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This study reports the first evidence of the occurrence of PFAAs in commonly consumed seafood from the coastal
area of Bangladesh. Fifteen target PFAAs in 48 seafood samples (5 finfish and 2 shellfish species) weremeasured
by HPLC-MS/MS. The ΣPFAAs in finfish and shellfish were in the range of 0.32–14.58 and 1.31–8.34 (ng/g wet
weight), respectively. Perfluorooctanesulfonate (PFOS) infinfish (0.1–3.86 ng/gww),whereas perfluorooctanoic
acid (PFOA) in shellfish (0.07–2.39 ng/g ww) were themost abundant PFAAs. The results were comparable with
other studies worldwide, particularly from China, Spain, Sweden, and USA. The majority of monitored PFAAs did
not show clear seasonal variation. However, seafood from the southeast area (Cox's Bazar and Chittagong)
showed relatively higher levels of PFAAs. Moreover, the dietary exposure assessment revealed that the daily in-
takes of PFAAs via seafood consumptionwere far less than the health-based guidelines, indicating lowhealth risk
for the Bangladeshi coastal residents.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Perfluoroalkyl acids (PFAAs) are a new class of emerging organic
pollutants with both hydrophobic and lipophobic/oleophobic proper-
ties. Because of high surface activity, thermal and acid resistance,
weak intermolecular interactions, and water and oil repellency, PFAAs
have been extensively used in industrial and consumer applications as
surfactants and surface protectors (Kissa, 2001, Giesy and Kannan,
2002). PFAAs have been detected globally in the environmental matri-
ces of riverine, estuarine and coastal ecosystems including water, sedi-
ments, and biota (Senthil et al., 2009; Zushi and Masunaga, 2009;
Zushi et al., 2010; Naile et al., 2013; Ahrens et al., 2015). In addition,
PFAAs were also found in food (Gulkowska et al., 2006; Ye et al.,
2008), human blood (Falandysz et al., 2006; Fromme et al., 2007;
Yeung et al., 2008; Zhang et al., 2011) and human milk (So et al.,
2006; Tao et al., 2008; Liu et al., 2010). Perfluorinated carboxylic acids
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(PFCAs) and perfluorinated sulfonic acids (PFSAs) are the two most
prevalent groups of PFAAs in the environment (Pan et al., 2014). In par-
ticular, long chain (more than seven fully fluorinated carbon atoms, e.g.
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS)) compounds are known to be bioaccumulative (Martin et al.,
2003), and they have received great attention from the public and
scientific community due to their potential adverse impacts on the
ecosystem and human health (Bonefeld-Jørgensen et al., 2011, 2014;
Peters and Gonzalez, 2011; Lau, 2012). PFOS with its precursor,
perfluorooctanesulfonyl fluoride (PFOSF), were listed as persistent or-
ganic pollutants (POPs) in Annex B of the Stockholm Convention in
2009 (UNEP, 2009). Production of PFOS and similar perfluorooctyl prod-
ucts was phased out in USA and Europe in years 2000–2002 (OECD,
2002), but production continues elsewhere, particularly in developing
countries (Wang et al., 2009).

Sources of human exposures to PFAAs have not yet been fully char-
acterized and are still under debate. The Canadian Total Diet Study sug-
gest that diet was an important source of PFAAs exposure along with
other routes such as air, water, dust, treated carpeting and apparel
(Tittlemier et al., 2007). Seafood is a major dietary source of protein
and healthy lipids. In particular, the long chain omega-3 fatty acids
have beneficial roles in human health. Despite the benefit of a seafood
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
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diet, a concern of frequent seafood consumption is the potential risk of
exposure to toxic chemicals (Domingo et al., 2012). Previous studies
of different regions around the world have shown that seafood (finfish
and shellfish) accounted for N50% of PFOS exposures along with other
PFAAs in the exposed populations in Sweden (Berger et al., 2009),
Spain (Ericson et al., 2008), Canada (Fromme et al., 2007), Poland
(Falandysz et al., 2006), China (Zhang et al., 2011; Wu et al., 2012),
and Japan (Fujii et al., 2015).Moreover, consumption offish and seafood
has been associated with high levels of PFAAs in human blood
(Holmström et al., 2005; Falandysz et al., 2006; Fromme et al., 2007;
Zhang et al., 2011). Studies concluded that the PFAAs contamination
levels found in seafood may pose a significant health risk to human
and wildlife, which requires immediate assessment (Berger et al.,
2009; Ericson et al., 2008; Fromme et al., 2007; Falandysz et al., 2006;
Zhang et al., 2011; Wu et al., 2012). Besides, the pollutant levels in
aquatic biota might be an indication of the degree of contamination in
the environments where they are inhabiting (Das and Das, 2004).

Bangladesh is an exclusively riverine agricultural country that is un-
dergoing rapid industrialization, urbanization and economic develop-
ment in recent years, particularly in the coastal regions and continues
to bring increasing amounts of municipal, industrial and agricultural
waste into the water body. The environmental quality in the estuarine
and nearby coastal areas has been adversely affected by intense indus-
trial and urban activities. The main sources of PFAAs in the aqueous en-
vironment are direct discharge of industrial or municipal wastewater
and effluents containing these compounds, runoff from contaminated
soil by precipitation, accidental spills or by the release of non-treated
or semi-treated discharges, landfills, dumping of municipal garbage
(Zhu et al., 2014; Campo et al., 2015; Ahrens et al., 2015). Bangladesh
has a highly irregular deltaic marshy coastline of 580 km, fissured by
many rivers and streams to the Bay of Bengal. The increase in population
and industrial pressure along rivers, and estuarine and coastal areas of
Bangladesh poses an important threat to the coastal ecosystems since
contaminants such as PFAAs can be accumulated in the coastal or ma-
rine food chain and also local population can be exposed via contami-
nated seafood consumption. 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 (BOBLME, 2011). Seafood is the most important
and one of the major dietary components of the coastal populations
(Raknuzzaman et al., 2016). Therefore, it is an urgent need to assess
the potential health risk that might be posed from the dietary exposure
of PFAAs through seafood consumption. However, to the best of our
knowledge, no study regarding PFAAs contamination has been carried
out so far in this region. Hence, the present study was initiated, for the
first time in Bangladesh, to explore the possible occurrence of PFAAs
in seafood (finfish and shellfish) from the coastal areas of Bangladesh.
The compositional pattern and spatiotemporal variations of PFAAs in
the seafood samples were examined. Moreover, we also compared the
concentration of PFAAs in seafood with data from other countries
worldwide. Using the data, we estimated the average daily intake of
PFAAs via seafood consumption by the coastal residents (adults and
children) of Bangladesh and figured out the health effects by comparing
the intake data with the health criteria recommended by the interna-
tional authorities.

2. Materials and methods

2.1. Study area and sample collection

In the present study, seafood sampleswere collected from fourmain
fish landing centers located in the four major coastal areas of Bangla-
desh (Cox's Bazar, Chittagong, Bhola and Sundarbans; Fig. S1) which
contribute approximately 70–80% of the total catchment of the seafood.
Detailed description of the study area is presented in the Supplementary
information. A total of 48 seafood samples (5 finfish and 2 shellfish
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species) were collected inwinter (January–February) and summer (Au-
gust–September) of 2015, of which the finfish species included Ilish
(Tenualosa ilisha), Rupchanda (Pampus argentius), Loitta (Harpadon
nehereus), Sole (Cynoglossus lingua), and Poa (Otolithoides pama),
whereas the shellfish species included shrimp (Penaeus indicus) and
crab (Scylla serrata). The selected varieties were the most commonly
consumed seafood in the coastal area of Bangladesh (Raknuzzaman 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 collected from each fish landing cen-
ter was composited into a single sample as pooled. Immediately after
collection, seafood samples were wrapped in aluminium foil and kept
in airtight insulating box filled with ice and transported to the laborato-
ry of Department of Fisheries, University of Dhaka, Bangladesh. After
transportation, finfish and shellfish samples were rinsed in deionized
water to remove surface adherents. The length–weight datawas record-
ed for each individual of every single species. Non-edible parts were re-
moved with the help of a steam cleaned stainless steel knife. The edible
portion of the collected seafood samples were homogenized, weighed,
freeze-dried for about 48 h until the constant weight was attained.
The species-specific informationwith their biometric data and pretreat-
ment are shown in Table 1. All containers used during the process of
sample collection, pretreatment, storage and transportation were care-
fully operated to avoid the introduction of contamination. All the proc-
essed sampleswere brought to YokohamaNational University, Japan for
further chemical analyses.

