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• The general levels of PCDD/Fs and DL-
PCBs in three food groups marketed
around Guangdong Province were first
reported.

• Different congener profiles were found
in three food groups from four different
regions.

• Freshwater fish from north region of
Guangdong Province were more prone
to accumulate PCDD/Fs rather than DL-
PCBs.

• Dietary exposure of PCDD/Fs and DL-
PCBs had a low contribution to PTMI.
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Persistent organic pollutants such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and dioxin-like polychlorinated biphenyls (DL-PCBs) consisting of non-ortho and mono-ortho PCBs are sug-
gested to be very hazardous and have adverse effects on human health. However, their levels and congener profiles
in retail foodsmarketed in Guangdong Province of China have not been elucidated thus far. Thus, in this study, 226 in-
dividual samples of beef, freshwaterfish, and porkmarketed across four regions ofGuangdong Provincewere random-
ly collectedduring2013–2015 todetermine their levels of PCDD/Fs andDL-PCBs. The results showed that the total toxic
equivalency quantities (TEQs) of most samples were below the maximum limits except for the 26 samples collected
from the vicinities of pollution areas. The median total TEQs of these three categories were 0.174, 0.488, and
0.113 pg TEQ/g fw, respectively, which indicated that the contamination status of the studied foods was not serious.
For congener profiles, significantly different patterns were observed in three food groups, but with the same major
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TEQ contributors being 2,3,4,7,8-PeCDF in beef, freshwater fish, and pork. Regional differences of congener profiles in
each food group were also found in this study, which might be attributed to the regionally different distributions of
PCDD/Fs and DL-PCBs in environment media.
The dietary exposures of four population subgroups (girls, boys,male adults, and female adults) to PCDD/Fs andDL-
PCBs via three food groups were estimated to assessed the potential risks. They were all lower than the provisional
tolerable monthly intake (PTMI, 70 pg TEQ/kg bw/month) established by Joint FAO/WHO Expert Committee on
Food Additive. In these food categories, the exposure to PCDD/Fs and DL-PCBs via freshwater fish was the highest
one, which accounted for about 20% of PTMI, indicating that it was the major route to expose dioxin compounds.

© 2017 Elsevier B.V. All rights reserved.
Foodstuff
Congener profile
Dietary intake
1. Introduction

Persistent organic pollutants (POPs) are toxic organic chemicals that
are resistant to environmental degradation via mechanisms such as pho-
tolysis, chemical or biological actions (Eduljee, 2001). Owing to their
unique characteristics including extensive release in environmental
media, high environmental stability, and severe adverse effects on biota
and human health, the emissions of POPs need to be reduced and their
production prohibited (Chen et al., 2008; G. Zhang et al., 2007a; J.Q.
Zhang et al., 2007b). Among POPs, three closely related families of
polyhalogenated aromatic hydrocarbons referred to as dioxins, compris-
ing polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated diben-
zofurans (PCDFs), and dioxin-like polychlorinated biphenyls (DL-PCBs),
are regarded as the most hazardous ones and put into the initial list of
StockholmConvention. Thus, they have received great attention in the re-
cent decades. PCDDs and PCDFs occur naturally and as the unintentional
by-products of incomplete combustion and various industrial processes,
in contrast, DL-PCBsmainly result from thewide production and a variety
of commercial uses of PCBs before the applications have been banned by
most countries since 1970s. These environmental toxicants can bio-
accumulate easily through the food chain and ultimately show similar
spectrum of adverse biological effects and responses in wild life and
humans that include dermal toxicity, reproductive and developmental ef-
fects, neurological effects, immunomodulatory, and carcinogenic effects
(Chan and Wong, 2013; Costopoulou et al., 2016; Marin et al., 2011;
Zhang et al., 2012).

In humans, exposure routes of PCDD/Fs and DL-PCBs from contami-
nated matters include ingestion, inhalation, and dermal contact (Chan
et al., 2013). Dietary intake is regarded as themain pathway of exposure
to dioxins, because food ingestion is known to account for N90% of total
human exposure (Bocio et al., 2007; Fernandes et al., 2010; Grassi et al.,
2010; Li et al., 2007; Wang et al., 2015). Due to their ubiquitous nature,
persistence, and lipophilicity, dioxins can easily accumulate at high
levels in food of animal origin with high fat content, especially meat
and dairy products (Chan et al., 2013). Thus, in many countries and re-
gions, the contamination levels of PCDD/Fs and DL-PCBs in foodstuffs
have been extensively investigated, particularly in livestock and poultry
products (Fernandes et al., 2010; Hoogenboom et al., 2016; Huwe and
Larsen, 2005; Kim et al., 2007; Squadrone et al., 2015), dairy products
(Durand et al., 2008; Esposito et al., 2009; Schmid et al., 2003), and
aquatic products (Han et al., 2007; Moon and Ok, 2006; Munschy
et al., 2008; Sakuraia et al., 2000; C.F. Shen et al., 2009a; H.T. Shen
et al., 2009b). These studies showed that the toxic equivalency quantity
(TEQ) levels, which are used to estimate the harmful effects of these
hazardous chemicals, of certain animal-origin food exceeded the limits
set by EU Regulation 1259/2011, indicating that intake of such highly
contaminated food may pose hazardous effects for residents. In China,
the standard of determination method for PCDD/Fs and DL-PCBs in
foodstuffs was implemented in 2007 and revised in 2013, but the limits
of PCDD/Fs and DL-PCBs still not set by the relevant department. There-
fore, the limits for foodstuffs set by EUwere recommended as reference
in researches and risk assessments.

