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Transport Characteristics of Selected Dyes Through
Track-Etched Multiporous Pet Membranes

Secilmis Boyar Maddelerin iz Asindiriimis Coklu Gzenekli
Pet Membanlardan Tasinim Ozellikleri
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ABSTRACT

VVe have investigated the transport properties of track-etched poly(ethylene terephthalate) (PET)
membranes in order to pursue possible applications for effective separation and sensing purposes. We
have obtained cylindrical and conical nanopores on PET membranes using symmetrical and asymmetrical
track-etch methods, respectively. We have used the fabricated nanopores for the transport of charged dye
molecules. Effect of applied potential, temperature and pore geometry was shown for crystal violet dye. We
have also investigated the transport of methyl orange and shown negatively charged carboxylate groups on the
PET nanopore walls along with applied potential enhanced the selective transport of cations. The temperature
and the conical geometry were also found to promote the transport of cations.
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tkin ayirma ve algilama saglayabilecek uygulamalarin elde edilebilmesi amaciyla iz-asindiriimis poli

(etilen tereftalat) (PET) membranlardan tasinim 6zellikleri arastirilmistir. Simetrik ve asimetrik iz-
asindirma yontemleri ile PET membranlarda silindirik ve konik nanogdzenekler olusturulmustur. Elde edilen
nanogdzenekler ylikli boyar maddelerin tasinimi amaciyla kullaniimistir. Kristal Viyole boyar maddesi icin
potansiyel, sicaklik ve gozenek geometrisinin tasinima etkileri incelenmistir. Metil Oranj boyar maddesinin
tasinimi da ayrica incelenmis ve PET nanog6zeneklerinin duvarinda bulunan negatif yiklu karboksil gruplari ve
uygulanan potansiyelin katyonlarin secici tasinimini arttirdigi gosterilmistir. Sicaklik ve konik geometrinin de
katyonlarin tasinimini arttirdigi bulunmustur.
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INTRODUCTION

anoporous (or nanochannelle) structures

formed in solid materials are used in various
separation techniques and sensing applications
for biomolecules [1-3]. These structures/materials,
canbebiological or synthetic,and can be prepared
to including single or multiple nanopores [4].
While single nanoporous materials are used for
determination and detection at molecular level,
studies based on selective transport of analytes
from multiple nanopore membranes can also be
performed.

Biological nanoporous structures are usually
obtained with ion channels isolated from bacteria
(eg, «a-hemolysin, maltoporin) inserted into
lipid bilayer [5,6]. Biological nanopores are not
resistant to factors such as pH, temperature, ion
concentration and potential, which entails the
production of these structures synthetically [7].
The desired attributes for nanopores are that they
are low cost, reproducible, chemically and thermally
robust and stable. For this reason, synthetic
nanoporous materials have been developed in
order to overcome the disadvantages of biological
nanopores. Some of the methods used to obtain
these materials are nanopipettes [8], electron beam
lithography [9,10], laser melting [11], and ion beam
shaping [12,13]. In addition to these techniques,
track-etching method, which is an easy method
yielding reproducible sized pores with desired
geometries, is often preferred [14-17]. Application
areas of synthetic nanopores that can be obtained
as aresult of the development of synthetic methods
include biomolecule characterization [18,19],
desalination [20], determination of DNA sequences
[19,21] and molecular separation [22].

Transport from multiporous membranes has
also high potential for biomedical applications [23].
Nanoporous membranes produced with desired
pore size, density and thickness are alternatives
for controlled release of pharmacological agents
[24]. However, in order to use a membrane in such
technologies, the selectivity or molecular flux of
the nanoporous structure must be able to match
the application in demand. It is also desired that
the process of obtaining nanoporous membranes is
economical and reproducible. For all these reasons,
extensive research is needed on analyte transport
from nanoporous membranes.

One of the most frequently used nanoporous
materials is anodic aluminum oxide (AAO)
membranes [25,26]. The geometry of the
nanopores can be controlled by changing the
conditions of the anodization process. However,
the thickness of AAO membranes leads to very
low molecular flow and transport rate making
them unsuitable for most processes. Cylindrical
nanopores can also be obtained by controlling
various advanced technologies such as the use of
focused ion beams in silicon (Si) and silicon nitride
(SiN) membranes [27]. Although these membranes
are thermally and chemically stable, the process
of forming nanopores is quite expensive. Similarly,
nanopores created on graphene are often used for
purposes such as DNA analysis [19]. The greatest
advantage of these membranes is their high
durability, despite being very thin [28]. However,
preparation of films from these expensive materials
and subsequent processing of pores in these films
are not economically feasible because special
equipment is required. Therefore, in order to obtain
nanoporous membranes, techniques such as track-
etching which is both economically viable and
enable effective separation and transport, can be
preferred.

Charles Martin and his co-workers have
published a series of papers on molecular transport
using gold nanotubules obtained from track-
etched polymer (polycarbonate-PC) membranes
[29-33]. In order to control the surface properties
and enable easier functionalization, they have
performed electroless gold deposition onto the
pore walls and modified the surface with functional
groups using thiol chemistry. These functionalized
gold nanotubules made it possible to enhance the
selectivity and permeability of the membranes for
certain analytes depending on their charge and
size. Some examples on surface functionalization of
polymer nanochannels for enhanced transport rates
and selectivity include changing the surface charge
by adding L-cysteine on the surface and therefore
making it ion-permselective [29]; functionalizing
with various groups such as polymers, organic acids
etc. for discriminating different molecules [34]
and functionalizing the pore surface of polyimide
(PI) membrane with ethylenediamine, making it
selective towards anions [35].
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Figure 1. A: Crystal Violet (Triarylmethane dye, M: 407.99 g/mol); B: Methyl Orange (Azo dye, M: 327.33 g/mol).

Studies on  analyte transport  from
multiporous polymers can either focus on surface
functionalization of the nanopore in order to
enhance the transport rate of the analyte or taking
advantage of the already negatively charged wall
of PET membrane which possess negative carboxyl
(-CO0) groups at neutral pH due to track-etching
process [36].

In this work, we have prepared cylindirical
and conical nanopores on PET membranes using
track-etch method and investigated the transport
characteristics of charged analytes through these
membranes. The primary reasons for choosing PET
membrane for the mass transport experiments
were that it is easily track-etched (without the
need of high temperatures or additional chemicals),
mechanically robust, stable in extreme conditions of
pH and temperature with a slightly negative surface
charge density. The effects of applied potential,
pore geometry and temperature were studied and
the use of track-etched membanes for selective and
effective transport of the analytes were shown.

MATERIALS and METHODS

Experimental

Poly(ethylene terephthalate) (PET) membranes
(3 cm diameter, 12 um thickness) were obtained
from Gesellshaft flr Schwerionenforschung (GSlI,
Darmstadt-Germany). The membranes were
irradiated with heavy ions (i.e., Auion, 11.4 MeV) at
various ion densities even down to 1ion/membrane.

This was succeeded by defocusing the ion beam
and using a metal mask with a 0.1 mm diameter
aperture with a shutter system which shuts
down the ion beam as the single ion passage was
detected. All the membranes were exposed to
UV irradiation (254 nm) to saturate the damages

in tracks. All solutions were prepared from
deionized water (Millipore Direct-Q 5, Millipore
Co.). Formic acid (HCOOH), sodium hydroxide
(NaOH), crystal violet (CH,,CIN,) (Figure 1A),
methyl orange (C,H,,N,NaO,S) (Figure 1B) and
potassium chloride (KCl) were purchased from
Sigma Aldrich. All the chemicals were used as
received without further purification.

Fabrication of Nanopores

PET membranes were treated with long-wave
UV irradiation overnight in order to sensitize
the tracks, increase the track etching rate and
make the pores more homogeneous in size.
Cylindrical nanopores were obtained on PET
membranes using track- etch method. With
this purpose, batch etching was performed in
which the track membranes were suspended in
a beaker filled with etching solution (9 M NaOH)
for a predetermined time at room temperature.
Afterwards, the membrane was kept in a beaker
filled with stopping solution (1 M HCOOH) for 30
minutes and finally the membrane was washed
with di-water to remove possible residues from
the membrane surface.

Conically shaped nanopores were obtained
using a previously discussed asymmetric chemical
etching technique [37]. Shortly, the membrane was
mounted between the two halves of a conductivity
cellwith UV-treated side of the membrane facing the
alkaline etching solution (9 M NaOH) and the other
side facing the stopping solution 1M HCOOH and
1M KCI). Platinium (Pt) electrodes were immersed
into each cell and 1V transmembrane potential
was applied to monitor the breakthrough moment
(Keithley 6487 picoammeter/voltage source,
Cleveland, OH, USA). After the etching process,
etching solution was replaced with stopping
solution for neutralization. Then, both cells were
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Figure 2. SEM image of multiporous PET etched for 2 hours.

rinsed with di-water to remove possible residues
from the membrane surface. In the end, conically
shaped nanopore was obtained with two different
sized openings called base (large opening) and
tip (small opening). The large opening of the
nanopore (d_ ) was directly determined from
SEM images of multipore membranes while
electrochemical measurements were performed
for the calculation of small opening (d, ) of the
conical membrane. With this purpose, both halves
of the conductivity cell were filled with electrolyte
solution (i.e., 1 M KCI, 10 mM PBS buffer at
pH =7) while the single nanopore membrane was
mounted between these cells. Ag/AgCl electrodes
were used and potential was stepped between -1
V and +1 V. The resistance of the nanopore (R) is
proportional to the conductivity of solution (p) the
length of nanopore (I, thickness of the membrane),
d,... @and d, as given in Equation 1. R value was
the reciprocal of the slope of I-V curve obtained
from the electrochemical measurement and the
tip diameter was calculated using Equation 1
(Conductivity measurements were carried out
with a Mettler Toledo FE 30 conductivity meter).

_ 4pl
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tip " base

R M

Mass Transfer Experiments

The membranes were mounted between the two
halves of an H-cell to investigate the transport
properties of charged analytes. The cell volumes
were 5 mL with an effective permeation area
of 0.3 cm?. The feed half-cell was filled with the

known concentration of the analyte in phosphate
buffer 10 mM, pH = 7) and the permeate half-cell
contained only pure buffer solution. Phosphate
buffer at pH 7 was selected because at neutral
pH, nanopore surface charge of PET membrane
is negative because of -COO" groups on its pore
walls [38], crystal violet is positively charged
and methyl orange is negatively charged
(PK, o= 3-47; PK, = 9.4). Both halves of the
cell were continuously stirred with a magnetic
stirrer (~1050 rpm). Samples were collected
from the permeate cell at regular time intervals
and the concentration of the analyte was
determined using a UV-Vis spectrophotometer
(Shimadzu-2600). A linear calibration curve of
analytes of known concentrations was used for
the spectrophotometric calculations.

RESULTS and DISCUSSION

Pore diameters of cylindrical pores and base
diameters of the conical nanopores were obtained
from the SEM images of multipore membranes
(10° nanopores/cm?). SEM image of a multipore
PET membrane etched for 2 hours is given in
Figure 2 with a calculated base diameter value of
533+47 nm. An average of 20 pores were used
to calculate the diameters with Image-J software
and standard deviation values were taken into
account.

A linear relationship was observed between
etching time and pore diameter (Figure 3). The bulk
etching rate, which equals the slope of the obtained
linear plot, was found as 4.5+0.2 nm.min". This
linear relationship enabled reproducible production
of nanopores with desired diameters.
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Figure 4. Permeation of CV* through 25+1 nm nanopores (Pore density: 10° pore/cm?).

Permeation of the Analytes

Permeation of CV* through the nanoporous
membrane was conducted using a multiporous
(10° pore.cm®) PET membrane with a pore diame-
ter of 25 £ 1 nm. The transport of the positively
charged dye was continued for three hours and
the transported amount of the analyte (per cm?)
increased linearly. Figure 4 shows the linear rela-
tionship of molecular flux and time with an R? va-
lue of 0.990. The permeation rate was calculated
from the slope of the obtained line, which yielded
the amount of analyte transferred per unit time.

Effect of Potential on Analyte Transport Rate
In order to investigate the potential dependency
of molecular transport, an electric field was
applied. Anode was immersed in the feed cell and
cathode was immersed in the permeate cell in

order to promote the transport rate of CV*. The
flux data for the transport of CV* through the
PET membrane with different applied voltages
is presented in Figure 5. The promotive effect of
potential on flux can be seen in Figure 5, that as
the potential was increased, the flux of CV* gave
a direct correlation as expected. This correlation
can be explained by the contributing forces to the
transport (i.e., electro-osmosis, electrophoresis) of
the analyte. When there is no electric field applied,
the transport is only due to diffusion from feed cell
to the permeate cell because of the concentration
gradient; however, as a certain potential is applied,
electrophoretic and electro-osmotic forces also
contribute to the transport, driving the positively
charged analyte to thecounter electrode (i.e.,
cathode side).
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Figure 5. CV* flux under various applied potentials.
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Figure 6. MO" flux under various potentials.

In order to compare the nanopore selectivity
towards oppositely charged analytes, MO~ was
transported through the same membrane under
various potentials. The effect of potential on
MO" flux was the opposite of CV+ and is shown in
Figure 6. The negatively charged analyte is driven
to the anode (the feed cell) electrophoretically
under applied potential which decreases the overall
molecular flux of MO

The plots between molecular flux and time were
all linear with R? values over 0.990 and 0.938 for
CV* and MO, respectively. Transport rates (nmol.
cm?min?) were calculated from the slope of these
linear plots. In order to inspect the selectivity of the
membrane towards the positively charged analyte
CV*, selectivity coefficients which are defined as
the ratio of transport rates of the analytes were
calculated using Equation 2. The obtained  values
are presented in Table 1.

L T L T ¥ T ¥ T . T L 1
100 120 140 160 180 200
Time (min)

The results indicated that with the increasing
potential, the membrane became selective towards
the positively charged analyte CV*. When no
potential was applied, MO" was transported with
a higher rate than that of CV* which contradicts
with the argument of PET being selective towards

) Rate(cw)

" Rate (MOf ) @

a

positively charged analytes. But in our case, the
analytes differ in molecular volume and structure
so that the net charge of the molecule is not the
only contributing factor to the permeation rate.
MO which is an azo dye has a molecular volume of
257 A2 whereas the triarylmethane dye, CV* has a
molecular volume of 378 A3,
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Table 1. Selectivity coefficients with respect to applied potential.

Rate (nmol.cm?2.min™)

Potential (V)

Selectivity (a)

MO cv*
0 2.03 0.99 0.49
0.5 1.92 1.05 0.55
1 0.57 112 1.97
1.5 0.53 1.22 2.30

Figure 7. Molecular structures of CV* and MO (Produced using Molinspiration Cheminformatics Software [39].

This difference in molecular volume, and
the linear structure of MO" (shown in Figure 7)
enhances its transport rate. Therefore without any
applied potential, its transport rate is higher than
CV* despite having a negative charge. But as the
potential is increased, electrokinetic phenomena
(i.e. electrophoretic and electro-osmotic forces)
have a significant impact on transport selectivity
towards positively charged analyte, CV*.

Effect of Temperature on Analyte Transport
Rate

Another parameter of interest on transport rate
was temperature. The transport of CV* through
25+1nmpore membrane was carried on under 1.5

V potential and four different temperature values.

According to the obtained results, transport rate
increased from 1.22 to 7.23 nmol.cm2.min™ as a
function of temperature which was raised from
298 K to 328 K, respectively (Figure 8). This
behavior indicated that the transport of the CV*
has an endothermic nature and favored higher
temperatures (due to the positive dependence of
diffusion coefficient to temperature). Arrhenius

equation can be used to explain the temperature
dependence of diffusion coefficient (Equation
3); where D is the diffusion coefficient, D, is the
diffusion coefficient at infinite temperature,
E, is the activation energy, T is the absolute
temperature and k is the Boltzmann constant.

Effect of Pore Geometry on Analyte

Transport Rate

In order to investigate the effect pore
geometry on the transport rate of the analyte,
multiporous PET membranes with conical
geometrieswerefabricatedandsubsequentlyused
for the transport of CV*. The prepared nanopores

E,

D=Dye 7 ©

had tip openings of 25 nm for comparison with
cylindrical ones. This was achieved through a
second etching step developed by Wharton et.
al. [40]. Shortly, after the first step of etching,
a more dilute etching solution (2 M NaOH)
was introduced in both half cells and under a
transmembrane potential of 1 V. This second step

7
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Figure 9. CV* flux through pores with different geometries.

of etching was stopped when the pore reached
the desired size by monitoring the current values
and once again the etching solution was replaced
with the stopping solution content to terminate
further widening of the pore. Thereafter, the half
cells were rinsed with water and the membrane
was then used for the experiments.

Analyte was added to the tip side of the
membrane and the transport of CV* through the
membrane was performed. The dependence of CV*
flux to nanopore geometry is shown in Figure 9. It
is obvious that the transport rate significantly
increased when the nanopores have conical

geometry. The trapping zone, which is formed
near the nanopores’ tip entrance, was shown to
have a positive effect on the transport of charged
analyte doubling its molecular flux. The effects of
nanopore geometry on the sensing phenomena
have been widely researched especially for single
nanopores and it was shown that the ionic current
is directly affected by the pore's resistance which
isrelatedtothe pore'sgeometry [41]. Furthermore,
the promotive effect of conical geometry was
previously reported for multipore asymmetrical
nanopores for the transport of charged analytes
as well [42]. Further investigations were
performed to analyze the effect of geometry on
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Figure 10. CV* flux through pores with different geometries at various potentials.

the molecular flux at varying potentials (Figure
10). Once more it was shown that the potential
has a promoting effect on CV* transport because
applying a potential entails electrophoretic forces
that enhance the transport of positively charged
analyte. It was also found that the increase in the
flux was more significant for conically shaped
pores than that of cylindrical ones.

Conclusion

In conclusion, we have demonstrated the effect
of potential, pore geometry and temperature (etc.)
on the transport phenomenon by the transport rate
of charged dye molecules across a track-etched
polymeric membrane. We have shown here that the
nanoporous membranes can be used as molecular
sieves, can show transport selectivity, and can be
used both for anions and cations. Applying potential
across the membrane has promoted the transport
of CV* but decreased the transport of MO, thus
increased the membrane selectivity towards
positively charged analyte. The studies on the
geometry of nanopore showed that the transport of
CV* was faster using a conical nanopore. In addition,
high temperature was also found to enhance the flux
of CV*. The nanopore diameter and its geometry
can be arranged, so, these membranes are
applicable for model studies and for fundamental
investigation of how the transport phenomena
occur. We are pursuing possible applications of
track-etched polymer membranes in chemical and
bio-separations and sensors. For such applications,
flux or throughput across the membrane is an

important issue and these membranes perhaps hold
promise for the development of highly selective
membranes for chemical separations and sensors.
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Determination of Acidic Dissociation Constants of
Chlorthalidone and Terbutaline in Water Using DFT and Ab
Initio Methods

DFT ve Baslangi¢ Yontemlerini Kullanilarak Klortalidon ve
Terbutalinin Asidik Ayrisma Sabitlerinin Belirlenmesi

Research Article

Farhoush Kiani™ and Ali Rajabalinezhad?
'Department of Chemistry, Faculty of Science, Ayatollah Amoli Branch, Islamic Azad University, Amol, Iran.
2Department of NanoChemical Engineering, Faculty of Nanotechnology, Semnan University, Semnan, Iran.

ABSTRACT

n the present study, pK, values of both drug called Chlorthalidone and Terbutaline were determined in

agueous solution. For this purpose, the B3LYP calculation with the 6-31+G(d) basis set was utilized. The
reactions and equilibria that possess a high hydrogen-band-donor capability and constitute the indispensable
theoretical basis to calculate the acidity constants of Chlorthalidone and Terbutaline, are shown. To analyze
the formation of intermolecular hydrogen bonds between the existent species and water molecules, Tomasi's
method was used. In this way, it was determined that in alkaline aqueous solutions the cation, anion, and
neutral species of Chlorthalidone and Terbutaline are solvated with one, two, three, and four molecules of
water, respectively. To proceed, the calculated pK, were compared with the experimental values, which there
is comparable agreement between them. The resulting data illustrated that the method was likely to be useful
for the prediction of pKa values in aqueous solution.

Key Words
chlorthalidone, terbutaline, acidic dissociation constant, intermolecular hydrogen bond.

6z

u calismada klortalidon ve terbitalin ilaglarinin pK_ degerleri sulu ¢ozeltileri icinde hesaplanmistir. B3LYP

hesaplamalari ile 6-31+G(d) temel setinden faydalanmak amaclanmistir. Hidrojen bagi verici 6zelligi
ylksek olan ve ayni zamanda klortalidon ve terbitalin icin asitlik sabitlerinin hesaplanmasinda teorik agidan
vazgecilmez olan denge ve tepkimeler gosterilmistir. Var olan tirler ve su molekilleri arasindaki hidrojen bagi
olusumlarinianaliz etmekicin Tomasiyontemikullaniimistir. Béylece klortalidon ve terbitalinin alkali su ¢ozeltisi
icerisindeki katyon, anyon ve ndétr olusumlarinin, sirasiyla bir, iki, i¢ ve dért su molekiliyle ¢dzlinebildigi
saptanmistir. Sonraki adimda hesaplanan pK_ degerleri deneysel sonuclarla karsilastiriimis ve kabul edilebilir
bir értisme gorilmistir. Elde edilen veriler uygulanan teknigin sulu ¢ézeltilerde pK, tahminlerinde kullanigl
bir secenek olacagini gostermektedir.
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INTRODUCTION

The ability to deliver therapeutic agents to a sick
in a pulsatile or staggered release profile has
been a major target in drug delivery research
over the last two decades. In ancient pharmacy
system, due to non-real prescription of drug dose,
high amount of drug consume without any profit
in cardiovascular system and mean tissues till
reach to point of effect and may be cause for side
effects during its path. The technology can allow
target delivery of drugs to different areas of the
body. Therefore, drug delivery technology (DDT)
is increasingly important as a component of drug
development. A key issue in drug delivery system
is to maximize the drug access to specific sites,
and to be able to control the release of drugs, in
order to maintain a desired drug concentration
level for long periods of time without reaching
a toxic level or dropping below the minimum
effective level [1].

Using nanotechnology, it may be possible to
achieve (1) improved delivery of poorly water-
soluble drugs; (2) targeted delivery of drugs in
a cell- or tissue specific manner; (3) transcytosis
of drugs across tight epithelial and endothelial
barriers; (4) delivery of large macromolecule
drugstointracellularsitesof action; (5) co-delivery
of two or more drugs or therapeutic modality for
combination therapy; (6) visualization of sites of
drug delivery by combining therapeutic agents
with imaging modalities; and (7) real-time read on
the in vivo efficacy of a therapeutic agent [2].

Diuretics are awonderful group of compounds.
There are several classes of diuretics, but all
diuretics enhance the excretion of water from
bodies [3]. Thiazides are a type of diuretics
often used to treat hypertension and edema that
these thiazides were developed during the 1950s.
Although they lower blood pressure effectively,
the mechanisms have confused researchers [4].
Hypertension causes devastating action all over
the time. Hypertension increases to the workload
of the heart and arteries. It can mar the blood
vessels of the brain, heart, and kidneys. Therefore
is used from Chlorthalidone (CTD) to treat
hypertension [5]. Although CTD does not have
a thiazidic construction, it presents the same
effects of the thiazidic diuretics. It reduces the
amount of water in the body by raising the flow

of urine, which helps to lower arterial pressure [6].
Relievers are medicines which are specifically
designed to relieve asthma symptoms by relaxing
the muscle cells that surround the airways. This
allows the airways to open so that air can pass
more easily in and out of the lungs. Nowadays
reliever medications come in two types: short-
acting and long-acting. Terbutaline is in the class
of Short-acting reliever medications which it can
be specifically used to treat asthma symptoms.
Terbutaline works as bronchodilators. In severe
asthma, bronchodilators are usually given
intravenously or by inhalation [7-9].

Many drug compounds include at least
one acidic and/or basic functionality, and the
ionization state of these groups play a large role
in determining the physiochemical properties of
a compound. The pKa for a compound creates a
means of specifying the extent of ionization of
the compound at any solution pH. Information of
a compound's pKa value plays a main role in the
expansion of drug delivery formulations [10,11].

Agueous pKa values are especially useful due
to their environmental and pharmacological
applications, because it governs solubility,
absorption,  distribution, metabolism and
elimination [12,13]. In recent years a number of
methods employed for pKa measurements based
on solubility [14], potentiometric titration [15],
spectrophotometry [16], HPLC [17] and, most
recently, on capillary electrophoresis (CE) [18]
and Liquid chromatography (LC) [19]. On the other
hand, the theoretical prediction of pKa values
using guantum chemical methods has attracted a
great extent of interest. So now, pKa values can be
predicted by computational methods on the basis
of molecular structure, applying various quantum
theoretical technigues. The pKa can be calculated
from the energy of the following reaction:

AH«2S 5 A+H 0
Using the relation:
pK_ = AG/2.303RT (2)

AG is the free energy of reaction obtained by
taking the difference of the molecular free
energies of the products from the reactant [20-
24].
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Figure 1. The structures of the (a) Chlorthalidone and (b) Terbutaline for carrying out the calculations.

Polarizable continuum models (PCM) by
Tomasi and coworkers have been applied to
compute free energy differences for cations,
neutral compounds, and their anions. It is one of
the most used and reliable continuum solvation
methods [25]. On the basis of solvation free
energies, the pKa values were obtained for the
compounds in question by using thermodynamic
equations, involving the combined experimental
and computed data [26].

The increasing popularity of quantum
mechanical (QM) methods for the calculation of
drug design is due to the first principle nature of
QM, which should provide the highest accuracy.
It is an understatement to say that the density
functional theory (DFT) has strongly influenced
the evolution of quantum chemistry during

the past 15 years; the term "revolutionalized”

is perhaps more appropriate. Based on the
famous Hohenberg and Kohn theorems [27],
DFT provided a sound basis for the development
of computational strategies for obtaining
information about the energetics, structure,
and properties of (atoms and) molecules at
much lower costs than traditional ab initio wave
function techniques. In DFT methods, Becke's
three parameters exchange functional (B3)
[28,29] incorporated with gradient-corrected
correlation functional of Lee, Yang and Parr (LYP)
[30] by implementing the split-valence polarized
6-31+G(d) basis set [31,32] have been used for the
calculation of molecular structure optimization.

This article refers to the influence of factors
such as the Self-Consistent Reaction Field

(SCRF) model applied, choice of a particular
thermodynamic equation, atomic radii used to
build a cavity in the solvent (water), optimization
of geometry in water, inclusion of electron
correlation, and the dimension of the basis
set on the solvation free energies and on the
calculated pK, values. In this study, pKa values
of Chlorthalidone and Terbutaline were specified
in agueous solution by an ab initio method and
at a temperature of 25°C. To explain the acidic
dissociation constants obtained, we investigated
the molecular conformations and solute-solvent
interactions of the cation, anion, and neutral
species of Chlorthalidone and Terbutaline using
ab initio and density functional theory (DFT)
methods.

Computational Methods

All the theoretical computations were performed
using CS Chem3D version 5.0 and Gaussian 98
program package [33,34]. The initial geometry
and different conformers of Chlorthalidone and
Terbutaline (see Figure 1) were built with the
help of the mentioned softwares by the semi
empirical PM3 method. All the initial geometries
and solvated molecules in water were optimized
with the Gaussian 98 program packages using
the B3LYP/6-31+G(d) methods and the default
convergence criteria. The polarized continuum
model (PCM) which is the ideal conceptual
framework to describe solvent effects on all
species involved in the selected ionization
reaction, was used [35]. Furthermore, to shed light
on the experimental pKa values of these drugs
in water, several conformers were tested by the
excel program, but some of the conformers were

15
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Table 1. Calculated Total Energy Using the Tomasi method at the B3LYP/6-31+G(d) Level of Theory for Cationic, Neutral,

and Anionic Species of Chlorthalidone and Terbutaline, at 298.15 Ka.

G sol G, sol/molecule G sol G, sol/molecule
ssoplzta:iteesd (Hartree) (kj.mol™) N s:;‘e’:it:: (Hartree)
Terbutaline Chlorthalidone
0 H,L -1968207.194 -749.650498 0] H,L* -4751467.721 -1809.738403
1 H,L -1084452.038 -826.0919 1 H,L,* -2476091.022 -1886.186448
2 H,L* -7189866.9489 -902.53326 2 H,L* -1717630.22 -1962.632319
3 H,L -642574.2365  -978.974364 3 H,L,* -1338398.294  -2039.075868
4 H,L* -554199.8598 -1055.41785 4 H,L* -1110858.844 -2115.518855
0 H,L -1966966.495 -149.177941 0] HL -4750391.962 -1809.328668
1 H,L -1083830.825 -825.618685 1 HL -2475542.398 -1885.768528
2 H,L -7189452.666 -902.059884 2 HL -1717261.775 -1962.211319
3 H,L -642270.5384 -978.511674 3 HL -1338127.711 -2038.663629
4 H,L -553956.9623  -1054.955276 4 HL -1110638.577 -2115.099379
0 HL -1965727.829 -748.706158 0 L -4749309.665 -1808.916443
1 HL -1083222.626 -825.155384 1 L -2475001.995 -1885.356871
2 HL -7189052.2712 -901.602377 2 L -1716898.167 -1961.795847
3 HL -641961.374 -978.040656 3 L -1337856.169 -2038.24993
4 HL -553711.9538  -1054.488682 4 L -1110423.029 -2114.688888
0 L, -1964472.16 -748.227899 Water [26]
1 L -1082592.883 -824.675671 H,0" -2.0180 - 105 -1.6862 - 101
2 L, -7188633.1749 -901.123501 H,0*(H,0) -2.0124 -105 -1.5330-102
3 L, -641649.1213 -977.564933 H,0"(H,0), -2.0105 -105 -2.2973-102
4 L, -553461.3892 -1054.011507 H,0 -2.0068 - 105 -7.6434 -101
(H,0), -2.0068 - 105 -1.5287 - 102
OH- -1.9941-105 -7.5952 - 101
OH(H,0) -2.0006 - 105 -1.5240-102
OH(H,0), -2.0028 - 105 -2.2885 102
OH(H,0), -2.0039 - 105 -3.0529 -102
OH'(H,0), -2.0044 105 -3.8173-102

aN: total number of solvation water molecules; Gsolo ,

solvated species per water molecule; H,L," and H,L* and H *, cation species; L and H,L, neutral; HL and L, anion species.

total free energy in solution; Gsolo/molecule, total energy of
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not considered further because the estimated
error in its acidic dissociation constants was
unacceptable. Finally, we selected the solvation of
the species by means of intermolecular hydrogen
bonds (IHBs) that involve one molecule of the
mentioned species and some molecules of water
(see Table 1).

RESULT and DISCUSSION

Fully protonated Chlorthalidone and Terbutaline
have two acid groups and three acid groups,
respectively. For Chlorthalidone, a proton can be
lost from either of the two groups to give different
ionized species: the loss of a proton from the first
ammonium group (NH,") is most probable and
from the second ammonium group (NH,") least
probable. Therefore, this concept of microscopic
ionization constants k and k, may be used, where
k,involving the first ammonium group proton is
[36]:

k,=[H"1[C,,H,CINH,NH,*0,S1/[C,,H,CINH,"NH,0,S]

(3)
And k, involving the second ammonium proton
(NH,") is:

It can be displayed that for a dibasic acid
(Chlorthalidone) the first ionization constant K, is

k,=[H*I[C,,H,CINH,"NHO,S/[C,,H,CINH,*"NH,*0,S]

4)
the sum k, + k, and the second ionization constant
K, is (k,'k,)/(k,+k,), where the subscript 12
specifies loss of proton 2 following loss of proton 1
and subscript 21 denotes loss of proton 1following

loss of proton 2.

In the case of Terbutaline, eight differently
protonated microspecies exist in solution and 12
microconstants are necessary to describe the
system (Figure 2) [37].

Based on an earlier work by Taka’cs-Nova'k
et al., it is proposed a three-step protonation
scheme which is shown in Figure 3 with all free
protons omitted for clarity [38].

It must be noted that the chemical
interpretation of the changes can be determined

by NMR spectroscopy exactly [39-41].

Considering the microconstants of two drugs,
various reactions including cationic, zwitterion
and anionic species were checked, but some
of the reactions were not considered further
because the estimated error in its dissociation
constants was unacceptable. In the long run, the
models selected for the considered system and
the computed values of the dissociation constants
for Chlorthalidone and Terbutaline are listed in
Table 2.

The acidic dissociation constants of
Chlorthalidone and Terbutaline have been
determined using the CE method [42]. In the case
of Terbutaline, UV spectroscopy is less suitable
for the demonstration of partitioning of the
neutral form because here the uncharged species
has the same spectrum as that of the cation form.
Of course, potentiometry and spectroscopic
methods are highly sensitive and as such are
suitable for studying chemical equilibria solutions.

Solvent-Solute Interactions:

lonic Product of Water

For an ionization reaction in pure water or an
aqueous solution, in which a water molecule,
loses the nucleus of one of its hydrogen atoms
to become a hydroxide ion (OH-). The hydrogen
nucleus (H*) protonates other water molecules to
form hydronium (H,0%), immediately.

2H,0 < H,0" + OH (5)

Applying law of mass action at equilibrium,
the value of dissociation constant (K) can be
expressed as follows:

K =[H,0"1[OH1/[H,0]* (6)

Since dissociation takes place to a very small
extent, the concentration of undissociated water
molecules ([H,01); can be regarded as constant.

K,= [H,0"][OH] (7N

K, is a constant at a given temperature and is
known as ionic product of water. Equations 5
and 7 are frequently used in studies of acid-base
equilibria in aqueous media [43]. It must be noted
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Figure 2. Protonation of Terbutaline.
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Figure 3. Suggested protonation scheme of Terbutaline.

that the solvation of anions is effective in protic
solvents where hydrogen bonds can be formed
between the proton of the solvent and the lone
pairs of electrons of the anion. The total energies
of the single and solvated OH- ion have been
computed in water at the B3LYP/6-31+G(d) level
of theory, using Tomasi's model. Considering the
structures of the hydroxyl ion solvated with one
water and also two water molecules together, it
can be concluded that the IHBs between the OH"
ion and the water molecules of solvation belong
to the class of moderate or strong H bonds.
The calculated total energy values confirm a in
significant decrease of the total energy of the OH"
ion when its solvation increases [44,45].

Le

According to the above content and to provide
a more acceptable illustration of the protolysis of
water, the reaction has been shown as follows:
3H,0 <> H,0* + OH (H,0) (8)

The above reaction assumes that both H+ and
OH- ions are hydrated with one water molecule.
Also, indicating with KN1 the equilibrium constant
of the reaction of Equation 8 and considering the
equations 5 and 7, it is inferred that [46]:

K, =K, [H,0] ©)



F. Kiani and A. Rajabalinezhad / Hacettepe J. Biol. & Chem., 2018, 46 (1), 13-29

Table 2. Values of pK, for the Protonation of Chlorthalidone and Terbutaline Obtained Using the Tomasi method at the

B3LYP/6-31+G(d) Level of Theory, at 298.15 Ke.

19

Species Selected equations pK, (Calculated) pK, (Experimental) Ref
Chlorthalidone HyL™(Hy0)+Hy0 ¢—>HL (H,0) +H50" 9.26 8.98 (= 0.05) [42]
HL' (H,0) + 2Hy0 ¢—>L(H,0), +Hz0" 10.96 10.82 (1 = 0.05) [42]

HaL' +2H,0 ¢—>H,L(H,0) +H30" 8.85 8.79 (1= 0.05) [42]

Terbutaline  H,L +2H,0 ¢—>HL (H,0) + H30" 9.93 9.54 (1= 0.05) [42]
HL +2H,0 <—>L" (H,0) +H;0" 10.88 10.47 (1 = 0.05) [42]

As regards, [H,0] is the molar concentration of
water; K, (at 298.15 K) was calculated as follows:
K, = K,/[H,0] =1.831x10" 10)
With a similar trend, K, and K, (at 298.15 K) were
calculated as follows:

4H,0 < H,0" +OH (H,0), Q)

5H,0 <> H,0* + OH (H,0), 12)
The selected reaction considers that OH ions are
hydrated with two water and three molecules,
respectively.

K, =K, [H,0F (13)
K, = KN, [H,0], (14)
As aresult:

Ky, = K,/[H,0F = 3.3226x10" (15)
Ky, = K,/[H,01, = 6.4149x102° (16)

Similarly, the total energies of the single and
solvated Chlorthalidone (cationic, neutral) and
Terbutaline (cationic, zwitterion, and anionic)
species were calculated in water at the B3LYP/6-
31+G(d) level of the theory, using Tomasi's
model. Table 1 summarizes the variations of the
total energy (kJ.mol") of the species per water
molecule as a function of the total number of

solvation water molecules. Figure 4 and Table 1
show the marked increase of the total energies of
cations when the solvation increases.

The data show that the water, exerting its
hydrogen-bond donor (HBD) capability, forms IHBs
with the Chlorthalidone and Terbutaline species
[47]. These hydrogen bonds can be classified as
strong, moderate, and weak, according to their
lengths, angles, and energies [45].

First lonization Constant of Chlorthalidone
and Terbutaline

It was chosen that in
Chlorthalidone suffers a
neutralization as follows:

alkaline solutions
reaction of partial

H,L2 (H,0) + OH (H,0) <> HL*(H,0) + 3H,0 K, [7]

H,L*+ OH'(H,0),<> H,L(H,0) +3H,0 K, [18]

di
In Reaction 17, H,L*2(H,0) is the Chlorthalidone
cation (+2) solvated with one water molecule, and
HL*(H,0) represents the cation (+1) solvated with
one water molecule. In Reaction 18, H,L" is the
Terbutaline cation, and H,L(H,O) represents the
Terbutaline zwitterion solvated with one water
molecule. The earlier reaction is characterized by
equilibrium constants (K_) and (K_), which were
theoretically obtained.

By incorporating Equations (11) and (17) and
also (12) and (18), was obtained the reaction of
Equations (19) and (20), which define the first
ionization constant of Chlorthalidone (K ) and
Terbutaline (K,):
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Figure 4. Plot of the total energy (kJ - mol™) of solvated Chlorthalidone and Terbutaline cations.

H,L2(H,0) + H,0 <> HL*(H,0) + H,0" 19)
H,L +2H,0 <> H,L(H,0) + H,0* (20)
It is obvious that:

Kal = chXKNz 21
Kbl = D1XKN3 (22)

The Previous equations were applied to
determine theoretically the value of the first
ionization constant of Chlorthalidone and
Terbutaline in water. Table 3 and 4 summarize the
optimized values of molecular properties of the
H,L2(H,0) cation (Figure 5a), OH(H,0), ion, and
the HL* (H20) cation (Figure 5b) for Chlorthalidone,
and also the H,L* cation (Figure 5d) , OH(H,0),
ion, and the H,L (H,0) zwitterion (Figure 5e) for
Terbutaline obtained at the B3LYP/6-31+G(d) level
of theory with Tomasi's method in water at 298.15
K.