2.2. Target PFAAs compounds

Samples were analyzed for 15 PFAAs, including perfluorobutanoic
acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic
acid (PFDoDA), perfluorotridecanoic acid (PFTrDA),
perfluorotetradecanoic acid (PFTeDA), perfluorobutane sulfonate
(PFBS), perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonate
(PFOS) and perfluorodecane sulfonate (PFDS). Description about the
chemicals and reagents is detailed in the Supplementary information.

2.3. Sample extraction and clean-up

The alkaline digestion method was suggested to be an effective and
reliable extraction method for biological samples (Taniyasu et al., 2005;
Ye et al., 2008; Campo et al., 2015; Hong et al., 2015). The extraction
procedure for seafood samples were adopted from Ye et al. (2008)
and Campo et al. (2015) with some modifications. Briefly, 0.5 g of ho-
mogenized freeze dried sample was transferred to a 50 mL PP tube
and spiked with 800 μL of 5 ng/mL of 13C4-PFBA, 13C2-PFHxA, 13C4-
PFOA, 13C2-PFDoDA and 13C4-PFOS as internal standards, to which
10 mL of 10 mM NaOH in methanol (0.1% water by volume) was
added and sonicated for 30 min in a water bath at 60 °C. To facilitate
the digestion, the mixture was then shaken at 250 rpm on an orbital
shaker (TAITEC SR-2DW, TAITEC Corp., Saitama, Japan) for 16 h at
room temperature. After digestion, samples were centrifuged at
4000 rpm for 5 min using a himac CT4D centrifuge (Hitachi, Ltd.,
Tokyo, Japan), and then 5 mL of the supernatant was transferred into
a new 50 mL PP tube and the remaining solid pellet and liquid were
discarded. The supernatant was diluted to 30 mL with Milli-Q water,
vortexed, and subsequently loaded onto an Oasis® WAX SPE cartridge
that had been preconditioned with 4 mL of 0.1% ammonium hydroxide
(in methanol), 4 mL of methanol, and 4 mL of Milli-Q water at a rate of
one drop per second. The eluent was discarded. The cartridge was then
washedwith 4mL of 50%methanol inMilli-Qwater, and the eluentwas
again discarded. Cartridges were then centrifuged for 10 min at
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
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Table 1
Local, English and Scientific names, biometric data, habitat and pretreatment of seafood (finfish and shellfish) samples collected from the coastal area of Bangladesh.

Local name of seafood English name (Scientific name) Length (cm)a Weight (g)a Habitat Pretreatmentb

Finfish
Ilish Hilsa shad (Tenualosa ilisha) 35.77 ± 6.5 656.5 ± 158.2 Marine; Brackish; Pelagic-Neritic; Anadromous 1,2,3,4
Rupchanda Silver pomfret (Pampus argentius) 20.42 ± 3.7 395.5 ± 21.4 Marine; Benthopelagic; Oceanodromous 1,2,3,4,6
Loitta Bombay-duck (Harpadon nehereus) 24.2 ± 3.6 86.4 ± 35.5 Marine; Brackish; Benthopelagic; Oceanodromous 1,2,3,4,6
Sole Long tongue sole (Cynoglossus lingua) 25.6 ± 5.3 90.7 ± 3.7 Marine; Freshwater; Brackish; Demersal; Amphidromous 1,2,3,4,6
Poa Pama croaker (Otolithoides pama) 22.11 ± 3.3 185.9 ± 10.5 Marine; Freshwater; Brackish; Benthopelagic; Amphidromous 1,2,3,6

Shellfish
Shrimp, Chingri Indian shrimp (Penaeus indicus) 15.4 ± 2.3 34.6 ± 3.2 Marine, Estuarine, Mud or Sandy Mud 1,5,7
Crab, Kakrha Mud crab (Scylla serrata) 14.65 ± 2.6 250.6 ± 9.4 Bottom muddy feeder; Benthic, Mangrove zone, Estuarine 1,5,7

a Data obtained from 50 to 80 individuals of each seafood species.
b 1: Wash; 2: scales removal; 3: viscera removal; 4: bone removal; 5: head/cephalothorax removal; 6: gills removal; 7: shell removal.

3M. Habibullah-Al-Mamun et al. / Marine Pollution Bulletin xxx (2017) xxx–xxx
3000 rpm to remove the residual water. Target compounds were eluted
with 4 mL of methanol and 4 mL of 0.1% ammonium hydroxide (in
methanol) in sequence at a rate of 1 drop per second followed by an
ENVI-Carb™ tube (1 mL, 100 mg) for additional clean-up and collected
in a 15 mL PP centrifuge tube. Finally, the eluate was concentrated to
400 μL under a gentle stream of high-purity nitrogen gas at 40 °C, and
filtered using a disposable NORM-JECT® PP syringe (Henke-Sass Wolf
GmbH, Deutschland, Germany), fitted with a disposable 0.2 μm nylon
membrane filter (Merck Millipore, Cork, Ireland). Samples were stored
and analyzed in PP auto-sampler vials fitted with PP septa (Agilent
Tec., Santa Clara, CA, USA), as it has been shown that glass vials and
PTFE septa may cause loss of target compounds and increased contam-
ination, respectively (Yamashita et al., 2004).

2.4. Instrumental analysis and quality assurance/quality control (QA/QC)

The PFAAs in the extract were analyzed by a high-performance liq-
uid chromatography-tandem mass spectrometry system (HPLC-MS/
MS) that consisted of an HP 1100 HPLC system (Agilent Technologies)
interfacedwith aMicromassQuattro Ultima Ptmass spectrometer (Wa-
ters Corp.,Milford,MA) operated in the electrospray negative ionization
mode. The separation was achieved on an Agilent Zorbax XDB-C18 col-
umn (150 mm × 2.1 mm, aperture size 5 μm) after the injection of a
10 μL aliquot of sample extract. The column was maintained at 40 °C
during the sample analysis. Information related to the instrumental de-
termination is listed in Tables S3.

To minimize background contamination, samples or extracts were
prevented from contacting with poly tetrafluoroethylene (PTFE) or
other fluoropolymer materials during sample collection and prepara-
tion. During the pretreatment procedure, all containers and equipment
were pre-cleaned with methanol. Quantification of all PFAAs was con-
ducted using an internal standard calibration curve consisting of a con-
centration gradient (0.01, 0.1, 5, 10, 30, 50 μg/L) with the deviation of
every point from the regression line b20% from its theoretical value.
The standard calibration curve showed strong linearity (correlation co-
efficients, r2 N 0.99). The linearity and repeatability of these calibration
curves were confirmed prior to each set of determinations. The limit
of detection (LOD) for each analyte was evaluated as the smallest
mass of compound resulting in a ‘signal to noise’ (S/N) ratio that was
equal to or N3, and the limit of quantitation (LOQ) was defined as the
higher either the concentration in a standard yielding a S/N ratio of
10:1. The LODs and LOQs for target PFAAs ranged from 0.01 to
0.05 ng/g wet weight (ww) and 0.03 to 0.19 ng/g ww, respectively. In-
strumental blanks (methanol without internal standard) were analyzed
every six samples to monitor instrumental background. Instrumental
blanks gave signal-to-noise (S/N) values of less than three. The proce-
dural blanks (method blanks) prepared by Milli-Q water were spiked
with each of the four internal standards. Procedural blanks were ana-
lyzed with every batch of samples. Instrumental blanks and procedural
blanks were below the limit of quantification (LOQ). Analyte recovery
was determined using spiked samples to determine the accuracy of
Please cite this article as: Habibullah-Al-Mamun, M., et al., Occurrence an
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themethods.Matrix spike recoverywas determined by spiking of target
compounds into the samples (n = 3) at a level of 10 ng/g, followed by
the extraction and analysis as described in the previous section. The
mean recoveries of PFAAs spiked into the seafood samples were 82%–
119%. The detailed results of recovery, LOD, and LOQ for each compound
are given in Table S4 in the Supplementary information.

