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ABSTRACT

Bosphorus and Dardanelles form the Turkish Straits
System together with the Marmara Sea. The system pro-
vides a connection between the Mediterranean and the
Black Sea. Istanbul and its coastal environment have been
strongly affected by wastewater discharges, high popula-
tion and heavy ship traffic. The aim of this study is to pro-
vide a comparison between the chemical and biological
analysis of surface sediment samples, which were collected
from 17 different coastal stations of the Istanbul Strait, to
determine the pollutants and comparable effect related data.
For the chemical analysis, PAH, PCDD/F and PCB isotope
dilution techniques, and for the biological analysis, Micro
EROD (24-h and 72-h) assay were employed. Highest
values were found at the most polluted sites due to ship
traffic and wastewater discharges. Most of the results of
chemical analysis were lower or close to biological analysis,
except for the samples from two stations where antagonis-
tic modulators are indicated to be present in the Micro
EROD assay. This study suggests that the WWTP dis-
charges into Bosphorus and the heavy ship traffic are im-
portant sources of pollution in the sediment, as evidenced
by high concentrations of toxic and persistent organic chemi-
cals. Local discharges of the megacity should be further
decreased.

KEYWORDS: Micro EROD assay; PAH; PCB; PCDD/F; Sedi-
ment; Strait of Istanbul

INTRODUCTION

The hepatic cytochrome P450 monooxygenase system
n animals has been shown to be functionally involved in
the biotransformation of many xenobiotic compounds, such
as polychlorinated dibenzo-p-dioxins, -furans (PCDD/F),
polychlorinated biphenyls (PCB), and endogenous mole-

cules, such as steroids. Induction of cytochrome P450 en-
zyme levels has been employed as a biochemical marker in
a variety of monitoring studies over the past decade [1-3].

Judging from the levels ot these enzyme activities, the
impact of xenobiotics on biological systems can be deter-
mined; however, the chemical analyses of these chemicals
do not provide sufficient information on the complete im-
pact of dioxin-like pollutants on biological and ecosystems.

One of the most well used and standardized assays of
P450 enzymes level is the measurement of the activity of
an enzyme called 7-ethoxyresorufin o-deethylase [4]. This
enzyme converts ethoxyresorufin (7-ethyl-resorufin, 7-ER)
to resorufin by deethylation in the presence of NADPH
and oxygen, and the assay is well-known as EROD assay.
The amount of resorufin produced is measured fluoromet-
rically by spectrophotometry at 535 nm after the addition
of NADPH and the samples to be tested.

In addition to the EROD assay chemical analyses,
which include analyses of polycyclic aromatic hydrocar-
bons (PAHs), polychlorinated dibenzo-p-dioxins and diben-
zofurans (PCDD/Fs) and polychlorinated biphenyls (PCBs),
has been executed complementary in this study. PCBs and
PCDD/Fs are families of global persistent organic pollut-
ants and they are widespread in the abiotic and biotic en-
vironmental compartments as complex mixtures of their
congeners [5].

Istanbul Strait (Bosphorus), which is a narrow channel
and Canakkale Strait (Dardanelles) form the Turkish Straits
System (TSS) together with the Marmara Sea. The system
provides a connection between the Mediterranean Sea and
the Black Sea. The TSS is also one of the most important
routes for oil transportation in the world. Istanbul and its
coastal environment (Istanbul Strait) have been strongly
affected by wastewater discharges, high population and
heavy ship traffic. The oceanographic characteristics of
the Istanbul Strait have been studied earlier, however, the
strait ecosystemn and priority pollutants in the strait have
not been studied in detail previously [6-8].
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MATERIALS AND METHODS avoid the creation of “bow wave” by using glass beakers.

Sampling and storage

Surface sediments (0-10 cm) were collected from the
coastal stations (Fig. 1) of the Istanbul Strait and from the
coast of an island in the Marmara Sea during the period of
January-February 2007 (Fig. 1).

FIGURE 1 - The coastal stations of the Istanbul Strait [5].

Due to the rocky structure of the sampling stations on
the Strait coastline, core and grab sampling was not possi-
ble. Divers carefully collect the surface sediment ensured to

At some stations, sediment sampling was not possible, even
by diving because of the current and rocky seafloor. Sam-
ples were collected by SCUBA and/or free diving, and the
range of water depth was recorded as 1-5 m. The names of
the stations and their coordinates are given in Table 1. The
samples were stored at -20 °C until analysis.

