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Generally, human oral exposure assessments of contaminants have not considered the absorption factor in the
human gastrointestinal tract, thus overestimating human exposure and associated health risk. Currently, more
researchers are adding the absorption factor into human exposure assessment, and bioaccessibility measured
by in-vitromethods is generally replacing bioavailability for estimation because of the cheap and rapid determi-
nation. However, no single unified in-vitromethod is used for bioaccessibilitymeasurement of organic pollutants,
although several methods have been developed for these pollutants and have shown good in vitro-in vivo corre-
lation between bioaccessibility and bioavailability. The present reviewhas focused on the development of in-vitro
methods, validation of these methods through in-vivo assays, determination of factors influencing bioaccessibi-
lity, application of bioaccessibility in human exposure assessment, and the challenges faced. Overall, most in-
vitro methods were validated using bioavailability, and better in vitro-in vivo correlations were obtained when
absorption sinks were added to the digestion solution to mimic dynamic absorption of organic chemicals by
small intestine. Incorporating bioaccessibility into the estimation of human exposure by oral ingestion signifi-
cantly decreases the estimated exposure dose. However, more investigations on bioaccessibility of hydrophobic
organic compounds are urgently needed because many challenges for in-vitro methods remain to be overcome.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

With the development of industry and the economy, more and more
pollutants (including organic compounds and heavy metals) have been
discharged into the environment, which leads to potential adverse effects
on the environment andhumanhealth and even someextremely harmful
events (Mousavi et al., 2019; Palioura and Diamanti-Kandarakis, 2013;
Yang et al., 2018). Among organic pollutants, persistent organic pollutants
(POPs) and semi-volatile organic compounds (SVOCs) have attracted
great attention because of their widespread occurrence in the environ-
ment and their highly toxic properties, although certain chemicals belong
to both categories (Jones and Voogt, 1999; Raffy et al., 2018). General
POPs are organic pollutants with the properties of high lipophilicity, bio-
accumulation, long-range transport, long half-lives in environmental ma-
trices or biota, and high toxicity to organisms, whereas special POPs are
those listed in the Stockholm Convention (Chen et al., 2019; Ennour-
Idrissi et al., 2019; Jones and Voogt, 1999; Sharma et al., 2014). As for
SVOCs, the chemicals generally have boiling points of 240–400 °C and
vapor pressures of 10−14–10−4 atm, whichmeans they are less degraded
andmore able to be absorbed into particles further ingested or inhaled by
human (Weschler and Nazaroff, 2008). SVOCs are attracting much atten-
tion because many of them are viewed as toxic materials and/or endo-
crine disruptors, causing adverse effects on the nervous and thyroid
system and the development of the reproductive tract, and are even re-
lated to metabolic diseases like obesity and diabetes (Giulivo et al.,
2016; Li et al., 2017b; Ren et al., 2011; Vuong et al., 2018).
SVOCs include many contaminants containing POPs. For example,
polycyclic aromatic hydrocarbons (PAHs), polybromodiphenyl ethers
(PBDEs), polychlorinated biphenyls (PCBs), organophosphorus flame re-
tardants (OPFRs), organochlorine pesticides (OCPs), and perfluorinated
compounds can all be classified as SVOCs. They exist in many environ-
mental matrices such as soil, indoor dust, and food samples (Bonvallot
et al., 2010; Mi et al., 2017; Tilston et al., 2011; Yu et al., 2012a). Taking
PCBs as an example, the chemicals were first synthesized in 1881, were
mainly produced during 1929–1993, and achieved global production
rates up to 1.33 × 106 tons. Because of their neurotoxic and immunotoxic
effects and linkswith liver and biliary tract cancer, the production of PCBs
ceased after 1993 (Breivik et al., 2002, 2007). Similarly, PBDEs have been
widely used in themanufacture of fire-resistant fabrics, textiles, electron-
ics, and furniture, but studies have shown that these chemicals have ad-
verse effects on reproductive function, endocrine activity, DNA
structure, and the immune system (WHO, 1994; USEPA, 2010). Commer-
cial Penta- BDEs and Oct-BDEs, and Deca-BDE were listed as the priority
controlled POPs by the Stockholm Convention andwere suggested for re-
placement by decabromodiphenyl ethane, aluminum trihydroxide, ethyl-
ene bis (tetrabromophthalimide), tris (2-chloroisopropyl) phosphate
(TCPP), and other chemicals (UNEP, 2009, 2015).

A large number of pollutants discharged by human activities exist
widely in the environment and cause potential adverse effects on eco-
logical systems and even on human health (Giulivo et al., 2016; He
et al., 2018a; Li et al., 2017b). Therefore, the health risks from these pol-
lutants should be evaluated to reveal the human burden of pollutants
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and to understand human exposure. Normally, external and internal ex-
posure are measured by two basic exposure assessment methods,
which have been used by many researchers (Bramwell et al., 2016;
Frederiksen et al., 2009; Jiang et al., 2019). Internal exposure is the pol-
lutants in the humanbodymeasured by using urine, blood, humanmilk,
and placental tissue, and other human tissues, to reveal the human bur-
den of the pollutants (Chen et al., 2014; Guvenius et al., 2003; Jiang
et al., 2019;Ma et al., 2017; Yu et al., 2019b). Thismethod can accurately
reflect the actual load levels of pollutants in the human body, but it in-
volves ethical issues. It is also relatively difficult to collect samples for
use in internal exposure, especially for blood, placenta, and other tissues
(Jeong et al., 2018; Kim et al., 2019; McComb et al., 2019; Muller et al.,
2019; Suarez-Lopez et al., 2019). In addition, exposure in the human
body reflects the combined exposure through various pathways, includ-
ing oral ingestion, inhalation, and dermal contact (Bramwell et al., 2016;
Frederiksen et al., 2009; Jiang et al., 2019). Internal results can provide a
body exposure extent, but cannot accurately reflect the contribution of a
certain pathway, although one report used principal component analy-
sis to analyze the possible contributions of inhalation, oral ingestion,
and dermal contact using urinary organophosphate esters (Ding et al.,
2019). Compared to internal exposure, external exposure assessment
can solve this problem and provide clearer suggestions for pathways.
Therefore, external exposure assessment, based on contaminant con-
centrations in matrices, the intake rate of the matrix, and body weight,
is very important to understand exposure pathways. Many studies
have shown that oral ingestion is a very important pathway for many
organic pollutants, especially for SVOCs (Giovanoulis et al., 2018; Li
et al., 2015c; Martínez et al., 2018; Yu et al., 2012c).

To date, most studies evaluating human exposure to contaminants
through oral ingestion did not consider the complex absorption pro-
cesses in the gastrointestinal tract, i.e., absolute bioavailability (%) or rel-
ative bioavailability (%) which are generally less than 100%, did not
added into the estimation (Fair et al., 2018; Ke et al., 2017; Toms et al.,
2016). Obviously, it is not realistic because not all chemicals can be re-
leased from the matrix to digestive fluid, absorbed by the intestine
and finally enter system circulation. Therefore, omitting the absorption
factor would overestimate human exposure and the associated health
risks (Jiang et al., 2019; Kang et al., 2013; Raffy et al., 2018; Yu et al.,
2012a, 2012c). Absolute bioavailability means the proportion of pollut-
ants (on total intake) that can be absorbed through the gastrointestinal
tract and finally reach the bloodstream or the lymph tissue (that is,
enter the circulation of the human body) (Dean and Ma, 2007), which
equal to the concept of absorption factor in the human exposure or
health risk assessment. Relative bioavailability (RBA) means the com-
parative bioavailability of a chemical in different exposure matrices or
different chemical forms (Ruby et al., 1999). Bioavailability can bedeter-
mined by in-vivo assays using animals such as swine and mice (Kang
et al., 2018; Li et al., 2019; Pan et al., 2016; Yu et al., 2019a). However,
in-vivo measurement is time-consuming and laborious, and also faces
ethical challenges. Therefore, the bioaccessibility (%) of contaminants
has been used to replace bioavailability for external exposure estima-
tion. Bioaccessibility is the fraction of a contaminant released from ma-
trices into the gastrointestinal digestion solution, which reflects the
maximum fraction of the contaminant can be absorbed. Thus, the bioac-
cessibility of chemical is larger than or equal to the corresponding bio-
availability value theoretically. It can be determined by in-vitro
methods simulating the human gastrointestinal tract (Ruby et al.,
1996; Yu et al., 2019a). Bioaccessibility, absolute and relative bioavail-
ability can be calculated as follows (Fig. 1):

Bioaccessibility% ¼ ME

MS
� 100% ð1Þ

Absolute bioavailability% ¼ M organism½ �
Ms

� 100% ð2Þ
Relative bioavailability% ¼ M organism−sample½ �
M organism−reference½ �

� D reference½ �
D sample½ �

� 100% ð3Þ

where ME means the amount of a chemical released into the digestive
fluid (or the amount extracted in absorption sink); MS is the total
amount of the chemical in sample; M[organism] is the amount of the
chemical detected in animal; M[organism-sample] and M[organism-reference] is
the amount of the chemical detected in animal after dosed target sam-
ple and reference material, respectively; D[sample] and D[reference] means
the total amount of the chemical in sample and reference material,
respectively.

Currently, an increasing number of researchers believe that the ab-
sorption factor should be added to the human exposure and/or health
risk assessment, and bioaccessibility is generally used (Juhasz et al.,
2016a; Kang et al., 2018; Yu et al., 2012a, 2019a). Over the past twenty
years, in-vitromethods have developed quickly. Many in-vitromethods,
such as the simulator of the human intestinal microbial ecosystem
(SHIME) (Van de Wiele et al., 2004), the physiologically based extrac-
tion test (PBET) (Ruby et al., 1993; Basta and Gradwohl, 2000), a
method developed by the Dutch National Institute for Public Health
and the Environment (RIVM) (Versantvoort et al., 2004, 2005; Smith
et al., 2008), the unified BARGE method (UBM) (Li et al., 2015b), and
others have been developed. Several of these methods or adapted
methods have been validated against bioavailability through in-vivo as-
says. Historically, bioaccessibility was first used in food nutrition re-
search and pharmacological research on drug absorption efficiency
(Kondratenko et al., 2002; Miller et al., 1981). Later, it was applied to
the environmental field and factored into estimations of human expo-
sure including heavy metals, and then for organic pollutants (Cao
et al., 2020; He et al., 2016; Hu et al., 2013; Luo et al., 2012; Nathanail
and Smith, 2007; Ollson et al., 2009; Tian et al., 2018; Yu et al., 2011b,
2012b, 2012c). Compared with heavy metals, fewer studies have been
conducted for organic pollutants. Currently, no unified in-vitro method
exists to measure the bioaccessibility of organic pollutants, although
several methods have been developed for organic pollutants and have
shown good in vitro-in vivo correlations (IVIVCs), and although bioac-
cessibility has been added to human exposure and/or health risk
assessment.

The present review has focused on development of in-vitromethods
simulated human gastrointestinal tract for bioaccessibility measure-
ment, validation of the methods by in-vivo assays, determination of
the factors that influence on the bioaccessibility of organic pollutants,
application of bioaccessibility to human exposure and/or health risk as-
sessment, and identification of the challenges faced. This review aims at
systematically and comprehensively summarize the research progress
on the bioaccessibility studies on organic pollutants, calls for deeper re-
searches on the complex digestion mechanism among human digestive
system, hopes can help to set unified in-vitromethod for special or even
multiple organic pollutants in the future.

2. Methodology

In the present review, the Web of Science was systematically
searched at the end of March 2020. Bioaccessibility, simulated gastroin-
testinal tract, and/or simulated digestive tract were used as for the arti-
cle search, and the articles written in English were used in the present
review. Articles reporting the bioaccessibility of organic pollutants as
measured by gastrointestinal tract methods were further manual se-
lected. Those articles reporting in-vitro experiments, not by simulated
gastrointestinal methods, but using organic solutions (like sodium do-
decyl sulfate or sequential supercritical fluid extraction, and cyclodex-
trin extraction) to extract organic pollutants from the matrix were not
used in the present study because “abiotic” passive sampling methods
like is too simple to mimic the complex bioaccessible progress in
human body (Hilber et al., 2019). In addition, articles investigating



Fig. 1. Diagram of bioaccessibility and bioavailability (Bioa: bioaccessibility; Biov: bioavailability; MReleased: mass of released contaminants into the gastrointestinal digestion solution;
MTotal: mass of total contaminants in the matrix; MCirculation: mass of the contaminants entered into circulation system).

4 M. Lu et al. / Science of the Total Environment 752 (2021) 142001
human exposure risk assessment, global POP production, human inges-
tion progress, and related topics supporting this review were used.

The bioaccessibility measurement of pollutants in environmental
matrices using in-vitro gastrointestinal methods started with measure-
ment for a nutritional study of the bioaccessibility of iron in food
(Miller et al., 1981). Later, in-vitro methods were used in the environ-
mental field for oral bioaccessibility measurement of heavy metals. At
first, simple chemical extraction tests were used. Thesemethods gener-
ally used acid solutions to extract heavy metals. For example, the
European standard for toy safety used hydrochloric acid solution with
pH values of 1.0–1.5 to simulate gastric juice and determined eight sol-
uble metals in toy materials (EN71-3:1994+A1, 2000). Although these
methods are relatively simple and easy to implement, they are quite dif-
ferent from the physiological conditions of the human digestive system,
and the biological effectiveness values obtained are quite different from
the actual situation in the human body. On the basis of these simple
methods, more complex in-vitromethods based on human gastrointes-
tinal physiological conditions have been developed for heavy metals
(Basta and Gradwohl, 2000; Ruby et al., 1993; Schroder et al., 2004).
The measurement of organic pollutants using in-vitro method was car-
ried out in 1996 (Hack and Selenka, 1996). Until after 2002 (Ruby
et al., 2002), more andmore studies were carried out for organic pollut-
ants (Abdallah et al., 2012; Cui et al., 2016; Li et al., 2015c; Smith et al.,
2008; Tang et al., 2006). Thus, the present reviewmainly focused on the
organic pollutants.