2.5. Daily intake calculation and dietary survey

Dietary intake is an imperative approach for the exposure assess-
ment of PFAAs to human. The estimated daily intake (EDI) (ng/kg-bw/
day) of PFOA, PFOS and total PFAAs via seafood consumption were cal-
culated according to the following equation [Eq. (1)] (USEPA, 2011;
Vassiliadou et al., 2015):

EDI ¼ C� FIR
ABW

ð1Þ

where C is the mean concentration (ng/g ww) of PFOA, PFOS and total
PFAAs in seafood (finfish and shellfish) samples, FIR is the seafood in-
take rate (g/day,wetweight basis), andABWis the average bodyweight
(60 kg for adults and 25 kg for children). Concentrations of zero were
assigned when any of the PFAAs was not detected above the LOD. The
EDI was calculated for two different age groups (i.e. adults (≥18 years)
and children (6–17 years)). The data of the daily intake of seafood for
the adults and children were obtained from a questionnaire-based die-
tary survey during our sampling campaign. The survey was conducted
in the same area(s) fromwhere seafood sampleswere 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 demo-
graphic characteristics (such as age, sex, level of education and occupa-
tion) of each interviewee was also recorded.

2.6. Statistical analysis

Statistical analyses were performed with IBM SPSS software (Ver-
sion 23.0, IBM Corp., NY, USA). The significance level was set at p =
0.05. Before analyzing, concentration values lower than the LODs were
set to LOD/2 (Succop et al., 2004). A statistical distribution test called
P–P plots was carried out to test for normality. Since the data set did
not follow a normal distribution, Spearman rank correlation analysis
was used to examine possible correlations among various PFAAs in
the samples. A one-way ANOVAwas performed to determine the signif-
icant difference between the concentrations of PFAAs detected in the
seafood samples from the coastal area of Bangladesh and seasonal vari-
ations bywhich the equal variances of the variables were tested. Spatial
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
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variations of PFAAs in seafood were analyzed using MapViewer™ soft-
ware (Version 8, Golden Software Inc., CO, USA).

3. Results and discussion

3.1. Occurrence, concentrations and distribution of PFAAs in seafood

In the present study, we demonstrated the presence of PFAAs in the
Bangladeshi seafood for the first time. A summary of the concentrations
and detection frequency (%) of PFAAs in the investigated seafood sam-
ples is shown in Table 2. All the fifteen target PFAAs were detectable
in the finfish samples for both seasons. On the contrary, PFPeA, PFHxA,
PFTeDA and PFHxS in winter, and PFHxA and PFHpA in summer were
not detected in shellfish samples. The detection frequencies of PFAAs
in this study were higher than those reported in some previous studies
(Gulkowska et al., 2006; Ye et al., 2008; Zhao et al., 2011), which might
be attributed to the relatively lower LOQs of the present study (Table
S4). Among the PFCAs, regardless of species, PFBA, PFPeA, PFHxA and
PFHpA had lower detection frequencies (0–44%) and mean concentra-
tions (bLOD–0.21 ng/g ww) than the other PFCAs, which can be attrib-
uted to the greater water solubility and lower bioaccumulation
potential of short-chain PFCAs (Holmstrom and Berger, 2008). PFDoDA
and PFTrDA in the finfish samples, whereas PFOA, PFNA, PFDA, PFDoDA
and PFTrDA in the shellfish sampleswere detectedwith higher frequen-
cies (50–100%) and mean concentrations (0.1–0.83 ng/g ww), which
could be explained by the fact that the environmental occurrence of
long-chain carboxylates may partly be a result of impurities of long-
chain compounds in the technical products of PFOA and PFNA and part-
ly a result of the degradation of other long-chain fluorinated chemicals,
such asfluorotelomer alcohols (Ellis et al., 2004; Holmstrom and Berger,
2008). On the other hand, among the PFSAs, PFBS and PFOS were the
most frequently detected PFAAs in seafood samples of the present
study with the higher detection frequencies (63–100%) and mean con-
centrations (0.44–1.23 ng/gww) than the other PFSAs (Table 2). In gen-
eral, the total concentrations of the PFAAs (sum of 15 PFAAs,ΣPFAAs) in
the finfish ranged from 0.32 to 8.71 ng/g ww in winter, and 0.80 to
14.58 ng/g ww in summer, whereas in the shellfish it was 1.31 to
7.18 ng/g ww in winter and 1.41 to 8.34 ng/g ww in summer (Table
Table 2
Concentrations (ng/g ww) and detection frequency (%) of PFAAs in seafood (finfish and shellfi

Seafood Season PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA

Finfish Winter Minimum bLODa bLOD bLOD bLOD bLOD bLOD bLOD
Maximum 0.60 0.80 0.73 1.12 0.21 0.29 0.50
Mean 0.13 0.21 0.12 0.15 0.05 0.08 0.06
Median 0.56 0.34 0.42 0.99 0.09 0.24 0.12
DFc 19 44 25 13 50 25 19

Summer Minimum bLOD bLOD bLOD bLOD bLOD bLOD bLOD
Maximum 0.72 0.65 0.65 1.08 0.40 1.56 1.20
Mean 0.13 0.18 0.12 0.21 0.08 0.32* 0.34*
Median 0.60 0.38 0.35 1.07 0.09 0.45 0.41
DF 19 44 25 19 44 56 69

Seasonal variation (p value) n.s. n.s. n.s. n.s. n.s. b 0.05 b 0.00
Shellfish Winter Minimum bLOD bLOD bLOD bLOD bLOD bLOD 0.12

Maximum 0.64 bLOD bLOD 0.66 1.26 2.11 1.34
Mean 0.12 bLOD bLOD 0.11 0.58 0.55 0.47
Median 0.64 bLOD bLOD 0.66 0.42 1.02 0.20
DF 13 0 0 13 100 50 100

Summer Minimum bLOD bLOD bLOD bLOD 0.24 bLOD bLOD
Maximum 0.66 0.19 bLOD bLOD 2.39 0.64 0.50
Mean 0.17 0.06 bLOD bLOD 0.83 0.29 0.23
Median 0.57 0.17 bLOD bLOD 0.67 0.35 0.28
DF 25 25 0 0 100 75 75

Seasonal variation (p value) n.s. n.a. n.a. n.a. n.s. n.s. n.s.