In order to estimate the dietary exposure of PCDD/Fs and DL-PCBs
through food to reveal the extent of chronic intake, total dietary survey
(TDS) has been performed in numerous developed and developing
countries in recent years (De Mul et al., 2008; Rauscher-Gabernig
et al., 2013; Sasamoto et al., 2006; Sirot et al., 2012; Taioli et al., 2005;
Wang et al., 2009; Windal et al., 2010; Zhang et al., 2013; Zhang et al.,
2015). The results from the latest Chinese TDS show that a relatively
higher exposure is observed in some developed regions such as
Zhejiang Province, Guangdong Province, and Shanghai City, suggesting
that foods polluted by dioxins may cause by a high environmental bur-
den and pose a threat to the health of local residents (Zhang et al.,
2015). Therefore, it is necessary to conduct an in-depth survey to give
researchers integral insights on the levels of PCDD/Fs and DL-PCBs in
foods marketed in these Chinese developed regions.

The occurrences and concentrations of PCDD/Fs and DL-PCBs in food
of animal and plant origin marketed in Shenzhen City, one of the devel-
oped cities of Guangdong Province, were determined recently by J.Q.
Zhang et al. (2007b, 2008). However, their general levels in retail
foods available in Guangdong Province have not been reported thus
far. Accordingly, one of the objectives of this study was to carry out
thefirst investigationwithwide coverage on the general levels and con-
gener profiles of PCDD/Fs and DL-PCBs in three main categories of food
including beef, freshwater fish, and pork, sampled from Guangdong
Province. Further, we estimated the dietary intakes of PCDD/Fs and
DL-PCBs by employing deterministic assessment and evaluated the
risk to the health of general and special populations.

2. Materials and methods

2.1. Chemical reagents and standards

The column packing materials including Silica gel 60 (63–200 μm),
Bio-Beads™ S-X3 support (38–75 μm), and Florisil (149–250 μm, pesti-
cide grade) used for column purification were purchased from Merck
(Darmstadt, Germany), Bio-Rad Laboratories (Hercules, CA, USA), and
Supelco (Bellefonte, PA, USA), respectively. Organic solvents of pesticide
grade applied for extraction, elution, and dissolution including n-
hexane (HA), acetonitrile, acetone, n-nonane were obtained from
Honeywell Burdick & Jackson (Ulsan, Korea), and dichloromethane
(DCM) from Merck Chemicals Co., Ltd. (Shanghai, China). Other
chemicals used in the process of pretreatment are anhydrous sodium
sulfate, sodiumhydroxide, and sulfuric acid. The quantification standard
solutions, internal standards, spiking solutions, and injection standards
of PCDD/Fs and DL-PCBs were all purchased from Cambridge Isotope
Laboratories Co. (Andover, MA, USA).

2.2. Sample collection and preparation

2.2.1. Sampling
A total of 226 individual food samples were purchased from local

food markets and supermarkets during 2013–2015. These samples
were classified into three categories of beef (n = 71), freshwater fish
(n = 76), and pork (n = 79). As part of the annual national food con-
taminants survey in China, 17 sampling sites covering most of the 22
prefectures of Guangdong Provincewere investigated according to pop-
ulation and economic status, which respectively located in Eastern
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region of Guangdong Province (ER, n=50), Northern region of Guang-
dong Province (NR, n=59), Pearl River Delta (PRD, n=80), andWest-
ern region of Guangdong Province (WR, n=39). The detail information
regarding sampling locations in Guangdong Province and sample sizes
in each surveillance site are shown in Supplementary materials
(Fig. S1 and Table S1), respectively. Each individual sample of three
food groupswas sealed into a polyethylene bag afterwrapped by alumi-
num foil and frozen at−40 °C. All the sampleswere shipped to our joint
laboratories for sample preparation and analysis.

2.2.2. Sample preparation
Freshwater fish, including grass carp (Ctenopharyngodon idellus),

bighead carp (Aristichthys nobilis), crucian carp (Carassius aumtus), tila-
pia (Oreochromis spp.), catfish (Silurus asotus), Chinese perch (Siniperca
chuatsi), and bass (Perca fluviatilis), were prepared as skin-on fillet from
which scales, bones, and viscera were removed. Inedible parts from
pork, i.e. skinless belly and beef, i.e. beef from rump were removed.
Then, each individual sample was washed with deionized water to re-
move impurities and patted dry with paper towels. Finally, the sample
was cut into small pieces, homogenized to form an emulsionwith ame-
chanical blender, and freeze-dried. The sample after lyophilization was
preceded with sample purification and determination.

