JJOURNA AL

AGRICULTURAL A0
FOOD CHEMISTRY
AR T | C_L_El

A R T

J. Agric. Food Chem. 2010, 58, 301-308 301
DOI:10.1021/jf9036358

Assessment of the Bioaccessibility of Polybrominated
Diphenyl Ethers in Foods and the Correlations of the
Bioaccessibility with Nutrient Contents

YING-XIN YU,*’% Jun-LING LI,T XIN-YU ZHANG,T ZHI-QIANG YU,I ToMm VAN DE WIELE,§
SHu-Yuan Han," Ming-Hong WU, Guo-YinG Suena, ™ anp Jia-Mo Fu®*

TInstitute of Environmental Pollution and Health, School of Environmental and Chemical Engineering,
Shanghai University, Shanghai 200444, P. R. China, *State Key Laboratory of Organic Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, P. R. China,
$SLaboratory of Microbial Ecology and Technology, Ghent University, Coupure L 653, Ghent B-9000,
Belgium, and "nstitute of Applied Radiation, School of Environmental and Chemical Engineering,
Shanghai University, Shanghai 200444, P. R. China

Bioaccessibility of a contaminant in foods is the fraction of the contaminant mobilized from the food
matrices during gastrointestinal digestion. In the present paper, the bioaccessibility of polybromi-
nated diphenyl ethers (PBDEs) in 13 types of foods, including fish, meat, rice, flour, and vegetables,
was determined using an in vitro digestion method. The bioaccessibility obtained ranged from 2.6%
to 41.3%. It was found that the bioaccessibility of PBDEs exhibited positive correlations with fat and
carbohydrate contents and negative correlations with protein and dietary fiber contents in the foods.
Fat was the most important factor affecting the bioaccessibility of PBDEs. The mechanism under-
lying the correlations was discussed in view of partition of PBDEs between liquid and solid phases.
To our knowledge, this is the first article systematically investigating the bioaccessibility of PBDEs in
foods and demonstrating the influence of the food constituents on the bioaccessibility of PBDEs.
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INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) are organobromine
compounds that are used as flame retardants in a variety of
consumer products. The family of PBDEs consists of 209 con-
geners. PBDEs are highly stable and lipophilic and have been
found to accumulate in the environment as well as in humans
(I, 2). Their chemical structures are similar to those of poly-
chlorinated biphenyls (PCB), a class of persistent organic pollu-
tants (POPs). Indeed, on May 8, 2009, the fourth meeting of the
Convention of the Parties of the Stockholm Convention on POPs
decided to list certain components of PBDEs, such as penta- and
octabromodiphenyl ethers, as POPs (3).

PBDEs are endocrine disruptors, neuro- and developmental
toxicants. In the family of PBDEs, lower brominated congeners,
such as penta- and octabromodiphenyl ethers, are found to be
the primary culprits to cause various toxic effects on humans,
whereas higher brominated congeners, such as decabromodiphe-
nyl ether, might be less toxic due to their large molecular weights,
low vapor pressure, and high hydrophobicity (4 —6).

Human exposure to PBDEs is caused mostly through digestion
of food and ingestion of dust (7,8). Food is the primary source for
lower brominated congeners (9, 10), thus it is important to study
human exposure to food-borne PBDEs. To accurately assess the
exposure risk, two critical issues must be addressed. The first issue
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is bioaccessibility. Nutrition in foods is accessible for humans to
absorb only after digestion. Likewise, to become accessible for
uptake, PBDEs must first be released from the food matrices
through digestion. The bioaccessibility of a contaminant in foods
is thus defined as the fraction of the contaminant mobilized from
the food matrices during gastrointestinal digestion (/7). The
second issue is bioavailability. After being absorbed by intestinal
epithelium, a contaminant will undergo metabolism in cells,
which can remove most or part of the contaminant. After first
pass effect, the contaminant will enter the bloodstream and be
transported to the target organs. The fraction of the contaminant
in foods reaching the bloodstream is referred to as the bioavail-
able fraction that causes systemic toxic effects (12).

Bioavailability is an important parameter in the risk assess-
ment. Human exposure to food-borne contaminants may be
overestimated if bioavailability is not taken into account. How-
ever, the bioavailability data are limited as bioavailability is
determined by in vivo experiments, which are usually costly and
time-consuming. On the other hand, bioaccessibility is generally
determined by in vitro experiments and thus is easier to be
obtained. Consequently, bioaccessibility is often used as a sub-
stitute of bioavailability when estimating human exposure to
food-borne contaminants (13).

