-40.6);389.4 2.7-10.5 36
Halb 0-1 :;23? 2.7-15.3 7-8.5 7.5-27 0.02-1.7 1.2-4.06 0.4-58.3 62.3-620.9 0.5-1 24
. 12.5-
Lgib 0-30 284 1.2-15.3  7.1-87 7.5-30  0.02-3.5 0.3-85.9 0.3-94.2 (-104.1);643.3 0.5-13 318
Llac 0-30 171 1.2-153  7.0-8.7 7.5-27  0.42-3.5 0.3- 0.3-94.2  (-104.1);610.3 0.5-13 105
584 . . .0-8. : . . 85.85 . . .1);610. .
) 17.1-
Lmin 0-30 58.4 1.2-15.3  6.6-8.7 7.5-30  0.02-3.5 0.3-85.9 0.3-94.2 (-85);623.6 0.5-12 315
12.7-
Lrom 0-30 9.9 1.2-153  6.6-8.7 7.5-30  0.02-3.5 0.3-85.9 0.3-94.2  (-104.1);623.6 0.5-13 369
12.7-
Lste 0-30 584 1.2-153  6.6-8.7 7.5-30  0.02-3.5 0.3-85.9 0.3-94.2  (-84.3);672.3 0.5-12 312
17.1-
Ltum 0-30 58.4 1.2-153  6.6-8.7 7.5-30  0.02-3.5 0.3-85.9 0.3-94.2 (-104.1);672.3 0.5-13 300
17.1- 0.02-
Nmed 0-20 1.3-15.3 6.6-8.7 7.5-30 0.3-8.2 04-741 (-57.6);643.3 0.5-12 129

25.4 2.89
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Table 3. Determined environmental variables in habitats of living ostracod species on the coasts of Kapidag Peninsula. (Abbreviations:
Sal=salinity, DO = dissolved oxygen; T = temperature; TOC = total organic carbon; TCC = total calcium carbonate; ORP = oxidation-reduction

potential; SD = Secchi depth; MP = mud percentage; TNI = total number of individuals). Continued.

Species Depth o DO . 0 0 o

Code m ey pH T(°C)  TOC(%) TCC(%)  MP (%) ORP SD(m)  TNI

Pcer 10-30 ;i: 2.0-120 74-81 7715 0.76-1.9 0.4-522 0.9-94.2  (-40.6);389.4 7.5-10 12
12.5- 0.02-

Pfus 0-30 1.2-147 6.6-87  7.5-30 0.3-85.9 0.3-94.2  (-85);672.3 0.5-12 180
29.2 2.89

Pint 0-30 127 19147 6687 7530 002 3859 03741 (-85);672.3 0.5-12 216
29.2 2.89

. 22.6- 0.64-

Pjon 10 o, 18120 7679 95180 . 04731 0.9 182.5-599.5 7.5-10 9
17.5- 0.02-

Pmac 0-30 592 1.2-147 6.6-87  7.5-30 5 gg 03859 03942  (:85)6723 0.5-12 237
12.5- 0.02-

Ppar 0-30 592 1.2-147 6.6-87  7.5-30 ,gg 03145 03942 (10416723 0513 171

. 12.5- 0.02-

Psim 0-30 1.2-147 6.6-87  7.5-30 0.3-85.9 0.3-74.1 (-85);672.3 0.5-12 201
29.2 2.89
17.7-

Sacu 1-30 55 g 1673  76-80 75-265 0.29-1.3 2.7-8.2 4.3-19.8 62.3-610.3 1-10.5 18

Umar 5-30 219 1506 7681 7526 07258 23293 0 (-85.0);610.3 4-10.5 27
27.5 70.8
12.5-

Xaur 0-30 g, 12153 7087 7530 00235 03859 03942  (-85)6723 0.5-10.5 351
17.1-

Xcom 0-30 54 12153 6687 7530 00235 03859 03942  (85)6723 0.5-12 315
12.5-

Xdec 0-30 59, 12153 7087 7530 00235 03859 03942 (10416723 0513 234

) 17.1-

Xdis 0-30 g4 12153 6687 7530 00235 03859 03942 (10416723 0513 285

It has been determined that the salinity tolerance ran-
ges of ostracod species on the Kapidag Peninsula coast-
line were between mesohaline to polyhaline. Salinity
ranges of the identified ostracod species are shown in
Figure 5. Seven ostracod species (B. berchoni, B. denta-
ta, C. diffusa, C. variabilis, P. ceratoptera, P. jonesii, and
U. margaritifera) were observed only in polyhaline con-
ditions.

DISCUSSION

The number of ostracod species (36 ostracod species
and 5841 individuals) obtained from the Kapidag Penin-
sula coastline was considerably lower than that obta-
ined from Bandirma Bay and Erdek Bay (112 ostracod
species and 37550 individuals) [22] (Figure 6). The in-
formation obtained from the current study’s results in-
dicates that increasing the number of samples will not
always provide the expected increase in the number of
species and individuals.

The species diversity rate is higher in the spring (26 spe-
cies) and summer (24 species) seasons compared with
the fall (20 species) and winter (20 species) seasons.
However, according to the Spearman correlation analy-
sis, no significant relationship was found between the
number of species and the ecological parameters. Also,
a positive correlation was detected between species
of L. gibberosa, B. berchoni, B. dentata, and X. auran-
tia and the amount of total calcium carbonate (TCC) in
sediments. The effect of the TCC was supported by the
CCA results as shown in Figure 4. Similarly, a positive
correlation has previously been found between speci-
es numbers and TCC in studies performed on Bandirma
Bay and Erdek Bay [23,24].

In addition to ecological parameters, the distribution
of ostracod species is also affected by the composition
of vegetation, predation pressure, sediment structure,
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Figure 2. Total number of individuals (TNI) for each species according to season.

Figure 3. Dendrogram built by Bray-Curtis cluster analysis for the 36 ostracod species determined from 21 sampling stations. A. simi-
larity of ostracod species; B. similarity of stations.
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Table 6. Spearman correlation matrix between ecological parameters with number of species and individuals. (Abbreviations are the same
as Table 3: NS = number of species; NI = number of individuals; **P<0.01, *P<0.05).

Ecological
cologicalponth sal DO pH T
Parameters
Depth 1,000
Sal ,623%* 1,000
DO -226%  -239% 1000
pH ns ns ,616** 1,000
T ns ns ns ns 1,000
TCC AT8%*F  277%  _)73% ns ns
TOC ,584%*  G41** ns ns -,314**
MUD ,776%% ,492%* ns ns ns
ORP -,274% -,081 - 477*% - 622%*% - 220%*
SD ,924%%  554** -,273* ns ns
NS ns ns ns ns ns

chemical material residues in the sediment, and wave
motion in the water, as are other living organisms living
in the aquatic environment [46]. For this reason, the
species diversity may have differed among the different
stations due to the influence of the above-mentioned
factors.

Aurila convexa, C. antiquata, C. elongata, L. gibberosa,
P. fuscum, and X. decipiens were shown to have a wide
distribution in this study. Loxoconcha rhomboidea (369
individuals), X. aurantia (351 individuals) L. gibberosa
(318 individuals), L. minima (315 individuals), X. commu-
nis (315 individuals), A. prasina (312 individuals), and L.
stellifera (312 individuals) were the most abundant spe-
cies on the Kapidag Peninsula coastline.

Aurila convexa is known to be a cosmopolitan Mediter-
ranean species [30]. Itis also common in the Sea of Mar-
mara and has been recorded in northern parts of the
Aegean Sea [33], as well as in the Black Sea in brackish
water systems as a polyhaline species [27]. It is widely
distributed in the littoral and sublittoral zones of most
Turkish coastlines [21]. Aurila convexa was observed at
all the stations in the present study at high frequency
(77.4%), with a wide range of ecological parameters and
at higher numbers than other species, showing a signifi-
cant negative correlation with mud percentage.

Aurila prasina is a typical near-shore species and has
been reported in a variety of marine habitats in the Ae-
gean Sea, the Black Sea, as well as lagoon environments

TCC TOC MP ORP SD NS NI
1,000
,291%* 1,000
,370** ,434%* 1,000
-,229% -,055 -,147 1,000
,A33%*  A88%*  691** - 256* 1,000
ns ns ns ns ns 1,000

[21]. In accordance with other studies, we determined a
high number of individuals of this species from 20 stati-
ons (excepting E-3 station), in mesohaline to polyhaline
conditions at depths ranging from 0.5 to 30 m. Its fre-
quency was 70.2 %, and it showed a significant negative
correlation with mud percentage, similar to A. convexa.
Carinocythereis antiquata occurs in all types of bottom
sediments, from shallow water to 71 m depths in the
Adriatic Sea [30]. It is also a common species in the Me-
diterranean Sea [30]. Concordantly, we observed this
species at all stations from 0.5 m to 30 m, in a variety
of ecological environments at 66.7% frequency. No cor-
relation detected between this species and ecological
parameters.

Cushmanidea elongata is a common species in the Me-
diterranean Sea and the Aegean Sea [21]. We observed
this species at all stations in mesohaline to polyhaline
conditions, although the number of individuals was not
high, at 65.5% frequency. It showed a significant negati-
ve correlation with pH.

Loxoconcha gibberosa has been identified in the Aege-
an Sea and the Sea of Marmara [21]. We determined
this species at all the stations on the Kapidag Peninsula
coastline, from mesohaline to polyhaline salinity con-
ditions, with a high number of individuals and at 78.6%
frequency. A significant positive correction was detec-
ted between TCC and this species.
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Figure 4. Canonical correspondence analysis (CCA) plot showing relationships between environmental variables and the 36 species.
Eigenvalues 0.121-axis 1; 0.089-axis 2; percentage 23.945-axis 1; 17.543-axis 2; Cumulative Percentage 23.945-axis 1; 41.488-axis 2;
Cumulative Constr. Percentage 23.945-axis1; 41.488-axis 2; Species-environment correlations 1-axis 1; 1-axis 2. (The dashes show the
species groups that composed compatible with Bray-Curtis dendrograms)

Loxoconcha minima prefer a near-shore environment
with sandy, silt, and pelite substrates [30]. We observed
this species abundantly at 19 stations (excepting N-4
and N-5) at a frequency of 70.2% (Table 2). It has previo-
usly been identified on the coasts of the Mediterranean
Sea and the Sea of Marmara [21]. This species showed
a significant positive correlation with mud percentage.

Xestoleberis aurantia has been found as a euryhaline
species in northeast England [46]. This species is known
as a marine brackish littoral species, but has also been
reported in freshwater and oligohaline shallow-water
environments [47]. We observed X. aurantia from me-
sohaline to polyhaline environments at 18 stations. It
was observed in the present study with a wide range of
ecological parameters at high numbers, at a frequency
of 66.7%. A positive correlation was detected with TCC.
Xestoleberis communis was observed at 18 stations (ex-
cepting N-3, N-4, N-5) with a wide range of ecological
parameters but particularly in polyhaline conditions,
and at a frequency of 73.8%. This species has been iden-

tified as a dominant species and is widely distributed in
the Mediterranean Sea [28,48]. No correlation was de-
tected between this species and the studied ecological
parameters.

We determined X. decipiens at all the stations in meso-
haline to polyhaline conditions. The number of individu-
als was not high but the species was widely distributed
in different ecological environments at a frequency of
78.6%. It has been identified on most Turkish coastlines
in recent studies [21]. This species showed negative
correlations with depth, mud percentage, and Secchi
depth, and a positive correlation with dissolved oxygen.
Loxoconcha rhomboidea was observed as the most
abundant species on the Kapidag Peninsula coastline,
with the highest individual numbers and at a frequency
of 75.0%. It was found in mesohaline to polyhaline con-
ditions at 19 stations (excepting N-3 and N-4). This is a
very common species, widely found in littoral and sub-
littoral zones of most Turkish coasts [21]. It has been
reported at 1-57 m depths in the Mediterranean Sea
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Figure 5. The ostracod species and their salinity records from Kapidag Peninsula.

Figure 6. Seasonal numbers of ostracod species and numbers of individuals determined in the current study compared to other
studies.
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[28,33]. No correlation was detected between this spe-
cies and our ecological parameters.

Loxoconcha stellifera was observed at 0.5-30 m depths
in this study, in high numbers and at a frequency of
75.0%, from mesohaline to polyhaline conditions. The
species has been observed at 3.5-33 m on muddy and
sandy sediments in the Aegean Sea [28,33]. It also lives
in the littoral and sublittoral zones of most Turkish co-
asts [21]. A positive correction was observed between
this species and dissolved oxygen.

Although Paradoxostoma fuscum is not found widely on
Turkish coastlines [21], we observed this species at all
the stations, from mesohaline to polyhaline conditions
at 64.3% frequency. No correlation was detected bet-
ween this species and the ecological parameters.

A greater number of ostracod species and individuals
were observed in the Bandirma and Erdek bays at the
same depths in the years of 2006-2007 [23,24]. When
the current study’s findings on habitat variables are
compared with the studies mentioned above, it was no-
ted that DO, salinity, and temperature were lower in the
current study (Table 7).

In 2008, an environmental problem occurred due to the
formation of mucilage formed by the proliferation of
diatoms together with bacteria throughout the Sea of
Marmara. Some studies stated that because of this, li-
ving creatures in the Sea of Marmara were adversely af-
fected [49,50]. This could explain the decrease in ostra-
cod species and the number of individuals and changes
in ecological parameters since the previous research on
Kapidag Peninsula. [22-24].

Although the measured average DO was at appropriate
survival levels in this study, it decreased to 1.2 mgL? at
W-3 and W-4 stations, especially during winter. It has
been observed in general that DO significantly decrea-
ses with depth in all seasons. In previous studies, altho-
ugh the measured DO was higher, the decrease of DO
with depth has been observed in Bandirma Bay and Er-
dek Bay [23,24]. It is well known that the DO in surface
waters is higher due to photosynthetic activities and DO
reduces with depth. Increase of phytoplankton biomass
in response to excessive inputs of nutrients and higher
organic loads in eutrophic systems lead to an increase in
bacterial activity and a decrease in DO levels [51]. When
the DO level falls below 5 mgL?, oxygen-sensitive inver-

tebrate and fish species are negatively affected [52].
The amount of the DO measured in the current study
was lower than in previous studies [23,24]; therefore,
the adverse effects of low DO on organisms that live in
the study area of the Kapidag Peninsula are inevitable.

Secchi disk visibility in oligotrophic waters is 20—40 m,
in mesotrophic waters 10—20 m, and in eutrophic wa-
ters, less than 10 m [53]. Secchi depths ranged between
0.5 and 13 m in the current study. These values show
that the study area is in the mesotrophic water cate-
gory. The Secchi depth measurements from this study
are very similar to previous ones: 3—13 m in the Bandir-
ma and Erdek bays in the years of 2006-2007 [23-24].

Erdek Bay and Bandirma Bay are affected by heavy pol-
lutants coming from numerous industrial facilities and
human settlements [50]. The northeastern part of Ka-
pidag Peninsula contains higher levels of phosphates
than other regions [50]. Waters from Susurluk River
and Kara River spill into Bandirma Bay and pollute the
surface waters [50]. The presence of a white-meat pro-
cessing plant and a fertilizer factory also causes intense
pollution in this region [54]. According to the Integra-
ted Coastal Area Plan of Bursa Province (2015) [55], the
Sea of Marmara is less polluted, but Bandirma Bay and
Gemlik Bay are at a mid-level stage polluted and were
found to be prone to intense pollution. As can be infer-
red from the results of the current study, the decrease
in the number of ostracod species and individuals and
the decrease in the quality of the environmental variab-
les (DO, salinity, and temperature) suggest that negati-
ve changes in the water quality of Kapidag Peninsula’s
coastline are because of pollution. These polluted en-
vironments allow for the advance of cosmopolitan spe-
cies with wide ecological tolerance through the elimi-
nation of low-tolerance species. Already, the existence
of environmental tolerant species L. stellifera [56,57], A.
prasina [57], L. rhomboidea [56,57], and X. aurantia [57]
and the reduction of the number of ostracod species
are suggested by our findings.

Although the results of this study have not been thoro-
ughly evaluated in terms of pollutants on the surface
waters, the results show that the Kapidag Peninsula co-
astline has an ecosystem that requires measurement in
terms of pollutants.

The present study establishes a sharp decline in ostra-
cod species numbers. This evident decline can be attri-
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Table 7. Comparative ecology of the Kapidag Peninsula coastline (this study 2011-2012) and the Erdek and Bandirma bays in the years
of 2006-2007 [23,24].

Kapidag Peninsula

) ) Erdek Bay [23] Bandirma Bay [24]
Depth Ecological This study (2006-2007) (2006-2007)
Parameters (2011-2012)
(Mean values) (Mean values)
(Mean values)
Salinity (%o) 203 24.8 24.5
Dissolved oxygen (mg/l) 6.9 10 9.6
Temperature (°C) 16.4 17.7 17.4
0-0.5m
Total organic carbon (%) 0.8 0.4 0.4
Total calcium carbonate (%) 2.8 4.8 4.1
Mud percentage (%) 0.5 0.39 1.09
Salinity (%o) 20.7 24.7 24.2
Dissolved oxygen (mg/I) 6.8 8.9 9.1
) Temperature (°C) 15.2 16.9 17.5
m
Total organic carbon (%) 0.7 0.5 0.5
Total calcium carbonate (%) 2.7 2.6 1
Mud percentage (%) 21.7 4.96 1
Salinity (%o) 21.4 25 24.9
Dissolved oxygen (mg/l) 6.3 8.1 8.4
s Temperature (°C) 14.9 16.2 16.1
m
Total organic carbon (%) 0.8 0.7 0.4
Total calcium carbonate (%) 3 62.8 13
Mud percentage (%) 19.9 15.82 1.5
Salinity (%o) 21.8 25.2 25.7
Dissolved oxygen (mg/l) 6.7 7.6 8.1
Temperature (°C) 14.3 15.8 16.5
10m
Total organic carbon (%) 1.1 1.3 1.6
Total calcium carbonate (%) 7 71.1 17.1
Mud percentage (%) 29.5 37.24 31
Salinity (%o) 24.1 30.2 27.7
Dissolved oxygen (mg/I) 5 7.2 7.8
Temperature (°C) 12 14.1 13.5
20m
Total organic carbon (%) 1.7 0.8 1.2
Total calcium carbonate (%) 30.8 48.7 57.9
Mud percentage (%) 24.4 47.07 48.03
Salinity (%o) 27.5 36 35.5
Dissolved oxygen (mg/I) 4.5 6 6.3
Temperature (°C) 14.1 15.5 15.4
30m
Total organic carbon (%) 2.1 1.5 2.4
Total calcium carbonate (%) 7.2 14.1 11.9

Mud percentage (%) 31.6 91.02 85.99
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buted to low dissolved oxygen levels at depth, which is
evidence of the adverse effects of anthropogenic activi-
ties on the marine ecosystem on the Kapidag Peninsula
coastline.
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ABSTRACT

his study was carried out for biosynthesis of gold nanoparticles by using Scytosiphon lomentaria (brown algae) and

Spyridia filamentosa (red algae) and compared. Synthesized gold nanoparticles were characterized using the UV-Vis
spectroscopy (UV-Vis), Fourier transform infrared (FTIR) and Master Sizer analysis. Macro algae extract involvement in
the stabilization of the gold nanoparticles was confirmed by the presence of UV-Vis peak at 540 nm and is an indication
of the presence of the gold nanoparticles (AuNPs). Strech in peaks of the FTIR showed that the biomolecules present in
the seaweed extract reduced the gold ions. Master sizer results for AUNPs were within the range of 15-55 nm. Antioxidant
activity carried out using 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity revealed significant activity
for both AuNPs. Biosynthesized AuNPs also showed antimicrobial activity against S. typhii and E. coli. The S. lomentaria
AuNPs exhibited inhibition against E. coli, whereas S. filamentosa gold nanoparticles showed antibacterial activity against S.
typhi. Synthesized AuNPs using S. lomentaria and S. filamentosa extracts as stabilizing agents showed convincing antioxidant
and antimicrobial activity against gram negative and gram positive bacteria.

Key Words
Nanoparticle preparation, Characterization, S. filamentosa, S. lomentaria.

0z

u calisma, Scytosiphon lomentaria (kahverengi yosun) ve Spyridia filamentosa (kirmizi yosun) kullanilarak altin
Bnanopartikullerinin (AUNPs) sentezi icin yuratilmis ve bu iki tirden kullanilarak sentezlenen naopartikillerin
karsilagtirmasi yapilmistir.  Altin nanopargaciklar daha sonra UV-Vis spektrofotometre, FTIR ve Mastersizer kullanilarak
karakterize edilmistir. UV-Vis kullanilarak altin nanopartikillerin olusumu 540 nm’de olusan pik ile gorlGlmektedir.
FTIR’daki gerilme, deniz yosunu ekstraktinda bulunan biyomolekillerin altin iyonlarini azalttigini géstermistir. Mastersizer
sonuglari, nanoparcaciklarin 15-55 nm araliginda genis bir dagilim gostermektedir. 2,2-diphenyl-1-picrylhydrazyl (DPPH)
serbest radikal yontemi kullanilarak gerceklestirilen antioksidan aktivitesi, her iki nanopartikil icin de 6nemli aktiviteler
gostermistir. S. typhii ve E. coli kullanilarak antimikrobiyal etkileri arastiriimistir. S. lomentaria altin nanoparcaciklar E. coli’ye
karsi inhibisyon sergilerken, S. filamentosa altin nanopartikiller S. typhi’ye karsi inhibisyon gostermistir. Stabilize edici ajan
olarak kullanilan S. lomentaria ve S. filamentosa 6zltleri ile sentezlenen altin nanopargaciklar, hem gram negatif hem de
gram pozitif bakterilere karsi ikna edici antioksidan ve antimikrobiyal aktivite gdstermistir.
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INTRODUCTION

anotechnology is rapidly expanding with it ser-
N ving the main purpose of manufacturing materials
at nanoscale although having the same application as
the normal size material. Nanotechnology is defined as
a study of techniques of materials manipulation in the
range from 1-100nm such as from the size of a single
atom up to those of traditional chemistry [1]. It has be-
come an important part of the livelihood of most living
organisms. Nanotechnology has led to a huge revolutio-
nary change in science, having great technological achi-
evements and employment of people with great exper-
tise and experience, thus encompassing both practical
and theoretical science. The nanoparticles are chosen
and synthesized based on their different properties
which make them suitable for the purposes they serve
[2]. The synthesis of nanoparticles can be achieved by
some physical and chemical methods. The traditional
and commonly used method for nanoparticles synthe-
sis is wet method. Nanoparticles have become the hope
for the future as they are now synthesized and utilized
in different ways [3]. The utilization of nanoparticles is
increasing due to their increased surface area to volu-
me ratio. Studies have been carried out in different fi-
elds to observe the various properties and characteris-
tics of the nanoparticles. During these past few decades,
further studies of these nanoparticles has shown their
integrated biological properties such as antitumor, anti-
microbial and anti-HIV activities [4].

Simultaneously, nanotechnology has evolved as a sub-
division of green innovation or eco-innovation techno-
logies, which allows for application in various aspects
that support “green growth” and excellent perspecti-
ves for social and economic development [5]. With the
introduction of biosynthesis of nanoparticles, the high
demand of the nanoparticles can now be overcome wit-
hout any damage being done to the environment. The
aim for green innovation is to produce new nanopar-
ticles using various biological entities and eco-friendly
recyclable materials. This brings about new production
procedures and purchase modalities thus, reduction in
work space, work load (because of the one pot synthe-
sis), labor is reduced, and the use of hazardous chemi-
cals [6]. The significantly new methods of synthesis are
also aimed at addressing the health and environmental
safety of the formation and utilization of the nanopar-
ticles.

Biological entities are being considered and tried for
the green synthesis of many nanoparticles with their
different applications. Among the different biological
entities being investigated for biosynthesis is macro
algae which are also called bionanofactories because
they synthesize nanoparticles with high stability and
eliminate cell maintenance. Algae are naturally availab-
le and are a very important source of phytochemicals
involved in the synthesis of metallic nanoparticles. Sea-
weeds have shown a wide spectrum use in the medical
field [7]. They are a good source of bioactive compo-
unds which have a wide range of biological applications
that include anticoagulant, antifouling and antibacterial
activity [8]. Seaweeds have been used since ancient ti-
mes for medicinal purposes as an anthelmintic and aest-
hetics. They were used as antibiotics in the treatment
of gout, wounds, cough, hypertension and even some
venereal diseases. Recent literature has also shown that
macro algae can be used in the treatment of hyperten-
sion, cancer, allergy, oxidative stress, thrombosis, lipi-
demia and some degenerative diseases [9].

Green synthesis is being adopted by scientists because
it has proven to have lesser after effects to human and
animals when using the products [10]. It is also reliab-
le because it is simple, easy, environmentally friendly
and less laborious. Synthesis gold nanoparticles using
this method has a greater advantage and it is a fast
one-step biosynthesis method [11]. The biosynthesized
nanoparticles also exhibit a unique particle size. Thus,
the green synthesis of nanoparticles is dependent on
shape, physical, chemical and biological properties [12].
The gold nanoparticles are used for the development of
biosensors, DNA labeling and vapor sensing [13-15] and
gold nanoparticles also applied to the determination of
ct-DNA and used as potential biological labels [16].

In this study, stable and eco-friendly green synthesis of
gold nanoparticles using S. lomentaria and S. filamen-
tosa aqueous extract as a stabilizing agent and their
characterization done using various spectroscopic tech-
niques was also reported. Antioxidant activity of the
synthesized nanoparticles was carried out DPPH free
radical scavenging activity and antimicrobial activity
against E. coliand S. typhi using disc diffusion method.



MATERIALS and METHODS

Chemical Reagents

Potassium tetrachloroaurate (KAuCl,), Nutrient agar,
Nutrient broth, Antibiotics, distilled water, ethanol, ba-
rium chloride and sulphuric acid. All chemicals used in
the experiment were ACS-reagent grade, produced by
Sigma (St. Louis, MO, USA).

D. Kavas et al. / Hacettepe J. Biol. & Chem., 2019, 47 (4), 367-382

Sample Collection

The algal species were collected from the Kyrenia har-
bour which is along the coastline of the Mediterranean
Sea. The samples were collected and stored in polythe-
ne bags and taken to the laboratory for classification.
The species that were collected were S. lomentaria and
S. filamentosa. The samples were then stored in a cool
place until they were used for preparation of the algal
extracts.

Figure 1. The overview of synthesis, characterization and antibacterial activity of gold nanoparticles using S. lomentaria and

S. filamentosa extract.

The flow chart shows a summary of the process from the collection of the seaweed and the preparation of the extract solutions. The

extract solution are then mixed with the potassium tetrachloroaurate at a certain ratio to produce the nanoparticles and characteri-

zation was then done using the FTIR, UV-Vis spectrophotometer and the Mastersizer. The antibacterial test was then done using the

disc diffussion method.
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Preparation of Extract

The seaweeds were washed with tap water to remo-
ve other marine organisms and epiphytes. They were
rinsed with distilled water and then placed in the oven
to dry at 45°C. The samples are ground into a powder
using a pestle and mortar. The algae powder was mixed
with ethanol at a ratio of 1:15 (w/v) and poured into the
soxhlet apparatus. The extraction process was done at
50°C for 8hours. After extraction the solvent was then
evaporated at a temperature of 40°C using rotary eva-
porator. The S. lomentaria extract was brown in color
and the S. filamentosa extract is yellowish as shown in
Figure 1 is then kept at 4°C in refrigerator for further
use.

Synthesis of Gold Nanoparticles

Potassium tetrachloroaurate (KAuCl,) purchased from
Sigma-Aldrich was the source of the Au®*. The potassi-
um tetrachloroaurate is dissolved in distilled water to
make a solution that is 2.5x10*M in concentration. For
synthesis as shown in Figure 1, 22.5 ml of potassium tet-
rachloroaurate is added into a beaker and it is heated to
100°C and stirred vigorously. 7.5 ml of seaweed extract
was measured using a graduated syringe and added to
the KAuCI,. The solution is continuously stirred for abo-
ut 10 minutes and the color change is observed. The
synthesis is repeated at different time intervals and
temperatures. The UV-Vis spectroscopy is carried out
at the different intervals to monitor the progress of the
reaction. For time intervals the UV-vis spectrum was re-
corded at 5 min, 10 min, 15 min, 20 min, 25 and 30 min
whereas for temperature intervals, the synthesis is car-
ried out at 25°C, 50°C, 75°C and 100°C. This was done
for both seaweed samples. The chemical equation for
this reaction is:

4H* + [AU* + CI*] - + 12H+ + 12e- ---> 4Au® + 16HCI
Equation (1)

Characterization of Synthesized Gold Nanoparticles

The synthesis of the AuNPs and kinetic behavior was
monitored by the UV-Vis spectrophotometer by analy-
zing formation of the surface resonance peaks. The
scanning range of the nanoparticles is 400-800 nm at
a scanning speed of 480 mm/min. The FT-IR was done
to analyze the presence of the phytochemicals in the
extracts used in the biosynthesis. Small aliquots of the
concentrated reaction mixture are measured after the
reaction in the mode at 400-4000cm™. The spectra
were recorded and the analysis was also carried out

after the synthesis of the AuNPs and the spectra are
then analyzed. Nanoparticle size was measured using
the Malvern Mastersizer 2000 particle size analyzer.
Crystalline structure was analyzed using X-ray diffracto-
meter (Rigaku ZSX Primus ).

