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Abstract 14 

A fed state in vitro methodology capable of use in commercial testing laboratories has been 15 

developed for measuring the human ingestion bioaccessibility of polyaromatic hydrocarbons 16 

(PAHs) in soil (Fed ORganic Estimation human Simulation Test- FOREhST).  The protocol 17 

for measuring PAHs in the simulated gastro-intestinal fluids used methanolic KOH 18 

saponification followed by a combination of polymeric sorbent solid phase extraction and 19 

silica sorbent cartridges for sample clean-up and preconcentration.  The analysis was carried 20 

out using high pressure liquid chromatography with fluorescence detection.  The repeatability 21 
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of the method, assessed by the measurement of the bioaccessibility of 6 PAHs 1 

(benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 2 

dibenz[ah]anthracene and indeno[1,2,3-c,d]pyrene) in eleven gas works soils, was c.10% 3 

RSD.  The method compared well with the results from an independent dynamic human 4 

simulation reactor comprising of the stomach, duodenal and colon compartments tested on 5 

the same soils.  The measured bioaccessible fraction of the soils varied from 10-60% for soils 6 

containing 10-300 mg kg-1 PAH (the sum of the six studied) with total organic carbon 7 

concentrations in the soils ranging from 1-13%.  A multiple regression model showed that the 8 

PAH bioaccessible fraction could be explained using the PAH compound, the soil type and 9 

the total PAH to soil organic carbon content.  The method described here has potential for 10 

site specific detailed quantitative risk assessment either to modify the risk estimation or to 11 

contribute to the risk evaluation. 12 

Key words: PAH, soil, gas works, bioaccessibility, TOC, in vitro, FOREhST. 13 

Introduction  14 

Soil has been identified as the primary reservoir for PAH in the UK [1] and ingestion of soils 15 

is considered to be an important exposure pathway for humans [2].  For risk assessments 16 

considering the ingestion pathway, it is not the total PAH concentration that is important but 17 

the bioavailable fraction that enters the body.  In this study, bioavailability is being discussed 18 

in terms of people ingesting contaminated soil.  In this situation oral bioavailability of a given 19 

substance may be formally defined as the fraction of an administered dose that reaches the 20 

central (blood) compartment from the gastrointestinal tract [2].  This term should not be 21 

confused with the oral bioaccessibility, which is defined as the contaminant fraction of intake 22 

that is soluble in the human gastrointestinal system and is therefore available for absorption 23 
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[2].  The methodologies used in this study estimate the bioaccessibility of PAHs using in 1 

vitro physiologically based extraction methods.  2 

 3 

The most commonly determined PAHs are the United States Environmental Protection 4 

Agency list of sixteen “Consent Decree” priority pollutants [3, 4].  Of the sixteen, 5 

benzo[a]pyrene (BaP) has been identified by the Environment Agency of England and Wales 6 

(EA) as a non-threshold carcinogenic marker substance [5].  Soil Guideline Values (SGV) are 7 

viewed as "trigger values", which are scientifically based generic assessment criteria (GAC), 8 

for soil contamination, that are used to help evaluate the long to risks to human health.  9 

Where soil concentrations exceed SGV, there may be a cause for concern to human health.  10 

Such levels may pose a significant risk to human health, although further investigation and 11 

evaluation of risks are required for the detailed risk assessment.  No SGV for BaP has, to 12 

date, been issued by the EA for use in the UK, although a recent publication [3] has 13 

calculated GAC which are broadly equivalent to SGV values, of 0.83-2.1 mg kg-1 for BaP in 14 

residential and allotment soils varying in organic matter from 1% to 6%; for other parts of 15 

Europe both the Danish and Flemish regulators have an intervention concentration/ cleanup 16 

directive value of 1 mg kg-1 [6, 7]. 17 

 18 

For inorganic contaminants a number of in vitro bioaccessibility methods have been 19 

developed [8].  Importantly, since the bioaccessibility measurement from in vitro tests are 20 

methodologically defined, it is only useful in a risk assessment if it can be shown that the 21 

result is relevant to humans [9].  Soil arsenic bioaccessibility is now routinely considered in 22 