Test materials

In the extracts of 17 sediment samples (16 are from the
strait and 1 from the island in Marmara Sea), 7-ethoxyre-
sorufin-O-deethylase (EROD)—activity of intact cells grown
in 96-well microtiter plates was analyzed following a stan-
dardized bio-analytical protocol.

Analytical methods

Chemical analyses were performed in the laboratory
which are compliant with EN 17025 standards.

Extraction and clean-up of samples for the Micro-EROD
assay

20 g of wet sediment sample, mixed with hydromatrix
(Isolute HM-N, Biotage) for water adsorption, was ex-
tracted for 24 h in a Soxhlet apparatus using 250 ml tolu-
ene. After that, the extracts were concentrated up to 4 ml
in a rotary evaporator for the execution of a clean-up step
through a multilayer chromatography column. This col-
umn consisted of 5 g active silica gel, 10 g silica gel (44%
H,S0,), 20 g silica gel (4% H,O) and 5 g Na,SO,, from
bottom to top. The column was eluted with 450 ml solvent
mixture of n-hexane/dichloromethane (99:1, v:v). The eluate
was concentrated and transferred to 500 pul DMSO/ isopro-
panol 4:1 (v:v) solution under a gentle N, stream at 45 °C.

Cell culture for the micro-EROD-assay

Rat hepatoma cells H4IIEC3/T (H4IIE) were grown as
described earlier [9, 10]. Cells were seeded at a density of
1x10%/60 mm circular culture plate. Upon attaining a den-

TABLE 1 - Station names and their coordinates

Sampling Sites

Sampling Sites Name No Coordinate Specifications

Rumeli Fenerl ilerisi 1 41°14.455N-029°05.855 E Small bay

Garipge Koyt 2 41°12.818 N - 029° 06.594 E Small fishing village

Rumeli Kavag: 3 41°11.022N-029°04.574 E Touristic place with a small fishing port

Biiyiikdere 4 41°09.207N-029°02.324 E  Residential area with a small river mouth

Tarabya. 5 41°08.232 N -029°03444 E Small bay used as a port

Istinye 6 41°06.633 N-029°03.515E River mouth and old shipyard

Balta Liman1 7 41°05.963 N -029°03.256 E River mouth connected with a treatment plant
Bebek 8 41°04.803 N - 029° 03.084 E Crowded residential area and cost line used as a port
Ortakéy 9 41°02.829N-029°01.639 E  Historical touristic place connected with a small sewage
Besiktag 10 41°02.429N - 029°00.343 E Crowded city center with sea bus port

Anadolv Feneri 12 41°12.907 N - 029° 09.109 E Small fishing village

Poyraz 13 41°12.334 N-029°07.596E  Harbor

Kandilli 18 41°04.451 N -029°03.541 E  Near two river mouth connected with industry area
Kuzguneuk 19 41°02.380N-029°02.144 E  Residential area

Uskiidar 20 41°01.285 N - 029° 00.411 E Residential area with high current and ship traffic
Moda iskelesi 21 40°58.786 N-029°01.488 E  Small port

Biiyiikada plaj 23 40°51.550 N - 029°06.769 E Small touristic bay on the island
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sity of about 70% confluency, cells were exposed to known
amounts of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD,
0.5-40 pg TCDD/well). All TCDD standards or samples
were dissolved in DMSO/isopropanol (4:1, v:v) and added
to the cell cultures. The final volume of TCDD standards
and samples was 0.5% of the total volume per well. After

72-h exposure, the medium was removed and cells were’

harvested by scraping with a rubber spatula. Cell suspen-
sions were transferred with 1 ml phosphate butfered saline
(PBS) into Eppendorf vials and kept at -80 °C until use.

