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We measured Dechlorane Plus (DP) and its dechlorinated analogs in the blood and milk from women
living in e-waste recycling sites in Wenling of Taizhou region, China (n ¼ 49). Both syn-DP and anti-DP
were detected in all samples. Another compound, Cl11-DP, was detected in 45% and 84% of milk and
serum samples, respectively. DP levels in blood and milk from residents living in the local environment
>20 yrs (R20 group) were signiﬁcantly higher than those living in Taizhou <3 yrs (R3 group) (p < 0.05).
The milk/serum partition coefﬁcient from the same women was approximately 0.43 and 0.47 for syn-DP
P
and anti-DP, respectively. A similar value in milk compared with anti-DP/ DPs (fanti) in serum suggested
that stereoselective DP bio-accumulation did not occur during the DP transport from blood to milk. This
result indicate that DP can bio-accumulate in blood and milk with the low milk/serum partition coefﬁcient and similar blood and milk stereoselective bio-accumulation proﬁles.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Dechlorane Plus (DP, C18H12Cl12) is a high production volume
chemical with an annual global production of approximately
10 million pounds (Gauthier and Letcher, 2009). As an additive
ﬂame retardant, DP has been widely used in electrical wire and
cable coating, computer and television’s connectors, and plastic
rooﬁng materials for almost 50 years (Sverko et al., 2011). Since Hoh
et al. ﬁrst reported the environmental occurrence of DP in 2006
(Hoh et al., 2006), some studies have demonstrated that DP is
a global persistent contaminant that bio-accumulates in some
environmental media, and is also susceptible to long-range atmospheric transport (Sverko et al., 2011). Owing to these speciﬁc
properties and as a possible replacement for decabromodiphenyl
ether (Commission, 2011), scientists have been prompted to
measure current levels of DP and its dechlorinated analogs in the
environment and to determine environmental and human health
effects. Currently, there are some data on DP in the environment,
but there are few data on DP in humans (Xian et al., 2011).
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Signiﬁcantly high levels of ﬂame retardants from electronic/
electrical products such as polybrominated diphenyl ethers
(PBDEs), polychlorinated biphenyls (PCBs), polybrominated
biphenyls (PBBs), and tetrabromobisphenol A have been found in
electronic waste (e-waste) recycling areas (Ni et al., 2010), and ewaste recycling activity is also suspected to be an important source
of DP. High DP levels have been detected in aquatic and terrestrial
food webs (Wu et al., 2010), dust (Zhu et al., 2007) and human
tissue (serum (Ren et al., 2009) and hair (Zheng et al., 2010)) in
residents of e-waste recycling facilities in Guiyu, which is an ewaste recycling town in China. Taizhou is another well-known ewaste recycling site in China, and inappropriate e-waste recycling
procedures have resulted in serious contamination to its
surrounding areas (Ni et al., 2010). Wenling city is one of the major
cities involved in e-waste recycling in Taizhou area. Our recent
survey on environmental safety and human health in Wenling
found that unregulated operations were still widely ongoing. A
screening analysis on DP was conducted in some environmental
samples from residential areas surrounding e-waste recycling sites,
and high concentrations of DP were detected in indoor dust
(528.0 ng g1, dry weight, [dw]), rice soil (275.7 ng g1, dw), hen
eggs (49.1 ng g1, lipid weight, [lw]), and e-waste crushed particles
(43,762.6 ng g1, dw) and e-waste burning residues (47.5 ng g1, lw)
improperly discarded into the environment (unpublished data).
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This suggests heavy DP environmental contamination in Wenling
city and the possibility of high body burden in humans.
Levels of persistent organic pollutants (POPs) measured in blood
and breast milk are generally used to assess human exposure to
contaminants. The partitioning relationship between maternal
blood and breast milk can provide important information for
understanding pollutant toxicokinetics, and improve estimates
from breast milk to maternal blood levels or from maternal blood to
breast milk levels (Aylward et al., 2003; Schecter et al., 2010).
Concentrations and milk/serum partitioning of some POPs, such as
organochlorine pesticides (OCPs), polychlorinated dibenzo-pdioxins and furans (PCDD/Fs), PCBs, and PBDEs have been reported in a few studies (Aylward et al., 2003; Jaraczewska et al.,
2006; Wittsiepe et al., 2007; LaKind et al., 2009; Schecter et al.,
2010). DP is a relatively new emerging pollutant, and only two
published reports on human blood and milk have individually
investigated human DP exposure (Ren et al., 2009; Siddique et al.,
2012). There are few reports on the dechlorinated analogs of DP
in human tissues (Ren et al., 2009; Zheng et al., 2010) and no
information concerning DP partitioning between serum and breast
milk.
Primitive e-waste recycling operation could impose serious
threats to the health of workers and local residents. A study has
been conducted on DP in serum from electronics dismantling
workers and high levels have been found (Ren et al., 2009).
However, information concerning the DP body burdens of local
residents at e-waste recycling sites is limited. Thus, this study
aimed to characterize exposure levels of DP and its dechlorinated
analogs in local residents living in the e-waste recycling site, and
assess the partitioning relationship between serum and breast milk
