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ABSTRACT: The present study examined the bioacessibility of DDTs and PBDEs in cooked fish (yellow grouper; Epinephelus
awoara) with and without heating using the colon extended physiologically based extraction test. The bioaccessibility of DDTs
and PBDEs increased from 60 and 26% in raw fish to 83 and 63%, respectively, after the addition of oil to raw fish. However, they
decreased from 83 to 66% and from 63 to 40%, respectively, when oil-added fish were cooked. Human health risk assessment
based on bioaccessible concentrations of DDTs and PBDEs in fish showed that the maximum allowable daily fish consumption
rates decreased from 25, 59, and 86 g day−1 to 22, 53, and 77 g day−1 for children, youths, and adults, respectively, after fish were
cooked with oil. These findings indicated that the significance of cooking oil to the bioaccessibility of DDTs and PBDEs in food
should be considered in assessments of human health risk.
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■ INTRODUCTION

The importance of organic contaminant bioavailability has
increasingly been recognized worldwide as the potential risk to
human and ecological health assessed with total contaminant
concentrations may be overestimated.1,2 Risk assessment based
on total concentrations assumes all target compounds are
soluble in the gastrointestinal tract and can be absorbed into
the systemic circulation. This assumption overestimates the
actual intake of target compounds because only portions of the
total amounts can reach the systemic circulation (bioavail-
ability). Bioavailability can be determined by animal-based in
vivo assays and in vitro models if the results derived from the in
vitro models have been well correlated with the in vivo data.
However, in vivo assays are expensive, time-consuming, and
ethically questionable.3 To address this issue, bioaccessibility is
used as a surrogate, which represents the potential available
fraction of a compound for uptake.4 Although bioaccessibility
does not reflect true bioavailability, practically it is close to the
actual fraction of a chemical that can be available for uptake by
biota or humans and therefore can be used for a more accurate
assessment of health risk.5

Bioaccessibility is often estimated with in vitro models, which
have been used for heavy metals and persistent organic
pollutants (POPs)6−8 among others. As in vitro models may
reduce the need for use of laboratory animals and account for
matrix effects in risk assessment,9 they have been used to

estimate the bioaccessibility of POPs in different environmental
media by many researchers.5,10−12 For example, the bioacces-
sibility of POPs in food was estimated by a spiking approach to
minimize potential analytical uncertainty;13,14 however, it was
unclear whether the result was altered artificially due to the use
of the spiking method. Fish used for assessing bioaccessibility of
POPs are often raw,15−17 but fish consumed are largely cooked.
Cooking was shown to alter the concentrations and
compositions of POPs in fish.18−20 In addition, cooking oil
has been used in a variety of food preparation procedures.
Previous studies found that the bioaccessibility of POPs and
POPs-like compounds (e.g., polycyclic aromatic hydrocarbons
(PAHs)) in soil and fuel soot increased with the addition of
lipid-containing materials (e.g., soybean oil and milk) in
digestive models.21,22 Therefore, the impact of cooking oil on
the bioaccessibility of target compounds in fish is critical for
assessing human health risk from dietary uptake of cooked fish.
Such information has remained limited.
To address the above-mentioned knowledge gap, we

evaluated the bioaccessibility of dichlorodiphenyltrichloro-
ethanes (DDTs) and polybrominated diphenyl ethers
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(PBDEs) in native and spiked common edible yellow grouper
(Epinephelus awoara) caught from typical fishing areas in the
Pearl River Delta of southern China. The selection of DDTs
and PBDEs as the target compounds was based on previous
findings that they were ubiquitous in aquatic products from the
sampling areas.23−25 The objectives of the present study were
to (1) examine whether there was significant difference in the
bioaccessibility derived from DDTs in native and spiked fish;
(2) compare the bioaccessibility of DDTs and PBDEs in raw
and cooked fish; and (3) assess the potential human health risk
based on the bioaccessibility of DDTs and PBDEs in raw and
cooked fish.

