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An in vitro gastrointestinal digestion model was used to evaluate bioaccessibility of PAHs in 20 fish

species collected from Hong Kong markets. The average bioaccessibilities of PAHs were 24.3 and

31.1%, respectively, in gastric and intestinal conditions. When bioaccessibility was taken into con-

sideration, the values of potency equivalent concentrations (PEC) decreased from 0.53 to 0.18 ng g-1

for freshwater fish and from 1.43 to 0.35 ng g-1 for marine fish. This indicated that bioaccessibility

should be taken into account for health risk assessment with regard to PAH contamination in fish. The

relative accumulation ratios (Rnn) of PAH congeners were significantly correlated with their physico-

chemical parameters and their corresponding concentrations reported in subcutaneous fats of Hong

Kong residents. The data suggest that Rnn values calculated in the present study could effectively

reflect the accumulations of PAHs in the human body.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are primarily de-
rived from incomplete combustion of fossil fuels and burning of
vegetation and other organic materials (1). Due to their carcino-
genic properties and acute toxicity, 16 congeners of PAHs have
been listed as priority control pollutants by the U.S. Environ-
mental Protection Agency (EPA) (2). Food intake is the major
route for the general population’s exposure to PAHs (3). Sea-
foods, particularly freshwater and marine fish, are the major
components of the diet for Hong Kong residents. The average
Hong Kong person consumes fish or shellfish four or more times
per week, at about 164.4 g per day (4). Earlier studies indicated
that PAH concentrations in fish collected from the Pearl River
delta (PRD)were rather high: 1050-4260 ng g-1 (dryweight, dw)
in wild fish (5), 62-196 ng g-1 (dw) in freshwater fish (6), and
46.5-354 ng g-1 (wet weight, ww) in market fish (7) respectively.

The use of total extractable PAHs from contaminated foods
for general health risk assessmentmay result in an overestimation
of the amount of contaminants absorbed via oral intake (3). Some
invivo experimentswere carriedout to analyze the intake efficiency
of PAHs. It was observed that the absorption rate of benzo-
(a)pyrene (BaP) was only 33% in pigs (8) and 12% in lactating
goats (9). Therefore, for assessing health risks posed by PAHs,
bioavailability should be taken into consideration (10). However,
in vivo studies are expensive, laborious and time-consuming, and
can pose ethical dilemmas (11), so in vitro methods have been
adopted for estimating the bioaccessibility of contaminants in food

items (such as selenium and mercury in fish (11) and polychlori-
nated biphenyl (PCBs) in vegetables and fish (12)).

The bioaccessibility of a contaminant in foods is defined as the
fraction of the contaminant mobilized from the food matrices
during gastrointestinal digestion (13). In terms of PAHs, there are
only a few studies concerning their bioaccessibility in soil samples.
Holman et al. (14) observed substantial enhancement of the
solubility of hydrophobic petroleum hydrocarbons in the fat
digestion condition relative to the fasted condition, presumably
contributint to the lowering of their surface tension by bile salts
and the formation of “mixed micelles”. Van de Wiele et al. (15)
observed that the release of PAHs in stomach digests was only
0.44% of the total PAHs present in soils. Tang et al (16) revealed
that the oral bioaccessibility of total PAHs ranged from 9.2 to
60.5%, as a means of assessing human exposure to PAHs in soils.

However, there is a lack of information concerning the
bioaccessibility of PAHs in foods. Therefore, the bioaccessibilities
of PAHs in several species of common market fish were investi-
gated in the present study. More specifically, the objectives were
(1) to develop an in vitro digestion method for analyzing the
bioaccessibility of PAHs contained in fish and (2) to assess the
accumulation ratios for the oral intake of PAHs for Hong Kong
residents though fish consumption. The associated potential
health risk assessment was assessed. To our knowledge, this is
the first study to investigate the bioaccessibility of PAHs in foods
using an in vitro digestion method.

MATERIALS AND METHODS

Sample Collection and Treatment. Twenty species of commonly
consumed fish were purchased from local fish markets from May to
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November 2009. The scientific and common names, body length, weight,
producing area, feeding mode, and food items of the fish are listed in
Table 1. At least three individuals of similar size of each species were
collected and kept frozen by storing them in an ice box and transported to
the laboratory as soon as possible. There were altogether 279 fish samples.
The muscle of fish (including axial and ventral muscle) was dissected,
freeze-dried, and homogenized by grinding into powder prior to analyses.