from the same woman, and determine the stereoselective DP bioaccumulation proﬁle in blood and milk.
2. Materials and methods
2.1. Sample area
Taizhou region is located in the center of the coastal area of Zhejiang Province,
China (28 N latitude and 122 E longitude) with a total area of 9411 km2 and
a population of 5.9 million. E-waste recycling operations have been ongoing for
approximately 30 years in this area. According to the Economic and Trade
Commission of Taizhou in 2005, more than 2 million metric tons of e-waste were
processed in Taizhou annually, and 40,000 people were employed in the e-waste
recycling industry (Chan et al., 2007). Wenling city is one of the major cities involved
in e-waste recycling close to the city centre in Taizhou area with a total area of
836 km2 and a population of 1.4 million. A large number of e-waste recycling
household workshops have emerged in some villages of Wenling city, partly because
of the relatively weak environmental policies. The e-waste recycling operation in the
household workshop of Wenling is conducted using crude simple methods, wherein
workers burn piles of wires in the open air to remove the cover of metals, melt
circuit boards over coal grills to extract valuable chips, and then carelessly stack the
useless plastics left after fragmentation around the villages. These primitive operations and weak control on waste products allowed heavy metals and organic
contaminants to be easily transferred to the surrounding environment. Therefore,
there are serious environmental problems and health risk of workers and local
residents arising from e-waste recycling in this area.
2.2. Sample collection
Samples were collected from July 2010 to March 2011. Forty-four breast milk
samples and 45 serum samples, including 40 breast milk and serum samples from
the same women, were collected from mothers in Wenling city of Taizhou area,
China. The selected donors were grouped as R20 and R3 groups in terms of the
residential history. For the R20 group, the donors, who did not directly participate in
e-waste recycling operations, had a >20 yrs residential time in some Wenling
villages heavily involved in e-waste recycling with a >10 yrs history generally. For
the R3 group, the donors had resided in Taizhou region for less than three years, who
did not live around the e-waste recycling villages and did not also participate in any
e-waste recycling activities. Consent forms were signed by the study participants
and questionnaire surveys were conducted to acquire personal information,
including maternal age at delivery, duration of residency in the local area, height,
pre-pregnancy body weight, menarche age, gravida and parity, number of children,
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education level and occupation. The demographic characteristics of 49 subjects are
shown in Table 1. The R20 group (33 subjects) had a longer resident time than the R3
group (16 subjects), with a median of 25 years (range: 20e40 years) for the former
and one year (range: 1e3 years) for the latter.
Blood sample (approximately 30 mL) was collected at delivery using a vacuum
system tube, and subsequently centrifuged to obtain maternal serum sample. Serum
was then transferred into the hexane-rinsed glass vial. Breast milk sample
(approximately 30e50 mL) was collected 2e7 days after delivery using a breast
pump with a glass container and transferred to hexane-rinsed glass vial. The
samples were kept at 20  C prior to chemical analyses. Simultaneously, ﬁve ﬁeld
blanks were prepared with the empty hexane-rinsed glass vials, and ﬁve ﬁeld
operational blanks were prepared with hexane-rinsed glass vials ﬁlled with 30 mL
distilled water at the sampling sites. Glass vials with Teﬂon-line screw caps were
from Agilent Technologies (Santa Clara, CA, USA) and no targets (Cl10-DP, Cl11-DP,
anti-DP and syn-DP) were found in the contaminant prescreening process.
2.3. Chemicals and standards
Individual solutions of syn-DP (100 mg mL1), anti-DP (100 mg mL1), 13C10 synDP (100 mg mL1), 13C10 anti-DP (100 mg mL1) and 13C12-PCB-208 (40 mg mL1) were
obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). Cl11-DP and
Cl10-DP solutions (50 mg mL1) were supplied by Wellington Laboratories Inc.
(Guelph, ON, Canada). A commercial DP product was supplied by Jiangsu Anpon
Electrochemical Co., Ltd. (Huaian city, Jiangsu Province, China). Dichloromethane
(J.T. Baker, Deventer, The Netherlands) and n-hexane (Thermo Fisher Scientiﬁc,
Pittsburgh, PA, USA) were pesticide grade, and other solvents, including methanol
and ethanol (Thermo Fisher Scientiﬁc), methyl tertiary butyl ether (MtBE) (Tedia
Company Inc., Fairﬁeld, OH, USA) and isopropanol (J.T. Baker) were High Performance Liquid Chromatography grade. Silica gel (60e100 mesh) was purchased from
Merck KGaA (Darmstadt, Germany) and activated at 550  C for 6 h in a mufﬂe
furnace before use.
2.4. Extraction and cleanup
The samples were prepared according to a previously described method
(Verreault et al., 2005). Breast milk (3.0 g) or serum (5.0 mL) was poured into a 50 mL
screw-top centrifuge tube, and spiked with 13C10 syn-DP and 13C10 anti-DP as the
internal standard. First, samples were denatured with 2 mL of 6 M HCl and
5 mL isopropanol, ultrasonically extracted with 20 mL of 1:1 MtBE:hexane (v:v) for
7 min, and then separated by centrifugation. The extraction process was repeated
three times. The combined extracts were washed with 20 mL of 1% KCl (w/v)
solution, and the organic phase was separated and concentrated. A total of 12 mL  3
of 1.0 M KOH solution was added to the concentrated organic phase (neutral fraction), and then KOH phase was pooled together and back-washed with 10 mL hexane