■ MATERIALS AND METHODS
Materials. Standards of individual target analytes, including p,p′-

DDT, o,p′-DDT, p,p′-DDE, o,p′-DDE, p,p′-DDD, o,p′-DDD, p,p′-
DDMU, and p,p′-DDNU and the internal standard, 2,2′,3,3′,4-
pentachlorobiphenyl (PCB-82), were purchased from AccuStandard
(New Haven, CT, USA). o,p′-DDT-d8 used as a surrogate standard,
and p,p′-DDT-d8, p,p′-DDD-d8 and p,p′-DDE-d8 used in spiking
experiments were purchased from C/D/N Isotopes (Quebec,
Canada). Eight individual BDE congeners, including BDE-28, -47,
-99, -100, -153, -154, -183, and -209, surrogate standards (BDE-51,
BDE-115, and 4′-fluoro-2,2′,3,3′,4,5,5′,6,6′-nonabromodiphenyl ether
(F-BDE-208), and internal standards (BDE-69, 3-fluoro-2,2′,4,4′,5,6-
hexabromodiphenyl ether (F-BDE-139), and 4′,6-difluoro-
2,2′,3,3′,4,5,5′,6′-octabromodiphenyl ether (F-BDE-201) were pur-
chased from AccuStandard. SX-3 Bio-Beads used in gel permeation
chromatography were purchased from Bio-Rad Laboratories (Her-
cules, CA, USA). Mucin from porcine stomach (type Π), bile salts,
peptone from casein, tryptone from vegetable, and guar gum were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All other in vitro
materials were obtained from J&K Scientific (Beijing, China). Hexane
of HPLC grade was acquired from Honeywell Burdick & Jackson
(Morristown, NJ, USA), whereas dichloromethane (DCM) and
acetone were obtained locally and further purified by double
distillation before use. Silica gel (80−100 mesh) was purchased from
Qingdao Haiyang Chemical (Qingdao, China). Corn oil (Jinlongyu
brand; Yihai Kerry, Shenzhen, China) was bought from Xingan
Supermarket in Guangzhou, and the saturated, monounsaturated, and
polyunsaturated fats were 15, 32, and 53 g in 100 g of corn oil,
respectively. Other materials, such as gases and in vitro materials, and
pretreatment processes of anhydrous sodium sulfate and silica gel are
detailed in the Supporting Information (SI).
Sample Collection and Preparation. Field sampling was

conducted in October 2014, at four mariculture zones along the
coast of Guangdong province, southern China (Figure S1). Fish
individuals were collected from three sampling sites in each
mariculture zone, resulting in 20 samples of three fish species
(Table S1). All samples were wrapped with aluminum foil, placed in
plastic zipper-closed bags onsite, cooled with ice during transport to
the laboratory, and stored at −20 °C until analysis.
Yellow grouper samples for assessing bioaccessibility of the target

compounds in native and spiked fish were prepared right before the
experiment was conducted, according to a previously published (but
slightly modified) protocol.13 Briefly, each edible muscle sample was
homogenized, freeze-dried, and ground into fine powder. A 0.5-g dry
fish powder sample was spiked with a 1 mL of DCM solution, which
was prepared by diluting a 20 μL of hexane stock solution containing
p,p′-DDT-d8, p,p′-DDD-d8, and p,p′-DDE-d8 at 5 μg mL−1, BDE-28,
-47, -99, -100, -153, -154, and -183 at 1 μg mL−1, and BDE-209 at 10
μg mL−1 with DCM in an 1 mL volumetric flask. The spiked fish
powder sample was homogenized and placed under a fume hood
overnight to allow solvent to evaporate. In addition, approximately 2 g
(wet weight) of fresh fish was ground into debris with a stand mixer
and subsequently spiked by the same levels of target analytes in an
acetone solution. After solvent evaporation, the spiked fish sample was
cooked as follows.18 A 250-mL glass bottle (60 mm i.d. × 140 mm

height) containing 0.5 g of fish powder sample or 2 g of fresh fish and
0.5 g of corn oil was placed in a heating block (Ansai, Shenzhen,
China) preheated at 200 °C for 15 min. At the same time, a control
test with the same type of sample mixed with the same cooking oil but
without heating was also conducted. The corn oil was free of DDTs
and PBDEs as demonstrated in trial testing prior to use.