2.3. Sample purification and determination

2.3.1. Sample purification
The levels of PCDD/Fs and DL-PCBs in three catalogs of food specimens

were determined according to theUS EPAmethod 1613 andUS EPAmeth-
od1668awith aminormodification.ASoxhlet apparatuswasemployed for
sample extraction. After being spiked with a mixture of 13C12-labeled
PCDD/Fs and DL-PCBs extraction standards in the pretreatment process,
the completely freeze-dried food sample was placed into the reflux unit
for 16-h extraction using 250 mL HA/DCM mixed-solution (1:1, v/v) as a
solvent. The solvent was removed using a rotary evaporator and the lipid
content was estimated by a gravimetric method. Then, the lipid fraction
was purified to remove the interferences caused by polar substances. Brief-
ly, the fraction was re-dissolved into 100 mL HA and blended with 40 g
acid-modified silica gel (40%, g/g) by amagnetic stirrer at ambient temper-
ature for 1 h continuously. After the bulk lipids were removed, the eluate
was concentrated and a multi-step cleanup was carried out with column
chromatography. The extract was first loaded onto a multilayer silica gel
column (frombottom to top: 2 cm anhydrous sodium sulfate, 1 g activated
silica gel, 4 g 33% alkaline-modified silica gel, 1 g activated silica gel, 8 g
acid-modified silica gel, 2 g activated silica gel, 2 cm anhydrous sodium sul-
fate) and then eluted with 100 mL HA/DCMmixture (97:3, v/v). The sol-
vent was removed by rotary evaporation and the eluent transferred onto
a gel permeation column (Bio-Beads S-X3) for further purification. The tar-
get chemicals were then eluted with 50 mL HA/DCM mixture (1:1, v/v)
after using 70mLHA/DCM solvent (1:1, v/v) to clean up the column. Final-
ly, the elution fraction was transferred to a diatomite column for the last
cleanup process. DL-PCBs were first eluted with 15 mL HA/DCM mixed-
solvent (95:5, v/v) and the fraction of PCDD/Fs was eluted with 40 mL
DCM. These two purified eluted fractions containing PCDD/Fs and DL-
PCBs were concentrated and transferred to conical vials containing 10 μL
of nonane. Before analysis, two concentrates were dried under a gentle ni-
trogen stream followed by spiking with the corresponding standards.

2.3.2. Analytical method
Quantitative analyses of PCDD/Fs and DL-PCBs were performed

using isotopedilution high-resolution gas chromatography-high resolu-
tion mass spectrometer (HRGC/HRMS) operating in selected ion moni-
toring (SIM) mode using an Agilent 7890B (Agilent Technologies, Santa
Clara, CA, USA) equipped with a DB-5MS capillary column (60 m ×
0.25 mm i.d. × 0.25 μm) and coupled with an HR Auto Spec Premier
mass spectrometer (Waters, Manchester, UK). Carrier gas helium was
supplied at a constant pressure of 185 kPa. Sample (1 μL) was injected
into the injector at 280 °C in the splitless mode. For the PCDD/Fs deter-
mination, the oven temperaturewas programmed as follows: 140 °C for
2 min, then from 140 °C to 220 °C at 8 °C/min, after that from 220 °C to
260 °C at 1.4 °C/min, the last procedure was from 260 °C to 310 °C at 4
°C/min and held at 310 °C for 3 min. For DL-PCBs, the temperature pro-
gram was 90 °C for 2 min, then 90 °C to 220 °C at 13 °C/min, held for
7 min, after that from 220 °C to 260 °C at 1.4 °C/min, the last procedure
was from260 °C to 300 °C at 5 °C/min. TheMSwas operated over 10,000
resolutions (10% valley definition) with EI source at 35 V electron ener-
gy and 650 μA trap current. The temperatures of transfer line, ion source,
and interface were 270 °C, 260 °C and 280 °C, respectively.

In this study, isotope dilution method was used for the quantifica-
tion of PCDD/F and DL-PCB homologues designated by WHO, and the
TEQs of the analyzed PCDD/Fs andDL-PCBs in this studywere calculated
using the toxic equivalency factors (TEF) 1998 proposed by WHO in
1998 (Van den Berg et al., 1998). The TEQs using TEF 2005 (Van den
Berg et al., 2006) are summarized in Tables S2–S4 for reference and
comparison. For the total TEQ level calculation, when the analyzed con-
centrations of congeners were below the limit of detection (LOD), i.e.
not detected (N.D.), the values were assumed to be equal to half of
LOD in this study for dietary exposure assessment. Additionally, the
measurement uncertainties of the analyticalmethod, including total un-
certainty and expanded uncertainty, were listed in Table S5.

2.4. Quality control and quality assurance

Quality control and quality assurance protocols were set up to en-
sure the accuracy and precision of identification. The protocols includ-
ed: (1) a procedural blank and a quantitative control sample for each
batch of eight samples; (2) a certificated reference of fish tissue fortified
with PCDD/Fs and DL-PCBs (WMF-01, Wellington Laboratory Inc., Guelph,
ON, Canada) was used for method verification and quality control;
(3) the laboratory testing ability for measurement of PCDD/Fs and DL-
PCBs in foodstuff was validated in inter-laboratory trials organized by Nor-
wegian Institute of Public Health. The recovery rates of the labeled 13C12
surrogates homologueswere between40 and120% for three foodmatrices,
which conformed to the requirements of the US EPAmethods. None of the
surrogate recoveries in this studywere outside this range and about 75% of
our recoveries were in the range of 40%–90%.

The LOD was calculated as three times the signal-to-noise ratio. For
PCDD/Fs, LODs ranged from 0.000380 to 0.160 pg/g fresh weight, ‘fw’,
and for DL-PCBs, from 0.00400 to 1.40 pg/g fw.