3. In-vitro methods simulating the human gastrointestinal tract

Currently, several in-vitro gastrointestinal methods have been used
to determine the bioaccessibility of organic pollutants such as PAHs,
PCBs, PBDEs, perfluorooctanoic acid (PFOA), and pesticides, and several
of which have been successfully verified by in-vivo experiments using
animals (Juhasz et al., 2014; Kang et al., 2018; Li et al., 2015b; Yu
et al., 2019a). Most of the in-vitro methods can be classified as static
methods, which only consider the release of pollutants from their
matrices. However, in the actual human small intestine, the released
pollutants are absorbed by the intestinal epithelium simultaneously
with the release of pollutants from their matrices. Therefore, more and
more studies have investigated dynamic in-vitromethods incorporating
absorptive sinks using absorbents such as Tenax, silicone rod/sheet, C18
membrane, and ethylene vinyl acetate (EVA) membrane (Gouliarmou
et al., 2013; Juhasz et al., 2016a; Kang et al., 2018; Yu et al., 2013).
3.1. Static in-vitro methods

Commonly used static gastrointestinal in-vitro methods include
PBET (Ruby et al., 2016), colon-extended PBET (CE-PBET) (Tilston
et al., 2011), SHIME (Van de Wiele et al., 2004), RIVM (Smith et al.,
2008), the fed organic estimation human simulation test (FOREhST)
(Cave et al., 2010), the in-vitro gastrointestinal method (IVG) method
(Hurdzan et al., 2008), the German-Deutsches Institut fur Normung
(DIN) method (Hack and Selenka, 1996), and UBM (Li et al., 2015b).
Among these, PBET, CE-PBET, FOREhST, and SHIME are the most widely
used in-vitro methods.

3.1.1. PBET
The PBETmethodwas initially used to determine the bioaccessibility

of organic pollutants (dioxins/furans), first by Ruby et al. (2002), who
modified the method used for bioaccessibility measurement of Pb and
As in soil samples (Ruby et al., 1996). The approach included sequential
gastric and intestinal phases. Details of the parameters and the constit-
uents of the simulated gastrointestinal digestion solution used in the
PBET method are summarized in Table 1. Currently, this method has
been used to determine the bioaccessibility of PAHs, PCBs, PBDEs,
PFOA, dichlorodiphenyltrichloroethane and its metabolites (DDTs),
phthalate esters (PAEs), and OPFRs in somematrices, including soil, in-
door dust, and food. In addition, several experiments have been carried
out, in which the bioaccessibility of certain organic compounds was
compared with the bioavailability measured with an in-vivo method

Image of Fig. 1


Table 1
In-vitro gastrointestinal methods for organic pollutants.

Specific PBET CE-PBET RIVM FOREhST IVG DIN UBM SHIME

Reference Ruby et al.,
2002;

Tilston et al.,
2011

Smith et al.,
2008

Juhasz et al., 2014 Hurdzan et al., 2008 Hack and
Selenka,
1996

Li et al.,
2015b

Van de
Wiele
et al., 2004

Main
contaminants

PCDDs/Fs, PAHs PAHs PAHs PAH (Phe) PCBs, PAHs PFOA PAHs

Matrix 10 g soil
(<250 μm)

1.2 g soil 0.6 g dry soil 0.3 g soil (<250 μm) Cutan, cutin 1 g soil 0.6 g food 20 g soil

Organs
mimicked

Oral cavity No No Yes Yes Yes No Yes No
Stomach Yes Yes Yes Yes Yes Yes Yes Yes
Small intestine Yes Yes Yes

(duodenal)
Yes (duodenal) Yes (duodenal) Yes Yes

(duodenal)
Yes
(duodenal)

Large intestine No Colon No No No No No Colon
Oral cavity Volume No No 9 mL 4.5 mL 12 mL No 9 mL No

Components NA Urea, uric acid,
mucin, amylase

Urea, uric acid,
mucin, amylase

NA

pH 6.5 6.8 ± 0.5 6.5 ± 0.1 NA
Digestion time 5 min 5 min ~5 min 0.5 min

Stomach phase Volume 950 mL NA 13.5 mL 9.0 mL 20 mL 105 mL 13.5 200 mL
(L/S: 10)

Components Pepsin,
glycine, BSA,
mucin, oleic
acid, NaCl

Pepsin, mucin,
HCl, NaCl

Pepsin, BSA Pepsin, glucose, BSA,
mucin, urea,
glucuronic acid, HCl,
NaCl,

Pepsin, glucose, BSA,
mucin, urea,
glucuronic acid, HCl,
NaCl,

Pepsin,
mucin, HCl,
NaCl

Pepsin,
mucin, BSA

Pepsin,
NaCl

pH 1.5 (fasting
condition)

2.5 1.1 1.3 ± 0.5 2.0 ± 0.1 2.0 1.2 1.5

Digestion time 1 h 1 h 2 h 2 h 2 h 2 h 1 h 2 h
Intestinal
phase

Volume 960 mL
(950 + 10)

NA Duodenal
juice 27.0 mL,
bile juice
9.0 mL

Duodenal juice
9.0 mL, bile juice
4.5 mL

Duodenal juice
35 mL, bile juice
12 mL

NA Duodenal
juice 27.0 mL,
bile juice
9.0 mL

Duodenal
juice
100 mL
Colon
suspension
100 mL

Components Porcine
pancreatin,
bile salts,
lipase, BSA

Pepsin,
pancreatin,
mucin bile salts
(1.78 g/L)

Pancreatin
lipase, BSA,
bile

Pancreatin, lipase,
BSA, urea, bile, HCl,
NaCl

Pancreatin, lipase,
BSA, urea, bile, HCl,
NaCl

Pancreatin,
bile

Pancreatin
lipase, BSA,
bile

Pancreatin,
NaHCO3

bile salts
(400 mg/L)

Anaerobe
and aerobe
microbiota

pH 7.2 7.0 7.8 (duodenal
juice), 8 (bile
juice)

8.1 ± 0.2 (duodenal
juice), 8.2 ± 0.2
(bile juice)

5.5 ± 0.1 7.0 6.3 ± 0.5 6.3
6.5 NA

Digestion time 4 h 4 h 2 h 2 h 2 h 6 h 4 h 5 h
8 h 18 h

Operating
condition

Temperature 37 °C 37 °C 37 °C 37 °C 37 °C 37 °C 37 °C 37 °C
Food
components

No No No S-26 Gold Toddler
Formula, sunflower,
oil

No No/yes
(dry milk)

No Starch,
xylan,
glucose,

Mechanic
treatments

Mechanical
stirring at
~30 rpm

NA Rotary shaker End-over-end
shaker at 30 rpm for
5 min

NA Shaken at
200 rpm

End over end
rotation at
30 rpm

150 rpm

Centrifugation
filtration

3000 g for
10 min

3000 g for
10 min

5 min 3000 g for 10 min NA 7000 g for
10 min

3000 g for
5 min

3000 g for
5 min

Total S/L ratio 1:100 NA 1:97.5 1:90 1:950 NA 1:100 1:25

BSA: bovine serum albumen; CE-PBET: colon extended physiologically based extraction test; DIN: the German-Deutsches Institut fur Normung; FOREhST: fed organic estimation human
simulation test; GC: gas chromatography; GC–MS: gas chromatography coupled with mass spectrometry; HPLC-PDA: HPLC system fitted with a Water 996 photodiode array detector
(PDA); IVG: in vitro gastrointestinal method; NA: not available; PAHs: polycyclic aromatic hydrocarbons; PBET: physiologically based extraction test; PCBs: polychlorinated biphenyls;
PCDDs/Fs: polychlorinated dibenzo-p-dioxins and dibenzofurans; PFOA: perfluorooctanoic acid; Phe: phenanthrene; RIVM: Dutch National Institute for Public Health and the environ-
ment; SHIME: simulator of the human intestinal microbial ecosystem; SIM: single ion monitoring; UBM: the unified BARGE method; UPLC: ultraperformance liquid chromatography.
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using animals (Juhasz et al., 2016a; Pan et al., 2016; Smith et al., 2012;
Yu et al., 2019a).

Recently, the bioaccessibility of some flame retardants such as PBDEs
and OPFRs has also been measured using the modified PBET from Ruby
et al. (2002). For example, Pan et al. (2016) studied the bioaccessibility
of decabromodiphenyl ether (BDE209) in house dust samples
(<100 μm) from Guangzhou using a modified PBET method in which
the pH values of the gastric and intestinal phases were 2.5 and 7.0 re-
spectively, unlike the values of 1.5 and 7.2 used by Ruby et al. (2002).
In this case, the bioaccessibility of BDE209 ranged from 9.3% ± 1.8% to
39.0% ± 4.4% in the gastric phase and from 27.4% ± 7.4% to 50.7% ±
1.2% in the intestinal phase. A similar gastric pH of 2.5 was also used
by He et al. (2016), who measured the bioaccessibility of OPFRs in in-
door dust sampleswith particle size<150 μm fromoffice, house, dormi-
tory, and public microenvironments. They found that the
bioaccessibility of OPFRs varied between 8.18% for triphenyl phosphate
(TPP) and 54.5% for TCPP. Furthermore, He et al. (2018b) carried out a
more complete study on the bioaccessibility of 20 flame retardants, in-
cluding PBDEs, OPFRs, dechlorane plus (DPs), and novel brominated
flame retardants (NBFRs), in dust samples from different indoor envi-
ronments including car, office, and public microenvironments in
Nanjing.

Besideflame retardants, other organic pollutants, such as PAHs, DDT,
and PAEs, have been investigated by the PBETmethod. PAHs have been
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the most frequently investigated. The first study on PAHs was con-
ducted by Tang et al. (2006), who found that the bioaccessibility of
total PAHs in soil from several public areas in Beijing in the intestinal
phase were 9.2%–60.5%, which were higher than those in the gastric
phase (3.9%–54.9%). The bile in the intestinal solution could possibly
promote the formation of micelles, which would decrease the surface
tension of the digestion solution, causing PAHs to become more avail-
able for release from soil into the digestion solution. Recently, Kang
et al. (2018) investigated thebioaccessibility of PAHs in house dust sam-
ples (<100 μm) in Guangzhou using PBET and showed that the bioac-
cessibility of phenanthrene (Phe), fluorene (Flu), pyrene (Pyr), and
benzo(a)pyrene (BaP) were 15.0%–43.5%, 9.0%–38.8%, 10.0%–37.9%,
and 6.0%–21.9%, respectively, which were slightly lower than those
found by Tang et al. (2006). For DDTs, including DDT,
dichlorodiphenyldichloroethylene (DDE), and
chlorodiphenyldichloroethane (DDD), Juhasz et al. (2016a) and Smith
et al. (2012) measured the bioaccessibility of DDTs in soil using PBET,
and both found relatively low bioaccessibility of the pesticides (less
than 5%). Moreover, Li et al. (2015b) measured the bioaccessibility of
PFOA in food and found that the bioaccessibility of the chemicals ranged
from 9.8% to 99.0%, which was the first report of PFOA bioaccessibility
using the PBET method. In addition, He et al. (2016) measured the bio-
accessibility of PAEs and found that they varied between 1.21% for di-2-
ethylhexyl phthalate (DEHP) and 81.1% for dimethyl phthalate in indoor
dust samples with particle size <150 μm from offices, homes, dormito-
ries, and public microenvironments. Currently, PBET is one of the most
used in-vitro methods simulating the human gastrointestinal tract for
bioaccessibility measurement of organic pollutants on the basis of the
reported articles.

3.1.2. CE-PBET
With the development of the PBET method, the need for modifica-

tions soon became apparent because it did not behave well in testing
the bioaccessibility of most hydrophobic organic compounds (HOCs).
At the same time, because the time required for food to pass through
the colon accounts for 80% of total food transit time in the human diges-
tive tract, the rich presence of carbohydrates in the colon can improve
HOC release frommatrices to the digestion fluid, leading to a higher bio-
accessibility. As a result, the CE-PBET method was developed by Tilston
et al. (2011). The details of the components of the three phases (gastric,
intestinal, and colon) and the operating conditions of CE-PBET method
are listed in Table 1. An extend 8 h colon digestion of CE-PBET facilitated
the release of HOCs frommatrices comparedwith the original fed-PBET
method, although it makes the work more complex and time consum-
ing. It was found that PAH bioaccessibility in artificially contaminated
soil increased several times after incorporating the colon phase, in
which the digestion time was prolonged and carbohydrates were
added, both of which could improve bioaccessibility.

Except for PAHs, the CE-PBET method has been used to investigate
the bioaccessibility of brominated flame retardants (BFRs) and DDTs
in some matrices including soil, dust, and food samples (Abdallah
et al., 2012; Mi et al., 2017; Tilston et al., 2011). For instance, Abdallah
et al. (2012) determined the bioaccessibility of tetrabromobisphenol A
(TBBPA), hexabromocyclododecane (HBCD), and PBDEs in house dust
samples from UK homes (25–500 μm), and found that the bioaccessibi-
lity was 72%–80% for HBCD, 94% for TBBPA, and 32%–58% for tri- to
hepta-BDEs, with the lowest value of 14% for BDE209. However, the
mean bioaccessibility of HBCD in house dust samples (<250 μm) from
Belgium with comparatively lower HBCD concentration (compared by
SRM-2585) were only 14%–37% measured using the CE-PBET method
(S/L = 1:167 and colon phase: 16 h) (García-Alcega et al., 2016), a
value that was lower than the data reported by Abdallah et al. (2012).

Fang and Stapleton (2014) used a modified CE-PBET method by
adding porcine lipase in the intestinal phase to determine the bioacces-
sibility of BFRs and OPFRs in Standard Reference Material (SRM2585)
(<53 μm) and found that the bioaccessibility ranged from less than
10% for bis (2-ethylhexyl) tetrabromophthalate to more than 80% for
tris (2-chloroethyl) phosphate (TCEP) and less than 20% for PBDEs.
For pesticides, Wang et al. (2018a) studied the bioaccessibility of eight
pyrethroids in dust and soil samples using the CE-PBET method (colon
phase: 16 h) and found values ranging from 18.2% to 35.7% for
bifenthrin and from 6.0% to 48.0% for all eight pyrethroids. In addition
to dust and soil samples, food items were also investigated. Mi et al.
(2017) found that the oral bioaccessibility PBDEs in fish sample (yellow
grouper) from coasts in Guangdongwas26%,whichwas lower than that
of DDTs (60%), using CE-PBET. Comparatively, many more investiga-
tions have been conducted for soil or dust samples than for food sam-
ples. By the way, the small intestine is the main site of substance
absorption, although studies have shown that the bioaccessibility with
an added colon phase is improved, or even increased several times.