Values with asterisk (*) marks are significantly higher in the statistical comparison between gr
a Limit of detection (LOD): PFBA (0.05), PFPeA (0.03), PFHxA (0.03), PFHpA (0.04), PFOA (0

(0.03), PFBS (0.02), PFHxS (0.01), PFOS (0.02), PFDS (0.02) (ng/g ww);
b Limit of quantification (LOQ): PFBA (0.19), PFPeA (0.07), PFHxA (0.10), PFHpA (0.13), PFOA

(0.08), PFBS (0.09), PFHxS (0.03), PFOS (0.07), PFDS (0.07) (ng/g ww).
c Detection frequency (%).
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2). The present results indicated that the finfish were contaminated
with PFAAs significantly higher than the shellfish (p b 0.05), which
were in agreement with the findings reported in some previous studies
conducted elsewhere (Gulkowska et al., 2006; Ericson et al., 2008; Yang
et al., 2012; Wu et al., 2012). For both the finfish and shellfish samples,
majority of the monitored PFAAs did not show clear seasonal variation,
excepting the concentrations of PFNA, PFDA, PFHxS, and PFOS in finfish
which differed significantly between seasons (p b 0.05) with relatively
higher concentrations in summer samples (Table 2). Concentrations of
PFAAs in aquatic organisms is strongly dependent on the concentrations
of PFAAs in water (Hong et al., 2015). Therefore, the elevated levels of
these long-chain PFAAs (PFNA, PFDA and PFOS) might be due to the
higher concentration of PFAAs in water in summer, which probably
due to their specific seasonal usage or applications in certain industries
(e.g., the textile, paper, and leather industries) or the seasonal use of
consumer products, although the exact reasons for this phenomenon
are still unknown. Moreover, studies have shown that the long-chain
PFAAs (e.g. PFNA, PFDA and PFOS) are more bioaccumulative than the
other short-chain PFAA isomers (Hong et al., 2015).

Detailed results of the concentrations of PFAAs in finfish and shell-
fish for both seasons are presented in Fig. 1 and Tables S5 & S6. The
PFAAs concentrations in seafood varied, depending on the location
and the species. In general, the highest levels of total PFAAs were
found in Ilish (8.71 ng/g ww in winter, 14.58 ng/g ww in summer)
among the finfish species and Crab (7.18 ng/g ww in winter, 8.34 ng/g
ww in summer) among the shellfish species, while both of the samples
were collected from Chittagong. In finfish, the concentrations of total
PFAAs (ΣPFAAs) showed the following trend: Ilish N Sole N

Rupchanda N Poa N Loitta in both seasons. In particular, considering
both seasons, the highest concentrations of PFOA, PFNA, PFDA, PFDoDA
and PFTrDAamong thefinfish specieswere found in Poa (0.40ng/gww)
from Chittagong, Sole (1.56 ng/g ww) from Chittagong, Poa (1.20 ng/g
ww) from Sundarbans, Ilish (2.01 ng/g ww) from Bhola and Ilish
(1.98 ng/g ww) from Chittagong, respectively. The maximum concen-
trations of PFHxS and PFOS in finfish samples were observed in Ilish
(0.69 and 3.86 ng/g ww) from Chittagong. The reasons why Ilish
(Hilsa shad) exhibited relatively higher concentrations of PFAAs could
be explained by the following phenomena: [1] Ilish is a carnivorous
sh) in two seasons (winter and summer) collected from the coastal area of Bangladesh.

PFUnDA PFDoDA PFTrDA PFTeDA PFBS PFHxS PFOS PFDS ∑PFAAs

bLOD bLOD bLOD bLOD bLOD bLOD 0.21 bLOD 0.32
0.76 1.90 1.77 0.77 0.73 0.09 2.41 1.46 8.71
0.15 0.39 0.39 0.08 0.29 0.02 0.64 0.20 2.97
0.71 0.14 0.31 0.43 0.51 0.07 0.45 0.72 2.28
25 75 75 13 69 13 100 25 100
bLOD bLOD bLOD bLOD bLOD bLOD 0.10 bLOD 0.80
0.88 2.01 1.98 1.34 1.47 0.69 3.86 2.02 14.58
0.13 0.43 0.43 0.28 0.49 0.20* 1.23* 0.22 4.78
0.45 0.28 0.19 0.38 0.73 0.48 0.80 0.57 3.50
25 63 81 44 63 50 100 25 100

1 n.s. n.s. n.s. n.s. n.s. b 0.05 b 0.01 n.s. n.s.
bLOD bLOD bLOQb bLOD bLOD bLOD 0.21 bLOD 1.31
0.98 0.31 0.49 bLOD 0.80 bLOD 1.61 0.71 7.18
0.19 0.09 0.14 bLOD 0.38 bLOD 0.76 0.11 3.59
0.72 0.10 0.21 bLOD 0.40 bLOD 0.74 0.40 2.71
25 63 50 0 88 0 100 25 100
bLOD bLOD bLOD bLOD bLOD bLOD 0.10 bLOD 1.41
1.17 0.24 0.54 0.12 1.58 0.36 1.99 1.08 8.34
0.23 0.11 0.17 0.03 0.51 0.05 0.44 0.21 3.39
0.56 0.15 0.21 0.12 0.75 0.36 0.25 0.22 2.30
38 75 63 13 63 13 100 50 100
n.s. n.s. n.s. n.a. n.s. n.a. n.s. n.s. n.s.

oups (winter vs. summer); n.s.: not significant; n.a.: not applicable.
.01), PFNA (0.03), PFDA (0.02), PFUnDA (0.02), PFDoDA (0.01), PFTrDA (0.02), PFTeDA

(0.03), PFNA (0.10), PFDA (0.07), PFUnDA (0.04), PFDoDA (0.03), PFTrDA (0.05), PFTeDA

d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
17), http://dx.doi.org/10.1016/j.marpolbul.2017.02.053

http://dx.doi.org/10.1016/j.marpolbul.2017.02.053


Fig. 1. Concentrations of PFAAs in seafood (finfish and shellfish) collected from the coastal areas of Bangladesh in the two seasons (winter and summer) in 2015. In figure, CX: Cox's Bazar,
CT: Chittagong, BH: Bhola, SN: Sundarbans.
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species that tends to concentrate contaminants to a higher degree than
other species (Das and Das, 2004); [2] It is an anadromous species
which migrates from the sea to the rivers for spawning. Consequently,
this species is habitated to different ecosystems (marine, estuarine,
brackish and freshwater) and exposed to various degree of contamina-
tion; [3] Ilish has a larger body surface areawith a very thin layer of skin
and a larger gill surface area that facilitate the process of accumulation
of the contaminants like PFAAs from water column into the fish body.
Butt et al. (2010) reported that PFAAs can undergo bioconcentration
via gills in fish although the main uptake is through their diet. Among
the shellfish species, the highest concentrations of PFOA, PFNA and
PFDA were found in Crab (2.39, 2.11 and 1.34 ng/g ww) from Chitta-
gong, whereas the maximum concentrations of PFDoDA and PFTrDA
were found in Crab (0.31 ng/g ww) from Bhola and Shrimp (0.54 ng/g
ww) from Cox's Bazar, respectively. The highest concentrations of
PFBS, PFOS and PFDS in shellfish were respectively found in Crabs
from Cox's Bazar (1.58 ng/g, ww), Chittagong (1.99 ng/g, ww) and Chit-
tagong (1.08 ng/g, ww) (Fig. 1). In general, the concentrations of total
PFAAs (ΣPFAAs) in Crabs were higher than that in Shrimps for both sea-
sons. This can be explained as Crab is a typical benthic organism, also
known as a scavenger that tends to feed on detritus which is the most
contributing factor to the high pollution in crabs (Ip et al., 2005). It
also feed on algae and other benthic organisms including mollusks,
worms, other crustaceans, fungi and bacteria. The benthic feeders are
likely to be exposed to contaminants from a variety of sources such as
sediments and pore waters, along with prey species (Oosterom et al.,
2010). The bottom dwelling organisms were found to be more prone
to bioaccumulation of chemical contaminants than pelagic organisms
as sediments have capacity to trap contaminants. Martin et al. (2004)
reported that sediments must be a major source of perfluorinated con-
taminants which may be a result of the sorption of PFAAs to organic
matter, followed by sedimentation and subsequent uptake by benthic
invertebrates, particularly crabs. Moreover, crabs also possess gills
with a relatively larger surface areawhich could facilitate the accumula-
tion of PFAAs into crab's body since gill can continuously transfer the or-
ganic pollutants from both water and suspended particles onto its
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surface that are subsequently distributed throughout the whole body
via blood (Yang et al., 2007).

