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RÉSUMÉ 

La contamination des sols par les métaux (loïdes) générés par les activités anthropiques est un 

problème persistant, car elle peut constituer un risque pour la santé humaine. Ces contaminants 

peuvent être transmis à l'homme par ingestion, inhalation ou exposition cutanée. Cette dernière a 

reçu moins d'attention que les deux autres voies, ce qui justifie des études visant à améliorer la 

caractérisation de l'exposition cutanée aux sols contaminés.  

La fraction du contaminant qui est dissoute dans les liquides du film cutané de surface (sueur et 

sébum) et disponible pour la pénétration à travers la peau est la fraction bioaccessible par voie 

cutanée. Cette fraction peut être utilisée avec les données de perméation pour calculer la 

biodisponibilité. En outre, la bioaccessibilité in vitro devrait être préférée aux tests in vivo en raison 

de considérations éthiques et de coûts associés moins élevés. En outre, les évaluations des risques 

qui prennent en compte les concentrations bioaccessibles donneraient un résultat plus représentatif 

de l'exposition puisque la surestimation serait évitée et que l'interaction avec les fluides biologiques 

serait simulée. 

La composition des liquides du film cutané de surface (SSFL) est essentielle car elle peut affecter 

la bioaccessibilité, la toxicité, la mobilité et la perméabilité des métaux(loïdes). Il est donc 

nécessaire d'évaluer les performances des différentes compositions de SSFL utilisées dans les 

études d'exposition cutanée. 

Les objectifs de cette étude sont les suivants : i) évaluer la bioaccessibilité cutanée de l'arsenic (As), 

du chrome (Cr), du cuivre (Cu), du nickel (Ni), du plomb (Pb) et du zinc (Zn) présents dans les 

sols contaminés par l'arséniate de cuivre et de chrome (CCA) et dans les sols de référence certifiés 

par le biais d'essais in vitro utilisant diverses formulations de sueur et de sébum synthétiques ; ii) 

comparer les compositions de sueur synthétiques en tant que sources de bioaccessibilité cutanée 

pour les sols contaminés par l'arséniate de cuivre ; ii) comparer les compositions de sueur 

synthétique en tant que solutions donneuses et évaluer l'influence du sébum dans la diffusion des 

métaux(loïdes) à travers une membrane synthétique (agissant comme substitut de la peau) en 

utilisant la méthodologie de la cellule de Franz ; iii) effectuer une modélisation de l'équilibre 

chimique pour évaluer la spéciation de la fraction soluble des métaux(loïdes) dans les compositions 

synthétiques de sueur et évaluer son influence sur la bioaccessibilité et la perméation ; et iv) 

caractériser les risques pour la santé humaine associés aux métaux(loïdes) potentiellement toxiques 
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présents dans le sol en utilisant une approche d'exposition à voies multiples, en tenant compte de 

la fraction bioaccessible des contaminants et de deux scénarios différents : des enfants jouant 

(exposition résidentielle) et une exposition typique d'un travailleur (exposition industrielle). 

Les résultats montrent que la bioaccessibilité cutanée des métaux(loïdes) dépend des propriétés du 

sol et de l'agent d'extraction. Les sols dont le pH, le carbone organique total et la capacité d'échange 

cationique sont plus élevés présentent généralement une bioaccessibilité cutanée plus faible. La 

bioaccessibilité est globalement faible dans le cas du sébum par rapport à la sueur (sauf pour le 

Zn), probablement en raison de la faible affinité des métaux pour les lipides non polaires. La 

bioaccessibilité des métaux(loïdes) dans la sueur synthétique était généralement inversement 

proportionnelle au pH.  

Seuls le chrome (Cr) et le cuivre (Cu) ont traversé la membrane synthétique. Les coefficients de 

perméation étaient plus élevés pour le Cr dans la sueur à pH élevé que dans la sueur à pH plus bas, 

en raison d'une teneur plus élevée en Cr(VI), qui est plus toxique, plus mobile et plus perméable 

que le Cr(III). Il est intéressant de noter que la composition de la sueur qui a produit une 

bioaccessibilité plus élevée pour le Cr a montré une perméation plus faible et vice versa. La 

présence de sébum déposé sur la peau synthétique pourrait interagir avec le Cr et favoriser la 

formation de composés plus perméables. La présence de sébum a augmenté les temps de latence 

pour la perméation du Cu. En revanche, l'As, le Ni, le Pb et le Zn n'ont pas pénétré la peau 

synthétique. Il est recommandé d'effectuer des tests supplémentaires pour évaluer l'influence du 

sébum sur la perméation des métaux(loïdes). L'analyse de l'équilibre chimique réalisée avec 

VMINTEQ montre que la composition de la sueur synthétique joue un rôle crucial dans la 

spéciation des métaux dans la sueur et influence la bioaccessibilité et la perméation des métaux. 

Des tests analytiques de spéciation sont suggérés pour valider les résultats. 

Enfin, le danger non cancérigène a été évalué pour les scénarios résidentiel et industriel. Les voies 

orale et cutanée ont donné un indice de danger supérieur à la recommandation de la ligne directrice 

de l'USEPA, avec et sans considérations de bioaccessibilité. Le danger par inhalation était inférieur 

à la recommandation de la ligne directrice. Pour la voie cutanée, le danger était plus élevé lorsque 

la bioaccessibilité était prise en compte dans le scénario industriel. En ce qui concerne le risque 

cancérogène, la voie orale est la plus importante, suivie de la voie cutanée. Le risque cancérogène 

global est supérieur au risque acceptable recommandé par la ligne directrice, avec ou sans prise en 
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compte de la bioaccessibilité pour les voies orale et cutanée. Toutefois, étant donné que des valeurs 

Kp génériques ont été utilisées, une grande incertitude a été associée au calcul du risque par voie 

cutanée. Il est donc recommandé de mesurer la biodisponibilité pour les évaluations des risques. 

Bien que les outils et protocoles in vitro évalués dans cette étude se soient révélés utiles pour prédire 

l'exposition cutanée aux contaminants dans des études préliminaires, il est impératif de procéder à 

des essais supplémentaires, y compris des essais in vivo sur la peau humaine pour corréler et valider 

la bioaccessibilité, ainsi que des essais de perméation, afin que les résultats puissent être utilisés 

efficacement dans la caractérisation des risques.  



viii 

 

ABSTRACT 

Contamination of soils by metal(loid)s generated by anthropogenic activities is a persistent 

problem as it can pose a risk to human health. These contaminants can be transferred to humans by 

soil ingestion, inhalation, or dermal exposure. The latter has received less attention than the other 

two pathways, warranting studies to improve the characterization of dermal exposure to 

contaminated soils.  

The fraction of the contaminant that is dissolved in surface skin film liquids (sweat and sebum) and 

available for penetration through the skin is the dermal bioaccessible fraction. This fraction can be 

used alongside permeation data to calculate bioavailability. Moreover, in vitro bioaccessibility 

should be preferred over in vivo testing due to ethical considerations and lower associated costs. 

Furthermore, risk assessments that consider the bioaccessible concentrations would yield a more 

representative result of the exposure since overestimation would be prevented and interaction with 

biological fluids simulated. 

The composition of surface skin film liquids (SSFL) is critical since it can affect metal(loid)s’ 

bioaccessibility, toxicity, mobility, and permeability. Therefore, there is a need to assess the 

performance of different SSFL compositions involved in dermal exposure studies. 

The objectives of this study are to i) evaluate the dermal bioaccessibility of arsenic (As), chromium 

(Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) from chromium copper arsenate (CCA) 

contaminated soils and certified reference soil materials via in vitro assays using various synthetic 

sweat and sebum formulations; ii) compare synthetic sweat compositions as donor solutions and 

evaluate the influence of sebum in the diffusion of metal(loid)s through a synthetic membrane 

(acting as skin surrogate) using the Franz cell methodology; iii) perform chemical equilibrium 

modelling to assess speciation of the soluble fraction of metal(loid)s in synthetic sweat 

compositions and assess its influence in bioaccessibility and permeation; and iv) characterize 

human health risks associated with potentially toxic metal(loid)s  present in the soil using a multi-

pathway exposure approach, taking into account the bioaccessible fraction of the contaminants and 

two different scenarios: children playing (residential exposure) and a typical worker exposure 

(industrial exposure). 

Results show that the dermal bioaccessibility of metal(loid)s depends on the soil and extractant 

properties. Soils with higher pH, total organic carbon, and cation exchange capacity generally 
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produced lower dermal bioaccessibility. Overall low bioaccessibility was yielded in the case of 

sebum when compared with sweat (except for Zn), possibly due to the low affinity of metals for 

non-polar lipids. Metal(loid) bioaccessibility in synthetic sweat was generally inversely 

proportional to the pH.  

Only chromium (Cr) and copper (Cu) permeated the synthetic membrane. Permeation coefficients 

were higher for Cr in sweat with higher pH than in sweat with lower pH due to a higher content of 

Cr(VI), which is more toxic, mobile, and pervious than Cr(III). Interestingly, the sweat composition 

that yielded a higher bioaccessibility for Cr showed lower permeation and vice versa. Presence of 

sebum deposited on the synthetic skin might interact with Cr promoting the formation of more 

permeable compounds. The presence of sebum increased lag times for Cu permeation. However, 

As, Ni, Pb, and Zn did not permeate the synthetic skin. Additional testing to assess the influence 

of sebum on the permeation of metal(loid)s is recommended. Chemical equilibrium analysis 

performed with VMINTEQ shows that synthetic sweat composition plays a crucial role in the 

speciation of metal(loid)s in sweat and influences the bioaccessibility and permeation of 

metal(loid)s. Analytical speciation testing is suggested to validate the results. 

Finally, the non-carcinogenic hazard was evaluated for the residential and industrial scenarios. The 

oral and dermal pathways yielded a hazard index over the USEPA guideline recommendation with 

and without bioaccessibility considerations. The inhalation hazard was under the guideline’s 

recommendation. For the dermal pathway, the hazard was higher when bioaccessibility was 

considered for the industrial scenario. Regarding carcinogenic risk, the oral pathway is the major 

contributor, followed by the dermal pathway. The overall carcinogenic risk is higher than the 

acceptable risk recommended by the guideline with and without bioaccessibility considerations for 

the oral and dermal pathways. However, since generic Kp values were utilized, high uncertainty 

was associated with the calculation of dermal risk. Therefore, it is recommended to measure 

bioavailability for risk assessments. 

Although the in vitro tools and protocols evaluated in this study have proven helpful in the 

prediction of dermal exposure to contaminants in early-stage studies, additional testing, including 

in vivo tests with human skin to correlate and validate bioaccessibility, as well as permeation tests, 

are imperative so that results can be effectively used in risk characterization.  
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CHAPTER 1 INTRODUCTION 

Metal(loid)s are arguably the most important group of environmental contaminants (Adriano et al., 

2004). Six out of eleven of the most common contaminants at U.S priority list sites are metal(loid)s. 

This list includes As, Pb, Cr, Ni, and Zn (USEPA, 1995). Their frequent occurrence in the 

environment can be attributed to their essential role in the world economy. There is a high diversity 

of manufactured products and processes which use these elements. Methods for disposal and 

containment also vary largely (Adriano et al., 2004). Consequently, there are diverse ways in which 

poorly managed metal(loid)s can reach the soil and affect human health. 

Over the last decades, the previous belief that the biological response of an organism could be 

predicted based on the total concentration of contaminants in an environment has been replaced by 

bioavailability as an input parameter for risk assessments. The bioavailability of metal(loid)s from 

geological materials is highly dependent on specific characteristics of the soil and the speciation 

and origin of the metal(loid)s in question. Factors such as the source and concentration of 

contaminants, and soil characteristics such as Eh, pH, soil cation exchange capacity, organic carbon 

content, soil metal oxide concentration, and clay fraction all influence bioavailability. For this 

reason, to refine risk assessments, site-specific studies need to consider the bioavailability of 

contaminants. 

Absorption of contaminants through the skin is a relatively new issue in medical geology even 

though dermatologists and pharmacologists have, since the 1960s, developed methods to assess 

dermal absorption to study the transit of drugs and cosmetics through the skin (Sartorelli et al., 

2000). Much is known regarding the penetration of drugs and cosmetics through the skin, but little 

has been established concerning this route for metal(loid) contaminants of geological origin. 

However, techniques used to study the dermal absorption of drugs and cosmetics can be used to 

assess the same transport mechanism in relation to toxic compounds present in the soil. 

The principal objective of in vitro dermal bioaccessibility and permeation tests is to collect data on 

the bioaccessible fraction of contaminants in skin surface film liquids (SSFL), as well as on their 

rates of penetration through the skin, to predict the systemic risk of dermally absorbed 

contaminants. In order to incorporate these values into human health risk assessments, reliable in 

vitro methods for the evaluation of bioaccessibility and penetration parameters relevant to exposure 

conditions are needed. 
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The stratum corneum (SC) is the outer layer of the skin. It is covered by a liquid layer composed 

mainly of sweat, sebum, cellular debris, and minor amounts of intracellular lipids. It has been 

demonstrated that many chemicals can permeate these layers. This permeation could pose human 

health risks in the form of chemical exposure (WHO, 2006). However, it is not well understood 

how the penetration of some chemicals is related to toxicity. 

Due to the complexity and variability of human skin surface film liquids (SSFLs), their artificial 

surrogates often lack some or many of their constituents. Although comprehensive compositions 

are available, they can be difficult and expensive to prepare. Studies in the dissolution of metals 

have used different formulations of artificial sweat and sebum, making inter-study comparisons 

difficult. Therefore, performance evaluations of SSFL formulations in bioaccessibility and 

permeation tests are missing.  

This study evaluates the use of in vitro methodologies to assess the dermal bioaccessibility and 

permeation of commonly found metal(loid)s present in soils. The performance of several 

compositions of artificial SSFLs is studied, and its influence on the bioaccessibility and permeation 

of metal(loid)s is addressed. The primary materials studied are certified reference soils and soils 

contaminated with chromated copper arsenate (CCA). The parameters found using the in vitro 

protocols are used in multi-pathway risk characterization, including oral and inhalation 

bioaccessibility.  

1.1 State of knowledge and research needs 

Traditionally, because the total metal(loid) content is considered, risk assessment of contaminated 

soils mostly overpredicts the dose of contaminant absorbed by humans. Moreover, the permeation 

coefficient used to calculate dermal risk comes from generic values. The absorbed dose can be 

predicted more accurately if the bioavailable fraction of the contaminant is considered instead.  

Additionally, the attention paid to the dermal pathway in exposure studies of metal(loid)s from 

contaminated soils has been underwhelming. Most of the published research has focused on the 

intake of contaminants through the ingestion and inhalation routes. Regardless of this historical 

shortcoming, the dermal route should be studied because the risk associated with this pathway can 

be significant in specific scenarios. However, there is no consensus in the in vitro methods used to 

determine the bioaccessible fraction and dermal permeation rates of contaminants. Moreover, the 



3 

 

SSFL composition is a critical factor in the bioaccessibility and permeation of metal(loid)s since it 

can affect its behaviour. Therefore, characterization of SSFL regarding its performance for in vitro 

testing to assess dermal exposure is needed.   

1.2 Objectives and methodology 

1. Compare dermal bioaccessibility of metals from reference soils using five artificial SSFL 

compositions (EN 1811, NIHS 96-10, synthetic sweat described by Van Lierde et al. 

(2005), synthetic sebum described by Wertz (2008), and synthetic sebum described by 

Stefaniak et al. (2010)):  

a. Characterize soil materials (pH, CEC, TOC) to be used in bioaccessibility tests.  

b. Implement and perform metal bioaccessibility tests of CCA-contaminated and 

reference soils using SSFL compositions.  

c. Compare bioaccessibility values of metal(loid)s, discuss the influence of soil 

properties and SSFLs properties in the bioaccessibility results.  

2. Assess the influence of SSFL compositions (sweat as a donor solution, sebum to coat the 

membrane) in the permeation parameters of metal(loid)s from soils: 

a. Implement and perform permeation tests of metal(loid)s from geological materials 

using two artificial SSFLs as the donor solution following the methodology 

described by Franz (1975) and the synthetic membrane Strat-M.  

b. Calculate the parameters to describe the diffusion of metals through Strat-M (Kp, 

Lag time, Flux). Identify and compare the influence of SSFL composition in 

penetration tests of metals.  

c. Determine the influence of sebum in the permeation of metals through the 

membrane. 

3. Using chemical equilibrium modelling (Visual Minteq V3.1), perform a speciation analysis 

to the soluble fraction of metal(loid)s in two synthetic sweat compositions. 

a. Determine the influence of SSFL properties in the speciation of metal(loid)s 

following bioaccessibility tests.  

b. Determine the influence of speciation of metal(loid)s in their permeation through 

the Strat-M membrane.  
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4. Assess the human health risk associated with exposure to CCA-contaminated soil samples 

using a multi-pathway approach including bioaccessibility fractions and compare it with 

the risk obtained using the total metal(loid) content approach: 

a. Perform in vitro dermal bioaccessibility and use previously published oral and 

inhalation bioaccessibility data to characterize the metal(loid)s dose for two 

exposure scenarios to CCA-contaminated soils. 

b. Characterize the non-carcinogenic and carcinogenic human health risks associated 

with exposure to CCA-contaminated soils using a multi-pathway exposure 

considering oral, inhalation, and dermal bioaccessibility. 

c. Compare the non-carcinogenic and carcinogenic risks obtained using 

bioaccessibility fractions and the total metal(loid) content approach. 

1.3 Research hypotheses 

1. Dermal bioaccessibility of soil-bound metal(loid)s is dependent on the properties of the 

SSFL solution and the geochemical properties (pH, CEC, TOC) of the soil. 

Null hypothesis: The dermal bioaccessibility of soil-bound metal(loid)s is not dependent 

on the properties of the SSFL solution and the geochemical properties (pH, CEC, TOC) of 

the soil. 

2. The permeation of the bioaccessible fraction of metal(loid)s present in SSFL through the 

synthetic skin membrane (Strat-M) is dependent on the SSFL physicochemical properties. 

Null hypothesis: The permeation of the bioaccessible fraction of metal(loid)s present in 

SSFL through the synthetic skin membrane (Strat-M) is not dependent on the SSFL 

physicochemical properties. 

3. The use of bioaccessibility fractions to calculate risk via a multi-pathway exposure from 

toxic metal(loid)s in CCA-contaminated soils results in acceptable risk, while using total 

concentration in soils produces unacceptable risk. 

Null hypothesis: There is no significant difference in the risk associated with toxic 

metal(loid)s in CCA-contaminated soils via a multi-pathway exposure between considering 

bioaccessibility fractions and total concentration in soils that produces unacceptable risk. 
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1.4 Originality 

This thesis is original on four different levels: (1) for the first time, the performance of five SSFLs, 

including sebum, for in vitro dermal bioaccessibility tests of soil-bound metal(loid)s has been 

compared; (2) the influence of synthetic sweat formulation on Kp evaluation to assess the dermal 

permeation through synthetic skin of metal(loid)s from contaminated soils is also reported for the 

first time; (3) speciation determination of the bioaccessible fraction of metal(loid)s from CCA-soils 

in synthetic sweat compositions using chemical equilibrium modelling (Visual Minteq); 

additionally, (4) the study breaks new ground by performing a risk characterization considering a 

multi-pathway approach (oral, inhalation, and dermal), including bioaccessibility data from actual 

in vitro testing for each pathway and comparing the risk with the one produced by total metal(loid) 

content. 

1.5  Plan of dissertation  

This thesis has nine chapters. Chapters 3, 4, 5, and 6 are scientific articles already published or 

submitted for potential publication in peer-reviewed journals.  

Chapter 2 presents a review of the literature on the following topics: 1) metal(loid)s in soil, 

emphasizing CCA-contaminated soils, their anthropogenic origin, and their risk to human health; 

2) exposure assessment methodology and the main steps for evaluating risk following exposure to 

contaminated soil; 3) description of SSFLs and human skin, including synthetic human skin 

surrogates used in this thesis; and 4) the description of the Franz diffusion cell methodology, the 

main principles that explain diffusion through a membrane, and the calculation methods of 

diffusion of metal(loid)s through the membrane. 

Chapter 3 (Article #1) compares the performance of five SSFLs (three sweat and two sebum 

formulations) for in vitro bioaccessibility tests of metals present in two certified soils. The main 

objective of this chapter is to improve existing dermal in vitro bioaccessibility tests by providing a 

deeper understanding of the influence of the SSFL in the tests, including sebum. This chapter deals 

with all components of objective 1. 

Chapter 4 (Article #2) includes a permeability study of the bioaccessible fraction of metal(loid)s 

from four soil samples using the Franz cell methodology, two sweat formulations as the donor 

solution, and the synthetic membrane Strat-M as a human skin surrogate. The diffusion parameters 
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were calculated for the metals that permeated the membrane. Additionally, the influence of sebum-

coated membranes in the permeation of metals is investigated. This chapter deals with objectives 

1a, 1b, 2a, 2b, and 2d.  

Chapter 5 (Article #3) presents the speciation of potentially toxic metal(loid)s in CCA-

contaminated soils following in vitro dermal bioaccessibility, and permeation of metal(loid)s 

through synthetic skin. Additionally, to broaden the understanding of the permeation results 

presented in Chapter 4, this study increased the number of soils subjected to bioaccessibility and 

permeation tests. To grasp the influence of SSFL properties in bioaccessibility and permeation of 

metal(loid)s, chemical equilibrium modelling (Visual Minteq) was used to perform a speciation 

analysis of the soluble fraction of metal(loid)s in two synthetic sweat compositions following 

bioaccessibility tests with CCA-contaminated soils as well as a certified reference soil. This chapter 

deals with objectives 2b, 2c, 2d, and all components of objective 3.  

Chapter 6 (Article #4) incorporates oral, inhalation, and dermal bioaccessibility into human health 

risk characterizations of CCA-contaminated soils. The study in this chapter presents a risk 

characterization for two situations: a residential exposure scenario, which represents a child’s 

exposure during a two-hour play period, and an industrial exposure scenario, which represents an 

adult worker’s exposure during an eight-hour shift. The risk is calculated and compared with, and 

without, bioaccessibility values. To achieve this, characterizations of non-carcinogenic and 

carcinogenic human health risks of metal(loid)s found in CCA-contaminated soils using a multi-

pathway exposure considering oral, inhalation, and dermal bioaccessibility are presented. This 

chapter deals with objectives 4a and 4b.  

Chapter 7 presents the main contributions of the whole document and a general discussion, 

followed by Chapter 8, which is a general conclusion also containing recommendations for future 

work. Chapter 9 contains the bibliography used. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Exposure of metal(loid)s from contaminated soil  

The interaction of soil with metal(loid)s is complex and depends on soil texture, organic matter 

content, pH, cation exchange capacity, and metal oxidation state (Abdel-Rahman et al., 2006). 

Retention and release of metal(loid)s from soils depend on these parameters since they can be 

correlated with different components of soils in different ways such as ion exchange, adsorption, 

precipitation, or complexation (Balasoiu et al., 2001). The principal routes humans are exposed to 

metal(loid)s from the soil are ingestion, inhalation, and dermal contact (Abdel-Rahman et al., 

2006). Since skin constitutes more than 10% of body weight and covers 1.8 m2
 (Stefaniak et al., 

2006) of the body surface, it has the potential to absorb considerable amounts of metal(loid)s into 

the body during different activities, mainly children in contact with soil while playing, and adults 

during occupational activities (Abdel-Rahman et al., 2006; USEPA, 2004). Compared to the other 

pathways, less attention by the scientific community has been paid to dermal exposure. However, 

dermal contact can contribute to total exposure (Abdel-Rahman et al., 2006; Leal et al., 2018). 

Additionally, a contaminant that cannot penetrate the skin may still cause a local toxic effect on 

the skin without penetrating the skin and causing a systemic effect (Abdel-Rahman et al., 2006). 

For this reason, it is relevant to assess the dermal absorption of metal in the soil in order to assess 

its potential risk. 

In recent years, environmental contaminants have been taking much importance by the scientific 

community (Adriano et al., 2004). Perhaps metals are the most critical group of contaminants since 

from the 11 most common contaminants at the U.S National priority list sites, 6 are metal(loid)s 

(As, Pb, Cr, Cd, Ni, and Zn) (USEPA, 1995).  

2.2  Metal(loid)s in chromated copper arsenate (CCA) contaminated soils  

Chromated copper arsenate (CCA) is a pesticide widely used as a wood preservative in North 

America and other parts of the world (Townsend et al., 2003). It has a broad array of applications 

like marine pilings, fences, utility poles, decks, and playgrounds (Solo-Gabriele et al., 1998). 

Arsenic, Cr, and Cu are known as environmental toxins, and since they are present in CCA in high 

concentrations, treated wood with CCA and soil in contact with this wood raises safety concerns 

(Townsend et al., 2003; Usman et al., 2012). Human exposure pathways include contact with soil 
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contaminated by wood (Fields, 2001; Townsend et al., 2003). Disposal of wood treated with CCA 

may also result in contamination of soils with these metals (Tolaymat et al., 2000).  

There are reports of soils contaminated with As, Cr, and Cu at locations where wood treated with 

CCA is installed and in CCA treatment plants. The process to treat wood with CCA as a 

preservative involves impregnating wood with CCA solution using pressurized cylinders, and 

contamination may come from spills of the raw chemical, improper disposal of the chemical 

sludges and dripping of CCA from wood after treatment (Townsend et al., 2003). A study 

performed by Balasoiu et al. (2001) concluded that soil contamination with CCA needed to go 

through a corrective process. CCA contains high concentrations of As, Cr, and Cu. For this reason, 

poor management of the material results in high contamination levels that may pose a risk to human 

health (Townsend et al., 2003).  

The CCA treatment process includes a fixation reaction where the metal compounds bind with the 

wood. This reaction is dictated by the reduction of hexavalent Cr to trivalent Cr (Cooper et al., 

1997; Townsend et al., 2003). However, the metals leach over time to the surroundings when in 

contact with water (Hingston et al., 2001). Since CCA treated wood is used mainly outdoors where 

the wood is in contact with the elements and when rainfall comes in contact with the treated wood 

structures, As, Cr and, Cu may dissolve into the water and travel through the soil (Townsend et al., 

2003). Arsenic represents a higher risk than Cr and Cu when found in soil at high concentrations 

because it is more toxic at lower concentrations than Cr and Cu (Townsend et al., 2003).  

CCA-treated wood has been banned or restricted in many countries. For instance, the European 

union regulates the product under the Biocidal Products Regulation (BPR) since 2013 and can only 

be placed on the market if it has been authorized by the European Chemicals Agency (ECHA, 

2021). In the United States, the use of CCA as a wood preservative has been regulated by the 

Environmental Protection Agency (EPA) since 1978. In 2003, the EPA revised the CCA 

registration to include restrictions on the use of CCA-treated wood in certain applications where 

there may be a risk of human exposure to the arsenic in the wood (USEPA, 2016). 

Specifically, the EPA prohibited the use of CCA-treated wood in residential and consumer 

applications such as playground equipment, decks, and picnic tables. The agency also required that 

CCA-treated wood used in other applications be labeled with a warning statement indicating that 
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the wood contains a chemical that can cause cancer and that precautions should be taken when 

handling and disposing of the wood. 