Antioxidant Activity of the Synthesized Gold
Nanoparticles

The effect of extracts on DPPH radical was estimated by
DPPH radical scavenging assay using the method of Zna-
ti et al. [17] with slight modification. Solution of 0.135
mM DPPH in methanol was prepared and 1.0 ml of this
solution was mixed with 1.0 ml (1:1 ratio) of nanopar-
ticles suspension in methanol containing (20, 40, 60, 80,
100 g/ml) of the nanoparticles. After 30 min at 25°C in-
cubated in darkness, the absorbance of each sample is
measured at 517 nm. Blank is prepared by mixing 0.5
ml of DPPH solution with 0.5 ml of ethanol. A positive
control of Gallic acid is prepared to compare the results
of decreased absorption induced by the samples. The
following equation is used to calculate the capability to
scavenge 50% of DPPH, which is the percentage of inhi-
bition (Equation 2).

DPPH scavenging effect / Inhibition ratio (%) =

(Equation 2)

All tests are carried out in triplicate. A control stands for
the absorbance for all the reagents except the tested
sample. A sample stands for the absorbance of the test
sample.

Antimicrobial Activity

Minimum Inhibitory Concentration

This technique is done to deduce the minimum amount
of AuNPs that can inhibit the growth of bacteria. Diffe-
rent concentrations of gold nanoparticles were prepa-
red (25 ul, 50 pl, 75 pl and 100 pl). The bacteria (S. typhi
and E. coli) were then cultured in the nutrient broth and
the AuNPs was also added. Nutrient broth with bacte-
ria only and another without the bacteria served as the
controls. The bacterial cultures were then incubated at
37°C for 24hours and then the results were recorded.
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Figure 2. The color of the gold AuNPs synthesized using a) S. lomentaria and b) S. filamentosa. The solution of the gold nanoparticles
synthesised using S. lomentaria species showed a ruby red color and that of gold nanoparticles synthesized using S. filamentosa species

exhibited a pink color.

Zone of Inhibition

Antibacterial activity analysis was carried out using
disc diffusion method, in which a loop was used to
take the bacterial solution and swab it on the surface
of the media. The discs impregnated with the gold
nanoparticles (100ul per disc in 6mm in diameter)
and allowed to dry before they were placed onto the
surface of the petri dishes using forceps. The dishes

with bacteria were then incubated at 37°C for 24hours.

The antibiotics ciprofloxacin were used as the positive
control. After 24hours the clear zones around the discs
were measured and expressed in millimeters and this is
known as the zone of inhibition.

Statistical Analysis

Data were analyzed with one-way analysis of variance
(ANOVA). The significant difference among the mean
values was examined by Duncan’s test (P < 0.05) with
SPSS 13.0 software (SPSS Inc., Chicago, USA).

RESULTS and DISCUSSIONS

Biosynthesis of AUNPs and UV-vis spectroscopy

The formation and presence of bio reduction was con-
firmed by the color changes that take place within a few
minutes after addition of the seaweed extract. Initially
on a ratio of 1:1 the color of the solution was purple
and the gold nanoparticles formed were relatively large
after few adjustments were made to the experimental
parameters and the reactants. The color of the solution
changed to pink and ruby red following the mixing of
extract and the gold at a ratio of 1:4 as shown in Figure
2 for both species S. filamentosa (SF) and S. lomenta-
ria (SL) respectively, which is a characteristics of AUNPs
[18]. Change in the color of the solution to pink and ruby
confirmed the synthesis of AuNPs with respect to re-
action time and temperature nanoparticles was seen
in Figure 2. Increased in the color intensity as well as
absorbance increase has to do with reaction time and
temperature [19]. AuNPs formation was confirmed by
the rapid appearance of red or pink color, which has to
do with bio reduction of Au (lIl) ions due to excitation
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Figure 3. (a) UV-Vis spectrum of gold nanoparticles synthesised using S. lomentaria with respect to time. (b) UV-visible spectrum of
gold nanoparticles synthesized using S. filamentosa with respect to time (c) UV-Vis spectrum of gold nanoparticles synthesized using
S. lomentaria with respect to time (d) UV-visible spectrum of gold nanoparticles synthesized using S. filamentosa with respect to tem-

perature.

of surface plasmon resonance in the gold nanoparticles
[19].

The synthesis of AuNPs using S. lomentaria and S. fila-
mentosa extract was demonstrated by the subsequent
color changes that took place in the reaction mixture.
The color of the gold nanoparticles synthesized using S.
lomentaria change from yellow to ruby red and that of
the synthesis using S. filamentosa changed to pink [20].
The color of the AuNPs change directly from yellow to
red or sometimes pink is as a result of surface plasmon
resonance excitation in the AuNPs which was observed
and confirmed using the UV— Vis spectral evaluation
[21].

Shift in SPR of the AuNPs in relation with time interval
and temperature change (Figure 3a-d). Absorbance and
color intensity values gradually changes with the reacti-
on time which has to do with AuNPs increased as obser-
ved, and it also leads to continuous reduction of Au ions

as observed. Characteristic SPR absorption peaks at 532
nm confirms the formation of nanoparticles.

The reaction mixture with an excitation of the surface
plasmon resonance recorded of 540 nm at the higher
temperatures as shown in Figure 3a-d. The reaction
time is prolong with respect to decrease in temperatu-
re, at lower temperature, the reaction time is prolonged
and the absorption spectra show a gradual increase of
the absorbance shift in the Amax from 550 nm to 540
nm. Additionally, effect of temperature on the stability
of S. lomentaria AuUNPs was investigated by heating the
nanoparticles at 80°C for 30 min. Furthermore, increase
in temperature would lead to the production of AuUNPs
that are stable under a wide range of environmental
factors and this enabled them to study their potential
effectiveness and safe therapy. Thus, the stability of the
S. lomentaria AuNPs made it easier for the storage of
the nanoparticles for use during the antimicrobial test



[22]. Increase in temperature resulted in the shifting of
the Amax to longer wavelengths. Thus, at temperature
above 50°C leads to further increase in the absorption
indicating the formation of smaller nanoparticles. The
absorption maximum is attributed by the surface plas-
mon resonance. There is a smaller change in absorban-
ce when the temperature is increased from 50°C to 70
°C which indicates there is a slight change in size of the
gold nanoparticles. On the other hand big gaps are vi-
sible when the temperature is increased from 25°C to
50°C and from 70°C to 100°C indicating an increased in
the reaction speed.

Temperature affects the size of the nanoparticles and
the rate of the reaction. The gold nanoparticles produ-
ced for both extract at higher temperature are highly
stable and can be stored for some days without any
change. The maximum absorption of gold nanopartic-
les with respect to temperature ranges from 536 to
545 nm. Furthermore, there was a slight increase in the
absorbance maxima which indicates the production of
large nanoparticles at lower temperatures. Thus, at a
higher temperature, the reduction was faster and it was
observed by the change in color and the mixture with
an excitation of the surface plasmon resonance at 536
nm. This can be compared to the synthesis of gold na-
noparticles using P. tetrastromatica which showed that
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smaller nanoparticles where synthesized at high tem-
perature of 80°C and the UV-Vis spectra peaks where in
the range of 55-540 nm [23, 24].

Surface plasmon bands of the gold nanoparticles are
broad with an absorption tail in the longer wavelength
region that extends well into the near infrared region
of the colloids synthesized at different temperatures.
The absorption maxima for the gold nanoparticles were
obtained for the least values (535-543 nm) without any
other absorption band in the longitudinal plasmon re-
sonance (Figure 3d). Additionally, significant increase in
the intensity of the absorption peak is noted. Initially,
at 5 minutes there is slight to no reaction at all and the
color solution remains gold the absorption peak is at
approximately 540nm. Color starts to change gradually
with change in time, and there is a slight shift in the ab-
sorption peak at 10minutes. Furthermore, color change
was also observed over time as the color change starts
taking place after 10 to 15 minutes and the solution
starts turning into a pale pink color. Increase revealed
some significant peak shifts which is attributed by the
surface plasmon sesonance band of the gold nanopar-

ticles.
| s I I_:._-______T
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Particle size (nm)

Figure 4a. Mean average particle size distribution of the S. lomentaria species. The graph is representation of data as mean values
of the particle size and the experiment with n=3 replicates of the experiment. The graph also shows the trend line for the particle size

distribution filamentosa with respect to temperature.
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Figure 4b. The average particle size distribution of AuNPs synthesized using S. filamentosa. The graph represents data as mean values
of the particle size and the experiment with n=3 replicates of the experiment. The graph also shows the trend line for the particle size

distribution.

Fourier transform infrared (FTIR) Studies

FTIR analysis of AuUNPs were carried out at 25°C to iden-
tify the type of the biological molecules present in the
AuUNPS synthesized using S. Lomentaria and S. filamen-
tosa extracts as reducing agents. The FTIR was analyzed
at a range of 500 and 4000 cm™. Synthesized AuNPs
using S. Lomentaria and S. filamentosa revealed FTIR
spectra, which show the composition of the molecules
of S. Lomentaria and S. filamentosa and their distributi-
on on the AuNPs surface.

Strech of the peak at 3275 cm is a characteristic of the
O-H bond in S. Lomentaria (Figure 5a), which stretches
to 3292 after the bio reduction of the gold solution to
form gold nanoparticles using S. Lomentaria (Figure 5c).
This peak has a broad trough and this peak is present in
both spectra because the O-H bond is still present even
after the bio reduction of the gold solution [18]. The
appearance of the peak at 1622 cm™ is characteristic
of the C=0 bond (carbonyl). The peak at 3275 cm™ rep-
resent the presence of organic compounds in the both
the extract and the gold nanoparticle solution. This
indicates the presence of amide bonds in the extract
solution. Presence of the amide bonds after reduction
is also shown by the strech of peaks after reduction at
1630 cm™ and 1900 cm™. Study has also shown the gold

nanoparticles were synthesized using Turbinaria cono-
ides, the FTIR results showed the presence of amines,
polyphenolic and carboxylic groups in the algae ext-
ract [18]. The groups are responsible for the reduction
of the gold ions just like the S. lomentaria extract. The
strong bands at 1042 cm* and 1080 cm™ are caused by
the vibrations of the C-OH bonds which are single bond
absorption that can either be caused by the presence
of proteins or certain glucosides. The peak at 2976 cm™
corresponds with presence of C-H bonds. The weak aro-
matic C-H bonds are also represented by the 876cm™?
and 590 cm™. Additionally presence of carboxyl groups
as identified by FTIR were involved in the gold recovery
with the brown alga (Sargassum polycystum) and pro-
posed the formation of oxygen bridges between gold
and these groups [25].

The FTIR spectrum result shows bands represented by
the bond vibrations and strech caused by the biomole-
cules present in both S. lomentaria and S. filamentosa.
After bio reduction of the gold solution, FTIR spectrum
shows strech of the functional groups represented by
the bands formed as a result of strech and vibrations af-
ter the formation of new bonds. Some of the functional
groups represented by the bands are carboxylic acids,
hydroxyl, carbonyls and amines.
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Figure 5. FT-IR spectra showing the bands of (a) S. lomentaria extract (b) S. filamentosa extract (c) Gold nanoparticles synthesized
using S. lomentaria. (d) Gold nanoparticles synthesized using S. filamentosa. The FTIR spectrum result shows bands represented by the
bond vibrations and strech caused by the biomolecules present in both S. lomentaria and S. filamentosa. After bio reduction of the gold
solution, FTIR spectrum shows strech of the functional groups represented by the bands formed as a result of strech and vibrations
after the formation of new bonds. Some of the functional groups represented by the bands are carboxylic acids, hydroxyl, carbonyls

and amines.

The Strech of the peak at 3268 cm™ is a characteristic of
the O-H bond in S. filamentosa (Figure 5b), which stretc-
hes to 3285 cm™ after the bio reduction of the gold so-
lution to form gold nanoparticles using in S. filamento-
sa (Figure 5d). The strech at 1630 cm™ and 1921 cm?
give rise to the possible presence of the carbonyl (C=0)
group which means there are amide bonds present in
both the extract and the gold nanoparticle solution.
The peak at 2974 cm™ corresponds with the C-H bonds
present in the gold nanoparticle solution. The peaks
resemble the presence of flavonoids, phenolics, flavo-
nes and terpenoids. There are also the presence of the
aromatic carbons that are shown by the bands at 1042
cm® and 1080.13 cm™. The bands at 872 and 590 cm™
represent weak aromatic C-H bonds. In a study on the
synthesis of gold nanoparticles using P. tetrastromatica,
the FTIR showed that the extract contained functional
group that might relate to some sugar molecules [23].

XRD Results

The result of XRD pattern analysis of AuNPs using Cu Ka
radiation (I = 1.54184 AQ) in 26 at a range of 100 to 1000
(scan speed of 30 min?), which revealed the Bragg’s ref-
lections at 26 values of 39.579, 46.567, 64.610, 77.546
and 79.700. Similarly, the Bragg’s reflections at 26 valu-
es represented [200], [111], [311] and [220] planes res-
pectively, that confirmed the crystalline nature of gold
with cubic face centered (FCC) structure of AuNPs (Figu-
re 6a). Presence of those peaks confirm the formation
of highly purified AuNPs without any impurity. Additio-
nally, the pattern shows that the AuNPs was obtained
from natural sources.

The XRD pattern obtained for gold nanoparticles
synthesized using S. lomentaria exhibits Bragg reflec-
tions, which could be well manifested on the basis of
the face centered cubic (FCC) gold nanostructures. The
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Figure 6a. XRD of gold nanoparticles synthesized using S. filamentosa.

Figure 6b. XRD of gold nanoparticles synthesized using S. lomentaria aqueous extract.
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Table 1. . Minimum inhibitory concentration using different concentration.

Sample E. coli S. typhii
NB - -
Nutrient Broth

NBB + +
25 ul + +
50 ul + +

S. filamentosa AuNPs
75 ul - +
100 pl - _
25 pl + +
50 pl + +

S. lomentaria AuUNPs
75 ul - -
100 pl - -

The Minimum inhibitory concentration was done with:- NB: - Nutrient broth only. NBB:-Nutrient broth cultured with bacteria. +:- Stands for bacterial growth. - : stands for no bacterial growth.

The volume of nanoparticles that is put on to the discs was 25 pl, 50 pl, 75 pl, and 100 pl. The minimum amount of gold nanoparticles required to inhibit the growth of bacteria was 75ul.

Figure 7. DPPH free radical scavenging activity of biosynthesized AuNPS using S. filamentosa and S. lomentaria.

Figure 8a. Diagram showing disc diffusion method for S. lomentaria AuNPs against a) S. typhii and b) E. coli.
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Figure 8b. Diagram showing disc diffusion method for S. filamentosa AuNPs against a) E. coli and b) S. typhii.
The antibacterial activity assay was carried out with the Antibiotics at the center, 1) negative control, 2) Extract, 3) KAuCIA, 4) AuNPs as
shown by figure 20 and 21 respectively. The experiment was carried out in triplicate.

Figure 8c. A graphical representation of the mean zones of inhibition formed during the disc diffusion method of antimicrobial test.
The data is represented as the mean + standard deviation of the at least n=3 replicates of the experiment.

very strong diffraction peak at 39.512 degrees is con-
sidered to be of [111] facet of the face centered cubic
structure (Figure 6b), while the diffraction peaks of ot-
her gold peaks are found to be much weaker compared
to gold nanoparticles synthesized using S. filamentosa.
It is imperative to note that the ratio of intensity betwe-
en [200] and [111] peaks, [220] and [111] peaks as well
as [311] and [111] peaks are much smaller compared to
the intensity ratios of gold nanoparticles synthesized
using S. filamentosa. Presence of those peaks confirm
the development of purified AuNPs without any impu-
rity. Additionally, the pattern shows that the AuNPs was

obtained from natural sources. Results obtained from
our study are in agreement with many similar studies
and supports the previous findings of Philip [28] that
revealed the crystalline nature of gold to be like that of
circular rings.

Antioxidant Activity of Gold Nanoparticles

Antioxidant activity of the synthesized AuNPs for both
extract were studied using DPPH free radical scavenging
activity assay. In addition, the results obtained from
the study were shown in Figure 7. Both nanoparticles
showed significant activity but S. filamentosa AuNPs
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Table 2. Comparison of the AuNPs synthesised using S. filamentosa and S. lomentaria

) Colour UV-Vis Particle size Antibacterial
Algae species L L References
change spectroscopy distribution activity
No inhibition
Turbinaria formed against Vijayan et al
. Ruby red 538 nm 2-19 nm marine biofilm Iay v
conoides ) ) (2014) [36]
forming bacteria
strains.
Stoechospermum Maximum Rajathi et al
'p Ruby red 550 nm <100 nm inhibition against ) v
marginatum ’ (2012) [37]
E.faecalis
536 nm Maximum
Abdel-Raouf et al.,
Galaxaura elongata Ruby red (powder) 2-100 nm inhibition against ei-naout eta
) (2017) [38]
535 nm (extract) K.pneumoniae
High zone of
Padina inhibition against Kayalvizhi et al.
Rub d 550 20-90 ’
tetrastromatica ubyre nm nm S.aureus and (2014) [39]
P.aureginosa.
Maximum zone of Kayalvizhi et al
Turbanaria ornate Ruby red ~550 nm 20-90 nm inhibition against y N
(2014) [39]
S.aureus
Sargassum Maximum Dhas et al., (2014)
o/gc tum Ruby red 534 nm 50-80 nm inhibition zone [40']’
polyey against £. coli
Maximum Present
S. filamentosa pink 536 nm <100 nm inhibition zone Study

revealed higher antioxidant activity (IC,, = 38.84 pg/
mL) compared to S. lomentaria (IC,, = 32.804 ug/mL)
and this might be as a result of biomolecules present in
the extract. Antioxidant activity that is demonstrated
by nanoparticles has to do with organic biomolecules
present within the extract used during the nanoparticle
synthesis as a chelating agent [29]. Additionally, studies
reveal that high surface to volume ration are the reason
for free radical scavenging activity of various synthesi-
zed nanoparticles [30, 31].

Antimicrobial Activity

Antimicrobial potential of the synthesized AuNPs were
investigated using agar well diffusion assay. Minimum
inhibition concentration (MIC) and mean zone of inhibi-
tion (diameter in mm) were evaluated against E. coli and
S. typhiand the result of the MIC was presented in Table
1 and mean zone of inhibition was represented in Figu-
re 8a-d. The MIC for both was found nanoparticles was
found to be SI AuNPs and Sf AuNPs gave the higher zone
of inhibition when compared with the plant extract and

against S.typhii

gold nanoparticles solution. Sf AuNPs revealed highest
zone of inhibition against S. typhi when compared with
SI AuNPs. Differences in the zone of inhibition between
the two nanoparticles could be as a results of the diffe-
rence in the biomolecules presents in the plants.

The antibacterial properties of the gold nanoparticles
synthesised using S. lomentaria and S. filamentosa was
tested against two strains of bacteria that are food bor-
ne (E. coli and S. typhi) and the visual observation sho-
wed that there were zones of inhibition formed around
the nanoparticle solution and as shown in Figure 8.

Inhibitory action of nanoparticles differs and it has been
reported to be based on surface area, size, biomolecule
constituents coated on the AuNPs and the species [32].
Both SI AuNPs and Sf AuNPs revealed more inhibition
on S. typhi than on E. coli and this could be as result of
differences in the bacterial membrane structure, Gram
positive bacteria, peptidoglycan layers are very tick
than Gram negative bacteria [33]. Additionally, studi-
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es reported that, AUNPs exert its anti-microbial effect
through changing the membrane potential and inhibiti-
on of F-type ATP synthase, which could lead to decrease
in ATP level and decline in the metabolism of microbes
[34]. AuNPs can also inhibit ribosomal RNA protein S10
subunit through modification of 4, 6-diaminopyrimidi-
ne thiol, which can serve as bacterial tRNA base, and it
has the proficiency to inhibit tRNA function which could
lead to the loss of protein synthesis [35].

The inhibition zone of the 19.7 mm and 15.7 mm was
recorded for E. coli against the S. lomentaria AuNPs and
S. filamentosa AuNPs respectively (Figure 8c). Simulta-
neously 18.6 mm and 19.3 mm was recorded for S.typhi
against the S. lomentaria AuNPs and S. filamentosa
AuNPs respectively. A similar study done on the synthe-
sis of gold nanoparticles using a G. elongata ethanoic
extract showed that more of inhibition were formed
against E. coli, K. pneumoniae and multiple antibiotic
resistant S. aureus with the maximum zones measuring
between 17 mm and 16 mm respectively [38]. A report
done by Kayalvizhi et al., indicated that capped gold
nanoparticles can interact with bacterial cell walls and
interrupted the metabolism of the bacterial cell due to
the presence of phytochemicals that are present in the
in the plant extract. The small size of the nanoparticles
allowed them to enter the cell membrane and interact
with the mitochondria and other organelles since the
nanoparticles do not degrade the cell wall [39]. The
S. lomentaria gold nanoparticles showed the greatest
antibacterial effect against E. coli. The gold nanopartic-
les synthesized using the S. filamentosa also showed a
great antibacterial effect against S. typhi. The p values
are p<0.05. Thus, there is a significant difference in the
zone of inhibition zone formed by the gold nanopartic-
les synthesized using S. lomentaria and there is no sig-
nificant difference between the gold solution and the
gold nanoparticles synthesized using the S. filamentosa
as the p value is greater than the critical values.

Comparison of the Gold Nanoparticles

The gold nanoparticles formed using S. lomantaria form
a ruby red colour whereas the S. filamentosa synthesi-
sed nanoparticles form a pink colour. This is due to the
different surface plasmon resonance which also UV-Vis
peaks at 536 and 540 nm. On average the nanopartic-
les are relatively equal as shown in Table 2. There is no
significant difference in the bands shown by the FT-IR
spectra showing that there are approximately similar bi-

omolecules. Our study revealed that, the two species of
seaweed have antibacterial activity against S. typhimiri-
um and E. coli. After the synthesis of the nanoparticles,
the test showed that there is a significant difference in
the inhibition zones formed by extracts and those for-
med by the nanoparticles. According to literature there
is not much variation in the functional groups found in
the bioactive compounds of most seaweed compounds,
therefore Table 2 shows some of the variations in an-
tibacterial activity, UV-Vis spectroscopy, colour change
and particle size of AuNPs synthesised using various se-
aweed species.

Furthermore, antioxidant study using DPPH free radi-
cal scavenging activity revealed S. filamentosa to have
higher antioxidant activity (IC, = 38.84 ug/mlL) when
compared to S. lomentaria (IC., = 32.804 pg/mL) and
this might be as a result of biomolecules present in the
extract.

Conclusion

Overall, AuNPs were synthesized using agueous extract
of S. filamentosa and S. lomentaria through a constant,
and eco-friendly green route. Gold reduction using the
two species of seaweeds is effective as the biomolecu-
les required for the reduction of the gold ions are ava-
ilable in the extract solution. The successful synthesis
of AUNPs using aqueous extract of S. filamentosa and S.
lomentaria was confirmed using UV-vis, Zeta sizer, FTIR
and XRD. The UV-Vis result revealed absorption peak at
range of 540 nm. The biosynthesized nanoparticle sho-
wed strong antioxidant activity with IC_ value of 38.84
and 32.804 pg/mL for S. filamentosa and S. lomentaria
respectively. Additionally, synthesized AuNPs showed
significant antimicrobial activity against E. coli and S.
typhi.
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ABSTRACT

Exosomes are natural nanoparticles that their special features as a natural, homogeneous, nanosized, targeted vesicles (~ 50-
100 nm) have started to be used in the treatment of cancer very recently They have high avidity (many conformational attach-
ment) to attach onto targeted cancer cell surfaces. They are composed of bioactive double-layered lipid layers in which their ori-
ginal nature has the adhesive proteins interacting with the cancer cell membrane easily. In this study, the exosomes of non-small
cell lung cancer, A549-epithelial carcinoma cells were investigated for their potential to be the natural or synthetic drug carrier.
Firstly, exosomes of A549 cell line were produced using exosome-free media. Immediately after, isolation of their exosomes were
performed by using ultracentrifugation procedure. Their SEM image, particle size and zeta potential measurements, exosomal
RNA analysis and Protein Content by Bradford assays were performed. Findings (Size: 168 nm; zeta: -16mV) on the properties of
A549 cell exosomes proved their potential to be used as the drug carrier for cancer cell therapy.

Key Words
Exosome, ultracentrifugation, A549 cell Line, miRNA.

0z

Ekzosomlar, kanser tedavisinde dogal, homojen, nano boyutlu, hedeflenmis vezikiller (~ 50 ila 100 nm) olarak 6zel ézelliklerin son
yillarda kullanilmaya baslandigi dogal nanopartikullerdir. Hedeflenen kanser hiicresi ylzeylerine baglanmak igin ylksek bir aviditeye
(bircok konformasyonel tutunmaya) sahiptirler. Ozgiin dogasinda kanser hiicresi membrani ile kolaylikla etkilesebilen yapiskan pro-
teinlere sahip olan biyoaktif gift-katmanli lipit tabakalarindan olusurlar. Bu galismada, kiigik htcreli olmayan A549 epitelyal kanser
hiicrelerinin ekzosomlarinin dogal ya da sentetik ilac tasiyici olabilme potansiyelleri arastirildi. Oncelikle, ekzosom icermeyen or-
tamlarda Uretilen A549 hiicre dizisinin ekzosomlari Uretildi. Hemen sonrasinda, ekzosomlarinin izolasyonu ultrasantrifiij prosediri
kullanilarak yapildi. SEM goruntl, partikil boyutu ve zeta potansiyel 6lgiimleri, exosomal RNA analizleri ve Bradford yontemi ile pro-
tein igerigi analizi gergeklestirildi. A549 hicrelerinin exozomlarinin ézelliklerine iliskin bulgular (Boyut: 168 nm; zeta: -16mV), kanser
hicresi terapisi igin ilag tasiyici olarak kullanilma potansiyellerini kanitlamistir.
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INTRODUCTION

xosomes as extracellular vehicles below 100 nm are
E composed of natural lipid bilayers and they are res-
ponsible for cellular functions between cells and their
environments. Moreover, they have got many oncolo-
gical vital functions when they are especially secreted
by cancer entitled oncosomes [1, 2]. Not only they can
interact cellular membranes easily via adhesive prote-
ins on their surface, but also avoid entrapments of mo-
nonuclear phagocytes. This also represents their superi-
or property for enhancing the delivery of incorporated
drugs to desired cells by altering therapeutic efficiency.
Therefore, exosomes now are one of the new hot topics
in the subject of nanomedicine among cancer therapy
studies [3, 4].

Lung cancer is one of the major health problems affec-
ting too many people in all around the world. In 2012,
the most common cancer type with 13% of occurren-
ce frequency in the world was the lung cancer. At the
same time, lung cancer is the most common cause of
death, corresponding to 19.4% out of total cancer de-
aths in the world. Lung cancer is clinically based on the
size and appearance of malignant cells; small cell lung
(16.8%) and non-small cell lung cancer (80.4%) were di-
vided into two main groups [5, 6].

Recently, it was indicated that the cancer cells secre-
te their characteristic exosomes which are not present
among exosomes of healthy cells. Exosomes from tu-
mor cells play vital role to suppress immune system
components [7]. Interestingly, they can be larger (in
micron diameters) than ones from normal cells vesicles
termed oncosomes. However, they are desired to be
obtained in diameters below 200 nm.

In this study, we developed an isolation technique for
the exosomes from A549 Epithelial carcinoma cells in
order to evaluate their drug carrier potential according
to their sizes and stabilities. Their miRNA, total RNA and
protein content have been investigated due to the suf-
ficiency of drug loading (3, 4, 8].

MATERIALS and METHODS

Materials

DMEM/F-12 (Dulbecco’s Modified Eagle Medium/Nut-
rient Mixture F-12) is a widely used basal medium for
supporting the growth of A549 Lung Cancer Cells, was

purchased as PAN Biotec™ . Fetal Bovine Serum (FBS)
was obtained as BioSera™. Penicilin-Streptomycin
(5000 U/mL), Trypsin-EDTA (0.25% w/phenol red), PBS
(phosphate buffered saline w/o Calcium Magnesium
Phenol Red) were used Gibco, Thermo Fisher Scientifica.
Ultracentrifuge tubes were purchased as HITACHI MO-
DEL S303922A™,

Pretreated Solutions

. PBS, ddH,0, FBS were subjected to ultracentrifu-
gation to obtain ExoFreePBS, ExoFreeWater and
ExoFreeFBS.

o After sterilization of ultracentrifuge tubes at 121°C,
each has fulfilled using PBS, water and FBS.

. After balance measurements, ultracentrifugation
were performed overnight at 120.000 g [9].

o Each tube had a volume of 8 mL. Supernatant was
collected gently after ultracentrifugation in order
to be used during our further studies.

o Supernatant collected in another 15-mL sterile fal-
con tubes and DexFreeFBS were kept -20°C again.
DexFreePBS and DexFreeWater were kept +4°C.

Production of Exosomes

o A549 Epithelial Lung Carcinoma Cells were obta-
ined from Bolu Abant Izzet Baysal University, De-
partment of Physiology stocks.

o Cells were grown under optimum full growth con-
dition (DMEM-F12 90%, 10% DexFreeFBS, Antibi-
otic Solution (50 U.mL? penicillin, and 50 mg.mL*
streptomycin), 0.5% Amphotericin in t25 flask).

o After 3 days in a 5% CO, humid atmosphere at 37°C,
cells were transferred to TPPTM t75 flasks for op-
timal full growth condition by using Tripsin-EDTA
and PBS.

. After 3 passages, 6,23x103 cells were obtained in
each t75 media. Cell Counting were performed by
using Bio-Rad’s TC20™ Cell Counter.