To determine the bioaccessibility in foods, food samples need
to be digested. In vitro digestion methods have been developed for
this purpose (14, 15). During the past two decades, several in vitro
methods were employed on soil samples for human exposure
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assessment (16 —19). On the basis of the methods in the literature,
we developed a set of protocols, including an in vitro digestion
process, to assess the bioaccessibility of PBDEs in foods (20).
Totally, the bioaccessibility of PBDEs in 13 types of foods was
determined and it was found that the constituents of foods
exhibited great influence on the bioaccessibility of PBDEs. In
fact, correlations were observed between the bioaccessibility of
PBDEs and the contents of fat, protein, carbohydrate, and
dietary fiber. To our knowledge, this is the first study system-
atically investigating the bioaccessibility of PBDEs in foods and
demonstrating the correlations between the bioaccessibility of
PBDE:s and the contents of the food constituents.

MATERIALS AND METHODS

Materials. The PBDE standard consisting of 14 congeners (BDE17,
28,47, 66,71, 85,99, 100, 138, 153, 154, 183, 190, and 209) was purchased
from AccuStandard. '3C-PCB208 and '*C-PCB141 were purchased
from Cambridge Isotope Laboratories. Bovine bile, b-(+)-glucose, mucin
from porcine stomach (type IT), and starch from potato were obtained
from Sigma. (4)-Arabinogalactan from larch wood, pectin from apples,
and xylan from birch wood were purchased from Fluka. Peptone from
poultry, pancreatin from porcine pancreas, pepsin from porcine gastric
mucosa, and yeast extract were obtained from Merck. Silica gel (80—100
mesh) was purchased from Qingdao Haiyang Chemical Co., Ltd.
(Qingdao, China). Acetone, dichloromethane, and n-hexane were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
and redistilled prior to use. Other reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Silica gel and alumina
(100—200 mesh) were purified by Soxhlet extraction with n-hexane:
dichloromethane (1:1, v/v) for 72 h and activated at 180 and 250 °C,
respectively. The silica gel and alumina used in the experiments were
prepared as follows. Deactivated silica gel (3%) or alumina: 3 g of water
was added to 97 g of activated silica gel or alumina. NaOH-treated silica
gel: 33 mL of 1 mol L™! NaOH was added to 67 g of 3% deactivated silica
gel. H,SOy-treated silica gel: 43.6 mL of concentrated H,SO, was added to
100 g of 3% deactivated silica gel. The deactivated and treated silica gel/
alumina were all stored in n-hexane until the time of use. Purified and
sterilized water was obtained from a Milli-Q purifier (Millipore Co.,
USA). Ultrapure helium and nitrogen were obtained from Shanghai
Spring Specialty Gases Co., Ltd.

Instrumentation. Analyses of samples containing PBDEs were per-
formed on a Hewlett-Packard 6890N/5975 gas chromatography/mass
spectrometry (GC/MS) equipped with an HP-5MS capillary column
(30m x 0.25mm x 0.25um, J & W Scientific, USA), operated under nega-
tive chemical ionization (NCI) mode. Ultrapure helium was used as carrier
gas under the constant flow mode at a flow rate of I mL min~". A 1 uL
sample was used with splitless injection. The temperatures of the injector,
interface, and ion source were set at 280, 290, and 250 °C, respectively. A
linear temperature program was used, starting at 110 °C (1 min), 8 °C
min~" to 180 °C (1 min), 2 °C min~"' to 240 °C (5 min), 2 °C min~"' to
280 °C (5 min), 20 °C min ™" to 300 °C (15 min). The selective ion monitor-
ing (SIM) mode was used and ions with m/z at 79 and 81 were monitored
for tri- to heptabrominated congeners, while ions with m/z at 476/478 and
372/374 were monitored for '*C-PCB208 and '*C-PCB141, respectively.

General Procedures. Fat contents in food samples were measured
gravimetrically with 2 g of food powders obtained after lyophilization and
pulverization by Soxhlet extraction with n-hexane:acetone (1:1, v/v).
The contents of protein, carbohydrate, and dietary fiber were measured
by the Shanghai Institute of Quality Inspection and Technical Research of
the National Center of Supervision and Inspection on Food Products
Quality. Food samples were spiked with the PBDE standard. In all
experiments, spiked food samples and the corresponding unspiked food
samples were used in pairs. All experiments were performed in triplicate.
The data were showed in the format of means £ s.d. All error bars and “+”
values represent the standard deviations of at least three independent
experiments.

Preparation of Digestion Solutions. The digestion solutions, includ-
ing basic nutrition solution, gastric acid solution, gastric digestion solu-
tion, and intestinal solution, were prepared as described before (19, 20).
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Briefly, the basic nutrition solution, autoclaved prior to use, contained
(+)-arabinogalactan (1.0 g L™"), pectin (2.0 g L™), xylan (1.0 g L™,
potato starch (3.0 g L), p-(4)-glucose (0.4 g L"), yeast extract (3.0 g
LY, peptone (1.0 g L™1), mucin (4.0 g L™, and L-cysteine (0.5 g L™).
The gastric acid solution was prepared by dissolving pepsin in 0.1 mol L™
HC1(0.0890 g L") and sterilized by filtering through 0.22 um filters. The
gastric digestion solution with a pH at 3.0 £ 0.1 was prepared by mixing
400 mL of basic nutrition solution and 50 mL of gastric acid solution.
The intestinal solution contained NaHCO; (12.5 g L"), bile bovine
(6.0 g LY, and pancreatin (0.9 g L™"). The solutions were stored at
4 °C until the time of use.