3.1.3. RIVM
The RIVM method was first introduced to measure Pb, As, and Cd,

after which it was used for HOC bioaccessibility determination (Grøn
et al., 2007; Oomen et al., 2002). Initially, the method was used to
mimic the fasting ingestion condition (Oomen et al., 2002). Later, it
was developed to mimic the fed condition (by adding food according
to infant formula) by changing the gastric pH from 1.1 to 2–3, and it is
a positive adjustment though makes the HOC distribution between
fluid and matrices more complex (Grøn et al., 2007; Versantvoort
et al., 2005). Compared with the PBET and CE-PBET methods, the
major difference is the addition of an oral cavity phase for RIVMmethod
(Table 1). This method simulated human ingestion progress more
completely, but extractions in all phases were sequential, and therefore
only total oral bioaccessibility data were available. Still, the RIVM
method has more complex operating steps thanmost in-vitromethods;
for example, the mimic digestive solutions (like bile juice) are less
stable.

Hence, far fewer studies have used this method for the bioaccessibi-
lity measurement of organic pollutants. Smith et al. (2008) introduced
an RIVMmethod with fasting condition and found that PAH bioaccessi-
bility in standard spiked soil (OCED) was <30%–85%. For the fed RIVM
method, an infant formula was adapted to serve as food components
mimicking fed digestion condition of children. Grøn et al. (2007) ap-
plied such a formula including chicken and mashed potatoes to provide
protein, carbohydrates, and fat to determine PAH bioaccessibility in
contaminated soil from Denmark. It was found that the bioaccessibility
of dibenz(a,h)anthracene (DBahA) and BaP ranged from 12% ± 9.1% to
40%± 24% and from 5.7%± 3.0% to 38%± 27%, respectively. The draw-
back is that only several samples were measured by Grøn et al. (2007).

3.1.4. FOREhST
The FOREhSTmethodwasmodified from the fed-state RIVMmethod

developed by Cave et al. (2010). Both FOREhST and RIVM had three di-
gestion phases and contained infant formula. However, the two infant
formulae were based on nutritional bases from different countries: the
former was based on Great Britain (food mixed with sunflower oil),
and the latter was based on The Netherlands (food mixed with vegeta-
ble oil). The FOREhST method includes three phases: an oral cavity, a
gastric phase, and an intestinal phase (duodenal) (Table 1). Generally,
urea is included in both the gastric and the intestinal phase in the
FOREhST method, whereas it is not added in the RIVM method.

Specific information on this method was reported by Juhasz et al.
(2014), who used the FOREhST method to test PAH bioaccessibility in
soil (<250 μm) polluted by creosote. They replaced the cheaper S-26
Gold Toddle Formula by the original HIPP porridge formula as food. As
a result, the bioaccessibility of the seven PAH isomers was less than
4%. Notwithstanding, the food contents added in this method could en-
hance PAH bioaccessibility. The low PAH bioaccessibility may be ex-
plained by the PAHs partition equilibrium between soil and digestive
fluid not reached due to the static nature of the method. Furthermore,
James et al. (2018) investigated PAH bioaccessibility in polluted soil
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using this method with a standard shaking condition of 30 rpm, which
resulted in much higher bioaccessibility of 13%–29%.

In addition to PAHs, other HOCs, such as DDTs (DDT+DDE+DDD)
and organophosphorus esters (OPEs), were also investigated using the
FOREhSTmethod. For example, Smith et al. (2012) investigated the bio-
accessibility of DDTs in soil and found that it was less than 4%, which
was similar to the results for DDTs (1.6%–3.8%) in soil obtained using
the PBET method (Juhasz et al., 2016a). Moreover, Quintana et al.
(2017) evaluated chlorinated organophosphate esters (Cl-OPEs) such
as TCEP in indoor dust samples from houses and cabins using FOREhST
(with organic cream as infant food) and found that the bioaccessibility
of TCEP was highest, with a range of 69%–103%.

3.1.5. IVG
The IVG method was first used to determine the bioaccessibility of

As in mining/smelter soil by Rodriguez et al. (1999). The method was
initially only composed of gastric and intestinal phases. Later, it was
used to measure organic phenanthrene (Phe) by Hurdzan et al.
(2008). This model developed further to include an oral cavity, a gastric
phase, and an intestinal phase (duodenal) within a short time, and no
food components were added (Table 1). Compared with other in-vitro
methods such as PBET, CE-PBET, RIVM, and FOREhST, this method had
a relatively low pH in the intestinal phase. Hurdzan et al. (2008) used
cutan and cutin frombiopolymers as surrogates for natural organicmat-
ter (NOM) spiked with Phe and used the IVG method with the addition
of a large intestinal phase and a C18 membrane to study the absorption
of Phe onto the C18membrane. As a result, after 72 h large-intestine in-
cubation, the absorbed Phe in the C18 membrane was 83.1% ± 4.7% in
cutin and 35.7% ± 2.9% in cutan. The data for the cutan were lower be-
cause the microporous structures in cutan can trap Phe better, which
means that Phe release was tightly correlated with the constituents
(i.e., cutan and cutin) in NOM. In addition, Yu et al. (2019a) used the
IVG method to determine PBDE bioaccessibility in e-waste contami-
nated soil samples and found that the results were generally less than
20%. Nevertheless, similarly to the RIVM method, the IVG method has
not been widely used to measure HOC bioaccessibility, with only a lim-
ited number of reports in recent years.

3.1.6. DIN
The DIN method was developed by Hack and Selenka (1996) to test

the bioaccessibility of PCBs and PAHs in contaminated soil, and it only
has limited research of the bioaccessibility of HOCs compared with
other methods. Similarly to the PBET and CE-PBET methods, this
approach simulated only the gastric and intestinal phases (Table 1).
However, it had longer digestion time in the intestinal phase than
most in-vitro methods. Their main objective was to investigate the
food effect on the bioaccessibility of PAHs and PCBs in soil. Their results
showed that bioaccessibility ranged from 5%–40% for PAHs and PCBs,
but increased to 40%–85% when lyophilized milk was added. Zhang
et al. (2017) used theDIN, PBET, FOREhST, UBM, and IVDmethods to de-
termine the bioaccessibility of PAHs from contaminated soil (<250 μm)
and observed that bioaccessibility (expressed as the BaP equivalent)
was the highest when tested by the DIN (0.12%–5.47%) method,
which was slightly higher than the results of 0.067%–1.98% for PBET,
0.34%–1.53% for FOREhST, 0.05%–1.11% for UBM, and 0.001%–0.49% for
IVD. Recently, Yu et al. (2019a) investigated PBDE bioaccessibility in e-
waste contaminated soil and compared the results with other in-vitro
methods, including PBET, UBM, IVG, and Ad-SHIME. The authors found
that the PBDE bioaccessibility (2%–16%) tested by DIN were similar to
those from PBET (1%–6%), UBM (1%–14%), and IVG (1%–20%), but
lower than those from Ad-SHIME (2%–42%). In addition, there was
poor correlation between the bioaccessibility measured by DIN and
the in-vivo bioavailability determined using female C57BL/6mice. Over-
all, the DIN method has not been widely used, and scant information is
available.
3.1.7. UBM
The UBMmethod was first used byWragg et al. (2011) to study the

bioaccessibility of trace elements (As, Pb, and Cd) in soil, which was an
inter-laboratory trial. This method is consisted of three phases (saliva,
gastric, and intestinal phases), similarly to the RIVM method (Table 1).
Comparatively, less digestion time in the oral cavity (0.5 min vs.
5 min) and the gastric phase (1 h vs. 2 h) than in the RIVM method
was used, although other conditions were the same (Li et al., 2015b).
The UBMmethodwas evaluated by an in-vivo assay. Li et al. (2015b) de-
termined that PFOA bioaccessibility in food ranged from 8.7% to 73%
using this method and that there was a strong linear relationship
(r=0.79, p<0.01, slope=0.79, y-intercept=11.7) between bioacces-
sibility and RBAmeasured inmice. Their results suggested that the UBM
method might be a potential useful in-vitro method for simulating
human digestion to measure bioaccessibility and predict the RBA of
PFOA in foods.

However, Smith et al. (2012) also used the UBMmethod to research
DDTs in soil and found that the bioaccessibility of DDTswas less than 4%,
whichwas lower than the results for RBA (2%–25%). Similar lower PBDE
bioaccessibility in SRM2585 (approximately 1%–14%) were also ob-
served byYu et al. (2019a), whichwere lower than the oral bioavailabil-
ity (3.9%–48.8%) determined using female C57BL/6 mice. The
bioaccessibility was lower than the bioavailability mainly because of
the static digestive procedure in the in-vitro method, which limited
the release of these highly lipophilic substances, and because of the
low bile concentrations in the UBMmethod, which can significantly af-
fect the release of these chemicals (Yu et al., 2019a). Quintana et al.
(2017) used the UBM-related (fasting ingestion condition) method to
investigate Cl-OPEs in dust samples, and TCEP bioaccessibility was
found to be 103% in cabin dust samples and 69% in house dust samples,
as previously mentioned.

3.1.8. SHIME
The SHIMEmethod was first proposed byMolly et al. (1993) to sim-

ulate the human gastro-intestinal microbial ecosystem. It was used for
PAH bioaccessibility measurement by Van deWiele et al. (2004). Unlike
the other staticmethodsmentioned earlier, SHIMEmimics the total gas-
trointestinal tract more completely. It introduces a colon phase that not
only has the corresponding organic and inorganic components, but also
the colonmicrobiota, unlike CE-PBET. This helps scientists achieve a bet-
ter understanding of the interaction between colon microbiota and
chemicals. In addition, the SHIME method is widely used to evaluate
HOC release from food and soil/dust matrices. Siciliano et al. (2010)
studied PAHs in soil (<45 μm) from Canada using a SHIME reactor in-
cluding gastric, intestinal, and colon phases and observed that PAH bio-
accessibility was <8% in both the intestinal and gastric phases. In
addition, PAH bioaccessibility had no correlation with PAH concentra-
tions in soil. However, higher PAH bioaccessibility ranging from 1.2%
to 21.0% in the colon phase were detected, which are strongly depen-
dent on the fugacity capacity of soil to water (Zsoil/Zwater). Moreover,
Yu et al. (2012a) used the SHIME model without fecal microbiota to re-
search PAH bioaccessibility in animal-based foods and found that the
mean bioaccessibilitywere 29.0%–61.2%,whichwere linearly correlated
with the lipid contents (R2 = 0.752, p = 0.005). In addition to PAHs,
PBDE bioaccessibility was first investigated using the modified SHIME
method byYu et al. (2009a). Later, a series of PBDE bioaccessibility stud-
ies was carried out. For example, Yu et al. (2009a) studied the influence
of digestion conditions and operating condition on PBDE bioaccessibi-
lity. Next, they investigated the influences of food components and
dust characteristics on PBDE bioaccessibility (Yu et al., 2010, 2012b,
2013).

From the viewpoint of human health protection, measuring the bio-
accessibility of a pollutant under the worst-case scenario is generally
recommended. Therefore, an adapted fasting in-vitro digestion method
modified from the SHIME method reported by Yu et al. (2011a) was
used to optimize the digestion conditions to measure PBDE



8 M. Lu et al. / Science of the Total Environment 752 (2021) 142001
bioaccessibility in dust samples using a central composite design and re-
sponse surface methodology. The results indicated that the worst-case
scenario digestion conditions had a bile concentration of 5.5 g/L, an L/
S ratio of 200, and a digestion time of 6 h. Recently, the optimized
method was validated by in-vivo assays by using female C57BL/6 mice,
and the results were compared with another four in-vitromethods, in-
cluding PBET, UBM, IGV, and DIN (Yu et al., 2019a). The results showed
a significant linear relationship between the in-vitro bioaccessibility
measured by the optimized method adapted from SHIME and the in-
vivo bioavailability for several moderately brominated congeners, such
as BDE99 and BDE153.

Comparatively, fewer reports on other organic pollutants, such as
PCBs, pesticides, and bisphenol A (BPA), are available. Yu et al.
(2009b) investigated the factors influencing PCB bioaccessibility using
grass carpmuscle.Wang et al. (2018b) found that the BPA bioaccessibi-
lity decreased with digestion progress (stomach, small intestine, and
colon) using BPA-spiked samples in nutrition medium aged for
10 days. As for pesticides, Yu et al. (2012c) found that the bioaccessibi-
lity of DDTs and HCHs in animal-based foods were 31.5%–84.5% and
31.1%–59.6%, and these ranges were used as the absorption factor
when estimating daily uptake of toxicants. Other pesticides such as
triazolone, difenoconazole, hexaconazole, and spirodiclofen were also
reported using the SHIME method. For example, the bioaccessibility of
difenoconazole, hexaconazole, and spirodiclofen residues in apples
were detected as 25.2%–76.3% in the gastric phase and 10.6%–79.6% in
the intestinal phase (Shi et al., 2017), and those of triazolone in cherry
tomatoes were 32.47%–67.4% in the gastric phase (pH = 1.68–4.97),
which were relatively higher than those in the intestinal phase
(31.0%–41.3%) (Liu et al., 2018b). It should be noted that the digestion
conditions varied slightly different among the literature publications, al-
though they were all SHIME-related methods.

3.2. Dynamic methods

In addition to static gastrointestinalmethods, dynamic gastrointesti-
nalmethods have beendeveloped because the release and absorption of
pollutants in the small intestine occurred simultaneously, while static
in-vitro methods cannot mimic this condition. They can be divided
into dynamic operations or static methods modified by adding absorp-
tive sinks, although therewere studies considered the issue usingmath-
ematical model (Tao et al., 2009, 2010). The TNO gastrointestinal model
(TIM) is a complex, computer-based method with dynamic operation
that was first developed byMinekus in 1995 tomimic the lumen condi-
tion (including the components and flow rate of digestive fluids) in the
gastrointestinal tract (Minekus et al., 1995; Minekus, 2015). TIM has
been generally used in food nutrition and pharmaceutical studies, but
only in limited research on the bioaccessibility of organic pollutants
(Larsson et al., 1997; Oomen et al., 2002; Verwei et al., 2007). This is
the only dynamic gastrointestinal method that works under a mechan-
ically operated condition.

