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Abstract Levels, distribution, possible sources and

potential risks of 16 USEPA priority polycyclic

aromatic hydrocarbons (PAHs) were investigated

comprehensively in frequently consumed seafood

species collected from the coastal areas of Bangladesh.

Samples were collected in winter and summer, 2015.

The total concentration of PAHs (
P

PAHs) in the

examined seafood was 184.5–2806.6 ng/g wet weight

(ww) in winter and 117.9–4216.8 ng/g ww in summer,

respectively. The levels of
P

PAHs were comparable

to or higher than those reported from other coastal

areas. Seasonal variation was not significant for the

majority of the monitored PAHs. Spatial distribution

revealed that the seafood collected from areas with

recent urbanization and industrialization (Chittagong,

Cox’s Bazar and Sundarbans) was more contaminated

with PAHs than those from the unindustrialized area

(Meghna Estuary). Low-molecular-weight isomers

dominated the PAH composition. Molecular ratios

suggested the abundance of mixed sources of PAHs in

the Bangladeshi coastal areas with a slight imposition

toward the petrogenic origin. A preliminary evaluation

of human health risk indicated that the dietary PAH

exposure from consumption of Bangladeshi seafood

would certainly induce adverse health effects. This

finding suggests the need to enhance risk management

regarding seafood consumption through public advi-

sory in Bangladesh.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group

of toxic organic pollutants, generally originated from

natural processes and anthropogenic activities, of

which later is more concerned (Abdel-Shafy and

Mansour 2016). There are two predominant sources of

environmental PAHs such as, petrogenic source

comprising of PAHs associated with crude oil spills,

and pyrogenic source including PAHs derived from

fossil fuel combustion, biomass burning, waste incin-

eration and asphalt production (Zheng et al. 2016).

These compounds are widely distributed in every

compartment of the environment including atmo-

sphere, water, sediments and even in biological tissues

due to their properties of persistence, long-range

transport and bioaccumulation (Zhang et al. 2012; Gu

et al. 2013, 2017, 2018). Due to their carcinogenic and

mutagenic effects, PAH contamination in the envi-

ronment has become a matter of serious concern

globally (Xia et al. 2010; Zhang et al. 2012; Gu et al.

2013, 2018). Based on the evidences of their highly

toxic potentials, the United States Environmental

Protection Agency (USEPA) has listed sixteen

selected PAHs as priority pollutants, seven of which

are known as potentially carcinogen according to the

International Agency for Research on Cancer (IARC).

Anthropogenic processes and comparatively long

half-life of PAHs make them widespread in marine

environments, including estuaries, coastal areas and

the deep sea (Oros et al. 2007; Counihan et al. 2014;

Yancheshmeh et al. 2014; Zhang et al. 2016 and

references therein). PAHs may enter the marine

environment through several ways including shipping

and fishing activities, ship building and ship breaking

activities, discharge of industrial and municipal

sewage, terrestrial and riverine runoff, atmospheric

deposition, petroleum spills, etc. Since PAHs are

hydrophobic, they are rapidly absorbed by suspended

particulate matter and then deposited in sediments.

Finally, PAHs are readily taken up and bio-accumu-

lated in marine biota (Gu et al. 2013; Bandowe et al.

2014; Zhao et al. 2014; Sun et al. 2016). Seafood

occupies a major part of the human diet for low

saturated fat and high protein content and for omega-3

fatty acids that have significant health benefits (Naylor

et al. 2000; Gu et al. 2016; Sun et al. 2016). Besides,

adverse health effects from the consumption of marine

organisms are an important problem. The bioaccumu-

lation of PAHs affects negatively the growth and

reproduction of the marine species, and also human

health through consumption of contaminated species.

Hence, the level of PAH contamination in seafood

frequently consumed by human in particular is need to

be examined on a priority basis.

The environmental and ecological integrity of the

coastal areas of Bangladesh are being suffered from a

number of anthropogenic activities such as the devel-

opment of industrial hubs, rapid human settlement,

tourism and transportation, dumping of e-waste,

widespread ship breaking and port activities, exces-

sive operation of mechanized boats, deforestation, and

intensive agriculture and aquaculture activities and

discharges of untreated and semi-treated land-based

sewage and effluents from various large and small

local industries. Hence, the originated PAHs from

these anthropogenic activities can accumulate in the

coastal or marine food chains. Besides the adverse

impact on the ecological integrity, local populations

can have negative health effects of these chemicals

through the consumption of contaminated seafood.

About 42 million people (30% of the total population)

live in the coastal area (47,211 km2; 32% of the total

land area) of Bangladesh, of which about 5 million are

engaged directly in commercial fishing (BOBLM

2011). Seafood is the most important and one of the

major dietary components of the Bangladeshi coastal

populations. Therefore, it is an urgent need to assess

the potential health risk that might be posed through

PAH-contaminated seafood consumption.

In the last few decades, environmental PAHs and

their distribution, sources and potential risk to eco-

logical systems including humans have been studied

extensively in the coastal regions worldwide (Wang

et al. 2001; Nakata et al. 2003; Lim et al. 2007; Horii

et al. 2009; Moon et al. 2010; Yim et al. 2014; Sun

et al. 2016; Ohiozebau et al. 2016; Zheng et al. 2016;

Li et al. 2016; Goswami et al. 2016). However, to the

best of our knowledge, there are few studies monitor-

ing concentrations of PAHs in the Bangladeshi

environments (Zuloaga et al. 2013; Nøst et al. 2015),

and unfortunately, the concentration of PAHs in the
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Bangladeshi seafood is still unknown. Hence, the

present study was initiated to determine the concen-

tration of PAHs in commonly consumed seafood from

the coastal areas of Bangladesh. The compositional

pattern and spatiotemporal variations of PAHs in the

seafood samples were examined. We also compared

the present data with that of reported from other

countries worldwide. Using the data, we estimated the

dietary exposure of PAHs via seafood consumption by

the coastal residents (adults and children) of Bangla-

desh and preliminarily examined the health effects by

comparing the intake data with the health criteria

recommended by the international authorities.