Sample Collection and Preparation. The foods, selected on the basis
of Chinese diet, included rice and flour, four types of vegetables (spinach,
cabbage, carrot, and tomato), four types of meat (pork, beef, chicken, and
duck), and three types of fish (Grass carp (Ctenopharyngodon idellus),
Crucian carp (Carassius aumtus), and pomfret (Pampus argenteus)). All
food samples were randomly purchased from local markets in Shanghai,
the largest city in China. Rice and the edible parts of vegetables were
washed, air-dried, and then ground or mashed. The resulted rice powder or
vegetable paste was lyophilized to dryness and were pulverized. The
powders were sieved through a 100-mesh sieve. Meat and the fillets of
fish were lyophilized to dryness and then pulverized. Flour was dried under
vacuum. The samples spiked with the PBDE standard were prepared as
follows. A solution of the PBDE standard in dichloromethane (the
amount of the PBDE standard used was calculated to let the final concen-
tration of the PBDE standard in the food powders reach 20—100 ng g~ ')
was added to 0.2 g of food powder. The mixtures were shaken and the
solvent was removed by gentle nitrogen blowing. The food powders
containing the PBDE standard were stored at 4 °C until the time of
digestion (no more than two days).

Determination of the Bioaccessibility of PBDEs. Digestion of food
samples was performed using an in vitro digestion method based on the
Simulator of the Human Intestinal Microbial Ecosystem developed by the
Laboratory of Microbial Ecology and Technology of Ghent University in
Belgium (19, 21). The in vitro digestion of food samples was carried out by
adding 12 mL of the gastric digestion solution to 0.2 g of food powder. The
mixture was shaken and incubated at 37 °C for 2 h with gentle shaking. The
intestinal solution (6 mL) was then added. The mixture, having a pH at
7.0 £ 0.2, was incubated at 37 °C for 6 h with shaking. The experiments
were carried out under ultrapure nitrogen to simulate the anaerobic
environment in human gastrointestinal tract and in the dark.

After digestion, the suspension of the food sample was centrifugated at
7000g for 10 min. The supernatant was filtered through a 0.45 um
membrane filter, and the surrogate and 20 mL of acetone was added.
The mixture was extracted with n-hexane:dichloromethane (1:3, v/v,
30 mL x 3). The organic phase was concentrated to ca. 1 mL and then
diluted with 30 mL of n-hexane. Concentrated sulfuric acid (10 mL) was
added to the organic phase, the mixture was shaken violently and left at
room temperature for several hours to remove biomolecules such as
protein, chlorophyll, fat/lipid, and so on. The organic layer was washed
with water for three times, dried over Na,SQO,, and concentrated to 1 mL.
Finally, the organic phase was cleaned up using a 10 mm i.d. silica—
alumina column, which was packed, from bottom to top, with 3%
deactivated neutral alumina (height: 6 cm), 3% deactivated silica gel
(2 cm), NaOH-treated silica gel (5 cm), 3% deactivated silica gel (2 cm),
and H,SOy-treated silica gel (6 cm). PBDEs were eluted with 70 mL of
n-hexane:dichloromethane (1:1, v/v). The fraction was concentrated, and
the internal standard (‘*C-PCB208) was added. The samples were stored
at —18 °C until the time of analysis by GC/MS.

Mass Balance Experiments. The mass balance experiments were
carried out using four types of foods (Crucian carp, pomfret, rice, and
carrot). After the in vitro digestion, the suspension of food samples was
centrifugated. The supernatant was treated as described above. The pellet
was resuspended in 10 mL of water and the surrogate (*C-PCB141) was
added. Acetone (20 mL) was added to the suspension, and the mixture was
extracted with n-hexane:dichloromethane (1:3, v/v). After being treated
with sulfuric acid and cleaned up on the silica gel-alumina column as
described above, the organic phases obtained from both the supernatant
and the pellet were subjected to GC/MS analysis. The mass balance value
was calculated by dividing the combined quantity of PBDEs in the
supernatant and the pellet (after subtracting the quantity of PBDEs in
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the corresponding unspiked food sample) by the quantity of PBDE
standard added to the food sample.