In 2007, the EPA further restricted the use of CCA-treated wood in non-residential applications, 

such as marine structures, to reduce the risk of environmental contamination. 

In addition to the EPA regulations, several U.S. states have enacted their own restrictions on the 

use of CCA-treated wood. For example, California and New York have banned the use of CCA-

treated wood in playground equipment, and other states have placed restrictions on the disposal of 

CCA-treated wood. 

In Canada, the use of CCA-treated wood is regulated by Health Canada under the Pest Control 

Products Act. The act requires that all pesticide products, including wood preservatives, be 

registered by Health Canada before they can be sold or used in Canada. The registration process 

includes a thorough review of the product's safety and efficacy (Health Canada, 2018). 

In 2018, Health Canada conducted a second evaluation of CCA-treated wood and concluded that 

it could be used safely, provided that appropriate precautions were taken. The agency 

recommended several changes to the conditions of use, including improved labeling and 

instructions for use, and the establishment of buffer zones around treated wood structures to 

minimize exposure to humans and wildlife (Health Canada, 2018). 

CCA is no longer approved for use in residential and consumer applications in Canada since 2004, 

due to concerns about the health and environmental risks associated with the use of arsenic. 

Nevertheless, many existing structures and former CCA treatment plants are already contaminated 

and leaching CCA into the soils (Usman et al., 2012). There are three main CCA formulations 

(Type A, Type B, and Type C). In North America, type C is almost exclusively the only one utilized 

for wood treatment (Balasoiu et al., 2001). The three formulations include CuO, CrO3, and As2O5 

in different proportions. Type A: 18.1%, 65.5%, and 16.4%, Type B: 19.6%, 35.4%, and 45.1%. 

and Type C: 18.5%, 47.5%, and 34.0% (Cooper et al., 1997). These three metals(loid)s were 

selected to produce CCA because of their properties. Cu is an excellent fungicide, As an insecticide, 

and Cr is an efficient binding agent to cellulose by complexation (Chirenje et al., 2003) 
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2.3 Bioavailability and bioaccessibility of contaminated soils 

In recent times, researchers and risk assessors identified the need to measure the bioavailability of 

contaminants present in the soil to determine with greater accuracy the potential risk associated 

with humans following exposure.  

Only a fraction of the bioaccessible contaminant present in the soil will reach the systemic 

circulation and be considered bioavailable (Guney et al., 2016; Ruby et al., 1996; Ruby et al., 

1999). For this reason, risk assessments that take into account the bioavailable concentrations 

would yield a more representative result of the exposure since overestimation would be prevented 

(Rodriguez et al., 1999). 

Bioavailability is defined as "The extent to which a chemical can be absorbed by a living organism" 

(Kelley et al., 2002). Oral bioaccessibility is defined as the fraction that is soluble in the 

gastrointestinal environment and is available for absorption (Ruby et al., 1999) and related to soil, 

as the fraction of a contaminant that is released from a soil matrix in the human gastrointestinal 

system and is available for absorption (Nathanail & McCaffrey, 2003). This definition is analogous 

to the inhalation pathway. Regarding the dermal pathway, bioaccessibility can be defined as the 

fraction of a contaminant dissolved in SSFL and is available for penetration through the stratum 

corneum to the underlying active epidermis (Hillwalker & Anderson, 2014; Marin Villegas et al., 

2019; Stefaniak et al., 2014). 

Usually, in vivo bioavailability of a contaminant present in the soil is difficult to measure in the 

laboratory. For this reason, in vitro bioaccessibility of the contaminant in the soil is used as a 

surrogate. Although bioavailability can be determined by in vivo testing using animals, this practice 

is time-consuming, expensive and raises ethical considerations inherent in animal testing. 

However, in vitro bioaccessibility tests can be produced at a shorter time, lower cost and without 

raising ethical considerations inherent to working with animals (Guney & Zagury, 2014; Marin 

Villegas et al., 2019).   

2.3.1 Contaminants in soils  

Because of its uses, soils may contain potentially toxic contaminants originated from anthropogenic 

activities. Some common metal(loid) contaminants, their most usual sources and exposure hazards 

are summarized in Table 2.1. 
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Table 2.1. Common inorganic contaminants in soils, their sources and major health hazards.  

(ATSDR, 1994; ATSDR, 1995; ATSDR 2007a; ATSDR 2007b; USEPA 2005; USEPA 2011; 

USEPA, 2014; WHO, 2010) 

Contaminant Source/ activity Major health hazards 

Arsenic (As) Pesticides, lumber treatment 

facilities, CCA-treated wood 

Cancer in the liver, bladder, 

skin, and lungs. Decreased 

production of white and red 

cells, neurotoxicity, 

cardiovascular disease. 

Chromium (Cr) Lumber treatment facilities, CCA-

treated wood, cement producing 

plants, leather tanneries 

Cancer in liver and kidney, 

immune and neurological 

effects. 

Copper (Cu) Lumber treatment facilities, CCA-

treated wood, contaminated manure 

Liver and kidney damage, 

gastrointestinal distress. 

Nickel (Ni) electroplating, electroforming, 

Nickel-cadmium batteries, electronic 

equipment, cast coins, and Ni alloys r 

recycling and Ni waste disposal. 

teratogenic effects and has 

carcinogenic potential, 

decrease Mg, Mn, and Zn 

levels in different tissues 

Lead (Pb) Leaded paint, leaded gasoline, 

mining, waste, leather tanning, 

landfill activities, pesticides, coal-

burning 

Damage to the nervous 

system, liver, and kidneys 

increases blood pressure, 

anemia, and the risk of 

miscarriage. In children, 

behavioural problems, 

hearing loss, brain damage. 

Zinc (Zn) Mining, use of zing in brass, and 

bronze, casting metal, rubbers, and 

paints 

Hematology, kidney, 

pancreas, and 

gastrointestinal tract 

damage. 
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2.3.1.1 Properties of soil influencing metal bioaccessibility 

The soil's physical and chemical interactions can dictate metal solubility, migration, and 

transportation to different environmental components. These interactions depend on the speciation 

of the metal and the soil characteristics such as organic matter content, pH, particle size and clay 

content, and cation exchange capacity. Therefore, the bioaccessibility of metals in soils has a high 

dependency on soil characteristics (Dube et al., 2001; Thornton et al., 1998) 

2.3.1.2 Cation exchange capacity (CEC) 

Cation Exchange Capacity (CEC) is a helpful technique to evaluate the propensity of soil to capture 

cations by ion exchange. Conversely, anion exchange capacity (AEC) is used to evaluate the 

tendency of soil to capture anions. Since the current project deals with the release of metal(loid)s 

from the soil, it is important to understand the CEC from the soils subject to analysis. 

Soil CEC depends on its soil composition, the content of clay minerals and organic matter (Kaiser 

et al., 2008). Exchangeable cations in the soil can be found on the surface of minerals within their 

crystalline lattice or bound to organic matter (Chapman, 1965). Minerals in soil capture the ions 

with their surfaces, and for this reason, clays that have a large specific surface retain the cations 

well. On the other hand, organic matter has many functional groups on its surface and a complex 

molecular structure that allows it to retain cations. Solids are created on their surface because of 

imperfections on the surface of their crystalline lattice or isomorphic substitutions inside it and by 

the ionization of surface functional groups as a function of pH (Stumm et al., 2012). 

2.3.1.3 pH 

Soil pH in soils is influenced by land use and ecosystem practices and is one of the main factors of 

the availability, solubility and bioaccessibility of metal(loid)s (Alloway, 2013; Fomunyam, 2018; 

Blake et al., 2002; Dube et al., 2001). Variation of pH in soils has significant consequences on the 

composition of metals. In general terms, an increase of pH may lead to a more negative surface 

charge and electrical potential on the adsorption sites of Fe and Mn oxides, silicate clays and 

humus, which may increase the adsorption strength of soil solids for metals. Therefore, a decrease 

in solubility (Alloway, 2013; Fomunyam, 2018; Blake et al., 2002; Dube et al., 2001). When pH is 

on the neutral or basic side, complexation is common, and mobilization will be reduced. 

Alternatively, at low acidic soils conditions, metal partitioning, dissolution, mobility, and 
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bioavailability will have different values (Alloway, 2013; Fomunyam, 2018; Blake et al., 2002; 

Dube et al., 2001). 

2.3.1.4 Organic matter 

Organic matter in soils can be found in the top layer as decomposing vegetal material decays 

(Fomunyam, 2018). Although organic matter in soils is a relatively small fraction compared to 

other materials such as clay, the organic fraction has an important role in metal binding (Zimdahl 

et al., 1977). Soil organic matter in soils is composed of humic and non-humic substances. Humic 

substances are humic and fulvic acids and humins. It corresponds to the organic matter fraction 

that has been extensively discomposed and resistant to further alteration (Foth, 1978; Thornton et 

al., 1998). Most of the organic matter in soils can be associated with inorganic colloids by 

adsorption of clays (Zimdahl et al., 1977). Therefore, the metals can be retained by organic matter 

by complexation and adsorption (Thornton et al., 1998).  

Organic matter has negatively charged groups responsible for metal binding, and these groups 

increase during the humification of organic matter (Eriksson, 1989). 

Some authors suggested that there is a strong link between soil organic matter content and fixation 

of metals in the soil in the solid phase (Zimdahl et al., 1977), whereas some other authors found no 

association (Arienzo et al., 1994; Harter, 1979).  This contradiction may be because of the 

propensity of metals to bind with organic compounds in both solid and solution phases of soil 

(Thornton et al., 1998). The effect of organic matter on metal mobility has also been studied. The 

residence time of Pb in soils with a high organic matter content has been calculated as thousands 

of years (Manceau et al., 1996). This high residence time could be produced by the slow 

decomposition rates of organic matter (Dörr et al., 1991). A study by Miller et al. (1994) reported 

an association between the movement of Pb in the soil profile and organic matter of soils. A fraction 

of the solid phase of organic matter in soils is mobile, and some Pb could have been transported 

through soils bonded to the organic matter (Thornton et al., 1998). 

2.3.1.5 Particle size 

Rather than particle size, the effect of soil particle size is best stated in terms of clay, silt and sand 

fractions (Thornton et al., 1998). The adsorption order for Pb and other metals is clay > silt > sand 

(Andersson, 1979). Eriksson (1989) reported that Cd was more soluble and bioavailable in soils 
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with a higher content of sand rather than clay. In another research, extractability of Pb, Zn Cd and 

Cu by ammonium acetate was higher in soils with a high content of sand and lower loam content 

(Scokart et al., 1983). In conclusion, there is no general rule regarding how particle size affects 

interactions with metals, as metals from different groups have different properties and will interact 

in different ways with the soil fractions.  

2.3.2 Speciation of metal(loid)s in soils 

Speciation is a term used to specify the physical form of an element, oxidation state, stoichiometry, 

coordination, and physical state. These properties directly influence an element's behaviour and 

dictate its toxicity (Reeder et al., 2006). Some metals are essential for life, like Zn or Fe, but can 

lead to toxicity in excess. Metals like Cd or Pb have no proven beneficial function and could 

generate health problems even in low levels of exposure (Reed, 1969). Metal speciation is an 

important factor when assessing toxicity for an array of metals. Inorganic dissolved mercury and 

methyl mercury are both toxic. However, the properties of methyl mercury make it much more 

relevant in toxicology since it can pose a higher health risk (Reeder et al., 2006). Another relevant 

case of speciation in toxicology is Cr. Its hexavalent form is water-soluble, therefore mobile and 

available for organisms. Hexavalent Cr (Cr VI) is also a known carcinogen (Leal et al., 2018; 

Reeder et al., 2006). On the other hand, trivalent Cr (Cr III) is insoluble and tends to form hydroxide 

solids and is considered an essential metal in low concentrations (Langard, 1982; Reeder et al., 

2006; Van Lierde et al., 2005).  

In real environmental scenarios, it is common to find multiple species of metal coexisting because 

the different species share some properties, such as the oxidation state. Furthermore, sometimes it 

can be challenging to determine the species among these (Reeder et al., 2006).  

Reactivity and solubility are the main aspects that define speciation control of metals because 

toxicity is closely related to these two parameters. During an exposure event, the speciation of the 

metal influences the absorption across the body membrane, and the biological fluids can affect 

speciation (Reeder et al., 2006). Another point worth considering regarding speciation is that each 

species might exhibit a different behavior which makes generalizations about mobilization, 

stability or reactivity of the metal difficult (Reeder et al., 2006). 
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2.4 Health risk assessment 

2.4.1 Exposure assessment 

USEPA (2004) defines exposure assessment evaluates the type and magnitude of exposure to a 

potentially toxic chemical. It considers the source of the chemical released to the environment, how 

the chemical is transported, and the routes by which humans are exposed. Exposure assessments 

require using quantitative parameters such as permeability coefficients, soil absorption factors, 

body surface area exposed, and soil adherence factors. Regarding the dermal pathway, USEPA 

provides methodologies to perform exposure assessment for two media, water, and soil. 

According to the Guidance on Risk Characterization for Risk Managers and Risk Assessors 

(USEPA, 1992), the most sensitive parameters should be very well-identified. The sensitivity of a 

parameter refers to its impact on the exposure estimate, and it correlates with the degree of 

variability of the parameter value (USEPA, 2004). When a parameter has a high degree of 

variability, values are more likely to significantly impact the range of risk estimates than values 

with lower variability. Generally, exposure duration, exposure frequency, contact rate, and soil 

adherence factor are the parameters likely to be more sensitive in dermal exposure assessments.  

2.4.2 Estimation of dermal exposure to chemicals in water 

USEPA (2004) assumed that skin comprises two layers: the stratum corneum and the viable 

epidermis. The absorption of substances from water through the skin is described as a function of 

the thickness of the stratum corneum (lsc) and the duration of the event (tevent) (USEPA, 2004). The 

mass balance equation follows Fick’s second law and has concentration as a function of time and 

distance. The solution of the partial differential equation from Fick’s law is approximated by 

Equation 2.7, which describes the absorption process when a chemical is in the stratum corneum 

and Equation 2.8, which describes the absorption as a function of tevent (USEPA, 2004). An essential 

assumption by the model is that absorption continues after the exposure ended so that the final 

absorbed dose DAevent can be estimated as a total dose dissolved in the skin at the end of the 

exposure.  

DAevent (mg/cm2-event) can be calculated with Equation 2.1 for inorganic compounds. 

                                           𝐷𝐴𝑒𝑣𝑒𝑛𝑡 = 𝐾𝑝 ∗ 𝐶𝑤 ∗ 𝑡𝑒𝑣𝑒𝑛𝑡           (2.1) 
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Where, 

DAevent (mg/cm2-event) is the absorbed dose per event, Kp is the dermal permeability coefficient of 

a compound in water (cm/hr), Cw is the chemical concentration in water (mg/cm3) and tevent the 

event duration (hr/event) (USEPA, 2004). 

Using the DAevent is possible to calculate the Dermal Absorbed Dose (DAD). In the case of the 

methodology of water (water approach) , DAD can be calculated with Equation 2.2. 

                                                            𝐷𝐴𝐷 =
𝐷𝐴𝑒𝑣𝑒𝑛𝑡∗𝐸𝑉∗𝐸𝐷∗𝐸𝐹∗𝑆𝐴

𝐵𝑊∗𝐴𝑇
              (2.2) 

Where, 

DAD is the dermally absorbed dose (mg/kg-day), DAevent (mg/cm2-event) is the absorbed dose per 

event, SA (cm2) the skin surface area available for contact, EV (events/day) is the event frequency, 

EF is the exposure frequency (days/year), ED (years) exposure duration, BW (kg) body weight 

and, AT (days) the averaging time. 

Permeability coefficients (Kp) also contribute to uncertainty in assessing dermal exposure by the 

water approach. This uncertainty was identified to be associated with two major factors; the Flynn 

database, upon which the predictive of the permeability coefficients are derived and includes in 

vitro data from over 90 compounds, and the use of obtained permeability coefficient from in vitro 

studies to estimate in vivo dermal exposure at Superfund sites (USEPA, 2004). 

2.4.3 Estimation of dermal exposures to chemicals in soil 

To calculate the DAD, the standard equation for dermal contact with chemicals in soil is the same 

equation utilized to calculate DAD in the case of water (Equation 2.1). To calculate DAevent, in 

soils, Equation 2.3 is recommended by USEPA (2004). 

                                               𝐷𝐴𝑒𝑣𝑒𝑛𝑡 = 𝐶𝑠𝑜𝑖𝑙 ∗ 𝐶𝐹 ∗ 𝐴𝐹 ∗ 𝐴𝐵𝑆𝑑      (2.3) 

Where, 

DAevent (mg/cm2-event) is the absorbed dose per event, Csoil (mg/kg) the concentration of the 

chemical in soil, CF (10-6 kg/mg) is a conversion factor, AF (mg/cm2-event) the adherence factor, 

and ABSd dermal absorption fraction. 
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The skin surface area (SA) utilized to calculate the DAD refers to the amount of skin exposed to 

the soil. This amount of skin depends on the exposure scenario. SA estimates used the 50th 

percentile to correlate with average body weights for different scenarios and pathways (USEPA, 

2004). USEPA provides values for SA for different scenarios. The adult resident is assumed to be 

wearing a short sleeves shirt, shorts, pants and shoes. Skin exposed comes from the head, hands, 

forearms and lower legs. USEPA (2004) recommends a SA for adult residents of 5700 cm2. For 

the adult in a commercial or industrial environment, the assumptions consider a person wearing 

long pants instead, so the SA recommended by USEPA is 3300cm2. In the case of a child from 1 

to 6 years old, they are considered to wear a short-sleeved shirt, short pants, and no shoes. Skin 

exposure is limited to the head, hands, forearms, lower legs and feet. The recommended SA for 

child residents is 2800cm2. When SA has been selected, site-specific conditions must be properly 

evaluated. In the case of colder climates, SA can be weighted for different seasons.  

The adherence factor (AF) describes the amount of soil that adheres to the skin per unit of surface 

area (Leal et al., 2018). However, soil properties influence adherence, soil adherence varies across 

different parts of the body, and soil adherence varies with activity (Holmes et al., 1996). USEPA 

recommends considering the activity and uses the body part weighted equations (Equation 2.4) to 

calculate AF. Considering that soil adherence depends on the body part, an overall body part 

weighted AF must be calculated. The clothing scenario will determine which part of the body AF 

is used for the calculations. The weighted AF are used with the relative absorption, exposure 

frequency and duration, exposed surface area, body weight, and averaging time to estimate the 

DAD (USEPA, 2004) 

                                         𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐴𝐹 =
𝐴𝐹1𝑆𝐴1+𝐴𝐹2𝑆𝐴2+⋯+𝐴𝐹𝑖𝑆𝐴𝑖

𝑆𝐴1+𝑆𝐴2+⋯+𝑆𝐴𝑖
             (2.4) 

Where, 

 AF (mg/cm2-event) is the adherence factor of soil to skin, AFi (mg/cm2-event) the overall 

adherence factor of soil to skin, and SAi the skin surface area available for contact for body part 

‘i.’ Values of SA and AF can be found in the “Risk Assessment for Superfund part E, appendix 

C.”  
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ABSd is measured experimentally, and Risk Assessment for Superfund part E provides values for 

some organic compounds and some metals. It is recommended to use an ABSd of 0.001 when the 

exact value is unknown (Leal et al., 2018; USEPA, 2004).  

Spalt et al. (2009) reviewed the dermal absorption of environmental contaminants from soil. This 

study highlighted that the protocol for soil presented in the guidance described by USEPA (2004) 

depends on results from the few empirical investigations of dermal absorption of soil that has been 

published and does not provide recommendations for all types of contaminants. Spalt et al. (2009) 

also mentioned in their review that the protocol for water utilizes a more robust model based on 

regressions derived from in vitro experiments with 90 different compounds and a standard 

methodology.  

For the soil, fewer investigations of dermal absorption have been conducted for chemicals than 

those from the water. In addition to this, some of the methodologies used in these studies have 

flaws (Spalt et al., 2009). Because of these issues, comparison across soil studies has been difficult.  

Leal et al. (2018) modified the water approach proposed in USEPA (2004) to calculate the DAD. 

In this study, the chemical concentration in water, was replaced by concentration of metals in sweat. 

However, the generic values of Kp, pertinent for water were used instead of Kp specific for the 

synthetic sweat used. This study concluded that the water approach might be useful to calculate 

DAevent since it provides a more realistic result than the soil approach, since the interaction of soil 

and sweat is simulated. 

2.4.4 Toxicity assessment 

Direct contact with contaminants can result in direct toxicity at the contact site or systemic toxicity 

by percutaneous absorption. Toxicity factors ideally should consider the pathway effects and 

provide dosimetry information and dose-response relationships for systemic effects (USEPA, 

2004). 

USEPA methodologies lack dermal toxicity factors, but there is an oral to dermal extrapolation for 

systemic effects. This methodology considers that oral reference doses (RfDs) are expressed as 

mass of substance administered per unit of time and body weight. In contrast, exposure estimates 

for the dermal pathway are expressed in absorbed dose (USEPA, 2004). The extrapolation 
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methodology uses dose-response relationships from oral administration studies and adjusts for 

absorption effects to represent toxicity factors in terms of dose absorbed (USEPA, 2004) 

USEPA provides recommended values for gastrointestinal absorption values (ABSGI). When 

compounds have no gastrointestinal absorption values, assuming 100% (worst case scenario) is 

recommended. This assumption contributes to an overestimation of the risk for compounds that are 

poorly absorbed. The overestimation is inversely proportional to gastrointestinal absorption. This 

methodology for the adjustment can be used for the assessment using both the soil and water 

approach.  

The reference dose based on absorbed dose is expressed by Equation 2.5, where RfDABS (mg/kg-

day) is the chemical-specific absorbed reference dose, RfDo (mg/kg-day) the chemical-specific 

oral reference dose, and ABSGI the compound-specific fraction of contaminant absorbed in the 

gastrointestinal tract from toxicity studies (USEPA, 2004). 

                                                    𝑅𝑓𝐷𝐴𝐵𝑆 = 𝑅𝑓𝐷𝑂 ∗ 𝐴𝐵𝑆𝐺𝐼                   (2.5) 

2.4.5 Risk characterization 

Once the dermal absorbed dose (DAD) and the absorbed reference dose (RfDABS) are calculated 

using the methodology suggested by USEPA, the hazard index can be calculated using Equation 

2.6 (USEPA, 2004).  

                                          𝐷𝑒𝑟𝑚𝑎𝑙 ℎ𝑎𝑧𝑎𝑟𝑑 𝑞𝑢𝑜𝑡𝑖𝑒𝑛𝑡 =
𝐷𝐴𝐷

𝑅𝑓𝐷𝐴𝐵𝑆
                       (2.6) 

The methodology to estimate exposure and risks from dermal contact is not exempted from 

uncertainty from various sources. Exposure parameters with a variable distribution are likely to 

have a higher impact on risk assessment outcomes than those with lower variability. This depends 

on the receptor scenario and contaminant evaluated (USEPA, 2004). For the soil approach case, 

the adherence factor and the concentration of a contaminant in the soil are sensitive variables 

regardless of the receptor. For the water approach, Kp and the concentration of the contaminant in 

water are sensitive variables. 

The bioavailability of chemicals in water depends on the chemical's ionization state (USEPA, 

2004); when a chemical is in a non-ionized state, it is more bioavailable than in an ionized form.  

This affects the accuracy of the estimation of the DAevent since the calculation of it is not the sum 
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of the DAevent for the different species of the chemical but instead is based on the Cw derived directly 

from laboratory analysis and represented the total concentration of ionized and not ionized species 

and does not provide necessary information to calculate DAevent separately for different species 

(USEPA, 2004). 

2.4.6 Bioavailability in health risk assessment 

Health risk assessment consists in mainly four steps: (1) hazard identification, (2) dose-response 

assessment, (3) exposure assessment, and (4) risk characterization and is related to the evaluation 

of the likelihood of adverse human health effects caused by contaminants present in the 

environment (Chen, 1994).  

Exposure assessment includes the characterization of the exposure settings, identification of 

exposure pathways and quantification of the exposure (USEPA, 1992). Exposure and dose are the 

main parameters to consider for toxic responses. Dose-response relationships are the core of health 

risk assessment, and it mainly relies on the accurate estimation of the exposure and effective dose 

(Chen, 1994). Exposure is the total concentration of a contaminant at the exposure point over time 

(Lioy et al., 1990). Dose refers to the total mass that crosses the skin layer and is absorbed or 

deposited into the body. It will eventually reach the target sites over a certain period (Lioy et al., 

1990). Another essential term that must be well defined is the biologically effective dose, which is 

defined as the delivered mass of an active toxic species at the site of action and includes the 

pharmacokinetic fraction, bioavailability factor and contact rate (Lioy et al., 1990).  

The biologically effective dose is an important parameter when the dose-response relationship is 

being evaluated. It can be estimated by biological monitoring (in vivo) or mathematical modelling 

based on physicochemical properties of contaminants and physiological parameters (Chen, 1994). 

However, the biologically effective dose is not commonly used for quantitative risk assessment 

because of its practicality since it is difficult to measure in the human body and animals, and 

databases for this dose to be used in mathematical modelling are not always available for most of 

the environmental contaminants. In addition to that, it cannot be traced directly to determine the 

source of environmental contaminants or to identify the exposure pathways (Chen, 1994).  

Alternatively, the internal dose has been used to determine the dose-response relationship since the 

internal dose is related to the occurrence of toxic effects for many contaminants (Chen, 1994). 
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Quantification of internal dose involves calculating the average daily internal dose, which is the 

internal dose per unit body weight over an average time. The bioavailability factor has been used 

to evaluate the internal dose and the average daily internal dose in risk assessment. The internal 

dose can be defined using the average concentration of an environmental contaminant, the contact 

rate and exposure duration.  

For the dermal pathway, contaminants soluble in water in contact with the skin can potentially 

penetrate the skin barrier and reach the systemic circulation. In this case, the internal dose is 

dependent on the concentration of contaminants in water or SSFL.  

2.5  Skin surface film liquids (SSFL)  

Chemicals in contact with human skin surface liquids (sweat and sebum) could cause adverse 

health effects such as irritation, dermatitis or find their way to the bloodstream and contribute to 

systemic intake (Stefaniak et al., 2006). Dissolution of metal(loid)s in direct contact with human 

skin can be estimated using artificial SSFL, and in vitro methods can be used to estimate in vivo 

measurements. Researchers used many different artificial SSFL formulations for different 

applications. From these formulations, only a few included sebum constituents. To reproduce 

dissolution of metals correctly using in vitro modelling, the appropriate surrogate for SSFL is 

required (Wertz, 2008).  

Constituents of artificial SSFL play an essential role in the dissolution of metal(loid)s, highlighting 

the importance of a proper characterization of the in vitro test system. The SSFL should accurately 

match the properties of SSFL in vivo (Flint, 1998). A better understanding of metal(loid) 

bioaccessibility would improve the data to perform a risk assessment and the decision-making 

process from adverse health effects caused by dermal contact of metal(loid)s (Stefaniak et al., 

2006).  