Patterns of the relative contribution of individual PFAA (% composi-
tion) to the total PFAAs in the Bangladeshi seafood are presented in Fig.
2. In finfish, PFOS contributed 11–30% of the total PFAAs followed by
PFBS (5–22%), PFDoDA (3–15%), PFTrDA (5–13%) and PFNA (3–10%)
whereas in shellfish, PFOS contributed 5–56% followed by PFBS (7–
35%) and PFOA (7–29%), while the other PFAAs contributed fewer per-
centages to the total PFAAs (Fig. 2; Tables S5& S6). Themean concentra-
tions of PFOS and PFOA ranged from 0.64 to 1.23 and 0.5 to 0.08 ng/g
ww infinfish,whereas 0.44 to 0.76 and 0.58 to 0.83 ng/gww in shellfish,
respectively. The present study revealed that PFOSwas abundant in fin-
fish, whereas PFOA was abundant in shellfish (Fig. 2) and the similar
trends were also observed in many related studies (Gulkowska et al.,
2006; Ericson et al., 2008; Ye et al., 2008; Wu et al., 2012; Fang et al.,
2014). However, the different composition of PFAAs between finfish
and shellfish in the present study might be attributed to the different
bioaccumulation potential of PFAAs in different seafood species accord-
ing to their position in the trophic level, feeding habit, physiological ac-
tivities and contaminant physical-chemical properties (Gulkowska et
al., 2006; Zhou et al., 2007;Wu et al., 2012; Fang et al., 2014). Therefore,
more in-depth studies on the bioaccumulation characterization of
PFAAs in different seafood species might be fruitful for better under-
standing of the present results.

The spatial distributions of PFAAs were investigated in seafood
collected from the coastal area of Bangladesh and the variations in the
average of total PFAAs are presented in Fig. 3. In finfish, the highest
mean concentration of total PFAAs were found in samples from Bhola
(4.11 ng/g ww) in winter, whereas samples from Chittagong showed
the highest value (6.56 ng/g ww) in summer. On the other hand,
shellfish samples from Chittagong exhibited themaximummean levels
of total PFAAs in winter (5.14 ng/g ww) and summer (5.47 ng/g ww),
respectively. In general, the mean concentration of total PFAAs (ng/
g ww) in the investigated seafood seemed to have the following trends:
Chittagong N Bhola N Cox's Bazar N Sundarbans, and Chittagong N Cox's
Bazar N Bhola N Sundarbans in winter and summer, respectively (Fig.
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
17), http://dx.doi.org/10.1016/j.marpolbul.2017.02.053

http://dx.doi.org/10.1016/j.marpolbul.2017.02.053


Fig. 2. Relative contribution of individual PFAAs (% composition) to the total PFAAs in the Bangladeshi seafood (finfish and shellfish) in the two seasons. In figure, CX: Cox's Bazar, CT:
Chittagong, BH: Bhola, SN: Sundarbans.
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S2). The level of contamination in seafoodwith the PFAAs is significantly
affected by environmental factors such as water and sediment (Wu et
al., 2012), since the aquatic organisms are primarily exposed to the con-
taminants like PFAAs from water and sediment. The aquatic environ-
ment of Chittagong area receives a huge amount of untreated or semi-
treated urban, industrial, agricultural wastewater and sludge either di-
rectly or indirectly through the Karnaphuli river, the most polluted
river in Chittagong division. Also, this area is severely influenced by
the port activities, fire training facilities by the fire service department
and airport, ship breaking industries and numerous multifarious indus-
tries located along the Chittagong coast. The ship breaking activities
may contribute to the PFAAs pollution in the adjacent areas as disman-
tling ships could originate various kinds of inorganic and organic pollut-
ants including PFAAs (Watkinson, 2013). Furthermore, the coastal area
of Cox's Bazar is also getting polluted day by day due to unplanned ur-
banization and industrialization in recent years.Municipal and industri-
al wastewater without any treatment are being discharged directly to
the Bay of Bengal through the Bakkhali Estuary. As a consequence,
water and sediment contaminated by PFAAs might be attributed to
the higher mean concentrations of ΣPFAAs in seafood from these
areas. However, the mean ΣPFAAs concentrations in seafood showed
Fig. 3. Seasonal and spatial variation of average∑PFAAs in seafood (finfish and shellfish) from
Bangladesh.
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that high concentrations are not only found in locations in proximity
to the fastest growing industrial areas, as is the case of Chittagong and
Cox's Bazar, but might also occur in less industrialized areas. This is
clearly the case for seafood samples from Bhola which is an unindustri-
alized or less industrialized and exclusively an estuarine area (Meghna
Estuary). It should be noted, however, that a large volume of municipal
and industrial effluents from the major cities of the middle and upper
part of the country through numerous inland rivers finally find their
way to the Bay of Bengal in the Meghna Estuary, and thus polluting
the environmental matrices (water, sediment and biota) in this area.
In general, the present study revealed that the seafood of the southeast
part (Chittagong and Cox's Bazar) of the Bangladeshi coastal area was
more contaminatedwith PFAAs than the south (Bhola,Meghna Estuary)
and southwest part (Sundarbans) because of higher intensity of recent
developments in the coastal areas of Bangladesh which are character-
ized by the modern industrialization and urbanization activities.

Spearman rank correlations (p b 0.01) among the individual PFAAs
for both the finfish and shellfish and all seafood samples are presented
in Table S7. PFNA/PFDA, PFUnDA/PFDS, PFTrDA/[PFDoDA, PFTeDA],
PFOS/[PFDoDA, PFTrDA], PFBS/[PFTrDA, PFTeDA] in finfish, and PFOA/
[PFNA, PFUnDA], PFDoDA/[PFDA, PFTrDA], PFOS/PFBS in shellfish,
the coastal areas of Bangladesh. Colored area in the insetmap represents the coastal area of
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whereas PFOA/[PFNA, PFDA], PFUnDA/PFDS, PFTrDA/[PFDoDA, PFOS],
PFBS/[PFTeDA, PFOS] (considering both thefinfish and shellfish samples
as a whole, i.e. seafood) were found to be significantly correlated
(p b 0.01), with the correlation coefficient of (0.502–0.715), which sug-
gested that these compounds probably had a common pollution source
in the same region while the others might be originated from different
or multiple sources.

3.2. Comparison with previous studies worldwide

In the environmental research, comparison of monitoring data with
other related studies is a very insightful and informative attempt/task
which could give an overall idea about the degree of contamination
and sources of the contaminants as well, particularly for a newly ex-
plored study. Contrary, species to species comparison is very difficult
since the same species might not be available everywhere around the
world. The distribution of a particular species is solely dependent on
the geographical conditions. In this case, we could consider the category
or sub-category of species rather than a single species, e.g. seafood (fin-
fish and shellfish). Moreover, the fate and distribution of chemical con-
taminants like PFAAs might be influenced by the geomorphological
characteristics or climatic conditions of the aquatic environments of dif-
ferent regions, such as tropical, sub-tropical and temperate. Taking
these into account, in this paper, we tried to make a rough comparison
of the levels of PFAAs in seafood samples of the present study with the
reported data worldwide and summarized in Table 3. In general, Table
3 reveals that PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFHxS, and PFOS
are the compounds that could be detected more frequently in seafood
samples around the world, while PFOS and PFOA were the most abun-
dant PFAAs. The concentration range of PFOS in finfish (0.10–
3.86 ng/g ww) from our research was comparable or lower than those
observed in Baltic sea, Sweden (Berger et al., 2009), Mediterranean fin-
fish (Vassiliadou et al., 2015), Ohio,Missouri, andMississippi rivers, USA
(Ye et al., 2008), Canadian marine fish (Tittlemier et al., 2007), Guang-
zhou and Zhoushan (Gulkowska et al., 2006), but higher than that
from Catalan market, Spain (Ericson et al., 2008), Hong Kong marine
fish (Zhao et al., 2011), Nunavut in Canada (Ostertag et al., 2009), and
coastal areas of China (Wu et al., 2012). Moreover, the levels of PFOS
in shellfish (0.10–1.99 ng/g ww) in the present study were comparable
or less than those measured from Mediterranean shellfish (Vassiliadou
et al., 2015), retail shellfish in USA (Young et al., 2013), Guangzhou
and Zhoushan (Gulkowska et al., 2006), municipal market in China
(Zhang et al., 2011), but higher than that observed in shellfish from
coastal areas of Catalonia (Domingo et al., 2012), Nunavut in Canada
(Ostertag et al., 2009), coastal areas of China (Wu et al., 2012) and Cat-
alan market, Spain (Ericson et al., 2008).

