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The relationship between hydrothermal alteration and element accumulation in
sessile oak (Quercus petraea L.): A case study from the Canca hydrothermal
alteration zone (Giimiishane, Tiirkiye)

Alaaddin Vural

Ankara University, Faculty of Engineering, Department of Geological Engineering, 06830, Ankara, Tiirkiye

Abstract

The aim of this study is to investigate the element accumulation capability of sessile oak trees, specifically focusing on their ability and
characteristics to accumulate trace elements in the context of plants/trees in alteration zones. The Canca hydrothermal alteration zone
(Gumtigshane, Ttirkiye) is located in Giimiishane, one of Tiirkiye’s significant mining provinces, which hosts numerous mineralizations. The area
has been subjected to intense hydrothermal alteration, making it particularly notable for signs of precious and base metal mineralization. Sessile
oak (Quercus petraea L.) leaves were collected from the Canca hydrothermal alteration zone, and their analyses were conducted using an ICP-MS
device. The trace element concentrations in the oak leaves were evaluated geostatistically, and the element distributions in the Canca area were
examined using element distribution maps created by spatial geostatistical methods. When the findings were collectively evaluated, it was
determined that the trace element contents in the sessile oak leaves were generally higher than normal element contents, associated with the
alteration in the area. Notably, a more significant enrichment of Mo (from 0.05 to 5.47 ppm, with a median value of 0.71 ppm), Cu (from 2.85 to
14.64 ppm, with a median value of 5.97 ppm) As (from 0.01 to 1.36 ppm, with a median value of 0.14 ppm), Zn (from 7.37 to 52.53 ppm, with a
median value of 19.15 ppm) and Pb (from 0.29 to 2.23 ppm, with a median value of 0.83 ppm) elements was found to be related to the alteration.
In addition, a slight enrichment by other elements (Cr, Mn, Co, Ni, Sb and Ba) has been detected. As a result, this study contributes to the related
literature by elucidating the elemental accumulation pattern and alteration relationship of sessile oak leaves grown in the alteration zone
associated with mineralization.

Keywords: Biogeochemistry, element accumulation, exploration geochemistry, hydrothermal alteration, trace elements

1. Introduction

The geochemical properties of elements and their studies have yielded satisfactory results. Such

mobility in different environments are among the many
factors influencing element accumulation in plants [1-5].
Therefore, the use of plants for geochemical prospecting
in mineral exploration began in the 1950s, yielding
satisfactory  results these studies. Such
biogeochemical studies contributed to the
discovery of many mineral deposits during that period.
Today, exploration geochemistry continues to utilize the
element accumulation capabilities of plants.

from
have

The geochemical properties of elements, along with
various physicochemical factors such as pH and Eh, and
their mobility in different environments, significantly
influence element accumulation in plants [2,6,7].
Therefore, the use of plants for geochemical prospecting
in mineral exploration began in the 1950s, and these

biogeochemical studies contributed to the discovery of
many mineral deposits during that period. Today,
exploration geochemistry continues to benefit from the
element accumulation capabilities of plants.

The Glimiishane region has been the site of numerous
mining activities since ancient times [8]. During the
Republic period, exploration efforts in the region led to
the discovery of many mineral deposits, which were
subsequently developed for the national economy
through the efforts of both the private sector and public
institutions such as the General Directorate of Mineral
Research and Exploration (MTA). The Canca
(Glimiishane, Tiirkiye) hydrothermal alteration zone,
where the oak leaves were collected (Fig. 1), is part of the
Eastern Black Sea Tectonic Belt, which forms a section of
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the 6000 km long metallogenic belt extending from the
Balkans to the Himalayas [9,10].

The region, situated at the transition between the
Black Sea Climate and Continental climate, boasts a rich
diversity of flora. Considering the mining potential of
the region and its diverse plant life, it is evident that
phytogeochemical studies conducted in the area would
significantly contribute to mineral exploration efforts.
Such studies are also crucial for investigating the
element accumulation capabilities of plants in
hydrothermal alteration and mineralization areas.
Therefore, the Canca hydrothermal alteration zone,
characterized by intense hydrothermal alteration and a
dense sessile oak (Quercus petraea L.) forest, was selected
as the target this study. A
biogeochemistry/phytogeochemical study

conducted in the area to examine the relationship

area for
was

Turk J Anal Chem, 6(2), 2024, 61-70

between the element accumulation capability of oak
trees and hydrothermal alteration.

2. Materials and methods

2.1. Geological and Geographical Characteristics of
the Region

The Canca hydrothermal alteration zone exhibits a
rugged topography characterized by deep valleys and
high peaks because of its geological and geotectonic
history. The region experiences a transitional climate
between a continental climate, characterized by hot and
dry summers, and a Black Sea climate, characterized by
cold and snowy winters.

The Canca area has been subjected to intense
hydrothermal alteration due to the influence of Upper
Cretaceous-Eocene magmatism. Considering the study

Figure 1. Geological and alteration map of the Canca (Giimiishane, Tiirkiye) field [3]
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area and its immediate surroundings, the primary rocks
of the region consist of metamorphic rocks of the Eastern
Black Sea Tectonic Belt and unmetamorphosed granitic
plutons intruding them [11-13]. These primary rocks are
unconformably cut by Early-Middle Jurassic
volcaniclastic rocks (Zimonkdy Formation) [14]. The
Zimonkoy Formation, in turn, is overlain by Late
Jurassic-Early Cretaceous carbonate rocks (Berdiga
Formation) [15]. The Berdiga Formation is covered by
the Late Cretaceous Kermutdere Formation [16]. All of
these units are intruded by Late Cretaceous intrusions
on the northwest and southwest sides of Giimiishane,
near Torul [17,18]. In different locations northeast and
southwest of Gilimiishane, Late Cretaceous volcanics
overlay the formations. The Late Cretaceous
sedimentary/volcanic/volcano-clastic units are overlain
by Eocene volcanic and volcano-clastic units and
intruded by coeval granitic rocks [9,19-22].

In the Canca area, the oldest unit is composed of Eocene
volcano-clastic rocks (Fig. 1) [23]. These rocks have
undergone hydrothermal alteration. The
alteration in the area is predominantly characterized by
argillic and phyllic alteration, and as a result of

intense

alteration, a well-developed soil cover of grayish, light
brown podzolic type is commonly observed on the
surface [4,24]. The youngest units in the region consist of
recent travertine, alluvium, and slope debris [25].

2.2.Sample collection, analysis processes, and data
evaluation

Sampling was conducted using sessile oak leaves due to
the dense oak forest observed in the Canca hydrothermal
alteration zone for biogeochemical purposes. A total of
226 plant samples were collected. Sample collection took
place within the months of June and July in 2014, and the
details of the sampling and analysis processes are
provided in in Vural [3].

The analyses of oak leaves were carried out at the
Central Laboratory of Giimiishane University using an
ICP-MS device (Agilent 7700x ICP-MS, Santa Clara,
California, USA). Many elements were measured in
sessile oak leaves as part of a project, however, this study
focused on Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Mo, Cd,
Sb, Ba, and Pb.

All the chemicals used were analytical reagent grade
and were bought from Merck (Darmstadt, Germany).
Standard were prepared to
calibration graphs in ICP-MS by diluting the stock
solution with 1000 mg/L concentrations of each metal in
appropriate proportions. Polypropylene bottles were

solutions construct

used to store standard solutions. Before usage, the vials
were immersed in 10% nitric acid overnight, washed
with ultrapure water, and finally dried.

Turk J Anal Chem, 6(2), 2024, 61-70

The sessile oak leaves were ground into powder.
Approximately 0.5 g of the powder samples were
weighed and placed in Teflon vessels in a high-pressure
and closed-coated microwave oven (Sineo MDS-8,
Shanghai, China). After 7 mL of HNOs and 3 mL of H20:
were added to the beakers, the contents were digested
for approximately 30 minutes. Completely solubilized
limpid solutions were finally quantitatively made up to
50 mL with distilled/deionized water and analyzed for
the metals they contained by ICP-MS (Inductively
Plasma — Mass Spectrometer) and MP-AES (Microwave
Plasma - Atomic Emission Spekctrometer). Metal
concentrations measured in mg/L units in the devices
were then converted to mg/kg (ppm) units with Formula
1[26,27].

, CXV XS
Concentration (mg/kg, ppm) = — (1)

Where, C is the mg/L concentration value measured
in aqueous solution in the devices, V is the final volume
(mL) completed after microwave solubilization, m is the
weighed sample mass (g), and S is the dilution
coefficient.

Accuracy/precision tests for the analyses were
conducted according to relevant analysis procedures. To
test the accuracy of the measurement method, standards
of known concentrations were added to the samples at
three consecutive levels. Concentrations of spiked
samples were measured again by ICP-MS. Recovery
percentages for added standard concentrations were
calculated from the differences between the
measurement results of the sample with spiked standard
and the measurement results of the original sample
without spiked standard. Spiked/recovery test results
were between 92.8-108.0% satisfactory for all metals.

Another accuracy test was conducted by analyzing a
certified reference material. The certified results and the
measurements taken in this study with ICP-MS were
found to be in very good agreement.

Relative standard deviations (RSD) were evaluated
for the precision of metal measurements by ICP-MS. The
standard deviation of each metal was divided by its
average, and the result was multiplied by 100 to calculate
the percent RSDs. From the results obtained, it was
observed that RSD values varied between 0.7 and 2.8%.

Descriptive statistical
concentrations were calculated, and the distribution
characteristics of the concentrations were attempted to
be understood through statistical methods. Since the
element contents of oak leaves did not follow a perfect
normal distribution, average element concentrations
were determined considering median values in an effort
to reduce the influence of outliers. Threshold values for

parameters for element
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Table 1. The instrumental conditions used for XRD analyses

Anode Cu (CuKa =1.541871 A)
Filter Ni

Voltage 35kV
Goniometer Speed 2°/minute

Paper Speed 2 cm/min
Sensitivity 4.102

Time Constant 1sn

Slits 1°-0.1mm-1°

Paper Interval TK 26 =2-70°, KF 20 =2-40°

the elements were determined by adding 2 median
absolute deviations (MAD) to the median values [4]. To
examine the effect of alteration on oak
XRD
considering the alteration patterns in the field, aiming to
characterize mineral assemblages typical of alteration
suites. XRD analyses were performed at the Mineralogy
Petrography Service of the General Directorate of
Mineral Analysis and Technology of the MTA. The
instrumental conditions used for XRD examinations are
summarized in Table 1. In XRD studies, predominantly
soil samples, and a small amount of altered rock samples
have been used.

element

accumulation, analyses were conducted

3. Results

When evaluating the element concentrations in sessile
oak leaves (Cd and Sb in ppb, others in ppm), it was
found that Cr concentrations ranged from 0.21 to 8.4
ppm, with a median value of 1.86 ppm. Similarly, Mn
ranged from 13.6 to 1374.2 ppm (median: 162.8 ppm), Fe
from 50.19 to 990.05 ppm (median: 317.6), Co from 0.05
to 0.89 ppm (median: 0.15 ppm), Ni from 0.33 to 8.75
ppm (median: 2.77 ppm), Cu from 2.85 to 14.64 ppm
(median: 5.97 ppm), Zn from 7.37 to 52.53 ppm (median:
19.15 ppm), As from 0.01 to 1.36 ppm (median: 0.14
ppm), Mo from 0.05 to 5.47 ppm (median: 0.71 ppm), Cd
from 6.84 to 249.5 ppb (median: 30.21 ppb), Sb from 10.96
to 2364 ppb (median: 95.1 ppb), Ba from 11.5 to 387.34
ppm (median: 113.35 ppm), and Pb from 0.29 to 2.23 ppm
(median: 0.83 ppm) [4]. Compared to the literature data
collected unaffected by
hydrothermal alteration, these concentrations indicate
an enrichment in especially Cr, Mn, Co, Ni, Cu, Zn, As,
Mo, Sb, Ba, and Pb [3,28].

Based on XRD data and field observations, three
types of alteration have been identified in the area:
silicification, characterized by pervasive sericitization
and pyritization, accompanied by hematite and limonite
formations (silicification - phyllic alteration) (Fig. 1 and
Fig. 2); argillic alteration, which includes kaolinite, illite,
smectite, and alunite (Fig. 1 and Fig. 3). The argillic
alteration surrounds the silicified zones and is
widespread throughout the field. Silicification is
predominantly associated with tectonic lines and
fractures, observed

from samples in areas

Turk J Anal Chem, 6(2), 2024, 61-70

Figure 2. XRD pattern of the silicification-phyllic alteration zone

Figure 3. XRD patterns of the zones with intense argillic alteration

Figure 4. XRD patterns of the propylitic alteration areas

mainly in the western and eastern parts of the area in the
phyllic zones (Fig. 1 and Fig 4). These silicified zones are
primarily developed due to hydrothermal effects and are
influenced by plutonic processes, indicating that
mineralizations are likely to develop in these alteration
zones.

Argillic  alteration areas are predominantly
influenced by weathering, developing supergene and

indicating lower temperature effects, transitioning to
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Table 2. Correlation coefficients (Spearman's rho) between elements in sessile oak leaves

Cr Mn Fe Co Ni Cu As Sr Mo Cd Sb Ba Pb
Cr 1.000
Mn 0.380 1.000
Fe 0.964 0.412 1.000
Co 0.662 0.589 0.698 1.000
Ni 0.518 0.659 0.475 0.544 1.000
Cu 0.602 0.045 0.641 0.452 0.136 1.000
Zn 0.250 -0.007  0.286 0.235 -0.047  0.677 1.000
As 0.627 0.176 0.782 0.482 0.070 0.588 0.325 1.000
Sr 0.384 -0.065 0.497 0.245 0.063 0.586 0.332 0.632 1.000
Mo 0.735 0.208 0.816 0.484 0.187 0.639 0.312 0.846 0.707  1.000
Cd 0.176 0.420 0.228 0.481 0.326 0.312 0.496 0.115 0.019  0.027 1.000
Sb 0.751 0.464 0.741 0.671 0.394 0.476 0.281 0.456 0.347  0.557 0.307 1.000
Ba 0.026 0.060 0.003 -0.183 0.212 0.032  -0.116 -0.080 0.303  0.083 -0.188 -0.101 1.000
Pb 0.548 0.291 0.681 0.551 0.232 0.600 0.507 0.783 0.528  0.651 0.479 0.405 0.048  1.000
propylitic alteration with a lower degree of weights of sample points were calculated using the

hydrothermal alteration (Fig. 1 and Fig 4). Propylitic
alteration areas predominantly consist of chlorite
minerals, smectite group clay minerals, and a small
amount of zeolite group minerals. These areas are the
least affected by hydrothermal alteration, with
weathering also contributing to the alteration. These
zones exhibit minimal ore formation and element
enrichment.

The relationship between the element contents of
sessile oak leaves was examined by calculating the
Spearman's rho nonparametric correlation coefficient
(Table 2). The Spearman correlation coefficients
(Spearman's rho) between the elements in sessile oak
leaves indicate the strength and direction of the
monotonic relationships between pairs of elements.
Positive values suggest a positive correlation, where
higher concentrations of one element are associated with
higher concentrations of another, while negative values
suggest an inverse relationship. Values closer to 1 or -1
indicate stronger correlations.

According to the correlation coefficients, a significant
correlation was observed between Cr and Fe, Co, Ni, Cu,
As, Mo, Sb, and Pb. Additionally, a notable correlation
can be noted between Mn and Co, Ni, suggesting that
Mn, Co, and Ni exhibit similar geochemical behaviors,
indicating the influence of environmental/parental rock
factors in this relationship. Spearman correlation
coefficients also reveal a significant correlation between
Co and Sb and Pb. Furthermore, a substantial correlation
relationship is evident between Cu and As, Sr, Mo, and
Pb elements. Moreover, significant correlations are
observed between Zn and Cd, Pb; As and Mo, Pb; Mo
and Sb, Pb; and Cd and Pb.

3.1. The spatial distributions of plants

Spatial distribution maps of element concentrations
in oak leaves were plotted to examine the behavior of
elements in relation to the geological environment
(Fig. 5). The kriging method was employed in the
generation of distribution maps [29], and the spatial

variogram method [30]. The variogram function (y (h))
expresses the variance of differences between two
randomly separated variables as a function of distance.
The semivariogram function is half of the variogram
function and is computed by the following equation.

N(R)

1
Y =55 Z [Gx) = 2Gxi + W2 @

Here, h denotes the lag distance, y(h) semivariogram,
N(h) corresponds to pairs of sample points associated
with distance h (Krige, 1951, Matheron, 1963; Yaylali-
Abanuz et al, 2011). Lag distance and vy(h)
semivariogram are plotted on the semivariogram graph.
The purpose is to draw the most appropriate theoretical
semivariogram for the experimental semivariogram. The
kriging technique facilitates the estimation of variations
at unsampled points with close accuracy using the
structural components obtained from semivariograms.
The kriging value is calculated using the following
formula:

2°Ge) = ) 420 ©)

Here, Z*(x,): represents the unknown and estimated
value at point (x,), Z(x;) is the data used in the
estimation at point (x,), and A; is the weight assigned to
these data. The values of variables at points (x;) = 1 are
known, but the weights assigned to them need to be
calculated. In the kriging method, these weights should
be defined such that the average of the predicted errors
is zero and the variance is minimized. The conditions for
optimality are expressed as follows:

E[Z(xo) = Z"(x,)] = 0 4)
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To minimize the variance of the prediction error, the
variance E[Z(x,) —Z*(x,)] must be minimized. For
interpolation to be unbiased, the sum of weights

~,4; =1, thereby deriving n unknowns and n+l
equations. If the multipliers are solved using the
Lagrange method, the number of equations equals the
number of unknowns.

Z Aiy(xl- - xj) -m= y(x0 - xj) (5)

Where m is the Lagrange multiplier and vy is the
variogram value for the distance between points x;and
x;. The kriging variance is solved from the following

equation:
n

0% = Z/li y(xi —x) —m =y(x, — x;) (6)
i=1

Due to its superiority in providing the best linear
system of equations for interpolation compared to other
techniques, the kriging method is preferred more often
(It should also be noted that the inverse distance
weighting (IDW) method does not differ significantly
from the kriging method). Therefore, the kriging method
was applied to the elements Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Sr, Mo, Pb, Cd, Sb, Ba and Pb using data obtained
from the semivariogram model (Fig. 5). For the
preparation of anomaly maps, the ARCGIS 10.8
program, which is developed for such studies and
efficiently applies the theory of semivariogram and
kriging method, was utilized. During the drawings, the
spherical model of the kriging method was found to be
the most suitable, and it was preferred to smooth out the
roughness in the maps created by the kriging method.
The element distribution maps were also created using
the IDW method for the same elements. In general, no
significant difference was observed in the distribution
maps.

When examining the element distribution maps of
sessile oak leaves, it is observed that chromium (Cr)
distributions are concentrated in the west, northeast, and
east of the field center in the west-east direction.
Elevated Cr values were detected in the leaves of trees
growing in areas with argillic alteration zones and fresh
volcanic rocks transtion. Contrary to expectations, lower
Cr concentrations were found in areas where dolerite
rocks surfaced (Fig. 5).

Mn values are mostly found in the western part of the
field within the argillic alteration zone and near the
phyllitic zone. Additionally, high Mn values are
observed in a small area in the east of the field within the
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argillic alteration zone. These enrichments are also
thought to be related to tectonism. This is because the
higher Mn values along the tectonic line are striking
(Fig. 5).

Fe concentrations are high towards the southeast in
the center of the field, which is also consistent with the
main tectonic line. The distribution of Fe concentrations
in the field is not uniform, but it shows a similar pattern
to the distribution of Mn. High Fe concentrations are also
relatively concentrated within the argillic alteration zone
(Fig. 1 and Fig 5).

High Co values are observed in the northeastern part
of the field, especially in areas with fresh rocks.
Considering the association of high Co concentrations
with alteration, it can be said that areas with both argillic
and phyllic alteration zones (for the region in question)
exhibit high values. For the western and southern parts
of the field, high values are more likely associated with
argillic alteration (Fig. 5).

The Ni concentrations in oak leaves also show
relatively parallel distributions with Mn. High Ni
distributions were observed mainly in areas with fresh
rocks and in areas subjected to argillic alteration (Fig. 5).

Cu concentration distributions are higher in the
northern and eastern parts of the field, within the
argillite zone, compared to other parts of the region. The
association of Cu enrichments in the eastern section with
tectonic faults is also striking. While Zn concentrations
overlap with Cu in some points, there is an inverse
relationship in some areas, as seen from the distribution
maps (Fig. 5 and Fig. 6). Zn enrichments (in the eastern
part of the field) are associated with tectonic faults and
argillic alteration (Fig. 6).

As distributions are concentrated in a limited area in
the field and intensify towards the northwest-southeast
direction from the center of the field. The intensification
is mainly observed within the argillic zone and tectonic
lines.

A high Sr element distribution was also observed in
the eastern part of the field where there is tectonic
intensity and intense alteration (especially argillic
alteration) (in the range of 200370 ppm). In the areas
where fresh rocks are exposed, the Sr element exhibits a
distribution pattern of small values (in the range of 12—
31 ppm) (Fig. 6).

Concentrations of Mo are concentrated in a limited
area of the field and in the northern part within the
argillic-phyllic transition zone (Fig. 6). It is also observed
that Mo distributions relatively overlap with As
distributions.

The Cd distributions in the field are mostly found in
fresh rocks and relatively in the argillic alteration zones
(up to in the range of 120-250 ppb).
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Figure 5. Spatial distribution maps of plant elements Cr, Mn, Fe, Co, Ni and Cu (Refer to Fig. 1 for geological alteration legend explanations)

The high Cd values observed near the Trabzon-
Giimiighane state highway are striking and suggest that
traffic may also contribute to the high Cd values in
sessile oak leaves (Fig. 6). The presence of high traffic-
related Cd values in studies [e.g. 31] conducted in the
region further supports this possibility.

Areas with high Sb element concentrations are
observed in the southeastern and central parts of the
field. High-value Sb (up to in the range of 630-1200 ppb

in the southeastern and up to in the range of 1200-2400
ppb in the central part) areas are particularly striking in
areas with argillic alteration and tectonic faults (Fig. 6).
The areas in question are also the areas that show high
concentration patterns for almost all elements, especially
the sampling point in the central part of the field. In
addition, relatively high Sb values were also detected in
the area where phyllic alteration is surrounded by
argillic alteration in the northeast of the field.
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Figure 6. Spatial distribution maps of plant elements Zn, As, Sr, Mo, Cd and Sb (Refer to Fig. 1 for geological alteration legend explanations)

Barium (Ba) element concentrations exhibit high-
value patterns in the east of the study area, and parallel
to the tectonic fault in the middle of the study area, and
again in the west of the study area in the argillic
alteration and fresh rock zone associated with the
tectonic fault. Ba values in the eastern part of the study
area are relatively higher than other parts (Fig. 7).

Lead (Pb) concentrations in sessile oak leaves reach
high values (up to 1.4-1.7 ppm) in the argillic alteration
zone with intense tectonic faults in the east of the study
area. Additionally, high Pb distribution areas associated
with the tectonic fault have been identified in the
transition zone of fresh rock-argillic alteration in the
northwest of the study area (Fig. 7).
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Figure 7. Spatial distribution maps of plant elements Ba and Pb (Refer to Fig. 1 for geological alteration legend explanations)

It has been observed that the concentrations of most
elements in the leaves of sessile oak trees growing in the
area reach high values associated with alteration and
tectonic faults. When comparing the element contents of
sessile oak leaves with previous studies [4,28,32,33], it
has been observed that the concentrations of elements in
altered sections differ from those in unaltered/fresh
rock-dominant sections.

4. Conclusions

This study aimed to investigate the relationship
between the concentrations of certain trace elements in
sessile oak leaves and alteration zones. In this context,
element analyses were performed on tree leaves
collected from the Canca (Giimiishane, Tiirkiye)
hydrothermal alteration area. Descriptive statistical
evaluations of the element concentrations in the leaves
were performed. It was determined that the element
concentrations in the leaves were within a wide range
and above the values known for sessile oak leaves (and
plants in general). Moreover, considering the median
values, it was found that sessile oak leaves growing in
the area were enriched with the studied trace elements.
It was observed that the high element concentrations in
the leaves were particularly high in the argillic zones,
associated with alteration and tectonic faults (fracture
zones) in the field, and that most elements reached
higher concentrations compared to fresh rocks. As a
result of the study, it was concluded that the element
enrichments in the leaves were significantly by the
elements Mo, Cu, As, Zn, and Pb, and that there was also
a remarkable enrichment by the elements Cr, Mn, Co, Ni,
Sb, and Ba.
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Abstract

The study encompasses an evaluation of the health risk and hazard profiles of heavy metals contents in various herbal drinks (AGBO) products
marketed in Ilorin metropolis, Nigeria. Twenty herbal drinks samples from four (4) different study (saw-mil, Osere, Oja-oba and Oke-odo) areas
were collected randomly, digested and analyzed. Zinc, Lead, Copper, Iron, Manganese, Cadmium, Chromium and Nickel were analyzed using
Atomic Absorption Spectrometer. The results of this study indicated that most of the heavy metals (Zn, Pb, Cu and Mn) in the herbal drinks were
below the WHO recommended permissible limits. Chromium (Cr) and Cadmium (Cd) are not detected in all of the herbal drinks analyzed.
However, sample C2 and D2 among other analyzed herbal samples contained unsafe concentrations of iron (Fe) and nickel (Ni) that exceeded the
WHO recommended permissible limits. From the health point of view, the EDIs value of all the herbal drinks are below the daily reference dose.
The non-cancerous (HQ) and hazard index (HI) value of all the herbal samples are less than one (1). Based on the results obtained in this study,
there would be a non-carcinogenic health risk and hazard effects to the people taking and consuming the herbal drinks marketed in all the study

areas.

Keywords: Herbal product, heavy metals, estimated daily intakes EDIs, non-cancerous HQ, hazard index

1. Introduction

The use of Herbal remedies or consumptions is presently
prevalent all over the world. They are widely used as an
active part in the prevention, management as well as
treatment of various ailments and illnesses such as fever,
pain, headache, diabetes, hypertension, rheumatism,
and many others [1]. According to World Health
Organization (WHO), approximately 70-80% of the
global population still primarily rely on traditional
medications, from herbal based products to orthodox for
basic health care. The utilization of many herbal
medicines for
popularity around the world due to its low cost,
availability, lesser side effects, affordability and
enhanced effectiveness. Also, because of poverty and
limited access to modern medicine among other reasons

improving well-being is gaining

[2]. The safety and quality of herbal medicinal plants
during germination and growth are determined by
several factors which include climatic conditions, seed
selection, fertilizers application, harvesting and storage.
Factors such as industrialization, the use of fertilizers,
ineffective pollution control and pesticide residues and
inconsiderate extraction method and handling are some

of the factors which largely contribute to contamination
of herbal products with pollutants such as heavy metals
which can significantly affect and alter properties,
efficacy and the quality of the herbal medicinal plants
and their formulations [3,4]. The bio-accumulation of
Heavy metals by the herbal plants from the soil can be
highly toxic to human health and may cause serious
health hazards such as decrease in immunological
defenses, renal failure, gastrointestinal cancer, impaired
psychological, cardiac dysfunction, fetal malformation
and neurological behavior [5]. In many Africa countries
such as Nigeria, most herbal traders sell their products
along busy traffic urban centers [6]. These Herbal drinks
are displayed outside their shops and stores exposing
them to air-borne heavy metals contamination [7]. The
precise knowledge of amount of Heavy metals
concentration present in herbal product is important for
the estimation of whether the ingested heavy metal
concentration will be within the WHO PL values or not
[8]. The WHO has formulated guidelines for quality
assurance and control of herbal medicine, but most
traditional practitioners lack this information. There are
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many research papers dealing with heavy metals content
in herbal product to determine their safe daily intake,
but few of them are reported [9]. Recently, a lot of cases
of health risk from heavy metals such as manganese,
lead, iron, cadmium and mercury remain underreported
while some are not recorded due to poor bookkeeping in
the developing countries [10].