Human skin surface film liquids are a mix of 50% sweat and 50% sebum. Sweat is secreted by 

glands consisting of two parts: duct and coil. Sweat secreted is the product of the active secretory 

function of epithelial cells that line the coiled portion of the gland (Agache et al., 2004).  

Sebum is secreted by pilosebaceous units, consisting of a sebaceous gland connected to a hair 

follicle by a sebaceous duct (Agache et al., 2004). Sebaceous glands are present in all the skin in 

different concentrations except in the palms of hands and soles of feet (Zouboulis, 2004). The hair 
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follicles secrete sebum produced by the sebaceous glands onto the surface of the skin and then is 

mixed in the skin with epidermally derived lipids forming the sebum film (Agache et al., 2004; 

Stefaniak et al., 2006) 

2.5.1 Sweat 

The composition of sweat is highly variable depending upon body weight, age, diet, season, 

acclimation degree, activity level, gender, race and sampling technique (Stefaniak et al., 2006). 

Sweat is constituted by a variable number of electrolytes, ions, organic acids, carbohydrates, amino 

acids, nitrogenous substances, and vitamins. Sweat is > 99.0% water and 1% solids and has a 

specific gravity of 1.001 (Agache et al., 2004).  

Stefaniak et al. (2006) studied the reported compositions of human sweat and compared them with 

the different formulations of synthetic sweat used in different fields such as pharmaceutical and 

risk assessment. Stefaniak et al. (2006) concluded that many of the formulations utilized to mimic 

human sweat lack many of the main constituents commonly found in human sweat or have the 

constituents in a different proportion to what can be found in reality.  

The primary concentrations of electrolytes in human sweat are sodium, chloride, and in lower 

concentrations, calcium, potassium, magnesium, phosphate, and hydrogen carbonate (Chopra et 

al., 1940). However, the concentration of electrolytes has a high variability of several orders of 

magnitude (Robinson et al., 1954). Human sweat contains a highly variable of ions which includes 

sulphate, sulphur in a higher concentration and fluoride (F), phosphorus (P), bromide (Br), 

cadmium (Cd), cupper (Cu), iodine (I), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), and zinc 

(Zn) in lower but quantifiable concentrations (Chopra et al., 1940; Robinson et al., 1954; Stefaniak 

et al., 2006).  

Regarding organic acids and carbohydrates, lactic acid and pyruvic are the most common in sweat 

in concentrations averaging 0.28% (Robinson et al., 1954). There are 16 reported amino acids in 

human sweat: alanine, arginine, aspartic acid, citrulline, glutamic acid, glycine, histidine, 

isoleucine, leucine, lysine, ornithine, phenylalanine, threonine, tryptophan, tyrosine and valine 

(Stefaniak et al., 2006). Ammonia, uric acid, creatinine, and creatine are the nitrogenous substances 

that can be found in human sweat (Chopra et al., 1940; Stefaniak et al., 2006).  
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Measured values of pH from sweat have a median of 5.3 (Stefaniak et al., 2006). However, different 

studies reported dramatic differences, from a very acidic pH of 2.1 (Haudrechy et al., 1993) to an 

alkaline of 8.2 (Altman et al., 1974). It has been demonstrated that sweat pH can vary during a 

sweating period and change by body region (Robinson et al., 1954). 

2.5.2 Sebum 

Human sebum is a non-polar lipid substance composed of squalene, wax esters, triglycerides, free 

fatty acids, and cholesterol esters (Abrams et al., 1993). At human skin temperature, sebum has a 

specific gravity of 0.92 and behaves both as a solid and a liquid (Abrams et al., 1993; Rothman, 

1954). Sebum forms a thin film of a thickness of <0.05 μm in poor sebum areas and >4 μm in rich 

sebum areas such as in the face (Sheu et al., 1999). Sebum secretion varies among the body parts 

and climatic season and age (Agache et al., 2004; Youn et al., 2005). The composition of sebum 

may vary between people but is constant among each person (Agache et al., 2004; Rothman, 1954).  

Stefaniak et al. (2006) reviewed the reported constituents of human sebum and the formulations of 

synthetic sebum used in research until 2006. There is high variability in the proportions of the 

sebum constituents between studies. Stefaniak et al. (2006) concluded that a comprehensive 

synthetic sebum model needs to represent the human sebum adequately and include all main 

constituents at the proper proportions.  

Squalene is one of the principal components of sebum, with a median of 10.6 % (Abrams et al., 

1993; Agache et al., 2004; Stefaniak et al., 2006). Wax esters constitute around 25% of human 

sebum and are long-chain fatty alcohols of sebaceous wax-like carbons from the carboxyl group 

(Spector, 1956; Stefaniak et al., 2006). Triglycerides are neutral fats secreted by hair follicles to 

the skin's surface (Rothman, 1954). In sebum, both saturated and unsaturated triglycerides in a ratio 

of 1:2. Lipases can hydrolyze triglycerides to form diglycerides and free fatty acids (Motwani et 

al., 2001). Reports of Triglycerides found in sebum showed a median of 32.5%, ranging from 

14.8% to 44% of total sebum content (Stefaniak et al., 2006). Free fatty acids are formed on the 

skin surface by bacterial enzymatic hydrolysis of triglycerides (Agache et al., 2004; Rothman, 

1954; Stefaniak et al., 2006). It is believed that these acids are responsible for the low natural pH 

of the skin (Stefaniak et al., 2006). The free fatty acids in sebum are typically formed by 16 carbon 

chains and can either be saturated or unsaturated. Around 21 different lipids form 87.55% of fatty acids 

in the skin; the other 12.45% is composed of around 200 different fatty acids. The more common are 
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palmitic acid, stearic, oleic, and linoleic (Stefaniak et al., 2006). The mean reported percentage of free 

fatty acids in human sebum is 28.3% ranging from 2.3% to 38.3% (Reed, 1969). In a lower proportion, 

cholesterol esters are found in human sebum. They are produced by skin cell degeneration, sebaceous 

gland production and esterification of cholesterol to cholesterol-esters by skin bacteria (Downing et al., 

1987). The median reported value for cholesterol esters is 2% (Agache et al., 2004). 

2.5.3 Synthetic sweat formulations 

Due to the complexity of human SSFL, artificial compositions often lack many of their 

constituents. However, Harvey et al. (2010) developed a comprehensive model of synthetic sweat 

that matches human composition as it includes a complex formulation. However, preparing this 

artificial sweat requires time and costs not associated with simpler formulations containing only 

the main constituents of sweat. Numerous studies used different formulations of artificial sweat 

and sebum. The most commonly used is the formulation specified in the European Standard EN 

1811. This formulation is inexpensive and relatively easy to prepare. However, it has its limitations 

as it lacks amino acids, which could be essential in the dissolution of some metals (Brown et al., 

1982) and other constituents.  

Midander et al. (2016) compared metal release in two different sweat compositions; the EN1811 

and the comprehensive formulation described by Harvey et al. (2010). This study concluded that 

the metal release from a white gold alloy and some hard metal materials were within the same 

range after immersion in the two different artificial sweat solutions. So, in this particular case, the 

simpler and more cost-effective test using EN 1811 synthetic sweat provides results that 

satisfactorily indicate the metal release in sweat (Midander et al., 2016). However, this study was 

limited to specific metals and materials. There is still a need to understand how the differences in 

SSFL composition can influence the behaviour of soil-bound metal(loid)s.  

2.6 Dermal permeation 

2.6.1 The skin as a permeate layer 

The skin is the largest organ in the human body and functions as a protective barrier from the 

external environment. It is also crucial for physiologic processes like allergic immune responses, 

vitamin D production and regulation of temperature (Beriro et al., 2016; Jung, 2000). The skin is 
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composed of two main layers, (1) dermis, which acts as the inner layer, and (2) epidermis, the 

external layer (Jung, 2000; Tortora et al., 1988). Because the skin is composed of proteins and 

lipids, it has both hydrophilic and lipophilic properties. Due to this particularity, the skin functions 

as a selective barrier to exogenous to protect the body or act as a media to absorb substances to the 

metabolism (Jung, 2000).  

The dermis is constituted by fibroblasts which produce structural proteins, collagen, and elastin. 

Collagen provides support, and elastin is responsible for the skin's resilient and flexible properties 

(Jung, 2000). There is also a network of blood vessels in the dermis, which can mobilize 

compounds from the dermis other organs inside the body. The blood circulation in the dermis also 

has a thermal regulatory function for the entire body (Jung, 2000). Other cells found in the dermis 

are the Mast cells, responsible for histamine release as an allergic response (Jung, 2000).  

The epidermis is a stratified layer constituted by skin cells and keratinocytes. The principal layers 

of the epidermis are the stratum basale, stratum spinosum, stratum granulosum, stratum lucidum 

and stratum corneum (Jung, 2000). The outer layer, the stratum corneum (SC), is often studied as 

a separate layer from the epidermis due to its importance and unique properties. Other cells in the 

epidermis include Langerhans cells which are essential for immune response, and Merkel cells, 

involved in sensory perception (Jung, 2000).  

The SC typically is 10-20 μm thick and is formed by 15 to 25 layers of keratinocytes. The 

keratinocytes are often replaced with new cells through continuous regeneration coming from the 

basal layer (Jung, 2000). Cells in the SC are typically composed of 70% keratin and 20% lipids.  

There is a wide array of compounds in contact with the skin for various reasons. Some of this may 

be benign, or others could cause skin irritation, allergies or contribute to the body burden of the 

compound. It is critical to perform studies to help understand the fate of different compounds and 

chemicals in contact with skin. Absorption studies can help understand the potential changes in 

distribution and localization and the modification of molecules leading to toxicity (Jung, 2000). 

The skin performs a biotransformation role of endogenous and exogenous compounds (Jung, 2000; 

Krishna et al., 1994). It has been demonstrated that the skin performs metabolic functions to toxic 

molecules (Merk et al., 1996).  
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2.6.2 Dermal absorption 

The absorption of substances through skin happens by dissolution and molecular diffusion through 

the skin in a protein-lipid interaction (Beriro et al., 2016; Michaels et al., 1975). There are three 

dermal absorption pathways: (1) intracellular bulk pathways, (2) Intercellular bulk pathways, and 

(3) Shunt pathways (Beriro et al., 2016; Price et al., 2008). The most important route among the 

three pathways of dermal absorption is the intercellular pathway. The lipids facilitate this pathway 

in the stratum corneum (Beriro et al., 2016; Michaels et al., 1975).  

Percutaneous absorption can be defined as the process where a chemical penetrates the skin to 

reach the systemic blood supply. This definition differs from dermal absorption, which includes 

the chemical remaining in the skin depot that is not considered bioavailable systematically for the 

duration of the exposure period. However, the depot may become bioavailable at extended 

exposure periods (Moody et al., 2007).  

Two factors determine the dermal bioavailability of a contaminant in soils: (1) transfer of the 

contaminant from the vehicle and (2) the capacity for penetration of the contaminant through the 

skin (Pugh et al., 2008). Both processes need to occur for contaminants to be absorbed into the skin 

and be available for systemic circulation. However, just the presence of the contaminant in the skin 

can create localized effects (Beriro et al., 2016). Because the sole presence of a contaminant can 

cause localized effects, bioavailability in dermal exposure should be defined as a substance 

“absorbed into any part of the epidermis” rather than only the fraction available to systemic 

absorption (Beriro et al., 2016).  

Depending on the dosage and the physio-chemical properties of the substance being absorbed by 

the skin, exposure may be under equilibrium or non-equilibrium conditions (Beriro et al., 2016). 

There is a maximum concentration of a substance that the skin can absorb. This is relative to time 

and is referred to as penetration rate or flux (J) (g/cm2h) (Beriro et al., 2016; Pugh et al., 2008). 

This flux happens in a theoretically unlimited supply of the substance, referred to as the infinite 

dose. If the amount of substance available limits the exposure scenario, the exposure is instead 

referred to as the finite dose (Beriro et al., 2016). In order to calculate kinetic parameters such as 

flux (J), the permeability coefficient (Kp) and diffusion coefficient (D), the infinite dose approach 

is preferred. For chronic exposure to soil, the finite dose should be used instead (Beriro et al., 2016; 
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Jeffries et al., 2009). After a lag phase (Tlag), steady-state flux is reached (Jss). The lag face is 

graphically measurable as the intercept in x. 

Furthermore, the infinite dose across the skin or a permeable membrane can be expressed 

mathematically by Fick’s First Law of diffusion (Equation 2.7 and Equation 2.8), where J is the 

flux, dc is the concentration gradient, and dx is the distance travelled and D the diffusion 

coefficient. Jss is the steady-state flux per unit area, Kp is the permeability coefficient in distance 

and time for a given compound in soil, and Co is the concentration of the compound in soil. Kp is 

also known as Ks/soils or skin/soil partition coefficient (Beriro et al., 2016).  

            𝐽 = −𝐷
𝑑𝑐

𝑑𝑥
                                  (2.7) 

                   𝐽𝑠𝑠=𝐾𝑝∗𝐶𝑜                                                            (2.8) 

The finite dose can be expressed mathematically by Fick’s Second law of diffusion (Equation 2.9), 

where Q is the amount of compound absorbed, Js the flux through the epidermis, A the area of 

application, lag is the time between application and absorption, and T is the exposure time. (Beriro 

et al., 2016; Crank, 1975). 

    𝑄=𝐽𝑠 𝐴(𝑇−𝑙𝑎𝑔)                                                   (2.9) 

Properties such as molecular weight, solubility, charge, and hydrogen bonding affect the dermal 

bioavailability of contaminants (Brain et al., 2008). The solubility of a chemical is determined by 

its partition coefficient. This is the proportion of the substance dissolved in an immiscible liquid 

mixture, usually octanol and water. The log of the concentration ratio in the two liquids can be used 

to calculate the partition coefficient Log Kow. Chemicals with this coefficient between 1 and 3 are 

considered to penetrate skin and entry system circulation. Higher values will remain in the lipids 

of the SC, and lower values will fail to penetrate the SC (Beriro et al., 2016; Brain et al., 2008). 

2.6.3 Franz diffusion cell system 

The Franz diffusion cell method (Franz, 1975) has been used since 1975 to assess skin permeation. 

This method was initially developed to be used by the pharmaceutical and cosmetics industry to 

determine penetration rates and absorbed fractions of transdermal medications (Franken et al., 

2015). However, the Franz cell has been adapted to be used in other fields such as occupational 

toxicology. It helped quantify the absorption of metals and other toxins through the skin. Generally, 
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the apparatus consists of two compartments (donor and receptor) with a permeable membrane 

clamped in between. Areas exposed to the membrane in the Franz cell may vary from 0.55 to 10 

cm2
 (Franken et al., 2015). The receptor solution temperature typically ranged between 32 and 37 

°C, with 32 °C corresponding to the skin's surface and 37 °C to body temperature beneath the skin 

(Franz, 1975). During the experiment, the receptor solution can be tested at different times to 

measure the content of the studied substance. Once the assay reaches completion, the membrane 

can be digested to measure the content of the substance studied that was accumulated. Figure 2.1 

shows a typical experimental setup of a Franz diffusion cell. The receptor is recommended to be 

filled with a solution that contains salt concentrations similar to what is found in blood and a pH 

of 7.35 (Larese Filon et al., 2013). For studies related to toxicity and exposure, it is recommended 

to use synthetic sweat as the donor with pH ranging between 4.5 and 6.5 (Filon et al., 2009; Larese 

et al., 2007). The diffusion assay using a Franz cell can produce results that can be reported as flux 

or permeability coefficient; lag time; total cumulative diffused; or percentage diffused and the total 

mass retained in membranes or percentage retained (Franken et al., 2015) 

 

Figure 2.1 Schematic of Franz cell 
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2.6.3.1 Membrane properties for permeation in vitro studies  

Over the years, different membranes have been used for diffusion studies in pharmacology and 

toxicology. According to the OECD and USEPA guidelines, human skin is the “gold standard” 

(Beriro et al., 2016). However, human skin is not always available and could present a high 

variability (Haq et al., 2018). Many studies used animal skin such as pig, rat and guinea pig as a 

human skin surrogate (Moody et al., 1995). There is an increasing interest in skin substitutes instead 

of ex vivo animal skin. There is an emerging trend of synthetic skin products commercially 

available and evaluated by the scientific community (Netzlaff et al., 2005; Schäfer-Korting et al., 

2008). In recent years, due to ethical considerations, the in vitro approach is preferred by many 

scientists over in vivo, especially using synthetic membranes. Furthermore, animal and human skin 

have limitations such as its associated cost and availability in addition to the high variability 

inherent to biological membranes (CV=72%) that makes the design, statistical significance, and 

ability to compare results complicated (Barbero et al., 2009; A Haq et al., 2018). 

2.6.3.2 Synthetic membranes for permeation studies  

It has been demonstrated that in vitro experiments can closely predict in vivo absorption rates 

(Sartorelli et al., 2000). However, human skin is not always available and can have high variability 

due to skin thickness variations from donors, skin states, storage conditions, hair density, and donor 

age (Mathes et al., 2014). Animal skin shows a low correlation with human skin in permeation 

studies and could be considered ethically problematic. Synthetic membranes have been studied 

mainly in pharmacology to simulate penetration in vivo due to their advantages, like controlled 

thickness, preparation time, cost, and storage (Haq et al., 2018).  

 Haq et al. (2018) compared the permeability of two synthetic membranes (Cellulose Acetate and 

Start-M) and human skin. In this study, a static vertical Franz diffusion cell with a donor area of 

0.64 cm2
 and a receptor volume of 5 mL was used. Skin from the leg of three different donors was 

employed to compare permeation with the two synthetic membranes. The receptor fluid used was 

Phosphate-buffered-Saline (PBS) with a pH of 7.4 maintained at 37 oC. At the beginning of the 

experiment, 100 μL of saturated solutions of Diclofenac sodium, hydrocortisone and Caffeine were 

added to the donor. 500 μL were sampled from the receptor every hour for 8 hours for further 

analysis.  
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Cumulative permeation of caffeine from caffeine patch and solution are shown in Figure 2.2 and 

Figure 2.3. A significant variation was found between permeability from skin samples and CA 

membranes, while the variation from Strat-M was low. The permeation rate of caffeine for the 

membranes tested by Haq et al. (2018) was CA > Strat-M > Human skin. 

 

Figure 2.2 Comparison of 8-h permeation of saturated caffeine in PG through human cadaver skin 

samples and synthetic membranes. A) Strat-M and human skin; B) CA and human skin. (Haq et 

al., 2018) 

Artificial membranes used to model skin permeation should mimic the stratum corneum as close 

as possible (Haq et al., 2018). Even though CA membranes have been used to model skin diffusion 

properties for some time (Montenegro et al., 2006), the pore size of CA is larger than human skin 

pores causing a higher permeation. However, Strat-M comprises two layers impregnated with 

synthetic lipids producing results closer to natural human skin (Haq et al., 2018). Strat-M does not 

just correlate better with human skin than CA. However, it also has insignificant permeation 

variability between replicates, therefore suited to be used in early-stage diffusion studies for topical 

and transdermal modelling (Haq et al., 2018).  
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Figure 2.3 Comparison of 8-h permeation of caffeine patch through human cadaver skin samples 

and synthetic membranes. A) Strat-M and human skin; B) CA and human skin (Haq et al., 2018) 

In another study from the same group, the correlation between human skin and the synthetic 

membrane Strat-M was investigated. Haq et al. (2018) used the set-up previously described, and 

formulations containing 1% nicotine and different diffusion enhancers were prepared.  

Strat-M showed a high correlation flux to human skin for nicotine with an R2=0.99. Figure 2.4 

shows the correlation. 

 

Figure 2.4 Correlation of flux between Strat-M synthetic membrane and human (Haq et al., 2018) 

In another study, Joshi et al. (2012) compared the synthetic membrane Strat-M treated with a 

mixture of synthetic lipids to mimic the lipids in human skin for transdermal diffusion with human 

cadaver skin and animal and different drugs.  

Joshi et al. (2012) used a vertical Franz cell to conduct the study. A saturated solution with active 

pharmacological substances (Aspirin, nicotine, and hydrocortisone) was added in the donor 
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compartment. The receptor chamber was maintained at 37 oC and filled with PBS at a pH of 7.4. 

The permeation experiment lasted 24 hours. Five hundred microliters samples from the donor were 

collected at 0, 1, 2, 3, 4, 5, 6, 8, 10, 24 and 26 hours. Every time a sample was made. The volume 

was replaced in the receptor.  

It was reported by Joshi et al. (2012) that in the cases where the membrane Strat-M was treated 

with synthetic lipids. It showed a closer correlation to human skin than the untreated membrane. 

Figure 2.5 shows the diffusion of the drugs tested through Strat-M and various animal and human 

cadaver skin models. Results by Joshi et al. (2012) expose the difficulties of correlating animal 

studies with diffusion in human skin. In most cases, the correlation between the treated synthetic 

membrane Strat-M and human skin is better than the animal models. This study also reported the 

high lot-to-lot reproducibility of shelf life as opposed to human skin (Joshi et al., 2012). It was 

concluded that the synthetic membrane could be used instead of human or animal skin for in vitro 

percutaneous studies. It provides meaningful and reproducible data about permeation 

characteristics of a wide arrange of compounds.  

 

 

Figure 2.5 Diffusion of aspirin (A), nicotine (B), and hydrocortisone (C) through the synthetic 

membrane and comparison with various skin models used for in vitro diffusion studies (Joshi et 

al., 2012) 

To conclude, even though synthetic membranes have been successfully tested to model skin 

permeation, the studies are specific for certain substances. Further research regarding metal(loid)s 

from geological materials is missing.  
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2.6.3.3 Donor phase for permeation in vitro studies  

The exposure of contaminants in toxicology studies is usually performed using diffusion Franz 

vertical cells. The substances studied can be applied pure or using the same vehicle used in 

industrial exposure to reproduce a real-life scenario. In percutaneous tests, the surface of the skin 

or membrane is typically open to the environment, and thin layers of material can be applied alone 

or in vehicles relevant to in vivo exposure, like synthetic sweat. The Franz cell method permits 

liquid, solid or gel as donor phase (Sartorelli et al., 2000).  

It has become clear by pharmaceutical research that the flux of a given molecule across the skin 

barrier is a function of two effects: Thermodynamic activity of the molecule in the donor phase and 

alteration of the barrier properties of the skin by the vehicle (Kadir et al., 1988; Sartorelli et al., 

2000). For this reason, the donor phase design must consider the exposure scenario that the assay 

is representing.  

The parameters that must be controlled of the substance used in the donor phase include the 

concentration of chemical studied, vehicle composition and concentrations (synthetic sweat), time 

of exposure, the amount applied (finite dose or infinite dose), and diffusion area (Sartorelli et al., 

2000).  

For percutaneous metal(loid) absorption, synthetic sweat should be used as the vehicle in the donor 

phase since it has been proved that the properties of sweat can influence the bioaccessibility of 

metal(loid)s (Larese et al., 2007; Leal et al., 2018; Stefaniak et al., 2011). Previous studies also 

used water, emulsions, and ointments as vehicles in the donor compartment (Franken et al., 2015).  

2.6.3.4 Receptor fluids for permeation in vitro studies 

The receptor fluid represents one of the significant decisions in designing in vitro percutaneous 

penetration systems (Sartorelli et al., 2000). The fluid of choice will collect the material absorbed 

through the membrane, and it should represent the in vivo blood circulation and give an absorption 

profile (Sartorelli et al., 2000).  

The receptor fluid is under the membrane at a fixed volume. It must be replaced with time to define 

an absorption profile. It is critical to ensure that the receptor fluids do not get saturated because 

they have to act as a sink for the material absorbed (Sartorelli et al., 2000). The receptor fluid 

should be in constant stirring to ensure the mixing of the chemical. A principal requirement of the 
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receptor fluid is to ensure the penetrant must be sufficiently soluble in the fluid, so diffusion is not 

limited (Larese et al., 2007; Sartorelli et al., 2000). 

The receptor fluid must be picked about the function of the diffusion system and the membrane 

used. When human or animal skin is used, the receptor fluid must ensure the viability of the skin 

(Franken et al., 2015). The receptor compartment temperature typically ranged between 32 °C and 

37 °C, corresponding to skin temperature and body temperature respectively, pH is usually around 

7.35 and NaCl concentration of 0.9%, corresponding to blood levels (Larese et al., 2007).  

Different receptor fluids have been used for percutaneous penetration of metal studies: water, NaCl 

solutions, physiological solutions, and buffered saline solutions (Franken et al., 2015). Additives 

such as surfactants, antifungals, and antibiotics are usually added when working with human or 

animal skin to ensure the viability of the biological tissue (Sartorelli et al., 2000).  

Larese et al. (2007) performed in vitro absorption studies using full-thickness skin. They reported 

slow permeation rates of Ni powder through the skin and Ni ions released from synthetic sweat 

oxidation. Larese Filon et al. (2013) also concluded in the following studies that Ni has 

significantly higher permeation through damaged skin than intact skin.  

Moody et al. (2009) studied dermal permeation of Ni-63 in soil and without soil using human skin 

from breast and reported high absorption product to a high percentage of Ni retained by the skin. 

The results by Moody et al. (2009) differ from the results from Hostýnek (2003). Hostýnek (2003) 

reported a much lower permeation and higher retention in the skin. Moody et al. (2009) suggested 

that the difference in results is due to the appendageal shunt route as human breast skin used by 

Moody et al. (2009) has fewer hair follicles (A. Franken et al., 2015).  

2.6.3.5 Evaluating permeability coefficient kp from in vitro assays  

By using in vitro permeation methodologies, permeability coefficients can be measured directly 

(EPA, 1992). The permeability coefficient Kp characterizes the barrier property of a permeable 

membrane. Nevertheless, membranes and particularly skin, are very complex. However, 

permeability coefficient values across the membrane can be accurately measured using Fick's law 

and in vitro diffusion studies. As previously exposed, the membrane (human skin, animal skin, 

synthetic skin or other) is “sandwiched” between the donor and receptor containers, and both are 

filled with media (donor and receptor). Since the membrane separates the donor and receptor, the 
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solute mobilizes by diffusion from the higher concentration medium (the donor) to the lower 

concentration medium (the receptor). Then, it is possible to determine the permeability coefficient 

of a solute; the concentrations in donor and receptor are measured as a function of time (EPA, 

1992).  

Some assumptions must be made in order to use Fick’s first law. The central assumption is that the 

flux across the membrane reaches a steady-state quickly (Beriro et al., 2016; EPA, 1992). A steady-

state is reached when the concentration in both donor and receptor are constant with time, and flux 

across a membrane is constant, so physically, this means that the volumes of the donor and receptor 

are much bigger than the volume of the membrane (EPA, 1992). Although the concentrations are 

time-dependent in the donor and receptor, Fick's first law of diffusion describes the resulting 

steady-state flux across the membrane.  