Materials and methods

Study area and collection of samples

In the present study, seafood samples were collected

from four main fish landing centers located in the four

major coastal areas of Bangladesh (Cox’s Bazar,

Chittagong, Bhola and Sundarbans; Fig. 1) which

contribute approximately 70–80% of the total catch-

ment of the seafood. Please refer to the supplementary

information for additional description of the study

areas. A total of 48 seafood samples (5 finfish and 2

shellfish species) were collected in winter (January–

February) and summer (August–September) of 2015,

of which the finfish species included Ilish (Tenualosa

ilisha), Rupchanda (Pampus argentius), Loitta (Har-

padon nehereus), Sole (Cynoglossus lingua) and Poa

(Otolithoides pama), whereas the shellfish species

included Shrimp (Penaeus indicus) and Crab (Scylla

serrata). The selected species are frequently con-

sumed by the coastal people of Bangladesh (Raknuz-

zaman et al. 2016). Rupchanda and Sole were not

collected from Bhola and Sundarbans area due to

species unavailability in the catchments during our

sampling campaign. To ensure the representativeness

of samples, 10–20 individuals of each species col-

lected from each fish landing center were composited

into a single sample as pooled. The seafood samples

were wrapped in aluminum foil immediately after

Sundarbans
Bhola Chittagong

Cox's Bazar

0 80 km

1

23
4

E

N

Fig. 1 Map showing the four major coastal areas of Bangladesh

along with the position of four main fish landing centers from

where seafood samples were collected in the present study; (1)

fish landing and wholesale fish market, Cox’s Bazar; (2)

Chittagong fishing harbor, Chittagong; (3) fish landing and

wholesale fish market, Bhola; (4) fish processing and marketing

center, Sundarbans area in Mongla. Colored area in the inset map

represents the coastal area of Bangladesh
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collection and kept in ice-filled airtight insulating box

and transported to the laboratory of Fisheries Depart-

ment of Dhaka University. To remove the surface

adherents, samples were rinsed with deionized water.

The length–weight data were recorded for each

individual of every single species. The edible portion

of the collected seafood samples was homogenized,

weighed, freeze-dried for about 48 h. The species-

specific information with their biometric data and

pretreatment is shown in Table S2. The processed

samples were brought to the Yokohama National

University, Japan for further chemical analyses.

Sample pretreatment

Sample preparation for the extraction of PAHs from

seafood involves a modified QuEChERS method.

Briefly, an aliquot of 5 g of homogenized sample was

weighed into a polypropylene tube (50 mL capacity).

After adding 5 mL of ultrapure water, the tube was

manually shaken and spiked with 100 lL of 500 ng/

mL of Ace-D10 and BaP-D12 as an internal standards

(IS) for quantification. Ten (10) mL of extraction

solvent (hexane/acetone & 1:1, v/v) and two ceramic

bars (Agilent p/n 5982–9313) were added to aid in

sample extraction, and the tube was shaken vigorously

by hand for 5 min. Afterward, the QuEChERS salts

(6 g of MgSO4 and 1.5 g of sodium acetate; Agilent

p/n 5982–5755) was added and the tube was imme-

diately shaken for 1 min to avoid agglomeration of

salts followed by ultrasonic agitation for 20 min. The

tube was centrifuged for 5 min at 3500 rpm, and

10 mL of the supernatant was transferred to a 15 mL

centrifuge tube containing 1 g EMR–Lipid sorbent

(Agilent p/n 5982–1010). One ceramic bar (Agilent

p/n 5982–9312) was added, and the tube was shaken

vigorously by hand for 1 min followed by centrifuga-

tion for 3 min at 4000 rpm. The entire supernatant was

decanted into a second 15 mL polishing tube contain-

ing 2 g mixture of 4:1 (w/w) anhydrous MgSO4/NaCl

(Agilent p/n 5982–0101), and vortexed immediately to

disperse, followed by centrifugation at 4000 rpm for

3 min. The extracts were then transferred into a glass

test tube and evaporated to near dryness under a gentle

stream of high-purity nitrogen. The residue was finally

re-dissolved in 1 mL n-hexane and kept at - 20 �C
until GC–MS/MS analysis.

Instrumental analysis

Gas chromatograph–tandem mass spectrometry (GC–

MS/MS) analysis was performed using an Agilent

7890A GC, coupled with an Agilent 7000C triple-

quadrupole MS. A computer with MassHunter soft-

ware (version B.05.00412) was used for data acqui-

sition and processing (Agilent Technologies, Palo

Alto, CA). Chromatographic separation was achieved

on an DB-5MS capillary column (30 m 9 0.25 mm

ID, 0.25 lm film thickness; Agilent p/n 122-5532)

using Helium as a carrier gas at a flow rate of 1.2 mL/

min. The GC oven temperature was set initially at

70 �C for 1 min, increased to 300 �C for 4 min at

10 �C min-1, and finally held at 310 �C for 2 min

(total run time 31 min). The injection volume was set

to one microliter (1 lL) in splitless mode. Mass

spectrometry was operated in multiple reactions

monitoring (MRM) mode with a gain factor of 10.

Electron impact (EI) ionization voltage was 70 eV.

Nitrogen and Helium were used as collision gas and

quench gas in the collision cell at constant flows of 1.5

and 2.25 mL/min, respectively. The sets of tempera-

tures of transfer line, ionization source and triple-

quadrupole mass analyzer were 320 �C, 300 �C and

150 �C, respectively. A solvent delay was set at 3 min.

The first (Q1) and the third quadrupole (Q3) were both

operated at width resolution mode. Prior to analysis,

MS/MS was auto-tuned with perfluorotributylamine.