Digestible Fraction.Determination of the digestible fraction followed
the method described by Cabanero et al. (11) and Xing et al. (12) with
slight modification. Briefly, about 2-3 g of freeze-dried samples were first
placed in a 50 mL capped centrifuge tube with 30 mL of synthetic gastric
juice (5% w/v pepsin in 0.15 M NaCl, acidified with HCl to pH 1.8) and
shaken at 100 rpm for 1 h at 37 �C in the dark.After 1 h of gastric digestion,
the mixtures were centrifuged (15 min, 37 �C, 1500 rpm), and all
suspensions were transferred to new tubes for further cleanup and ana-
lyses. Twenty milliliters of artificial intestinal juice (1.5%, w/v pan-
creatin, 0.5%, w/v amylase, and 0.3% w/v bile salts, in 0.15 M NaCl,
pH6.8) was added, and themixturewas resuspended and shaken at 30 rpm
for 5 h at 37 �C in the dark. Finally, the tubes were centrifuged at 1500 rpm
at 37 �C for 15 min to separate supernatant and solid. Both gastric and
intestinal supernatants were filtered though a 0.45 Millipore filter and
extracted using liquid-liquid shakingmethod, with 50mLof hexane twice
and with 50 mL of DCM once. All of the extracts were concentrated
to 1 mL using a rotary evaporator and passed through a Florisil column
for purification of the extract according to Standard Method 3620B (17).
The eluant was concentrated to 200 μL for PAH analyses. Blanks were
prepared by containing the enzyme treatment in series without fish
samples.

PAH Analyses. Samples (2-3 g) were extracted for 16-18 h with
a mixture of acetone, dichloromethane (DCM), n-hexane (v/v/v 1:1:1,
120mL) in a Soxhlet extractor, according to StandardMethod 3540C (18).
A series of chromatographic columns were applied for sample cleanup
such as Florisil cleanup (EPA Standard Method 3620B) (17) and gel
permeation cleanup (EPA Standard Method 3640A) (19). Deuterated
PAH internal standards (acenaphthene-d10, phenanthrene-d10, chrysene-
d12, and perylene-d12) were added into all extracts at a concentration of
320 ng g-1 prior to instrumental analyses for quantification. Concentra-
tions of PAHs were determined with a Hewlett-Packard (HP) 6890 N gas
chromatograph (GC) coupled with a HP-5973 mass selective detector

(MSD) and a 30 m � 0.25 mm � 0.25 μm DB-5 capillary column (J&W
Scientific Co. Ltd., Folsom, CA), using StandardMethod 8270C (20). The
PAH standards (AccuStandard, New Haven, CT) consisted of 16 priority
pollutant PAHs: naphthalene (Nap), acenaphthylene (Acel), acenaphthene
(Ace), fluorene (Fl), phenanthrene (Phe), anthracene (An), fluoranthene
(FlA), pyrene (Py), benz(a)anthracene (BaA), chrysene (Chry), benzo(a)-
pyrene (BaP), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
indeno(1,2,3-cd)pyrene (IP), dibenz(a,h)anthracene (DahA), and benzo-
(g,h,i)perylene (BghiP).Thepeaksof benzo(b)fluoranthene (BbF) andbenzo-
(k)fluoranthene (BkF) were extremely close and difficult to distinguish;
therefore, these two compounds were combined as one, namely, B(bþk)F.
The standard curve was obtained by using 0, 2, 5, 10, 20, 50, 100, and 200
ng g-1 PAH standards. Concentrations based on individually resolved
peaks were summed to obtain the total PAH concentrations (

P
PAHs).

QA/QC. The limit of detection (LOD) using the present method was
determined as the concentrations of analytes in a sample that gave rise to a
peak with a signal-to-noise ratio (S/N) of 3, which ranged from 0.05 to
0.15 ng g-1. The recoveries of individual PAHs ranged from 73.2% for
Nap to 108.2% for DahA in standard reference material (SRM) 2977
(mussel tissue) form the National Institute of Standards and Technology
(NIST, Bethesda, MD). For each batch of 12 field samples, a method
blank (solvent), a spiked blank (standards spiked into solvent), a sample
duplicate, and a standard reference material (NIST SRM 2977) sample
were processed. The variation coefficients of PAH concentrations between
duplicate samples were <10%. The PAH levels of digestion blank were
less than the LOD.