If the mass balance in donor and receptor are considered: 

𝑉𝑑𝑜𝑛𝑜𝑟
𝑑𝐶𝑑𝑜𝑛𝑜𝑟

𝑑𝑡
= −𝐴 𝐽𝑠𝑠                                 (2.10) 

                                                𝑉𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝑑𝐶𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟

𝑑𝑡
= 𝐴 𝐽𝑠𝑠           (2.11) 

Where, 

 A is the surface area of the membrane. Since Vdonor = V receptor =V and Cdonor and Creceptor can be 

measured in function of time, the permeability coefficient Kp can be calculated with Equation 2.12: 

𝐾𝑝 =
(𝑠𝑙𝑜𝑝𝑒)(

𝑉

𝐴
)

𝐶𝑑𝑜𝑛𝑜𝑟−𝐶𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
            (2.12) 

Where, 

 the slope is the absolute value of dCreceptor/dt, the gradient of the linear part of the plot of Cdonor or 

Creceptor versus time (EPA, 1992). 

Also, combining Equations 2.12 and 2.13, and using the initial condition in t=0, Cdonor -Creceptor 
= 

C0
donor- C

0
receptor, it can be expressed as: 

                                         𝐾𝑝 =
𝑉

2𝐴𝑡
ln (

𝐶𝑑𝑜𝑛𝑜𝑟
0 −𝐶𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟

0

𝐶𝑑𝑜𝑛𝑜𝑟−𝐶𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
)           (2.13) 

Cdonor or Creceptor have measured concentrations at time t. Many researchers have used this approach 

using equation 2.12 to estimate Kp (EPA, 1992).  
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Flick’s first law analysis assumes that the membrane behaves homogenously with an average value 

for the diffusion coefficient, partition coefficient, and diffusion path length, and metabolism does 

not occur (EPA, 1992). Therefore, the measured permeability coefficient measured in skin contains 

many assumptions that are intrinsic to Fick’s first law. As previously exposed, the skin is a very 

complex organ, and percutaneous absorption in vivo contains many more considerations often 

neglected by in vitro systems (EPA, 1992).  

The nature of the chemical to which the skin is exposed and their interaction may largely determine 

the suitability of the assumptions to calculate the permeation coefficient. However, Fick’s first law 

can be used to provide reasonable estimates of permeability coefficients under steady-state 

diffusion. However, results should be carefully evaluated and compared, understanding the context 

of the exposure modelled and adequately defining the conditions of the assay (EPA, 1992). 

2.6.3.6 Estimation of absorbed dose  

As mentioned in the previous section, Kp describes the barrier properties of a membrane, and, to be 

calculated, steady-state experimental conditions are necessary. However, in real-life exposure 

scenarios, time is required after initial contact with the skin to achieve a steady-state condition. The 

initial unsteady state period is a function of the lag time. Figure 2.6 shows the cumulative amount 

of chemical flux out of a membrane as a function of time.  

For risk assessment purposes, all the systemically amount of chemical that becomes available over 

the exposure time should be considered as studies indicate that this value is better predicted by the 

amount of contaminant which has entered the skin than by the amount which has been absorbed by 

the skin and entered the bloodstream during the exposure period (EPA, 1992).  

During the lag phase, the contaminant entering the skin can be greater than the amount exiting the 

skin, causing accumulation in the skin layers. Steady-state starts once the concentration gradient 

across the barrier is constant and the rate of the contaminant entering and exiting the skin is the 

same (EPA, 1992). For this reason, a conservative estimate of the total exposure should consider 

the amount of contaminant crossing the skin and not the amount that reaches the body for systemic 

accumulation. Chemicals absorbed into the Stratum corneum will remain there until they flux into 

the deeper tissue layers unless there is a loss of contaminant by metabolism, binding, evaporation, 

or desquamation (EPA, 1992). 
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Figure 2.6 Cumulative amount of chemical fluxing out of the stratum corneum as a function of 

time (EPA, 1992) 
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ABSTRACT 

 

Dermal exposure to metals has previously received less attention than oral/inhalation exposure. 

Nonetheless, human health risk is significant for certain contaminants and exposure scenarios. The 

present study aims to (1) characterize two certified reference soils (SQC001, BGS 102); and (2) 

assess Cr, Ni, Pb, and Zn dermal bioaccessibility via in vitro assays using three synthetic sweat 

formulations (EN 1811, pH 6.5 (sweat A), NIHS 96-10, pH 4.7 (sweat B), and a more complex 

pH 5.5 formulation containing amino acids (sweat C)) and two sebum formulations. Metals 

bioaccessibility in sweat followed sweat B > sweat C > sweat A, attributed to sweat B lower pH. 

Dermal bioaccessibility in both sebum formulations was lower than 1% for Ni and Pb and below 

9% for Cr and Zn, possibly due to low affinity of metals for non-polar lipids. It must be noted that 

bioaccessible Zn in BGS 102 was higher when extracted with synthetic sebum compared to any of 

the synthetic sweat formulations. Metal bioaccessibility in sweat was considerably higher for 

SQC001 (up to 76.6% for Zn using sweat B) than for BGS 102 (ranging between 0.02 and 1.3% 

for all elements and all sweat formulations), attributed to higher pH, higher organic carbon, and 

higher cation exchange capacity of reference soil BGS 102. Sebum formulations spiked with metals 

generally entailed low metal recovery (except for Zn), which may explain overall low 
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bioaccessibility values for sebum. Sebum and sweat formulation, and soil properties seem to 

control in vitro dermal bioaccessibility of metals. 

3.1  Introduction 

Humans can be exposed to contaminants in various environmental media including soils via dermal 

pathway. Nevertheless, less attention has been paid to the dermal pathway compared to other 

exposure routes in studies dealing with contaminated soils. Moreover, the majority of scientific 

studies on contaminant bioavailability have focused on oral bioaccessibility of contaminants 

(ingestion pathway), more recently followed by in vitro test development and application for 

assessing inhalation bioavailability (e.g. Caboche et al. (2011), Boisa et al. (2014), Guney et al. 

(2017)) and dermal bioavailability (e.g., Stefaniak et al. (2014), Beriro et al. (2016), Leal et al. 

(2018)). The dermal route must be studied since the risk associated with this route can be significant 

under certain scenarios. 

The stratum corneum is the outer layer of human skin. It is covered by a liquid layer composed 

mainly of sweat, sebum, cellular debris, and minor amounts of intracellular lipids. It has been 

demonstrated that many chemicals can permeate its layers. This permeation could represent a 

human health risk in terms of chemical exposure (WHO, 2006), but it is not well understood how 

the penetration of some chemicals can cause toxicity. Dermal toxicity studies conducted to date are 

often insufficient for risk assessment due to some limitations of studies (IOMC, 2011) such as 

depot of contaminant inside the skin (Moody et al., 2009) and influence of sweat composition in 

the oxidation and valence of chemicals (Franken et al., 2015). 

Human sweat is composed of electrolytes, ionic constituents, organic acids, carbohydrates, amino 

acids, nitrogenous substances, vitamins and other constituents in highly variable amounts 

(Stefaniak and Harvey, 2006). Eccrine sweat is produced by healthy humans and has a 

thermoregulatory function, and sebum is secreted through sebaceous glands and forms a layer of 

0.5 to 44.0 μm thickness depending on the area in the body (Stefaniak and Harvey, 2006). The main 

function of the sebum layer is to protect the skin of drying out (Pawar et al., 2017). Sebum is 

composed of squalene, wax esters, triglycerides, free fatty acids, and a small amount of cholesterol. 

The sebum composition is constant for each individual but may vary among them (Stefaniak and 

Harvey, 2006). 
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Due to the complexity of human skin surface film liquids (SSFLs), their artificial compositions 

often lack some or many of the constituents. Harvey et al. (2010) developed a comprehensive 

model of synthetic sweat which matches human composition as it includes a complex formulation. 

However, its preparation requires considerable time and costs not associated with simpler 

formulations containing only the main constituents of sweat (Harvey et al., 2010). Numerous 

studies used different formulations of artificial sweat and sebum. The most commonly used one is 

the formulation specified in the European Standard EN 1811 (CEN, 2015). This formulation is low 

cost and is relatively easy to prepare, however, it has its limitations as it lacks amino acids, which 

may be important in the dissolution of some metals (Brown et al., 1982). There is a need to find a 

cost-effective synthetic surrogate for SSFL simple enough to make it accessible and affordable for 

testing metal bioaccessibility in soils. At the same time, the SSFL must be complex enough to 

include the major components of real human sweat. 

Among the metals commonly found in contaminated sites, chromium (Cr), nickel (Ni), lead (Pb), 

and zinc (Zn) warrant special consideration in studies of dermal exposure because of their harmful 

properties as skin sensitizers and their other toxic effects including carcinogenicity (Guy, 1999). 

As reported by Franken et al. (2015) and Van Lierde et al. (2005), Cr (VI) diffuses through skin 

while Cr (III) does not due to the pH of sweat. Under normal physiological conditions, the mean 

pH of human sweat is pH 5.3 (Stefaniak and Harvey, 2006). At this pH, Cr is in the trivalent state, 

therefore not permeable through the skin. However, the pH of sweat is variable and in cases of 

more acidic sweat, Cr can be oxidized and form more soluble ions which can permeate the skin 

(Franken et al., 2015). Larese et al. (2007) reported that sweat with an acidic pH of 4.5 can oxidize 

Cr, so it can penetrate through the skin. Ni has been reported to be absorbed through the skin and 

potentially produce allergic contact dermatitis (Larese et al., 2007). Concerns have been raised 

regarding Ni sensitization from frequent exposure associated with the use of inexpensive metal 

jewelry (Liden and Carter, 2001). Other exposure scenarios include exposure to soil contaminated 

following Ni refining (Birmingham and McLaughlin, 2006). Pb is a highly toxic metal and 

absorption through the skin can greatly contribute to the total body burden which may be already 

high from other sources. It can also remain unnoticed since it is not easily detectable in blood tests 

(Franken et al., 2015). It is suggested by some studies that it can penetrate the human body through 

sweat glands and hair follicles (Guy, 1999). Regarding Zn, current data is not adequate to establish 

clear relationships between environmental exposure and health problems (Nriagu, 2007). However, 
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exposure to high Zn concentrations may cause acute effects and is highly dependent of the point of 

contact with the skin and chronic effects are associated with exposures to low doses over a longer 

period (Nriagu, 2007). There is a limited number of studies regarding this topic and the mechanism 

is not clearly defined (Plum et al., 2010). 

Bioaccessibility can be used as an estimation of bioavailability and, when available, in vitro 

bioaccessibility tests should be preferred over in vivo bioavailability tests for their cost advantage 

and ethical considerations (Guney and Zagury, 2014). Incorporating contaminant bioavailability 

and using bioaccessible concentrations instead of total concentrations in exposure assessment and 

risk characterization considering human exposure can provide more accurate estimates than using 

total concentrations. The dermal bioaccessible fraction of a substance is the amount that is 

dissolved in SSFL and is available for penetration through the stratum corneum to the underlying 

active epidermis (Hillwalker and Anderson, 2014; Stefaniak et al., 2014). This data can be used in 

conjunction with skin permeation data to calculate bioavailability (Stefaniak et al., 2014). 

Midander et al. (2016) compared metal release in two different sweat compositions; the EN 1811 

(CEN, 2015) and the comprehensive, and thus more complex, formulation described by Harvey et 

al. (2010). This study concluded that metal release from a white gold alloy and some hard metal 

materials were within the same range for these two different artificial sweat solutions. The simpler 

and more cost-effective test using EN 1811 synthetic sweat may provide results that sufficiently 

indicate the degree of metal release in skin contact (Midander et al., 2016). However, this study 

was limited to specific metals and did not target contaminated soils, so there is still a need to 

understand how other relevant metals are released from soils when exposed to artificial SSFLs with 

different compositions. To date, the dermal bioaccessibility of metals in contaminated soils has not 

been reported using synthetic sebum. Pawar et al. (2017) investigated the bioaccessibility of flame 

retardants using a mix of artificial sweat and sebum in different proportions. This study concluded 

that, for the chemicals tested, the general trend showed bioaccessibility to increase in formulations 

of SSFL with a higher percentage of sebum (Pawar et al., 2017). 

Although dermal exposure to several contaminants including some heavy metals is a serious 

concern, the influence of SSFL composition on in vitro dermal bioaccessibility results used in 

exposure assessment is yet to be established. Any study supporting or refuting the relevance of 

using synthetic sebum in bioaccessibility testing of heavy metals in soils have not been reported 

until now. As soil is a complex medium, containing not only metals but organic matter, minerals, 
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microorganisms, and a soil solution, it seems relevant to evaluate how sebum and SSFL 

composition influence the dermal bioaccessibility of heavy metals from soils. Particularly, an 

evaluation of test performances regarding in vitro testing of contaminated soils using different 

artificial SSFLs including sebum is missing. Therefore, the present study aims to (1) characterize 

two certified reference soils including their Cr, Ni, Zn, and Pb content; and (2) determine and 

compare the bioaccessibility of these metals via in vitro assays using five artificial SSFLs 

(specifically, three synthetic sweat and two synthetic sebum formulations). Results should be 

useful for the improvement of existing dermal in vitro bioaccessibility tests. 

3.2 Materials and methods 

3.2.1 Characterization of certified reference soils 

Two reference soils have been subjected to dermal in vitro bioaccessibility tests to assess % 

bioaccessibility of Cr, Ni, Pb, and Zn. The first reference soil, SQC001 (d < 425 μm), is produced 

by Sigma-Aldrich, and the second reference soil is BGS 102 (developed by the British Geological 

Survey (BGS)). SQC001 is produced and certified according to ISO requirements and has been 

created for the purpose of testing a number of metals in soils. Due to a lack of reference materials 

with certified bioaccessible fractions, different reference materials have been used in in vitro 

studies (USEPA, 2012; Hamilton et al., 2015). The reference soil BGS 102 (ironstone soil, 

d < 40 μm) has been developed by the BGS as part of the UBM (Unified Bioaccessibility Method) 

validation procedure (Hamilton et al., 2015; Wragg, 2009). 

Total metal content in soil samples was determined via acid digestion using HNO3, HF, and HClO4 

according to standard method 3030 (Clesceri et al., 1999). Digestates were transferred to a 100-mL 

volumetric flask and made up to volume with deionized water. Solutions were filtered using a 

0.45 μm PVDF filter. Metal analyses were performed by atomic absorption spectrophotometry 

(AAS) (Perkin-Elmer A200). For Cr, Ni, Pb, and Zn, detection limits (DLs) in mg.kg−1 were 0.3, 

0.2, 1.0, and 0.1 respectively. The pH of the soil samples was measured using a solid-to-liquid ratio 

1:2 using deionized water (pH meter: Eutech pH 200 series, probe: Accumet Ag/AgCl). Total 

organic carbon content was analyzed using a LECO furnace. Infrared determination of CO2 was 

accomplished to determine organic carbon as the difference between total and inorganic carbon. 
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Cation exchange capacity (CEC) was measured according to the methodology described by 

Chapman (1965). 

3.2.2 Artificial SSFLs 

Five different solutions mimicking SSFLs in human skin have been used for in vitro dermal 

bioaccessibility tests: three synthetic sweat formulations and two synthetic sebum formulations. 

Regarding synthetic sweat, the first solution (sweat A) has been prepared according to the EN 1811 

standardized test, commonly used for testing for allergic response from exposure to Ni, Cr, and 

other metals (Hillwalker and Anderson, 2014). The second formulation (sweat B) is described in 

the NIHS 96-10 from Swiss Watch Industry Specification (Wainman et al., 1994). These two 

formulations have been recently used by Leal et al. (2018) to assess dermal bioaccessibility of 

metals in field-collected contaminated soils. Sweat C is described in detail by Van Lierde et al. 

(2005) and has been previously used by Hansen et al. (2003), Flint (1998), and Nygren and 

Wahlberg (1998) regarding dermatitis caused by metals and allergy caused by Cr exposure. These 

formulations were selected because of their differences in composition, complexity, and pH 

(formulations presented in Table 3.1). To prepare the synthetic sweat, reactants were added to 

150 mL of deionized water and stirred using a magnetic stirrer. Then pH was adjusted by using 

NaOH and lastly, volume was completed with deionized water. The measured median pH of human 

sweat is 5.5 but can be highly variable (Stefaniak and Harvey, 2006). All three SSFLs contain NaCl 

(the most common electrolyte in human sweat), lactic acid (the most abundant organic acid in 

human sweat), and urea (Stefaniak and Harvey, 2006). While sweat A and sweat B lack amino 

acids, sweat C includes amino acids reportedly found in human sweat. Amino acids may act as 

inhibitors in the dissolution of metals as they may contribute to complexation (Flint, 1998). 

Table 3.1 Composition of three synthetic sweat formulations used in in vitro tests. 

Chemical, % (w/w) Sweat Aa (pH = 6.5) Sweat Bb (pH = 4.7) Sweat Cc (pH = 5.5) 

Deionized water 99.3 94.0 98.8 

Sodium chloride 0.5 2.0 0.5 

Lactic acid 0.1 1.5 0.1 

https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#tf0010
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#tf0015
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Chemical, % (w/w) Sweat Aa (pH = 6.5) Sweat Bb (pH = 4.7) Sweat Cc (pH = 5.5) 

Urea 0.1 0.5 0.1 

Acetic acid – 0.25 – 

Ammonium chloride – 1.75 – 

Threonine – – 0.1 

Methionine – – 0.1 

Serine – – 0.1 

Alanine – – 0.1 

Glycine – – 0.1 

a According to standard EN 1811 (CEN, 2015), b According to standard NIHS 96–10 (Wainman et al., 

1994), c According to Van Lierde et al. (2005). 

A representative artificial synthetic sebum should have the appropriate types and proportions of 

lipids that are relatable with human sebum and be well characterized to maximize its utility (Harvey 

et al., 2010). Metal bioaccessibility were also determined in two formulations of synthetic sebum. 

The first (Sebum A) is composed of seven lipids that can be found in similar proportions in human 

sebum. It includes at least one constituent for each sebum lipid type: squalene, lanolin as a source 

for wax esters (Blanc et al., 1989; Rissmann et al., 2008), triglycerides (saturated and unsaturated), 

free fatty acids (saturated and unsaturated), and free cholesterol (Stefaniak et al., 2010). The second 

formulation (sebum B), introduced by Wertz (2009), is less complex than Sebum A. It includes 

jojoba oil as wax ester and cholesterol esters are absent from the formulation. Table 3.2 presents 

the synthetic sebum formulations. To prepare each synthetic sebum, reactants were weighted in a 

100 mL beaker on an analytical balance (AY120, Shimadzu) and heated at 60 °C in a hot bath and 

intermittently stirred with a magnetic stirrer until all the solids dissolved. The mixture was then 

kept in an incubator at 36 °C until used. There were no indications of separation of lipids in sebum. 

https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#tf0010
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#tf0015
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0045
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0235
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0235
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0230
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Table 3.2 Composition of two synthetic sebum formulations used in in vitro tests. 

Constituent Saturation Chemical Sebum Aa (%, w/w) Sebum Bb (%, w/w) 

Squalene  Squalene 10.49 12.4 

Wax esters 

 
Lanolin 24.75 – 

 
Jojoba oil – 25.0 

Triglycerides 

Saturated Tristearin 21.79 – 

Unsaturated Triolein 10.90 44.6 

Free fatty acids 

Saturated Palmitic acid 14.05 – 

Unsaturated Oleic acid 14.05 17.0 

Free Cholesterol Cholesterol 3.97 – 

Vitamin 
 

Vitamin E – 1.0 

a Modified from Stefaniak et al. (2010), b According to Wertz (2009). 

3.2.3 In vitro bioaccessibility tests 

In addition to the artificial SSFL that should be properly selected, other test parameters are also 

important to be considered. These include the ratio of extractant volume-to-soil mass, and the 

extraction duration (Horowitz and Finley, 1994). The sweat-to-soil ratio should represent the ratios 

in scenarios that are likely to happen in real life exposure (Leal et al., 2018). Smaller particle sizes 

(<425 μm) are more likely to adhere to the skin (Horowitz and Finley, 1994). Accordingly, the fine 

particle fraction of soil samples (<425 μm) should be used for the bioaccessibility tests (Leal et al., 

2018). The in vitro tests were conducted in duplicates and a procedure blank was included in each 

experimental batch. The tests were performed for each soil using five artificial SSFLs freshly 

prepared the day of the bioaccessibility test. To initiate the test, 20 mL of synthetic sweat was added 

to 2 g of soil sample (weighted to 3 digits), or 5 mL of synthetic sebum was added to 0.5 g of soil 

in 50 mL Teflon tubes. The tubes with PTFE caps containing the mixture were then placed in an 

orbital shaker (51704, Cole-Palmer) at 100 rpm inside a laboratory incubator (Isotemp Incubator, 

https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0205
https://www.sciencedirect.com/science/article/pii/S0048969719333959?casa_token=arHNytMLdWsAAAAA:Ts9ttK1FtDuZ0mAmnaHJRF7wQrk2X-MloMJuOlCPC_j_ijIisloFDu5Ysh4VTD0XFbGjLdCcg8hA#bb0240
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Fisher Scientific) at 36 °C, the median skin temperature for humans (Stefaniak et al., 2014). The 

test lasted 2 h, representing the scenario for children's exposure during play (USEPA, 2011). After 

completion of the test, the tubes were centrifuged at 10,000 ×g for 10 min. The supernatant was 

collected using automatic pipettes into a Luer-Lok syringe (60 mL) fitted with a 0.45 μm PVDF 

filter and was then transferred into a 50-mL centrifuge tube to which 0.5 mL of HNO3 (70% v/v) 

for sweat (0.125 mL for sebum) was added for sample preservation. Samples were stored at 4 °C 

until analysis. Sweat samples were analyzed via AAS to determine Cr, Ni, Pb and Zn 

concentrations whereas samples of sebum were first digested using HNO3 (70% v/v) and H2O2 

(30%) at 90 °C. After digestion, the metals analysis was conducted via ICP-AES (Vista, Varian 

Inc.) For each contaminant, bioaccessibility percentage (%bio) was determined as follows: 

%bio =
𝐶𝑏𝑖𝑜

𝐶𝑡𝑜𝑡𝑎𝑙
𝑋100             (3.1) 

where Cbio is the bioaccessible concentration of metal (mg.kg−1) that passed through a 0.45 μm 

filter and Ctotal is the total concentration of metal in the reference soil sample (mg.kg−1,  

Table 3.3). 

Table 3.3 Total concentrations of Cr, Ni, Pb, and Zn (mg.kg−1 ± relative standard deviation in %), 

pH, total organic carbon (TOC, w/w %), and cation exchange capacity (CEC, meq.100 g−1) of 

certified reference soils tested. 

Parameter SQC001 BGS 102 

Cr concentration 201 ± 2.5 183 ± 0.0 

Ni concentration 331 ± 4.9 97.0 ± 2.9 

Pb concentration 317 ± 1.4 96.0 ± 2.9 

Zn concentration 645 ± 6.7 211 ± 5.4 

pH 6.08 ± 0.1 7.06 ± 0.8 

TOC 0.02 ± 0.0 1.60 ± 1.8 
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Parameter SQC001 BGS 102 

CEC 7.40 ± 2.7 34.0 ± 0.0 

 

3.2.4  In vitro tests with spiking solution 

To evaluate the performance of analytical procedures and to assess the recovery of metals, the 

bioaccessibility assays were also performed in duplicate while adding 2 mL of a spiking solution 

containing 10 mg/L of Cr, Ni, Zn, and Pb. This procedure was done in synthetic sweat and sebum 

with and without the presence of a soil sample. The spiking solution was prepared using deionized 

water and standard solutions for metals (Guney et al., 2017), and was then added to the synthetic 

sweat or sebum. This resulted in samples containing an additional 1 mg/L of Cr, Ni, Zn, and Pb. 

Then, the samples were processed and analyzed as described in the bioaccessibility tests section.  

3.3  Results and discussion 

3.3.1 Soil characterization 

The total concentrations of Cr, Ni, Pb, and Zn in the reference soil samples SQC001 and BGS 102 

(Table 3.2) obtained following digestion were comparable to the guidance values presented in the 

certificates of analysis. For SQC001, the recoveries were Cr: 83.9%, Ni:111.2%, Zn: 108.9%, Pb: 

114.7%; and for BGS 102 they were Cr: 81.3%, Ni:121.2%, Zn: 108.9%, Pb: 120.3. Overall, the 

recovery percentages were acceptable.  

Table 3.3 also shows pH, total organic carbon content and cation exchange capacity of reference 

soils. Both reference soils have pH values in the neutral range, SQC001 having a lower pH than 

BGS 102. Both TOC and CEC of SQC001 are much lower than the values measured in BGS 102. 

Soils with higher organic carbon content and higher CEC are expected to retain a higher amount 

of metals (Balasoiu et al., 2001; Sparks, 2003). 

3.3.2 Metal recoveries in in vitro tests performed with spiking solutions 

Results of dermal bioaccessibility tests performed by adding a spiking solution containing known 

concentrations of Cr, Ni, Pb, and Zn to synthetic sweat and sebum formulations (without soil 
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sample) are presented in Table 3.4. Overall, sweat compositions A, B, and C yielded satisfactory 

recovery percentages for all tested metals (from 70 to 106% of added metals) with sweat A (EN 

1811 standard formulation) yielding the highest recovery (92–106%) for all tested metals. This 

implies that there was no significant precipitation, adsorption, or complexation effect that took 

place during the dermal bioaccessibility test using synthetic sweat in absence of soil. Similar results 

were reported by Leal et al. (2018) when using sweat formulations A and B. For sweat B 

formulation, a limited matrix effect was observed resulting in slightly lower recoveries compared 

to sweat A and C. This could be linked to the presence of ammonium chloride and acetic acid that 

is not found in other formulations. Except for Zn, results of tests using sebum as an extraction fluid 

were drastically different. To start, for sebum A, there was no recovery of spiked Cr or Pb (below 

DLs), and a low recovery of Ni (13%). In the case of Sebum B, spiked Pb was below detection, 

and there was a low to moderate recovery of Cr, Ni, and Zn (between 34% and 62%). These lower 

recoveries of Cr, Ni, and Pb in sebum compared to sweat can be attributed to the fact that sebum 

is composed of non-polar lipids (Abraham et al., 2005; Stefaniak and Harvey, 2006) and metals 

tend to have low solubility in sebum (Hemingway and Molokhia, 1987). Zn possibly yielded higher 

recoveries than the other metals in sebum due to its ability to form organic complexes that are more 

soluble in lipids (Simkiss, 2009). 

Table 3.4 Recovery percentages (%) for Cr, Ni, Pb, and Zn following spiking (in absence of soil) 

after 2 h of in vitro dermal bioaccessibility testing using artificial sweat and sebum. 

Metal Sweat A Sweat B Sweat C Sebum A Sebum B 

Cr 92 70 86 <DL 62 

Ni 104 80 92 13 34 

Pb 106 84 84 <DL <DL 

Zn 96 72 84 84 58 

<DL: Value not calculated as sample concentration was lower than the one found in the blank., DL: Cr: 

0.3 mg/kg, Ni: 0.1 mg/kg, Pb: 0.4 mg/kg, Zn: 0.1 mg/kg. 

 

Results of bioaccessibility tests performed by adding a spiking solution with Cr, Ni, Pb, and Zn to 

the synthetic sweat and sebum compositions with reference soil samples are presented in Table 3.5. 