Isolation of Exosomes

o Cells were transferred into centrifuge tubes. After
centrifugation at 300g for 15 min at 4°C, cell pel-
lets were removed.

o Supernatants were transferred into 8-mL ultra-
centrifuge tubes placed in dry ice. Immediately
after ultra-centrifugations were performed at
17.000g to eliminate cell debris completely.

o Supernatants were filtered by sterile syringe thro-
ugh sterile 0.2-um filters to remove larger particles
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Figure 1. Size distribution of Exosomes from A549 Lung Cancer Cell Line.

more than 200 nm [10].

o Filtered part were transferred to new sterile ultra-
centrifuge tubes. Ultracentrifugation was perfor-
med at 120.000 g for 60 minutes at 4°C.

o Pellet (Exosomes) were resuspended by ExoFree
BPS by (3 X 50 L) to sterile cryotubes.

o Cryotubes were kept at -80 °C for exosome analysis.

SEM Analysis

Cryotubes containing exosomes were left to melt down
at room temperature. A sample from each tube was
dropped using sterile Pasteur pipettes onto metal grids
with double sided adhesive carbon tape. After they
are dried at room temperature, coated with gold to
~500x1078 cm in thickness using sputter coater under
high vacuum, 0.1 Torr, 1.2 kV, and 50mA at 27 + 1°C. The
surface morphology of coated samples was evaluated
by scanning electron microscopy (SEM), Leica™(2)[4].

Zeta/Size Analyses

Cryotubes were left to melt down at room temperatu-
re. Each tube was diluted using @2 mL ExoFree PBS and
measurements were performed by Malvern Nanosizer/
Zetasizer nano-ZS ZEN 3600. Completely disposable
dip-cell cuvettes were used during measurements [4].

Extraction and Quantification of Exosomal RNA

In order to evaluate the exosomal RNA content; two co-
lumn base commercial RNA isolation kits were used na-
mely innuPREP RNA Minianalytik™ (Jena, Germany) for

total RNA extraction and miRNA™ (Omega Bio-tek, Inc,
Guangzhou, China) kit for miRNA extraction. 30uL of
exosome samples suspended in DexFree PBS were mi-
xed with lysis buffer of the each kit and manufacturer’s
instructions are followed. Isolated RNA molecules were
eluted from the columns by centrifuge method as desc-
ribed their procedures by using nuclease-free water. To-
tal RNA and miRNA quantification measurements were
carried out by using QuantiFluor® RNA Dye on fluoro-
metry (Quantus™2 Fluorometer, Promega® Madisson,
USA) and Thermo Scientific / 2000 ™Nanodrop. [4, 9]
and Nuclease free water used as the control. During the
extraction whole working area was cleaned with the
“RNase-ExitusPlus” from AppliChem and all the materi-
als used for RNA extraction was nuclease-free in order
to prevent RNase contamination.

Analysis of Protein Content

Total protein content of the A549 exosome samples sus-
pended in DexFreePBS were evaluated with Bradford
(1976) [11] method by using Pierce™ Coomassie (Brad-
ford) Protein Assay Kit. The amount of total protein was
measured colorimetrically at 595 nm using a UV/Vis
spectrophotometer (Jasco V-530 UV/Vis spectropho-
tometer, Jasco International Corporation, Tokyo, Japan)
and was quantified as Bovine serum albumin equivalent
(BSA) value.

385



386

E. Cansever Mutlu et al. / Hacettepe J. Biol. & Chem., 2019, 47 (4), 383-388

Figure 2. Zeta Potential of Exosomes from A549 Lung Cancer Cell Lines.

RESULTS and DISCUSSION

Size/zeta measurements of exosomes were performed
in order to prove its drug delivery potential with respect
to their dimensions and stabilities. Size distribution of
exosomes displayed bimodal dispersion (Figure 1). The
distribution of first peak is 168.3 + 25.8 nm; second
peak is 8.83 £ 0.9 nm. While, intensity of first peak is
%87.9; intensity of the second peak is %12.1.

Zeta potential measurement showed that the exosome
of A549 Lung Cancer Cell Line was -16 + 8.72 mV (Fi-
gure2).

SEM images showed that the exosomes of A549 cell li-
nes have the distribution between ~50-150 nm (Figure
3). Images proved that coagulation has poor and the
exosomes are highly durable even at 70°C. After 80°C,
their spherical structures converted into more rigid
structures.

RNA could not be detected in miRNA measurements. In
the exosomes samples obtained from A549 cells, 4.5
ng/106 cell total RNA was detected, while RNA was
not detected in the control sample with fluorometric
measurements. Bradford (1976) [11] method was used
to determine the exosomal protein concentration. So,
exosome samples of A549 cells were measured protein
content equivalent to 13.2 ug/106 cells of BSA. No pro-
tein was detected in the control (DexFreePBS) samples.
In this study, the potential of promising usage of exo-
somes from A549 cell lines were investigated for their

drug loading capacities for probable use in cancer the-
rapy as the next strategy [12, 13]. Thereby, we evalua-
ted all the results to enlighten the material properties
of natural nanoparticles, exosomes, of A549 cell line.
According to our findings, all exosomes are quite small
(€200 nm), (-16 mV) and have lowest amount of RNA
content. The prospective challenge would be that they
have highly protein content before drug loading.

In fact, even clinical study was performed previously
[14]. Although a few studies in the literature were carri-
ed out to produce exosomes of A549 cell line from mic-
rovesicles (MVs), there is no spotlight exosomal study
of this cancer line searching for their sizes, zeta, image
analysis and molecular content such as miRNA, totalR-
NA and protein contents [15].

CONCLUSION

Cancer cell exosomes has the great potential for cancer
therapy, this perspective brings with many unknown
questions for therapy. Steric stabilization and pH ef-
fects of them are of note to change general phenomen
for zeta potential measurements. Our results showed
that exosomes of A549 cell line -16 mV. This circums-
tance showed chemical structure of A549 cell line exo-
somes should be investigated as the prospective study
to enlighten protein content of their surface which may
affect zeta potential value. Nonetheless, exosomes of
A549 cell line has the great potential for synthetic drug
loading by sonication method; for, they are spherically
durable even at 70°C. These results, has been displa-
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Figure 2. Zeta Potential of Exosomes from A549 Lung Cancer Cell Lines.
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ABSTRACT

beris taxa natively found in Turkey are represented by eight species and are annual and/or perennial herbs or subshrubs.

In this study, we provide a detailed anatomical description of Turkish /beris taxa for the first time and try to solve the
complexity of taxonomical uncertainties of the genus. Root, stem and leaf anatomies are investigated and stomatal index of
Iberis is indicated. Our results provided valuable evidence on the doubtful circumstance of species in this genus. /. attica is
the only species that has winged stem structure and branched trichomes. /. carica, one of the endemics, is the only species
with its continuous vascular cambium in stem that forms a vascular bundle circle. I. sempervirens is the only species without
indumentum which has also a subshrub habit. I. odorata is the only annual species. There are two types of leaf anatomy as
bilateral and isolateral. Turkish /beris taxa show amphistomatic leaves. Myrosin cells that are the characteristic of the order
Brassicales are observed in all examined species. Anatomical results support that /. attica and /. spruneri are two separate
taxa instead of as combined /. carnosa.

Key Words
Iberis, Brassicaceae, anatomy, Turkey.

0z

Urkiye'de dogal olarak yetisen /beris cinsi Gilkemizde 8 tirle temsil edilmekte olup tek ve/veya ¢ok yillik otlar veya yari cali-

lardan olusmaktadir. Bu galismada, Tirkiye’de yetisen Iberis taksonlari anatomik olarak detayl bigimde ilk defa calisiimig
ve bu sayede cinsle ilgili taksonomik belirsizlikler ve karmasikliklar ¢ozilmeye calisiimistir. Iberis turlerinin kok, govde, yaprak
anatomileri ¢alisiimis ve stoma indeksi ortaya konmustur. Bu ¢alismada elde edilen sonuglar, cinsin turleriyle ilgili stipheli
durumlarin ¢6zimd igin degerli kanitlar saglamaktadir. /. attica kanatl gévde yapisina ve dallanmis tiylere sahip tek tirdur.
Endemik bir tir olan /. carica, gévde anatomisindeki devamli vaskiler kambiyum sayesinde iletim demeti halkasi iceren tek
tardur. I. sempervirens tlysiz ve yari ¢ali formundaki tek tirdir. /. odorata tek yilliktir. Bilateral ve izolateral olmak tzere iki
tip yaprak anatomisi gorilmektedir. Tlrkiye'deki /beris tlrleri amfistomatiktir. Brassicales ordosunun tipik 6zelliklerinden
biri olan mirozin hicreleri incelenen tim tlrlerde gézlenmistir. Anatomik sonuglar, I. attica ve I. spruneri turlerinin, I. carno-
sa olarak tek bir takson degil, ayri tirler olarak ele alinmasini desteklemektedir.
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INTRODUCTION

he genus Iberis L. (Brassicaceae) consists of about 28
Tspecies of annuals, perennials, and evergreen subs-
hrubs worldwide [1,2]. Iberis is one of two genera of
the tribe Iberideae Webb & Berthel. besides Teesdalia
W.T.Aiton which is diagnosed by monosymmetric flower
structure in Brassicaceae family, as in Calepina Adans.
[3]. Therefore, zygomorphic symmetry is seen in lberis,
instead of bilateral symmetry. Flower colours are white,
red, pinkish or purplish. Corymbose infructescense, an-
gustiseptate and two-seeded fruits are important diag-
nostic characters for identification of /beris species [4].
It is currently represented by eight species in Turkey: /.
carica (Bornm.) Prain, I. carnosa Willd., I. halophila Vural
& H. Duman, I. odorata L., I. saxatilis L., . sempervirens
L., . simplex DC. and I. umbellata L. [5-14].

Secretory cells containing myrosin as one of the diag-
nostic characters of the order Brassicales are widely
distributed through the family Brassicaceae, but their
frequency is partially controlled by nutritional and envi-
ronmental factors. In this family member, the stomata
are surrounded by three subsidiary cells of which one
of them is usually much smaller than the other two, the
so-called cruciferous type. Hairs are unicellular, but
maybe simple, unbranched, Y-shaped, two-armed, pel-
tate, or dendroid; rarely glandular [15].

A formal classification has been proposed by Dahlgren
[16], bringing most of these families together in a single
order, based on their shared production of glucosino-
lates, precursors of the mustard oils that give Brussel
sprouts and capers their characteristic taste. Mustard
oils (or isothiocyanates) are hydrolytic products of
glucosinolates and had been shown to occur in some
families on the order Brassicales, including Brassicace-
ae, Resedaceae, Capparaceae, etc. by the early 1990s
[17]. The conversion of glucosinolates to mustard oils is
provided by the enzyme myrosinase, which is normally
found in myrosin cells. Isothiocyanates, thiocyanates or
nitryles, generated by hydrolises of glucosinolates func-
tion in defense mechanism of plant [17-19]. In addition,
highly glycosylated flavonols in the non-flowering leafy
shoots of /. saxatilis [20], antioxidant potential of /. sem-
pervirens [21], and acylated pelargonidin glycosides oc-
currence in the red-purple flowers of I. umbellata [22]
are reported. Plant defense mechanisms also include
the production of secondary compounds that act as fe-
eding deterrents or as toxins [23]. Also, it is stated that

. amara (known as “bitter candytuft”) is used as a re-
medy in homeopathy for some diseases such as asthma,
bronchitis, dropsy, heart affections and is useful in the
treatment of hypertrophy of the heart [24].

Although some studies have been carried out about the
family Brassicaceae, the genus /beris or some species of
the genus [13, 14, 25-28], there are many points remain
unresolved or doubtfully resulted.

In this study, we compile the limited information about
anatomical properties of the /beris species from litera-
ture and complement it with our new data. In addition,
the aims of this study are to describe the anatomy of
eight Iberis species from Turkey and evaluate the imp-
lementation and importance of anatomic structure on
taxonomy of the genus.

MATERIALS and METHODS

Plant specimens used for this study were collected from
different regions of Turkey. The data of all collected and
examined plant specimens are listed in Table 1. Flora of
Turkey and the East Aegean Islands [5] is used for iden-
tification of the species. I. umbellata, a cultivar species
which is reported only from istanbul, Turkey [12] has
not been collected and evaluated.

The specimens are deposited in Hacettepe University
Herbarium (HUB). Plant specimens were kept in 70%
ethanol for anatomical investigations. Freehand secti-
ons were prepared using razor blades. In the anatomical
analysis, paradermal sections and cross-sections were
taken from the middle part of the leaves. Cross-sections
of root were taken 1 cm above the base of the root and
stem cross-sections from the lower part of the individu-
als. All sections are stained by double stain, containing
astra blue and safranin in 9:1 ratio. Slides were obser-
ved with an Olympus CX41 microscope light microscope
and photographed by DS-L1, DS-5M connected to Ni-
kon Eclipse E600 camera. Data of all anatomical charac-
ters are based on the measurements of 30 sections of
each taxon. Cluster analysis is carried out to determine
the phenetic similarity between species. 18 qualitative
and quantitative anatomical values are examined and
listed in Table 2.

PAST (PAleontological STatistics) ver. 3.25 programme
is used for the analysis [29]. Jaccard similarity index
has been used to explain binary and multiple charac-
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Table 1. Locality information of collected and/or examined taxa (*: endemic taxa).

Taxa Voucher number
I. attica E. Cilden 1807
1. attica E. Cilden 1849
1. attica E. Cilden 1889b
1. attica E. Cilden 1841
I. attica E. Cilden 1759
I. carica* E. Cilden 1829

I. halophila* E. Cilden 1766

H. Altindzlt 5877; A. Guner

I. odorata 8446

I. saxatilis ssp. saxatilis T Dirmenci 2516a

1. saxatilis ssp. jana*
SAXQLINS S5p. MAGNesIAaNar oy oy 1376; E. Cilden 1895

E. Cilden 1891; B. Oziidogru

. j
sempervirens 2001

E. Cilden 1782; E. Cilden

1. simplex 1887

H. Yildirim 3794; E. Gilden

I. spruneri 1334

ters. Cluster analysis has been carried out by SAHN
(Sequential Agglomerative Hierarchical Nested Cluster
Analysis) and UPGMA (Unweighted Pair Group Method

Locality

icel, between Goézne and Arslankdy, Yavca village, 100 m.
after the exit of village, road side, calcerous soil, 36°1'6,74
N, 34°3159,27 E, ca. 1200 m, 20.04.2018 (HUB).

”

izmir, Nif mountain, 38°23’9,59” N, 27°21'57,47 E, 1290 m,
calcerous soil, 03.05.2018 (HUB).

Antalya, Alanya to Hadim village, 36°34’30” N, 32°22°4" E,
1330 m, 21.10.2018, leg. Ahmet Tiras (HUB).

Mugla, Koycegiz, Hamitkoy village, road side, 36°54'43,29”
N, 28°37’12,8 E, 80 m, 02.05.2018 (HUB).

Mugla, between Marmaris-Datca, near Hisardnu village,
road side, 36°47°29,05” N, 28°3'18,97” E, 33 m, 17.03.2018
(HUB).

Aydin, Soke, Gullibahge village, ruins of Priene anthic
city, in the screes, 37°39’39,16” N, 27°17'52,1” E, 160 m,
02.05.2018 (HUB) (type locality).

Karaman, Eskil, near Tuz Gol, salty soil, 38°26'33,762” N,
33°26'52,60 E, 930 m, 31.03.2018 (HUB).

Mardin, Dargegit, between Temelli and Kartalkaya villages,
37,753578 E 37,4161454 N, 739 m, steppe, 12.04.2008
(HUB); Hatay, Belen, calcerous fields, 700 m., 06.04.1991
(HUB).

Balikesir, Kazdag (Ida), Nanekiri, limestone, 1500 m.,
19.05.2004 (HUB).

Manisa, Soma district, Kocasivri hill, 850 m, May 2011
(isotype); ibid 23.04.2019 (HUB).

Mugla, Ula, Sandras mountain, in the screes, 37°2'11”
N, 28°48’3” E, 1960 m, 21.10.2018, leg. Buse Topguoglu
(HUB); Kahramanmaras, between Géksun-Geben,
Meryemgilbeli, 37,82231 N, 36,40699 E, ca. 1800 m,
30.04.2016 (HUB).

Nigde, Pozanti-Kamisli road, Alpu village, 37°28'18,152” N,
34°52'30,46" E, 964 m, 19.05.2018 (HUB); Eskisehir, Alpu
village, Kireckoy, gypseous soil, 30°96'58” N, 44°04’38,5" E,
25.05.2018, leg. H. Altindzli (HUB).

Denizli, Cameli district, Karabayir, marly soil, 36°55’59,5”
N, 29°8’55,3” E, 1610 m, 30.04.2016 (HUB); Aydin, above
Dageymiri village, beyond Karlik tepesi, stony hills, 1515 m,
24.04.2010 (HUB).

separate species instead of /. carnosa.

with Arithmetic Average) method. Anatomical measure-

ments are made using an ocular micrometer on stereos-
copic binocular Leica Zoom 2000, with a standard ruler;

and results are listed in Table 3-5.

RESULTS

The anatomy of the specimens is determined by exa-
mination of root, stem and leaf sections, trichome and
stoma structures (Figures 1-5); and additionally, stoma-

Root anatomy

and includes sclereids in I. sempervirens, I. saxatilis, |.
halophila, I. spruneri and I. simplex at different frequ-
encies. Cortex of . attica has thicker and more vascular
bundles rays compared to I. spruneri. Endodermis can-

tal index of the species is presented. In this study, /. at-
tica Jordan and. I. spruneri Jordan are treated as two

Annual and perennial root anatomy is present. Only
|. odorata has an annual habit, whereas all other /be-
ris taxa are perennial. Periderm is generally scratched
from cortex. Cortex is multi-layered (ca. 6 to 20 layer)
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Table 2. Characters used in cluster analysis.

1. Life form: annual (0), perennial (1)

2. Number of cortex layer: 0-10 (0), 11-20 (1)

3. Sclereids in root cortex: absent (0), rarely present (1), present (2)

4. Density of sclereids in root cortex: absent (0), lax (1), dense (2)

5. Indumentum of stem: absent (0), Present (1)

6. Indumentum type: absent (0), single (1), single and/or rarely branched (2)

7. Density of indumentum: absent (0), lax (1), dense (2)

8.  Winged stem structure: absent (0), present (1)

9.  Sclereids in stem cortex: absent (0), rarely present (1), present (2)

10. Density of sclereids in stem cortex: absent (0), moderately dense (1), dense (2)
11. Intervascular bundles: parenchyma (0), sclerenchyma (1), cambium (2)

12.  Indumentum of leaves: absent (0), present (1)

13. Density of indumentum: absent (0), lax (1), dense (2)

14. Bulliform-like cells at midrib axis: absent (0), moderately dense (1), dense (2)
15. Mesophyll type: bilateral (0), isolateral (1)

16. Adaxial stoma cell dimension: <20 (0), =20 (1)

17.  Abaxial stoma cell dimension: <20 (0), =20 (1)

18. Stomaindexratio: <1(0), 21 (1)

not be distinguished, and borders are not clear. Xylem
is under phloem with secondary xylem and metaxylem
regions, respectively (Figure 1). Measurements are lis-
ted in Table 3.

Stem anatomy

Single-layered epidermis is covered with a thin cuticu-
la layer for all Iberis species (Figure 2). There are sing-
le cellular trichomes except for /. attica, which some

branched trichomes are detected on the epidermis (Fi-
gure 4b). I. attica is the only species that has a distinct
winged stem structure (Figure 2a). Cortex is under epi-
dermis, consisting of multi-layered parencymatic cells
and all studied taxa have sclereids in the cortex of the
stem at different frequency of cells (Figure 2). Phloem,
vascular cambium and xylem are located between cor-
tex and pith, respectively. In some species cambium is
continuous, but in /. saxatilis, sclerenchyma cells (Figure

Table 3. Anatomical measurement of the root characters of studied taxa.

I. attica I. carica I. halophila I. odorata I. saxatilis ~ I. sempervirens I. simplex I. spruneri
Annual (a) / a
Perennial (p) P P P P P P P
Cortex layer 8-11 9-10 10-15 5-10 10-16 9-10 15-20 10-12
Sclereids in rarely
absent present absent present present present present
cortex present

Den5|ty of lax if - dense - lax dense lax lax

sclereids present)

Number of 4-10 47 57 25 4-5 3-6 4-5 57

rays



Figure 1. . Transverse sections of /beris root.
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a. . attica (EC 1807), b. /. carica (EC 1829), c. I. halophila (EC 1766), d. I. odorata (HA 5877), e.-f. |. sempervirens (EG 1891), g.-h. I. simplex
(EC 1887) and i. I. spruneri (HY 3794). ar, annual ring; ca, cambium; co, cortex; pr, periderm; ph, phloem; pi, pith region; sc, sclerenchyma;

Xy, Xylem. Scale bars: (a, b, c, e, g, i) 500 y, (f, h) 200 .

2h) and in I. odorata parenchyma cells (Figure 2j) are
located between vascular tissues, and cambium acti-
vity cannot be seen in these parts. When mature, pith
begins to scatter (Figure 2h, m, n). Some parenchyma-
tic pith cells of the stem are differentiated as myrosin
cells, where glucosinolate metabolism occurs and those
myrosin cells resemble the sieve-tube cells of phloem in
shape but not in function (Figure 2f, i, m). They appear
as an ordinary parenchyma cells but include myrosinase
enzyme [30]. Measurements are listed in Table 4.

Leaf anatomy

Iberis taxa found in Turkey generally have equifacial/
isolateral mesophyll structure, except /. attica and |.
sempervirens; and are composed of multilayered pali-
sade parenchyma cells. There is no sponge parenchyma,
and stomatal cavities are small and narrow. This situa-
tion may be an adaptation to the arid habitat of these
taxa. There is single-layered epidermis under cuticula

and also has bulliform-like cells in some parts, especi-
ally at the midrib axis. The bulliform cells mainly found
in grasses are capable of rolling up in dry or bad condi-
tions and reopening again under favourable conditions
[30]. It is thought that these bulliform-like cells in the
genus /beris may also be used for the reflection of the
excessive day light (Figure 3). Measurements are listed
in Table 5.

There are single and some branched trichomes on both
adaxial and abaxial faces of leaves (Figure 4). Anticlinal
cell walls are straight and the shape of the epidermal
cells are irregular. The stomata of the genus are surro-
unded by three subsidiary cells of which one is usually
much smaller than the other two, and it is a typical “cru-
ciferous” (anisocytic) type stomata [15, 30-32]. As the
shapes of the stomata are not different on both ada-
xial and abaxial sides of the leaves, we prefer to show
the best figure for each taxon in Figure 5. In Table 6, all
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Figure 2. Transverse sections of /beris stem.
a. l. attica (EC 1841), b-c. I. attica (EC 1889b), d, e and f. I. halophila (EC 1766), g. I. carica (EC 1829), h. I. saxatilis (TD 2516a), i. /. sa-

xatilis - myrosin (DO 1376), j. I. odorata (HA 5877), k-1. I. sempervirens (EC 1891), m. I. spruneri (HY 3794), n-o. I. simplex (EC 1782). «ca,
cambium; co, cortex; ue, upper epidermis; le, lower epidermis; mc, myrosin cells; pa, palisade cell; sp, spongy parenchyma cell; ph,
phloem; pi, pith region; sc, sclerenchyma; tr, trichome; xy, xylem. Scale bars: (d, h, j) 500 i, (a, b, g, k, n), 200 , (c, e, f, i, |, m, 0) 50 p.
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Table 4. Anatomical measurement of the stem characters of studied taxa.

l. I. sempervi-

I. attica I. carica I. halophila I. odorata . 1. simplex I. spruneri
saxatilis rens
Indumentum present present present present present absent present present
single and
Indumentum & / ) ) ) . . ’
tvpe or rarely single single single single - single single
vp branched
lax;
Density of dense in ssp.
. v dense dense lax lax ( ) P - dense lax
indumentum magnesiana)
Winged structure present absent absent absent absent absent absent absent
Number of
5-10 8-15 8-10 6-8 11-15 10-13 10-13 6-13
cortex layer
Sclereids in rarely
present present present absent present absent present
cortex present
Density of moderately moderately moderately ) dense i moderately very lax (if
sclereids dense dense dense dense present)

Figure 3. Transverse sections of /beris leaves.
a. |. attica (EC 1891), b-c. /. attica (EC 1889b), d-e. /. carica (EC 1829), f. I. halophila (EC 1766), g. I. odorata (HA 5877), h. I. saxatilis (TD

2516a), i. I. sempervirens (EC 1891), j. I. simplex (EC 1782), k. I. simplex (EC 1887), |. I. spruneri (HY 3794). ca, cambium; co, cortex; ue,
upper epidermis; le, lower epidermis; pa, palisade parenchyme cell; sp, spongy parenchyma cell; ph, phloem; pi, pith region; sc, scle-
renchyma; tr, trichome; vb, vascular bundle; xy, xylem. Scale bars: (d) 500 y; (a, b, e, f, g, h, j, 1) 200 ; (c, k) 50 p.
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Table 5. Anatomical measurement of the leaf characters of studied taxa.

|. sempervi-

I. attica I. carica I. halophila I. odorata 1. saxatilis rens I. simplex I. spruneri
Indumentum present present present present present absent present present
lax; (dense
Densi
. ensity of dense dense lax lax in subsp. - dense dense
indumentum .
magnesiana)
Bulliform-like
- moderately ~ moderately  moderately
cells at midrib present present absent absent absent
) present present present
axis
Table 6. Stomatal index of examined Iberis taxa.
Taxa Stoma cell Guard cell
Adaxial () Abaxial (W)
Stoma
index Length Width Length Width
Adaxial (mm?)  Abaxial (mm?) ratio
- attica 2061£052  18.35%0.75 1,12 29127 23+1.3 29+1.3 23+2.2
(EC 1807) .61+0. .35+0. , +2. +1. +1. +2.
I. attica
21.11+2.82 20.93+0.7 1,01 28+3.4 24 +1. 1+1. 28+1.2
(EC 1849) 8 0.93+0.78 ,0 8+3 8 3 6 8
- attica 20.05£0.80  23.46+0.42 0,85 40£2.1 31+17 44£22 31+17
(EC 1889b) DA Bt ’ o s e s
- attica 2349£133  22.66+0.35 1,04 33120 2715 28427 23+17
(EC 1841) A49+1. 66+0. , *2. +1. +2. +1.
- attica 2013+0.69  18.27:1.12 1.10 46133 34114 40£1.9 30£1.4
(EC 1759) 13 +0. 27 +1. . +3. +1. +1. 1.
I. carica
23.34+1.11 23.58+1.7 +2. 29 +3. +2.4 26+ 1.
(EC 1829) 3.3 3.58 5 0,99 33 9 9+3.0 33 6 6
1. halophila
22.48 £ 0. 20.55+ 1. 1 +2. +1.2 2+2.2 28+ 1.
(EC 1766) 8+0.96 0.55 03 ,09 35 8 30 3 8 9
|. odorata
22.88+0.41 2 +1. 27+ 1. 24 +1.7 29+1.7 25+1.7
(HY 5877) 880 3,95 59 0,95 6 9 5
I. saxatilis
22.79+3. 21.80+1. 1,04 +1.4 1+2. +1.7 +2.2
(TD 2516a) 9+3.06 80 99 ,0 36 3 6 35 30
|. sempervirens
16.53 + 1. 21.17 £ 0. 7 +1. 25+ 1. 27+1.7 25+0.
(EC 1891) 6.53 65 0.99 0,78 30 6 5 0 5+0.9
1. simplex
20.64 £ 0.62 23.30+14 +2.4 + 3. 7+3. 29+1.4
(EC 1782) 0.64+£0.6 3.30 6 0,88 39 30£3.0 37+£3.0 9
1. simplex (EC 1887) 18.93+1.31 20.80+1.53 0,91 37+3.0 28+ 1.2 47 +2.5 34+1.8
I. spruneri (HY
18.50£0.35 19.22£0.27 0,96 33+£1.3 28+1.4 29+1.2 24122

3794)



Figure 4. Trichomes.
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a-b. I. attica (EG 1849); c, I. spruneri (HY 3794); d. I. attica (EC 1807). Scale bars: (a, b, c) 200 y, (d) 50 .

measurements about the stomatal index of the taxa are
indicated in detail. All studied taxa are amphistomatic
and have stomata on both sides of the leaves (Figure 5).

DISCUSSION

The results of the current study suggest that anatomical
features of Iberis taxa, which is natively found in Turkey
help to improve the taxonomy of species and clarify the
circumstance of the taxa.

The genus lberis is evaluated anatomically for the first
time in the present study. . sempervirens is only species
which subjected to the previous anatomical studies [15,
33]. Our results confirm that /. sempervirens is a peren-

nial subshrub (Figure 1e, f) and the only species without
indumentum. This may also be verified by its lowest sto-
matal index values (Table 6). This species could be easily
diagnosed with its evergreen habit, glabrous stem and
leaves, and white flowers (Figure 2k, ). I. sempervirens
is one of the two taxa in which bifacial/dorsiventral leaf
anatomy is seen. There are multilayered and frequently
alined, quadrangular shaped palisade parenchyma cells
in the adaxial side; and laxly alined with air spaces, ro-
undly shaped sponge parenchyma cells at the abaxial
side of the leaf (Figure 3i).