Quality Assurance and Quality Control (QA/QC). PBDEs were
quantified on GC/MS by standard curves. Seven solutions of the PBDE
standard in dichloromethane (from 0.5 to 100 ng mL™") were used.
Excellent linearity for all PBDE congeners was observed (R> > 0.998).
The limits of detection varied from 0.3 to 0.9 pg depending on individual
PBDE congeners. The data were not corrected against the recovery
because the surrogate showed that the recovery was excellent (97.5 +
9.3%).

Calculation of Bioaccessibility. The bioaccessibility was calculated
using the following equation (20):

Ba(%) _ mPBDE-spikcd-samplc _mPBDE-unspikcd-samplc % 100 (1 )
Mgpiked-PBDE

where Ba(%) was the bioaccessibility of PBDE(s), and mpppE_spiked-sample
and MpppE-unspiked-sample Were the masses of PBDE(s) released from the
spiked and unspiked food samples after digestion, respectively. The
Mgpiked-peDE Was the mass of nominal spiked PBDE(s).

Statistical Analysis. The analysis of data was carried out using SPSS
11.5 for Windows and Metlab 7.0. The correlation between the two
variables was considered statistically significant when p < 0.05.

RESULTS AND DISCUSSION

Methodology. Our method was developed on the basis of those
to assess the bioaccessibility of contaminants in soil samples in the
literature (19, 20). In short, the food samples were spiked with a
PBDE standard. Both the spiked and corresponding unspiked
food samples were subjected to an in vitro digestion process and
then centrifugated. The quantity of PBDEs in the supernatant of
the unspiked sample was subtracted from that of the correspond-
ing spiked sample. The obtained value was divided by the quan-
tity of PBDEs added to the sample to give the bioaccessibility of
PBDEs in the food sample. The quantity of PBDEs in the pellet
wasignored because it was assumed that PBDEs in the pellet were
excreted with feces.

It can be argued that the methodology has a flaw, that is,
spiked PBDEs may be adsorbed on the surfaces of the food
matrices rather than incorporated in cells and tissues of food
samples, as expected in the naturally contaminated foods. Thus
the spiked PBDEs are considered to be more easily extracted in
comparison with the “natural” PBDEs incorporated in the
contaminated foods, leading to overestimated bioaccessibility.
However, this argument itself is in question because food samples
are subjected to an in vitro digestion process. With a full
digestion, this process will completely destroy tissues and cells
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and the “natural” PBDEs will be freed. Therefore, in principle
there is no convincing reason to assume that the spiked PBDEs
are easier to be extracted than the “natural” PBDEs. Moreover,
while most foods are contaminated by absorbing PBDEs into
cells and tissues, for some foods, such as fresh vegetables whose
leaves are the edible parts, contamination also happens through
adsorption of airborne PBDEs. In this situation, PBDEs are
considered to be adsorbed on the surfaces of the food matrices.
Apparently, the present status of PBDEs in foods is a complicated
issue that has not been addressed yet. In addition, the bioaccessi-
bility data obtained in the present study were comparable with the
bioavailability data reported in the literature (see below), suggest-
ing that the overestimate was not significant even though the
spiking method did lead to overestimated bioaccessibility. Taken
together, our method is a usable approach in spite of the above
argument, although a better approach should be explored indeed.

Mass Balance. PBDEs, especially lower brominated congeners,
are slightly volatile, which could lead to loss during the experi-
ments. To exclude this possibility and validate our method, we
performed mass balance experiments to investigate whether there
were significant losses of PBDEs during the experiments. It was
typical that the bioaccessibility of these investigated foods were
very similar, therefore only four types of foods (Crucian carp,
pomfret, rice, and carrot) were selected. The combined quantity
of PBDEs in the supernatant and the pellet of an unspiked sample
was subtracted from that of the corresponding spiked sample.
The obtained value represented the total recovered quantity of the
spiked PBDEs. The ratio of this value with the quantity of the
PBDE standard added to the sample represented the recovery of
the spiked PBDEs, which was an indicator how much PBDE
standard was lost during the experiments. The recovery, listed in
Table 1, ranged from 86.9% to 100.9%. Therefore, it indicated
that no significant losses of PBDEs occurred during the experi-
ments.

Bioaccessibility of PBDEs. As shown in Figure 1, the bioaccess-
ibility of PBDEs in 13 types of foods ranged from 2.6% to 41.3%.
In this paper, the bioaccessibility of PBDEs in a given food always
referred to the mean of the bioaccessibility of 13 individual
congeners in this food unless indicated otherwise. The bioaccess-
ibility data were all listed in Tables 1 and 2. Generally, the
bioaccessibility of PBDEs was the highest in fish (from 32.8%
to 41.3%). The bioaccessibility was very high in rice (40.4%).
However, the bioaccessibility of PBDEs in meat varied largely;
the highest bioaccessibility was 7 times larger than the lowest one.
The data in vegetables exhibited even larger variation; the