Table 1
General characteristics of the study participants (n ¼ 49).
R20 (n ¼ 33)
Maternal age at deliverya (year, %)
<30 years old
30 years old
Pre-pregnancy BMIc, d (kg/m2) (n, %)
21
>21
Parity (n, %)
Primipara
Multipara
Education level (n, %)
9 years
>9 years
Occupation (n, %)
Housewife
Employee
Menarche age, year (n, %)
14 years old
>14 years old
Menarche cycle, day (n, %)
32 days
>32 days
Maternal serum lipid (mg/dl)
Breast milk lipid (%)
a
b
c
d
e

R3 (n ¼ 16)

p-value
0.148b

21(64)
12(36)

6(40)
9(60)

15(47)
18(53)

7(54)
6(46)

20(60)
14(40)

11(69)
5(31)

18(55)
15(45)

10(63)
6(37)

23(70)
10(30)

12(75)
4(25)

21(64)
12(36)

9(56)
7(44)

0.608b

0.500b

0.598b

0.700b

0.619b

0.235b
19(58)
14(42)
0.64  0.15
1.74  0.81

12(75)
4(25)
0.63  0.14
1.52  0.75

0.917e
0.322e

Maternal age from 15 participants was recorded in R3 group.
Pearson c2 test for comparisons between the R20 group and R3 group.
Body mass index.
Height from 13 participants was recorded in R3 group.
ManneWhitney Test for comparisons between the R20 group and R3 group.
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three times. Hexane phase was combined with the neutral organic fraction. The
combined neutral extract was dried with anhydrous Na2SO4 and then concentrated
to approximately 1.0 mL. The concentrated neutral extract was transferred to
a chromatography column (30 cm  10 mm ID) containing 8 g silica sulfuric acid
(30% acid by weight) and 2.5 g of anhydrous sodium sulfate was placed on top of the
column. The mixture was then eluted with 50 mL of dichloromethane: hexane (1:1,
v:v). The eluent was concentrated and adjusted to 20 mL for gas chromatographye
mass spectrometry (GCeMS) analysis. The injection internal standard (13C12-PCB208) was added prior to gas chromatographyenegative chemical ionizationemass
spectrometry (GCeNCIeMS) analysis.

to serum and breast milk before extraction were 60.1e97.2% for 13C10 syn-DP and
57.9%e89.9% for 13C10 anti-DP.
To ensure accuracy, method blanks (using solvents identical to those used for the
actual samples) were included within each sample batch and run through complete
extraction, cleanup and analysis procedures. Field blanks and ﬁeld operation blanks
were also subjected to the entire procedure. There were no detectable concentrations of DP and its dechlorinated analogs in these blank samples. Therefore, the
results were not corrected by background levels.

