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Abstract In the present study, sediments and biotas from
two freshwater lakes in Yangze delta area were collected
and analyzed for polybrominated diphenyl ethers (PBDEs)
and methoxylated PBDEs (MeO-PBDEs). The concentra-
tions of PBDEs in sediments and biotas ranged from 0.41
to 5.8 ng/g dry weight and from 4.6 to 100 ng/g lipid
weight, respectively, while those of MeO-PBDEs were
much lower (sediment: <LOQ-0.014 ng/g dry weight,
biota: <LOQ-2.1 ng/g lipid weight). The levels of both
brominated substances in sediments and biotas were in the
moderate to low range compared with other studies. Dif-
ferent BDE congeners were found between two lakes
probably due to the different exogenous sources and
metabolic stages. Similar occurrence of higher brominated
congeners (e.g., BDE-209) in sediments and biotas indi-
cated sediments as a possible source of PBDEs for biotas.
The different contribution of lower and higher brominated
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congeners between sediments and biotas may be due to the
combined effect of biotransformation and bioavailability.
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Introduction

Polybrominated diphenyl ethers (PBDEs) have been widely
used as additive flame retardant in the textile and plastic
products in order to prevent the accident fire (de Wit 2002).
Since there are no chemical bounds between additives and
products, PBDEs can gradually leach into the environment
during the whole life cycle of products (Su et al. 2014). As
a result, increasing environmental levels of PBDEs have
been reported in various environmental media such as soil
(Hale et al. 2006; Luo et al. 2009), sediment (Bradley et al.
2011), wildlife (Law et al. 2007; Muir et al. 2006) and
humans (Frederiksen et al. 2009; Haraguchi et al. 2016).
Besides, many investigations have shown that some
PBDEs have bioaccumulation and biomagnification effects
in several aquatic ecosystems (Boon et al. 2002; Hu et al.
2010b; Kelly et al. 2008a; Law et al. 2007) and can
undergo long-range transport (LRT) (Bradley et al. 2011)
(Frank and Dugani 2003; Law et al. 2006). Several toxi-
cological investigations have been done indicating that
PBDEs can cause thyroid hormone disruption (Richardson
et al. 2008), reproductive effects (Van den Steen et al.
2009) and neurotoxicity (Costa et al. 2014). Due to their
lipophilic characteristics, ubiquity in the environment as
well as the adverse effect to biotas, penta-BDE and octa-
BDE formulations were listed in the Stockholm Conven-
tion on Persistent Organic Pollutants (POPs) in May 2009.
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In recent years, great interests have been shown in the
study of methoxylated PBDEs (MeO-PBDEs) which are
structurally related to PBDEs. There is no commercial use
of MeO-PBDEs, and no report indicates it as by-product in
industrial processes (Teuten et al. 2005). MeO-PBDEs
have been widely detected in wildlife and humans (Bradley
et al. 2011; Lacorte and Ikonomou 2009; Qiu et al. 2012;
Su et al. 2010). The bulk of studies done mainly focused on
marine organisms (Baron et al. 2013; Kelly et al. 2008b;
Losada et al. 2009; Malmvédrn et al. 2005; Zhang et al.
2010a). Relatively high concentrations of MeO-PBDEs
were found in marine algae (Malmvirn et al. 2008) and
sponge (Haraguchi et al. 2011) compared with the con-
centrations of PBDEs, suggesting the possible natural ori-
gins. However, little research has been conducted on MeO-
PBDE levels of freshwater habitats.

Tai Lake and Dianshan Lake lie in silting alluviation
plain of the Yangtze River delta (Fig. 1), which is the
economy-developed region and has a large number of
manufacturers of chemicals, textile and electronics in
China. Tai Lake, located in the boundary of Jiangsu and
Zhejiang provinces, is the third largest freshwater lake in
China with an area of 2338 kmz, while Dianshan Lake is
the largest freshwater lake in Shanghai. Both the freshwater
lakes function as supplier for drinking water and habitats
for aquatic products in the surrounding area. Recently,
these two lakes suffered from eutrophication (Le et al.
2010) and water pollution problems including POPs (Qiu
et al. 2012; Yu et al. 2012) due to the pressure of huge
population, urbanization and industrialization in Yangtze
delta area.