Table 1. Recoveries (%) of PBDEs in the Supernatants and Pellets after Digestion on Different Foods

supematant (n = 3)*

pellet (n=3)

sum (n=3)°

crucian carp  pomfret rice carrot

crucian carp  pomfret

rice carrot crucian carp  pomfret rice carrot

BDE17 292+59 268+6.3 399432 260+24 61.2+10.1 69.8 +14.7
BDE28 31.5+56 294464 402420 264+1.9 608+10.7 67.9+13.8
BDE71 294+55 266+59 41.7+36 267+22 602+115 6824135
BDE47 341 +38 31.6+51 384435 29.7+1.6 58.8+10.2 655+11.8
BDE66 324+54 31.0+74 403+21 296428 587+94 66.5+109
BDE100 324+54 314+59 387445 307+3.0 57.2+11.5 63.7+£11.9
BDE99 348+44 328+60 409+40 31.3+23 566+94 641+11.2
BDE85 335+55 322+64 39.7+32 314430 57.1+9.0 63.0+83
BDE154 34.7+57 338+65 406+43 32.1+34 547+96 59.7+104
BDE153 37.9+45 36.0+68 421439 332+33 533+73 581+£75 53.0+4.1 565+71 912+58 941+84
BDE138 36.1+65 356+6.8 424+6.1 31.8+3.1 530+77 57.0+6.0 54.3+6.5 58.6+6.1
BDE183 41.9+56 39.7+6.0 379455 28.7+32 51.0+71 54.8+6.1
BDE190 45.7+84 39.0+10.0 423+89 252+45 439+18 51.9+39 51.3+51 61.7+11.0 89.6+38 90.9+88

Mean 349447 328 +41 404126 294+26

61.0+29 61.8+82 904+53 966+100 1009+6.0 87.8+3.8
589+36 612+88 923+82 973+98 991+16 87.6+6.6
588+ 36 627+9.1 896+73 948+9.7 1005+72 89.4+13.0
559+34 59.7+79 929496 97.1+84 943+68 894495
57.0+£22 59.7+78 911+£40 975+£90 973+3.0 89.3+9.0
544+44 573+76 896470 951+89 93.1+89 88.0+41
536+40 582+69 914+67 969+83 945477 895+6.8
544439 588+6.0 906450 952+81 941+6.7 90.2+5.1
526+43 57.3+65 894+56 935+88 932481 894+46
951+74 89.7+85
96.7+12.0 90.4+6.3
90.1£11.0 87.6+£57
936+13.0 86.9+11.0

89.1+£50 926+£79
522+55 589484 9294130 945454

#The data represented the bioaccessibility of PBDEs. bSum of the recoveries of PBDEs in the supernatant and the pellet.
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difference between the highest and lowest bioaccessibility reached
11 times.

The bioavailability of lower brominated congeners (from tri- to
heptaBDEs) on rats was reported to range from 25.1% to 76.4%
with an average of 57.3% (23, 24). The data were slightly higher
than ours, probably being attributed to the fact that PBDEs were
administered by dissolving in corn or peanut oil. Oil was expected
to increase the bioaccessibility and thus bioavailability as well
because PBDEs were highly lipophilic and oil was emulsified by
bile in the gastrointestinal tract. In addition, the in vitro digestion
method used in the present study was static and absorption was
not taken into account. It was possible that PBDE release and
thus bioaccessibility were underestimated if the rate of intestinal
absorption was faster than release. In spite of the small difference,
our data were comparable with the bioavailability data reported,
demonstrating that bioaccessibility was a useful substitute to
estimate bioavailability.

The Influence of the Constituents of Foods on the Bioaccessi-
bility. It has been proposed that the composition of foods
influenced strongly the bioaccessibility of nutrients and metals
in foods (25—27). To explore if there was a correlation between
the bioaccessibility of PBDEs and the composition of food, the
linear regression analysis was performed between the bioaccessi-
bility and the contents of fat, protein, carbohydrate, and dietary
fiber, respectively. The contents of fat, protein, carbohydrate
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Figure 1. Bioaccessibility of PBDEs in 13 types of foods determined using
an in vitro method. The bioaccessibility of PBDEs in a given food was the
mean of that of 13 individual PBDE congeners.
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(starch and sugars, not including fiber), and dietary fiber in the
foods were listed in Table 3.

1. Fat. As shown in Figure 2A, a good linear relationship
(R* = 0.92) with a positive slope was observed between the
bioaccessibility of PBDEs and the fat content. The correlation
was statistically significant (p < 0.01). This was not surprising
because PBDEs were highly lipophilic molecules. Both PBDEs
and fat were freed from food matrices during digestion, and
PBDEs were expected to accumulate in the fat. Fat containing
PBDESs was then emulsified by bile and was thus brought into the
liquid phase, becoming accessible for uptake. Therefore, it was
logical that foods with higher fat content exhibited higher
bioaccessibility of PBDEs. Similar examples were easily found
in nutritional science. For example, it was reported that addition
of olive oil to carrot samples during cooking and before the in
vitro digestion could significantly improve bioaccessibility of
carotenoid (25).