2.5. Instrument analysis

All statistical analyses were performed using SPSS 13.0 statistical software (SPSS,
Inc., Chicago, IL, USA) and least-square linear regression was ﬁtted in OriginPro8 SR0
software (www.OriginLab.com). The KolmogoroveSmirnov test was used for normal
testing of all continuous variables. The Differences in demographic factors were
compared using the Pearson c2 test. The ManneWhitney U-test was used to
compare differences in lipid weights and pollutant levels between the R20 and R3
groups. A p-value <0.05 was considered statistically signiﬁcant. For chemicals with
<60% detection rate, statistical description was not calculated and reported because
of the large uncertainty in the measurements. For chemicals with >60% detection
rate, when the peak of a chemical was not detected, the value obtained by dividing
the MDL by 2 was used for statistical analysis.

DP quantiﬁcation was performed using an Agilent 6890/5973 GC/Mass Selective
Detector (MSD) System (Agilent Technologies). The MS analyses were performed in
a negative chemical ionization (NCI) mode. The separation was performed using
a fused silica capillary column (RTX-1614, 30 m  0.25 mm ID and 0.1 mm ﬁlm
thickness; Restek Inc. USA). The carrier gas used was helium, with a ﬂow rate of
1.0 mL min1, and methane was used as the reaction gas. The GC oven temperature
was programmed as follows: the initial temperature was 100  C maintained for
2 min, which was then increased to 250  C at a rate of 25  C min1, followed by
a 1.5  C min1 ascent to 260  C, and ﬁnally, the temperature was increased at a rate
of 25  C min1 to achieve the ﬁnal temperature of 315  C, which was maintained for
7 min. The injector, transfer line, and ion source temperatures were 250, 280, and
150  C, respectively.
Injection of the 1 mL of extract was conducted in a pressure-pulsed splitless
mode. The ion fragments were monitored as follows: m/z 475.7 and 477.7 were
monitored for 13C12-labeled PCB-208; m/z 583.7 and 585.7 for Cl10-DP; m/z 617.7 and
619.7 for Cl11-DP; m/z 651.7 and 653.7 for syn-DP and anti-DP; and m/z 661.7 and
663.7 for 13C10-labeled syn-DP and 13C10-labeled anti-DP.
The gravimetric method was used for lipid determination in milk, and the
colorimetric method based on the sulfo-phospho-vanillin reaction was used for
serum lipid determination (Aylward et al., 2003; Xian et al., 2011).
2.6. Quality control
The identiﬁcation of DP congeners was based on their retention time and the
isotopic ratios of the monitored ions relative to the congener standards. This
quantitative determination incorporated an internal standard method using a calibration curve with six concentration levels. In addition, 13C10 anti-DP was used as the
internal standard for Cl10-DP, Cl11-DP and anti-DP, and 13C10 syn-DP was used as the
internal standard for syn-DP. Determination of recovery was made by quantiﬁcation
of target compounds (Cl10-DP, Cl11-DP, anti-DP, and syn-DP) added to bovine serum
and milk formula solution with a low (0.05 ng) and high (0.5 ng) amount of
compounds. The average recovery of Cl10-DP, Cl11-DP, syn-DP and anti-DP ranged
from 88.4% to 104.6% in serum and from 86.7% to 104.9% in milk formulas for the low
(n ¼ 3) and high spike trials (n ¼ 3). The repeatability was assessed by analyzing
three matrices replicates, and the relative standard deviation was <10% for all
compounds in milk or serum. The method detection limits (MDLs) were deﬁned as
the sample concentration of target compounds producing a chromatogram peak
with a signal-to-noise ratio of 5. Based on the volume/weight of samples (maternal
serum: 5.0 mL; breast milk: 3.0 g), average lipid percentage and injection volume
(20 mL), MDLs in serum for Cl10-DP, Cl11-DP, syn-DP and anti-DP were 31.3, 46.9, 93.8
and 78.1 pg/g lw, respectively, and 17.2, 22.9, 46.0 and 34.5 pg/g lw, respectively, in
milk samples. In real sample analysis, the recoveries of the internal standards added