Calculation of Bioaccessibility. The bioaccessibility of PAHs in the
present study was defined as the fraction of the contaminants mobilized
into the digestive juices from fish, whichwould be available for absorption.
The bioaccessibility (% BA) of PAHs was calculated as the ratio of the
amount of PAHs in liquid phase to that in the sum of liquid and
solid (eq 1), which couldminimize the influence of loss during the digestion
process (12). The total PAHs for intestinal digestion were considered as
equal to the total PAHs in fish samples subtractedbyPAHs in gastric juice.

% BA ¼ ðBA extracted PAHs=total PAHsÞ � 100 ð1Þ
Calculation of Potency Equivalent Concentration (PEC) and

Screening Value (SV). The potency equivalent concentration (PEC) of
carcinogenic PAHs was calculated for each sample for comparison with

Table 1. Fish Species Obtained from Local Markets in Hong Kong from May to November 2009

common name scientific name n length (cm) weight (g) producing area feeding mode food items

Freshwater Fish

1 tilapia Oreochromis mossambicus 10 27.0( 2.07 432( 8.38 Shunde, PRD omnivorous plant tissue, small fish, shrimp, detritus,

and sediment

2 snakehead Channa asiatiea 12 31.6( 0.38 449( 25.0 Shunde, PRD carnivorous crustaceans, insect larvae, and fish

3 spotted snakehead Channa maculate 10 28.8( 0.14 254( 12.5 Shunde, PRD carnivorous crustaceans, large insects, fish, and

even frogs

4 rice field eel Monopterus albus 14 58.6( 3.70 279( 17.3 Shunde, PRD carnivorous crustaceans, insects, fish, and invertebrates

5 mud carp Cirrhina molitorella 15 28.0( 1.40 414( 55.7 New Territories, HK bottom feeder algae, phytoplankton, and

organic detritus

6 mandarin fish Siniperca kneri 3 42.7( 2.08 1519( 119 Shunde, PRD carnivorous fingerling and small fish

7 grey mullet Mulgil cephalus 18 30.7( 0.90 379( 10.4 Shunde, PRD bottom feeder zooplankton, benthic organisms, detritus,

and plant material

8 grass carp Ctenopharyngodon idellus 6 41.9( 1.37 1338( 106 New Territories, HK herbivorous grass and other submerged higher plants

9 catfish Clarias fuscus 21 30.5( 1.01 316( 21.5 New Territories, HK carnivorous small fish, insects, crustaceans, plankton,

and rotting plants

10 bighead carp Aristichthys nobilis 6 36.1( 0.98 875( 38.9 New Territories, HK filter feeder zooplankton

Marine Fish

11 yellow seafin Acanthopagrus latus 9 26.1( 0.19 417( 9.42 South China Sea omnivorous benthic invertebrates

12 yellow croaker Pseudosciaena crocea 15 30.8( 1.70 353( 54.8 South China Sea carnivorous small fish, shrimps, and crabs

13 tongue sole Cynoglossus robustus 18 32.3( 0.77 193( 20.2 South China Sea bottom feeder benthic invertebrates

14 snubnose pompano Trachinotus blochii 9 26.5( 0.60 409( 36.1 Sai Kung, HK carnivorous sand mollusks and hard-shelled invertebrates

15 orange-spotted grouper Epinephelus coioides 9 30.2( 0.33 432( 7.15 South China Sea carnivorous fish and crustaceans

16 golden threadfin bream Nemipterus virgatus 15 21.9( 2.26 181( 58.3 South China Sea carnivorous crustaceans, fish, and cephalopods

17 goldspotted rabbitfish Siganus punctatus 36 19.7( 1.23 122( 16.0 South China Sea herbivorous benthic algae and seagrass

18 Bleeker’s grouper Epinephelus bleekeri 10 30.7( 1.79 364( 58.1 Hainan Province carnivorous fish and crustaceans

19 bigeye Priacanthus macracanthus 33 24.4( 2.19 201( 53.8 Hainan Province carnivorous crustaceans, small fish, and small

invertebrates

20 bartail flathead Platycephalus indicus 10 40.0( 16.0 489( 388 South China Sea bottom feeder small fish
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the screening value for BaP according to the guideline of the EPA (21). The
toxic equivalency factor (TEF) of BaP, DahA, IP, BbK, BfK, BaA, and
Chry was used in accordance with the EPA (22). The PEC of each fish
sample was calculated using eq 2 (23)

PEC ¼
X

ðTEF� CÞ ð2Þ

where TEF is the toxic equivalency factor compared with BaP for
carcinogenic PAH congeners and C is the concentration (ng g-1, ww).