Determination of Bioaccessibility of DDTs and PBDEs. The in
vitro digestion model used was modified from a recently developed
colon-extended physiologically based extraction method (CE-
PBET).14,26 Briefly, the CE-PBET model consists of three compart-
ments, that is, the stomach, small intestine, and colon. An aliquot of
uncooked yellow grouper (0.5 g dry weight or 2 g wet weight) was
accurately weighed into a labeled glass bottle. A 50-mL gastric solution
was added to the labeled glass bottle, which was sealed with a
polytetrafluoroethylene membrane-sealed screw cap. For the cooked
fish sample, the gastric solution was directly added into the 250-mL
glass bottle used during the cooking process. The headspace was
purged and filled with ultrapure nitrogen (≥99.999%; Guangdong
Huate Gas, Guangzhou, China) to create an anaerobic environment.27

The bottle was agitated at 80 rpm with a thermostatic oscillator at 37
°C for 1 h. The gastric solution was transformed to a small intestine
solution, by adding approximately 0.6 g of NaHCO3 to adjust pH (7.1
± 0.1) and 5 mL of water solution containing 17.8 g L−1 of bile salts
and 5 g L−1 of pancreatin at a ratio of 10:1 (stomach to water solution
in volume). Finally, the bottle was resealed and incubated in a shaker
(Bluepard THZ-100; Shanghai, China) for 4 h. The transition between
small intestine and colon solutions was achieved by a physical transfer;
that is, the test substrate was recovered by centrifugation (4000g for 5
min, Sigma 3K15, Darmstadt, Germany), added to a 50-mL
prewarmed colon solution at a ratio of 100:1 (solution/sample
weight; v/m), and incubated for 8 h.

Sample Extraction. After incubation, a suspended solution from
each bottle for small intestine and colon compartments was
centrifuged to obtain supernatant (∼50 mL). Fifty milliliters of
ultrapure water and 50 mL of acetone containing the surrogate
standards were added to the supernatant, which was liquid−liquid
extracted three times with 50 mL of DCM each. The solution was
rigorously shaken for 5 min and separated into aqueous solution and
DCM by centrifugation at 4000g for 5 min. The underlying DCM
layer was collected with a dropper, and three extracts were combined
and concentrated to 1 mL with a Zymark TurboVap 500 (Hopkinton,
MA, USA) for purification with a silicon column. The subsequent
procedures were the same as those of fish samples.

The spiked fish samples were dosed with a 20-μL surrogate standard
solution containing o,p′-DDT-d8 at 5 μg mL−1, BDE-51 and BDE-115
at 1 μg mL−1, and F-BDE-208 at 10 μg mL−1 and sonicated three
times, each with 40 mL of a mixture of hexane, dichloromethane, and
acetone (2:2:1 in volume).28 The sonicated fish mixture was
centrifuged at 4000g for 5 min, after which the supernatants were
collected. Each extract was concentrated to 1−2 mL, mixed with ∼15
mL of hexane, and further concentrated to approximately 1 mL. Each
extract was purified with a glass column packed with 1 cm of
anhydrous sodium sulfate, 10 cm of neutral silica gel, and 1 cm of
anhydrous sodium sulfate. The fraction containing DDTs and PBDEs
was eluted with 15 mL of hexane and concentrated to approximately 1
mL. The final extract was concentrated to 200 μL and spiked with the
internal standards before instrumental analysis.

To determine the background levels of DDTs and PBDEs, 5 g of
dry fish (∼20 g wet weight) sample was extracted following the same
extraction procedure as described above. Each extract was concen-
trated, solvent-exchanged to DCM and hexane (1:1 in volume), and
further concentrated to approximately 1 mL. Each extract was loaded
onto the gel permeation chromatograph (with a 30 cm × 1.0 cm i.d.
glass column packed with 6 g of Bio-Beads SX-3) and washed with 15
mL of a mixture of DCM and hexane (1:1 in volume). The portion
containing DDTs and PBDEs was eluted with 15 mL of the same
solution. The eluent was concentrated, solvent-exchanged to hexane,
and purified with a silicon column following the same purification
procedure described above. The final extract was concentrated to 100
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μL and spiked with the internal standards prior to instrumental
analysis, which is detailed in the SI.
Data Analysis. The bioaccessibility of DDTs and PBDEs in fish,

defined as BA%, was calculated by the fraction of target compound
mobilized from fish into the gastrointestinal phase with in vitro
digestion14,29