2.7. Data analysis

3. Results and discussion
3.1. Level of Dechlorane Plus and its dechlorinated analog
Two stereoisomers of DP (syn-DP and anti-DP) and two dechlorinated analogs (Cl11-DP and Cl10-DP) in breast milk and maternal
serum samples were detected in the current study. Syn-DP and
anti-DP were detected in all milk (n ¼ 44) and serum samples
(n ¼ 45). The Cl11-DP detection frequency in breast milk and serum
was 45% and 84%, respectively. Among the dechlorinated analogs,
Cl10-DP was not detected in all samples. These observations indicated that DP and its monodechlorinated analog could bioaccumulate in human serum and breast milk, and had become
a widespread pollutant in the e-waste recycling site in Wenling of
P
Taizhou region, China. The DPs refers to the sum of syn-DP and
anti-DP. Comparison of the amount of syn-DP, Cl11-DP, anti-DP and
P
DPs in breast milk and serum samples is shown in Table 2. We
P
found that the arithmetic mean levels of syn-DP, anti-DP and DPs
in the R20 group were much higher than the median levels,
demonstrating a skewed distribution of DP concentrations. For
Cl11-DP, arithmetic mean serum levels in the R20 group were also
signiﬁcantly higher than the median levels. High levels of Cl11-DP
were also found in some samples of breast milk, but because of the
low detection rate (45%), statistics were not performed and reported in Table 2. Signiﬁcant differences in levels of DP and its
monodechlorinated analog in serum were found between the R20

Table 2
Concentration of DP and its monodechlorinated analog in breast milk and maternal serum (ng/g, lipid).
R20 group

Breast milk
syn-DP
Cl11-DP
anti-DP
P
DPs
Serum
syn-DP
Cl11-DP
anti-DP
P
DPs

R3 group

Min.

Max.

Mean

Median

Geomean

SD

Min.

0.290
NDb
0.710
1.01

139.2
7.19
451
590

10.4
e
27.4
37.7

1.33
e
3.32
4.46

2.23
e
5.56
7.88

29.1
2.02
88.1
117

0.150
NDb
0.640
0.830

0.560
NDb
1.24
1.80

278
14.9
656
900

25.4
1.18
46.1
71.5

2.79
0.25
5.95
8.64

4.88
0.34
11.3
16.4

66.9
2.81
127
186

0.370
NDb
1.44
1.84

* Signiﬁcant at the 0.05 level (2-tailed).
** Signiﬁcant at the 0.01 level (2-tailed).
a
Mann-Whitney Test.
b
ND < MDL.
c
No data due to low detection frequency in milk.

p-value
Max.

Mean

Median

Geomean

SD

1.68
0.280
6.81
8.05

0.620
e
2.06
2.67

0.500
e
1.58
2.19

0.480
e
1.60
2.12

0.450
e
1.68
2.06

0.002**a
ec
0.034*a
0.004**a

3.18
0.450
8.54
11.6

1.29
0.15
3.55
4.84

0.960
0.110
2.71
4.02

1.04
0.110
3.03
4.13

0.900
0.120
2.29
3.11

0.000**a
0.025*a
0.001**a
0.001**a
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3.2. DP partitioning in blood and milk
The ratio of milk/serum was used to examine the partitioning
relationship of DP between breast milk and maternal serum, and it
referred to the ratio of the lipid-adjusted levels detected in milk
and serum from the same woman. We showed that the partitioning
in milk/serum was mainly related to the physicochemical properties of compounds, including differences in lipophilicity, molecular
size and weight (Lakind, 2007; Wittsiepe et al., 2007) and degree of
chlorination (Van Oostdam et al., 2005). Additionally, there was no
difference in average value of the milk/serum ratios of syn-DP and
anti-DP between the R20 and R3 groups. Therefore, demographic