The screening value (SV) is defined as the concentration of chemical in
edible tissue that is of potential public health concern, and it is used as
threshold value against tissue residue level of contamination in similar
tissues collected from the environment (24). The SVs for PAHs were
calculated using eq 3 (25)

SV ¼ ½ðRL=SFÞ � BW�=CR ð3Þ
where SV is screening value (μg g-1), RL is maximum acceptable risk level
(dimensionless), SF is oral slope factor (μg g-1 day-1), BW is body weight
(kg), and CR is consumption rate (g day-1). In the present study, the body
weight, consumption rate, oral slope factors of PAHs, and RL was 70 kg,
142.2 g day-1, 7.30 μg g-1 day-1, and 10-5, respectively (7). RL is defined
as if a person weighing 70 kg consumed 142.2 g of fish per day with the
same concentration of contaminant, for 70 years; the increased risk would
be at most one additional cancer death per 100,000 persons (26).

Data Analyses. All of the results were reported in nanograms per
gram, ww. Data analyses were performed using SPSS 13.0 for Windows.
Normality was confirmed by the Kolmogorov-Smirnov test. Data of
PAH concentrations and bioaccessibility in gastric and intestinal condi-
tions were analyzed using two independent t tests, theWilcoxon rank sum
test, one-way ANOVA, and the Kruskal-Wallis test as the requirement.

RESULTS AND DISCUSSION

PAH Concentrations in Hong Kong Market Fish. According to
Table 2,

P
PAHs concentrations obtained in the present study

ranged from7.41 to 58.0 ng g-1 with amean of 22.4 ng g-1, which
were comparable with those collected from fishponds of the PRD
(25.8-77.1 ng g-1, ww) (27) and the Hong Kong market
(1.57-118 ng g-1, ww) (7). The highest

P
PAHs concentra-

tions among freshwater and marine fish species were for catfish

(27.0 ( 5.12 ng g-1) and yellow seafin (54.4 ( 3.09 ng g-1). TheP
PAHs concentrations in freshwater fish (7.41-28.1 ng g-1,

meanof 13.6 ng g-1) were significantly ( p<0.01) lower than those
in marine fish species (16.2-58.0 ng g-1, mean of 31.2 ng g-1).

The PAHs in fish muscle were bioconcentrated from water via
gills, skin, and ingestion of contaminated food or sediment. The
bioaccumulation rate depended mainly on their feeding prefer-
ence, general behavior, and trophic level of fish (28). It was
generally observed that the PAH concentrations in water, sus-
pended particulate matter, sediments, and fish feeds for marine
fish were significantly higher than for freshwater fish in the
PRD (29). Therefore, the higher PAHs in marine fish could be
attributed to the bioaccumulation from fish feeds as well as from
the surrounding environment containing higher PAHs.

All 16 EPA priority PAHs were detected in the fish samples.
The congener proportions of PAHs were comparable between
freshwater and marine fishes, with low molecular weight (LMW)
PAHs as the predominant congeners (28.4-62.0%, mean of
48.6%).NapandPhAwere themost prevalent parent compounds
(23.2 and 16.5%, respectively). This result was in line with prior
studies concerning fish samples collected from the PRD (7, 27).

Oral Bioaccessibility of PAHs. Figure 1 shows that the bioac-
cessibility of total PAHs in the intestinal condition (12.6-42.6%,
mean of 31.1%) was significantly (p < 0.01) higher than that in
the gastric condition (12.1-37.9%, mean of 24.3%). The higher
bioaccessibility of PAHs in intestinal condition was also noted in
previous studies about the bioaccessibility of persistent organic
pollutants (POPs) using the in vitro gastrointestinal model
(PAHs (16); organochlorine pesticides (OCPs) (30)), which might
be due to the micelles formed in the aqueous suspensions by bile
constituents. This will be further discussed below. No significant
( p>0.05) difference of bioaccessibility between marine and
freshwater fishes was observed in both gastric and intestinal
conditions. The low bioaccessbility may indicate that the total
PAH intake through fish consumption as found by conventional
procedures with organic solvent has considerably overestimated
human exposure to PAHs through food intake.