Currently, most dynamic methods are modified static methods. The
motive to develop dynamic methods is to mimic the passive absorption
of chemicals in the small intestine. Thus, the bioaccessibility determined
by in-vitro methods may be more comparable to bioavailability mea-
sured through in-vivo assays. The first dynamic methods modified
from a static method were introduced as Caco-2 and EVA by Vasiluck
et al. (2007). However, these methods are not real dynamic methods
because Caco-2 or EVA is added as a lipid sink to the digestion solution
containing released pollutants after the digestion process has finished.
In other word, the release and absorption of pollutants from the matrix
do not occur at the same time. To overcome this shortcoming, Hurdzan
et al. (2008) and James et al. (2011) used a C18membrane as an absorp-
tive sink immersed in the digestion solution during incubation. Later, a
porous polymer resin, Tenax-TA, with stronger HOC adsorption capabil-
ity and more convenient handling was first introduced in a study on
PBDE bioaccessibility by Yu et al. (2013). Suitable absorption sink
materials should have great capability of maintaining the concentration
gradient between thematrix and the digestion solution to facilitate HOC
release sufficiently, trapping the release HOC fast and behaving well in
back-extraction with solvent for bioaccessibility calculation
(Gouliarmou et al., 2013). Before adding it in to simulated digestion
fluid, sorption kinetics and capacity of it should be determined
(Gouliarmou et al., 2013; Zhang et al., 2017). The final bioaccessibility
after adding absorption material is the fraction of extractable HOC
(found in digestive fluid and absorptive sink) in total HOC in matrix,
i.e., the ratio of total released HOC in the digestion solution and the
absorbed HOC onto the absorptive sink to the target substance in the
matrix. If the bioaccessibility data is comparable of the bioavailability
from animals, the method is meaningful. In recent years, many studies
have used absorptive sinks, including Tenax, silicone rods/sheets, and
C18 membranes (Gouliarmou et al., 2013; Juhasz et al., 2016a; Kang
et al., 2018; Li et al., 2015a; Pan et al., 2016; Yu et al., 2013).

3.2.1. Caco-2 cells and EVA
Caco-2 cells stem from human colon carcinoma, and their structure

and function are similar to those of differentiated intestinal epithelial
cells, which have microvilli and other structures and contain enzymes
related to the brush border epithelium of the small intestine. This
means that these cells can be used to mimic the dynamic absorption
of chemicals from digestion fluid. To investigate whether EVA is an ef-
fective surrogate for simulating BaP uptake by the intestine, Vasiluck
et al. (2007) first introduced Caco-2 as a lipid sink and compared the
sorption of BaP after release from soil between the two sinks. They
found that the data had a strong linear relationship (R2 = 0.92), al-
though the data tested by Caco-2 were 2.44 times those tested by
EVA. However, Kang et al. (2018) found that EVA not only had similar
elimination rate constants for several PAHs as determined by Caco-2,
but also provided in-vitro bioaccessibility datawith an excellent correla-
tion with RBA measured in mice (R2 > 0.6), which indicated that EVA
had the potential to be a surrogate of Caco-2 cells. Considering the dif-
ferences and the very limited applications of EVA to bioaccessibility
measurement, more studies are warranted.

Intestinal absorption of mobilized PAHs occurs not only in digestive
fluid, but PAHs are also absorbed in digestive residues. Wang et al.
(2011) used Caco-2 to verify that if the dissolved PAHs and DDTs in di-
gestive fluid were absorbed by Caco-2, a large amount of mobilized
PAHs in the residues would release. In addition, Yu et al. (2017) investi-
gated PBDE absorption and the associated mechanism in the human in-
testine using a Caco-2 cell monolayer model. They found that trans-cell
transport, including the trans-pore process, was the rate-determining
step during PBDE transport and that passive diffusion dominated
transepithelial transport, although efflux and influx transporters might
also participate in transport. The authors believe that investigating the
mechanism of absorption and transport of contaminants using Caco-2
cells will be more meaningful than further investigation of the
bioaccessibility.

3.2.2. Tenax improved method
Tenax is a porous and efficient material that also has excellent affin-

ity with HOCs. It has been widely used to study HOC adsorption and de-
sorption in soil and sediment in ecological risk assessment (Lydy et al.,
2015; Mackenbach et al., 2012; Wang et al., 2019). It was first added
to the digestion solution to simulate the dynamic process of measuring
PBDE bioaccessibility in dust samples from air-conditioning filters by Yu
et al. (2013). PBDE bioaccessibility was found to improve significantly.
Later, Fang and Stapleton (2014) investigated the bioaccessibility of
FRs (PBDEs and OPFRs) in different house dust samples with a modified
CE-PBET method (by adding porcine lipase) and Tenax added to the di-
gestion fluid. They found that the highest bioaccessibility (approxi-
mately 80%) was observed for OPFRs, which decreased with increasing
logKOW of the chemicals (when logKOW > 5) and was <30% for
BDE209. After this, an increasing number of studies used Tenax for
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HOC bioaccessibility determination (Kademoglou et al., 2018; Kang
et al., 2018; Li et al., 2015a, 2016; Wang et al., 2018a).

Currently, there are approximately ten reports in the literature that
describe studies with Tenax to improve bioaccessibility. For example,
Li et al. (2015a) used the PBET method with Tenax as an absorptive
sink to investigate PAH bioaccessibility in contaminated soil. They
showed that Tenax could enhance bioaccessibility from 3.7%–6.92% to
16.3%–31.0%,which amounted to approximately a 4.4 times average im-
provement after incorporating Tenax, especially for isomers with high
logKOW. A similar tendencywas observed for PBDEs in indoor dust sam-
ples by Kademoglou et al. (2018)with 0.5 g Tenax TA®as the absorptive
sink with the CE-PBET method and for PCBs in soil using the PBET
method (Li et al., 2017a). Moreover, after adding Tenax, Li et al.
(2016) found a 3.4–22 times bioaccessibility improvement (27%–56%
vs. 1.2%–15%) for DDTs in soil using the PBET method with Tenax addi-
tion. Zhang et al. (2017) found that adding 0.1 g Tenax in the DIN
method could increase PAH bioaccessibility (expressed by the BaP
equivalent) more than 16.6 times, from 0.12%–5.47% to 7.0%–34.8%,
and that the enhancement was positively correlated with PAH hydro-
phobicity. In addition, a report on pesticides showed that 0.4 g Tenax
enhanced the bioaccessibility of pyrethroids in dust and soil samples
by 1.6–4.1 times with bioaccessibility of 21.5%–79.3% using the Tenax-
improved CE-PBET method (Wang et al., 2018a). Overall, Tenax is the
most widely used absorptive sink for HOC bioaccessibility
measurement.

3.2.3. Silicone and C18 membranes
Silicone and C18 membranes have been used in some studies

(Gouliarmou et al., 2013; Harris et al., 2013; Kang et al., 2018). Silicone
is a polymer material with high partition properties and efficient sorp-
tion ability to act as an absorptive sink in a form of rod or sheet with a
simple back-extraction procedure for HOCs before analysis. The silicone
absorptive sink is supplemented by the PBET and CE-PBETmethods. For
example, Gouliarmou et al. (2013) observed that the capacity of a CE-
PBET system to extract PAHs increased by 1–3 orders of magnitude
after a silicone rod was incorporated. They also found that the rod
could provide near-infinite sink capacity. The results of silicone rod
elimination kinetics indicated that a silicone rod 2 m length was not
only sufficient to maintain the diffusion gradient for PAH release from
thematrix, but also could effectively absorb free PAHs in digestive solu-
tion. Zhang et al. (2015a) found that the presence of silicone sheet could
sharply increase apparent PAH bioaccessibility (the ratio of chemicals in
silicone and liquid to the initial mass in soot), and this increasing trend
Fig. 2. Factors influencing bioaccessibility (Bio
was positively correlatedwith the KOWof the PAHs. Similar results were
also observed in further studies on PAHs and their deuterated deriva-
tives in soot samples (Zhang et al., 2018). In addition, a kind of silica
powder has also been used, and the results were compared with other
absorptive sinks such as Tenax-TA, poly(ethylene-co-vinyl acetate)
(poly E), C18 membranes, and Caco-2 cells (Kang et al., 2018). The re-
sults suggested that poly E and silica can be used to simulate Caco-2
cells when added to the PBET method to predict PAH bioavailability in
indoor dust samples as determined using BALB/c mice. The silicone-
improved method has also been used for DDTs. Juhasz et al. (2016a)
found that DDT bioaccessibility tested by adding silicone cord (an ex-
tended 22 h extraction time) to the PBET method was 18.9%–56.3%,
which was twenty times the bioaccessibility (1.6%–3.8%) determined
without the absorptive sink. Currently, silicone sinks have been widely
used to measure PAHs, although DDTs have also been investigated.

The C18 membrane is also a kind of material used as a lipid sink in-
vitro methods. It showed a slower adsorption ratio and less affinity for
DDTs than Tenax (Li et al., 2016). A slow adsorption ratio of 13.4% ±
0.65% for Phe was found by Hurdzan et al. (2008) using a C18 mem-
brane to absorb the chemical from water for 72 h. The C18 membrane
also facilitated the release of HOCs like PAHs compared with single gas-
trointestinal methods, which further strengthened the relationship be-
tween bioavailability by pig and bioaccessibility via the IVG method
(James et al., 2011). In comparison, Kang et al. (2018) found that silica
powder and poly E were more suitable for predicting PAH bioavailabil-
ity than the C18 membrane when added to the PBET method. It should
be pointed out that silicone rods and C18membranes need large surface
areas for high-capacity HOC adsorption, which might limit the applica-
tion of absorptive sinks in bioaccessibility improvement (Kang et al.,
2018).

4. Factors influencing bioaccessibility

Asmentioned earlier, bioaccessibility is the ratio of the chemicals re-
leased into a digestion solution to the total amount in thematrix. There-
fore, it is obvious that every factor that influences (facilitates or
restricts) the dissolution or release of target substances might change
their bioaccessibility to various extents. This review discusses the fac-
tors that influence the bioaccessibility of contaminants from three as-
pects: in-vitro digestion conditions, pollutant characteristics
(especially hydrophobicity), and matrices (including food, soil, soot,
and dust) (Fig. 2). The first is an external factor, whereas the last two
are internal factors. Currently, the uncertainty in bioaccessibility
a: bioaccessibility; Conc.: concentration).

Image of Fig. 2
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evaluation is greatly influenced by digestion conditions, which can be
mainly attributed to the fact that there is no global unified in-vitromea-
surement method. To obtain deep knowledge of influencing factors and
the mechanisms behind them, a standardized protocol for bioaccessibi-
lity measurement would be of great significance.

4.1. Digestion conditions of in-vitro methods

4.1.1. Components and their concentrations in the digestion solution
Because bioaccessibility is a fraction of chemicals released fromma-

trices to digestion fluid, it is limited by the partition equilibrium be-
tween the fluid and the matrices. The components of digestion
solutions include organic and inorganic components. The organic com-
ponents such as bile and all kinds of enzymes and their effect on HOC
bioaccessibility have been thoroughly investigated, but research into
the influence of inorganic components on it has been very limited. For
example, Li et al. (2015b) proposed that PFOAwould combinewith cat-
ions (like Ca+, which was included only in the UBM method) as com-
plexes, which would decrease PFOA bioaccessibility. Among the
components, the influence of bile in the digestion solution on HOC bio-
accessibility has been the most important and also the most studied.

Studies have shown that bile can promote HOC solubility in diges-
tion solution, thus increasing bioaccessibility (Tao et al., 2011; Tang
et al., 2006; Yu et al., 2011a). For the first time, Tang et al. (2006) re-
ported that bile in the digestion solution performs like a surfactant
that facilitates the formation of micelles and lessens the surface tension
of the digestion solution. If the bile concentration were greater than the
critical micelle concentration (0.15 g/L), it would facilitate PAH absorp-
tion in micelles, further enhancing their bioaccessibility. Later, Yu et al.
(2011a) studied the influence of bile concentration on PBDE bioaccessi-
bility in dust samples using response surface methodology in the con-
text of a fasting SHIME method. The results showed an increasing
PBDE bioaccessibility trend with increasing bile concentration. Similar
results were also reported by Tao et al. (2011), who found that only
bile salt could mobilize the remaining PAHs in soil (compared to other
components in the intestine, like pancreatin and lipase) and that 2 g/L
bile salt was enough to provide this mobilization. Still later, studies
showed the positive influence of bile concentrations on HOC bioaccessi-
bility (such as PFOA, OPFRs, DDT, and lindane) (Ertl and Butte, 2012; Li
et al., 2015b; Zeng et al., 2019) and on that of pesticides and their me-
tabolites, including fenpropathrin, imidacloprid, and thiamethoxam
(Xiao et al., 2019).

Digestive enzymes other than bile, such as amylase, pepsin, and pan-
creatin, can also influence HOC bioaccessibility, although the effects are
very limited comparedwith bile (Xiao et al., 2019; Zeng et al., 2019). For
example, Zeng et al. (2019) found that pancreatin (lipase: α-amylase:
trypsin = 64.3:1.81:1) enhanced the bioaccessibility of PAHs and halo-
genatedflame retardants, excludingOPFRs in PM2.5, and thatα-amylase
was the main contributor because of its higher hydrophobicity com-
pared to other enzymes. Similarly, the existence ofα-amylase increased
the bioaccessibility of six pesticides, including phoxim, chlorpyrifos, and
imidacloprid, in chaenomelis as reported by Xiao et al. (2019). More-
over, it was also found that pepsin not only facilitated to the release of
pesticides, but also to their elimination through hydrolyzation and me-
tabolism. The enzymes improved HOC bioaccessibility, perhaps because
enzymes can hydrolyze carbohydrates and proteins, which can trap or
bind HOCs.

4.1.2. pH
The influence of pH on bioaccessibility of organic pollutants was ob-

served (Van de Wiele et al., 2004; Yu et al., 2009a; Zhang et al., 2015b).
In a study involving PBDEs, the authors found that the pH of the intesti-
nal digestion solution had a significant influence on PBDE bioaccessibi-
lity, as evidenced by a bioaccessibility increase from about 3% to 28%
when the pH (intestinal phase) increased from 5.9 to 7.2, followed by
a decrease to about 23% with a pH of 7.46 (Yu et al., 2009a). Similar
results were reported by Zhang et al. (2015b), who found the PAH bio-
accessibility in soot increasedwhen intestinal pH rose from 5 to 7.35 for
the PAHs with lower KOW value (Van de Wiele et al., 2004).

The influence of pH on HOC bioaccessibility might be related to the
occurrence of bile salts, which are the main component of bile and
which are precipitated at low pH, decreasing micelle formation in the
digestion solution and thus lowering HOC bioaccessibility (Wright
et al., 2008; Yu et al., 2009a). For example, as reported by Zhang et al.
(2015b), decreasing the pH of the digestion solution decreased the crit-
icalmicelle concentration, in turn enhancingmicelle disaggregation and
favoring PAH partitioning into silicone sheets, leading to higher bioac-
cessibility. Therefore, pH can change the bioaccessibility of HOCs by af-
fecting their solubility, release from matrices, and distribution in fluids
or an absorptive sink.