For tests performed using synthetic sweat formulations, a higher percentage of metal recovery was 

systematically found in liquid extracts in presence of SQC001 (Cr: 11%–38%, Ni: 56–70%, Pb: 
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72%–73%, Zn: 15%–48%) compared to BGS 102 (Cr: 0.2%–0.7%, Ni: 0.8%–2.5%, Pb: 0%–0.3%, 

Zn: 0.7%–1.3%). Differences in the recovery among reference soil samples can be attributed to 

their difference in TOC and CEC content ( 

Table 3.3), BGS 102 having much higher values than SQC001, which can lead to complexation 

and/or adsorption of spiked metals (Leal et al., 2018; Lin and Chen, 1998). Pb showed the highest 

recovery percentage for all sweat formulations tested in the reference soil SQC001, followed by 

Ni, and Zn. Cr presented the lowest recovery. For both sebum formulations, the recovery 

percentages of all metals were low (Table 3.5). Some of the metals present in the spiked solutions 

(such as Zn) could have been removed by adsorption/complexation onto reference soils since it 

was recovered in the absence of soil (Table 3.4). Also, the precipitation of insoluble complexes or 

minerals may occur as previous studies stated that metals are not very soluble in sebum 

(Hemingway and Molokhia, 1987; Stefaniak et al., 2011). These results indicate that sebum could 

indeed inhibit metals mobilization via possible formation of insoluble complexes or minerals. This 

raises questions on whether sebum is a significant medium for metals uptake following human 

contact with contaminated soils. 

Table 3.5 Recovery percentages (%) for Cr, Ni, Pb, and zinc following spiking (in the presence of 

reference soils SQC001 and BGS 102) after 2 h of in vitro dermal bioaccessibility testing using 

artificial sweat and sebum. 

  

Recovery percentage (%) 

Liquid Soil Cr Ni   Pb Zn 

Sweat A 

SQC001 19 68 73 48 

BGS 102 0.2 0.8 0.3 0.9 

Sweat B 

SQC001 38 70 72 45 

BGS 102 0.7 1.5 0.2 1.3 

Sweat C 

SQC001 11 56 72 15 

BGS 102 0.3 2.5 0a 0.7 
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Recovery percentage (%) 

Liquid Soil Cr Ni   Pb Zn 

Sebum A 

SQC001 0 <0.2 0 0.8 

BGS 102 0 0 0 0 

Sebum B 

SQC001 5.1 <0.2 0 9.7 

BGS 102 4.2 0 0 5.8 

aValues shown as zero indicate that procedure blank concentrations were higher than 

tested sample concentration. 

3.3.3 Dermal bioaccessibility of metals 

3.3.3.1 Comparison of in vitro tests using different synthetic sweat formulations 

According to the bioaccessibility (%) of metals obtained by tests performed on soils SQC001 and 

BGS 102 (Figure 3.1) using three formulations of synthetic sweat, sweat B generally yielded the 

highest bioaccessibility values, followed by sweat C and sweat A. The results can partly be 

explained by the lower pH (pH 4.7) of synthetic sweat B. Regardless of synthetic sweat 

formulation, dermal bioaccessibility of metals was much higher for SQC001 (up to: 27.9% for Cr, 

63.2% for Ni, 76.6% for Zn, and 42.9% for Pb) compared to BGS 102 (all values below 2%). This 

dramatic difference can be attributed to the difference in TOC and CEC, which is also supported 

by the findings of the tests using spiking solutions. The TOC content of BGS 102 can be considered 

average and its CEC content high (compared to very low TOC and low CEC in SQC001). This 

may have resulted in much lower metal solubilization in all sweat formulations for BGS 102. 
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Figure 3.1 Bioaccessibility (%) of Cr, Ni, Zn, and Pb in certified reference soils using synthetic 

sweat formulations A, B, and C: a) SQC001, b) BGS 102. The error bars represent the % of 

difference between duplicates. 

The bioaccessible percentage of metals in sweat A was the lowest among all the sweat 

compositions. In reference soil BGS 102, dermal bioaccessibility of all metals was very low 

(<0.5%) and in reference soil SQC001 it ranged between 0.2 and 17%. For both soils, Cr was not 

bioaccessible in sweat A formulation, which is consistent with previously reported results (Leal et 

al., 2018; Larese et al., 2007). 

As previously mentioned, sweat B yielded a higher bioaccessibility percentage among the sweat 

formulations, possibly due to its lower pH of 4.7. It should also be noted that sweat B contains 

acetic acid and ammonium chloride that is not found in other sweat formulations. In reference soil 

SQC001 the order of dermal bioaccessibility (%) was Zn > Ni > Pb > Cr. The bioaccessibilities 

were also substantially higher for SQC001 compared to BGS 102. Bioaccessibility of Cr, Ni, Pb, 

and Zn in the reference soil BGS 102 have been previously studied using sweat A and sweat B by 

Leal et al., 2018. Bioaccessible concentrations reported were very similar to the findings of the 

present study. For both sweat A and sweat B the bioaccessibility of Cr, Ni, Zn, and Pb in BGS 102 

was very low, <0.86% for sweat A and <4.6% for sweat B. 

Sweat C led to higher bioaccessibility than sweat A for all metals in both soils used in the test. This 

difference may be attributed to lower pH of sweat C (5.5 vs. 6.5 for sweat A). 

In general, Cr was less bioaccessible than the other metals in reference soil SQC001 (Figure 3.1a). 

Cr is rather insoluble especially as Cr (III) except at very high pH (Reeder et al., 2006). Ni can be 

oxidized and dissolved in sweat and is able to form Ni2+ ions in artificial sweat (Leal et al., 2018; 
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Flint, 1998). Ni found in soil SQC001 was bioaccessible (7.6% to 63.2%) but it was not (<1%) in 

reference soil BGS 102 when extracted using the same synthetic sweat formulations. As previously 

mentioned, this can be explained by specific soil properties of each reference soil and metal 

fractionation in these soils. Pb generally had a very low dermal bioaccessibility except when 

extracted with sweat B. Factors such as pH of soil and sweat, organic matter content and particle 

size affect solubilization of this metal (Reeder et al., 2006). Zn was the most bioaccessible element 

in reference soil SQC001 for all sweat formulations tested. However, Zn dermal bioaccessibility 

was very low (<0.1%) in reference soil BGS 102, indicating strong retention and/or re-adsorption 

onto soil sample as shown by the low recovery percentages following spiking. As a matter of fact, 

Ni, Pb, and Zn fractionation in reference material BGS 102 were assessed in a recent study on 

inhalation bioaccessibility (Gosselin and Zagury, 2019). All metals in reference soil BGS 102 were 

predominantly found (avg. 67 ± 9%) in the most strongly retained fraction (residual fraction F5) of 

the sequential extraction scheme. 

3.3.3.2 Comparison of in vitro tests using different synthetic sebum formulations 

Overall, bioaccessibility of metals in synthetic sebum was low for both formulations tested (Figure 

3.2). Pb was not bioaccessible (below detection) for both sebum compositions in agreement with 

spiking results which show that soluble Pb precipitates when added to sebum (Table 3.4). 

Bioaccessible Ni was also below detection in BGS 102 and lower than 1% in SQC 001 regardless 

of synthetic sebum formulation. Cr appeared to be somewhat bioaccessible when extracted with 

sebum from both reference soil samples (from below detection to 5.2%) and Zn dermal 

bioaccessibility in sebum ranged between 0.8 and 8.7% in BGS 102. It must be noted that 

bioaccessible Zn in BGS 102 was higher when extracted with synthetic sebum compared to any of 

the synthetic sweat formulations. In BGS 102, sebum B extracted more Zn and Cr than sebum A 

but such a pattern was not observed in reference soil SQC001, stressing again the importance of 

soil characteristics on metal dermal bioaccessibility. However, based on both reference soils tested, 

one can conclude that Ni and Pb are not bioaccessible in sebum. 
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Figure 3.2 Bioaccessibility (%) of Cr, Ni, Zn, and Pb in certified reference soils using synthetic 

sebum formulations A and B: a) SQC001, b) BGS 102 (<DL: concentrations below detection limit). 

The error bars represent the % of difference between duplicates. 

The complications of using sebum in dissolution studies have been previously exposed, given the 

difficulty of dispersing lipids in aqueous solvents during in vitro bioaccessibility tests (Hemingway 

and Molokhia, 1987; Stefaniak et al., 2011). Moreover, previous studies stated that sebum has a 

negligible influence on the dissolution of metals, therefore, sweat is the main cause that influences 

the rate of metal dissolution (Collins, 1957; Flint, 1998; Stefaniak et al., 2011; Van Lierde et al., 

2005). However, our results show that for Zn and Cr, some sebum formulations are able to extract 

more metals from soils than synthetic sweat formulations. 

3.4 Conclusion  

All sweat formulations yielded satisfactory metal recovery percentages for all tested metals in the 

absence of soil. However, lower recoveries of Cr, Ni, and Pb in sebum (composed of non-polar 

lipids) were measured. For spiking tests performed using synthetic sweat formulations and soils, a 

higher percentage of metal recovery was systematically found in liquid extracts in presence of 

SQC001 compared to BGS 102. Differences in metal recovery among reference soil samples were 

attributed to their different physicochemical properties (CEC and TOC). For both sebum 

formulations, the recovery percentages of all metals were very low in the presence of soils 

indicating strong retention and/or re-adsorption onto soil sample. With regards to sweat 

formulations, sweat B generally yielded the highest dermal bioaccessibility values, followed by 

sweat C and sweat A. The results can partly be explained by the lower pH (pH 4.7) of synthetic 

sweat B. Regardless of synthetic sweat formulation, dermal bioaccessibility of metals was much 
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higher in reference soil SQC001 compared to BGS 102. This important difference can again be 

attributed to the difference in TOC and CEC and therefore, metal retention between the two 

reference soils. The pH of sweat formulation and soil properties are the most relevant parameters 

when dermal bioaccessibility from different synthetic sweat formulations are compared. 

The present study is the first one to assess the effect of sebum on dermal bioaccessibility of metals 

from contaminated soils. Overall, bioaccessibility of metals in synthetic sebum was low for both 

formulations tested. However, it must be noted that bioaccessible Zn in BGS 102 was higher when 

extracted with synthetic sebum compared to any of the synthetic sweat formulations. Stressing 

again the importance of soil characteristics on metal dermal bioaccessibility. Even though, 

previously published studies (not using geological materials) state that sebum has a negligible 

influence on the dissolution of metals, our study shows that for Zn and Cr, some sebum 

formulations are able to extract more metals from soils than synthetic sweat formulations. These 

findings warrant further studies on whether sebum is a significant medium for metal solubilization 

following dermal contact with contaminated soils. 
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ABSTRACT 

 

Dermal exposure to metal(loid)s from contaminated soils has received less attention than oral and 

inhalation exposure. Still, it can be a relevant pathway for some contaminants. Comparison of 

synthetic sweats (donor solutions), the influence of sebum, and the characterization of diffusion 

parameters through a synthetic membrane (acting as skin surrogate) in the permeation of 

metal(loid)s (As, Cr, Cu, Ni, Pb, and, Zn) from polluted soils is missing. The dermal 

bioaccessibility tests were performed using two sweat compositions (EN 1811, pH 6.5 (sweat A) 

and NIHS 96–10, pH 4.7 (sweat B)). Diffusion parameters of soluble metal(loid)s using the Franz 

cell methodology were calculated using the Strat-M membrane. The influence of synthetic sebum 

in the permeation of metal(loid)s was also investigated. The metal(loid) bioaccessibility percentage 

was higher for sweat B (pH 4.7) compared to sweat A (pH 6.5), attributed to lower pH of sweat B. 

Among the six elements tested, only chromium and copper permeated the membrane. Permeation 

coefficient (Kp) was higher for chromium in sweat A (0.05–0.11 cm h–1) than sweat B (0.0007–
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0.0037 cm h–1) likely due to a higher pH and thus more permeable Cr species. The presence of 

sebum increased lag times for copper permeation. Additional studies regarding speciation of 

metal(loid)s following extractions in synthetic sweat and comparison of synthetic membrane Strat-

M and human skin in the permeation of metal(loid)s are recommended. 

4.1 Introduction 

Humans can be exposed to toxic metal(loid)s in various environmental media, including soils, via 

the dermal pathway. The majority of scientific studies have focused on oral bioaccessibility of 

pollutants (ingestion pathway), and more recently on in vitro test development and application for 

assessing inhalation bioavailability (e.g. Guney et al. (2017), Gosselin and Zagury (2020), Van der 

Kallen et al. (2020), Kastury et al. (2020)) and in vitro dermal bioavailability (e.g., Stefaniak et al. 

(2014), Beriro et al. (2016), Leal et al. (2018), and Marin Villegas et al. (2019)). 

It is generally acknowledged that there are very few quantitative and qualitative data on dermal 

exposure to toxic chemicals present in geological materials (Sartorelli et al., 2000). Additionally, 

some of the permeation data of chemicals through the skin were obtained using different 

experimental conditions in terms of concentration in the donor solution, type of membrane (animal, 

ex vivo), and duration, making a comparison of the results difficult (Franken et al., 2015a). Quite 

the reverse, there is a copious amount of data regarding the passage of drugs and cosmetics through 

the skin. However, very little is known about this route of entry for environmental contaminants 

bound to geological materials. The technology used to study the percutaneous penetration of drugs 

could be used to assess dermal penetration of toxic compounds as well (Sartorelli et al., 2000; 

Sartorelli et al., 2012). 

The most common method to evaluate dermal diffusion was introduced by Franz in 1975. This 

method has been adapted and modified by many researchers to study the dermal pathway for drugs, 

cosmetics, and chemicals due to its low cost, short time, and good reproducibility (Sartorelli et al., 

2000). 

Franken et al., (2015a) highlighted the importance of the donor solution composition in the Franz 

cell methodology. The donor solution should be standardized because certain components may 

promote or inhibit oxidation of metal(loid)s. There is no standardized donor solution for permeation 

studies, and to date, a comparison of the influence of the synthetic sweat composition as donor 
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solution in the permeation of metal(loid)s from geological materials is missing. Recent studies 

reported that synthetic sweat composition strongly influences the solubility of metals from 

geological materials ((Leal et al., 2018) and (Marin Villegas et al., 2019)).  Even though the 

influence of synthetic sweat formulation on the solubility of metals has been demonstrated, the 

impact of synthetic sweat characteristics when used as donor solution in the dermal permeation of 

metal(loid)s from geological materials is not clear. 

Different membranes to simulate human skin have been used for dermal permeation studies using 

the Franz cell methodology. According to the OECD and USEPA guidelines, human skin is the 

“gold standard” (Beriro et al., 2016). Unfortunately, human skin is not always available, can be 

expensive, and is highly variable depending on age, sex, origin of the donor, and body area (Haq 

et al., 2018a). Because of these limitations, some studies used animal skin, such as swine, rat, or 

guinea pig, as human skin surrogates (Franken et al., 2015a; Moody et al., 1995). Animal skin as a 

surrogate for human skin also has limitations such as high variability inherent to biological 

membranes (coefficient of variation = 72%) rendering the experimental design, and ability to 

compare the results difficult (Barbero and Frasch, 2009; Haq et al., 2018a). Moreover, ethical 

consideration inherent to the use of biological tissues of animal origin and in vivo experiments with 

animals must be considered. 

Artificial membranes used to model skin permeation should mimic the stratum corneum as close 

as possible, have low variability, and be commercially available (Haq et al., 2018b). The Strat-M 

(EMD Millipore, MA, USA) synthetic membrane is an ultrafiltration membrane made of 

polyethersulfone composed of multiple layers, including two layers impregnated with synthetic 

lipids and a very tight top layer, producing diffusion results similar to natural human skin (Haq et 

al., 2018b; Joshi et al., 2012). In diffusion studies with human cadaver skin, animal skin, and the 

Strat-M membrane, Joshi et al. (2012) tested the Strat-M membrane with a mixture of synthetic 

lipids (to mimic the lipid phase in human skin) in the permeation of nicotine and hydrocortisone. 

The authors reported that when the membrane Strat-M was treated with synthetic lipids, it showed 

a closer correlation with human skin than the untreated membrane and animal skin. They also 

exposed the difficulties of correlating the diffusion data between animal skin and human skin (Joshi 

et al., 2012).  In most cases, the correlation between the treated synthetic membrane Strat-M and 

human skin was better. Moreover, the Strat-M membrane showed a high lot-to-lot reproducibility 

and a high shelf life as opposed to human and animal skin. Yet, to our knowledge, the use of the 
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membrane Strat-M to assess the dermal permeation of metal(loid)s from contaminated geological 

materials has not been reported yet. 

The dermal bioaccessible fraction of a chemical is the amount that is dissolved in sweat and is 

available for penetration through the skin (Hillwalker and Anderson, 2014; Stefaniak et al., 2014). 

This concentration can be used in conjunction with the permeation data to calculate bioavailability 

(Stefaniak et al., 2014). 

To estimate the dermal absorption of contaminants from aqueous media, the USEPA (2004) 

proposes the water approach methodology. It assumes contact with contaminated water and aims 

to calculate the dermally absorbed dose using the migration rate of a chemical through the skin. 

This migration is characterized by the permeability coefficient Kp (cm h–1). This coefficient is 

available in the literature for several inorganics and originates from experimentally measured or 

derived values (Leal et al., 2018; USEPA, 2004). Nevertheless, published Kp values involve a high 

level of uncertainty (because they do not take speciation into account except for chromium) and 

they are available for metal(loid)s soluble in water but not soluble in sweat (USEPA, 2004). 

Improvement in Kp determination can reduce uncertainty in the calculation of dermal exposure, 

thereby refining exposure assessment. To our knowledge, the influence of synthetic sweat 

formulation on Kp evaluation to assess the dermal permeation of metal(loid)s from contaminated 

soils has not been reported to date. 

Therefore, the present study aims to (1) assess and compare the dermal bioaccessibility of As, Cr, 

Cu, Ni, Pb, and Zn present in various geological materials via in vitro experiments using two 

artificial sweat formulations; (2) evaluate the diffusion parameters of the bioaccessible fraction of 

these metal(loid)s through artificial membrane Strat-M using the static Franz cell methodology; 

and (3) investigate the influence of synthetic sebum in the permeation of these metal(loid)s through 

artificial membrane Strat-M. 

4.2 Materials and methods 

4.2.1 Soil sampling and characterization 

Three geological materials have been subjected to in vitro bioaccessibility tests to assess the dermal 

bioaccessible fraction of As, Cr, Cu, Ni, Pb, and Zn: one certified material) SQC001 lot number 

LRAC0025, produced by Sigma-Aldrich in accordance with ISO 17034 and ISO/IEC 17025 
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procedures (d < 425 μm)), and two field-collected soils (S7 and S8), sampled near chromated 

copper arsenate (CCA)-treated utility poles in the Montreal area (Quebec, Canada). The soils were 

sampled in a 20 cm radius of the poles and up to a 10 cm depth. Coarse material (>2 cm) and topsoil 

vegetation were removed prior to sampling. The samples were collected using a plastic shovel and 

stored in zip-lock plastic bags. Containers and tools were washed with a phosphate-free detergent 

and soaked overnight in 10% (v v–1) HNO3 and rinsed with deionized water (18.2 MΩ cm) prior to 

use (Gosselin and Zagury, 2020, Van der Kallen et al., 2020). Field-collected soil samples were 

air-dried, gently disaggregated using a mortar and dry sieved to 420 μm using a sieve shaker 

(Retsch AS-200). Samples were then stored at 4 °C. 

The total metal(loid) content in soil samples was determined via acid digestion on a hot plate using 

HNO3 (70% w/w), HF (50% w/w), and HClO4 (70% w/w) according to standard method 3030 

(Clesceri et al., 1999). Digestates were transferred to 100 mL volumetric flasks and made up to 

volume with deionized water. Solutions were filtered (0.45 μm) with glass microfiber filters 

(Whatman) and stored in polypropylene centrifuge tubes with high-density polyethylene (HDPE) 

screw caps. Cr, Cu, Ni, Pb, and Zn concentrations were measured via atomic absorption 

spectroscopy (Perkin-Elmer A200). Detection limits [DLs, determined based on the signal-to-noise 

approach (ratio of 3:1)] in mg kg–1 were 0.3, 0.3, 0.2, 1, and 0.1, respectively. The arsenic content 

was determined via inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Varian 

Vista), with a DL of 0.004 mg kg–1. Soil pH was measured in duplicate in a solid-to-liquid ratio 

of 1:2 with deionized water (pH meter: Eutech pH 200 series, probe: Accumet Ag/AgCl) according 

to the ASTM D4972-13 method (ASTM, 2013). The total organic carbon content with a DL of 

0.1% w/w was analyzed using a LECO furnace. Infrared determination of CO2 was carried out to 

determine the organic carbon content as a difference between total and inorganic carbon (Tiessen 

and Moir, 1993). Cation exchange capacity (CEC) was determined using the sodium acetate 

method with NaOAc 1N and NH4OAc 1N (Chapman, 1965). 

4.2.2 Artificial SSFLs 

Three solutions have been prepared to mimic human skin surface film liquids (SSFL): two synthetic 

sweats [sweat A (pH = 6.5) and sweat B (pH = 4.7)] and one synthetic sebum (Table 4.1). The 

SSFL formulations are further described in Marin Villegas et al. (2019) and have been selected for 

their differences in pH and composition. Sweats A and B simulate the sweat layer on the skin, 
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while sebum was used to treat the synthetic membranes to mimic the hydrophobic properties of the 

skin, caused by the presence of lipids. 

Table 4.1 Composition of artificial SSFLs 

Chemical, % (w/w) Sweat Aa Sweat Bb Sebumc 

   (pH = 6.5)  (pH = 4.7)   

Deionized water 99.3 94 - 

Sodium chloride 0.5 2 - 

Lactic acid 0.1 1.5 - 

Urea 0.1 0.5 - 

Acetic acid - 0.25 - 

Ammonium chloride - 1.75 - 

Squalene - - 12.4 

Jojoba oil - - 25 

Triolein - - 44.6 

Oleic acid - - 17 

Vitamin E - - 1 

a According to standard EN 1811 (CEN, 2015), b According to standard NIHS 96-10 (Wainman et 

al., 1994), c According to Wertz (2009). 

4.2.3 In vitro dermal bioaccessibility test 

Tests were started by adding 20 mL of synthetic sweat to 2 g of the soil sample (d < 425 μm) in 50 

mL polypropylene tubes with HDPE caps. Tubes containing the soil and sweat mixture were placed 

on an orbital shaker (Cole-Parmer 51704 Series, radius 9.5 mm) at 100 rpm inside an incubator 

(Isotemp, Fisher Scientific) at 36 °C, corresponding to the median skin temperature for humans 

(Stefaniak et al., 2014), for 2 h. The tubes were then centrifuged (Heraeus Megafuge 8, Thermo 

Fisher) at 10,000g for 10 min, and the supernatant was collected with 60 mL Luer-Lok syringes 

and filtered with a 0.45 μm polyvinylidene fluoride filter fitted to the syringe. The filtered 

supernatant was transferred into 50 mL polypropylene centrifuge tubes with HDPE caps and stored 

at 4 °C until analysis. Samples were analyzed via ICP-atomic emission spectroscopy (AES) (Vista, 
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Varian Inc.) to determine As, Cr, Cu, Ni, Pb, and Zn concentrations (with DLs in mg kg–1 of 0.004, 

0.001, 0.006, 0.001, 0.006, and 0.024, respectively). For each metal(loid), bioaccessibility 

percentage (%bio) was determined as follows: 

               (4.1) 

Where Cbio is the bioaccessible concentration of metal(loid) (mg kg–1) and Ctotal is the total 

concentration of metal(loid) in the soil sample (mg kg–1). A more detailed description of the dermal 

bioaccessibility protocol can be found elsewhere (Marin Villegas et al., 2019). 

4.2.4 Permeation test 

Glass-jacketed vertical Franz diffusion cells (PermeGear Inc.) with a 9 mm orifice diameter, a 5 

mL receptor volume, and a 1 mL donor volume were used. The temperature of the receptor was 

maintained at 37 °C by circulating water from a water bath (model 2849, Thermo Fisher Scientific) 

to simulate temperature below the skin (Franken et al., 2015a, Franken et al., 2015b). The receptor 

compartment was filled with phosphate-buffered saline (PBS) solution (Fisher Scientific) at a pH 

of 7.4 (Haq et al., 2018a) and NaCl 8.0 g/L, KCl 0.2 g/L, Na2HPO4 1.44 g/L, and KH2PO4 0.24 

g/L, to represent the blood salt concentration and blood pH (Franken et al., 2015a). The receptor 

compartment was subjected to constant stirring (300 rpm) with a magnetic stirrer (Poly 15, 

Variomag). Twenty-five millimeters diameter sterile Strat-M membranes (EMD Millipore) were 

used as a surrogate for human skin. Each membrane was mounted on the Franz diffusion cell with 

the shiny side in contact with the donor compartment (Haq al., 2018a). To simulate the hydrophobic 

character of the skin and investigate the influence of the lipid fraction of SSFL in the permeation 

of metal(loid)s, half of the membranes were coated with 0.1 mL of sebum. 

One milliliter of the filtered supernatant collected from the bioaccessibility test (donor solution) 

was immediately added to the open-top donor compartment to start the permeation experiment. 

Tests were performed in duplicate and in the presence of procedure blanks (fresh synthetic sweat 

as donor solution). The receptor solution was completely removed from the receptor compartment 

at 6, 8, 10, 12, 14, and 24 h and placed in 15 mL polypropylene centrifuge tubes. After each 

sampling event, the receptor compartment was rinsed with 5 mL of fresh PBS solution using a 

syringe. This rinsing solution was added to the tube containing the receptor solution. After every 
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sampling event followed by rinsing, 5 mL of fresh PBS solution was added to the receptor 

compartment. The procedure blank cells received the same treatment. 

The receptor and donor solution samples were kept refrigerated at 4 °C until analyzed via ICP-AES 

(Vista, Varian Inc.) to determine the As, Cr, Cu, Ni, Pb, and Zn concentrations. 

As an additional quality control measure, a mass balance was performed for one sample per batch. 

At the end of the permeation test (after 24 h), the donor compartment and the membrane were 

rinsed four times with 1 mL of deionized water. The rinsing solution was added to the remaining 

donor solution for analysis. To assess the amount of metal that remained in the membrane, 

membranes were placed in Teflon beakers and digested on a hot plate with HNO3, HCl, and HF 

for 45 min and then filtered with 0.45 μm filters (Whatman), diluted to 100 mL, and analyzed for 

total metal content via ICP-AES. Mass balance was calculated by comparing the metal recovered 

from the donor solution, membrane, and receptor solution at the end of the experiment with the 

initial mass of metal present in the donor solution. 