Table 2. PAH Concentrations (ng g-1, ww) in Hong Kong Market Fish Musclea

PEC

LC (%) Nap Acel Ace Fl PhA An FlA Py BaA Chry BbkF BaP IP DahA BghiP
P

PAHs fish digestible

Freshwater Fish

1 tilapia 3.29 2.82 0.13 0.14 0.55 2.61 0.13 1.75 0.63 0.43 0.88 0.89 0.15 0.44 0.12 1.14 12.8 0.40 0.13

2 snakehead 6.15 4.17 0.14 0.33 0.50 2.29 0.11 2.10 0.47 4.50 1.44 1.23 0.44 0.32 0.21 0.41 18.7 1.20 0.24

3 spotted snakehead 6.21 2.85 0.11 0.15 0.62 2.17 0.18 1.93 0.62 0.35 0.89 1.06 0.07 0.22 0.17 0.20 11.6 0.36 0.11

4 rice field eel 1.39 2.87 0.10 0.15 0.35 1.60 0.10 1.08 0.51 0.55 0.77 0.62 0.13 0.47 0.11 0.30 9.69 0.38 0.16

5 mud carp 2.34 3.10 0.13 0.19 0.57 2.47 0.15 1.84 0.73 0.69 1.09 0.92 0.27 0.75 0.21 1.80 14.9 0.67 0.18

6 mandarin fish 4.08 2.23 0.11 0.13 0.56 2.23 0.12 1.41 0.43 0.38 0.64 0.64 0.09 0.38 0.07 0.27 9.69 0.27 0.14

7 grey mullet 4.61 3.56 0.09 0.13 0.46 2.16 0.12 1.83 0.87 0.73 0.80 1.53 0.23 0.46 0.31 0.99 14.3 0.75 0.20

8 grass carp 4.07 2.07 0.08 0.11 0.41 1.88 0.09 1.20 0.43 0.26 0.49 0.44 0.08 0.23 0.07 0.65 8.49 0.22 0.09

9 catfish 6.34 7.59 0.21 0.30 0.86 4.11 0.24 2.68 1.35 1.56 3.36 1.53 0.20 0.67 0.17 2.21 27.0 0.68 0.41

10 bighead carp 1.12 2.04 0.09 0.12 0.34 1.46 0.08 1.00 0.54 0.38 0.66 0.43 0.15 0.45 0.08 0.89 8.72 0.34 0.11

Marine Fish

11 yellow seafin 7.05 9.41 0.29 0.66 1.28 10.27 0.41 7.34 2.74 1.78 2.43 6.55 0.76 3.35 1.86 5.27 54.4 3.49 0.27

12 yellow croaker 12.7 8.63 0.41 1.41 1.13 5.71 0.41 3.83 1.52 3.48 2.09 2.46 0.36 1.44 0.49 0.92 34.3 1.47 0.17

13 tongue sole 1.06 6.75 0.27 0.27 0.84 4.63 0.35 2.77 1.92 1.70 1.91 2.13 0.36 1.05 0.34 4.34 29.6 1.09 0.32

14 snubnose pompano 15.1 7.66 0.28 1.51 1.31 6.40 0.28 5.44 2.00 0.94 1.73 2.65 0.45 1.24 0.51 1.27 33.7 1.33 0.35

15 orange-spotted grouper 5.15 6.44 0.26 0.86 1.04 4.86 0.21 3.37 0.90 1.20 1.26 1.52 0.15 0.61 0.19 0.90 23.8 0.61 0.30

16 golden threadfin bream 5.08 8.18 0.25 0.98 1.27 5.03 0.36 4.61 1.63 1.52 2.49 3.36 0.31 1.14 0.74 1.18 33.0 1.51 0.54

17 goldspotted rabbitfish 2.52 5.31 0.23 0.32 0.98 3.46 0.38 1.79 4.09 2.85 6.47 1.25 0.55 0.64 0.22 0.69 29.2 1.20 0.38

18 Bleeker’s grouper 1.67 6.12 0.19 0.82 0.73 3.13 0.17 2.12 0.94 1.22 1.70 1.46 0.23 0.67 0.23 0.56 20.3 0.73 0.38

19 bigeye 1.92 4.96 0.18 0.33 0.65 3.32 0.19 1.90 1.28 2.82 1.68 1.83 0.38 1.05 0.23 1.44 22.3 1.10 0.31