The purpose of the present study is to investigate the
levels of PBDEs and its structural analogues MeO-PBDEs
in the sediments and some freshwater organisms from Tai
Lake and Dianshan Lake. The differences in contaminant
levels and congener distribution were compared between
two lakes. Possible transfer from sediments to biota and
biotransformation of PBDEs were also discussed.
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Fig. 1 Location of two sampling lakes: Tai Lake and Dianshan Lake
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Materials and methods
Sampling

In November 2013, three fish species including crucian
carp (Carassius auratus, n = 10), silver carp (Hypoph-
thalmichthys molitrix, n = 5) and common carp (Cyprinus
carpio, n = 10), and one species of pond snail (Bellamya
aeruginosa, 8 pools) were collected from Tai Lake and
Dianshan Lake. Surface sediment samples were collected
simultaneously from 18 sites (Fig. 2) in Tai Lake and 9
sites in Dianshan Lake by using sediment core sampler.
The sediment samples collected from Dianshan Lake were
mixed into one pooled sample. The pond snail samples in
Tai Lake were collected from the same location of some
sediment sampling sites. The biota samples were covered
with aluminum foil, and sediment samples were packed in
the stainless steel box upon collection. All samples were
stored at —20 °C before analysis. Snail samples from the
same site were pooled due to its small individual sizes.
Back muscle tissues were taken from fish individuals for
analysis. Details regarding the fish species are provided in
Table S1.

Chemicals and standards

PBDE standard solutions (including BDE-28, BDE-47,
BDE-66, BDE-99, BDE-100, BDE-153, BDE-154, BDE-
183, BDE-209) were purchased from Cambridge Isotope
Laboratories Inc (Andover, MA USA). Two MeO-PBDEs
standards (2’-MeO-BDE-68 and 6-MeO-BDE-47) as well

" 1.0 ng/g dw

I 16 YsPBDEs
14 BDE209 ® MeO-PBDEs
I

Fig. 2 Spatial distribution of > sPBDEs, BDE-209 and Y MeO-
PBDE:s in sediments



Environ Earth Sci (2017) 76:171

Page 3 0of 8 171

as surrogate and internal standards (BDE-77, BDE-138 and
BDE-139) were obtained from AccuStandard Inc (New
Haven, CT, USA). All solvents used were of highest
commercially available purity. Silica gel (100-200 mesh)
was activated over night at 300 °C.

Extraction and cleanup

Different extraction methods were used for the samples
collected from two lakes. Both samples were firstly frozen-
dried. Then, 2 g samples from Tai Lake were soxhlet
extracted using acetone/cyclohexane (150 mL, 1:1) with
surrogate standard (BDE-138 5 ng/mL 100 pL) for 48 h at
70 °C (additional activated copper was added for sediment
samples to remove sulfur). About 2.5 g samples from
Dianshan Lake was mixed with 7.5 g water and surrogate
standard BDE-77 (20 ng/mL 100 pL) and homogenized for
1 min in a 100-mL glass centrifuge tube with a mixture of
2-propanol (25 mL) and iso-hexane/diethyl ether (3:1 v/v,
20 mL). After centrifugation (5 min at 2300 rpm), the
liquid phase was decanted into a separation funnel. The
procedure was repeated with a mixture of 2-propanol
(10 mL) and iso-hexane/diethyl ether (3:1 v/v, 40 mL).
The combined extracts were washed twice by inverting the
funnel 30 times with HCl (0.2 M) in aqueous sodium
chloride (0.9%) (v/v, 50 + 20 mL).

Both extracts from two lakes were transferred into a test
tube using iso-hexane (4 mL). Concentrated sulfuric acid
(4 mL) was added to each sample for lipids removal, gently
turned over for 1.5 min and centrifuged for 5 min at
3000 rpm. The organic phase was transferred into a new
test tube and concentrated to 0.5 mL using a gentle stream
of nitrogen. The procedure was repeated once.