Micro-EROD-assay

7-Ethoxyresorufin-O-deethylase (EROD)-activity of in-
tact cells grown in 96-well microtiter plates was determined
[9, 10]. H4IIE cells were incubated in culture flasks at 37 °C
and 7.5 % CO,. The hepatic cells were trypsinized, then
counted with a Neubauer cell counter and diluted in sup-
plemented medium (DMEM) in order to achieve a cell con-
centration of 1x10° cells ml”. Cells were seeded into 96-
well plates. After 1 day of growth, the medium was replaced
by a 100 pul medium containing the sediments (each sample
with 1/1, 1/2, 1/4 and 1/8 concentrations) and cells were
exposed for 24 and 72-h. The medium was then removed
and 100 pl fresh medium containing 8 uM 7-ethoxyre-
sorufin and 10 pM dicuramol were added, and after incuba-
tion at 37 °C for 30 min, the medium was transferred to
another 96-well plate containing 200 pl ethanol. Resorufin-
associated flurorescence was measured at 535 nm excitation
and 590 nm emission using a multi-well fluorescence
reader. All samples, blanks and standards were prepared
in duplicate on well plates as quadruplicates. One of the
duplicates was used for the 24-h incubation, and the other
one for the 72-h incubation.

After measurement of EROD activity, the 96-well
plates were used for determining the protein amounts [11].
Finally, cytotoxicity of the test materials were assayed em-
ploying the Resazurin test [9, 10].

Calculation of biological TEQ values

The biological TEQ values were calculated according
to Hanberg et al. [12]. Comparing the induction or inhibi-
tion of enzyme activity by environmental sample extracts
with series concentrations of TCDD standard, the average
deviation between the quadruplicate measurements was
25% [2].

PCDDI/F and PCB analysis

Extraction and clean-up of samples

Extraction of PCB and PCDD/F was carried out with
20 g of wet sediment sample, mixed with hydromatrix (Iso-
lute HM-N, Biotage) for water adsorption, using an Ac-
celerated Solvent Extractor (ASE 200) device (Dionex,
Sunnyvatem CA, USA) [13].

After spiking with the 13C-labelled standard mixture
for quantification, the extraction was performed by using
a mixture of n-hexane:acetone (75:25, v/v) at 120 °C and

FEB

a pressure of 12 MPa. Two static cycles of 10 min were
applied for a complete extraction. To remove interferences,
the concentrated crude extracts (ca. 1 ml) were cleaned-up
by several sequential liquid chromatography steps as fol-
lows: A multilayer chromatography column was filled with
5 g anhydrous Na,SOy, 2 g activated silica gel, 4 g silica
gel treated with 10% AgNO;, 2 g silica gel, 2 g silica gel
treated with 30% NaOH, 2 g silica gel, 10 g of silica gel
treated with 44% H,SO,, 2 g silica gel and 5 g anhydrous
Na,SO; (top), and washed with 50 ml n-hexane.

A reversible carbon column (100 mg Carboxen 1016,
Supelco) was rinsed with 25 ml toluene and 25 ml n-hex-
ane, respectively, and directly connected 1o the outlet of the
multilayer column. The concentrated extract was added on-
to the top of the multilayer column and eluted with 200 ml
n-hexane. The PCDD/F and coplanar PCB compounds were
retained on the carbon column, whereas all other PCB con-
geners passed both columns. After disconnection, the car-
bon column was further eluted with 30 ml of n-hexane/ di-
chloromethane (9:1; v:v). Both eluates were combined,
concentrated and further cleaned on a C18-modified silica
column (1 g Isolute C18, Biotage). The column was eluted
with 4 ml acetonitrile, and the eluate was reduced to a final
volume of 20 pl for GC/MS analysis.

The PCDD/F and coplanar PCB compounds were back-
washed from the carbon column with 100 ml toluene. This
fraction was further cleaned on a chromatography column
filled with 5 g aluminium oxide (Alumina B super I, ICN)
[14]. The first fraction with 35 ml n-hexane/chloroform
(88:12, v:v) was discarded; the second fraction with 50 ml
dichloromethane was reduced to a final volume of 10 pl
and analyzed by GC/MS.

Determination

PCDD/F and PCB analysis was performed by gas
chromatography-high resolution mass spectrometry; the
instrumental parameters are listed in Table 2. The MS was
operated in SIM mode and the two most intense ions of
the molecular ion cluster were monitored for unlabelled
and labeled isomers [15, 16].