20 bartail flathead 1.34 6.72 0.34 0.32 1.03 4.42 0.31 3.11 2.23 2.27 3.12 3.32 0.45 1.20 0.74 1.88 31.5 1.73 0.46

a LC, lipid content in fish muscle; PEC, potency equivalent concentration.
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For PAH congeners, the oral bioaccessibility ranged from 7.22
(BghiP) to 67.3% (Nap) in gastric condition and from 12.6
(BghiP) to 64.6% (Nap) in instestinal condition (Figure 2). In
both gastric and intestinal conditions, the bioaccessibilities of
LMW PAHs were significantly (p < 0.05) higher than higher
molecular weight (HMW) PAHs. This was in line with the result
of bioaccessibility of PAHs in Beijing soil samples (16). The
bioaccessibilities of 4-6 ring PAHs in intestinal condition were
significantly (p< 0.05) higher than gastric condition, which was
possibly due to the formation of micelles in the aqueous suspen-
sions by bile constituents (16).

Contributing Factors. Former studies suggested that different
bioaccessbilities of PAH congeners obtained tend to be linked to
their physicochemical properties in soil samples (15, 16). In the
present study, the influences of physicochemical parameters
including molecular weight (MW), water solubility, octanol-
water partition coefficients (KOW), and octanol-air partition
coefficient (KOA) on the bioaccessibility of individual PAHs were
investigated. As shown in Figure 3, the results indicated that the
bioaccessibilities of individual PAHs in fish samples were nega-
tively (p < 0.05) correlated with their MW, KOW, and KOA and
positively (p < 0.05) correlated with the water solubility in both
gastric and intestinal conditions (R2 shown in Figure 3). This
trend was generally revealed in former studies for various organic
pollutants (PAHs in soil (16); OCPs in soil (30)). The significant
relationships obtained between physicochemical parameters and

bioaccessibilities for individual PAHs may also indicate that the
key processes controlling digestion of PAHs in fish are those
concernedwith the partitioningbetween fishmuscle anddigestion
juice. The present results indicate that the more hydrophobic the
PAH congeners are, the less they will partition to the digestion
liquid, which was contradicted by the bioaccessibility of OCPs in
soil that the higher hydrophobicity of DDTs was more orally
bioaccessible (30). Therefore, the physicochemical properties are
important for the sorption of mobilized PAHs on the solid to be
investigated. It is important to evaluate the bioaccessibility of not
just PAHs but also other organic pollutants such as PCBs and
PBDEs. Further study is needed to address such effects.

Former studies indicated that concentrations of POPs such as
PAHs and PCBs in food were significantly correlated with lipid
contents, and therefore high-lipid foods such as milk and fish
were major contributors to human exposure to POPs (31). It is
also observed that the bioaccessibility of organic pollutants such
as PCBs in the gastrointestinal model increased in the presence of
lipid through added alimentary components because of the
formation of lipid/bile micelles (15). However, all of these
calculations were based on data obtained from soil samples.
For the bioaccessibility of food items, it was observed that lipids
may decrease the intake of BaP in the in vitro model in everted
intestinal segments from channel catfish (32), and high-lipid food
may have a much lower bioaccessibility of PCBs than low-
lipid food. This could be because lipid is difficult to digest
and therefore more difficult to be released from the food
matrix (12 ). It seems that the physiochemical properties of
lipid content in samples could significantly affect the bioaccessi-
bility of organic pollutants. In the present study, no linear
correlation was observed between the bioaccessibliy of PAHs and
lipid contents in fish muscle. The role of lipid content in food
matrix on the bioaccessibility of organic pollutants needs further
studies.

The oral bioaccessibility of organic pollutants could also be
significantly affected by constituents of digestion juice. The ratios
of bioaccessibility in intestinal condition to gastric condition of
LMW PAHs were significantly (p< 0.05) lower than the HMW
PAHs, indicating the relatively pronounced effect of bile extract
on enhancing the bioaccessibility of PAHs with relatively high
KOW values. This is due to fact that bile extract at levels higher
than the critical micelle concentration (CMC) of 0.15 g L-1 could
reduce the surface tension of digestive juice substantially (16).
The concentration of bile extract used in the present experiment
(3 g L-1) was 20 times higher than the CMC and could therefore

Figure 1. Bioaccessibilities of total PAHs of freshwater and marine fishes
in gastric and intestinal conditions. The numbers 1-20 represent the fish
species illustrated in Table 1.