4.3 Results and discussion 

4.3.1 Soil characterization 

The pH was neutral to slightly alkaline for CCA-contaminated soil samples S7 and S8 and acidic 

for reference material SQC001 (Table 4.2). A low total organic carbon content (<2.9%) was 

reported in all soil samples. CEC values ranged from 12.8 to 41.4 meq 100 g–1. High CEC suggests 

that cationic metals such as Cu, Ni, and Zn could be retained by cation exchange on the soil 

(Gosselin and Zagury, 2020). Total metal(loid) concentrations in soil samples S7 and S8 are also 

shown in Table 4.2. Values in bold are exceeding the Quebec’s regulatory limit for industrial land-

use (C criterion) MELCC(2021). Extensive As contamination was observed for S8 (1639 mg kg–1 

± 6.8%) (more than 30 times the C criterion) and S7 (311 mg kg–1 ± 1.1%). A Cu content exceeding 

the C criterion (500 mg kg–1) was also observed for S7 (824 mg kg–1 ± 5.8%) and S8 (1070 mg 

kg–1 ± 11.0%). As previously reported, Cr contamination was less problematic than As and Cu 

(Gosselin and Zagury 2020) but soil samples S7 and S8 still contained elevated Cr concentrations. 

Certified reference material SQC001 had a lower content of As, Cr, and Cu but a higher content of 

Pb and Zn. The measured total metal(loid) content of SQC001 was within 100 ± 10% of the 

certified values provided in the certificate of analysis. 
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Table 4.2 Total concentrations of As, Cr, Cu, Ni, Pb, and Zn (mg kg−1), pH, total organic carbon 

(TOC, w/w %), and cation exchange capacity (CEC, meq 100 g−1) of soils. Precision is expressed 

as mean ± relative standard deviation %. 

Parameter SQC 001 S7 S8 

As 173 ± 20 311 ± 1.1 1639 ± 6.8 

Cr 124 ± 6.5 371 ± 3.9 582 ± 14.3 

Cu 82 ± 1.9 824 ± 5.8 1070 ± 11.0 

Ni 112 ± 9.8 26 ± 11.5 223 ± 11.3 

Pb 263 ± 2.5 57 ± 8.8 80 ± 10.6 

Zn 512 ± 4.0 261 ± 7.3 223 ± 10.8 

pH 5.7 ± 0.2 7.2 ± 0.7 7.1 ± 0.5 

TOC < 0.01 1.3 ± 2.1 2.9 ± 1.5 

CEC 12.8 ± 8.8 15.5 ± 16.3 41.4 ± 2.8 

 

4.3.2 Dermal bioaccessibility of metal(loid)s 

 

Table 4.3 shows the bioaccessibility (%) and bioaccessible concentration (mg L–1) of metal(loid)s 

obtained following bioaccessibility tests performed on S7, S8, and SQC001 using sweat A and 

sweat B. In agreement with the findings of Marin Villegas et al., (2019) sweat B generally yielded 

the highest bioaccessibility percentage values. The difference in the bioaccessibility of metal(loid)s 

for the different sweat compositions can be attributed to the fact that lower pH increases the 

solubility, particularly for cationic metals. 
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Table 4.3 Bioaccessibility of As, Cr, Cu, Ni, Pb, and Zn in soils using synthetic sweat formulations 

A and B: (a) bioaccessibility expressed in percentage (%) and (b) bioaccessible concentration (mg 

L-1) 

(a) Bioaccessibility (%) 

Donor solution Soil As  Cr  Cu  Ni  Pb  Zn  

Sweat A S7 1.4 0.15 0.5 < 0.4 < 0.2 0.05 

 (pH=6.5) S8 0.5 0.06 0.4 < 0.4 < 0.2 0.02 

  SQC001 0.06 0.13 2.1 20.4 0.4 40.3 

Sweat B S7 2.8 2 7.2 0.5 < 0.2 9 

 (pH=4.7) S8 0.8 1 2.9 0.8 < 0.2 3 

  SQC001 5.1 25.1 61.3 44.9 34.9 91 

                

(b) Bioaccessible concentration (mg L-1) 

Donor solution Soil As Cr Cu Ni Pb Zn 

Sweat A S7 0.45 0.05 0.38 < 0.01 < 0.01 0.01 

 (pH=6.5) S8 0.76 0.04 0.41 < 0.01 < 0.01 0.01 

  SQC001 0.01 0.02 0.17 2.29 0.09 20.6 

Sweat B S7 0.86 0.76 5.93 0.01 < 0.01 2.34 

 (pH=4.7) S8 1.36 0.59 3.13 0.02 < 0.01 0.66 

  SQC001 0.88 3.12 5.07 5.02 9.2 46.6 

 

The reference material SQC001 revealed an overall higher dermal bioaccessibility percentage 

compared to S7 and S8, especially for Cu, Ni, Pb, and Zn. In sweat B, which yielded higher 
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bioaccessibility percentages than sweat A due to its more acidic pH (4.7), metal(loid) dermal 

bioaccessibility ranged from 5.1 to 91.0% in SQC001 but it remained lower than 7.2% in soil S9 

and lower than 2.9% in soil S8 ( 

 

Table 4.3). The overall higher bioaccessibility percentage measured in the reference material can 

be explained by its lower pH, low total organic carbon content (<0.1% w/w), and the fact that the 

reference material SQC001 has not undergone a natural aging process, which reduces the 

bioaccessibility of metals in soils (Liang et al., 2016). 

In summary, bioaccessibility percentages in terms of sweat are in the following order sweat B > 

sweat A and in terms of geological materials they are SQC001 > S7 > S8. In agreement with 

bioaccessibility percentages, bioaccessible concentrations were relatively low (below 1 mg L–1) in 

sweat A except for Ni (2.29 mg L–1) and Zn (20.6 mg L–1). The highest bioaccessible concentrations 

were measured in SQC001 for Ni, Pb, and Zn. Even though Cu bioaccessibility percentages 

following extraction with the more acidic sweat B were only 7.2 and 2.9% in soils S7 and S8, 

respectively, high bioaccessible concentrations (5.9 and 3.1 mg L–1 respectively) were obtained 

because of the very high Cu content (largely exceeding the C criterion) measured in these field-

collected soil samples (Table 4.2). 

A more comprehensive analysis of the influence of soil properties and synthetic sweat formulation 

on bioaccessibility of metal(loid)s from soils can be found in Leal et al., (2018), and Marin Villegas 

et al., (2019). 

4.3.3 Permeation test 

Following the bioaccessibility test, the supernatant containing the bioaccessible fraction of 

metal(loid)s was used as the donor solution in permeation tests. The concentration of metal(loid)s 

in the receptor (μg L–1) was converted to the total metal(loid) amount that permeated (μg cm –2) 

and then plotted against time (Figure 4.1and Figure 4.2). Flux (μg cm–2 h–1) was calculated as the 

slope from the steady-state region of graphs shown in Figure 4.1and Figure 4.2 and the lag time as 

the intercept of the curve with the X-axis (time). The permeation coefficient Kp was calculated 

from the linear steady-state region of the plot by dividing the flux through the membrane (μg cm–

2 h–1) by the concentration in the donor solution (Larese et al., 2007). 
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Figure 4.1 Mean cumulative mass per area and standard deviation of metal in sweat A (pH = 6.5) 

that permeated through Strat-M membrane for (a) chromium (not coated with sebum), (b) 

chromium (coated with sebum), (c) copper (not coated with sebum), and (d) copper (coated with 

sebum) 

 

Figure 4.2 Mean cumulative mass per area and standard deviation of chromium in sweat B (pH = 

4.7) that permeated through Strat-M membrane when (a) not coated with sebum and (b) coated 

with sebum. 

Overall, mass balance recovery calculated from donor solutions, synthetic membranes, and 

receptor solutions yielded satisfactory percentages. The results for all analyzed samples ranged 
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from 58.1 to 101.3% for Cr, and from 85.3 to 128.4% for Cu (when sweat A was used as a donor 

solution), and from 81.9 to 115.2% for Cr, and 73.4 to 101.2% for Cu when sweat B was used as a 

donor solution. 

4.3.3.1 Arsenic 

Arsenic did not permeate the synthetic skin membrane for all sweat formulations and soil samples 

tested. At the pH of both sweats and under oxidizing conditions, As is expected to be found as 

As(V), the less mobile form of this metalloid (Dobran and Zagury, 2006; McLean and Bledsoe, 

1992). Experimental data indicate that penetration of metal(loid)s through the skin is significantly 

dependent on ion mobility and charge (Hostýnek et al.,1993). 

4.3.3.2 Chromium 

Figure 4.1 and Figure 4.2 show that Cr permeated through the membrane for both synthetic sweat 

formulations and all geological materials (except for soil S7 in sweat A, in the absence of sebum). 

The results ( 

Table 4.4) indicate that Kp is higher for sweat A than sweat B for the same geological material. 

This can be explained by the Cr(III) and Cr(VI) species in each sweat formulation. In the more 

alkaline sweat A, and under oxidizing conditions (donor compartment open to air), a higher amount 

of Cr is expected to be found as Cr(VI) when compared to the more acidic sweat B. Cr(VI) has a 

higher potential of permeation than Cr(III) and a higher associated Kp (Gammelgaard et al., 1992, 

Van Lierde et al., 2005, Franken et al., 2015a), which explains the higher flux and Kp of Cr in sweat 

A. 

Table 4.4 Flux (g cm−2 h−1), lag time (h), and permeation coefficient (cm h-1) for (a) Cr and (b) Cu 

(data expressed as mean ± standard deviation). 

 (a) 
 

  
 

Donor solution Flux (g cm−2 h−1) Lag Time (h) Kp (cm h−1) 

Sweat A S7   -    -    -   

(pH=6.5) S8 1.4E-03 ± 4.0E-05 6.7 ± 0.3 3.8E-02 ± 1.1E-03 

  SQC001 1.7E-03 ± 4.1E-04 2.8 ± 0.6 1.1E-01 ± 2.6E-02 
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  S7 Sebum 7.1E-04 ± 6.5E-05 4.4 ± 0.1 1.3E-01 ± 1.2E-02 

  S8 Sebum 1.5E-03 ± 3.4E-05 5.5 ± 0.5 4.7E-02 ± 1.0E-03 

  SQC001 Sebum 1.7E-03 ± 1.1E-04 2.5 ± 0.2 1.1E-01 ± 7.2E-03 

Sweat B 
 

S7 1.4E-03 ± 2.4E-04 0.6 ± 0.3 1.5E-03 ± 2.6E-04 

(pH=4.7)  S8 2.1E-03 ± 2.6E-04 2.8 ± 0.4 2.6E-03 ± 3.3E-04 

  SQC001 2.2E-03 ± 5.0E-04 2.9 ± 0.7 7.3E-04 ± 1.7E-04 

  S7 Sebum 2.9E-03 ± 2.9E-03 3.7 ± 0.1 3.2E-03 ± 3.2E-03 

  S8 Sebum 3.0E-03 ± 6.3E-05 1.9 ± 0.1 3.7E-03 ± 7.8E-05 

  SQC001 Sebum 4.9E-03 ± 2.0E-04 4.7 ± 0.3 1.9E-03 ± 7.7E-05 

 
 

                

 (b)  

 
Donor solution Flux (g cm−2 h−1) Lag Time (h) Kp (cm h−1) 

Sweat A S7   -    -    -   

 (pH=6.5) S8 5.5E-02 ± 1.8E-03 0.2 ± 0.4 1.3E-01 ± 4.3E-03 

  SQC001 2.6E-02 ± 4.2E-03 0.6 ± 0.6 1.5E-01 ± 2.4E-02 

  S7 Sebum   -    -    -   

  S8 Sebum 3.6E-02 ± 2.3E-03 4.6 ± 0.3 8.8E-02 ± 5.5E-03 

  SQC001 Sebum 9.1E-02 ± 2.5E-03 5.9 ± 0.3 5.2E-01 ± 1.4E-02 

For sweat B, flux and Kp are roughly doubled in the presence of sebum for all the geological 

materials. Sebum might interact with Cr species in sweat B and foment production of more 

penetrable compounds. In sweat A, in addition to Cr(VI), Cr(III) species that are expected to be 

found are mostly Cr(OH)2+ and neutral thus potentially more permeable Cr(OH)3(aq), whereas in 

sweat B due to a more acidic pH, Cr(III) is expected to be the main Cr oxidation state (WHO, 

2009). This hypothesis is backed by the fact that for sweat A, there is no visible influence of sebum 

on the permeation parameters. However, other variables such as the molecular size, chemical 

reactivity, and counterions could affect permeation of Cr through the skin membrane (Hostýnek et 

al., 1993; Hostýnek, 2003). To validate this hypothesis, it is recommended to assess chromium 

speciation in SSFLs. 
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The permeation coefficient (Kp) also varies among geological materials within the same sweat 

composition. This might be partially explained by the dose factor: the rate of diffusion of Cr is not 

proportionate to the applied concentration, and absolute absorption can reach a plateau value and 

then decrease with an increment in concentration (Hostýnek, 2003). This phenomenon occurs in 

real skin due to the buildup of a secondary diffusion barrier as a consequence of electrophilic metals 

[such as Cr(III)] forming stable bonds with proteins in the skin, also causing longer lag times 

(Hostýnek, 2003). As previously reported by Marin Villegas et al. (2019), the concentrations of 

metals in the donor solution following dermal bioaccessibility tests are dependent on the 

physicochemical properties of the geological material and extractant (synthetic sweat). There was 

a much higher bioaccessible concentration of Cr in sweat B than sweat A following the 

bioaccessibility test ( 

 

Table 4.3) producing different diffusion profiles (Figure 4.1 and Figure 4.2). 

4.3.3.3 Copper 

Copper extracted from samples S8 (0.41 mg L–1) and SQC001 (0.17 mg L–1) with sweat A 

permeated the synthetic skin membrane, both in the presence and absence of sebum (Figure 4.1 

and  

Table 4.4). It should be noted that Cu was also detected in the receptor solution following 

permeation with sample S7 extracted with sweat A (0.38 mg L–1) in the presence of sebum at the 

end of the sampling period (t = 12 h and t = 24 h). However, there were not enough data to build 

the cumulative mass per area versus time curve and calculate the permeation parameters. Copper 

did not permeate the membrane when extracted with sweat B even though bioaccessible 

concentrations (donor solution) were much higher (3.13 mg L–1 for S8 and 5.07 mg L–1 for 

SQC001). This suggests that Cu speciation and complexation, which depends on pH, and sweat 

formulation among other parameters, might influence the permeation of Cu. 

The Kp values for Cu were similar for soils S8 and SQC001 in the absence of sebum. However, in 

the presence of sebum, the Kp value was around five times higher for SQC001. Lag times before 

Cu permeation were longer in the presence of sebum for S8 and SQC001, increasing from 0.2 to 
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4.6 h and from 0.6 to 5.9 h, respectively. This could be caused by the added layer formed by the 

sebum, causing the Cu flux to take a longer time to reach equilibrium. 

4.3.3.4 Nickel 

High bioaccessible Ni concentrations (2.29–5.02 mg L–1) were obtained when extracting SQC001 

with both sweat formulations but low to below detection (<0.01 mg L–1) bioaccessible Ni 

concentrations were measured when extracting field-collected soil samples S7 and S8 ( 

 

Table 4.3). In all cases, Ni did not permeate the synthetic skin membrane. Depending on Ni activity, 

Ni in solutions with a pH < 8 is expected to be mostly found as Ni2+ (Gonsalvesh et al., 2016). 

Fullerton et al., (1988) reported a strong influence of the vehicle in the permeation of NiCl2 and 

NiSO4 through the skin and lag times of 50 h (our permeation test lasted 24 h). In another study, 

Larese et al. (2007) tested permeation through human abdominal skin of Ni powder in suspension 

in synthetic sweat (50 g L–1) at pH 6.5 (sweat A). In the latter study, Ni slowly permeated the skin 

with a lag phase of 14 h and Ni was present as a free ion in the donor and in the receptor solution. 

Nevertheless, in the present study, the potential for very long lag times made Ni unable to penetrate 

the synthetic skin membrane under the experimental design used. 

4.3.3.5 Lead 

Lead was only present in donor solutions when SQC001 was extracted with sweat A (0.09 mg L–

1) and sweat B (9.20 mg L–1) ( 

 

Table 4.3). However, it did not permeate the synthetic skin membrane. In real human skin, Pb is 

mainly absorbed through the sweat glands and hair follicles and only slightly mobile through the 

transepidermal route depending on its speciation (Stauber et al., 1994; Franken et al., 2015a). The 

Strat-M membrane is designed to specifically simulate the diffusion pathway. 

4.3.3.6 Zinc 

Zinc did not permeate the synthetic skin membrane even if very high bioaccessible concentrations 

( 
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Table 4.3) were found in the donor solution for both SSFLs with SQC001. Zinc is expected to be 

mostly present in its charged ionic form Zn2+ from low to neutral pH (Powell et al., 2015). Most of 

the previous investigations regarding permeation of Zn were focused on ZnO from sunscreen, 

concluding that particles formed micron-sized aggregates reducing permeation through human skin 

(Franken et al., 2015a; Mavon et al., 2007; Merwe et al., 2009). 

4.3.3.7 Comparison of Kp Values with Published Values 

The USEPA (2004) recommends Kp values (cm h–1) for some metals (Cr(III):0.001, Cr(VI):0.002, 

Ni:0.0002, Pb:0.0001, Zn:0.0006, and other nonspecified inorganics: 0.001). These values have 

been adapted from Hostýnek et al. (1998) Because of its conservative approach, USEPA (2004) 

listed the highest reported permeability coefficient. Nonetheless, other studies reported higher 

permeability coefficients than the ones recommended by USEPA (2004). Examples of these are 

Larese Filon et al., (2008) who reported a Kp value for Cr of 0.0124, and Fullerton et al., (1988) 

who reported Kp values for Ni of 0.0015 for epidermis and 0.23 for the dermis. 

The Kp values from our experiments using the Strat-M synthetic membrane when metal(loid)s 

extracted in sweat A were used in the donor solution were higher than the ones summarized by 

USEPA (2004) However, the values were in the same order of magnitude or slightly higher for Cr 

when sweat B was used in the donor solution. Moreover, in the present study, longer lag times and 

differences in the Kp were found in the presence of sebum. The percutaneous data obtained using 

a synthetic skin membrane in this study gives valuable insights regarding the influence of the donor 

solution pH and the presence of sebum. 

4.4 Future research and study limitations 

The dermal bioaccessibility of all studied metal(loid)s from geological materials was higher at 

lower pH. Nevertheless, only Cr and Cu could permeate the Strat-M membrane following the 

bioaccessibility test in synthetic sweat, and Cr and Cu seem to have greater potential for diffusion 

through human skin surrogate (Strat-M membrane) at higher pH. For this reason, the characteristics 

of the donor solution (synthetic sweat formulation) are critical for both bioaccessibility and 

permeation of metal(loid)s. Further studies are needed to assess metal(loid) speciation in various 

synthetic SSFLs to help explain differences in bioaccessible metal(loid)s’ ability to permeate the 
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skin. Moreover, the present study findings also warrant additional studies on the influence of sebum 

in the permeation of metal(loid)s from various soil types through human skin surrogates. 

The diffusion of metal(loid)s through a barrier is a complex phenomenon because several factors 

are interrelated, such as pH, oxidation state, the presence of counter ions, dose, and solubility. For 

risk assessment, environmental agencies like USEPA often suggest standardized or generic values 

for Kp. However, Kp values are not only metal-specific but appear to be site-specific and depend 

on several variables that must be considered for a more accurate estimation of risk related to dermal 

exposure. 

The results obtained in this study showed that the Strat-M membrane is suited for early stages of 

dermal permeation studies of metal(loid)s from contaminated geological materials. Synthetic 

membranes are commonly available, produce less variability, and are significantly less expensive 

than human skin. However, the Strat-M membrane only models the diffusion of chemicals and is 

not suitable to model other dermal pathways such as appendages (through sweat glands and hair 

follicles). An additional shortcoming of the Strat-M membrane is that it does probably not allow 

us to simulate reservoirs of metal(loids) in the stratum corneum and other layers of the skin. Further 

research to compare the diffusion results with real human skin is, therefore, necessary to reduce 

uncertainty in the calculation of dermal exposure to metal(loid)s present in contaminated soils. 
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ABSTRACT 

 

Dermal exposure to metal(loid)s from contaminated soils can contribute to health risk. Metal(loid) 

speciation will influence their bioaccessibility in sweat and subsequent permeation across the skin. 

Therefore, the speciation of the bioaccessible fraction of metal(loid)s in two synthetic sweat 

formulations (sweat A (pH 6.5) and B (pH 4.7) was assessed using chemical equilibrium modelling 

(Visual MINTEQ). Permeation through synthetic skin and the influence of sebum in the permeation 

of As, Cr, Cu, Ni, Pb, and Zn were also investigated using Franz cells. Following dermal 

bioaccessibility tests for five Chromated Copper Arsenate (CCA)-contaminated soils and one 

certified soil (SQC001), mean metal(loid) bioaccessibility (%) was higher in sweat B (2.33 - 18.8) 

compared to sweat A (0.12-7.53). Arsenic was almost entirely found as As(V) in both sweats. In 

sweat A, comparable concentrations of Cr(III) and Cr(VI) were found whereas in sweat B, Cr was 

primarily present as Cr(III). Copper was primarily found as Cu2+.  Bioaccessible Cr extracted from 

nearly all soils permeated through the Strat-M membrane when it was coated with sebum. The Cr 

permeation coefficient (Kp) ranged between 0.004 and 0.13 cm/h and the Kp for Cu was higher 

(0.024 to 0.52 cm/h). As, Ni, Pb, and Zn did not permeate the synthetic skin.  
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5.1 Introduction 

Chromium Copper Arsenate (CCA) is an inorganic waterborne wood preservative used for over 60 

years worldwide (Dobran & Zagury, 2006; Pouschat & Zagury, 2008). Arsenic (As) and copper 

(Cu) function as insecticide and fungicide, while chromium (Cr) fix the other two components to 

the wood (Chirenje et al., 2003). Due to leaching, soils can be heavily contaminated with As, Cr, 

and Cu in the surroundings of structures containing CCA-treated wood such as utility poles, and 

fences (Chirenje et al., 2003; Pouschat & Zagury, 2008; Zagury et al., 2003, 2008). Since many 

soils adjacent to CCA-treated wood poles are located near roads, the presence of metals such as Zn 

and Pb can also be expected (Guney et al., 2010). Arsenic and Cr(VI) have been linked with 

carcinogenic effects and are listed as priority contaminants whereas copper in high doses can be 

toxic to human health (ATSDR, 2019). Lead is also a soil contaminant that can cause various 

adverse health effects to the nervous, reproductive and immunological systems (Ara & Usmani, 

2015). 

Exposure to contaminants present in soils can occur via ingestion, inhalation, and dermal pathways. 

The latter received less attention than the other two. Limited quantitative and qualitative data on 

dermal exposure to potentially toxic chemicals in soils is currently available (Marin Villegas & 

Zagury, 2021; Sartorelli et al., 2000). Nevertheless, dermal exposure might significantly contribute 

to the total body burden of metal(loids) in humans (Marin Villegas & Zagury, 2023). 

The toxicity and mobility of contaminants are strongly influenced by their oxidation state and 

valence (Avasarala, 2021). In an exposure event, metal speciation directly impacts the fate of the 

contaminant and its absorption across a physiological membrane (e.g., skin) (Reeder et al., 2006).  

Modification of a contaminant chemical form due to physicochemical characteristics of skin 

surface film liquids (SSFLs) may influence the absorption and toxicity of the contaminant.  

Furthermore, the oxidation state of a metal or its association with a specific ligand can completely 

change its behavior (Reeder et al., 2006; Okereafor et al., 2020). It has been reported that As(V) is 

the dominant arsenic form in CCA-contaminated soils (Zagury et al., 2008). Cr is initially in its 

hexavalent state in the CCA solution. Following chemical reactions that occur during the fixation 

process of CCA to the wood, Cr(VI) is reduced to Cr(III) (Cooper & Ung, 1992). However, 

additional reduction or oxidation can take place once the metal(loid)s are in the soil (Dobran & 

Zagury, 2006). A supplementary complication in predicting the behavior of metal(loid)s is that 
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each species present different comportment, making generalizations of the ability to penetrate the 

skin, bioavailability, stability, and reactivity difficult (Nikpour & Hedberg, 2021). Computational 

tools such as Visual MINTEQ can provide estimations of metal speciation in solutions. This 

software is based on chemical equilibrium models, using state of the art descriptions of 

complexation reactions (Gustafsson, 2019); the software has the capacity to predict metal 

speciation with sound accuracy, therefore providing meaningful information about the behavior of 

metal(loid)s in well characterized solutions (Shahid et al., 2012).  

In vitro bioaccessibility as an estimation for bioavailability is a cost-effective alternative over in 

vivo bioavailability with the added value of the ethical considerations inherent of not working with 

biological tissues (Guney & Zagury, 2014, 2016; Marin Villegas et al., 2019). The dermal 

bioaccessible fraction of metal(loid)s is the quantity that is dissolved in SSFLs and is available to 

penetrate through the skin (Hillwalker & Anderson, 2014; Stefaniak et al., 2014;Marin Villegas et 

al., 2019; Marin Villegas & Zagury, 2021).   

For evaluating dermal permeation, the most popular technique is the Franz cell method (Franz, 

1975). This method has been adapted to study the dermal permeation of a wide array of substances 

and vehicles (Pulsoni et al., 2022). In this context, the Franz cell methodology, combined with in 

vitro dermal bioaccessibility, can be used to determine the permeation profile (lag time and 

permeability coefficient (Kp)) of the bioaccessible fraction of metal(loid)s present in contaminated 

soils through the skin (Marin Villegas & Zagury, 2021).  Permeation of metal(loid)s through the 

skin is a multifactorial process that is not fully understood. The human skin presents a wide 

variability in its composition; hence the permeation of metal(loid)s through it is not consistent 

(Hostynek & Maibach, 2006). Furthermore, permeation testing with human skin includes 

complications associated with storage, availability, and cost.  For this reason, synthetic membranes 

to act as human skin surrogates have been developed. The Strat-M membrane (EMD Millipore, 

MA, USA) is a synthetic membrane with the capacity to mimic human skin in permeation studies 

of different substances (Haq et al., 2018a; Joshi et al., 2012; Uchida et al., 2015) and most recently 

in the permeation of metal(loid)s present in geological materials (Marin Villegas & Zagury, 2021). 

Different vehicles have been adapted as the donor solution of the Franz diffusion cell, such as 

water, acetone, or synthetic sweat, making interstudy comparisons of permeability difficult. 

Nevertheless, the donor solution in permeation tests is crucial since it can affect the permeant 
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speciation and properties of the skin barrier (Hostynek, 2003; Anselm et al., 2022). Recently, it has 

been shown that physicochemical properties of synthetic sweat affect the bioaccessibility and 

permeation of metal(loid)s (Leal et al., 2018; Marin Villegas et al., 2019; Marin Villegas & Zagury, 

2021). However, it is not clear how the synthetic sweat characteristics influence speciation and 

subsequent permeation of the bioaccessible metal(loid) fractions. 