4.1.3. S/L ratio
In different in-vitromethods, the S/L ratios have varied from 1:25 to

1:250 as generally used (Pan et al., 2016; Van de Wiele et al., 2004; Yu
et al., 2011a). Undoubtedly, an influence of S/L ratio on bioaccessibility
is to be expected because the more digestion solution the in-vitro
method has, the more substances can be dissolved, whether the sub-
stances are metals or organic chemicals, before the bioaccessible
chemicals are completely released from the matrices. Hence, a lower
S/L ratio can lead to higher bioaccessibility under a certain range of
the S/L ratio. For example, Yu et al. (2009a) found that high S/L
(>1:90) might cause incomplete release of PBDEs and then reduced
the S/L (to 1:100) until saturated release was achieved. Pan et al.
(2016) determined that the bioaccessibility of BDE209 varied from
9.3% to 39.0% in the gastric phase and from 27.4% to 50.7% in the intes-
tinal phase; these values were higher than those reported by He et al.
(2018b). The choice of a lower S/L ratio (1:200) in the study by Pan
et al. (2016) rather than the commonly used ratio (1:100) might have
been the main reason.

Moreover, a slight increase in TCEP bioaccessibility in car dust sam-
ples was observed when the S/L ratio was decreased from 1:100 to
1:200 (He et al., 2018b),whichmight have occurred because a digestion
solution with a ratio of 1:100 was enough to extract TCEP. This result is
similar to those reported by Yu et al. (2009a), who found that PBDE bio-
accessibility did not changewhen the ratio varied from 1:90 to 1:240. In
addition, Shi et al. (2017) observed a significant negative logarithmic re-
lationship (R2 > 0.919) between the bioaccessibility of pesticides (in-
cluding hexaconazole, difenoconazole, and spirodiclofen) and S/L
ratios using the SHIME method, which was mainly attributed to the
high S/L ratios used (from 1:4 to 1:2 in the gastric phase), causing insuf-
ficient release of the chemicals. Overall, when a substance was not
completely released, there was a negative relationship between the re-
leased substance and the S/L ratio. However, the release was not af-
fected by the S/L ratio once the bioaccessible substance was
completely released.

4.1.4. Digestion time
Generally, extending digestion time can facilitateHOC release from a

matrix until equilibrium is reached between the digestion solution and
thematrix. Yu et al. (2009a) investigated the influence of digestion time
on bioaccessibility of PBDEs in fish samples. They found that PBDEs re-
leased rapidly within the first 2 h, followed a slow-release phase from
2 to 4 h. PBDE bioaccessibility increased from approximately 5% at
0.5 h to about 25% at 4 h. After this time, there were no apparent
changes in PBDE bioaccessibility, although prolonged digestion time
was used, which can be attributed to PBDE equilibrium between the di-
gestion solution and thematrix. More recently, there have been several
reports on the influence of digestion time on bioaccessibility. For exam-
ple, He et al. (2018b) observed a near-doubling of TPP bioaccessibility
from 3.7% to 7.4% when the intestinal digestion time was varied from
4 to 8 h. Shi et al. (2017) observed that the bioaccessibility of pesticides
(hexaconazole, difenoconazole, and spirodiclofen) in the gastric phase
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reached its highest point at 90 min and only slightly changed when the
time was prolonged to 150 min. However, for the intestinal phase, they
observed high bioaccessibility at 210 min, followed by a sharp drop be-
tween 210 and 300 min. For example, the bioaccessibility of
spirodiclofen decreased from 46%–70% before 210 min to approxi-
mately 35% after 300 min. However, the authors did not explain this
phenomenon.

Actually, chemical release is an adsorption-desorption process. It
first proceeds through a fast desorption process, then a slow process,
andfinally the apparent release is invisiblewhen equilibrium is reached.
Several models including the Elovich equation, pseudo-first-order,
pseudo-second-order, and others can be used to explain the kinetics
of the sorption process. Yu et al. (2009a) found that PBDE sorption in
the digestion solution followed a pseudo-second-order process. In addi-
tion, they found that the Langmuir isotherm can be used to explain the
adsorption and release process. This is the first report on the HOC re-
lease mechanism in simulated human digestion solution.

4.1.5. Shaking method
Energy input in shaking is also a factor that must be considered be-

cause it directly influences chemical release. Recently, James et al.
(2018) used FOREhST with a silicone rod as a sink to investigate the in-
fluence of different shaking methods and energy inputs on PAH bioac-
cessibility. They found that the average PAH bioaccessibility was 13%–
29% when using a high-energy shaking method (30 rpm end-over-end
inside the solution), but only 1.6%–5.0% in a low-energy shaking
method (a 2–1.5″ rotating ball horizontallymovingback and forth). Fur-
thermore, the authors found that the bioaccessibility obtained from the
high-energy method was significantly correlated (r2 = 0.81, p< 0.005)
with the bioavailabilitymeasured through in-vivo assays using swine. In
literature publications, shaking methods are generally not mentioned.
Their results indicated that reports on bioaccessibility should provide
more information, including the shakingmethod used. Moreover, to de-
velop a standard in-vitromethod, the shaking method is a very impor-
tant parameter, which should be considered.

4.2. Matrices

In addition to the digestion conditions, the composition of thematrix
also has a great influence on HOC bioaccessibility. The present review
classifies matrices into two types: dietary food and other matrices
ingested accidently. For food, the components, such as lipid contents,
protein, and carbohydrates, and cooking treatments have been widely
discussed (Liu et al., 2018b; Shen et al., 2016; Yu et al., 2010), although
there have also been reports on the influence of solid food size on PBDE
bioaccessibility (Lou et al., 2016). For other matrices, generally house
dust, surface soil, and soot have been studied, and particle size and or-
ganic matter content were important factors. Studies have observed
the influences of particle size and organic components, although the lat-
ter accounted for only a small percentage compared to inorganic matter
in thematrices (Wang et al., 2013a; Yu et al., 2013). Considering the de-
velopment of studies on bioaccessibility for organic contaminants, this
review discusses non-food matrix influence first and then that of food
matrices.

4.2.1. Dust, soil, and soot
In the case of non-food matrices, they are generally ingested acci-

dently, especially by hand-to-mouth behavior, or co-ingested by food
in which the matrices reside. Particle size and organic matter content,
especially for organic carbon and even black carbon, which significant
influence desorption and absorption of chemicals inmatrices,were gen-
erally found to affect HOC bioaccessibility. Particle size can influence
HOC aggregation in matrices and their mobilization into digestion solu-
tion from matrices (Finley et al., 2009). To investigate the influence of
particle size on bioaccessibility, Yu et al. (2013) collected dust samples
from air-conditioner filters and determined PBDE bioaccessibility
using size-specific dust samples. They found that the PBDE concentra-
tions decreased with increasing dust particle size and that bioaccessibi-
lity also showed a similar trend for most PBDEs, that is, increasing dust
particle size resulted in decreasing bioaccessibility. Part of this can be at-
tributed to the fact that larger particles have smaller surface area per
unit mass. In the study, they also observed that PBDE bioaccessibility
tri- to hepta-brominated congenerswas positively and significantly cor-
related with dust properties, including pore volume and surface area
(Yu et al., 2013).

Similarly, studies showed that PAEs, PCBs, PAHs, and OCPs have
higher bioaccessibility in dust samples with particle size <63 and
63–100 μm than in dust samples with larger particles (100–150 μm)
(Wang et al., 2013a, 2013b, 2013c, 2013d). These results indicated
that if only dust particles with 100–150 μm were used to assess
human health risk by oral ingestion, the resulting bioaccessibility
would underestimate the associated risks because of the lower bioac-
cessibility of the chemicals in particles with these size ranges. As is
well known, the digestion process is a kind of competition between ab-
sorption and desorption of chemicals onto and from the matrix during
the digestion process. The larger pore volume and surface area at unit
mass provide more sites where bile salt, which is the important im-
provement factor influencing bioaccessibility, can act on HOCs, thus
leading to higher bioaccessibility.

In addition to particle size, organic matter (OM) also has an impor-
tant influence. For example, Yu et al. (2012b) found that PBDE bioacces-
sibility in house dust was negatively correlated with OM content, or in
other words, higher OM content led to lower bioaccessibility. A similar
result was also observed in a later study, in which the observed linear
relationship between PBDE bioaccessibility and OM content incorpo-
rated the pore volume of the dust as analyzed using multiple linear re-
gression analysis and considering the size, pore volume, and surface
area of particles, as well as the aromaticity and polarity of OMs (Yu
et al., 2013). In fact, the results highlighted an essential observation
that the influence of particle size on PBDE bioaccessibility is actually
the effect of OM and pore volume size. Similar results were also re-
ported by Pan et al. (2016), who found that the bioaccessibility of
BDE209 in dust samples was negatively related with OM content.

However, some researchers have investigated the influence of or-
ganic carbon (OC) content on bioaccessibility and have found that
PAH bioaccessibility in soil had no correlation with OC content (Juhasz
et al., 2016b). This might have resulted from the complexity of total or-
ganic carbon composition and even that of black carbon. Black carbon
(like soot, charcoal, and chars) has high affinity with HOCs such as
PCBs and PAHs (McLeod et al., 2004;Meyer et al., 2014),mainly because
the planar structure of these chemicals that facilitates their passage
through narrow pores and their further combination with pore walls
(Semple et al., 2013). For example, Meyer et al. (2014) used the PBET
method to determine PAH bioaccessibility in geosorbents (sand, clay,
peat, and charcoal) and found the lowest bioaccessibility (0.1% ±
0.1%) in charcoal and the highest in sand (26.9% ± 7.5%), indicating
that black carbon had potential as an adsorbent to decrease health expo-
sure risk. Biochar is one of the components of soil. Mayer et al. (2016)
specially studied the absorption of PAHs by biochar material and com-
petitive sorption between biochar and sorptive sink, and found biochar
characterized with high distribution coefficients (KD) (>106 L/kg) mak-
ing it as a PAH sink not source. Moreover, further studies on the influ-
ence of carbonaceous matter on HOC bioaccessibility and the
underlying absorption and desorption mechanisms should be carried
out, although it seems to belong to the scope of scientific research of ad-
sorption and desorption.

4.2.2. Food
It is well known that except for water, animal-based food is mainly

composed of lipids and proteins, whereas plant-based food is mainly
composed of carbohydrates, proteins, and dietary fiber. Food composi-
tion has an important influence on HOC bioaccessibility. Yu et al.
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(2010) found that PBDE bioaccessibility in animal-based foodmeasured
by the SHIME method was positively correlated with lipid content and
that the bioaccessibility of individual congeners was positively corre-
lated with logKOW when the lipid content was higher than 5.5%. This is
not surprising because PBDEs are highly lipophilic chemicals. Higher
lipid content in food would result in more lipids dissolved in the diges-
tion solution containing bile salt, whichwould lead to high PBDE release
and thus to higher bioaccessibility. Therefore, it is logical that higher
HOC bioaccessibility would be observed for foodswith higher lipid con-
tents. Moreover, Chen et al. (2020) found that lipid (fat) could increase
the micellarization and facilitate the chylomicron formation, which
made the dilution and transposition of DDT in simulated gastrointesti-
nal tract much easier.

Similarly, lipids (vegetable oil) facilitated the release of pyrethroids
in dust and soil samples were also observed, although the authors hy-
pothesized that lipids would decrease the bioaccessibility of pyre-
throids. This can be explained by the fact that they used the fraction
absorbed onto Tenax as bioaccessibility (Wang et al., 2018a). As is
well known, higher lipid content in the digestion solution can facilitate
the release of pyrethroids, but can also substantially absorb lipophilic
pyrethroids, causing fewer pyrethroids to be absorbed onto the Tenax
and thus leading to lower bioaccessibility. Similarly, a positive influence
of lipid content on the bioaccessibility of PAHs and PFOA has also been
reported (Li et al., 2015b; Yu et al., 2012a). However, Liu et al. (2018b)
found that adding 0.4 mL oil had no effect on triazolone bioaccessibility.
For plant-based food, themain components of carbohydrates had a pos-
itive correlationwith PBDE bioaccessibility (Yu et al., 2010). Thismainly
contributed to the formation of hydrophobic micelles for carbohydrate
during digestion, which increased the proportion of PBDEs in the diges-
tion solution, thus improving PBDE bioaccessibility. A similar result was
also observed by Wang et al. (2018a), who found that carbohydrates
could enhance the bioaccessibility of pyrethroids in dust and soil sam-
ples. Therefore, lipids and carbohydrates have generally been found to
enhance HOC release and thus lead to higher HOC bioaccessibility.

Unlike the influence of lipids and carbohydrates, negative or uncer-
tain effects were observed for dietary fiber and proteins. For the influ-
ence of protein content on bioaccessibility, different results were
observed for animal- and plant-based foods. Yu et al. (2010) found
that protein in plant-based foods could negatively affect PBDE bioacces-
sibility, which might be attributed to the hydrolyzation of protein to
amino acids, thus enhancing ionic strength against PBDE solubility in
the digestion solution. However,Wang et al. (2018a) observed that pro-
tein could enhance the bioaccessibility of pyrethroids in dust and soil
samples using the CE-PBET method with Tenax as a sink. The discrep-
ancy might attribute to different properties of PBDEs and pyrethroids,
although the underlying mechanism needs further study. Moreover,
Yu et al. (2010) did not observe a similar influence of protein on PBDE
bioaccessibility in animal-based foods. They found no obvious correla-
tion between protein content and PBDE bioaccessibility for animal-
based foods. This phenomenon can be mainly attributed to the effect
of protein being masked by the influence of lipids in animal-based
foods. A significantly positive correlation has been demonstrated be-
tween PBDE bioaccessibility and the ratio of protein to lipid content,
or in other words, the lipid content-adjusted protein content of
animal-based foods (Yu et al., 2010).

Comparatively few investigations of dietary fiber influence on bioac-
cessibility have been performed. According to a study by Yu et al.
(2010), dietary fiber can decrease the bioaccessibility of PBDEs, possibly
because dietary fiber consists mainly of insoluble and indigestible cellu-
lose that is hard to digest. This resulted in PBDE adsorption onto the un-
digested substance, thus lowering bioaccessibility. In addition, because
of binding of dietary fiber with bile acids and phospholipids (Orla
et al., 2008), dietary fiber can decrease the formation of micelles that
can improve HOC bioaccessibility as mentioned earlier. The resulting
scarcity ofmicelles in the digestion solution can decrease HOC bioacces-
sibility. Similar results have also been reported for different types of
dietary fiber, such as β-carotene, lycopene, and lutein, which can de-
crease the bioavailability of carotenoids in women (Riedl et al., 1999).
Recently, Liu et al. (2018b) found that the bioaccessibility of triazolone
in the gastric phase decreased as the amount of dietary fiber increased.
Currently, our knowledge of the influence of dietary fiber on bioaccessi-
bility is still limited, and more investigations are definitely warranted.