Figure 2. Average bioaccessibility of fish muscle PAH congeners in gastric and intestinal conditions.
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act as a surfactant-like component and promote the formation of
bile micelles.

The contents of analyzed compounds, the types of samples,
and constituents of digestion juices could also significantly affect
the results. Considering that a number of operating parameters
(i.e., temperature, pH, fluid/solid ratios) in this gastrointestinal
method could greatly affect the outcome (33), the problem should
be investigated and, hopefully, standardized procedures could be
formulated in the future.

Risk Assessment Based on Bioaccessibility of Total PAHs. The
diet makes a substantial contribution (>70% in nonsmokers) to
PAH intake other than occupational PAH exposure (34). Intake
via fish consumption contributes a significant proportion of total
dietary intake of PAHs. Freshwater fish consumption accounted
for 75% of exposure to pollutants such as DDTs (whereas other
food items contribute not more than 5%) across the United
States (36). For Hong Kong residents, it has been observed that
the concentrations of DDTs in human milk collected fromHong
Kong had a significant correlation with the frequency of fish
consumption of the donors (35 ). A person in Hong Kong
consumes fish or shellfish four or more times a week, averaging
about 60 kg of fish per year, equal to 164.4 g day-1 (4), which is
higher than the fish consumption rate of 142.2 g day-1 set by the
EPA for subsistence consumers (24). Therefore, consumption of
fish containing elevated concentrations of PAHs would be a
public health concern.

On the basis of the fish consumption rate of 142.2 g day-1, the
guideline concentration is 0.67 ng PEC of PAHs g-1 (ww) for
human consumption as recommended by the EPA (24). Table 2
shows that the PEC values ranged from 0.16 to 3.72 ng g-1 (ww),

with mean values of 0.53 and 1.43 ng g-1 for freshwater and
marine fishes, respectively. Thirty percent of freshwater species
and 86.7% of marine species contained elevated levels of PAHs
exceeding the screening value (0.67 ng g-1, ww). The yellow seafin
showed significantly (p<0.05) higher levels of PEC (3.49 ng g-1)
than other marine species, which exceeded the EPA guideline by
5.21 times. The results suggested that some freshwater fish and
most marine fish available in Hong Kong market might not be
suitable for continual consumption of a large amount.

It has been indicated that extraction of organic pollutants from
contaminated food using solvents may considerably overestimate
the absorbed amount of contaminants contributing to the general
health risk (3). The bioavailability of various pollutants in food
items is therefore an important factor for effective exposure
estimation and risk assessment (10,12). Therefore, the PEC value
of each fish sample was calculated with the digestible concentra-
tions in gastrointestinal conditions (Table 2). The digestible PEC
values ranged from 0.08 to 0.65 ng g-1 (mean of 0.18 and 0.35
ng g-1 for freshwater andmarine fishes, respectively), accounting
for 3.4-71.6% (mean of 35.0%) for the original total PAH PEC
values, which were all below the recommended guideline (0.67 ng
g-1) for human consumption (24). Previous results on health
effects concerning intake of organic pollutants (including PAHs)
and heavy metals via contaminated fish assessed for Hong Kong
residents based on the total pollutant concentrations (5-7 )
should be modified by taking bioaccessibility into account.

Individual PAH Accumulation and Health Risk Assessment. To
compare the relative differential accumulation of individual
PAHs during the digestion process, the relative accumulation
ratios (Rnn, Figure 4) based on the following equation (12, 37)

Figure 3. Dependence of the in vitro bioaccessibility of fish muscle PAHs in gastric and intestinal conditions on physicochemical properties: (A) molecular
weight; (B) log water solubility (μg L-1); (C) log KOW; (D) log KOA.
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were calculated:Rnn=Pn,l/Pn,w, whereRnn is the relative accumu-
lation ratio of congener n in Sample n. Pn,l and Pn,w is the
composition percentage of PAH congener n in digestion liquid
and whole sample, respectively.