In the present study, PFOA level in finfish (bLOD–0.40 ng/gww)was
comparable or lower than those reported from L. Vättern and the Baltic
Sea, Sweden (Berger et al., 2009), Catalan market, Spain (Ericson et al.,
2008), Mediterranean finfish (Vassiliadou et al., 2015), Hong Kong ma-
rine fish (Zhao et al., 2011), Ohio, Missouri, and Mississippi rivers, USA
(Ye et al., 2008) and coastal areas of China (Wu et al., 2012). Further-
more, the concentration range of PFOA in shellfish (bLOD–2.39 ng/g
ww) from our study was higher than that of coastal areas of Catalonia
(Domingo et al., 2012), Guangzhou and Zhoushan (Gulkowska et al.,
2006), municipal market in China (Zhang et al., 2011), Catalan market,
Spain (Ericson et al., 2008), but lower than the level of PFOA observed
in shellfish (b0.005–7.543 ng/g ww) from coastal areas of China (Wu
et al., 2012) (Table 3). The concentration of PFNA and PFDA in the pres-
ent study was higher than those measured in L. Vättern and the Baltic
Sea, Sweden (Berger et al., 2009), Mediterranean seafood (Vassiliadou
et al., 2015), Hong Kong marine fish (Zhao et al., 2011), coastal areas
of China (Wu et al., 2012), coastal areas of Catalonia (Domingo et al.,
2012), retail fish in USA (Young et al., 2013), Guangzhou and Zhoushan
(Gulkowska et al., 2006), municipal market in China (Zhang et al.,
2011), while lower than that of Ohio, Missouri, and Mississippi rivers,
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USA (Ye et al., 2008). Moreover, the concentrations of PFUnDA, PFDoA
and PFHxS in the present study were comparable to or lower than
those reported in other studies (Berger et al., 2009; Vassiliadou et al.,
2015; Zhao et al., 2011; Ye et al., 2008; Gulkowska et al., 2006; Wu et
al., 2012; Domingo et al., 2012; Zhang et al., 2011) (Table 3). The infor-
mation about the concentrations of other PFAAs (e.g. PFBA, PFPeA,
PFHxA, PFHpA, PFTrDA, PFTeDA, PFBS, and PFDS) in seafood (finfish
and shellfish) from other studies was scarce (Table 3). However, as
mentioned above, it should be taken into account that the characteris-
tics and habitats or position in the trophic levels for different species
may be attributed to different bioaccumulation levels of a particular
PFAA compound. To address this phenomenon, more comprehensive
studies would be necessary by giving emphasis to the source- or com-
pound-, or concentration-specific bioaccumulations of PFAAs against
various habitats and environments. Wu et al. (2012) also concluded
that the environmental concentrations of PFAAs in different countries
were not comparable, which could be considered as another factor for
the difference of the comparisons mentioned above.

3.3. Exposure assessment of dietary PFAAs from seafood consumption

Seafood (finfish and shellfish) consumption has been suggested as
the major source of human dietary PFAAs exposure (Ericson et al.,
2008; Berger et al., 2009; Hlouskova et al., 2013). Haug et al. (2010) re-
ported that the intake of seafoodwas the largest contributor to the total
dietary intake of PFAAs, representing 81% for PFOS and 38% for PFOA of
the estimated daily intake. To assess potential impacts on human health
resulting from the consumption of contaminated seafood a risk assess-
ment based upon a defined tolerable daily intake (TDI) is needed. Al-
though there are no internationally agreed TDIs for PFAAs, values for
PFOS and PFOA proposed by several national or international organiza-
tions are available. The UK Committee on Toxicity of Chemicals in Food,
Consumer Products and the Environment (COT) recommended a TDI of
300 ng/kg for PFOS, while for PFOA, a TDI of 3000 ng/kg was suggested
(COT, 2006). On the other hand, oral reference dose (RfD) values for
most PFAAs have not been established yet by any government or regu-
latory agency. However, provisional RfDs for PFOS and PFOA have been
estimated on the basis of a rat chronic carcinogenicity study and a rat
multigenerational study, respectively. On this basis, the provisional
RfDs would be 25 and 333 ng/kg/day for PFOS and PFOA, respectively
(Thayer, 2002; Gulkowska et al., 2006). Furthermore, for PFOS, the Sci-
entific Panel on Contaminants in the Food Chain (CONTAM) identified
30 μg/kg-bw/day as the lowest no-observed-adverse-effect level
(NOAEL) (effect: changes in lipids and thyroid hormones) from a sub-
chronic study in Cynomolgus monkeys to derive a provisional TDI of
150 ng/kg-bw/day by applying an overall uncertainty factor (UF) of
200 to the NOAEL (EFSA, 2008). Moreover, after reviewing a number
of toxicological studies on PFOA, the CONTAM Panel established a TDI
for PFOA of 1500 ng/kg/day by applying an overall UF of 200 to the
lower confidence limit of the benchmark dose for a 10% effect size
(BMDL10) of 0.3 mg/kg/day which was derived from a subchronic
study in male rats with the endpoints of hepatocellular hypertrophy
and increased liver weight (EFSA, 2008). The recommended TDIs for
PFOS and PFOA (EFSA, 2008) of 150 and 1500 ng/kg/day, respectively,
are remarkably higher than the suggested provisional RfDs.

Themean seafood intake rate and the estimated daily intake (EDI) of
PFOA, PFOS and total PFAAs by the adults and children in the coastal
area of Bangladesh for both seasons (winter and summer) are presented
in Table 4. No obvious seasonal and/or regional variation was found
concerning the seafood consumption rate for the Bangladeshi coastal
residents (p N 0.05). The data revealed that the EDI of PFOAwas relative-
ly higher from shellfish consumption and the EDI of PFOS was higher
from finfish consumption for both the adults and children (Table 4),
while the differences in EDI values were related to the amounts of sea-
food consumed as well as the concentrations of PFOA and PFOS in the
investigated samples. In general, the EDIs (ng/kg-bw/day) of PFOA
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
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Table 3
Comparison of PFAAs concentrationsa (ng/g ww) in seafood (finfish and shellfish) samples of the present study with the reported data worldwide.