PAH analysis

Naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)-
anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluor-
anthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(ghi)-
perylene and dibenzo(a,h)anthracene were analyzed in a pre-
vious study [17] by using a high resolution gas chromato-
graphy/high resolution mass-spectrometry (HRGC/HRMS)
system with the same samples. The instrumental analytical
details can be found in Wang ef al. [18].

RESULTS AND DISCUSSION

Comparison of PAH concentrations in sediments
from different coastal areas of Turkey and other countries
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TABLE 2 - GC/MS parameters for the isomer specific detection of PCDD/F and PCB compounds.

PCDD/F PCB
GC: Type: Agilent 6890; Type: Agilent 5890 Series II;
Column: Rtx-Dioxin2, 60 m, 0.25 mm ID, 0.25 pm film Colunmn: Rtx-CLPesticides2, 30 m, 0.25 mm ID, 0.2 pm film
thicknes (Restek); thickness (Restek);
Temperature program: 130 °C, 1.5 min, 45 °C min™, 205 °C, 5 Temperature program: 100°C, 1.5 min, 3 °C min™, 270 °C, 15 °C
min, 9 °C min™, 305 °C, 20 °C min™, 310 °C. 15 min; min™, 300 °C, 10 min;
Carrier gas: helium, constant flow: 1.5 ml min™; Carrier gas: helium, head pressure: 16 psi;
Injector: Cold injection system CIS 4 (Gerstel); Injector: Cold injection system CIS 3 (Gerstel):
Temperature program injector: 120 °C, 12°C s, 280 °C,5  Temperature program injector: 120 °C, 12 °C s, 280 °C, 5 min;
min; Temperature transtferline: 300 °C;
Temperature transferline: 300 °C; Autosampler: MPS2 (Gerstel):
Autosampler: A200S (CTC); Injection volume: 1 ul splitless
Injection volume: 1 pl pulsed splitless
MS: Type: MAT 95S (Thermoy; Type: MAT 95 (Thenno);

Ionisation mode: EI, 50 eV, 260 °C;
Resolution: > 9000;
Detection: SIM mode

Tonisation mode: EI 47 eV, 260 °C;
Resolution: > 8000;
Detection: SIM mode

Table 3. Comparison of PAH concentrations in sediments (pg g ', dry weight) from different coastal areas of Turkey and other countries.

Sites Concentration range (x10°%) References
Istanbul Strait 1.1-3152 [17]
Marmara Sea 144 [17]
Istanbul Strait entrance, Black Sea 14-531 23]
Russian Federation, Black Sea 61-368 23]
Ukraine, Black Sea 7.2-638 23]
Izmit Bay, Marmara Sea, Turkey 120-11400 [24]
Gemlik Bay, Marmara Sea, Turkey 51-13482 [25]
Cretan Sea (South Aegean Sea) 15-159 [26]
South Turkey, Eastern Mediterranean 550-18700 [27]
Italy, North Adriatic 18-577 [28]
Croatia, North Adriatic 32-13681 [29]
Italy, Mar Piccolo, Taranto, Ionian Sea 380-12750 [30]
Baltic Sea 5-22100 [31]
Arcachon Bay 32-4120 [31]
Western Mediterranean 1.2-20400 [31]

are as are shown in Table 3. There are also some studies
including chemical analyses and/or EROD assays on the
marine environment, which were mostly focused on fish
species and/or mussels [19-22]. However, there is no com-
parison between chemical analysis and bioassay on sedi-
ment published. This study exemplifies this approach on
the Istanbul Strait, which has a unique geographical forma-
tion with different currents, and also sediments of Istanbul
Strait, having a very busy watercourse with annually
50,000 ships.

The pressures over the Istanbul Strait ecosystem may
result from intentional or accidental discharges from ship-
ping activities, atmospheric emissions, Black Sea intlow,
other non-point sources and disposal of mainly domestic
wastes, including river effluents [5]. The discharges of
Istanbul city have been injected into the lower layer of
Marmara Sea, and carried by the lower current into the

Black Sea since the beginning of the 90s [32]. The waste-
waters have been discharged directly into the surface wa-
ters until the sewage outfalls installed by “The Istanbul
Water and Sewage Authority (ISKI)” [33]. ISKI wastewa-
ter discharges along the Strait coastline are shown in Fig. 2.
There are also several uncontrolled discharges along the
strait coast-line [6].