= ×
m

m
BA% 100extracted

total (1)

where mextracted and mtotal are the masses of the target compound
extracted from fish and initially present in fish, respectively. It should
be noted that BA% was actually calculated by the average mextracted
dividing the average mtotal. The deviation of BA% was derived from
error propagation. This approach was expected to minimize the effects
of artificially pairing the masses of target analytes in fish with and
without digestion on the value of BA%.
The estimated daily intake (EDI) of DDTs and PBDEs via

consumption of a given fish species, noncarcinogenic and carcinogenic
hazard quotient (HQ), and maximum allowable fish consumption rate
based on carcinogenic effects (CRmax) were estimated by the models
developed by the U.S. Environmental Protection Agency (USEPA):30
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where Cm is the concentration of target analyte m in the edible portion
of fish (mg kg−1); BAm is the bioaccessibility (%) of target analyte m in
raw and cooked fish; CR is the mean daily consumption rate of fish
(kg day−1); BW is the body weight of the consumer (kg); RfDm is the
reference dose of target analyte m for noncarcinogenic effects (mg
kg−1 day−1); ARL is the maximum acceptable lifetime risk level
(unitless), which was taken as 10−5 from the USEPA;30 CSFm is the
cancer slope factor of target analyte m for carcinogenic effects (mg
kg−1 day−1)−1; CRmm is the number of allowable meals per month
(meals per month); MS is the amount of fish consumed per meal
(0.227 kg of fish per meal); Tap is the time averaging period (365.25
days per 12 months = 30.44 days per month); and Tdm is the number
of allowable fish consumption days per month (days month−1). Values
of CR and BW for different age groups are detailed in Table S4. In the
present study, the average concentrations of DDTs and PBDEs in
yellow grouper collected from four mariculture zones and their
bioaccessible concentrations were used for health risk assessment. The
CSF and RfD values for DDTs and PBDEs acquired from the
USEPA31 are listed in Table S5. Because BDE-209 is the only
congener with available data for carcinogenic assessment, the CSF and
RfD values of other BDE congeners were taken from BDE-209.32 Our
previous study obtained various fish consumption rates from 15.3 to
63.6 g per day for different age groups in coastal cities of Guangdong
province, southern China;33 hence, a value of 227 g per meal from the
USEPA seemed not applicable in the present study. We decided to
replace CRmm with Tdm. If Tdm is higher than 30 days per month, then
no obvious human health risk is associated with consumption of the
fish species.

Quality Assurance and Quality Control. Two procedural
blanks, three spiked blanks, and three spiked samples were analyzed
for each batch of 20 samples; all of these samples were processed in
triplicate. The recoveries of the surrogate standards, o,p′-DDT-d8,
BDE-51, BDE-115, and F-BDE-208, were 91 ± 17, 77 ± 5, 92 ± 10,
and 71 ± 12% in fish samples and 80 ± 26, 81 ± 9, 98 ± 22, and 68 ±
16% in digestive fluid samples, respectively. In addition, a standard
solution of p,p′-DDT and BDE-209 was analyzed once for every batch
of 10 samples prior to instrumental analysis to ensure the degradation
rates of p,p′-DDT and BDE-209 were <10%. Concentrations of DDTs
and PBDEs in all samples were not corrected for the recoveries of the
surrogate standards. The lowest calibration concentrations divided by
the actual sample mass were defined as the limits of quantification for
the target compounds, that is, 0.025 ng g−1 (except for DDTs and
BDE-209, which was 0.25 ng g−1) wet weight for 20 g fish samples and

Figure 1. Mass of deuterated DDT compounds and BDE congeners in the blank spiked samples with and without being subjected to digestion
process of the colon-extended physiologically based extraction method (n = 3).
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0.02 ng mL−1 (except for DDTs and BDE-209, which was 0.20 ng
mL−1) for 50 mL digestive fluids. All measured concentrations were
expressed on a wet weight basis.