2.5. Dietary exposure assessment

To evaluate the potential risk from food intake, the monthly intakes
of PCDD/Fs and DL-PCBs via beef, freshwater fish, and pork were deter-
mined by deterministic assessment using the concentration and con-
sumption data to calculate the exposure level for local residents in
Guangdong Province, China. Human exposure is generally expressed
in terms of bodyweight (TEQ pg/kg bw). The consumption data and av-
erage bodyweights of children and adultswere obtained fromNutrition
and Health Survey of Guangdong Province 2012 (Zhang andMa, 2016).

2.6. Statistical analysis

All statistical analyses were performed using the IBM SPSS Statistics
23 software package (IBM, Armonk, New York, U.S.A.). All tests were
two-tailed, and a level of 0.05 was set for statistical significance.

3. Results and discussion

3.1. Levels of PCDD/Fs and DL-PCBs in three groups of food

TEF and TEQ have been established for evaluation of the harmful ef-
fects of PCDD/Fs and DL-PCBs on environmental matrices and biota
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(Vanden Berg et al., 1998; Vanden Berg et al., 2006). The TEQs of PCDDs
(seven congeners), PCDFs (10 congeners), and DL-PCBs (12 congeners)
were calculated in each group of food samples sampled from different
locations in Guangdong Province, and the median, average, and the
range of TEQ levels are shown in Fig. 1 and Table S2, respectively. In
summary, the median TEQ levels of PCDDs, PCDFs, and DL-PCBs as
well as the total TEQs (PCDD/Fs +DL-PCBs) were significantly different
(p b 0.05) among the three food groups. The highest median level of
total TEQ (0.488 pg TEQ/g fw) was found in freshwater fish, followed
by beef and pork with the median total TEQ levels of 0.174 and
0.113 pg TEQ/g fw, respectively. In this study, it is found that 11.50%
samples, collected from the vicinities of different contaminated areas,
had higher total TEQ levels than the maximum limits set by the EU in
all three studied food categories, indicating that the environment
might be contaminated by thedioxins release sources andfinally caused
food contamination. For the median TEQ levels of three homologues,
PCDFs were higher than the other two homologues in all three groups
of food matrices, which predominantly contributed to the total TEQs
(Fig. 1). As shown in Table S2, the concentrations of PCDDs and total
TEQs showed large variations in freshwater fish and pork, because
these TEQ levels of the samples, collected from the vicinities of typical
E-waste disassembling regions, were much higher than the other sam-
ples. The food matrices collected from the vicinities of different E-
waste disassembling regions in China, including freshwater fish, chick-
en, and duck, also had higher TEQ levels that exceeded the limits
(Chan et al., 2013; Chan and Wong, 2013; Shen et al., 2017; Song
et al., 2011; G. Zhang et al., 2007a; J.Q. Zhang et al., 2007b). Additionally,
an increase of 10–25% was observed in the average total TEQ levels of
the two food categories (freshwater fish and pork) when the TEQ calcu-
lationwas performed using TEF 2005 instead of TEF 1998, whichwas in
contrast to the results of DeMul et al. (2008)who reported a decrease of
10–25% (Table S2). This is attributable mainly to the extremely high
mass concentration levels of OCDD and OCDF congeners in the samples
that exceeded the maximum limits.
3.1.1. Beef
In this survey, themedian concentrations of total TEQ in beef fromall

four regions were below 0.200 pg TEQ/g fw. The results shown in Fig. 2
indicated that the samples from NR had a higher TEQ value than those
from the other three regions did. However, the differences in the TEQs
Fig. 1. The median levels of PCDDs, PCDFs, DL-PCBs, and total TEQ in th
among the four regions were not significant (p N 0.05). Our results
were similar to the median total TEQ level reported for Zhejiang,
China (Shen et al., 2017), but a little higher than the result of Italy
(Taioli et al., 2005) (Table 1). The average levels of total TEQ in compar-
ison with the published results are shown in Table S6. The levels in beef
marketed from Guangdong Province were higher than the correspond-
ing levels of Taiwan (Chen et al., 2008; Hsu et al., 2007; Lee et al., 2016),
Catalonia in Spain (Perelló et al., 2012) and Italy (Taioli et al., 2005). The
composition patterns of total TEQ were similar among the samples of
the four regions; PCDDs or PCDFs contributed the most, while DL-PCBs
contributed b20% of the mean total TEQs (Table S4).
3.1.2. Freshwater fish
Although Guangdong Province is one of the coastal regions in China,