According to mesophyll structure in studied taxa, some
leaves lack a distinction of layers, and others have well-
separated layers. While the mesophyll structure cannot
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Figure 5. Stoma of /beris taxa.

a. . attica, le (EC 1759), b. I. attica, ue (EC 1807), c. . carica, ue (EC 1829), d. I. halophila, ue (EC 1766), e. I. odorata, ue (HA 5877), f. I.
saxatilis, ue (TD 2516a), g. I. sempervirens, ue (EC 1891), h. . simplex, ue (EC 1887), i. I. spruneri, ue (HY 3794). Scale bars: 50 u (le: lower

epidermis, ue: upper epidermis)

often be used as a diagnostic character to evaluate the
taxonomic position of a plant, it may provide useful in-
formation about some allied group of taxa. Cutler’s sug-
gestion [30] that the mesophyll could be used as an aid
to identification of these taxa, considering that environ-
mental variations will not alter arrangements that are
rigidly controlled by the genome, supports our findings.
In the present study /. attica and. . spruneri are taken
into consideration separately instead of /. carnosa be-
cause of their anatomical differences, as well as their
significant morphological and palynological distinctions
(Cilden unpubl. data). /. attica is the only species of Tur-
kish Iberis which has winged stem structure (Figure 2a,
b), a valuable diagnostic character for stem anatomy
(Table 4).

This species is distributed in the Mediterranean phyto-
geographic region from izmir to Hatay including some

parts of inner Anatolia, such as Karaman, Denizli, Bur-
dur etc. and altitude from 30 to 1400 m. This character
could be an adaptation of stem to increase the surface
area for photosynthesis. . spruneri is morphologically
small-sized species up to 10 cm and generally grows
at high altitudes near subalpine (in Aydin, Denizli) and
alpine zone (in Bursa-Uludag). /. attica has bifacial/dor-
siventral leaf anatomy (Figure 3a, b, c), whereas /. spru-
neri has isolateral (Figure 3l). In addition, /. attica is the
only species that has some branched trichomes on the
epidermis besides unicellular simple hairs (Figure 4b).
As a result, /. attica is considerably different from other
Turkish Iberis taxa. Anatomical and palynological results
from different I. attica populations shows that it is ne-
cessary to be examined in detail as a species complex.
According to anatomical properties, /. attica and I. spru-
neri can be treated as two separate species.
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Figure 6. UPGMA phenogram about the relationship between Iberis species from Turkey.

I. carica is one of the three Turkish endemic taxa and
unfortunately is the most misidentified /beris species in
Turkey. The common mistake made about the identifi-
cation of /. carica is that the pre-admission of all /beris
species found in Aegean and/or Mediterranean regions
of Turkey like izmir, Aydin, Mugla and Antalya provinces
as I. carica. But after the collection and examination of
the type population (Aydin) in May 2018, we have found
out that all other populations mentioned having been
collected from Mugla, izmir, Antalya and identified or
doubtfully recorded as /. carica are I. attica. In addition
to stomatal index values (Table 6), morphological and
palynological results also verified the anatomical diffe-
rences between /. carica collected from its type popula-
tion and all /. attica populations, and with the other /be-
ris taxa (Cilden unpubl. data). In contrast with Flora of
Turkey [5], I. carica has a perennial habit and isolateral
leaf anatomy with locally placed bulliform-like epider-
mal cells. White flowers of this taxa are distinctly smal-
ler than pinkish-purplish flowers of I. attica. Also, the
cambium shows continuous structure between vascular
bundlesin /. carica and form an unbroken vascular circle
in stem anatomy. However, |. attica, I. halophila, I. sa-
xatilis, I. simplex and I. spruneri have sclerenchyma tis-
sue between vascular bundles, whereas I. odorata and |.

sempervirens have parenchyma. We have not been able
to find any evidence if there is a transition between pa-
renchyma and sclerenchyma cells or not, but noticed
that this is a remarkable difference between Iberis taxa,
especially for Turkish endemic /. carica.

I. halophila is one of the endemic species in Turkey and
found only in Tuzgoll region, Aksaray province [9]. Sin-
ce it is grown in salty habitat, the morphology of leaves
turns to be succulent compared with other taxa. Leaves
are mostly glabrous and rarely have lax indumentum in
the upper leaves with isolateral structure. Also some
parts of the root cortex seem to be scattered and this
could be an adaptation to the salty habitat.

I. saxatilis has been known as a European /beris species
when it was found in Kazdagi, Balikesir, and published as
a new record for Turkey in 2005 [7]. In 2017, a new subs-
pecies, I. saxatilis subsp. magnesiana Oskay was repor-
ted in Manisa province. Both taxa have a very restric-
ted distribution area and /. saxatilis subsp. magnesiana
is considered as endemic; found only in Soma. So, the
distrubution area of these two taxa in Turkey are limi-
ted with Edremit (Balikesir) and Soma (Manisa) districts
for now, respectively. I. saxatilis subsp. magnesiana can
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be distinguished from [. saxatilis subsp. saxatilis by its
retrorsely setulose stem and leave indumentum [13]. In
the present study, we confirm the perennial habit and
indumentum differences of these taxa. However, in /.
saxatilis subsp. saxatilis, stem and leaves are not always
glabrous and there is a sparsely distributed indumen-
tum. The most important difference between /. saxatilis
and the other /beris taxa is the large amount of scle-
reids in the stem cortex of /. saxatilis, but the amount
and density of sclereids are decreasing in root cortex.
This could be the result of the calcerous and limestone
structure of their habitats and of the semi-arid upper
Meditteranean floristic region climate, they are found
both in the upper part of the tree zone.

I. odorata is annual species and characterized with its
5-15 cm height of stem and the leaves with its short lo-
bes [5]. Our results confirm its annual habit, and also
we have found that there is no sclereids in the cortex
of root and stem. There are parenchyma cells between
the vascular bundles in stem, as seen also in I. sempervi-
rens and the vascular cambium is not continuous. /. odo-
rata has isolateral leaf anatomy as also seen in /. simp-
lex, which has a broad distribution in Turkey. /. simplex
is morphologically similar to /. attica with its whitish-
purplish flowers, dense indumentum, but differs with
its plant height, inflorescense, flower and fruit sizes and
the distribution. As mentioned before, /. simplex has
isolateral leaf anatomy whereas I. attica has bilateral.
And in . simplex there is no winged stem structure and
branched trichomes can not be seen in the leaves.

Our cluster analysis based on anatomical characters is
in partial agreement with Flora of Turkey [5] and indi-
cates I. attica and I. spruneri have to be treated as se-
parate species, in contrast with [12] and [28]. These
contradictional results may come from different speci-
es conception of . carnosa and/or mis-identification of
some taxa (especially /. carica, |. attica, I. simplex and /.
spruneri) (Figure 6).

As a conclusion, in this study we report a detailed study
of anatomical properties of the genus /beris, which is
native to Turkey, for the first time. Root, stem and leaf
anatomies are investigated and stomatal index of taxa
is determined. The anatomical parameters provide
useful characters to improve the taxonomy of taxa in
the genus /beris. In addition, it is necessary to combine
the anatomical results with palynological, karyological,
macro and micromorphological and the molecular data

as planned. Our results propose that /. attica and /. spru-
neri have to be considered as two separate taxa, not as
synonyms of /. carnosa. And, endemic /. carica is peren-
nial, not annual.
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ABSTRACT

Propolis, animportant bee product, is used as a food supplement in apitherapy applications and daily life due to its antioxidant,
antimicrobial, antitumoral and anti-inflammatory properties. The properties of propolis vary depending on the region in
which it is obtained, the time and the form of collection. It is not possible to obtain propolis with the same characteristics from
each hive or region. In this study, raw propolis samples were obtained from Bilecik province in Marmara Region and their bioche-
mical properties were determined. Bilecik is rich in forestry covered with oak, beech, fir, linden and chestnut trees. Therefore, it
has arich flora. In order to determine the properties of propolis samples, ethanol extract of each sample was prepared separately
by using 70% ethanol. The amount of balsam, wax, total phenolics and total flavonoid of each sample was determined. Chemical
composition of each propolis sample was determined by using GC-MS. The amount of balsam which is an important quality
parameter for propolis was found to vary between 13% and 52%. It was also found that total phenolic content ranged from 11
mg GAE / mLto 76 mg GAE / mL. It is determined that propolis samples were rich in aldehydes, aliphatic acid and esters, alcohols,
hydrocarbons, carboxylic acid esters, ketones, terpenes, fatty acids and other components.

Key Words
Propolis, phenolic components, characterization, balsam..

0z

O nemli bir ari Griind olan propolis antioksidan, antimikrobiyal, antitumoral, antiinflamatuar 6zellikleri nedeniyle apiterapi uy-
gulamalarinda ve gunlik yasamda gida takviyesi olarak kullaniimaktadir. Propolisin ézellikleri elde edildigi bolgeye, toplan-
ma bicimine ve toplanma zamanina bagli olarak degistiginden her kovandan veya bolgeden ayni 6zelliklere sahip propolis eldesi
mumkiin olmamaktadir. Yapilan bu galismayla Marmara Bolgesinde yer alan Bilecik ilinden temin edilen ham propolis rneklerinin
biyokimyasal 6zellikleri belirlendi. Mese, kayin, koknar, ihlamur, kestane agaglari ile cevrili olan Bilecik orman bakimindan oldukca
zengindir. Bu nedenle de zengin bir floraya sahiptir. Bu amagla; %70’lik etil alkol ¢ozeltisi kullanilarak ham propolislerden etanolik
propolis 6zltleri hazirlandi. Hazirlanan propolis ekstraktlarinin balsam miktari, vaks miktari, toplam polifenol miktari ve toplam
flavonoid miktari belirlendi. GC/MS kullanilarak ham propolislerin icerdigi bilesenler tespit edildi. Propolis igin 6nemli bir deger
olan balsam miktarinin %13 ile %52 arasinda degistigi; toplam polifenol miktarinin ise 11 mg GAE/mL ile 76 mg GAE/mL arasinda
degistigi belirlendi. Propolis 6rneklerinin aldehitler, alifatik asit ve esterler, alkoller, hidrokarbonlar, karboksilik asit esterleri, keton-
lar, terpenler, yag asitleri ve diger bilesenler bakimindan zengin oldugu belirlendi.
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INTRODUCTION

ropolis is a resinous mixture which is collected by

bees from leaves, buds and bark parts of plants and
is a natural bee product that plays role in protecting hi-
ves against all kinds of danger. People have been used
propolis in many areas from mummification to treat-
ment of infectious diseases from ancient times to the
present [1-3]. Propolis contains various essential oils,
aldehydes, aliphatic acid and esters, alcohols, hydro-
carbons, carboxylic acid esters, ketones, terpenes, fatty
acids and other compounds. Because of these compo-
unds propolis has high antioxidant, antimicrobial, anti-
inflammatory and antitumoral activities. Today, propo-
lis is mostly used as a supportive for general health and
functional food.

The composition and production of raw propolis de-
pends on many factors such as flora, harvesting sea-
son, collection style and bee strain [4,5]. Propolis has
a highly complex chemical composition and varies qu-
alitatively and quantitatively for each sample. Studi-
es have focused on propolis extracts and around 300
different compounds found naturally in these extracts
have been identified. Essential oils and polyphenolic
substances are the major components of these compo-
unds. Polyphenols with a high biologically active value
are a large family and can be classified as phenolic acids,
flavonoids, prenylated p-coumaric acid and acetoge-
nene lignans, phenolic compounds, di and tri terpenes,
sugars, sugar alcohols, hydrocarbons and mineral ele-
ments [6,7].

Bilecik Province is located in the southeast of the Mar-
mara Region. It is located on the cutting points of Mar-
mara, Black Sea, Central Anatolia and Aegean Regions.
Bilecik has lots of forests with oak, larch, beech, pine,
chestnut trees. Having such a diverse forest makes the
region rich source of propolis.

In this study, biochemical properties of propolis samp-
les collected from different regions of Bilecik in 2018
were investigated and the profile of Bilecik propolis was
determined.

MATERIALS and METHODS

Materials

Propolis samples were supplied from local bee keepers
in Bilecik city (Kurtkoy, Camiliyayla, Vezirhan, Poyra, Sa-
raycik and Koyunkoy) Turkey in 2018. Camiliyayla is the

highest place and it has the least floral sources. The ot-
her places are covered with diverse forest. Methanol,
Gallic acid, ethanol were purchased from sigma Aldrich,
USA. All other reagents were analytical grade.

Methods

Preparation of Propolis Extracts

Extraction of propolis samples with ethanol (70% v/v)
was carried out by simple maceration technique sepa-
rately. 1:10 (g/v) ratio was used for the extraction. Fro-
zen propolis sample was powdered by grindingand 2 g
of this fine powder was mixed with 30 mL of 70% (v/v)
ethanol solution. Extraction was carried out for 48 h on
a magnetic stirrer under constant stirring at 150 rpm.
Finally, mixtures were separately filtered and filtrates
were stored at +4°C.

Determination of Balsam %

Balsam is usually defined as the alcohol soluble fraction
of propolis. In order to determine the ratio of balsam, 2
mL of propolis extract was evaporated and the amount
of resulted solid was quantified until reaching a cons-
tant weight. The amount of balsam of the extract was
calculated and expressed as a percentage value [8].
Determination of Wax %

The amount of wax in raw propolis samples were de-
termined as [9] method with minor revisions. Frozen
propolis samples were powdered by grinding and 3
grams of samples mixed with 15 mL of methanol. The
mixture was carried out for 2 h on a magnetic stirrer
under constant stirring at 150 rom and stored -18°C for
24 h. After the storing, the mixture was filtrated and the
amount of wax was calculated.

Determination of Total Phenolic Content and
Flavonoid Content

Total phenolic content of ethanol propolis extracts
(EPE) was determined by using Folin—Ciocalteu method
[10,11] Gallic acid as standard. Results were expressed
as mg GAE/mL. Total flavonoid content of the samples
was determined by using aluminum chloride method
[12] quercetin as standard. Results were expressed as
mg QE/mL.

GC-MS Analysis

Propolis extracts were passed through 45 um pore fil-
ters and 2ul extract injected into the GC-MS. The analy-
sis was performed using Agilent brand 5973N Selective
Mass Detector, 6890NNetwork GC System (GCMS). DB



Table 1.. Obtained data for raw propolis samples.

Origin of Sample Wax %

Balsam %

M. Keskin et al. / Hacettepe J. Biol. & Chem., 2019, 47 (4), 403-409

Total phenolic
content

Total flavonoids

mg GAE/mL mg QE/mL

Kurtkoy 4.4£0.08 17.7+0.8 20.335£0.02 413001
Camiliyayla 2.8£0.02 13.240.4 11.763+0.03 3.42+0.02
Vezirhan 5.1£0.06 52.3:0.6 75.765£0.08 16.470.02
Poyra 4.3:0.04 13.940.3 11.478+0.03 2.66+0.04
Saraycik 1.9+0.03 37.6£0.4 46.769+0.07 9.41£0.04

5MS column (30 m x 25 mm and 0.25 um film thick-
ness) was used. In the gas chromatography section, the
temperature was maintained at 50°C for 1 minute then
10°C./min. It was raised to 150°C. by the rate of incre-
ase and maintained at this temperature for 2 minutes
after this period. Finally, the injection temperature was
increased to 280°C, and the time was adjusted to 49.5
minutes [13].

RESULTS and DISCUSSION

It was determined that wax amounts of raw propolis
samples collected from 6 different regions of Bilecik
ranged from 1.9% to 4%. Low wax and high balsam are
important criteria for propolis quality [8,9]. In a rese-
arch on ethanolic extracts of raw propolis samples col-
lected from Brazil, China and Uruguay, no wax was fo-
und in Uruguay propolis extract, but it was stated that
wax amount changed between 2.40% and 30.60% for
other regions [14]. It was reported that wax amount of
Anatolian propolis varies between 1.4% and 9.8% [15].
It is clear that wax value of Bilecik propolis is quite low.

The amount of balsam determined in Bilecik propolis
ranged between 13.9% and 52.3% (Table 1).

High amounts of balsam are reported to express high
phenolic compounds and low waxes [8,16]. Indeed, Po-
pova et al. (2017) stated that crude propolis contains
between 40% and 60% balsam. It is reported that the
amount of balsam in crude propolis samples collected
from Spain varies between 52.5-76.2% and wax value
is between 1.8 and 27.7% [17]. In different Portugue-
se propolis samples, it was reported that the amount
of wax in raw propolis varies between 4.8% and 16.0%
[18]. Since it is not possible to fully elucidate the pheno-
lic contents of the plant extracts, the phenolic content
is expressed in terms of total phenolic content. Total
phenolic components are measured by spectrophoto-
metric method based on color complex formation with

Folin-Ciocalteu reagent. The high amount of phenolic
content refers to high antioxidant activity while at the
same time high biological activity. It is seen that total
phenolic content of ethanolic extracts of Bilecik propo-
lis varies between 11.48- 75.77 mg GAE / mL (Table 1).
The amount of the total flavonoid ranged between 2.66
mg QE / mL and 16.47 mg QE / mL. In a study, it was re-
ported that total polyphenol content of crude propolis
samples obtained from Brazil ranged between 8.8% and
13.7% and flavonoid content was minimum 0.35% and
maximum 2.7% [19].

Total phenolic and flavonoid amounts of propolis samp-
les collected from different regions of Bulgaria were
determined in order to determine the chemical com-
ponents of Bulgarian propolis and to make a simple
standardization study. It was reported that total phe-
nolic content ranged from 11.2% to 41.9% and total
flavonoid amount ranged from 2.9% to 13.5% [20]. It
was reported that total amount of phenolics in Anato-
lian propolis ranged between 10.6-178 mg GAE / g and
the total amount of phenolics increased with increasing
amount of balsam [15]. Aliyazicioglu et. al. (2013) repor-
ted that total amount of phenolics ranged between 115
to 210 mg GAE/ g for different Turkish propolis samples
[3]. It was reported that total phenolic content ranged
between 1.2 to 15.6 mg/g for Turkish chestnut propolis
[21]. It is clear that total phenolic content for propolis
samples obtained from different regions of Turkey vari-
es in wide range.

GC-MS analysis was performed to investigate the che-
mical composition of the propolis extracts (Table 2). As
a result of GC-MS analysis, aldehydes, aliphatic acid and
esters, alcohols, hydrocarbons, carboxylic acid esters,
ketones, terpenes, fatty acids and other compounds
were detected in propolis samples. It is clear that our
results are consistent with the literature data [22-24].
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Silici and Kutluca (2005) determined the chemical com-  samples obtained from Anatolia using GC-MS. Their re-
position of some Anatolian propolis samples by using  sults showed that propolis samples were rich in aroma-
GC-MS. They reported that propolis samples were fo-  tic acids, fatty acids, aromatic aldehydes, flavone and
und to be rich in aliphatic acids, esters, flavonoids and flavonones [26]. It is clear that our results are compatib-
other components [25]. Uzel et. al. (2005) determined le with the literature data.

the chemical composition of four different propolis

Table 2. . GC-MS Analysis results of propolis samples.

Compounds 1 2 3 4 5 6 7
Aldehydes

2.4-Dimethylbenzaldehyde - 0.03 - - - 0.06 0.02

2-Methyl-2-pentenal 0.04 - - - - - -
Benzaldehyde - 0.03 - - - 0.41

Cinnamaldehyde - - - 0.03 - - -
Lauric aldehyde - - 0.30 1.30 - - -
Phenylacetaldehyde - - - 1.02 - - -
trans. trans-2.4-Hexadienal - 0.04 - - - - -

Total 0.04 1.00 0.30 2.35 - 0.47 0.02

Aliphatic Acid and Esters

Decanoic acid - 0.05 - - - - -
Total - 0.05 - - - - -
Alcohols
1-Decanol - - - 0.30 - - -
3-Octanol - - - - 0.17 - 0.16
3-Phenyl-1-propanol - - - 0.46 0.15 - -
alpha-Methylbenzylalcohol - - - - 0.51 - -
Benzyl alcohol 14.46 0.08 1.31 1.23 1.10 0.32 11.36
Farnesol 0.45 3.28 0.33 - 6.65 0.47 -
Furfuryl alcohol 0.04 - - - - - -
Geraniol - - - - 1.64 - -
Lauryl alcohol 0.92 - - 0.52 - - -
Phenethyl alcohol 4.41 0.16 1.63 2.14 1.16 0.90 2.26
Total 20.28 3.52 3.27 4.65 11.38 1.69 13.78
Hydrocarbons
n-Tetracosane - 2.20 - - - 0.59 -
Total - 2.20 - - - 0.59 -

Carboxylic Acids and Esters

Benzoic acid 1.32 - 0.93 - 1.08 - 0.05
Total 1.32 - 0.93 - 1.08 - 0.05
Ketones
2-Nonanone - - 0.38 - - - -
2-undecanone - - - 0.56 - - -
4'-Methylacetophenone - - - - 0.19 0.53 -
6-Methyl-3.5-heptadien-2-one - 0.12 - - - - -
Menthone 491 - 1.96 - 2.76 - 0.71
omega-Pentadecalactone - - - - - 0.74 -

Total 4.91 0.12 2.34 0.56 2.95 1.27 0.71



Table 2. GC-MS Analysis results of propolis samples. Continued.

Compounds

Isoborneol (isomer 1)
Limonene

Total

Decyl acetate
Lauric acid
Myristic acid
Palmitic acid
Stearic acid

Total

2.3.5.6-Tetramethylpyrazine

3-Phenylpropionic acid
Acetanisole
alpha-Pinene
Benzyl acetate
Benzyl benzoate
Benzyl cinnamate
beta-Caryophyllene
beta-Damascone
beta-lonone
Carvacrol
Cinnamil acetate
Citronellal
Delta-3-carene
Ethyl cinnamate
Ethyl laurate
Ethyl oleate
Ethyl palmitate

Ethyl-3-hydroxyhexenoate

Ethylphenyl acetate
Eucalyptol
Eugenol
Geranylaceton (Isomer 1)
Guaiacol
Indole

Linaloxide (cis. isomer B)

Linaloxide (trans. isomer A)

Linaloxide (trans. isomer B)

Linalyl formate
Methyl benzoate
Methyl octine carbonate

Methyl phenyl acetate

1

0.53

0.53

0.10

0.03

0.17

0.12
0.31

0.46

1.05
1.00

2 3
Terpenes
0.04 -
0.04 -
Fatty Acids
- 0.34
0.76 -
0.03 0.37
0.79 0.76
Other Compounds
0.18 0.24
- 0.02
- 0.63
1.08 0.73
0.30 0.48
1.80 -
0.06 -
0.11 0.07
0.08 -
3.34 -
1.10 -
0.10 -
- 0.11
- 0.22
0.78 0.17
- 0.64
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0.45
0.28
0.73

1.03
1.51

0.58
0.73
0.14

1.45

0.14
0.71

0.13
0.57

0.32
0.84
0.09

0.84
0.84

0.57

1.52
1.35

2.83

3.97

0.12

0.39

0.24

0.04
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Table 2. GC-MS Analysis results of propolis samples. Continued. Continued.

Compounds 1 2
Methyl phenylethyl ether 0.25 -
Methyl-gamma-lonone (isomer 1) 0.41 -

Methylvalerate - -
Neryl acetate - -
Nonyl acetate 0.22 -

p-Cresol - 0.20
Phenethyl butyrate - -
Phenethylamine - -

Quinoline 0.76 0.24
Styrene 0.61 -

trans. trans-2.4-Heptadienal - -

Valencene 0.30 -
Vanillin 0.19 -
Total 9.26 11.72
Conclusion

In this study, physical and biochemical properties of
propolis of Bilecik province were determined. It is cle-
ar that the amount of wax and balsam for Camiliyayla
sample was found to be lower than the other samples.
This shows that the amount of balsam is related to the
flora of the region. Propolis samples with lower wax and
higher balsam content seems to have more biologically
active components.
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ABSTRACT

P urpose in this work, to investigate whether interval training program has an effect on Nuclear factor erythroid-derived
2-like 2 (NFE2L2/Nrf2) gene expression in women.The research was made on 12 women. Participants were given a
medium-term interval training program for 8 weeks, 3 days a week. The blood samples of the participants were collec-
ted before and after the 8 weeks of training. RNA isolation was performed using TRIzol Reagent from peripheral blood
mononuclear cells. NFE2L2 gene expression was determined by Biomark Real-Time PCR (RT-PCR). The participants was a
significant increase in heart rate and maximal oxygen use capacity (VO2 max ) after the exercise (p <0.001). There was a
significant decrease in the body weight and body mass index of women after the exercise (p <0.001). There was a decrease
in NFE2L2 gene expressions after 8 weeks of the training program (p <0.05,). It shows that interval exercise reduces NFE2L2
gene expression in women.

Key Words
Exercise, gene expression, NFE2L2 gene, interval training.

0z

A ralikl antrenman programinin bayanlarda Nuclear factor erythroid-derived 2-like 2 (NFE2L2/Nrf2) gen ekspresyonuna
etkisinin olup olmadigini arastirmaktir. Arastirma 12 kadin Uzerinde yapildi. Katilimcilara, haftada 3 gin olmak Gzere
8 hafta slreyle orta sireli interval antrenman programi uygulandi. 8 haftalik antrenmanlar éncesi ve sonrasi kan ornekleri
alindi. Periferik kan mononukleer hiicrelerinden TRIzol Reaktifi kullanilarak RNA izolasyonu yapildi. NFE2L2 gen ekspresyonu
Biomark Real-Time PCR (RT-PCR) ile belirlenmistir. Calismaya katilan katiimcilarin maksimal oksijen kullanma kapasitesinde
(VO2 Max) egzersiz sonrasi 6nemli 6lgtide artis bulundu (p<0.001). Kadinlarin vicut agirliklari ve vicut kitle indeksinde azal-
ma olmustur (p<0.001). NFE2L2 gen ifadelerinde 8 haftalik antrenman programi éncesine gére sonrasinda azalma olmustur
(p<0.05,). Aralikli yapilan egzersizin bayanlarda NFE2L2 gen ekspresyonunu azalttigini isaret etmektedir.
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INTRODUCTION

According to many studies, it is reported that the
increase in the physical activities of the people ex-
pands life-span by reducing the risk of death. Regular
physical activity contributes to the treatment of vari-
ous chronic diseases, especially lung, heart diseases,
hypertension, metabolic disorders, especially type 2
diabetes and obesity, muscle, bone, joint injuries, can-
cer and neuropsychiatric disorders [1,2]. However, the
type, intensity of exercise, competitions, traumas, and
stress lead to both physiological and metabolic changes
in the human body [3]. During the prolonged/intense
exercise, the amount of consumed oxygen varies de-
pending on the type and severity of the exercise varies,
but generally by increasing in accordance with relaxa-
tion leads to the formation of free radicals (reactive
oxygen species, ROS) that cause oxidative stress. ROSs
are consistently built up in the body, but physical exer-
cise leads to further increases in ROSs and cannot be
removed sufficiently by the antioxidant defense system.
They cause many damages by reacting with various
molecules such as nucleic acids, proteins, membranes,
cells and tissues [4,5]. Mitochondria, which participate
dynamically in various muscle cell activities along with
death, autophagy, differentiation, are generally accep-
ted as the main source of reactive oxygen species (ROS)
in skeletal muscles [6]. Some studies have emphasized
that the ROSs, that emerged as a result of the reduction
of oxygen in the normal metabolic stages, are not only
the toxic. The significance of exercise in the process of
adaptation, which is the most important impact on the
human body, is specifically emphasized. In these studi-
es, it is indicated that the increase in the levels of ROSs
minimizes the damage by increasing the activity of the
antioxidant enzymes during regular exercise, and emp-
hasized that ROSs give more harm to the unprepared
tissues [7,8]. Besides, ROSs play an important role in
regulating the cell signaling and gene expression [9,10].
The transcription factor NFE2L2 is the main organizer of
antioxidant defenses, regulating more than 200 cytop-
rotective genes as a response to oxidative stress. It is
also reported that nuclear factor erythroid-derived
2-like 2 (NFE2L2), acute oxidative and nitrosative stress
regulate antioxidant response and mitochondrial bio-
genesis. In addition, they also noted that NO and ROSs,
that is produced through exercise, activated skeletal
muscle NFE2L2 and required the NFE2L2 expression for
normal mitochondrial biogenesis, acute exercise and an-
tioxidant transcriptional response during regular training.

The studies reported that NFE2L2 activators protect
mice against metabolic diseases and prolong the lifes-
pan of C. Elegans and M. Drosophila [11]. The purpo-
se of this study is to investigate the effect of interval
training program on Nuclear factor erythroid-derived
2-like 2 (NFE2L2/Nrf2) gene expression in women.

MATERIALS and METHODS

Participants:The research was made on 12 women who
have similar ages and physical characteristics that did
not exercise regularly, active, non-smoker, did not take
any of food supplement and did not have any health
problem, average of age was 21.88+2.44 years, average
of height was 162.134+5.83 cm, and the average of we-
ight was 58.60+ 2.04 kg. Our study protocol was appro-
ved by Erciyes University Ethics Committee. Our work
was conducted under the direction of Declaration of
Helsinki and local laws.

Experimental Design

Maximal Aerobic Capacity (VO2 max): Maximal oxy-
gen use capacities were determined proportionately
(body weight / lean body mass / ml / kg / min) by app-
lying the Bruce Test Protocol, which was performed be-
fore the training and at the end of the 8-week training.

Training Protocol: At the beginning of the study, parti-
cipants were asked not to take any medication or nut-
ritional supporters for 8 weeks, to avoid heavy physical
activity 48 hours before the training and to be hungry
at least 3 hours before the test time. Two days after
the maximal oxygen use capacities were determined,
8-week training programs were started. Training Prog-
ram: Participants were given a medium-duration in-
terval training program in 3 days a week, for 8 weeks.
The severity of the study was determined according
to the volunteers’ target heart rate (%90-95). Partici-
pants were received height, weight, systolic-diastolic
blood pressure, heart rate and 10 ml peripheral blood
samples with EDTA tubes before and after 8 weeks of
exercise.