Evidently, the formation of the Chlorthalidone
cation (+1)implies that the electronic density of the
N22 atom decreases notably (in absolute value)

withrespect tothe N22 atom of the Chlorthalidone
cation (+2) (Table 3). Also, the formation of the
Terbutaline zwitterion implies that the electronic
density of the N10 atom increases notably (in
absolute value) with respect to the N10 atom of
the Terbutaline cation as shown Table 4. It can
be observed that the p,, value (Chlorthalidone
and Terbutaline) theoretically calculated (pKz=
9.26 and 8.85) is relatively comparable with the
experimentally determined pKa (pK,= 8.98 and
8.79) [42].

Second lonization Constant of Chlorthalidone
and Terbutaline

It was chosen that the HL*(H,0) cation (for
Chlorthalidone) and the H,L zwitterion (for

Terbutaline) suffer a total neutralization as
follows:

HL'(H,0)+OH(H,0),<> L(H,0),+2H,0 K_ (23)
H,L"OH"(H,0), <> HL(H,0)+3H,0 K, @4

In this Reaction 23, L(H,0), is the neutral
Chlorthalidone solvated with two water molecules.
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Table 3. Calculated Structural Magnitudes Using Tomasi's method at the B3LYP/6-31+G(d) Level of Theory for the Cations,
Neutral Molecule of Chlorthalidone at 298.15 Ka.

species calculated magnitudes
Chlorthalidone H,L*? HL* L
Ke, 5.47139x10+26
Ke, 2.7487x10+28
K, 1819784793
K., 91422675850
a, 5.66 5.53 5.61
gNo -0.869781 -0.881671 -0.350277
gN22 -1.235729 -1.033625 -1.002692
gO10 -0.452519 - -
qon -0.662984 -0.462837 -0.726303
g012 -0.64038 -0.655234
q020 -0.414597 -0.612895 -0.536961
g021 -0.519032 -0.690307 -0.76932
q034 - 1100298
g035 -1.081889 -
g036 -1.055022 - -
g037 - -1.091448
qH27 0.560659 - -
qH28 0.571317 0.575024 0.571452
gH29 0.573757 0.562625 -
gqH30 0.564973 -
gH33 0.524151 0.51341
gqH35 0.624499 - -
gH36 0.545505 -
gqH39 - 0.560644
dH35036 1.63926 - -
dN22H36 1.89488 -
dH33034 - 1.97168
dO21H35 - 1.98381
dH28037 - 2.05303
AN22H35036 176.5741 - -
AN22H33035 157.74426 -
AN9H28037 - 134.23199
AO34H335021 - 141.77624
AN22H33034 - 155.04642
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Table 3. Calculated Structural Magnitudes Using Tomasi's method at the B3LYP/6-31+G(d) Level of Theory for the Cations,
Neutral Molecule of Chlorthalidone at 298.15 K2 (continue).

D-C4C3cC2C1 -32.052136 -31.606238 -32.178525
D-C5C4C3C2 -0.239757 -0.089232 -0.181981
D-C6C2CIC5 -69.202169 -69.097333 -64.074964
D-C7Ce6C2C1 29.643695 28.928289 28.239304
D-C8C5C4C3 -176.253668 -176.957027 -176.707388
D-N9C8C5C4 178.512585 -175.352583 -177.842982
D-C10C7C6C2 178.579414 -179.589697 -
D-011C10C7C6 2.339733 -2.906465 -
D-C10N9C8C5 - -5.804318
D-O11C10N9C8 - -176.288169
D-012C8C5C4 64.176803 7192783 69.227345
D-C13C1C8C5 149.243109 140.682767 154.143681
D-C14C13C1C8 178.424588 178.561283 177.096798
D-C15C14C13C1 -0.860136 -0.391354 0.290698
D-C16C15C14C13 -0.758667 -0.565803 0.01348
D-C17C1C13C14 1.562234 0.815243 -0.644875
D-CL18C16C15C14 -179.676325 -179.565976 179.267007
D-S19C17C11C13 173.238183 177.083055 -
D-020S19C17C1 -126.540082 -120.78871 -122.934802
D-021519C17C1 15.942181 8.98578 7.64642
D-N22S19C17C1 124.290736 122.849115 19.724121
D-H23C1C13C14 -178.236375 -
D-H24C2C1C13 168.844385 -
D-H23C1C17C16 - 178.546553 -179.642006
D-H24C2C1C17 - 28.341488 20.469946
D-H25C3C2C1 148.253578 148.047655 147.303637
D-H26C4C3C2 -179.641099 179.293498 178.918952
D-H27N6C2C1 -150.836406 -150.655141 -151.549369
D-H28N9C8C5 -120.810473 -129.784592 -176.90843
D-H29N9C8C5 19.791579 11185705 -
D-H30012C8C5 15.657391 12.077779 -
D-H31C14C13C1 178.358033 179139532 -
D-H32C15C14C13 179.615518 179.709326 -
D-H29012C8C5 - -61.203366

D-H30C14C13C1

-179.685702
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Table 3. Calculated Structural Magnitudes Using Tomasi's method at the B3LYP/6-31+G(d) Level of Theory for the Cations,
Neutral Molecule of Chlorthalidone at 298.15 K2 (continue).

D-H31C15C14C13 - - 179.972921
H32N22S19C17 - - 107.333167
D-H33N22S19C17 52.2896 113.893199 -125.427425
D-H34N22S19C17 -70.679558 -118.787314 -
D-H35N22S19C17 169.97626 113.819214 -
D-036N22S519C17 168.047124 - -
D-H37036N22519 143.97334 - -
D-H38036N22S19 -37.820899 - -
D-H36035N22519 - 8.348871 -
D-H37035N22519 - 128.319656 -
D-034021519C17 - - 120.891683
D-H35034021S19 - - 167.46884
D-H36034021S19 - - 112.052863
D-037011C10N9 - - 1.572607
D-H38037011C10 - - 126.991671
D-H39037011C10 - - 179.277537
2K, and K, equilibrium constants of equations; K, and K_,, first and second acidic dissociation constants of species in

water; D, dihedral angle between the indicated atoms (A); a,, bohr radius (A); g, total atomic charge (Muliken) (au); r, bond
lengths between the indicated atoms; d, distance of the IHB between the indicated atoms (A); A, H-bond angles (°).

Figure 5. Calculated structure for the Chlorthalidone cations (a) and (b), natural Chlorthalidone (c), Terbutaline cation
(d), and Terbutaline zwitterion (e), at the B3LYP/6-31+G(d) level of theory and using Tomasi's method in water at 298.15
K.
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Also, in reaction 24, HL(H,0) represents the

Terbutaline anion solvated with one water molecule.

By incorporating Equations (1) and (23) as well
as (12) and (24), were obtained the reaction of
Equations (25) and (26):

HL'(H,0) + 2H,0 > L(H,0),+ H.0* K,  (25)

a2

H,L"2H,0 <> HL(H,0) + 3H,0°* K (26)

b2
The equilibrium constant K, and K, that
characterizes the above reactions, are as follows:

KaZ = Kcz X KNZ 27)

Ko = Kop X K (28)

These equations were used to determine
theoretically the value of the second ionization
constant of Chlorthalidone and Terbutaline in
water. Table 3 and 4 summarize the optimized
values of molecular properties of the neutral
Chlorthalidone (Figure 5c), and also the H,L
zwitterion, OH(H,0), ion, and HL(H,0) anion
molecule (Figure 6) for Terbutaline obtained
at the B3LYP/6-31+G(d) level of theory with
Tomasi's method in water at 298.15 K. Evidently,
the formation of the neutral Chlorthalidone
implies that the electronic density of the N9 atom
decreases notably (in absolute value) with respect
to the N9 atom of the Chlorthalidone cation
(+1), as shown Table 3. Also, the formation of
the Terbutaline anion implies that the electronic
density of the N10 atom decreases notably (in
absolute value) with respect to the N10 atom of
the Terbutaline zwitterion (Table 4).

It can be observed that the p,, value
(Chlorthalidone and Terbutaline) theoretically
calculated (p,, = 1096 and 9.93) is relatively
comparable with the experimentally determined
pKa (pK_, =10.82 and 9.54) [42].

Third lonization Constant of Terbutaline

Also, it is selected that the HL anion suffers a
total neutralization process as follows:
HL + OH(H,0), <> L#(H,0) + 3H,0 (29)

In the above reaction, L? represents the second

anion of Terbutaline. The reaction described in
Eqg. (25) is characterized by another equilibrium
constant, K., which was also theoretically
determined. By combining Equations (12) and (29),
the Third ionization reaction of Terbutaline was
obtained:
HL +2H,0 <> L#(H,0) + H,0* (30)
The third ionization constant (K ) that
characterizes the above reaction is associated with
constants K_,and K, by Equation 31:
K=K, xK 31
The above equation was used to determine
theoretically the value of the third ionization
constant of Terbutaline in water. Table 4 summarizes
the optimized values of molecular properties of the
HL- anion (Figure 7), OH(H,0), ion, and LZ’(HZO)
anion molecule (Figure 7) obtained at the B3LYP/6-
31+G(d) level of theory with Tomasi's method in
water at 298.15 K. Obviously, the formation of the
Terbutaline anion (L%) implies that the electronic
density of the 033 atom increases notably (in
absolute value) with respect to the 034 atom of the
Terbutaline anion (HL) (Table 4).

It can be observed that the pK,, value
theoretically calculated (pK ,= 10.88) is relatively
comparable with the experimentally determined p,
(pK,,=10.45) [42].

The molecule of water originated from the acid-
base reaction, together with the hydration water
molecule of the Chlorthalidone and Terbutaline,
and these are the molecules of water that interact
with the Chlorthalidone and Terbutaline molecules
by means of IHBs. Figure 5a shows that the distance
and bond angle formed by the involved atoms
(H35036, 036H35N22) in the IHB are 1.63926 A
and 176.57410, respectively. According to ref 45 and
48, The IHB of this cation is moderate. Similarly, the
I[HB of the Chlorthalidone cation (+1), the neutral
Chlorthalidone and zwitterion of Terbutaline
belongs to the moderate closely to weak. Also, the
IHB of the anions of Terbutaline belongs to the
moderate closely to strong, as shown in Tables 3 and
4. Finally, it must be noted that IHB data can be use
in the design of benefit and economical nanodrugs
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Table 4. Calculated Structural Magnitudes Using Tomasi's method at the B3LYP/6-31+G(d) Level of Theory for the Cations,
Neutral Molecule of Terbutaline at 298.15 K.

Species Calculated Magnitudes
Terbutaline H,L* H,L(H,0) H,L HL" (H,0) HL- L2 (H,0)

Ko, 1.10203x10+28 - - - - -

Kos - 1.31883x10+29 - - -

Kos - - - - 1.18412x10+30 -

K, 706940668 - - - - -

K., 8460184083 - - - - -

K,z 75960017400 - - - - -

a, 4.83 5.24 5.21 5.25 494 5.08
A036H3708 - 140.01703 - - - -
AN10H23036 - 141.8248 - - - -
AO35H37034 - - - 171.22513 - -
A034H36015 - - - - - 178.26984

dO8H37 - 1.903 - - - -
dO36H23 - 1.91285 - - - -
d034H37 - - - 1.69809 - -
dO15H36 - - - - - 1.60425
gN10 -0.728662 -0.786153 -0.73998 -0.398989 -0.46447 -0.467017
qo8 -0.773568 -0.834024 -0.72149 -0.752051 -0.80841 -0.813892
qo15 -0.780143 -0.795078 -0.79112 -0.791939 -0.796125 -1.014998
qo33 - - - - - -0.980297
q034 - - - -0.959339 -0.93215 1125891
qo35 - -0.920977 -0.92307 1114995 - -
q036 - -1.12687 - - - -
-0.789211 - - - - -
D-C4C2C1C3 0.43675 0.715758 0.524039 0.428692 0.728914 1.227871
D-C5C3C1C2 -0.343587 -0.480222 -0.3195 -0.273286 -0.440616 -0.993797
D-C6C5C3C1 -0.114031 -0.107579 -0.20194 -0.340209 - -
D-C6C4C2C1 - - - - -0.326334 -0.76845
D-C7C3C1C2 178.755146 -179.6147 -179.74 -179.8691 -179.9317 -179.45804
D-08C7C3C1 137.429313 124.83565 123.741 124.27799 124.8866 126.488056
D-C9C7C3C1 -105.749265 -115.5787 -117.795 -111.994 -113.4004 -112.55841
D-N10C9C7C3 -171.570301 -163.7614 -163.32 168.75447 -173.2636 -172.09556
D-C1IN10C9C7 166.91148 -171.3762 161.0855 179.58776 -93.94761 -94.268028
D-C12C1IN10C9 176.524133 -172.7705 175.966 176.76981 171.9442 171.220353
D-C13C1IN10C9 -64.652973 -53.34922 -65.1655 -65.84131 -71.05039 -71.889549
D-C14C1IN10C9 57.327208 68.472449 56.61855 56.922857 51.71159 50.87956

D-015C2C1C3 -179.921752 -179.7674 -179.844 179.87817 -179.9048 -179.55796




26 | F.Kiani and A. Rajabalinezhad / Hacettepe J. Biol. & Chem., 2018, 46 (1), 13-29

Table 4. Calculated Structural Magnitudes Using Tomasi's method at the B3LYP/6-31+G(d) Level of Theory for the Cations,
Neutral Molecule of Terbutaline at 298.15 K (continue).

D-H16C1C3C5 178.858907 178.17527 178.0466 -178.4323 - 177.061977
D-H16C1C2C4 - - - - -177.8487 -
D-H17C4C2C1 179.497525 179.99705 179.964 179.7405 179.8799 179.656523
D-H18C5C3C1 -178.65648 178.33117 178.7774 178.57563 177.7021 175.267853
D-H19C7C3C1 14.716872 5.790718 4.028713 6.779443 8.227176 9.719289
D-H2008C7C3 -48.881118 -0.535404 3.566009 3.791477 10.40072 9.379499
D-H21C9C7C3 -54.130222 -45.23875 -46.2391 -71.26685 -52.49135 -51.589765
D-H22C9C7C3 68.106797 76.037769 76.18596 44.472684 62.64193 63.73312
D-H23N10C9C7 -68.955213 -44.02643 -73.3176 -55.81476 33.70633 31.454611
D-H24N10C9C7 43.420651 65.345162 38.22395 - - -
D-H24C12C1IN10 - - - 178.67598 176.7455 176.886624
D-H25C12C1IN10 179.358828 65.345162 179.3902 -61.66615 -63.52368 -63.3316
D-H26C12C1IN10 -61.875869 -58.68381 -61.6162 57.897276 56.17431 56.176564
D-H27C12C1IN10 60.478921 62.624266 60.22582 - - -
D-H27C13C1IN10 - - - 172.7262 -176.2895 -176.28462
D-H28C13C11IN10 -174.13763 -174.4564 -174.796 -52.56811 -55.90301 -55.763377
D-H29C13C1IN10 -55.723089 -55.75045 -56.0816 67.594404 63.92951 63.832794
D-H30C13C1IN10 67.326907 66.400544 66.23309 - - -
D-H30C14C1IN10 - - - 177.35701 177.467 178.05327
D-H31C14C1IN10 174.905789 175.60185 175.9323 -62.58781 -62.79616 -61.839087
D-H32C14C11IN10 -66.353409 -65.43026 -65.001 57.508329 57.41653 57.853294
D-H33C14C1IN10 56.456058 56.886217 5714056 - - -
D-H33015C2C1 - - - -178.655 -178.8565 -
D-H34015C2C1 -178.511186 -178.8125 -178.569 - - -
D-035C6C5C3 -179.662513 179.65356 179.6185 - - -
D-H36035C6C5 178.908676 - - - - -
D-03608C7C3 - -158.8168 - - - -
D-H3703608C7 - 129.12879 - - - -
D-H3803608C7 - 89.603925 - - - -
D-034C6C4C2 - - - -179.6065 -179.8231 -
D-035034C6C4 - - - 170.67133 - -
D-H36035034C6 - - - -103.5901 - -
D-H37035034C6 - - - 64.627751 - -
D-033C6C4C2 - - - - - -179.21227
D-034015C2C1 - - - - - -179.51738
D-H35034015C2 - - - - - 0.580446
D-H36034015C2 - - - - - -171.85203
*K,, Ky, @nd K, equilibrium constants of equations; K, K, and K_,, acidic dissociation constants of species in water; D,

dihedral angle between the indicated atoms (A); a,, Bohr radius (A); q, total atomic charge (Muliken) (au); r, bond lengths
between the indicated atoms; d, distance of the IHB between the indicated atoms (A); A, H-bond angles (°).
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Figure 6. Calculated structure for (a) the Terbutaline anion (H,L) and (b) the Terbutaline zwitterion (HL(H,0)), at the

B3LYP/6-31+G(d) level of theory and using Tomasi's method in water at 298.15 K.

27

Figure 7. Calculated structure for the Terbutaline anions, at the B3LYP/6-31+G(d) level of theory and using Tomasi's

method in water at 298.15 K.

that are very useful in the treatment of disease.
CONCLUSIONS

In this study, we showed the possibility of
a theoretical method that uses pH values
to determine the ionization constants of
Chlorthalidone and Terbutaline. Also, the
autoprotolysis constants calculated with an
acceptable degree of accuracy. With this purpose,
we selected various acid-base reactions that
take into account the solvation of the hydrogen,

hydroxyl ions, and other cations or anions in
protic solvents such as water, which possess
a high hydrogen-bond-donor capability. The
calculations performed at the B3LYP/6-31+G(d)
levels of theory using Tomasi's method allowed
us to prove that cations, neutral molecules, and

anions form IHBs with some molecules of water.

The autoprotolysis constants theoretically show
a suitable agreement with the autoprotolysis
constants experimentally determined by the CE
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method.
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ABSTRACT

he generation of induced pluripotent stem (iPS) cells from somatic cells showed that cell fate could be

manipulated by simply introducing a few transcription factors. The differentiation potential of iPS cells has
uncovered a wide range of potential applications, including disease modeling, drug screening and regenerative
therapy. In this study, we aimed to induce reprogramming of human melanocytes and melanoma cell lines
via Sendai viral vectors encoding Yamanaka factors. Following transfection, pluripotent stem cell colonies
have emerged in the melanocyte cultures, as evident by phase-contrast and fluorescence microscopy images.
However, only cell clusters which were not positive for pluripotency markers were obtained in the melanoma
cell cultures. This proved that there are differences between healthy and cancer cell reprogramming. Basal
gene expression of Yamanaka factors, pluripotency markers and tumor-suppressor genes have been identified
in order to understand the different responses for cell reprogramming in melanocytes and cancer cell lines.
Future studies that will allow efficient reprogramming of cancer cells can improve our knowledge about cancer
biology and therapy

Key Words
iPS cells, melanoma, melanocytes, Yamanaka factors, cell reprogramming.

6z

omatik hicrelerden uyarilmis pluripotent kdk (uPK) hiicrelerin Uretilmesi, hiicre kaderinin sadece birkag

transkripsiyon faktorl kullanilarak dedistirilebilecedini gostermistir. uPK hicrelerinin farklilasma
potansiyeli sayesinde, rejeneratif terapi dahil olmak lzere hastalik modelleme ve ila¢ tarama gibi ¢cok cesitli
potansiyel uygulamalari ortaya ¢ikmistir. Bu calismada, Yamanaka faktorlerini kodlayan Sendai viral vektorleri
kullanilarak insan melanositleri ve melanoma hiicre dizilerinin yeniden programlanmasini amacladik. Viral
transfeksiyon sonrasinda faz kontrast ve flioresans mikroskobu gdérintilemeleri ile melanosit kiltirlerinde
pluripotent kok hiicre kolonilerinin ortaya c¢iktigi gézlenmistir. Buna karsin, melanoma htcre kdltlrlerinde
sadece hiicre kiimelenmeleri olusmus ve bunlarin pluripotens belirtecleri igin pozitif olmadiklari belirlenmistir.
Bu da saglikli ve kanserli hicrelerin yeniden programlanmasi sirasinda farkliliklar oldugunu gostermistir.
Yamanaka faktorlerinin, pluripotens belirtecleri ve timor baskilayici genlerin bazal ifade seviyeleri analiz
edilerek melanositlerde ve kanser hilicre dizilerinde yeniden programlamanin farklh yanitlari anlasiimaya
calisiimistir. Kanserli hiicrelerin etkin bir sekilde yeniden programlanmasinaizin verecek ¢alismalarin yapiimasi,
kanser biyolojisi ve tedavisi hakkindaki bilgimizi arttiracaktir.
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INTRODUCTION
Cellular reprogramming technologies provide
many promising options for the treatment
of various diseases, as well as improve our
understanding of the biology of these diseases.
Upon their discovery in 2006, induced pluriptent
stem (iPS) cells have been explored extensively
with regenerative medicine purposes and
accelerated the fate of cellular therapies. The
generation of induced pluripotent stem (iPS)
cells from somatic cells showed that the cell fate
could be manipulated by simply introducing a
few key transcription factors [1]. This conceptual
revolution has inspired researchers to reprogram
and transdifferentiate a variety of cells in
vitro and in vivo for regenerative medicine
purposes. The differentiation potential of iPS
cells, considered practically equivalent to that of
embryonic stem cells, along with the possibility
to obtain them from specific human patients has
uncovered a wide range of potential applications,
including disease modeling, drug screening and
regenerative therapy [2-4].

Epigenetic mechanisms, which include DNA
methylation, histone modifications and chromatin
remodeling, play a major role both in the generation
of iPS cells and cancer development [5]. Studies
indicate that various epigenetic alterations may
happen in pre-malignant cells, leading to their
expansion in the early stages of tumor progression
and at later stages, more genes might suffer loss
of function through epigenetic modification than
through genetic defects [5-8]. On the other side,
the ability of developmental progression from
pluripotent stem cells through progenitors to
terminally differentiated cells is accompanied by
a gradual deposition of repressive histone marks,
followed by chromatin compaction [9-11]. Upon
delivery of reprogramming factors to somatic
cells, transcription factors bind their recognition
elements that are modulated by changes in
chromatin structure [12,13]. Cancer cells can also
acquire pluripotent character by activating some
of their transcription factors and modifying some
other chromatin regulators. This means that cancer
cells can be reprogrammed to pluripotent stage
by the expression of Oct3/4, Klif-4, Sox-2, c-Myc
transcription factors. This may lead to the erasure
of their epigenetic memory and result in modified
tumorigenicity.
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In this study, we aimed to investigate the
reprogramming efficiency of human melanocytes
and two different melanoma cell lines. Sendai viral
vectors encoding Yamanaka factors (Oct3/4, KIf-
4, Sox-2 and c-Myc) have been used to generate
iPSCs. This is a proof-of-concept study investigating
the ability to reprogram melanoma cells into a
pluripotent stage and comparing the resulting cells
to iPS cells obtained from human melanocytes.

MATERIALS and METHODS

Cell Culture

Human melanocytes were obtained from Lonza,
and cultured in MGM™-4 Melanocyte Growth
Medium-4 (Lonza). Human melanoma cell lines
A375 and WM115 were purchased from ATCC (USA).
Melanoma cells were maintained in Dulbecco's
Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 50 U/ml
penicillin, 50 pg/ml streptomycin, 1% L-glutamine
and 1% non-essential amino acids at 37°C in 5%
Co,.
Reprogramming Protocol

Cells were cultured in 6-well plates in their native
culturing medium. Cytotune Reprogramming Kit
2.0 (Life Technologies) was used to generate
iPSCs. When the cells reached to 50% confluency,
cells were transfected with Sendai viral vectors
encoding Oct3/4, Klf-4, Sox-2 and c-Myc (MOI
5,5,3). According to the kit protocol, cells were
transferred to inactivated mouse embryonic
fibroblast (iMEF, Life Technologies) and cultured
in KO DMEM media supplemented with KO serum
replacement (20%), non-essential amino acids
(1%), 2-mercaptoethanol (0.1%) and b-FGF (4
ng/ml). Cells were observed under an inverted
microscope every day in order to observe the
formation of pluripotent colonies.

Immunofluorescence Staining

Cells or colonies cultured on 24-well plates were
fixed with cold methanol and blocked with 1% BSA
in PBS. Following blocking, cells were incubated
with anti-human Nanog (Abcam) and anti -human
TRA-1-60 antibodies for 2 hour at room tempera-
ture. Finally, cells were treated with AF488 and
AF546 labelled anti- human secondary antibodi-
es. DAPI was used to counterstain nuclei. Repre-
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sentative images were obtained under the EVOS
fluorescence microscope (Life Technologies).

RNA Extraction and Quantitative Real Time
PCR (gqRT-PCR)

Cells (5x10° cells) were collected and RNA was
extracted with the Machery Nagel RNA isolation
kit. cDNA synthesis from 1 ng of RNA sample was
performed with iScript cDNA synthesis kit (Bio-
Rad) according to manufacturer's instructions.
2 ul of each cDNA sample were used to perform
real-time RT-gPCR reactions with iO SYBR Green
Supermix (Bio-Rad, UK). Samples were run on
CFX-96 Real Time System (Bio-Rad) with the
following protocol: 95°C for 3 min, 1 cycle; 95°C
for 10 sec, 60°C for 30 sec, - repeated for 40
cycles. GAPDH was used as a reference gene
and gene expression levels were normalized to
untreated control groups.

RESULTS

Human melanocytes and 2 melanoma cell
lines (A375 and WM115) were used in the
reprogramming protocol. Cultures were observed
and images under an inverted microscope
(Figure 1). Following Sendai viral transfection,

Rep melanocytes

Day 15

Day 20

RepA375

colonies have emerged as early as day 15 in the
reprogrammed melanocyte cultures, and they
became more distinct and similar in morphology
to embryonic stem cells by day 20. For the
melanoma cell lines, small cell clusters were
observed by day 15 and they did not grow bigger
as pluripotent colonies by day 20. Furthermore, in
reprogrammed melanoma cultures, cancer cells
proliferated too fast and populated the whole
culture dish by the end of day 20. These results
suggested that Sendai viral transfection was able
to generate typical iPS cell colonies in the human
melanocytes, whereas only cell clusters were
formed in the melanoma cell cultures.

Reprogrammed cell cultures were further
analyzed for the expression of pluripotency markers
(Nanog and TRA-1-60) via immunofluorescence
staining (Figure 2). Reprogrammed melanocytes
showed Nanog and TRA-1-60 positive cells within the
emerged colonies. On the other hand, there were
no signals for the pluripotency markers obtained in
the reprogrammed melanoma cultures. Therefore,
immunofluorescence staining proved that the
colonies obtained in reprogrammed melanocyte
cultures were pluripotent. Unlike melanocytes,
cell clusters formed after viral transfection in the
melanoma cultures were not found to be pluripotent.

Figure 1. Images of reprogrammed melanocytes and melanoma cells. Human melanocytes and melanoma cell lines
(A375 and WMT115) were transfected with Sendai viral vectors encoding the Yamanaka Factors. Phase-contrast images
(20X) were obtained 15 and 20 days following viral transfection.
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Rep WMI115

Figure 2. Immunofluorescence staining of reprogrammed melanocytes and melanoma cells. Melanocytes and melano-
ma cell lines (A375 and WM115) were transfected with Sendai viral vectors encoding the Yamanaka Factors. Cultures
were fixed and stained for Nanog (red) and TRA-1-60 (green) expression. Nuclei were counterstained with DAPI (blue).
Representative images were obtained using a fluorescence microscope (20X).
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Figure 3. Expression of Yamanaka factors and pluripotency markers in reprogrammed melanocytes and melanoma
cells. Melanocytes and melanoma cell lines (A375 and WM115) were transfected with Sendai viral vectors encoding the
Yamanaka Factors. RNA was isolated after 21 days and gRT-PCR was performed. Gene expression levels were plotted as
relative gene expression (normalized to melanocytes). GAPDH was used as a reference gene.

In order to explore the differences between
the reprogrammed melanocytes and melanoma
cells, we analyzed the basal expression levels
of Yamanaka factors (Oct3/4, KIf-4, Sox-2 and
c-Myc) and pluripotency markers (Nanog, Lin28,
Rex, Cripto) in naive cancer cell lines. According to
the gRT-PCR data (Figure 3), nearly all Yamanaka
factors and pluripotency markers in A375 and

WM115 were downregulated compared to human
melanocytes. Only Nanog showed up to 10 times
upregulation in melanoma cells.

Inliterature,ithasbeenreportedthat expression
of tumor suppressor genes can inhibit iPSC
generation and reduce reprogramming efficiencies.
For that reason, P16, P21 and P53 expression were
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Figure 4. Expression of tumor-suppressor genes in reprogrammed melanocytes and melanoma cells. Melanocytes and
melanoma cell lines (A375 and WM115) were transfected with Sendai viral vectors encoding the Yamanaka Factors. RNA
was isolated after 21 days and gRT-PCR was performed. Gene expression levels were plotted as relative gene expression
(normalized to melanocytes). GAPDH was used as a reference gene.

assessed in naive melanoma cells. According to the
Figure 4, when compared to human melanocytes,
A375 cells had 2 times higher expression of P53
gene, whereas P16 and P21 showed up to 10 times
lower gene expression. In WM115 cells, all of the
tumor-suppressor genes showed downregualtion
compared to human melanocytes.

DISCUSSION

In this study, we aimed to induce reprogramming
of human melanocytes and melanoma cell lines via
Sendai viral vectors encoding Yamanaka factors.
Following transfection, pluripotent stem cell
colonies have emergedin the melanocyte cultures,
as evident by phase-contrast and fluorescence
microscopy images. However, only cell clusters
which were not positive for pluripotency markers
were obtained in the melanoma cell cultures.



40

A. Yilmazer and H. Taheri / Hacettepe J. Biol. & Chem., 2018, 46 (1), 35-41

This proved that there are differences between
healthy and cancer cell reprogramming. In the
reprogrammed melanoma cultures, due to higher
cell proliferation rates compared to melanocytes,
cancer cells grew faster than the cell clusters, and
possibly inhibited the formation of pluripotent
colonies.

In order to further examine the different
responses of melanocytes and melanoma cells to
cellular reprogramming, we analyzed the basal
gene expression levels of various factors, including
Yamanaka factors, pluripotency markers and tumor
suppressor genes. Compared to melanocytes,
cancer cells showed lower gene expression levels
for most of the Yamanaka factors and pluripotency
markers, which could account for the inefficient
cellular reprogramming in melanoma cells. When
the expression of tumor-suppressor genes were
analyzed, cancer cells in general expressed lower
levels of P16, P21 and P53, suggesting that they
were not the main reason of inefficient cancer cell
reprogramming. Not only basal expression levels
of reprogramming and pluripotency factors, but
also epigenetic basis of cancer, long-term culture
conditions, heterogeneity of tumors and presence
of cancer stem cells have been reported to be
important players of cancer cell reprogramming [14].
Therefore, further studies are needed to delineate
the other factors determining the fate of cancer cell
reprogramming in melanoma cells.

This study suggests that the rate of cell
proliferation, endogenous levels of Yamanaka
factors, and pluripotency markers play a key
role during cellular reprogramming and iPS cell
generation. Future studies that will allow efficient
reprogramming of cancer cells can open up
new windows for cancer biology and therapy.
Tumorigenesis and  cellular  reprogramming
share common biological processes, therefore,
transcription-factor based cancer cell
reprogramming can provide a powerful tool
to improve our knowledge about cancer-fate
processes, with a potential to develop novel
therapeutic approaches.
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Synthesis and Characterisation of a New Hydrophilic
Interaction/Reversed Phase Mixed-Mode Chromatographic
Stationary Phase

Yeni bir Hidrofilik Etkilesim/Ters Faz Karisik-Mod Sivi
Kromatografik Sabit Fazin Sentezi ve Karakterizasyonu

Research Article

Hayriye Aral*

University of Batman, Faculty of Science and Art, Department of Chemistry, Batman, Turkey.

ABSTRACT

A novel multifunctional stationary phase based the amide-silica was synthesised starting from L-isoleucine
and 2-aminoacetanilide. Hereby, compounds 1, 2, 3 and 4 were synthesised for the first time and 1,2 and 4
were identified. The stationary phase was synthesised by a reliable and repeatable method and characterized
by elemental analysis, solid state 13C NMR, scanning electron microscope (SEM), and Brunauer, Emmett and
Teller (BET). This stationary phase possess four amide groups as polar cites, phenyl ring as aromatic non-polar
cite and isopropyl as an aliphatic non-polar cite. Therefore, it can act as both hydrophilic interaction (HILIC)
and reversed phase (RPLC) chromatographic stationary phase. The stationary phase has also chirality and can
be used in enantioseparation of racemic compounds in normal phase chromatography (NPLC).

Key Words
Mixed-mode stationary phase, Hydrophilic interaction liquid chromatography (HILIC), Isoleucine, Chiral
stationary phase.

6z

L—izolézin ve 2-aminoasetanilitten yola c¢ikilarak amid-silika tabanh c¢ok fonksiyonlu yeni bir dolgu
maddesi sentezlendi. Bu vesile ile bilesik 1, 2, 3 ve 4 ilk kez sentezlenmis olup bilesik 1, 2 ve 4'Gn ayrintili
karakterizasyonlariyapiimistir. Dolgu maddesi glivenilir ve tekrarlanabilir bir yéntemle sentezlenmis olup yapisi
kati faz *C NMR, taramali elektron mikroskobisi (SEM), ve Brunauer, Emmett and Teller (BET) ile dogrulandi.
Yeni gelistirilen bu dolgu maddesi polar grup olarak dort amid grubu, apolar gruplar olarak da aromatik halka
ve alifatik zincir icerir. Bu nedenle, bu dolgu maddesi hem hidrofilik etkilesim (HILIC) hem de ters faz (RPLC)
sivi kromatografisinde kullanilabilir. Dolgu maddesinin L-izol6zinden sentezlendigi icin ayni zamanda kiraldir ve
normal faz kromatografide rasemik bilesiklerin enantiyomerik ayrilmasinda kullanilabilir.
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INTRODUCTION

he most important element of the

chromatography is the stationary phase. The
structure of the stationary phase affects the
retention mechanisms, separation selectivity, and
column efficiency [1]. Most stationary phases only
provided single separation mechanism [2-6] and
were applied in single chromatographic mode. A
recent trend in HPLC involves the development
of new multifunctional stationary phases having
polar and nonpolar groups for separations of wide
range of analytes classes from polar to nonpolar
[7-13]. This type of stationary phase refered as
“mixed-mode" [14].

The mixed mode approach has emerged
because of the need for better retention control

for both polar and non-polar molecules [15-19].

Multiple mechanisms of interactions allow the use
of one stationary phase for a much wider range of

applications as compared to RP or HILIC approach.

At least two interactions between the anlytes and
the stationary phase should be present in the
mixed-mode mechanism [20]. Thus, simultaneous
separation of polar and non-polar, ionisable and
neutral and other complex mixtures is possible
and the cost of analysing can be reduced using this
kind of stationary phase. Several kind of stationary
phases with mixed-mode performance have been

investigated such as phenylpropanolamine [10],
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phenylamine [7,21,22], 8-quinolinol [24], poly(l-
allylimidazole) [25], imidazole [26,27], pyridine
[28,29] and dipyridine [30] functional silicas. In
recent years, the mixed-mode chromatography
has been shown to be a versatile approach for the
simultaneous separation of highly mixed classes
of analytes from polar to nonpolar organic
compounds [31,32].

Subsequently, polar stationary phases have
exhibited novel properties for polar analytes
[33]. Recent investigations describing stationary
phases containing polar groups have shown the
superior performance of these new phases over
conventional RPLC stationary phase complex
analytes [33,34]. The polar groups, particularly
amide, were originally chosen for their ability to
interact with both alkaline and acidic analytes
[16,19].

RPLC is the mostused HPLC mode for
separation of moderately polar and weakly polar
analytes, while HILIC is often used to separate
strongly polar compounds. Thus, mixed-mode
RPLC/HILIC can be used for the separation of
both polar and nonpolar analytes, overcoming
the deficiencies of RPLC and HILIC [35-50]. There
is a continual increase in research in this area to
find an ideal stationary phase and to investigate
mixed-mode separation mechanisms.
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Figure 1. Synthesis of the new amide compounds and ile-AA-mix stationary phase.



In this study, a novel amide-functionalised
silica-based multifunctional stationary phase was
prepared starting from 3-aminoacetanilide and
L-isoleucine as starting materials (Figure 1). The
developed stationary phase possesses four amide
groups as polar sites, as well as hydrophobic chain
and an aromatic ring as nonpolar sites. Hence,
this new stationary phase possesses both HILIC
and RPLC dual retention mechanisms and should
be successfully used for separation of different
group of polar and nonpolar compounds.

MATERIALS and METHODS

Reagents and Materials

Spherical silica gel (Lichrospher Si 60, 5 um,
60 A, 700 m2g") was purchased from Merck. All
of the reagents and solvents were purchased
from Sigma-Aldrich or Merck. All of the reagents
used in the synthesis were of “reagent grade”
unless otherwise specified. The IR spectra were

Table 1. Properties of the lle-AA-Mix column.
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recorded on a Mattson 1000 FTIR spectrometer.
Elemental analyses were performed with a
Thermo Scientific FLASH 2000 instrument.
Deionized water was purified using a Millipore
Milli-Q water system. SEM images were obtained
using a LEO EVO 40 model instrument (inéni
University, SEM Laboratory). Solid state *C NMR
was recorded using a Bruker Superconducting
FT.NMR Spectrometer Avance TM 300 MHz WB
instrument (Middle East Technical University,
Central laboratory, Solid state NMR laboratory).
'H (400 MHz) and ®C (100 MHz) NMR spectra were
recorded on a Bruker DPX-400 High Performance
Digital FT-NMR Spectrometer (Dicle University,
Faculty of Science, NMR Laboratory). Textural
characteristics were determined by nitrogen
adsorption at 67 K with an automatic adsorption
instrument (Micromeritics, ASAP 2020) and the
BET surface area (S,,), total pore volume (V,)
and poresize distribution were determined from
nitrogen adsorption-desorption data by using

Limit pressure 500 bar

'Max. flow rate for 100% EtOH 1.8 ml/min
'Max flow rate for EtOH/water: 50/50 1.2 mi/min
'Max flow rate for 100% water 2.5 ml/min
'Max flow rate for Water/ACN: 50/50 3.1 ml/min

'Max flow rate for 100% ACN

5 ml/min (320 bar)

2Extent of labelling

13.74% carbon loading

L x I.D.

250 cm x 4.6 mm

Surface coverage

0.50 mmol/gr

Matrix active group

Amide, phenyl, alkyl

SParticle size 5um

3Pore size 60 A
4Surface area 659 m? g’
“Total pore volume 0.66 cm3 g’
Operation pH range 2.5-9.00

'Max. flow rate was determined at the maximum operation
pressure (500 bar) and 20°C temperature.