To identify the target analytes, the retention times of

the peaks detected in samples were compared with the

peaks obtained from a GC–MS/MS run using a

standard solution of a mixture of all 16 PAHs. For

quantification, Ace-D10 was used for Nap, Acel, Ace,

Flu, Phe, Ant and BaP-D12 was used for Flt, Pyr, BaA,

Chr, BbF, BkF, BaP, DahA, BghiP and IP. The peak

areas of each analyte in the samples, the mass/area

ratio of the internal standard, the response factor

obtained from the calibration curve and the original

sample weight were used for PAH quantification.

Concentrations of PAHs in the examined seafood

samples are given in nanogram per gram wet weight

(ng/g ww).

Quality assurance and quality control (QA/QC)

Strict quality control procedure was maintained during

the experiments. The containers and equipment used

during the whole procedure were pre-cleaned with
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methanol followed by acetone. A (signal to noise) S/

N ratio equal to or greater than 3 was used to determine

the limit of detection (LOD) for each analyte, and an S/

N ratio of 10:1 was defined as the limit of quantitation

(LOQ). The LOQs were in the range of 0.03–0.21 ng/g

ww. The instrumental blanks (solvent without internal

standard) and procedural blanks (Milli-Q water spiked

with internal standards) analyzed with every batch of

samples gave S/N values less than 10 (\LOQs). To

validate the accuracy of the methods, matrix spike

recovery (n = 3) was determined by spiking the target

compounds into the samples at 10 ng/g, followed by

similar extraction and analysis procedure as described

in earlier sections. The mean recoveries of spiked

PAHs were 71–113%.

Data analysis

Statistical analyses were performed with IBM SPSS

software (Version 23.0, IBM Corp., NY, USA) and

XLSTAT (Version 2016.02.28451, Addinsoft, NY,

USA). The significance level was set at p = 0.05. The

concentration values lower than LODs were set to

LOD/2 before statistical analyses (Succop et al. 2004).

The normality of the data set was tested by a statistical

distribution test called P–P plots. The differences

among the concentrations of PAHs in the seafood

samples and seasonal variations were tested by one-

way ANOVA. The spatial variations of PAHs in

seafood were shown by using MapViewerTM software

(Version 8, Golden Software Inc., CO, USA).

Results and discussion

Concentration of PAHs in seafood

Concentrations of PAHs in 48 seafood samples

including 5 finfish and 2 shellfish species collected

from the coastal areas of Bangladesh are summarized

in Table 1 and Fig. 2. The detailed results are

presented in Table S3 and S4. At varying detection

frequencies, all of the 16 target PAHs were detectable,

suggesting the ubiquitous occurrence and continuous

accumulation of these compounds in the Bangladeshi

seafood. The most frequently detected compounds

were Nap, Ace, Flu, Phe, Ant, Flt, Pyr and Chr, which

had 100% detection frequencies, whereas the less

frequently detected compounds were Acel, BaA, BbF,

BkF, BaP, DahA, BghiP and IP, which had detection

frequencies of 50–100% depending on the season and

source. In general, low- and medium-molecular-

weight PAHs have higher detection rates than the

high-molecular-weight PAHs (Table 1). This can be

attributed to the fact that the bio-concentration of

heavier PAHs is more difficult (Ni and Guo 2013;

Moon et al. 2010). The total concentrations of the

PAHs (
P

PAHs, sum of 16 USEPA priority PAHs) in

the seafood samples ranged from 184.5 to 2806.6 ng/g

ww in winter and from 117.9 to 4216.8 ng/g ww in

summer. The class distribution of samples based on

total PAHs levels was: 54% ([ 1000 ng/g ww), 17%

(500–100 ng/g ww), 29% (\ 500 ng/g ww). The sum

of seven carcinogenic PAHs (
P

C-PAHs) was

10.1–214.3 ng/g ww in winter, and 3.23–468.9 ng/g

ww in summer, accounting\ 1–33% of the
P

PAHs

concentrations.

The levels of PAHs in the Bangladeshi seafood

were compared with that of from other areas around

the world and are presented in Table 2. To some

degree, the results of comparison could at least reflect

the status of PAH contamination in the Bangladeshi

seafood, although the numbers and types of monitored

PAHs, the sampling time and methods and the

investigated species among these studies might be

different from each other. The comparison results

revealed that the
P

PAHs concentrations for both

seasons in this study were comparable to or higher

than those observed in finfish and/or shellfish from the

Daya Bay and Guangdong Province, South China (Sun

et al. 2016; Ni and Guo 2013), Mumbai Harbour, India

(Dhananjayan and Muralidharan 2012), Atlantic

Ocean (Ramalhosa et al. 2012), Athabasca and Slave

Rivers, Canada (Ohiozebau et al. 2016), Adriatic Sea,

Italy (Perugini et al. 2007), Niger Delta, Nigeria

(Effiong et al. 2016), Busan, South Korea (Moon et al.

2010), Hong Kong (Cheung et al. 2007) and Ariake

Sea, Japan (Nakata et al. 2003), but lower than that

from Haimen Bay, China (Shi et al. 2016). By

comparing with other studies, it was revealed that

the seafood in this area was highly contaminated with

PAHs. Furthermore, the mean concentrations of sum

of four indicator PAHs (BaA, Chr, BbF, and BaP) in %

of samples exceeded the 12.0 ng/g ww permissible

limit set by the European Commission (EC 2011).