In addition, cookingmethods have also been observed to have a sig-
nificant influence on the bioaccessibility of contaminants. Studies of the
influence of cooking methods were conducted early for heavy metals
and nutrients (Bugianesi et al., 2004; Laparra et al., 2003). With the de-
velopment of in-vitromethods to determine the bioaccessibility of pol-
lutants, the first study of the influence of cooking method on HOC
bioaccessibility were carried out in recent year. Shen et al. (2016) ob-
served that the bioaccessibility of both PCBs and polychlorinated
dibenzo-p-dioxins/furans significantly increased after frying
(200–300 °C, 5min) and boiling (100 °C, 5min), and that this increasing
trend was more clearly observed in vegetables than in animal-based
foods because oil facilitates the dissolution of nonpolar contaminants.
However, different results were found by Mi et al. (2017), who deter-
mined the bioaccessibility of DDTs and PBDEs in fish sample (yellow
grouper) with three kinds of treatments (raw, raw with cooking oil,
and cooked with oil) using the CE-PBET method. They found that the
bioaccessibility of DDTs and PBDEs in raw fish samples increased after
oil was added, from 60% to 83% and from 26% to 63%, respectively. How-
ever, the bioaccessibility of DDTs and PBDEs in oil-added raw fish sam-
ples decreased after cooking, from 83% to 66% and from 63% to 40%,
respectively, because cooking facilitated the denaturation of proteins,
which could affiliate with lipids.

Because people generally eat cooked food and because studies have
used raw food for bioaccessibility determinations, it is necessary to
measure the bioaccessibility of pollutants in cooked food and to investi-
gate the influence of cooking methods on bioaccessibility to assess
human health risk from contaminants more accurately. In addition, it
should be mentioned that different cooking methods may not only af-
fect pollutant concentrations in food (Rose et al., 2015), but alsomay af-
fect their bioaccessibility. Therefore, in the future, studies of human
health risks from pollutants through dietary intake should consider
the overall risks by combining the dual effects of cooking methods on
the concentrations and bioaccessibility of pollutants.

4.3. Properties of HOCs

It is obvious that HOC solubility can be affected by the hydrophobic-
ity of the chemicals in the digestion solution. Thus, hydrophobicity af-
fects HOC bioaccessibility. The literature offers various results, with
some studies observing negative correlations between bioaccessibility
and the logKOWof HOCs and other investigations failing to do so. For ex-
ample, individual PAH bioaccessibility decreased with increasing num-
ber of rings, as reported by Khan et al. (2008) and Tang et al. (2006).
The higher KOW and lower solubility of high-ring versus low-ring PAHs
were the main factors. The same phenomenon has also been reported
for PCBs (r2 = 0.65–0.93, p < 0.05) (Kang et al., 2013) and PAEs (Kang
et al., 2012) in dust samples. Compared to PAHs with lower hydropho-
bicity, Tao et al. (2010) observed that PAHs with higher hydrophobicity
could bound more intensively with soil organic carbon via strong π–π
and hydrophobic interactions, which leaded the lower mobility of
them in digestive fluid. Moreover, further research discussed the bioac-
cessibility of PAHs in soils using PBETmethod (silicone rod as a sink) by
Umeh et al. (2019), found that the PAHs with high molecular weight
and hydrophobicity moved slower thanwith lowmolecular and hydro-
phobicity, in the interface of digestive fluid‑silicone rod fluid, which
means longer time (24 h used in this paper) was needed for allowing
all the extractable PAHs absorbed into sink.

There are different results for PBDEs reported in the literature. A re-
port by Abdallah et al. (2012) showed that PBDE bioaccessibility in dust
samples was negatively correlated with logKOW (p < 0.01), with the
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lowest value being 14% for BDE209 and the highest being 32%–58% for
tri- to hepta-BDEs. These results were different from those in a study
by Yu et al. (2019a), who found that PBDE bioaccessibility in soil had a
parabolic correlationwith logKOW (R2= 0.757). In otherwords, the bio-
accessibility increased first then decreased with increasing logKOW. The
discrepancy indicated that factors other than hydrophobicity, such as
the original being status in the polymer matrix, affect PBDE bioaccessi-
bility as explained by Yu et al. (2012b), who attributed the much
lower bioaccessibility of BDE209 (measured by an adapted SHIME
method) than those of lower brominated congeners to its low volatiliza-
tion (not facilitating its release frommatrix). Nevertheless, more atten-
tion should be paid on how properties of HOCs impact their
bioaccessibility.

4.4. Others

Aging of chemicals in matrices happens under natural conditions
over time, which might change the matrix structure and its physio-
chemical properties (Ltifi et al., 2014), thus influencing bioaccessibility.
Actually, there have been studies of these aging effects, which showed
that contaminants in aged soil and dust sampleswere difficult to release
into digestive fluid, meaning that HOCs in aged samples usually had
lower bioaccessibility than those in non-aged samples (Fang and
Stapleton, 2014; Zhang et al., 2018). Fang and Stapleton (2014) investi-
gated the bioaccessibility of FRs (PBDEs and OPFRs) in different house
dust samples and found that dust samples collected in 2006 had signif-
icantly lower bioaccessibility (p < 0.001) than newly collected samples
in 2010 for BDE100, TCIPP, and other chemicals. This might have been
because the dust aging process decreased the mobility of HOCs, which
was adsorbed onto organic matter. In another study, Zhang et al.
(2018) found that aging facilitated the solution of soluble substance in
soots, which enhanced their surface area and nanoporosity, so that the
contaminants would be in a less labile situation in soot and would be
difficult to release into digestion fluid.

In addition to aging, contaminant concentrationsmight affect bioac-
cessibility, and some studies have been carried out on this. For example,
Yu et al. (2009a) spiked PBDEs into dry fish powders with concentra-
tions of 10–200 ng/g and found that PBDE bioaccessibility was 24.3%–
27.4%, which was not related to PBDE concentration. Similar observa-
tions were made by Yu et al. (2011a) and Zhang et al. (2015c). Yu
et al. (2011a) studied PBDE bioaccessibility in dust samples from
home, office, and laboratory floor, and dust samples from air-
conditioner filters. They found that although PBDE concentrations in fil-
ter dust (6.6–1.32 × 104 ng/g) were much higher than those in floor
dust (0.4–30.3 ng/g), the mean bioaccessibility in filter dust was
42.0% ± 4.4%, which was not obviously different from those in floor
dust (36.1% ± 10.5% to 43.3% ± 11.2%). Moreover, Zhang et al.
(2015c) found that PBDE bioaccessibility in soil samples was not signif-
icantly related to spiked PBDE concentrations (100–400 ng/g) in soil.
Generally, research results have shown that the bioaccessibility of
HOCs are not correlated with their concentrations (Yu et al., 2009a,
2011a; Zhang et al., 2015c).

5. In vitro-in vivo correlations

In human health risk assessment, bioaccessibility and bioavailability
are two commonly used absorption factors. In theory, bioaccessibility is
greater than bioavailability. However, if bioaccessibility is introduced
into health risk assessment, it will be better for the assessment if the
bioaccessibility of a pollutant in a matrix measured using an in-vitro
method is consistent with the bioavailability measured in animals, al-
though there is uncertainty when the in-vivo bioavailability is extrapo-
lated to humans. Therefore, to evaluate the human health risks of
pollutants more accurately and to know whether bioaccessibility as
measured by in-vitromethods can be introduced into health risk assess-
ment, it is necessary to compare bioaccessibility with bioavailability
obtained from animal assays. To verify an in-vitro method used for bio-
accessibility measurement, the IVIVC between bioaccessibility and bio-
availability is generally evaluated. If a unified in-vitro method is
developed and evaluated by bioavailability, it may be used as a standard
method for management decisions.

Generally, linear correlation analysis between bioaccessibility and
bioavailability of a substance in the same matrix is used to evaluate
the IVIVC. When bioaccessibility and bioavailability show a significant
correlation with R2 > 0.8, a slope of approximately one, and the inter-
cept at nearly zero, this indicates that the in-vitromethodwould behave
well with such a substance in a specific matrix (Wragg et al., 2011; Yu
et al., 2019a). As far as current research is concerned, the bioaccessibility
and bioavailability results for Pb as determined by the PBET method as
modified by Ruby et al. (1996) are relatively consistent (Cadkova
et al., 2015; Ngole-Jeme et al., 2016; Turner, 2011). Therefore, the in-
vitro method is also recommended as a national standard method for
bioaccessibility determination of Pb in soil in Germany (DIN 19738,
2004). However, there are relatively fewer studies on HOCs, although
investigations have been carried out on the relationship between bioac-
cessibility by in-vitro methods and bioavailability by in-vivo assays
(Tables 2–3). On the one hand, the bioaccessibility studies on organic
pollutants were carried out later than those on heavy metals, and less
data on this. On the other hand, the study on the in vitro-in vivo correla-
tion for organic compounds is more difficult compared with heavy
metals, especially for those organic substances that are easy to metabo-
lize, such as PAHs, because it needs to trace all the metabolites of the
chemicals.

5.1. PBET

For the PBET method, no significant or strong relationships have
been observed between bioaccessibility and bioavailability for many
HOCs except for BDE209. For instance, Kang et al. (2018) observed
that the PAHs bioaccessibility in house dust (<100 μm) had a poor rela-
tionship with bioavailability by in-vivo assay using BALB/c mice (r2 =
0.28–0.38, p=0.0604–0.1025). Moreover, because of the low bioacces-
sibility of DDTs (<4%) compared with their high RBA (8.3% ± 1.1% to
24.3% ± 1.1% in liver) with spiked sand using female mice, Smith et al.
(2012) found no significant relationship between bioaccessibility and
bioavailability. Similarly, Juhasz et al. (2016a) observed the low bioac-
cessibility (1.6%–3.8%) of DDTs in soil (<250 μm), whereas the RBA
(compared with spiked sand) was relatively high (18.7% ± 0.9% to
60.8% ± 7.8%). An IVIVC with slope > 15 indicated great discrepancy,
even though r2 = 0.89 (the slope between 0.8 and 1.2 and r > 0.8 was
fitted). Moreover, Li et al. (2017a) determined the bioaccessibility of
PCBs in spiked and aged soil (<250 μm) as 8.0%–40.9% and the RBA
(compared with sand) tested inmice as 45%–119%. The relationship be-
tween these results was poor (r2 = 0.25, p=0.09). A similarly poor re-
lationship was also observed for PBDEs (Yu et al., 2019a). These studies
indicated that the PBETmethod does not behavewell for predicting bio-
availability by bioaccessibility.

However, some results have been slightly better. Li et al. (2015b)
investigated the bioaccessibility of PFOA using spiked food (1 mg
PFOA/kg) by the PBET method and found values ranging from 9.8% to
99%. Bioaccessibility was not significantly correlated with RBA (food/
water) (results varying from 4.3% ± 0.80% in corn oil to 69.0% ±
11.9% in peas) measured in BALB/c mice. The peas significantly influ-
enced the IVIVC of PBET (r = 0.11), unlike the other 10 types of
foods. If the pea data were excluded, the correlation would be
strengthened (r = 0.82, p < 0.001).

Furthermore, studies have also investigated the bioaccessibility of
flame retardant and DDTs by PBET (Juhasz et al., 2016a; Pan et al.,
2016). Pan et al. (2016) studied the bioaccessibility of BDE209 in
house dust and found a strong relationship (r2 = 0.578, p = 0.080 for
gastric phase; r2 = 0.728, p = 0.031 for intestinal phase) between bio-
accessibility and RBA (compared to corn oil) in BALB/c mice. It seems



Table 2
Bioaccessibility of HOCs in various matrices by PBET and CE-PBET methods and related IVIVCs.

Method Chemical Sample Bioaccessibility IVIVC Reference

PBET PAHs Soil from public areas; Beijing Gastric phase: 3.9%–54.9%
Intestinal phase: 9.2%–60.5%

No Tang et al.,
2006

PBET PAHs Dust of house (<100 μm);
Guangzhou

Phe: 15%–43.5%
Flu: 9.0%–38.8%
Pyr: 10.0%–37.9%
BaP: 6.00%–21.9%

BALB/c mice
Poor relationship (r2 = 0.28–0.38, p = 0.0604–0.1025)

Kang et al.,
2018

PBET+
Tenax

PAHs Contaminated soils 3.7%–6.92% to 16.3%–31.0% (mean)
without Tenax
Increased by 3.4 folds after using Tenax

No Li et al.,
2015a

PBET DDTs Soil <4% RBA in female mice: 8.3% ± 1.1%–24.3% ± 1.1% in liver
No significant relationship

Smith et al.,
2012

PBET DDTs Soil (<250 μm) 1.6%–3.8% (<4%) RBA in mice: 18.7% ± 0.9%–60.8% ± 7.8%; not good
(r2 = 0.89, slope > 15)

Juhasz et al.,
2016a

PBET+
silicone
rod

DDTs 1.6%–3.8% without silicone rod, increased
by 19 folds with silicone

RBA in mice; great related after using Tenax (r2 = 0.79,
slope = 0.94, y-intercept = 3.5)

Juhasz et al.,
2016a

PBET+
Tenax

DDTs Soil 27%–56% with Tenax, which is 3.4–22
times of the data without Tenax

No Li et al.,
2016

PBET PCBs Spiked and aging soil
(<250 μm)

8.0%–40.9% RBA in mice: 45%–119%; poor relationship (r2 = 0.25,
p = 0.09)

Li et al.,
2017a

PBET+
Tenax

PCBs Soil 3.0%–63.1% using Tenax No Li et al.,
2017a

PBET PFOA 11 types of foods 9.8%–99% RBA in BALB/c mice: 4.3% ± 0.80% (corn oil)– 69.0%
± 11.9% (pea); r = 0.82, p < 0.01 (exclude the
bioaccessibility of pea)

Li et al.,
2015b

PBET BDE209 Dust of house (<100 μm);
Guangzhou

Gastric phase: 9.3% ± 1.8% to 39.0%
± 4.4%
Intestinal phase: 50.7% ± 1.2%

No Pan et al.,
2016

PBET PBDEs Soil from e-waste
contaminated spots

1%–6% RBA in C57BL/6 mice: 1.7%–38.1%
No significant relationship

Yu et al.,
2019a

PBET OPFRs and
PAEs

Dust of indoor environments
(office, house, dorm)
(<150 μm)