The bioaccessibility of individual PBDE congeners in a given
food exhibited positive correlations with log Kow (Kow was the
partition coefficient of an organic compound in octanol—water
system) for the foods with high fat content (> 9%, Figure 2B). All
correlations were statistically significant (p < 0.01). The log Kow
value of an organic compound was usually considered to be a

Table 3. The Contents (%) of Food Constituents

fat protein? hydrocarbon? dietary fiber?

grass carp 17.0 70.3

crucian carp 15.2 79.1

pomfret 13.9 68.7

duck 13.4 63.8

beef 9.1 86.8

chicken 6.6 72.9

pork 5.0 71.2

rice 9.1 88.2 1.1
flour 135 82.1 2.1
carrot 8.2 71.8 10.9
tomato 19.6 56.9 9.8
cabbage 28.3 48.3 13.3
spinach 30.4 31.6 17.7
nutrition in 1.6 22.8° 28.0° 2.2°

digestion solution®

aThe data were cited from the literature (28). °The values referred to the
contents of the nutrients in a total 18 mL of digestion solution (based on the dried
weight), consisting of 12 mL of gastric digestion solution and 6 mL of intestinal
solution. ®Measured values.

Table 2. Bioaccessibility (%) of PBDEs in Food Samples Determined Using the in Vitro Method

bioaccessibility (n = 3)

log Kow® grass carp pork beef chicken duck cabbage spinach tomato flour
BDE17 5.74 342471 52+12 16.5+ 3.1 26+£15 186+33 34+03 23+08 21.9+37 224+54
BDE28 5.94 365+7.8 55+1.2 18.7+3.0 25+15 19.0+ 3.1 40+0.1 26+1.0 2371438 246+£22
BDE71 6.60 36.0+6.6 49+07 224+21 29+14 20.0+3.2 37+£03 27+07 22.3+3.0 26.7+3.7
BDE47 6.81 415476 6.6+1.7 174+0.8 50+23 19.6+4.4 6.6+0.5 27+18 24.0+3.3 20.3+5.3
BDE66 6.60 400+ 7.5 56+1.0 220+24 28+17 23.0+22 42+05 28+1.0 245+32 255435
BDE100 7.24 409478 6.0+ 0.9 20.1+£2.0 34417 219+38 44405 27412 238+29 302+24
BDE99 7.32 422+77 6.0+£08 208+ 1.7 34+19 23.3+4.1 47+06 29+13 24.0+36 304437
BDES85 7.37 413472 54+1.0 220+2.1 28+1.6 235+34 41409 27+1.0 234443 247439
BDE154 7.82 422+8.1 58+09 204+1.8 33+15 224+ 41 40+06 29+08 221+45 31.2+17
BDE153 7.90 441476 54408 212413 34413 244+5.0 44+07 28+12 231+5.0 329+19
BDE138 7.85 439+6.9 53+11 24.0+1.9 29+14 246+4.3 42+04 29+1.0 22.6+5.9 23.94+0.2
BDE183 8.27 459+ 7.6 37+27 224443 44+19 229+52 45+1.0 25+14 205+ 5.6 25.3+0.8
BDE190 8.47 484+7.0 44+28 234+20 35+22 252431 48+07 22+19 19.4+£51 232+ 16
Mean - 413 £4.0 54408 209+23 3.3+0.7 222+22 44408 26+0.2 227+£15 270134

2Cited from the literature or calculated using the reported formula (22).
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Figure 2. (A) Relationship between the bioaccessibility of PBDEs and the
fat content in the food samples. (B) Relationship between the bioacces-
sibility and lipophilicity of individual PBDE congeners. Koy is the partition
coefficient in octanol—water system. The standard deviations of the
constituent contents in foods (i.e., the x data) were calculated according
to 5% of the contents.

measure on its hydrophobicity/lipophilicity. Thus, the correla-
tions indicated that more lipophilic molecules had higher bio-
accessibility in foods with high fat content (> 9%). This observa-
tion was consistent with the above speculation, i.e., PBDEs
accumulated in the fat during digestion. Similar correlations were
reported between Kow and the bioaccessibility of organochlorine
pesticides in soil samples (29). However, it was different for the
foods with low fat content (chicken, 6.6%, and pork, 5.0%) in
which the bioaccessibility of individual PBDE congeners in a
given food was virtually independent of their lipophilicity
(Figure 2B). It might imply that other factors played important
roles and thus partly offset the effect of fat.