RNA Isolation and gene expression studies

2 ml venous blood samples were taken from the partici-
pants for the gene expression study. RNA samples were
stored at the -80°C until analysis. Firstly, peripheral blo-
od mononuclear cells were isolated using standard met-
hods [12,13]. RNA isolation was performed using TRIzol
Reactive (TRIzol, Roche, Almanya) from peripheral blo-
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Table 1. Some of the physical and physiological characteristics of the participants.

Variables BE.Avr+SD

Mass (kg) (n=12) 58.60+2.04

BMI (kg/m?) (n=12) 22.29+2.43
Heart Rate(pulse/min) (n=12) 86.70+6.7

Systolic H.P (mmHg) (n=12) 114.90+£19.9
Diastolic H.P (mmHg) (n=12) 78.60+9.78
VO2 Max (n=12) 35.74+2.5

Paired Samples T Test / SD.: Standard Deviation / *p<0.05 **p<0.001

B.E.= Before Exercise A.E.= After Exercise B.M.l.= Body Mass Index

od mononuclear cells. The amount and quality of RNA
samples were measured with a NanoDrop 2000 Spect-
rometer (Thermo Scientific, Waltham, MA). A reverse
transcription polymerase chain reaction (RT-PCR) was
used to detect the gene expressions through syntheses
of the complementary DNA (cDNA) transcripts from
the total RNA extracts. Complementary DNA (cDNA)
was obtained from the RNA using RT2 HT First-Strand
(Qiagen) kit. When complementary DNA was synthesi-
zed, it was left to incubate for 5 min at 95°C and for 15
min at 42°C. Nuclear factor erythroid-derived 2-like 2
(NFE2L2) gene expression was determined by Biomark
Real-Time PCR (RT-PCR). Biomark Real-Time PCR (Qia-
gen) instrument was used for the expression study. The
expression study was incubated at 95°C for 15 sec and
60°C for 60 sec through 95°C for 10 min and 40 cycles.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was selected as the house keeping gene [14,15] .The
data were collected with the Fluidigm Real-Time PCR
analysis software and quantification cycle (Cq) values of
999. Cq values larger than 23 were removed since these
readings were unreliable. The delta delta Ct (2-AACT)
method was applied for the relative quantification of
the samples that normalized with Glyceraldehyde-3-
phosphate dehydrogenase [12]. Genetic studies were
carried out at Erciyes University Genomic and Stem Cell
Center.

Statistical Analysis

The Comparisons were performed using two indepen-
dent sample T-test, the Mann-Whitney U test, for quan-
titative data and calculated gene expression values. The
statistical significance level was taken as p <0,05.

Results
Some of the physical and physiological characteristics
and the blood samples of the 12 participants, who par-

AE.AvrtSD t P
56.24+1.65 4.2 0.001**
21.37+1.98 4.5 <0.001**
98.90+7.98 53 0.001**
107.70+£12.17 1.2 0.269
73.2045.29 0.8 0.431
46.16+3.25 51 0.001**

ticipated in the study, were prepared and evaluated ac-
cording to the methods mentioned in the related secti-
on. The average age of the participants was 21.88+2.44
years, and the average height was 162.13+5.83 cm (Tab-
le.1.).

There was no difference in systolic and diastolic blo-
od pressures (mmHg) at the beginning and end of the
8-week training programs of participants attended the
study (p>0.05 Table.1).

According to the statistical analysis results, there was a
significant increase in heart rate and maximal oxygen
use capacity (VO2 max) after exercise (p<0.001 Tab-
le.4.1). There was a significant reduction in body weight
(p <0.001) and body mass index of women after the
exercise (p<0.000).

The change in the Nuclear factor erythroid-derived
2-like 2 (NFE2L2) gene expression, performed in the
analyses by the blood samples taken before and after
the 8-week training program, is shown in the table be-
low.

RESULTS and DISCUSSION

It is known that acute exercise systematically causes
to oxidative, metabolic, mechanical and thermal stres-
ses. It is reported that even a single exercise increases
oxidative stress bioindicators in almost all tissues. ROSs
contain one or more unpaired molecules with high
energies. Normal cell metabolism converts about 1-2%
oxygen molecules to ROSs.

This ROS is potentially toxic. Although there are signifi-
cant contributions to the regulation of normal physical
activities, such as ROS muscular contraction, the signifi-
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Table 2. Female NFE2L2 gene expression change before and after the 8-week training program.

Gene BE-W Median - IQR

NFE2L2 15.807+2.986
Mann Whitney U test /IQR: Interquartile range *p<0.05 **p<0.001

B.E.= Before Exercise A.E.= After Exercise W= Woman

8w.AE-W Median - IQR P-value*

12.11+1.087 <0.004

There was a decrease in female NFE2L2 gene expressions after the 8-week training program than before (p<0.05, **p<0.001, Table-2.).

cantincreases in the concentrations of ROS may disrupt
normal cell function and cause to oxidative damage of
various biomolecules (protein, lipid) and cellular DNA
[16-19]. Due to its role in the organ, tissue damage and
the aetiopathogenesis of various diseases, ROS has
been a growing area of interest in medicine recently.
NFE2L2 or Nrf2 regulates basal antioxidant and anti-
oxidant reactions against stress in various organisms
from ferment to Caenorhabditis elegans and mammals.
The cell culture studies using C2C12 skeletal muscle
cells report that Nrf2 is activated by ROS. In a study of
wild-type mice, it was emphasized that a single acute
exercise increased Nrf2 proteins, Nrf2-bound phase I
enzymes and Nrf2 gene expression in the skeletal musc-
le [20,21]. Horie et al. used an electrical impulse stimu-
lation (EPS) to imitate acute exercise and emphasized
that Nrf2 expression is related to both intensity and
duration of the stimulus [22]. Similar to the cell culture
studies, studies on some animals showed that increases
in Nrf2 signalization depend on the duration of exercise.
Less than one hour of running treadmill exercise was
reported to have no effect on Nrf2 mRNA or protein
expression [23,24,]. The data on the NFE2L2 signal rela-
ted to exercise is still very limited in humans, but a re-
cent study indicated that acute exercise increases Nrf2
proteins at all cellular levels measured in peripheral
blood mononuclear cells (PBMCs) in young and old men.
Again in the same study, nuclear accumulation of Nrf2
was observed only in the young group and emphasized
that aging may be related to Nrf2 disruption. Similarly,
in middle-aged women, who do regular exercise, Nrf2
mRNA increased significantly 2 hours after 30 minutes
of moderate treadmill exercise, and sedentary women
did not show any change in Nrf2 gene expression as a
response to exercise [25]. This may suggest that sport
may play a role in preserving the response of acute Nrf2
and aging. The impact of regular exercise training on
the NFE2L2 response is investigated in the studies more
extensively than the acute exercise. It is showed that
medium-intensity or high-intensity interval training for
4-24 weeks activates Nrf2 signalization in several tissu-
es, including skeletal muscle, kidney, brain, liver, testicle,

prostate and myocardium in rodents. It is stated that re-
gular exercise in rats prevents the normal level of Nrf2
from falling due to the oxidative stress. At the same
time, it is also emphasized that antioxidant supplement
weakened the normal activation of NFE2L2 during the
exercise [26] .

Gomes et al. [27] had Sprague-Dawley rats instructed
to exercise using a jumping protocol with a weighted
vest as a resistance training. While no change in Nrf2
expression was observed in young animals, a decrease
in Nrf2 was indicated in elderly animals subjected to the
same training, and this difference was initially explained
by highness in the Nrf2 expression in elderly animals.
There are contradictory results about NFE2L2 gene exp-
ression in the studies. In some studies; increasing with
exercise, a decrease, and no difference is detected. It
is emphasized that these different results in the studi-
es affected by the age of the subjects and periods of
sampling after the exercise [28]. In our study, it was fo-
und that NFE2L2 gene expression in females decreased
after the regular exercises compared to basic level. This
make us consider that the reduction resulted from the
time interval in blood sampling, the initially high level
of NFE2L2 and the duration, intensity and severity of
the exercise.

It is indicated that regular exercise reduces the Nuclear
factor erythroid-derived 2-like 2 (NFE2L2) gene expres-
sion in women. Both animal studies and human studies
are almost limited to male subjects only. We believe
that different exercise protocols and taking samples at
different time intervals may be important to a better
explanation of this variation, activation of NFE2L2 and
to catch different reaction times and general variation
of NFE2L2 in females
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ABSTRACT

S everal aromatase inhibitors have used for the treatment of breast cancer; however, some of these drugs may produce some
side effects such as endometrial cancer and bone loss. The aim of this study was to synthesize two new azete-steroid de-
rivatives (compounds 9 or 10) to evaluate its theoretical interaction with an aromatase enzyme (2wd3) using anastrozole and
exemestane as controls in a docking model. The preparation of 9 and 10 was carried out using a series of reactions which involves
amination, etherification, nitration, and addition. Chemical structure of the compounds was confirmed using elemental analysis
and NMR spectrum. The results showed that compounds 9 or 10 could bind to a different type of aminoacid residues involved in
of 2wd3 protein surface compared anastrozole and exemestane; this phenomenon may exert changes in the biological activity of
aromatase enzyme. All data suggest that compounds 9 or 10 could be an alternative for the treatment of breast cancer; therefore
it could be a good candidate for the pharmaceutical industry.

Key Words
Azete, steroid, derivative, docking model.

0z

M eme kanserinin tedavisi icin birkag aromataz inhibitord kullanilmistir; ancak, bu ilaglarin bazilari endometrial kanser ve ke-
mik kaybi gibi bazi yan etkiler yaratabilir. Bu ¢alismanin amaci, bir yerlestirme modelinde kontroller olarak anastrozol ve
exemestan kullanarak teorik etkilesimini bir aromataz enzimi (2wd3) ile teorik etkilesimini degerlendirmek igin iki yeni azete-ste-
roid turevini (bilesik 9 veya 10) sentezlemekti. 9 ve 10’un hazirlanmasi, aminasyon, eterlestirme, nitrasyon ve ekleme iceren bir
dizi reaksiyon kullanilarak gercgeklestirildi. Bilesiklerin kimyasal yapisi element analizi ve NMR spektrumu kullanilarak dogrulandi.
Sonuglar, bilesikler 9 veya 10’un, anastrozol ve exemestan ile karsilastirildiginda 2wd3 protein ylzeyinde yer alan farkli tipte bir
amino asit tortusuna baglanabilecegini gosterdi; bu fenomen, aromataz enziminin biyolojik aktivitesinde degisiklikler yapabilir.
Tum veriler, bilesik 9 veya 10’un, meme kanseri tedavisinde bir alternatif olabilecegini gbstermektedir; bu nedenle ilag endustrisi
icin iyi bir aday olabilir.
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INTRODUCTION

here are studies which indicate that breast cancer
Tis one of the main health problems worldwide [1-
4]. It is noteworthy that some drugs have been used
to treatment of breast cancer such as tamoxifen (est-
rogen-receptor antagonist) [5], anastrozole, letrozole
or exemestane (aromatase inhibitors) [6-8], fisetin or
methyl paraben (17-hydroxy dehydrogenase type 1
inhibitors) [9, 10]; however, some of these drugs may
produce some adverse effects such as secondary endo-
metrial cancer [11] and bone loss [12]. In the search of
new pharmacological treatment to breast cancer, some
drugs have been developed; for example, the asymmet-
ric synthesis of a piperidine derivative via an organoca-
talytic Michael-Henry reaction with biological activity
against breast cancer in vitro [13]. In addition, a study
showed the preparation of nimesulide from 2-Amino-
5-nitro-phenol as a breast cancer inhibitor using SK-
BR-3 cells [14]. Also, a series of dienone-derivatives
were synthesized from oridonin which exerted effects
against breast cancer in vitro [15]. Other study showed
reaction of 4-(dimeth-ylamino)benzaldehyde with N-(3-
Acetyl-2-hydroxy-phenyl)-acetamide to form 8-Amino-
4'-(dimethylamino)flavone and their biological activity
against breast cancer on MCF-7 cells [16]. It isimportant
to mention, that some theoretical models have been
used to characterize the interaction of drugs with some
biomolecules involved in breast cancer; for example, a
theoretical analysis showed the interaction plumbagin-
hydrazine (breast cancer inhibitor) with NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells)
using a Docking model [17], Additionally, other report
showed the interaction of tamoxifen, raloxifene, tore-
mifene (breast cancer inhibitors) with estrogen recep-
tor using the HEX-docking software [18]. Other data
showed that some estrone derivatives can produce
apoptosis of breast cancer cells via carbonic anhydra-
se IX inhibition using Autodock program [19]. All these
data indicate that several drugs could exert effects on
breast cancer; however, their interaction with several
targets biological is confusing, this phenomenon could
be due to the different chemical structures of each
drug or to protocols used. Analyzing these data, the
aim of this study was to synthetize two azete-steroid
derivatives were prepared and their theoretical activity
on aromatase enzyme was evaluated using a Docking-
Server model.

MATERIALS and METHODS

2.1 General methods

The reagents involved in this investigation were purc-
hased from Sigma-Aldrich Sigma-Aldrich Co., Ltd. The
melting point for compounds was determinate using an
Electrothermal (900 model). Infrared spectra (IR) were
evaluated using i50 FT-IR Nicolet spectrometer.H and
13C NMR (nuclear magnetic resonance) spectra were
determinate with a Varian VXR300/5 FT NMR spect-
rometer at 300 MHz (megahertz) in CDCI, (deuterated
chloroform). EIMS (electron impact mass spectroscopy)
spectra were evaluated using a Finnigan Trace Gas
Chromatography Polaris Q-Spectrometer. Elementary
analysis data were evaluated from a Perkin Elmer Ser. II
CHNS/02400 elemental analyzer.

Chemical Synthesis

Amination

In a round bottom flask (10ml), 2-nitroestrone or 2-nit-
roestradiol (0.50 mmol), 3-Ethynylanyline (60 ul 0.53
mmol) and 5 ml of formaldehyde were stirred to reflux
for 12h. The mixture was purified via a crystallization
using the methanol:water (4:1) system.

4-[(3-Ethynyl-phenylamino)-methyl]-3-hydroxy-13-
methyl-2-nitro-6,7,8,9,11,12,13,14,15,16-decahydro-
cyclopenta[a]phenanthren-17-one (3)

yielding 44% of product; m.p. 43-45°C; IR (vmax, cm?)
3402, 3312, 2102, 1712 and 1352: *H NMR (300 MHz,
Chloroform-d) 6,;: 0.93 (s, 3H), 1.20-1.90 (m, 7H), 2.12-
2.50 (7H), 2.82 (s, 1H), 3.01 (m, 1H), 4.40 (m, 2H), 6.56-
7.12 (m, 4H), 7.16 (m, 1H), 9.10 (broad, 2H) ppm. 3C
NMR (300 Hgz, CDC|3) SC: 13.9, 21.6, 254, 274, 28.0,
30.8, 34.6, 37.2, 42.3, 479, 48.4, 50.4, 78.2, 84.0,
113.1, 122.5, 122.7, 123.5, 125.0, 125.0, 129.8, 134.3,
136.6, 145.4, 146.7, 147.1, 219.8 ppm. EI-MS m/z:
444.53. Anal. Caled. for C_H. N.O : C, 72.95; H, 6.35; N,

27728 2747

6.30; O, 14.40. Found: C, 72.90; H, 6.28.

4-[(3-Ethynyl-phenylamino)-methyl]-13-me- thyl-
2-nitro-7,8,9,11,12,13,14,15,16,17-deca- hydro-6H-
cyclopenta[a]phenanthrene-3,17-diol (4)

yielding 56% of product; m.p. 58-60°C; IR (vmax, cm"
1) 3400, 3310, 2102 and 1350: *H NMR (300 MHz,
Chloroform-d) §,: 0.64 (s, 3H), 0.80-1.86 (m, 11H), 2.12-
2.52 (m, 3H), 2.84 (s, 1H), 2.94-3.64 (m, 2H), 4.40 (m, 2H),
6.62-7.10 (m, 4H), 7.64 (m, 1H), 8.20 (broad, 3H) ppm.
13C NMR (300 Hz, CDC|3) 6C: 15.8, 24.2, 25.3, 27.7, 28.0,



32.7,33.7, 37.2, 42.3,44.4,45.1,50.7, 78.2, 82.4, 84.01,
113.1, 122.4,122.7,123.5, 125.0, 125.3, 129.8, 134.8,
136.6, 145.4, 147.0, 147.1 ppm. EI-MS m/z: 446.22.
Anal. Calcd. for C_H. N.O: C, 72.62; H, 6.77; N, 6.27; O,

27730 2747

14.33. Found: C, 72.58; H, 6.70.

Etherification

In a round bottom flask (10ml), compounds 3 or 4 (0.50
mmol), potassium carbonate (60 mg, 0.43) 5 ml of di-
methyl sulfoxide were stirred to reflux for 6h. The sol-
vent of mixture was reduced pressure and purified via
a crystallization using the methanol:water (4:1) system.

4-[(3-Ethynyl-phenylamino)-methyl]-13-methyl-
6,7,8,9,11,12,13,14,15,16-decahydro-20-oxa-
cyclopropa[2,3]cyclopenta[a]lphenan- thren-17-one
(5)

yielding 38% of product; m.p. 76-78°C; IR (vmax,

cm™) 3310, 2104, 1712 and 1242: 'H NMR (300 MHz,
Chloroform-d) 8,: 0.90 (s, 3H), 1.20-1.92 (m, 7H), 2.12-
2.54 (m, 8H), 2.88 (s, 1H), 4.48 (m, 2H), 4.73 (broad, 1H),
6.22 (m, 1H), 6.62-7.16 (m, 4H) ppm. 13.8, 21.7, 25.7,
274, 28.0, 31.3, 35.1, 37.5, 38.3,47.4,48.2,50.5, 78.2,
84.0, 109.8, 113.1, 118.3, 122.5, 122.7, 125.0, 129.8,
131.9,133.1, 143.6, 147.4, 148.5, 220.7 ppm. EI-MS m/z:
397.20. Anal. Calcd. for C,;H, NO,: C, 81.58; H, 6.85; N,

27 27

3.52; 0, 8.05. Found: C, 81.50; H, 6.80.

4-[(3-Ethynyl-phenylamino)-methyl]-13-methyl-
6,8,9,11,12,13,14,15,16,17-decahydro-7H-20-oxa-
cyclopropa[2,3]cyclopentala]phe- nanthren-17-ol (6)
yielding 45% of product; m.p. 84-86°C; IR (vmax,

cm?) 3400, 3312, 2102 and 1240: *H NMR (300 MHz,
Chloroform-d) §,;: 0.76 (s, 3H), 0.82-1.88 (m, 11H), 2.12-
2.54 (m, 4H), 2.88 (s, 1H), 3.64 (m, 1H), 4.48 (m, 2H),
5.58 (broad, 2H), 6.16 (m, 1H), 6.62-7.16 (m, 4H) ppm.
15.8,24.2,25.3,27.7, 28.0, 32.7, 33.7, 37.2, 38.3, 44.4,
44.6,50.7, 78.2, 82.4, 84.0, 110.2, 113.1, 118.3, 122.5,
122.7, 125.0, 129.8, 132.3, 133.5, 143.6, 147.4, 148.5
ppm. EI-MS m/z: 399.21. Anal. Calcd. for C, H,,NO,: C,

27" 29

81.17; H, 7.32; N, 3.51; O, 8.01. Found: C, 81.12; H, 7.30.

Nitration

In a round bottom flask (10ml), compounds 5 or 6 (0.50
mmol), 5 ml of anhydride acetic and 1 ml of nitric acid
were stirred to reflux for 6h. The solvent of mixture was
reduced pressure and purified via a crystallization using
the methanol:hexane:water (4:2:1) system.
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4-[(3-Ethynyl-2,4,5,6-tetranitro-phenylami-
no)-methyl]-13-methyl-1-nitro-6,7,8,9,11,
12,13,14,15,16-decahydro-20-oxa-cyclopro- pa[2,3]
cyclopenta[a]phenanthren-17-one (7)

yielding 66% of product; m.p. 122-124°C; IR (vmax,
cm™) 3312, 1244, 1712 and 1352: *H NMR (300 MHz,
Chloroform-d) 6,;: 0.92 (s, 3H), 1.20-1.91 (m, 7H), 2.12-
3.00. (m, 15H), 3.90 (s, 1H), 4.84 (m, 2H), 9.92 (broad,
1H) ppm. *C NMR (300 Hz, CDCl,)6.: 13.8. 217, 27.4,
28.1, 30.0, 31.3, 35.3, 37.7, 42.3, 45.2, 48.1, 50.2, 71.0,
79.7, 115.2, 125.1, 126.2, 128.5, 130.2, 132.5, 134.4,
135.1,136.3, 136.5, 141.9, 142.3, 220.3 ppm. EI-MS m/z:
6.22.12. Anal. Caled. for C_H._.N_O..: C, 52.09; H, 3.56; N,

27722 6 12"

13.50; O, 30.84. Found: C, 52.00; H, 3.50.

4-[(3-Ethynyl-2,4,5,6-tetranitro-phenylami-
no)-methyl]-13-methyl-1-nitro-6,8,9,11,12,
13,14,15,16,17-decahydro-7H-20-oxa-cyclo-
propa[2,3]cyclopentalalphenanthren-17-ol (8)
yielding 58% of product; m.p. 135-137°C; IR (vmax, cm?)
3400, 3312, 2102, 1350 and 1242: *H NMR (300 MHz,
Chloroform-d) ,: 0.78 (s, 3H), 0.80-1.86 (m, SH), 2.22-
3.64 (m, 7H), 3.92 (s, 1H), 4.82 (m, 2H), 8.12 (broad, 2H),
6.62-7.12 (m, 4H) ppm. **C NMR (300 Hz, CDCI,)&_: 15.8,
24.2, 27.6,27.7,30.0, 32.8, 33.7,37.6, 42.3,44.3,50.7,
71.0, 79.70, 82.4, 115.2, 125.1, 126.2, 129.0, 130.6,
132.5,134.8, 135.12, 136.3, 136.5, 141.9, 142.3 ppm. EI-
MS m/z: 6.24.14. Anal. Calcd. for C_H, N_O..: C, 51.93; H,

27724 6 12"

3.87; N, 13.46; O, 30.74. Found: C, 51.88; H, 3.80.

Synthesis of azete derivatives

In a round bottom flask (10ml), compounds 7 or 8
(0.50 mmol), 4-Nitrophenylacetonitrile (85 mg, 0.52
mmol), Copperll chloride anhydrous (67 mg, 0.50
mmol) and 5 ml of methanol were stirred to room tem-
perature for 48h. The solvent of mixture was reduced
pressure and purified via a crystallization using the
methanol:hexane:water (4:2:1) system;

13-Methyl-1-nitro-4-({2,3,4,6-tetranitro-5-[2-(4-
nitro-benzyl)-azet-3-yl]-phenylamino}-methyl)-
6,7,8,9,11,12,13,14,15,16-decahydro-20-oxa-
cyclopropal2,3]cyclopentala] phenanthren-17-one
(9)

yielding 72% of product; m.p. 156-158°C; IR (vmax,
cm™) 3312, 1712, 1350 and 1154: *H NMR (300 MHz,
Chloroform-d) 6,;: 0.92 (s, 3H), 1.20-1.91 (m, 7H), 2.12-
3.00 (m, 8H), 3.77 (m, 2H), 4.82 (broad, 1H), 5.70 (s, 1H),
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Figure 1. Chemical structure of two azete-steroid derivatives (9 and 10).

7.33-7.92 (m 4H), 9.32 (broad, 1H) ppm. C NMR (300
Hz, CDCI,)8,: 13.8. 21.7, 27.4, 28.1, 30.0, 31.3, 35.3, 377,
423, 44.5, 45.2, 48.1, 50.2, 78.2, 112.6, 114.4, 117.8,
124.1, 124.6, 125.7, 126.0, 128.1, 128.6, 130.2, 130.3,
133.7, 134.4, 135.7, 135.8, 136.3, 137.4, 138.3, 142.0,
146.6, 179.2, 220.3 ppm. EI-MS m/z: 784.17. Anal. Calcd.
for C,.H..N.O_: C, 53.58; H, 3.60; N, 14.28; O, 28.55. Fo-

35 28 814"

und: C, 53.50; H, 3.54.

13-Methyl-1-nitro-4-({2,3,4,6-tetranitro-5-[2-(4-
nitro-benzyl)-azet-3-yl]-phenylamino}-methyl)-
6,8,9,11,12,13,14,15,16,17-decahy- dro-7H-20-oxa-
cyclopropal2,3]cyclopenta [a]phenanthren-17-ol (10)
yielding 68% of product; m.p. 172-174°C; IR (vmax,
cm™) 3400, 3312, 1352 and 1154: *H NMR (300 MHz,
Chloroform-d) 6,: 0.78 (s, 3H), 0.80-1.86 (m, 9H), 2.20-
3.62 (m, 7H), 3.77 (m, 2H), 4.82 (broad, 1H), 5.70 (s, 1H),
7.33 (m, 2H), 7.86 (broad, 2H), 7.92 (m 2H) ppm. 3C NMR
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[[1n]

(300 Hz, CDCL,)6.: 15.8, 24.2, 27.7, 30.0, 32.7, 33.7, 37.7,
42.3, 42.3, 44.4, 44.5, 50.7, 82.4, 117.8, 124.1, 124.6,
125.7, 126.0, 128.1, 128.9, 130.2, 130.6, 133.7, 134.8,
135.7, 135.8, 136.3, 137.4, 138.3, 142.0, 146.6, 179.2
ppm. EI-MS m/z: 786.18. Anal. Calcd. for C, H, N.O,:

C, 53.44; H, 3.84; N, 14.24; O, 28.47. Found: C, 53.38;
H, 3.80.

2.3 Physicochemical parameters evaluation

Some electronic parameters such as HOMO (Highest
Occupied Molecular Orbital), LUMO (Lowest Unoccupi-
ed Molecular Orbital) energy, orbital coefficients distri-
bution, molecular dipole moment and HBD (hydrogen
bond donor groups) and HBA (hydrogen bond acceptor
groups) and PSA (polar surface area) were evaluated
using the SPARTAN’06 software [20].

X or 4 | Sor &

Figure 2. Synthesis of two ether-steroid derivatives (5 or 6). Reaction of 2-Nitroestrone (1) or 2-Nitroestradiol (2) with 3-Ethynylanyline
(i) to form 4-[(3-Ethynyl-phenylamino)-steroid-17-one (3) or 4-[(3-Ethynyl-phenylamino)-steroid-3,17-diol (4). Then, the compound 5 or
6 were prepared via intramolecular displazament of nitrile group involved in the chemical structure from 3 or 4. ii = dimethyl sulfoxide.



Pharmacophore evaluation
The 3D pharmacophore model for the compounds 6 and
7 was determinate using LigandScout 4.08 software [21]

2.5 Theoretical evaluation of the interaction

between compounds 9 or 10 and aromatase enzyme.
The interaction of compound 4 with aromatase enzyme
(2wd3) [22] was carried out using a DockingServer [23].

RESULTS and DISCUSSION

In this study were prepared two azete-steroid deriva-
tives (Figure 1) from 2-nitroestrone (compound 1) or
2-nitroestradiol (compound 2) using some chemical
strategies.

The first stage was achieved for the synthesis of three
amino steroids; it is important to mention that seve-
ral methods have been used to synthesis some ami-
no-steroid derivatives for example, the preparation of
17-a-amino steroids using a w-transaminase enzyme
from Arthrobacter sp [23]. Other studies showed the
synthesis of amino-steroids through a nitro-steroids de-
rivatives reduction [24]. Also, a report showed an ami-
nation of steroids using palladium as catalyst [25]. Ot-
her data showed the synthesis of some amino-steroid
derivatives via Mannich reaction; it is noteworthy that
structural chemistry of these compounds [26] involves
an activated methyl group in ring A.

In this study, the reactivity of the hydrogen atom in-
volved in ring A (C-4) of both compounds 1 or 2 was
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Figure 3. Reaction mechanism of synthesis of compounds 5 or 6.
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evaluated using the Mannich reaction. Therefore, 1 or
2 reacted with 3-ethynyl-aniline in presence of formal-
dehyde (Figure 2) to form the amino-steroid derivatives
(compounds 3 and 4). The results of H NMR spectrum
for 3 showed several signals at 0.93 ppm for methyl
group bound to steroid nucleus; at 1.20-2.50, 3.01 and
7.16 ppm for steroid moiety; at 2.82 ppm for alkyne gro-
up; at 4.40 for methylene bound to both amino group
and ring A; at 6.56-7.12 ppm for phenyl group; at 9.10
ppm for both hydroxyl and amino groups. The *3C NMR
showed several signals at 13.9 ppm for methyl group
bound to steroid nucleus; at 21.6-37.2, 47.9-50.4, 123.5-
125.0 and 134.3-146.7 ppm for steroid moiety; at 42.34
ppm for methylene group bound to both amino group
and ring A; at 78.2-84.0 ppm for alkyne group; at 113.1-
122.7, 125.0-129.8 and 147.1 ppm for phenyl group; at
219.8 ppm for ketone group. Finally, the mass spectrum
from 3 showed a molecular ion (m/z) 444.53.