The currents are also a very important factor for the
dispersion of pollution. In Istanbul Strait, they are surface,
deep, counter and Orkoz currents [32, 33]. Because of their
curvy structure, currents create eddies in the inlets of the
strait, and cause elevated pollution in those inlets. Sampling
stations 6, 8, 9 and 18 are good examples since they exhibit
higher EROD 24-h values (15.86, 24.92, 19.77 and 26.07 pg
g, dry weight), respectively. Fig. 3 indicates the similarity
between the currents and the accumulation of chemical
compounds. It would appear that the counter current has the
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FIGURE 2 - ISKI wastewater discharges along the Strait coastline (Squares with P show the discharge points) [33].
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FIGURE 3 - Istanbul Strait water currents [36] and EROD (24-h/72-h) results.
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most eftect on the pollution in Istanbul Strait. EROD 24-h
1s comparable to PAH+PCDD/F+PCB analysis and EROD
72-h is comparable to PCDD/F+PCB analysis, because the
PAHs are inactivated by the cells after 72-h.

The highest EROD 24-h values were found at the sta-
tions 8 (24.92 pg TCDD g, dry weight) and 18 (26.07 pg
TCDD g, dry weight). Highest EROD 72-h values were
determined at station 8 (11.84 pg TCDD g, dry weight)
and 18 (9.99 pg TCDD g, dry weight). The EROD 72-h
of station 23 is not presented, because it was lower than
the limit of quantification of about 0.026 pg TCDD. De-
tailed EROD 24-h and 72-h results are given (Table 4).

TABLE 4 - EROD results (pg TCDD g, dry weight).

24-h EROD 72-h EROD
Station 1 2.58 3.05
Station 2 2.36 1.54
Station 3 3.74 1.86
Station 4 3.52 2.64
Station 5 3.49 145
Station 6 15.86 1.21
Station 7 2.46 1.26
Station 8 24.92 11.84
Station 9 19.77 8.63
Station 10 8.57 248
Station 12 2.25 2.53
Station 13 2.98 2.05
Station 18 26.07 9.99
Station 19 2.22 1.43
Station 20 2.32 1.49
Station 21 7.07 3.73
Station 23 4.24 -*
* Jower than LOQ

TABLE § - PAH-TEF values for EROD response after 24-h {37].

PAH TEF* VALUE
(unitless)
Benzo(a)pyrene 3.0x10™
Benzo(a)anthracene 2.7x10°
Benzo(b)fluoranthene 3.8x10™
Benzo(k)fluoranthene 2.9x10*
Dibenz(a,h)anthracene 7.8x10°
Indeno(l.2.3-cd)pyrene 8.6x10°

*TEF - toxic equivalency factor

Potential EROD induction of PAH values was calcu-
lated using TEF values based on the individual PAH com-
ponent’s relative toxicity to 2,3,7,8-tetrachlorodibenzo-p-
dioxin. TEF values are presented in Table 5. The PAH-TEQs

were calculated as the sum of each individual PAH concen-
tration multiplied by the corresponding TEF value [37, 38].

The biological and chemical results are shown for com-
parison (Table 6). The chemical analysis (PAH+ PCDD/F+
PCB) results from stations 6 and 8 show larger differences
compared to the results for the EROD 24-h. Antagonism
could be one possibie reason for this result.

Stations 6 and 8, which have a connection with a creek,
are more contaminated than the other sites. Station 6 is
situated in a semi enclosed waterbody and has been af-
fected by the industrial contamination carried by the Isti-
nye River. The structure of the cove creates also reverse
currents/eddies which may allow the pollutants to stay
and accumulate. The station is heavily used by leisure boats
and, most importantly, the area has been used as a ship-
yard for a long period of time (70 years). It is well-known
that a shipyard i1s a workplace contaminated with spilled
petroleum, paints, solvents, hydraulic liquids, etc. in rela-
tion to shipbuilding and repair activities The shipyard
stopped its activities in 1991 [6]. Operation of the ship-
yard probably caused the release of several pollutants to
accumulate in sediments. Station 8 has the second-highest
total PAH concentration after station 6. The hydraulic prop-
erties of that station generate reverse currents/ eddies, and it
1s under the pressure of high population. This site is used as
a marina for leisure boats which probably cause pollution
by uncontrolled discharges (Fig. 4). The temperature dif-
ferences between Bebek (station 8) cove and the main
strait current show that the waters in the cove are not af-
fected by the main current system, and these two waters do
not mix efficiently [39]. There are also waste discharges
from pharmaceutical factories into the tributaries.