?Based on the elemental analysis.

3Based on the information given by the company of the
blank silica.

“Based on the BET analysis.
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Quantachrome software (Dicle University, Central
Research Laboratory, DUBTAM).

Packing of Chromatographic Column

An empty stainless steel HPLC column (250x4.6
mm) was packed with an lIle-AA-Mix using the
slurry packing technique under 500 bar pressure.
Approximately 3.5 g of the stationary phase was
used to prepare the column. Ethanol (EtOH) was
used as the packing solvent. A total of 4 gr lle-
AA-Mix was dispersed into EtOH and sonicated
in the ultrasonic bath for 5 minutes, after which
the slurry was packed into the empty column
under a constant pressure of 500 bar. Lastly, the
prepared columns were rinsed for 5 h with EtOH,
1h with EtOH/water (50:50), 1 h with water, 1 h with
water:ACN (50:50) and 1 h with ACN, respectively,
as the eluents at 1 mL/min. Several properties of
the new lle-AA-Mix column are given in Table 1.

Synthesis of Compound 1
Dicyclohexylcarbodiimide (DCC, 3.03 g, 14.7
mmol) dissolved in CH,CI, (10 mL) was added to a
stirred solution of N-Boc-isoleucine (3.05 g, 13.4
mmol), 4-phenylbutylamine (2.10 g, 13.4 mmol)
and HOBT (2.18 g, 16.1mmol) in CH,CL, (200 mL) at
0 °C. After stirring for 24 h at room temperature,
the mixture was filtered and extracted with 1 N
HCI (100 X2 mL ), 5% NaHCO, (10 mL) and water
(10 mL) respectively. The extract was dried over
Na SO, filtered and evaporated under reduced
pressure to afford a pure N-boc-ile-AA as a white
solid.(TLC: Rf = 0.32 with H:EtOAc = 3:1). Yield:
4.70 g, 99%. Mp: 158-159°C. IR (cm™); 3335 and
3309 (Amide N-H), 3201 (carbamate N-H), 3063
(Ar-H), 1679 (carbamate C=0), 1665 (amide C=0),
1612 (amide C=0), 1310 (carbamate C-0O-C), 1240
(carbamate C-N-C), 1170 (amide C-N-C). 'H NMR
(CDCIy): 6 (ppm); 0.89 (t, 3H), 0.98 (d, 3H), 1.10-
1.30 (m, 1H), 1.44 (s, 9H), 1.50-1.70 (m, 1H), 1.80-
2.00 (m, 1H), 2.01 (s, 3H), 4.17 (s, 1H), 5.52 (d, 1H),
711-7.19 (m, 2H), 7.34 (m, 1H), 7.53 (m, 1H), 8.07
(s, TH), 8.91 (s, TH). =C NMR (CDCI,): (ppm); 11.12,
15.57, 24.38, 24.89, 28.35, 37.20, 60.12, 80.27,
11.87,115.88,116.30, 129.19,138.03,138.43, 156.44,
169.06, 171.09.

Removal of the boc-Group to Obtain
Compound 2

TFA/AcOH (1:1) (14 mL) was added to a stirred
solution of 1(3.0 g, 8.3 mmol) in CH,CI, (30 mL) at
0 °C. After stirring 24 h at room temperature, the

solvent was evaporated and the pH was adjusted
to 9-10 by adding 1 N KOH to the residue. The
mixture was extracted with CH,CI, (30 mLx3), 0.1
N HCI (10 mL) and water (30 mLx2), respectively,
and dried over Na,SO,, filtered and evaporated
under reduced pressure to afford a pure 2 as a
viscous oil (monitoring by TLC). R, = 0 with H:EtOAc
=31, R, = 0.25 with H:EtOAc/TEA =1:2:0.2. Yield:
2.05 g, 99%.

Synthesis of Compound 3

A solution of dimethyloxalate (18.24 mmol, 2.06
g) in MeOH (15 mL) was added to the lle-AA (8.5
mmol, 2.13 g) dissolved in MeOH (20 mL). After
stirring for 24 h at room temperature under an
argon atmosphere, the solvent was evaporated
and the residue was purified by column
chromatography on silica gel (PE:EtOAc = 2:1) to
afford 3 as a white solid. Yield: 2.29 g, 80%. Mp:
168-169. IR v (cm™); 3275 (sb, H-N of two amides),
3074 (Ar-H), 3042 (Ar-H), 1754 (C=0, ester), 1656
(NH, amide), 1619 (NH, amide), 1209 (C-0O-C, ester),
1175 (C-N-C, amide), 1175 (C-N-C, amide). 'H NMR
(CDCly: & (ppm);0.83-1.00 (m, 6H), 1.10-1.27 (m,
1H), 1.45-1.68 (m, 1H), 1.90-2.11 (m, 1H), 2.15 (s, 3H),
3.89 (s, 3H), 4.59 (d, 1H), 7.14-7.40 (m, 3H), 7.71 (s,
1H), 8.03 (d, 1H), 8.27 (s, 1H), 9.27 (s, 1H) C NMR
(CDCl,): 8 (ppm); 11.08, 15.38, 24.37, 24.79, 37.81,
53.76, 59.30, 112.19, 116.30, 116.50, 129.31, 137.97,
138.46,156.61,160.61, 169.14, 169.46.

Preparation of the Stationary Phase (4 and
lle-AA-Mix)

The mixture of 3 (1 g, 3 mmol) and 3-amino
propyltrimethoxysilane (0.50 g, 2.8 mmol)
dissolved in MeOH (30 mL) was stirred at room
temperature for 24 h. The mixture was cooled to
+4°C and the white precipitate was washed with
cold MeOH, filtered and evaporated to afford
1.2 g of 5. Yield: 80%. Mp: decomposition, 230-
250°C. (IR spectrum was given in Supplementary
Materials as Figure S7). Next, 0.4 g of the 5 was
dissolved in a mixture of toluene (30 mL) and
DMSO (10 mL) at 130°C. Spherical silica gel (2 gr)
was added to the mixture. After stirring at 130°C
for 48 h, the mixture was filtered and the new
silica material was washed with toluene (10 mL),
CHCI, (20 mL), ETOH (20 mL), EtOH:EtOAc (1:1, 20
mL) and acetone (30 mL), respectively. The white
powders were dried on a rotary evaporator device
at 90°C under reduced pressure for a total of 20
h to afford lle-PBA-Mix as a new stationary phase.



Elemental analysis: C 13.74, H 2.29, N 2.05 (0.50
mmol of loaded ligand/g SP. The characterizations
of the new phase are given in the next sections.

RESULTS and DISCUSSION

Synthesis

The synthesisof thenew multifunctionalstationary
phase based on the amidefunctionalised silica
gel is outlined in Figure 1. This stationary phase
includes four amide groups as polar sites; and
aliphatic and aromatic groups as nonpolar sites.
Therefore, it is expected that the Ille-AA-Mix
stationary phase can well interact with polar,
moderately polar, weakly polar and non-polar
compounds to separate complex mixture under
HILIC and RPLC condition. In addition, the lle-AA-
Mix stationary phase has two stereogenic centres.
Thus, it can act as chiral stationary phase for
enantioseparation of several racemic mixtures in
NPLC mode.

The new stationary phase was synthesised
in five steps. First, compound 1 was obtained in
92% vyield by the reaction of N-boc-isoleucine
with 3-aminoacetanilid without applying any
other purification technique. The deprotection
of 1 gave a pure 2 in 99% yields after only with
work-up, without any further purification. The
reaction of 2 with two equivalents of dimethyl
oxalate gave 3 in 80% yields. The 3 was reacted
with 3-aminopropyltrimethoxysilane to obtain 4
in 67% yield. This final ligand was attached to the
HPLC-quality spherical silica gel to obtain ile-AA-
Mix as a novel mixed-mode stationary phase.

Commonly, two main methods have been
reported for preparing a chromatographic
stationary phase by functionalization of silica
particles. The first method is that a silica modified
with any of propyltrimethoxysilane (amino- or
chloropropyltrimethoxysilanes). Then, the new
organic ligands are directly grafted onto the
surface of silica. Due to the not required any
isolation, purification and identification process
in the last two steps, this method is relatively
simple [1] but has several serious disadvantages.
The most important of these issues is low
reproducibility because the controllability of a
reactiononasolid phaseis quite difficult. Often, all
of the amino- or chloro- groups on the propylated
silica surface are not replaced with the organically
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functionalised ligand. This phenomenon leads to
low reproducibility of the stationary phase. Hence,
the more reactions performed on the solid phase,
the lower the reliability.

The second method is that the organically
functionalised reagents are first treated with
terminally functionalised propyltrimethoxysilane
to form trimethoxysilyl-terminated organically
functionalised reagents. Then, the new
organically functionalised reagents could be
directly bonded to the surface of silica [29].
Purification and isolation are needed for all steps
and it is difficult to select suitable solvents in
the subsequent steps, thus this method is more
difficult than first method [1] but is more reliable
because there is only a one-step reaction onsilica.
Thus, controllability and reproducibility are very
high. Therefore, we preferred the second, more
reliable method. Although the five step synthesis
appears to be long and disadvantageous, the high
yields of each step, the simplicity of the synthesis
procedures and the high reproducibility of the
stationary phase make this synthesis process
very attractive and reliable.

In @ most recent article, a "solvent-
free” and green method for controllable and
guantitative preparation of chromatographic
stationary phase was proposed by Liu and
co-authors [46]. In this study, the mixture of
3-chloropropyltrimethoxysilane, silica and
excessive N-methylimidazolium were stirred at
120°C for 48 h to obtain the new stationary phase
with quantitative yield in one step. Synthesis of a
stationary phase in one step and solvent free is
very attractive.

Characterization of the Stationary Phase

The stationary phase was synthesized in three
separate parts simultaneously to evaluate the
reproducibility of the synthesis process, under
the same conditions, and using the same amounts
of materials. These were named part 1, part 2 and
part 3. Elemental compositions were measured for
the three parts. As shown in Table 2, the nitrogen
contents of each of the three parts of the lle-AA-
Mix were 2.10, 2.04 and 2.01, respectively. There
is no significant difference between the three
parts. The surface concentration of the lle-PBA-
Mix stationary phase was estimated to be 0.50
mmol g7, which was calculated from the average
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Table 2. Elemental Analysis results of blank silica and three part of lle-AA-Mix.

C H N
Elemental analysis results

(%) (%) (%)
Blank Silica 0 0.04. 0
lle-PBA-Mix Part-1 13.84 2.38 2.10
lle-PBA-Mix Part-2 13.77 2.22 2.04
lle-PBA-Mix Part-3 13.65 2.27 2.01
Average 13.74 2.29 2.05

T ] =] |
200 150 100 50 0 ppm

Figure 2. Solid state *C NMR spectrum of lle-AA-Mix stationary phase.

nitrogen content. The elemental compositions of
the three parts of the lle-AA-Mix were very close,
showing that the reproducibility of the synthesis
process is very high.

The lle-AA-Mix was characterized by solid
state ®C NMR (Figure 2). The signal at 150-180
ppm was assigned to the carbon atoms of the
carbonyl groups and at 110-140 ppm was assigned
to aromatic carbon atoms of the ligand bonded
to surface of silica. The resonances between
0-40 ppm were assigned to the aliphatic carbon
atoms of methyl (CH,) and methylene (CH,). The
signals around 50 ppm was assigned to methane
(CH) carbons. The IR and NMR results clearly
confirmed that the original organic ligand was
definitely bonded to the silica surface.

The specific surface area and the total pore
volume of the lle-AA-Mix material measured
by the nitrogen adsorption method using BET
analysis were calculated to be 659 m2g”, 0.66
cm3g” respectively, which are greatly reduced
compared to those of the blank silica (799 m2g™,
0.79 cm3g™)

The stationary phase was also identified by
SEM to observe if there is a change in particle
shape and size of the spherical silica gel after
modification. The comparison of the SEM spectra
of blank silica gel and that of the lle-AA-Mix
stationary phase showed a narrow particle size
distribution and the same geometry with well-
defined spherical particles (Figure 3).
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Figure 3. SEM image of blank silica (A) and the lle-AA-Mix (B).

As aresult, four new compounds derived from
L-isoleucine were synthesized as a first time and
structure of the compound 1and 3 were identified
by IR, '"H NMR and *C NMR and of compound 4
were identified by IR. The new stationary phase
lle-AA-Mix was characterised by elemental
analysis and solid state ¥C NMR, BET and SEM
measurements and the successful derivatization
was confirmed.

Column Stability Tests

The stability tests for the lle-AA-Mix column were
achieved in the pH 2.50-9.00 range using two
newly prepared and previously unused 50x4.6
mm columns filled with lle-AA-Mix stationary
phase. The chromatographic conditions for the
tests were as follows: mobile phase for low pH
values: 100% of 40 mM, pH = 2.50 aqueous
ammonium formate and for high pH: 100% of
40 mM, pH = 9.00 aqueous ammonium chloride
buffer; flow rate, 1 mL/min; temperature, 60°C;
detection, 280 nm; probe, uracil and aniline.

The column was continuously purged with the
mobile phase with 2.50 of pH and was periodically
tested by recording the retention time of uracil
and aniline. After approximately 4000 column
volumes of mobile phase with a 3.0 of pH were
purged through the column, there was essentially

no change in the retention times for uracil and
aniline (below 2%). When 2000 volumes of mobile
phase with 2.5 of pH passed through the column,
there was essentially no change in the retention
times for uracil and aniline, while 5-10% change
was observed after 4000 column volumes of
mobile phase. Therefore, we found that the
column is highly stable at 2.50 of pH.

The same experiments were repeated for
9.00 of pH conditions using another unused
50x4.6 mm column filled with lle-AA-Mix
stationary phase. After approximately 2000
column volumes of mobile phase with 9.00 of
pH, the changes in the retention for probes are
below 2%. However, after 3000 volumes, there
was just approximately 3-5% change and after
4000 volumes approximately 10% change in
the retention time of adenine and aniline. Hence,
although the column is quite stable at 9.00 of pH,
it is important to be careful working above pH 9.
As aresult, this column is very stable between 2.5
and 9 of pH values.

CONCLUSION

A new multifunctional mixed-mode
chromatographic stationary phase was prepared
by modification of spherical silica gel by five
steps. Four new amide compounds and a new
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mixed-model chromatographic stationary phase
derived from L-isoleucine were synthesised as a
first time. The structure of three compounds has
been identified and the new stationary phase
has been well characterized by many different
spectroscopic technigues. The high yields of each
step, the simplicity of the synthesis procedures
and the high reproducibility of the stationary
phase make this synthesis process very attractive
and reliable. Future work will be take advantage
of this stationary phase to separate very complex
analytes composed of very polar or nonpolar
compounds.
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Radiation Synthesis of Molecularly Imprinted
Hydroxyethylmethacrylate-based Matrices for Glucose
Recognition

Glikoz Tanimasi icin Hidroksietilmetakrilat Esasli Molekuler
Baskili Matrislerin Radyasyon ile Sentezi

Research Article

Meshude Akbulut Sdylemez* and Olgun Giiven
Hacettepe University, Department of Chemistry, Beytepe, Ankara, Turkey.

ABSTRACT

n this study, 2-hydroxyethyl methacrylate (HEMA) was used as functional monomer and diethylene glycol

diacrylate (DEGDA) and polyethylene glycol (200) diacrylate (PEG(200)DA) were used as crosslinking agents
to imprint D(+)glucose. D(+)glucose imprinted polymers were prepared in the presence of dimethyl sulfoxide
(DMSO) /isopropyl alcohol (IPA) (3/1, v/v) at room temperature, in the air by radiation-induced polymerization/
crosslinking. The control polymers were synthesized by the same procedure in the absence of D(+)glucose. In
order to evaluate the recognition and separation properties of the imprinted system high performance liquid
chromatography (HPLC) experiments were carried out where B (-) lactose, D(+)glucose and glycerol were used
as analytes. To increase the affinity of the template to the stationary phase polarity of the mobile phase was
decreased by the addition of acetonitrile into water. Optimum composition of acetonitrile/water (1/5 v/v) was
determined according to the swelling experiments. The sizes of the cavities in the polymeric networks were
determined by positron annihilation lifetime spectroscopy (PALS). The average radii of cavities were found as
0.254 and 0.279 nm for freeze-dried imprinted polymers prepared by using PEG(200)DA after swollen in water
and acetonitrile/water mixture (1/5 by volume), respectively.

Key Words
Molecularly imprinted polymers, poly(2-hydroxyethyl methacrylate), glucose recognition, gamma irradiation.

6z

B u calismada D (+) Glikoz baskilamak amaciyla fonksiyonel monomer olarak 2-hidroksietil metakrilat (HEMA),
capraz baglayici olarak dietilenglikol diakrilat (DEGDA) ve polietilenglikol (200) diakrilat (PEG(200)DA) kul-
laniimistir. D (+) Glikoz baskili polimerler dimetil siilfoksit (DMSO)/izopropil alkol (iPA) (hacimce, 3/1) varlijinda
oda sicakliginda, havada radyasyonla baslatilan polimerizasyon/capraz baglanma ile hazirlanmistir. Kontrol
polimerleri D (+) glikoz yoklugunda ayni recete ile sentezlenmistir. Baskili sistemin tanima ve ayirma o6zellikleri-
ni degerlendirmek amaciyla B (-) laktoz, D (+) glikoz and gliserolln analit olarak kullanildigi yiksek performansli
sivi kromatografisi (HPLC) deneyleri yapilmistir. Hedef molekilin durgun faza olan ilgisini arttirmak amaciyla
suya asetonitril eklenerek hareketli fazin polaritesi azaltilmistir. Asetonitril/su (1/5, v/v) icin optimum bilesim
sisme deneylerine gore belirlenmistir. Polimerik ag yapi icindeki bosluklarin boyutlari positron yok olma émri
spektroskopisi (PALS) ile hesaplanmistir. PEG(200)DA kullanilarak hazirlanan suda ve asetonitril/su (hacimce,
1/5) karisiminda sisirildikten sonra dondurularak kurutulmus baskili polimerlerin ortalama yaricaplari sirasiyla
0.254 ve 0.279 nm olarak hesaplanmistir.
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INTRODUCTION
Molecular imprinting is a powerful tool to
prepare synthetic receptors for recognition
of various molecules such as drugs [1,2],
herbicides [3], carbohydrates [4], amino acids
[5], proteins [6], ions [7,8]. Imprinting method
comprises the formation of a pre-polymerization
complex between a template and functional
monomer/monomers via covalent, non-covalent
bonds or metal coordination interactions
followed by polymerization/crosslinking reaction
in the presence of a crosslinking agent to provide
stability to the binding sites in the network. After
removal of the template, specific binding sites
that show chemical and physical complementarity
towards the template molecule remain in the
network. Combination of chemical affinity with
size exclusion/inclusion towards a certain target
molecule provides a big potential for use as
intelligent drug delivery, catalytic and sensor
systems.

Molecular imprinting can be categorized
due to interactions between template and
functional monomer/monomers as covalent and
non-covalent imprinting. In covalent imprinting,
the main forces between the template and the
functional monomer/monomers are reversible
covalent bonds such as boronic acid esters,
acetals, ketals, Schiff bases, disulfide bonds, and
coordination bonds [9]. This method provides
more homogenous binding sites than non-
covalent imprinting, however, there are some
limitations for template and functional monomers
selection based on the lack of functional
moieties which result in formation of reversible
covalent bonds. On the other hand, non-covalent
imprinting is a simpler method and it facilitates to
imprint a wide range of template molecules. The
binding sites however, show more heterogeneity
because of the uncertainty in the stoichiometry
of pre-polymerization complex [10,11].

Since the beginning of the imprinting
studies, sugars were most frequently used as
template materials. The Wullf group was the
first to prepare an imprinting system by using
4-vinylphenylboronic acid as functional monomer
forming reversible covalent bonds with sugars
[21.
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There are several studies on imprinting
of glucose [13]. A different method has been
proposed which uses the hydrogels synthesized by
crosslinking of poly(allylamine hydrochloride) with
(£)-epichlorohydrin instead of methacrylate- or
acrylate- based reagents. In this system template
was D-glucose-6-phosphate monobarium salt
instead of unmodified glucose. These hydrogels
show preferential binding of D-glucose relative
to D-fructose in deionized water [14]. Another
approach to imprint glucose was by using
coordination of metals to monomers [15]. These
types of materials have the ability of binding of
their templates in water, as well. However, these
systems are not feasible for biological systems.

In our laboratory, several studies have been
conducted on imprinting of glucose. Firstly,
Bodugdz et al. [16] achieved to create three
dimensional binding sites for glucose using
2-hydroxyethyl methacrylate and methacrylic
acid as functional monomers and poly(ethylene
glycol) (PEG) as the crosslinking agent. Then, Ates
and Glven [17] showed how to control the size of
the binding sites (cavities) for glucose to separate
it from its structural analogues, galactose and
fructose by using MIPs as support material in
HPLC system.

The purpose of this study was to synthesize
polymeric matrices with the capability of
recognizing D(+)glucose by using radiation
induced polymerization/crosslinking in a solvent
mixture. For this purpose, 2-hydroxyethyl
methacrylate (HEMA) was used as a functional
monomer, diethylene glycol diacrylate (DEGDA)
[17]1 and polyethylene glycol (200) diacrylate
(PEG(200)DA) were used as crosslinking agents
to imprint D(+)glucose. In this imprinting system,
a solvent mixture composed of dimethyl sulfoxide
(DMSO) and isopropyl alcohol (IPA) was used. In
order to evaluate the separation performance
of MIPs, B (-) lactose and glycerol were used as
analogues of D(+)glucose. In order to evaluate
the size of the binding sites of the MIPs, positron
annihilation  lifetime  spectroscopy (PALS)
experiments were conducted.



M. Akbulut S6ylemez and O. Giiven / Hacettepe J. Biol. & Chem., 2018, 46 (1), 53-60

MATERIALS and METHODS

Experimental

Dimethyl sulfoxide (DMSO) was purchased from
Merck (Darmstadt, Germany). All the other
chemicals, including template molecule, D(+)
glucose and crosslinking agents, diethylene glycol
diacrylate (DEGDA), polyethylene glycol(200)
diacrylate (PEG(200)DA) and isopropyl alcohol
were obtained from Sigma-Aldrich (Milwaukee,
USA). Functional monomer, 2-hydroxyethyl
methacrylate (HEMA) was purchased from Fluka
(Buchs, Switzerland). All chemicals were used as
received.

Synthesis of D(+)Glucose Imprinted Polymers

D(+)Glucose imprinted polymers were
synthesized in the presence of dimethyl sulfoxide
(DMSO) /isopropy! alcohol (IPA) (3/1, v/v) mixture
as solvent in order to provide solubility and
miscibility to glucose-monomer mixture (DMSO)
and crosslinking agent (IPA) at room temperature,
in air by free radical polymerization where y-rays
were used as initiator. Irradiation dose was
selected as 15 kGy because no difference was
observed in the crosslinking density at higher
doses in HEMA-based MIPs [17], the mole ratio of
functional monomer to target molecule was kept
as 3/1as determined before by Djourelov et al. [18]
considering the hydrogen bonding interaction
between the template molecule glucose and
HEMA, and the amount of crosslinking agents used
was 20 and 30%, by mole. In a typical synthesis,
firstly glucose was dissolved in DMSO, and then
HEMA was added to provide formation of the pre-
polymerization complex between the template
and functional monomer. The crosslinking agent
was dissolved in IPA and then added to the
mixture of HEMA and D(+)glucose. The solution
was purged with nitrogen for 5 min. Free radical
polymerization was carried out in glass vials in
the air at room temperature in a Gammacell 220,
60Co-yirradiator (Nordion, Canada). The dose rate
0.101 kGy/h was measured by Fricke dosimetry.
Upon completion of the polymerization, polymer
monoliths were crushed, ground to particle sizes
between 100-150 um. In addition to the monoliths,
to obtain matrixes in disc form for PALS
experiments, some of the imprinted polymers
were synthesized between the clamped glass
slides (60 mm - 60 mm - 2 mm) separated from

each other with natural rubber O-ring. Both type
of imprinted polymers were washed by water to
remove template molecule and unpolymerized
material if any. The swelling solution was changed
at every 12 h, and eluents were checked by UV-
visible spectrophotometry (Varian, Cary100) and
HPLC (Waters). After washing was completed the
discs were dried at 40°C in an oven. The non-
imprinted polymers (NIPs), without D(+)glucose,
were synthesized following the same procedure.

Swelling Experiments

Swelling experiments were done by using water
and water/acetonitrile mixtures with different
compositions which were used as mobile phases
in HPLC systems wherein synthesized MIPs was
used as the stationary phase. Acetonitrile was
used toincrease the affinity of the template to the
stationary phase by reducing the polarity of the
mobile phase. Swelling curves were constructed
by measuring the water/solvent uptake of gel
particles gravimetrically with time.

High Pressure Liquid Chromatography (HPLC)
In order to evaluate recognition performance of
MIPs as a function of some variables such as the
composition of mobile phase, type and amount of
crosslinker, HPLC experiments were carried out. In
these experiments, B(-)lactose and glycerol were
used as analytes together with D(+)glucose. All
analyses were performed by Water HPLC system
with a binary pump system and a refractive index
detector. The ground MIP or NIP particles were
filled into two commercial stainless steel HPLC
columns (4.0 mm inner diameter, and 150 mm
length) (TOSOH, Japan) and tested separately.
Substrate solutions were prepared of each at
a concentration of 500 mg/L and 200 ulL of
solution was injected for analysis. Each injection
was repeated three times. All chromatographic
analyses were carried out at 30°C.

Positron Annihilation Lifetime Spectroscopy
(PALS)

The positron source, a droplet of 22NaCl from a
carrier-free neutral solution (activity: 35 uCi),
was dried between two DuPont Kapton® foils
(thickness 1.08 mg/cm?), which were afterward
glued together. The source was inserted between
two identical discs of MIPs or NIPs in a typical
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Figure 1. Swelling curves of MIPs prepared with HEMA/Glucose 3/1, and 20% PEG(200)DA as crosslinker in water ("),
acetonitrile/water 1/5 (v/v) ( ®) and acetonitrile/water 1/4 (v/v) ().

1

sandwich" configuration. The discs of MIPs and
NIPs were obtained by lyophilisation at -40°C and
1x10° mbar pressure after swelling in water and
water/acetonitrile mixtures.

PALS experiments were carried out using a
conventional fast - fast coincidence system having
a time resolution (full width at half-maximum,
FWHM) of about 312 ps. The measurements were
carried out in the air at room temperature. The
spectra were recorded at every 3 hours with total
counts in each spectrum being 1.8x10° Then, for
each type of sample, five spectra were summed
together resulting in statistics of 9x10® counts.
The spectra were evaluated by LT9 programme.

RESULTS AND DISCUSSION

Effect of Solvent Composition on Swelling
Behaviour of MIPS

The swelling experiments were carried out for
MIPs prepared by using PEG(200)DA and DEGDA
as crosslinking agents. Maximum swelling in
water was obtained as 26% and 49% for MIPs
synthesized using DEGDA and PEG(200)DA as the
crosslinking agent, respectively. The maximum
swelling ratios in acetonitrile/water mixture (1/5
by volume) showed the same tendency and found
as 58% and 65% for MIPs prepared with DEGDA
and PEG(200)DA, respectively.

Higher swelling maximum values were
obtained for PEG(200)DA that has a longer chain

length with five ethylene oxide groups than the
DEGDA in both water (49%) and acetonitrile/water
mixtures with different composition (65% and
67% for acetonitrile/water 1/5 (v/v) and 1/4 (v/v),
respectively) (Figure 1).

The maximum swelling of MIPs synthesized with
DEGDA was not big enough to provide a selective
binding [19], consequently, all the other evaluations
were made for MIPs prepared with PEG(200)DA.

Acetonitrile was used to increase the affinity of
the glucose to the stationary phase by decreasing
polarity of the agueous medium. Increasing the
amount of acetonitrile in the solvent mixture
caused an increase in swelling of MIPs, Table 1.
Higher swelling of MIPs reduces the specific size
selectivity for template [19,20]. Thus acetonitrile/
water mixtures with 1/4 and 1/5 ratios by volume
were tested as mobile phases for investigating
swelling and chromatographic behaviour of this
imprinting system.

Chromatographic Evaluation of MIPs

MIPs prepared with different type and amount
of crosslinking agents were used as a stationary
phase to evaluate their recognition properties.
In addition to the template glucose, glycerol
and lactose were used as the other competitive
compounds due to their size differences. Also, it is
possible for these three reagents to exist together
in a biological sample, as glycerol 3-phosphate
is a product of carbohydrate metabolism and
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lactose is a disaccharide of glucose and galactose.
Different mobile phases were used to see their
effects on the performance of the imprinting
systems in separation of these compounds.

Effect of the Type of Crosslinking

Agent on Separation

In a previous MIP work from this laboratory, it
was found that cavities of radiation crosslinked
HEMA matrix were smaller than the cavities of
the matrix prepared by using crosslinking agents
[18]. Presence of a crosslinking agent prevents
the formation of the denser crosslinked structure
of pure HEMA by limiting the mesh size. Based on
this result, MIPs were prepared using two different
crosslinking agents with different ethylene glycol
unit number on the chain in the present work.

There was no separation of the three analytes
when DEGDA was used as crosslinking agent as
seen in Figure 2a. By using columns filled with
MIPs prepared with PEG(200)DA, a more effective
separation was observed, Figure 2b. Because the
size of the cavities inside the network that was
prepared by using DEGDA were not big enough
for an effective separation [18]. This result was
supported by swelling experiments, as well.

Effect of the Amount of Crosslinking

Agent on Separation

MIPs prepared by using two different amounts of
PEG(200)DA (20 and 30%, by mole) were used
as packing material in HPLC system. Ground MIP
particles were filled into the columns. When these
columns were employed in HPLC system the re-
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tention times of glucose were 9.64 and 9.37 min,
for MIPs prepared using 20 and 30% crosslinking
agent, respectively. This shows that increasing by
10 percent of the amount of PEG(200)DA did not
affect the separation property of MIPs, because
this increase in the amount of the crosslinking
agent did not cause a change in the radius of the
cavities which was found to be 0.254+0.001 nm,
for both MIP systems, as determined by PALS.

Effect of the Mobile Phase on Separation

As seen in Figure 3a, a certain extent of
separation was obtained in HPLC system wherein
MIP particles used as stationary phase were
prepared with 20% PEG(200)DA as crosslinking
agent and ratio of HEMA/glucose 3/1, with a flow
rate 0.30 mL/min for glycerol, glucose, and
lactose whose hydrated diameters are 0.275,
0.425 and 0.525 nm, respectively [26]. The
chromatograms show that separation by size of
these three analytes was achieved. Considering
the swelling experiments acetonitrile/water
mixture with a ratio of 1/5 by volume was selected
as the mobile phase for these imprinting systems.
It can be seen from the result of swelling tests
(Figure 1), the maximum swelling increases with
increasing amount of acetonitrile which causes
a change in polarity as well as in values of the
solubility parameter of solvent mixtures (Table
1). This affects the separation property, due to
the expansion of the cavity size according to
the amount of acetonitrile. In this respect, in the
HPLC system where acetonitrile/water was used
as mobile phase, a better separation was obtained
as seenin Figure 3b.

10

Glucose

b)

Lactose
Glycerol

Minutes

Figure 2. Chromatograms of D(+)Glucose, B(-)Lactose and Glycerol using MIPs synthesized with (a) 20% DEGDA and (b)

20% PEG(200)DA (mobile phase; water, flow rate 1.00 mL/min).
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Table 1. The change in the maximum swelling values of MIPs prepared with 20% PEG(200)DA as a function of the solu-
bility parameters; solubility parameter of acetonitrile is 11.9 (cal/cm?3)"2 [21].

Solubility Parameter Maximum Swelling

Solvent/Solvent Mixture

(cal/cmd)2 %
Water 23.4 49
Acetonitrile/Water 1/5, v/v 21.5 65
Acetonitrile/Water 1/4, v/v 211 67

The solubility parameters of solvent mixtures
were calculated by using Molar Volume Method [22].

Also, in order to optimize separation efficiency,
it is necessary to maximize the number of
theoretical plates (N), which requires reducing the
plate height. Addition of acetonitrile into the mobile
phase provides a certain increase in N value for
each molecule (Table 2). The number of theoretical
plates (N) was calculated using Equation 1, where t,
is the retention time and W is the peak width of
the analyte tested. The numbers given in Table
2 show that by adding acetonitrile into the water
the separation performance of the columns was
improved for all three analytes as compared to
using only water as the effluent.

2
N:16(ti)
w

PALS Experiments

The sizes of the cavities in MIP and NIP networks
were determined by using Equation (2) which is
developed by Nakanishi and Jean according to
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the guantum-mechanical model of Tao [23] later
developed by Eldrup et al [24].

R 1 . ( 2zR '
+—sin| ———— (2)
R+AR 27 R+ AR

T, p =0.5 {1 —

In this equation t___is the lifetime of the o-Ps in
ns, Ris the radius of free volume holes in nm, and AR
is a constant whose value is 0.1656 nm. The lifetime
of o-Ps, 1, is determined by plotting of lifetime
spectrum as typically shown in Figure 4 from the
slope of the corresponding line. The results for
MIPs prepared with different amounts of PEG(200)
DA (20% and 30%) as the crosslinking agent are
found to be nearly the same, 0.254 nm. This result
is supported by swelling experiments, as well.
The maximum swelling amounts of these MIPs in
water are 49% and 50%, respectively.

The hole radius values of imprinted polymers
synthesized with 20% PEG(200)DA as the
crosslinking agent are 0.254 and 0.279 nm which
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Figure 3. Chromatograms for D(+)Glucose, B(-)Lactose and Glycerol by using water (a) and acetonitrile-water (v/v, 1/5)
as mobile phase (MIP particles used as stationary phase were prepared with 20% PEG(200)DA as crosslinking agent

and ratio of HEMA/glucose 3/1, flow rate 0.30 mL/min).
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Table 2. The number of theoretical plates (N) for glucose, lactose, and glycerol determined from the respective

chromatograms of analytes.

Water Acetonitrile/Water (1/5)
Glucose, N, 10.46 25.35
Lactose, N . n.27 28.44
Glycerol, NG‘y 9.29 33.52
25 re— 25
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Figure 4. A typical lifetime spectrum of positron and positronium in a polymer with three lifetime components is

indicated as (r)) the shortest lifetime p-Ps, (t,) lifetime of free positrons, and (z, or t

were freeze-dried after swollen in water and water/
acetonitrile (1/5 v/v) mixture, respectively.

This difference is also reflected in swelling
results, Figure 1. The molecular diameter of
hydrated glucose is known to be 0.425 nm [26]
which shows a very good match with the cavity
sizes obtained in this work 0.508nm.

CONCLUSION

In this study, molecularly imprinted polymers
were prepared for glucose by using two different
crosslinking agents in different amounts via
radiation induced polymerization/crosslinking
method. The advantages of this method are the
following; no need for initiators since radiation
chemical processes provide a continuous supply
of free radicals in the system; conduction of the
polymerization process at room or any desired
temperature. It was tried to optimize the type and
amount of the crosslinking agent and composition
of the mobile phase by changing its polarity in the
HPLC system in which MIPs prepared by using
PEG(200)DA as crosslinking agent were used
as stationary phase. The size of the free volume

o.s) the longest lifetime o-Ps [25].
cavities was determined by using PALS. It was
shown by this study that controlling of cavity size
in the molecularly imprinted network by using
proper crosslinking agent improves the size
selectivity of the MIPs.
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Modification of Functional Polyesters Bearing Norbornene
Moieties via Olefin Metathesis Reactions

Olefin Metatez Tepkimeleri ile Norbornen iceren Fonksiyonel
Poliesterlerin Modifikasyonu

Research Article

Bengi Ozgiin Oztiirk*

Department of Chemistry, Faculty of Science, Hacettepe University, Ankara, Turkey.

ABSTRACT

n this study, unsaturated functional polyester derivatives were synthesized via polycondensation reactions

of 5-norbornene-2,3-dicarboxylic anhydride and 1,6-hexanediol. Functional unsaturated polyesters were mo-
dified using methyl acrylate as ring opening/cross-metathesis reaction partner. The solubility and hydrop-
hobic/hydrophilic character of polyester was tuned by integrating allyl end capped poly(ethyleneglycol) by
ring opening/cross-metathesis reactions. Norbornene moiety of unsaturated polyesters allowed us to use ring
opening metathesis polymerization reactions to form side-chain poly(norbornene) on main polyester chain
using Grubbs 1%, 3% and Hoveyda-Grubbs 2" generation catalysts as initiators, resulting in gel-like materials.

Key Words
Ring opening/cross-metathesis, polyesters, ruthenium, polycondensation.

6z

Bu calismada doymamis fonksiyonel poliester tlrevleri 5-norbornen-2,3-dikarboksilik anhidrit ve 1,6-hek-
zandiol bilesiklerinin polikondenzasyon tepkimeleri ile elde edilmistir. Fonksiyonel doymamis poliesterler
metil akrilat kullanilarak halka acilma/capraz metatez tepkimeleri ile modifiye edilmistir. Poliesterlerin ¢6zi-
nurlik ve hidrofobik/hidrofilik karakterleri halka acilma/capraz metatez tepkimeleri ile alil son grubuna sahip
poli(etilenglikol) bilesikleri entegre edilerek degistirilmistir. Doymamis poliesterlerdeki norbornen grubu saye-
sinde jel benzeri malzemeler, Grubbs birinci, G¢lincl ve Hoveyda-Grubbs ikinci nesil katalizorleri varhdinda hal-
ka acilim metatez polimerizasyon tepkimeleriile ana poliester zinciri Gzerinde yan poli(norbornen) zincirlerinin
olusumu ile elde edilmistir.
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INTRODUCTION

he functionalization of synthetic polymers is

in great importance owing to their application
fields such as smart materials design, drug-
delivery, biomaterials and gene-therapy [1-
4]. In order to adapt polyester derivatives to
above mentioned applications polymers should
have amorphous, water-soluble and must have
reactive groups to functionalize polymer chain
[5]. The traditional polymers such as poly(L-
lactic acid) (PLLA) poly(glyclolic acid) (PGA),
poly(caprolactone) (PCL) are synthesized by ring-
opening polymerization (ROP), mostly yielding
hydrophobic and semi-crystalline polymers
[6]. For the past decade, several studies are
focused on the synthesis of amorphous aliphatic
polyesters that can be used in several fields [7].
The integration of functional polar group on
polymer chain is used as an efficient strategy.
Amsden and research group have reported
acrylate terminated star shaped polymers
bearing amorphous poly(DL-lactic acid) (PDLLA)
[8]. The cross-linking ability of the material
was investigated by varying the length of the
arms of the stars and photo-curing conditions.
Sebacic acid and glycerol was used by Langer et.
al for the synthesis of a though biodegradable
elastomer, exhibiting total amorphous property
at 37°C [9]. In 2007 Sheares et. al. have used
linear diols and dicarboxylic monomers to obtain
unsaturated aliphatic polyesters via step growth
polycondensation [10]. In addition to anhydride-
diol combination, epoxy based materials were also
polymerized with anhydride based monomers [11].
Unsaturated polyesters are in great importance
in polymer chemistry since they can be used to
synthesize functional materials by modification
through double bonds [12]. Cross-metathesis
is a valuable partner for modification of
unsaturated polymers [13-14] B-heptenolactone
(BHL) based polyesters were modified via olefin
cross-metathesis reactions altering the thermal,
chemical and physical properties of polymers
[15]. In addition to repeating unit modification
reactions, cross-metathesis reactions are also
used for end-capping of polymers [16]. Recently,
greener approaches have been developed for
polyester synthesis utilizing furfural [17] and
epoxides [18].