freshwater fish is also one of the favorite foods of local residents. How-
ever, PCDD/Fs and DL-PCBs surveillance for freshwater fish was limited
in comparison with that for marine fish (Chan et al., 2013; G. Zhang
et al., 2007a; J.Q. Zhang et al., 2007b; Zhang et al., 2008). As shown in
Fig. 2, the median TEQ levels of PCDDs and PCDFs, as well as total TEQ
in freshwater fish from NR were significantly higher than those ob-
served in PRD, ER and WR (p b 0.05), which accounted for the higher
contamination in NR. The median total TEQ of the three regions (PRD,
ER, andWR) in this surveywere comparable to or higher than the values
of common fish species including freshwater fish and marine fish from
the retail markets of Shenzhen, Guangdong Province (G. Zhang et al.,
2007a; J.Q. Zhang et al., 2007b; Zhang et al., 2008) and Zhejiang Prov-
ince (Shen et al., 2017; Wang et al., 2015), and fish from Italy (Taioli
et al., 2005), but lower than the TEQ level ofmarinefish reported for Va-
lencia in Spain (Marin et al., 2011). However, themedian total TEQofNR
samples was much higher than the surveillance results mentioned
above (Table 1). The mean total TEQs of four regions in comparison
with those of other nations and regions are enumerated in Table S6.
The mean levels of total TEQ of ER and WR were close to or higher
than the survey results of freshwater fish collected from Taiwan (Chen
et al., 2008;) and marine fish sampled from Zhejiang Province, China
(Wang et al., 2015), but slightly lower than the values of marine fish
marketed in Taiwan (Hsu et al., 2007; Lee et al., 2016). In contrast, the
levels of these two regions were lower than the findings in aquatic
products reported for the Western nations (Costopoulou et al., 2016;
Perelló et al., 2012; Rauscher-Gabernig et al., 2013; Sirot et al., 2012)
e three food categories from four regions of Guangdong Province.
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expect for Italy (Taioli et al., 2005). However, NR and PRD regions had
even higher mean total TEQs (Table S6). It is also important to note
that the freshwater samples from NR had an average total TEQ of
4.44 pg TEQ/g fw, which was comparable with or lower than those of
the freshwater fish collected from Guiyu (4.64 pg TEQ/g fw) and Tai-
zhou (10.87 pg TEQ/g fw), two of the most well-known E-waste dis-
mantling areas in China (Chan et al., 2013; Song et al., 2011). It is
Table 1
Comparison of the median total TEQ levels of three food groups with the results reported by th

Nation/Region Food Year M

Guangdong Province, China Beef (beef from rump) 2013–2015 0
Four regions of Guangdong Province 0

(
Zhejiang Province, China Beef 2013–2014 0
Italy Beef 1999–2001 0
Guangdong Province, China Freshwater fish 2014–2015 0
Four regions of Guangdong Province 0

(
Shenzhen City, Guangdong Province,
China

Fish (freshwater fish and marine
fish)

– 0

2004–2006 0
Zhoushan, Zhejiang Province, China Marine fish 2011 0
Zhejiang Province, China Freshwater fish 2014–2015 0
Italy Fish 1999–2001 0
Valencia, Spain Marine fish 2006–2008 1
Guangdong Province, China Pork (skinless belly) 2013–2015 0
Four regions of Guangdong Province 0

0
Zhejiang Province, China Pork 2013–2014 0
Italy Pork meat and derivates 1999–2001 0
indicated that a part of cultivated freshwater fish samples in NR may
contaminated by the dioxin compounds released from the E-waste dis-
mantling sites in this region, but the contamination status of NRwas rel-
atively better than that of Taizhou. Previous studies indicated that fish
were more prone to accumulating DL-PCBs rather than PCDD/Fs
(Costopoulou et al., 2016; Lee et al., 2016; Perelló et al., 2012;
Rauscher-Gabernig et al., 2013; C.F. Shen et al., 2009a; H.T. Shen et al.,
e published literatures.

edian (pg TEQ/g fw) Reference

.174 This study

.196 (ER); 0.201 (NR); 0.128 (PRD); 0.185
WR)
.13 Shen et al., 2017
.037 Taioli et al., 2005
.488 This study
.381 (ER); 2.29 (NR); 0.448 (PRD); 0.264
WR)
.26 G. Zhang et al., 2007a; J.Q. Zhang et al.,

2007b
.34 Zhang et al., 2008
.343 Wang et al., 2015
.17 (herbivorous); 0.28 (omnivorous) Shen et al., 2017
.245 Taioli et al., 2005
.21 Marin et al., 2011
.113 This study
.124 (ER); 0.168 (NR); 0.136 (PRD);
.0681(WR)
.080 Shen et al., 2017
.022 Taioli et al., 2005



417W.-L. Wu et al. / Science of the Total Environment 615 (2018) 412–421
2009b; Sirot et al., 2012; Wang et al., 2015). However, PCDD/Fs TEQs
and not DL-PCBs were found to accumulate in the freshwater fish
from NR and PRD regions, which was similar with the observations of
the survey carried out in Zhejiang Province, China and Ghana
(Adu-Kumi et al., 2010; Shen et al., 2012; Shen et al., 2017). This inter-
esting finding may be in relate with the environment matrices contam-
inated by higher concentration levels of PCDD/Fs than DL-PCBs that
release from different processes of E-waste dismantling. Many pub-
lished literatures pointed out that PCDD/Fs were the major contami-
nants other than DL-PCBs in soil and sediment samples from ambient
regions of different E-waste dismantling sites located in China,
Vietnam and Ghana (C.F. Shen et al., 2009a; H.T. Shen et al., 2009b;
Suzuki et al., 2016; Tue et al., 2016; Wong et al., 2007).