Finally, a formula linked the bioaccessibility [Ba(%)], Kow,
and the fat content was established. The bioaccessibility of
individual PBDE congeners and logKow was fitted using linear
regression to obtain Ba(%) = k log Kow + A4 (4 was constant)
(Figure 2B). The obtained slope k was linearly fitted to the fat
content (data not shown, R> =0.90, p < 0.01). Thus, the formula
linked Ba(%), Kow, and the fat content (Cg,) was obtained
as Ba(%) = (43Cpy — 2.38) log Kow + A. When Cy, was 5.5%,
the slope (43Cq, — 2.38) was zero. That is, in theory the
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bioaccessibility of individual PBDE congeners was positively
correlated to log Kow only when Cp, was more than 5.5%.
However, for the foods with the fat content around 5.5%, the
slope (43Cp,, — 2.38) was so small that the bioaccessibility was
virtually independent of log Kow, consistent with the results
observed on chicken (fat content 6.6%) and pork (fat content
5.0%). To observe the positive correlation in experiments, the fat
content needed to be significantly higher than the theoretical
threshold 5.5%, which was found on beef (9.1%), duck (13.4%),
and three types of fish (from 13.9% to 17.0%) as shown in
Figure 2B. It should be pointed out, however, that the formula
was not suitable for the foods with the fat content less than 5.5%,
because the bioaccessibility would be negatively correlated to log
Kow in this situation, which was not consistent with the data
(Tables 1 and 2). As discussed below, when the fat content was too
low, fat might not be the primary factor to influence the bio-
accessibility. Instead, other factors (e.g., protein and carbo-
hydrate) might play predominant roles, leading to different
results from the prediction based on the above formula.

2. Protein. It appeared that the effect of protein contents on
the bioaccessibility of PBDEs showed totally different profiles for
animal-based and plant-based foods. The bioaccessibility showed
a good negative correlation with the protein contents for
plant-based foods (R* = 0.91, statistically significant, p < 0.01,
Figure 3A), whereas no correlation was observed between the
bioaccessibility and the protein contents for animal-based foods.
Because plant-based foods selected in the present study had very
low fat contents (data not shown), this phenomenon might be
caused by fat in foods. PBDEs were highly lipophilic, and fat was
expected to play a predominant role on the partition of PBDEs
between liquid and solid phases when sufficient fat was present in
foods. In other words, the effect of other food constituents on the
bioaccessibility was masked when foods contained sufficient fat.
Thus, the negative correlation between the bioaccessibility and
protein contents might represent the “real” relationship between
the two variables, which was possibly attributable to the effect
caused by the ionic strength. Protein was hydrolyzed to amino
acids during digestion. Most amino acids were soluble and carried
positive or negative charge at physiological pH, i.e., they existed
as a sort of salt, which increased the ionic strength of the aqueous
phase. The increased ionic strength resulted in a lower solubility
of the PBDE:s (the “salting-out” effect) in the aqueous phase and
hence lower bioaccessibility (it should be pointed out that the
hypothesis only applied to free PBDEs; the PBDEs in micelles
were probably not affected much by the increase in ionic
strength). As a result, the bioaccessibility of PBDEs lowered
down with increased protein contents.

A further analysis on the data from animal-based foods
revealed a tendency that the bioaccessibility of PBDEs lowered
down with the increased ratios of protein to fat (R = 0.79,
statistically significant, p < 0.01, Figure 3B). There was no
correlation between the bioaccessibility and the protein content
for the animal-based foods, but a correlation emerged if the
protein content on the x-axis was substituted using the ratio of
protein content to fat content. This was consistent with the above
speculation that the effect of fat masked that of protein when
sufficient fat was present.

3. Carbohydrate. A positive correlation (R* = 0.87, statis-
tically significant, p < 0.01) was observed between the bioacces-
sibility of PBDEs and the carbohydrate contents (Figure 4A).
This might be attributed to the fact that carbohydrate is capable
of forming micelles, which can increase the partition of hydro-
phobic molecules in aqueous solution. A similar case, that the
carbohydrate was found to self-assemble into micellar clusters
that provided an enhanced carrying capacity for hydrophobic
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drug molecules, thus enhancing their bioavailability, was re-
ported (27).

4. Dietary Fiber. A negative correlation was observed
between the bioaccessibility of PBDEs and the content of dietary
fiber (R* = 0.73, statistically significant, p < 0.05, Figure 4B).

Dietary fiber mainly consists of cellulose, which is insoluble
and indigestible in the human gastrointestinal tract. Although itis
not hydrophobic, dietary fiber forms the matrix of solid phase
that insoluble and indigested substances bind to. Naturally,
PBDE:s that do not partition into liquid phase will bind to solid
phase and finally be excreted with feces, thus becoming inaccess-
ible for uptake. Dietary fiber may also decrease the micelle
formation due to binding of bile acids and phospholipids, inhibi-
tion of enzyme (e.g., lipase) activity, and increased viscosity and
volume of lumen contents (30). Thus, dietary fiber is expected to
decrease the bioaccessibility of PBDEs. The bioavailability of
f-carotene, lycopene, and lutein was reported to be markedly
reduced by different kinds of dietary fiber (37).