The accurate determination of heavy metals using
analytical method in herbal plants is vital as they have a
narrow range of quality and safety between adequate
levels and excessive intake of the herbal products.
Among the various analytical methods used for heavy
metals analysis in herbal plants, Atomic Absorption
Spectrometry (AAS) is one of the most frequently used
because of its simplicity, low detection limits, low
volume requirements [11]. Therefore, there’s a need for
more studies in examining the safety and quality of the
herbal products. Therefore, this research study focused
on determination of Heavy metals contents in various
herbal drinks products
metropolis, Nigeria. The objectives of the study were: (1)
to determine the concentrations of Heavy metals in
selected herbal drinks products in various locations in

marketed within Ilorin

Ilorin, (2) to calculate the average estimated daily intake
of heavy metals in herbal drinks samples and (3) to
assess the non-cancerous risk and potential health
hazard of the consumption of these herbal drinks
products based on the World Health Organization
(WHO) standard limit.

2. Materials and methods

2.1.Sample collection

The samples were collected in four different areas which
includes; Saw mill, Osere, Oja-oba area and Oke-odo
area and as label as sample areas A, B, C, D respectively.
The herbal drinks that were gotten from this study areas
are; malaria herb (Iba), All-purpose herb (gbogbo leshe),
Deidra herb (jedi-jedi), Typhoid herb, Back pain herb
(opa-eyin), Manhood power (Ale). The samples collected
are used in the treatment of typhoid, fever, back pain,
headache, body pain, malaria. The herbal drinks samples
were collected into a clean bottles and labeled
accordingly so as to avoid error or confusion among the
samples. The experimental work for the determination
of heavy metals in herbal drinks was conducted at the
Chemistry Department Laboratory of the University of
lorin, Ilorin, Nigeria. The samples collection areas,
locations coordinates, sample code and their traditional
use are presented in Table 1. The samples were then kept
in a dry place of 10°C before being taken for analysis.
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2.1.1. Sample preparation and digestion

All reagents and solvents, including nitric acid,
hydrochloric acid and deionized water, were of the
analytical reagent grade and was purchased from Sigma
Aldrich. The digestion procedure employed for the
elements (except Hg) was as described by [12] with little
modification. The project was carried out using an Aqua-
regia method in ratio (3:1) of HCl and HNO:s
respectively. 2.0 g of the herbal drinks (Agbo) was
accurately measured into a conical flask, 15 mL
concentrated nitric acid was added followed by 5 mL
concentrated hydrochloric acid. The flask was closed
and left for 15 minutes to ensure complete reaction. The
mixture was heated for about 150°C until no browner
fumes were produced. The samples solution was then
cooled, and 50 mL of deionized water were added. The
solution was filtered through whatmann filter paper No.
1 into a 100 mL volumetric flask and diluted to a volume
with deionized water and pour into a sample bottles
before taken for analysis.

2.1.2. Sample Analysis

Digest samples were analyzed for Zn, Pb, Cu, Fe, Cd,
Mn, Cr and Ni using BUCK Scientific (ACCUSYS 211)
atomic Absorption spectrophotometer (AAS). The 1000
ppm standard solutions of elements were diluted in five
different concentrations to obtain calibration curve for
quantitative analysis. All the measurements were run in
triplicate for the sample and standard solutions.

2.2.Data analyses and evaluation methods

Statistical and data analysis was carried out on the
results obtained in order to enhance data interpretation.
The statistical data were analyzed using Microsoft Excel
2019. The concentration results of heavy metals were
calculated as mean =+ standard deviation (ug/L) of

triplicate analysis.

2.3. Health risk and hazard evaluation of heavy metals.
In order to fully assess the health risk and Hazard of
heavy metals in the herbal products, various evaluation
methods are employed such as Estimated Daily Intake
(EDI) of metal, Hazard Quotient (HQ), and Hazard
Index (HI) [13].

2.3.1. The estimated daily intake dose (EDI)

The EDI of Zn, Pb, Cu, Fe, Mn, and Ni were calculated to
estimate the average daily intake or consumption of
heavy metals to a specified bodyweight, according to the
mean concentrations of each heavy metal in the herbal
products and the consumption rate as described by
[13-15], in the Equation 1:

ED] = SHM*AIR 1)

BWaverage
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Table 1. Study locations coordinates, samples code and traditional use

Turk ] Anal Chem, 6(2), 2024, 71-77

Collection area Latitude Longitude Sample Code Traditional use

Al Malaria (Iba)

A2 All-Purpose Herbs (Gbogbo Leshe)
Saw-mill (Ilorin west) area 8.4707°N 4.52620°E A3 Pile (]edl—‘]ed1)

A4 Typhoid

A5 Back Pain Herbs (Opa-eyin)

A6 Manhood Power (Ale)

B1 Malaria (Iba)

B2 All-Purpose Herbs (Gbogbo Leshe)
Osere (lorin West) area 8.09142° N 463767°E B3 Pile (Jedi-jedi)

B4 Typhoid

B5 Back Pain Herbs (Opa-eyin)

B6 Manhood Power (Ale)

C1 Malaria (Iba)

C2 Pile (Jedi-jedi)
Oja-oba (Ilorin West) area 8.4760° N 4.4560°E C3 Typhoid

C4 Back Pain Herbs (Opa-eyin)

C5 Manhood Power (Ale)

D1 Malaria (Iba)
Oke-odo (llorin south) area 8.4799°N 4.5418°E D2 Pile (Jedi-jedi)

D3 Typhoid

Where: Crm = the concentration of heavy metals in the
herbal products in mg/L. A 1.r= the average ingestion rate
or daily intake of herbal products in kg., An average
daily consumption or ingestion rate of 0.01 kg of herbal
products was assumed in this study. BW aeg = average
body weight in kg per person. The average body weight
of an adult was considered to be 60 kg. This method was
used because herbal products are widely consumed as a
major part of the diet.

2.3.2. Hazard quotient (HQ)

Hazard Quotient was used to evaluate the non-
carcinogenic risks to humans from long-term
consumption of heavy metals from herbal products,
according to [16]. The HQ is the ratio of the calculated
dose to the oral reference dose as described by [16], in

the Equation 2:

EDI

HO =
Q Rfp,

2)

where EDI = average estimated daily intake or
consumption of herbal products in (mg/L day') and

Table 2. LOD, Reference dose used in this study & WHO
recommended PL [18-20]

EZ‘::IY LOD (ug/l) LOQ (ug/L) RfDo (ug/l) WHO PL (ug/L)
Zn 0.008 0.079 300.00 5000.00
Pb 0.060 0.57 40.00 10.00
Cu 0.02 0.15 700.00 2000.00
Fe 0.045 0.45 140.00 100.00
Mn 0.03 0.28 20.00 40.00
Cd — —_ 3.50 30.00
Cr — — 5.00 50.00
Ni 0.006 0.058 3.00 20.00

Rfpo = reference dose of each heavy metal in (mg/kg day-
1), which is an average daily tolerable consumption or
intake to which a person is expected to have without any
significant health risk effects for a long period of time.
The following reference doses of heavy metals used and
WHO recommended permissible limits in this study are
presented in (Table 2). HQs of heavy metals in herbal
products were evaluated according to the procedure
described by the Environmental Protection Agency
(EPA) [17]. If HQ is < 1 indicate no potential health
risks effects due to herbal product consumption, while
HQis>1 indicate that there are potential health risks and
hazard due to consumption or intake of herbal product.

2.3.3. Hazard index (HI)

Hazard Index (HI) was used to calculate the total value
of non-carcinogenic risks to human health causing by all
heavy metal in herbal product. It is also the summation
of the hazardous quotient (HQ) of each heavy metal
detected in the herbal product as described in the
Equation 3: [16, 21].

m=8
HI = Z THQ;,
n=1

HQ < 1, indicate there is no possibility of adverse
health risk effects on human [22,23].

(3)

2.4. Quality control
The % recovery evaluation was carried out using the
Equation 4.

spiked — unspiked
P P % 100

4

% recovery = spiked
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Figure 1. concentration of heavy metals in Saw-mill (A) study area
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Figure 3. Concentration of heavy metals in Oja-oba (C) study area

This was performed by calculating the concentration
levels of the heavy metals in herbal drink of spiked and
un-spiked samples, and the mean % recovery of the
heavy metals ranging from 87 to 103 % were obtained.

2.4.1. Limits of detection (LOD) and quantification (LOQ)
The limit of detection was evaluated by using Perkin
Elmer method. A sample solution of 10 ug/L of all the
study heavy metals were aspired and the intensities for
these metals and blank are calculated and their LOD
were recorded (Table 2). The limit of quantification was
considered as an acceptable level of accuracy. In order to
calculate the LOQ), the standard sample solution of 0.1
ug/L of all the study metals were prepared and aspired
in the AAS system. LOQ is considered to be
approximately ten times the minimum of LOD.

3. Result and discussions

3.1. Determination of heavy metals in various herbal
samples

The results of the heavy metals (Zn, Cu, Pb, Fe, Cd, Mn,
Cr and Ni) concentration in the six (6) common herbal
products in various locations in Ilorin metropolis are
presented in the (Table 3 and Fig.1- Fig.4). The minimum
and maximum mean concentration of heavy metals in
the herbal product samples are; Zn (10.00 — 120.00 pg/L),
Pb (0.00 - 10.00 pg/L), Cu (0.00 - 10.00 pg/L), Fe (10.00 -

Turk ] Anal Chem, 6(2), 2024, 71-77
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Figure 2. concentration of heavy metals in Osere (B) study area
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Figure 4. concentration of heavy metals in Oke-odo (D) study area

150.00 ug/L), Mn (10.00 — 20.00 pg/L) and Ni (20.00 -
40.00 pg/L). The results showed that the concentration of
all metals detected in the herbal samples are below the
WHO recommended permissible limits, except iron (Fe)
and nickel (Ni) in C2 and D2 herbal samples
respectively. However, the concentration levels of all the
study heavy metals were slightly comparable to the data
reported by [24], which revealed the heavy metal
concentration levels of commonly consumed herbal
bitters in Ilorin, Nigeria. His research showed that
majority of the herbal samples contained heavy metals
concentrations significantly lower than the permissible
limits. The concentration of nickel (Ni) was 20.00 ug/L
and it's WHO permissible limits was (20.00 ug/L). Iron
metal (Fe) has the highest concentration value in C2
sample product its average value was of 150.00 pg/L, this
shows an indication that the herbal product was a little
bit contaminated with iron (Fe) above WHO permissible
limits of (10.00 ug/L). Zinc (Zn) has the highest
concentration in B2 herbal sample, its mean
concentration value was 120.00 ug/L. Both zinc (Zn) and
iron (Fe) have the highest concentrations in A5 herbal
sample, their mean concentrations were 80.00 pg/L in A5
herbal sample. The results of this study however show
lower concentrations of zinc (Zn) and iron (Fe) when
compared with the work of [25], after they assessed the
heavy metals (Fe, Zn, Pb, Cd, Cr, Cu, Mn, and As) hazard
from Nigerian spices and the concentrations of zinc and
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Table 3. Concentration of heavy metals in herbal samples in different study area

z*(‘)‘;‘i"e Zn (ug/L) Pb (ug/L) Cu (ug/L) Fe(ugl)  Cd(ugL) Mn(ugl) Crugl)  Ni(ug/L)
Al 30.00 +0.002 10.00 +0.02 10.00 + 0.002 20.00 +0.06 ND ND ND ND
A2 30.00 +0.001 0.00 +0.00 ND 20.00 +0.06 ND ND ND ND
A3 30.00 +0.001 ND ND 40.00 = 0.08 ND 10.00 +0.02 ND ND
A4 20.00 +0.001 ND 0.00 +0.00 50.00 +0.10 ND 10.00 +0.01 ND ND
A5 80.00 + 0.004 ND ND 80.00 +0.10 ND ND ND ND
A6 40.00 + 0.008 ND ND 10.00 £ 0.05 ND ND ND ND
B1 30.00 +0.002 ND ND 30.00 +0.02 ND 10.00 +0.02 ND ND
B2 30.00 +0.001 ND ND 10.00 + 0.03 ND 10.00 +0.01 ND ND
B3 40.00 +0.002 ND ND 40.00 = 0.08 ND 10.00 +0.01 ND ND
B4 40.00 +0.01 ND ND 40.00 +0.02 ND ND ND ND
B5 40.00 +0.01 ND ND 30.00 + 0.06 ND ND ND ND
B6 120.00 +0.08 ND ND 40.00 = 0.04 ND ND ND ND
C1 20.00 £ 0.02 ND ND 30.00 = 0.09 ND ND ND ND
C2 10.00 £ 0.01 10.00 + 0.06 10.00 £ 0.01 150.00 = 0.012 ND ND ND ND
C3 30.00 £ 0.01 10.00 +0.01 10.00 + 0.04 40.00 = 0.004 ND ND ND ND
C4 40.00 +0.01 10.00 +0.01 10.00 £ 0.02 40.00 +0.008 ND ND ND ND
C5 90.00 £ 0.15 10.00 +0.03 10.00 £ 0.01 50.00 +0.006 ND ND ND ND
D1 30.00 = 0.02 ND ND 20.00 +0.001 ND 10.00 £ 0.01 ND ND
D2 ND ND ND 10.00 + 0.001 ND 10.00 £ 0.01 ND 40.00 + 0.002
D3 ND 10.00 +0.01 10.00 + 0.002 10.00 + 0.004 ND 20.00 +0.002 ND 20.00 + 0.001

ND = not detected; Values: means + S.E.M (n=3)

iron in all the spices samples was relatively high when
compared with other heavy metals present in different
samples. Lead (Pb), copper (Cu) and Manganese (Mn)
have the lowest concentrations in the samples, their
average mean concentrations were within 10.00-20.00
ug/L. Hence, all the herbal samples characterized were
below WHO recommended permissible limit which
was comparable to the results of [26] research report of
different samples of herbal products marketed in Saudi
Arabia, with the concentration levels of study heavy
metals within the WHO recommended permissible limit
[25]. Except foriron (Fe) and nickel (Ni), they may be
contaminated due to anthropogenic activities during
drying or preparation processes, which are considered a

health risk if they are consumes and may causes damage
to lung and blood circulation. Recent studies have
revealed that when people take above the permissible
safe limit of nickel and iron, either from orthodox or
traditional herbal products, untoward reactions may
occur [24]. Lead (Pb) and copper (Cu) are not detected in
all Osere (B1, B2, B3, B4, B5, B6) herbal samples,
manganese (Mn) is not detected in all Oja-oba (C1, C2,
C3, C4, C5) herbal samples and nickel is only detected in
Oke-odo (D2 & D3) herbal samples. Meanwhile,
cadmium (Cd) and chromium (Cr) where not detected in
all the herbal product samples in the study areas.

Table 4. The estimated daily intake (EDI) for heavy metals in herbal samples

Estimate Daily intake (EDI)

Sample Code Zn Pb Cu Fe Mn Ni
Al 0.000005 1.66667x 109 1.67% 10 6.67x 10% 0 0
A2 0.000005 0 0 3.33x 109 0 0
A3 0.000005 0 0 6.67x 10/ 1.67x 10% 0
A4 3.33x 10% 0 0 8.33x 10/ 1.67x 10% 0
A5 1.33x 1005 0 0 1.33 x 1005 0 0
A6 6.67x 10°% 0 0 1.67x 109 0 0
B1 0.000005 0 0 0.000005 1.66667x 10°% 0
B2 0.000005 0 0 1.6667x 109 1.66667x 10°% 0
B3 6.67x 10°% 0 0 6.6667x 1006 1.66667x 10°% 0
B4 6.67x 10°% 0 0 6.6667x 1006 0 0
B5 6.67x 10°% 0 0 0.000005 0 0
B6 0.00002 0 0 6.6667x 1006 0 0
Cl1 3.33x 109 0 0 0.000005 0 0
2 1.67x 106 1.66667x 109 1.67x 109 0.000025 0 0
c3 0.000005 1.66667x 109 1.67x 109 6.6667x 1006 0 0
C4 6.67x 109 1.66667x 109 1.67x 109 6.6667x 1006 0 0
cs5 0.000015 1.66667x 109 1.67x 109 8.3333x 1096 0 0
D1 0.000005 0 0 3.3333x 106 1.66667x 10°% 0
D2 0 0 0 1.6667x 109 1.66667x 10°% 6.66667x 10/%
D3 0 1.66667x 10-% 1.67x 109 1.6667x 109 3.33333x 10 3.33333x 109
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Table 5. The non-carcinogenic hazard quotient (HQ) and hazard index (HI) of heavy metals in the herbal samples.

Sample Target Hazard Quotient (THQ) Hazard Index
Code Zn Pb Cu Fe Mn Ni (HI)

Al 1.67x 1005 0.00047619 4.17 x 10-05 9.5238x 10-06 0 0 0.000544048
A2 1.67 x 1005 0 0 4.7619 x 1006 0 0 2.14286 x 10-%5
A3 1.67 x 105 0 0 9.5238x 10-06 1.19048 x 10-05 0 3.80952 x 10-05
A4 1.11 x 1005 0 0 1.1905 x 1005 1.19048 x 1005 0 3.49206 x 10-%5
A5 4.44 <1005 0 0 1.9048 x 10-% 0 0 6.34921 x 1005
A6 2.22 x 1005 0 0 2.381x 1006 0 0 2.46032 x 10-5
B1 1.67 x 10-05 0 0 7.1429x 10-06 1.19048 =< 10-05 0 3.57143 x 105
B2 1.67 x 10-05 0 0 2.381x 1006 1.19048 =< 10-05 0 3.09524 x 10-5
B3 2.22 x 1095 0 0 9.5238x 10-06 1.19048 =< 10-05 0 4.36508 x 10-05
B4 2.22 x 1005 0 0 9.5238x 10-06 0 0 3.1746 x 109
B5 2.22 x 1095 0 0 7.1429x 10-06 0 0 2.93651 x 1005
B6 6.67 x 10-05 0 0 9.5238x 10-06 0 0 7.61905 x 10-05
C1 1.11 x 1005 0 0 7.1429x 10-06 0 0 1.8254 x 1005
C2 5.56x 10-06 0.00047619 4.17 x 10-05 3.5714 x 1005 0 0 0.000559127
C3 1.67 x 10-05 0.00047619 4.17 x 10-% 9.5238x 10-06 0 0 0.000544048
C4 2.22 x 1095 0.00047619 4.17 x 10-% 9.5238x 10-06 0 0 0.000549603
C5 0.00005 0.00047619 4.17 x 10-% 1.1905 x 10-% 0 0 0.000579762
D1 1.67 x 1005 0 0 4.7619x 10-% 1.19048 x 10-05 0 3.33333 x 109
D2 0 0 0 2.381x 1006 1.19048 x 10-05 0.000333333 0.000347619
D3 0 0.00047619 4.17 x 10-05 2.381x 10-06 2.38095 x10-5  0.000166667 0.000710714

3.2. Estimated daily intakes of heavy metals.

The daily intakes of Zn, Cu, Pb, Fe, Mn and Ni, from
herbal samples were estimated according to the
concentrations of each specific heavy metal in the herbal
samples and the daily ingestion rate for adults with
60 kg average body weight.

The findings show that all the herbal samples had
lower values of EIDs as presented in (Table 4). The EDI
values of all the heavy metals in the herbals samples
were below the tolerable daily intake reference dose
(RfD) of individual heavy metals. These levels were
below the WHO allowable daily dose of 0.01 kg/day for
adults weighing 60 kg [18]. The EDIs increasing
according to this trend: Pb < Cu < Ni < Zn < Fe. The iron
(Fe) and zinc (Zn) contributions are the highest among
the daily intake of heavy metals form the herbal
products in the study locations.

3.3.Evaluation of non-carcinogenic hazard quotient
(HQ) and hazard index (HI)

In order to evaluate the health risk effect of exposure to
heavy metals through the daily intake of herbal product,
the non-carcinogenic hazard quotient (HQ) and hazard
index (HI) are calculated, and the obtained results are
presented in (Table 5). As shown in (Table 5), the non-
carcinogenic (HQ) values of all the study heavy metals
(Zn, Cu, Pb, Fe, Mn and Ni) through the daily intake of
herbal products were all below 1 (HQ <1). The estimated
values show an indication that the daily intake of heavy
metals via the ingestion of herbal products would be
unlikely to have adverse health risk effects on consumer,
which is in agreement with [24]. The results of the health
hazard index (HI) for all herbal samples in different
locations in Ilorin metropolis were below 1 (HI < 1),

(Table 5). The findings of this study reveal that there are
no health risks for consumption and ingestion of herbal

products from all the four (4) study locations. According
to the hazard index (HI) results, daily intake or
consumption of the herbal products do not pose any
health risk effects to humans. The results of the study are
similar compared to [5] who reported the non-
carcinogenic hazard quotient (HQ) and hazard index
(HI) of study heavy metals investigated in 14 different
herbal plants obtained from the three regions in Central
Serbia, Zlatar, Sokobanja, and Kopaonik were below 1.
The hazard index findings suggest that more attention
should be paid to determining the amount of daily
intakes of Heavy Metals from herbal products
consumption and their potentially negative effects
according to [27].

4. Conclusion

The research study aimed to determine the level of trace
heavy metals (Zn, Pb, Cu, Fe, Mn, Cd, Cr, and Ni)
contents of various herbal drinks (AGBO) marketed in
Ilorin metropolis, Nigeria. The results of this study
indicated that most of the heavy metals in the herbal
drinks (Zn, Pb, Cu and Mn) were below the WHO
recommended permissible limits. Chromium and
Cadmium are not detected in all of the herbal drinks
analyzed. However, sample C2 and D2 of all of the
analyzed  herbal samples contained  unsafe
concentrations of iron (Fe) and nickel (Ni) that exceeded
the WHO recommended permissible limits. From the
health point of view, the EDIs value of all the herbal
drinks are below the daily reference dose. The non-
cancerous (HQ) and hazard index (HI) value of all the
herbal samples are less than 1, suggesting no potential
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health risk effects. Based on the results obtained in this
study, there would be non-carcinogenic health risk
effects to the people taking the herbal drinks marketed
in all the study areas.
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Abstract

This study aimed to improve the conditions for the oxidation of benzaldehyde to benzoic acid using chlorine dioxide generated from sodium
chlorite, across various pH ranges and different catalysts. The powerful oxidation capability of chlorine dioxide played a crucial role in enhancing
the kinetic efficiency of the reactions. In our research, we examined various reaction conditions, including sodium dihydrogen phosphate, sodium
dihydrogen phosphate together with sodium chlorite, sodium dihydrogen phosphate combined with sodium chlorite and potassium
permanganate, and sodium dihydrogen phosphate with sodium chlorite and V20s. Additionally, different oxidation combinations having the
promoters with sodium chlorite such as sodium tripolyphosphate (STPP), 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP), and formic acid
were also tested. The stabilized chlorine dioxide solution was also used directly as the oxidation reagent. The role of chlorine dioxide in these
combinations significantly impacted the selectivity and yield in terms of product.

Furthermore, some Mn(III) complexes (Cat.1 and Cat.2) were used as the catalysts in this study, and the findings revealed with chlorine dioxide
are to be an effective oxidant for the selective oxidation of aromatic aldehydes to aromatic acids. For the catalytic applications in buffer solutions,
a leveling effect was observed. When Mn(III) complexes were used, it showed a similar leveling effect in buffer solutions for pH >1, which was
resulting in slow ClO, formation. With these findings it was found that the use of Mn(IIl) complexes in NaH2POs+NaClO2 combination provided
the highest yield in the oxidation of aromatic aldehydes to acids. These results underscore the importance of chlorine dioxide as a powerful

oxidant in the chemical transformation processes.

Keywords: Chlorine dioxide, catalysts, oxidation agent, aromatic aldehydes, aromatic acids

1. Introduction

Oxidation is a crucial process in organic synthesis, with
various methods developed for the targeted purposes
such as oxidation of alcohols to organic acids via
aldehydes [1,2]. One significant yet less common
transformation is the oxidation of aromatic aldehydes to
aromatic acids, which holds industrial importance.
Although only a limited number of methods are effective
across different aldehydes [3], several reagents have
been employed for this reaction in the literature [4].
Among these, sodium chlorite stands out as a selective
and mild reagent for oxidizing aromatic aldehydes to
acids [5,6]. Other oxidizing agents like hydrogen
peroxide, sodium hypochlorite, and KMnOs can also be
used, but they often produce undesirable by-products,
reducing their appeal [7-9].

Chlorine dioxide (ClO2) stands out as an effective
alternative for oxidation reactions, particularly within
the pH range of 3-5 with high yields. Known for its high
efficiency and lack of by-products, chlorine dioxide

quickly gained attention upon its discovery, and it has a
broad range of applications [10-13]. However, due to its
high reactivity, it cannot be stabilized in pure form but
can be maintained at low concentrations in various
chemicals. This stabilization allows for safer and more
controlled use, especially in specific applications,
minimizing unwanted side effects and explosion risks.
In practice, chlorine dioxide as an oxidant is generated
from sodium chlorite in the reaction media by adjusting
the pH with acids and catalysts, ensuring safe handling
and optimal reaction conditions.

Chlorine dioxide is an eco-friendly oxidant that does
not bioaccumulate or persist in the environment. Its use
in catalytic methods is expected to grow, given its non-
polluting nature. These qualities make CIO:2 highly
valuable for both environmental
applications. Its strong oxidizing properties are
particularly effective in removing colored compounds,

and industrial

odors, and metal ions like iron and manganese [14].
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Figure 1. General mechanism for the conversion of chlorine dioxide
presence Mn(III) catalyst [19]
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The conversion of aldehydes to aromatic acids is
crucial due to its industrial applications. Various
reagents have been explored for this purpose [15], but
only a few are suitable for aldehydes [16]. Sodium
chlorite is uniquely effective under mild conditions for
converting aldehydes to carboxylic acids [17]. It acts as a
chemoselective reagent that tolerates diverse functional
groups and produces environmentally friendly by-
products compared to metal-based oxidants [18].

In 2014, Scott D. Hicks and colleagues investigated
the reactions of chlorine dioxide using manganese
catalysts in water under mild conditions. They observed
that chlorine dioxide forms catalytically at a pH of
around 5 and ambient temperature, some oxy-chlorine
species formed were presented in Fig. 1 [19].