Other results showed several signals involved in the H
NMR spectrum for 4 at 0.64 ppm for methyl group; at
0.80-2.52, 2.94-3.64 and 7.64 ppm for steroid moiety;
at 2.84 ppm for alkyne group; at 4.40 ppm for meth-
ylene bound to amino group and ring A; at 6.62-7.10 for
phenyl group; at 8.20 ppm for both hydroxyl and ami-
no groups. The 3C NMR showed several signals at 13.8
ppm for methyl bound to steroid nucleus; at 24.2-37.2,
44.2-50.7, 86.4, 123.5, 125.3, 134.8-145.4 and 147.1
ppm for steroid moiety; at 42.3 ppm for methylene bo-
und to amino group and ring A; at 78.2-84.0 ppm for
alkyne group; at 113.1-122.7, 125.00, 129.8 and 147.0
ppm for phenyl group; at 220.3 ppm for ketone group.

WH

3
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Figure 4. Synthesis of two tetranitro-phenylamino)-1-nitro-steroid derivatives (7 or 8). Nitration of two ether-steroid derivatives (5 or

6) with HNO3/(CH3C0)20 (iii) to form 7 or 8.

In addition, the mass spectrum from 4 showed a mole-
cularion (m/z) 446.22.

Etherification of 3 or 4

Several studies showed the preparation of ether groups
using some reagents such as (E)-alk-2-en-ol [27], CuCl
[28], Cu(Ac0), [29], PhCOOH [30]. In addition, there are
some methods to the synthesis of ether groups, via disp-
lacement of nitro groups using dipolar aprotic solvents
[31]. Analyzing these data, in this study, two ether-ste-
roid derivatives (compound 5 or 6) were prepared using
a previously method reported via intramolecular displa-
cement of the nitro group from compounds 3 and 4 in
the presence of dimethyl sulfoxide (Figure 2). In additi-
on, the formation of 5 or 6 involves an cyclohexa-1,3-
dien-5-yne as intermediary (Figure 3).

The results of *H NMR spectrum for 5 showed several sig-
nals at 0.90 ppm for methyl group bound to steroid nucle-
us; at 1.20-2.54 and 6.22 ppm for steroid moiety; at 4.48

ppm for methylene group bound to both amino and A-ring
of steroid; at 2.88 ppm for alkyne group; at 4.73 ppm for
amino group; at 6.62-7.16 ppm for phenyl group. The 3C
NMR displayed several signals at 13.8 ppm for methyl gro-
up bound to steroid nucleus; at 21.7-35.7, 47.4-50.5, 109.8,
118.3 and 131.9-147.4 ppm for steroid moiety; at 38.44
ppm for methylene bound to both amino and A-ring; at
78.2-84.0 ppm for alkyne group; at 113.1, 122.5-129.8 and
148.5 ppm for phenyl group; at 220.70 for ketone group.
Finally, the mass spectrum from 5 showed a molecular ion
(m/z) 397.20.

Other results showed several signals involved in the *H
NMR spectrum for 6 at 0.76 ppm for methyl group bound
to steroid nucleus; at 0.82-2.54, 3.64 and 6.16 ppm for ste-
roid moiety; at 2.88 ppm for alkyne group; at 4.48 ppm
for methylene bound to both amino and A-ring; at 5.58
ppm for both hydroxyl and amino groups; at 6.62-7.16 ppm
for phenyl group. The 3C NMR showed several signals at
15.82 ppm for methyl group bound to steroid nucleus; at
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Figure 5. Preparation of two azete-steroid derivatives (9 or 10). Reaction of 7 or 8 with 4-Nitrophenylacetonitrile to form 9 or 10 using

Copperll (iv) as catalyst.

24.2-37.2, 44.4-50.7, 82.4, 110.2, 118.3 and 132.3-147.4
ppm for steroid moiety; at 38.4 ppm for methylene bo-
und to both amino group and A-ring; at 78.21 and 84.00
for alkyne group; at 113.14, 122.5-129.8 and 148.5 ppm
for phenyl group. Additionally, the mass spectrum from 6
showed a molecular ion (m/z) 399.21.

Nitration of 5 or 6

There are several report in the literature for preparation
of nitro derivatives usin g some reagents such as WO,/
Zr0, (32), NO, [33], HNO,/montmorillonite [34], NH,NO,
and (CF, C0),0 [35], BF, [36], HNO,/H,SO, [37] and others.
In this study, compounds 7 or 8 (Figure 4) were prepa-
red through of nitration of phenyl groups involved in the
chemical structure of 5 or 6 with HNO,/(CH,CO),0. The
'H NMR spectrum for 7 showed several at 0.92 ppm for
methyl group bound to steroid nucleus; at 1.20-3.00 ppm
for steroid moiety; at 3.90 ppm for alkyne group; at 4.84
ppm for methylene bound to both amino and phenyl gro-
ups; at 9.92 for amino group. The C NMR displayed seve-
ral signals at 13.8 ppm for methyl group bound to steroid
nucleus; at 21.7-37.7, 45.2-50.2, 126.2-130.2, 134.4, 136.3
and 141.9 ppm for steroid moiety; at 42.3 ppm for meth-
ylene bound to both amino and phenyl groups; at 71.0-
79.7 ppm for alkyne group; at 115.2-125.1, 132.5, 135.1,
136.5 and 142.3 ppm for phenyl group; at 220.30 ppm for
ketone group. Finally, the mass spectrum from 7 showed a
molecularion (m/z) 6.22.12.

Other results showed several signal involved in the *H NMR
spectrum for 8 at 0.78 ppm for methyl group bound to ste-
roid nucleus; at 0.80-3.64 ppm for steroid moiety; at 3.92
ppm for alkyne group; at 4.82 ppm for methylene bound
to both amino and phenyl groups; at 8.12 ppm for both
hydroxyl and amino groups. The *C NMR showed several
signals at 15.8 ppm for methyl group; at 24.2-37.6, 44.3-
50.7, 82.4, 126.2-130.6, 134.8, 136.3 and 141.9 ppm for
steroid moiety; at 42.3 ppm for methylene bound to both
amino and phenyl groups; at 71.0-79.7 ppm for alkyne
group; at 115.2-125.2, 132.5, 135.1, 136.5 and 142.3 ppm
for phenyl groups. Additionally, the mass spectrum from 8
showed a molecular ion (m/z) 624.14.

Formation of Azete Derivatives (compound 9 or 10)
Several oxazete-derivatives have been synthetized using
some reagents such as mesitonitrile oxide [38], a,a-bis-
(alkylthio) oxime [39], acylisothiocyanate [40] and others.
In this investigation, two azete derivatives were prepa-
red via reaction 2 + 2 addition of compounds 7 or 8 and
1-Nitro-4-prop-2-ynyl-benzene using Copperll chloride as
catalyst (Figures 5 and 6).

The ™M NMR spectrum for 9 (Figure 7) at 0.92 ppm for
methyl group bound to steroid nucleus; at 1.20-3.00 ppm
for steroid moiety; at 3.77 for methylene bound to both
phenyl group and azete ring; at 4.82 ppm for methylene

423
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Figure 6. Reaction mechanism of synthesis of compounds 9 or 10.

bound to both amino and phenyl group; at 5.70 ppm for
azete ring; at 7.33-7.92 ppm for phenyl group; at 9.32 for

amino group.

The BC NMR displayed several signals at 13.8 ppm
for methyl group; at 21.7-37.7, 45.2-50.2, 124.1, 128.6,
130.3,134.4,136.3 and 142.0 ppm for steroid moiety; at
42.3 ppm for methylene bound to both phenyl and ami-
no groups; at 44.5 ppm for methylene bound to phenyl
group and azete ring; at 117.8, 138.3 and 179.2 ppm
for azete ring; at 124.6-128.1, 130.2, 133.7, 135.7-135.8,
137.4 and 146.6 ppm for phenyl groups; at 220.30 for
ketone group. Additionally, the mass spectrum from 9
showed a molecular ion (m/z) 784.17.

Finally, the *H NMR spectrum for 10 (Figure 8) showed
several signals at 0.78 ppm for methyl group bound to
steroid nucleus; at 0.80-3.62 ppm for steroid moiety; at
3.77 ppm for methylene bound to both phenyl group
and azete ring; at 4.82 ppm for methylene bound to
both amino and phenyl groups; at 5.70 ppm for azete
ring; at 7.36 and 7.92 ppm for phenyl group; at 7.86 ppm
for both hydroxyl and amino groups.
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The *C NMR showed several signals at 15.8 ppm for
methyl group; at 24.2-37.7, 42.3-44.4, 50.7-82.4, 128.9,
130.6, 134.8, 136.3 and 142.0 ppm for steroid moiety;
at 42.3 ppm for methylene bound to both amino and
phenyl groups; at 44.5 ppm for methylene bound to
both phenyl group and azete ring; at 117.8, 138.32 and
179.2 ppm for azete ring; at 124.1-128.1, 130.2, 133.7,
135.8, 137.4 and 146.6 ppm for phenyl groups. Additi-
onally, the mass spectrum from 10 showed a molecular
ion (m/z) 786.18.

Electronic Parameters

There are some studies which indicate that molecular
orbitals and frontier electron density are used to pre-
dict the most reactive position in some electron system
on several types of reactions [41, 42].These studies sug-
gest that values of highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO)
and their energy gap reflect the chemical activity of a
molecule [43].

Here, it is important to mention, that, some methods
have been developed to evaluate the relation betwe-
en HOMO and LUMO with biological activity of some
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Figure 7. The scheme showed *HNMR spectrum from compound 9. The spectrum was analyzed with a Varian VXR300/5 FT NMR ap-
paratus at 300 MHz in CDCI3. Axis abscissa (ppm). ppm = parts per million.
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Figure 8. The scheme showed 'HNMR spectrum from compound 10. The spectrum was analyzed with a Varian VXR300/5 FT NMR
apparatus at 300 MHz in CDCI,. Axis abscissa (ppm). ppm = parts per million.

Table 1. Physicochemical parameters involve in the structure of compounds 9 and 10.

Parameters C-9 C-10
Polarizability (cm3) 93.12 93.52
PSA A2 240.23 244.82
LogP -1.38 -1.87
Energy (au) -2605.54 -2606.72
HBD 1 2
HBA 19 19
HOMO (eV) -8.46 -8.49
LUMO (eV) -1.68 -1.66

HBD (hydrogen bond donors); HBA (hydrogen bond acceptors); PSA (polar surface area).
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compounds; for example, there are some data which
showed the evaluation of the frontier molecular or-
bitals (HOMO-LUMO gap) from some steroid using
MINDO and ZINDO models [44, 45]. In this study, the
Hartee-Fock method (method of approximation for the
determination of the wave function and the energy of a
guantum many-body system in a stationary state) was
used to determinate both HOMO and LUMO orbitals
(Figure 9 and Table 1) in Spartan'06 V112 program [46].

The results showed changes in both HOMO and LUMO
values for the compound 9 compared with 10; this phe-
nomenon could be conditioned by the difference in it
orbitals density that is located in chemical structure 9
and 10.

Pharmacophore Ligand Model

For several years, some chemical models have been
used to determine the three-dimensional orientation
adopted by the functional groups of a molecule to pre-
dict its interaction with several biomolecules [46]; for
example, the use of a pharmacophore model which can
furnish a new insight to design novel molecules that can

46 aY
34 WD
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i
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enhance or inhibit the function of a biological target
which can be useful in new drug discovery. Analyzing
this premise in this study, the LigandScout software [47]
was used to develop a pharmacophore model for com-
pounds 9 and 10 (Figure 10).

The results showed that functional groups involved in
the compounds 9 and 10 could interact via hydrophobic
contacts or as hydrogen bond acceptors or as hydrogen
bond donor with some biomolecules.

Interaction Theoretical (Protein-Ligand)

Analyzing the hypothesis mentioned above and some
reports which suggest that the formation of binary
complexes between some compounds that act as li-
gands with several target biomolecules could induce
changes in many activities of some biological systems
[48-53]; Therefore, in this study, was carried out a the-
oretical analysis on the interaction of both compound 9
or 10 with Dwd3 protein using exemestane and anast-
rozole (aromatase inhibitors) [54] as a control in a Doc-

B4 By

Ll 'y

Figure 9. Molecular orbitals (HOMO and LUMO) involved in the compounds 9 (I) and 10 (l1). Visualized with SPARTAN’06 software
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Figure 10. Theorethical pharmacophore from both compounds 9 (l1l) and 10 (1V) using the LigandScout software. The model involves
a methyl group (yellow) hydrogen bond acceptors (HBA, red) and hydrogen bond donor (HBD, green).

kingServer [23]; here, it is important to mention that
Dockingserver was used because we believe that it is
one of the most complete to analyze the protein-drug
interaction.

The data (Table 2) showed differences in the interacti-
on of both compounds 9 and 10 with some aminoacid
residues involved in 2wd3 protein surface. In addition,
other data suggest that there is another type of ami-
noacid residues in the interaction of both exemestane
and anastrozole with 2Wd3. This phenomenon could be
conditioned by the different conformations adopted by
both compound 9 and 10 or the length of bound betwe-
en the steroid-derivatives and the aminoacid residues
involved in 2Wd3 protein surface. However, it is impor-

tant to mention that some reports suggest that other
thermodynamic factors such as free energy of binding,
electrostatic energy, total intermolecular energy and
Van der Waals (vdW) + hydrogen bond (Hbond) + desol-
vation energy can be involved in the interaction of se-
veral compounds with the proteins or enzymes 25, 26].

Thermodinamic Parameters

Analyzing the hypothesis above mentioned, in this
study, some thermodynamic parameters were deter-
minate using DockigServer [23]. Theoretical data (Table
3) indicates that there are differences in the thermody-
namic parameters of exametane and anastrazole com-
pared with both compounds 9 and 10. However, the
theoretical results showed that inhibition constant (Ki)
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involved in the interaction of both compounds 9 and 10
with 2WD3 protein surface was lower compared with
exametane and anastrazole.

All these results suggest that both compounds 9 and 10
could exert a higher interaction with the 2Wd3 protein
surface of, which can be translated as a decrease in aro-
matase activity.

CONCLUSIONS

In this study, is reported a facile synthesis of two steroid
derivatives using several chemical strategies. In additi-
on, the theoretical interaction of steroid derivatives (9
or 10) with the aromatase enzyme indicate that both
compounds 9 and 10 could act as aromatase enzyme in-
hibitors which can be translated as good candidates for
their evaluation in some cancer model; Nnevertheless,
possibly the compound 10 could have higher activity
against aromatase enzyme. However, to demonstrate

Table 2. Aminoacids residues involved in the interaction of anastrazole, exametane and compounds 9 (C-9) and 10 (C-10) with 2WD3

protein surface.

Anastrazole Exametane
Gln,, Trp,
His,, His,
Val,, Ala,,
Phe, His,,
val ., His,
Leu,,, Val,,
Leu,,, val,,
Thrg, Leu,,,
Pro,, Thr,

Thrg,
Val,.
Trp208

Gln (glutamine); His (histidine); Val (valine); Leu (leucine); Thr (threonine);
Pro (proline); Ala (alanine); Trp (tryphtophan); Asn (aspartic acid); Glu (glutamine);

Phe (phenylalanine); Ile (Isoleucine).

C-9 C-10

Trpg Trpg

Leuy, Asn,,
Asn,, Asn,,
His,, Glug,
Glug, lleg,

His,, Gln,,
Phe, His,,
Thr g, Val,,
Pro,, Phe,

Pro

201

Table 3. Thermodynamic parameters involved in the interaction of anastrazole, exametane and compounds 9 (C-9) and 10 (C-10) with

2WD3 protein surface.

Est. Free Energy of Binding

Compound (Kcal/mol)

Anastrazole =11

Exametane -8.39
o 7.08

Est. Inhi-bition Constant, Ki
st-Inhi-bition Lonstant, & cdW + Hbond + desolv Energy

(1M)
180.06 -6.92
710.67 -8.36
6.42 711

Table 4. Thermodynamic factors involved in the interaction of anastrazole, exametane

and compounds 9 (C_9) and 10 (C-10) with 2WD3 protein surface.

Compound Electrost. Energy
Anastrazole -0.01
Exametane -0.03

C-9 -0.01

C-10 0.02

Total Inter-molec. Energy Interact. Surface

-6.92 666.43
-8.39 648.45
-7.11 828.06
-8.83 927.79



this, experimental analyzes would have to be done in
some biological model.
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ABSTRACT

his study employed water mite (Acari, Hydrachnidia) species collected from a natural lake water environment. These

species included Hydrodroma despiciens, Eylais infundibulifera, Hydryphantes flexiosus, Georgella helvatica, Hygrobates
nigromacutlatus, Hydryphantes thoni ve Torrenticola bevirostris. Chemical analyses of these species were conducted using
the Fourier infrared spectrophotometer (FTIR) technique. Solid phase IR spectra were made individually for each species.
The data obtained for all species were examined graphically and were identified in four different spectral regions. Finally,
the spectrum frequency ranges of these species were determined. The functional groups OH, C-H, C=0, C-O, and C-N
were observed. The vibrational frequencies of each species studied were determined. When evaluating the results of the
spectroscopic analysis, the range of the spectrum of these species was shown to be similar to one another; however, peak
intervals were different for each species.

Key Words
Water mites, acari, Hydrachnidia, infrared spectroscopy, chemical taxonomy.

0z

B u calismada, dogal gol suyu ortamindan toplanan su kenesi (Acari, Hydrachnidia) turleri kullaniimigtir. Bu ttrler Hydrod-
roma despiciens, Eylais infundibulifera, Hydryphantes flexiosus, Georgella helvatica, Hygrobates nigromacutlatus,
Hydryphantes thoni ve Torrenticola bevirostris’dir. Bu tirlerin kimyasal analizleri, Fourier kizilétesi spektrofotometre (FTIR)
teknigi kullanilarak yapildi. Kati faz IR spektrumlari her tir igin ayri ayri yapildi. Tim turler icin elde edilen veriler grafiksel
olarak incelendi ve dort farkli spektral bolgede tanimlandi. Son olarak, bu turlerin spektrum frekans araliklari belirlendi.
Fonksiyonel gruplar OH, C=H, C=0, C=0ve C =N gozlendi. Calisilan her tirln titresim frekanslari belirlendi. Spektroskopik
analiz sonuglari degerlendirilirken, bu tirlerin spektrum araliginin birbirine benzer oldugu ancak, en yuksek araliklarin her
turigin farkl oldugu gosterilmistir.
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INTRODUCTION

large number of studies have been conducted on
Awater mites that are commonly found in marine
and inland waters. Water mite species (Acari: Hydrach-
nidia) belong to 57 families, 400 genera and approxi-
mately 6000 species [1-6]. Water mites are important
ecologically as bioindicator organisms. Molecular and
chemical studies have been conducted on this group
[7- 14]. In terms of solving systemic problems and the
level of understanding of the phylogenetic relationships
encountered between water mites, chemical techniqu-
es have recently been employed [7, 8, 10, 11]. The data
obtained by this method serve as a significant contribu-
tion for systematizers and taxonomists. Considering the
continuing systematic discussion of some water mite
species, it is important to note that the molecular and
chemical methods currently being employed by rese-
archers indicate certain and clear results.

The FTIR technique used in this study provides determina-
tion of functional groups’ (OH, C-H, C=0, C-O, C-N, etc.)
structure by measuring the vibrational energy of molecules
within the structure. This method is generally used to de-
termine the structure of chemical compounds, particularly
organic compounds, alongside other spectrophotometric
methods (NMR, Mass, UV, etc.) [15-16].

Infrared spectroscopy is a spectroscopy-based technique
that absorbs the infrared rays of the material under study.
All' molecules, except for homo-nuclear (N,, O,, Cl) mol-
ecules, have a unique infrared spectrum. The IR spectrum
is generally divided into four regions: 3700-2700 cm™ (X-
H); 2700-1850 cm™ (triple bonds); 1950-1550 cm™* (double
bonds) and 1550-600 cm™ (except for X-H, single bonds).

o The 3700-2700 cm™ region: absorption peaks in this
region generally result from hydrogen vibrations.
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Figure 1. Functional group regions [4].

o O-H and N-H stretching vibration frequency absorp-

tions are seen at 3700-3000 cm™.

o The 1950-1550 cm™ region: this region is called the

carbonyl (C-O) double bond region.

o The 1500-700 cm™ region: This region is called the

fingerprint region. Most of the single bond absorption
peaks are collected in this region. Esters (C-O-C) ethers
(R-O-R) inorganic phosphates, inorganic sulfates, inor-
ganic carbonates, and inorganic nitrates are observed
in this region (Figure 1) [4].

IR (infrared spectroscopy) has recently become one of
the molecular methods used in invertebrate animals for
taxonomic purposes. This study is the first to identify
functional groups in water mite species using IR. The
infrared technique was used for the first time in Acari-
dae in 1989 by Leal et al. In this study, Leal and collea-
gues isolated rosefuran and perylene derivatives from
Tyrophagus neiswanderi (Acariformes, Acaridae) speci-
es. The study described these natural compounds using
IR and other spectroscopic techniques and compared
them with synthetic ones [17].

Another study by Leal et al. (1989) isolated a novel
monoterpene 2(E)-(4-methyl-3-pentenyl) butanediol
(a-acari dial) from another Acari species, Tyrophagus
pernicious, and determined the structure of this com-
pound by spectroscopic methods (GS-FTIR, MS). Subse-
quently, a series of reactions on the part of this com-
pound was carried out to obtain the E and Z isomers of
this a-acari dial compound. The study also compared
the spectroscopic results of these natural monoterpe-
ne derivatives with that of synthetic ones [17]. A similar
study by Hiraoka and colleagues (2001) obtained a mix-
ture of two monoterpenes from Histiogaster sp. A096
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(Acari: Acaridae). They then elucidated their structure
by GC/MS, GC/FTIR, UV and 1H NMR spectroscopy ((2E,
4E) - and (27, 4E)-3,7-dimethyl-2,4,6-octatrienals) [18].
In a study conducted by Sato et al. (1993) researc-
hers extracted a new salicylaldehyde derivative with
a yield of 37% by extracting Dermatophagoides pte-
ronyssinus, a type of mite, with hexane [19]. In anot-
her study, a new monoterpene lactone was obtained
from Tyrophagus putrescentiae, a type of mold fun-
gus by Morino and coworkers (1997). The researchers
noted the chemical name of this lactone as (E)-2-(4'-
methyl-3’-pentenylidene)-4-butanol and assigned it the
B-acarolide trivial name [20]. There is no information in
the literature about the use of this method in relation
to water mites. In the present study, the similarities or
differences between species belonging to different fa-
milies were evaluated using a systematic approach.

MATERIALS and METHODS

The water mites used in the study were collected from
Karamik Lake (Afyonkarahisar-Turkey) from May-August
2015. Samples were identified in the laboratory under a
microscope. The samples were washed with pure water
and dried in sterile petri dishes at room temperature;
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100 mg of anhydrous KBr (potassium bromide) was ad-
ded to roughly 5 mg of water mite species (Hydrodroma
despiciens, Eylais infundibulifera, Hydryphantes flexio-
sus, Georgella helvatica, Hygrobates nigromacutlatus,
Hydryphantes thoni, Torrenticola bevirostris) by weig-
hing each species with a precision scale. The mixture
of water mites and potassium bromide was placed into
a mortar and thoroughly crushed for homogenization.
This mixture was pressed into thin transparent discs
and then analyzed by FTIR (Perkin Elmer Spectrum BX).
The results of the analysis were graphically evaluated.

RESULTS

When the results obtained from samples of seven wa-
ter mite species were examined, four functional groups
in the spectrum were observed. These functional gro-
ups were: (1) functional group (OH, NH) in the range of
3600-3200 cm; (2) functional group (C-H) in the range
of 2900-2850 cm; (3) functional group (C-C, C=0, C=N)
in the range of 1780-1650 cm™; (4) functional group (C-
0, C-N, C-S) in the range of 1200-400 cm™ (Figure 1). All
of these functional groups were observed in all species.
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Figure 2. FTIR analysis of water mites species Hydrodroma despiciens (1), Eylais infundibulifera (2), Hydryphantes flexiosus (3), Geor-
gella helvatica (4), Hygrobates nigromacutlatus (5), Hydryphantes thoni (6) and Torrenticola bevirostris (7).
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The first functional group is the OH and NH range. It is
observed that the similarity rate among the six species
studied for this region is very high. This result is also
expected. Because it is the carbohydrates and proteins
that make up the structure in living things. OH, group
is the basis of carbohydrates and NH group is the basis
of proteins. When the % T values are examined; bands
in the range of 3600-3200 cm™ it is seen that Eylais in-
fundibulifera and Hydrodroma despcidiens are more si-
milar to each other. On the other hand, it is understood
that Georgella helvatica, Hygrobates nigromacutlatus,
Hydryphantes thoni, and Torrenticola bevirostris are
more similar to each other in these functional groups
in the same region. This situation does not support the
taxonomic order based on structural features at the ge-
nus and family level [21-22].

The second functional group is the stretching vibration
region of aliphatic and aromatic C-H bonds. This band
in the range of 2900-2850 cm™ is observed in almost all
organic compounds. In the studied species, the grap-
hical analysis values of this region were observed very
close to each other.

The second functional group region is the double bond
at C-C, C-O or C-Nin the range of 1780-1650 cm™. These
functional groups are found in the amino acids that form
the basis of proteins. Therefore, it can be said that the
third functional group belongs to proteins. When the
studied species are considered in terms of these groups,
it is seen that at least one of these functional groups is
found in all. Although the similarity between species is
very high in this region, Eylais infundibulifera is different
from others in this range. It is known that this species
has a different morphological structure in the family of
Eylaidae than all other species of Eylais. Because this
species of chitinization is different from the others [21,
24, 25]. Though there is more chitinization in the spe-
cies of Torrenticola brevirostris, the same difference is
not seen in the graph. The fourth functional group is in
the region of 1200-400 cm™. This region is also known
as the fingerprint region. The frequencies of C-O, C-N
functional groups are in this range. These bonds form
the basis of both carbohydrates and proteins. Within
this functional group, the frequency of Hydryphantes
flexus differs. But it seems that the others are more si-
milar to each other in terms of their general qualities.

DISCUSSION

When all these data are examined in whole, it seems
that it is not possible to use the results in a systematic
comparison in different species of water mites. But it
can be considered that this method may be useful for
future studies in terms of determining the chemical
structures of the species and determining the compo-
sitions of the basic organic compounds (carbohydrate,
protein, lipid, etc.).

When comparing this study with previous studies, the
difference is that previous studies have been directed
toward the identification of individual alkaloids. In these
previous studies, the structures of alkaloid derivatives
have been elucidated and separated into their isomers
by different reactions. Furthermore, new compounds
were obtained from these and trivial names were given
and the results were compared with synthetic market
products. The purpose of this study is; Analyzing the
whole as a living thing and making a comparison bet-
ween species of the same group in terms of chemical
structures. Another difference is; Previous studies were
done with CS-FTIR technique, solid phase FT IR techni-
gue was used in this study. When these two techniques
are compared, the samples to be analyzed are taken as
gas in the CS-FTIR method, while the samples are taken
as potassium bromide discs in the solid FTIR method.
However, there is no difference in terms of the obtai-
ned spectrum values.

CONCLUSION

In this study water mites (Acari, Hydrachnidia) spe-
cies (Hydrodroma despiciens, Eylais infundibulifera,
Hydryphantes flexiosus, Georgella helvatica, Hygrobates
nigromacutlatus, Hydryphantes thoni, and Torrenticola
bevirostris) were used. The chemical analyses of these
species were carried out by the Fourier transform infra-
red spectrophotometer (FTIR). The results of the analy-
sis for all species were evaluated graphically and four
spectral regions belonging to these species have been
identified. The vibrational frequencies of each species
studied were determined. When evaluating the results
of FTIR analysis, the range of the spectrum of these spe-
cies was shown to be similar to each other (Figure 2).
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Practical Synthesis of Pyrido [1,2-A] Benzimidazoles Via Multicomponent
Reactions

Cok Bilesenli Tepkimeler Yoluyla Pirido [1,2-A] Benzimidazollarin Pratik Sentezi
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ABSTRACT

facile and efficient synthesis of 1-amino-3-(4-substituted)-4-nitro-3,5-dihydrobenzo[4,5]imidazo[1,2-a]pyridine-2-

carbonitriles was conducted via one-pot multicomponent reaction of 2-(nitromethylene)-2,3-dihydro-1H-benzo[d]imi-
dazole withmalononitrile and aromatic aldehydes. Besides, no tedious work-up procedure was necessary for the isolation of
desired products which were precipitated out of reaction medium in pure state. Ten new title compounds were characteri-
zed by the means of physical and spectroscopic methods (m.p., IR, NMR and TOF-MS analyses).

Key Words
Heterocyclic ketene aminal, enamine, multicomponent, benzimidazole, pyrido[1,2-albenzimidazole.

0z

ek basamakta siklik enamin (2-(nitrometilen)-2,3-dihidro-1H-benzo[d]imidazol), malononitril ve aromatik aldehit ile goklu

bilesenli tepkime Gzerinden 1-amino-3-(4-substitue)-4-nitro-3,5-dihidrobenzo[4,5]imidazo([1,2-a]piridin-2-karbonitril le-
rin kolay ve etkili bir bicimde sentezi agiga cikarildi. Ayrica, istenilen Grlnlerin eldesinde herhangi bir saflastirma proseduri
gerektirmedi. Butun Urtnler saf olarak tepkime ortaminda ¢okeltildi. On yeni yapi fiziksel ve spektroskopik yontemler kulla-
nilarak karakterize edildi (e.n., IR, NMR ve TOF-MS analizleri).
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INTRODUCTION

enzimidazole as an important heterocycle repre-
Bsents key structure of many biologically active com-
pounds [1]. Molecules containing this core have taken
great attention in the field of medicinal chemistry du-
ring last decades. Especially, the pyrido[1,2-a]benzimi-
dazoles exhibited various bioactivities such as antican-
cer [2], antimalarial [3], antiproliferative [4], antifungal
[5], antiviral and antipyretic agents [3]. Moreover, this
heterocylic unit can also be found as embedded in a
commercially available antibiotic drug, Rifaximin [6] (Fi-
gure 1).