OPFRs: 8.18% (TPP) to 54.5% (TCPP)
PAEs: 1.21% (DEHP) to 81.1% (DMP)

No He et al.,
2016

PBET FRs Dust of indoor environments
of different particle size
(<2000 μm)

OPRFs:1.8%–82% (mean)
NBFRs, DPs: not be detected for low
hydrophobicity

No He et al.,
2018b

CE-PBET BFRs Dust (25–500 μm); UK HBCD: 72%–80%
TBBPA: 94%
Tri- to hepta-BDE: 32%–58%
BDE209: 14%

No Abdallah
et al., 2012

CE-PBET OPFRs and
BFRs

SRM2585 (<53 μm) 10% (BEH-TEHP) to more than 80% (TCEP);
<20% (PBDEs)

RBA in Sprague-Dawley rats
No relationship for much lower bioaccessibility

Fang and
Stapleton,
2014

CE-PBET+
Tenax

Pyrethroids Dust and soil Bifenthrin: 18.2%–35.7% (mean: 26.6%)
without Tenax
All 8 pyrethroids: 6.0%–48.0% (no Tenax),
21.5%–79.3% with Tenax (increased by
1.6–4.1 times)

No Wang et al.,
2018a

CE-PBET DDTs and
PBDEs

Yellow grouper fish from
Guangdong

DDTs: 60%
PBDEs: 26%

No Mi et al.,
2017

CE-PBET+
silicone
rod

PAHs Extract PAHs ability increased by 1–3
orders of magnitude with using silicone

No Gouliarmou
et al., 2013

BaP: benzo(a)pyrene; BDE209: decabromodiphenyl ether; BEH-TEHP: bis (2-ethylhexyl) tetra bromophthalate; BFRs: brominated flame retardants; CE-PBET: colon extended physiolog-
ically based extraction test; DDTs: DDT (dichlorodiphenyltrichloroethane) + DDE (dichlorodiphenyldichloroethylene) + DDD (chlorodiphenyldichloroethane); DEHP: di-2-ethylhexyl
phthalate; DMP: dimethyl phthalate; DPs: dechlorane plus; Flu: fluorene; FRs: flame retardants; HBCD: hexabromocyclododecane; IVIVC: in vitro-in vivo correlation; NBFRs: novel bro-
minated flame retardants; NOM: natural organic matter; OPFRs: organophosphorus flame retardants; PAEs: phthalate esters; PAHs: polycyclic aromatic hydrocarbons; PBDEs:
polybromodiphenyl ethers; PBET: physiologically based extraction test; PCBs: polychlorinated biphenyls; PFOA: perfluorooctanoic acid; Phe: phenanthrene; Pyr: pyrene; RBA: relative
bioaccessibility; SRM2585: standard reference material 2585; TBBPA: tetrabromobisphenol A; TCEP: tris (2-chloroethyl) phosphate; TCPP: tris(2-chloroisopropyl) phosphate; TPP:
triphenyl phosphate; UK: United Kingdom.
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that the PBET method is useful to predict the RBA of BDE209. To the
authors' knowledge, the PBET method was derived from studies on
heavy metals. If the method is not improved to measure HOC bioacces-
sibility, low IVIVC is generally to be expected. Fortunately, Juhasz et al.
(2016a) introduced a silicone cord into the PBET method as an absorp-
tive sink and found a significant correlation between the silicone cord-
improved bioaccessibility of DDTs and the RBA in mice (r2 = 0.79,
slope = 0.94, y-intercept = 3.5). Considering the rarity of studies on
this topic, further improvements and investigations should therefore
be carried out so that the PBET method can be used to determine HOC
bioaccessibility.
5.2. RIVM

The RIVM method is not widely used for HOCs, and therefore the
number of IVIVC study is also limited. Still, there have been reports
for PAHs in soil. Smith et al. (2008) used the RIVM method to deter-
mine PAH bioaccessibility using standard spiked soil and observed
that the bioaccessibility of naphthalene, acenaphthene, acenaph-
thylene, anthracene, Phe, Flu, and DBahA were 60%–85%, in contrast
to other priority controlled PAHs (<30%), which were comparable
with in-vivo data from rats in the literature. The authors believed
that the RIVM method was suitable to evaluate PAH bioaccessibility



Table 3
Bioaccessibility of HOCs in various matrices by other GI methods and related IVIVCs.

Method Chemical Sample Bioaccessibility IVIVC Reference

RIVM PAHs Standard spiked soil (OCED,
1984)

<30% and 60%–85% No
But comparable to other researches in vivo rat
results

Smith et al.,
2008

RIVM (fed: infant
formula)

PAHs Soils RBA in mice; BaP: 36%–55% (linear relationship);
DBahA: 7%–30% (no correlation because limited 3
samples)

Grøn et al.,
2007

FOREhST (food:
original HIPP
porridge)

PAHs (7 types) Soil remediated after polluted
by creosote (<250 μm)

<4% RBA in mice (84.0% ± 1.3%)
No relationship

Juhasz
et al., 2014

FOREhST PAHs Soil 13% to 29% (30 rpm energy
input)

RBA in swine (AUC48); significantly correlation
(r2 = 0.81, p < 0.005 and the slope = 0.34)

James et al.,
2018

FOREhST DDTs Soil <4% RBA in mice (2%–25%)
No correlation

Smith et al.,
2012

FOREhST (food:
organic cream)

Chlorinated
organophosphate
esters

Dust from indoor (house, car) TCEP: 50%–103% No Quintana
et al., 2017

IVG PBDEs Soil from e-waste
contaminated spots

1%–20% RBA in C57BL/6 mice: 1.7%–38.1%;
No significant relationship

Yu et al.,
2019a

IVG+ C18 Phe NOM (cutin and cutan)
spiked with Phe

83.1% ± 4.7% in cutin;
35.7% ± 2.9% in cutan

No Hurdzan
et al., 2008

DIN PAHs and PCBs Soil 5%–40% No Hack and
Selenka,
1996

DIN PBDEs Soil from e-waste
contaminated spots

2%–16% RBA in C57BL/6 mice: 1.7%–38.1%
No significant relationship

Yu et al.,
2019a

UBM PBDEs Soil from e-waste
contaminated spots

1%–14% RBA in C57BL/6 mice: 1.7%–38.1%
No significant relationship

Yu et al.,
2019a

UBM PFOA Food 8.7%–73% RBA in mice
Strong relationship (r = 0.79, p < 0.01,
slope = 0.79, y-intercept = 11.7)

Li et al.,
2015b

UBM DDTs Soil <45 RBA in mice: 2%–25% Smith et al.,
2012

UBM-like (fast
condition)

Chlorinated
organophosphate
esters

Dust from indoor (house, car) TCEP: 103% (cabin dust), 69%
(house dust)

No Quintana
et al., 2017

SHIME PAHs Soil Gastric phase: 0.44%
Small intestinal phase: 0.13%
Large intestinal phase: 0. 3%

No Van de
Wiele et al.,
2004

SHIME PAHs Soil (<45 μm); Canada Gastric and small intestinal
phase: <8%
Colon phase: 1.2%–21%

No Siciliano
et al., 2010

SHIME Bisphenol A Nutritional medium (CK)
spiked with bisphenol A for
10 days

Decrease with digestion
progress (stomach, small
intestinal, colon)

No Wang et al.,
2018b

Ad-SHIME
(Fa-VDM)

PBDEs Soil from e-waste
contaminated spots

2%–42% RBA in C57BL/6 mice: 1.7%–38.1%; significant
relationship: R2 > 0.73, slope = 0.83–1.16

Yu et al.,
2019a

SHIME+ Caco-2 Pesticides Apple Gastric phase: 25.2%–76.3%
Intestinal phase: 10.6%–79.6%
Only difenoconazole can
permeate cross the Caco-2 cell

No Shi et al.,
2017

SHIME Triazolone Cherry tomatoes Gastric phase: 32.5%–67.4%
Intestinal phase: 31.0%–41.3%

No Liu et al.,
2018b

Ad-SHIME: advanced simulator of the human intestinal microbial ecosystem; BaP: Benzo(a)pyrene; BDE209: decabromodiphenyl ether; DBahA: dibenz(a,h)anthracene; DDTs: DDT (di-
chlorodiphenyltrichloroethane) + DDE (dichlorodiphenyldichloroethylene) + DDD (chlorodiphenyldichloroethane); Fa-VDM: fasting in vitro digestion method; FOREhST: fed organic
estimation human simulation test; FRs: flame retardants; IVIVC: in vitro-in vivo correlation; PAEs: phthalate esters; PAHs: polycyclic aromatic hydrocarbons; Phe: phenanthrene; RBA:
relative bioaccessibility; RIVM: Dutch National Institute for Public Health and the environment; TCEP: tris (2-chloroethyl) phosphate.
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in soil. However, different results were observed by Grøn et al.
(2007), who used a fed RIVM method including infant formula to
test relative PAH bioaccessibility (the bioaccessibility in soil versus
data for wheat flour spiked with PAHs) in contaminated soil. The rel-
ative bioaccessibility of 36%–55% for BaP and 7%–30% for DBahAwere
found to be much higher than the RBA (polluted soil/soil mixed with
power diet or gel diet) of 0.22%–3.9% for BaP and 0.08%–0.99% for
DBahA. There were no significant linear relationships between bio-
accessibility and RBA except for BaP. The RIVM method involves a
complex preparation procedure, which has limited its application,
and information on IVIVC is therefore scarce. Considering the poor
correlations obtained, the FOREhST method (modified by RIVM)
has been used instead.
5.3. FOREhST

The FOREhST method mimics a fed digestion condition, similar to
fed-RIVM. There was, however, the dilemma that estimated HOC bioac-
cessibility was much lower than in-vivo data. Smith et al. (2012) found
that DDT bioaccessibility in soil was less than 4%, whichwas lower than
the RBA (2%–25%) because of the dynamic nature of digestion in the in-
vivo assay. Similarly, Juhasz et al. (2014) tested PAH bioaccessibility in
soil of <4% for seven PAHs, which was much lower than the RBA (soil/
spiked sand) (84.0% ± 1.3%) in mice. However, James et al. (2018) in-
vestigated PAH bioaccessibility in polluted soil and obtained a range of
13%–29%. These values were significantly correlated with the RBA
(AUC48 swine), with r2 = 0.81, p < 0.005, and slope = 0.34. The
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variation in results suggests the need for more investigations. In addi-
tion, to the authors' best knowledge, there are no reports of the intro-
duction of absorptive sinks into the FOREhST method. Further
modifications of FOREhST are needed to enhance its usability.

5.4. Other in-vitro methods

As for other in-vitro gastrointestinal methods like SHIME, IVG, DIN,
and UBM, in-vivo verification experiments have been carried out on
the IVIVC for organic pollutants, but there are very few reports. For ex-
ample, Yu et al. (2019a) determined PBDE bioaccessibility in SRM2585
and soil using five in-vitro methods (PBET, DIN, UBM, IVG, and adapted
SHIME) and compared the resultswith PBDE bioavailability determined
in female C57BL/6 mice. The results found that only the adapted SHIME
(Fa-VDM) method showed a high correlation of results with in-vivo as-
says (R2 > 0.73, slope = 0.83–1.16) for some congeners, including
BDE47, BDE99, BDE100, and BDE153. Li et al. (2015b) found that the
bioaccessibility of PFOA in foods tested by UBMwas strongly correlated
with in-vivo data for rats (r=0.79), but results from PBET and IVD (r=
0.11–0.22) showed poor correlations with bioavailability.

Few researchers have carried out in-vivo experiments to verify the
CE-PBETmethod, even though it is widely used. The same phenomenon
was observed in the CE-PBET method provided with absorptive sinks
like silicone rods and Tenax. Therefore, verifications on CE-PBET with
absorptive sinks are urgently needed to evaluate the performance of
thesemethods and their potential capabilities for bioavailability estima-
tion. In addition, studies also have reported that colon components had
a potential influence on the lipid sink, which will affect their
performance.

6. Applications in human exposure and health risk assessments

It has been more than 30 years since in-vitro methods mimicking
human digestion were first used to evaluate the bioaccessibility of pol-
lutants in the human gastrointestinal tract. The associated bioaccessibi-
lity determined with these in-vitro methods has become an important
parameter for assessing human daily exposure by oral ingestion and
performing the associated health risk assessment. However, no uniform
standard for these in-vitromethods currently exists for organic contam-
inants, and there are obvious differences between the bioaccessibility
obtained from in-vitromethods and the bioavailabilitymeasured by an-
imal assays, although some results have shown good IVIVC. To assess
human exposure and health riskmore accurately,many studies have in-
troduced the bioaccessibility determined from in-vitromethods into the
assessment. Incorporation of these bioaccessibility measures has
attracted more and more attention.

6.1. Human exposure assessment

A human exposure assessment for pollutants is generally calculated
from the intakes of pollutants from all kinds of exposure pathways, in-
cluding dermal contact, inhalation, and oral ingestion, for one person
per day. The assessment of pollutant exposure is usually calculated by
the chemical concentration in a matrix, the mass of thematrix ingested
per day, and the absorption factor of the chemical in the human body.
Generally, the absorption factor by the gastrointestinal tract is replaced
bybioaccessibility or bioavailability.With thedevelopment of the inves-
tigation of pollutants, two type of daily exposure data were reported.
One is the data not considering the bioaccessibility (or bioavailability),
i.e., estimated daily intake (EDI). Another is that the factor is factored
into the estimation. For the latter, there are different names used in
the literature. Both corrected estimated daily intake and estimated
daily uptake (EDU) were used (Shen et al., 2016; Liu et al., 2018a). For
better differentiation, EDI and EDUwere used to indicate the daily expo-
sure dose not added the absorption factor and that considered the bio-
accessibility (or bioavailability), respectively, in the present review.
Currently, daily intakes of HOCs, such as PBDEs, PAHs, PCBs, OPFRs,
BFRs, and pesticides, in all kinds of matrices including food, dust, and
soil have been studied (Liu et al., 2018a; Shen et al., 2016; Yu et al.,
2011b, 2012b). A trend has developed that more and more researchers
are adding the absorption factor into their assessments. The EDI and
EDU can be calculated by the following equations:

EDI ¼ CHOC � IngR ð4Þ

or

EDI ¼ CHOC � IngR
BW

ð5Þ

EDU ¼ CHOC � IngR � Bioa or Biovð Þ ð6Þ

or

EDU ¼ CHOC � IngR � Bioa or Biovð Þ
BW

ð7Þ

where EDI (ng/day or ng/kg-bw/day) and EDU (ng/day or ng/kg-bw/
day) is the estimated daily intake and uptake, respectively; BW (kg) is
the body weight; CHOC (ng/g) represents the HOC concentration in the
matrix; IngR (g/day) means the daily ingestion rate of the matrix; Bioa
(%) and Biov (%) represents the bioaccessibility and bioavailability,
respectively.