Therefore, the present level of PAHs measured in the

Bangladeshi seafood is obviously a matter of concern

in terms of both ecological and human health.
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Table 1 Concentrations (ng/g ww) and detection frequency (%) of PAHs in seafood (finfish and shellfish) collected from the coastal

area of Bangladesh in the two seasons

Sample Season Nap Acel Ace Flu Phe Ant Flt Pyr BaA

Finfish Winter Minimum 83.9 \LODa 2.6 6.8 45.6 2.9 5.3 10.9 \LOD

Maximum 1540.8 89.5 163.8 266.5 745.9 86.2 129.0 160.6 49.7

Mean 525.1 25.1 31.4 57.5 242.0 31.7 58.7 74.4 18.7

Median 337.8 17.8 14.9 36.6 148.2 20.7 57.8 70.4 14.4

D.F.b 100 94 100 100 100 100 100 100 94

Summer Minimum 98.6 2.4 1.3 30.8 129.4 3.3 12.4 20.7 1.0

Maximum 1938.1 140.3 116.7 419.8 1133.7 149.4 459.9 302.2 153.0

Mean 821.2 44.2 43.8 109.3 398.1 52.9 151.7 127.5 41.1

Median 598.1 42.8 36.2 81.0 257.9 30.4 119.4 124.0 22.7

D.F. 100 100 100 100 100 100 100 100 100

Shellfish Winter Minimum 48.6 \LOD 15.2 9.8 62.8 6.7 24.4 28.8 1.4

Maximum 281.0 17.1 210.8 200.7 761.1 209.0 293.0 264.7 23.2

Mean 135.0 4.7 69.0 71.6 247.3 61.7 102.7 115.6 7.9

Median 103.5 1.6 50.2 27.1 108.0 34.0 81.7 96.3 5.0

D.F. 100 75 100 100 100 100 100 100 100

Summer Minimum 22.7 0.5 2.1 2.7 28.6 2.2 8.1 9.2 1.7

Maximum 225.1 38.6 69.1 193.0 453.1 201.0 173.2 270.9 80.0

Mean 94.8 9.6 23.1 53.7 153.1 44.2 70.9 87.2 29.4

Median 64.2 4.5 14.8 28.1 68.0 17.4 61.7 31.4 17.8

D.F. 100 100 100 100 100 100 100 100 100

Sample Season Chr BbF BkF BaP DahA BghiP IP
P

C-PAHc P
PAHsd

Finfish Winter Minimum 5.7 \LOD \LOD \LOD \LOD \LOD \LOD 10.1 184.5

Maximum 169.9 47.8 20.6 4.0 13.0 204.2 64.7 214.3 2806.6

Mean 57.6 5.5 2.1 0.6 2.8 28.0 15.7 104.0 1178.1

Median 50.7 0.6 0.1 0.1 0.4 1.3 6.7 102.2 947.9

D.F.b 100 69 50 75 75 69 81 100 100

Summer Minimum 0.6 \LOD \LOD \LOD \LOD \LOD \LOD 15.0 350.2

Maximum 320.9 37.0 27.2 3.7 29.6 45.1 40.0 167.6 4216.8

Mean 72.6 3.6 4.7 0.7 3.2 8.0 7.8 68.7 1890.2

Median 49.4 0.4 0.8 0.3 0.4 1.6 2.4 23.9 1615.7

D.F. 100 69 75 81 69 81 75 100 100

Shellfish Winter Minimum 1.0 \LOD 0.8 0.1 \LOD \LOD \LOD 3.2 254.0

Maximum 66.3 34.9 21.2 5.1 30.0 163.9 57.4 468.9 2098.3

Mean 16.4 12.7 7.6 1.8 4.8 35.3 17.4 133.6 911.7

Median 6.5 7.9 3.6 1.3 1.0 2.7 4.1 106.0 524.0

D.F. 100 88 100 100 75 63 63 100 100

Summer Minimum 3.2 \LOD \LOD \LOD \LOD \LOD 0.7 7.4 117.9

Maximum 95.4 34.1 50.3 7.6 32.8 218.0 81.4 272.9 1694.3

Mean 40.1 11.0 14.6 2.1 8.5 32.3 17.7 123.3 692.2

Median 40.7 4.4 6.3 0.4 2.5 4.2 1.9 146.7 477.3

D.F. 100 63 88 88 75 88 100 100 100

aLimit of detection: Nap (0.04), Acel (0.01), Ace (0.04), Flu (0.06), Phe (0.03), Ant (0.07), Flt (0.03), Pyr (0.02), BaA (0.03), Chr

(0.01), BbF (0.02), BkF (0.02), BaP (0.01), DahA (0.03), BghiP (0.01), IP (0.02) (ng/g ww)
bDetection frequency (%)
cSum of seven carcinogenic PAHs (BaA, Chr, BbF, BkF, BaP, DahA and IP)
dSum of 16 USEPA priority PAHs; The concentrations of congeners with\LOD were assumed to be zero while calculating the total

PAHs
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Influences of seasons and species on PAH

accumulation in seafood

The levels of
P

PAHs in finfish were significantly

higher in summer (350.2–4216.8 ng/g ww, mean

1890.2 ng/g ww) than in winter (184.5–2806.6 ng/g

ww, mean 1178.1 ng/g ww) (p\ 0.05). On the

contrary, the concentrations of
P

PAHs in shellfish

were slightly higher in winter (254.0–2098.3 ng/g ww,

mean 911.7 ng/g ww) compared to summer

(117.9–1694.3 ng/g ww, mean 692.2 ng/g ww),

although this difference was not statistically signifi-

cant (p[ 0.05). (Table 1 and Fig. 2). These variations

might be attributed to the seasonal discrepancies in

their physiological activities, feeding behavior as well

as the degree of contamination of their habitats and

these will be explained in details in the following

discussions. As a whole, the loads of
P

PAHs in the

Bangladeshi seafood after combining finfish and

shellfish data together did not differed significantly

between winter and summer (p[ 0.05), elucidating

that the present study area might be influenced by

almost similar sources in the two seasons and that are

mainly from local inputs. In addition, regarding

individual PAHs, for both the finfish and shellfish

species, the majority of the PAH isomers monitored in

this study did not show clear seasonal variation,

excepting the concentrations of Flt and Pyr in finfish

which differed significantly between seasons

(p\ 0.05) with relatively higher concentrations in

summer samples (Table 1).