Further clean-up was carried out by using activated
silica gel columns. A Pasteur pipette was packed with
activated silica gel (0.1 g) and activated silica gel (0.9 g)
impregnated with concentrated sulfuric acid (2:1 w/w)
from down to top. The columns were washed with iso-
hexane/dichloromethane (1:1, 5 mL). Then, the extracts
were applied to the column and analytes eluted with iso-
hexane/dichloromethane (1:1, 15 mL). After clean-up, the
solvent was changed to n-hexane and the internal standard,
BDE-139 (5 ng/mL 100 pL), was added prior to GC/MS
analysis (final volume of 100 pL).

Instrumental analysis

Analysis of PBDEs and MeO-PBDEs was done by using
gas chromatography—mass spectrometry (GC-MS) in
selected ion monitoring mode (SIM) (bromide isotopes m/z
79 and 81). Automated 1 pL injection with a CTC GC Pal
autosampler was conducted on a Varian 450-GC connected
to a Varian 320-MS. A programmable temperature

vaporizing (PTV) injector was used with an Agilent J&W
DB-5HT (15 m 0.25 mm x 0.1 pm) column. Helium was
used as carrier gas at a set constant flow of 1.5 mL/min.
Methane was used as reagent gas. The PTV injector was set
at 260 °C. The injections were performed in splitless mode
for 1 min. The ion source temperature and the transfer line
temperature were set to 230 and 300 °C, respectively. The
oven was programmed as follows: 55 °C for 2 min, ramp
15 °C/min to 310 °C and hold 5 min.

QA/QC

All glassware were washed and heated at 400 °C for 4 h
before use, and no plastic equipment was used in the
whole procedures. The recoveries of surrogate standards
ranged from 60 to 90% for Tai Lake samples (BDE-138)
and from 71 to 104% for Dianshan Lake samples (BDE-
77).

For every three samples, one procedural blank was used
to avoid interference and cross-contamination. The limit of
quantification (LOQ) was calculated as three times the
instrumental limit of detection (LOD). LOD was defined as
the lowest amount needed for detection at a signal-to-noise
ratio (S/N) of 3. More information on LOQ is given in
Table S2. All biota results were presented as ng/g lipid
weight (Iw), while sediment samples were calculated as ng/
g dry weight (dw).

Statistical analysis

The statistical analysis of data was carried out by using
SPSS Statistics 23. Spearman rank correlation was used to
examine the differences of pond snails from different sites.
It was considered statistically significant when p < 0.05.
The figure of congener profile was performed by using
OriginPro 2016.

Results and discussion

Concentration and congener profile in sediment
samples

The overall concentrations of PBDEs and MeO-PBDEs in
biota and sediment samples are listed in Table 1. Con-
centrations given on a congener basis can be found in
Table S3. Seven out of 9 targeted PBDEs were detected in
sediment samples from Tai Lake. Three less brominated
congeners, BDE-28, BDE-47 and BDE-66, were not found
in all sediment samples from Tai Lake. > PBDEs (sum of
BDE-28, BDE-47, BDE-66, BDE-99, BDE-100, BDE-153,
BDE-154, BDE-183 and BDE-209) concentrations of
sediment samples from Tai Lake varied from 0.41 to
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Table 1 Concentrations of > PBDEs and > MeO-PBDE:s in sediments (ng/g dry weight) and biotas (ng/g lipid weight) from two freshwater

lakes
Sediment Pond snail Common carp Crucian carp Silver carp

Tai Lake N 18 9 9 4

Lipid (%)" / 1.1+03 3.0+£09 41+ 1.1 31+ 1.6

> PBDEs* 0.41-2.5 6.2-100 5.3-43 4.6-20 13-18

> "MeO-PBDEs® <L0Q%0.014 <LOQ-2.1 <LOQ-1.5 <LOQ <LOQ
Dianshan Lake N 1°¢ 1 1 1

Lipid (%) / 1.0 1.0 1.3

> PBDEs 5.9 12 72 7.7

>"MeO-PBDEs na <LOQ 0.68 <LOQ 1.0

2 Pooled pond snail samples from same site; ® mean + SD; © min—max; ¢ below limit of quantification (LOQ); © pooled sediment samples from

10 sites

na not analyzed

2.5 ng/g dw, while that of pooled sample from Dianshan
Lake was 5.8 ng/g dw.