In 2008, Smith et al. (2008) proposed that some kind of bioaccessibi-
lity concept could be incorporated into site-specific PAH risk assess-
ment, but that further development would be needed. Later, Yu et al.
(2011b) first applied bioaccessibility to human health risk assessment
from PBDEs in foods. After that, more and more studies have factored
bioaccessibility into human HOC exposure assessment in some matri-
ces, including food, dust, and soil (Table 4). As expected, the EDU of
these chemicals was lower than EDI when bioaccessibility was added
to the calculations. For example, the EDI of PAHs according to animal-
based food consumption from Shanghai markets was 848 ng/day,
whereas the EDU decreased to 297 ng/day, which amounted to a de-
crease of approximately 65% after PBDE bioaccessibility was considered
(Yu et al., 2012b). Similarly, Shen et al. (2016) reported that the gross
EDI of dioxin/PCBs from eating all kinds of foods (according to total di-
etary research in China) was 112 pg WHO-TEQ/day (World Health
Organization-toxicity equivalent quantity), but the EDU decreased by
88%when foods were boiled and 63% when they were fried after bioac-
cessibility was considered.

Other than food, unintentional intake of dust and soil has been
widely reported, especially for infants or children because they are
more likely to ingest house dust unconsciously by hand-to-mouth be-
havior than adults. For example, Pan et al. (2016) used Caco-2 cells to
evaluate the absorption factor through the intestinal wall of BDE209
in house dust and found that the EDUwas 31.9–177 ng/day for children
and 0.3–97.4 ng/day for adults when the absorption factor (42%) was
added to the calculations. Yu et al. (2012b) found that the EDI of
PBDEs ranged from22.5 to 193 ng/day for children, but that the EDUde-
creased to 4.3–40.6 ng/day. Similar results were found for adults, al-
though the values were lower than for children, which can be mainly
attributed to less EDI of dust for adults than for children. Similarly, Liu
et al. (2018a) investigated PAHs in dust samples of diverse particle
sizes (<2000 μm) from various indoor environments. The average EDI
of PAHs based on the TEQ of BaP was 1.09–15.0 ng/kg-bw/day, but the
EDU decreased to 0.02–0.21 ng/kg-bw/day, or one or two orders of
magnitude less after considering bioaccessibility. In fact, similar de-
creases in EDI after considering bioaccessibility have already been ob-
served for other chemicals such as NBFRs, DP, FRs, and OPFRs (He
et al., 2016; 2018).



Table 4
Estimated daily intake, estimate daily uptake and risk assessments of HOCs in various matrices.

Chemical Sample Bioaccessibility EDI and EDU Risk assessment Suggestions Reference

PAHs Animal-based
foods,
Shanghai
markets

29.0%–61.2% 847.8 ng/day;
297.2 ng/day (considering
bioaccessibility), decreased by 65%

No Induce the intake of
snail is necessary for
high PAHs exposure
risk

Yu et al.,
2012a

PAHs Indoor dust
(in different
particles
sizes)

Highest in 200–2000 μm, like in
car dust, 57.6% (200–2000 μm),
20.1%–29.0% (other particle
size)

1.09–15.0 ng/kg/d;
0.02–0.21 ng/kg/d (considering
bioaccessibility)

No Particle size is an
essential factor
when accessing
bioaccessibility

Liu et al.,
2018a

Dioxin/PCB All foods
eating
normally

PCBs: 4.2% ± 0.9%
(cabbage)–72.3% ± 1.6% (milk
powder), boiling treatment;
PCDD/Fs: 1.9% ± 0.7%
(cabbage)–28.4% ± 1.2% (milk
powder), boiling treatment

112 pg WHO-TEQ/day, decreased by
88% for boiled foods, and by 63% for
frying food (considering
bioaccessibility)

No Applying
bioaccessibility to
modify TEQ can
reduce the
calculation
uncertainty

Shen
et al.,
2016

OPFRs and
PAEs

Indoor dust OPFRs: 8.18%–54.5%;
PAEs: 1.21%–81.1%

EDI of OPFRs for adults and infants <
RfD, EDI of DEHP for infants > RfD
(20 μg/kg/d), EDI of DEHP for infants >
RfD (modified by bioaccessibility)

No Considering
bioaccessibility is
important on risk
assessment

He et al.,
2016

PAHs 28 urban
parks in
Guangzhou

100% No 22 of 28 parks (78.57%) soil
showed high risk (>10−4) for
users with various ages

Remediation
measures should be
taken based on such
risk assessment

Ke et al.,
2017

PAHs 8 PAHs
contaminated
soil in Lagos
and Nigeria

0.1%–41% Less than in foods Cancer risk
5.5 × 10−10–4.1 × 10−7 (very
low level, considering
bioaccessibility)

No Adetunde
et al.,
2018

PBDEs,
PCBs,
OCPs,
PAHs

Meats,
Shanghai
markets

For multiple food, for adults
0.05–58.1 ng/kg/d, for children
0.06–66.6 ng/kg/d (considering
bioaccessibility)

HQ for children 0.015–0.33, for
adults 0.017–0.38;
HQ for children 0.009–0.21, for
adults 0.01–0.24 (considering
bioaccessibility);
No non-cancer risk for children
and child (for HQ < 1)

No Lei et al.,
2015

PBDEs and
DDTs

Fish,
Guangdong

DDTs: 60% (raw fish), 83% (raw
fish with oil), 66% (cooked);
PBDEs: 26% (raw fish), 63% (raw
fish with oil), 40% (cooked)

No Non cancer risk for children (HQ:
0.76 (raw fish)–0.85 (cooked fish),
<1)

less than 19 times a
month (95% CI) for
under accepted
10−5 cancer risk

Mi et al.,
2017

PAEs House dust,
HK and
Guangdong

Gastric phase: 0.68%–7.64%
(mean: 3.21%)
Intestinal phase: 1.44%–19.0%
(mean: 7.71%)

EDI: for adults, higher than DEHP RfD
(20 μg/kg/d) in moderate
consumption rate, for children, less
than DEHP RfD, in moderate
consumption rate

Cancer risk
1.11 × 10−5–2.52 × 10−4 (high
level), 2.23 × 10−6–3.77 × 10−5

(concerning level, after
considering bioaccessibility)

Indoor dust for
DEHP exposure
should be noticed

Wang
et al.,
2013a

CI: confidence index; DDT: dichlorodiphenyltrichloroethane; DEHP: di-2-ethylhexyl phthalate; EDI: estimated daily intake; HK: Hong Kong; HQ: health quotient; OCPs: organochlorine
pesticides; OPFRs: organophosphorus flame retardants; PAEs: phthalate esters; PAHs: polycyclic aromatic hydrocarbons; PBDEs: polybromodiphenyl ethers; PCBs: polychlorinated biphe-
nyls; PCDD/Fs: polychlorinated dibenzo-p-dioxins/furan; RfD: reference dose; TEQ: toxicity equivalent quantity.
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6.2. Human health risk assessment

As proposed by the United States Environmental Protection Agency,
risk assessment can be divided into two groups: non-carcinogenic risk
for non-carcinogens (usually acute exposure) by the hazard quotient
(HQ) method, and cancer risk (CS) for carcinogens through the lifetime
cancer risk approach (usually lifelong exposure for 70 years). HQ and CS
can be calculated as follows:

HQ ¼ EDI or EDU
RfD

ð8Þ

CS ¼ CSF� EDI or EDUð Þ ð9Þ

where HQ (dimensionless) and CS (dimensionless) is the hazard quo-
tient and cancer risk considering the non-carcinogenic and carcinogenic
effect endpoints, respectively; EDI and EDU is the estimated daily intake
and uptake mentioned above, respectively; RfD (ng/kg-bw/day) is the
reference dose meaning the maximum permissible risk for human to
expose; CSF ((ng/kg-bw/day)−1) is cancer risk factor. An HQ value <1
means no obvious exposure risk; cancer risk <10−6 means acceptable
risk, 10−6–10−4 means a potential risk, but one that can be accepted,
and >10−4 means unacceptable.
Undoubtedly, the estimated exposure risk to a chemical will be re-
duced after applying bioaccessibility into risk assessment. For example,
Lei et al. (2015) found that the HQs of PAHs through livestock, poultry,
fish, and shellfish consumption were 0.015–0.33 for children and
0.017–0.38 for adults in Shanghai, but they decreased to 0.009–0.21
and 0.01–0.24, respectively, when bioaccessibility was added to the as-
sessment. Wang et al. (2013a) investigated the DEHP in house dust in
Hong Kong and Guangzhou and found that the risk level was
1.11 × 10−5–2.52 × 10−4 for residents under high dust ingestion rate,
but decreased to 2.23 × 10−6–3.77 × 10−5 after considering bioaccessi-
bility. However, the accuracy of this evaluation method is questionable
because certain problems remain to be faced for in-vitromethods mea-
suring bioaccessibility.

6.3. Limitations and importance of application to health risk assessment

Nowadays, more and more studies are applying bioaccessibility to
human exposure and health risk assessments of pollutants (Adetunde
et al., 2018; He et al., 2016; Lei et al., 2015; Shen et al., 2016; Umeh
et al., 2019; Wang et al., 2013a; Yu et al., 2011b, 2012b). However, at
present, there is no standard unified method for bioaccessibility mea-
surement of organic contaminants. Researchers have generally used
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various in-vitro methods that differ widely from one another, although
some of these have been validated using animal assays. In order to eval-
uate the accuracy of the results, both for exposure assessment and for
HOC risk assessment must keep be kept in perspective. The authors be-
lieve that investigation of relative HOC bioaccessibility from different
matrices may be more meaningful than directly using bioaccessibility
for exposure and risk assessment.

For example, Yu et al. (2011b) found that the contribution of PBDEs
in different foods to human exposure varied because of different con-
centrations and consumption rates. When PBDE bioaccessibility was
not considered, i.e., the chemicals were assumed to be 100% absorbed
by humans, the contributions of vegetables, fish, shellfish, and meat to
human PBDE exposure were 49.2%, 34.0%, 4.4%, and 12.3%, respectively,
which showed that vegetables were the most important source for
human exposure to PBDEs. However, the contributions of vegetables,
fish, shellfish, and meat were 38.3%, 51.8%, 2.4%, and 7.5%, respectively,
when PBDE bioaccessibilitywas added to the estimation procedure. The
most important source changed from vegetables to fish because of
higher PBDE bioaccessibility in fish. The results indicated that if bioac-
cessibility effectiveness is not considered, the result may be incorrect
source identifications of human exposure to pollutants. Similar results
were found in other studies (Lei et al., 2015; Yu et al., 2012c).

7. Summary and perspective

At present, many in-vitromethods are used to study the bioaccessi-
bility of organic contaminants. Studies have investigated various factors
affecting bioaccessibility and have optimized and verified in-vitro
methods on the basis of bioavailability obtained from in-vivo assays.
Procedures to apply in-vitromethods to determine HOC bioaccessibility
and to factor bioaccessibility into human exposure and risk assessment
have been rapidly developed in the past two decades. Themajor advan-
tages of in-vitromethods for bioaccessibilitymeasurement are that they
are convenient, cheap, and ethical. Still, further investigations of HOC
bioaccessibility are urgently needed because many challenges for in-
vitro methods remain to be overcome.

Firstly, it should notice that for chemical analysis, some researchers
spiked certain concentration of standards into samples, further deter-
mined the bioaccessibility of the chemicals (Li et al., 2015b; Kang
et al., 2018; Zhang et al., 2015c). However, there can be very large differ-
ences in the bioaccessible fraction between spiked and native com-
pounds, mainly for the different being of them in samples and
behaving when digested (Yu et al., 2013). Moreover, differences be-
tween high and low exposure concentrations should be considered,
which had different effect on the microbial community of intestine
(Wang et al., 2018b). So it has a great uncertainty to extrapolate the ac-
tual bioaccessibility of native contaminants at lower concentrations
from the bioaccessibility of spiked contaminants, more researches are
needed to solve this problem.

Secondly, almost all in-vitromethods are derived frommethods that
test the bioaccessibility of trace elements based on partition equilib-
rium. However, the properties of organic and inorganic materials are
quite different, especially for HOCs, because simulated human gastroin-
testinal digestion solutions are a kind of aqueous solution. The solubility
of HOCs in the digestion solution can have a significant influence on
HOC bioaccessibility. In contaminated dust, soil, and sediment samples,
the organic carbon and biochar carbon can significant influence the
chemical distribution and desorption, related desorption and absorp-
tion mechanism studies between chemicals and matrices are needed.
Further, if partition equilibrium is reached, but the bioaccessible HOCs
have not yet been completely released, the result will be an underesti-
mation of bioaccessibility.

Thirdly, as discussed earlier, many digestion conditions, including
the composition and pH of the digestion solution, digestion time, and
S/L ratio, have a significant influence on bioaccessibility. However, at
present, there is no standard in-vitro method for HOCs, which poses a
dilemma for researchers in that there are many in-vitro methods and
various bioaccessibility data from different methods.

Fourthly, most currently available HOC bioaccessibility data have
been determined for one type of compounds rather than under the con-
dition of co-exposed HOCs. Interactions (desorption, solubility, and cel-
lular response) can also influence bioaccessibility among chemicals,
especially for those having similar molecular weight and structure
(James et al., 2018). However, the number of studies on interactions is
still far too limited.

Finally, even though the bioaccessibility of many HOCs has been de-
termined using current in-vitro methods, their accuracies are still lim-
ited because many results have shown that the IVIVCs are generally
poor, which indicates the limitations on using bioaccessibility to predict
HOC bioavailability. To enhance the IVIVC, researchers must not only
optimize digestion conditions, including adding absorptive sinks or de-
veloping newmaterials as sinks, but also must understand the dynamic
process of ingestion and themechanism of HOC transportation through
intestinal cells. Furthermore, there are substantial differences between
the human gastrointestinal tract and those of animals. If scientists ob-
tain enough data,mathematical statisticalmethods to estimate bioavail-
ability relationships between humans and animals may become
possible. Uncertainty also requires further attention.
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