■ RESULTS AND DISCUSSION

Validity of Colon Extended Physiologically Based
Extraction Test. The CE-PBET method was proposed by
Tilston et al.26 to assess the bioaccessibility of PAHs in soil. To
validate the method for assessing the bioaccessibility of DDTs
and PBDEs in fish, blank spiked experiments (only standards)
were conducted. The results indicated that there was no
significant difference in the masses of individual DDT and
PBDE compounds in the blank spiked samples with and
without being subject to digestion (Figure 1). Furthermore,
p,p′-DDT was believed not to degrade during the digestion
processes because no metabolites of p,p′-DDT-d8 were detected
in the blank spiked samples. It is worth noting that there was no
apparent readsorption of DDTs and PBDEs to the digestive
residues after in vitro digestion. Previous studies demonstrated
that if sorption of mobilized pollutants occurred on the
digestive residues, their bioaccessibility would be under-
estimated due to readsorption.34,35 The difference between
our results and previously reported findings was probably
caused by different fluid/solid ratios employed. The fluid/solid
ratio was 7 and 35 in the previous studies,34,35 whereas it was
100 in the present study. It was proposed that the
concentrations of organochlorine pesticides in separated fluids
increased with increasing fluid/solid ratio.34 A previous study
also found that the liquid/solid ratio had significant effects on
the bioaccessibility of PBDEs in foodstuffs when it fell below
90.13 All of these results corroborated the validity of the CE-
PBET method for assessing the bioaccessibility of DDTs and
PBDEs in fish.
Bioaccessibility of DDTs in Native and Spiked Fish. To

examine whether there was any difference in BA% of DDTs
between native and spiked fish, fish samples containing high
concentrations of DDTs were desirable. One fish species
(yellow grouper) from Hailing Bay contained substantially
higher concentration of DDTs (110 ng g−1) than other fish
species (Table S2). This was consistent with the results of our
previous studies.36 Therefore, we used this sample as the
digestion material.
The BA% of DDTs in native fish (48 ± 12%) in the present

study was greater than those in the market fish (5−46%; mean
= 23%) in a previous study.36 This was probably due to the use
of different in vitro models. The difference between the two
models was the use of different model components and fluid/
solid ratios. The model components were gastric, intestinal, and
colon conditions, and the fluid/solid ratio was 100 in the
present study, whereas the model components were gastric and
intestinal conditions only and the fluid/solid ratio was 10 in the
previous study.36 Furthermore, the BA% values of p,p′-DDE-d8,
p,p′-DDD-d8, and p,p′-DDT-d8 were 48 ± 2.1, 56 ± 11, and 47
± 11%, consistent with those of p,p′-DDE, p,p′-DDD, and p,p′-
DDT (50 ± 9.1, 46 ± 15, and 47 ± 16%, respectively) in native
fish. Apparently BA% values were not significantly different
between native and spiked fish on the basis of either individual
DDT components or total DDTs (Figure 2). This confirmed
the validity of utilizing spiked samples14,27,37 to mimic field
samples in in vitro digestion experiments. At the same time,
previous studies have documented that bioaccessibility was not
affected by analyte concentrations at a fixed ratio of the
digestive fluid volume to the mass of foodstuff.13,38 Therefore,

the spiking method was feasible for generating the required
analyte concentrations for in vitro experiments.

Bioaccessibility of PBDEs in Spiked Fish. The highest
concentration of PBDEs was 0.94 ± 0.06 ng g−1 in silver
croaker (Pennahia argentata) from Honghai Bay (Table S3),
too low for estimating BA% values with the in vitro method.
Because BA% was not significantly different between native and
spiked fish for either individual DDT components or total
DDTs, the BA% of PBDEs in yellow grouper was also
estimated by a spiking approach. Furthermore, Yu et al.13

examined the bioaccessibility of PBDEs (BDE-17, -28, -47, -66,
-71, -85, -99, -100, -138, -153, -154, -183, and -190) in fish with
spiking concentrations of 10, 20, 60, 100, 140, and 200 ng g−1

dry weight for each individual BDE congener. The results
showed that the bioaccessibility of PBDEs was not affected by
spiking concentrations if the liquid to solid (L/S) ratio was
fixed in the digestive model. In addition, the BA% values of
DDTs and PBDEs in untreated and treated fresh fish were not
significantly different from those in untreated and treated dry
fish powder except for BDE-28 and BDE-47 in raw fish and
p,p′-DDT in cooked fish (Figure S4). This result suggested that
homogenized fish samples can also be prepared from fresh fish
spiked with target analytes. Because the BA% of DDTs and
PBDEs in fresh fish are closely related to the transport of
bioaccessible target compounds in the digestive process of fish
in humans, they are further discussed in the following.
There was no significant difference among the bioaccessi-