UK site specific detailed quantitative risk assessments (DQRA) (e.g.,[10-14]).  The results 23 

from bioaccessibility tests are expressed as the bioaccessible fraction (BAF) as a percentage 24 

using the expression: 25 
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 1 

For inorganic bioaccessibility testing, evidence shows that the fasted state will give the most 2 

conservative estimate of the bioaccessible fraction as these give rise to lower pH conditions 3 

compared to the fed state [12-14].  A number of studies have shown that the presence of food 4 

increases the bioaccessibility of organic contaminants [15-17].  This effect is probably due to 5 

two separate influences.  Food contains fat which can help mobilise hydrophobic organic 6 

contaminants into the aqueous solution and, when food is present in the human gastro-7 

intestinal (GI) tract, the amount of bile salts increases and these act as a surfactant, greatly 8 

reducing the surface tension of the digestive juice forming bile micelles with the organic 9 

contaminant [16, 17]. 10 

A number of studies have used in vitro bioaccessibility tests to estimate the human ingestion 11 

bioaccessibility of PAHs in soils.  The German DIN standard bioaccessibility test [18], three 12 

Chinese studies used fasted conditions [17, 19, 20], the Dutch National Institute for Public 13 

Health and the Environment (RIVM) [21, 22], and Gron et al [6] have used the RIVM fed 14 

state model [22].   15 

In a different approach, PAH release from a contaminated soil, containing 49 mg PAH kg-1, 16 

using a SHIME (Simulator of the Human Intestinal Microbial Ecosystem) reactor comprising 17 

the stomach, duodenal, and colon compartments [7] was investigated.  The SHIME 18 

effectively models the human GI [23, 24].  The SHIME reactor differentiates itself from other 19 

in vitro intestinal models, because it is dynamic and comprises of the entire GI tract taking 20 

into account the enzymatic processes in the stomach and duodenum and the different 21 

characteristics of the microbiota along the colon reactors.   22 
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Vasiluk et al [25] studied the role of the human stomach membrane as a sink for desorbed 1 

BaP from a soil/sediment matrix.  The authors made a case that a membrane sink should be 2 

considered in in vitro bioaccessibility testing suggesting that the driving force for uptake 3 

from the soil is the fugacity gradient that exists between the gastrointestinal fluid and the 4 

membrane.   5 

Clearly, there are a number of experimental approaches to estimating the human 6 

bioaccessibility of PAHs in soil samples, however, in order to produce comparative 7 

reproducible and accurate data for risk assessments there needs to be a more standardised 8 

approach to produce both comparable and validated data.  To do this it is necessary to 9 

develop a methodology which should be simple enough to be carried out by commercial 10 

testing laboratories using standard laboratory equipment and analytical methodologies but 11 

retain enough complexity to still be a reasonable representation of the human GI tract.  In the 12 

long term, this would involve the validation of the test against in vivo soil feeding trials and 13 

evaluation of the method in an inter-laboratory trial.  The main aim of this study was to 14 

develop a standardised bioaccessibility test for PAHs in soils through the following 15 

objectives: 16 

• Develop and /or adapt a suitable in vitro batch test for PAHs in soil with reference to 17 

the most up to date literature; 18 

• Develop a robust analytical protocol for measuring PAHs in the simulated GI fluids 19 

arising from the in vitro batch test over a suitable concentration range for PAH 20 

contaminated soils; 21 

• Assess the repeatability of the test for a range of soil types containing varying 22 

concentrations of PAHs; 23 
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• Compare the absolute bioaccessible fractions against a well established independent 1 

in vitro dynamic human GI simulator as guidance towards the potential of the batch 2 

method for simulating human bioavailability.     3 

 4 

Materials and methods  5 

Six PAHs were chosen based on their toxicity [26]. These were, in alphabetical order, 6 

benz[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), 7 

benzo[a]pyrene BaP, Dibenz[a,h]anthracene, DBA and indeno[1,2,3-c,d]pyrene (IP) . 8 