3.1.3. Pork
The survey also gave great concerns on the levels of PCDDs and DL-

PCBs in pork due to the high consumption in China. Themedian concen-
tration of total TEQ in pork samples fromNRwas higher than the corre-
sponding ones of the samples from the other three surveillance regions,
which were lower than 0.150 pg TEQ/g fw, but the differences were not
significant (p N 0.05) (Fig. 2). The major contributors to total TEQ were
PCDD/Fs, accounting for over 95% of total TEQ. Themedian total TEQs of
NR, ER, and PRD samples were higher than the TEQs of pork collected
from Zhejiang Province (Shen et al., 2017) and porkmeat and derivates
from Italy (Taioli et al., 2005), while the value forWR sampleswas com-
parable (Table 1). However, the average total TEQ values of four regions
were higher than those reported bymany surveys onmarket retail pork
from many regions and countries, such as Taiwan (Chen et al., 2008;
Hsu et al., 2007; Lee et al., 2016), Catalonia in Spain (Perelló et al.,
2012), and Italy (Taioli et al., 2005) (Table S6).

3.2. Congener profiles of three categories of food samples

The congener patterns of PCDD/Fs and DL-PCBs in food matrices are
mainly governed by a combination of feed contamination and the envi-
ronmental pollution of the area where the food is cultivated and pro-
duced. The most predominant PCDD/F and DL-PCB congeners in beef
were 2,3,4,7,8-PeCDF, 1,2,3,7,8-PeCDD, and PCB126, which contributed
to 26.20%, 21.72%, and 12.77% of the total TEQ, respectively (Fig. 3).
For freshwater fish, the congener pattern was not completely similar
to that of beef, but had the same major contributors including
2,3,4,7,8-PeCDF, PCB126, and 1,2,3,7,8-PeCDD, accounting for 24.67%,
23.55%, and 20.22% of the total TEQ, respectively. For pork, the congener
distribution was slightly different from those of the other two groups;
the PCDD/F congeners with the highest TEQ levels were 2,3,4,7,8-
PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,7,8-PeCDD, accounting for 20.02%,
16.59%, and 15.52% of the total TEQ, respectively, while the DL-PCB con-
gener in pork with the highest TEQ was PCB126, but it only accounted
for 3.79% of the total TEQ.

3.2.1. Beef
The congener-specific patterns of PCDD/Fs in beef from four regions

had a similar profile andwere characterized by the same dominant con-
geners (2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD), whereas the congener
profiles of DL-PCBs had regional characteristicswith the samedominant
congener (PCB126) but different distribution of other DL-PCBs. As
shown in Fig. 4a and b, the main congeners that contributed to the
total TEQs in beef from four regions were penta-CDD/Fs, i.e. 1,2,3,7,8-
PeCDD and 2,3,4,7,8-PeCDF, which were similar with the findings of
the published papers (Focant et al., 2002; Tsutsumi et al., 2001; Zhang
et al., 2008). However, the congener profile of PRD samples was slightly
different from those observed in the other three regions and
1,2,3,4,6,7,8-HpCDD was one of the dominant contributors (21.35%) to
the total TEQ of the samples. This observation was not in line with the
results reported byprevious studies inwhich the dominant contributors
to total TEQ in beef were 1,2,3,7,8-PeCDD and 2,3,4,7,8-PeCDF (Focant
et al., 2002; Tsutsumi et al., 2001; Zhang et al., 2008). The difference
may be caused by many reasons, such as different environment pollu-
tion sources of PCDD/Fs in different areas, different feeds used in the
cultivation process, and the influence of bio-accumulation.

3.2.2. Freshwater fish
The congener profiles of freshwater fish were more complicated in

comparison with those of beef (Fig. 4c and d). Firstly, the isomeric pat-
terns of the samples from PRD and ER had analogous PCDD/Fs and DL-
PCBs composition, however, the TEQ levels of most congeners were
higher in the samples of PRD. 2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD
were the most prominent congeners in PCDD/Fs homologues, contrib-
uting to about 21.18% and 12.82% (PRD), and 19.41% and 22.06% (ER)
of the total TEQs, which was in agreement with the results reported
by J.Q. Zhang et al. (2007b, 2008). However, the congener distribution
of the freshwater fish from WR was different from those of PRD and
ER samples, namely, 2,3,7,8-TCDD, 2,3,7,8-TCDF, and 2,3,4,6,7,8-HxCDF
were also the major contributors to the TEQ, and this might result
from the regionally different distributions of PCDD/Fs in environment
media. Comparing the contributions of PCDD/Fs to total TEQs, the fresh-
water fish samples from these three regions were more likely to accu-
mulate the coplanar congener PCB126, which has the highest toxicity
among DL-PCBs, accounting for over one third of the total TEQs. Al-
though the samples from PRD had the same major congeners as those
from ER and WR, they primarily accumulated PCB126
(0.1540 pg TEQ/g fw), accounting for 34.88% of the total TEQ. This find-
ing is in accordance with the relevant reports on marine fish and sea-
food (Costopoulou et al., 2016; Lee et al., 2016; Sasamoto et al., 2006;
Tsutsumi et al., 2001). The highest median total TEQ of freshwater fish
was for NR samples, in which the congener distributions of PCDD/Fs
and DL-PCBs were quite different from those of the other three sampling
sites; the more important congeners in this area were the highly-
chlorinated PCDD/Fs including 1,2,3,4,6,7,8-HpCDD/F and 1,2,3,6,7,8-
HxCDD. The TEQ level of DL-PCBs in the freshwater fish from NR was the
lowest; the congeners were not considered important because of their
slight contribution to the total TEQ in comparison with PCDD/Fs. The find-
ings for NR samples and those reported by recent studies (Focant et al.,
2002; Shen et al., 2017; Song et al., 2011) contradict those of previous stud-
ies, which showed that fish are more prone to accumulate DL-PCBs rather
than PCDD/Fs (Costopoulou et al., 2016; Lee et al., 2016; Perelló et al.,
2012; Rauscher-Gabernig et al., 2013; C.F. Shen et al., 2009a; H.T. Shen
et al., 2009b; Sirot et al., 2012; Wang et al., 2015).