In 2016, Kei Ohkubo and colleagues reported in their
article that chlorite, combined with a strong Lewis acid
like scandium triflate, accelerates the disproportionation
of ClOz into CIO- and ClOs [20].

Oxidation in water purification uses oxidizing agents
to convert contaminants into safer compounds. Meng-
Yuan Xu and colleagues review the challenges of using
ClO, focusing on controlling disinfection by-products
(DBPs) in drinking water and highlighting the efficiency
of the UV/CIO: process in both disinfection and reusing
ClOz [21]. Valentin Rougé and colleagues studied in
2022 and found that chlorite oxidation by chlorine which
produces chlorate (60-70%) and ClO2 (30-40%) can be
modeled as the disinfecting and purifying agent for the
domestic and waste waters. The study underscores that
predicting chlorite and chlorate levels can optimize ClO:
peroxidation, and increasing ClO2 dosage can improve
the mitigation of disinfection by-products [22].

In a 2023 study, A.V. Kutchin and colleagues
explored the oxidation of various alkylphenols using

Turk J Anal Chem, 6(2), 2024, 78-90

chlorine dioxide in water and dichloromethane. They
discovered specific features of alkylphenol oxidation
under different reaction conditions resulted in the
formation of quinones and chlorinated products. The
yields of quinones depended on the position of
substituents on the aromatic ring of the starting phenols
[23].

The chemoselective catalytic oxidation of 1,2-diols to
a-hydroxy acids, a challenging process, has been
successfully achieved. Various 1,2-diols were oxidized
into their corresponding a-hydroxy acids, including
optically active forms. A key finding was the CT
complex formation during oxidation, significant for
advancing nitroxyl-radical-catalyzed reactions, making
this method a valuable tool in organic synthesis [24].

Based on this information, experiments in this study
modified catalytic conditions for oxidizing aromatic
aldehydes to acids using sodium chlorite. These
adjustments resulted in high conversions with minimal
by-products under mild conditions.

2. Experimental

2.1. Materials and methods

Sodium dihydrogen phosphate,

chlorite,

potassium
permanganate, benzaldehyde,
stabilized chlorine dioxide, sodium tripolyphosphate
(STPP), formic acid, HEDP (1-hydroxy ethylidine-1,1-
acid),
hydro furan (THF), ethyl acetate, dichloromethane,
acetonitrile, glacial acid, wurotropine, 24-
ditertbutylphenol, cis/trans 1,2-diaminocyclohexane,
potassium  hydroxide, Mn(CHsCOO)2.4H:0, LiCl,
CoCl2.6H:0, diethylenetriamine and water were used as

sodium

diphosphonic vanadium pentoxide, tetra

acetic

the reagents in Aldrich quality.

Experiments were conducted various

glassware and glass storage containers. In addition to

using

these common laboratory equipment and tools were also
used. Melting points were determined using a
Barnstead-Electrothermal 9200 and a Stuart SMP 10
melting  point For pH
measurements, pH papers and a pH meter (PHM 210
STANDARD pH METER, analytical KCl.Ag meterLab)
were used, while magnetic and mechanical stirrers were

determination  device.

preferred for mixing solutions. Infrared spectra were
recorded on a Perkin Elmer UATR-TWO FT-IR
spectrophotometer equipped with a diamond ATR. UV-
visible spectra were recorded using a Hitachi U-2900
UV-visible PC spectrophotometer. 'H and ¥C NMR
spectra were recorded on a Varian Mercury Plus 300
MHz spectrometer. Finally, TLC plates (Silica Gel 60
ADAMANT on TLC Plates) and a rotary evaporator
(BUCHI Water bath B-480) were used.
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2.2. Synthesis

2.2.1. [Mn(1l)(acacen)Cl] (Cat.1)

The synthesis of Mn(IlI) complex of bis-acetylacetone-
ethylenediamine (acacen) [Mn(Ill)(acacen)Cl] (Cat.1)
(Fig. 2) was done according to the literature procedures

[25].
i / | \ 2

Figure 2. [Mn(Ill)(acacen)Cl] (Cat.l) and its calculated molecule
structure using chem 3D Pro

2.2.2. 6,6'-((1E,1'"E)-(cyclohexane-1,2-diylbis(azaneylylide-
ne))bis(methaneylylidene))bis(2,4-di-tert-butylphenolate)
Mn(II)CL, [Mn(III)(SchL)CI] (Cat.2)

A Schiff base compound, 6,6'-((1E,1'E)-(cyclohexane-1,2-
diylbis(azaneylylidene))bis (methaneylylidene))bis(2,4-
di-tert-butylphenol) (SchLH2) was synthesized trough
the literature procedure [26]. The complexation process
for the Mn(III) ion was carried out as follows, as well;

SchLH: (0.2 g, 0.37 mmol), KOH (42 mg, 0.75 mmol),
and Mn(OAc),-4H,0O (90 mg, 0.37 mmol) were mixed and
heated to boiling for 4 hours in an ethanol (20 mL)
solution using a 250 mL round-bottom flask equipped
with a condenser. After the completion of the reaction,
the mixture was cooled down to room temperature, and
LiCl (42 mg, 0.75 mmol) was added. The reaction was
then continued for an additional 3 hours while passing
air through the mixture. The progress of the reaction was
monitored by TLC (60F24-5iO2, fixed phase /
THF:Hexane (3:4), mobile phase) for both steps. After
the reaction was complete, the mixture was cooled to
room temperature, appeared precipitate filtered, and
thoroughly washed with distilled water and methanol
respectively. Finally, the product (Cat.2) was dried for
spectroscopic measurements and analysis in a vacuum
oven at 50 °C.
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Figure 3. [Mn(III)(SchL)Cl] (Cat.2) and its calculated molecule
structure using chem 3D Pro

Yield: 0.192 g, 82%; m.p.: 240-250 °C (decomposition).
FT-IR (PIKE Miracle TM ATR) Vmax/cm™: 3055 (Ar, C-
H), 2951-2866 (Aliph., C-H), 1608 (C=N), 1535(Ar, C=C),
1458-1388 (Aliph., C-C), 1249, 1172.

UV-Vis. (CHCI5-1x10° M) Amax. (nm) (log €): 258 (4.02),
294 (4.23), 329 (4.01), 444 (3.54).

Theoretical compound, (CssHs2CIMnN:202) (%): C,
68.07; H, 8.25; N, 4.41; O, 5.04; Cl, 5.58; Mn, 8.65; Found
(%): C, 68,40; H, 8,77; N, 5,16; Mn, 8.12 (ICP-OES).

2.3. Thin Layer (TLC) Chromatography System

TLC analyses were performed to examine the conversion
of aromatic aldehydes to aromatic acids. All experiments
progressed in various reaction conditions using different
catalysts were performed and monitored using thin
layer chromatography. Pre-coated silica gel plates fixed
on glass were used as the stationary phase. The pre-
coated plates, originally sized 20x20 cm, were cut to 2x5
cm dimensions using a diamond cutter. Application
points were marked on the prepared plates with a pencil.
For the mobile phase, a 1/5-THF/hexane mixture was
prepared as a 25 mL stock solution and stored in a sealed
bottle. 25 mL tall beakers were used as chromatography
tanks. The separation power of the mobile phase was
tested using benzaldehyde as the starting material and
benzoic acid as the main product.

80



Boyoglu et al.

Turk J Anal Chem, 6(2), 2024, 78-90

| : \

Computer

A====-=

— — [ |

UV-Vis. Spectrophotometer

Figure 4. System for catalytic kinetic oxidation measurement of H,O, [29]

2.4.Solution preparation

2.4.1. Preparation of Stabilized Chlorine Dioxide Solution
31% sodium chlorite (13.7 g) was taken and mixed with
2 g of light soda. The mixture was dissolved in 100 mL
of distilled water and then diluted to a total volume of
900 ml. Separately, a solution containing 5.33 g of
sodium persulfate and 2 g of sodium bisulfate dissolved
in 100 ml of water was prepared and added to the
mixture. The resulting solution was left to stand in a dark
place for 3 days to ensure the stability [27]. The ClO:
amount was measured as 3000 ppm by using ClO: strips
(Bart-vation ClO2 measurement strips 0-500 ppm range,
made in USA).

2.4.2. Preparation of Buffer Solution

Buffer solutions with different pH values to be used to
take catalytic measurements were created using
literature sources [28].

Preparing buffers involves a series of precise steps to
ensure they are suitable for their intended use. First, we
calculated the required components concentrations and
amounts based on the specific application and target
volume. Next, we carefully weigh the components and
After
dissolving, for adjusting the pH of the solution to the

dissolve them in an appropriate solvent.
desired level we used pH meters and appropriate
reagents. Once the pH was adjusted, we diluted
the solution to the final desired volume. Finally, we
labeled the buffer clearly to indicate its contents and any
important details. And use some of it directly for

experiments and stored some for future use.

| = =

Peristaltic Pump

- —

-

Magnetic Mixer

Water Bath

2.5.Kinetic studies

The system used for
measurement of H;O; in the literature was modified to
allow for ClO, measurements [29]. To prevent the
evaporation and light interaction of ClO,, the reaction
vessel was specifically modified into a sealed, amber-

catalytic kinetic oxidation

colored reaction vessel. The schematic demonstration of
the modified system is shown in Fig. 4.

The synthesized Mn(III)SchLCl complex (Cat.2) is
shown in Fig. 3. Dimethyl sulfoxide (DMSO) solutions of
Cat.2 were prepared. Buffers at different pH levels (pH=
1, 2, 4, 6) and their respective preparation materials are
listed in Table 1. The experimental conditions were set
up with 102 M sodium chlorite, 10~ M metal complex,
and 0.1 M buffer in a total volume of 100 ml vessel. The
production of ClO, was monitored automatically using
a UV-VIS Spectrophotometer at 360 nm for 90 minutes in
a kinetic cuvette. Changes in the absorbance at 360 nm
for the recorded spectra were attributed to variations in
ClO; concentration.

2.6. The oxidation of benzaldehyde to benzoic acid
studies

In the studies of the oxidation of benzaldehyde to
benzoic acid, experiments were conducted using
different reaction conditions and catalysts while
considering the parameters such as pH, reaction time,
and yield. The results related to the studies are provided
in Table 2 as isolated benzoic acid yield percentage.

Table 2 Reaction conditions of preparation of aromatic
acids from aromatic aldehydes.

Table 1. The reaction conditions of ClO2 generation kinetic studies and results

No Starting Formation Complexes Buffer Molarity of  Buffer  Time %
Material product (105 M) Conditions Buffer pH (min.)  Formation

1 0.01 M NaClO2 ClO:2 — HCI-KC1 01M 1.05 15h 16.41
2 0.01 M NaClO2 ClO:2 — Citric Acid NaH2PO4 01M 2.10 15h 1.45
3 0.01 M NaClO2 ClO:2 — Citric Acid NaH2POu 01M 4.07 15h 0.442
4 0.01 M NaClO2 ClO:2 — Citric Acid NaH2POu 01M 6.02 15h 0.013
5 0.01 M NaClO2 ClO:2 Complex Cat.2 HCI-KC1 01M 1.05 15h 9.29
6 0.01 M NaClO2 ClO:2 Complex Cat.2 Citric Acid NaH2POu 01M 2.10 15h 10.32
7 0.01 M NaClO2 ClO:2 Complex Cat.2 Citric Acid NaH2POu 01M 4.07 15h 5.59
8 0.01 M NaClO2 ClO2 Complex Cat.2 Citric Acid NaH2PO4 01M 6.02 15h 2.56
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3. Result and discussion

In the present study, the oxidation of benzaldehyde to
benzoic acid experiments were conducted considering
pH, reaction time, and yield values applying different
reaction conditions and catalysts. For this purpose, the
study examined under mild conditions, using sodium
chlorite as the oxidant and varying catalytic
combinations to achieve high conversions with minimal
side products (Fig. 5). As stated in the literature, the
experiments were carried out in an acetonitrile-water
medium [30].

(0] H (0] OH
Ry Ry
A
CH,CN/H,0, RT
R, Rz
Rs Rs

Figure 5. Reaction: preparation of aromatic acids from aromatic
aldehydes, A: Catalysts and reaction conditions given in Table 2
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The progress of the reactions was monitored by Thin
(TLC).  The
chromatogram is shown below in Fig. 6. The observed Rf
values were: 2/3 for benzaldehyde and 1/3 for benzoic
acid.

Layer = Chromatography resulting

3cm €—< >—» 3cm

2 cm -—+ 'Y

/

Benzaldehyde Benzoic acid

L » | cm
J

Figure 6. The TLC chromatography of benzaldehyde and benzoic acid

In the initial experiment, oxidation studies were
performed using only sodium dihydrogen phosphate
(NaHzPOy) as the basic reagent to make sure if there was
any conversion without sodium chlorite. At 4.90 pH after
72 hours, benzoic acid was not obtained.

Table 2. Reaction conditions of preparation of aromatic acids from aromatic aldehydes

No Starting Material R1,R2,R3 A pH Time Yield, %
1 Benzaldehyde R1,R2,Rs=H Stabilized ClO2solution — 60 h 73.00
2 m-Tolyl Aldehyde R1,R3=H, R>=CHs Stabilized ClO:zsolution — 96 h 13.20
3 p-Tolyl Aldehyde Ry,R2=H, Rs=CHs Stabilized ClOzsolution — 96 h 16.37
4 4-methyl Benzaldehyde  Ri,R2=H, Rs= OCHs Stabilized ClO:zsolution — 96 h 3.81
5 Salicylaldehyde R2,R3 = H, Ri=OH Stabilized ClO2solution — 96 h —
6 4-Hydroxy Benzaldehyde R1,R2=H, Rs= OH Stabilized ClOzsolution — 96 h —
7 Benzaldehyde R1,R2,Rs=H NaH2PO4 4.90 72h —
8 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO:2 6.98 48 h 33.10
9 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2 6.05 48 h 38.50
10 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2 5.65 48 h 43.10
11 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2 5.45 48 h 64.60
12 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2 5.30 48 h 78.10
13 Benzaldehyde R1,R2,R3=H NaClO2+ HEDP 4.90 60 h 58.50
14 Benzaldehyde R1,R2,R3=H NaClO2+ HEDP 3.50 60 h 75.00
15 Benzaldehyde Ri,R2,Rs=H NaClO2+ STPP + Formic Acid 3.50 60 h 52.00
16 Benzaldehyde Ri,R2,Rs=H NaClO2+ KMnOs4 11.90 48 h —
17 Benzaldehyde Ri,R2,Rs=H NaH2POus+ NaClO2+ KMnOa4 6.10 48 h 16.10
18 Benzaldehyde Ri,R2,Rs=H NaH2POus+ NaClO2+ KMnOa4 5.85 48 h 28.00
19 Benzaldehyde Ri,R2,Rs=H NaH2POus+ NaClO2+ KMnOa4 5.40 48 h 64.80
20 Benzaldehyde Ri,R2,Rs=H NaClOz2+ V205 12.00 72 h —
21 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClOz2+ V205 6.40 60 h 12.70
22 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClOz2+ V205 5.65 60 h 48.50
23 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClOz2+ V205 5.40 60 h 67.60
24 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2+ Cat.1 11.88 60 h 2.78
25 Benzaldehyde R1,R2,Rs=H NaH2POs+ NaClO2+ Cat.1 6.72 60 h 77.7
26 Benzaldehyde R1,R2,Rs=H NaClOz+ Cat.2 11.8 48 h —
27 Benzaldehyde Ri,R2,Rs=H NaH2POs+ NaClOz+ Cat.2 7.12 48 h 34.32
28 Benzaldehyde Ri,R2,Rs=H NaH2POs+ NaClO2 +Cat.2 6.32 48 h 60.72
29 Benzaldehyde Ri,R2,Rs=H NaH2POs+ NaClOz+ Cat.2 5.77 48 h 74.64
30 Benzaldehyde Ri,R2,Rs=H NaH2POs+ NaClOz+ Cat.2 5.44 48 h 87.97
31 Benzaldehyde R1,R2,R3=H NaH2PO4+ NaClOz2+ Cat.2 5.40 48 h 90.08

82



Boyoglu et al.

In the subsequent studies, the combination of
NaH,PO,
conditions used to balance the oxidative strength of
sodium chlorite, thereby increasing the selectivity of the
reaction. To observe the catalytic difference when
sodium chlorite is added, measurements were taken for

and sodium chlorite under the same

48 hours at different pH values. This allowed for a
thorough analysis of how sodium chlorite affects the
catalytic activity under various conditions. For this, the
reaction was carried out firstly by adding NaH,PO, to
adjust the pH to 6.98 and using 7 mmol of NaClO, for 5
mmol of aldehyde. After the reaction for 48 hours, it was
observed that pH decreased from high (basic) to low
(acidic) values, the yield increased to 33.1% (Table 2).
The results demonstrated that the yield of the reaction
depends strictly on the pH. Specifically, at pH 6.05, the
yield was 38.5%. When the pH was adjusted to 5.65, the
yield increased to 43.1%. Further lowering the pH to 5.45
resulted in a yield of 64.6%, and at pH 5.30, the yield
reached 78.1%. These findings indicate that a decrease in
pH leads to a significant increase in reaction yield,
suggesting that the catalytic activity of the system is
enhanced under more acidic conditions. These results of
different pH values are presented in Table 2.

However, increasing the benzoic acid yield at neutral
pH is an important task in terms of industrial
applications due to reducing the corrosion risks and
making the facilities easier. To enhance the oxidation
capacity for the catalytic purposes, the use of chlorine
dioxide (ClO;) in combination with potassium
permanganate (KMnO,) as a catalyst was attempted.
Under the existing conditions, it was expected that it
would cause NaClO; to decompose and release ClO; at
high pH (11.9), but this did not happen, and no product
was formed. Consequently, a system involving KMnO,
and NaClO, was tested. By adding 5 mmol of KMnOj to
the sodium chlorite and NaH,PO, system and allowing
the reaction to proceed for 48 hours, the pH decreased
from 11.9 to 6.10. This process resulted in the formation
of benzoic acid with a yield of 16.1%. Additionally, to
observe the effects of lower pH values over the same
period, further experiments were conducted. At pH:
5.85, the yield increased to 28%, and at pH: 5.40, the yield
significantly rose to 64.8 %. These results demonstrate
that lowering the pH further enhances the yield at the
same level with NaH2POs + NaClO2 system, and there is
no catalytic impact for KMnO4, as well.

In parallel, Vanadium Pentoxide (V.Os) as another
oxidation catalyst like KMnO, was used additionally.
The catalytic effect of V,Os was studied under the same
conditions to measure its influence on the oxidation
process. When it was used solely with NaClO2 at 12.0
pH, benzoic acid was not obtained after 72 hours. At pH:
6.40, benzoic acid with a yield of 12.7% was obtained by
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adding 0.5 mmol of V,Os to sodium dihydrogen
phosphate and sodium chlorite combination after 60
hours of reaction. Also, at pH: 5.65 the yield increased to
48.5%, and at pH: 5.40 increased to 67.6% over the same
period. All the experiments assessed the effect of pH but
no catalytic effect for V,Os on the reaction yield (Table 2).

Some other oxidation combinations were tested for
the oxidation of benzaldehyde to benzoic acid, as well.
Sodium chlorite was used in conjunction with Sodium
Tripolyphosphate (STPP) and formic acid. The pH in the
STPP/formic acid system was buffered to 3.5. At the end
of a 60-hour reaction, benzoic acid was obtained with a
yield of 52.0%. In another system, 1-Hydroxyethylidene-
1,1-Diphosphonic Acid (HEDP) was used alongside
sodium chlorite. Similarly, by adjusting the pH to 3.5 in
the studies with HEDP, benzoic acid was obtained with
ayield of 75.0% at the end of a 60-hour reaction. This was
also tested in pH: 4.90 to see the difference of yield with
this yield descend to 58.5%.

Additionally, measurements were taken by using
stabilized chlorine dioxide solution directly as an
oxidation reagent. In this study, 0.6 g of stabilized
chlorine dioxide was added for 5 mmol of benzaldehyde.
After 60 hours of reaction, benzoic acid was obtained
with a yield of 73.0%.

Mn complexes are organic compounds containing
transition metals and are effective catalysts in oxidative
processes. We also investigated Mn complexes as
catalysts, alongside using a stabilized chlorine dioxide
solution as a direct oxidation reagent in various catalytic
systems. In the final stage of our catalytic studies was
focused on examining the catalytic effect of manganese-
containing complexes in the presence of ClO,. To this
end, manganese-containing complexes were
synthesized, and their catalytic effects were studied
under identical conditions. The Mn(III)(acen)Cl complex
(Cat.1), known for its catalytic activity, was prepared
following the procedure described in the literature and
used as the catalyst [25]. However, no product was
obtained at the end of this Catl and NaClO:
combination experiment at 11.8 pH after 48 hours.
Therefore, the catalytic effect of 5 mmol Cat.1 in the
presence of NaClO: and NaH2POs: was investigated at
different pHs for the same period. As a result, benzoic
acid was obtained with a yield of 34.32% at 7.12 pH,
60.72% at 6.32 pH, 74.64% at 5.77 pH, 87.97% at 5.44 pH,
and 90.08% at 5.40 pH, after adding the additives to the
system under the same conditions. The significant
catalytic effect was observed at the same pH levels for
Cat.1 when it compared with the NaH2POs + NaClO:

combination applications.

Specifically, we synthesized Mn(III)SchLCl complex
(Cat.2) with a fine-tuned synthesis procedure starting
from 3,5-di-tert-butyl-2-hydroxybenzaldehyde as the
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specific Mn(IlI) catalyst known as “Jacobsen’s Catalysts”
in the literature [26]. Initially, the Schiff base was formed
by reacting the aldehyde with
diaminocyclohexane in ethanol. This was followed by
the addition of a metal salt in a basic media to complete
the complex formation. The progress of this reaction was

cis/trans-1,2-

monitored by Thin Layer Chromatography (TLC). The
formation of the Mn(III)SchLCl complex (Cat.2),
obtained from the reaction of the Schiff base ligand with
Mn(OAc),-4H,O, is indicated by the spectroscopic
analysis and elemental analysis. In the FTIR spectrum of
Cat2 the C=N band appeared at 1608
demonstrating the involvement of the imine group in the
complex formation, shifted to lower wave-number when
it compared with the related ligand [26]. The other
signals recorded, were supported to the complex
formation, as well. The elemental and ICP-OS analysis
results of the prepared complex are consistent with the
values theoretically calculated and given in the literature
[26,31].

The catalytic effect of Cat.2 (Mn(III)SchLCl complex),
in the presence of NaClO: and NaH:PO: was
investigated at different pHs for the same period of time.
Catalytic measurements were recorded after 90 min.
than adding Cat2. UV-Vis graphs of these
measurements and their comparison to buffers can be
seen at Fig. 7. The recorded UV-Vis. spectra were
examined, and ClO: generation was observes with the
increase of the absorption at 360 nm by pH adjusting and
catalysis which is accorded with the literature [19, 32]. In
Fig. 7a, it is observed that CIO: formation proceeds with
the effect of pH (pH:1 buffer) and therefore the catalytic
effect cannot be predicted clearly. However, in the
studies carried out in pH:2 buffer in Fig. 7b, it was
determined that the Cat.2 catalyst added to the buffer
increased the formation of ClO2. Although increasing the
pH reduces this effect, it is seen in Fig. 7c that the
catalytic effect continues in the pH:4 buffer. But, when
Fig. 7d is examined, it is observed that the formation of
ClOz in the pH:6 buffer in the aqueous environment
decreases to an almost non-existent level by the pH effect

cml,

or the catalytic effect.

The time-dependent absorptions of generated CIO; at
different pHs were represented at Graph 1, while the
catalytic activities and the yields were presented in
Table 1. To be able to clarify the catalytic mechanism, we
examined the ClOz to ClO: conversion kinetics and
compared with the literature results [32]. Under HCI and
KCl buffer conditions at pH 1.05, conversion was 16.41%
in 90 min. In this environment, a very rapid linear
conversion occurs and the formation of ClO: are clearly
visible.
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Graph 1. Absorbance change graph of Chlorine Dioxide in the specified buffers at 360 nm

To see the conversion results of citric acid and
NaH2POs combination at different pH, we tested them
for 90 min. at similar conditions, as well. At pH:2.10,
formation was 1.45%, at pH:4.07 formation was 0.442%,
and at pH:6.02 formation was measured as 0.013%,
respectively. In other pH experiments, conversion
results in citric acid and NaH2POu buffer showed us that
there was a leveling effect here and ClO: formation
occurred slowly. When the buffer was changed, there
were large differences in ClO: formation between the
two measurements (Graph 1). The reason why the
reaction is carried out in the presence of NaH,PO, is that
it acts as a buffer for the ClO, formed during the reaction.

concentration, allowing for more controlled and
effective catalytic reactions [19,32,33].

The time-dependent absorption of ClO, with Cat.2,,
as well as citric acid and NaH2POs with Cat.2 were
presented in Table 1. Also, activities at different pHs
were presented in Graph 2 respectively.

Cat.2 in HCl and KCI buffer (pH: 1.05), ClO2
formation was 9.29% in 90 minutes. under the same
conditions. Although a leveling effect is observed here,
the amount of ClO:z in the environment is higher due to
the catalyst effect. Since Cat.2 also buffers, a similar
leveling effect can be seen even in buffer solutions where

This buffering effect helps stabilize the ClO, PpHis close to 1. This shows us that measurements made
Absorbance change of Chlorine Dioxide with addition of Cat.2 at 360 nm.
1.2 4
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Graph 2. Absorbance change graph of Chlorine Dioxide in the specified buffers with addition of Cat.2 (360 nm)
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Figure 8. pH buffering with NaH2POs and benzoic acid yields isolated

with the metal complex in NaH2POs environment will
give the highest conversion rate. As expected, the results
of Cat.2 and NaH:POs formation in citric acid at different
pH values were 10.32% at pH 2.10, 5.59% at pH 4.07 and
2.56% at pH 6.02 for 90 minutes.

The leveling effect seen here and increased by Cat.2
can be expected to make a positive contribution to the
oxidative conversion of benzaldehyde to benzoic acid.
When the yields of benzoic acid given in Table 2 are
compared with the efficiencies obtained both in buffer
solutions and when using catalyst together with buffer
are quite high compared with the ClO: conversion
efficiency. It can be interpreted that the effect of the
mentioned leveling effect of CIO2 which is increased by
the ClO2 complexes formed with the catalysts used, and
in this case, high percentages of benzoic acid conversions
are obtained even at pH close to neutral [34,35]. As a
result, benzoic acid was obtained with the isolated yield
of 2.78% at 11.82 pH, and 77.7% at 6.72 pH after 60 hours
reaction.

In line with the studies, attempts were made to
catalytically oxidize aromatic aldehydes including 4-
methyl benzaldehyde, m-Tolyl Aldehyde, p-Tolyl

Aldehyde, Salicylaldehyde, and 4-Hydroxy
benzaldehyde using stabilized chlorine dioxide. The
results of the conducted studies are presented in Table 2.