Thus, the present study aims to (1) determine and compare the in vitro dermal bioaccessibility of 

As, Cr, Cu, Ni, Pb, and Zn in one reference soil material and five field-collected CCA-contaminated 

soils using two synthetic sweat formulations, (2) perform speciation analysis of the bioaccessible 

fraction of metal(loid)s in synthetic sweat compositions using chemical equilibrium modelling 

(Visual MINTEQ), (3) evaluate the diffusion parameters of the bioaccessible fraction of these 

metal(loid)s through the Strat-M membrane, and (4) help elucidate how speciation affects 

permeation of the bioaccessible metal(loid) fractions. 

5.2 Materials & methods 

5.2.1 Soil sampling and sample characterization 

Six soils have been characterized and subjected to dermal in vitro bioaccessibility tests to determine 

the bioaccessible concentration of As, Cr, Cu, Ni, Pb, and Zn and conduct geochemical modelling 

to evaluate the metal speciation in the bioaccessible solution; the certified soil material SQC001 

(Sigma-Aldrich, lot number LRAC0025) produced according to ISO 1704 (d < 425 µm), and five 

field-collected soil samples (d < 420 µm) (S2, S3, S6, S7, and S8) collected at the surface (up to 

10 cm depth) in the surroundings of Chromated copper arsenate (CCA)-treated utility poles in 

Montréal, Canada. Coarse material (>2 cm) and topsoil vegetation were removed prior to sampling. 

The samples were collected using a plastic shovel and stored in zip-lock plastic bags. Containers 

and tools were washed with a phosphate-free detergent and soaked overnight in 10% (v/v) HNO3 

and rinsed with deionized water (18.2 MΩ.cm). Field-collected soil samples were air-dried, gently 

disaggregated using a mortar and dry sieved to 420 µm using a sieve shaker (Retsch AS-200).  Only 

the fine fraction of soils (< 420 µm) was considered for dermal exposure because this fraction 

covers most of soil particles that adhere to the skin (Leal et al., 2018; USEPA, 2004). Samples 

were then stored at 4oC prior to use (Gosselin & Zagury, 2020; Marin Villegas & Zagury, 2021). 
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Total metal(loid) content in soil samples was determined by acid digestion according to standard 

method 3030 (Clesceri, 1999) using HNO3 (70% w/w), HF (50% w/w), and HClO4 (70% w/w). 

Procedure blanks and duplicates were included. Concentrations of As, Cr, Cu, Ni, Pb and Zn were 

measured via ICP-OES (Varian Vista), detection limits (DLs) in mg/kg were 0.004, 0.001, 0.006, 

0.001, 0.006, and 0.024, respectively.  Parameters shown in Table 5.1 for soil samples S7, S8, and 

SQC001 were extracted from Marin Villegas & Zagury (2021). 

Soil pH was measured in duplicates according to ASTM D4972-13 (ASTM, 2013) using a 1:2 

solid-to-liquid ratio with deionized water (18.2MΩ cm) (pH meter: Eutech pH 200 series, probe: 

Accumet Ag/AgCl). The Tiessen & Moir (1993) method was applied to determine total organic 

carbon (TOC) content using a LECO furnace. Cation exchange capacity (CEC) was determined 

with the sodium acetate method with NaOAc 1N and NH4OAc 1N described in Chapman (1965).  

5.2.2 Artificial SSFLs 

Two synthetic sweat and one synthetic sebum formulations have been prepared to simulate human 

SSFLs. The synthetic sweats sweat A (CEN, 2015) and sweat B (Wainman et al., 1994), with pH 

6.5 and 4.7, respectively, were prepared according to Marin Villegas et al. (2019) and Marin 

Villegas & Zagury (2021). These formulations were selected to perform in vitro dermal 

bioaccessibility extractions and geochemical speciation modelling due to their differences in 

composition and pH. Moreover, sebum prepared according to Wertz (2008) and Marin Villegas et 

al. (2019) was used to coat the Strat-M membranes to imitate the hydrophobic properties caused 

by the presence of lipids on the skin during the permeation test. Composition of sweat formulations 

A and B, and of sebum is presented in Table 5.4 of the supplementary material. 

5.2.3 In vitro dermal bioaccessibility test 

To determine the bioaccessible concentration of metal(loid)s in synthetic sweat, 2.0 g of each soil 

sample  was added to 20 mL of synthetic sweat in a 50 mL sterile polypropylene tube with an 

HDPE cap. Tubes containing the soil-synthetic sweat mixture were placed on an orbital shaker 

(51704 Series, Cole Parmer, radius 9.5 mm) and set at 100 rpm for 2 hours. The temperature was 

maintained at 36oC (mean skin temperature) by placing the shaker inside an incubator (Isotemp, 

Fisher Scientific). The tubes were then centrifuged at 10 000 x g for 10 minutes (Heraeus Megafuge 

8, Thermo Fisher), and the supernatant was collected with 60 mL Luer-Lok syringes and filtered 



78 

 

with a 0.45 μm PVDF filter fitted to the syringe. The supernatant was gathered in sterile 50-mL 

Polypropylene centrifuge tubes with HDPE caps and stored at 4oC until analysis. Tests were 

performed in duplicates and in the presence of procedure blanks. 

Samples were analyzed to determine As, Cr, Cu, Ni, Pb, and Zn (detection limits in mg/kg of 0.004, 

0.001, 0.006, 0.001, 0.006, and 0.024, respectively) via ICP-OES (Vista, Varian Inc.). For further 

details of the dermal bioaccessibility protocol, see Leal et al. (2018), Marin Villegas et al. (2019), 

and Marin Villegas & Zagury (2021). 

5.2.4 Geochemical modelling 

Chemical equilibrium speciation calculations were done assuming open-system conditions using 

the software VMINTEQ 3.1 and its associated database (Gustafsson, 2019). The VMINTEQ 

thermodynamic database is a revised version of the original USEPA MINTEQA2 database (Allison 

et al., 2011) that contains updated and expanded data from the NIST Critical Stability Constant 

database (ver. 7). The speciation of soluble metal(loid)s in the sweat formulations A and B obtained 

after extracting each soil sample in duplicates was modelled using the concentration of 

metal(loid)s, pH, temperature, Eh, and concentration of main anions and cations in the solution. 

Binding of metal(loid)s to dissolved organic matter was not considered. The mean value for each 

parameter was used as the input parameter for the model. For all simulations, the charge imbalance 

was lower than 5%, indicating a suitable quality of the sweat chemistry analyses.  

Bioaccessible solution samples were used to assess oxidation-reduction potential (ORP) values as 

input data for VMINTEQ. ORP was measured after centrifugation and filtration using a double-

junction Ag/AgCl electrode (model Cole-Parmer GH-59001-77), calibrated with ORP standard 

solution (Orion, Thermo Scientific), and pH meter (Eutech pH 200 series). The ORP readings were 

reported in millivolts (mV) with respect to the standard hydrogen electrode (Eh). Anions and 

cations (and associated quantification limits in mg/L) (F- (0.1), Cl- (0.1), NO2
- (0.2), Br- (0.1), NO3

- 

(0.2), SO4
2- (0.2), PO4

3- (0.2), Li+ (0.2), Na+ (0.4), NH4
+ (0.2), K+ (0.1), Mg2+ (0.2), Ca2+ (0.2)) were 

measured in the solution by ionic Chromatography (ICS 5000 AS-DP DIONEX Thermo 

Scientific).  
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5.2.5 Permeation test 

Although dermal bioaccessibility of metal(loid)s is expected to be higher in sweat B than in sweat 

A mainly due to its lower pH, permeation tests were conducted using sweat A as the donor solution 

in agreement with our recent findings (Marin Villegas & Zagury (2021). That study reported that 

permeation of Cr and Cu was higher when extracted in sweat A (pH 6.5) than sweat B (pH 4.7), 

possibly due to a higher presence of Cr(VI) in sweat A and less permeable Cu species in sweat B 

(Marin Villegas & Zagury, 2021). Glass jacketed vertical Franz diffusion cells (PermeGear Inc.) 

with a 9 mm orifice diameter, 5 mL receptor volume, and 1 mL donor volume were used to evaluate 

the permeation of the bioaccessible fractions of metal(loid)s in sweat A. The receptor temperature 

was maintained at 37oC to simulate the temperature below the skin (Franken et al., 2015) by 

circulating water from a hot bath (Model 2849, Thermo Fisher Scientific) using an electric water 

pump (VicTsing NP-600). For mimicking the pH and salt concentration of the bloodstream, the 

receptor compartment was filled with 5 mL of Phosphate-Buffered Saline (PBS) solution (Fisher 

Scientific) at pH 7.4 and NaCl 8.0 g/L, KCl 0.2 g/L, Na2HPO4 1.44 g/L, and KH2PO4 0.24 g/L 

(Franken et al., 2015; Haq et al., 2018a). The receptor compartment was subjected to constant 

stirring (300 rpm) with a magnetic stirrer (Poly 15, Variomag). Twenty-five mm OD sterile Strat-

M membranes (EMD Millipore) were used as a surrogate of human skin. Membranes were placed 

with the shiny side upwards, in contact with the donor compartment without pre-treatment (Haq et 

al., 2018b). To simulate the hydrophobic properties of the skin caused by the lipid fraction of the 

SSFL in the permeation of metal(loid)s, half of the membranes were coated with 0.1 mL of sebum.  

The test started by adding 1 mL of supernatant collected from the bioaccessibility test (sweat A) in 

the donor compartment. Tests were performed in duplicates and with blanks consisting of fresh 

synthetic sweat A as donor solution. Sampling was performed at 6, 8, 10, 12, 14 and 24 h by 

collecting the receptor solution with a 15 mL Luer-Lok syringe. Following sampling, the receptor 

compartment was rinsed by adding 5 mL of fresh PBS. Samples from the receptor were placed in 

15 mL polypropylene tubes. The rinsing solution was added to the receptor sample in the same 

tube. After sampling and rinsing, the receptor compartment was refilled with 5 mL of fresh PBS 

solution. Blank cells received the same treatment. Samples were kept refrigerated at 4oC until 

analysis of metal(loid)s via ICP-AES (Vista, Varian Inc.).To model the permeation through the 

synthetic membrane, the concentration of metal(loid)s in the receptor (µg/L) was converted to the 

total metal(loid) that permeated (µg/cm2) and plotted against time. The flux (µg/cm2 h) was 
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calculated as the slope of the steady-state region of the graph and the lag time as the intercept with 

the X-axis (h). To calculate the permeability coefficient Kp (cm/h), the flux was divided by the 

concentration in the donor solution (Larese et al., 2007; Marin Villegas & Zagury, 2021). 

Permeation results for soil samples S7, S8, and SQC001 were extracted from Marin Villegas & 

Zagury (2021). 

For assessing the metal(loid) content that potentially remained in the membrane, the Strat-M 

membranes were subjected to acid digestion (HNO3 (70% v/v), HCl (50% v/v), and HF (48% v/v) 

in Teflon beakers. Subsequently, the digestate was filtered with 0.45 µm filters (Whatman) and 

diluted to 100 mL. The diluted samples were then analyzed for total metal(loid) content using ICP-

AES (Marin Villegas & Zagury, 2021). Mass balance was calculated by comparing the metal 

recovered from donor solution, metal content in the membrane and cumulative samplings of the 

receptor solution with the initial mass of metal present in the donor solution. 

5.3 Results and discussion 

5.3.1 Soil characterization 

Soil characterization and metal(loid) concentrations are shown in Table 5.1. The values showed in 

bold exceeded C criterion C, Quebec regulatory limit for industrial land-use MELCC (2021).  

Extensive As contamination was observed for S8 (1639 mg/kg ± 6.8 %) (more than 30 times the C 

criterion of 50 mg/kg)  and S7 (311 mg/kg ± 1.1 %). Levels above the C criterion (500 mg/kg) 

were also observed for Cu in soil samples S6, S7, and S8. Although less problematic than As and 

Cu (Zagury et al., 2003), elevated concentrations of Cr in soil samples S2, S7, and S8 were 

observed. The soil reference material SQC001 had a lower content of  Cr and Cu but a higher 

content of Pb and Zn than the field-collected CCA-contaminated soil samples. The total metal(loid) 

content of SQC001 was within 100 ± 10% of the certified values. 

Table 5.1 Total Concentrations of As, Cr, Cu, Ni, Pb, and Zn (mg/kg), pH, Total Organic Carbon 

(TOC, w/w %), and Cation Exchange Capacity (CEC, meq 100/g) of Soils. Precision is Expressed 

as Mean ± Relative Standard Deviation %. 

Parameter S2 S3 S6 S7* S8* SQC 001* 

As 172 ± 1.7 131 ± 3 195 ± 2.7 311 ± 1.1 1639 ± 6.8 173 ± 20 
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Cr 238 ± 0.5 145 ± 1.9 154 ± 1.4 371 ± 3.9 582 ± 14.3 124 ± 6.5 

Cu 281 ± 0.6 209 ± 4.1 610 ± 5.5 824 ± 5.8 1070 ± 11.0 82 ± 1.9 

Ni 19 ± 20.4 11 ± 2.3 13 ± 17.9 26 ± 11.5 223 ± 11.3 112 ± 9.8 

Pb 59 ± 0.7 9.0 ± 13.6 5.0 ± 15.2 57 ± 8.8 80 ± 10.6 263 ± 2.5 

Zn 342 ± 0.3 102 ± 0.8 81 ± 6.4 261 ± 7.3 223 ± 10.8 512 ± 4.0 

pH 7.11 ± 0.02 7.39 ± 0.02 7.88 ± 0.01 7.2 ± 0.7 7.1 ± 0.5 5.7 ± 0.2 

TOC  2.8 1.7 0.8 1.3 ± 2.1 2.9 ± 1.5 < 0.01 

CEC 24.8 ± 0.9 18.1 ± 1.1 23.9 ± 0.9 15.5 ± 16.3 41.4 ± 2.8 12.8 ± 8.8 

 

* From Marin Villegas & Zagury (2021). 

The pH range (7.10-7.88) across the CCA-contaminated soil samples was narrow and slightly 

alkaline whereas pH was acidic for the reference soil SQC001 (pH 5.72). Low to moderate TOC 

content (< 2.9%) was measured  for all soil samples. CEC values ranged from 12.8 (SQC001) to 

41.4 (S8) meq/100g.  

5.3.2 Bioaccessibility of metal(loid)s 

While bioaccessible concentration in solution reveals the amount of metal solubilized in synthetic 

sweat, bioaccessible percentages (Table 5.5) can be helpful to compare the behavior of metal(loid)s 

from different soil samples. Since this study focuses on the permeation of metal(loid)s in synthetic 

sweat solution and its speciation, bioaccessibility results are expressed in mg/L in Table 5.2. In 

agreement with previous studies (Leal et al., 2018; Marin Villegas et al., 2019; Marin Villegas & 

Zagury, 2021), sweat B generally yielded higher bioaccessible concentrations since its lower pH 

increases the solubility of cationic metals (Marin Villegas & Zagury, 2021). Bioaccessible 

concentrations were generally low (below 1 mg/L) in sweat A except for Ni (2.29 mg/L) and Zn 

(20.6 mg/L) in SQC001. Much higher bioaccessible concentrations of Cr, Cu, Ni, Pb and Zn in 

sweat B were obtained in reference soil SQC001 compared to CCA-polluted soil samples. The 

overall higher bioaccessible metal concentrations obtained in SQC001 can be attributed to its lower 

pH, low total organic carbon content (< 0.01% w/w) and the fact that it has not experienced a 

natural ageing process, which reduces the bioaccessibility of metals in soils (Liang et al., 2016; 

Marin Villegas & Zagury, 2021). For a more detailed analysis of the influence of soil properties 
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and synthetic sweat formulation on the bioaccessibility of metal(loid)s, see Leal et al. (2018) and 

Marin Villegas et al. (2019). 

Table 5.2 Bioaccessible Concentration (mg/L) of As, Cr, Cu, Ni, Pb, and Zn in Soils Using 

Synthetic sweat Formulations A and B. 

Sweat A Soil As Cr Cu Ni Pb Zn 

  S2 0.22 0.03 0.04 < 0.01 0.03 0.16 

  S3 0.14 0.02 0.06 < 0.01 0.04 0.27 

  S6 0.61 0.02 0.05 < 0.01 0.02 0.13  

S7 0.45 0.05 0.38 < 0.01 < 0.01 0.01 

  S8 0.76 0.04 0.41 < 0.01 < 0.01 < 0.01 

  SQC001 0.01 0.02 0.17 2.29 0.09 20.6 

Sweat B S2 0.48 0.05 0.30 0.03 0.17 0.39 

  S3 0.24 0.04 0.31 < 0.01 0.30 0.61 

  S6 0.14 0.04 0.33 < 0.01 0.14 0.24  

S7 0.86 0.76 5.93 0.01 < 0.01 2.34 

  S8 1.36 0.59 3.13 0.02 < 0.01 0.66 

  SQC001 0.88 3.12 5.07 5.02 9.2 46.6 

 

5.4 Chemical equilibrium modeling 

Chemical equilibrium modelling was conducted on bioaccessible extracts (synthetic sweat with 

metal(loid)s in solution) following dermal bioaccessibility test conducted for soils S2, S3, S6, S7, 

S8, and SQC001 (n = 6).  

5.4.1 Arsenic 

In both sweats, arsenic was almost entirely found as arsenate (As(V)). The mean As(V) 

concentration (mol/L) was 6.36E-6 ± 4.61E-6 in sweat A and 1.42E-5 ± 1.13E-5 in sweat B 

contrasting with much lower As (III) concentrations of 3.55E-23 ± 1.06E-23 in sweat A and 3.27E-

19 ± 1.68E-19 in sweat B.   The As(V) present in sweat A contained 57% ± 1% of H2AsO4
- and 

42% ± 1% of HAsO4
2-. In sweat B, As was primarily present as H2AsO4

- (98% ± 1%) and < 2% as 

HAsO4
2- (Figure 5.1). Arsenic speciation is key to solubility and bioaccessibility (Beak et al., 
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2006). Arsenate forms insoluble precipitates with common elements in soil such as iron, aluminum, 

and calcium (McLean & Bledsoe, 1992), thereby entailing overall low bioaccessibility.  

 

Figure 5.1 Speciation of As (V) (%): (a) in sweat A, (b) in sweat B 

5.4.2 Chromium 

In bioaccessible extracts obtained using sweat A, comparable concentrations of Cr(III) and Cr(VI) 

were found. The Cr(III) mean concentration in solution was 2.97E-7 ± 2.21E-7 mol/L whereas Cr 

(VI) mean concentration was 3.97E-7 ± 2.69E-7 mol/L. Cr(III) species were found in similar 

proportions in bioaccessible extracts from all study soils following extraction with sweat A (Figure 

5.2a) with 38.2% ± 1.6 % of Cr(OH)3 (aq), 36.4% ± 1% of Cr(OH)2
+ and 25% ± 1.5% of CrOH2+.  

The primary Cr(VI) compound found in the bioaccessible solutions following extraction with sweat 

A was  CrO4
2-  (Figure 5.2b), ranging from 45.4% (SQC001) to 57.2% (S3), followed by HCrO4

-, 

ranging from 20.5% (SQC001) to 29.2% (S7). CaCrO4 (aq) was also present in a lower proportion 

for S2, S3, S6, S7, and S8 (15% ± 2%) and a higher proportion in SQC001 (34.2%). 

In the more acidic sweat B, Cr was mainly found as Cr(III), with a mean concentration of 1.79E-5 

± 2.17E-6 mol/L compared with 1.98E-11 ± 7.51E-14  mol/L of Cr(VI). For S2, S3, S6, S7, S8, a 

common trend was found, with CrOH2+ as the main Cr compound (Figure 5.2c.), with a range of 

79.4% to 82.2%, followed by 14.0% to 14.5% of Cr3+. In the bioaccessible (sweat B) extract of 

reference material SQC001, considerably different Cr(III) species were found with 67.8 % of CrF2
+ 

and 20.7 % of CrF2+ (this bioaccessible extract was the only one containing fluoride above the 

detection limit). These fluoride containing Cr(III) species coincide with a much higher total Cr 

bioaccessibility measured in reference material SQC001 compared to field-collected CCA-



84 

 

contaminated soils when extracted with sweat B (Table 5.2 and Table 5.5).  On the other hand, 

Cr(VI) was mostly found as HCrO4
- in sweat B with more than 90% in all bioaccessible extracts, 

followed by CrO4
2-. Marin Villegas & Zagury (2021) suggested a possible higher concentration of 

Cr(VI) in sweat A (pH 6.5) than sweat B (pH 4.7) due to its higher pH.  Indeed, speciation 

modelling results showed a much higher Cr(VI) concentration in sweat A (3.97E-7 ± 2.69E-7 

mol/L) than sweat B (1.98E-11 ± 7.51E-14  mol/L). 

Larese et al. (2007), Leal et al. (2018) and Marin Villegas et al. (2019) who studied the 

bioaccessibility of metals in synthetic sweat, all report that at a lower sweat pH, Cr bioaccessibility 

% increases. This being said, it has been demonstrated that an increase in sweat pH boosts the 

dermal permeation of Cr, due to potential oxidation of Cr(III) to Cr(VI), increasing the 

concentration of compounds with higher potential for permeation such as CrO4
2- (Gammelgaard et 

al., 1992; Marin Villegas & Zagury, 2021). 

 

Figure 5.2. Chromium speciation (%): (a) Cr(III) in sweat A, (b) Cr(VI) in sweat A, (c) Cr(III) in 

sweat B, and (d) Cr(VI) in sweat B. 
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5.4.3 Copper 

In sweat A, Cu was mainly present as Cu(II). The concentration of Cu(II) and Cu(I) in mol/L were 

4.93E-6 ± 1.18E-6 and 4.93E-10 ± 3.14E-10, respectively. Most of Cu(II), was found as Cu2+ 

(Figure 5.3a) ranging from 57.4% to 69.3%, followed by CuHPO4 (aq) (18.6% - 30.9%).  CuOH+, 

CuCl+ and CuSO4 (aq) were also present but in much lower proportions (< 10%).  

In soil extracts using sweat B, most of the Cu was also found as Cu(II). Mean concentrations 

(mol/L) of Cu(II) and Cu(I) were 5.28E-5 ± 2.47E-5 and 3.67E-8 ± 1.80 E-8, respectively. Similarly 

to sweat A, the most abundant compound was Cu2+ with a proportion of 72.3 % ± 19.2%. However, 

CuCl+ at 27% ± 1% was the next most abundant species in all soil bioaccessible extracts except 

again for SQC001 extract where Cu2+ was found in a much higher proportion (91.6%) (Figure 5.3b) 

and CuCl+ at 8.15%. This much higher proportion of Cu2+ ion helps explain the 61.3 % 

bioaccessible percentage of Cu (Table 5.5) in the reference material when extracted with the more 

acidic sweat B compared to a significantly lower average dermal bioaccessibility of 2.6 % ± 2.7 % 

for the five CCA-contaminated soils. Regarding Cu(I), most of it was found as CuCl2
- in both 

sweats (> 90% in sweat A and > 80% in sweat B). 

Although Cu permeation through human skin has been confirmed (Hostynek, 2004; Hostynek & 

Maibach, 2006; Pirot et al., 1996), its degree of absorption through the skin and its mechanism is 

uncertain due to the inconsistency in experimental conditions (Hostynek et al., 2011).  

 

Figure 5.3 Copper speciation (%): (a) Cu(II) in sweat A (b) Cu(II) in sweat B 
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5.4.4 Nickel  

When extracted with near neutral sweat A, Ni was not detectable in all bioaccessible extracts except 

for SQC001 where it was mainly present as Ni2+ (95.1%) (Figure 5.5). In sweat B, Ni was measured 

in very low concentrations (0.01-0.03 mg/L) following dermal bioaccessibility tests with soil 

samples S2, S7, S8, and at a higher concentration in SQC001 extract. In a similar trend to sweat A, 

most of Ni was Ni2+ (> 92.6%) in CCA-contaminated soils and 97.4% in SQC001 (Figure 5.5). 

5.4.5 Lead 

As shown in Table 5.2, bioaccessible Pb concentrations were rather low when soil samples were 

extracted with synthetic sweat A. Most of Pb in sweat A was found as PbCl+ (50.4%-54.8%) and 

Pb2+ (37.8% - 40.0%). Other species such as PbCl2(aq), PbSO4(aq), and PbOH+ were also present 

but in lower proportions (< 10%) (Figure 5.6). 

In soil extracts obtained using sweat B, bioaccessible concentrations were higher (up to 9.2 mg/L 

for SQC001) except for soils S7 and S8 (< 0.01 mg/L). The majority of Pb was in the form of PbCl+ 

(40.6% - 55.2%). In the SQC001 extract, Pb2+ was present in a high percentage (33.9%) but 

represented less than 6.3% of Pb species in field-collected soil extracts. PbCl2 (aq) represented 

28.5% ± 0.5% in the bioaccessible extracts of soils S2, S3, and S6 but only 8.5 % in reference soil 

SQC001 (8.5%) (Figure 5.6). 

5.4.6 Zinc 

Dermal bioaccessibility of Zn was particularly high in reference soil SQC001 when extracted with 

both synthetic sweats (40.3 % in sweat A and 91.0 % in sweat B (Table 5.5)). Zinc was primarily 

found as Zn2+ (> 80%) in sweat A (Figure 5.7). In sweat B, the most abundant species was also 

Zn2+ (44% - 48%) but followed by ZnCl+ (25% ± 1%) and ZnCl2 (aq) (11% ± 1%) for all soils 

except SQC001. In SQC001 extract (sweat B), Zn2+ comprised more than 87 % of Zn (Figure 5.8) 

explaining the 91 % dermal bioaccessibility (Table 5.5). 

5.5 Permeation 

Since our previous work has shown that a high metal dermal bioaccessibility does not automatically 

imply synthetic skin permeation (Marin Villegas & Zagury, 2021), it is important to assess 
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permeation in addition to bioaccessibility for a more accurate input into human health risk 

assessment. It is also noteworthy to see how metal(loid) speciation can explain permeation of the 

bioaccessible fractions. Therefore, permeation through the synthetic membrane (µg/cm2) was 

assessed and plotted against time (Figure 5.4). Bioaccessible As, Ni, Pb, and Zn extracted from the 

five field-collected CCA-contaminated soils and the reference soil did not permeate the synthetic 

skin membrane, corroborating results previously obtained with two field-collected soils (Marin 

Villegas & Zagury, 2021). Mass balance calculated from donor solution, synthetic membranes, and 

receptor solutions produced acceptable results. Recovery ranged from 58.1% to 118.4% for Cr and 

71.3% to 128.4% for Cu for all analyzed samples. No remaining Cr and some Cu (< 0.25 µg/cm2) 

was found in the membranes following digestion.  