The total concentration of PBDEs in surficial sediment
from Tai Lake and Dianshan Lake is much lower compared
to other studies around the world (Table S4). The spatial
distribution of Y sPBDEs and BDE-209 in surficial sedi-
ment from Tai Lake (this study) is described in Fig. 2. The
highest Y sPBDEs and BDE-209 concentrations were
found at site 10 (1.4 ng/g dw) and site 8 (1.3 ng/g dw),
respectively. Interestingly, sediment collected from north-
east of Tai Lake (site 1, 2, 16, 18), which are near two big
cities Wuxi and Suzhou, showed relatively low PBDE
levels (BDE-209: 0.081-0.30 ng/g dw). In recent years,
due to the drinking water crisis caused by heavy pollution
and eutrophication in Tai Lake, actions like desilting have
been taken by local government (Le et al. 2010). We
speculated the low concentration of PBDEs in surficial
sediment from Tai Lake observed in this study might be
related to the removal of sediment. Zhou et al. (2012)
reported that BDE-209 and ) sPBDEs concentrations in
sediment collected from Tai Lake in 2010 ranged from
0.13 to 32.62 ng/g dw and from 9.68 to 144 ng/g dw,
respectively, which was one to two order of magnitude
higher than this study, also supported this speculation.
Higher level of PBDEs was found in pooled sediment
sample from Dianshan Lake (BDE-209: 5.80 ng/g dw,
> sPBDE: 0.0207 ng/g dw).

The congener profile of PBDEs in sediment samples
from Tai Lake and Dianshan Lake is shown in Fig. 3. In
sediments collected from Tai Lake, BDE-209 and BDE-
153 were the two most abundant congeners accounting for
46 and 44%, respectively, followed by BDE-154. For
sediment from Dianshan Lake, BDE-209 was the major
congener consisting of over 99%. The great proportions of
deca-BDE were also observed in other studies (Hu et al.
2010a; Mariani et al. 2008; Wang et al. 2015). The

@ Springer

predominance of BDE-209 indicated the wide usage of
deca-BDE in the study area. Two hexa-BDE congeners
BDE-153 and BDE-154 accounted for 44 and 6.6% in the
sediments from Tai Lake. Since these two congeners were
found in the technical penta-BDE and octa-BDE mixtures
(La Guardia et al. 2006), the penta- and octa- technical
products could be the original sources for hexa-BDEs
detected in the sediment from Tai Lake.

Compared with PBDEs, > MeO-PBDEs (sum of 2'-
MeO-BDE-68 and 6-MeO-BDE-47) concentrations in
sediments from Tai Lake were 100-200 folds lower,
ranging from <LOQ (below limit of quantification) to
0.014 ng/g dw. All concentrations of 6-MeO-BDE-47
were below LOQ in sediment samples. Fewer researchers
paid attention to the levels of MeO-PBDEs in sediments.
Compared with the limited studies, the MeO-PBDEs level
in Tai Lake sediment (nd-12 pg/g dw) was similar to that
of Liaodong Bay, North China (3.8-56 pg/g dw) (Zhang
et al. 2012) but less than that of Muskegon Lake, Michigan,
USA (3.5-120 pg/g dw) (Bradley et al. 2011).

Concentration and congener profile in biota samples

All target compounds including 9 PBDE congeners were
detected in all aquatic organisms. For all biota from Tai
Lake, the concentrations of > PBDEs ranged from 4.6 to
100 ng/g Iw with mean value of 21 ng/g lw. Pond snail has
higher concentration of PBDEs than other biotas from Tai
Lake (mean: 31 ng/g lw, range: 6.2-100 ng/g lw). For
aquatic organisms from Dianshan Lake, relatively higher
concentration of Y PBDEs was found in common carp
(12 ng/g lw) whereas the lowest was detected in pond snail
(5.5 ng/g 1w).