Selected properties are shown in Table 1. 9 

Table 1 Selected PAH properties   10 

PAH & Abbreviation Relative 

Molecular 

Mass 

Number 

of Rings 

TEFa PEFc Boiling 

Point 

⁰Cd  

Log Kow
d EC 

(True)e 

        
Benz[a]anthracene, BaA 228 4 0.1 0.145 435 5.91 25 (18) 
Benzo[b]fluoranthene, BbF 252 5 0.1 0.141 481 5.80 29 (20) 
Benzo[k]fluoranthene, BkF 252 5 0.1 0.1 481 6.00 29 (20) 
Benzo[a]pyrene, BaP 252 5 1 1 496 6.04 30 (20) 
Dibenz[a,h]anthracene, DBA 278 5  1b 1.11 535 6.75 32 (22) 
Indeno[1,2,3-c,d]pyrene,  IP 276 6 0.1 0.232 534 6.55 34 (21) 

 11 

a Toxic Equivalent Factor (TEF), the toxicity of the compound expressed relative to benzo[a]pyrene [26, 27]; 12 

b DBA TEF adopted from [27] 13 

c Potency Equivalent Factor (PEF) values used to derive the Land Quality Management (LQM)/Chartered 14 

Institute of Environmental Health GAC, where PEF reflects the relative carcinogenic potency of the PAH 15 

congeners rather than the differences in their general toxicity [3] 16 

d Boiling Point (⁰C) and Octanol water partition coefficients (Kow) [28] 17 
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e Equivalent Carbon (EC) and true number of carbon atoms [3], where the EC is based on the boiling point of 1 

the compound normalised to that of un-branched n-alkanes. 2 

 3 

Full experimental details of the analysis of the total organic carbon (TOC) content, the total 4 

PAH content of the soil, the bioaccessibility extraction and subsequent analysis of PAH in the 5 

extract using methanolic KOH saponification followed by a combination of polymeric 6 

sorbent solid phase extraction and silica sorbent cartridges for sample clean-up and 7 

preconcentration followed by analysis by high pressure liquid chromatography with 8 

fluorescence detection is supplied in the Supplemental Information. 9 

Soil Samples 10 

Eleven soil samples were investigated.  The soils were collected from disused gas works sites 11 

within the UK, and contained BaP concentrations ranging from 2 to 68 mg kg-1.  The soils 12 

were prepared by first removing any large pieces of debris (stones, brick, pottery, plaster 13 

etc.), freeze dried, followed by retention of the fraction that passed through a <250 µm sieve.  14 

The <250 µm size fraction of soil was chosen as it is the fraction considered to be the upper 15 

limit of particle size that is likely to adhere to children’s hands, who are often the at risk 16 

receptor for assessing contaminated sites [29]  In addition, this fraction has been the 17 

dominant soil fraction in bioavailability and bioaccessibility studies over the last decade [19, 18 

20, 30-33].  19 

In vitro Bioaccessibility Test 20 

The RIVM have carried out extensive literature reviews of the pH, chemical environment and 21 

transit times for the human stomach and upper intestine and have developed fed and fasted 22 

bioaccessibility methods based on these findings [21, 22].  These methods have also been 23 
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used successfully for organic contaminants in soil [6, 16, 34, 35].  It was therefore decided to 1 

adopt the fed state RIVM method, with minor modifications, for this study.  In order to 2 

distinguish this modified in vitro system from the RIVM method and other inorganic 3 

methodologies the method was named as the Fed ORganic Estimation human Simulation Test 4 

(FOREhST).  The fed state was chosen as a number of studies have shown that for 5 

hydrophobic organics the fed state gives the most conservative estimate of bioaccessibility 6 

[15-17].  The RIVM study used an infant formula supplemented with vegetable oil as the 7 

food component; This food component was chosen to represent an average diet for men and 8 

women aged 19-65 in the Netherlands, with respect to their mean intake of energy and 9 

nutrients [22].  Initial work in this study used an infant formula which, for routine use, was 10 

found to be difficult to weigh out into the extraction tubes and, once opened, did not last long 11 

before it degraded and was not suitable for use.  The wet food product was replaced with a 12 

freeze dried oatmeal and rice porridge infant food supplemented with sunflower oil to match 13 

the macronutrient composition of the average diet of 4-6 year old children in Britain [36].  14 