Here in, we report an efficient method for post-
modification of unsaturated polyester derivatives
via ring opening/cross-metathesis and ring opening
metathesis polymerization. The effect of cross-
metathesis modification on T, and solubility of the
polymer was investigated in details. Thermoplastics
with relatively higher thermal stabilities were
obtained by ROMP of norbornene moiety of
unsaturated polyesters in the presence of Grubbs
1%, 3" and Hoveyda-Grubbs 2" generation catalysts.

MATERIALS and METHODS

Chemicals and Instruments

Otherwise noted all chemicals were purchased
from Sigma-Aldrich and used as received.
Umicore@M1 was purchased from Strem Chemical
Inc.'H and *C nuclear magnetic resonance (NMR)
spectra were recorded at 25°C with a Bruker
GmbH 400 MHz high-performance digital FT-
NMR spectrometer using CDCI, as the solvent.
Molecular weights were determined with a GPC
System LC-20A from Shimadzu equipped with
SIL-20A autosampler, RID-10A, and a refractive
index detector. The analysis was performed on
the following column system operating on THF
(flow rate 1 mL min™) at 40°C: main-column PSS
SDV analytical (5 pm, 300 mm x 8.0 mm, 10 000
R) and a PSS SDV analytical precolumn (5 um,
50 mm x 8.0 mm). The calibration was created
using narrow linear poly(methyl methacrylate)
standards (Polymer Standards Service PPS,
Germany) ranging from 1100 to 981 000 Da.

Synthesis of P1

A Schlenk reactor was charged with 5-norborn-
ene-2,3-dicarboxylic anhydride (1.0 g, 6.10 mmol)
and 1,6-hexanediol (7.30 mmol, 0.865 g). The re-
action mixture was taken to a pre-heated oil bath
(120°C) and stirred for 10 min prior to addition of
catalyst; Sn(Oct), (0.061 mmol). After addition of
catalyst to the reactor, Schlenk reactor was con-
nected to a vacuum pump (vacuum value; 30-40
torr) and reaction mixture was stirred for 12 h un-
der these conditions. After 12 h, reaction mixture
was cooled down and poured into cold-methanol
and stirred for additional 30 min. P1 was isolated
by simple filtration, followed by washing with cold
methanol/acetone mixture. P1 was characterized
by H, *C NMR and GPC.



'H NMR (400 MHz, CDCl,) 8 6.17 (m, 2H), 4.31 -
3.79 (m, 24H), 3.43 (d, J =18.2 Hz, 2H), 3.33 - 2.95
(m, 2H),1.55-1.29 (m, 10H).

BC NMR (101 MHz, CDCL,) § 175.23 - 170.19 (m),
137.78 (d, J= 30.8 Hz), 134.92 (d, J=16.4 Hz), 66.15
- 61.50 (m), 49.86 (d, J=140.0 Hz), 51.81 - 43.47 (m),
3213 -27.77 (m), 26.49 - 22.44 (m).

Cross-Metathesis Reactions of P1

A Schlenk reactor was charged with P1(0.10 g, M :
4000 Da) in toluene (5 ml). The reactor was ta-
ken to a pre-heated oil bath at 85°C and stirred
for 10 min prior to addition of Hoveyda-Grubbs 2"
generation catalyst (commercial code C711,0.01g,
0.014 mmol). After addition of the catalyst, reac-
tion mixture was stirred for 12 h at 85°C. The re-
action was terminated by addition of excess ethyl
vinyl ether (2 ml). Resulting polymer (P2) was
precipitated in cold methanol and filtrated. Same
reactions were also applied for PEG modification
of P1, resulting in P3.

Ring Opening Metathesis Polymerization of P1
A Schlenk reactor was charged with P1(0.10 g, M :
4000 Da) in CH,CI, (1 ml). Grubbs 3 generation
catalyst (0.01g, 0.011 mmol) dissolved in CH,CI, (1
ml) was added to the reaction mixture. Gelation
occurred within 1-2 hours. Reaction mixture was
kept under same conditions for 24 h to make sure
for the termination of gelation reaction.

RESULTS and DISCUSSION

Optimum reaction conditions were investigated
for the polymerization of 5-norbornene-2,3-dicar-
boxylate, 5-norbornene-2,3-dicarboxylate, 5-nor-
bornene-2,3-dicarboxylic acid with 1,6-hexanediol
in the presence of tin(ll) ethylhexanoate, titanium
(IV) isopropoxide and 1,5,7-triazabicyclodecene
(TBD) (Scheme 1).

E ; 3 Ho/ééc\OH
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Scheme 1. Polycondensation reactions.
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The optimal polymerization reaction found to
proceed at 120°C with a catalytic loading of 1%
Sn(Oct), at reduced pressure (40 Torr) for 24h.
The results were listed in Table 1. Polyesters
with varying M_ values between 2000-11000 Da.
All polymers are at viscously oil form at room
temperature. '"H NMR spectrum of P1 can be seen
in Figure 1. Olefinic proton signals of norbornene
ring appeared at 6.17 ppm. -CH,COO- group of
aliphatic fragment was observed at 3.86-4.00
ppm as multiplets. Othernorbornene protons were
observed between 3.40-3.09 and 1.29-1.54 ppm.
Aliphatic fragment of polymer showed signals at
1.29-1.54 ppm. *C NMR spectrum of P1 showed a
singlet peak at172.50 ppm indicating the presence
of -C=0 group. Olefinic carbon signals appeared
at 13490 ppm (Figure 2). A second olefinic
peak appeared at 137.78 ppm, which belongs
to the norbornene unit of polymer chain end-
group. -OCH, signal was appeared at 64.29 ppm,
Differential Scanning Calorimetry (DSC) analysis
of P1 showed a glass-transition temperature
(Tq) at -19.70°C. The olefinic moiety of polyester
chains allows one to modify polymer via olefin
metathesis reactions. The integration of several
functional groups to polymer chains extend the
applications of these polyester based materials.
P1was modified using cross-metathesis reactions.
Olefinic norbornene moiety of P1was reacted with
methylacrylate and allyl poly(ethyleneglycol);
allyl-PEG. Grubbs 1st generation (G1), Grubbs 2"
generation (G2), Grubbs 3™ generation (G3) and
Hoveyda-Grubbs 2" generation (HG2) catalysts
were used in olefin metathesis reactions of P1. In
order to optimize the reaction conditions; several
reaction parameters such as; temperature,
catalytic loading %, olefin/polyester ratio and
solvent effect were investigated in details.

A%
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Table 1. Polycondensation reactions (P1).

Entry Catalyst Catalyst (%) M, (GPC)(Da)? PDI® Yield (%)
1 TBD 0.5 11200 2.4 80
2 TBD 1 6000 2.1 90
3 TBD 2 4000 2.0 95
4 Sn(Oct), 0.5 8700 2.2 85
5 Sn(0 )2 1 5500 2.1 90
6 Sn(Oct), 2 4100 1.9 94
7 Ti(0-i-Pr), 0.5 8200 2.2 75
8 Ti(0-i-Pr), 1 6100 2.1 85
9 Ti(0-i-Pr), 2 3700 1.7 88

a: Determined by GPC analysis in THF (1.0 mI/min) against lineer poly(methylmethylacrylate) standarts.
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Figure 1. 'H NMR spectrum of P1.
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Figure 2. 3C NMR spectrum of P2.



The olefinic moiety of polyester chains allows
one to modify polymer via olefin metathesis
reactions. The integration of several functional
groups to polymer chains extend the applications
of these polyester based materials. P1 was
modified using cross-metathesis reactions.
Olefinic norbornene moiety of P1was reacted with
methylacrylate and allyl poly(ethyleneglycol);
allyl-PEG. Grubbs 1st generation (G1), Grubbs 2
generation (G2), Grubbs 3™ generation (G3) and
Hoveyda-Grubbs 2" generation (HG2) catalysts
were used in olefin metathesis reactions of P1.
A set of terminal olefins, methyl acrylate, methyl
end capped poly(ethylene glycol) Mn: 500 Da),
allyl bromide and acrylic acid was chosen for ring-
opening cross metathesis (ROM-CM) reactions.
Well-known ruthenium metathesis initiators; Grubbs
11 (G1), 2" (G2) and 3 (G3) and Hoveyda-Grubbs 2n
generation (HG2) complexes were employed in order
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to find the best performing catalyst. First model
reaction was carried out using methyl acrylate as
cross-metathesis partner and P1in toluene at 80°C
in the presence of 1% G1, G2, G3 or HG2 (Scheme 2).

The catalysts were compared in means of
thermal stability, robustness and activity. Among
the tested catalysts HG2 was chosen as best catalyst
in means of conversion, selectivity and stability.
After 24h of intense stirring at 80°C, reaction was
terminated by addition of excess ethyl vinyl ether
to reaction media and stirred for an additional 30
min. Polymer was precipitated in cold-methanol.
Isolated polymer was labelled as P2. The conversion
was determined by '"H NMR by evaluating olefinic
proton signals of norbornene and the side-groups of
resulting cyclopentane ring. As it can be concluded
from'H NMR spectrum, ROM-CM reaction of P1 with
methyl acrylate proceeded with di-substitution of
cyclopentane ring (Figure 3) with full conversion.

/
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Scheme 2. Synthesis of P2.
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Figure 3.'H NMR spectrum of P2.
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Olefinic proton signals were observed at 6.85
(2H, d, J=) and 5.83 (2H, d, J=) ppm, indicating
predominant trans-configuration. -OCH,- group
appeared at 4.05 ppm (4H, as multiplet) and 3.78
ppm. -OCH, group was observed at 3.69 ppm.
Although promising results were obtained with
methyl acrylate, modification of P1 with other
olefins; allyl bromide and acrylic acid were failed
due to catalyst decomposition. All catalysts; G1, G2,
G3 and HG2 were poisoned in the presence of these
olefinic materials. In the search for water soluble
polyester derivatives, we used methyl end capped

allyl-PEG (500 Da) for modification of P1 via ROM-

CM (Scheme 3). The reaction was carried out at
predetermined optimum reaction conditions that for
P2. Once the reaction is completed, P3 was isolated

-
=]
i Ay

by pouring the reaction mixture to diethyl ether and
stored at -24°C overnight for precipitation.

'H NMR results showed that norbornene
moiety underwent ROM-CM reactions to form vinyl
substituted cyclopentane ring (Figure 4). Vinylic
double bond proton peaks appeared at 5.01-5.12
ppm as multiplets, hydrogen atoms bonded to
PEG substituted vinyl group appeared at 6.05-5.71
ppm. Hydrogens, the vinyl neighbouring ones, were
appeared at 3.85 ppm. The repeating group of PEG
(-OCH,CH,-) were appeared at 3.47 ppm as a very
intense peak. -OCH, group of polyester chain was
observed at 3.20 ppm.

The solubility of P1, P2 and P3 was compared
in Table 2. As it can be seen in Table 2, P1 and
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P2 is readily soluble in common organic solvents
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Following the modification P1 with allyl PEG

such as toluene, tetrahydrofuran, dichloromethane, group (P3), the glass transition temperature (T
chloroform and slightly soluble in acetone and was reduced from -13.20°C to -19.70°C due to the
insoluble in hexane and water. P3 is soluble in water contribution of PEG group on overall conformational
and common organic solvent; dichloromethane, flexibility of polymer structure.

chloroform, toluene, THF and insoluble in n-hexane.

Table 2. Solubility of polyesters (P1, P2 and P3).

Entry? CH,0H CHCI, CH,CIL, Acetone

Toluene H,O THF Hexane

P1 - + + =

+ - + -

P2 - + + =

+ - + -

P3 + + + =

a: -: non-soluble, =: partially soluble, +: soluble.

Table 3. Thermal stability of P1after cross-linking.

Ru catajyst

oo

6

30 mjn> RT

Entry Catalyst

Weight loss (°C)?
5 (%) 10 (%) 40 (%)

PCy,

Ph
1 Cl///l/:,,r_Lu_/

cv” rL
Cys

230 275 400

300 350 430

240 290 410

195 240 360

a: Determined by TGA.
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On the next trial, ring-opening metathesis
reactions of P1 was carried out using Grubbs 1t,3™,
Hoveyda-Grubbss 2" generation catalysts to
investigate the gelation behaviour of P1. It is well
known in literature that highly strained norbornene
ring can undergo ring opening metathesis reactions
in the presence of Grubbs type ruthenium catalysts,
forming oligomeric/polymeric vinly substituted
cyclopentane rings. In the case of P1, which is a
polyester derivative with repeating norbornene
rings, norbornene group can undergo ring opening-
cross metathesis via inter-molecular or intra
molecular pathways, resulting in a cross-linked
polymeric material. The effect of cross-link on
thermal stability of the polymers was investigated
using TGA analysis. As it can be seen in Table 3, the
5, 10 and 40% weight loss values shifted to higher
temperature values, indicating the effect of cross-
linking on overall structure of P1.

CONCLUSION

Unsaturated polyesters derived from polyconden-
sation of 1,6-hexanediol and 5-norbornene-2,3-di-
carboxylic anhydride were successfully modified
via ring opening/cross metathesis reactions. It
has shown that polymer properties (T, solubility,
polarity) can be tuned by integrating functional
groups via cross metathesis. In addition, thermo-
plastic like materials were synthesized from un-
saturated polyesters using Grubbs type rutheni-
um metathesis catalysts. The effect of cross-link,
which was exerted by ring-opening metathesis
polymerization of norbornene moiety was demon-
strated by TGA analysis.
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Controlled Release of Vitamin C from Chitosan Nanoparticles
C Vitaminin Kitosan Nanoparcaciklardan Kontrolld Salimi
Research Article
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ABSTRACT

his work is consisted of two parts. The first was the synthesis and characterization of nanoparticles (ChNPs)

from Chitosan, a natural biopolymer. In the second part, preparation of Vitamin C loaded ChNPs and release
of vitamin C from the loaded nanoparticles were investigated. ChNPs were synthesized according to the ionic
gelation method and sodium tripolyphosphate (TPP) was used as the crosslinking agent. The particle size
distribution of the synthesized ChNPs was determined by using Zeta Sizer. Surface morphologies and crystal
structures of the nanoparticles were investigated by Scanning Electron Microscopy (SEM) and X- ray diffraction
(XRD) analysis, respectively. Structural analysis and thermal properties of ChNPs were also investigated by
Fournier Transform Infrared Spectroscopy (FTIR) and thermogravimetric analysis (TGA), respectively. Release
porofile of the Vitamin C loaded nanoparticles at same time were determined. As a result, average particle size
of the ChNPs was measured as 10 nm and loading efficiency of the ChNPs was calculated as 86% with very high
vitamin C concentration. Finally, the release mechanism of vitamin C from nanoparticles was determined to be
controlled by diffusion and swelling.

Key Words
Chitosan nanoparticles, ionic gelletion,release kinetic, vitamin C.

6z

u calisma iki asamadan olusmaktadir. Birinci asama kitosanin nanoparcaciklarin (ChNPs) sentezi ve

karakterizasyonudur. ikincisi asama, C vitamin yiikli ChNPS eldesi ve C vitamininin salim kinetiginin
incelenmesidir. ChNPs iyonik jellesme ydntemine gére sentezlenmistir. Sodyum tripolifosfat (TPP) capraz
badlayici olarak kullaniimistir. Sentezlenen ChNPs 6rneklerinin tanecik boyutu dagilimlari, ylizey morfolojileri
ve kristal yapilari sirasiyla Nanosizer, Taramali Electron Mikroskobu (SEM) ve X-isini difraktometresi (XRD)
ile incelenmistir. Hazirlanan ChNPs orneklerinin yapisal analizleri ve termal o&zellikleri sirasiyla, Fourier
Transform Infrared (FTIR) spektrofotometresi ve termal gravimetrik analiz ile incelenmistir. Ayni zamanda C
vitamin yUkli ChNPs drneklerinin salim profilleri belirlenmistir. Calismalarin sonucunda, ChNPs &rneklerinin
ortalama parcacik boyutlari 10 nm olarak 6l¢iimustir. C vitamini ylkleme verimi %86 C vitamini derigimi
olarak hesaplanmistir. Son olarak, C vitaminin ChNPs érneklerinden salim mekanizmasinin diflizyon ve sisme
kontrolli oldugu belirlenmistir.

Anahtar Kelimeler
Kitosan nanoparcacik, iyonik jellesme, salimi kinetigi, C vitamin.

Article History: Received: Jun 08, 2017; Revised: Oct 18, 2017; Accepted: Dec 18, 2017; Available Online: Feb 20, 2018.
DOI:10.15671/HJBC.2018.221

Correspondence to: A. Altinisik Tagac, Science Faculty, Chemistry Department, Dokuz Eylul University, Buca, |zmir, Turkey.
Tel: +90 232 3017908 Fax: +90 232 453 4188 E-Mail: aylin.altinisik@deu.edu.tr


Seçkin KILIÇ�



70 ‘ A. Altinisik Tagag et al. / Hacettepe J. Biol. & Chem., 2018, 46 (1), 69-77

INTRODUCTION

hitosan, produced from Chitin, among the

entire natural, is one of the most promising
biopolymers. Chitosan is a linear copolymer
which is consisted of both 2-acetamido-2-deoxy-
B-d-glucan and 2-amino-2-deoxy-p-d-glucan units.
Thesetwogroups withinterestingphysicochemical
and biological properties provide the important
features for biomedical applications. For example,
Chitosan has been used as drug systems in many
different forms such as film [1], microcapsule [2],
nanoparticles [3] etc. Within these forms, many
studies have been carried out to obtain chitosan
nanoparticles [4-8]. Many syntheses including
electrostatic complexes have been developed [9-
13]. Electrostatic complexation method appears
to be very charming since it allowed to detail
nanoparticles nanoparticles i) with sizes in the
nanometer range, and narrow size distributions,
i) in a mild environment (such as an aqueous
medium). In this process, toxic cross-linking agent
such as glutaraldehyde is not used to stabilize the
nanoparticles. Chitosan nanoparticles formation
by electrostatic complexation is depended on the
cationic sites (-NH,*) available the polymer chains.
If the anionic species such as citrate, sulphate
or (poly)phosphate uses for the complexation
of chitosan chains are molecules, the method is
more specifically mentioned as "“ionic gelation
method” [7]. Up until now, to prepare the chitosan
nanoparticles, lots of studies have been carried
out with ionic gelation method, particularly by
using sodium tripolyphosphate (TPP) as ionic
agent [11-13].

On the other hand, Vitamin C is an imperative
nutrient required to maintain the physiological
process of people and some animals [14,15].
Even, Vitamin C is one of the most significant
antioxidants that may decrease the risk of cancer
by using various mechanisms [14,16-18]. In the
same time, vitamin C is one of the most significant
antioxidants that may decrease the risk of cancer
by using various mechanisms [19]. This is an
important anti-oxidant that may reduce the risk
of cancer by neutralizing reactive oxygen species
or other free radicals that can damage DNA [2,16].
Besides, vitamin C is also used in food or food
additives and it has been shown to decrease LDL
cholesterol in some patients [20-22]. Therefore,

nano-loading systems and the release of vitamin
C should continue to be developed in many
applications, from food to biomedical applications.

This study was aimed to prepare and
characterize ChNPs. At same time, another aim
of this study was in order to load with vitamin-C
to ChNPs and to investigate release of vitamin C
from ChNPs.

MATERIALS and METHODS

Materials

Chitosan (viscosity, 200-400 mPa.s, 1% in acetic
acid), Vitamin C, acetic acid (CH,COOH, glacial)
as used solvent and Sodium tripolyphosphate as
used crosslinker were all purchased from Sigma
Aldrich. All the chemicals were used without any
further purification.

Preparation of the ChNPs

The ChNPs were synthesized based upon ionic
gelation method by using chitosan and TPP.
Briefly, chitosan (1 mg/ml) was dissolved in 1%
(v/v) acetic acid solution and NaTPP (1.75 mg/
ml) were dissolved in deionized water to obtain
solutions. The ChNPs were synthesized with the
addition of prepared TPP solution into chitosan
solution via mechanical stirring (750 rpm) at room
temperature. The vitamin-C loaded- ChNPs were
similarly prepared by using a chitosan solution
containing the drug. 25 mg Vitamin C dissolve
in chitosan solution (1 mg/ml) and prepared TPP
solution (1.75 mg/ml) was added into this chitosan
solution in which vitamin C was dissolved. Formed
nanoparticles were reserved from solution by
centrifuge at 1000 rpm for 10 min.

Determination of Loading Efficiency

Vitamin C (25 mqg) loaded ChNPs were dissolved
in100 ml 0.1 N HCI. The sample was centrifuged at
10000 rpm within 10 min and then vitamin C con-
tent was analyzed by measuring the absorbance
at 244 nm (& of vitamin C in 0.1 N HCI) after
suitable dilution using an UV spectrophotometer
(PG instrument T80/80+).

Loading efficiency (%) =
([vitamin C]C/[vitamin Cl,)x100 @)



Characterization of the ChNPs

The morphology of the samples was monitored by
scanning electron microscopy (SEM). The images
were obtained using 10 kV accelerating voltage.
SEMimages were taken at different magnifications
(in the range 0f 1.000x and 10.000x) using Toledo
University/Toledo-Ohio/US in JEOL JSM-7500F
SEM instrument.

The particle sizes were determined using Ze-
tasizer (MALVERN Zetasizer Nano Series Nano-S).

The Chitosan and ChNPs were characterized
structurally by Fourier transform infrared (FTIR)
spectroscopy. FTIR was used to investigate
the interaction of Chitosan, TPP, and NPs. FTIR
spectra were recorded by a Perkin- EImer FTIR
spectrophotometer Spectrum BX-Il in the range
4,000-400 cm™ with the sum of 20 scans at a
resolution of 4 cm™.

The thermal properties of the prepared
samples were also analyzed with a Perkin-Elmer
Diamond TG/ DTA instrument. TG/DTG profiles
were performed from 30 to 600°C at a heating
rate of 10°C/min under N, flow of 10 mL/min.

In vitro release studies

Vitamin C concentration was determined using
UV-Vis spectrophometrically the absorbance
at 265 nm (XW of vitamin C in PBS buffer 7.4)
after suitable dilution from a calibration curve.
In the experiment of determination of vitamin
C concentrations, UV spectrophotometer (PG
instrument T80/80+) was used. Chitosan
nanoparticles equivalent to 25mg of vitamin C
were taken into a cellulose dialysis bag (previously
soaked in dissolution medium) containing 30ml of
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dissolution medium to suspend the ChNPs in the
dissolution medium. The in vitro release studies
of vitamin C were carried out at rinsing bath of
100 rpm in 500 mLof phosphate buffer (pH 7.4
and 25°C). 1 ml of release medium was taken at
pre-determined time intervals for determining
content of vitamin C. An equivalent volume of
fresh dissolution medium was added in release
medium after every measurement.

RESULTS and DISCUSSIONS

Characterization of the ChNPs

The ionic gelation using TPP as ionic agent is
nowadays an appropriate method to prepare,
monodisperse, and nanosize chitosan particles
[11-13]. The known ionic gelation method has been
composed of the ionic interaction between the
protonated amino group (-NH,) of CS solution and
the phosphate groups (-PO,*) of the anionic TPP
[11-13]. Synthesized by ionic gelation method the
smallest particles up to now have been obtained
in this study. The avarage size of ChNPs was in
rage of 20-30 nm with a broad size distruption as
shown in zeta sizer output in Figure 1.

On the other hand, SEM images (Figure 2) are
used to characterize the morphology and size
of ChNPs. According to the SEM images of six
different parts (area) of ChNPs, it has observed
that all parts of ChNPs morphology has been
continuous, spherical, uniform and individual
particles with the approximately diameter of 10
nm with a magnification value of 300,000X. Due
to the sample preparation procedure at zeta sizer,
ChNPs might have aggregated together and size
of nanoparticles may higher than SEM results.
Another characterization method is X-Ray powder

00T = = = = = = = = = =, = T R R
-
s 1 ' '
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Figure 1. Zeta sizer diagram of ChNPs.
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Figure 2. SEM analysis of ChNPs.
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Figure 3. XRD pattern of Chitosan and ChNPs.

diffraction whose patterns of Chitosan and ChNPs
are shown in Figure 3.

There is only one strong peak in the
diffractogram of Chitosan at 26 = 209, indicating
the high degree of crystallinity of Chitosan, its
crystal lattice constant Cricorresponding to 45%
[1]. Two intense narrow peaks at 26 = 33.28° and
19.32° for TPP [23] were also observed. These
peaks are related with TPP and exhibiting a high
degree of crystallinity. However, in this study,
two broad peaks were observed at 20 = 32.62°
and 35.56 in Figure 3, for ChNPs indicating,
the crystalline nature of CS was lost due to its
cross linking with TPP. lonic interactions exist

in this reaction namely an intense electrostatic
interaction between the positively charged amine
groups of CS and negatively charged TPP.

In accordance with Debye-Scherrer Equation,
the ChNPs had an average diameter of 6.45 nm
which was appropriate to SEM result for ChNPs.

In the physicochemical characterization
methods, the result of FTIR spectra of chitosan
and ChNPs are shown in Figure 4. The absorption
bands in the spectrum of Chitosan around 1640
and 1560 cm™ are referred to asymmetric C=0
stretching (Amide 1) and N-H bending (Amide
II) of acetamido groups, respectively [1]. ChNPs



are showed the presence of the P=0 and P-O
groups at the frequency of 1203 cm™and 1239 cm’
respectively [23,24]. In the case of ChNPs after
addition of TPP (Figure 4), the bant of amide-I
was shifted to from 1653 cm™to 1664 cm™and N-H
band in amines was shifted from 1561 cm™ (Amide-
II) to 1549 cm™ representing the electrostatic
interactions between the -NH, groups in CS with
the phosphoric groups in TPP. Furthermore, there

Chitesan
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would also be shifting at the broad band above
3465 cm™and 3186 cm™ corresponding to N-H and
O-H bonds, respectively [23,24].

The thermal properties of Chitosan and
ChNPs were determined by TG analysis as shown
in Figure 5 and the thermal analysis results
were presented in Table 1. There were two
degradation steps on the thermograms. In Table

4000 2000

Figure 4. FTIR spectra of chitosan and ChNPs.
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Figure 5. Thermogram of chitosan and ChNPs, TG curve (A), DTG curve (B).
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Table 1. Thermal analysis results of Chitosan and CsNPs.

TG/DTG
1st step 2nd step DSC
Mass loss T Mass loss T Tg m Td AH
(%) (°C) (%) [((®) (°C) (°C) (°C) J/9)
Chitosan 13 56.6 46.1 250 25 251 -48.5
ChNPs 10 55.5 36.8 234 - 61 238.9 -36.4
Table 2. Particle size and loading efficiency relationship.
Nanoparticles size (nm) Loading Efficiency (%) Ref
198 69.02 [25]
153 <50 [26]
40 n.d [27]
100 60-65 [28]
20 20 [29]
260 10 (theoretical) [30]
140 Nd. [31]
250 80 [32]
10 86 In this study

*nd: not determined

1, the first step of mass loss was due to moisture
at same temperature. On the other hand, the
thermograms of ChNPs, second step mass
loss was observed at 234°C in Figure 5. This
degradation (36.8%) refers to the degradation
of ChNPs. Besides, degradation temperature of
chitosan was determined as 250°C and the mass
loss was 46.1% at that temperature. It is obvious
that both the degradation temperature and the
amount of mass loss were decreased.

Kinetic Study

Vitamin C (25 mgq) loaded ChNPs was used to
evaluate the loading efficiency. According to the
Equation 1, the loading efficiency has determined
as 86%. This high efficiency is due to the low par-
ticles size. The particle size was almost 100 nm in
studies carried out up to now and it has observed
that the loading efficiency is lower as well. For the
comparison, same experimental data obtained
from cited references given in Table 2.

The five different release kinetic models have
used to determine the suitable Vitamin-C release
kinetic model. The results of kinetic study have
given in Table 3. According to the Table 3, it can

be seen clearly that first order kinetic model and
Korsemeyer-Peppas model has been suitable for
vitamin C release from ChNPs. The graphical pe-
resentaion of the kinetic madels were shown in
Figure 6.

First order model describes absorption and/or
elimination of some drugs. This model can be used
to describe the drug dissolution in pharmaceutical
dosage forms such as those containing water-
soluble drugs in porous matrices. On the other
hand, Korsmeyer et al. [33,34] derived a simple
relationship which described drug release from
a polymeric system. The first 60% drug release
data were applied in Korsmeyern Peppas model
to find out the mechanism of drug release. The n
value in Korsmeyer Equation is used to determine
different release characterize for polymeric
matrices. In this model, the n value identifies the
release mechanism as described in Table 4. In
this study, the n value has calculated as 0.7885
in the Table 4. According to the calculated n value,
it is obviously seen that the release of vitamin
C depends on swelling and diffusion control
mechanism.
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Figure 6. Results of release kinetic study; Release time (A), First order model (B) and Korsemeyer-Peppas model (C).

Table 3. Results of release kinetic study [33].

Kinetic Model Q,(mg) K (mg/min) R?

Zero order

Q= Q Kt 414 0.2160 0.8595

First order

InC=InC -Kt 19.64 0.0219 0.9827

Hixon-Crowell

Q*=Q, - Kt 1.28 0.0155 0.9545

Higuchi

Q= K.t"? 2.181 0.9571
n K (mg/min) R?

Korsemeyer-Peppas

F=M/M= Kt 0.7885 24.66 0.9943

Table 4. Interpretation of diffusional release mechanisms.

75

Release Exponent (n)

Drug transport mechanism

Rate as function of time

0.5 Fickian diffusion tos
0.45 <n=0.89 Non- Fickian transport ot
0.89 Case Il transport Zero order release

Higher than 0.89

Super case Il transport

tn-l
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CONCLUSION

In this study, Chitosan nanoparticles were suc-
cessfully synthesized by ionic gelation method
and confirmed with FTIR spectra. The improve-
ment of crystal structure of ChNPs was estimated
from XRD patterns of ChNPs. The particle size
was also calculated to be 6.45 nm from XRD re-
sults. This result also has been supported by SEM
images which the particles size determined as
around 10 nm. The loading efficiency of vitamin C
in synthesized nanoparticles has been determined
as 85%. This value is stated as high efficiency for
drug loading system. Release of vitamin C from
CsNPs has determined as diffusion and swelling
control release mechanisms by using different ki-
netic models.
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ABSTRACT

he detailed mechanism for oxidative dehydrogenation of propane on the 'VO,(CH,), surface has been studied

in depth with density functional theory (DFT) calculations at the B3LYP level and standard split-valance basis
set, 6-31+G*. Monomeric vanadia specie was considered and modeled as catalysis. In addition, the mechanisms
of the two complete catalytic cycle, involving the regeneration of the reduced catalyst using O, gaseous have
been reported. The reaction proceeds in two subsequent steps which at the first, one hydrogen abstracting
by the vanadium of V= 01 group with about 48.35 cal/mol activation energy is the rate determining step.
Subsequently, second intermediate has been formed through a bond formed between the propyl radical and O,
atom (V-02). In continue, the O1 atom abstracts one hydrogen atom from the methyl group with a 131.63 kcal/
mol barrier to form propene by passing to second transition state. The results of our calculations have found
that all the reactions involve vanadyl oxygen (V=01), with the bridging oxygen (V-0O-C) serving to stabilize the
isopropyl radical intermediate.
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6z

u calismada propanin 'VO,(CH,), ylzeyindeki oksidatif dehidrojenasyonu, b6linmus valans temel kiimesi

6-31+G* ve B3LYP seviyesinde Yogunluk Fonksiyon Teorisi hesaplamalari ile incelenmistir. Monomerik
vanadyum tirleri kataliz i¢in g6zénine alinmis ve modellenmistir. Bunlara ek olarak O, gazi kullanilarak
yenilenen indirgenmis katalizor iceren iki tamamlanmis katalitik dongl sunulmustur. Tepkime iki alt basamakta
ilerlemektedir; birinci basamakta bir hidrojen 48,35 cal/mol aktivasyon enerjisiyle V= 01 vanadyum grubu
tarafindan alikonulur ve hiz belirleyici basamaktir. Sonrasinda propil radikali ve O, atomu arasinda (V-02)
olusan bag dolayisiylaikinciara Grin olusur. Devaminda O1atomu propen olusumu ve ikinci gecis haline ulasmak
icin metil grubundan 131.63 kcal/mol enerjiyle bir hidrojen koparir. Sonuclarin, bitin tepkimelerde izopropil
ara radikali kararli kale getirmek icin vanadil oksijen (V= 0O1) ve koprileme oksijeni (V-O-C) kullanildigini
gOstermistir.
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INTRODUCTION

he oxidative dehydrogenation (ODH) of

propane is a particular alternative to the direct
catalytic dehydrogenation, which is the main
process step in the highly efficient and technically
mass production of many intermediates and
petrochemicals such as acrylonitrile, propylene
oxides and propylene. The catalytic activation
of C-H bonds is of fundamental interest because
it is the crucial step in important technological
processes and in many enzymatic reactions
[1]. In general, for producing the chemicals for
polymer and fine organic synthesis, short-chain
hydrocarbons, mainly ethane [2], propane [3] and
butane [4,5] have been considered as substrates
in oxidative dehydrogenation reactions. In
propylene preparation, propane oxidation often
serves as a model for carbon-catalyzed oxidation
reactions. The following reaction is thermal
cracking of propane with and without oxygen [6,
71

C,Hg — CH, +H, AH= +30 kcal/mol (1)

2C,H, +1/20,— C,H,+H,0 AH =-28 kcal/mol (2)

It should be noted that dehydrogenation
of propane in propylene preparation is a
conventional method which suffers from high-
energy consumption, thermodynamic restrictions
and pyrolysis side reactions such coke deposition.
Applying dehydrogenation process in the
presence of oxygen overcomes the mentioned
above difficulties [8,9]. Propane is dehydrated

to propylene under following oxidation
dehydrogenation (ODH) conditions:

2C,H,+0,—»2CH, +2H,0 3)
C,H,+50,-3C0,+4H,0 4
2C,H,+90,-6C0,+6H,0 (5)
4C,H,+20,—»CH,+CO,+2H,0 (6)
2C,H,+30,-2C,H,+2C0,+2H,0 )

Different supports have been used in oxidative
dehydrogenation of propane including alumina,
titania, vanadia, silica and so on [1,10-13]. Among
various supports used as heterogeneous catalysts,
carbon materials are in high interest due to their
large surface area and chemical stability, which

results in high active sites loading. Besides, this
property assists their resistance in both acidic
and basic media. Carbon nanotubes, graphene
and porous graphene are the examples of carbon
materials which are produced and exploited at
industrial scales for various applications [14,15].
In this study, transition metal oxides, that is to
say, supported vanadia, are studied as catalysts
[16]. Supported vanadia is the most selective and
active material because of its elevated activity
and selectivity in ODH of light alkanes to alkenes.
The reason for This outstanding property is
vanadium can provide lattice oxygen in removing
hydrogen from propane [9,17,18]. It is worth
indicating that carbon materials and metal oxides
present the same characteristics regarding their
catalytic properties and surface structures, which
make them great candidates to be used in ODH
reactions [19]. So far, the effect of support and
methods on preparation of vanadia supported
materials has been investigated in some studies
which convincing results have been released [20].
Forexample, V,0, supported on TiO, is a promising
catalyst for ODHP process [21]. Other supported
for vanadium oxide such as AL O,, TiO, are studied,
as well [22-24]. Although substantial progress has
been made in using carbon materials as catalyst
support such as carbon nanotubes and graphene-
supported catalysts [25] in ODH reactions. In order
to have a better perspective about experimental
laboratory researches and the mechanism of
ODH, we have decided to take advantage of
computational methods to check the possibility of
the reaction and possible pathways, theoretically.
In some studies the application of computational
chemistry has been used to understand the
catalytic reactions in details, thus, computational
experiments have been applied on transition metal
oxides for their surface structure and designing
catalysts [26,271].

Among different computational methods,
DFT is a common method in determining
catalyst structure, explanation of spectroscopic
information, investigation of reaction networks
and mechanisms [1,4,28]. This information
can provide useful information about the
characteristics of catalysts such as the nature of
active center and its catalytic activity. DFT method
also declares the interaction between oxygen
and carbon surfaces, edge sites and reaction
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Figure 1. Presentation of monomeric and dimeric structures of tetrahedral VOx model system (S is CH,as support).

mechanism of oxidative dehydrogenation. The
possible mechanism for ODH with SiO, supported
vanadium oxide is reported by Rozanska et al [1,29]
using silsesquioxane H.Si;O,, cluster model by
B3LYP method. In recent experimental results, it
has been confirmed that three types of vanadium
species comprising monovanadate, one- and two-
dimensional vanadate chains (polyvanadate), and
crystallites of V,0, are present on supportsinV,0./
TiO,, and V,0,/AL0, that depends on V,0, loading
on support [30]. Oyama et al found that a single
vanadium center for ethylene ODH is necessary
on the basis of relationship between vanadium
oxide concentration on an SiO, support and the
ethylene turnover rate [31-33]. Monovanadates
have higher activity and better selectivity to ODH
of propane on V,0,./Zr0, catalysts than bulk V,0,
and polyvanadates [34].

Other studies show that the polyvanadate
structures are significantly more active than
monovanadate structure. This conclusion can
be taken that one of the monovanadates or
polyvanadates is better but know that these
sites are more important than crystalline V,0..
In spite of large studies in this field, there are
some uncertainties in the details of mechanism
of ODH reactions. The common structure of
supported vanadium oxide is coordinated vanadia
in tetrahedral geometry with terminal vanadyl
oxygen (V=0) and three bridge oxygen atoms
which are connected to cautions through V-0O-S
(S is support) or neighbor V,0, units (V-O-V) as
monomeric and dimeric structures (Figure 1).
In the present study, our attention focuses on
several mechanistic aspects to achieve a complete
understanding on the molecular scale; (1) the
details of mechanism of ODH reactions, (2) study
of different transition states and intermediates

through the reaction path. To achieve these goals,
we have investigated the mechanism of activating
the C-H bond of propane with subsequent
formation of propene. The results of this model
can be used in mechanisms of supported vanadia
catalysts.