factors were excluded and the milk/serum ratios of DP in all milk
and blood samples from the same woman were analyzed. In our
study, milk/serum ratio calculations for the DP chemicals only
included data from individuals who had both milk and serum
sample concentrations above the MDLs.
The milk/serum ratio varied from 0.07 to 2.25 (median: 0.41) for
syn-DP and from 0.09 to 2.22 (median: 0.44) for anti-DP, that of
Cl11-DP was excluded because of low detection in milk. Spearman
rank association analyses revealed a signiﬁcant association
between milk and serum lipid-adjusted DP concentrations (n ¼ 40,
p < 0.001). Therefore, a linear equation was further ﬁtted by least
squares for the prediction of DP levels in milk or serum. The
equation of each chemical was:

logðmilkÞ ¼ logðserumÞ þ logðbÞ

(1)

where estimated b was the predicted milk/serum partition coefﬁcient of each chemical (Zhu et al., 2007). Log transformation of DP
levels between serum and milk samples from the same woman is
shown in Fig. 1A and Fig. 1B (n ¼ 40). In the predicted equation, log
(b) of syn-DP and anti-DP was estimated to be 0.37 and 0.33,
respectively. Therefore, the predicted milk/serum partition

A

syn-DP: lgmilk=lgserum-0.37
2
R =0.79

1

-1

log(milk ng g ,lipid)

2

0

-1

-1

0

1

2

3

-1

log(serum ng g ,lipid)

B

3

anti-DP: lgmilk=lgserum-0.33
2
R =0.75
2

-1

log(milk ng g ,lipid)

and R3 group (p < 0.05, Table 2). In some cases, elevated DP levels in
serums from the donors in the R20 group, such as the donors
deﬁned as p-004 (476 ng g1 lw), p-010 (900 ng g1 lw), p-018
(68.3 ng g1 lw) and p-031 (415 ng g1 lw), were observed for
a group of women living on the second ﬂoor of a building that was
used for e-waste recycling activity on the ﬁrst ﬂoor. This ﬁnding
indicated that environmental contamination from e-waste activity
strongly contributed to elevated DP and Cl11-DP levels in long-term
Wenling residents.
There are limited reports on DP in human samples. There is only
one published report on breast milk (Siddique et al., 2012) and one
P
on human serum (Ren et al., 2009). The median DPs concentration in breast milk in this study was 2e4-fold higher than that from
the general population from two Canadian cities (0.98 ng g1 lipid),
which indicated an elevated DP exposure to residents living in the
e-waste recycling area. However, Ren et al. reported that the
P
median level of DPs in human serum was 42.6 ng g1 lipid for
workers from an e-waste recycling region and 13.7 ng g1 lipid for
residents from a control group in Guiyu, China (Ren et al., 2009). In
P
our study, the median serum level of
DPs from the R20 group
1
(8.64 ng g lipid) was approximately the 5-fold lower than that in
the exposure group, and was similar to the value of the control
group in the study by Ren et al. This difference was possibly related
to the selection of donors, who came from a population living in ewaste recycling sites in our study, but they were not directly
P
participating in e-waste recycling operations. However,
DPs
levels found in the serums of two donors in this study, deﬁned as p010 (900 ng g1 lw) and p-004 (476 ng g1 lw), were above the
P
maximum value of DPs (465 ng g1 lipid) in serum reported by
Ren et al. Cl11-DP levels found in the serum from p-010 and p-004
was 14.9 ng g1 lw and 6.07 ng g1 lw, respectively. The monodechlorinated compound was also found in Ren et al. (2009), but it
was unquantiﬁed.
Generally, PCBs and PBDE concentrations in human tissues from
the contamination area in Taizhou range from dozens to hundreds
ng g1 lw (Zhao et al., 2007, 2010; Leung et al., 2010). In a study in
P
2006 on 5PCBs (CB-105, 118, 153, 183, and 180) in blood from two
typical e-waste recycling sites in Taizhou (Luqiao and Wenling), the
arithmetic mean level was 204.2 ng g1 lw for Luqiao and
P
83.8 ng g1 lw for Wenling, and 8PBDEs (BDE-28, 47, 99, 100, 153,
154, 180, and 209) were 117.58 ng g1 lw for Luqiao and
357.44 ng g1 lw for Wenling (Zhao et al., 2010). For breast milk,
P
23PCBs (CB-28, 52, 99, 101, 128, 138, 153, 170, 180, 183, 187, 77, 81,
105, 114, 118, 123, 126, 156, 157, 167, 169, 189) were 206.05 ng g1 lw
for Pingqiao and 359.03 ng g1 lw for Luqiao (Zhao et al., 2007). The
P
arithmetic mean level of 36PBDEs (BDE-7, 8, 10, 11, 12, 13, 15, 17,
25, 28, 30, 32, 33, 35, 37, 47, 49, 66, 71, 75, 77, 85, 99, 100, 116, 118,
119, 126, 138, 153, 154, 155, 166, 181, 183, 190) was found to be
117 ng g1 lw in Taizhou (Leung et al., 2010). Dechlorane Plus levels
found in the current study were relatively low compared with
PCBs/PBDEs data from human exposure in Taizhou region
mentioned above.
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1