The FOREhST method is essentially a three stage static in vitro bioaccessibility test, which is 15 

intended to simulate the physico-chemical conditions in the fed state.  The method is carried 16 

out at human body temperature (37°C) and utilises end-over-end rotation.  The stages 17 

involved in the methodology are suggestive of the saliva, gastric and intestinal (duodenal and 18 

bile) phases of the human gastro-intestinal system, with sample collection (by centrifugation) 19 

at the end of the extraction phase representative of small intestinal digestion.  Gastro-20 

intestinal fluid pH, ratios and transit times are all adjusted, compared to a fasted static model, 21 

to account for the physiological differences caused by the ingestion of food: saliva pH (6.8 ± 22 

0.5); gastric pH (1.3 ± 0.5); small intestinal pH (duodenal pH 8.1 ± 0.2, bile pH 8.2 ± 0.2); GI 23 

fluid ratio for saliva: gastric: duodenal: bile(1:2:2:1), GI transit time (gastric 2 hr, small 24 

intestine 2 hr).  For each contaminated soil under investigation, 0.3g of contaminated material 25 
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was extracted in triplicate, with extraction of each replicate on consecutive days in order to 1 

estimate the repeatability of the method.  Sample blanks were extracted within each batch of 2 

samples under investigation.  A detailed description of the FOREhST bioaccessibility test can 3 

be found in the Supporting Information. 4 

The SHIME method comparison  5 

The results of the FOREhST method were compared to the SHIME in vitro GI model [7, 23, 6 

24].  Each of the eleven soils were run in triplicate using the SHIME system with the same 7 

food component used in the FOREhST test.  Full details of the conditions used for SHIME 8 

model are given in the supplementary information.  The stomach and intestine extracts from 9 

the SHIME reactor were analysed for their PAH content using the same method used for the 10 

FOREhST extracts. 11 

Results and Discussion 12 

Performance of the analytical method 13 

The performance of the test on spiked portions of the blank extraction solutions from both the 14 

FOREhST and SHIME methods was shown to be good: recoveries of c.90% or better with 15 

repeatability relative standard deviations of c. 5% or better (Table 2). 16 

Table 2  Solid phase extraction recoveries of 6 PAHs from various spiked saponified 17 

G.I fluids  18 

G.I 

 

No G.I Fluid FOREhST Fed 

  

SHIME Fed 

  

SHIME Fasted 

  
PAH Av. %  

  

RSD

 

   

Av. %  

 

RSD

 

   

Av. %  

 

RSD 

  

   

Av. %  

 

RSD 

 

   

         
BaA 102.6 4.6 90.8 5.7 92.0 1.3 89.6 2.5 
BbF 97.0 2.7 91.1 2.7 95.5 0.6 93.0 2.2 
BkF 95.5 2.0 90.8 1.9 93.8 0.5 93.0 2.2 
BaP 96.6 3.5 88.0 3.7 92.3 1.2 89.7 2.8 
DBA 89.3 1.5  86.6 3.2 92.6 1.1 88.6 3.5 

IP 89.1 1.4 89.2 2.2 90.5 1.1 89.4 3.5 
 19 
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Comparison of the SHIME and FOREhST bioaccessibility results 1 

For the FOREhST method the majority of the samples have RSD values of 10% or better and 2 

the SHIME method 15% or better. 3 

Since there is uncertainty associated with both measurements it is not appropriate to use 4 

ordinary least squares regression.  The weighted total least squares (WTLS) method which 5 

takes account of the error on both sets of data [37] and Theil’s non-parametric method that 6 

makes no assumptions about distributions of errors and is robust to outliers have been used to 7 

assess the linear relationship between the two measurements [38, 39].   8 

Table 3  Summary of the linear regression parameters for the SHIME FOREhST data 9 