The surface currents from the Black Sea are also one
of the most important pollution sources of Istanbul. It is
well-known that the northwestern part of the Black Sea
receives a number of land-based sources of pollution from
the Danube, Dnieper and Dniester river, an important
source of organochlorine substances, as it flows through
several regions with intensive agriculture and industrial
activities [5, 41]. Maldonado and Bayona [42] showed that
the Danube River estuary contains 4.3— 57.4 pg L™ of
PCBs in the particulate matter, and 77.7-162 pg L' of
PCBs in dissolved phase showing the relevance of the
river to the transport of PCBs into the Black Sea waters.

TABLE 6 - Comparison EROD assay to chemical analysis

Station PCDD/F + PCB EROD 72-h PAH + PCDD/F + PCB EROD 24-h

No. (TEQ WHO 1998, pg g, dry weight) (pg g, dry) (TEQ WHO 1998, pg g, dry) (pg g, dry weight)
2 0.01 1.54 1.02 2.36

6 274 12.1 313 15.9

8 1.8 11.8 * 125 24.9

10 04 248 21.7 8.6

13 0.21 2.05 0.96 2.98

18 1.8 10 251 26.1

20 0.04 1.49 1.43 2.32

23 0.2 * 15 4.2
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FIGURE 4 - Position of stations 8 and 18 [38].

Those values reported for the Black Sea are higher com-
pared to the reported data from the other regions, such as
PCB values for the particulate and dissolved phase were
found in the Mediterranean Sea to be 28-63 pg L™ and
1.7-16.6 pg L™, respectively [43]. Besides previous results
of the chemical analysis, there are no EROD results from
Istanbul Strait and Black Sea sediments to compare and to
conclude about the presence of additional unknown Ah-
receptor modulators.

The chemical analysis results indicate a high level of
contamination. However, the EROD results, throughout,
are not similar to the chemical analysis as depicted for the
two stations 6 and 8. The measured organic chemicals and/
or unknown chemicals, such as pharmaceuticals, could cause
modulating and, in this case, antagonistic effects. In most
other cases, the difference between biological values and
chemical analysis is substantial, and rises the question which
unknown compounds could be responsible.

CONCLUSIONS

Sediments are environmental compartments, reflecting
recent and past pollution. PAH, PCB, PCDD/F, and EROD-
activity were detected in all samples, except EROD-values
at 72-h from station 23, taken from an island i the Mar-
mara Sea. The results in the Istanbul Strait are comparable
to other areas around the world. In general, the highest lev-
els of contaminants were found in sediments collected from
urbanized sites including the bayous and river mouths with-
in the strait, and from locations where the heavy ship traf-
fic/ port activities occur. This study suggests that wastewa-
ter treatment plant (WWTP) discharges into the Istanbul
Strait, the heavy ship traffic and the currents are impor-
tant factors of pollution in the sediment, as evidenced by
high concentrations of toxic organic chemicals, such as

PAHs. Biological TEQ for sediment samples were measured
using Micro-EROD assay complementary to the chemical
analysis of PCB, PCDD/F, and PAH substances. It is ex-
pected, that the results of EROD 24-h are comparable to
PAH+PCDD/F+PCB analysis, and EROD 72 h partly ex-
plains the PCDD/F+PCB analysis. The chemical analyses
show lower values than Micro EROD data, or are in agree-
ment for the majority of stations. PAH+PCDD/F+PCB re-
sults from stations 6 and 8 show interesting differences
compared to EROD 24-h results. Antagonistic modulators,
such as PCB 126 [2], could partly explain the differences,
but most of the chemicals potentially responsible remain un-
known. In general, the heavy ship traffic/port activities and
the discharges of Istanbul city cause an accumulation
through the Istanbul Strait water currents. Considering un-
controlled discharges from the rivers, WWTPs and heavy
ship traffic, monitoring of the pollution should be helpful
to examine the changes in Istanbul Strait.
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