0

0

1

2

3

-1

log(serum ng g ,lipid)
Fig. 1. Relatioship between lipid-adjusted milk/serum concentration of two DP
isomers from the same woman. (A) syn-DP, (B) anti-DP (n ¼ 40).
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coefﬁcient of syn-DP and anti-DP was approximately 0.43 (100.37)
and 0.47 (100.33), respectively. Although the predicted milk/serum
partition coefﬁcient displayed a slightly higher transfer rate of antiDP from blood to milk, the milk/serum ratios of syn-DP and anti-DP
were not signiﬁcantly different (p ¼ 0.567) by ManneWhitney Utest, suggesting similar stereoselective DP bio-accumulation proﬁle
in milk and blood. The milk/serum partition coefﬁcient of syn-DP
and anti-DP was <1.0 (p < 0.001 for breast milk and serum), which
indicated preferential partitioning of DP in the blood compared
with breast milk.
Breast milk lipid concentrations of persistent lipophilic
compounds generally reﬂect blood lipid levels (Aylward et al.,
2003), and the partition coefﬁcient/ratio between breast milk and
serum is probably different from one compound to another. For
example, on the lipid-adjusted basis, the values of OCPs (including
p,p0 -DDE and p,p0 -DDT), PCBs (including CB-118, 138e158, 146, 153,
170, 180, 187, 74 and 99), and PBDEs (including BDE-28, 47, 99 and
100) are >1.0, and those of PCB-126 and BDE-153 are approximately equal to 1.0, while those of 1,2,3,6,7,8-HxCDD, 1,2,3,6,7,8HpCDD, 1,2,3,6,7,8-HpCDF and OCDD are signiﬁcantly <1.0
(LaKind et al., 2009). Wittsiepe et al. (2007) reported that higher
chlorinated PCDD/F- and PCB-congeners were found in 2e4-fold
higher lipid-adjusted concentrations in blood than milk, and the
lipid-adjusted concentrations of lower chlorinated PCB-congeners
were up to 2-fold higher in milk in relation to blood. Schecter
et al. (2010) have published data suggesting the BDE congenerspeciﬁc partitioning occurs in blood and milk of the same women
where higher brominated BDEs are higher level in blood lipids than
milk lipids. Among these legacy chemicals such as PCBs, PBDEs and
PCDDs/Fs, it is considered that there is preferential partitioning into
milk for lower molecular weight, smaller molecular diameter,
smaller Kow and lower chlorinated/brominated chemicals
(Wittsiepe et al., 2007; LaKind et al., 2009; Schecter et al., 2010).
The molecular mass of DP is 653.68, while Kow of the DP technical
product is approximately 9.3 with 12 chlorine atoms (OxyChem.,
2010), which probably decreases the membrane permeability and
might be responsible for the low DP milk/serum partition
coefﬁcient.
Aylward et al. thought that it was critical that paired samples be
collected as close in time as possible to determine accurate milk/
serum partition coefﬁcient of an environmental chemical (Aylward
et al., 2003). In our study, the serum was collected at delivery and
breast milk was collected 2e7 days after delivery. Samples being
taken 2e7 days apart probably led to a decrease in accuracy in
predicting the DP milk/serum partition coefﬁcient.