The comparisons with similar benthic organisms and
same fish species in other studies from China are summa-
rized and given in Table S5. In general, the PBDE
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Fig. 3 Congener profiles of PBDEs in sediments and biotas from Tai Lake and Dianshan Lake, China
concentrations in freshwater species in this study were 120+
similar to those found in China (Table S5) but less than
those reported from other regions and water systems, e.g., 100
Baltic Sea and Canada (Law et al. 2007; Malmvérn et al. 5
2005; Muir et al. 2006). The PBDE concentrations of pond 3 809
(=
snail collected from 7 different sites in Tai Lake were in E 60-
considerably wide range from 6.59 to 114 ng/g lw. The box a
. N . a
plot for PBDEs concentrations of pond snails from Tai s 40
Lake (Fig. 4) further illustrated the different contaminant e =
levels for bottom-dwelling organisms among different 201 D
sites. The difference between the western lake and other o
part of the lake was significant (p < 0.05). Total PBDEs i : g : .
concentrations of pond snails in this study were similar to West North East South

the levels of crab (Gao et al. 2009), Chinese mystery snail
(Wu et al. 2008) and river snail (Hu et al. 2010b) from
other freshwater lake ecosystems in China. The PBDEs
concentrations in three fish species from Tai Lake and
Dianshan Lake were in narrow range, which was probably
due to their similar feeding habits (Table S1). Among three
fish species, crucian carp seemed to have lower PBDE
burdens. The PBDE levels of three fish species in this study
were lower than those freshwater fish species from Yangze
River and Baiyangdian Lake and one magnitude lower than
those from Qingyuan e-waste sites (Luo et al. 2007; Wu
et al. 2008), China. Besides, the PBDE results were com-
parable with data of other freshwater fish species like
mandarin fish (Qiu et al. 2012) and anchovy (Su et al.
2010) in Yangze Delta area. In general, the levels of
> PBDE:s in aquatic organisms from Tai Lake were higher
than those from Dianshan Lake. However, BDE-47 con-
centrations of biotas from two lakes were in similar levels.

The congener profiles of PBDEs in four aquatic species
are shown in Fig. 3. BDE-153, BDE-209 and BDE-47 were

ay

Fig. 4 Box plot of > PBDEs (the sum of BDE-28, BDE-47, BDE-66,
BDE-99, BDE-100, BDE-153, BDE-154, BDE-183, BDE-209) con-
centrations in pond snails from different areas of Tai Lake (West: site
18; North: site 13, 16, 18; East: site 1, 4; South: site 11)
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the three most abundant congeners in snail samples from
Tai Lake, while for snails from Dianshan Lake BDE-209
and BDE-183 accounted for 44% of PBDEs. Relatively
high proportions of BDE-183 and BDE-99 were found in
snails from both two lakes compared with fish species.
Similar results were also found in shrimp and crab from
Baiyangdian Lake (Hu et al. 2010b). In fish, BDE-183 and
BDE-99 tend to debrominate to form BDE-154 and BDE-
47, respectively (Stapleton et al. 2004; Zeng et al. 2012).
According to the observations above, benthic organisms
seem to be resistant to debromination and may indicate
lower metabolic capacity compared to fish. In fish species
collected from Tai Lake, similar distributions were found
with BDE-153, BDE-209 and BDE-47, which accounts for
38, 21 and 16%, respectively. BDE-47 contributed the
greatest proportion (44%) in fish from Dianshan Lake,
followed by BDE-100, BDE-154 and BDE-209. The high
proportion of BDE-47 in aquatic species was consistent
with previous researches (Law et al. 2007; Su et al. 2014).
The metabolism of higher brominated BDEs (e.g., BDE-
99) in fish as well as high bioavailability of BDE-47 may
explain this result (Gandhi et al. 2006). BDE-153 was also
widely detected in various biotas (Hu et al. 2010b; Law
et al. 2007; Yogui and Sericano 2009). The dietary expo-
sure test of Juvenile Carp demonstrated the debromination
of BDE-209 to hexa- and penta-BDE (Stapleton et al.
2004). The high proportion of BDE-153 in fish from Tai
Lake may be attributed to the debromination of higher
brominated congeners (e.g., BDE-209). The high detection
rates and relatively high concentrations of BDE-209 in fish
from two lakes illustrated the bioavailability of BDE-209
in aquatic organisms (Kobayashi et al. 2015; Wu et al.
2008; Yu et al. 2012). The different BDE congeners
detected from two lakes might be caused by different
metabolic stages of the biotas.