Computational Methods

All calculations were performed using the
Gaussian 98 [20] software. The geometries
and energies of model system of reactants,
transition states, intermediates and products
were calculated by employing a hybrid Hartree-
Fock- density functional scheme, the adiabatic
connection method -Becke three-parameter with
Lee-Yang-Parr (B3LYP) functional [35] of density
functional theory (DFT) [36] with the standard
6-31+G* basis set. Any symmetry constrains
were applied to full optimization. The B3LYP
functional has been demonstrated to provide
accurate description for compounds including
transition metals and involving hydrogen bond
interactions [34-36]. The QST3 procedure has
been used to search for transition states. Intrinsic
reaction coordinate (IRC) calculations [37] were
employed to ensure the identity of the reactants
and products corresponding to each transition
structure. Vibrational analyses were performed on
all optimized structures with the same functional
and basis set as the corresponding geometry
optimizations. In addition, the thermodynamic
properties of all compounds were obtained
from frequency calculations at 298.15 K and 1.0
atmosphere pressure. All reported enthalpies
were zero-point (ZPE) corrected with unscaled
frequencies.
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Figure 2. Optimized structure of vanadium oxide supported on carbon atom at the B3LYP/6-31+G* method with some

structural details.

RESULTS and DISCUSSION

Optimization of VO, (CH,), as a Model System
The VO,(CH,), in Figure 1 (left) was considered
as a topological model to investigate top surface
layer of vanadia surface mapped on to carbon
structures. With the aim of reducing computational
expenses, instead of using carbons of carbon
materials, CH, was placed. The model contains
the vanadyl (V=0) and the V-O-C sites. Vanadium
atom in VO,(CH,), model have a formal oxidation
state of +5, one of oxygen atoms is connected to
vanadium via double bond and other three oxygen
atoms are connected to carbons through single
bond. The optimize geometry as well as some
structural details of the VO,(CH,), model system is
presented in Figure 2. The bond distances for V=0
and V-0 are equal 1.59A and 1.80 A respectively
that is in good agreement with the experimental
values of V=0=1.58 A and V-0 1.78 A obtained for
the bulk V,0, [37]. Also periodic DFT calculations
on the V,0.(001) surface lead to V=0 =159 A
and V-0=1.80 A [38]. The result of natural bond
orbital analysis (NBO) shows QV= 1.41, QO1= -0.31
and QO2= -0.73 electrons. This result is in good
agreement with the values of shows QV= 146,
QO01=-0.39 and Q02=-0.71 electrons that derived
from electrostatic field analyzing. Therefore, each
V-O bond could have a charge transfer of 0.37
electrons from V to O atom. While the net transfer
inthe V=0 bond is 0.31 electrons despite two polar
covalent bonds. It is noticeable that the small
charge transfer from V to O atom is due to the
high oxidation number. Calculation of vibrational
freqguencies has confirmed stationary point with
no negative eigenvalue observed in the force
constant matrix. Results of frequency calculations
show four vibrational frequencies in the range
of 1015-1042 cm™ for the V=0 bond stretching;

comparison with experimental values of 1040 cm"
for bulk V,0_,1010 cm™ for V,0,/Zr0, [16] and 1042
cm’ for V,0, /SiO, shows good agreement [34,391.
On the basis of the geometrical and energetic
similarities of the VO,(CH,), model to V,0, (001),
we conclude that the VO,(CH,), model is a suitable
model for studding alkane ODH reaction and
gaining insight in to the whole mechanism.

Oxidative Dehydrogenation of Propane on
VO, (CH,),

Abstraction of the First Hydrogen from
Propane

Two types of addition reactions that involve
heterolytic C-H bond cleavage from first type and
second type of carbon that leads to -CH,CH,CH,
and CH,‘CHCH, radicals and two kinds of hydrogen
abstraction reactions that involve hemolytic C-H
bond cleavage. The optimized geometries as well
as relative calculated energies of four reaction
paths are depicted in Figure 3. Path (1) and path
(2) involve an addition reaction utilizing V=01
group, where the hydrogen atom of propane
group binds to O1. In path (1), the hydrogen atom
binds to first type of carbon (H1) connected to O1
atom. The V= 01 bond distance in transition state
geometry (TST) in path (1) is 1.55 A; the V-02 bond
distance elongates from 1.74 to 1.86 A. The C-H
bond distance elongates from 1.09 to 1.50 A and
the C-02 bond distances elongate 1.40 to 1.43 A.
The activation barrier for path (1) is about 48.35
kcal/mol. Path 2 is also V= 01addition reaction, but
hydrogen of second type of carbon (H2) attacks
to O1 atom. In the transition state (TS12) the V=01
bond is 1.86 A; the V-02 bond elongates from 1.55
A t01.86 A; the C-H bond distance elongates from
1.09 to 1.60 A and the CH,-O (2) bond distances
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Figure 3. Reaction pathways and (AE, kcal/mol) for initial C-H bond activation of propane (The bond distances are according

to angstrom (A)).

elongates from 1.39 to 1.43 A. The energy barrier
for TS12 is equal 151.39 kcal/mol. Vanadium
hydride, propyl and isopropyl radicals are formed
in the first intermediate in both reactions path
(1) and (2) (Int11 and Int12). In vanadium hydride
optimized geometry, the H-O1, and V-O1 bond
distances are 0.95 and 1.79 A, respectively. Path
(3) and (4) include hydrogen abstraction reaction.
In both path (3) and (4) the bridging oxygen 02
abstracts the hydrogen atom from the first and
second type of carbon of propane respectively.
The 02-H and H-C bond distances in TS13 are 1.43
A and 1.61 A respectively, 1.44 A, and 1.60 A in
TS14. The activation barrier for path (3) and (4)
are about 123.86 and 143.38 kcal/mol respectively.
The corresponding intermediate, Int13 and Int14
for path (3) and path (4) respectively have
bond distances of V=01 equal 1.86 A, V-02=
1.86 A and C-O= 1.43 A. Comparison between
different reaction paths indicate that path (1)
with activation energy about 48.35 kcal/mol, is
the most energetically desirable and possible
pathway among the four reaction pathways. In
addition, hydrogen abstraction pathways are
more favorable than the addition pathways. As
the © bond of V=01 has a singly occupied orbital

available to bond to the H atom and pointing
toward it, the obtained result seems reasonable,
whereas for 02 atom the orbital overlapping the
H is a filled lone pair orbital.

In conclusion, the hydrogen abstraction
reactions have the o-orbital of C-H bond aligned
with the lone pair electrons orbital of O1 or 02
atoms. However, the addition reaction needs o-
orbital of C-H bond in propane to break almost
completely before it can overlap with the filled lone
pair orbital on oxygen atom and the empty d-orbital
on vanadium, cause to a high barrier. In the case of
the C-H bond activation of propane onthe VO,(CH,),
model, this conclusion is taken that hydrogen
abstraction by O1 atom is the first common step for
alkane ODH reaction, hence it can be considered as
the initial step for the propane ODH mechanism.

Abstraction of the Second Hydrogen from
Propylene

The optimized structure of the intermediatel from
path (1), Int11, is considered as the initial point for
the final part of the mechanism, dissociation of
product and catalyst reoxidation, Figure 4. There
are three possible reaction paths to propene
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Figure 4. Presentation of three different reaction pathways for binding of propyl radical to the VO ,H(CH,), followed by
the second hydrogen abstraction to release the propene product, the first row of the energetic parameters is AE, kcal/

mol (the bond distances are according to angstrom (A)).

formation, 02, O1-H are used with the aim of
abstracting the second hydrogen from a methyl
group to form propene and VO,H,(CH,), catalyst.
In Path (1'), the propyl radical binds to the O1-H
group to form second intermediate, Int21 (1A),
which is 106.17 kcal/mol more stable than Intil. In
the final step in Path 1, 02 abstracts the second
hydrogen from the methyl group, leading to
propene and P1 by passing to second transition
state, Ts21, with an activation barrier of -96.18
kcal/mol. Paths 2" and 3' start with the formation
of the same intermediate, Int22 and Int23, (2A),
via a bond which is formed between the propyl
radical and O2 atom. In Path 2', O1 abstracts one
hydrogen from the methyl group with a -82.76
kcal/mol barrier to form propene and P1via TS22.
Path (3) (Hydroxyl-H 2nd-abs step), starting from
the same intermediate, 2A (Int23), uses the O1-H
group to abstract a hydrogen atom from the
methyl group, leading to the formation of propene
and P2, with about -170.35 kcal/mol barrier (Ts23).

In the Ts23 structure, the bond distance of
V-O1decreases from 1.86 A in Int23 (2A) to 1.84 A,
while the V-02 bond distance decreases from 1.86
A to 1.84 A. Path 2° has the lowest reaction bar-
rier among the three possible reaction pathways
studied in this work, -82.76 kcal/mol but path 3'is
more favorable than other paths because H,0 ea-
sily released from P2 than P1. The representative
potential energy profile of the total reaction was
obtained and is shown in Figure 5.

Vanadium Reoxidation

The most favorable step, path (3)" lead to P2
product that we consider as the starting point for
the final section of the mechanism, dissociation
of the product and catalyst reoxidation. It is
expected that water would easily dissociate from
P2 to create a vacant VIII site. However, the
dissociation energy calculated 60.5 kcal/mol,
which is higher than the activation barriers for
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Figure 5. Calculated energy profiles for propane ODH on VO, (CH,),, the first row of the energetic parameters is AE,,
the second row is AH, . and the third row is AG,, respectively

the conversion of propane to propene. Instead,
we used another associative mechanism where
water dissociation is assisted by the oxidant, O,.
In this mechanism, at first, O, binds to P2 with 2.0
kcal/mol for bonding of dioxygen to P2 eventually
resulting in the VO,(CH,),0,H, (complexi-Figure
6), which can be considered as a complex of
VO,(CH,),0, (complex 2-Figure 6) and water. In
complex 1the VOO forms cyclic peroxide.

To take the VOO plane as xz, this involves
rehybridizing the dz2 and dxz orbitals on the V
atom to obtain orbitals which can spin pair directly
with the pz orbitals on each oxygen atom to form
VO bonds. The H,O lone pair keeps coordinating
to the empty dyz orbital of the V, and the V-OH,
bond distance in complex 1is 4.2 A, that is 2.06
A longer than in P2, indicating a dramatically
weakened bond. In the second step, H,O has
been desorbed from complex 1to form complex 2.
Binding O, to P2 has the effect of destabilizing the
bonding of H,O. Thus, the energy to desorb H,0
from complex 1is only 8.56 kcal/mol (rather than
the 37.42 kcal/mol from P2).

In the third step, complex 2 converts to
reform the initial catalyst, VO,(CH,),. In order to
accomplish the catalytic cycle, the proxy specie
2 must be converted back to the initial VO,(CH,),
complex. As we expected, complex 2 would be more
reactive than the initial model catalyst, VO,(CH,),.
However, bonding an hydrogen atom to complex
2 to form a bound V-OOH gains 12.81 kcal/mol, as
compared to 60.79 kcal/mol for bonding H to the
V=01 of VO,(CH,),, indicating more reactivity. We
have hypothesized that complex 2 might activate
a second propane instead. We use an easy
hydrogen abstraction mechanism by using peroxo
moiety with a calculated barrier of 23.66 kcal/mol,
lower than the barrier for the initial hydrogen
abstraction step (Ts12) using the VO,(CH,),
catalyst (with 49.35 kcal/mol barrier energy). In
the subsequent step, the propyl radical fragment
in complex 3 bonds with the other oxygen atom
of the peroxo group to form complex 4 with 23.8
Kcal/mol barrier. The second molecule of propene
and water are formed by passing through a six-
membered ring transition state, Ts 4-1 (Figure 6).
For this step, the activation energy is 23.1 kcal/
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mol. The initial VO,(CH,), catalyst is regenerated,
completing the catalytic cycle. Catalyst cycle is
summarized in Figure 7, schematically.

The potential energy surface for this cycle is
shown in Figure 8. The overall reaction is:

VO,(CH,),+ 2C,H,+0,— VO,(CH,),+ 2C,H, +2H,0
AE=-28.0 kcal/mol (8)

In the above mentioned catalytic cycle, the V=01
is the active site for all steps however O, only pla-
ying the role of stabilizing the propyl radical by
forming the stable intermediate.

CONCLUSION

The ODHP reaction over a vanadium-carbon
catalyst by using DFT method was investigated in
order to study the oxidative reaction and possible
pathways in detail. We have applied VO,(CH,),
model for studding the catalysis on V supported C
(as carbon structure). The initial step is hydrogen
abstraction from propane by cooperation of both
terminalandinterface oxygensites forthefirstand
second C-H activation, respectively. The second

“

=

A
g

.{
P
>

4
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step initiates with propoxide intermediate on the
Ot site of VO,(CH,).. There are three competitive
reaction pathways leading to the formation of
the propene as product. The complete catalytic
cycle for conversion of propane to propene on
VO,(CH,), including reoxidation of the active site
is reported here. Consequently, we have proposed
that the rate determining step corresponds to the
first hydrogen abstraction. In our catalytic cycle,
gaseous O, promotes water desorption and re-
oxidizing the reduced vanadium oxide catalyst.
Our calculated results predicted that complex
2 (Figure 6) activate the methylene C-H bond in
propane with a reaction barrier 14.7. As the C-H
bond of propene product is weaker than the H-iPr
bond in propane, the V=0 (1) sites could react
more rapidly with the product than reactant, leads
to some products such as CO,. With the purpose
of avoiding such disadvantages in selectivity
process, the product should be protected from
V=0 sites. This might be the reason of high
selectivity property of supported catalysts. In
catalytic cycle, the V=01 sites play an essential
role in all reaction steps, while bridging oxygens
(V-0-C) play the stabilizing role in the propyl
intermediate. This study reveals that the activity

o

Ts 4-1

Figure 6. Presentation of optimized structures for the intermediate and transition states of the vanadium

reoxidation step.
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AG, ., respectively.

and selectivity of ODH reaction is correlated to
the structure and surface chemistry of carbon
materials based on the proposed reaction
mechanism. Our results may inspire application of
13 this process for carbon materials and in

experimental reactions, as well. More DFT studies
in future are highly recommended, which could
make better rational design of the catalysts to
achieve better selectivity, hence better results.
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Production of Thermostable c.~Amylase Through Solid State
Fermentation (SSF) by Using Thermophilic Anoxybacillus sp.

Termofilik Anoxybacillus sp. Kullanarak Kati Faz Fermantasyonu
(SSF) ile Isilkararl a-Amilaz Uretimi
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ABSTRACT

he production of extracellular a-amylase (1,4-a-D-glucan glucanohydrolase, EC 3.2.1.1) by a newly isolated

thermophilic bacterium Anoxybacillus sp. was studied in solid state fermentation (SSF). Bacterial strain
was isolated from a thermal spring of Omer, Afyonkarahisar in Turkey. Agricultural wastes such as banana
husk, wheat bran, rice husk, apple bark, orange bark, maize oil cake, lentil bran and pistachio shell were used
for a-amylase production as solid substrates. Growth on rice husk gave the highest a-amylase activity. The
maximum enzyme activity obtained was 3.628 U/mg of under optimum conditions of an fermentation time of
48 h, anincubation temperature of 60°C, a pH of 6.0, a substrat particle size 1.500 um, an initial moisture level
of 60% and an inoculum level of 40% (v/w).

Key Words
Agricultural waste, a-amylase, solid-state fermentation (SSF), thermophilic bacterium.

6z

kstrasellller a-amilaz (1,4-a-D-glukan glukanohidrolaz, EC 3.2.1.1) Uretimi yeni izole edilmis bir termofilik

bakteri olan Anoxybacillus sp. kullanilarak kati faz fermantasyon (SSF) ydntemiyle gerceklestirilmistir.
Bakteri irki, Tlirkiye'de Afyonkarahisar, Omer, termal kaplicasindan izole edilmistir. a-Amilaz Gretimi icin, muz
kabugu, bugday kepedi, piring kabugu, elma kabugu, portakal kabugu, misir yagi pastasi, mercimek kepedi ve
antep fistigr kabugu gibi tarimsal atiklar kati substrat olarak kullaniimistir. En ylksek a-amilaz aktivitesi, piring
kabugu tzerindeki mikroorganizma Uremesinde elde edilmistir. Maksimum enzim aktivitesi, 3.628 U/mg,
48 saatlik fermantasyon siresi, 60°C'lik bir inkiibasyon sicakligi, pH 6.0, substrat parcacik boyutu 1.500 pum,
baslangic nem seviyesi %60 ve asilama seviyesi %40 (v/w) optimum kosullari altinda elde edilmistir
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INTRODUCTION

-Amylase (1,4-a-D-glucan glucanohydrolase,
OlEec 3.2.1.1) is a common secretory enzyme that
catalyze the hydrolysis of internal a-D-(1,4) glyco-
sidic bonds of starch at random points [1]. a -amy-
lase is an important enzyme for industrial opera-
tions such as starch processing, pulp industries,
textile, yeasting, baking, distillation industries
and pharmaceutics [2,3]. This enzyme represents
an industrial enzyme category which has a 25%
share (approximately) in the enzyme sector [4,5].
a-amylase can be produced from various sources
such as plants, animals and microorganisms. Enz-
ymes originating from microbial sources gene-
rally meet industrial demand [4].

Solid state fermentation (SSF) is a process whe-
re microorganisms grow without any free water or
in an environment containing a very small amount
of free water. Due to its historical importance, it is
being used for the production of basic foodstuff
such as bread and cheese in the West and koji in
the East for thousands of years [6]. Considering the
last century and the past couple of decades, it is still
being used for the production of biomolecules and
products that are important for many industries,
including food, pharmaceuticals, textile, biochemi-
cals, bioenergy, and others [7,8]. As compared to
conventional submerged fermentation (SmF), SSF
offers important advantages such as low energy re-
quirements, high productivity and less inhibitor ef-
fect for enzymatic production [9]. Its application at
industrial scale, however, seems to be limited beca-
use of technological issues such as reactor design,
heat transfer problems or cost of sterilization [10].

Thermophilic bacteria usually grow at tempe-
ratures as high as 50-80°C [11]. Because thermop-
hilic character is not associated with Gram identity
(Gram + or -), spore formation state (spore forming
or not) and respiratory type (aerobic or anaerobic)
of the bacteria, thermophilic members can be fo-
und in each bacteria group. Thermophilic bacteria
can produce DNA polymerases, lipases, amylases,
proteases, xylanases and also exo-polysaccharides
resistant to high temperature, salt and extreme pH
conditions [12]. For these reasons, thermophilic bac-
teria have been great attention in biotechnology in
recent years by many researchers.

The aim of this investigation was the optimiza-
tion of a-amylase production by using thermophilic
bacterium Anoxybacillus sp. under SSF. For this rea-
son, the various process parameters were checked
out such as various agriculture wastes, fermenta-
tion time, temperature and pH, particle size, initial
moisture level, inoculum volume and influence of
different metal ions.

MATERIALS and METHODS

Isolation and Identification of Thermophilic
Bacterial Strain

In this study, bacterial strain was isolated from a
thermal spring of Omer, Afyonkarahisar in Turkey.
Based on the quantities of a-amylase secreted
by solid state media and the features of the
enzyme, one strain was selected for following
studies and identified as Anoxybacillus sp. on the
basis of different biochemical and morphological
tests and 16S rRNA gene sequence analysis.
The phylogenetic tree was arranged with the
neighbor joining process utilizing the Molecular
Evolutionary Genetics Analysis (MEGA) [13].

Preparation of Inoculum

The thermophilic isolate was cultured in 50 mL
of Nutrient Broth in a 250 mL glass bottle and
inoculated with a loopfull of cells from one night
old slant and kept at 55°C in a shaker (120 rpm).
After 12 h of incubation, 1000 pL of this medium
was utilized for inoculation. By serial dilution and
plating, the quantities of viable colonies in the
inoculation medium was determined to be 7.4x107
CFU/mL.

Solid-State Fermentation (SSF)

Banana husk (BH), wheat bran (WB), rice husk (RH),
apple bark (AB), orange bark (OB), lentil bran (LB),
maize oil cake (MOC) and pistachio shell (PS) were
provided from a regional market in Mersin, Turkey.
One half of a gram of solid substrates which
passed through sieve of 1.000 um were put into
50 mL glass bottle. To adjust moisture contents
(% by mass per volume), Tris HCI (0.1 M and pH
7.0) was added and then autoclaved at 121°C for
15 min. The glass bottles were waited for cooling
after autoclaving and then were inoculated with 1
mL spore suspension. After inoculation, the SSF
mediums were incubated at 55°C at 120 rpm.
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Optimization of Process Parameters
Investigation of the influence of different
physico-chemical factors and cultural
conditions was necessary for the optimization
of enzyme production of Anoxybacillus sp.
used in SSF. The strategy was to optimize
every factor independently and we studied the
optimal conditions after in each experiments.
Fermentation time (24-144 h), temperature (40-
75°C), pH (citrate buffer 0.1 M, pH 3.0, 4.0, 5.0,
and 6.0, Tris-HCI buffer 0.1 M, pH 7.0, 8.0, and
9.0, carbonate/bicarbonate buffer 0.1 M, pH 10),
particle size (500-2.000 um), inoculum size (10-
60% by mass per volume), initial moisture level of
the SSF substrate (40-70% by mass per volume)
and different metal ions (Co?*,Ca%*, Mn#*,Cu?*, Pb?",
Cd?*) were optimized.

Enzyme Extraction and Assay

The fermented SSF substrates were mixed pro-
perly with water and then shaked by shaker at
120 rpm for 60 min. The fermented extracts were
compressed using muslin cloth. The extracts were
centrifuged at 10.000 g for 8 min. The upper solu-
tion used as the crude enzyme after centrifugati-
on. a-Amylase assay was determined by Bernfeld
method [14].

RESULTS and DISCUSSION

Morphological, Physiological, Biochemical
Tests and 16S rRNA Gene Sequence Analysis

It was observed that isolated bacteria (SO-
6) were in the form of bacilli, gram positive,
creates spores, mobile and thermophilic (Table
1. It was determined that this isolate was close
to Anoxybacillus sp. according to the results of
morphological, physiological and biochemical
tests and 16 rRNA analysis (Accession
no. KJ434783). Figure 1 demonstrates the
phylogenetic tree analysis. 16rRNA sequence is
as follows:

GCTTTTGGATCGTTAGCGGCGGACGGGTGAG-
TAACACGTGGGCAACCTGCCCTGTAGACGGGG

ATAACACCGAGAAATCGGT-GCTAATACCGGAT
AACACGAAAGGCCGCATGGTCTTTCGTTGAA-
AGGCGGCGCAAGCTGTCGCTACAGGATGGGCCCG-
CGGC-GCATTAGCTAGTTGGTGAGGTAACGGC-
TCACCAAGGCGACGATGCGTAGCCGACCTGAG

AGGGTGATCGGCCACACTGGGACTGAGACACG

GCCCAGACTCCTACGGGAGGCAGCAGTAGGGA-

ATCTTCCGCAATGGACGAAAGTCTGACGGAGCAAC
GCCGCGTGAGCGAAGAAGGCCTTCGGGTCGTAAA

GCTCTGTTGTTAGGGAAGAACAAGTACCGCAGT-
CACTGGCGGTACCTTGACG-GTACCTAACGAGGA-
AGCCACGGCTAACTACGTGCCAGCAGCCGCGGTA-
ATACGTAGGTGGCAAGCGTTGTCCGGAATTATTG-

GGCGTAAAGCGCGCGCAGGCGGTTCCTTAAGT
CTGATGTGAAAGCCCACGGCTCAACCGTGGAGG

GTCATTGGAAACTGGG-GGACTTGAGTGCAGA-
AGAGGAGAGCGGAATTCCACGTGTAGCGGTGA-
AATGCGTAGAGATGTGGAGGAACACCAGTG-

GCGAAGGCGGCTCTCTGGTCTGTAACTGACG
CTGAGGCGCGAAAGCGTGGGGAGCAAACAG

GATTAGATACCCTGGTAGTCCACGCCGTAAAC-
GATGAGTGCTAAGTGTTAGAGGGTATCCACCC-

TTTAGTGCTGTAGCTAACGCATTAAGCACTCCGC

CTGGGGAGTACGCTCGCAAGAGTGAAACTCAA-
AGGAATTGACGGGGGCCCGCACAAGCGGTGGA-
ACCTTGTGGTTTAATTCGAAGCAACGCGAAGA-
ACCTTACCAGGTCTTGACATCCCCTGACAACCCGA-

GAAATCGGGCGTCCCCCTTCG...

Effect of Different Agriculture Wastes on
o-amylase Production

Selection of a suitable solid substrate for fermen-
tation process in SSF method is an important fac-
tor [15]. Various agroindustrial materials, particu-

larly BH, WB, RH, AB, OB, MOC, LB and PS were
tested for the selection of the most convenient
substrate material to optimize bacterial growth

and enzyme production. As can be seen in Figu-

re 2, maximum amylase production (2.532 U/mqg)
was obtained in a medium containing RH alone as

the substrate. The order of production of a -amy-

lase from maximum to minimum was found to be
RH>WB>MOC>BH>OB>AB>LB>PS. Therefore, RH
was used as a substrate in all subsequent studies.

Effect of Fermentation Time on

o -amylase Production

Incubation period required to reach maximum
enzyme level depends on culture characteristics

and it is based on growth speed and enzyme pro-

duction [16]. To determine the best fermentation

period, tests were conducted from 24 h to 144 h.
A gradual increase was seen in enzyme producti-

on from 24 to 48 h and maximum enzyme activity
was determined to be 2.820 U/mg in 48 h, after
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Table 1. Morphological, physiological and biochemical tests.

Properties Isolate
S0-6
Gram Staining +
Spore +
Cell Shape Bacilli
Pigmentation Yellow
Aerobic respiration +
Growth Temperature 25-80°C
Growth Ph 3.0-11.0
Mobility +
Casein Hydrolysis +
Starch Hydrolysis +
Gelatin hydrolysis
Lipase Activity +
Catalase Activity +
Urease Activity -
.00 | =
©0.01 .91 Q -6 (KJ434783)

.04

o.01

Bacillus cereus

.05

o.00

Bacillus sp.

Figure 1. Evolutionary relationships of taxa.
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Figure 2. Effect of different substrates on a-amylase production by Anoxybacillus sp. using SSF. Process conditions:
initial moisture content 50% (% by volume per mass), inoculum size 30% (% by volume per mass), particle size 1.000
um, fermentation time 24 h, pH 7.0 and temperature 55°C.
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Figure 4. Effect of temperature on a-amylase production by Anoxybacillus sp.under SSF using RH as substrate. Process
conditions: initial moisture content 50% (% by volume per mass), inoculum size 30% (% by volume per mass), particle

size 1.000 um, fermentation time 48 h and pH 7.0.

which a gradual decrease was observed (Figure
3). Decrease in enzyme efficiency after that hour
may depend on the depletion of media or the de-
naturation of enzyme resulting from its interac-
tion with other components in the medium or a
variation in pH of the medium [17]. Fermentation
time was applied as 48 h in all subsequent expe-
rimental works.

Effect of Temperature on Bacterial Growth
and o -amylase Production

Temperature control in substrate bed has crucial
importance to SSF because bacterial growth
and the production of enzymes or metabolites is

generally sensitive to temperature [15,18,19]. As
shown in Figure 4, the enzyme activity increased
9.7 times with an increasing in the temperature
from 40 to 60°C and the optimum enzyme
production temperature of Anoxybacillus sp.
was determined as 60°C (2.942 U/mg). The
production of thermophiles at high temperatures
is technically and economically important that it
minimizes the risk of contamination, facilitates
mixture by reducing adhesiveness, and causes a
high level of substrate solubility [20]. The enzyme
activity decreased 13 times when the temperature
increased from 60 to 75°C. This reduction can be
attributed to the decreased of bacterial growth



above the optimum fermentation temperature
(data not shown). Thus, temperature in the
substrate bed of 60°C was used for further studies.

Effect of pH on o -amylase Production

pH is one of the important factors for each
fermentation process and depends on the
type of moistening agent used in media. Each
microorganism has an optimum pH range so that
it can grow and become active. A substrate
formation taking account of the buffering
capacity of different components used or a buffer
formulation containing components which do not
have a harmful effect on biological effectiveness
should be used for overcoming pH variation
problem during SSF process [21]. As inferred
from Figure 5, optimum pH value was determined
to be 6.0 (3.060 U/mg) by using different buffers
for various pH values for the production of o-
amylase. Subsequent works were carried out by
using this value as a basis.

Effect of Substrate Particle Size

on a-amylase Production

The size of substrate particle is the most critical
factor for microbial growth and enzyme activity
[22]. The enzyme activity rised up 8.2 times with
an increasing in the particle size from 500 to
1.500 um. The highest enzyme production (3.060
U/mg) was found in the medium with a particle
size of 1500 um (Figure 6). It is preferred for
microbial growth as surface are might grow due to

10

96 ‘ M.S. Yalcin and S. Ozdemir / Hacettepe J. Biol. & Chem., 2018, 46 (1), 91-99

smaller particle size, but growth may be inhibited
as substrate may be agglomerated in smaller
sizes. At 2.000 um, activity of enzyme dropped
down up to 57.3% as compared to the optimum
enzyme activity at 1.500 um. In larger sizes, it is
not preferred as an insufficient surftace area will
be formed for microbial attack [23]. Substrate
with 1.500 pum particle size was preferred for
subsequent works.

Effect of Initial Moisture Content of Substrate
on a-amylase Production

The critical importance of humidity level in a SSF
setting and its effects on the biosynthesis and
oscillation of enzymes may be attributed to the
effect of humidity on the physical characteristics
of solid particlesinthe medium [16]. A low humidity
content will cause a decrease in the solubility of
substrate nutrients and a lower inflation level
[24]. However, it is believed that an increase in
humidity level reduces the porosity of wheat bran
and thus, limits oxygen transfer [18]. As shown in
Figure 7, maximum enzyme efficiency i.e. 3.175
U/mg was obtained in 60% substrate humidity
content in ftrials conducted for determining
the optimum humidity content because of its
importance. Subsequent works were carried out
based on this humidity content.

pH
L o O = T = I V=]

o 500 1000

1500

20000 2500 3000 3500

Enzyme Activity (U/mg]

Figure 5. Effect of pH on a—amylase production by Anoxybacillus sp.under SSF using RH as substrate. Process conditions:
initial moisture content 50% (% by volume per mass), inoculum size 30% (% by volume per mass), particle size 1.000 um,

fermentation time 48 h and temperature 60°C.
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Figure 6. Effect of substrate particle size (um) on a-amylase production by Anoxybacillus sp. under SSF using RH as
substrate. Process conditions: initial moisture content 50% (% by volume per mass), inoculum size 30% (% by volume
per mass), fermentation time 48 h, pH 6.0 and temperature 60°C.

Effect of inoculum Size on
a-amylase Production
Inoculum level is one of the other important

parameters for the production of a-amylase [25].

As presented in Figure 8, the lowest enzyme yield
was obtained at the lowest value of 10% inoculum
size, whereas the maximum enzyme vyield (3.274
U/mg) was obtained at 40% inoculum size. At
60% inoculum size activity of enzyme dropped
down up to 55.5% as compared to the optimum
enzyme activity at 40% inoculum size. This

results agreed with that of Ozdemir et al., [25].

Thus, 40% was used for further studies.

Effect of Metal lons on a-amylase Production
Different metals exhibit different behavior in

terms of their ability to act as an effector [26].

Metallic co-factors are important for enzymatic

4000 4
3500 4

Enzyme Activity (Ufmg)

reaction because the existence or absence of
metal regulates enzyme activity. The presence
of a specific metallic ion in addition to the source
of basic nutrient may inhibit or reinforce enzyme
production. Co?*, Ca?, Mn?* ,Cu?, Pb% and Cd*
metalionsin a5 mg/L concentration and a control
group without any metal ion were tested under
the optimum fermentation conditions. As shown
in Figure 9, a-amylase production increased in
presence of Ca?*, Co?* and Mn?*ions, but slightly
decreased in presence of Cu?. Michelin et al.,
(2010) reported that amylase was activated by
calcium (34%), cobalt (41%), and manganese
chlorates (47%). Saboury (2002) also determined
Co?* as activator of a-amylase from Bacillus
amyloliquefaciens.
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Figure 7. Effect of initial moisture content on a-amylase production by Anoxybacillus sp. under SSF using RH as subs-
trate. Process conditions: inoculum size 30% (% by volume per mass), particle size 1.500 um, fermentation time 48 h,

pH 6.0 and temperature 60°C.
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Figure 8. Effect of inoculum size (% by volume per mass) on a-amylase production by Anoxybacillus sp. under SSF
using RH as substrate. Process conditions: initial moisture content 60% (% by volume per mass), particle size 1.500 um,

fermentation time 48 h, pH 6.0 and temperature 60°C.
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Figure 9. Effect of metal ions on a-amylase production by Anoxybacillus sp. under SSF using RH as substrate. Process
conditions: initial moisture content 60% (% by volume per mass), inoculum size 40% (% by volume per mass), particle
size 1.500 um, fermentation time 48 h, pH 6.0 and temperature 60°C.

Our results showed good similarity with their
findings. Enzyme production sharply decreased
in presence of Pb?* and Cd?* ions. It is well known
that Pb?* and Cd?* ions are not essential for living
organisms. This reduction can be attributed to the
inhibition of bacterial growth because of toxic effect
of Pb?* and Cd?* ions (data not shown).

CONCLUSIONS

This study determined optimum conditions for the
production of thermostable a -amylase through
SSFtechnigue by using thermophilic Anoxybacillus

sp. The effects on enzyme production of different
agricultural  wastes, fermentation period,
temperature, pH, particle size, humidity, inoculum
level, and metal ions were explored and enzyme
production was optimized. The highest enzyme
activity was obtained as 3.628 U/mg at 48th
hour, 60°C, pH: 6.0, 1500 um particle size, 60%
initial humidity and 40% inoculation volume and
in presence of Ca?* ion by using RH as substrate.



M.S. Yalcin and S. Ozdemir / Hacettepe J. Biol. & Chem., 2018, 46 (1), 91-99

References

.

R. Gupta, P. Gigras, H. Mohapatra, V.K. Goswami, B.
Chauhan, Microbial a-amylases: A biotechnological
perspective, Process Biochem., 38 (2003) 1599-1616.
R.K. Saxena, K. Dutt, L. Agarwal, P. Nayyar, A highly
thermostable and alkaline amylase from a Bacillus sp.
PNS5, Bioresour. Technol., 98 (2007) 260-265.

A. Pandey, C.R. Soccol, P. Nigam, V.T. Soccol,
Biotechnological potential of agro-industrial residues:
|. Sugarcane bagasse, Bioresour. Technol., 74 (2000)
69-80.

B. Arikan, Highly thermostable, thermophilic,
alkaline, SDS and chelato rresistant amylase from
a thermophilic Bacillus sp. Isolate A3-15, Bioresour.
Technol., 99 (2008) 3071-3076.

M. Asgher, M.J. Asad, S.U. Rahman, R.L. Legge,
A thermostable a-amylase from a moderately
thermophilic Bacillus subtilis strain for starch
processing, J. Food. Eng.,79 (2007) 950-955.

C.R. Soccol, E.S. Ferreira da Costa, L.A.J. Letti, S.G.
Karp, A.L. Woiciechowski, L.P.S. Vandenberghe,
Recent developments and innovations in solid state
fermentation, Biotechnology Research&linnovation.,
1(2017) 52-71.

A. Pandey, Solid-state fermentation, Biochem. Eng.
J..13 (2003) 81-84.

C.R. Soccol, L.P.S. Vandenberghe, Overview of solid
state fermentation in Brazil, Biochem. Eng. J., 13
(2003) 205-218.

R.Kuhad, D. Deswal, S. Sharma, A. Bhattacharya,
K. Jain, A. Kaur, Revisiting cellulase production
and redefining current strategies based on major
challenges, Renew. Sust. Energ. Rev., 55 (2016) 249-
272.

D. Pessoa, A. Finkler, A. Machado, L. Luz, D. Mitchell,
Fluid dynamics simulation of a pilot-scale solid-state
fermentation bioreactor, Chem. Eng. Trans., 49 (2016)
49-54.

D.H. Bergey, Thermophilic bacteria, J. Bacteriol., 4
(1919) 301-306.

T. Aanniz, M. Ouadghiri, M. Melloul, J. Swings, E.
Elfahime, J. Ibijbijen, M. Ismaili, M. Amar, Thermophilic
bacteria in Moroccan hot springs, salt marshes and
desert soils, Braz. J. Microbiol., 46 (2015) 443-453.
K. Tamura, J. Dudley, M. Nei, S. Kumar, MEGA4:
molecular evolutionary genetics analysis (MEGA),
Mol. Biol. Evol., 24 (2007) 1596-1599.

P. Bernfeld, Amylases, a and . In: Methods in
Enzymology |. Academic, New York (1955).

K.S. Harmeet, S. Kanupriya, K.G. Jugal, K.S. Sanjeey,
Production of a thermostable oc-amylase from Bacillus
sp. PS-7 by solid state fermentation and its synergistic
use in the hydrolysis of malt starch for alcohol
production, Process Biochem., 40 (2005) 525-534.

16.

20.

21.

22.

23.

24.

25.

26.

27.

A. Kunamneni, K. Permaul, S. Singh, Amylase
production in solid-state fermentation by the
thermophilic fungus Thermomyces lanuginosus, J.
Biosci. Bioeng., 100 (2005) 168-171.

N. Mahanta, A. Gupta, SK. Khare, Production of
protease and lipase by solvent tolerant Pseudomonas
aeruginosa PseA in solid-state fermentation using
Jatropha curcas seed cake as substrate, Bioresour.
Technol., 99 (2008) 1729-1735.

K.R. Babu, T. Satyanarayana, a-Amylase production
by thermophilic Bacillus coagulans in solid state
fermentation, Process, Biochem., 30 (1995) 305-309.
S.M. Kotwal, M.M. Gote, S.R. Sainkar, M.l. Khan, J.M.
Khire, Production of a-galactosidase by thermophilic
fungus Humicola sp. in solid state fermentation and its
application in soya milk hydrolysis, Process Biochem.,
33(1998) 337-43.

P. Turner, G. Mamoand E.N. Karlsson, Potential
and utilization of thermophiles and thermostable
enzymes in biorefining, Microbial. Cell Factories., 6:9
(2007)1-23.

A. Pandey, C.R. Soccol, J.A. Rodriguez Leon, P. Nigam,
Factors that influence on solid state fermentation.
In: Pandey A, ed. Solid State Fermentation in
Biotechnology: Fundamentals and Applications. New
Delhi: Asiatech Publishers Inc., (2001) pp. 21-9.

B.L. Luiand, Y.M. Tzeng, Water content and water
activity for the production of cyclodepsipeptide in
solid state fermentation, Biotechnol. Lett., 21 (1999)
657-661.