3.2.3. Pork
The pork samples from the four different regions significantly accu-

mulated PCDD/Fs rather than DL-PCBs, which is similar with the results
reported by Shen et al. (2017). However, the congener patterns of
PCDD/Fs were different in each region, while analogous compositions
of DL-PCBs were reported for the pork from four survey regions. The re-
sults shown in Fig. 4e and f indicated that pork samples from NR were
polluted with 1,2,3,4,7,8-HxCDF, which accounted for about 19% of the
total TEQ and was different from those reported in the literatures that
described 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD and 2,3,4,7,8-PeCDF to be the
predominant congeners in pork (Focant et al., 2002; Tsutsumi et al.,
2001; Zhang et al., 2008). The specimens fromWRwere also character-
ized by the significant contribution of 1,2,3,4,7,8-HxCDF to total TEQ,
whereas the TEQ levels of 1,2,3,4,6,7,8-HxCDF in the WR samples were
lower than those reported for NR samples. In contrast, the distributions
of PCDD/Fs and DL-PCBs in the samples of PRD and ER were distin-
guished from those in the other two regions with 2,3,4,7,8-PeCDF
being the main congener.

3.3. Dietary exposure assessment

Table 2 summarizes the estimated exposures of PCDD/Fs and DL-
PCBs via beef, freshwater fish, and pork. Because no specific



Fig. 3. Congener profiles of PCDDs/Fs and DL-PCBs in the three food categories of Guangdong Province.

418 W.-L. Wu et al. / Science of the Total Environment 615 (2018) 412–421
consumption data for freshwater fish were obtained from the dietary
survey, we assumed that the consumption of freshwater fish was
equal to the aquatic product (Zhang and Ma, 2016). Risk assessment
was carried out by comparing the results with the provisional tolerable
monthly intake (PTMI, 70 pg TEQ/kg bw/month) established by the
Joint FAO/WHO Expert Committee on Food Additives (JECFA, 2001).

For the children in Guangdong Province, the total exposure to PCDD/
Fs and DL-PCBs from three food categories was much lower than the
PTMI set by the JECFA, indicating that the consumption of these foods
marketed in the Guangdong Provincemay pose a low threat to children.
The dietary exposure for each food group is summarized in Table 2. The
results showed that the dietary intake of girls was more than that of
boys because of the higher consumption of freshwater fish and the
lower body weight. The dietary exposure to PCDD/Fs and DL-PCBs
from freshwater fish accounted for about 15%–22% of the PTMI, and
was themajor contributor in the three food groups. By contrast, the ex-
posure from beef contributed to only about 1% of the PTMI due to the
low consumption amount and relatively low concentration of dioxin
compounds.

For the adults in Guangdong Province, the total exposure to PCDD/Fs
andDL-PCBs via the three food categories was also lower than the PTMI.
The dietary exposures for the adults are shown in Table 2. The contribu-
tions of the exposures of male and female adults via freshwater fish to
PTMI were 20.41% and 20.71%, respectively, which were close to those



Fig. 4. Congener profiles of PCDDs/Fs and DL-PCBs in the three food categories from four regions of Guangdong Province.
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reported for children. Male adults consumed more food than female
adults did in all the three food categories, resulting in higher total TEQ
exposure, which was in contrast with the results for children
(Table 2). Children were more likely to be exposed to PCDD/Fs and
DL-PCBs than adults, accounting for their low body weights.
However, the preliminary dietary intake of PCDD/Fs and DL-PCBs in-
dicated that local residents in the contaminated regions could be ex-
posed to excessive intake of total TEQ in comparison with PTMI
(Table S7) when the TEQ levels of food samples collected from these re-
gions were used for the estimation. This finding suggests that a greater



Table 2
Estimated daily intake (pg TEQ/day) and monthly intake (pg TEQ/kg bw/month) of PCDD/Fs and DL-PCBs for children (age 6–18 years) and adult (age 18–70 years) in Guangdong.

Food
group

Concentration
(pg TEQ/g fw)

Boys (average body weight: 46.5
kg)

Girls (average body weight: 41.1
kg)

Male adults (average body
weight: 64.5 kg)

Female adults (average body
weight: 54.6 kg)

Consumption
(g/day)

Daily
intake

Monthly
intake

Consumption
(g/day)

Daily
intake

Monthly
intake

Consumption
(g/day)

Daily
intake

Monthly
intake

Consumption
(g/day)

Daily
intake

Monthly
intake

Beef 0.174 7.3 1.27 0.82 5.1 0.89 0.65 8.6 1.50 0.70 6.7 1.17 0.64
Freshwater fish 0.488 35.2 17.18 11.08 43.0 20.98 15.31 63.0 30.74 14.30 54.1 26.40 14.51
Pork 0.113 99.7 11.27 7.27 88.5 10.00 7.30 106.0 11.98 5.57 70.4 7.96 4.37
Total 19.17 23.26 20.57 19.52
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risk for adverse effects on the health of local population of the polluted
regions and the dietary intake of PCDD/Fs andDL-PCBs via the local food
should be further evaluated.