The interspecies differences in the levels of
P

PAHs concentrations among the four coastal areas

were statistically significant (p\ 0.05). In particular,

the highest levels of
P

PAHs were measured in Ilish

(1911.0–2806.6 and 2820.2–4216.8 ng/g ww in winter

and summer, respectively) among the finfish species

and Crab (673.9–2098.3 and 784.7–1694.3 ng/g ww

in winter and summer, respectively) within the

shellfish species, probably due to the elevated lipid

content in these species (Table S2). Several studies

reported that PAHs accumulation in fish tissue tends to

increase with lipid content (Ramalhosa et al. 2012;

Sun et al. 2016). In this study, the correlation between

the levels of PAH and the lipid content in the studied

seafood samples was positive and significant

(r = 0.78; p\ 0.01). In finfish, irrespective to season,

the concentrations of
P

PAHs showed the following

trend: Ilish[ Sole[Loitta[ Poa[Rupchanda.

This pattern correlates well with lipid yields obtained

from the individual seafood species. Besides the

species-specific lipid content, accumulation potentials

of PAHs in fish tissue might also be influenced by the

organisms’ bio-demographic parameters, such as their

trophic level, feeding behavior, reproductive status

and metabolism including uptake and elimination,

depth and habitat location. Comparatively, higher

PAHs levels in Ilish could be explained by the

following phenomena: (1) It is a high trophic carniv-

orous species that tends to concentrate contaminants to

a higher degree than other species (Das and Das 2004;

Miao et al. 2000); (2) It is an anadromous species

which migrates from the sea to the rivers for spawning.
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Consequently, this species is habituated to different

ecosystems (marine, estuarine, brackish and freshwa-

ter) and exposed to various degrees of contamination;

(3) Ilish has relatively a larger body surface area with a

very thin layer of skin and a larger gill surface area that

facilitates the process of accumulation of the contam-

inants like PAHs from water column into the fish body.

Previous studies reported that PAHs can undergo bio-

concentration via skin and gills in fish although the

main uptake is through their diet (Van der Oost et al.

2003; Cheung et al. 2007; Shi et al. 2016). In addition,

elevated concentrations of PAH in Sole

(1051.7–1172.8 and 1957.5–2460.0 ng/g ww in winter

and summer, respectively) could be related to their

living habitats. Since sediment has been recognized as

an ultimate sink of organic pollutants such as PAHs,

there is a high potential of their accumulation in the

sediment-dwelling fish such as Sole which predate

benthic organisms frequently or consume some

organic particles from sediments.

Within shellfish species, lower levels of
P

PAHs in

Shrimp might be attributed to their low

extractable lipids (2.1 ± 0.4%) and their pelagic

nature and feeding pattern (Voorspoels et al. 2004).

Shrimp primarily feed on planktons of low trophic

level (e.g., mysids and amphipods), resulting their less

intense contact with the sediment compared to other

exclusively benthic species like Crab (Oh et al. 2001).

The other shellfish species (Crab) contained relatively

higher PAH levels, and that can be attributed to their

relatively high lipid content and their living and

feeding habit as well (Voorspoels et al. 2004). In

particular, Crab is a typical benthic organism, also

known as a scavenger that tends to feed partially on

detritus or decaying organic material with high

pollutant loads (Everaarts et al. 1998; Ip et al. 2005).

Table 2 Comparison of total PAH concentrations (ng/g ww) in seafood around the world

Locations Species Sampling

year

Na P
PAHs References

Daya Bay, South China Finfish and

shellfish

2012 16 110–520 Sun et al. (2016)

Guangdong Province, South

China

Shellfish 2005 16 \ 0.125–32 Ni and Guo (2013)

Haimen Bay, China Finfish 2010 16 388.5–5640 Shi et al. (2016)

Mumbai Harbour, India Finfish 2006–08 15 17.43–70.44 Dhananjayan and Muralidharan

(2012)

Atlantic Ocean Finfish 2007–09 16 1.8–19.9 Ramalhosa et al. (2012)

Athabasca and Slave Rivers,

Canada

Finfish 2011–12 16 11–120 Ohiozebau et al. (2016)

Adriatic Sea, Italy Finfish and

shellfish

2004 13 14.74–63.33 Perugini et al. (2007)

Hong Kong Finfish and

shellfish

2004 16 15.5–118.0 Cheung et al. (2007)

Niger Delta, Nigeria Finfish 2013 16 20–1734 Effiong et al. (2016)

Busan, South Korea Finfish and

shellfish

2005–07 16 4.73–87.8 Moon et al. 2010

Ariake Sea, Japan Finfish and

shellfish

2001 16 \ 0.04–18 Nakata et al. (2003)

Huelva, Spain Finfish and

shellfish

2001 16 8.22–71.4 Bordajandi et al. (2004)

Coastal area of Bangladesh Finfish and

shellfish

2015 16 184.5–2806.6

(W)b
This study

117.9–4216.8

(S)b

aNumber of PAHs
bW winter, S summer

123

Environ Geochem Health



Organisms living in pelagic environments are less

exposed to PAH in a polluted environment, than those

living very near to the sediment such as Crabs

(Ohiozebau et al. 2016). The sediment-dwelling

organisms such as Crabs are exposed to sedimentary

PAHs via several routes, such as direct contact and

secondary ingestion of sediment, and tend to exhibit

higher contaminant load compared to other organisms.

Moreover, Crabs also possess gills with a relatively

larger surface area which could facilitate the accumu-

lation of PAHs into their bodies since gills can

continuously transfer the pollutants from both water

and suspended particles onto its surface that are

subsequently distributed throughout the whole body

via blood. Thus, the water and sediment are important

factors for PAHs contamination in seafood. The

measured concentrations of
P

PAHs in water and

sediments collected from the sites close to the seafood

fishing areas were 679.4–12639.3 ng/L and

199.9–17,089.1 ng/g dw, respectively (data not pub-

lished yet). Regardless of the examined environmental

matrices, the levels of the PAHs for most of the cases

exceed the RIVM-derived maximum permissible

concentrations (MPCs) for marine ecosystems (Ver-

bruggen 2012) for the 16 USEPA priority congeners,

suggesting that the PAH-induced adverse biological

effects is highly likely to occur in this area. Further-

more, the significant correlations between the levels ofP
PAHs in water-seafood and sediment-seafood sig-

nify the effects of these two primary exposure media

(r = 0.74, r = 0.78; p\ 0.05).