M. Elibol, A.R. Moreira, Optimization some factors
affecting alkaline protease production by a marine
bacterium Teredinobacter turnirae under solid-
state substrate fermentation, Process. Biochem., 40
(2005) 1951-1956.

R.V. Feniksova, A.S. Tikhomirova, E.E. Rakhleeva,
Conditions for forming amylase and proteinase in
surface cultures of Bacillus subtilis, Microbiologia., 29
(1960) 745-748.

S. Ozdemir, F. Matpan, V. Okumus, A. Diindar, M.S.
Ulutas, M. Kumru, Isolation of a thermophilic
Anoxybacillus flavithermus sp. nov. and production
of thermostable o-amylase under solid-state
fermentation (SSF), Ann. Microbiol., 62 (2012) 1367-
1375.

W.F. Li, X.X. Zhou, P. Lu, Structural features of
thermozymes, Biotechnol. Adv., 23 (2008) 271-281.
M. Michelin, T. M. Silva, V. M. Benassi, S. C. Peixoto-
Nogueira, L. A. Moraes, J. M. Ledo, J. A. Jorge, H. F.
Terenzi,M.L.Polizeli, Purificationand characterization
of a thermostable a-amylase produced by the fungus
Paecilomyces variotii, Carbohydrate Res. 345 (2010)
2348-2353.

28. A.A.Saboury, Stability, activity and binding properties

study of a-amylase upon interaction with Ca?* and
Co?*, Biologia, 57 (2002) 221-228.

99



A. Yesilyurt et al. / Hacettepe J. Biol. & Chem., 2018 46 (1), 101-111

Trichoderma citrinoviride: A Potent Biopriming Agent for the
Alleviation of Salt Stress in Maize

Trichoderma citrinoviride: Misirda Tuz Stresinin Azaltilmasinda
Kullanilabilecek Potansiyel Bir On Muamele Ajan

Research Article

Abdullah M. Yesilyurt®, Necla Pehlivan®, Nuran Durmus, Sengul A. Karaoglu
Department of Biology, Faculty of Arts and Sciences, Recep Tayyip Erdogan University, Rize, Turkey.

ABSTRACT

he rapid increase in global population and industrial pollution pose severe environmental threats to

agriculture that are exacerbated by salt stress. Molecular characterization of new fungal isolates and
assessment of their impact on agriculture might be an eco-friendly approach to modulating salt tolerance.
Herein, fungal seed biopriming was conducted on salt (NaCl) stressed maize in a dose-dependent manner.
Genetic lineages of fungi were identified using well-known fungal ITS (internal transcribed spacer) barcodes
that revealed similarity to the Trichoderma citrinoviride (T11C) species. Fv/Fm, ETR and gP were recorded as
close to optimum in bioprimed maize plants after application of salt stress. NPQ (nonphotochemical quenching)
decreased slightly in respective groups. Higher photosynthetic pigment contents were also detected. T11C
seed biopriming decreased the lipid oxidation remarkably under salt stress. SOD, GPX, GR and CAT activities
were not found to be significantly induced in the roots or leaves of T11C after biopriming. However, higher
RWC (relative water content), soluble protein and proline were measured in bioprimed test groups treated
with high salt stress, demonstrating increased osmoregulatory capacity. Our ongoing research is directed
toward developing powdered fungal biopreperations to assay multiple stress tolerances in agriculture for agro-
economically important cereals such as maize.

Key Words
Trichoderma citrinoviride, seed biopriming, maize, chloropyhll fluorescence.

6z

Uresel nifus artisi ve endUstriyel kirlilik, tuz stresi ile birlestiginde, tarimsal sartlari agirlastiran cevresel

tehditlere dontsmektedir. Yeni fungal izolatlarin molekiler karakterizasyonu ve bunlarin tarim tGzerindeki
etkilerininarastiriimasi, tuz stresitoleransinin kontrollinde cevre dostu bir yaklasim olabilir. Bubaglamda mevcut
calismada, doza bagimli tuz (NaCl) stresi uygulanan misir tohumlarina fungal 6n muamele gergeklestirilmistir.
Fungusun genetik baglantilari iyi bilinen ITS barkodlari kullanilarak tanimlanmis ve Trichoderma citrinoviride
(TN1C) tUrlne benzerlik gosterdigi ortaya cikariimistir. Fungal uygulamanin yapildigi stres altindaki misir
bitkilerinde, maksimum kuantum verimi (Fv/Fm), elektron transfer orani (ETO), ve fotokimyasal kullaniimanin
(gP) optimuma yakin oldugu, bununla birlikte NPQ (fotokimyasal olmayan floresans sénmesi) degerlerinin ise;
ilgili gruplarda azaldigi belirlenmistir. Ayrica, fotosentetik pigment iceriklerinin yiksek oldugu kaydedilmistir.
T11C fungal muamelesinin, tuz stresi altindaki bitkilerde lipid oksidasyonunu diisiirdigi tespit edilmekle birlikte,
misir kdk ve yapraklarinda SOD, GPX, GR ve CAT aktivitelerini belirgin sekilde arttirmadigi gdzlenmistir. Yiksek
tuz stresi uygulanan test gruplarinda, yliksek RWC (gdreceli su icerigi), cozlnebilir protein ve prolinin tespiti,
fungal 6n muamelenin, bitkilerde artan bir osmoregtlasyon kapasitesini tetikledigini kanitlamistir. Devam eden
calismalar, misir gibi ekonomik acidan dnemli tahillarda coklu stres toleranslarini test etmek adina, tarimsal
uygulamalarda kullanilabilecek toz halindeki mantar biyopreparatlarinin gelistirilmesine y&neliktir.
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INTRODUCTION
Salt stress is one of the most important
agricultural threats expected to impact
crop yields in the near future due to intensive
irrigation, chemical contamination from inorganic
fertilizers and destruction of natural vegetation
lands on earth [1]. These effects are expected to
become increasingly catastrophic in agriculture
considering the compounding threat of severe
climate fluctuations and increased air pollution
across the globe. Consequently, crop yields may
decline and jeopardize our food security. Hence it
is necessary to take precautions that can reduce
plant stresses and stave off damages to the
environment.

Maize is a crucial cereal for the agricultural
provisions required by mankind. Maize is
employedin a wide range of applications including
clothing, food and alternative fuels [2]. Aside
from a few exception genetic variants [3], maize
is a salt-sensitive plant with significant reduction
in crop yield following salt stress. Thus, genetic
modifications that bolster salt tolerance may
improve yields in maize.

Though maize does recruit various
mechanisms to combat salt stress, even
moderately elevated soil salt content can
debilitate growth. Accordingly, crop yield may
improve with incorporation of externally derived
stress relief agents during key growth phases [4].
Chemical priming is one approach to increasing
stress tolerance that entails exposing the plant
to periodically increasing chemical stressors
over a prolonged time frame to safely activate
endogenous defense mechanisms. However, the
chemicals used for plant priming are mostly
synthetic chemicals (reactive oxygen, nitrogen,
sulfur species (RONSS) [5] or fungicides
(pyrabactin) [6] and have potential to be toxic to
the environment and consumers throughout the
food web. Natural agents/metabolites may be
used as an eco-friendly approach. Fungal genus
Trichoderma may serve as a viable candidate
and is the focus of this study. Trichoderma are
endophytic plant symbionts that are commonly
used for the biological control of various plant
pathogens via chemotropic and mycoparasitic
interactions [7]. Some Trichoderma strains can

interact with roots for disease resistance and
abiotic stress tolerance consequently improving
plant growth and development under unfavorable
environmental conditions [8]. However, since
different genetic backgrounds of this genus might
exert variable potency to eliminate stress-related
injuries in the plant cell, molecular identification
of new fungal isolates can be important for
agricultural preparate purposes as organic
stress-relieving fertilizers. Additionally, since the
photosynthetic efficiency of salt-stressed maize
after Trichoderma biopriming is unknown in the
literature, our approach is to modulate the salt
stress response using our own isolate, T11C, to
mitigate salt stress in before maize seeds reach
germination.

MATERIALS and METHODS

Isolation and Molecular Identification of
Target Fungal Strain

Microfungus used in this study were isolated
from the soil of tea gardens in Rize-lyidere of
Turkey (41°0.731'N, 40°21.649'E) [9] and stored
in the Culture Collection Unit of the Microbiology
subdivision at Recep Tayyip Erdogan University,
Turkey. Annual precipitation in this area
exceeds 2400 mm annually and is classified as
a humid, subtropical climate. After phenotypic
identification, the isolate was further verified
by molecular characterization via a 700 base
pair polymerase chain reaction using fragment
amplification of the 5.8 S rDNA gene (using
oligonucleotides 5-ATG AGT ATT CAA CAT TTC
CG -3" and 5'-CCA ATG CTT AAT CAG TGA GG-3")
of ITS-1and ITS-2 regions.

Revival of the Culture and Preparation of
Fungus Inoculum

The target microfungus was derived from the
cultures grown on petri dishes containing Potato
Dextrose Agar (Merck, Germany) incubated at
25°C for 14 days. Hyphae and spores acquired
from pure culture were then transferred into
flasks filled with broth media (Malt Extract)
and were positioned in a rotary shaker (GFL,
Germany) at 27°C for 12 days. Filtration was
performed to obtain mycelia which were washed
with sterile H,O and placed in liquid nitrogen.
Conidial densities in the spore suspension were



recorded by a Neubauer slide under a basic light
microscope (Olympus BX41, USA). The method of
Goettel and Inglis [10] was used to set the density
of inoculum up to 1x107 conidia/mL.

Preparation of Fungus Suspension

TNC fungal inoculum was mixed with 2%
carboxymethyl cellulose and 1% Tween 20 to
achieve adhesion and homogeneity, respectively.
Then, Zea mays L. cv. Samada O7 seeds were
subjected to a volume of 1x107 conidia/mL
suspension. Control seeds were soaked in equal
volume of sterile distilled water. Incubation
was performed for one hour after 30 min seed
sterilization with 1% bleach solution (NaClO) and
rinsed thoroughly in distilled water.

Salt Stress Applications

The applications were organized into a
randomized block design. Six seeds for each
treatment were placed into plastic pots (12 by 12
by 5 cm) and incubated at 25+1°C with 16 h of light
with 70% relative humidity and 350 umol m?2s
light intensity period in a growth chamber. Soil
used for planting was autoclaved in polyethylene
bags two times before used. Six different groups
were used to conduct salt stress experiments:
non-bioprimed control seeds watered with pure
H,O (control); 50 mM NaCl; or 100 mM NacCl; and
seeds bioprimed with the isolated T11C strain and
no salt treated (T11C), bioprimed with T11C at first,
thereafter subjected to the 50 mM NaCl (50 mM
+ T11C) and 100 mM NaCl (100 mM + T11C). The
efficacy of T11C inoculum on the growth of maize
seedlings was evaluated after 2 weeks following
seed planting. 50 mM and 100 mM NaCl were
exposed to the seedlings every two days for 10
days. Controls were watered with pure H,0. In
case of nutrient deficiency, Hoagland solution was
applied every 5 days from sowing to harvested
day. Maize seedlings from each treatment were
gently separated from the pots and phenotypic
and biochemical analyses were conducted.
Growth Measurements

Planting mix of the maize seedlings of each
treatment were gently removed from the root
system. Roots and shoots were dried at 70°C for
72 hours to record dry weight (DW) values. Root
fresh weight (FW) and DW of maize seedlings
besides respective lengths were recorded. Turgid
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weights of 0.5 g leaf samples were noted after
soaking in distilled H,0 in the dark at 4°C for 16 h
to measure the RWC [11].

Analysis of Biochemical Compounds

Following plant salt stress, response parameters
were determined in the second fully developed
apical leaves of each test plant based on the
cited references: concentration of photosynthetic
pigments (total chlorophyll (Chl) and carotenoid
(Car)) [1213], and malondialdehyde (MDA)
expressed as nmol MDA per g FW) which is the
end-product of lipid oxidation [14] and proline
accumulation was given as mg proline per g FW in
the presented figures [15].

Antioxidant Enzyme activities

Antioxidant enzymes, such as superoxide
dismutase (SOD, EC 1.15.1.1), guaiacol peroxidase
(GPX, EC 1.11.1.7), catalase (CAT, EC 1.11.1.6) and
glutathione reductase (GR, EC 1.6.4.2) were
determined spectrophotometrically by using the
methods of Dhindsa and Matowe [16], Urbanek
et al. [17], Aebi [18] and Foyer and Halliwell [19],
respectively. Enzyme extractions for the activity
assays were conducted in potassium phosphate
(K,HPO,) buffer (50 mM, pH 7.0) prepared with
1 mM EDTA and 1% polyvinylpolypyrrolidone.
Bovine serum albumin was used for soluble
protein measurements [20].

Chlorophyll Fluorescence Measurements

The measurements were conducted after day
10 of salt stress exposure. The chlorophyll
fluorescence parameters which were recorded
by OS5P modulated fluorometer (Opti-Sciences,
Hudson, NH, USA) measured in second fully
developed apical leaf. The maximum quantum
efficiency of PSIl readings (Fv/Fm (maximal
efficiency of PSII photochemistry); Fv= Fm-FO of
dark adapted leaves were collected with dark leaf
clip after a short 20 min dark-acclimation period.
Fm (maximum) and FO (minimum) yields of the
fluorescence of anilluminated leaf obtained based
on the method of saturation pulse. The quantum
yield of PSII photochemistry (®PSIl) data was
acquired by a steady state light adapted yield
protocol that yields the ratio between the light
amount absorbed in the photochemistry of PSII
and the light absorbed by chlorophyll pigments of
PSIl.Nonphotochemical (NPQ) and photochemical
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quenching (Pg) besides the electron transport
rate (ETR) were documented using the Quenching
protocol with a PAR clip apparatus. All mentioned
parameters were calculated by Fluorometer
software itself.

Statistical Analysis

All tests were performed in triplicate with at least
three technical and three biological replicates
per treatment. Analysis of variance (ANOVA) with
post-hoc Tukey's range test was used to compare
averages between different groups. Statistical
significance was set to a level of 5% (P < 0.05)
[21]. Statistical analyses were performed using
the SigmaPlot 12 software (Systat Software Inc.,
Chicago, USA).

RESULTS

Identification of Trichoderma citrinoviride
Strain 11C

Amplified DNA sequences of fungus were
subjected to the ClustalW multiple sequence
alignment in BioEdit. Dendrogram created by
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neighbor-joining analysis showed that the fungal
strainisphylogenetically linkedtothe Trichoderma
citrinoviride T200 with 99% sequence similarity
(NCBI GenBank: HQ596983.1) from now on, we
have labeled the inoculant as T11C for further
physiological tests (unpublished data).

T11C Seed Biopriming Improves Phenotypic
Growth Traits Under Dose Dependent NacCl
Stress

We have analyzed if T11C biopriming have
potential to provide increased tolerance in dose
dependent NaCl stressed maize plants. The
tolerance capacity/performance of the plants
from each treatment (control (C), the 50 mM
NaCl, 100 mM NaCl, T11C only treated and 50 mM
and 100 mM NaCl stressed plus T11C treated (50
mM + T11C and 100mM + T11C respectively) were
evaluated (Figure 1). At 50 mM and 100 mM NacCl
concentrations, both root and shoot lengths
displayed reductions in comparison to the well-
watered control plants (Figure 1A). T11IC seed
biopriming improved both root and shoot growth
of 50 mM and 100 mM NaCl stressed plants (50
mM + T11C and 100mM + T11C) in comparison with

N Root
1 Shoot

Figure 1. The impact of seed biopriming of Trichoderma citrinoviride strain 11C on (A) growth and (B,C) biomass
yield of maize plants under different salt concentrations for ten days. The plants were organized into 6 treat-
ments: well-watered only (C), exposed to 50 and 100 mM NaCl only (50 mM, 100 mM), seed bioprimed with T11C
and well-watered (T11C), seed bioprimed with T11C and 50 mM NaCl stressed (50mM + T11C), seed bioprimed with
T11C and 100 mM NaCl stressed (100 mM + T11C). Error bars indicate standard deviation and different letters (a, b,
¢, d, e, f) represent significant difference (ANOVA, p <0.05) among the different treatments (n= 3).



the non-bioprimed 50 mM and 100 mM NaCl plant
groups by 20.67% and 24.06% and 7.89% and
13.52% respectively (Figure 1A).

Conversely, remarkable differences were
detected in fresh and dry weights of roots and
shoots upon either salt treatment or priming. The
reductions in root fresh and dry weights were
found to be at least 14% and 45%, respectively,
under salt stress compared to with weights
of well-watered control plants. When salt
concentration was increased to 100 mM, 100mM
+ T11C bioprimed plants showed improved root
fresh and dry weight at a increase of 31.69% and
43.33%, respectively, when compared to the 100
mM salt stressed only group of plants (Figures 1B
and 10).

Additionally, when shoot data was analyzed in
terms of fresh and dry weights, seed biopriming
displayed similar protective effects, yet with
lesser increases by 6.5% and 19.48% (for the
50 mM + THC group), respectively, besides
7.28% and 20.48% (for the 100mM + T11C group)
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respectively, compared to the salt stressed only
plants (50 mM and 100 mM NaCl only group
(Figures 1B and 1C).

T11C Bioprimed Maize Seeds Outperform

the Control Plants with Regard to the Water
Utilization

To analyze how seed biopriming of T11C would
affect maize plants in terms of water status and
pigment concentrations (Chl and Car) under
salinity, different levels of NaCl concentrations
were applied separately. At the end of the
experimental period (10 days) the reduction
observed in the RWC of the control roots and
leaves was significant under salt stress, whereas
TNC seed biopriming applied shortly before
germination leading to an induction of robust
water status of roots and leaves of 50 mM and
100 mM NaCl stressed plants for each dose of
stress by keeping the water rate by 92.36% and
91.78% for the roots and 93.29% and 91.54% for
the leaves for respective treatments (Figure 2A).
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Figure 2. The potency of seed biopriming of Trichoderma citrinoviride strain 11C on relative water (RWC) (A), malondialdehy-
de (MDA) (B), soluble proteins (C) and proline (D) contents of maize plants under different salt concentrations for ten days.
The plants were organized into 6 treatments: well-watered only (C), exposed to 50 and 100 mM NaCl only (50 mM, 100 mM),
seed bioprimed with T11C and well-watered (T11C), seed bioprimed with T11C and 50 mM NaCl stressed (50mM + T11C), seed
bioprimed with T11C and 100 mM NaCl stressed (100 mM + T11C). Error bars indicate standard deviation and different letters
(a, b, c, d, e, f) represent significant difference (ANOVA, p <0.05) among the different treatments (n= 3).
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Figure 3. The potency of seed biopriming of Trichoderma citrinoviride strain 11C on total chlorophyll (A) and carotenoid
(B) contents of maize plants under different salt concentrations for 10 days. The plants were organized into 6 treatments:
well-watered only (C), exposed to 50 and 100 mM NacCl only (50 mM, 100 mM), seed bioprimed with T11C and well-watered
(TN1C), seed bioprimed with T11C and 50 mM NacCl stressed (50mM + T11C), seed bioprimed with T11C and 100 mM NaCl
stressed (100 mM + T11C). Error bars indicate standard deviation and different letters (a, b, ¢, d, e, f) represent significant
difference (ANOVA, p < 0.05) among the different treatments (n=3).

T11C Bioprimed Maize Seeds Confer

Healthier Biochemical Characteristics and
Photosynthetic Pigment Content Under either
Dose of NaCl Stress

To document the effect of T11C seed biopriming
in maize under different doses of NaCl, relevant
biochemical parameters were assayed (Figures
2, 3 and 4). Without NaCl in the soil mix, no
significant difference was observed between
well-watered control and T11C treated only
control groups. However, high dose of salt led
to significant proline accumulation with at least
7% and 8% increase in the roots and leaves,
respectively, compared to the non-bioprimed but
NaCl only treated group. T11C seed biopriming
also remarkably reversed the lipid oxidation
percentage in each dose of NaCl stressed maize
roots by decreasing the production of MDA at a
rate of 20.47% and 28.12% with respect to the
50 mM and 100 mM NaCl only irrigated plants,
respectively. A similar healing effect (at least by
13% increase) was detected in turn in the leaves
of maize with T11C presence (Figure 2B). Soluble
protein content, on the other hand, was assayed
in the roots and leaves of maize plants and almost
30% increase was detected in the roots of 100
mM + T11C treated plants with regard to the 100
mM NacCl treated only ones (Figure 2C). We have
also detected that proline as an osmoprotectant

significantly accumulated in the roots and leaves
of the plants irrigated with two different NacCl
concentrations as anticipated (Figure 2D).

On the other hand, total Chl of the maize
plants grouped into 50 mM + T11C and 100mM +
TNC were found to be represented the identical
tendency by 5.99% and 14.61% increase rates
when compared with 50 mM and 100 mM
NaCl irrigated only plants (Figure 3A). For the
concentrations of Car, increase was recorded by
7.79% and 26.49% for the respective treatments
(Figure 3B).

All antioxidant enzymes were induced
gradually both in the roots and leaves of the
maize plants under either concentrations of
NaCl stress with regard to the well-watered
control (Figure 4). Interestingly the SOD activity
markedly decreased by at least 9% and 21.36% in
the roots and the leaves, respectively, of the T11C
bioprimed plants that were irrigated with 100 mM
NaCl (Figure 4A).

However, GPX activity was increased by
14.74% and 5.78% in the roots and 5.45% and
2.36% in the leaves of 50 mM + T11C and 100mM +
TNC treated groups, respectively, when compared
to the 50 mM and 100 mM NaCl only treatments
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Figure 4. The potency of seed biopriming of Trichoderma citrinoviride strain 11C on SOD (A), GPX (B), GR (C) and CAT (D)
activities in maize plants under different salt concentrations for ten days. The plants were organized into 6 treatments:
well-watered only (C), exposed to 50 and 100 mM NaCl only (50 mM, 100 mM), seed bioprimed with T11C and well-watered
(TNC), seed bioprimed with T11C and 50 mM NacCl stressed (50 mM + T11C), seed bioprimed with T11C and 100 mM NacCl
stressed (100 mM + T11C). Error bars indicate standard deviation and different letters (a, b, ¢, d, e, f) represent significant
difference (ANOVA, p < 0.05) among the different treatments (n=3).

(Figure 4B). Accordingly, when we analyzed the
GR data, the increase was 12% and 4.28% for the
roots and 7.96% and 5% for the leaves of the 50
mM + T11C and 100mM + T11C group of plants in
comparison with the above mentioned respective
groups of treatments (Figure 4C). However, no
significant difference was detected in the CAT
activity either in the roots or leaves of the plants
inoculated with 50 mM + T11C and 100mM + T11C
treatments compared with respective NaCl only
groups (Figure 4D).

T11C Bioprimed Maize Seeds Display Improved

Chlorophyll Fluorescence

The efficiency measured as Fv/Fm was decreased
relative to the control plants after 10 days of
salt stress under each concentration of salt (50
mM and 100 mM NaCl) (Figure 5). Reductions
were observed in Fv/Fm, ETR, gP and ®PSII by
each dose of salt concentration whereas, NPQ
values were slightly increased depending on NaCl
dosage (Figure 5A, B, C, D and E). Subsequently,
T11C biopriming apparently elevated the efficacy
of the photosynthetic apparatus in maize plants.

Data reported improvements by 4.41% in Fv/
Fm, 3.01% in ®PSIl, 10.61% in ETR and 4.73% in
gP. In addition, a decline by 16.38% in NPQ was
detected in 100 mM + T11C treatments with regard
to the 100 mM NaCl treatment only (Figure 5).

DISCUSSION

Salts are essential criteria for robust soil
characteristics. However, excessive amounts of
salt in the soil, especially NaCl (table salt), induce
changes in the genetic expressions of plants that
limit their productivity, causing yield penalties
and death [22]. The degree of growth impairment
might vary based on salt dose and the plant's
genetic composition. However, glycophytes are
particularly susceptible to stress under high
concentrations of salt [3].

One of the most important crops for food
security is maize but most strains are glycophytes,
excluding the few salt tolerant varieties resulting
from polymorphisms during evolution or natural
cross-pollination [3]. Maize has a wide range of
applications, from our clothing to our food. It

107



A. Yesilyurt et al. / Hacettepe J. Biol. & Chem., 2018 46 (1), 101-111

0.8 4

10 5
A Ba . d 2 b ¢ c a a
a a - d = 30
084 — ¢ d b b b
0.6 25 4 ¢ d
£ 061 = o 20 1 °
L L 04 - =
= - g
> S8
L o4 =4 151
02 | 10
02 4
5
0.0 T T 0.0 T T 0 T T T T T T
[ N N VI )
1.0 12 q§g§ AR
a PN NN
Da b E a N SN
M e M = 1.0 1 T qé\ Q'&
08 4 M e d : b RS
b
0.8
06 c
n, o d d
=3 E 0.6 -
0.4
04 -
02 4 02 |
0.0 A 0.0 e
[NV [V N VI I
Q\SQ{‘?&\\ «\\ &\\ Q§Q§&\\ &\\ &\\
7S o N (N
v FF FF
NN NN
MRS 98

Figure 5. The impact of seed biopriming of Trichoderma citrinoviride strain 11C on chlorophyll fluorescence parameters
(A, B, C, D and E) of maize plants under different salt concentrations for ten days. The plants were organized into 6
treatments: well-watered only (C), exposed to 50 and 100 mM NaCl only (50 mM, 100 mM), seed bioprimed with T11C
and well-watered (T11C), seed bioprimed with T11C and 50 mM NaCl stressed (50mM + T11C), seed bioprimed with T11C
and 100 mM NaCl stressed (100 mM + T11C). Error bars indicate standard deviation and different letters (a, b, c, d, e, f)
represent significant difference (ANOVA, p < 0.05) among the different treatments (n= 3).

is also an important source of alternative fuels
and raw dextrin derived from processed starch.
Using maize in thousands of processed products
demonstrates its agro-economic importance [2].
Given that most strains of maize are glycophytic,
even moderate concentrations of salt are
sufficient to impair yields. Additionally, global
climate change is worsening secondary stresses
that decrease salt tolerance. Therefore, food
security is becoming increasingly compromised.
Securing agricultural productivity in a safe
manner is ultimately a must. The problem
demands eco-friendly approaches that do not
exert additional stress on the environment. The
current chemical solutions are problematic for
human health and accrue large costs, in addition
to harming the beneficial microbial flora in the
soil [23]. In this context, Trichoderma genus poses
heightened suitability. Instead of using chemical
solutions, molecular identification of new families
of microorganisms that possess the capacity
for stress relief might provide safe, organic and
affordable stress control.

The Trichoderma genus, in addition to Bacillus,
Azotobacterand Rhizobium,areimportantasbiotic
stress-fighting agents and microbial fertilizers
[24,25]. Harman and Kubicek [24] also show that
the vyield quality in the field can be increased
by 300% after the addition of Trichoderma
hamatum or Trichoderma koningii. Trichoderma is
therefore not only a good biocontrol agent, but
also triggers fertility. Furthermore, some species
have been shown to produce effective antibiotics,
but should be used for biocontrol purposes
carefully [26]. Although they are used in
biopesticide and organic bio-fertilizer production
in agriculture due to their beneficial properties,
we have not come across any other data showing
the improvement of photosynthetic efficiency for
NaCl tolerance (when Trichoderma is exposed in
advance as a seed biopriming agent). The main
goal of the present study was to investigate
the biopriming capability of T11C characterized
from the soil of tea plants around Rize located
in the southeastern Black Sea region in Turkey.
Since a well-known factor that has a negative
impact on plants under salinity conditions is the
accumulation of reactive oxygen species (ROS),



we have tested whether T11C has the ability to
reduce damages resulting from accumulation of
ROS by inducing antioxidant defense in maize
seedlings during dose dependent (50 mM and 100
mM) NaCl stress.

Trichoderma biocontrol  strains have
mechanisms to enhance plant root development
[27]. The rhizosphere being changed by the
genus provides a set of benefits to the plant by
supporting ventilation in the plant root system
[24].Ourresults supportedthis notionand we have
found outperforming root and shoot lengths as
well as root and shoot fresh/dry biomasses in T11C
bioprimed plants under salt stress as compared
with the plants treated with NaCl only. Even under
well-watered conditions T11C biopriming led to
better performance than that of the well-watered
only group of plants. Interestingly, when low dose
salt (50 mM) exists in the soil, TI1C biopriming
provided better root fresh weight than that of the
well-watered control.

Reduced accumulation of MDA in seed
bioprimed group of maize plants was compatible
with the above mentioned phenomenon and
showed a significant decrease compared to salt
only groups after ten days of stress under each
dose of NaCl. These findings demonstrate that the
oxidation of lipids (reflecting membrane injury)
was ameliorated to some extent both in roots
and leaves of maize plants bioprimed with T11C,
after subjected to varying salt concentrations.
Detected pattern in terms of MDA amount was
similar between the roots and leaves (Figure
2B). This data is consistent with the hypothesis
that T11C exerts a healing effect following NaCl-
induced oxidative injury.

Based on our data corroborating that T11C
affects the germination of plants by utilizing the
positive effect on growth and promoting fertility,
greenness, photosynthesis activity, and CO,
uptake, T11C seed biopriming might be attributable
to the improvement in the rate of photosynthesis
by controlling the three parameters discussed
previously. Apart from that, because of its very
effective enzyme systems, Trichodermas are also
widely used in other applications such as textiles,
food and paper [28]. These enzyme activities help
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plants increase water-use efficiency particularly
due to its capability in the growth of roots and
water-extracting and/or holding capacity of plant
cells [25,27]. Another hypothesized impact of
Trichoderma spp. on plants is the solubilisation
of some insoluble or semi-soluble minerals by
acidifying the soil environment. This subsequently
leads to more efficient nutrient availability and/
or uptake besides an increase in the chelation
capability of some metals (iron particularly) for
the plants by siderophores [29]. In accordance
with that, we have found that T11C bioprimed
maize plants perform better in terms of RWC
under both concentrations of salt in either roots
or leaves (Figure 2A).

We first have found a considerable decline
in Chl and Car content under higher doses of
NaCl stress (100 mM) as anticipated. However,
an hour of T11C seed biopriming in advance of
the germination phase was found to improve
plant photosynthetic efficiency under both
saline conditions (50 mM and 100 mM). Indeed,
there is proof that the target fungus bolsters
plant tolerance to abiotic stresses in different
developmental stages [25,27]. Yet the efficiency
grade was found to be higher with lower dose
(50 mM) of NaCl stressed maize plants than
with higher dose (100 mM) (Figure 3A and 3B).
It is a well-known characteristic of salt stress
that salt reduces the Car or Chl pigments in
the photosynthetic apparatus [30]. In this
aspect, Figure 3A and 3B show that T11C seed
biopriming reversed the hazardous impact of
both NaCl doses (commonly achieved in nature),
consequently allowing protection from reduced
photosynthetic efficiency and decrease in the
free radical damage potential. Intactness of the
Car pigments is reportedly responsible for the
suppression of the photo-inhibition of chlorophyll
pigments and benefits from increased antioxidant
capacity [30]. Some phytohormones triggered by
T1C (mainly auxin and its derivatives) might be
one of the reasons for this protection in terms of
suppressing pigment degradation.

Many studies report that salt stress causes
disorganization of ROS scavenging [31-36]. Given
the importance of antioxidant enzymes, induction
is a protective pathway against the injurious
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effects of ROS, there is a non-enzymatic pathway
to modify ROS into less injurious forms within the
plant cell [31]. Our enzyme activity data showed
no significant increases in SOD, GPX, GR and CAT
activities in T11C bioprimed maize plants in the
presence of salinity stress bothinroots and shoots
(Figure 4A, 4B, 4C and 4D). This data is consistent
with our previous report, in which we have not
determined significant changesin enzyme activity
under salt stress by using a different species
of this genus [34]. Proline and soluble protein
accumulation on the other hand, (osmoregulation
by osmoprotectant accumulation in other words)
might be the key factor responsible for salt
tolerance of the 100 mM NaCl stressed group that
leads to vigorous physiological characteristics
observed in T11C bioprimed maize plants shortly
before germination.

We have alsomeasured Fv/Fm,NPQ, gPSII,ETR
and gP values, all of which are vital parameters
for tracking the effectiveness of photosynthetic
capacity. By considering the knowledge that
Fv/Fm is also a favorable parameter which
allows detection of damage and possible photo-
inhibition of PSII [35], we have deduced that PSII
photochemistry (which shows the ratio between
Fv and Fm) was much closer to optimum in
bioprimed maize plants under NaCl stress (Figure
5) although no significant difference between
lower and higher dose of salt treated groups in
terms of Fv/Fm ratio was detected. ETR and gP
was also improved greatly under salt stress in
T1C-inoculated plants compared to the salt stress
only group. On the other hand, since the light
harvesting process of pigments occurs depending
on each other, any favorable output in a parameter
might cause depletion in the output of the other
parameters [36], thus the decline detected in the
NPQ values might be a result of the increase in
the photochemistry of photosynthesis in the T11C
inoculated maize plants.

CONCLUSIONS

In conclusion, seed biopriming with T11C has
shown plant growth triggering capacity that
improves the root and shoot quality of maize in
addition to enhancing resistance to moderate and
high salt stress conditions. The use of T11C at the

commercial scale may therefore improve crop
yields in agricultural applications. With the help
of ongoing formulation experiments, we seek to
develop cost-effective salt stress relief powder
formulas to replace the expensive nitrogen,
phosphorus and/or potassium-containing
commercial fertilizers which are frequently used
in agriculture today.
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Functional Polysaccharides Blended Collagen Cryogels

Fonksiyonel Polisakkaritler iceren Kollajen Kriyojeller

Research Article
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ABSTRACT

esearches investigate new types of scaffolds for tissue engineering and regenerative medicine applications

to support cell proliferation and growth as well as tissue repair and regeneration. Although, there are
several types of polymeric materials and various kinds of preparation techniques are already used today;
there is still no consensus on the answer of the question “what is the best scaffold for tissue repair and
regeneration?”. Cryogels, which is a kind of hydrogels and, cryogelation, which is the technique for cryogel
preparation, are rather new for tissue engineering applications. Here in this study, dextran and carboxymethyl
cellulose functional polysaccharides blended collagen cryogels were prepared and characterized by chemical,
structural and biological evaluations. Results show that, these collagen cryogels with their polysaccharides
functional components have proper chemical and thermal characteristics and show good bio and hemo-
compatibility. Therefore, these cryogels can be used as a candidate scaffold for tissue engineering and
regenerative medicine applications.

Key Words
Collagen, polysaccharides, cryogels, tissue engineering .

6z

rastirmacilar doku miihendisligi ve rejeneratif tip uygulamalarinda, hiicre ¢cogalmasi ve blytmesi, doku

hasarinin onarilmasini ve yenilenmesini desteklemek icin yeni doku iskeleleri arastirmalari yapmaktadirlar.
Glnumuzde ¢ok sayida farkl polimerik malzeme ve dedisik hazirlama teknikleri kullanilsa da, henliz hangi doku
iskelesinin doku tamiri ve yenilenmesi icin en iyidir? sorusunun cevabi icin bir uzlasi yoktur. Hidrojellerin bir
tlrd olan kriyojeller ve kriyojel hazirlama teknigi olan kriyojelasyon, doku mihendisligi uygulamalari agisindan
kismen yeni sayilirlar. Bu calismada, karboksimetil seliloz ve dekstran iceren fonksiyonel polisakkarit iceren
kollajen kriyojeller hazirlanmis ve kimyasal, yapisal ve biyolojik dederlendirmeler ile karakterize edilmistir.
Sonuclar, hazirlanan fonksiyonel polisakkarit birimleri iceren kollajen kriyojellerin kimyasal ve termal olarak
uygun O6zelliklerinin yaninda biyo ve kan uyumluluklarinin iyi oldugunu ortaya koyulmustur. Sonug olarak,
bu kriyojeller doku mihendisligi ve rejeneratif tip uygulamalari icin uygun bir aday doku iskelesi olarak
kullanilabilirler.
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INTRODUCTION
Tissue engineeringisascientific perspective that
combines cells, biologically active molecules
and proper scaffolds, to repair or regenerate
the damaged tissues [1]. Scaffolds can act as
matrix material to support cell adhesion, growth
and proliferation as well as cell differentiation
and new tissue formation. There are several
kinds of scaffolds that can be used in tissue
engineering applications [2]. Some scaffolds can
be derived from biological origin such as collagen,
hyaluronic acid, silk fibroin. On the other hand,
some scaffolds can be produced from synthetic
polymers such as polylactic acid (PLA) and poly-
g-caprolactone (PCL) or polydimethylsiloxane
(PDMS) [2,3]. There is still not a consensus on
which biomaterial or source origin is the best for
tissue engineering applications [3,4]. But there is
a consensus about what a scaffold should have
the properties, such as has no or limited toxicity,
excellent biocompatibility, non-immunogenicity
and non-carcinogenicity, easy fabrication and
having enough stability and mechanical strength
[2-5].

Cryogels are kind of hydrogels that have
macropores in their structure. Cryogels can be
formed via cryogelation technique at below 0°C,
which is based on the principle of forming pores
or lamellar structures while expelling water from
the surrounding [6]. Today cryogels have found
great interest in various fields of applications
such as bioseparation, purification, wastewater
treatment and some other biotechnological
processes [7-10]. In recent years, remarkable
studies also showed that cryogels have a potential
at tissue engineering and regenerative medicine
applications [11-15].

Collagen is one of the abundant natural
polymerin entire body and it is the main structural
protein in extracellular matrices. Therefore many
reports have been published to present that
collagen based biomaterials can be candidate
scaffolds for tissue engineering applications
alone or in blended forms. With its unique fibrillar
protein formation and its cell inductive property,
collagen can easily support cell proliferation,
differentiation and new tissue formation [16-19].

Scaffolds that are used in tissue engineering
are mostly cross-linked in their last form. There
are various types of cross-linking agent reported
in literature [20,21]. Among all chemical cross-
linkers, glutaraldehyde and formaldehyde are
very well-known but highly toxic ones. Moreover,
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) is also a chemical cross-linker that couple
carboxyl or phosphate groups to primary amines
and provide zero-length cross-linking. However
scaffolds after EDC crosslinking often shows weak
stability and mechanical properties. For about
a decade, researchers use a technique based
on periodate oxidation of carbohydrate sugar
groups. Dextran is one of the most biocompatible
one among other carbohydrates. Dextran is a
hydrophilic branched polysaccharides with a-1,6
D-glucopyranose residues and o-1,2 , o-1,3 and
a-1,4 side chains in the structure. It can be used
for artificial plasma, anti-thrombolytic agent and
binder in biomedical applications. Its oxide form
- oxide dextran, has been used as biocompatible
chemical cross-linker agent to cross-linked the
polymer while integrating of the polymer main
structure [22].