comparison 10 
PAH WTLS 

Slope 
WTLS 

Intercept 
Theil 
Slope 

Theil 
Intercept 

r p value 

       BaA 0.35 26.0 0.28 31.7 0.36 0.275 

BbF 0.53 18.8 0.51 20.7 0.51 0.110 

BkF 0.49 14.1 0.72 11.2 0.53 0.093 

BaP 0.74 9.3 0.65 14.6 0.65 0.029 

DBA 0.72 4.7 0.82 3.5 0.71 0.015 

IP 0.71 14.0 0.65 17.1 0.68 0.021 
All PAHs 0.85 3.9 0.87 8.1 0.74 <0.001 

 11 

 12 
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 1 

Figure 1  Comparison of the BAF for the SHIME and the FORE(h)ST methods 2 

The slope and intercepts for both methods and Pearson correlation coefficients (r) and their 3 

associated significance are given in Table 3 and the scatter plots in Figure 1.  There is 4 

reasonable agreement between the two regression methods.  Although the original samples 5 

were chosen to have a range of total PAH (BaP ranges from c.2 to c. 70 mg kg-1) the range of 6 

BAF for each individual PAH is relatively low, with BAF of the individual PAHs covering 7 

30 % or less of the total range of concentrations in the soil.  This may account for the 8 
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relatively low r values and variability in slope for individual PAHs compared to the combined 1 

data set.  When all PAHs are considered together, there is highly a significant correlation 2 

with a strong r value of 0.74 (Table 3).  There is however a trend towards increasing r values 3 

with increasing hydrophobicity (cf Table 1 Kow and Table 3 r).  BaA has a weak non-4 

significant correlation (0.36); Bbf and Bkf have moderate correlations (0.51 and 0.53) which 5 

are significant at the 90% confidence level; BaP, IP and DBA have strong correlations (0.65, 6 

0.68 and 0.71) which are significant the 95% confidence level.  There is not enough data (the 7 

variety of soils and PAH sources in this study are limited and the agreement when all PAHs 8 

are considered is good) to conclude that the two methods do not agree for the least 9 

hydrophobic PAHs.  The trend, however, suggests that there is more variability in the BAF 10 

for low Kow PAHs.  A possible explanation for this is that PAH extraction from the soil is 11 

through extraction into micelles which are formed in the GI extraction medium [22].  12 

Research into the solubility of PAH in micelles [40] suggests that the more hydrophobic 13 

compounds are held in the centre of the micelle whereas the less hydrophobic compounds are 14 

solubilised at the interfacial medium.  Therefore, during the in vitro extraction test used here, 15 

once the hydrophobic PAHs are released from the soil they are held within the centre of the 16 

micelle away from the soil surface but the less hydrophobic compounds at the surface of the 17 

micelle can interact with the soil and be redistributed back onto the soil leading to a greater 18 

variability the measured BAF. 19 

Whilst Figure 1 shows the individual FOREhST BAF values for each PAH in each soil are 20 

not always higher than the SHIME values, the slopes for the regression lines (Table 3) for all 21 

individual PAHs and all PAHs combined together are all below unity showing that on 22 

average the FOREhST method gives higher BAF than the SHIME method.   23 
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Taking all PAHs together slope of the line suggests that the SHIME method BAF values are 1 

c. 80% of the FOREhST values showing that the FOREhST method over predicts compared 2 

to the dynamic SHIME model.  3 

The variability in BAF results between the soils in this study and PAHs is likely to be derived 4 

from three sources: 5 

i) The physico-chemical properties of the soils; 6 

ii) The physico-chemical properties of the PAHs; and 7 

iii) The original total concentration of PAH in the soil. 8 

With respect to point iii) the mechanism for PAH sorption to soils is complex [41], with 9 

multistage sequestration on to humic and fulvic acid polymer layers as well as adsorption on 10 

to the soil mineral surfaces [42].  The different sorption sites on the soil will have different 11 

PAH affinity and absolute capacity [41] depending on the make-up of the soil.  The overall 12 

PAH availability will therefore be a function of how much PAH is sorbed to the soil and how 13 

tightly it binds to the different sorption sites on the soil surface.  14 

The organic matter content of soils is often reported to be positively correlated with total 15 