bility values of individual target BDE congeners in raw fish, fish
with oil added but without heating, and fish cooked with oil
(Figure 3). This finding was consistent with the bioaccessibility
of PBDEs in indoor dust using the same in vitro method.39 The
BA% of BDE-209 (23 ± 4.2%) in raw fish from the CE-PBET
in vitro model was close to the bioavailability of BDE-209
(26%) in rat.40 In addition, another study15 found that the BA%
of PBDEs, determined with a method simulating human
gastrointestinal digestion process, ranged from 5 to 105% in
animal-sourced food, and fat content was a major factor
responsible for the variability of BA%. However, the BA% of
total PBDEs in raw fish (26 ± 3%) in the present study was
higher than that in the previous study (20 ± 1.2%) with similar
fat contents (both ∼5%; Table S1).15 Although this may be
partly attributed to the characteristics of the specific fish

Figure 2. Bioaccessibility of deuterated and native DDT compounds
in yellow grouper (Epinephelus awoara) by using the colon extended
physiologically based extraction method (n = 3).
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samples examined in these two studies, the addition of an 8 h
colon digestion was likely to be the major cause for this
difference.26,39

Bioaccessibility of DDTs and PBDEs in Raw and
Cooked Fish. Heating did not seem to exert any significant
effect on the compositions and contents of DDTs and PBDEs
in freeze-dried fish (Figure S2). However, significant decreases
in the masses of DDTs and PBDEs in fresh fish were observed
after frying (Figure S3). This was consistent with previous
results41,42 that the concentrations of DDTs in fish declined
upon cooking. In contrast, Boer et al.43 showed that the
concentrations of DDTs increased in eel after frying due to
moisture loss. The mass of PBDEs in the fresh fish also
decreased during the frying process, consistent with a previous
finding that small amounts of PBDEs were evaporated from
cooked fish.20 These results indicated that water present in fish
is significant to mass change of organic contaminants during the
cooking processes.
Figure 3 displays the changes in the bioaccessibility of DDTs

and PBDEs in raw fish, fish with oil added but without heating,
and fish cooked with oil. Addition of plant oil to fish
substantially increased the BA% of DDTs and PBDEs with or
without heating, demonstrating the significance of plant oil in

mediating the bioaccessibility of DDTs and PBDEs in fish. A
previous study found that the BA% of 11 PAHs (fluorene,
phenanthrene, fluoranthene, pyrene, benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo-
[a]pyrene, indeno[1,2,3-cd]pyrene, and benzo[g,h,i]perylene)
in fuel soot increased with inclusion of lipids into digestive
fluid, attributed to the combined effect of facilitated mass
transfer from nonlabile to labile phase and propelled
partitioning into bile acid micelles.22 Addition of whole milk
powders elevated the fractions of mobilized PAHs and
polychlorinated biphenyls in different contaminated soils,
from 7 to 95% and from 32 to 83%, respectively.21 Fish fat
content can also influence the bioaccessibility of contaminants.
For example, a significant positive relationship (R2 = 0.86, p <
0.001) was observed between the bioaccessibility of total
PBDEs (sum of BDE-17, -28, -47, -66, -71, -85, -99, -100, -138,
-153, -154, -183, and -190) and fat contents of raw animal-
based foods.36 Similarly, the bioaccessibility of most PAH
congeners was positively correlated with lipid contents in
animal-based foods (R2 = 0.752, p = 0.005).44 Apparently, fish
with oil added and foods with high fat contents exhibited
enhanced BA% of organic compounds.

Figure 3. Bioaccessibility of DDT compounds and BDE congeners in raw and cooked yellow grouper (E. awoara) using the colon extended
physiologically based extraction method (n = 5). Herein, fresh raw fish was used for cooking. Different letters indicate significant differences between
groups (p < 0.05).