Cellulose is also a well-known biopolymer.
Although, the sole form of cellulose has found
limited application in biomaterial field due to its
insoluble characteristics in water, its modified
forms such as carboxymethyl cellulose (CMC),
cellulose acetate, cellulose nitrate have been used
in several application such as binding, dialysis
system, chromatography, controlled release
system as well as some sort of other biomedical
applications for decades [23,24].

Here in this study, collagen cryogels having
functional polysaccharides components are
prepared in blend form and characterized by
chemical, structural and biological evaluations.
Collagen was used as a main biopolymeric
compound as it has superior biological induction
property. Moreover, CMC was chosen to improve
cryogel swelling property. Lastly, dextran was
chosen to cross-linked and strengthen the cryogel
as well as to improve the biocompatibility in its
last form.



MATERIALS AND METHODS

Preparing Cryogels

All chemicals were purchased from Sigma-
Aldrich (Germany) and used as instructed unless
otherwise stated. Cryogels were prepared as
reported elsewhere with slight modifications
[14]. Briefly, collagen (from rat-tail) is the basic
component of the cryogels so collagen was
swollen in acetic acid (0.1%; v/v) under gentle
mixing for about 24h. CMC solution (5%; w/v)
was prepared from its sodium salt in distilled
water. Dextran (MW: 20.000 Da) was oxidized
with periodate by catalysis free aqueous reaction
which alsoreported elsewhere [14]. Here, collagen
and CMC were mixed with appropriate amount of
oxide-dextran (2:2:1; w/w/w) and stirred for 5 min
in room temperature and the solution was then
poured into wells and quickly placed into cryostat
for 24h. Samples were then lyophilized and kept
+4°C till use.

Characterization of Cryogels

Biodegradation Properties

The degradation profiles of the fabricated
cryogels were evaluated in an enzyme-free
media containing 1% sodium azide (w/v) at 37°C
in a shaking incubator. Evaluation was performed
triplicate and samples were weighted prior to
evaluation. Analyses were performed gradually
with lyophilized samples in defined time points.

Swelling Properties

In order to evaluate the swelling properties of the
cryogels, samples (N=3) were soaked into 0.01 M
phosphate buffer (pH 7.4) at room temperature.
All samples were weighted before and after the
swelling up to 15 min. The ratios of swelling
(SD (%)) were determined via given equation
(Equation 1) where W, and W, represent the dry
and wet weight of the cryogels respectively.
SD (%) = (W, - W,)/(W,) x 100 0
Chemical and Structural Characterization
Cryogels were evaluated in terms of their
chemical composition, structural, thermal and
morphological properties. Thermogravimetric
analysis (TGA; (Pyris; Perkin Elmer, USA) was
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carried out by up to 900°C at a heating rate
of 10°C/min. Crystallography pattern of the
cryogels were evaluated by X-Ray Diffractometer
(Rigaku D/Max 2200 ULTIMAN, Japan) under
nitrogen atmosphere. Samples were scanned
in 2 Theta with a scan rate of 5°/min. Chemical
characterization was performed by Fourier
Transform Infra Red Spectroscopy (FTIR-ATR;
Perkin Elmer, USA) with a frequency range of
600-4000 cm?. Morphological and structural
analysis of the cryogels was evaluated with
Scanning Electron Microscopy (FEI Nova, USA)
with accelerating voltage of 10kV. Samples were
coated with a thin layer of gold prior to analysis.
All evaluations were performed in triplicate.

Biological Evaluations of the Cryogels

Cytotoxicity Assessment

Possible cytotoxic effects of the cryogels were
determined by means of cell viability were
determined by well-known indirect MTT assay.
Briefly, 1 cm? samples (N= 3) were soaked in
DMEM/F12 culture media supplemented with
10% Fetal Bovine Serum and 1% (v/v) antibiotic/
antimycotic solution for about 24 h at 37°C
(extraction media). Meanwhile 1x10*MG3T3 mouse
osteoblastic cells were seeded on 96 well plates.
Cells were cultured with 200 ul of fresh culture
medium and incubated at 37°C; 5% CO, for 24h.
Later on, medium was discarded and 100 ul of
extraction media were added to each well except
control group. Cells were incubated at 37°C;
5% CO, for another 24h. After 24h, MTT assay
was performed. The absorbance values were
measured at 570 nm with a micro plate reader
(Biotek Instruments, USA) and cell viabilities were
calculated with respect to control.

Hemocompatibility of the Cryogels

To assess the hemocompatibility of the cryogels,
basic blood compatibility parameters such as
prothrombin time (PT), fibrinogen adsorption and
hemolytic activity of the cryogels were evaluated.
For anticoagulant activity, 1cm? cryogel samples
(N=3) were incubated with healthy citrated blood
for 1hr. at 37°C under gentle agitation. After the
incubation, blood plasma and reagents were
added in a transparent plastic tube immediately
and coagulation times were measured. To

15
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evaluate the hemolysis, 1 cm? cryogel samples
were incubated with 2 ml citrated blood (1/10
diluted) per tube. Distilled water was used as
positive control and PBS was used as negative
control. Diluted blood and samples were

incubated under gentle agitation for 1h at 37°C.

Later on, samples were removed and tubes were
centrifuged at 1500 rpm for 10 min. Absorbance
of the supernatant was measured at 545 nm
and the percent of hemolysis from each sample
was calculated according to following equation
(Equation 2).

Hemolysis(%) =
(Absorbance of negative control)/(Absorbance of
positive control)x100. (2)

RESULTS AND DISCUSSION

Characterization of Cryogels

Cryogels are relatively emergent type of
biomaterials, which may potentials in tissue
engineering and regenerative medicine
applications. Here, collagen-oxide dextran-CMC
cryogels were prepared. Oxide-dextran act as
a biocompatible cross-linker, took apart of the
body of the cryogels and cross-linked the entire
polymeric blend in its last form.

In a typical tissue engineering application,
biodegradable scaffolds can be used according
to the need of the application. Here, the swelling
and in vitro degradation profile of the cryogels
was analyzed and results were given in Figure 1.
According to these results, cryogels shows great
swelling property over time (nearly 1150% with
respect to its initial dry form by the end of 15
min.) and could degrade entirely at the end of a
month. Of course, the degradation time can be

(Absorbance of the scaffold)-

adjusted by changing the ratio of oxide-dextranin
the structure. As oxide dextran act as cross-linker,
changing the ratio of oxide dextran may affect
the swelling behavior of the cryogels.

Thermal behavior and thermal stability of
the cryogels were assess by thermogravimetric
analysis (TGA) and result was given in Figure 2a.
According to TGA thermogram, nearly 10% weight
loss by 100°C can be corresponded to moisture
loss and chemical water in the cryogel. The main
weight losses occurred between 100°C-250°C and
250°C-550°C. These findings are similar with the
literature [25,26]. The final residue after mass
decomposition can be associated with ashes and
undecomposed material.

According to X-Ray Crystallography spectrum
of cryogels that was given in Figure 2b, collagen
and CMC shows broad widen peak at around 10°-
30¢° that is very compatible with the literature.
Moreover, typical broad peaks from dextran are
also appeared around same degrees like from
collagen and CMC [25-27].

For chemical characterization of collagen/
oxide dextran/CMC cryogels, attenuated total
reflection FTIR-ATR spectrum was used by means
of different functional groups and bond linkage.
FTIR spectrum was depictedin Figure 3. Spectrum
of collagen, cellulose and dextran consisting main
blend cryogel revealed peaks around 3300 cm”
that can be associated with N-H stretching, amide
A and -OH stretching. Peaks around 2900 cm’
can be associated with CH, stretching and peaks
around 1700 to 1640 cm™ can be associated C=0
stretching of amide | and -OH bending. There
is also peak around 1580 cm™that is associated

Biodegration profile of the cryogels Swelling profile of the cryogels
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Figure 1. Biodegradation and swelling profiles of the cryogels.
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Figure 4. Scanning Electron Micrographs of the cryogels.

with N-H bending for amide Il. The peaks from
1400 cm™ to 1000 cm™ can be associated with
deformation of CH,, CH,, -OH and C-O. The all
spectrum results shows typical similarities with
previously published reports about biopolymer
based scaffold [25,27].

Figure 4 shows the SEM images of collagen/
oxide dextran/CMC cryogels. According to
these images, cryogels shows anisotropic pore
structure and irregular morphology as well as
having almost lamellar formation. The pore
structure and the morphology is crucial for
tissue formation and regeneration. A candidate
scaffold should have both macro and micro pores.
Micropores are crucial for gas exchange and
nutrient diffusion. Macropores on the other hand
are crucial for cell attachment and growth. The
macropore sizes of a candidate scaffold for tissue
engineering applications especially for hard tissue
repair should be in the range of 150-300 micron
in diameter. The cryogels depicted here have
interconnected pores and sheets that have well
enough diameters to enable cell attachment and
ingrowth as well as possible new tissue formation.

Biological Evaluations of the Cryogels
Biological evaluations of the cryogels were
performed via indirect MTT assay and basic
hemocompatibility examination. The components
of the cryogels used for this study are already
known as biocompatible and have no cytotoxic
effect. Therefore, here in this study indirect MTT
assay was chosen to determine the possible toxic
extracts of forefront residues that can come
from the cryogels in its last form. According to
the results in Tablel, cryogels have shown quite
cytocompatible (over 96% cell viability) with
respect to the control after 24 h. This result
also means that the degradation extracts of the
cryogels show no toxic effects to the cells.

Blood compatibility is also a key determination
for tissue engineering and regenerative medicine
applications. In addition to the MTT results,
cryogels shows also quite blood compatible
considering the hemocompatibility results that
have also presented in Table 1. Hemocompatibility
test parameters such as prothrombin time (PT),
fibrinogen adsorption and hemolysis (%) are
coherent with the reference and the control.
Hemolysis ratio (3.3840.88%) is under the
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Table 1. Cyto and Hemo-compatibility of the collagen-oxide dextran-CMC cryogels.

Collagen-Oxide dextran-

L o
CMC cryogels (%) Cell Viability *(%)

Protrombin Time
(sec)

Fibrinogen (mg/ml) Hemolysis

96.86+8.37

1.4+0.2

2.77£0.12 3.38+£0.88

* Cell viability was calculated with respect to the control at the end of 24 h.
** Reference values: Prothrombin time (9.4-12.5 s); fibrinogen (2.00-3.93 mg/mL).

permissible limit of 5% [28]. Results show that
there is no undesirable condition related with the
cryogels and cryogels have no significant effect
on coagulation pathways.

CONCLUSION

In this study, collagen was blended with
carboxymethylcellulose and dextran functional
polysaccharides and scaffolds were prepared
by cryogelation technique. Dextran is also act
as a biocompatible cross-linker in its oxide form.
Results presented here indicated that these
biocompatible cryogels can be a good candidate
for tissue engineering and regenerative medicine
applications.
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Assessment of the Cytotoxicity of Melia azedarach L.
Extracts on Human Adipose-derived Mesenchymal Stem Cells

Melia azedarach L. Ozitlerinin insan Adipoz Kaynakli Mezenkimal
Kok Hicreleri Uzerindeki Sitotoksisitesinin Degderlendirilmesi

Research Article

Burcu Efe, Yusuf Furkan Galata,Yavuz Emre Arslan®
Regenerative Biomaterials Lab., Dept. of Bioengineering, Eng. Faculty, Canakkale Onsekiz Mart University, Canakkale, Turkey.

ABSTRACT

n this study, agueous extracts of Melia azedarach L. green fruit and leaves were obtained using two different

extraction methods. The extraction yields of the green fruit and leaves were found as 24.11% and 37.98%
for the infusion method; 17.76% and 27.00% for the rotating method, respectively. The total phenolic content,
related to the infusion method, was ascertained for green fruit extract 173.67+£10.84 mg Gallic Acid Equivalent
(GAE)/g dry weight and leaf extract 312.33+9.81 mg GAE/g dry weight. In other respects, antioxidant activity
related to the infusion method was determined for green fruit extract 172.51+13.23 mq Trolox/L and leaf extract
569.16+10.41 mg Trolox/L. Gas chromatography-mass spectrometry (GC-MS) analysis was performed to identify
the chemical composition of the extracts. The cytotoxicity levels of the extracts were assessed on human
adipose-derived mesenchymal stem cells (nAMSCs) using commercially available XTT assay. Consequently, it
has been found that the green fruit extract has more cytotoxic activity than the leaf extract on hAMSCs.

Key Words
Melia azedarach L., total phenolic compounds, cytotoxicity, human adipose-derived mesenchymal stem cells.

6z

u calismada, Melia azedarach L. yesil meyve ve yapraklarinin sulu 6zleri iki farkli 6zitleme yéntemi

kullanilarak elde edildi. Yesil meyve ve yapraklarin 6zltleme verimleri sirasiyla, demleme ydntemi igin
%24.11 ve %37.98; calkalama yontemi igin ise %17.76 ve %27.00 olarak bulundu. Demleme ydntemi ile ilgili
toplam fenolik igerik, yesil meyve 6zU icin 173.67+10.84 mq galik asit esdederi (GAE)/g kuru agirhik ve yaprak 6zi
icin 312.33+9.81 mg GAE/qg kuru agirlik cinsinden tespit edildi. Diger yandan demleme y6nteminde, yesil meyve
6zl i¢in172.51+13.23 mg Trolox/L ve yaprak 6zl icin ise 569.16+10.41 mg Trolox/L cinsinden antioksidan aktivite
belirlendi. Ozitlerin kimyasal bilesimini tanimlamak icin gaz kromatografisi-kiitle spektrometresi (GC-MS)
analizi yapildi. Ozitlerin insan adipoz kaynakl mezenkimal kdk hiicreleri (AMKH'leri) tizerindeki sitotoksisite
seviyeleriticari olarak mevcut olan XTT testiile dederlendirildi. Sonug olarak, yesil meyve 6zitinin iAMKH'leri
Gzerine yaprak 0zltiinden daha fazla sitotoksik aktiviteye sahip oldugu bulunmustur
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INTRODUCTION

lants have been used from ancient times until

today due to their bioactive substances for
the treatment of diseases and/or other medical
purposesintraditionalmedicine.Nowadays, plants
are still a prominent option in modern medicine,
pharmaceutical chemistry and chemical entities
for generating synthetic drugs. Researches on
significant biomolecule extraction from medicinal
plants have become more notable with an
increase in novel methods or technologies such
as maceration and Soxhlet extraction presenting
opportunities to obtain desired compounds
[1,2]. Melia azedarach is an evergreen tree and
the species of deciduous tree in the mahogany
family found mostly in Indian sub-continent [3].
These plants constitute approximately 45 genera
and 750 species [4]. The origin of M. azedarach
is Northern India and China, but today, it can
be grown in a few more continents. These trees
were previously used for timber and ornamental
purposes, until the presence of several cytotoxic
and bioactive components was discovered [5].

In recent years, research has revealed this
plant to contain excessive amounts of biological
active agents such as antioxidants and phenolic
components [3]. Because of its extraordinary
cytotoxic and antimicrobial activity, M. azedarach
has been investigated for its use as an anti-tumor
agent, pesticide, for skin disease, viral infections,
arthritis, inflammation and analgesic [6,7]. The
effective results have been obtained when this
plant was used as an anti-ulcer, anti-malarial, anti-
protozoal, anthelmintic and wound healing agent.
In addition to these, Asokan et al. (2015) reported
its effect in reducing blood sugar levels [8], and
Sultana et al. (2014) exhibited its reducing effect
on the urinary calcium, oxalate and phosphate
levels [9].

Human mesenchymal stem cells (hMSCs)
have been considered as a potential source for
cell therapeutics in incurable diseases. hMSCs
revitalize regeneration and manage inflammation
due to their self-renewal and multi-lineage
differentiationfeatures, makingthemanattractive
source in tissue engineering and regenerative
medicine. hMSCs can be isolated from a variety
of sources such as bone marrow, dental pulp,

adipose tissues, placenta, amniotic fluid, tendons,
the umbilical cord, etc. Due to their therapeutic
nature, these cells are capable of healing various
clinically significant diseases [10-14]. In the
current study, we prepared aqueous extracts of
M. azedarach L. leaves and green fruit. Chemical
composition of extracts was characterized by
GC-MS, whereas the total phenolic compound
and anti-oxidant activities were determined via
spectrophotometric  technigues. Cytotoxicity
levels of the extracts were examined with the XTT
assay. Human adipose-derived MSCs (hAMSCs)
were then treated with these agueous extracts.
The aim of this study was to investigate and
determine the effects of the cytotoxicity levels
of the extracts on hAMSCs. We believe that
this pioneering study will open a pathway for
promising new studies in tissue engineering and
regenerative medicine applications.

MATERIALS and METHODS

Plant Collection

M. azedarach L. leaves and green fruit were
collected in April from Canakkale, Turkey. Fresh
leaves and green fruits were rinsed with distilled
water. Then, they were evenly spread and dried in
an incubator (Memmert, UN55, Germany) for 24h.
The outer layer of the dried fruit was removed
before the extraction process. The dried material
was separately homogenized (IKA, T-18 Basic
Ultra TURRAX, Germany) in order to obtain their
powder form.

Extraction of M. azedarach L.

The extraction process was performed with
two different groups. The dried samples were
first dissolved in Milli-Q water (Merck-Millipore,
Direct-Q3 UV, Germany) at a ratio of 2% (w/v).
Group-l samples were extracted at 80°C for 2h
with a Soxhlet apparatus (Buchi, Rotavapor R210,
Switzerland) (also named the infusion method).
The extract was then centrifuged at 6000 rpm
for 10 minutes (Hettich, Mikro 120, Germany)
and filtered (Macherey-Nagel, MN-615, Germany)
under reduced pressure (Buchi, Vacuum pump
V-700, Switzerland).

Group-ll samples in suspension form were sub-
jected to continuous stirring (also named the ro-
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Figure 1. An overview of the extraction processes of M. azedarach L. green fruit and leaf. Step 1: Green fruit and leaf
were harvested and dried in incubator. Step 2: Green fruit and leaf were homogenized. Step 3: Green fruit and leaf ext-
racts were obtained according to infusion method (Group |) and centrifuged to eliminate the insoluble substances. Step
4: Green fruit and leaf extracts were filtered by vacuum under reduced pressure. Step 5: Fruit and leaf extracts were

lyophilized to obtain their water-soluble powder form.

tating method) at room temperature for 72 h. The
solutions were then centrifuged at 6000 rpm for 10
minutes and the resulting suspension filtered using
filter paper under reduced pressure. The extracts
were evaporated under reduced pressure at 80°C
to concentrate the solution and stored at -26°C for
overnight before the lyophilization process. Lyop-
hilization procedure was conducted for overnight
(Telstar, LyoQuest, Spain) and the Iyophilized ext-
racts were stored at -26°C for further use. All pro-
cesses were summarized in Figure 1.

Determination of Total Phenolic Content

The total phenolic content (TPCs) was spectrop-
hotometrically determined using the Folin Cio-
calteu reagent [15]. Dried specimens of the leaf

and green fruit extracts were dissolved in Milli-Q
water at a ratio of 1% (w/v). Briefly, 10 mg of the
sample was suspended in 1 of mL Milli-Q water at
room temperature. Then, 900 pL of Milli-Q water,
5 mL of the Folin reagent (0.2 N) and 4 mL of so-
dium carbonate solution (7.5%, w/v) were added
into each 100 uL sample. The solutions were res-
ted for 2 h at room temperature in the dark. The
absorbance was measured at 765 nm against a
blank solution (Shimadzu UV-mini 1240, Japan).
The phenolic content was calculated in terms of
Gallic acid (GA) and the results were given as the
GA equivalent (GAE) in terms of mg/g dry sample.
All chemicals were purchased from Sigma-Aldrich
(Germany) unless otherwise specified.
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Determination of the CUPRAC Antioxidant
Capacities of the Extracts

To analyze the antioxidant values of the extracts,
the CUPRAC test was applied. Briefly, 20 uL of
each sample was suspended in 1 mL of CuCl,.2H,0
(0.01M, prepared in Milli-Q water), 1 mL of
Neocuproine (7.5x103 M, prepared in Ethanol), 1
mL of ammonium acetate solution (pH= 7.0, in
Tris-buffer) and 1.08 mL of Milli-Q water. After
the solutions were incubated in the dark for 30
minutes at room temperature, the absorbance
was measured at 450 nm against a blank solution.

Gas chromatography/Mass Spectrometry
Analysis

M. azedarach L. leaf and fruit powders were
dissolved in Milli-Q water and filtered through
a 0.45 pum sterile filter. GC-MS analysis was
performed using a Thermo MS Finnigan Trace
DSQ instrument, with a DB-WAX (30mx0.25mm
i.d.; film thickness 0.25um) column. The GC oven
temperature was programmed in the following
manner; 50°C for 1minute, followed by anincrease
rate of 3°C/minute up to 220°C. Helium was used
as the carrier gas at a flow rate of Iml/minute. All
data were processed using the Xcalibur software.

Cell Culture Experiment

Human adipose mesenchymal stem cells
(hAMSCs)  (Merck-Millipore, human adipose
mesenchymal stem cell kit, cat. no. SCCO38
and lot no. QVP1303200, USA) were expanded,
and their multipotency capacities validated
according to a previously reported method
[16,17]. Passages between 2 and 5 were utilized
for all experiments. hAMSCs were seeded on
96-well plates with a density of 1x10* cells/well,
and incubated at 37°C, under 5% CO, and 95%
relative humidity conditions (Panasonic, Japan)
for 24 h. Aqueous extracts of M. azedarach L. at
various concentrations to the hAMSCs. Briefly,
the extracts were added into mesenchymal stem
cell medium at different ratios depending on its
nature; 150, 600, 900, 1500 and 2100 pg/well for
that of the fruit, and 100, 200, 400 and 600 ug/
well for that of the leaf.

Measuring Cell Viability

Cytotoxicity of the extracts were assessed
using commercially available the XTT assay kit
(Biological Industry, USA). In brief, hAMSCs were

seeded in 96-well plates and incubated for 24 h
ensuring they reached 85-90% confluence. The
stem cells were then treated with green fruit and
leaf extracts 24 h under conventional culture
conditions. Subsequently, the XTT activation
reagent was added into each well and incubated
for a further 4 h. The absorbances were then
measured at wavelength range of 450-500 nm
against the control group (n= 3) with a microplate
reader (Thermo-Scientific, Multiskan™ GO).

RESULTS and DISCUSSIONS

Determination of the Success of Extraction
Process

The yield percentage of the green fruit and leaf
extracts were calculated using the equation
given below. The infusion technique produced
extraction yields of 24.11% and 37.98% for the
green fruit and leaf respectively, whereas 17.76%
and 27.00% were obtained through the rotation
process.

The infusion extraction yields were significantly
higher than those of rotation extract yields. Similar
results have been obtained in literature [18].

Assessment of the Total Phenolic Contents of
Extracts

TPCs of the green fruit and leaf extracts were
found to be 173.67 and 312.33 mg GAE/g dry
weight, respectively. The data clearly outlines
that leaf extracts contain a richer phenolic
content (Figure 2A) with respect to that of
the fruit extract resulting in high free radical-
sweeping and antioxidant activities [19]. Phenolic
compounds are one of the major secondary

Initial (dry)) Weight — LyophilizedWeight

x100 (1)
Initial (dry) Weight

SampleYield = (

metabolite classes of plants which possess a wide
range of biological effects including antioxidant
activity, antimutagenicity, anti-carcinogenicity,
etc. [20]. In a similar study, M. azedarach L. was
extracted using various organic solvents in order
to investigate the potential antifeedant activities
of its biological contents [5].

In a study, aqueous extracts of M. azedarach
L. green and ripe fruit were prepared, where
the phenolic content was found to be 10.54 mg
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Figure 2. Total phenolic contents (A) and antioxidant activities (B) of green fruit and leaf extracts.

GAEs/g dry weight [4]. In our study, TPC of green
fruit was found as 173.67+10.84 mg GAEs/g dry
weight according to the infusion method which
reveals the importance of the temperature during
the extraction process. It should not be forgotten
that a number of factors (collection time,
geographical origin, climatic conditions, etc.) also
have influence on the phenolic compound content
in a plant extract [4].

CUPRAC Antioxidant Capacity

The CUPRAC method is based on the Cu(ll)-Cu
(I) reduction by antioxidants in the presence of
neocuproine. Itisimportant that CUPRAC reagent
should be freshly prepared [21,22] it is desirable
to establish a method that can measure the total
antioxidant activity level directly from vegetable
extracts. The current literature clearly states that
there is no \"total antioxidant\" as a nutritional
index available for food labeling because of the
lack of standard quantitation methods. Thus, this
work reports the development of a simple, widely
applicable antioxidant capacity index for dietary
polyphenols and vitamins C and E, utilizing the
copper(l. In our study, the antioxidant content of
the leaf and green fruit extracts were determined
by the CUPRAC method, which showed leaf
extracts to have the maximum antioxidant activity
according to Trolox calculations.

As shown in Figure 2B, the leaf and green fruit
extracts exhibit strong antioxidant activity. Cupric
reducing capacity of the aqueous green fruit and
leaf extracts were found to be 172.51+13.23 and
569.16+10.41 mg Trolox/L, respectively. Aoudia

et al. (2013), found the cupric reducing capacity
of aqueous leaf extracts to be 78.71 mg Trolox/L
which underlines the success of infusion process
seed and almonds of Melia azedarach grown in
Algeria were defatted and extracted with three
solvents, agueous 70%, v/v [23].

GC-MS Results

In order to identify the chemical composition
of the leaf and green fruit extracts, GC-MS, a
very widespread analytical technique, was
performed. According to the results, stearic

acid, polyunsaturated fatty acid, furfural,
2-furancarboxyaldehyde-5-(methyl), acetic acid,
5-hydroxymethyl-2-furaldehyde,  hexanoic  acid,

monoterpenes, phytosterol, flavonoids, 2,3-Dihydro-
3,5-Dihyroxy-6-Methyl-4H-Pyran-4-One and ethyl
nonadecanoate were determinedin the green fruit
extract (Figure 3A). The leaf extract on the other
hand revealed the presence of flavonoids, furfural,
2-furancarboxyaldehyde-5-(methyl), acetic
acid, 5-Hydroxymethyl-2-furaldehyde, hexanoic
acid, phytosterol, monoterpenes, Vitamin E and
2,3-Dihydro-3,5-Dihyroxy-6-Methyl-4H-Pyran-4-
One (Figure 3B). GC-MS screening showed that
the most abundant substance (%) was acetic acid
according to the peak area.

Organic acids and furfural derivatives have
been used against plant parasitic nematodes, for
years. On the other hand, flavonoid derivatives
are potential chemical substances used as anti-
inflammatory and anti-cancer agents. Additionally,
vitamin E is an antioxidant and it protects tissues
from deleterious free radicals. Apart from these,
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Figure 3. GC-MS chromatograms of green fruit (A) and leaf (B) extracts.

Figure 4. Experimental setup for XTT assay and inverted phase-contrast microscopy images of hAMSCs that were treated
with various concentrations of the extracts. Un-treated hAMSCs as control (A), microscopic images of green fruit extract
(B, C, D, Eand F) and leaf extract (G, H, I, J and K) as dose-depended concentrations (Black scale bar: 200 pm).

monoterpenes can inhibit microbial proliferation
and prevent dehydration, etc. [24,25]. Finally,
the active substance/s that cause cell apoptosis
were not specified because of the huge chemical
composition of the green fruit extract.

Cytotoxicity

Human adipose-derived MSCs were treated with
aqueous leaf and green fruit extracts, and the
cell viability was determined via the XTT assay
often used in the identification of cytotoxicity
levels (Figure 4). The colorimetric assay depends

on the reduction of tetrazolium salts (XTT) to
orange colored formazan products by living cells
(metabolically active). Cell viability measurements
obtained from the XTT assay are represented in
Figure 5.

M. azedarach L. green fruit extracts showed
dose dependent cytotoxic effect on hAMSCs.
The IC,, value for green fruit extract was found
to be 728.05 pg/well, whereas no value could
be determined for the leaf extract because it
did not show any cytotoxic effect against the
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Figure 5. Cell viability assessment of green fruit (A) and leaf (B) extract.

hAMSCs. Green fruit extracts inhibited the cell
proliferation as shown in Figure 5A. Although
the TPC and antioxidant capacities of leaf
extracts were higher than that of the green fruit
extract (Figure 2), surprisingly, the green fruit
extract showed a remarkable cytotoxic effect on

hAMSCs in contrast to leaf extract (Figure 5B).

The absence of similar studies in the literature
limits our interpretation about these results. It
is noteworthy in mentioning that the underlying
reason of cytotoxicity is not related to the TPC
or antioxidant capacity, but probably, to the
presence of a chemical compound.

CONCLUSION

Plants have been used as alternative medicine
for therapeutic purposes since the beginning
of mankind. Therefore, the identification of
extraordinary chemical contents is crucial for
their use in the healthcare industry. Nowadays,
hMSCs, hAMSCs in particular, are utilized in the
treatment of many types of diseases. Exploring
novel agents or substances from medicinal plants
for proliferation, differentiation or maintenance of
hMSCs may present and lead to new opportunities
in tissue engineering and regenerative medicine
applications. M. azedarach L. leaf and green fruit
extracts were prepared and applied to hAMSCs
with the aim of evaluating their cytotoxicity
levels, which in turn is the preliminary phase
in understanding the potential effect of these
extracts on hAMSCs.

The green fruit extract was found to be highly
cytotoxic in contrast to leaf extract. We believe
further studies on M. azedarach L. extracts should
be designed in order to gain a better understanding

of the main underlying causes of the cytotoxicity or
proliferation of hAMSCs.
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Assessment of the Cytotoxicity of Melia azedarach L.
Extracts on Human Adipose-derived Mesenchymal Stem Cells

Melia azedarach L. Ozitlerinin insan Adipoz Kaynakli Mezenkimal
Kok Hicreleri Uzerindeki Sitotoksisitesinin Degderlendirilmesi

Research Article

Burcu Efe, Yusuf Furkan Galata,Yavuz Emre Arslan®
Regenerative Biomaterials Lab., Dept. of Bioengineering, Eng. Faculty, Canakkale Onsekiz Mart University, Canakkale, Turkey.

ABSTRACT

n this study, agueous extracts of Melia azedarach L. green fruit and leaves were obtained using two different

extraction methods. The extraction yields of the green fruit and leaves were found as 24.11% and 37.98%
for the infusion method; 17.76% and 27.00% for the rotating method, respectively. The total phenolic content,
related to the infusion method, was ascertained for green fruit extract 173.67+£10.84 mg Gallic Acid Equivalent
(GAE)/g dry weight and leaf extract 312.33+9.81 mg GAE/g dry weight. In other respects, antioxidant activity
related to the infusion method was determined for green fruit extract 172.51+13.23 mq Trolox/L and leaf extract
569.16+10.41 mg Trolox/L. Gas chromatography-mass spectrometry (GC-MS) analysis was performed to identify
the chemical composition of the extracts. The cytotoxicity levels of the extracts were assessed on human
adipose-derived mesenchymal stem cells (nAMSCs) using commercially available XTT assay. Consequently, it
has been found that the green fruit extract has more cytotoxic activity than the leaf extract on hAMSCs.

Key Words
Melia azedarach L., total phenolic compounds, cytotoxicity, human adipose-derived mesenchymal stem cells.

6z

u calismada, Melia azedarach L. yesil meyve ve yapraklarinin sulu 6zleri iki farkli 6zitleme yéntemi

kullanilarak elde edildi. Yesil meyve ve yapraklarin 6zltleme verimleri sirasiyla, demleme ydntemi igin
%24.11 ve %37.98; calkalama yontemi igin ise %17.76 ve %27.00 olarak bulundu. Demleme ydntemi ile ilgili
toplam fenolik igerik, yesil meyve 6zU icin 173.67+10.84 mq galik asit esdederi (GAE)/g kuru agirhik ve yaprak 6zi
icin 312.33+9.81 mg GAE/qg kuru agirlik cinsinden tespit edildi. Diger yandan demleme y6nteminde, yesil meyve
6zl i¢in172.51+13.23 mg Trolox/L ve yaprak 6zl icin ise 569.16+10.41 mg Trolox/L cinsinden antioksidan aktivite
belirlendi. Ozitlerin kimyasal bilesimini tanimlamak icin gaz kromatografisi-kiitle spektrometresi (GC-MS)
analizi yapildi. Ozitlerin insan adipoz kaynakl mezenkimal kdk hiicreleri (AMKH'leri) tizerindeki sitotoksisite
seviyeleriticari olarak mevcut olan XTT testiile dederlendirildi. Sonug olarak, yesil meyve 6zitinin iAMKH'leri
Gzerine yaprak 0zltiinden daha fazla sitotoksik aktiviteye sahip oldugu bulunmustur
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INTRODUCTION

lants have been used from ancient times until

today due to their bioactive substances for
the treatment of diseases and/or other medical
purposesintraditionalmedicine.Nowadays, plants
are still a prominent option in modern medicine,
pharmaceutical chemistry and chemical entities
for generating synthetic drugs. Researches on
significant biomolecule extraction from medicinal
plants have become more notable with an
increase in novel methods or technologies such
as maceration and Soxhlet extraction presenting
opportunities to obtain desired compounds
[1,2]. Melia azedarach is an evergreen tree and
the species of deciduous tree in the mahogany
family found mostly in Indian sub-continent [3].
These plants constitute approximately 45 genera
and 750 species [4]. The origin of M. azedarach
is Northern India and China, but today, it can
be grown in a few more continents. These trees
were previously used for timber and ornamental
purposes, until the presence of several cytotoxic
and bioactive components was discovered [5].

In recent years, research has revealed this
plant to contain excessive amounts of biological
active agents such as antioxidants and phenolic
components [3]. Because of its extraordinary
cytotoxic and antimicrobial activity, M. azedarach
has been investigated for its use as an anti-tumor
agent, pesticide, for skin disease, viral infections,
arthritis, inflammation and analgesic [6,7]. The
effective results have been obtained when this
plant was used as an anti-ulcer, anti-malarial, anti-
protozoal, anthelmintic and wound healing agent.
In addition to these, Asokan et al. (2015) reported
its effect in reducing blood sugar levels [8], and
Sultana et al. (2014) exhibited its reducing effect
on the urinary calcium, oxalate and phosphate
levels [9].

Human mesenchymal stem cells (hMSCs)
have been considered as a potential source for
cell therapeutics in incurable diseases. hMSCs
revitalize regeneration and manage inflammation
due to their self-renewal and multi-lineage
differentiationfeatures, makingthemanattractive
source in tissue engineering and regenerative
medicine. hMSCs can be isolated from a variety
of sources such as bone marrow, dental pulp,

adipose tissues, placenta, amniotic fluid, tendons,
the umbilical cord, etc. Due to their therapeutic
nature, these cells are capable of healing various
clinically significant diseases [10-14]. In the
current study, we prepared aqueous extracts of
M. azedarach L. leaves and green fruit. Chemical
composition of extracts was characterized by
GC-MS, whereas the total phenolic compound
and anti-oxidant activities were determined via
spectrophotometric  technigues. Cytotoxicity
levels of the extracts were examined with the XTT
assay. Human adipose-derived MSCs (hAMSCs)
were then treated with these agueous extracts.
The aim of this study was to investigate and
determine the effects of the cytotoxicity levels
of the extracts on hAMSCs. We believe that
this pioneering study will open a pathway for
promising new studies in tissue engineering and
regenerative medicine applications.

MATERIALS and METHODS

Plant Collection

M. azedarach L. leaves and green fruit were
collected in April from Canakkale, Turkey. Fresh
leaves and green fruits were rinsed with distilled
water. Then, they were evenly spread and dried in
an incubator (Memmert, UN55, Germany) for 24h.
The outer layer of the dried fruit was removed
before the extraction process. The dried material
was separately homogenized (IKA, T-18 Basic
Ultra TURRAX, Germany) in order to obtain their
powder form.

Extraction of M. azedarach L.

The extraction process was performed with
two different groups. The dried samples were
first dissolved in Milli-Q water (Merck-Millipore,
Direct-Q3 UV, Germany) at a ratio of 2% (w/v).
Group-l samples were extracted at 80°C for 2h
with a Soxhlet apparatus (Buchi, Rotavapor R210,
Switzerland) (also named the infusion method).
The extract was then centrifuged at 6000 rpm
for 10 minutes (Hettich, Mikro 120, Germany)
and filtered (Macherey-Nagel, MN-615, Germany)
under reduced pressure (Buchi, Vacuum pump
V-700, Switzerland).

Group-ll samples in suspension form were sub-
jected to continuous stirring (also named the ro-
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Figure 1. An overview of the extraction processes of M. azedarach L. green fruit and leaf. Step 1: Green fruit and leaf
were harvested and dried in incubator. Step 2: Green fruit and leaf were homogenized. Step 3: Green fruit and leaf ext-
racts were obtained according to infusion method (Group |) and centrifuged to eliminate the insoluble substances. Step
4: Green fruit and leaf extracts were filtered by vacuum under reduced pressure. Step 5: Fruit and leaf extracts were

lyophilized to obtain their water-soluble powder form.

tating method) at room temperature for 72 h. The
solutions were then centrifuged at 6000 rpm for 10
minutes and the resulting suspension filtered using
filter paper under reduced pressure. The extracts
were evaporated under reduced pressure at 80°C
to concentrate the solution and stored at -26°C for
overnight before the lyophilization process. Lyop-
hilization procedure was conducted for overnight
(Telstar, LyoQuest, Spain) and the Iyophilized ext-
racts were stored at -26°C for further use. All pro-
cesses were summarized in Figure 1.

Determination of Total Phenolic Content

The total phenolic content (TPCs) was spectrop-
hotometrically determined using the Folin Cio-
calteu reagent [15]. Dried specimens of the leaf

and green fruit extracts were dissolved in Milli-Q
water at a ratio of 1% (w/v). Briefly, 10 mg of the
sample was suspended in 1 of mL Milli-Q water at
room temperature. Then, 900 pL of Milli-Q water,
5 mL of the Folin reagent (0.2 N) and 4 mL of so-
dium carbonate solution (7.5%, w/v) were added
into each 100 uL sample. The solutions were res-
ted for 2 h at room temperature in the dark. The
absorbance was measured at 765 nm against a
blank solution (Shimadzu UV-mini 1240, Japan).
The phenolic content was calculated in terms of
Gallic acid (GA) and the results were given as the
GA equivalent (GAE) in terms of mg/g dry sample.
All chemicals were purchased from Sigma-Aldrich
(Germany) unless otherwise specified.
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Determination of the CUPRAC Antioxidant
Capacities of the Extracts

To analyze the antioxidant values of the extracts,
the CUPRAC test was applied. Briefly, 20 uL of
each sample was suspended in 1 mL of CuCl,.2H,0
(0.01M, prepared in Milli-Q water), 1 mL of
Neocuproine (7.5x103 M, prepared in Ethanol), 1
mL of ammonium acetate solution (pH= 7.0, in
Tris-buffer) and 1.08 mL of Milli-Q water. After
the solutions were incubated in the dark for 30
minutes at room temperature, the absorbance
was measured at 450 nm against a blank solution.