For fish muscle samples, the Rnn values of all 2-3 ring PAH
congeners (including Nap, Acel, Ace, Fl, PhA, and An) and BaA
(4 rings) were >1, indicating relative accumulation during diges-
tion. The Rnn values of LMW PAHs were significantly (p<0.01)
higher than HMW PAHs, suggesting that the greater benzene
rings of the PAH congeners, the lower the relative accumulation
ratios. The Rnn values of PAH congeners were significantly (p<
0.05) correlated with their physicochemical parameters such as
MW(R2=0.84), water solubility (R2=0.66),KOW (R2=0.85), and
KOA (R2 = 0.76). The results were consistent with our previ-
ous study that the relative accumulation ratios of PCB congeners
were significantly correlated with their physicochemical para-
meters (12).

The results of the in vitro digestion model that the relative
accumulation ratios of PAH congeners were significantly corre-
lated with their physicochemical parameters were consistent with
the previous in vitro and vivo studies concerning the PAHs’
bioavailability. Cavret et al. (38) observed that transepithelial
permeability of LMW PAHs (PhA, 9.5%) was significantly
higher than that of HMWPAHs (BaP, 5.2%) in Caco-2 cell lines
after a 6 h of exposure. For the transfer pathways of PAHs from
food to animals, it was observed that the absorption rates of PAH
congeners were positively correlated with their water solubility
and low lipophilicity in pigs (8) and negatively correlated with
molecular size in goats (9). These indicated that the bioavailability
of PAHs could be evaluated on the basis of the bioaccessibility
results and that in vitro digestion model is effective for the
evaluation of PAH bioavailability.

Recent studies have suggested that fish and seafood were the
major dietary sources of POPs such as DDTs and PBDEs for
Hong Kong residents (39, 40). For example, fish was the major
dietary source of PBDEs of secondary school students and
contributed 38.5% to PBDE exposure among foods of animal
origin (40). The regression analysis was performed between the
Rnn values of PAH congeners and their corresponding concen-
trations in subcutaneous fat of Hong Kong residents (41). A
significant (R2=0.58, p<0.05) correlation was observed between
the concentrations of different PAH congeners in human adipose
tissue and their respective Rnn values, with two outliers (Py and

BaA, Figure 5), which may further confirm that the digestion
intake of PAHs from foods such as fish is a major pathway for
their accumulation in the body of Hong Kong residents. Con-
sidering that other food items such as roast duck and barbecued
meats may also contain high levels of PAHs, further studies
concerning the bioaccessible daily intake of PAHs of these
popular food items would be necessary.

Although the data on bioaccessibility values generated from
the present study were based on raw fish samples, many other
factors such as cooking method, doneness level, and food
processing could also affect the final PAH concentrations in the
consumed fish. Nevertheless, the correlations obtained in the
present study between relative accumulation ratios (Rnn) and
concentrations of PAH congeners in the human body revealed
that fish digestion would be amajor route for PAH accumulation
in Hong Kong residents.

In summary, 20 species of commonly consumed fish purchased
from a Hong Kong market were investigated to evaluate the
bioaccessibility of PAHs and potential human health risks. TheP

PAHs concentrations in fish muscle ranged from 7.41 to 58.0
ng g-1 (mean of 22.4 ng g-1) with LMW PAHs as the predomi-
nant PAH congeners. The bioaccessibility of total PAHs in
intestinal condition (mean of 31.1%) was significantly higher

Figure 4. Relative accumulation ratios (Rnn) for PAHs in fish muscle (Rnn > 1 indicates relative accumulation; Rnn < 1 indicates relative dilution).

Figure 5. Correlation between Rnn of PAH congeners and the concentra-
tion of individual PAHs in subcutaneous fat of Hong Kong residents.
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than that in gastric condition (mean of 24.3%). The bioaccessi-
bilities of PAH congeners were significantly (p<0.05) correlated
with their physicochemical parameters such as MW, water
solubility,KOW, andKOA, whereas no significant correlation with
lipid contents was obtained. On the basis of total PAH data, the
PECvalues of 30%of samples of freshwater species and 86.7%of
samples of marine species exceeded the screening value set by the
EPA (0.67 ng g-1, ww). However, when bioaccessibility was
taken into consideration, the digestible PEC values accounted
3.4-71.6% (mean of 35.0%) for the original values with all
samples below the guideline concentration. The relative accumu-
lation ratios (Rnn) of PAH congeners were significantly correlated
with their physicochemical parameters and the PAH concentra-
tions in adipose tissue of Hong Kong residents, suggesting that
Rnn values could effectively reflect PAH accumulation in the
human body. The intake of foods such as fish seems to be amajor
pathway contributing to PAH loadings of Hong Kong residents.
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