Table 2 shows that 31 different experiments were
carried out. As a first step of the experiments, different
aldehyde derivatives (benzaldehyde, m-tolyl aldehyde,
p-tolyl aldehyde, 4-methoxy benzaldehyde, 2-hydroxy
benzaldehyde and 4-hydroxy benzaldehyde) were
reacted with stabilized ClO: solution. At the end of the
reaction, it was observed that there was no
transformation in the aldehyde derivatives containing
the free —OH group. It was interpreted that the
antioxidant property of the phenolic structure in these
molecules prevents the radical oxidation.

In the second stage of the experiments, the oxidation
conditions and yields of benzaldehyde to benzoic acid in
different pH buffers and catalysts in the presence of
NaClO: were investigated. In the experiment performed
with only NaH:POs without NaClO: at pH 4.90, no
benzoic acid could be isolated after 72 hours. However,
in the combination of NaH2PO4 + NaClO», benzoic acid
was obtained at increasing rates from 33.1% to 78.1% at
decreasing pH values from pH: 6.90 to pH: 5.30,
respectively (Fig. 8).

Figure 9. Absorption spectra of the conversion of benzaldehyde to product (benzoic acid)
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(b)

Figure 12. a) The pH-yield variation of catalysts, b) The yield comparison of catalysts at pH 5.40

Although benzoic acid conversion was monitored by
UV-Vis spectroscopy (Fig. 9), the isolated benzoic acid
yields were presented to justify the results.

Other organic acids such as HEDP and citric acid
which have been known of their application with
NaClO: were also used as buffering agents [36,37].

In these applications, benzoic acid yields gradually
increasing with the pH structure were obtained.

The catalytic studies were continued with KMnOs
and V205 which were used with the NaH2PO4+NaClO:
combination. While no product was obtained with
KMnO:s at high pH (pH: 12), in the study conducted with
the V205 catalyst, 1.6% benzoic acid yield was obtained
at pH: 12. However, it was observed that the other yields
obtained by pH change were lower compared to the
yields  obtained with the combination of
NaH2POs+NaClO2, which was assigned that the catalysts
were not sufficient to stabilize the formed CIO: (Fig. 10a
and b).

In the last step of the study, the prepared complexes
([Mn(III)(acacen)Cl] and [Mn(III)(SchL)Cl]) were used as
catalysts (Cat.1 and Cat.2). For both complexes, benzoic
acid formation was observed at pH values above 11.5.
However, benzoic acid was obtained in very high yields
of 77.7% and 83.4% at pH values close to neutral (pH:
6.72 and pH: 6.69), respectively by using Cat.1 and Cat.2
(Fig. 11).

Benzoic acid yields of the catalysts depending on pH
are shown in the graph in Fig. 12a. It is seen that the
benzoic acid yield in NaH2POs buffer depends entirely
on the pH value and increases rapidly after pH: 5.8. For
KMnOs and V205 catalysts, lower yields were obtained
due to the reaction of the catalysts with ClO2 formed at
pH <5.5, while the same effect was observed with buffer
at pH >5.5. When the graph of Cat.2, one of the prepared
catalysts, was examined, the catalytic effect was clearly
seen, and it was understood that the reaction was
catalyzed at every pH value. The highest efficiency for
Cat2 was determined as 90% at pH: 5.40. The

comparative yields of other catalysts at the same pH
value are given in Fig. 12b.

4., Conclusion

Firstly, measurements were taken by using stabilized
chlorine dioxide solution directly as an oxidation reagent
to make sure if the substituent bearing on the benzene
ring effected the rection kinetic. Free -OH group bearing
benzaldehyde derivative did not give any conversion.
NaH2POs was used as a buffering agent for adjusting the
reaction pH to the desired value. The lower the pH, the
greater the yield of benzoic acid obtained. Other
oxidation combinations tested included Sodium Chlorite
with  Sodium  Tripolyphosphate  (STPP), 1-
Hydroxyethylidene-1,1-Diphosphonic  Acid (HEDP),
and formic acid. STPP was used to modulate the
oxidative capacity of sodium chlorite, phosphonic acid
to enhance the effect of sodium chlorite, and formic acid
to strengthen the oxidation process.

The combination of the catalyst with sodium chlorite
was utilized to enhance the yield of the reaction by
balancing the oxidative powers of sodium chlorite in the
corresponding pH. Subsequently, the addition of
KMnOs: aimed to increase the oxidation capacity.
Additionally,  during the oxidation
measurements were taken by adding V:0s to the
combination of Sodium Dihydrogen Phosphate and
Sodium Chlorite as an extra catalyst. But not much
improvement was observed for these applications.

process,

Furthermore, Mn (III) complexes were also examined
as catalysts (Cat.l and Cat.2) which are organic
compounds containing transition metals and are
effective catalysts in oxidative processes. It was found
that the use of Mn (III) complexes (Cat.1 and Cat.2) in
NaH2POs+NaClO: combination provided the highest
yield in the oxidation of aromatic aldehydes to acids. For
the catalytic application in buffer solutions, a leveling
effect was observed which was resulting in slow ClO,
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formation. Mn complexes (Cat.1 and Cat.2) exhibited a
similar leveling effect in buffer solutions with a pH >1.
These findings proved that utilizing Mn complexes in a
NaH,PO, environment yields the highest conversion
rates.
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Abstract

The essential oil (EO) and phenolic constituents of Parentucellia viscosa L. were analyzed by GC-FID-MS and HPLC, respectively. A total of 20
volatile compounds were identified accounting for 99.97% in hydrodistillation. Monoterpenes (50.57%, 5 compounds) were the primary chemical
class in the essential oil of P. viscosa. Limonene (44.02%) and 1-octen-3-ol (25.23%) were the major components in the essential oil of P. viscosa. The
phenolic constituent analysis for the methanol extract of P. viscosa gave benzoic acid (0.97 mg/g) as the major compound. The antimicrobial
activities of the EO and crude solvent (n-hexane, acetonitrile, methanol, and water) extracts of P. viscosa were screened in vitro against ten
microorganisms. n-Hexane and the acetonitrile extracts of P. viscosa resulted in the best activity against Mycobacterium smegmatis with ICso values
of 19.2 ug/mL and 53.8 ug/mL, respectively. The highest lipase enzyme inhibition activity was detected in the n-hexane extract with 44.22+1.1628
ug/mL ICso value.

Keywords: Parentucellia viscosa, essential oil, phenolic, antimicrobial, lipase

1. Introduction

Parentucellia  viscosa (L.) Caruel is a genus of
Orobanchaceae which mainly includes herbaceous
parasitic plants and is the most significant parasitic
angiosperm family [1]. Four species are distributed in
central and southwestern Asia, western Europe, and the
Mediterranean, such as P. viscosa (L.) Caruel [syn. Bartsia
viscosa L., Bellardia viscosa (L.) Fisch. & C. A. Mey.,
Eufragia viscosa (L.) Benth., Euphrasia viscosa (L.) Benth.,
Lasiopera viscosa (L.) Hoffmanns. & Link, Trixago viscosa
(L.) Rchb.], Parentucellia latifolia (L.) Caruel, Parentucellia
latifolia  subsp. flaviflora (Boiss.) Hand.-Mazz. and
Parentucellia  floribunda Viv. [2]. The plant is also
known as Yellow Glandweed, characterized by the
presence of glandular trichomes [3]. P. viscosa is endemic
to Western Europe and often occurs in roadside
vegetation, undeveloped pastures, and other weed
species and introduced annual grass [4]. Many chronic
metabolic diseases have resulted from obesity, a long-

term man-kind problem that causes psychological and ~ Figure 1. Graphical lllustration
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physiological health problems. It is known that
pancreatic lipase (PL) inhibitors are used to treat obesity.
Research on this relationship has been increasing in
recent years. Additionally, many studies have shown
that natural products have strong to moderate PL
inhibitory activity. These products are interesting for
research due to their low toxicity. This low toxicity
allows the development of new products in the
pharmaceutical industry by utilizing natural resources.
[5]. Previous phytochemical investigations of these
species have led to the identification of several natural
compounds such as iridoid glucosides, melampyroside,
8-epiloganin, gardoside methyl ester, shanzhiside
methyl ester, aucubin, mannitol, benzoic acid, gallic
acid, and diterpenes [3,6-10] have been reported. These
compounds resulted in antibacterial activities [11]. The
literature search revealed no research on the chemical
composition of EO and phenolic compounds (HPLC).
Therefore, in this study, we aimed to investigate the
antimicrobial activities and lipase enzyme inhibition of
EO and crude solvent (n-hexane, acetonitrile, methanol
and water) extracts prepared from P. viscosa.

2. Material and Methods

2.1. Plant materials

The aerial part of P. viscosa (175 g, fresh) was harvested
from the Karadeniz Technical University Campus at an
altitude of 95 meters in May 2023. The plant was
authenticated by Prof. Kamil Coskungelebi [1]. The
voucher specimen (Coskungelebi 1250) has been
deposited in the Herbarium of the Faculty of Biology,
Karadeniz Technical University, Tiirkiye.

2.2. Chemicals and reagents

All solvents (n-hexane, acetonitrile, and methanol) and
other chemicals (Tris-HCl and p-nitrophenyl butyrate)
used were purchased from Sigma-Aldrich in analytical
grade.

2.3.Isolation of essential oils

The aerial part of P. viscosa (115 g, fresh) was grounded
with a plant mill into small pieces and then
hydrodistillated (HD) with a modified Clevenger-type
apparatus with a cooling bath (-10 °C, 3h), yield (w/w):
0.098%. After the HD, EO was extracted with HPLC
grade n-hexane (0.5 mL) dried over anhydrous Na250s
and stored in a dark glass bottle in the refrigerator at -
16 °C before the GC-FID-MS analysis [12-15].
2.4.Solvent extractions (n-hexane, acetonitrile,
methanol, and water)

The aerial parts of the plant (55 g, dry) were blended into
small pieces. Blended material (~12 g, each) was
extracted (25 mL x 3; 12 h each) using the maceration

method at room temperature with analytical grade
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n-hexane, acetonitrile, methanol, and water solvents in
flasks (50 mL) separately. After the suction filtration, the
same extracts were combined and solvents were
evaporated or lyophilized to yield crude n-hexane
(0.0906 g), acetonitrile (0.0675 g), methanol (0.7820 g),
and water extracts (0.0755 g) [15-16].

2.5. Gas chromatography-mass spectrometry (GC-FID-
MS)

GC-FID-MS analysis of the EO was carried out by a
Shimadzu QP2010 ultra, having Shimadzu 2010 plus
FID, PAL AOC-5000 plus autosampler, and Shimadzu
Class-5000 Chromatography Workstation software.
Restek Rxi-5MS capillary column (30 mm x 0.25 mm x
0.25 um) (USA) was used for the analysis. Sample (1 uL,
in HPLC grade n-hexane) injection was performed in
split mode (1:30) at 230°C. The initial column
temperature was 60 °C for 2 min, then increased to 240
°C with a 3°C/min heating ramp. The final temperature
for the oven was held at 250°C for 4 minutes. Helium
(99.999 %) was the carrier gas with a 1 mL/min flow rate.
MS detection was implemented in electronic impact
mode (EL 70 eV, and scan mode 40-450 m/z). The sample
was analyzed, and the mean was reported [12-20].

2.6. HPLC analyses

HPLC chromatographic analysis of phenolic compounds
of P. viscosa carried out at Shimadzu Prominence series
HPLC instrument using Zorbax Eclipse Plus-C18 (150
mm x 4.6 mm, 5 um) analytical column. The mobile
phase was formed from methanol (A), 2% acetic acid
solution (A, pH: 2.65), and ultra-pure water (B). The
gradient applied is as follows: 0 min, 80% B; 4 min, 70%
B; 7 min, 60% B; 10 min, 55% B; 12 min, 50% B; 14 min,
40% B; 16 min, 20% B. The sample injection volume is 20
pL, and the flow rate is 1.5 mL/min. The column furnace
temperature is set at 25 °C. The photodiode array was
detected at a wavelength of 270 nm [21].

2.7. Antimicrobial activities

All test microorganisms: E. coli ATCC35218, Y.
pseudotuberculosis ATC(CI11, P. aeruginosa
ATCC43288, E. faecalis ATCC29212, S. aureus
ATCC25923, B. cereus 709 Roma, L.
monositogenez ATCC43251, M. smegmatis ATCC607, C.
albicans ATCC60193, and S. cerevisiae RSKK 251 were
obtained from the Hifzisihha Institute of Refik Saydam
(Ankara, Tiirkiye). The adapted antimicrobial screening
test (agar-well diffusion method) was used earlier
[22,23,25]. Each tested microorganism was suspended in
Brain Heart Infusion (BHI) and diluted approximately
10¢ colony-forming units (per mL), which were “flood-
inoculated” onto the surface of BHI agar and Sabouraud
Dextrose Agar (SDA) and then dried. SDA was used for
C. albicans. Wells (5 mm diameter) were cut from the
agar, and the extracts (100 pL, each) were delivered into
the wells. The plates were incubated (35 °C, 18h), and
antimicrobial activity was evaluated by measuring the
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inhibition zone against the test organism. The EO
dissolved in n-hexane, and other solvent extracts
(acetonitrile, methanol, and water solvents) were
dissolved in dimethyl sulfoxide to prepare stock
solutions  (12.300-108.900 pg/mL). n-Hexane and
dimethyl sulfoxide were used as solvent control with a
dilution of 1:2. Ampicillin, streptomycin, and
fluconazole were used as positive controls at 10 pg/mL,
10 pg/mL, and 5 pg/mL concentrations, respectively
(Table 3). After the antimicrobial properties of the EO, n-
hexane, acetonitrile, methanol, and water extracts of P.
viscosa were investigated quantitatively, the minimal
inhibition concentration (MIC) values (ug/mL) were
calculated [23,25].

2.8.Lipase Assay

Lipase inhibitory assay for the EO and solvent extracts
(n-hexane, acetonitrile, methanol, and water) of P. viscosa
were studied by the modified method using
p-nitrophenyl butyrate (p-NPB) as substrate [26]. All
extracts (25, 100, 200 and 400 pg/mL concentrations)
were dissolved in buffer solution (0.1 M Tris-HC],
pH =28.0) and 0.1% DMSO. Orlistat was used as positive
control and prepared 6.25, 12.5, 25, 50, and 100 pg/mL
concentration solutions. The experimental method was
designed with A, B, C and D wells; A: 90 enzyme
solution [(Crude porcine PL type II)-(200 units/mL)],
5 uL substrate solution (10 mM p-NPB in acetonitrile);
5 uL buffer solution (0.1 M Tris-HCI buffer, pH = 8.0);
B: 90 pL enzyme solution, 10 pL buffer solution; C: 90 uL
enzyme, 5 pL sample solution, 5 pL substrate solution;
and D: 90 uL enzyme solution], 5 uL sample solution, 5
uL buffer solution. The plates were incubated at 37 °C
(15 min) then substrate solution (10 mM p-NPB in
acetonitrile) was added to each related well which was
incubated again at 37 °C (15 min). The absorbance of the
solutions was observed at 405 nm in a 96-well
microplate using a SpetrostarNano-BMG LABTECH
spectrophotometer. Experiments were carried out in
triplicate. Results were stated (Table 4) as mean =+
standard deviation (SD). The statistical significance level
was considered as p<0.05. The percentage of PPL
inhibition was calculated by the following equation:
PPL inhibition (%) = [[(A-B)-(C-D)]/(A-B)]*100. Finally,
ICso values for the PPL were calculated graphically [26].

3. Results and Discussion

GC-MS analysis was performed on volatile components
found in the P. viscosa EO using the Rxi-5MS capillary
column. By comparing RI and MS data with libraries
from NIST, Wiley7NL, FFNSC1.2, and WO9NT1I, the
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Table 1. GC-FID-MS analysis of the EO obtained from P. viscosa

Compounds RI* RI2 (%)P
2-Ethylfuran 728 731 2.72
1,3,5-Cycloheptatriene 765 767 2.34
Capronaldehyde 803 801 3.96
2-(E)-hexenal 855 858 4.05
Hexanol 863 864 1.58
Benzaldehyde 960 965 2.61
1-Octen-3-ol 978 978 25.23
3-Octanone 979 982 2.19
Myrcene 988 987 0.91
a-Terpinene 1014 1015 0.46
0-Cymene 1022 1023 1.67
Limonene 1031 1030 44.02
Phenyl acetaldehyde 1044 1043 131
y-Terpinene 1054 1058 3.51
Pelargonaldehyde 1100 1101 0.38
Terpinen-4-ol 1174 1179 1.10
B-Cyclocitral 1224 1224 0.47
Theaspirane 1298 1301 0.38
p-Damascenone 1386 1386 0.61
Valencene 1496 1495 0.47

Chemical classes NCe Y%ob
Monoterpenes 5 50.57
Oxygenated monoterpene 1 0.48
Sesquiterpene 1 0.47

Terpene related 2 0.99
Aldehydes 5 12.31
Alcohols 3 2791

Aliphatic hydrocarbon 1 2.34
Aromatic hydrocarbon 1 2.72
Ketone 1 2.19
Total 20 99.97

*Literature RI values.

aRetention Index calculated from retention times relative to that of the
n-alkane series (Ce-Cao).

b%: Percentages obtained by FID peak-area normalization.

<NC: Number of compounds.

chemical components in the EO were determined [12-
20,24]. Table 1 shows the chemical compound structure,
% concentration, and computed retention indices for the
constituents of P. viscosa. GC-FID/MS analyses for the
fresh aerial part of P. viscosa revealed 20 natural
compounds within the ratio of 99.97%. Limonene
(44.02%), 1-octen-3-ol (25.23%), (2E)-hexenal (4.05%),
capronaldehyde (3.96%), and y-terpinene (3.51%) were
found to be major compounds in the EO of the P. viscosa
(Table 1). The results revealed that the high terpene
chemicals were monoterpenes, which are the primary
components of EO derived from P. viscosa's aerial parts.
Alcohol (27.91%) and aldehyde (12.31%) were found to
be the second main components in the EO of P. viscosa.
In comparison to the previously published data, the EO
of Parentucellia latifolia has been reported and 5
components were characterized, representing 99.5% of
the oil.

Table 2. Phenolic constituent of the methanol extract obtained from P. viscosa

p-OH benzoic acid  Vanillic acid

Syringaldehyde

Coumaric acid Sinapicacid Benzoicacid  Quercetin

Extract

mg/g

Methanol — 0.51 —

— 0.79 0.97 0.39
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Table 3. Antimicrobial activity of the EO and solvent extracts obtained from P. viscosa.

Sample

Microorganisms, inhibition zone (mm), and MIC (ug/mL)

extracts (E;r:l;) Gram (-) Gram (+) No Gr. Fungi
Ec. Yp. Pa. Ef. Sa. Bc. Li. Ms. Ca. Sc.
EO 86000 Zone — — — — 7 — — 9 — —
MIC — — — — 4300 — — 2150 — —
n-Hexane 12300 Zone — — — — — 8 — 15 — —
MIC — — — — — 307.5 — 19.2 — —
Acetonitrile 34400 Zone — — — — — — 6 16 — —
MIC — — — — — — 1720 53.8 — —
Methanol 137000 Zone — — — — — 7 — 10 — —
MIC — — — — — 3424 — 1712 — —
Water 108900 Zone — — — — — — — — — —
MIC — — — — — — — — — —
Amp. 10 Zone 10 10 18 10 10 15
MIC 10 18 128 35 10 15
Strep. 10 Zone 35
MIC 4
Flu. 5 Zone 25 25 25
MIC <8 <8 <8

Ec: Escherichia coli, Yp: Yersinia pseudotuberculosis, Pa: Pseudomonas aeruginosa, Sa: Staphylococcus aureus, Ef: Enterococcus faecalis, Be: Bacillus cereus
702 Roma, Li: Listeria monositogenez, Ms: Mycobacterium smegmatis, Ca: Candida albicans, Sc: Saccharomyces cerevisiae, Amp.: Ampicillin, Strep.:

Streptomycin, Flu.: Fluconazole, (-): no activity of test concentrations

Germacrene D and germacrene B were the main
compounds as sesquiterpene hydrocarbons accounting
for 59.2% and 24.3% of the oil, respectively [2]. However,
in this work, limonene and 1-octen-3-ol were the major
constituents in the EO of the P. viscosa which could be
used as a taxonomical marker. Volatile constituent
variations in the EO of P. viscosa with another genus
could be the environmental and analysis conditions.
HPLC was used to examine the phenolic profile of
methanol extract from P. viscosa, using standards
including p-hydroxybenzoic acid, benzoic acid,
quercetin, vanillic acid, sinapic acid, syringaldehyde,
and p-coumaric acid. Results indicated that benzoic acid
(0.97 mg/g), sinapic acid (0.79 mg/g), and vanillic acid
(0.51 mg/g) were major constituents of P. wviscosa.
Quercetin was also found in the amount of 0.39 mg/g in

the methanol extract (Table 2).

The antimicrobial activities of P. wviscosa EO and
solvent extracts were tested against Escherichia coli,
Yersinia  pseudotuberculosis, Pseudomonas aeruginosa,
Staphylococcus aureus, Enterococcus faecalis, Bacillus cereus,
Listeria monositogenez, M. smegmatis, Candida albicans, and
Saccharomyces cerevisiae using an in vitro agar diffusion
method (Table 3). Inhibition zones were measured in

mm and then MIC (ug/mL) values were calculated

Table 4. Lipase inhibition of the EO and solvent extracts obtained
from P. viscosa

Extracts ICso (ug/mL)*
Essential oil 49.50 +2.12
n-Hexane 4422 +1.16
Acetonitrile 199.42 + 4.88
Methanol 78.89 +3.42
Water 52.60 + 1.88
Orlistat 1352 +1.42

*Results were stated as mean + standard deviation (SD). The statistical
significance level was considered as p<0.05

[22-23]. The crude n-hexane extract of P. viscosa had the
highest activity against M. smegmatis with a 15 mm
inhibition zone diameter (MIC, 19.2 ug/mL) and B. cereus
with an 8 mm inhibition zone (MIC, 307.5 ug/mL). The
EO was only active against S. aureus and M. smegmatis
which was effective in anti-tuberculosis activity against
M. smegmatis within 2150 pg/ml MIC values. The most
active extract of P. viscosa against M. smegmatis (16 mm,
53.8 ug/mL) was found in acetonitrile. It was discovered
that the EO and solvent extracts (without water) were
more efficient in eliminating no-gram bacteria (M.
smegmatis). No activity against gram-negative or fungi
was detected in essential oils and extracts. Antimicrobial
the presence of active
compounds in n-hexane, acetonitrile, and EO extracts.
The previous

activity results indicate

antimicrobial assessment of crude
dichloromethane and methanol extracts obtained from
P. viscosa showed the greatest inhibition zone diameter
aeruginosa, vulgaris, Klebsiella
pneumonia, Enterobacter, E. coli, and S. aureus, respectively

against P. Proteus
[11]. In our case, extracts (except water extract) were
more active to M. smegmatis, which could be the fact of
the location and time collection of the plant.

Research has shown that terpenoids, polyphenols,
flavonoids, and other naturally occurring chemicals can

suppress the activity of lipase [5]. Terpenoids are often
the main components of n-hexane extract and essential
oil [13,14]. As a result, we evaluated the lipase activity of
P. viscosa essential oil and solvent extracts. Lipase
enzyme inhibition activities of solvent extracts and
essential oil of P. viscosa were investigated against
orlistat as a positive control (ICso: 13.52+1.42 ug/mL)
(Table 4). The n-hexane extract showed the highest
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activity, with an ICso of 44.22+1.16 ug/mL. Afterward, the
best activity was found in essential oil (ICso: 49.50+2.1220

ug/mL). Lipase inhibition activities of acetonitrile,
methanol, and water extracts of P. viscosa were found
with ICso values of 199.42+4.88 ug/mlL, 78.89+3.42 ug/mlL,
and 52.60+1.88 pg/mL, respectively. The lowest activity
was observed at the highest polarity. A positive
correlation was observed between polarity reduction
and lipase activity.

4. Conclusions

The EO and phenolic composition for the aerial part of
the P. viscosa were characterized by GC-FID-MS and
HPLC, Monoterpenes (50.57%) were
identified as the main chemical class in the EO of P.

respectively.

viscosa. The major components in the EO of P. viscosa
were limonene and 1-octen-3-ol. The antimicrobial
activities for the EO and crude solvent extracts of P.
viscosa showed that n-hexane and acetonitrile extracts
showed the best activity against M. smegmatis with ICso
values of 19.2 and 53.8 pg/mL, respectively. Resulted
antimicrobial activities suggest the availability of active
compounds in n-hexane, acetonitrile extracts, and the oil.
The highest lipase enzyme inhibition activity was
detected in the n-hexane extract with an ICso value of
44.22 +1.16 pg/mL. A positive correlation was observed
between polarity reduction and lipase activity. Thus, the
reported lipase enzyme and antimicrobial assay results
collectively imply that P. viscosa EO, n-hexane, and
acetonitrile extracts may hold promise for use in
medicinal applications. In a future investigation, bio-
guided activity isolation and purification of P. viscosa,
particularly the n-hexane extract, could be performed to
improve bioavailability.
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Abstract

Metabolic stability, a key parameter in drug development, refers to a drug substance's resistance to metabolism. The failure rate can be
significantly reduced by conducting metabolism studies for the drug candidate compound from the early stages. These studies are primarily
carried out on in vitro microsomal enzymes, which play a crucial role in the process. Various analytical methods, predominantly liquid
chromatography, can be used for analysis. In this context, we conducted metabolic stability studies of a hydrazone-sulfonate derivative compound
previously synthesized and investigated in terms of biological activity. Metabolic stability was determined by LC-MS/MS on rat microsomes in
vitro. Analyses were performed at 0, 5, 10, 15, 30, and 60. minutes during incubation. The analysis revealed that the stability of the compound was

highly cofactor-dependent, maintaining its stability without cofactor and in a buffer medium.

Keywords: Metabolic stability, LC-MS/MS, hydrazone, sulfonate

1. Introduction

Determination of metabolic profiles of drug candidates
is one of the most critical steps in drug discovery [1].

Previously, metabolism studies
conducted until they reached early clinical stages.

and  pharmacokinetic

were rarely

Inadequate ~ metabolism
parameters were the primary reasons for failure in the
process [2,3]. Nowadays, metabolic studies are
conducted at all stages of drug development [4].

Drug candidates' favorable metabolic stability
profiles are characterized by enhanced bioavailability
and prolonged half-life [4].

The liver widely excretes most oral medications,
mainly through hepatic cytochrome P (CYP)-mediated
metabolism. Therefore, precise estimation of hepatic
metabolism and first-pass clearance is essential for early
drug development and discovery [5].

Metabolic stability is generally first determined in
vitro in liver microsomes because these microsomes are
rich in CYP450 enzymes [6]. Hepatocytes provide a
clearer picture but have some disadvantages [7].

Cl

Figure 1. Structure of the tested compound

The National Center for Advancing Translational
Sciences uses rat liver in vitro
experiments. This is because rats are involved after

microsomes for

in vitro pharmacokinetics, efficacy, and toxicology
studies in vivo. Furthermore, the data obtained can also
correlate with human pharmacokinetic results [8].

Developing analytical methods can help achieve
higher sensitivity, a higher detection limit, better
resolution, precise and accurate quantification in
metabolic stability studies [1,9].