Gas chromatography/Mass Spectrometry
Analysis

M. azedarach L. leaf and fruit powders were
dissolved in Milli-Q water and filtered through
a 0.45 pum sterile filter. GC-MS analysis was
performed using a Thermo MS Finnigan Trace
DSQ instrument, with a DB-WAX (30mx0.25mm
i.d.; film thickness 0.25um) column. The GC oven
temperature was programmed in the following
manner; 50°C for 1minute, followed by anincrease
rate of 3°C/minute up to 220°C. Helium was used
as the carrier gas at a flow rate of Iml/minute. All
data were processed using the Xcalibur software.

Cell Culture Experiment

Human adipose mesenchymal stem cells
(hAMSCs)  (Merck-Millipore, human adipose
mesenchymal stem cell kit, cat. no. SCCO38
and lot no. QVP1303200, USA) were expanded,
and their multipotency capacities validated
according to a previously reported method
[16,17]. Passages between 2 and 5 were utilized
for all experiments. hAMSCs were seeded on
96-well plates with a density of 1x10* cells/well,
and incubated at 37°C, under 5% CO, and 95%
relative humidity conditions (Panasonic, Japan)
for 24 h. Aqueous extracts of M. azedarach L. at
various concentrations to the hAMSCs. Briefly,
the extracts were added into mesenchymal stem
cell medium at different ratios depending on its
nature; 150, 600, 900, 1500 and 2100 pg/well for
that of the fruit, and 100, 200, 400 and 600 ug/
well for that of the leaf.

Measuring Cell Viability

Cytotoxicity of the extracts were assessed
using commercially available the XTT assay kit
(Biological Industry, USA). In brief, hAMSCs were

seeded in 96-well plates and incubated for 24 h
ensuring they reached 85-90% confluence. The
stem cells were then treated with green fruit and
leaf extracts 24 h under conventional culture
conditions. Subsequently, the XTT activation
reagent was added into each well and incubated
for a further 4 h. The absorbances were then
measured at wavelength range of 450-500 nm
against the control group (n= 3) with a microplate
reader (Thermo-Scientific, Multiskan™ GO).

RESULTS and DISCUSSIONS

Determination of the Success of Extraction
Process

The yield percentage of the green fruit and leaf
extracts were calculated using the equation
given below. The infusion technique produced
extraction yields of 24.11% and 37.98% for the
green fruit and leaf respectively, whereas 17.76%
and 27.00% were obtained through the rotation
process.

The infusion extraction yields were significantly
higher than those of rotation extract yields. Similar
results have been obtained in literature [18].

Assessment of the Total Phenolic Contents of
Extracts

TPCs of the green fruit and leaf extracts were
found to be 173.67 and 312.33 mg GAE/g dry
weight, respectively. The data clearly outlines
that leaf extracts contain a richer phenolic
content (Figure 2A) with respect to that of
the fruit extract resulting in high free radical-
sweeping and antioxidant activities [19]. Phenolic
compounds are one of the major secondary

Initial (dry)) Weight — LyophilizedWeight

x100 (1)
Initial (dry) Weight

SampleYield = (

metabolite classes of plants which possess a wide
range of biological effects including antioxidant
activity, antimutagenicity, anti-carcinogenicity,
etc. [20]. In a similar study, M. azedarach L. was
extracted using various organic solvents in order
to investigate the potential antifeedant activities
of its biological contents [5].

In a study, aqueous extracts of M. azedarach
L. green and ripe fruit were prepared, where
the phenolic content was found to be 10.54 mg
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Figure 2. Total phenolic contents (A) and antioxidant activities (B) of green fruit and leaf extracts.

GAEs/g dry weight [4]. In our study, TPC of green
fruit was found as 173.67+10.84 mg GAEs/g dry
weight according to the infusion method which
reveals the importance of the temperature during
the extraction process. It should not be forgotten
that a number of factors (collection time,
geographical origin, climatic conditions, etc.) also
have influence on the phenolic compound content
in a plant extract [4].

CUPRAC Antioxidant Capacity

The CUPRAC method is based on the Cu(ll)-Cu
(I) reduction by antioxidants in the presence of
neocuproine. Itisimportant that CUPRAC reagent
should be freshly prepared [21,22] it is desirable
to establish a method that can measure the total
antioxidant activity level directly from vegetable
extracts. The current literature clearly states that
there is no \"total antioxidant\" as a nutritional
index available for food labeling because of the
lack of standard quantitation methods. Thus, this
work reports the development of a simple, widely
applicable antioxidant capacity index for dietary
polyphenols and vitamins C and E, utilizing the
copper(l. In our study, the antioxidant content of
the leaf and green fruit extracts were determined
by the CUPRAC method, which showed leaf
extracts to have the maximum antioxidant activity
according to Trolox calculations.

As shown in Figure 2B, the leaf and green fruit
extracts exhibit strong antioxidant activity. Cupric
reducing capacity of the aqueous green fruit and
leaf extracts were found to be 172.51+13.23 and
569.16+10.41 mg Trolox/L, respectively. Aoudia

et al. (2013), found the cupric reducing capacity
of aqueous leaf extracts to be 78.71 mg Trolox/L
which underlines the success of infusion process
seed and almonds of Melia azedarach grown in
Algeria were defatted and extracted with three
solvents, agueous 70%, v/v [23].

GC-MS Results

In order to identify the chemical composition
of the leaf and green fruit extracts, GC-MS, a
very widespread analytical technique, was
performed. According to the results, stearic

acid, polyunsaturated fatty acid, furfural,
2-furancarboxyaldehyde-5-(methyl), acetic acid,
5-hydroxymethyl-2-furaldehyde,  hexanoic  acid,

monoterpenes, phytosterol, flavonoids, 2,3-Dihydro-
3,5-Dihyroxy-6-Methyl-4H-Pyran-4-One and ethyl
nonadecanoate were determinedin the green fruit
extract (Figure 3A). The leaf extract on the other
hand revealed the presence of flavonoids, furfural,
2-furancarboxyaldehyde-5-(methyl), acetic
acid, 5-Hydroxymethyl-2-furaldehyde, hexanoic
acid, phytosterol, monoterpenes, Vitamin E and
2,3-Dihydro-3,5-Dihyroxy-6-Methyl-4H-Pyran-4-
One (Figure 3B). GC-MS screening showed that
the most abundant substance (%) was acetic acid
according to the peak area.

Organic acids and furfural derivatives have
been used against plant parasitic nematodes, for
years. On the other hand, flavonoid derivatives
are potential chemical substances used as anti-
inflammatory and anti-cancer agents. Additionally,
vitamin E is an antioxidant and it protects tissues
from deleterious free radicals. Apart from these,
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Figure 3. GC-MS chromatograms of green fruit (A) and leaf (B) extracts.

Figure 4. Experimental setup for XTT assay and inverted phase-contrast microscopy images of hAMSCs that were treated
with various concentrations of the extracts. Un-treated hAMSCs as control (A), microscopic images of green fruit extract
(B, C, D, Eand F) and leaf extract (G, H, I, J and K) as dose-depended concentrations (Black scale bar: 200 pm).

monoterpenes can inhibit microbial proliferation
and prevent dehydration, etc. [24,25]. Finally,
the active substance/s that cause cell apoptosis
were not specified because of the huge chemical
composition of the green fruit extract.

Cytotoxicity

Human adipose-derived MSCs were treated with
aqueous leaf and green fruit extracts, and the
cell viability was determined via the XTT assay
often used in the identification of cytotoxicity
levels (Figure 4). The colorimetric assay depends

on the reduction of tetrazolium salts (XTT) to
orange colored formazan products by living cells
(metabolically active). Cell viability measurements
obtained from the XTT assay are represented in
Figure 5.

M. azedarach L. green fruit extracts showed
dose dependent cytotoxic effect on hAMSCs.
The IC,, value for green fruit extract was found
to be 728.05 pg/well, whereas no value could
be determined for the leaf extract because it
did not show any cytotoxic effect against the
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Figure 5. Cell viability assessment of green fruit (A) and leaf (B) extract.

hAMSCs. Green fruit extracts inhibited the cell
proliferation as shown in Figure 5A. Although
the TPC and antioxidant capacities of leaf
extracts were higher than that of the green fruit
extract (Figure 2), surprisingly, the green fruit
extract showed a remarkable cytotoxic effect on

hAMSCs in contrast to leaf extract (Figure 5B).

The absence of similar studies in the literature
limits our interpretation about these results. It
is noteworthy in mentioning that the underlying
reason of cytotoxicity is not related to the TPC
or antioxidant capacity, but probably, to the
presence of a chemical compound.

CONCLUSION

Plants have been used as alternative medicine
for therapeutic purposes since the beginning
of mankind. Therefore, the identification of
extraordinary chemical contents is crucial for
their use in the healthcare industry. Nowadays,
hMSCs, hAMSCs in particular, are utilized in the
treatment of many types of diseases. Exploring
novel agents or substances from medicinal plants
for proliferation, differentiation or maintenance of
hMSCs may present and lead to new opportunities
in tissue engineering and regenerative medicine
applications. M. azedarach L. leaf and green fruit
extracts were prepared and applied to hAMSCs
with the aim of evaluating their cytotoxicity
levels, which in turn is the preliminary phase
in understanding the potential effect of these
extracts on hAMSCs.

The green fruit extract was found to be highly
cytotoxic in contrast to leaf extract. We believe
further studies on M. azedarach L. extracts should
be designed in order to gain a better understanding

of the main underlying causes of the cytotoxicity or
proliferation of hAMSCs.
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ABSTRACT

or the first time by adaptive selection have created new high viable and productive hybrid lines suitable

for the climatic conditions of Ganja-Gazakh region. Experiments were carried out in 2 different conditions.
Thus the results of the studies prove that on the basis of a 3 year adaptive selection, each of the created 4
lines, with the exception of 1-2, technological performance and productivity are on high rate. According to the
envorimental resistance of the material as well as its first selection, the second generation, is significantly
more productive than regionalized highly productive Mayak-3 type.
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Mulberry silkworm, hybrid, test, genotype, coefficient of ecological stability, environmental tolerance.
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yarlanabilir secimle ilk defa Gence-Gazah iklim kosullariicin uygun olan yeni, yliksek uyarlanabilir ve verimli

melez hatlari olusturulmustur. Deneyler 2 farkli kosul da gerceklestirilmistir. Bu ¢calismalarin sonucunda, 3
yillik adaptatif seleksion siirecinde olusturulan doért hattin her biri hari¢ tiim biyolojik, teknolojik ve verimlilik
gostergelerine sahiptir. Ayrica cevresel dayaniklilifina goére cok verimli Mayak-3 tiiriint icermektedir. Yeni tiirler
sadece kuru kozanin ipekliligi disinda kozalarin tiim biyolojik ve teknolojik yénden Azerbaycan Cumhuriyetinin
yeni olusturulan dut ipekb&cedi tiirleri ve melezleriicin konulan tiim sinirlara cevap vermektedir.
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INTRODUCTION
Artificial selection is one of the most
important and powerful tools for creating
new breeds and improving existing breeds in
the modern selection of agricultural animals,
including mulberry silkworm. The effectiveness
of the selection depends largely on the correct
assessment of the pedigree value of the selected
breeds [1]. As a result of genetic studies, it was
determined that the inheritance coefficient,
selector  differential, variation coefficient,
phenotypic and genotypic correlation coefficients
and other genetic parameters should be used
for the proper evaluation of the genotype [2,3].
It should be noted that the mulberry silkworm's
genotypesshould have acomplex selection, taking
into account productivity and environmental
sustainability. There fore, considering these two
characteristics, it is necessary to determine the
selection criteria that will lead to an effective
result.

Only some sort of commodities and silk
products are obtained from mulberry silkworm
breed and hybrids. But the quantity and quality
of the raw-silk products are affected by a
number of quantitative indicators of economic
value by this or that degree [4,5]. The cocoon
products, the ability of the survival of the worms,
opening ability of dry cocoon, raw silk output, the
degree of tolerance of sex or a hybrid to various
infectious diseases and the effective use of spent
food have a stronger influence on the amount
of raw silk product(s) than other features and
characteristics [6,71].

The inseparable and total length of the
silk wire opening from the cocoon, the metric
number and the inequality have a significant
effect on the quality of raw silk products. The
genetic improvement of each of these symptoms
and signs ultimately leads to an increase in the
guantity and quality of raw silk products [8-10].

The results of hundreds of special
investigations and selection studies that have
been carried out in the last 50 to 60 years
have clarified that genetic parameters allow
to characterize the genetic structure of the
selection patterns by quantitative characteristics,
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to evaluate the effects of genotype and ambient
conditions on the development and formation of
guantitative signs and other important selective
issues to solve. They, in turn, significantly improve
the efficiency of selective work by improving the
efficiency of selection methods, more optimal
planning of selection programs and shorter and
better quality of implementation.

MATERIALS and METHODS

Materials

As the material of selection was taken thesegenus
Mayak-2, Chine-21 and Ukraine-1. In the process of
selection we conducted experiments in 2 different
conditions in unconditional and conditional
conditions. In the experiments in unconditional
conditions, silkworms are fed on the basis of agro-
technical requlations adopted in our country. In
experiments carried out in pessimal conditions,
the worms in the first three years are also fed
under optimal conditions, and in the last 2 years-
in conditional conditions, using 2 ecofactors.
Prepared selective material was fed in summer
and autumn and the main lines were selected and
separated.

In our research, the range of breeding lines
for years and generations was 16-32 families. In
order to study the adaptive ability of the selection
lines and to determine the environmental stability
ratios, representative control populations have
been created and used in every generation. The
volume of control populations consisted of 3-4
repeats of 150-200 worms per generation.

The mass of the live cocoon, which is the
most important ingredient of the live silkworm,
was used in the selection process as the leading
selection criteria for improving adaptive ability.
3-way selection was applied on selection lines. In
the first and second stages - the selection of the
family, and the third one - individual selection.

In summer, hybrids of the above-mentioned
genes were fed optimally until the end of the third
year. At the third age, each family is divided into 2
half-families. From the first day of the fourth year
to the end of the fodder, the first half-families of
each family are fed in optimal conditions, and
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the second half-families- in pessimal conditions.
Average mass prices of a living cocoon and
threadof a cocoon in every half-family (X v X )
and based on these prices the average prices of
each family by both signs from two environments
(X,), environmental sustainability coefficient
(ES,) and selection index (Sii) are determined by
the following formula of B. H. Abbasov:

Esi = xi-p§ / xi-os
S =ES (X, "+ X?)/2

)
2)

where:

X, - the average value of the evaluated sign of genotype
in pessimal conditions;

X, °® - the average value of the evaluated sign of the
genotype in optimal conditions

We should analyze several aspects to further
characterize the environmental sustainability,
biological, technological and productivity
indicators of newly created breeds. 30 Females,
30 males were taken from materials bred both
in optimal and pessimal conditions for setting
biological and technological indicators of the
newly created sexes.

The weight and silkiness of the wet cocoon were
determined separately. The coefficient of ecological
stability and phenotypic parameters of variability
according to the received indicators are separately
determined depending on the gender of the main
signs of reproduction of each sex and is compared
with the corresponding parameters of the signs of
the Mayak-3.

RESULTS and DISCUSSION

The phenotypic variability parameters of the
main breeding characteristics of new breeds,
mean square displacements (o) and coefficients
of variation (Cv) are much lower in both optimal
and pessimal conditions compared to the control
ones (Tables 1 and 2). Another important fact is
that many economic values, in particular the
phenotypic and paratypic variability of the
biological symptoms of all living creatures, as
well as silkworm breeds, increase as a result of
deteriorating environmental conditions.

The discussion of biological and technological
parameters of the newly created breeds with the
genus Mayak-3 is shown in the first table. Table 1
shows that, in comparison with the type of control
«Mayak-3», the weight change of a wet cocoon on

the Chinese-21 line x-Mayak-2 is 2.73 absolute per-

cent, the coefficient of variation in the weight of the
cocoon thread increased by 3.0 percent.

It is also visible from the table, that the coef-

ficient of variation in the age range of new breeds
increased by 0.12-0.32%. The reason for this fact
is that these new species have high environmental

sustainability. This is also confirmed by the ecologi-

cal sustainability of the breeds. Thus, the coefficient
of stability of the cocoon mass in Mayak-3 is 0.926
and in new breeds is 0.969-0.970, the ecological
stability of the threadmass in the control breed is
0.916, and in new breeds 0.974-0.985 mg (Table 2).

Thus, the results of the research prove that
each of the four lines that we created with a 3-year

adaptive selection, with the exception of 1-2, signi-

ficantly exceed in all biological, technological and
production indicators, as well as environmental
sustainability, their first selection material, namely,
the second generation, as well as the high-yielding
genus Mayak-3, widespread in our country.

It should be noted that newly created breeds,
except the silkiness of the dry cocoon, correspond
to all the progressive limits imposed on the newly

created silkworm breeds and hybrids in the Repub-

lic of Azerbaijan for all biological and technological
indicators.

CONCLUSIONS

It is clear that for both reasons the ecological
sustainability of the Mayak-3 control breed is
average, and in new breeds it is high. Thus, a
comparative analysis of the phenotypic variability
parameters or the environmental stability
coefficients also indicate that the new breeds are
superior to the regionalized Mayak-3 genus due to
the resistance of the main selection features.
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Table 1. Average cocoon thread prices of control and new breeds in optimal and pessimal conditions, parameters of
variability and coefficients of ecological stability.

Sex condtion conation Es
X£m G cv X+m G Ccv
Mayak-3
(control)
Q 2.50+0.038 0.207 8.27 2.34+0.050 0.273 11.68 0.936
g 2.1040.031 0.169 8.03 1.92+0.035 0.194 10.07 0.914
Average 2.30+0.034 0.188 8.15 2.13+0.042 0.234 10.88 0.926
Chine-21x
Mayak-2 (F,)
Q 2.46+0.026 0.144 5.86 2.37+0.026 0.144 6.08 0.963
g 2.00+0.020 0.110 5.49 1.95+0.021 0.114 5.83 0.975
Average 2.23+0.23 0.127 5.68 2.16+0.024 0.129 5.96 0.969
Mayak-2 x
Chine-21(F,)
Q 2.46+0.030 0.163 6.63 2.37+0.029 0.161 6.78 0.963
g 2.08+0.024 0.134 6.42 2.03+0.024 0.132 6.49 0.976
Average 2.27+0.027 0.148 6.52 2.20+0.026 0.146 6.64 0.969
Mayak 2 x
Ukraine-1 (F,))
Q 2.63+0.029 0.157 5.98 2.54+0.029 0.157 6.19 0.966
g 2.13+0.023 0.124 5.80 2.08+0.022 0.121 5.81 0.976
Average 2.38+0.026 0.140 5.89 2.31+0.026 0.139 6.00 0,970
Ukraine-1 x
Mayak-2 (F,)
Q 2.52+0.026 0.142 5.63 2.44+0.026 0.142 5.80 0.968
g 2.12+0.020 0.108 5.06 2.06+0.021 0.113 5.47 0.972

Average 2.32+0.023 0.125 5.36 2.25+0.024 0.128 5.64 0.970




Table 2. Average cocoon thread prices of control and new breeds in optimal and pessimal conditions, parameters of
variability and coefficients of ecological stability.
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ABSTRACT

hestnut (Castanea sativa Mill.) and Rhododendron (Rhododendron spp. L.) (mad honey) honeys are

produced generally in Black Sea Region in Turkey and both of them are the special honeys because of
their organic component content and known their high antioxidant capacity. In the first step of this study
we researched the melissopalynological differentiation of the chestnut and rhododendron honeys and
then in the second step we determined the chemical compounds and sugar content of the rhododendron,
chestnut and mixed chestnut&rhododendron honeys. For this purpose total 18 honey samples were collected
from 4 different districts from Black Sea Region of Turkey and melissopalynological analyses were done
by microscope. Chemical composition and sugar content (fructose&glucose) were determined by High
Performance Liquid Chromatograpy (HPLC) and Gas Chromatography-Mass Spectrometry (GC-MS). After
melissopalynological anaylses were obtained 10 monofloral chestnut, 2 monofloral rhododendron and 6 mixed
chestnut&rhododendron honeys. As a result of sugar analysis with HPLC, F/G rates were found between 1.17
and 1.80. GC-MS chemical substance analyses of honeys revealed alcohols, aldehydes, ketones, aliphatic acids
and their esters, carboxylic acids and their esters and flavanonoids.

Key Words
Chestnut honey, rhododendron honey, mellissopalynological analysis, sugar analysis, chemical compounds.

6z

Urkiye'de genellikle Karadeniz bdélgesinde Uretilen kestane (Castanea sativa Mill.) ve ormanguli

(Rhododendron spp. L.) (delibal) ballariicerdigi organik bilesenler ve yiiksek antioksidan seviyeleriile bilinen
onemli ballardir.Bu ¢alismanin ilk asamasinda kestane ve ormanguli ballarinin melissopalinolojik farkliliklari
arastiriimig, ikinci asamasinda ise ormangili, kestane ve kestane ormangli karisik ballarin seker icerikleri ve
kimyasal bilesenleri belirlenmistir. Bu amagla Turkiye'nin Karadeniz Bélgesinde, 4 farkli yerden toplamda 18 bal
ornegdi toplanmistir ve mikroskop ile melissopalinolojik analizleri yapiimistir. Kimyasal bilesim ve seker icerigi
(fruktoz&glikoz) HPLC ve GC-MS ile belirlenmistir. Melissopalinolojik analizler sonrasinda 10 balin monofloral
kestane bali, 2'sinin monofloral ormanglli ve 6'sinin da kestane ormangili karisik ballar oldugu saptanmistir.
HPLC ile yapilan seker analizleri sonucunda F/G oraninin 1.17 ve 1.80 arasinda oldugu, GC-MS kimyasal analizleri
sonucunda da ballarin alkoller, aldehidler, ketonlar, alifatik asit ve esterleri, carboksilik asit ve esterleri ile
flavanoidleriicerdigi ortaya ¢ikariimistir.
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INTRODUCTION
hestnut (Castanea sativa Mill.) and Rhodo-
dendron (Rhododendron spp. L.) (mad honey)
honeys are found generally in Black Sea Region
in Turkey and both of them are the special honeys
for their organic component content and known
their high antioxidant activity.

Chesnut plant is one of the best sources of
nectar and pollen for honeybees. Chestnut honey
with dark color and bitter taste, can stay in a
liquid state for a long time because of its slow
crystallization rate [1,2].

Mad honey, produced by honeybees from the
nectars of Rhododendron genus (R. ponticum and R.
luteum) flowers. R. ponticum and R. luteum plants,
which are belongs to Ericaceae family, grow mainly
in the Black Sea Region of Turkey, Japan, Nepal,
Brazil, Europe and some parts of North America [3].
This honey's taste is bitter because of its slightly
sharp taste and most of them contains toxins which
are called grayanotoxins and they can be toxic when
their consumption. So people use generally “Mad
Honey" name for this honey due to subsequent
consumption effects. On the other hand this honey
is widely used in indigenous medicine [2].

In Rhododendron genus, 208 compounds have
been isolated, composed of mostly flavonoids and
diterpenoids [4]. Most of those diterpenoids are
grayane-type diterpenoids, polyhydroxylated cyclic
hydrocarbons that do not contain nitrogen [5]. It

is reported that mad honey intoxication is largely
associated with lipid-soluble grayanotoxins (GTXs)
similar to the alkaloids veratridine, acotinine and
batrachotoxin [6]. GTXs tend to bind to the activated
state of sodium channels and cause persistent
activation at resting membrane potential. They lead
to blockage of sodium channel inactivation and shift
of the voltage dependence of activation to more
negative potentials [2,71.

In  this study we researched the
melissopaynological differentiation of the chestnut
and rhododendron honeys and then we determined
the chemical compounds and sugar content of
the rhododendron, chestnut and mixed chestnut
rhododendron honeys

MATERIALS and METHODS

Collection of Honey Samples

Honey samples were provided by beekeepers.
Total 18 honey samples were collected from 4
different districts [Bartin (n=10); Kastamonu
(n=1); Istanbul (n=1); Diizce (n=6)] from Black Sea
Region of Turkey (Figure 1). Pollen analysis was
performed to authenticate the botanical origin of
chestnut and rhododendron honeys.

Microscopic Analysis of Honeys

For microscopic analysis Wodehouse (1935) [8]
and Sorkun (2008) [9] methods were accepted
and honey preparations were examined by
Olympus CX41 microscope.
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Figure 1. The regions where honey samples were collected.



Preparates from Honey Samples
Preparates to identify in 10 grams of honey are
obtained as follows:

500 grams of stock honey was well stirred with a
sterile glass stick and 10 grams of it was separated
for obtain preparats. Then the sample and 20 ml
distilled water mixed in a tube and left in a water
bath of 45°C for 30-45 minutes. Then this melted
honey mixture was centrifuged in 3500 rpm
for 45 minutes. Water in centrifuged tubes was
removed and tubes were left upside down on a
drying mat for full drainage. The material was
taken from the bottom of the tube and plated on
a lam with basic fucsin-glycerin gelatin mixture.

Basic fucsin-glycerin-gelatine mixture and
honey were taken with the edge of a sterile
needle was transferred to a microscope slide and
put on a hotplate set at 40°C. When the gelatine
was melted, 18x18 mm cover slips were placed on
the samples. Pollen slides were researched with
Olympus CX41 microscope and immersion objective
(x100) was used for identification of pollens. During
microscopic studies all the area, which is 18x18 mm,
was checked. 200 pollen was counted for every
sample and determined pollen types according to
their botanical origin.

Relevant sources were used in the identification
of the pollen were from Persano Oddo and Piro
(2004) [10], Ozkék Tiyli and Sorkun (2007) [11] and
Sorkun (2008) [9] as well as reference preparats

Determination of the Botanical Originals of
Honey Samples

The determination of the botanical origin is based
on the relative frequencies of nectariferous
species’ pollen types. The frequency classes of
pollen grains were given as predominant (>45%),
secondary pollen (15-45%), important minor
pollen (3-15%) and minor pollen (<3%) [12].

GGenerally a honey can be defined as unifloral
if the “characteristic” pollen (e.g. Brassica in rape
honey) exceeds 45%. These are general guidelines
but many pollen types are underrepresented (Ro-
binia pseudoacacia, Citrus spp., Tilia spp.) or over-
represented (Castanea sativa, Eucaliptus spp.). For
instance, to characterize acacia honey as unifloral,
R. pseudoacacia pollen must be over 15%, citrus
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must have at least 10% of Citrus spp. pollen while,
for chestnut honey, a content of 70-90% of Casta-
nea pollen is required to classify honey as unifloral
[12-14].

High Performance Liquid Chromatography
(HPLC) Sugar Analysis

Bogdanov and Baumann (1988) [15] method and
HPLC (Agilent 1200 Series) were used for the
determination of fructose and glucose at honey
samples. According to this method 5 g honey was
weighed into a beaker and dissolved in 40 ml wa-
ter. Pipetted 25 ml of methanol into a 100 ml volu-
metric flask and transferred the honey solution
guantitatively to the flask. Filled to the mark with
water. Poured through a membrane filter and col-
lected in sample vials. Also fructose (2 g) and glu-
cose (1.5 g) standards were prepared same way.
80 volumes of acetonitrile to 20 volumes of water
mix was used as mobil phase. Flow rate was 1.3 ml/
min at constant temperature of 30°C.

Gas Chromatography-Mass Spectrometry
(GC-MS) Chemical Compounds Analysis

GC-MS was used for chemical compound analysis
of the honey samples. 5 g honey dissolved in 5 ml
methanol and mixed for 1 minute by vortex. Next
centrifuged at 3500 rpm for 15 minutes. Then up-
per phase was filtered to vials and 1 pl solution
injected to GC-MS. A GC 6890N from Hewlett-
Packard (Palo Alto, CA, USA) coupled with mass
detector (MS 5973 Hewlett-Packard) was used for
the analysis of honey samples. Experimental con-
ditions of GC-MS system were as follows: DB 5MS
column (30 mx0.25 mm and 0.25 um of film thick-
ness) was used and flow rate of mobile phase (He)
was set at 0.7 ml/min. In the gas chromatography
part, temperature was kept at 150°C with 10°C/
min heating ramp. After this period, temperature
was kept at 150°C for 2 minutes. Finally, tempera-
ture was increased to 280 with 20°C/min heating
ramp and then kept at 280°C for 49 minutes and
chemical substances of the honey samples were
identified by using standard Nist Libraries avail-
able in the data acquisition system of GC-MS.

RESULTS and DISCUSSION

After melissopalynological anaylsis were obtained
10 monofloralchestnut,2 monofloralrhododendron
and 3 mixed chestnut&rhododendron honeys
(Table 1) (Figure 2 and 3).
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According to Turkish Food Codex (2012) [16] and
Codex Alimentarius Committee on Sugars (2001)
[17]1 sum of the fructose and glucose should be not
less than 60g/100g and ratio of fructose to glucose
should be between 1.0% and 1.85% for chestnut
honeys. White (1978) [18] reported that the ratio of
Fructose and Glucose in honey varied from1.0to 1.2
and this ratio could also change depending on the
nutrition the beekeper has made during the spring.
Manzanares et al. (2017) [19] with 42 chestnut hon-
eys, they reported that F 37.5%-44.1%, G 23.2%-
30.9%, F + G 63.3%-74.8% and F/G 1.29- 1.78. Also
Can et al. (2015) [20] found the values respectively,
F 38.44%, G 19.35%, F+G 57.79%, F/G 1.98%, at
chestnut honey. In our results we found Fructose
between 29.20% and 42.99%, Glucose between
18.25% and 3115%, F+G between 49.18% and
73.02% and ratio of F/G between 1.30% and 1.80%
at chestnut honey samples. It was found Fructose
36.91% and 37.45%, Glucose 26.52% and 28.86%,
F+G between 63.43% and 66.30% and ratio of F/G
1.31% and 1.38% at rhododendron honey samples.
In our study, it was determined Fructose between
31.03% and 38.79%, Glucose between 23.26% and
32.61%, F+G between 55.99% and 71.00% and ratio

of F/G 1.17% and 1.52% at chestnut&rhododendron
honey samples (Table 2, Figure 4). Consequently,
codex and other studies have been found to be in
accordance with our results of sugar analysis.

GC-MS chemical substance analyses of honeys
revealed alcohols, aldehydes, ketones, aliphatic
acids and their esters, carboxylic acids and their es-
ters and flavonoids (Table 3). Bonago et al. reported
that, hydrocarbons (n-Heptacosane, n-nonacosane,
n-tricosane, n-pentacosane, and n-hentriacontane,
etc), carboxylic acid and esters, were present in the
chestnut honeys as a result of the chemical analy-
sis. The same authors reported that in their another
studies with unifloral chestnut honey, honeys con-
tained 50 kinds of volatile components [21,22]. In
recent years researchers determined furan deriva-
tives in higher amounts in chestnut honey [1,23-25].
Also we found furan derivatives in this study especi-
ally in chestnut honey samples (C1,C5,C6,C7,C8,C9).

Radovic et al., (2001) [25] found furfural, which
is an aromatic aldehyde, before in acacia honey. It
was also determined in lime and lavender honey by
Cuevas-Glory et al., (2007) [26]. In this study we
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Figure 3. a.Castanea sativa, b-c.polar and equatorial view of Castanea sativa pollen.
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Table 1. Melissopalynologic analysis of honey samples.

Honey Total Predominant Secondary Important Minor Pollen Region Honey
sample Pollen type of pollen pollen Minor Pollen (<3%) type
Number (>45%) (15-45%) (3-15%)
(TPN)
Rumex sp. (1%)
Castanea
i 0,
1 722419 sativa - - Rosaceae 1%)  gartin  Chestnut
(97.5%) Fabaceae
(0.5%)
Brassicaceae
0,
Castanea .7%)
2 10844 sativa - - Fabaceae Bartin Chestnut
0,
(97.7%) (0.4%)
Rosaceae
(1.5%)
Castanea Asteraceae
i 0,
3 511271 sativa - - (0.5%) Bartin  Chestnut
(97.5%) Rumex sp.
(0.5%)
Castanea
sativa Ericaceae Asteraceae
4 37626 (7.42%) (1%) Bartin Chestnut
(91.5%)
Ericaceae
0,
Castanea (4.5%)
5 8733 sativa - Rosaceae - Bartin Chestnut
0,
(90%) (4.5%)
Ericaceae
(2.95%)
Ci?:\?; ’ Rosaceae Lamiaceae
6 292364 - Bartin Chestnut
(8.86%) (2.46%)
(83.7%) CR70
Cistaceae
(1.97%)
Rosaceae (3%)
Lamiaceae
(2%)
i 0,
Castanea Apiaceae (1%)
7 162796 sativa - - Cistaceae Bartn  Chestnut
0,
(92.5%) (0.5%)
Chenopodia-

ceae (0.5%)

Poaceae
(0.5%)
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Table 1. Melissopalynologic analysis of honey samples (continue).

Honey Total Predominant Secondary Important Minor Pollen Region Honey
sample Pollen type of pollen pollen Minor Pollen (<3%) type
Number (>45%) (15-45%) (3-15%)
(TPN)
Cistaceae (1%)
Ericaceae
(0.5%)
Castanea
sativa Rosaceae
8 63113 - (0.5%) Bartin Chestnut
0,
(97%) Salix sp.
(0.5%)
Apiaceae
(0.5%)
Castanea Cistaceae
: o .
9 58975 sativa . (1:5%) istanbul Chestnut
(97.5%) Ericaceae (1%)
Rosaceae
(0.5%)
Castanea
sativa . Apiaceae
10 398568 (0.5%) Kastamonu Chestnut
(98.5%)
Rumex sp.
(0.5%)
Ericaceae Castanea Poaceae
sativa
1 4778 (50%) (38.8%) (11.1%) - Bartin Rhododendron
Castanea
. sativa Onobrychis sp.
Ericaceae (1.21%)
0,
12 118658 (48.4%) (33.3%) . Bartin Rhododendron
Cistaceae
Salix sp.
(0.6%)
(15.15%)
Rosaceae
0,
(22%) Fabaceae
0,
Castanea (7%)
sativa Ericaceae
%) Chestnut&
13 14729 - (20%) - Diizce
. Rhododendron
Salix sp. Brasstgaceae
(18%) (7%
Papavera-

ceae (17%)

Castanea

i *
14 888 sativa

(48%)
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Table 1. Melissopalynologic analysis of honey samples (continue).

Honey Total Predominant Secondary Important Minor Pollen Region Honey type
sample Pollen type of pollen pollen Minor Pollen (<3%)
(TPN)
Ericaceae Fabaceae (2.8)
Castanea
sativa* (14.5)
Rosaceae (2.5) Chestnut&
15 76039 (68%) Asteraceae . Dizce
(9.5) Apiaceae (2.7) Rhododendron
Centaurea sp.
(2.8%)
Fabaceae Rosaceae
Castanea (14.1%) (2.8%)
sativa
o .
(30%) C/giaﬁza)ie Hedzszgz;n sp. Chestnuts
16 1728 - . ’ ’ Dizce
Ericaceae Rhododendron
(23.9%) Liliaceae Asteraceae
(9.8%) (1.4%)
Brassicaceae
(1.4%)
Cistaceae
(9.6%)
Ericaceae
(8%)
Fabaceae Campanula-
Castanea (8%) ceae (1.6%) Chestnut&
sativa* : : .
17 4142 (58%) Apiaceae Onobrychis sp. Dilzce Rhododendron
(5.6%) (0.8%)
Salix sp.
(4.3%)
Rosaceae
(4%)
Castanea Rosaceae Ericaceae Liliaceae
sativa* (15.2%) (4.2%) (1.3%)
(52.7%) Chestnut&
18 5186 ’ Salix sp. Fabaceae Poaceae Dizce
(20.8%) (4.1%) (1.3%) Rhododendron

* Chestnut honey,

a content of 70-90% of Castanea pollen is required to classify honey as unifloral.
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Table 2. HPLC sugar analysis results of honey samples.

80

70

60

50

40

w
(=]

]
(=]

[y
(=]

Honey

Sample Honey type Fructose (%) Glucose (%) F+G (%) F/G (%)
a Chestnut 33.64+2.87 19.14+2.37 52.78+4.54 1.76x£0.19
c2 Chestnut 37.81+2.76 29.1245.22 66.9617.56 1.30+0.15
C3 Chestnut 30.924£3.95 18.25+2.63 49.1846.36 1.71£0.09
c4 Chestnut 29.20+2.94 24.71+4.76 53.9347.37 1.21£0.14
C5 Chestnut 36.68+0.80 29.52+3.02 66.20+3.32 1.24+0.13
Ccé6 Chestnut 41.861+1.33 311543.72 73.0245.04 1.3040.12
c7 Chestnut 42.99+2.20 23.76x1.77 66.75+£3.68 1.80£0.09
Cc8 Chestnut 40.47+4.62 25.57+5.75 66.04+10.31 1.611.18
co Chestnut 33.62+4.48 23.38+4.44 57.00+0.65 1.49+0.42
C10 Chestnut 33.04+3.27 22.90+£3.24 55.94+4.52 1.46+0.27
R1 Rhododendron 37.45£2.05 28.8614.22 66.30+2.53 1.31£0.25
R12 Rhododendron 36.91+5.09 26.52+1.66 63.43+5.76 1.38+0.20

CR13 Chestnut&Rhododendron 35.41+0.83 23.26+0.86 58.67+1.19 1.52+0.07
CR14 Chestnut&Rhododendron 38.39+3.44 32.61+1.49 71.00£4.08 1.17+0.10
CR15 Chestnut&Rhododendron 38.7941.12 27.62+1.90 66.41+1.66 1.40+0.12
CR16 Chestnut&Rhododendron 33.23+£0.41 25.00+0.86 58.23+1.19 1.32+£0.04
CR17 Chestnut&Rhododendron 31.5641.07 25.13+0.68 56.7+1.17 1.25+0.05
CR18 Chestnut&Rhododendron 31.03+£0.85 24.96+1.07 55.9941.83 1.24+0.03
I I
I I I 1 I I
: : I 1 i I 1 1

Figure 4. HPLC sugar analysis results of honey samples.

M Fructose

M Glucose

| ‘I ‘I ‘I B
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Table 3. GC-MS analysis results of honey samples.
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found furfural in seven samples of the ten chestnut
honeys (C1,C2,C3,C5,C6,C7,C8) (Table 3).

Flavanoids are important compounds because
of their antioxidant effects. Flavanones are one of
the most important groups of the flavonoids. Yu et
al., 2013 and Ozkok et al., 2016 [27,28] determined
2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-
one (DDMP) flavanones which is a strong antioxidant
in the pine honey samples. Also we found DDMP in
the C6, R12 and CR13 samples (Table 3).

In this study, the chemical composition of chest-
nut and rhododendron honeys and their sugar con-
tent were investigated and it was determined that
they could show changes depending on the botani-
cal origins of honey.
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