The depth at which organisms live is an important

factor in determining the accumulation of contami-

nants between the species. In this study, Ilish, Sole and

Crab being organisms inhabiting deeper waters

showed elevated concentrations of PAHs. Several

studies reported higher concentrations of certain POPs

in seafood from deeper waters (de Brito et al. 2002;

Storelli et al. 2009). In general, the concentrations of
P

PAHs in the finfish (average of 1178.1 and

1890.2 ng/g ww in winter and summer, respectively)

were significantly higher than that in the shellfish

(average of 911.7 and 692.2 ng/g ww in winter and

summer, respectively) (p\ 0.05). This indicated that

the finfish were more contaminated with PAHs than

the shellfish and that was due to higher potential of

PAH bioaccumulation in finfish compared to the

shellfish species (Perugini et al. 2007; Sun et al. 2016).

Interestingly, the concentrations of
P

C-PAHs were

higher in shellfish (average of 133.6 and 123.3 ng/g

ww in winter and summer, respectively) than the

finfish samples (average of 104.0 and 68.7 ng/g ww in

winter and summer, respectively). This might be

caused by comparatively higher metabolic rate of

these PAHs in finfish than the shellfish species.

Spatial distribution

Among the finfish species, Rupchanda, Loitta, Sole

and Poa are benthic or bentho-pelagic in nature.

Although these species show limited spatial distribu-

tion within the ecosystem in parts of their life cycles,

they usually do not migrate far from their natural

habitats from where the fishes were caught. However,

Ilish is highly a migratory species and this fish has a

very complex life cycle. Ilish is anadromous, migrat-

ing from the sea to freshwater riverine environments to

spawn. It is distributed in rivers, tributaries and

channels extending over 9390 km2 as well as in the

118 813 km2 area of the Bay of Bengal, Bangladesh

(Hossain et al. 2016). Water bodies along the coast are

the most suitable habitats for the adult fish with

26–32 cm length and 800–1000 g weight (Hossain

et al. 2016). Juvenile fish (length: 13–16 cm and

weight: 150–250 g) spends about 1–1.5 years in this

areas of the Bay of Bengal for further growth and

development. When these fishes become sexually

mature, i.e., at the age of[ 2.5 years, they begin their

journey to the estuary and river for spawning purpose

and the cycle continues. In this study, the tested Ilish

species were in the category of ‘adult’ which means

that they were inhabiting the areas from where the fish

were caught at[ 2 years of age. Furthermore, shell-

fish are generally less mobile and have more contact

with sediments, which can become contaminated and

serve as a long-term source of exposure (Yender et al.

2002). Reconciling the above facts, it is logical to

conclude that the sampled seafood species primarily

inhabits marine waters or the coastal areas from where

the species were trawled. Therefore, it can be assumed

that the collected seafood species were exposed to

PAHs pollution from the corresponding sampling sites

or their habitats in the Bay of Bengal, Bangladesh.

The spatial variations of PAHs in the examined

seafood species are presented in Fig. 3. Geographi-

cally, the differences in total PAH concentrations

among the four coastal areas were not statistically

significant (p[ 0.05). However, regarding finfish, the
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highest mean concentration of
P

PAHs was found in

samples from Chittagong in both seasons (1253.2 ng/g

ww in winter, 2109.8 ng/g ww in summer). On the

other hand, shellfish samples from Chittagong also

exhibited the maximum mean levels of
P

PAHs

(1105.8 ng/g ww in winter, 788.0 ng/g ww in sum-

mer). In general, the mean concentration of
P

PAHs

seemed to have the following trends: Chit-

tagong[Cox’s Bazar[Bhola[ Sundarbans, and

Chittagong[ Sundarbans[Cox’s Bazar[Bhola

in finfish and shellfish, respectively (Fig. 3). Overall,

the seafood species collected from Chittagong, Cox’s

Bazar, and Sundarbans areas depicted higher levels of

PAH contamination than those from Bhola (Meghna

Estuary). These spatial differences might be attributed

to greater developments in these regions, and thus

these compounds are associated to recent urbanization

and intense industrialization.

PAH composition in seafood and source

identification

The patterns of PAH composition and their relative

abundance by the number of aromatic rings in the

Bangladeshi seafood (finfish and shellfish) are illus-

trated in Fig. 4. Seasonally, the PAHs profile did not

differ significantly (p[ 0.05). However, the profile

significantly differed between finfish and shellfish

(p\ 0.05), although the LMW PAHs (2- and 3-ring)

dominated the profile for both cases, which collec-

tively constituted 49–86% (mean 69%) of the total

PAHs (Fig. 4). The HMW PAHs (4-, 5-, and 6-ring)

contributed less 14–53% (mean 31%). These PAH

profiles are similar to those reported for marine

organisms in other countries (Nakata et al. 2003;

Liang et al. 2007; Perugini et al. 2007; Cheung et al.

2007; Ni and Guo 2013; Ohiozebau et al. 2016; Sun

et al. 2016; Ke et al. 2017). In particular, Nap (2-ring)

in finfish and Phe (3-ring) in shellfish species were the

most abundant, contributing 18–65% and 13–36% to

the
P

PAHs, respectively, and that is primarily due to

their lesser affinity for particles and greater water

solubility (Ohiozebau et al. 2016; Sun et al. 2016).

Therefore, these non-metabolized PAHs can undergo

bioaccumulation through direct exchange between the

water column and the gills (Liang et al. 2007;

Thomann and Komlos 1999). However, the abundance

of these particular PAHs in finfish and shellfish was

Fig. 3 Spatial distribution of average
P

PAHs in seafood (finfish and shellfish) from the coastal area of Bangladesh. Colored area in the

inset map represents the coastal area of Bangladesh
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also reported in several studies (Cheung et al. 2007;

Moon et al. 2010; Shi et al. 2016).