This research investigates the metabolic stability of a
tosyl-hydrazone derivate coded 30. The structure of 30
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(Fig. 1) molecule is N'-[(4-chlorophenyl)methylidene)]-4-
[(4-methylphenyl)sulfonyloxy]benzohydrazide which
our research group previously developed. It was
synthesized from the starting material, ethylparaben. It
was reacted with hydrazine hydrate to obtain the
hydrazide compound. Then, the reaction with 4-
chlorobenzaldehyde and tosyl chloride, respectively,
resulted in the final compound. The inhibitory activity
against some metabolic enzymes was also investigated
[10].

2. Material and methods

2.1. Chemicals and materials

All the chemicals were purchased from Merck
(Darmstadt, Germany) and Sigma-Aldrich (St. Louis,
MO). For the metabolic stability assay, -Nicotinamide
dinucleotide phosphate (disodium salt, NADP) and
glucose-6-phosphate  (disodium G-6-P) were
purchased  from  Sigma. Glucose-6-phosphate
dehydrogenase suspension (Reinheit grade II, 10 mg per
2 mL; G-6-PD) was obtained from Sigma Aldrich.
Dichloromethane was obtained from Merck. An Agilent
1260 Infinity II LC-MS/MS spectra equipped with
G7115A 1260 DAD WR detector, G7104C 1260 Flexible
Pump system, G7116A 1260 MCT Column Oven,
G7129C 1260 Vialsampler autosample injection unit and
G6465B LC/TQ MS/MS detector were used for both
HPLC and mass analysis.

salt,

Retention times were recorded with an ACE C18
column (particle size: 3 um, pore size: 100 A). The
column temperature was adjusted to 25°C in the column
compartment. The mobile phase consisted of an
acetonitrile-water (90:10, v/v) mixture delivered at a 0.4
mL/min flow rate. The injection volume was 20 pL. The
UV detector was operated at 254 nm.

2.2. Preparation of rat liver microsomes and incubation
and extraction procedures

Wistar albino rat liver was used in this study. The
animals were deprived of food overnight before sacrifice
but were allowed water ad libitum. They were previously
fed on a balanced diet. Hepatic-washed pig microsomes
were prepared as described by Coskun et al. [11].
Incubations were carried out in a shaking water bath at
37°C using a standard cofactor solution consisting of
NADP (2 umole), G-6-P (10 pmole), G-6-PD suspension
(1 unit), and aqueous MgClz (50% w/w) (20 pmole) in
phosphate buffer (0.2M, pH 7.4, 2 mL) at pH 7.4.
Cofactors were pre-incubated for 5 min to generate
NADPH before the addition of microsomes (1 mL
equivalent to 0.5 g original liver) and substrate (5 pmole)
in methanol (50 pL). Briefly, six test tubes for the
substrate (30) were prepared (2 for the test, 4 for the
controls), and cofactors (2 mL in each tube), the
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microsomal fraction (1 mL for each tube), and substrate
(50 pL for each tube) was added respectively (Table 1
and Table 2). The incubation was continued for 60 min,
and samples were collected from each tube in 0, 5, 10, 15,
30, and 60. min. At the end of 60. min, the reaction
terminated, and media was extracted with
dichloromethane (3x5 mL). The organic extracts were
evaporated to dryness under a stream of nitrogen. The
residues were reconstituted in methanol (200 uL) for LC-
MS/MS. The reconstituted extracts were analyzed using
the reverse-phase LC-MS/MS system described in the
text.

Table 1. Contents of the cofactor solution for each tube

NADP disodium 1.57 mg 2 pmol
Gé6P disodium 3.04 mg 10 pmol
G6P dehydrogenase 1.40 uL 1 unit

MgCl2 (50% w/w) 8.00 uL 20 pmol

The materials above were prepared right before
incubation by dissolving in 2 mL of phosphate buffer for
one incubation tube. The G-6-P dehydrogenase enzyme
was added to the cofactor solution right before pre-
incubation. All cofactors were “pre-incubated” at a 37°C
water bath for 5 minutes to create NADPH. The amount
of microsomal preparation added to each incubation
tube was 1 mL, and the cofactor solution was 2 mlL.
Control tubes were also prepared.

Table 2. Incubation protocol

Test Tube No Substrate! Microsome? Cofactor?
Test 1 Present Present Present
Test 2 Present Present Present
C(.)ntrol - Denatured 3 Present  Denatured Present
microsomes

C(.)ntrol - Denatured 4 Present  Denatured  Present
microsomes

Control - No cofactor 5 Present Present Buffer
Control - No cofactor 6 Present Present Buffer
150 pL in each tube

21 mL in each tube
32 mL in each tube

For control experiments, microsomes were denatured
using boiling water. The necessary amount of freshly
defrosted microsomes was taken in a test tube and
placed in boiling water for 5 minutes. After the heat
denaturation, the denatured microsomes were used for
control experiments.

2.3. Autooxidation studies

The substrate (2 pM) was dissolved in methanol (50 pL).
Then, phosphate buffer (0.2 M, pH 7.4) (3 mL) was added
in the same incubation conditions as the test
experiments. The test was performed according to the
protocol as mentioned earlier. The reconstituted extracts
were analyzed using the reverse-phase LC-MS/MS
system described in the text.
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Figure 2. Metabolic stability results on 30 (t12> 60 mins) (A) The test conditions. (B) The control conditions (denaturated microsome). (C) The
control conditions (cofactor-free). (D) The control conditions (autooxidation).
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2.4. Extraction of substrates and metabolites from the
biological system

At the end of the incubation period, the tubes with the
unchanged substrate and metabolites were placed
immediately in an ice bath. The enzymatic process was
stopped by adding dichloromethane, extracted, and
evaporated under nitrogen. The extracts were analyzed
by LC-MS/MS.

2.5.LC-MS/MS analysis

An acetonitrile/water (gradient elution) mobile phase
mixture was used. The substrates and metabolic
according to their
mass/charge ratio, and their molecular ion peaks were
determined in the mass spectroscopy section. The
substrates and metabolic

standards were separated

retention times of the
standards were recorded. A DAD detector was also used
to compare the UV spectra of standard and metabolic
products.

2.6.In silico prediction of metabolic pathways
For in silico prediction, a virtual preliminary metabolic
evaluation software, SMARTCyp 3.0, was used [12].

3. Results and discussion

Metabolic stability is one of the most important
pharmacokinetic parameters affecting the in vivo efficacy
of drug candidates. Metabolism studies are common to
stages of the development of
pharmaceutical ingredients.

many active

In this study, we performed metabolic stability
studies of a compound (30) whose biological activity
was previously screened.

Sulfonyl group-bearing compounds such as sulfone,
sulfonate, sulfonamide, and sulfamate are essential in
medicinal chemistry [13]. Such compounds are most
commonly hydrolyzed from the sulfonyl group in phase
1, resulting in more polar metabolites [14,15].

Hydrazones are also of interest to medicinal
chemists. If the metabolism based on this functional
group is scrutinized, it is indicated that possible
metabolic pathways exist, such as hydrolysis of the N-
acylhydrazone group and aromatic hydroxylation [16—
19]. Studies have shown that aroyl hydrazones are stable
in phosphate buffer saline at 37 °C but undergo rapid
degradation in plasma [20-22].

Compound 3o (Fig. 1) was tested for its metabolic
stability. The compound was found to be stable in the
microsomal environment, and half-life is over 60 mins in
a 60 mins assay experiment. Control experiments were
performed to understand whether the stability depends
on microsomes, cofactors, or buffers. Metabolic stability
was affected in both microsomes and cofactors; however,
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a similar decrease was observed in denatured
microsomes in LC-MS/MS experiments. It can be
concluded that metabolic stability depends highly on
cofactors. The compound was stable in cofactor-free and

buffer environments (Fig. 2).

Metabolic stability is one of the most difficult
parameters to estimate in silico due to the extreme
complexity of the processes involved in xenobiotic
transformations [23]. Nonetheless, researchers have
made many online free predicting tools available to
users [24,25]. The compound's metabolic stability was
also calculated by SMARTCyp 3.0 software [12].

SMARTCyp predicted that the methyl group in the
tosyl moiety would be most reactive for all three
metabolic enzymes, Cyp 3A4, Cyp 2D6, and Cyp 2C9
(scores = 55.8, 63.9, 63.8, respectively). Table 3 shows the
possible metabolic sites with energies less than 999, with
similarities between 0.7 and 1.

Table 3. Metabolic site prediction scores

SMARTCyp Score*
3A4 2D6 209
1 C1 :558  C.1 :63.8 c1 1638
2 c11 715 C21  :963  C21  :947
3 C.20 729 C3 1986 ~ C20  :97.0
4 c12 756 ~ C20  :998  C20  :974
5 ca1 :758  C11 :1030 CI1  :998
6 C3 780  C4  :1055 C4  :103.1
7 C4 787  C12  :1067  CI12  :1035

*Lower scores indicate a higher probability of being metabolized result

4. Conclusion

Herein, the metabolic stability of a hydrazone-sulfonate
derivative compound was evaluated using rat liver
microsomes in vitro. The metabolic stability of the
compound depends on its certain functional groups.
Hydrazones are expected to be more stable than
hydrazines as the terminal nitrogen, which is a metabolic
soft spot, is protected by an imine group. This study gave
a good perspective on the stability of hydrazone group.
On the other hand, sulfonates are a type of ester known
to be metabolically unstable. However, the overall
results showed that two functional groups enhanced the
stability of the entire compound. Control experiments to
detect metabolic soft spots in the compounds were also
performed in this study. Co-factor and microsome-free
environments showed that the compound requires both
microsomes and co-factors to be metabolized. On the
other hand, autooxidation was also tested in a buffer
environment, which proves that the compound does not
provide any metabolites in an enzyme and co-factor-free
environment. Overall results clearly show that the
compound was stable in both the buffer and the cofactor-
free environment, which shows that metabolic stability
is highly dependent on cofactors. In silico calculations
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indicated that the methyl group may be a possible site
for metabolism and be considered a metabolic soft spot
in the upcoming studies.

Ethics approval and consent to participate

The rat livers were donated by Acibadem University,
Animal Laboratory Centre from the Project by Dr.
Mehmet Emin Aksoy; laparoscopic and robotic surgery,
with the 2021-01 ethical approval number. The liver
tissue was obtained from the euthanized rats at the end
of the course.

Human and animal rights

No humans were used in this study. All animal research
procedures were followed in accordance with
“Principles of Laboratory Animal Care” (NIH
publication no. 85-23, revised 1985) and/or the
declaration of Helsinki promulgated in 1964 as amended
in 1996.
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Abstract

Reverse-phase high-performance liquid chromatography (RP-HPLC) is among the most widely recommended techniques for analyzing water-
soluble vitamins, such as vitamins C and B-complexes. The research study was conducted to detect and quantify cyanocobalamin (vitamin Bi2)
from the beef liver and heart muscle extracts using a validated isocratic RP-HPLC procedure. The analytical column was Luna® Phenomenex 5
um Cis (2) 100 A LC-column (150 x 4.6 mm). The mobile phase consisted of water/ethanol in a ratio of 60:40 (v/v). An enzymatic digestion with
1% potassium cyanide was used for samples (beef liver and heart muscle) extraction. The validated method showed to be linear, R=0.9977; fast,
with a retention time of less than 6.00 min; precise, %RSD: of 1.66 to 1.74%; and sensitive, with LOD and LOQ of 0.004 and 0.012 pg/mL,
respectively. The detected values of cyanocobalamin from the beef liver (BLV) and heart muscle (HRM) extracts were 52.04 + 0.13 and 42.04 + 0.29
ug/mL, respectively. BLV extract indicated a higher level of cyanocobalamin. Hence, the validated isocratic RP-HPLC technique can be

recommended to analyze cyanocobalamin and related compounds in research laboratories such as diagnostics, foods, and pharmaceuticals.

Keywords: Cyanocobalamin, ethanol, isocratic, mobile phase, beef liver extract

1. Introduction

Organic compounds required in a minute amount for
body growth, proper immune function, and repair are
called vitamins [1]. They can provide most nutrients for
good health and well-being [2]. Vitamin deficiency-
related physiological abnormalities are related to
improper amounts in the diet [3]. Cyanocobalamin
(Vitamin Bi2) is a cobalt-centered and water-soluble
vitamin [4]. It is predominantly synthesized by
microorganisms [5], but it can also occur naturally in
animal-based foods and synthetic dietary supplements
[6,7]. Some foods containing or rich in cyanocobalamin
include milk (dairy), meat, fish (shell), and eggs [8]. The
amount of this vitamin reported from the above food
substances was 385 g (milk), 300 pg (meat), 85 ug (fish),
and 46 g (eggs) [9]. Usually, cyanocobalamin is not
commonly accessible from plant-based food sources [5].

Cyanocobalamin is crucial in homocysteine balance,
an arteriosclerosis risk factor [10]. In addition, it is a vital
coenzyme in one-carbon metabolism for many enzymes
involved in human growth and development [11].
Furthermore, it is essential for normal brain function,
nervous system, and red blood cell synthesis [4]. The
suggested daily intake of cyanocobalamin is 1.0 ug;

however, because of its low absorption rate in the small
intestine, a 3.0 ug level is recommended [11]. In a normal
population, cyanocobalamin deficiency rarely manifests.
However, individuals with low-rate absorption
disorder, infants, and pregnant women can be subjected
to its deficiency as a result of their physiologica land/or
prescribed dietary needs [12]. Cyanocobalamin
deficiency resulted in pernicious anemia, myelin
damage, and spongy vacuolation of peripheral and
central nervous systems [13]. A dietary supplement can
be sufficient for persons at risk of this vitamin deficiency
[14].

Cyanocobalamin can exist either in a free form or
attached to biomolecules such as a protein. If attached to
a biomolecule, it can be unbound by heating at 98 °C for
30 min with potassium cyanide (KCN) solution [15].
Autoclaving at 121 °C in a mixture of KCN and
phosphate buffer is another method to unbound
cyanocobalamin [16]. Sample digestion with a-amylase
and/or pepsin with excess KCN solution is an additional
suitable extraction procedure [17]. KCN is usually added
to convert all forms of cobalamin into cyanocobalamin
[18]. However, to avoid the use of this highly toxic
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compound, sodium metabisulphate and/or sodium
nitrite can be considered as suitable alternative
compounds [19].

One of the microbiological assays for vitamin Bi
analysis is the application of Lactobacillus leishmania [20].
Some disadvantages of the microbial method are time
consumption and low specificity [21,22]. A liquid
chromatography technique with a UV-visible detector is
the recommended and suitable analytical procedure
[22]. Other alternative protocols for cyanocobalamin
analysis are polar-graphic and spectrophotometric [23].

Analysis of water-soluble vitamins with liquid
chromatography technique in infant milk [24], okra fruit
[25], dietary supplements and ingredients [26], and
blood serum [27] have been cited in the existing
literature. Recently, cyanocobalamin evaluation was
cited using fish species [18], meat brand varieties [5], and
plant-based sources such as edible mushroom and laver
[28]. However, cyanocobalamin evaluation from the beef
liver and heart muscle extracts is lacking. Hence, this
research intends to separate, detect, and quantify the
amount of cyanocobalamin from the beef liver and heart
muscle extracts using a validated isocratic RP-HPLC
technique.

2. Experimental

2.1. Chemical reagents and apparatus

The chemical reagents consist of cyanocobalamin
(Catalog No. 9868-19-15, Sigma-Aldrich, USA), pepsin
(Catalog No. 501784856, Sigma-Aldrich, USA), a-
amylase (CAS No. 9000-90-2, Sigma-Aldrich, USA), and
HPLC-grade ethanol (Catalog No. AC611050040, Sigma-
Aldrich, USA). Other chemical reagents are potassium
hydroxide (Catalog No. 109112000, Merck Millipore,
Germany), potassium cyanide (Catalog No. 104965,
Merck Millipore, Germany), and potassium hydrogen
phosphate (Catalog No. 104873, Merck Millopore,
Germany). The EMD-Millipore machine (Model No.
13681, Switzerland) was the source of the Milli-Q water.
Apparatus includes; Filter papers (Whatman grade 1,
125 mm, Maidstone, England, United Kingdom, Code
No. WHAT1001125), 0.22 pm Syringe Filters (Minisart)
(Bornstein, Germany, LOT No. 00807103), analytical
weighing balance (RADWAG, 220 g x 0.1 mg, Model No.
AS/220/C/2, Poland), vortex machine (Model No.
S10100A, BioRAD, USA), micropipettes, Eppendorf
tubes, and falcon tubes. All chemical reagents used in
this research study were of analytical grade.

2.2. Cyanocobalamin extraction from the beef liver and
heart muscle

On the 24th of September 2021, fresh beef liver and heart
muscle were purchased from Iyama-rama butchery,
Grahamstown (Makhanda), Eastern Cape of South
Africa. Each sample was washed separately with Milli-Q
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and stored at -20 °C before analysis. The extraction of
cyanocobalamin from each sample was carried out using
an enzymatic method, a rarely reported procedure. Each
sample was cut up into pieces and homogenized with a
warring blender. To each 3.0 g of the homogenate,
pepsin (40 mg) and a-amylase (60 mg) were added,
followed by the addition of 10 mL of 1% potassium
cyanide (KCN) solution. Pepsin and a-amylase enzymes
unbound the cyanocobalamin attached to proteins and
carbohydrates, respectively [4]. The 1% KCN converts all
forms of vitamin B2 to cyanocobalamin [4]. Each mixture
was vortexed for 10 min, allowed to stand at 37 °C for 24
h, and filtered through Whatman No. 1 filter paper. Each
filtrate (extract) was then diluted with a phosphate
buffer, pH 5.8 (diluting solution), in a ratio of 5:10 (v/v).
Lastly, each diluted extract was further filtered with a
0.22 um micro-pore filter syringe into their respective
HPLC vials.

2.3.Preparation of standard stock and working
solutions

The preparation of cyanocobalamin standard stock
solution was as reported by [29], with modifications in
the working concentration levels. 2 mg of the
cyanocobalamin was dissolved in 5 mL of the diluting
solution (phosphate buffer, pH 5.8) to produce a stock
solution. The preparation of 200 ug/mL working
solution was from the stock to generate varying
concentration levels of 0.01, 0.1, 0.25, 0.5, 1, 2.5, 15, 20, 30,
50, and 120 pg/mL.

2.4. Instrumentation and chromatographic condition
The HPLC system (Shimadzu Corporation, Kyoto,
Japan.) consists of a connecter (LC-20AD), 20 MPa pump
(LC-2AB), auto-sampler (SIL-2A), and diode array
detector (SPDA-M20A). The PDA detector wavelength
ranges from 190 to 800 nm. The control of the system,
data acquisition, and evaluation were carried out by "LC
Lab Solution" software. The chromatographic separation
was done with a 5um C18 (2) 100A Luna® column (150
x 46 mm (Phenomenex, USA), maintained at room
temperature (25 + 5 °C). The mobile phase delivery was
isocratic, made up of water/ethanol in a 60:40 (v/v) ratio.
The flow rate was 0.5 mL/min with an injection volume
of 20 pL for a 10 minute run. The detected UV-visible
absorbance was at 270 nm wavelength [30]. The analysis
of each working standard solution and sample extract
was conducted in duplicate.

3. Results and discussion

3.1. Linearity

The linearity was carried out with a regression curve
under 11 points. The regression curve was detected as
linear, which indicates a high correlation between the
varying working standard concentration levels and
mean peak areas. The obtained regression curve value
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Table 1. Characteristics of the validated isocratic RP-HPLC procedure
Characteristic variables Cyanocobalamin (Vitamin B1)

Calibration range, pg/mL 0.01 to 120
Correlation coefficient, R 0.9977
Linear regression equation y =18949x - 1411.4
LOD ', ug/mL 0.004
LOQ?, pg/mL 0.012
Detection wavelength, nm 270

'LOD, limit of detection; 2LOQ, limit of quantification

‘R" was 0.9977 (Table 1). Fig. 1 shows the
cyanocobalamin standard curve, generated over
concentration levels of 0.01 to 120 pg/mL.

2.5

y =18949x - 1411.4

15 R =0.9977

0.5

Peak Area, x 10°

0 20 40 60 80 100 120 140

Cyanocobalamin concentration level, ug/mL

Figure 1. Cyanocobalamin standard curve. The standard curve was
generated over concentration levels between 0.01 to 120 pg/mL with
pure cyanocobalamin (HPLC grade) prepared in phosphate buffer, pH
5.8. The analysis was carried out in duplicate on the same day.

3.2. Sensitivity

The limit of detection (LOD) was calculated based on the
3.3-fold differences of the analyte signal and baseline
noise. LOD implies a compound concentration that
produces a signal-to-noise ratio of above 3.0. Whereas
the limit of quantification (LOQ) was determined based
on 10-fold variations. LOQ means a compound
concentration equal to 10 times the value of the signal-
to-noise ratio.

Lop =33x Y D
m

100 = 10 x & @
m

Table 2. Precision and recovery accuracy of the validated isocratic RP-
HPLC procedure

Intra-day Inter-day
Precision  Recover Precision Recov
Content, (RSe]?);)?% accilcr:c;,)‘,’/o (R;];;Sl)?% aCCiCIf;C;f};/o
ug/mL n=5  (@=5) (n=5) (n=5)
7.5 1.74 97.05 + 0. 64 1.72 99.87 +0.32
15 1. 66 91.10+0.17 1. 68 89.42 +0.63

IRSDy, relative standard deviation of repeatability; n = number of
repeat in duplicate
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The ‘SY’ denotes the standard deviation of the y-
intercept and ‘m’ implies the slope of the linear
regression curve. Both LOD and LOQ were determined
as per the International Conference of Harmonization
(ICH) guidelines. As depicted in Table 1, the LOD and
LOQ values were obtained as 0.004 and 0.012 ug/mL
respectively. Hence, these values indicated the high
sensitivity of the validated analytical procedure.

3.3. Precision and recovery accuracy

The method precision was determined with two (2)
varying standard concentration values of 7.5 and 15
pg/mL. These concentration values were not part of the
regression curve points, analyzed in duplicate. Finally,
the intra-day and inter-day precision was represented as
a percentage relative standard deviation of repeatability
(%RSDr).

Mean recovered standart deviation

%RSD = x 100 (3)

Mean recovered concentration level

The intra-day and inter-day precision of repeatability
were analyzed within the first day and between two (2)
days, respectively. The analysis was conducted in one
laboratory, by a single analyst. The intra-day and inter-
day precision values are presented in Table 2. In
addition, the accuracy recovery (intra-day and inter-day)
was calculated using similar standard concentration
values used for the intra-day and inter-day precision of
repeatability evaluation. (Table 2). Hence, the low
9%RSD:r values of <2.5% as suggested by AOAC [31] and
sufficient recovery values indicated the high precision
and accuracy of the validated isocratic RP-HPLC
technique. Notwithstanding, a higher %RSD: values,
< 8% was recently adopted by AOAC, which as well
indicated a high precision and accuracy of a liquid
chromatography analytical procedure [32].

3.4. Accuracy spike

The accuracy-spike recovery was determined by spiking
each extract of the beef liver and heart muscle with a
known standard (reference standard) concentration
value of 35 pg/mL in a 50:50 (v/v) ratio. The accuracy
spike was calculated using the relation below.

%MR =

@ x 100 4)

P, Q, R, and % MR represent peak areas of spiked
sample extract, un-spike (unspike) sample extract,
reference standard, and percentage mean recovery
(accuracy spike), respectively.
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Figure 2. A chromatogram for the beef liver (BLV) extract, determined with a UV-visible detector using an isocratic gradient of 60% water/40%
ethanol. The flow rate, injection volume, and detection wavelength were 0.5 mL/min, 20 uL, and 270 nm, respectively.

Table 3 shows each sample extract accuracy spike and
amounts of cyanocobalamin obtained. Fig. 2 and Fig. 3
reveal chromatograms of the beef liver (BLV) un-spike
(unspike) and heart muscle (HRM) un-spike (unspike)
extracts, respectively. Additionally, chromatograms of
the beef liver spiked (BLVS) extract, heart muscle spiked
(HRMS) extract, and reference standard (RSTD) for the
accuracy spike were provided as supplementary

materials.

Table 3. Each sample accuracy-spike and cyanocobalamin detected
value

lamin val
Accuracy-spike, % Cyanocobalamin value,

Sample extract n=2 pug/mL
n=2

Beef liver 109.29 +0.11 52.04£0.13

Heart muscle 100.89 +0.19 42.04 £0.29

n =number of repeat in duplicate.

A naturally occurring vitamin B2 exists in varying
conformational structures. Thus, this vitamin requires
transformation into a single form uch as
cyanocobalamin. The potassium cyanide (KCN) solution
was used during each sample extraction to convert all
forms of vitamin Biz to cyanocobalamin [4].
Notwithstanding, the addition of KCN solution may
produce a problem of this compound toxicity. During
the method optimization, each sample extract with and
without the addition of KCN solution was analyzed. An
extract with the addition of KCN solution yielded an

mAU

adequate amount of cyanocobalamin. The mobile phase
for the analytical procedure was selected after several
evaluations with ethanol, methanol, acetonitrile,
orthophosphoric acid, water, and buffer solution. Better
separation and sensitivity were achieved with this
mobile phase consisting of water/ethanol in a 60:40 (v/v)
ratio. The examined flow rates were 0.5, 1.0, and 2
mL/min. A 0.5 mL/min flow rate produced an optimal
signal-to-noise with minimum separation time. Both 270
nm and 360 nm wavelengths were tested. A 270 nm
wavelength yielded a better resolution of peaks.
However, a 360 nm wavelength was recommended by
the AOAC official method [33]. The linearity, limit of
detection (LOD), limit of quantification (LOQ), recovery
accuracy, precision, and sensitivity analysis were
detected within the valid ranges. The validation of this
analytical procedure complied with the International
Conference of Harmonization (ICH) [34].

The detected amounts of cyanocobalamin in the
sample extracts of this study were similar to the reported
values from multivitamin tablets [7]. However, the
obtained levels were greater than the cited values from
meat products [5], dietary ingredients/supplements [26],
infant formula [33], and poly-vitaminated premixes [35].
The United States National Academy of Science (US-
NAS) recommended an intake level of vitamin B2
between 0.40-2.80 pg/day for all ages.

Notwithstanding, a higher amount may be required by
older persons [36] and individuals with low absorption
rate disorders [12].