PAH content [43] which is related to the sorption capacity of the organic carbon in the soil.  16 

Since there are varying concentrations of both TOC and PAHs in the soils under test the ratio 17 

of the individual PAH concentration to the soil TOC (mg g-1) was used to standardise the 18 

amount of PAH relative to the TOC.  19 

To understand how these parameters affect the final results, a simple linear regression model 20 

was set up using the BAF value of the FOREhST method as the dependant variable (the Y 21 

variable) and the soil sample, PAH molecule and the ratio of the original PAH concentration 22 

to the TOC concentration (mg g-1) as the independent variables (the X variables).  Since soil 23 

and PAH molecule are factors rather than continuous variables the regression was set up so 24 
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that the regression equation was relative to the soil with the lowest TOC (Soil 1) and the 1 

lowest molecular weight PAH (BaA, Table 1).  The regression coefficients are given in Table 2 

4.  The equation of the model is: 3 

 4 

For example, referring to Table 4, the predicted BAF for the PAH BbF in Soil 2 would be: 5 

 6 

The model accounts for c. 90% of the variance in the data (Multiple R-squared: 0.94, 7 

Adjusted R-squared: 0.92).  All of the parameters, apart from the effect of the PAH IP and 8 

soils 2, 4 and 8, are significant.  In words, the model shows that on average c. 36% (intercept) 9 

of the PAH is bioaccessible.  The coefficients associated with the factors show how much the 10 

average value is adjusted for specific PAHs and soils.  The higher molecular weight PAHs 11 

have reduced bioaccessibility relative to BaA (negative coefficients ranging from -5.3 to -12 

16.9%, Table 4) apart from IP which is not significantly different from BaA (p value of 13 

0.745, Table 4).  Apart from IP the PAH coefficients indicate reduction of the BAF with log 14 

Kow  (see Table 1) i.e the higher the hydrophobicity the lower the amount of PAH extracted 15 

by the in vitro GI simulation test which is in general agreement with other bioaccessibility 16 

studies [17, 19].  IP, which has the second highest log Kow has a coefficient which is 17 

indistinguishable from BaA which has the lowest value.  The reason for this is not clear since 18 

the literature does not show that IP sorption to soils shows any anomalous effects.  The 19 

simulated stomach and intestine fluids for the SHIME and FOREhST methods contain a 20 

complex mixture of organic reagents and in the case of IP it appears that there is another 21 

property of IP besides log Kow which is governing its extraction in this matrix.  The 22 

biological activity of PAHs in specific situations can be shown to be related to the shape of 23 

the molecule as defined by topographical properties e.g. [44] using a Quantitative Structure 24 
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Activity Relationship (QSAR) approach.  The Pearson correlation coefficient between the 1 

coefficients for the PAHs (Table 4) and the Kow of the PAHs (Table 1) is weak (-0.29) but in 2 

a list of molecular descriptors for PAHs [45], there is a strong correlation (0.70) between the 3 

PAH coefficients and a topological descriptor called DECC which is an eccentricity index 4 

measuring the size and shape of the molecule.  As only 6 PAHs have been investigated in this 5 

work there is not enough data to reach any conclusions regarding the anomalous IP 6 

behaviour, and a further study using a larger suite of PAHs would be required to test whether 7 

DECC or other properties are involved in the extraction mechanism. 8 

Table 4  Linear regression coefficients and associated statistics for the BAF MLR 9 

model  10 

Coefficient name Independent Parameter Coefficient value Std. Error p value 
     
β0 Intercept 35.8 1.9 <0.001 
βBaA BaA 0 - - 
βBbF BbF -5.3 1.5 <0.001 
βBkF BkF -13.5 1.6 <0.001 
βBaP BaP -9.0 1.6 <0.001 
βDBA DBA -16.9 2.2 <0.001 
βIP IP 0.50 1.5 0.745 
βSoil1 Soil 1 0 - - 
βSoil2 Soil 2 -1.77 2.0 0.371 
βSoil3 Soil 3 12.6 2.0 <0.001 
βSoil4 Soil 4 -4.1 2.8 0.138 
βSoil5 Soil 5 1.1 2.6 0.684 
βSoil6 Soil 6 -8.1 2.2 <0.001 
βSoil7 Soil 7 -8.0 2.1 <0.001 
βSoil8 Soil 8 -2.5 2.2 0.254 
βSoil9 Soil 9 6.4 2.1 0.004 
βSoil10 Soil 10 9.6 2.9 0.002 
βSoil11 Soil 11 10.1 3.1 0.002 
β1 PAH/TOC ratio 12.2 0.35 0.001 