MeO-PBDEs were merely found in pond snails and
common carp from Tai Lake with lower levels compared to
PBDEs, ranging from <LOQ to 2.1 ng/g Iw. For aquatic
organisms from Dianshan Lake, all 2’-MeO-BDE-68 con-
centrations were below LOQ. The > MeO-PBDE con-
centrations in biota samples from this study were
comparable or less than those from freshwater organisms in
China (Qiu et al. 2012; Su et al. 2010; Zhang et al. 2010a).
However, in marine ecosystems, considerably higher
MeO-PBDEs concentrations were detected in several
biotas (Covaci et al. 2008; Kelly et al. 2008b; Losada et al.
2009) (Table S6). Several studies showed MeO-PBDE
levels can be much higher than PBDEs suggesting MeO—
PBDEs had a natural origin in marine ecosystems (Har-
aguchi et al. 2011; Malmvérn et al. 2008; Teuten et al.
2005). In this study, MeO-PBDEs concentrations in biotas
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were 4-90 times less than PBDEs. Similar relationship of
these two compounds was also found in Chinese sturgeon
from Yangze River (Zhang et al. 2010b). The MeO-PBDEs
in biotas from Tai Lake were at the same low level as those
from Dianshan Lake, but different congeners dominated in
biotas from two lakes. The ratio of Y MeO-PBDE to
> PBDE for biotas in this study ranged from 0.011 to 0.32.
Kelly found the > PBDE/> MeO-PBDE ratio was in the
range of 0.02-0.6 for cod, sculpin and seaducks in Cana-
dian arctic (Kelly et al. 2008b).

Comparison between biotas and sediments

Since water is a very hydrophilic medium, the solubility of
lipophilic compounds like PBDEs is relatively low in water
phase. On the contrary, sediment is likely to accumulate
lipophilic compounds thus acting as a key compartment as
well as a sink of compounds like PBDEs. Shaw attributed the
presence of BDE-209 in marine biotas to the ingestion of
sediment-associated prey organisms such as zooplankton and
benthic invertebrates (Shaw et al. 2009). In the present study,
the benthic invertebrates, pond snails from two lakes
accounted for high proportions of BDE-153, BDE-154 and
BDE-209. Considering the dominance of BDE-209 as well as
the presence of BDE-153 and BDE-154 in sediments from two
lakes, these congeners detected in pond snails may be derived
from sediments. Moreover, in three fish species common carp
and crucian carp are benthic fishes which possibly feed on
sediment-associated organisms (Table S1). Therefore, the
high detection rates and concentrations of BDE-209 in all fish
species from two lakes indicated sediment might also be the
original source of some higher brominated congeners in fish.

Higher composition of lower brominated congeners
(e.g., BDE-28, BDE-47 and BDE-100) as well as the great
proportion of higher brominated ones (e.g., BDE-209 and
BDE-183) can be observed in biotas and sediments sepa-
rately from both two lakes. The different distribution of
PBDEs among sediments, pond snails and three fish spe-
cies indicated different environmental processes happened
in abiotic environment and biotas. Besides simple parti-
tioning, biotransformation and bioavailability are two key
factors for biotas to accumulate the organic pollutants from
abiotic compartment. Dietary exposure studies have
already shown that higher brominated congeners tended to
debrominate into lower brominated ones in fish (e.g., BDE-
99 to BDE-47) (Stapleton et al. 2004), thus making BDE-
47 and BDE-153 dominant congeners in biotas. On the
other side, congeners with large molecules (e.g., BDE-209)
usually have a low uptake rate which impede their transport
across cell membranes (Ciparis and Hale 2005) resulting in
poor bioaccumulation in vivo.
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Conclusions

The levels and congener profiles of PBDEs and MeO-
PBDEs in sediments and biotas from two freshwater lakes
were reported. The selected fish species showed close
PBDE concentrations range. The levels of anthropogenic
and natural brominated substances in sediments and biotas
were in the moderate to low range compared with other
studies. The different compositions of BDE congeners
found from sediment and biotas in two lakes may be due to
the different exogenous sources and metabolic stages.
Similar occurrence of higher brominated congeners in
biotas and sediments from the same lake indicated sedi-
ments as a possible source of PBDEs for biotas. The dif-
ferent distribution of lower and higher brominated
congeners between sediments and biotas may be attributed
to the combined effect of biotransformation and
bioavailability.
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