Figure 3. A chromatogram for the heart muscle (HRM) extract, determined with a UV-visible detector using an isocratic gradient of 60%
water/40% ethanol. The flow rate, injection volume, and detection wavelength were 0.5 mL/min, 20 uL, and 270 nm, respectively.
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Table 4. Current isocratic RP-HPLC analytical procedure in
comparison with previously reported methods

Turk ] Anal Chem, 6(2), 2024, 102-107

Table 5. Various analytes retention times of the validated isocratic
liquid chromatography procedure

Parameters Values obtained Analytes Retention time, min
Regression value, R 0.9977 RSTD 490+0.39

Detection limit, ug/mL 0.00033 BLV 491+0.05
Quantification limit, ug/mL 0.00100 BLVS 491 +0.09

Precision, % 0.16-0.74 HRM 5.01 £0.01

Recovery accuracy, % 89.42 -99.87 HRMS 4.91+0.09

Retention time, min 4.88 - 5.04 RSTD, reference standard; BLV, beef liver un-spike extract; BLVS, beef
Detection wavelength, nm 270 liver spiked extract, HRM, heart muscle un-spike; HRMS, heart muscle

Level detected, ug/mL
Sample extracts

52.04 +0.13; 42.04 £ 0.29
Beef liver and heart muscle

Reference [*]
Regression value, R 0.9910
Detection limit, pug/mL 0.0625
Quantification limit, ug/mL 0.1250
Precision, % 0.40-4.10
Recovery accuracy, % 80.40 — 108.50
Retention time, min 8.53
Detection wavelength, nm 350
Concentration reported, pg/mL 45.86
Test sample Multivitamin tablets
Reference [7]
Regression value, R 0.9930
Detection limit, pg/mL 0.1600
Quantification limit, ug/mL 0.5200
Precision, % 1.41-4.64
Percentage recovery, % 96.00 - 101.10
Retention time, min 8.70
UV-visible wavelength, nm 328
Reported amount, pg/mL 1.80 -2.69
Test sample Dietary
ingredients/supplements
Reference [26]
Regression value R Nr
Detection limit, ug/mL Nr
Quantification limit, pg/mL Nr
Precision, % Nr
Percentage recovery, % Nr
Retention time, min 12.35-12.50
UV-visible wavelength, nm 361
Reported amount, pg/mL 0.24-0.39
Test sample Infant formula
Reference [33]
Regression value, R 0.9950
Detection limit, ug/mL 0.2000
Quantification limit, pg/mL 0.3800
Precision, % Nr
Percentage recovery, % Nr
Retention time, min 16.00
UV-visible wavelength, nm 210
Reported concentration, pg/mL Nr (less than LOD)
Test sample Poly-vitaminated premixes
Reference [35]
Regression value. R? 0.9940
Detection limit, ug/mL Nr
Quantification limit, pg/mL 0.007
Precision, % 1.50 -7.26
Percentage recovery, % 79. 61 -88.80
Retention time, min 717
UV-visible wavelength, nm 361
Reported Level, ug/mL 3.85-8.78
Test sample Meat product
Reference [5]

[*], the current validated isocratic liquid chromatography technique;
Nr, not reported

spiked.

From the result of this study, the beef liver and heart
muscles can be considered as good dietary sources of
cyanocobalamin.

Table 5 represents the retention times of the reference
standard (RSTD) for the accuracy spike, beef liver (BLV)
un spike, beef liver spiked (BLVS), heart muscle (HRM)
unspike, and heart muscle spiked (HRMS) extracts. The
consistency of the current validated analytical procedure
in comparison to the previously reported methods is
presented in Table 4. The validated isocratic liquid
chromatography technique of this research is indicated
to be more rapid (retention time), precise (%RSD), and
sensitive (LOD and LOQ).

4. Conclusions

The validated isocratic RP-HPLC method was linear,
rapid, precise, and sensitive. Also, the separation,
detection, and quantification of cyanocobalamin from
each sample extract were satisfactory. Hence, this
analytical method can be significantly valuable in
research laboratories for quality control purposes. In
addition, the data obtained can be useful for nutritional
labeling, education, and food-based dietary guidelines.
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Abstract

Metabolite analysis is critical in the cancer field because of provides information about the metabolic status of cells. The profiling of extracellular
metabolites presents technical advantages over intracellular metabolites, such as easier access to extracellular metabolites without a quenching
method and the growth medium containing high biomass. This study aimed to investigate the extracellular level of metabolites in colon cancer
cells in a time-dependent manner. 1 x 10¢ cells were seeded in 4 Petri dishes and glucose, pyruvate, citric acid (TCA) cycle metabolites, and D2-
Hydroxyglutarate (D2-HG) in the conditioned medium were determined by 3,5-Dinitro Salicylic Acid (DNS) and Ultra Performance Liquid
Chromatography (UPLC) method and pyruvate assay for 24-96t hours. The results showed that glucose is consumed, and pyruvate and TCA
cycle intermediates are released in decreasing amounts in all cell lines. It was also observed that glucose was more consumed, and TCA cycle
metabolites were less released in metastatic colon cancer cells (SW620) than in primary colon adenocarcinoma cells (Caco-2). Most importantly,
D2-HG oncometabolite was released more into the growth medium of colon cancer cells than normal colon cells for four days. In conclusion, the

D2-HG is highly produced and released to the growth medium of colon cancer cell lines in a cancer-type-specific manner.

Keywords: Colon cancer, exametabolome analysis, metabolite, UPLC

1. Introduction

During carcinogenesis, cells undergo metabolic and
behavioral changes in a multistage process due to
mutations. Metabolic changes include reprogramming
of intracellular metabolism that controls inappropriate
cell proliferation and adapts to the tumor
microenvironment [1]. Cancer has become the most
common disease after significant developments in
treating heart diseases [2]. There are more than 200 types
of cancer; the third most common type in men and
women is colon cancer. Because of its mortality and high
incidence, approximately 2 x 106 new colon cancer cases
were observed in 2020 in stages III and IV [3,4]. The
results highlighted that we need new therapeutic
methods to increase the 5-year survival rate for late-stage
patients. Recently, metabolic reprogramming has
become a field of increasing interest [5,6].

Metabolism consists of many vital reactions in which
small molecules known as metabolites are produced
[7,8]. Cells are like factories that produce a wide variety
of chemicals including metabolites. The analysis of

metabolite levels is critical as it will provide information
about the metabolic status of the cells and determines the
risk and frequency of diseases [9-12]. Metabolites
produced and accumulated inside the cell are secreted to
the extracellular medium by specific metabolic overflow
[13]. Analysis of the correct level of intracellular
metabolites is essential because the reactions occur
inside the cell. However, it is challenging due to finding
a reliable quenching method that does not damage the
cell membrane and there is a low biomass ratio in the
intracellular medium. On the other hand, extracellular
metabolites can be accessed more easily without a
addition, profiling the
extracellular metabolite provides information about the

quenching method. In

environmental conditions and the metabolic status of
cells [14]. In recent years, the comprehensive profiling of
extracellular metabolites known as exametabolome
analysis to assess or compare the metabolic status of
cancer cells has gained importance. In recent years, as a
result of the valuable developments in the metabolomics
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Figure 1. The extracellular metabolite extraction procedure. 1 x 106 cells were seeded in 4 Petri dishes. Approximately 300 ul conditioned medium
was obtained from the Petri dishes and the cell number was determined using Thoma lame after 24, 48, 72, and 96 hours. The conditioned media
were centrifuged at 17,000 g and +4 °C for 15 minutes and the supernatants were used for further analysis. Glucose, pyruvate, TCA cycle
metabolites, and D2-HG in the conditioned medium were determined by DNS and HPLC method and pyruvate assay for 24-96" hours

field, metabolite analysis has become the more
affordable, reliable, and reproducible postgenomic
method [15].

Metabolic reprogramming is one of the hallmarks of
cancer cells, and some central metabolic pathways such
as Glycolysis, TCA cycle, and pentose phosphate are
aberrantly regulated during cancer progression [16]. The
TCA cycle has been known as a signalling hub in cell
metabolism because it connects many metabolic
pathways. The TCA cycle plays a role in energy
production and the biosynthesis of building blocks in the
cell [17]. Recently it has been observed that the abnormal
level of TCA cycle metabolites is related to different
diseases such as obesity, diabetes, heart failure, and
[9,10,18,19]. and 2-
hydroxyglutarate are the TCA cycle-related metabolites

cancer Succinate, fumarate,

and they affect processes of cancer development and
progression [20-22]. Until now, the level of TCA cycle-
related metabolites has been investigated during colon
cancer progression [23-25]. However, it is not known
how the extracellular metabolite levels change while
colon cancer cells gain metastatic properties.

The present study used primary and metastatic colon
cancer cell lines, and the extracellular metabolite level
changes were investigated when cells gained metastatic
properties. The levels of extracellular metabolite in the
TCA cycle and glycolysis were determined by the
pyruvate assay and DNS and HPLC methods in healthy

and cancer cell lines for four days, and colon cancer-
specific metabolite was investigated.

2. Materials and Methods

2.1.Cell Lines

Normal colon (CCD-18Co), colon adenocarcinoma
(Caco-2), and metastatic colon cancer (SW620) cell lines
were grown in DMEM, MEM, and RPM], respectively.
The content of all growth media and incubation
conditions of cells have been described in a previous
study [26].

2.2. Metabolite Extraction From the Extracellular
Medium

All cell lines were calculated as containing 1 x 10¢ cells
and seeded into four Petri dishes. Approximately 300 pl
conditioned medium was obtained from the Petri dishes,
and the cell number was determined using Thoma lame
after 24, 48, 72, and 96 hours. The conditioned media
were stored at -80 °C until the experiment. The mediums
were centrifuged at 17.000 g and +4 °C for 15 minutes,
and the supernatants were used for further analysis
(HPLC method, glucose, and pyruvate determinations
[27].

The released and consumed metabolite concentration
levels were calculated for 1 x 106 cells following
previously published protocols [28]. The calibration
curve's equation and R? value, as well as the
concentrations of the standard glucose solutions, are
given in Table 1.

2.3.3,5-Dinitro Salicylic Acid (DNS) Method
The DNS method [29] is used to determine glucose
content in the growth mediums. The sample (50 ul) and
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Figure 2. Time-dependent extracellular metabolite levels in CCD-18Co at 24-96 h. Metabolites were extracted from extracellular matrix of CCD-
18Co cells in a time-dependent manner. Glucose and pyruvate levels were calculated by DNS method and pyruvate assay. The level of citrate,
a-KG, D2-HG, succinate, fumarate, malate and oxaloacetate was determined by HPLC method. Abbreviations: ns, not significant. * p<0.05, **

p<0.01, *** p<0.001, *** p<0.0001

DNS reagent (1:1) were stirred at 140 rpm at 100 °C. After
10 minutes, it was incubated on ice for 1 minute. The
standards and samples were measured at 540 nm [24] in
a microplate reader (Multiskan™ GO, Thermo
Scientific). The calibration curve's equality and R2 and
the concentrations of the standard glucose solutions are
given in Table 1.

2.4. Pyruvate Assay

The pyruvate assay determines the pyruvate content in
the growth mediums [30] (Fig. 1). First, five mg of DNPH
was dissolved in five ml of 2N HCI (37%), and then 10 pl
was added to each well. Then, 30 pl of the samples were
transferred to these wells and incubated for 5 minutes at

room temperature. Finally, 60 ul of 2N NaOH was added
and incubated at room temperature for 10 minutes. The
results were obtained at 520 nm absorbance in a
microplate reader (Multiskan™ GO, Thermo Scientific).
The calibration curve's equality and R2 and the
concentrations of the standard pyruvate solutions are
given in Table 1.

2.5. UPLC System
A UPLC (Agilent) device with an Alltech OA-1000
column which runs at 42 °C was used. All HPLC-grade

Table 1. The calibration curve's equality and R2 and the concentrations
of the standard solutions for glucose, pyruvate, citrate, a-KG,
oxaloacetate, malate, D2-HG, succinate and fumarate.

Concentrations of the

Calibration curve's

equation R? standard (ppm)

glucose y=0,0005x+0,0078 0,9998 500-1000-2000

y=0,0005x+0,0074 0,9992 300-500-1000

y=0,0004x+0,0388 0,9999 1250-2500-5000
pyruvate y=0,0235x+0,073 0,9981 3.125-6.25-12.5-25
citrate y=3,9292x+1,55 0,9975 12-24-48
a-KG y=17,787x+6,9123 0,9998 2.5-5-10-25
oxaloacetate  y=2,1623x-9,1 1 25-50-100
malate y=2,7077x-17,45 0,9995 25-50-100
D2-HG y=3,5866x-24,45 0,9979 25-50-100
succinate y=1,9914x-1,9 0,9998 5-10-20
fumarate y=124,57x-16,3 0,9996 0.5-1-2

standards (Sigma Aldrich) are detected in a UV detector
(210 nm). The flow rate was 0.4 mL/min, and the mobile
phase was 9.0 mM H2S0s [31]. Table 1 gives the
calibration equality, R2 wvalue, and the
concentrations of the standards for citrate, a-KG,
oxaloacetate, malate, D2-HG, succinate, and fumarate.

curve's

2.6. Statistical Analysis

The experiments were carried out in three independent
repeats. GraphPad Prism 8.0 (GraphPad Software, CA,
USA) was used for statistical analysis. The statistical
analysis (Two-way ANOVA and then Tukey's multiple
comparisons test) was performed. To denote statistical
significance between the control and the sample groups,
the asterisk(s) is shown on the graph.

3. Results

3.1. Glucose is Consumed More in The Colon Cancer
Cell Lines During 96 Hours

In the present study, changes in the extracellular
metabolite levels were investigated in the primary and
metastatic colon cancer cell lines in a time-dependent
manner. The previous study determined only the
extracellular metabolite levels at the 24% hour [24].

Reducing glucose to pyruvate is the first part of
energy generation [32]. The consumed glucose levels
were 1337.7-353.1 nmol/ml in the healthy cell line, while
they were 1426.5-616.2 and 1609.8-638.8 nmol/ml in the
Caco-2 and SW620, respectively. At the 96 h, glucose was
1.7 and 1.8-fold (p<0.05) more consumed in the Caco-2
and SW620 than CCD-18Co, respectively (Fig. 2-Fig. 4).

3.2.The Pyruvate and TCA Cycle Metabolites Less
Released from Colon Cancer Cell Lines During 96
Hours

Pyruvate, the end product of the glycolysis pathway, is
converted to Acetyl CoA [32]. The released pyruvate
levels were 58.6-17.2 nmol/ml in the healthy cell line,
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Figure 3. Time-dependent extracellular metabolite levels in Caco-2 at 24-96 h. Metabolites were extracted from extracellular matrix of Caco-2 cells
in a time-dependent manner. Glucose and pyruvate levels were calculated by DNS method and pyruvate assay. The level of citrate, a-KG, D2-
HG, succinate, fumarate, malate and oxaloacetate was determined by HPLC method. Abbreviations: ns, not significant. * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001

while they were 51.7-13.8 and 43.7-9.2 nmol/ml in the
Caco-2 and SW620, respectively. At the 96 h, pyruvate
was 1.9-fold (p<0.05) less released into the environment
of SW620 than CCD-18Co (Fig. 2-Fig. 4).

The released citrate levels were determined as 370.2—
70.9 nmol/ml in the CCD-18Co (Fig. 2), while they were
180.1-47.6 and 121.6-52.9 nmol/ml in the Caco-2 and
SW620, respectively (Fig. 3-Fig. 4). In the next step,
isocitrate is oxidized to a-KG and thus the first oxidative
decarboxylation reaction occurs [32].

The released extracellular a-KG levels were 126.0-9.6
nmol/ml in the CCD-18Co (Fig. 2), while they were 34.3—
10.3 and 12.7-4.1 nmol/ml in the Caco-2 and SW620,
respectively (Fig. 3-Fig. 4). The extracellular a-KG levels
were highly decreased in the SW620 cell line according
to CCD-18Co because intracellular D2-HG was highly
elevated in these cells [24]. At the 96 h, the a-KG was 2.3-
fold (p<0.05) less released into the environment of
metastatic colon cancer cells than normal cells
(Fig. 2 and Fig. 4). The level of released extracellular
succinate was 180.9-94.8 nmol/ml in the CCD-18Co (Fig.
2), while they were 120.6—-64.6 and 94.8-6.8 nmol/ml in

the Caco-2 and SW620, respectively (Fig. 3-Fig. 4). At the
96 h, the extracellular succinate level was highly
decreased in the SW620 because we found that most
intracellular a-KG is reduced to D2-HG [24]. The
released extracellular fumarate levels were determined
as 17.6—4.9 nmol/ml in the CCD-18Co (Fig. 2), while they
were 5.5-1.8 and 12.7-3.3 nmol/ml in the Caco-2 and
SW620, respectively  (Fig. 3-Fig. 4). In the next step of
the TCA cycle, malate was synthesized from fumarate
[32]. The released extracellular malate levels were 287.7—
128.7 nmol/ml in the CCD-18Co (Fig. 2), while they were
166.6-45.4 and 134.7-41.7 nmol/ml in the Caco-2 and
SW620, respectively (Fig. 3-Fig. 4). At the 96 h, malate
was 2.8 and 3.1-fold (p<0.05) less released into the Caco-
2 and SW620 environment than CCD-18Co, respectively.
In the last step of the TCA cycle, the oxaloacetate is
synthesized from malate by the third oxidative
decarboxylation reaction [32]. The released extracellular
oxaloacetate levels were 335.7-38.2 nmol/ml in the CCD-
18Co (Fig. 2), while they were 145-53.4 and 106.9-15.3
nmol/ml in the Caco-2 and SW620 cell lines, respectively
(Fig. 3-Fig. 4). At the 96" h, oxaloacetate was 2.5—fold

Figure 4. Time-dependent extracellular metabolite levels in SW620 at 24-96 h. Metabolites were extracted from extracellular matrix of SW620 cells
in a time-dependent manner. Glucose and pyruvate levels were calculated by DNS method and pyruvate assay. The level of citrate, a-KG, D2-
HG, succinate, fumarate, malate and oxaloacetate was determined by HPLC method. Abbreviations: ns, not significant. * p<0.05, ** p<0.01, ***

p<0.001, *** p<0.0001
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(p<0.05) less released into the SW620 environment than
CCD-18Co.

3.3.D2-HG Oncometabolite Released More From
Colon Cancer Cell Lines

D2-HG is converted from a-KG by the wild-type or
mutant isocitrate dehydrogenase (IDH) 1/2 enzymes and
involves in the cancer progression [20]. In our study,
significant results were obtained in the time-dependent
extracellular D2-HG oncometabolite. The released levels
of D2-HG by cancer cell lines were increased for 96
hours. The released extracellular D2-HG levels were
6.9-4.1 nmol/ml in the CCD-18Co (Fig. 2), while they
were 20.6-11.7 and 68.5-12.3 nmol/ml in the Caco-2 and
SW620 cell lines, respectively (Fig. 3-Fig. 4). At the 96 h,
D2-HG was 2.8 and 3.0-fold (p<0.01) more released into
the environment of Caco-2 and SW620 than the healthy
cell.

4. Discussion

Cancer cells tend to Glycolysis, known as the Warburg
effect, because they need more energy and intermediate.
However, it has been found that cancer progression is
not universal, and cancer cells exhibit metabolic
diversity [33-35]. This allows cancer cells to adapt to
changing metabolic pathways to survive and proliferate.
Thus, metabolites produced in different forms due to
mutations or changing their concentrations are
significant therapeutic advantages for scientists [36]. Our
study showed that the extracellular metabolite levels
were significantly different between normal and cancer
cells (Fig. 2-Fig. 4).

In the previous study, we investigated the level of
intracellular metabolites produced in the TCA cycle and
glycolysis in the cell lines (CCD-18Co, Caco-2, and
SW620) and xenograft models generated with these cell
lines. Unlike other metabolites, the elevated D2-HG level
was found in the SW620 (152.6 umol/10¢ cells), whereas
it was not detected in the colon epithelial cells (CCD-
18Co). In the xenograft models, the D2-HG level was 7.4
and 19.9-fold higher in Caco-2 and SW620 tumor tissues
than in healthy tissue, respectively [24]. However, the
time-dependent extracellular metabolite levels have not
been detected until now. The present study, D2-HG-
related metabolite levels were detected in the growth
medium of CCD-18Co, Caco-2, and SW620 for 96 h. It
was found that the D2-HG was 2.8 and 3.0-fold (p<0.01)
more released into the environment of Caco-2 and
SW620 than the healthy cell (Fig. 2-Fig. 4). In relation to
that, the a-KG was 2.3-fold (p<0.05) less released into the
environment of metastatic colon cancer cells than normal
cells (Fig. 2-Fig. 4).

Turk ] Anal Chem, 6(2), 2024, 108-114

The TCA cycle is at the center of the mitochondrial
metabolic pathway because energy
carbon metabolism, and biosynthetic

coordinates
generation,
pathways [37]. It has been observed that the abnormal
level of TCA cycle metabolites is related to different
diseases such as obesity, atrial fibrillation, heart failure,
and cancer [9,10,18,38]. In the field of cancer, especially
in colon cancer, the study of the amount of TCA cycle
metabolites has recently increased [6]. As a result of our
experiments, the levels of extracellular metabolites in
cancer cells with a high metabolic rate differed
significantly from healthy cells. In our study, Caco-2 and
SW620 consumed 1.7 and 1.8-fold (p<0.05) more glucose
than CCD-18Co respectively. Pyruvate was 1.9-fold
(p<0.05) less released into the environment of SW620
than CCD-18Co (Fig. 2-Fig. 4). In addition, cancer cells
released less TCA cycle intermediate than the healthy
cells for 96 hours (Fig. 2-Fig. 4), consistent with the
previous studies [39,40]. We showed that colon cancer
cells exhibit the Warburg effect because of highly
consumed glucose. On the other side, the TCA cycle
intermediates is less released. All the results showed that
metabolism does not proceed through Glycolysis, and
the TCA cycle is active.

Based on the metabolic overflow concept, specific
metabolites produced and accumulated inside the cell
are secreted to the extracellular medium by specific
metabolic overflow according to the needs of cell. Thus,
information about the intracellular levels of these
metabolites can be obtained by investigating the level of
extracellular metabolites in the conditioned medium.
When being studied experimentally, intracellular and
extracellular metabolite levels must be determined
simultaneously [14]. In the present study, unlike TCA
cycle-related metabolites, the D2-HG oncometabolite,
which is highly produced inside the cancer cells, was
released more in the environment of Caco-2 and SW620
compared to normal cells for 24-96 hours (Fig. 2-Fig. 4).
These results are consistent with the intracellular
metabolite levels we obtained in the previous study [24].

During cancer development and progression,
pathways are
optimized according to the conditions of the cell. Thus,
the ATP and precursor
biosynthesis are highly synthesized in cancer cells [41].
As a result of the reorganization of energy metabolism,
abnormal intracellular and extracellular levels of TCA
cycle-related metabolites have been produced when
cancer cells gain metastatic properties. In the previous
studies, it has been observed that glucose consumption
was decreased, and TCA cycle-related metabolites were
more produced in the cancer cells according to a healthy
cell. We know that D2-HG was highly produced in
colon, breast, head and neck squamous metastatic cancer

reversible reactions of metabolic

molecules required for
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cells [24,42,43]. In our study, the level of released D2-HG
(in the conditioned medium) was increased when colon
cancer cells gained metastatic potential, consistent with
the earlier studies.

Our findings provide insight into the changes in time-
dependent extracellular metabolite levels produced in
glycolysis and the TCA cycle in both colon epithelial and
colon cancer cell lines. We demonstrated that glucose is
used to synthesize the TCA cycle intermediates which
are then gradually released into the conditioned
medium. Unlike TCA cycle-related metabolites, the D2-
HG oncometabolite was released more in colon cancer
than in normal cells. It is predicted that in the future,
the levels of cancer-type-specific
oncometabolite can be used for cancer diagnosis.

determining
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Abstract

In this work, 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(II) iodide was synthesized and its
aggregation behavior was investigated in different solvents and at varying concentrations. After the cytotoxic effect of 2(3), 9(10), 16(17),23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(Il) iodide was tested, the treatment at certain conditions with
phthalocyanine resulted in significant cell death (around 30%) in AR42] pancreatic cancer cells and Sol8 normal muscle cells but the same results
were not observed in MDA-MD-231 metastatic breast cancer cells. To evaluate mitochondrial membrane potential (MMP), Mitotracker Red
staining was performed and the treatment at certain conditions with 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide resulted in a significant decrease in mitochondrial membrane potential (represented by Aym) in MDA-
MB-231 cells, but the same situation was not observed in other cells. In silico analyses were performed for intracellular target prediction of 2(3),
9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide and we found that it has inhibitory effects
on Sigmarl protein and Adiponectin receptors 1-2 with the lowest binding energies of ( -13.07kcal/mol, -10.93kcal/mol and -9.49 kcal/mol],
respectively. Sigmar1 is an integral protein localized in mitochondrial membranes while communication between mitochondria and endoplasmic
reticulum and Adiponectin receptors are known to be associated with mitochondrial function. These results suggest that 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(Il) iodide has a cytotoxic potential on cancer cells and inhibited MMP in
breast cancer cells only.

Keywords: Zinc (II) phthalocyanine, aggregation, water soluble, metastatic breast cancer, mitochondrial membrane potential, molecular docking

1. Introduction

Phthalocyanines (Pcs) are applied, such as
photosensitizers [1,2], liquid crystals [3,4], sensors [5,6],
and catalysts [7-9] in a wide range of areas based on
chemistry and nanotechnology. They have also been
commonly used as pigments and dyes [10]. Metal-
centered phthalocyanine (MPc) complexes are known as
photoactive and can be used for photosensitization when
the central metal is a diamagnetic metal
atom [11,12]. Closed shell and
ions, i.e., Zn?, Ga¥*, and Si*, play an important role in Pc
complexes with high properties, i.e., high singlet oxygen
generation that is crucial for photodynamic therapy
(PDT) efficiency of photosensitizers [13-17]. ZnPcs are
commonly studied due to a central metal ion having A
full-fill shell and d'° configuration in optical spectra that

diamagnetic

are not complicated by additional bands, as in transition-
metal Pc complexes. Having intensive red visible region
absorption, high triplet yields, and efficient singlet
oxygen generation make ZnPcs  worthwhile
photosensitizers for PDT applications or
treatments [17]. Aggregation behavior and solubility of
phthalocyanine are significant parameters that should be
examined prior to in vitro cancer studies. The former is
observed due to the 18-t electron
phthalocyanines and decreases their solubility property
their

and

cancer

system of

in many solvents and seriously affects
spectroscopic, photochemical, photophysical,
electrochemical properties [18,19]. It is precisely at this
point that the solubility of phthalocyanines in polar or

nonpolar solvents becomes important.
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Figure 1. Synthesis of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide
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Solubility in water has been preferred in biological
studies, in particular in vivo cancer studies, due to the
fact that human blood itself has a hydrophilic system
and the chemotherapeutics are applied
intravenously [20,21].

Cancer is a common disease with a high Mortality
rate around the world after cardiac diseases. Recent
appear
understanding the complexity of cancer, which is to be
targeted specifically for drug development. However,
new candidate drugs have been in demand to overcome

molecular  technologies effective  in

some limitations of current therapies such as, drug
resistance, drug instability, drug insolubility, and
harmful drug side effects. Therefore, innovative drug
discovery technologies have focused on newly designed
and more advantageous drugs. Ineffective cancer
therapies can result in cancer cells that gain further
molecular changes, such as metastatic characteristics.
Metastasis requires aggressive cellular changes that
promote increased survival, migration, and energy
consumption [22]. PDT has been used to deal with
metastable cancers due to the special characteristics of
phthalocyanines [23]. In this work, we aimed to
synthesize easily quaternerizable nitrogen atoms,
including  1-benzylpiperidin-4-ol ~ groups  and
characterized peripherally 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-

yl)oxy)phthalocyaninato]zinc(Il) iodide to be used as a
photosensitizer. Its effects on and
mitochondrial membrane potential were also examined

cytotoxicity

in cancerous and non-cancerous cells. In silico target of
2(3), 9(10), 16(17),  23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(II)
iodide within the cells was screened and its inhibition
potential on predicted targets was examined by in silico
molecular docking approach.