Sampling site Sampling
year

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA

Finfish
Baltic Sea, Sweden 2001 – – – – b0.10–0.39 b0.08–0.47 b0.08–0.34
L. Vättern, Sweden 2001 – – – – b0.10–0.25 b0.08–0.71 0.13–0.81
Catalan Market, Spain 2006 – – – b0.002 b0.065 – –
Mediterranean finfish (Greece) 2011 bLOD bLOD bLOD bLOD bLOD bLOD–0.60 bLOD–0.65
Hong Kong marine fish 2009 – – – – bLOD bLOD–0.65 bLOD
Three rivers of USA 2005 – – b4.00–18.4 b0.20–4.03 b0.20–2.10 b0.20–5.89 b0.20–9.01
Marine fish, Canada 2004 – – – b0.4 b0.5 b1 b2
Inuit in Nunavut (Canada) 1997–98 – – – – b0.2 – –
Guangzhou and Zhoushan, China 2004 – – b0.25 b0.25 b0.25 b0.25 b0.25
Coastal areas in China 2007 – – – – b0.005–7.543 b0.003–0.588 –
Coastal area, Bangladesh 2015 bLOD–0.72 bLOD–0.80 bLOD–0.73 bLOD–1.12 bLOD–0.40 bLOD–1.56 bLOD–1.20

Shellfish
Coastal areas of Catalonia (Spain) 2009 – – bLOD bLOD b0.068–0.098 0.03–0.26 bLOD
Catalan Market, Spain 2006 – – – b0.002 b0.029 – –
Mediterranean shellfish (Greece) 2011 bLOD bLOD–4.94 bLOD bLOD bLOD bLOD–1.27 bLOD–1.73
Retail shellfish, USA 2010–12 – – – – – bLOD–1.2 bLOD–3.40
Inuit in Nunavut (Canada) 1997–98 – – – – b0.4 – –
Guangzhou and Zhoushan, China 2004 – – b0.25–0.29 b0.25 b0.25–1.67 b0.25–0.61 b0.25–0.30
Municipal market in China 2009 – – b0.10 b0.10–0.32 b0.10–1.68 b0.10–0.49 b0.10–0.81
Coastal areas in China 2007 – – – – b0.005–7.543 b0.002–0.588 –
Coastal area, Bangladesh 2015 bLOD–0.66 bLOD–0.19 bLOD bLOD–0.66 bLOD–2.39 bLOD–2.11 bLOD–1.34

a The data presented as ranges with minimum–maximum values.
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and PFOS from seafood consumption (EDIFinfish + Shellfish) ranged from
0.06 to 0.85 and 0.94 to 2.16 for adults, whereas it was 0.08 to 1.32
and 1.08 to 2.85 for children, respectively (Table 4). Thus, the children
of Bangladeshi coastal area were exposed slightly higher to the dietary
PFAAs in seafood than that for the adults, whichmight be due to the rel-
atively lower average body weight for the children since the EDI values
were calculated for per kg body weight of the consumers. Furthermore,
the highest EDI of PFOA, PFOS and total PFAAswere found in Chittagong
area for both the adults and children in the both seasons (Table 4), elu-
cidating that the coastal residents in the Chittagong area were more
prone to PFAA burden health hazard from seafood consumption.

The EDI (ng/kg-bw/day) of PFOA and PFOS in seafood for adults from
other related studies worldwide are shown in Table 5. The results from
the present study revealed that the EDIFinfish + Shellfish of PFOA for the
Bangladeshi coastal adults were comparable to or lower than the values
reported from Norway (Haug et al., 2010), Hong Kong (Zhao et al.,
2011), and coastal areas in China (Wu et al., 2012), but higher than
the data obtained from Guangzhou and Zhoushan in China
(Gulkowska et al., 2006), Tianjin, Nanchang, Wuhan, and Shenyang in
China (Zhang et al., 2011), and Greece (Vassiliadou et al., 2015). On
the other hand, the EDIFinfish + Shellfish of PFOS were higher than the EDI
values reported from Spain (Ericson et al., 2008), Sweden (Berger et
al., 2009) and China (Zhang et al., 2011; Wu et al., 2012), but similar
to or lower than that from Zhoushan in China (Gulkowska et al.,
2006), Norway (Haug et al., 2010), Hong Kong (Zhao et al., 2011), and
Greece (Vassiliadou et al., 2015). Furthermore, Wu et al. (2012) report-
ed an EDI of total PFAAs from seafood consumption at the range of 0.115
to 2.513 pg/kg-bw/day for the adults living in the coastal areas in China
whichweremuch lower than the results fromour study. Therewas little
information about the EDI of PFAAs in seafood for the children from
other studies. However, Zhang et al. (2011) reported EDIs of PFOA
(0.17 to 0.37 ng/kg-bw/day) and PFOS (0.13 to 2.11 ng/kg-bw/day)
for the children (6 to 17 years) from consumption of fish and seafood
in three cities of China (Nanchang, Wuhan, and Shenyang) which
were comparable or slightly lower than our results (PFOA: 0.08 to
1.32 ng/kg-bw/day; PFOS: 1.08 to 2.85 ng/kg-bw/day). The major rea-
sons to explain the discrepancy of EDIs in the different researches men-
tioned above are related to the amounts of seafood consumed, PFAAs
levels measured in seafood samples as well as variation in seafood spe-
cies investigated from each study.
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The present study revealed that the EDI of PFOA and PFOS through
seafood consumption were much lower than the EFSA recommended
TDIs for PFOA and PFOS at 1500 ng/kg/day and 150 ng/kg/day, respec-
tively (EFSA, 2008). Furthermore, assuming the toxicological concern
for the other PFAAs (e.g. PFCAs: PFBA, PFPeA, PFHxA, PFHpA, PFNA,
PFDA, PFUnDA, PFDoDA, PFTrDA, and PFTeDA; PFSAs: PFBS, PFHxS,
and PFDS) similar to the health hazard of dietary PFOA or PFOS, the
EDIs of total PFAAs through seafood consumption by the Bangladeshi
coastal residents (3.42–9.67 ng/kg-bw/day for adults and 4.10–12.82
ng/kg-bw/day for children) are still far below the EFSA recommended
TDIs or other guidelines currently available asmentioned above. There-
fore, this study elucidated that the coastal residents of Bangladeshwere
not significantly exposed to PFAAs via the consumption of seafood.
However, the datamentioned abovewere calculated from themean es-
timated daily intakes. Thus, the potential health risk should not be ig-
nored for the residents with much higher seafood consumption.
Furthermore, people could be exposed to PFAAs through consumption
of other foodstuffs (e.g. drinking water, rice, meat, milk, eggs, vegeta-
bles, etc) and via non-dietary routes (e.g. inhalation and dermal con-
tact) and thus, the real exposure of PFAAs to the Bangladeshi coastal
residents would be greater than that estimated in this study.

4. Conclusion

This study provides national baseline data on the contamination
status of PFAAs in several species of commonly consumed seafood
from the coastal area of Bangladesh collected in winter and summer,
2015. The results indicated that there still existed a variety of PFAAs
in seafood. PFOSwas themost abundant PFAA in all samples. Themajor-
ity of the monitored PFAAs did not show clear seasonal variation. How-
ever, the levels and composition profiles of PFAAs in seafood varied
depending on the location and the species. The seafood from southeast
part of the Bangladeshi coastal area (Cox's Bazar and Chittagong) exhib-
ited relatively higher levels of PFAAs than that from the south (Bhola)
and southwest part (Sundarbans). Among the seafood species, Ilish
(Hilsa shad) in the finfish group and Crab (mud crab) in the shellfish
group showed the highest concentrations of total PFAAs, both of
which were collected from Chittagong. According to the result from
the dietary exposure assessment, most of the coastal residents in
Bangladesh were not significantly exposed to PFAAs burden health
d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
17), http://dx.doi.org/10.1016/j.marpolbul.2017.02.053
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Table 3
Comparison of PFAAs concentrationsa (ng/g ww) in seafood (finfish and shellfish) samples of the present study with the reported data worldwide.