Although the bioaccessibility of PBDEs in foods was observed
to exhibit correlations with carbohydrate, protein, and dietary
fiber contents, respectively, it must be pointed out that the
correlations were not independent. As shown in Table 3, from
spinach to rice, while carbohydrate content rose, both protein and
dietary fiber contents lowered accordingly (the percentage was
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Figure 4. (A) Relationship between the bioaccessibility of PBDEs and the
carbohydrate content in the food samples. (B) Relationship between the
bioaccessibility of PBDEs and the dietary fiber content in the food samples.
The standard deviations of the constituent contents in foods (i.e., the x
data) were calculated according to 5% of the contents.

based on dried foods rather than fresh foods) due to the simple
fact that the sum of the three nutrients was close to 100% for
foods with little fat. Consequently, when it exhibited a positive
correlation with carbohydrate content, the bioaccessibility inevi-
tably exhibited negative correlations with protein and dietary
fiber contents. The three variables (protein, carbohydrate, and
dietary fiber contents) were simply inseparable, and what we
observed was a combined result.

To further elucidate the inseparability of these variables, the
effects of protein, carbohydrate, and dietary fiber on the bio-
accessibility of PBDEs were able to be integrated into a formula
to facilitate the understanding. The entire data set (average
bioaccessibility of PBDE congeners and the nutrient contents)
for the plant-based foods was fitted using quadratic surface model
via Metlab 7.0 to obtain the formula as Ba(%) = 14592 —
212.2Cprotein — 96.23Cearbonydrate — 275.94Cfiper, Which produced
Ba(%) values very close to the measured ones (Figure 5, R* =
0.99, p = 0.000). At a first glance at the formula, one probably got
an impression that the bioaccessibility was negatively correlated
to carbohydrate content, inconsistent with the experimental
results. But the formula actually showed that the bioaccessibility
was positively correlated to the carbohydrate content because
when the carbohydrate content in food samples increased, both
protein and dietary fiber contents decreased accordingly. The
final output was higher bioaccessibility because the protein and
dietary fiber contents possessed significantly greater coefficients.
Similar analyses indicated negative correlations between the
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Figure 5. Relationship between the calculated and the measured bio-
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bioaccessibility and protein or dietary fiber contents, consistent
with the observed results. In addition, the above formula did not
include the fat content. In other words, the formula was not
suitable for foods with high fat content because the effect of fat on
the bioaccessibility would mask those of other nutrients.

It should be mentioned that the digestion solutions used in our
method contained small amounts of four nutrients (Table 3)
because our method was developed to simulate the digestion
process after feeding. When the contribution of the nutrients in
the digestion solutions was taken into account, data analysis
indicated that all above findings (positive or negative correla-
tions) did not change although the regression equations changed
(but the correlation coefficients R and the p values did not
change).

In summary, in the paper we determined the bioaccessibility of
PBDEs in 13 types of foods using an in vitro digestion method.
The obtained data were comparable with the bioavailability of
PBDEs reported in the literature, demonstrating the usability of
our method and usefulness of bioaccessibility. The bioaccessi-
bility of PBDEs exhibited positive correlations with the fat and
carbohydrate contents in the foods and negative correlations with
the protein and dietary fiber contents. The presence of fat and
carbohydrate increased the bioaccessibility, which was possibly
attributed to the facts that PBDEs were lipophilic and carbo-
hydrate was capable of forming micelles. On the other hand, the
influence of protein on the bioaccessibility might stem from the
ionic strength effect of amino acids after being digested, which
decreased the partition of PBDEs in aqueous phase. The effect of
dietary fiber on the bioaccessibility might be the result of physical
adsorption of PBDEs on the fiber. Among the four constituents,
it seemed that fat played a predominant role in influencing the
bioaccessibility. When fat and protein coexisted, only the effect of
fat on the bioaccessibility was observed. On the other hand, the
influence of protein, carbohydrate, and dietary fiber on the
bioaccessibility of PBDEs was inseparable; the observed effects
were the combined results of the three constituents. The findings
may contribute to a better understanding of bioaccessibility of
PBDE:s in foods.

ABBREVIATIONS USED

Ba, bioaccessibility; BDE, brominated diphenyl ether; Cr,,, the fat
content in food; GC/MS, gas chromatography/mass spectrometry;
Kow, partition coefficient of an organic compound in octanol—
water system; PBDEs, polybrominated diphenyl ethers; PCBs,
polychlorinated biphenyls; POPs, persistent organic pollutants;
QA/QC, quality assurance/quality control; SD, standard deviation.
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