2. Experimental

2.1. Materials
4-[(1-Benzylpiperidin-4-yloxy]phthalonitrile (1) [24] and
2(3), 9(10), 16(17), 23(24)-tetrakis-[1-benzylpiperidin-4-
yl)oxy]phthalocyaninato zinc(I) (2) [25] was designed
and prepared according to literature. All solvents were
dried and purified as described by the reported
procedure [26]. 4-Nitrophthalonitrile was purchased
from commercial suppliers.

2.2. Methods

2.2.1. Synthesis of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-
methyl-(1-benzylpiperidin-4-yl)  oxy)phthalocyaninato]zinc
(1) iodide

2(3), 9(10), 16(17), 23(24)-tetrakis-[1-benzylpiperidin-4-
yl)oxy]phthalocyaninato zinc(Il) (30 mg, 0.020 mmol)
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[25] was dissolved in CHCls (3 ml), added iodomethane
(3 ml), and stirred at room temperature (RT) for 3 days.
The precipitated product was filtered and washed with
CHCIs and hexane. Yield: 30 mg (72%), m.p.> 250 °C. FT-
IR (ATR),v/em™: 3025 (Ar-CH), 2966-2890 (Alip.-CH),
1605, 1508, 147,1393, 1305, 1242, 1188, 1072, 1059, 1038,
978, 819, 656. UV-Vis (DMF), Amax(loge) nm: 679 (4.98),
614 (5.12), 338 (4.28). 'H-NMR. (DMSO), (8:ppm): 7.78-
7.60 (m, 12H, ArH), 7.53-7.38 (m, 20H, ArH), 4.70-
4.55(m, 8H, CH>-N*), 4.47-4.28 (m, 4H, CH-O), 3.88-3.63
(m, 16H, CH2-N*), 3.02 (s, 12H, CHs-N*), 1.87-170 (m,
16H, Aliph.CHz) BC-NMR. (DMSO), (&:ppm): 170.13
(ArC), 165.63 (ArC), 149.56 (ArC), 148.71 (ArC), 147.25
(ArC), 135.34 (ArC), 132.18 (ArC), 130.27 (ArC), 128.66
(ArC), 127.38 (ArC), 125.78 (ArC), 125.60 (ArC), 122.17
(ArC), 120.89 (ArC), 80.23 (Aliph.CH-O), 61.35
(Aliph.CH2-N*), 60.02 (Aliph.CH2-N*), 51.30 (Aliph.CHo-
N, 50.25 (Aliph.CHs-N*), 33.82 (Aliph.CHy),
32.05(Aliph.CHz). Anal. Caled for CsiHssZnN120als
(1902.6821 g/mol) C, 53.02; H, 4.66; N, 8.83, Found: C,
53.09; H, 4.68; N, 8.81; MALDI-TOF-MS m/z calc. 1902.
682; found: 344.81 [M-41-H20)] +.

2.2.2. Cell culture

Pancreatic cancer cell line (AR42]) (ATCC Cat CRL-
1492), metastatic breast cancer cell line (MDA-MB-231)
(ATCC Cat HTB-26), and normal myoblast cells (Sol8)
(ATCC Cat CRL-2174) were used in this study. AR42],
MDA-MB-231, and Sol8 cells were incubated in RPMI,
EMEM, and DMEM media, respectively and each
complete media also contained 20% fetal bovine serum
and 1% Penicillin-Streptomycin antibiotics. Cells were
cultured at 37°C, the normal physiological temperature
of the human body, in a humidified environment with
5% CO: to maintain the normal rate of blood gas in the
human body. After cells reached full confluency (except
for Sol8 cells which are recommended to be cultured by
a maximum of 80% confluency by the manufacturer as
these cells can undergo cellular differentiation at the full
confluent stage), cells were seeded into 96-well plates for
cytotoxicity and mitochondrial assessments.

2.2.3. 2(3), 9(10), 16(17), 23(24)-Tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy) phthalocyaninatolzinc(ll) iodide
treatment and MTT cytotoxicity assay

Cells were cultured in 96-well plates as 10.000 cells per
well. After they proliferated as desired, media including
2(3), 9(10), 16(17),  23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II)
iodide at 1.5, 3, 6 and 12 micromolar was added to cells
24 or 48 hours. Different
concentrations were prepared by serial dilution in the

and incubated for

culture media.
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Figure 2. UV-Vis spectrum of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(Il) iodide. A-
represents two spectra of the red line is the UV-Visible spectrum of phthalocyanine in DMSO and the blue one is also the UV-Visible spectrum
of phthalocyanine in DMF. B- shows the concentration effect of aggregation in DMSO with phthalocyanine between 1x10-%- 10x10-¢ molar

concentration.

Some cells were treated in the dark (covered by foil and
incubated in a dark room) as a control group. Internal
groups of cells for each experimental design were
untreated and used as a control. After pre-incubation
with water soluble Zn(Il) phthalocyanine, cells were
exposed to red light at a wavelength of 680 nm. The total
irradiation dose was adjusted to 10 j/cm? as before
[27-30]. Duration of light exposure was calculated by the
formula; ] =W x S (J = desired amount of light energy, W
= Light power received by the sensor and S = Duration
(hour) to be applied depending on desired light energy
and light power). After 1 hour of exposure, cells were
incubated for a further 24 hours followed by the MTT
protocol [31]. For this protocol, media was removed
from all the wells, wells were washed once with 1xPBS,
then 190 pl fresh media (without phthalocyanine) and 10
ul MTT dye were added to each well and incubated for
2 hours at 37°C. MTT incubation was stopped by 200ul

solvent addition to each well after media with MTT was
removed. Wells were incubated with the solvent
overnight in the dark on the shaker. The day after,
absorbances were read at 570 nm wusing a
spectrophotometer. Cell viabilities (%) were relatively
calculated according to untreated cells which are
considered as 100% viable.

2.2.4. Assessment of mitochondrial membrane potential
Cells were incubated and treated as mentioned above.
Differentially, after 24h incubation with ZnPc wells were
washed with 1xPBS followed by the treatment with
media  including 4.0x103M  MitoTracker = Red
(ThermoFisher, M7512) for 45 minutes at 37°C [32].
MitoTracker treated wells were washed with 1xPBS
three times and fluorescence was read at 579/599 using a
microplate reader.
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2.2.5. In silico target prediction for 2(3), 9(10), 16(17),
23(24)-tetrakis-[ N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(II) iodide

In silico target prediction for 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide was performed
using the Similarity ensemble approach (SEA) [33]. The
SEA approach is effective in performing analyses based
on set-based chemical similarity between ligands of
proteins. It is wuseful for quickly browsing large
composite databases and generating in silico predictions
from similarity maps by identifying cross-targets.

2.2.6. 3D structure preparation of zinc (II) phthalocyanine
and target proteins and molecular docking

To evaluate the ligand-based affinity of phthalocyanine,
the SDF file of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-
methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide was initially
created using Open Babel software [34]. Energy
minimization was performed by AutoDock MGL Tools
and Gasteiger charges were assigned to the compound
prior to molecular docking studies [35]. The 3D
structures of ADPNRI1 (PDB ID: 5LXG), ADPNR2 (PDB
ID: 6YX9), and Sigmarl (PDB ID: 5HK1) were retrieved
from the Protein Data Bank (www.rcsb.org). All
structures were processed before molecular docking
studies. Bound water molecules were initially removed
from the 3D protein structures, polar hydrogens were
added to each protein and eventually the structures were
charged with Kollman charges before saving their pdbqt
files. Grid box sizes were adjusted based on the catalytic
core of each protein target to surround the amino acid
domain involved in the binding active sites. For this, grid
center coordinates and box size values for ADPNR1-
2(3), 9(10), 16(17),  23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninat]zinc(II)
iodide docking was set as 23, 31 and 2,4 and the box size
was 35, 35, 35. On the other hand, the related calculations
were set as 12, -21, -22 and the box size was 35, 35, 35 for
ADPNR2. However, the catalytic core of Sigmarl was
identified as buried into the target receptor. Therefore,
we performed blind docking experiment on Sigmarl
receptor to determine the best binding pose of 2(3), 9(10),
16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy) phthalocyaninato]zinc(Il) iodide. For this goal,
the grid center coordinates were set as 14, 38, -36 and the
dimensions of the box size value were adjusted as 50, 45,
and 47. Molecular docking studies were then performed
for ADPNR1 and ADPNR2 proteins using AutoDockZn
software [36], whereas, targeting 2(3), 9(10), 16(17),
23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(Il) iodide compound to Sigmarl
receptor was performed using AutoDock4 [37].
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2.2.7. Statistics

The fluorescence values of MMP activity were
analyzed by the UNIANOVA test of SPSS software. The
comparison for cell viability (%) was also performed
using the UNIANOVA. The significance is considered if
p value is less than 0.05. Significant levels used were
p<0.05 (*),p<0.01 (**),p<0.001 (***) andp<0.0001 (***¥).
Experiments were three
independent repeats and standard errors of the means
(+/-s.e.m.) were calculated by the SPSS (Version 13)
program.

completed as at least

3. Results and Discussion

4-[(1-Benzylpiperidin-4-yloxy]phthalonitrile 1 and 2(3),
9(10), 16(17),  23(24)-tetrakis-[1-benzylpiperidin-4-
yl)oxy]phthalocyaninato  zinc(II) synthesized
according to literatures, as mentioned in the material
and method section [24-25]. 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-

yl)oxy)phthalocyaninato]zinc(Il) iodide was synthesized
by the reaction of 2(3), 9(10), 16(17), 23(24)-tetrakis-[1-
benzylpiperidin-4-yl)oxy] = phthalocyaninato zinc(Il)
with CHs-I in CHCIs (Fig. 1). Quaternization of 2(3),
9(10), 16(17),  23(24)-tetrakis-[1-benzylpiperidin-4-
yl)oxy]phthalocyaninato zinc(Il) with an excess of
methyl iodide in chloroform led to water soluble tetra
cationic Zn(ll) phthalocyanine. After the reaction
contents were stirred at room temperature for 72 hours,

were

the dark green crude product was precipitated at the
bottom of the reaction vessel. The crude product was
filtered and washed three times with chloroform and
hexane. When looking at the infrared spectra of 2(3),
9(10), 16(17),  23(24)-tetrakis-[1-benzylpiperidin-4-
yl)oxy] phthalocyaninato zinc(Il) and its water-soluble
derivative, it can be seen that both are similar. Both of
them have aromatic, aliphatic carbon resonance peaks
and do not have C=N sharp resonance peak around 2230
which is the very identical peak for
4-[(1-benzylpiperidin-4-yloxy]phthalonitrile as  the
starting molecule. The FT-IR spectra of 2(3), 9(10),
16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il)  iodide has had
aromatic carbon resonance peaks at 3025 cm and
aliphatic carbon resonance peaks at 2966-2890.

The 'H-NMR data of 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(ll) iodide in DMSO-ds
showed signals due to the appearance of aromatic
protons at 7.78-7.60 and 7.53-7.38 ppm. The CHs
group of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II)
iodide was indicated as an singlet at 3.02 ppm.

cml

119


http://www.rcsb.org/

Uzuner et al.

Turk J Anal Chem, 6(2), 2024, 115-128

Figure 3. Cell viability 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc (II) iodidetreatment in
AR42], MDA-MB-231 and Sol8 cells. Cell percentages (%) are shown for AR42J (A), MDA-MB-231 (B), and Sol8 (C) cells after phthalocyanine
treatments (0, 1.5, 3, 6, and 12uM) both for 24h (up panels)and 48h(down panels), after light (right panels) and dark (unlightened) exposure (left

panels). p<0.05 (%), p<0.01 (**), p<0.001 (***) and p<0.0001 (****)

The aliphatic protons were observed at 4.70-4.55, 4.47-
428, 3.88-3.63, and 1.87-170 ppm. The =C-NMR
spectrum of the quaternary ammonium group
containing zinc (II) phthalocyanine was taken in DMSO-
ds and construed as having 21 carbon atoms in the
structure. In the 3C-NMR spectrum, 14 different signals
for aromatic carbon atoms between 170.13 and 120.89
ppm and also 7 signals for aliphatic carbon atoms
between 80.23 and 32.05 ppm comply with the proposed
structure.

The molecular ion peak of 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide was seen at
m/z=344.81 [(M-41-H20)]* (S. Fig. 1). Elemental analysis
also supports the proposed structure of Zn(II)
phthalocyanine. UV-Vis spectrum of 2(3), 9(10), 16(17),
23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(Il) iodide was measured in water
(S. Fig. 2).
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Figure 4. Mitochondrial membrane potential after phthalocyanine treatment. Mitochondrial membrane potential values were calculated in
immunostaining photos by Image J software, and these are shown for AR42] (A), MDA-MB-231 (B), and Sol8 (C) cells after 24h (up panels)or
48h(down panels)treatment with different doses of phthalocyanine treatment before light exposure followed by light (right panels) or dark
(unlightened) exposure (left panels). p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****)
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Additionally, the aggregation behavior of 2(3), 9(10),
16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy) phthalocyaninato]zinc(Il) iodide was measured
in DMSO (Fig. 3A). Dimethyl sulfoxide (DMSO) is a
dipolar aprotic solvent (u=3.96 D) of moderate dielectric
constant (e = 45.0) totally miscible with water, having
two sites of coordination of different softness and being
consequently a good solvent for cations. The UV-vis
absorption spectrum of 2(3), 9(10), 16(17), 23(24)-tetrakis-
[N-methyl-(1-benzylpiperidin-4-

yl)oxy)phthalocyaninato]zinc(ll) iodide in dry DMSO,
presented in Fig. 2A, shows a peak at about 679 nm in
the Q band region, with a much less intense one at 614
nm, as usually observed in organic media for a
zinc(Il) phthalocyanine [38-41]. The
maximum absorbance at 338 nm in the Soret region is
lower than that of the Q band in the visible region. This
spectrum is typical of many metallophthalocyanines: the
two Q and Soret bands are m—mt* transitions, aiv—eg for
the Q band and ax—eg for the Soret [42-44]. The
spectrum can be totally different in pure water. The Q

monomeric

band maximum is much less intense than the peak in
DMSO and this band looks broader because two other
absorption bands are apparent as shoulders somewhat
below 600 nm and at 680-690 nm. This spectrum is
typical of dimeric M(II)phthalocyanines, for example,
one of the Cu(Il) sulfophthalocyanine [45-46]. L'Her et
al. examined the influence of the concentration on the
spectrum in water over a large range of concentration,
from 6.4x10+M to 6.4x107 M, using cells with optical
lengths from 0.1 mm to 10 cm. No evolution of the
spectra reduced to € was observed, which means that
Beer’s law is obeyed, and that dilution has no influence
on the composition of the solution over this extended
concentration range. As a consequence, these aggregates
are very stable, even at the lowest concentration, and
their dissociation constant cannot be estimated, unlike
what has been possible for many phthalocyanines [47].
From the comparison with DMSO and water, it is
evident that the zinc phthalocyanine exists as a mixture
of the monomer and aggregates [48]. Additionally,
solvent type effects were investigated (Fig. 2B) with
different concentrations (S. Fig. 2) on the behavior of
2(3), 9(10), 16(17),  23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(Il)
iodide.

2(3), 9(10), 16(17), 23(24)-Tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(II)
iodide was then proceeded for in vitro biological
analysis. First, its cytotoxic potential in AR42] pancreatic
cancer cells, MDA-MB-231 metastatic breast cancer cells,
and Sol8 normal muscle cells was evaluated. Dark
treated cells (as a control group to light) were also
included in the experiment. None of the conditions in the

Turk J Anal Chem, 6(2), 2024, 115-128

dark (at 24 or 48 hours) resulted in a significant change
in cell viability (Fig. 3A-Fig. 3C, left panels). However
cytotoxic effects after light exposure have been shown in
ARA42] cells and Sol8 at 48h with around 30% reduction
(Fig. 3A and Fig. 3C, right panels). Although a reduction
was detected, The IC-50 values could not be calculated.
Pair-wise comparisons are performed by post-hoc test
and the significant levels are shown by asterisks between
the compared doses (Fig. 3A-Fig. 3C, right panels).
Detailed statistical analyses for cytotoxicity after light
are provided in S. Fig. 3 (blue squares indicate significant
comparisons). IC50 value for Zn(Il) phthalocyanines
(ZnPcs) conjugated with thiopyridinium units was
determined as 20 uM in melanoma cells [49]. Octal-
bromide zinc phthalocyanine (ZnPcBr8) resulted in the
death of almost all (around 100%) Hep-2 (laryngeal
carcinoma) cells at 24h [50]. These suggest that the
effectiveness of ZnPc molecules may depend on the
structure and the type of cancer cells examined. ZnPc
was used to be incorporatedinto extracellular vesicules
and this was found to reduce colon cancer growth over
2 weeks [51]. However, phthalocyanines can also be
effectively cytotoxic regardless of light induction. A
study showed that the two dyads composed of zinc(II)
phthalocyanine and tin complexes were more cytotoxic
in MCF-7 human breast cancer when it was treated in the
darkcompared to lightwith an IC50 between 0.016 and
0.453 uM [52]. On the other hand, photodynamic therapy
with zinc phthalocyanine was shown to enhance the
anti-cancer effect of some common chemotherapeutics,
i.e.,tamoxifen in breast cancer cell lines [53].

However, mitochondrial membrane potential was
gradually decreased in MDA-MB-231 cells at 24 h after
zinc  (II)  phthalocyanine  treatment  (p<0.05)
(Fig. 4B)compared to both AR42] (Fig. 5A) and Sol8 cells
(Fig. 5C). 48h pretreatment with 2(3), 9(10), 16(17),
23(24)-Tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide did not induce
MMP decrease as much as 24h pretreatment (Fig. 4B).
Detailed statistical
membrane potential are provided in S. Fig. 4 (blue
squares significant comparisons).
Representative staining for mitochondrial membrane
potential after 12 uM water soluble Zn(II)
phthalocyanine (after 24h) is shown in Fig. 5D. A, B, and
C show A{Ym values in AR42], MDA-MB-231, and Sol8
cells, respectively. Fig. 5 representative
fluorescence imaging of mitochondrial staining.
Mitochondrial membrane potential was shown to reduce
in different cancer cell lines after ZnPc compounds [54—
56].

analyses for mitochondrial

indicate

shows
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Figure 6. Representative fluorescent labeling of mitochondria by MitoTracker Red. The figure shows the staining in untreated and treated (by 12
micromolar phthalocyanine for 24 hours) followed by irradiation in MDA-MB-231 cells.

Figure 5. Target prediction of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide in the
cells and docking with Adiponectin Receptor 1.A shows the top 7 targets for phthalocyanine in the cells with the highest p values. The top three
targets include 1)Adiponectin receptor 1 (ADPNRI), 2) Adiponectin receptor 2 (ADPNR2), and 3) Sigma non-opioid intracellular receptor 1
(Sigmarl). B shows 10 different poses for the docking of phthalocyanine with ADPNR1 protein by binding affinities, estimated Ki values, Ki units,
and ligand efficiency. C shows the best representative of pose for docking. D shows the predicted 2D interaction map of phthalocyanine with
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Figure 7. 2(3), 9(10), 16(17), 23(24)-Tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(Il) iodide docking with Adiponectin
Receptor 2 (ADPNR?2).A shows 10 different poses for the docking of phthalocyanine with ADPNR?2 protein by binding affinities, estimated Ki
values, Ki units and ligand efficiency. B shows the best representative of pose for docking.

When potential protein or receptor targets were
screened, the top three targets of 2(3), 9(10), 16(17),
23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il) iodide were identified
as Adiponectin receptor 1 (ADPNR1), Adiponectin
receptor 2 (ADPNR2) and sigma non-opioid intracellular
receptor 1 (Sigmarl) proteins. In silico target prediction
analysis were hit for the two intracellular targets for 2(3),
9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II)
iodide including ADPNRs and Sigmar1 protein with the
highest significance (Fig. 6A). In silico docking analyses
were then performed for ADPNRI1 (Fig. 6B-Fig. 6D). 10
different binding poses for the active domain of target
proteins were analyzed (Fig. 6B) and the docking for the
highest affinity along with the lowest binding energy (-
10.93 kcal/mol) was modeled (Fig 6C and Fig 6D).
ADPNRI1 and ADPNR?2 proteins are secreted from white
adipose tissue [57], and mitochondrial function was
dysregulated in mice lacking ADPNRI1 [58]. ADPNR1
increased mitochondrial function in skeletal muscle cells
[57], and it is highly associated with the regulation of
glucose and lipid metabolism and with mitochondrial
biogenesis [59]. However, the effect of ADPNRI1

deficiency on mitochondrial protein composition has
been found to be highly tissue-specific [58]. ADPNR2
was also docked with phthalocyanine and the binding
affinity of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-
(1-benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(II)
iodide to ADPNR?2 (-9.49 kcal/mol) (Fig. 7A) was found
to be less than the binding affinity to ADPNR1 (-10.93
kcal/mol). Both ADPNRs are able to bind metals in
particular zinc (from the Uniprot database) which are
included in the core structure of synthesized water
soluble Zn(Il) phthalocyanine. ADPNR1/ADPNR2 were
reported to recover non-alcoholic hepatitis and fibrosis
by their roles in between ER and mitochondria
communication [60].

We then analyzed the third in silico target of
phthalocyanine, Sigmarl. The best pose for Sigmarl was
detected with the lowest binding energy as -13.07
kcal/mol (Fig. 8A). The docking of this pose was
modeled (Fig 8B-Fig 8C). Sigma receptor 1 (Sigmarl) is
a chaperone significantly localized in the mitochondrial
membrane of cardiomyocytes [61], but Sigmarl is
expressed in a range of tissues so that it is considered as
having housekeeping function in each cell type [61,62].
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Figure 8. 2(3), 9(10), 16(17), 23(24)-Tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy) phthalocyaninato]zinc(Il) iodide docking with Sigmarl
protein.A shows 10 different poses for the docking of phthalocyanine with Sigmarl protein by binding affinities, estimated Ki values, Ki units,

and ligand efficiency. B and C show the best representative of the pose for docking from different angles.

This is also localized in the cell membrane and nuclear
membrane [63]. The Sigmar-1 upregulation was found to
be associated with enhanced membrane invasiveness
[62]. Sigmar1 receptor is required for proper respiration
in mitochondria [61] and also has a role in the
communication between mitochondria and endoplasmic
reticulum [63]. The cells with knock-downed Sigmarl
showed an increase in cell death rate suggesting its
association with cell survival [63]. Deficiency in Sigmarl
is associated with a range of diseases such as
neurodegenerative diseases, cancer, and cardiovascular
diseases [62]. Clinical studies showed that Sigmarl is
abundant in breast cancer patients [64]. Its increase has
also been detected in other cancers including liver, colon,
prostate, and lung [62], whereas the change in the level
of Sigmar1 was not significant inpatients with pancreatic
cancer compared to healthy controls [63]. Current
molecular docking studies show that 2(3), 9(10), 16(17),
23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-

yl)oxy)phthalocyaninato]zinc(Il) iodide exhibits high
binding affinity to the intramembrane interaction
surface of the Sigmar1 trimeric complex, thereby causing

inactivation of the sigmarl complex, which is essential
for the maintenance of mitochondrial functions.

Both Sigmarl and ADPNRI1 play key roles during the
maintenance of mitochondrial function. Mitotracker red
dye has been used for confirmation of Sigmarl
localization [60] as well as mitochondrial function
mediated by Sigmarl [63,65]. Sigmarl and ADPNR
genes are located in 9p13.3 and 3q27.3, respectively
(from Genecards). The genome of MDA-MB-231 cells is
reported as in the triploid range with the absence of
chromosomes 8 and 15 by the manufacturer (ATCC),
however AR42] cells are in normal diploid range with
specific gene expression changes. Therefore, the levels of
proteins in the examined cells are expected to be
different from each other. The genomic differences

between cells may suggest the variation of
mitochondrial membrane potential changed by
phthalocyanine. However, further investigation is

required for revealing the profiles of gene expression
levels in detail.

Therefore, an ultimate phthalocyanine molecule
might be an effective photosensitizer that naturally
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gathers in mitochondria [66]. Targeting mitochondria
has been used to enhance the efficacy of photodynamic
therapy [67]. Mitochondrial membrane potential (Aym)
(MMP) is an indicator of mitochondrial function. Ajm is
associated with the role of mitochondria in apoptosis,
and its decrease has been shown to be induced by
insufficient substrates for the mitochondria, disruption
in respiration, or separation of the inner membrane [68].
However, mitochondrial membrane potential has been
suggested not to be an early event in the apoptosis [69].
Mitochondrial activity was found to increase after
radiation treatment [70]. Some cytotoxic conditions, such
as radiation, may not be associated with an increase in
cell death detected by metabolic viability assays
including MTT [70]. In this study, results suggest
conditions for targeting mitochondrial activity by
membrane potential in metastatic breast cancer only
which is not correlated with cytotoxicity assessed by
MTT assay. We previously showed that a silicon
phthalocyanine molecule was highly cytotoxic in AR42]
cells after 24h, but not in Sol8 cells, and IC50s were
calculated for each cell line [27], however 2(3), 9(10),
16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-
yl)oxy)phthalocyaninato]zinc(Il)  iodide not
cytotoxic in the same conditions. The critical function of

was

Zn is that it does not quench the ability of
phthalocyanine to form ROS upon irradiation. The high
doses of phthalocyanine (with prolonged incubation
time points) may induce cytotoxicity with calculable
IC50 values which represent the effective dose to kill half
of the cell population.

4. Conclusion

In this study, 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-
methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(Il) iodide was synthesized and
characterized with FT-IR, UV-Vis and mass spectra and
elemental analysis. Aggregation is an important factor
for phthalocyanine compounds because it prevents the
usage of phthalocyanine in many application areas.
Aggregation of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-
methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(Il) iodide was also investigated
in different solvents using UV-spectra to examine
changes in the Q and B bands. This study indicates that
2(3), 9(10), 16(17),  23(24)-tetrakis-[N-methyl-(1-
benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II)
iodide has an inhibitory effect on
mitochondrial,particularly in MDA-MB-231 metastatic
breast cancer cells. 2(3), 9(10), 16(17), 23(24)-Tetrakis-[IN-
methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(Il) iodide was cytotoxic to all
cells at the different conditions experienced. The
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possible cellular targets of 2(3), 9(10), 16(17), 23(24)-
tetrakis-[N-methyl-(1-benzylpiperidin-4-

yl)oxy)phthalocyaninato]zinc(ll) iodide were predicted
as Sigmarl and Adiponectin receptors by in silico
These proteins are associated with
mitochondrial structure and activity. These results are

analysis.

required to be detailed by more comprehensive
molecular studies within the cells.
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SUPLEMENTARY INFORMATION

1. Materials

All reactions were carried under a dry nitrogen atmosphere using Standard Schlenk techniques. All chemicals,
solvents, and reagents were of reagent grade quality and were used as purchased from commercial sources. All
solvents were dried and purified as described by reported procedure [1]. 4-Nitrophthalonitrile [2] were prepared
according to the literature procedure. 4-nitrophenol, were purchased from Sigma-Aldrich and used without further
purification and chemical treatment.