close to the value of the Cambridge standard. Therefore, DP fanti in
commercial products may range from 0.60 to 0.80.
In this study, fanti in 90% breast milk samples and 91% serum
samples from the R20 group were in the range of 0.6e0.8, and the
arithmetic mean of fanti was calculated as 0.71 and 0.70 in breast
milk and serum samples, respectively. For the R3 group, fanti in 57%
breast milk samples and 83% serum samples varied from 0.6 to
0.8, and the arithmetic mean of fanti was calculated as 0.76 and
0.75 in breast milk and serum samples, respectively. It appeared
that fanti in most breast milk and serum samples from two groups
was in the range of fanti reported in commercial products (0.6e
0.8). However, compared with the DP products from Cambridge
Isotope Laboratories (0.75) and Jiangsu Anpon Electrochemical
(0.78), fanti from the R20 group was signiﬁcantly lower in breast
milk (p ¼ 0.007 and <0.001, respectively) and serum (p ¼ 0.001
and <0.001 respectively). In the R3 group, no differences in fanti
were found compared with the DP products from these two other
companies in milk (p ¼ 0.643 and 0.360, respectively) or serum
(p ¼ 0.902 and 0.155, respectively). Ren et al. speculated that the
burning process during e-waste recycling activity might induce
signiﬁcantly low serum fanti in residents of polluted communities
(Ren et al., 2009). Although we found signiﬁcant differences in fanti
in the R20 group, a deﬁnitive conclusion on selective DP bioaccumulation in breast milk or serum could not be drawn
because of possible low fanti from the environment of the study
population.
In both groups, breast milk fanti was similar to that detected in
maternal serum from the same woman. Clear stereoselective bioaccumulation potentials between DP isomers (syn-DP and antiDP) have been observed in juvenile rainbow trout (Tomy et al.,
2008) and hepatic tissue of domestic chickens (Brock et al.,
2010; Crump et al., 2011). Preferential distribution of syn-DP in
the liver and a high afﬁnity of anti-DP to brain tissue were also
found in ﬁsh from a natural pond at an e-waste recycling site in
South China (Zhang et al., 2011). However, stereoselective DP bioaccumulation in terrestrial biota and humans has not been fully
conﬁrmed (Ren et al., 2009; Xian et al., 2011; Siddique et al., 2012).
The similar fanti in milk and serum from the same woman was
found in this study, appearing to indicate no occurrence of stereoselective DP bio-accumulation during the DP transport from
blood to breast milk in human. Further research on DP in human
tissues is necessary to determine stereoselective DP bioaccumulation. Notably, serum fanti (0.70 for the R20 group and
0.75 for the R3 group) in our study, was higher than data (0.53 in
Guiyu and 0.64 in Haojiang) reported by Ren et al. (2009). Further
research is also required to investigate this disparity between
studies.

3.3. Anti-DP fractional abundance
The anti-DP fractional abundance (fanti) is used to represent the
proﬁle characteristic of DP and deﬁned as the amount of anti-DP in
total DP. Commercial DP products are classiﬁed into three industrial
forms based on particle size, as they do not differ in composition.
However, reported DP fanti in commercial products are not always
consistent, because of different lots and manufacturers (Hoh et al.,
2006). For example, the value reported by Tomy et al. for a DP
standard (Oxychem, Occidental Petroleum Corporation, Los
Angeles, CA, USA) was 0.65 (Tomy et al., 2007), whereas fanti of the
technical DP standard from Cambridge Isotope Laboratories (USA)
was reported by Kang et al. as 0.75 (Kang et al., 2010). In our
laboratory, the ratio of technical product from Jiangsu Anpon
Electrochemical Co., Ltd. was detected as 0.7859  0.012 by GCe
NCIeMS and as 0.7720  0.005 by high resolution gas
chromatographyeelectron impactehigh resolution mass spectrometry (HRGCeEIeHRMS) (arithmetic mean: 0.78), which were

4. Conclusions
In conclusion, our study extends the knowledge that DP and its
monodechlorinated analog can bio-accumulate in maternal blood
and may postnatally expose the breastfed infant via breast milk.
We found a relatively consistent and stable partitioning relationship between milk and serum concentrations of syn-DP or
anti-DP, on a lipid-adjusted basis. This similar anti-DP fractional
abundance in milk and serum appeared to indicate no occurrence
of stereoselective DP bio-accumulation during the DP transport
from blood to breast milk in human. Exposure from e-waste
recycling activity was a dominant factor affecting DP levels in the
study population. Further research is required on tissue distribution, stereoselective bio-accumulation, and health risk assessment of DP in humans, especially for infants living in e-waste
recycling sites.
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