Due to aformentioned biological properties and medici-
nal applications, development of efficient and atom eco-
nomic strategies through the synthesis of pyrido[1,2-a]
benzimidazoles has attracted considerable interest [7].
Up to now, many methods have been utilized for the
synthesis of these heterocycles by transition metal-ca-
talyzed nucleophilic substitution of 2-aminopyridines
with o-dihaloarenes (1) [8], C-N coupling of 2-haloani-
lines with 2-halopyridines, intramolecular cyclization of
N-aryl-2-aminopyridines (2) [9], metal-free annulation
of arenes with 2-aminopyridine derivatives (3) [10] and
cyclocondensation of benzimidazoles with bifunctional
reagents (4) (Figure 2) [11].

Although the synthetic methods in recent literature are
convenient for the construction of pyrido[1,2-a]lbenzi-
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midazoles, many of them may require expensive tran-
sition-metal catalysts, elevated reaction temperatures,
extensive reaction times and tedious work-up procedu-
res [7]. The difficulties in the preparation of this hete-
rocycles prompted us to investigate simple and work-up
free synthetic methodology. In this context, we herein
report one-pot synthetic method by the multicompo-
nent reaction of 2-(nitromethylene)-2,3-dihydro-1H-
benzo[d]imidazoles with an active methylene compo-
und, malononitrile, and aromatic aldehydes in a single-
step without further purification.

MATERIALS and METHODS

General

Infrared spectra were recorded on a SHIMADZU FTIR-
8400S instrument using KBr pellets. HRMS were run
on a Waters Lct Premier XE oa-TOF Mass Spectrometer.
!H-NMR and C-NMR spectra were recorded on JEOL-
ECS400 Delta2 NMR spectrometer (400 MHz for proton
and 100 MHz for carbon) at ambient temperature. All
chemical shifts were reported in ppm downfield from
TMS. Coupling constants (J) are reported in Hz. Melting
points were determined on a MELTEMP apparatus and
uncorrected. TLC was performed using precoated pla-
tes with fluorescent indicator (Merck 5735). The stain
solutions of permanganate were used for visualization
of the TLC spots. Cyclic enamines, (2-(nitromethylene)-
2,3-dihydro-1H-benzo[d]imidazole and ((E)-5-methyl-2-
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Figure 1. Some biologically important pyrido[1,2-a]benzimidazole derivatives.
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Figure 2. Methods for the synthesis of pyrido[1,2-a]benzimidazoles.

(nitromethylene)-2,3-dihydro-1H-benzo[d]imidazole)),
were prepared according to the literature method [12].

General Procedure for the Preparation of Pompound

4a-|

Aromatic aldehyde (1 mmol ), heterocyclic enamines (1
mmol) and malononitrile (1 mmol) were mixed in ace-
tonitrile (15 mL) in a round-bottomed flask, and the
reaction mixture was stirred at 60°C for 15 min. Trieth-
ylamine (0.5 mmol) was added and the reaction mixture
was heated under reflux for 1 h (Table 1). After comple-
tion of the reaction, the precipitated solid was filtered,
and washed with Et,O (25 mL) to give the pure products
with data given below.

1-amino-4-nitro-3-phenyl-3,5-dihydrobenzo[4,5]
imidazo[1,2-a]pyridine-2-carbonitrile (4a): Yellow solid.
Yield: 78% m.p. 245°C (decomp.). IR (KBr): v = 3456
(NH,), 2202 (CN), 1670, 1624, 1477, 1388, 1300, 1091,
1049, 748 cm™; 'H NMR (400 MHz, DMSO) & 12.96
(s, 1H, NH), 7.89 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 7.7 Hz,
1H), 7.45 = 7.21 (m, 4H), 7.18 (d, J = 7.1 Hz, 3H), 6.46
(s, 2H, NH,), 4.95 (s, 1H); *C NMR (101 MHz, DMSO) &
148.21, 144.73, 143.49, 132.48, 129.05, 128.60, 127.55,

127.29, 125.60, 124.25, 119.51, 115.21, 113.45, 70.20,
41.59, 31.11; HRMS (-ESI-TOF) calcd for C,H,,N.O, [M-
H]" 331.1069, found 331.1066.

1-amino-4-nitro-3-(p-tolyl)-3,5-dihydrobenzo(4,5]
imidazo[1,2-a]pyridine-2-carbonitrile (4b): Yellow solid.
Yield: 82% m.p. 245°C (decomp.). IR (KBr): v = 3462,
3416 (NHZ), 2200 (CN), 1670, 1622, 1479, 1398, 1301,
1089, 1045, 734 cm%; *H NMR (400 MHz, DMSO) 6 13.11
(s, 1H, NH), 7.87 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 7.5 Hz,
2H), 7.38 = 7.23 (m, 4H), 6.55 (s, 2H, NH,), 4.87 (s, 1H),
2.19 (s, 3H, CH3) ;B3C NMR (101 MHz, DMSO) 6 148.12,
144.57, 140.53, 136.75, 132.40, 129.60, 128.56, 127.23,
125.61, 124.29, 119.65, 115.31, 113.42, 105.71, 70.16,
41.15, 21.13; HRMS (-ESI-TOF) calcd for C H .N.O, [M-
H]345.1226, found 345.1209.

1-amino-3-(4-methoxyphenyl)-4-nitro-3,5-dihydroben-
zo [4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4c): Yel-
low solid. Yield: 85% m.p. 242°C (decomp.). IR (KBr): v

= 3448, 3244 (NH,), 2200 (CN), 1670, 1618, 1514, 1394,

1301, 1093, 1045, 736 cm™; 'H NMR (400 MHz, DMSO)
§13.13 (s, 1H, NH), 7.88 (d, J = 8.1 Hz, 1H), 7.57 (d, J =

439
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7.6 Hz, 1H), 7.39—7.23 (m, 2H), 7.08 (d, J = 8.6 Hz, 2H),
6.79 (d, J = 6.9 Hz, 2H), 6.55 (s, 2H, NH,), 4.86 (s, 1H),
3.65 (s, 3H, OCHg); 3C NMR (101 MHz, DMSO) § 158.85,
148.07, 144.48, 135.57, 132.40, 128.57, 128.47, 125.61,
124.27, 119.69, 115.31, 114.41, 113.41, 105.91, 70.31,
55.57, 40.74; HRMS (-ESI-TOF) calcd for C H,.N.O, [M-
H] 360.1097, found 360.1141.

1-amino-3-(4-(methylthio)phenyl)-4-nitro-3,5-dihydro-
benzo [4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4d):
Yellow solid. Yield: 80% m.p. 247°C (decomp.). IR (KBr):
v =3458, 3246 (NH,), 2200 (CN), 1670, 1620, 1477, 1394,
1301, 1091, 1045, 736 cm™; *H NMR (400 MHz, DMSO) 6
13.00 (s, 1H, NH), 7.89 (d, J =6.5 Hz, 1H), 7.58 (d, J = 5.5
Hz, 1H), 7.34 = 7.26 (m, 3H), 7.22 = 7.05 (m, 3H), 6.46 (s,
2H, NH,), 4.91 (s, 1H), 2.38 (s, 3H, SCH,) ;*C NMR (101
MHz, DMSO) & 148.21, 144.64, 140.33, 137.25, 132.46,
128.60, 127.99, 127.02, 125.60, 124.26, 119.47, 115.20,
113.45, 105.59, 70.09, 41.13, 15.52; HRMS (-ESI-TOF)

caled for C _H..N_O.S [M-H] 376.0868, found 376.0871.

1915 572

1-amino-3-(4-bromophenyl)-4-nitro-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4e): Yel-
low solid. Yield: 87% m.p. 247°C (decomp.). IR (KBr): v
= 3460, 3248 (NHZ), 2198(CN), 1670, 1620, 1477, 1394,
1300, 1091, 1045, 736 cm%; 'H NMR (400 MHz, DMSO)

§13.13 (s, 1H, NH), 7.88 (d, ) = 7.8 Hz, 1H), 7.58 (d, } = 7.7
Hz, 1H), 7.42 (d, ) = 5.5 Hz, 2H), 7.38 — 7.07 (m, 4H), 6.50
(s, 2H, NH,), 4.94 (s, 1H); *C NMR (101 MHz, DMSO) &
148.33, 144.53, 142.87, 132.43, 131.90, 129.77, 128.57,
125.63, 124.31, 120.61, 119.49, 115.31, 113.46, 105.33,
69.37, 41.23; HRMS (-ESI-TOF) calcd for C H, BrN.O,
[M-H] 408.0096, found 408.0098.

1-amino-8-methyl-4-nitro-3-phenyl-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4f): Yel-
low solid. Yield: 75% m.p. 246°C (decomp.). IR (KBr): v
= 3397, 3253 (NH,), 2191 (CN), 1657, 1629, 1433, 1365,
1284, 1093, 1040, 708 cm'%; *H NMR (400 MHz, DMSO)
6 12.92 (s, 1H, NH), 7.74 (d, J = 7.3 Hz, 1H), 7.46 (d, J
= 8.2 Hz, 1H), 7.23 (d, J = 7.0 Hz, 2H), 7.16 (d, J = 7.8
Hz, 4H), 6.48 (s, 2H, NH.), 4.93 (s, 1H), 2.39 (s, 3H, CH,);
13C NMR (101 MHz, DMSO) & 148.24, 144.68, 143.53,
135.44,133.98,129.04, 127.53, 127.25, 126.45, 125.15,
119.62, 115.38, 113.09, 105.54, 69.76, 41.53, 21.76;
HRMS (-ESI-TOF) calcd for C H,.N.O, [M-H]" 344.1147,
found 344.1140.

1-amino-8-methyl-4-nitro-3-(p-tolyl)-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4g): Yel-
low solid. Yield: 84% m.p. 244°C (decomp.). IR (KBr): v
= 3408, 3302 (NH,), 2202 (CN), 1670, 1624, 1458, 1396,

Table 1. Reactions of 2-(nitromethylene)-2,3-dihydro-1H-benzo[d]imidazoles with malononitrile and aromatic aldehydes.
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Entry Compound R R? Yield(%)®

1 4a H H 78
2 4b H Me 82
3 4c H OMe 85
4 4d H SMe 80
5 4e H Br 87
6 4f Me H 75
7 4g Me Me 84
8 4h Me OMe 82
9 4i Me SMe 78
10 41 Me Br 85

a Yields after purification.
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Scheme 1. Possible reaction mechanism for formation of compound 4.

1282, 1093, 1043, 788 cm™; *H NMR (400 MHz, DMSO)
612.92 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 1H), 7.38 (s, 1H),
7.09 (d, J = 8.3 Hz, 1H), 7.04 (s, 4H), 6.41 (s, 2H, NH,),
4.89 (s, 1H), 2.37 (s, 3H, CH,), 2.20 (s, 3H, CH,); *C NMR
(101 MHz, DMSO) & 148.06, 144.64, 140.59, 136.71,
135.42,132.63,129.57,127.15, 126.59, 125.13, 119.58,
114.79, 113.41, 105.65, 70.04, 41.17, 21.45, 21.08;
HRMS (-ESI-TOF) calcd for C,;H,_N.O, [M-H] 358.1304,
found 358.1328.

1-amino-3-(4-methoxyphenyl)-8-methyl-4-nitro-3,5-
dihydrobenzo[4,5]imidazo[1,2-a]pyridine-2-carbonitrile
(4h): Yellow solid. Yield: 82% m.p. 240°C (decomp.). IR
(KBr): v = 3456, 3253 (NH,), 2199 (CN), 1670, 1622, 1458,
1396, 1282, 1093, 1043, 788 cm™; H NMR (400 MHz,
DMSO) 6 12.88 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 1H), 7.37
(s, 1H), 7.08 (t, J = 8.3 Hz, 3H), 6.79 (d, J = 8.5 Hz, 2H),
6.40 (s, 2H, NH,), 4.88 (s, 1H), 3.66 (s, 3H, OCH,), 2.37 (s,
3H, CH,); ®C NMR (101 MHz, DMSO) & 158.93, 148.02,
144.60, 135.68, 135.38, 132.75, 128.38, 126.62, 125.09,
119.62, 114.79, 114.50, 113.43, 105.83, 70.15, 55.63,
40.81, 21.45; HRMS (-ESI-TOF) calcd for C,H,.N.O, [M-
H] 374.1253, found 374.1286.

1-amino-8-methyl-3-(4-(methylthio)phenyl)-4-nitro-3,5-
dihydrobenzo([4,5]imidazo[1,2-a]pyridine-2-carbonitrile
(4i): Yellow solid. Yield: 78% m.p. 246°C (decomp.). IR
(KBr): v=3456,3298 (NH,), 2200 (CN), 1670, 1622, 1456,
1392, 1284, 1095, 1043, 788 cm™; H NMR (400 MHz,
DMSO0) 6 12.92 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 2H), 7.38
(d, J =8.1Hz, 1H), 7.12 (d, J = 6.1 Hz, 4H), 6.46 (s, 2H,
NH,), 4.90 (s, 1H), 2.38 (s, 3H, SCH,), 2.37 (s, 3H, CH,)
;B3C NMR (101 MHz, DMSO) 6 148.16, 144.62, 140.39,
137.22, 135.43, 132.69, 127.94, 127.02, 126.60, 125.14,
119.53, 114.79, 113.44, 105.51, 69.69, 41.12, 21.45,
15.53; HRMS (-ESI-TOF) caled for C,HN.0.S [M-H]
390.1025, found 390.1001

1-amino-3-(4-bromophenyl)-8-methyl-4-nitro-3,5-dihy-
drobenzo[4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4):
Yellow solid. Yield: 85% m.p. 247°C (decomp.). IR (KBr):
v =3460, 3278 (NH,), 2200 (CN), 1670, 1624, 1456, 1394,
1249, 1095, 1043, 788 cm; *H NMR (400 MHz, DMSO)
8§ 12.96 (s, 1H, NH), 7.76 (d, J = 8.4 Hz, 1H), 7.42 (d, J
= 7.7 Hz, 3H), 7.15 (d, J = 7.6 Hz, 2H), 7.09 (d, J = 8.1
Hz, 1H), 6.50 (s, 2H, NH.), 4.93 (s, 1H), 2.37 (s, 3H, CH,);
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Figure 3. Expanded *H NMR spectrum of compound 4c.

3C NMR (101 MHz, DMSO) & 148.27, 144.58, 142.92,
135.47,132.64, 131.89, 129.67, 126.59, 125.18, 120.58,
119.41, 114.80, 113.45, 105.25, 69.24, 41.26, 21.45;
HRMS (-ESI-TOF) calcd for C H, ,BrN.O, [M-H] 422.0225,
found 422.0253.

RESULTS and DISCUSSION

Heterocyclic ketene enaminals (HKAs) have been widely
used as valuable intermediates in multicomponent reac-
tions due to their bisnucleophilic property that allow reac-
tion with various substrates such as unsaturated carbonyl
compounds [13], iminium ions [14], diazonium salts [12]
and olefins bearing electron-withdrawing group (CN, SO,Ph,
CO,Ph) [15].

Our initial efforts to synthesize cyclic enamine containing
benzimidazole scaffold that was derived from the conden-
sation reaction between substituted o-phenylenediamine
and 1,1-bis(methylthio)-2-nitroethylene, and characterized
by IR, *H NMR and physical data such as melting point. To
the best of our knowledge, there has been only one exam-

ple mentioned in literature regarding multicomponent re-
action of o-phenylenediamine, 1,1-bis(methylthio)-2-nitro-
ethylene, malononitrile and salicyaldehyde [16]. However,
no other aromatic aldehydes were used for this reaction.

Therefore, after preparation of cyclic enamines, we decided
to perform multicomponent reaction by introducing re-
lated cyclic enamines 1 with malononitrile 2 and aromatic
aldehydes 3 in CH,CN at reflux temperature. After 1 hour,
consumption of cyclic enamine was controlled by TLC to un-
derstand the completion of reaction. The reaction afforded
the desired pyrido[1,2-a]benzimidazoles 4 in high yield (75-
87%) without any purification step. The reaction condition
and scope of reaction (in Table 1) clearly indicates that the
reaction proceeded efficiently and smoothly with a variety
of aromatic aldehydes.

The plausible reaction mechanism was proposed for the
formation of corresponding pyrido[1,2-a]benzimidazoles.
Presumably, the reaction begins by the addition of cyclic
enamines 3 to in situ formed arylidinemalononitrile (A)
which was early derived from the Knoevenagel condensa-
tion of the aldehyde 3 with malononitrile 2, and then sec-



ondary amine group of enamine attacks to nitrile carbon
and cyclization affords intermediate B. This is followed by
imine-enamine tautomerization of B to give desired prod-
uct 4.

The structures of pyrido[1,2-a]benzimidazoles 4a-l were
identified by means of IR, NMR and HRMS data. In IR spec-
tra for compounds 4a-I, most indicative vibrational bands
of NH, NH, and CN group appeared at around 3420, 3314-
3250 and 2200 cm?, respectively. In the *H- and *C-NMR
spectra of products 4a-l, the most confirmative proton sig-
nal was the methinic CH (Hc) of the formed dihydropyrimi-
dine ring and it reasonated as singlet in a range of 4.86-4.95
ppm. Whereas another confirmative proton NMR signals
belonging to NH, (Hb) resonated at ca. 6.40-6.55 ppm. The
NH (Ha) proton of benzimidazole ring resonated at around
12.90 ppm as broad singlet and in some cases they were
not easily detected (Figure 3). As for *CNMR shifts of the
compound 4a-l, the resonance of the only one aliphatic
carbon attached to substituted phenyl ring appeared at
around 41 ppm, and the double bond carbon bearing CN
group did at around 67 ppm. This indicative carbon signals
are in accord with previous report where only o-hydroxy-
phenyl substituted of compound 4 has been exploited [16].
Also, HRMS measurements revealed that M-H values ac-
curately coincide with the molecular formulas of the pro-
posed structures.

Conclusion

In summary, we described a facile and efficient method
for the construction of new pyrido[1,2-a]lbenzimidazoles
via multicomponent reaction of heterocyclic enamines
(1) without using tedious purification steps and identified
the pyrido[1,2-a]benzimidazoles products (4) by means of

spectroscopic methods successfully.
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Reactions

Cok Bilesenli Tepkimeler Yoluyla Pirido [1,2-A] Benzimidazollarin Pratik Sentezi
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ABSTRACT

facile and efficient synthesis of 1-amino-3-(4-substituted)-4-nitro-3,5-dihydrobenzo[4,5]imidazo[1,2-a]pyridine-2-

carbonitriles was conducted via one-pot multicomponent reaction of 2-(nitromethylene)-2,3-dihydro-1H-benzo[d]imi-
dazole withmalononitrile and aromatic aldehydes. Besides, no tedious work-up procedure was necessary for the isolation of
desired products which were precipitated out of reaction medium in pure state. Ten new title compounds were characteri-
zed by the means of physical and spectroscopic methods (m.p., IR, NMR and TOF-MS analyses).

Key Words
Heterocyclic ketene aminal, enamine, multicomponent, benzimidazole, pyrido[1,2-albenzimidazole.

0z

ek basamakta siklik enamin (2-(nitrometilen)-2,3-dihidro-1H-benzo[d]imidazol), malononitril ve aromatik aldehit ile goklu

bilesenli tepkime Gzerinden 1-amino-3-(4-substitue)-4-nitro-3,5-dihidrobenzo[4,5]imidazo([1,2-a]piridin-2-karbonitril le-
rin kolay ve etkili bir bicimde sentezi agiga cikarildi. Ayrica, istenilen Grlnlerin eldesinde herhangi bir saflastirma proseduri
gerektirmedi. Butun Urtnler saf olarak tepkime ortaminda ¢okeltildi. On yeni yapi fiziksel ve spektroskopik yontemler kulla-
nilarak karakterize edildi (e.n., IR, NMR ve TOF-MS analizleri).
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INTRODUCTION

enzimidazole as an important heterocycle repre-
Bsents key structure of many biologically active com-
pounds [1]. Molecules containing this core have taken
great attention in the field of medicinal chemistry du-
ring last decades. Especially, the pyrido[1,2-a]benzimi-
dazoles exhibited various bioactivities such as antican-
cer [2], antimalarial [3], antiproliferative [4], antifungal
[5], antiviral and antipyretic agents [3]. Moreover, this
heterocylic unit can also be found as embedded in a
commercially available antibiotic drug, Rifaximin [6] (Fi-
gure 1).

Due to aformentioned biological properties and medici-
nal applications, development of efficient and atom eco-
nomic strategies through the synthesis of pyrido[1,2-a]
benzimidazoles has attracted considerable interest [7].
Up to now, many methods have been utilized for the
synthesis of these heterocycles by transition metal-ca-
talyzed nucleophilic substitution of 2-aminopyridines
with o-dihaloarenes (1) [8], C-N coupling of 2-haloani-
lines with 2-halopyridines, intramolecular cyclization of
N-aryl-2-aminopyridines (2) [9], metal-free annulation
of arenes with 2-aminopyridine derivatives (3) [10] and
cyclocondensation of benzimidazoles with bifunctional
reagents (4) (Figure 2) [11].

Although the synthetic methods in recent literature are
convenient for the construction of pyrido[1,2-a]lbenzi-

HO, ™

anlituamosr agant

anliviral agent

o .,--—D._v.« OH O
. HH

Rl i

midazoles, many of them may require expensive tran-
sition-metal catalysts, elevated reaction temperatures,
extensive reaction times and tedious work-up procedu-
res [7]. The difficulties in the preparation of this hete-
rocycles prompted us to investigate simple and work-up
free synthetic methodology. In this context, we herein
report one-pot synthetic method by the multicompo-
nent reaction of 2-(nitromethylene)-2,3-dihydro-1H-
benzo[d]imidazoles with an active methylene compo-
und, malononitrile, and aromatic aldehydes in a single-
step without further purification.

MATERIALS and METHODS

General

Infrared spectra were recorded on a SHIMADZU FTIR-
8400S instrument using KBr pellets. HRMS were run
on a Waters Lct Premier XE oa-TOF Mass Spectrometer.
!H-NMR and C-NMR spectra were recorded on JEOL-
ECS400 Delta2 NMR spectrometer (400 MHz for proton
and 100 MHz for carbon) at ambient temperature. All
chemical shifts were reported in ppm downfield from
TMS. Coupling constants (J) are reported in Hz. Melting
points were determined on a MELTEMP apparatus and
uncorrected. TLC was performed using precoated pla-
tes with fluorescent indicator (Merck 5735). The stain
solutions of permanganate were used for visualization
of the TLC spots. Cyclic enamines, (2-(nitromethylene)-
2,3-dihydro-1H-benzo[d]imidazole and ((E)-5-methyl-2-
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i S J_H
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Figure 1. Some biologically important pyrido[1,2-a]benzimidazole derivatives.
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Figure 2. Methods for the synthesis of pyrido[1,2-a]benzimidazoles.

(nitromethylene)-2,3-dihydro-1H-benzo[d]imidazole)),
were prepared according to the literature method [12].

General Procedure for the Preparation of Pompound

4a-|

Aromatic aldehyde (1 mmol ), heterocyclic enamines (1
mmol) and malononitrile (1 mmol) were mixed in ace-
tonitrile (15 mL) in a round-bottomed flask, and the
reaction mixture was stirred at 60°C for 15 min. Trieth-
ylamine (0.5 mmol) was added and the reaction mixture
was heated under reflux for 1 h (Table 1). After comple-
tion of the reaction, the precipitated solid was filtered,
and washed with Et,O (25 mL) to give the pure products
with data given below.

1-amino-4-nitro-3-phenyl-3,5-dihydrobenzo[4,5]
imidazo[1,2-a]pyridine-2-carbonitrile (4a): Yellow solid.
Yield: 78% m.p. 245°C (decomp.). IR (KBr): v = 3456
(NH,), 2202 (CN), 1670, 1624, 1477, 1388, 1300, 1091,
1049, 748 cm™; 'H NMR (400 MHz, DMSO) & 12.96
(s, 1H, NH), 7.89 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 7.7 Hz,
1H), 7.45 = 7.21 (m, 4H), 7.18 (d, J = 7.1 Hz, 3H), 6.46
(s, 2H, NH,), 4.95 (s, 1H); *C NMR (101 MHz, DMSO) &
148.21, 144.73, 143.49, 132.48, 129.05, 128.60, 127.55,

127.29, 125.60, 124.25, 119.51, 115.21, 113.45, 70.20,
41.59, 31.11; HRMS (-ESI-TOF) calcd for C,H,,N.O, [M-
H]" 331.1069, found 331.1066.

1-amino-4-nitro-3-(p-tolyl)-3,5-dihydrobenzo(4,5]
imidazo[1,2-a]pyridine-2-carbonitrile (4b): Yellow solid.
Yield: 82% m.p. 245°C (decomp.). IR (KBr): v = 3462,
3416 (NHZ), 2200 (CN), 1670, 1622, 1479, 1398, 1301,
1089, 1045, 734 cm%; *H NMR (400 MHz, DMSO) 6 13.11
(s, 1H, NH), 7.87 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 7.5 Hz,
2H), 7.38 = 7.23 (m, 4H), 6.55 (s, 2H, NH,), 4.87 (s, 1H),
2.19 (s, 3H, CH3) ;B3C NMR (101 MHz, DMSO) 6 148.12,
144.57, 140.53, 136.75, 132.40, 129.60, 128.56, 127.23,
125.61, 124.29, 119.65, 115.31, 113.42, 105.71, 70.16,
41.15, 21.13; HRMS (-ESI-TOF) calcd for C H .N.O, [M-
H]345.1226, found 345.1209.

1-amino-3-(4-methoxyphenyl)-4-nitro-3,5-dihydroben-
zo [4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4c): Yel-
low solid. Yield: 85% m.p. 242°C (decomp.). IR (KBr): v

= 3448, 3244 (NH,), 2200 (CN), 1670, 1618, 1514, 1394,

1301, 1093, 1045, 736 cm™; 'H NMR (400 MHz, DMSO)
§13.13 (s, 1H, NH), 7.88 (d, J = 8.1 Hz, 1H), 7.57 (d, J =

439
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7.6 Hz, 1H), 7.39—7.23 (m, 2H), 7.08 (d, J = 8.6 Hz, 2H),
6.79 (d, J = 6.9 Hz, 2H), 6.55 (s, 2H, NH,), 4.86 (s, 1H),
3.65 (s, 3H, OCHg); 3C NMR (101 MHz, DMSO) § 158.85,
148.07, 144.48, 135.57, 132.40, 128.57, 128.47, 125.61,
124.27, 119.69, 115.31, 114.41, 113.41, 105.91, 70.31,
55.57, 40.74; HRMS (-ESI-TOF) calcd for C H,.N.O, [M-
H] 360.1097, found 360.1141.

1-amino-3-(4-(methylthio)phenyl)-4-nitro-3,5-dihydro-
benzo [4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4d):
Yellow solid. Yield: 80% m.p. 247°C (decomp.). IR (KBr):
v =3458, 3246 (NH,), 2200 (CN), 1670, 1620, 1477, 1394,
1301, 1091, 1045, 736 cm™; *H NMR (400 MHz, DMSO) 6
13.00 (s, 1H, NH), 7.89 (d, J =6.5 Hz, 1H), 7.58 (d, J = 5.5
Hz, 1H), 7.34 = 7.26 (m, 3H), 7.22 = 7.05 (m, 3H), 6.46 (s,
2H, NH,), 4.91 (s, 1H), 2.38 (s, 3H, SCH,) ;*C NMR (101
MHz, DMSO) & 148.21, 144.64, 140.33, 137.25, 132.46,
128.60, 127.99, 127.02, 125.60, 124.26, 119.47, 115.20,
113.45, 105.59, 70.09, 41.13, 15.52; HRMS (-ESI-TOF)

caled for C _H..N_O.S [M-H] 376.0868, found 376.0871.

1915 572

1-amino-3-(4-bromophenyl)-4-nitro-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4e): Yel-
low solid. Yield: 87% m.p. 247°C (decomp.). IR (KBr): v
= 3460, 3248 (NHZ), 2198(CN), 1670, 1620, 1477, 1394,
1300, 1091, 1045, 736 cm%; 'H NMR (400 MHz, DMSO)

§13.13 (s, 1H, NH), 7.88 (d, ) = 7.8 Hz, 1H), 7.58 (d, } = 7.7
Hz, 1H), 7.42 (d, ) = 5.5 Hz, 2H), 7.38 — 7.07 (m, 4H), 6.50
(s, 2H, NH,), 4.94 (s, 1H); *C NMR (101 MHz, DMSO) &
148.33, 144.53, 142.87, 132.43, 131.90, 129.77, 128.57,
125.63, 124.31, 120.61, 119.49, 115.31, 113.46, 105.33,
69.37, 41.23; HRMS (-ESI-TOF) calcd for C H, BrN.O,
[M-H] 408.0096, found 408.0098.