Figure 4. Noncarcinogenic and carcinogenic hazard quotient (HQ) estimated with the bioaccessible concentrations of DDTs and PBDEs in raw and
cooked yellow grouper (E. awoara) for children, youths, and adults in Guangdong province, southern China. Red, blue, and green colors indicate
children, youths, and adults, respectively, whereas solid and dashed curves represent the bioaccessible concentrations of DDTs and PBDEs in raw
and cooked fish, respectively. Here, DDTs also include p,p′-DDNU and p,p′-DDMU detected in yellow grouper. Detailed results from the
assessment of carcinogenic effects are presented in Tables S5 and S6.
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The BA% of DDTs and PBDEs decreased from 83 to 66%
and from 63 to 40%, respectively, in fish subjected to heating
after oil was added (Figure 3). A previous finding also found
that cooking with harsh thermal conditions generally led to
decreased bioaccessibility of total lipids, selenium, total
mercury, and methylmercury in farmed meagre (Argyrosomus
regius).45 Zhang et al.22 ascribed the increase in bioaccessibility
of PAHs in soot with lipid addition to the formation of mixed
lipid−bile acid micelles, in which the solubility of hydrophobic
compounds was greater than in pure bile acid. On the other
hand, heat can break down hydrogen bonds constructing the
three-dimensional framework of proteins during the cooking
processes. Protein denaturation may result in lowered water
solubility and aggregation due to the exposure of hydrophobic
groups. Apparently, lipid prefers to affiliate with denatured
proteins, thereby reducing the formation of mixed lipid−bile
acid micelles and lipid bioaccessibility. As a result, the reduction
in BA% of DDTs and PBDEs in cooked fish may be attributed
to protein denaturation during the frying process (temperatures
in fish: 100−150 °C). Denatured proteins would aggregate and
trap a portion of cooking oil45 and consequently reduce the BA
% of the targets analytes in cooked fish.
Bioaccessibility-Based Assessment of Fish Consump-

tion Limits. The measured BA% values were used to correct
the concentrations of DDTs and PBDEs in fish, so as to better
examine fish consumption limits. The BA% of DDTs and
PBDEs were 59 and 26%, and 83 and 63%, and 66 and 40% in
raw fish, fish with oil added but without heating, and fish
cooked with oil, respectively. Detailed results from the
assessment of noncarcinogenic and carcinogenic HQs for
local residents of different age groups are presented in Tables
S5 and S6. The results showed that the noncarcinogenic HQs
based on the bioaccessible concentrations for different age
groups were all substantially smaller than one (Figure 4 and
Figure S5), suggesting that consumption of the fish species did
not pose a noncancer risk. In addition, the noncarcinogenic
HQs were not significantly different among different age
groups. Human exposure risk based on total concentration may
be overestimated and expectedly the risk assessment can be
better conducted involving BA% values of organic contami-
nants in cooked food. Therefore, bioaccessibility-based assess-

ment of human health risk should take into account different
cooking processes.
The carcinogenic HQs based on the bioaccessible concen-

trations in raw and cooked fish were also not significantly
different among different age groups (Figure 4). However,
enhanced carcinogenic HQs for different age groups were
obtained when cooking oil was incorporated into the risk
assessment, suggesting high cancer risk associated with the
consumption of cooked fish. For example, the carcinogenic
HQs for children with dietary uptake of raw fish increased from
0.76 (95% confidence interval (CI) of 0.34−1.39) to 0.85 (95%
CI of 0.39−1.57) with cooked fish (Table S6). The fish
consumption advisories with carcinogenic effects (Figure 5)
were calculated for the maximum individual acceptable risk
level of 10−5. Local residents in Guangdong province, southern
China, may be subject to carcinogenic risk if they consume
cooked fish with daily consumption rates of 16, 37, and 60 g
day−1 for children, youths, and adults, respectively, which were
derived from a dietary survey in 2006.33 To minimize
carcinogenic risk, the number of days per month for consuming
cooked fish by local residents should be fewer than 19 based on
a worst-case scenario (95% CI of Tdm of 19−69). Although the
general population also consumes other foodstuffs, the result
presented herein represents the worst-case scenario, which can
be used to establish fish consumption advisories for consumers,
especially in coastal regions.
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Figure 5. Maximum allowable fish consumption rate (CRmax) and number of days per month (Tdm) on the basis of carcinogenic effects estimated
with the bioaccessible concentrations of DDTs and PBDEs in raw and cooked fish for children, youths, and adults in Guangdong province, southern
China. The carcinogenic effect was set at 10−5, acquired from the U.S. Environmental Protection Agency.30 The daily consumption rates of fish for
children, youths, and adults in Guangdong province, southern China, were derived from a dietary survey in 2006.33 Here, DDTs also include p,p′-
DDNU and p,p′-DDMU detected in yellow grouper. Detailed results from the assessment of carcinogenic effects are presented in Tables S5 and S6.
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