2.1.2. Equipment

The IR spectra were recorded on a Perkin Elmer 1600 FT-IR spectrophotometer using KBr pellets. 'H-NMR and 3C-
NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer in CDCls. Chemical shifts were reported
(d) relative to MesSi as internal standard. MALDI-MS of complexes were obtained in dihydroxybenzoic acid as
MALDI matrix using nitrogen laser accumulating 50 laser shots using Bruker Microflex LT MALDI-TOF mass
spectrometer and Micromass Quatro LC/ULTIMA LC-MS/MS spectrometer. Elemental analysis equipment is
EUROVECTOR EURO EA3000. Optical spectra in the UV-vis region were recorded with a Perkin Elmer Lambda 25
spectrophotometer.

S. Figure 1. MALDI-TOF specta of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide.
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S. Figure 2. UV-Vis spectrum of 2(3), 9(10), 16(17), 23(24)-tetrakis-[N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(Il) iodide in
water.

S. Figure 3. Detailed statistical analyses for cytotoxicity
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S. Figure 4. Detailed statistical analyses for mitochondrial membrane potential
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Abstract

Catalysts are crucial in promoting sustainability by facilitating chemical transformations under milder conditions, saving energy, and reducing
pollution and by-product formation. In this work, we aimed to synthesize and characterize Schiff base complexes of copper, nickel, cobalt in
benzyl alcohol oxidation, three asymmetric Schiff bases derived from 2,2’-(propenylenedioxy) di benzaldehyde bis(thiosemicarbazone) After that,
catalytic activity of Schiff base complexes (Cu(II), Ni(II) and Co(II)) was investigated on the benzyl alcohol oxidation. Ni(II) complex served as an
effective catalyst in converting benzyl alcohol to benzaldehyde with 89% conversion in the presence of tert-butyl hydroperoxide (TBHP) oxidant.
Moreover, in the catalytic tests performed using tert-butyl hydroperoxide (TBHP), hydrogen peroxide (H20:2) and m-chloroperbenzoic acid (m-
CPBA) oxidants, the highest product conversion (95% benzaldehyde conversion) was achieved in the presence of fert-butyl hydroperoxide
(TBHP). In this study, in which the effect of the substrate-catalyst ratio on catalytic activity was investigated, the reaction was completed at the

end of 1 hour at 90 °C in DMF solvent using 2.05x10-¢ mol catalyst, 1.02x10- mol oxidant, and homogeneous catalysis system.

Keywords: Catalysts, Schiff bases, ligands, metal complexes, alcohol oxidation

1. Introduction

Schiff bases are extensively utilized organic materials
with a broad range of applications, including catalysis
[1], polymer stabilization [2], intermediates in organic
synthesis [3], the food industry [4], pigments [5], dyes
[6], chemo sensors [7], and more [8]. Moreover, Schiff
bases demonstrate useful catalytic biological
performance [9]. Metal Schiff base complexes have been
thoroughly examined as homogeneous catalysts in
diverse oxidation reactions [10].

Today,
friendly solvents, especially water, is of great importance

using economical and environmentally

in terms of green chemistry [11,12]. Improving processes
and protocols results in increased sustainability and
efficiency [6]. Scientists prioritize green chemistry
approaches that employ innovative recyclable,
heterogeneous, or phosphine-free catalysts [13,14].
Catalysts are important in promoting sustainability by
facilitating chemical transformations under milder
conditions, saving energy, and reducing pollution, and
by-product formation [15].

The catalytic oxidation of alcohols to aldehydes and
ketones is crucial in various industries, including

agrochemicals, fragrances, dyes, pesticides, cosmetics,
retardants, food flavorings, and
pharmaceuticals [16-22]. Benzyl alcohol (BA) is a crucial
intermediate in the synthesis of various organic

flame vitamins,

compounds, including benzylic alcohols, which are
important in  medicinal = chemistry and as
synthetic intermediates [23-25].It can be converted
through oxidation processes into benzaldehyde, which
is widely used in medicine, dyes, perfumes, and various
other fields [26,27].

Transition metal complexes are widely used as
catalysts to promote the oxidation of alcohols [28]. Due
to the high abundance, low cost, and low toxicity of the
first-row transition metals, we aimed to synthesize and
characterize Schiff base complexes of copper, nickel,
cobalt in benzyl alcohol oxidation, three asymmetric
Schiff bases derived from 2,2’-(propenylenedioxy) di
benzaldehyde bis(thiosemicarbazone) After that,
catalytic activity of Schiff base complexes (Cu(II), Ni(Il)
and Co(ll)) was investigated on the benzyl alcohol
oxidation. Ni(II) complex served as an effective catalyst
in converting benzyl alcohol to benzaldehyde with 89%
conversion in the presence of TBHP oxidant.
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)

Figure 1. Synthetic reaction of 2,2'-(propenylenedioxy)di

benzaldehyde bis(thiosemicarbazone)

In photocatalytic studies where all three complexes were
used as catalysts, benzaldehyde was determined as the
main product and benzoic acid as the by-product in the
light of the data obtained.

2. Experimental

2.1. Materials

The details of the materials, equipment, and
photocatalytic =~ procedure used are given in
Supplementary Information. 2,2'-[propane-1,3-

diylbis(oxy)] di benzaldehyde was prepared according
to the literature [29].

2.2. Methods

2.2.1. General  Procedure  for  Synthesis of 2,2'-
(propenylenedioxy)di Benzaldehyde Bis(thiosemicarbazone)
(1)

2.84 g (10 mmol) dialdehyde and 1.82 g (20 mmol)
thiosemicarbazide were dissolved in 25 mL ethanol
(EtOH) and boiled under reflux for 10 hours. The
mixture was then added to 50 mL of cold water and the
precipitated solid was filtered through the glass crucible.
The raw solid material obtained was dissolved in ethyl
alcohol in hot water, 1 g of activated charcoal was added,
boiled for 30 minutes, and filtered, then left to crystallize
at room temperature. After this, the white solid
precipitated in amorphous form was filtered and dried
over P20s in a vacuum desiccator. Mp: 223 °C. Yield:75%.
IR (KBr disc, cm1.): 3419 (=N-H), 3275-3158 (NH), 1597
(C=N), 1245(C-O). 'H-NMR(DMSO-ds)/ppm d: 11.37 (s,
2H, =N-H), 8.47 (s, 2H, N=CH), 7.88-8.07 (d, 4H, NH>),
6.91-8.1 (m, 8H, Ar-H), 4.24 (t, 4H, -OCH2), and 2.48 (p,
2H, -CH>-). Mass (ESI) Calculated: 430.55, Found: 431.44
[M+H]*. Elemental analysis (CisH2Ne¢O252) (%):
Calculated: C, 53.0; H, 5.2; N, 19.5. Found: C, 52.9; H, 5.3;
N, 19.6.

2.2.2. General Procedure for Synthesis of Schiff Base Metal
Complexes (2-4)

2,2'-(propenylenedioxy) dibenzaldehyde
bis(thiosemicarbazone) (1) (2.15 g, 5 mmol) was
dissolved in 10 mL dimethyl formamide (DMF) and
metal salts (0.85 g, 5mmol) solution dissolved in 20 mL

Turk J Anal Chem, 6(2), 2024, 129-137

EtOH was added dropwise. The mixture was boiled
under reflux for 5 hours. The reaction was monitored by
thin-layer chromatography while the solution was being
mixed. It was determined that the reaction ended after 5
hours. At the end of this period, 1 mL of hot water was
added dropwise to the hot mixture, and the mixture was
allowed to crystallize. Then, the precipitated greenish-
brown solid was filtered through the glass crucible,
washed with H20, EtOH, and Et:O, respectively, and
dried over P20s in a vacuum desiccator.

2.2.2.1. Cu(ll) complex 2

300 °C < Mp Cu(Il) complex was obtained in 65% yield.
FT-IR (ATR), vmax (cm™): 3441, 3337 (-NH), 2937, 2920,
2849 (AlipH), 1660, 1600 (C=N).Elemental analysis
(C19H2CuN60252Cr2) Calculated (%): C, 40.38; H, 3.90; N,
14.90; Cu, 11.25. Found: C, 40.32; H, 3.70; N, 15.15; Cu,
11.0. Mass (ESI Calculated: 492.08, Found: 491.53 [M-H]*.

2.2.2.2. Ni(Il) complex 3

300 °C < Mp Ni(II) complex was obtained in 60% yield.
FT-IR (ATR), vmax (cm™): 3160 (=N-H), 3437, 3384, 3312,
3260 (-NH), 3080 (ArH), 2951 (Alip H), 1667, 1588 (C=N),
1046 (C=S). 'H-NMR (400 MHz, d, ppm, DMSO): 9.74 (s,
CH=N, 2H), 8.09 (s, N-NH, 2H), 8.04 (s, NH=C, 2H), 7.27-
7.16 (m, Ar-H, 8H), 4.29 (t, J: 8.02, CH2-O, 4H), 1.10-1.06
(m, Alip.CHz, 2H). B®C-NMR (400 MHz, o, ppm,
DMSO):161.11, 158.77, 157,38, 157,01, 149.88, 135.28,
134.28, 126.09, 125.55, 117.50, 116.18, 69.03, 49.11, 35.27,
20.30. Elemental analysis  (Ci9H22Ni-NeO25:Cr).
Calculated (%): C, 40.75; H, 3.95; N, 15.0; Ni, 10.50.
Found: C, 40.90; H, 4.15; N, 14.65; Ni, 10.75. Mass (ESI):
m/z = Calculated: 487.23, Found: 487.15 [M]".

2.2.2.3. Co(1I) complex 4

300 °C < Mp The Co(Il) complex obtained an 80% yield.
FT-IR (ATR), vmax (cm™): 3161 (=N-H), 3438, 3385, 3314,
3262 (-NH), 3030 (ArH), 2986, 2952, 2882 (Alip.H), 1666
(C=N), 1043 (C=S). Elemental analysis
(C19H22CoN60252Cr2). Calculated (%): C, 40.72; H, 3.96; N,
15.0; Co, 10.52. Found: C, 40.56; H, 4.0; N, 15.30; Co, 10.8.
Mass (ESI): Calculated: 487.46, Found: 487.31 [M]*.

3. Results and Discussion

3.1. Synthesis and Characterization
2,2'-(propenedioxy) dibenzaldehyde
bis(thiosemicarbazone), was synthesized by the reaction
of 2,2'-[propane-1,3-diylbis(oxy)] dibenzaldehyde and
thiosemicarbazide in ethanol (Fig. 1). Spectroscopic and
physical results support the proposed structure.
Copper(Il), nickel(Il), and cobalt(Il) complexes (2-4) of
2,2' (propenylenedioxy)dibenzaldehyde
bis(thiosemicarbazone) ligand were prepared (Fig. 2).
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Figure 2. The structure of Cu(II), Ni(II) and Co(lI) complexes (2-4)

The NSz donor set in the proposed structure of the
ligand is available. This donor atom group is suitable for
forming complexes with metal ions in a one-to-one ratio.
Mononuclear Cu(Il), Ni(I), and Co(II) complexes of the
present ligand were prepared, and the structures were
elucidated by spectroscopic methods.
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In the IR spectrum of (1), the doublet v(-NHz2) at 3419-
3274 cm’, the v(-NH) group at 3157 cm’, the v(C=N)
group observed at 1597 cm' and the vibration band
observed at 1043 cm confirms the existence of the
v(C=S) group (S. Fig. 1). The shift in the frequencies of
the characteristic vibration bands of v(=N-H), v(-NH>),
v(C=N), v(C=S) in the IR spectra to lower or higher
frequencies of 5-60 cm indicates the formation of
complexes [30]

In the "H-NMR spectrum of (1), there are multiple
CH>-1 protons observed at 2.48 (2H) ppm, triplet OCH2-
2 protons observed at 4.24 (4H) ppm, multiplet aromatic
ring protons observed at 6.91-8.1(8H) ppm and 7.88-8.07
(4H) ppm. It was interpreted that the doublet broad
singlets observed belonged to -NH: the singlet observed
at 8.5 (2H) ppm belonged to -NH protons, and the singlet
observed at 11.37 ppm belonged to HC=N protons
(Fig. 3). Additionally, the signals at 7.88 and 11.37 ppm
could not be observed because it was replaced by
deuterium after the addition of D20. This confirms the
existence of -NH protons that can replace deuterium.
When the integral values of the signals in the 'H-NMR
spectra are examined, the expected proton distributions
are observed. The signal at 2.48 ppm corresponds to 2H,
the signal at 4.24 ppm corresponds to 4H, the signal at
6.91-8.1 ppm corresponds to 8H, the signal at 7.88-8.07
ppm corresponds to 4H, and the signal at 11.37 ppm
corresponds to 2H.

10 signals from 10 carbon atoms with different
chemical environments were observed in the 1*C-NMR
spectrum, which is an expected situation for the
structure. These results confirm the structure and the
BC-NMR resonance values are 27.1 C-1, 39.2 C-2, 138.8
C-3, 1264 C-4, 122.7 C-5, 121.1 C-6, 112.9 C-7, 131.8 C-§,
It shows the presence of C-9, C-9, and 178.1 C-10 carbons
(Fig. 4) In the mass spectra of (1) 431.44 [M+H]* was seen
and elemental analysis results confirm the structure
(S. Fig. 2).

Metal complexes (2-4) were characterized by IR, UV-
Vis, mass, and elemental analysis. The IR spectrum of
metal complexes (2-4) were not different from each other
and aromatic vibration bands at 3000-3100 cm, aliphatic
vibration bands at 2950-2850 cm-!, =N-H around at 3160
-NH: at 3400-3200 cm?, C=N at 1580-1600 cm?, C=S
around at 1100-1050 cm! (S. Fig. 3-S. Fig. 5).

Table 1. Physical data of ligand and metal complexes
Compound Empirical formula  Color  Yield MS(m/z) p2s

1) C19H22N602S2 white 75 430 -
@) CHzCuNeO:$:CL. & 70 492 176
brown

3) C19H22NiN6O2S2Cl2 matt red 61 488 2.80

4) C19H22CoNeO25:Cl2 brown 80 487 4.34
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Figure 3. 'TH-NMR spectrum of (1)

It is widely known that 'H-NMR and ®C-NMR
spectra of paramagnetic metal-centered complexes
could not be taken, 'H-NMR and *C-NMR of Cu(II) and
Co(II) metal complexes (2 and 4) were not taken [31-33].
Mass spectra of metal complexes signals were m/z:
491.53 [M-HJ* for Cu(Il) complex (2), m/z: 487.15 [M]* for
Ni(Il) complex (3), and m/z: 487.31 [M]* for Co(Il)
complex (4) (S. Fig. 6-S. Fig. 8).

Magnetic moment measurements were made for all
complexes at room temperature. The obtained values are
given in Table 1. While the magnetic moment for the
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mononuclear Cu(Il) complex (2) was theoretically 1.73
BM, the finding of 1.76 BM as a result of the
measurements showed that this complex created a
normal magnetic moment. This value belonged to the
Cu(Il) ion belonging to the unpaired single-spin d°
system and the structure was interpreted as a square
plane. The value of 2.80 B.M. found for the Ni(Il)
complex (3) confirms the existence of the d® system and
the presence of two unpaired spins. This result was
interpreted as the formation of Ni(II) complex. The solid-

state magnetic moment value of 4.34 B.M. found for the
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Figure 4. ®C-NMR spectrum of (1)

160 140 120

100 80 60 40 20

132



Akkol et al.

Figure 5. UV-Vis spectrum of Cu(Il), Ni(II), and Co(II) complexes (2-4)

Co(Il) complex (4) corresponds to three unpaired
electrons, in which case it was interpreted that the Co(II)
complex (4) has a tetrahedral structure [34-36]

UV-Vis spectra of ligands and complexes were taken
in DMF (Fig. 5). Absorption bands are given in Table 4.
The absorbances observed at 280-300 nm of the UV-Vis
spectra of the ligand (1) and its Cu(II), Ni(II), and Co(II)
complexes (2-4) were interpreted as -+ transitions,
and the absorbances observed at 320-360 nm were
interpreted as n-m* transitions. The 480 nm d-d
transition observed in the UV-Vis spectrum of Cu(lI)
complex was interpreted as the environment of the
Cu(Il) ion having a square plane geometry [37]. Only a
single broad peak was observed in the electronic
transition spectrum of Ni(Il) complex, which was
interpreted as a geometry between a distorted square
plane and tetrahedral around the metal atom [38]
Transitions at 675, 660, 645, and 600 nm were observed
in the UV-Vis spectrum of Co(Il) complex, and among
these bands, the transition at 675 nm is allowed and
corresponds to the *Az(F) —*T1(P) transition. The other
bands at 660, 645, and 600 nm correspond to the
prohibited transitions *Az(F) = 2E(G), *A2(F) = 2T1(G),
and *A2F) — 2Tx(G), respectively. These values
observed for the Co(Il) complex were interpreted as
tetrahedral geometry [39]. The proposed structures of
Cu(Il) and Ni(II) Co(Il) Schiff base complexes appear to
be consistent with spectroscopic studies.

3.2. Catalytic Studies

In catalytic studies, a stock solution of 25 mg of catalyst
in 100 ml of DMF was prepared and stored in the
refrigerator. The purpose of choosing a homogeneous
catalytic reaction system in this study is that the catalyst
can provide higher selectivity and higher product
conversion since all reactants are in the same phase. For
the catalysis system that took place under homogeneous
conditions, oxidants (H20;, TBHP, and m-CPBA),
substrate (benzyl alcohol), and solvent (DMF) were used
at 90 °C. As a result of the tests carried out without
a catalyst or oxidant, no more than 2% product
conversion was detected. The results obtained from all
catalytic tests can be seen in Table 2.
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Figure 6. Substrate catalyst ratio in the oxidation of benzyl alcohol with

®)

To investigate the effect of the substrate catalyst ratio on

the catalytic activity, the relationship between 1.05x10-
mol, 2.05x10 mol, 3.08x10° mol, 4.10x10-* mol benzyl
alcohol amounts and 2.05x10-¢ mol Ni(II) complex was
investigated (Fig. 6). As the amount of benzyl alcohol
increases from 1.05x10 moles to 2.05x10-* moles, the
activity of the nickel catalyst increases, meaning the total
product conversion increases from 72% to 89%. When
3.08x10-* mol and 4.10x10-* mol benzyl alcohol were used
with nickel Schiff base complexes as catalysts, the total
product 90%.
Unfortunately, no significant increase in product
selectivity was determined despite the high product
conversion (Fig. 7).

conversion was determined as

After the substrate/catalyst ratio was determined as
1000/1, catalytic studies using this ratio were also
repeated using cobalt(Il) and copper(ll) Schiff base
complexes. In the catalytic study where Cu(Il) Schiff base
complex was used as a catalyst, 60% product conversion
was determined with 600 as the turnover number, and
Co(II) Schiff base complex was used as a catalyst, 65%
product conversion was determined with 650 as
turnover number (Fig. 8a and Fig. 8b).

Table 2. All catalytic results with (2, 3, and 4) in the oxidation of benzyl

alcohol to aldehyde
OH 0] H

Schiff base cat.
- + Unknown products

oxidant, 90 °C, 1 hour

Conv. Benz. Sel. TON
(%) (%)

Subs./cat. R. Oxidant Catalyst Sol.

500/1 TBHP 3 DMF 72 65 360
1000/1 TBHP 3 DMF 89 95 890
1500/1 TBHP 3 DMF 90 78 1350
2000/1 TBHP 3 DMF 90 70 1820
1000/1 H202 3 DMF 66 57 660
1000/1 m-CPBA 3 DMF 45 35 450
1000/1 TBHP 2 DMF 60 60 600
1000/1 TBHP 4 DMF 65 59 650
Without cat. TBHP 3 DMF <2 — —

1000/1 without ox. 3 DMF <2 — —

Subs./cat. R.: Substrate/Catalyzer Ratio, Sol.: Solvent, Conv.:
Conversion, Benz. Sel.: Benzaldehyde Selectivity,
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Figure 9. Oxidant type effect on benzyl alcohol oxidation with (2—4)

Turk J Anal Chem, 6(2), 2024, 129-137

Table 3. All works using Schiff base complexes as catalysts in the
oxidation reaction of benzyl alcohol in the last decade

Catalyst SM Ox. Sol. RT (I:g) C/S Ref.
Cu(I)SB2 MWCN TBHP 1,4-dioxane 30min 80 93/nr [44]
*Cu(IT)SBP — O2 water 24h 70 >99/>99 [45]
Co(M)SBc GO H0:  free  40min 25 95/70 [46]
Cu/NiSB¢ MONP H:0. DMSO 2h 70  94/98 [47]
*Cu(IT)SBe — O2 MeCN 1h 25  99/nr [48]
Co(I)SBf — HO2 water 80min 82 85/100 [49]
Mo(VI)SBs —  TBHP free 2h 25 92/98 [50]
**V(V)SBh —  H02 MeCN 1h 80 21.5/85 [51]
Cu(II)SB Fgaigx@ TBHP MeCN 2h nr 95/63 [52]
2
. This
Ni(II)SB —  TBHP DMF 1h 90 89/95
work

SM: Supporting Material, Ox.: Oxidant, Sol.: Solvent, RT: Reaction Time RT: Reaction

Temperature, C/S: Conversion/ Selectivity, Ref.: Reference

“These works were carried out in a basic aqueous solution in the presence of TEMPO

[(2, 2,6,6-tetramethylpiperidin-1-yl)oxyl] radical.

**This work was carried out in the presence of co-catalyst HNO3 with assisted light and
ultrasound.

Cu(I)SB® : commercially available, Cu(I[)SB® : Copper(Il)-(2,2,6,6-tetramethylpiperidine-1-
oxyl) complex, Co(I)SB¢ : Different Schiff base complexes were prepared by immobilizing
three  aldehydes  (4-Hydroxybenzaldehyde, = 2-hydroxybenzaldehyde, and  2-
Pyridinecarboxaldehyde), Cu/NiSB¢ : Cu and Ni Schiff-base complexes, namely ahpvCu,
ahpnbCu, and ahpvNi, incorporating imine ligands derived from the condensation of 2-amino-
3-hydroxypyridine, with either 3-methoxysalicylaldehyde (ahpv) or 4-nitrobenzaldehyde
(ahpnb), Cu(Il)SB¢ : Bearing the N-(X)-1-(furan-2-yl)methanimine ligands, —Co(II)SBf :
synthesized with 1-(4-dimethylaminobenzyl-idene)thiosemicarbazide (ABTSC) and 1-(2-
pyridincarboxyl-idene)  thiosemicarbazide (TCTS), Mo(VI)SBs:  ioxidobis{2-[(E)-p-
tolyliminomethyl]phenolatojmolybdenum(VI) complex, V(V)SB" Oxidovanadium (V)
complex, Co(I)SB: Complex name was not identified, commercially taken.

Three different oxidants (TBHP, H20: and m-CPBA)
were used to investigate the effect of the oxidant type on
the catalytic system. Catalytic tests using Ni(Il) Schiff
base complex showed that the best oxidant source was
TBHP with 95% benzaldehyde selectivity. The lowest
product conversion for the same catalytic system was
obtained at 45% when m-CPBA was used (Fig. 9). It is
widely known that the peroxidative oxidation process
proceeds via radical species [40-42]. Kani and co-
workers investigated the reaction mechanism of catalytic
oxidation of different organic compounds using TBHP
and Mn(Il) complexes in aqueous acetonitrile reaction
medium using various radical scavengers [43]. In the
first step, the oxidant (TBHP) coordinates to metal center
(i) via the non-bounding electrons. Due to the bond
dissociation energies of the peroxyl and the O-H bonds
in the TBHP, fert-butoxyl and hydroxyl radicals can be
formed on the metal ions in the structure(ii). The tert-
butoxy radical can leave the scaffold and further interact
with another TBHP to form a tert-butyl hydroperoxyl
radical ((CH3)3COQe) and tert-butanol ((CH3)sCOH) by
a rapid follow-up reaction. The cycle continues as the
hydroxyl radicals become a hydroxyl ion by abduction
of an electron from metal ion to form metal-(OH) (iii).

Table 4. Electronic transitions of ligand and metal complexes, (Amax
in nm)

Compound n—m* n-m* d-d bant
1) 280 320 —
() 290 321 480
(3) 298 356 540
4) 292 363 675, 660, 645, 600
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The oxidized structure (iii) reacts with another TBHP
molecule to form water and a manganese hydroperoxo
species (iv). At this stage, possibly due to the rigid
coordination geometry of (iv), the metal-O bond is
cleaved, leaving the tert-butyl peroxyl radicals and
oxidation state of metal is reduced via electron transfer
to recover initiate center (i). Thus, a new catalytic cycle
can begin [43].

When we look at the oxidation studies of benzyl alcohol
carried out in the last 10 years, we see that the majority
of them were carried out using copper, cobalt,
vanadium, iron, zinc Schiff bases and their modified
forms with various support materials (TiO2, CeOs,
MCM-41, multi-walled carbon nanotube, rGO, etc.)
[44-52]. All works are summarized in Table 3. In these
studies, the use of support material extended the
durability and life of the catalyst and made it more active
and product-selective. In our study, high product
conversion and product selectivity were achieved
without the need for any support material with Nickel
Schiff base, which is rarely used in literature.

4. Conclusion

2,2'-(propenylenedioxy)dibenzaldehyde
bis(thiosemicarbazone) (1) and Cu(II), Ni(II), and Co(II)
complexes (2-4) were characterized with different
spectroscopic methods. Then, their photocatalytic
performances were investigated on the oxidation of
benzyl type,
substrate/catalyst ratio. In the catalytic study where
Cu(Il) Schiff base complex was used as a catalyst, 60%
product conversion was determined with 600 as
the turnover number, and Co(Il) Schiff base complex
was used as a catalyst, 65% product conversion was
determined with 650 as turnover number. In this study,
where homogeneous catalytic reaction system was used,
catalysts and their selectivities were investigated on
benzyl alcohol oxidation reaction and the results were
quite satisfactory. However, the presence of all reactants
together with the catalyst limited the recovery and
reusability studies of the catalysts. Among the Schiff
base complexes, the Ni(II) complex (3) was determined
as the most active catalyst with an 890 TON value in
the DMF solution. Ni(II) Schiff base complexes, of which
there are limited studies in the literature, show not only
high conversion but also high product selectivity in this
study, revealing the potential of these complexes in
catalytic applications.

alcohol by changing oxidant
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Supplementary Figure 1. IR spectrum of (1)
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Supplementary Figure 2. Mass spectra of (1)
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Supplementary Figure 4. IR spectrum of (3)
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Supplementary Figure 6. Mass spectra of (2)
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Supplementary Figure 7. Mass spectra of (3)



Akkol et al. Turk J Anal Chem, 6(2), 2024, 129-137

Supplementary Figure 8. Mass spectra of (4)
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