1-amino-8-methyl-4-nitro-3-phenyl-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4f): Yel-
low solid. Yield: 75% m.p. 246°C (decomp.). IR (KBr): v
= 3397, 3253 (NH,), 2191 (CN), 1657, 1629, 1433, 1365,
1284, 1093, 1040, 708 cm'%; *H NMR (400 MHz, DMSO)
6 12.92 (s, 1H, NH), 7.74 (d, J = 7.3 Hz, 1H), 7.46 (d, J
= 8.2 Hz, 1H), 7.23 (d, J = 7.0 Hz, 2H), 7.16 (d, J = 7.8
Hz, 4H), 6.48 (s, 2H, NH.), 4.93 (s, 1H), 2.39 (s, 3H, CH,);
13C NMR (101 MHz, DMSO) & 148.24, 144.68, 143.53,
135.44,133.98,129.04, 127.53, 127.25, 126.45, 125.15,
119.62, 115.38, 113.09, 105.54, 69.76, 41.53, 21.76;
HRMS (-ESI-TOF) calcd for C H,.N.O, [M-H]" 344.1147,
found 344.1140.

1-amino-8-methyl-4-nitro-3-(p-tolyl)-3,5-dihydroben-
zo[4,5] imidazo[1,2-a]pyridine-2-carbonitrile (4g): Yel-
low solid. Yield: 84% m.p. 244°C (decomp.). IR (KBr): v
= 3408, 3302 (NH,), 2202 (CN), 1670, 1624, 1458, 1396,

Table 1. Reactions of 2-(nitromethylene)-2,3-dihydro-1H-benzo[d]imidazoles with malononitrile and aromatic aldehydes.

= H Nﬂz
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Entry Compound R R? Yield(%)®

1 4a H H 78
2 4b H Me 82
3 4c H OMe 85
4 4d H SMe 80
5 4e H Br 87
6 4f Me H 75
7 4g Me Me 84
8 4h Me OMe 82
9 4i Me SMe 78
10 41 Me Br 85

a Yields after purification.
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Scheme 1. Possible reaction mechanism for formation of compound 4.

1282, 1093, 1043, 788 cm™; *H NMR (400 MHz, DMSO)
612.92 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 1H), 7.38 (s, 1H),
7.09 (d, J = 8.3 Hz, 1H), 7.04 (s, 4H), 6.41 (s, 2H, NH,),
4.89 (s, 1H), 2.37 (s, 3H, CH,), 2.20 (s, 3H, CH,); *C NMR
(101 MHz, DMSO) & 148.06, 144.64, 140.59, 136.71,
135.42,132.63,129.57,127.15, 126.59, 125.13, 119.58,
114.79, 113.41, 105.65, 70.04, 41.17, 21.45, 21.08;
HRMS (-ESI-TOF) calcd for C,;H,_N.O, [M-H] 358.1304,
found 358.1328.

1-amino-3-(4-methoxyphenyl)-8-methyl-4-nitro-3,5-
dihydrobenzo[4,5]imidazo[1,2-a]pyridine-2-carbonitrile
(4h): Yellow solid. Yield: 82% m.p. 240°C (decomp.). IR
(KBr): v = 3456, 3253 (NH,), 2199 (CN), 1670, 1622, 1458,
1396, 1282, 1093, 1043, 788 cm™; H NMR (400 MHz,
DMSO) 6 12.88 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 1H), 7.37
(s, 1H), 7.08 (t, J = 8.3 Hz, 3H), 6.79 (d, J = 8.5 Hz, 2H),
6.40 (s, 2H, NH,), 4.88 (s, 1H), 3.66 (s, 3H, OCH,), 2.37 (s,
3H, CH,); ®C NMR (101 MHz, DMSO) & 158.93, 148.02,
144.60, 135.68, 135.38, 132.75, 128.38, 126.62, 125.09,
119.62, 114.79, 114.50, 113.43, 105.83, 70.15, 55.63,
40.81, 21.45; HRMS (-ESI-TOF) calcd for C,H,.N.O, [M-
H] 374.1253, found 374.1286.

1-amino-8-methyl-3-(4-(methylthio)phenyl)-4-nitro-3,5-
dihydrobenzo([4,5]imidazo[1,2-a]pyridine-2-carbonitrile
(4i): Yellow solid. Yield: 78% m.p. 246°C (decomp.). IR
(KBr): v=3456,3298 (NH,), 2200 (CN), 1670, 1622, 1456,
1392, 1284, 1095, 1043, 788 cm™; H NMR (400 MHz,
DMSO0) 6 12.92 (s, 1H, NH), 7.75 (d, J = 8.5 Hz, 2H), 7.38
(d, J =8.1Hz, 1H), 7.12 (d, J = 6.1 Hz, 4H), 6.46 (s, 2H,
NH,), 4.90 (s, 1H), 2.38 (s, 3H, SCH,), 2.37 (s, 3H, CH,)
;B3C NMR (101 MHz, DMSO) 6 148.16, 144.62, 140.39,
137.22, 135.43, 132.69, 127.94, 127.02, 126.60, 125.14,
119.53, 114.79, 113.44, 105.51, 69.69, 41.12, 21.45,
15.53; HRMS (-ESI-TOF) caled for C,HN.0.S [M-H]
390.1025, found 390.1001

1-amino-3-(4-bromophenyl)-8-methyl-4-nitro-3,5-dihy-
drobenzo[4,5]imidazo[1,2-a]pyridine-2-carbonitrile (4):
Yellow solid. Yield: 85% m.p. 247°C (decomp.). IR (KBr):
v =3460, 3278 (NH,), 2200 (CN), 1670, 1624, 1456, 1394,
1249, 1095, 1043, 788 cm; *H NMR (400 MHz, DMSO)
8§ 12.96 (s, 1H, NH), 7.76 (d, J = 8.4 Hz, 1H), 7.42 (d, J
= 7.7 Hz, 3H), 7.15 (d, J = 7.6 Hz, 2H), 7.09 (d, J = 8.1
Hz, 1H), 6.50 (s, 2H, NH.), 4.93 (s, 1H), 2.37 (s, 3H, CH,);
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Figure 3. Expanded *H NMR spectrum of compound 4c.

3C NMR (101 MHz, DMSO) & 148.27, 144.58, 142.92,
135.47,132.64, 131.89, 129.67, 126.59, 125.18, 120.58,
119.41, 114.80, 113.45, 105.25, 69.24, 41.26, 21.45;
HRMS (-ESI-TOF) calcd for C H, ,BrN.O, [M-H] 422.0225,
found 422.0253.

RESULTS and DISCUSSION

Heterocyclic ketene enaminals (HKAs) have been widely
used as valuable intermediates in multicomponent reac-
tions due to their bisnucleophilic property that allow reac-
tion with various substrates such as unsaturated carbonyl
compounds [13], iminium ions [14], diazonium salts [12]
and olefins bearing electron-withdrawing group (CN, SO,Ph,
CO,Ph) [15].

Our initial efforts to synthesize cyclic enamine containing
benzimidazole scaffold that was derived from the conden-
sation reaction between substituted o-phenylenediamine
and 1,1-bis(methylthio)-2-nitroethylene, and characterized
by IR, *H NMR and physical data such as melting point. To
the best of our knowledge, there has been only one exam-

ple mentioned in literature regarding multicomponent re-
action of o-phenylenediamine, 1,1-bis(methylthio)-2-nitro-
ethylene, malononitrile and salicyaldehyde [16]. However,
no other aromatic aldehydes were used for this reaction.

Therefore, after preparation of cyclic enamines, we decided
to perform multicomponent reaction by introducing re-
lated cyclic enamines 1 with malononitrile 2 and aromatic
aldehydes 3 in CH,CN at reflux temperature. After 1 hour,
consumption of cyclic enamine was controlled by TLC to un-
derstand the completion of reaction. The reaction afforded
the desired pyrido[1,2-a]benzimidazoles 4 in high yield (75-
87%) without any purification step. The reaction condition
and scope of reaction (in Table 1) clearly indicates that the
reaction proceeded efficiently and smoothly with a variety
of aromatic aldehydes.

The plausible reaction mechanism was proposed for the
formation of corresponding pyrido[1,2-a]benzimidazoles.
Presumably, the reaction begins by the addition of cyclic
enamines 3 to in situ formed arylidinemalononitrile (A)
which was early derived from the Knoevenagel condensa-
tion of the aldehyde 3 with malononitrile 2, and then sec-



ondary amine group of enamine attacks to nitrile carbon
and cyclization affords intermediate B. This is followed by
imine-enamine tautomerization of B to give desired prod-
uct 4.

The structures of pyrido[1,2-a]benzimidazoles 4a-l were
identified by means of IR, NMR and HRMS data. In IR spec-
tra for compounds 4a-I, most indicative vibrational bands
of NH, NH, and CN group appeared at around 3420, 3314-
3250 and 2200 cm?, respectively. In the *H- and *C-NMR
spectra of products 4a-l, the most confirmative proton sig-
nal was the methinic CH (Hc) of the formed dihydropyrimi-
dine ring and it reasonated as singlet in a range of 4.86-4.95
ppm. Whereas another confirmative proton NMR signals
belonging to NH, (Hb) resonated at ca. 6.40-6.55 ppm. The
NH (Ha) proton of benzimidazole ring resonated at around
12.90 ppm as broad singlet and in some cases they were
not easily detected (Figure 3). As for *CNMR shifts of the
compound 4a-l, the resonance of the only one aliphatic
carbon attached to substituted phenyl ring appeared at
around 41 ppm, and the double bond carbon bearing CN
group did at around 67 ppm. This indicative carbon signals
are in accord with previous report where only o-hydroxy-
phenyl substituted of compound 4 has been exploited [16].
Also, HRMS measurements revealed that M-H values ac-
curately coincide with the molecular formulas of the pro-
posed structures.

Conclusion

In summary, we described a facile and efficient method
for the construction of new pyrido[1,2-a]lbenzimidazoles
via multicomponent reaction of heterocyclic enamines
(1) without using tedious purification steps and identified
the pyrido[1,2-a]benzimidazoles products (4) by means of

spectroscopic methods successfully.
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ABSTRACT

his paperdemonstratesthe fabrication of electroactive polymer modified electrode materialsfor monitoring biomolecular
Tinteractions between double-stranded DNA (dsDNA) and Mitomycin C (MMC) which is an important and commonly used
anticancer drug. The modified electrode materials were constructed by the electropolymerization of o-phenylenediamine
(oPD) monomer in a solution containing nanomaterial as well. The nanomaterial used as the dopant molecule was graphene
(GN) and the electropolymerization technique was cyclic voltammetry (CV). Subsequently immobilization of dsDNA was
achieved onto poly(o-phenylenediamine) (PoPD) polymer modified surfaces. So-formed dsDNA immobilized nanomaterial
incorporated polymer modified electrodes were used as the biosensing platforms for the detection of dsDNA-MMC
interaction. Different MMC interaction times were studied in order to identify biomolecular interactions.
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Modified electrodes, electropolymerization, dsDNA, Mitomycin C.

0z

u galisma, cift sarmal DNA (dsDNA) ile 6nemli ve sik kullanilan bir antikanser ilaci olan Mitomisin C (MMC) arasindaki

biyomolekiler etkilesimin gorintilenmesi igin elektroaktif polimer modifiye elektrot malzemelerinin hazirlanmasini
gostermektedir. Modifiye elektrot malzemeleri, o-fenilendiamin (oPD) monomerinin nanomalzeme igeren bir ¢ozeltide
elektropolimerizasyonu ile olusturulmustur. Katki maddesi (dopant) molekul olarak kullanilan nanomalzeme grafen (GN)'dir
ve elektropolimerizasyon teknigi donistmli voltametri (CV)'dir. Sonrasinda poli(o-fenilendiamin) polimer modifiye ytzeylere
dsDNA immobilizasyonu gergeklestirilmistir. Olusturulan nanomalzeme katilmis bu polimer modifiye elektrotlar, dsDNA-
MMC etkilesiminin tespitinde biyotayin platformlari olarak kullaniimiglardir. Biyomolekiler etkilesimlerini aydinlatmak igin
farkli MMC etkilesim sireleri galisiimistir.
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INTRODUCTION

eoxyribonucleic acid (DNA) is among the funda-
D mental molecules of life since it is the hereditary
material that carries genetic instructions for humans
and many other organisms. This important biomolecule
consists of two strands that form a double helix struc-
ture. Each strand has a backbone made of deoxyribose
and phosphate groups and attached to these sugars,
four DNA bases exist. These DNA bases combine each
strand together. The genetic information coded in DNA
exists in four DNA bases called guanine (G), adenine (A),
cytosine (C) and thymine (T). Thus, any damage on the-
se bases has severe effects on transcription and DNA
replication process. It is well-known that DNA is one of
the major target for anticancer drugs due to their abi-
lity to interfere with cell growth and division [1-5]. For
these reasons, investigation of the interaction between
DNA and anticancer drugs is one of the key topics for
drug discovery and drug dose determination studies
[6-9]. With this aim in mind, in this paper, investigati-
on of double-stranded DNA (dsDNA) with Mitomycin C
(MMC) using electroactive polymer coated electrodes
was demonstrated and detailed. MMC is a chemothera-
peutic agent known with its antitumour activity and ef-
fectively used in gastro-intestinal cancers, anal cancers
and breast cancers [7]. There have been various studies
based on the investigation of DNA molecule and anti-
cancer drugs. For example, Girsoy et al. have synthe-
sized polyglycine on graphite electrodes in order to
identify the interaction between dsDNA and Mitomycin
C [7]. Multi-walled carbon nanotubes (MWCNTs) added
polyglycine has been used for the electrode modificati-
on. Erdem and her colleagues have used single-walled
carbon nanotubes (SWCNTs) modified graphite electro-
des for dsDNA and anticancer drug, daunorubicin (DNR)
[8]. Differential pulse voltammetry (DPV) and electroc-
hemical impedance spectroscopy (EIS) have been used
in order to investigate the interaction. Interaction has
been followed by the changes in the oxidation signal
of guanine base of dsDNA. Bruzaca et al. have studi-
ed electrochemical oxidation of Mitomycin C and its
interaction with DNA on an electrochemical biosensor
platform using cyclic voltammetry, square wave vol-
tammetry (SWV) and differential pulse voltammetry at
carbon paste electrode [9].

Polymers are materials that are made of long and re-
peating chains of different molecules. Differentiation
of the polymers can be done according to the types of

molecules and bonds. Among many polymers, elect-
roactive polymers have attracted significant attenti-
on due to their certain and important characteristics
[10-12]. Electroactive polymers can be fabricated onto
electrode materials in a polymerization medium conta-
ining their monomers, dopant molecules and conveni-
ent solvents. So-formed polymeric layers not only have
good electrochemical properties but also have robust,
stable and uniform structures. They exhibit similar res-
ponses to biological systems and they are permeable to
electroactive species. Furthermore, most of them have
porous structures that increase their active surface
areas. Unique surface chemistry of these materials has
facilitated their interactions with biological molecules.
Hence, these polymer modified surfaces found various
important applications including biosensing with their
good electrical, structural and mechanical properties
[13-15]. In the literature one of the preferred ways to
improve the characteristics of electroactive polymers
is the formation of their composites with nanomateri-
als. Graphene, carbon nanotubes or nanoparticles have
been widely used for this purpose since they have ex-
cellent chemical, electrical, mechanical, thermal and
optical features [16-18]. In the present work, graphene
(GN) was used as the dopant material of the polymeric
structure, poly(o-phenyldiamine) (PoPD) which realized
in a fast, simple and one-step electropolymerization.
Graphene is among the most attractive nanomaterials
that takes place in different application fields such as
biosensor studies, electrochromic devices and superca-
pacitors. It is a two-dimensional structure (2D) of sp*-
bonded monolayer carbon atoms having high electrical
conductivity, good electrocatalytic activity and high
surface area. Nanocomposites of graphene with elect-
roactive polymers are commonly used in the literature
since graphene improved the electrochemical properti-
es of these polymers [19-23].

In the current study, o-phenylenediamine monomer
was electropolymerized in the presence of graphene
in a single step polymerization onto disposable pen-
cil graphite electrodes (PGEs) in order to investigate
dsDNA-MMC Cyclic voltammetry (CV)
technique was used for the formation of graphene in-
corporated poly(o-phenylenediamine) layer onto PGE
using various cyclic scans. Modified electrodes were
characterized electrochemically by cyclic voltammetry.

interaction.

The surface characteristics of the modified surfaces
were identified via scanning electron microscopy (SEM).
Afterwards, biomolecular interactions were monitored



by a biosensing platform constructed by the immobili-
zation of dsDNA on the graphene doped electroactive
polymeric layer. The interaction was evaluated based
on the changes in the electrooxidation of electroactive
DNA bases, guanine and adenine. There were decreases
in the oxidation of these bases after MMC interaction
of the dsDNA immobilized polymer modified electro-
de. Poly(o-phenylenediamine) is one of the attractive
electroactive polymers that plays an important role in
electrochemical biosensor researches due to its inhi-
bitory effect on electroactive interferences. Thus, it is
chosen as the polymeric structure to host biomolecule
in this study. It has been used in effective electroche-
mical biosensor platforms with its simple and low-cost
preparation vyielding high sensitivity, and selectivity
[21,24,25]. Graphene doped poly(o-phenylenediamine)
modification improved the electrochemical properti-
es of the bare electrode material and also served as a
convenient immobilization layer for dsDNA with its high
electroactive surface area. Besides these advantages
the nanomaterials doped polymeric layer showed good
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electrocatalytic activity for the oxidation of DNA bases,
guanine and adenine. This work is the first example
of the use of dsDNA immobilized graphene incorpo-
rated poly(o-phenylenediamine) modified electrodes
for dsDNA-MMC interaction detection. The fabricated
electrode presented promising results that could be
used for different DNA-anticancer drug studies. So-
formed nanobiosensing platform will definitely have in-
teresting applications in the field of DNA-based studies.

MATERIALS and METHODS

Instrumentation

Electrochemical studies including electrode materi-
al preparation and characterization of the fabricated
electrode materials were conducted by an AUTOLAB-
PGSTAT 204 analysis system supported with a NOVA
software package (Metrohm, The Netherlands). Three
electrode system was used in the electrochemical ex-
periments. These are pencil graphite working electrode,
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Figure 1. Electropolymerization curves obtained using cyclic voltammetry for oPD-GN (red line) and oPD (blue line): A) 5 cycles,

B) 10 cycles and C) 15 cycles (scan rate: 100 mV s?).
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Figure 2. Electrochemical responses of the modified electrode materials: A) PoPD/PGEs, B) PoPD-GN/PGEs a) 5 cycles, b)10 cycles,
c) 15 cycles of electropolymerization in 5 mM Fe(CN)_*** redox probe containing 0.1 M (scan rate: 100 mV s*)

Ag/AgCl reference electrode (BASi, USA) and Pt wire
counter electrode (BASi, USA). 0.5 mm HB Tombow tip
was used and the connector was a Tombow pencil. For
surface characterization studies, Hitachi SU 1510 (Hi-
tachi, Japan) was used. Experiments were carried out at
room temperature.

Chemicals and Preparation of Solutions
o-Phenylenediamine, graphene (powder), Mitomycin C
(from Steptomyces), lithium perchlorate, potassium fer-
ricyanide and potassium ferrocyanide were purchased
from Sigma-Aldrich. o-Phenylenediamine was distilled
before used. dsDNA was obtained from Serva. Other
chemicals used in the studies were in analytical reagent
grade and purchased from Sigma-Aldrich.

Preparation of solutions: Electropolymerization
solution was prepared in the presence of 10 mM
o-phenylenediamine, 50 mM lithium perchlorate and
graphene (2.0 mg mL?) in 50 mM pH 7.4 phosphate buf-
fer [21]. Electropolymerization solution was sonicated
for 10 min and then saturated with nitrogen gas (N.)
(BOS, Turkey) before the experiments. For the compa-
rison experiments, monomer solution containing lit-
hium perchlorate was prepared. dsDNA solution was
prepared with 50 mM pH 4.8 acetate buffer containing
20 mM NacCl. Stock solutions of MMC (250 mg L) were
prepared in ultra-pure distilled water. Diluted solutions
of MMC were prepared with 50 mM pH 7.4 phosphate
buffer containing 20 mM NaCl.

Preparation of the Modified Electrode Materials
Fabrication of the polymer modified electrodes in the
presence of graphene onto pencil graphite electrodes
was carried out with cyclic voltammetry at a potential
range of +0.0 V and +1.0 V using cyclic scans of 5, 10 and
15 (scan rate of 100 mV s?). Electrochemical characteri-
zation of these modified electrode surfaces was done in
a solution of 0.1 M KCl containing 5 mM Fe(CN)63'/“’ ata
potential range of -0.30 V and +0.60 V (scan rate of 100
mV s?). In addition, these experiments were compared
with only poly(o-phenylenediamine) modified electro-
des.

dsDNA Immobilization on Graphene Incorporated
Poly(o-phenylenediamine) Modified Electrode
Materials

For the immobilization of dsDNA onto the graphene in-
corporated poly(o-phenylenediamine) modified elect-
rode materials, modified electrodes were held at +0.0 V
in a solution of 100 mg mL*! dsDNA solution for 360s. In
this process dsDNA was accumulated onto the modified
electrodes. These electrodes were donated as dsDNA/
PoPD-GN/PGEs in the rest of the studly.

Interaction Studies Performed Between dsDNA/
PoPD-GN/PGEs and MMC

For the interaction studies, dsDNA/PoPD-GN/PGEs
were incubated in 50 mg L* MMC solutions for 5, 10
and 30 min. The interaction of the modified surfaces
with MMC was monitored with differential pulse vol-
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Figure 3. Electrochemical responses of the modified electrode materials: a) bare PGE, b) PoPD/PGE, c) PoPD-GN/PGE,
d) GN/PGE in 5 mM Fe(CN) *** redox probe containing 0.1 M (scan rate: 100 mV s*).

tammetry technique using +0.70 V and +1.50 V in 50
mM pH 4.8 acetate buffer (at a step potential of 50 mV
and at a scan rate of 10 mV s?).

RESULTS and DISCUSSION

The main purpose of this paper was to develop a poly(o-
phenylenediamine) modified disposable pencil grap-
hite electrode for the examination and identification
of dsDNA and MMC which held an important topic in
terms of drug discovery and drug dose regulation studi-
es. The electroactive surface on the electrode was ac-
complished by the cyclic voltammetry using 5, 10 and 15
polymerization cycles. Figure 1A to C present the cyclic
voltammograms related to these electropolymerization
experiments, respectively. In each case, comparison
of the only oPD electropolymerization was also added
into the figures in order to illustrate the advantage of
incorporation of graphene into the polymeric structure.
It is seen that with the presence of graphene, electro-
poymerization was achieved with higher efficiency re-

sulting in higher currents. And, there was a resistance
in the polymerization of oPD in the aqueous media onto
PGE. In the first cycles of both polymerizations, the oxi-
dation of the monomer existed and then in the other
cycles, polymerization behavior was obtained [21].

After the electropolymerization process, characteriza-
tion of the modified surfaces was performed in a re-
dox probe containing solution. Figure 2A presents the
cyclic voltammograms of the modified electrodes as a
result of oPD electropolymerization (Figure 2A-a to c for
5, 10 and 15 cycles of polymerization, respectively). As
seen from these electrochemical characterization stu-
dies, electrochemical behaviors of the PoPD modified
electrodes did not have good responses. The reversi-
bities of the polymeric surfaces and the peak currents
achieved were poor. However, as illustrated in Figure
2B, there were very good improvements with the ad-
dition of graphene into the polymeric structure. The
reversibilities of the polymeric surfaces and the peak
currents achieved were highly enhanced which signifi-
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Figure 4. SEM images of (A,B) bare PGE, (C,D) PoPD/PGE, (E,F) PoPD-GN/PGE, E,F) GN/PGE.
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Figure 5. Differential pulse voltammograms of PoPD-GN/PGE (red line) and PoPD/PGE (black line) in pH 4.8 50 mM acetate buffer after
dsDNA immobilization (dsDNA concentration: 100 mg L?, step potential: 50 mV, scan rate: 10 mV s?).

ed the advantage of using graphene incorporated PoPD
(Figure 2B-a to c for 5, 10 and 15 cycles of polymeriza-
tion, respectively). The results showed that the effect
of nanomaterials addition and revealed the advantage
of in-situ and one-step electropolymerization. The re-
sulted electrode materials had improved and good cha-
racteristics. Therefore, practical and efficient electrode
materials modifications were accomplished.

In Figure 3, cyclic voltammetric behaviors of the mo-
dified electrode materials and bare electrode material
were compared. It is clearly seen from these compari-
sons that the bare electrode had also poor electroche-
mical activity. The comparison of only graphene modifi-
cation onto the pencil graphite electrode was also per-
formed. This modification was achieved by using 2.0 mg
mL? graphene prepared in dimethylformamide (DMF)
by dipping the bare electrode into this solution. GN mo-
dified electrode exhibited a worse response than the

PoPD-GN/PGE proving the use of electrochemical modi-
fication. The peak currents achieved with the nanocom-
posite modified electrode was higher. The reversibiliti-
es based on the electrooxidation and electroreduction
of the redox probe was almost the same with GN/PGE
and PoPD-GN/PGE.

After the electrochemical characterization of these
modified electrode materials, surface morphologies of
them were investigated with scanning electron micros-
copy (SEM). SEM images for the bare PGE at different
magnifications were given as Figure 4A and Figure 4B.
These images revealed the smooth graphite layers of
the pencil graphite electrode [7]. SEM images of PoPD
modified PGE at different magnitudes were given as Fi-
gure 4C and Figure 4D. As seen from these images, pen-
cil graphite electrode surface was modified with the
polymeric film. Figure 4E and Figure 4F present the SEM
images of graphene incorporated PoPD. In these figu-
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Figure 6. Differential pulse voltammograms of dsDNA/PoPD-GN/PGE in pH 4.8 50 mM acetate buffer after interaction with MMC a) 0
min, b) 5 min, ¢) 10 min (MMC concentration: 50 mg L?, step potential: 50 mV, scan rate: 10 mV s?).

res, it is obvious that the polymerization of oPD became
more dominant with the addition of graphene. Graphe-
ne facilitated the electropolymerization of oPD. In the
end, the comparison with GN modified electrode was
made. Figures 4G and Figure 4H illustrate the related
images at different magnitudes. Graphene layers on the
pencil graphite electrode revealed clearly indicating the
rough surface formed. SEM images identified different
modifications on the graphite electrode in a clear vision.

dsDNA-MMC interaction studies were then carried out
as the application of the graphene incorporated PoPD
modified electrode material. For the evaluation of this
interaction first dsDNA was immobilized onto the mo-
dified electrode prepared with 5 cycles of polymeriza-
tion since this electrode gave the best electrochemical
behavior and features. Immobilization of dsDNA was
performed by holding the modified electrode material
at +0.0 V for 360 s. dsDNA concentration was 100 mg
L? for the experiments. Modification of dsDNA onto
bare PGE was also carried out in order to compare the
electrochemical behaviors of electroactive DNA bases,

guanine and adenine. Electrochemical oxidation peaks
for these two DNA bases were obtained in a higher sen-
sitivity with the modified electrode compared to the
bare electrode as expected. Differential pulse voltam-
metry was used in these experiments. There were also
electrocatalytic effects observed with the graphene in-
corporated PoPD modified graphite electrode material
[7,21]. This result can be concluded as the nanocompo-
site electrode facilitated the oxidations of guanine and
adenine. Peak separation with the modified electrode
was well-defined having a value of 0.31 V. Guanine oxi-
dation was observed at about +0.88 V and adenine oxi-
dation was observed at about 1.19 V.

Interaction of MMC with dsDNA immobilized PoPD-GN/
PGE was conducted at various interaction times: 5, 10
and 30 min. These interaction studies were presented
as Figure 6. These studies pointed out that after the in-
cubation of the modified electrode materials with MMC,
the oxidation of DNA bases became difficult. Thus, dec-
reases in the oxidation peaks of both guanine and ade-
nine were obtained and the findings were parallel to the



literature [7,26]. By increasing the interaction time, the
guantity of the reduction increased. At 30 min of inte-
raction, the oxidation peaks for guanine and adenine
were almost absent (not shown). The reduction in the
oxidation peak of guanine was 47.7% and it was 65.7%
for adenine at 5 min of interaction. The reduction in the
oxidation peak of guanine was 69.6% and it was 72.3%
for adenine at 10 min of interaction. The tendency in
the oxidation peak current reduction was more visible
and meaningful by considering the guanine oxidation
peak compared to the adenine oxidation peak by using
this electrode material at the given working interaction
times. It can be concluded that the modified electrode
presented a fast, reliable and convenient sensing plat-
form for the investigation of dsDNA-MMC interaction.
The repeatability of the modified electrodes was also
tested using the oxidation peak for guanine at 5 min of
interaction with five modified electrodes. The relative
standard deviation was calculated and found as 4.4%
(n=5).

Conclusions

As a summary, in the present study an electroactive
polymer depended polymeric surface having good
electrochemical properties was prepared using cyclic
voltammetry technique in the presence of an attracti-
ve nanomaterial, graphene. The presence of graphene
highly improved the electrochemical characteristics
and the responses of the polymer modified electrode
material and also bare electrode material. The use of
electroactive polymer, PoPD, with graphene together
presented that a very good synergistic effect occurred.
One-step fabrication of the electrode material resulted
with a cost-effective, rapid and reproducible process.
The prepared electrodes were characterized by cyclic
voltammetry and their surface morphologies were
identified with scanning electron microscopy. The chan-
ges in the surface morphologies on the graphite elect-
rodes were monitored obviously. As the application of
the effective electrode material obtained, dsDNA-MMC
interaction was evaluated in the study. Immobilization
of dsDNA was accomplished efficiently and the biomo-
lecular interactions between dsDNA and the anticancer
drug were probed in a high sensitivity. PoOPD-GN modi-
fied surfaces serve as potential candidates for various
DNA-biomolecule interactions.
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