 11 

The soils show varying increases and decreases in bioaccessibility relative to soil 1 12 

(coefficients ranging from -8.1 to 12.6%).  The coefficient for the PAH to TOC ratio also has 13 

a highly significant effect (p value = 0.001, Table 4).  To give an idea of scale for this 14 

parameter, using BaP in soil 5 as an example, an increase in the BaP concentration of 14 mg 15 
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kg-1 increases the modelled BAF by 5% (from 39% to 44%) and increasing the TOC 1 

concentration by 3% organic carbon decreases the BAF by 5% (from 39% to 34%).. 2 

Similar regression results were obtained when the SHIME BAF replaced the FOREhST as 3 

the independent variable in the linear model (data not shown).  Despite the inclusion of the 4 

PAH to TOC ratio in the model the effect of the different soils was also significant suggesting 5 

that there are other soil properties which also control the BAF. 6 

Although there have been a number of important findings arising from this study they cannot 7 

be considered as generic until the methodology has been applied to a wider variety of soil 8 

types and contamination sources as well as extending the PAHs investigated. 9 

From the method development stand point the study has met the four objectives outlined in 10 

the introduction as follows: 11 

• The FOREhST method can be set up and used in any competent testing laboratory; 12 

• The analysis of the PAHs in the simulated GI fluids is robust and accurate (Table 2); 13 

• The bioaccessibility results for the soils studied were repeatable (mostly <10% RSD); 14 

• The FOREhST method gives comparable results to the dynamic SHIME human GI model 15 

giving some assurance that the method is likely to have some relevance to human 16 

bioavailability; and 17 

• The FOREhST method gives conservative results (c.20% higher) compared to the SHIME 18 

method. 19 

From a risk estimation standpoint the bioaccessibility data produced from this test could not 20 

be used on their own as an input to a DQRA to derive site specific assessment criteria as 21 

further validation tests are required which include: 22 

i) Testing the applicability of the method on a wider variety of soil types and PAHs;   23 



PAH bioaccessibility Paper 22/10/2012 Version 8 

17 
 

ii) Assessing the reproducibility of the method through an inter-laboratory trial; 1 

iii) Validation of the results against in-vivo trials; 2 

iv) The production of PAH reference soils to allow performance of the method to be 3 

checked and monitored using standard QA/QC protocols; 4 

Despite this, even at this early stage, bioaccessibility data from this test could be used to 5 

provide information in a “lines of evidence approach” to aid the risk evaluation stage of 6 

assessment. 7 

 8 

Interpretation of the bioaccessibility results 9 

From the point of view of risk assessment, taking into account that the study was carried out 10 

on a limited range of soils, the fact that a quantitative model predicting BAF using soil and 11 

PAH properties was achieved has the following consequences: 12 

i) For well characterised sites it may be feasible to calculate on a site specific basis the 13 

PAH BAF for a number of PAHs based on the measurements of a few “marker” 14 

compounds; 15 

ii) Quantitative data on the effect of different PAH to TOC ratios on the BAF factor can 16 

provide invaluable information when regulators or developers are deriving site 17 

specific assessment criteria for PAHs in soil; and 18 

iii) The MLR model gives valuable insights into how the physico-chemical parameters 19 

governing the soil/PAH system control the BAF and hence help to optimise both risk 20 

evaluation and soil remediation strategies.  21 
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Brief 1 

The performance of a batch mode and a dynamic in vitro test for estimating the human 2 

ingestion bioaccessibility of PAHs in soils are compared. 3 