Some special molecular indices derived from the

ratios of selected PAHs are often used to infer the

sources of PAHs, and the most widely used ratios are

Ant/(Ant ? Phe), Flt/(Flt ? Pyr), BaA/(BaA ? Chr)

and IP/(IP ? BghiP) (Yunker et al. 2002; Tobiszewski

and Namiesnik 2012). Although being criticized in

several studies (Katsoyiannis and Breivik 2014;

Galarneau 2008), these ratios have been effectively

used to differentiate PAH sources in the environment

(Jiang et al. 2009; Martins et al. 2010; Xue et al. 2013).

In the present study, we followed the molecular

indices approach to identify the possible sources and

to explore the distribution of PAHs in the Bangladeshi

coastal areas.

The PAH source characterization criteria from the

PAH ratios are listed in Table S5, and the plotted

isomeric ratios of: Ant/(Ant ? Phe) versus Flt/(Flt ?

Pyr), and BaA/(BaA ? Chr) versus IP/(IP ? BghiP)

used in this study are shown in Fig. 5. The values of

Ant/(Ant ? Phe) were 0.01–0.41, 42% of which were

higher than 0.1; the ratios of Flt/(Flt ? Pyr) were less

than 0.4 in 31%, 0.4–0.5 in 40% and higher than 0.5 in

29% of samples; the values of BaA/(BaA ? Chr) were

less than 0.2 in 25%, 0.2–0.35 in 31% and higher than

0.35 in 44% of samples; the ratios of IP/(IP ? BghiP)

were less than 0.2 in 29%, 0.2–0.5 in 23% and higher

than 0.5 in 48% of samples (Fig. 5). The above data

revealed that the PAHs in the Bangladeshi seafood

originated from both the petrogenic and pyrogenic

origins, such as crude petroleum (e.g., diesel/gaso-

line), petroleum combustion and combustion of wood,

grass and coal. Overall, the identified ‘mixed’-type

sources of PAHs contamination in the coastal area of

Bangladesh may include oil spills from shipping and

port activities, combustion of fuel in fishing boats and

ship engines, industrial combustion and discharges,

land runoff, riverine inputs, municipal sewage dis-

charges, waste incineration and from the atmospheric

dry and wet deposition. Generally, PAHs of petrogenic

origin are more available than the pyrolytic ones,

because the former is introduced directly into the

marine environment in dissolved, colloidal forms or

fairly associated with suspended matter, whereas the

PAHs of the second group are probably strongly

associated with the particles originated from pyrolytic

sources (Zuloaga et al. 2013). Besides, the PAH profile

in environmental media dominated by LMW PAHs is

an indication of the abundance of petrogenic isomers

(Wise et al. 1988; Berner et al. 1990). Therefore, in

this study, the dominance of LMW PAHs in the tested

seafood samples may indicate that the petroleum

hydrocarbons are more potential contributors to the

PAH contamination in this area compared to that of

pyrolytic origin. Hence, preliminary emphasis should

be given to the sources of petroleum hydrocarbons in

the Bangladeshi coastal area. Since the metabolization

of particular PAHs might be affected by the types of

species and their trophic status, molecular ratio

approach should be used with caution for the identi-

fication of PAH sources. Furthermore, during
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transport and deposition into the environment the

composition of PAHs may be transformed by bio-

chemical and/or physical processes, such as bacterial

activity, oxidation–reduction, mixing and resuspen-

sion in sediments (Soclo et al. 2000; Barhoumi et al.

2016).

Assessment of potential human health risks

Human exposure to dietary PAHs is of great concern

due to their documented toxic effects including

carcinogenicity and mutagenicity (Mumtaz et al.

1996; Cheung et al. 2007; Moon et al. 2010; Xia

et al. 2010; Ni and Guo 2013); however, reports

concerning dietary health risk assessment for PAHs

are still scarce. Since seafood contributes a major

portion in the diet for the Bangladeshi coastal

population, the consumption of seafood contaminated

with PAHs can be a potential risk for the consumers.

Presently, there are no specific criteria for PAHs in

seafood in Bangladesh. Therefore, to understand the

magnitude of dietary exposure of PAHs by seafood

consumption, the European Union-recommended per-

missible maximum level of BaP (EU 2005) and the

USEPA-recommended potency equivalent concentra-

tion (PEC) of total PAHs relative to BaP (USEPA

2000) were evaluated in this study. Among all the

individual PAHs, BaP is the most potent carcinogen

which has been well examined toxicologically (Agar-

wal et al. 2009).

The maximum permissible levels of BaP have been

recommended by the European Union as 2 ng/g in fish

and 5 ng/g ww in crustaceans since February 2005. In

this study, fish and crustaceans are referred to as finfish

and shellfish, respectively. BaP was detected in

75–100% of the examined samples depending on the

species, with concentrations of\LOD–4.05 ng/g ww

in finfish species and\LOD–7.6 ng/g ww in shellfish

species, respectively (Table 1 and Table S3 and S4).

Within finfish, the concentrations of BaP in Ilish from

Cox’ Bazar (2.4 ng/g ww in winter and 2.6 ng/g ww in

summer) and Chittagong (4.0 ng/g ww in winter and

3.7 ng/g ww in summer) exceeded the EU maximum

permissible level. Within shellfish, the elevated levels

of BaP were measured in Crab from Bhola (winter,

5.1 ng/g ww), Chittagong (summer, 5.1 ng/g ww) and

Sundarbans (summer, 7.6 ng/g ww) that also exceeded

the maximum permissible level.

The PEC values have been recommended as a

better index to measure the potential toxicity than

PAHs concentration (Ding et al. 2012, 2013; Shi et al.