PFUnDA PFDoDA PFTrDA PFTeDA PFBS PFHxS PFOS PFDS References

b0.08–0.61 b0.08–0.15 b0.10–0.38 b0.15 – b0.02–0.20 0.47–3.34 – Berger et al., 2009
0.09–0.89 b0.08–0.53 b0.10–1.83 b0.15–0.65 – b0.02–0.80 0.97–23.1 – Berger et al., 2009
– – – – – – 0.271–0.654 – Ericson et al., 2008
bLOD–1.50 bLOD–1.86 bLOD bLOD bLOD–0.45 bLOD bLOD–20.37 bLOD Vassiliadou et al., 2015
bLOD–0.71 bLOD bLOD–0.75 – – – bLOD–1.5 – Zhao et al., 2011
b0.40–48.0 b0.20–4.13 – – b0.20–0.64 b0.20–8.14 b10.0–1250 – Ye et al., 2008
b1 b0.8 – b5 – – 2.6 – Tittlemier et al., 2007
– – – – – – b0.5 – Ostertag et al., 2009
0.35–0.65 – – – – b0.25 0.38–2.93 – Gulkowska et al., 2006
b0.002–1.126 – – – – – b0.001–1.627 – Wu et al., 2012
bLOD–0.88 bLOD–2.01 bLOD–1.98 bLOD–1.34 bLOD–1.47 bLOD–0.69 0.10–3.86 bLOD–2.02 This study

b0.045–0.22 bLOD bLOD bLOD bLOD bLOD b0.045–0.54 bLOD Domingo et al., 2012
– – – – – – 0.148 – Ericson et al., 2008
bLOD–2.76 bLOD–1.36 bLOD bLOD bLOD–1.37 bLOD bLOD–5.15 bLOD Vassiliadou et al., 2015
bLOD–6.54 bLOD – – – bLOD bLOD–6.29 – Young et al., 2013
– – – – – – b0.2 – Ostertag et al., 2009
0.27–0.93 – – – – b0.25 0.33–13.9 – Gulkowska et al., 2006
b0.10–2.94 b0.10–0.37 – – – b0.10–0.13 b0.10–1.94 – Zhang et al., 2011
b0.002–0.509 – – – – – b0.001–0.593 – Wu et al., 2012
bLOD–1.17 bLOD–0.31 bLOD–0.54 bLOD–0.12 bLOD–1.58 bLOD–0.36 0.10–1.99 bLOD–1.08 This study
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hazard from seafood consumption depending on the recommended
levels of dietary intake at least for those PFAAs for which information
is currently available. Since this is a preliminary health risk assess-
ment, investigations should be promoted by performing with larger
numbers of species with different origins, and gender, age, occupa-
tion and eating habit of the consumers need to be taken into consid-
eration. In addition, the elevated level of PFAAs in seafood as well as
Table 4
The estimated daily intake (EDI) of PFOA, PFOS and total PFAAs via seafood consumption for th

Coastal area Type

Mean concentration
(ng/g ww)

Seafood
consumption

(g/day)

PFOA PFOS
Total
PFAAs

Adult Child

Winter
Cox's Bazar Finfish 0.04 0.52 2.57 85 39

Shellfish 0.62 0.61 3.79 21 12
EDI(Finfish+Shellfish)

Chittagong Finfish 0.11 0.73 3.08 87 42
Shellfish 1.21 0.66 6.70 24 14
EDI(Finfish+Shellfish)

Bhola Finfish 0.03 0.69 4.28 67 31
Shellfish 0.36 0.59 4.04 18 10
EDI(Finfish+Shellfish)

Sundarbans Finfish 0.01 0.64 2.15 69 33
Shellfish 0.15 1.18 3.97 19 11
EDI(Finfish+Shellfish)

Summer
Cox's Bazar Finfish 0.11 1.01 3.29 88 41

Shellfish 0.56 0.23 3.73 19 13
EDI(Finfish+Shellfish)

Chittagong Finfish 0.13 1.24 5.36 85 44
Shellfish 1.82 1.12 5.64 22 15
EDI(Finfish+Shellfish)

Bhola Finfish 0.01 1.17 3.43 70 33
Shellfish 0.67 0.13 2.12 16 13
EDI(Finfish+Shellfish)

Sundarbans Finfish 0.01 1.64 2.28 71 35
Shellfish 0.27 0.28 2.08 21 11
EDI(Finfish+Shellfish)

a Data obtained from dietary questionnaire survey.
b Average body weight was 60 kg for adults and 25 kg for children.

Please cite this article as: Habibullah-Al-Mamun, M., et al., Occurrence an
seafood from the coastal area of Bangladesh, Marine Pollution Bulletin (20
relatively higher dietary PFAAs exposure from seafood consumption
in the southeast coastal area of Bangladesh warrants an attention
that should be paid to the environment quality in this rapidly indus-
trialized and urbanized area with more studies on the sources, fate
and distribution of PFAAs into the coastal aquatic environment and
overall, the countermeasures to improve the environmental quality
in the study area is recommended.
e coastal residents (adults and children) of Bangladesh.

a
EDI (ng/kg–bw/day)

Adultb Childrenb

ren PFOA PFOS
Total
PFAAs

PFOA PFOS
Total
PFAAs

0.06 0.74 3.65 0.07 0.81 4.01
0.22 0.21 1.33 0.30 0.29 1.82
0.28 0.95 4.97 0.36 1.10 5.83
0.16 1.05 4.47 0.18 1.22 5.18
0.48 0.26 2.68 0.68 0.37 3.75
0.64 1.32 7.15 0.86 1.59 8.93
0.03 0.77 4.78 0.03 0.85 5.30
0.11 0.18 1.21 0.14 0.23 1.62
0.14 0.94 5.99 0.18 1.08 6.92
0.01 0.74 2.47 0.01 0.85 2.84
0.05 0.37 1.26 0.07 0.52 1.75
0.06 1.11 3.73 0.08 1.37 4.59

0.16 1.48 4.82 0.18 1.65 5.39
0.18 0.07 1.18 0.29 0.12 1.94
0.33 1.55 6.00 0.47 1.77 7.33
0.18 1.75 7.60 0.23 2.18 9.44
0.67 0.41 2.07 1.09 0.67 3.38
0.85 2.16 9.67 1.32 2.85 12.82
0.01 1.37 4.00 0.01 1.55 4.53
0.18 0.04 0.56 0.35 0.07 1.10
0.19 1.41 4.57 0.36 1.62 5.63
0.01 1.94 2.70 0.01 2.30 3.19
0.09 0.10 0.73 0.12 0.13 0.91
0.10 2.04 3.42 0.13 2.42 4.10

d assessment of perfluoroalkyl acids (PFAAs) in commonly consumed
17), http://dx.doi.org/10.1016/j.marpolbul.2017.02.053
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Table 5
The estimated daily intake (EDI) of PFOA and PFOS in seafood for adults from other studies.

Study area Year
EDI (ng/kg-bw/day)

Reference
PFOA PFOS

Guangzhou (China) 2004 0.514 3.22 Gulkowska et al., 2006
Zhoushan (China) 2004 0.6 2.13 Gulkowska et al., 2006
Tarragona County (Catalonia, Spain) 2006 – 0.541 Ericson et al., 2008
Baltic Sea (Sweden) 2001 – 0.15–0.62 Berger et al., 2009
Coastal and inland areas (Norway) 2003 0.6–1.4 4.7–5.9 Haug et al., 2010
Tianjin Binhai New Area (China) 2008 – 20.6–62.5 Chen et al., 2011
Hong Kong 2009 3.3 ± 0.54 2.4 ± 2.9 Zhao et al., 2011
Tianjin, Nanchang, Wuhan, and Shenyang (China) 2009 0.13–0.28 0.10–1.58 Zhang et al., 2011
Coastal areas in China 2007 0.008–0.914 0.037–0.694 Wu et al., 2012
Attika (Greece) 2011 0.05–0.20 0.42–10.48 Vassiliadou et al., 2015
Coastal area of Bangladesh 2015 0.06–0.85 0.94–2.16 This study

Note: Sign ‘–’ denotes ‘not available’
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