The dietary exposures of PCDD/Fs and DL-PCBs in this study were
compared with the results for the local residents in different regions
to understand the dietary intake of PCDD/Fs andDL-PCBs byGuangdong
residents. The results indicated that the dietary intake of PCDD/Fs and
DL-PCBs via beef was similar to those reported for the Zhejiang Prov-
ince, China (0.3 pg TEQ/kg bw/month) (Shen et al., 2017), and Taiwan
(0.27 pg TEQ/kg bw/month) (Wang et al., 2009), and significantly
lower than the levels of western countries, such as Belgium
(10.8 pg TEQ/kg bw/month) (Focant et al., 2002) and Egypt (2.4–-
5.1 pg TEQ/kg bw/month) (Loutfy et al., 2006). In reference to the die-
tary intake of PCDD/Fs and DL-PCBs from freshwater fish, our result
was comparable to the exposure levels of Western population
(Costopoulou et al., 2016; Focant et al., 2002; Loutfy et al., 2006;
Perelló et al., 2012) and Shenzhen residents
(18.5 pg TEQ/kg bw/month and 14.1 pg TEQ/kg bw/month) (G. Zhang
et al., 2007a; J.Q. Zhang et al., 2007b; Zhang et al., 2008), but prominent-
ly higher than the exposure levels of Zhejiang Province, China (Shen
et al., 2017), Taiwan (Wang et al., 2009), Austria (Rauscher-Gabernig
et al., 2013), and France (Sirot et al., 2012). However, the level of expo-
sure of Guangdong residents to PCDD/Fs and DL-PCBs from fishwas not
high, the dietary intake of fish by the residents of Valencia, Spain was
much higher reaching 48.6 pg TEQ/kg bw/month (adult) and
67.8 pg TEQ/kg bw/month (children). For the dietary intake of PCDD/
Fs and DL-PCBs from pork, it was higher than the levels reported in
Belgium (Focant et al., 2002; Windal et al., 2010), Taiwan (Wang et al.,
2009), and the Zhejiang Province of China (Shen et al., 2017).

4. Conclusion

As a survey of food contaminants for Guangdong Province to have
in-depth insights of the contamination status of PCDD/Fs and DL-PCBs
in foodstuffs, this studyfirst reports the general TEQ levels and congener
profiles in three food groups including beef, freshwater fish, and pork,
and dietary intakes have been evaluated for adults and children.

For contamination level, low concentrations of total TEQs were de-
tected in most food samples. However, it is notable that the samples
of three food groups collected from the vicinities of polluted regions
had high levels of PCDD/Fs and DL-PCBs that significantly exceeded
the MLs set by the EU (Table S7), which indicated that more categories
of foodstuffs cultivated or produced from the contamination areas
should be intently concerned through a further study for local residents.
For congener profile, unique major congeners and congener distribu-
tions were observed in different food categories and sampling regions,
but the primary reasons caused these results still needs more
investigations.

The dietary intakes for adults and children were estimated on basis
of the median TEQs levels of three food groups and the corresponding
food consumption data, and the results indicated that the exposure to
PCDD/Fs and DL-PCBs via the studied foodstuffs did not exceed the
PTMI established by JECFA. Exposure estimation for the local residents
in dioxins pollution areas did not proceed in this study because the
quantities of the foodstuffs collected from these regions were not
enough for a valuable estimation. However, the preliminary dietary in-
takes estimated from the available data indicated that the dietary expo-
sures of PCDD/Fs and DL-PCBs via freshwater fish and pork obtained
from the polluted regions were higher than the PTMI (Table S7),
which suggested that contaminated foods could have adverse effects
on the health of local residents, and therefore, more attention should
be paid to the risk posed by these food items on the health of local res-
idents in the further study.
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Appendix A. Supplementary data

Table S1 and Fig. S1 specify the sampling information of the sizes of
each category (beef, freshwaterfish and pork) in each sampling location
of 17 sampling areas in Guangdong Province. The median, average, and
range of the TEQ levels of three groups of food samples collected from
Guangdong Province are summarized in Table S2. The median and
mean TEQ levels (pg TEQ/g fw) of PCDD/Fs and DL-PCBs in three food
categories from four regions of Guangdong Province are summarized
in Table S3–Table S4, respectively. The measurement uncertainties
(pg/g fw) of the analytical method for PCDD/Fs and DL-PCBs in food-
stuffs using HRGC-HRMS are listed in Table S5. Table S6 shows the com-
parison of the mean total TEQ levels of three food groups with the
results reported by the published literatures. Table S7 summaries the
total TEQ levels of PCDD/Fs and DL-PCBs in the samples exceeded the
EU regulations and their contributions to the estimated monthly intake
(pg TEQ/kg bw/month) of PCDD/Fs and DL-PCBs for local residents in E-
waste dismantling regions. Supplementary data associated with this ar-
ticle can be found in the online version, at doi: https://doi.org/10.1016/j.
scitotenv.2017.09.273.
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