2016). In this study, the following equation was used

to calculate the PEC of total PAHs for each seafood

species:

PEC ¼
Xn

i¼1

TEFi � Ci ð1Þ

where TEF is the toxic equivalent factor of individual

PAHs and C is the concentration of each PAH. The

calculated TEF for (Nap, Acy, Ace, Fl, Phe, Flu and

Pyr), (Ant, Chr and BghiP), (BaA, BbF, BkF and IP),

and (BaP and DBahA) is 0.001, 0.01, 0.1, and 1,

respectively (USEPA 1993, 2000; Nisbet and LaGoy

1992).
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The PEC of total PAHs (ng/g ww) in the

Bangladeshi seafood ranged from 1.02 (Rupchanda

from Chittagong) to 49.6 (Crab from Cox’s Bazar) in

winter and 0.71 (Shrimp from Cox’s Bazar) to 67.8

(Ilish from Bhola) in summer (Fig. 6). The PEC values

in the present study were higher than those in seafood

from the Adriatic Sea, Italy (0.03–2.8 ng/g ww,

Perugini et al. 2007), Daya Bay, China (0.57–10 ng/

g ww, Sun et al. 2016), Istanbul Strait and Marmara

Sea, Turkey (1.6–41 ng/g ww, Karacik et al. 2009)and

those from Hong Kong markets (0.02–0.37 ng/g ww,

Cheung et al. 2007), but lower than those in fish from

the Poyang Lake, China (79.46–1334 ng/g ww, Shi

et al. 2016).

The USEPA has suggested a screening value (SV)

of the PEC of total PAHs for use in fish advisories

which is defined as the concentration of the contam-

inant in consumable fish tissue that may have potential

toxic effects on human health (USEPA 2000). In this

study, the calculated PEC values for all of the studied

seafood species were higher than the recommended

PEC (0.67 ng/g ww) for human consumption, indi-

cating that consuming this PAH-contaminated seafood

will obviously induce adverse health effects.

The potentiality of cancer risks from the dietary

exposure to PAHs was calculated by using the

following equation (USEPA 1992):

ILCR ¼ PEC � CR � EF � ED � SF � CF

BW � AT

where ILCR denotes the incremental lifetime cancer

risk; CR denotes the consumption rate (g/d); EF

denotes the exposure frequency (365 day/year); ED is

the exposure duration (year, adults = 53 years, chil-

dren = 12 years); SF denotes the oral cancer slope

factor (7.3 (mg/kg-d)-1); BW is the average body

weight (60 kg for adults and 25 kg for children); AT is

the average lifespan for carcinogens (25,550 days);

and CF is the conversion factor (10-6 mg/ng). A

carcinogenic risk level of 1.0E-06 was used for

assessment as public screening criteria for carcino-

gens. The ILCR of 1.0E-06 (one in a million) is

considered as acceptable risk, while 1.0E-04 (one in

ten thousand or greater) is considered as severe risk

and there should be high priority for paying attention

to the public health concerns (USEPA 1994; FDA

2010). The daily consumption data of seafood for the

adults (C 18 years) and children (6–17 years) in the

coastal area of Bangladesh were obtained from a

questionnaire-based dietary survey during our sam-

pling campaign. The survey was conducted in the

same area(s) from where seafood samples were

collected. Dietary data were collected through face-

to-face interviews with 378 adults (male 197, female

181) and 156 children. All participants were local

residents who were interviewed to determine the

amounts of the two seafood categories: finfish and

shellfish, which included the selected 7 commonly

consumed species analyzed in this study. Data

collected for each food item included frequency of

consumption and the quantity consumed on each

occasion. In addition, information on the demographic

characteristics (such as age, sex, level of education and

occupation) of each interviewee was also recorded.

The seafood consumption data for the Bangladeshi

coastal residents are given in Table S6.

The calculated ILCR values ranged from 2.1E-04

to 3.4E-04 for adults and 5.6E-05 to 9.0E-05 for

children, respectively (Table 3). The results indicated

that the ILCR values for children were higher than the
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maximum acceptable risk level, whereas the values for

adults were higher than the priority risk level,

indicating a potential carcinogenic risk to coastal

residents in Bangladesh. However, it should be taken

into consideration that people might be exposed to

PAHs through other dietary and non-dietary routes,

and thus, the real risk scenario would be greater than

that estimated in this study (Ding et al. 2012).

Therefore, it is an urgent need to take necessary

measures to control the health hazards due to dietary

PAH exposure in Bangladesh.

Conclusion

This study reports the first comprehensive data on the

contamination status of 16 USEPA priority PAHs in

frequently consumed seafood species in Bangladesh.

The levels of PAHs ranged from moderate to relatively

high compared to other coastal areas. The low-

molecular-weight PAHs (2-ring and 3-ring) were

major contributors to the PAH burden in these seafood

species. The majority of the monitored PAHs did not

exhibit clear seasonal variation. Interestingly, levels of
P

PAHs in finfish were higher in summer, whereas in

shellfish, the levels were slightly higher in winter.

These seasonal differences between species might be

attributed to the discrepancies in their physiological

activities, feeding behavior and the degree of contam-

ination of their habitats. The source identification

analyses indicated the combined pollution sources of

pyrolytic and petrogenic origin with a slight imposi-

tion toward the later. More comprehensive studies

should be conducted on different environmental

compartments (water, sediment and other aquatic

organisms) around this area to identify the main

contributors to PAH contamination. The seafood

collected from the sites influenced by urban-industrial

activities showed higher levels of PAH contamination.

Frequent consumption of these contaminated seafood

may exert PAH-induced adverse health effects on

human. Since this study reports data from a prelim-

inary health risk assessment, further investigations are

recommended where larger numbers of species, and

consumers’ age, gender, occupation and eating habit

need to be taken into consideration. Apparently, this

study serves as a snapshot for the present safety of the

Bangladeshi seafood and the status of environmental

health, and also for the baseline data for subsequent

studies in the future.
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