5.5.1 Chromium 

Bioaccessible Cr extracted from all soil samples permeated through the synthetic skin (Table 5.3 

and Figure 5.4).  This was not unexpected as more than 50 % of Cr found in the bioaccessible 

solutions following extraction with sweat A was Cr(VI) and the primary Cr(VI) compound was 

CrO4
2- (Figure 5.2b), a known skin penetrant (Hostynek et al., 1993).  It is recognized that Cr(III) 

has a lower dermal permeability and therefore lower bioavailability than Cr(VI) (Franken et al., 

2015; Gammelgaard et al., 1992; J. Hostynek, 2003; Van Lierde et al., 2006). Cr(III) ions are 

electrophilic and form stable complexes with dermal and epithelial tissues, which slow the 

diffusion through the skin. Chromate and dichromate (Cr(VI)), however, are negatively charged 

and do not tend to bind to organic substances (Hostynek, 2003) 

More precisely, bioaccessible Cr extracted from 3 soil samples (S2, S8, and SQC001) permeated 

through the Strat-M membrane in the absence of sebum but bioaccessible Cr extracted from nearly 

all soil samples (S3, S6, S7, S8, and SQC001) permeated through the Strat-M membrane when it 

was coated with sebum (Figure 5.4). These findings confirm preliminary results reported by Marin 

Villegas & Zagury (2021). Sebum deposited on the synthetic skin might interact with Cr species 

in the bioaccessible extracts and probably foment formation of more permeable compounds. 

Nevertheless, there was no clear influence of sebum in the permeation kinetic parameters (Table 

5.3). The mean flux (1.4E-3–1.9E-3 μg/cm2 h), mean lag time (4.6-5.0 h) and mean Kp (0.077-0.07 

cm/h) values were similar with and without sebum. However, the permeation coefficient (Kp) 

varied (by 2 orders of magnitude) between soil samples, possibly due to the differences in 
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concentration in the bioaccessible solution, and therefore variable Cr concentrations in the donor 

compartment of the Franz diffusion cells.  

The USEPA (2004) recommends generic Kp values (cm/hr) for Cr (Cr(III): 0.001, Cr(VI): 0.002) 

in the same order of magnitude or lower than those found in the present study (from 0.004 to and 

0.13 cm/h).  These values have been adapted from Hostýnek et al. (1998) using human skin. Based 

on the variability between soil samples and on the observed influence of sweat formulation on Cr 

speciation and subsequent permeation, one should be cautious when using generic values. 

Table 5.3 Flux (μg/cm2 h), Lag Time (h), and Permeation Coefficient (cm/h) for Cr and Cu (Data 

Expressed as Mean ± Standard Deviation) 

 

* From Marin Villegas & Zagury (2021) 

5.5.2 Copper 

Along with Cr, Cu was the only other trace element that permeated the membrane (Table 5.3 and 

Figures 5.4c and 5.4d).  Copper extracted from all soil samples (S2, S3, S6, S7, S8, and SQC001) 

permeated the membrane (Figure 5.4) (It should be noted that Cu was also detected in the receptor 

solution following permeation with sample S7 extracted with Sweat A in the presence of sebum at 

the end of the sampling period (t=12h and t=24h). However, there was not enough data to build the 

cumulative mass per area versus time curve). It should be repeated that Cu was mainly present as 

Cu(II) in sweat A and that Cu species were very similar in all soil extracts (Figure 5.3a). Moreover, 

most of Cu(II), was found as Cu2+ (Figure 5.3a) ranging from 57.4% to 69.3%, followed by 

S2 No Sebum 2.6E-03 ± 2.2E-04 5.6 ± 0.3 6.3E-02 ± 1.9E-05 6.8E-02 ± 7.6E-03 6.5 ± 0.5 2.7E-01 ± 3.0E-02

Sebum - - - 7.0E-02 ± 6.3E-03 6.4 ± 0.1 2.8E-01 ± 2.5E-02

S3 No Sebum - - - 6.9E-03 ± 2.6E-04 3.2 ± 0.5 2.4E-02 ± 9.0E-04

Sebum 1.9E-03 ± 1.8E-04 5.2 ± 0.3 9.6E-02 ± 1.6E-05 4.0E-02 ± 2.6E-03 1.5 ± 0.2 1.4E-01 ± 9.1E-03

S6 No Sebum - - - 1.9E-02 ± 1.4E-03 6.7 ± 0.2 6.3E-02 ± 4.5E-03

Sebum 1.2E-03 ± 4.0E-05 5.3 ± 0.6 3.9E-03 ± 1.3E-06 - - -

S7* No Sebum - - - - - -

Sebum 7.1E-04 ± 6.5E-05 4.4 ± 0.1 1.3E-01 ± 6.0E-06 - - -

S8* No Sebum 1.4E-03 ± 4.0E-05 6.7 ± 0.3 3.8E-02 ± 1.1E-06 5.5E-02 ± 1.8E-03 0.2 ± 0.4 1.3E-01 ± 4.2E-03

Sebum 1.5E-03 ± 3.4E-05 5.5 ± 0.5 4.7E-02 ± 7.6E-07 3.6E-02 ± 2.3E-03 4.6 ± 0.3 8.8E-02 ± 5.5E-03

SQC001* No Sebum 1.7E-03 ± 4.1E-04 2.8 ± 0.6 1.1E-01 ± 9.9E-05 2.6E-02 ± 4.2E-03 0.6 ± 0.6 1.5E-01 ± 2.4E-02

Sebum 1.7E-03 ± 1.1E-04 2.5 ± 0.2 1.1E-01 ± 7.5E-06 9.1E-02 ± 2.5E-03 5.9 ± 0.3 5.2E-01 ± 1.4E-02

Mean No Sebum 1.9E-03 ± 5.0E-04 5.0 ± 1.6 7.0E-02 ± 3.0E-02 3.5E-02 ± 2.3E-02 3.5 ± 2.8 1.3E-01 ± 8.6E-02

Sebum 1.4E-03 ± 4.2E-04 4.6 ± 1.1 7.7E-02 ± 4.6E-02 5.9E-02 ± 2.0E-03 4.6 ± 2.5 2.6E-01 ± 1.8E-01

(cm/h)

Cr Cu

Flux Lag Time Kp Flux Lag Time Kp

(µg/cm
2
 h) (h) (cm/h) (µg/cm

2
 h) (h)
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CuHPO4 (aq) (18.6% - 30.9%) suggesting that some of these species permeate the Strat-M 

membrane. Interestingly, Marin Villegas & Zagury (2021) reported an absence of permeation 

through the synthetic Strat-M membrane when soil-bound Cu from S7, S8, and SQC001 was 

extracted with sweat B even though Cu concentration in sweat B was much higher than sweat A 

(Table 5.2). This suggests that Cu species present in sweat A and absent in sweat B might permeate 

the membrane. CuHPO4(aq), CuOH+, and CuSO4(aq) fulfill this role. Additionally, Pirot et al. 

(1996) and Hostynek & Maibach (2006) reported skin penetration of CuSO4 present in emulsions 

and ointments at different concentrations. The presence of Cu(II) aqueous salts possibly governs 

the permeation of Cu through the Strat-M membrane. 

Regarding sebum influence, Kp was higher when the membrane was coated with sebum than 

without sebum for soils S3 and SQC001. However, no clear trend was observed for other samples. 

Similarly, the influence of membrane coating on lag times did not follow a clear trend. For some 

samples, very short lag times were observed (0.2 h) whereas the lag time could reach 6.5 h for 

others. Overall, Kp was higher for Cu than Cr with values ranging from 0.024 to 0.52 cm/h 

depending on soil samples. Again, the present study values are higher that the USEPA (2004) 

generic Kp value for Cu of 0.001 cm/h.  

Although some Cu was recovered from the membrane at the end of the experiment (< 0.25 µg/cm2), 

Cu content in human skin following permeation reported by Franken et al. (2015) was much higher 

and ranged from 53-290 µg/cm2. However, due to the differences in the experimental conditions, 

it is difficult to compare previously published values of Cu remaining in human skin with those 

accumulated in the Strat-M membrane. Further experiments incorporating human skin are 

recommended to assess the performance of the Strat-M vs human skin in the accumulation of 

metal(loid)s in the membrane following permeation tests. 
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Figure 5.4 Mean Cumulative Mass per Area and Standard Deviation of Metal in sweat A (pH = 

6.5) That Permeated Through the Strat-M Membrane for (a) Chromium (Not Coated with Sebum), 

(b) Chromium (Coated with Sebum), (c) Copper (Not Coated with Sebum), and (d) Copper (Coated 

With Sebum). Results of S7, S8, And SQC001 are Extracted from Marin Villegas & Zagury (2021) 

5.6 Study limitations 

It is essential to point out that Visual MINTEQ chemical speciation equilibria software does not 

provide information on reaction kinetics. Kinetics could be important, especially in chromium 

speciation, where even a short life of some compounds containing Cr(VI) can penetrate the 

membrane faster than Cr(III) (Nikpour & Hedberg, 2021). Additionally, the modelling presented 

in this paper did not consider dissolved organic carbon such as proteins, which might act as ligands 

for metal ions. Although the synthetic membrane Strat-M showed its usefulness for pilot and early-

stage studies, additional testing using human skin is desirable to validate and correlate the 
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permeation characteristics through the Strat-M membrane. Moreover, coating the membrane with 

sebum seems to influence the permeation of some metal(loid)s such as Cr. However, the influence 

of sebum presence in the SSFL itself and the effect on bioaccessibility and permeation is yet to be 

established. Finally, more studies are needed to assess metal(loid) speciation (including interaction 

with organic sebum components) in SSFLs after extraction of contaminated soils of various origins.  

5.7 Conclusions 

This innovative study provides insights, for the first time, into how synthetic sweat characteristics 

influence the speciation and subsequent transdermal permeation of bioaccessible metal extracts 

from contaminated soils. Dermal bioaccessibility of metal(loid)s depends on sweat pH and 

formulation. Sweat B (pH 4.7) yielded the highest bioaccessibility and Sweat A (pH 6.5) the lowest. 

However, due to the different speciation profiles of metal(loid)s in each sweat composition, Cu 

could only permeate the synthetic membrane when extracted in sweat A and permeation 

coefficients of Cr were higher when dissolved in sweat A. This being said, higher solubility in 

sweat does not imply higher permeation through the skin.  

Sweat composition influences the permeation of metal(loid)s through the human skin surrogate 

Strat-M. For instance, Cr(VI) is more pervious than Cr(III). The higher pH of sweat A (pH 6.5) 

promoted higher concentrations of Cr(VI) compounds (particularly CrO4
2-, the better penetrant) 

compared to sweat B (pH 4.7). Regarding Cu, the only other metal that permeated the human skin 

surrogate in this study, speciation also explained the difference in permeation between sweat A and 

B. CuSO4 (aq), CuHPO4 (aq) and CuOH+ were present in sweat A and absent in sweat B. These 

compounds have the potential to penetrate the skin as previously reported. Therefore, Cu was only 

able to permeate when present in sweat A. Vis-à-vis the other elements, although differences in 

speciation depending on the sweat used for the bioaccessibility test have been described, the fact 

that As, Ni, Pb and Zn did not permeate the membrane, makes concluding about the influence of 

speciation on permeation difficult.  
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Metal(loid)s are subject to speciation changes from their soil-bound state to their contact with 

SSFLs and subsequent absorption into the human body. Hence, efforts to understand the speciation 

of potentially toxic metal(loid)s are essential. For this reason, software that uses chemical 

equilibrium models to determine the speciation of potentially toxic metal(loid)s are a potent tool 

but analytical assessment of metal(loids) speciation in sweat is recommended to confirm results. 

Unfortunately, to assess dermal exposure to potentially toxic metal(loid)s in soils, environmental 

agencies usually do not consider differences in oxidation state, valence, or species (except for 

Cr(III) and Cr(VI)). However, as shown in the present study, different metal(loid) species might 

produce different dermal bioavailability. Consequently, the use of generic metal(loid) Kp values 

might affect the reliability and accuracy of human health exposure assessments.  
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5.8 Appendix A. Supplementary material 

Table 5.4 Composition of artificial SSFLs formulations 

Chemical, % (w/w) Sweat Aa Sweat Bb Sebumc 

   (pH = 6.5)  (pH = 4.7)   

Deionized water 99.3 94 - 

Sodium chloride 0.5 2 - 

Lactic acid 0.1 1.5 - 

Urea 0.1 0.5 - 

Acetic acid - 0.25 - 

Ammonium chloride - 1.75 - 

Squalene - - 12.4 

Jojoba oil - - 25 

Triolein - - 44.6 

Oleic acid - - 17 

Vitamin E - - 1 
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a According to standard EN 1811 (CEN, 2015), b According to standard NIHS 96-10 (Wainman et 

al., 1994), c According to Wertz (2009). 

 

Table 5.5. Bioaccessible percentage (%) of As, Cr, Cu, Ni, Pb, and Zn in Soils Using Synthetic 

sweat formulations A and B 

 
          

Sweat A Soil As Cr Cu Ni Pb Zn 

  S2 1.3 0.12 0.13 <0.4 0.5 0.5 

  S3 1.1 0.16 0.3 <0.4 4.4 2.7 

  S6 3.1 0.11 0.09 <0.4 4.3 1.6 

  S7 1.4 0.15 0.5 <0.4 <0.2 0.1 

  S8 0.5 0.06 0.4 <0.4 <0.2 <0.2 

  SQC001 0.06 0.13 2.1 20.4 0.4 40.3 

Sweat B S2 2.8 0.20 1.1 1.3 2.9 1.1 

  S3 1.8 0.30 1.5 <0.4 31.6 6.0 

  S6 0.7 0.24 0.5 <0.4 25.9 3.0 

  S7 2.8 2.0 7.2 0.5 <0.2 9.0 

  S8 0.8 1.0 2.9 0.8 <0.2 3.0 

  SQC001 5.1 25.1 61.3 44.9 34.9 91.0 

 

 

 

Figure 5.5 Nickel speciation (%) in: (a) Sweat A, (b) Sweat B 
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Figure 5.6 Lead speciation (%) in: (a) Sweat A, (b) Sweat B 

 

 

Figure 5.7 Zinc speciation (%) in: (a) Sweat A, (b) Sweat B
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CHAPTER 6 ARTICLE  4 - INCORPORATING ORAL, INHALATION 

AND DERMAL BIOACCESSIBILITY INTO HUMAN HEALTH RISK 

CHARACTERIZATION FOLLOWING EXPOSURE TO CHROMATED 

COPPER ARSENATE (CCA)-CONTAMINATED SOILS 

Carlos A. Marin Villegas, Gerald J. Zagury 

Published 2023/1/1 in Ecotoxicology and Environmental Safety 

ABSTRACT 

 

Exposure to potentially toxic metal(loid)s (PTMs) in soil may happen via ingestion, inhalation, and 

dermal pathway. A more accurate risk characterization should consider PTM bioavailability. Using 

ten soil samples collected in the Montreal area (Canada) near CCA-treated utility poles, this study 

aims to characterize noncarcinogenic and carcinogenic human health risks associated with As, Cr, 

Cu, Pb, and Zn through a multipathway exposure approach. This innovative study incorporates, for 

the first time, the bioaccessible fraction of the metal(loid)s for three exposure routes and two 

different scenarios. For the residential and industrial scenarios, the oral and dermal pathways 

yielded a hazard index (HI) much higher than 1 with and without bioaccessibility considerations 

(range 1.7 – 349 without bioaccessibility and 0.8–134 with bioaccessibility), whereas the inhalation 

pathway caused a lower hazard (HI < 1). For the dermal pathway, the hazard quotient was higher 

when bioaccessibility of field-collected samples was considered due to inherent assumptions from 
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the US EPA soil approach to calculate the dermal dose. For carcinogenic risk, As and Pb were the 

most significant contributors to risk for the oral pathway, followed by the same elements for the 

dermal pathway. The overall carcinogenic risk was higher than the acceptable risk ( > 10− 4) with 

and without bioaccessibility considerations (range 1.9E-4 – 9.6E-3 without bioaccessibility and 

6.8E-5 – 3.8E-3 with bioaccessibility). Bioaccessibility tests provide a more accurate assessment 

of exposure to PTMs compared to total concentrations in soils. 

6.1 Introduction 

Contamination of soils by metal(loid)s caused by human activities is an unrelenting problem as it 

can pose a risk for human health. Arsenic (As), chromium (Cr), copper (Cu), lead (Pb), and zinc 

(Zn) have been identified among the most commonly found potentially toxic metal(loid) s in 

contaminated soils (van der Kallen et al., 2020; Wuana and Okieimen, 2011) and therefore they 

warrant particular attention.  

Chromated copper arsenate (CCA) has been commonly used as a wood preservative until the 2000 

s (Zagury et al., 2003). This chemical preservative is sensible to weathering, leaching As, Cr, and 

Cu in various concentrations into adjacent soils (Zagury et al., 2003). Since many soils adjacent to 

CCA-treated wood poles are located near roads, the presence of Zn and Pb can be expected (Guney 

et al., 2010a). These metals(loid)s are relevant for risk assessment because of their potential 

toxicity. Arsenic and Cr (VI) are reported carcinogenic and listed as priority contaminants, and Cu 

can be toxic at elevated concentrations (ATSDR, 2019). Lead is also a soil contaminant that can 

cause various health issues such as adverse effects to the nervous and reproductive systems, 

hypertension, and immunological problems (Ara and Usmani, 2015; Gidlow, 2004). 

In terms of risk assessment, the oxidation state of some metal(loid)s is crucial because it dictates 

its toxicity and mobility (Avasarala, 2021; McLean and Bledsoe, 1992). In fact, it has been shown 

that As(V) is the dominant As species in surface soils near CCA-treated wood poles (Zagury et al., 

2008) but it is also the dominant inorganic dissolved species in gastrointestinal extracts following 

oral bioaccessibility tests (Girouard and Zagury, 2009; Nico et al., 2006). In CCA formulation, 

chromium is initially in its more toxic and soluble hexavalent form. However, chemical reactions 

during the fixation process of the preservative to the wood reduce Cr(VI) to Cr(III) (Cooper and 

Ung, 1992; van der Kallen et al., 2020) and Cr primary oxidation state in CCA-treated wood is the 

less toxic Cr(III) (Bull et al., 2000). In any case, reduction or oxidation may take place in-situ once 
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Cr and As leach into the soil depending on environmental conditions, such as pH, organic matter 

content, and soil composition, potentially leading to the presence of the more toxic As(III) species 

in soils (Balasoiu et al., 2001; Dobran and Zagury, 2006; Zagury et al., 2008). 

Since people are nowadays frequently exposed to contaminated soils, increasing interest to 

accurately quantify the risk for human health has emerged, primarily related to children (Izquierdo 

et al., 2015) and workers. In past decades, soil contamination used to be evaluated by the total 

metal(loid)s concentration and compared with reference soil guideline values (Morton-Bermea et 

al., 2009; Zhang et al., 2013). It is now well known that this approach may overestimate health 

risks because it assumes that contaminants are 100% bioavailable. A more accurate health risk 

assessment for soils containing potentially toxic metal(loid)s should consider the bioaccessible 

fractions as an estimation for bioavailability when in vivo data is missing instead of using total 

metal(loid) concentration in soils (Ruby et al., 1999). Furthermore, bioaccessibility assessment 

should be performed for all important exposure pathways. 

Exposure to hazardous contaminants in soil may happen via oral ingestion, inhalation, and dermal 

routes (USEPA, 1989, Madrid et al., 2007). Children are the most vulnerable demographic since 

they might swallow soil through mouthing contaminated hands and objects, eating contaminated 

food or consuming soil directly (Calabrese et al., 2021; Holmes et al., 1996). After the soil has 

been ingested or inhaled, only a portion of the soil-bound contaminant is bioaccessible and, 

therefore, available for solubilization in the gastrointestinal tract or in lung fluids. Regarding the 

dermal pathway, the soluble fraction of the soil-bound contaminant in skin surface film liquids 

(SSFL) can penetrate the skin and become available for systemic absorption (Stefaniak et al., 2014; 

Marin Villegas and Zagury, 2021). 

Only a fraction of the bioaccessible contaminant will reach the systemic circulation and be 

considered bioavailable (Cave and Wragg, 2021; Guney et al., 2016; Ruby et al., 1996, 1999). For 

this reason, risk assessments that take into account the bioavailable concentrations would yield a 

more representative result of the exposure since overestimation would be prevented (van der Kallen 

et al., 2020; Rodriguez et al., 1999). 

The bioavailability of a contaminant can be defined as "the extent to which a chemical can be 

absorbed by a living organism" (Cave and Wragg, 2021; Kelley et al., 2002). Moreover, oral 

bioaccessibility is defined as the fraction of a contaminant that is soluble in the gastrointestinal 
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environment and is available for absorption (Ruby et al., 1999) and related to soil, as the fraction 

of a contaminant that is released from a soil matrix in the human gastrointestinal system and is 

available for absorption (Nathanail and McCaffrey, 2003). An analogous definition can be written 

for the inhalation pathway replacing the gastrointestinal environment with the lung environment. 

Pertaining to the dermal pathway, bioaccessibility can be defined as the fraction of a contaminant 

that is dissolved in SSFL and is available for penetration through the stratum corneum to the 

underlying active epidermis (Hillwalker and Anderson, 2014; Stefaniak et al., 2014; Marin Villegas 

et al., 2019; Marin Villegas and Zagury, 2021). 

Bioavailability can be determined by in vivo testing using animals such as juvenile swine or mouse, 

a practice that is time-consuming, expensive and raises ethical considerations. However, in vitro 

bioaccessibility tests can be used as a surrogate for bioavailability at a lower time, cost, and without 

raising ethical considerations (Zhao et al., 2021, Ruby et al., 1999; Kelley et al., 2002). 

Although there are several published studies dealing with CCA-contaminated soils (Tardif et al., 

2019; Guney et al., 2010b; Dang et al., 2003), a risk characterization considering a multi-pathway 

approach (oral, inhalation, and dermal), including bioaccessibility data from actual in-vitro testing 

for each pathway, is strongly lacking. First, a comparison of 10 field-collected soil samples in terms 

of physicochemical properties and metal(loid)s concentration (As, Cr, Cu, Pb, and Zn) is presented. 

Second, a risk characterization for a residential exposure scenario (which represent children’s 

exposure during 2-hour play) and an industrial exposure scenario (which represents adult workers’ 

exposure during an 8-hour shift) is performed with and without bioaccessibility assessment. 

Therefore, this study aims to characterize, for the first time, the non carcinogenic and carcinogenic 

human health risks of metal(loid)s present in CCA-contaminated soils using actual oral, inhalation, 

and dermal bioaccessibility data. 

6.2 Materials & methods 

6.2.1 Soil sampling 

Ten soil samples (S1 to S10) have been collected at different locations near CCA-treated utility 

poles in the Montreal area (Quebec, Canada), at a maximum distance of 20 cm from the utility 

poles and at up to 10 cm from the soil surface. Coarse material (>2 cm) and surface vegetation 

were removed before sampling (Gosselin and Zagury, 2020; van der Kallen et al., 2020). All 
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implements used were washed with a phosphate-free detergent, soaked overnight in 10% (v/v) 

HNO3, and rinsed with deionized water (18.2 MΩ.cm). Soil samples were collected using a plastic 

shovel and stored in zip-lock plastic bags. All soil samples were air-dried at room temperature for 

48 h and gently disaggregated and sieved (< 2 mm) for soil characterization (van der Kallen et al., 

2020) 

The soil samples were sieved into 250–90 µm and < 20 µm fractions using a sieve shaker (Retsch 

AS-200). For oral bioaccessibility tests, soil samples under < 250 µm are commonly used 

(Rodriguez et al., 1999). This soil fraction is also suitable for dermal bioaccessibility testing 

because it is below < 425 µm, so within the preferred range for dermal contact studies (Chaparro 

Leal et al., 2018). A fraction below 10 µm was primarily desired for inhalation bioaccessibility 

tests, but inherent limitations of dry sieving precluded it (Gosselin and Zagury, 2020; van der 

Kallen et al., 2020). Other authors reported similar circumstances and used PM20 (< 20 µm) for 

inhalation bioaccessibility tests (Guney et al., 2017; Kim et al., 2014; Martin et al., 2018). Particle 

size distribution analysis performed by Gosselin and Zagury (2020) on the same samples showed 

that 7 out of 10 PM20 samples had a PM10 content higher than 50%. 

6.2.2 Soil physico-chemical characterization 

Total metal(loid) content in soil samples was measured using HNO3 (70% w/w), HF (50% w/w), 

and HClO4 (70% w/w) according to standard method 3030-I (Clesceri et al., 1999). Cr, Cu, Pb, and 

Zn concentrations were assessed via atomic absorption spectroscopy (AAS) (Perkin-Elmer A200). 

Detection limits (DLs) in mg/kg were 0.3, 0.3, 1.0, and 0.1, respectively. Arsenic content was 

measured via ICP-OES (Varian Vista), with a detection limit (DL) of 0.004 mg/kg. The pH of the 

soil samples was evaluated in duplicate in a solid-to-liquid ratio 1:2 with deionized water (pH 

meter: Eutech pH 200 series, probe: Accumet Ag/AgCl) following method ASTM D4972–13 

(ASTM, 2013). Total organic carbon content was analyzed using a LECO furnace. Infrared 

determination of CO2 was achieved to determine organic carbon content as a difference between 

total and inorganic carbon (Tiessen and Moir, 1993). Cation exchange capacity (CEC) was 

determined following the sodium acetate method (Chapman, 1965). For more details regarding 

methods used for soil characterization, see Gosselin and Zagury (2020), Marin Villegas and Zagury 

(2021), and van der Kallen et al. (2020). 
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6.2.3 Bioaccessibility tests 

6.2.3.1 Oral bioaccessibility 

The bioaccessible oral fraction (Biooral) (Equation 56.1) of a soil-bound contaminant can be 

calculated as the ratio of the fraction soluble in simulated gastrointestinal fluids (Cbio oral) (mg/kg) 

to the total concentration of contaminant in a soil sample (Ctotal) (mg/kg) (Guney et al., 2010b; 

Ruby et al., 1999). 

                                 𝐵𝑖𝑜𝑜𝑟𝑎𝑙 =
𝐶𝑏𝑖𝑜 𝑜𝑟𝑎𝑙

𝐶𝑡𝑜𝑡𝑎𝑙
                                 (6.1) 

Relative oral bioavailability (RBA) refers to the comparative bioavailability of different forms of 

a substance or different exposure media containing the substance (Ruby et al., 1999). RBA can be 

estimated using in vitro oral bioaccessibility values (Equation 6.1) when methods are validated and 

in vivo data is missing. In the present study, RBA values for As and Pb were calculated using the 

validated in vitro gastrointestinal model gastric (IVG-G) linear regressions presented in Juhasz et 

al. (2014) for As and published in Juhasz et al. (2013) for Pb. Although the in vitro gastrointestinal 

full model including the intestinal phase (IVG-GI) is more physiologically relevant than the IVG-

G model, the latter was selected because the linear model has a better R2 for As RBA prediction. 

Moreover, Juhasz et al. (2013) only provide regressions to calculate Pb RBA using the IVG-G 

model. 

Oral bioaccessibility results of the gastric phase (IVG-G) were obtained from van der Kallen et al. 

(2020). Briefly, the IVG-G method consisted of adding 1 g of soil sample (fraction 250–90 µm) 

into 150 mL of gastric solution poured in a 250 mL beaker and placed in a water bath (Thermo 

Scientific, model 2849) at 37 ◦C. The gastric solution’s pH was adjusted and maintained at 1.8 

using HCl at constant stirring (100 rpm). After 1 h, 20 mL of gastric solution was collected and 

filtered (Thermo Scientific 0.45 µm) for Cr, Cu, Pb, and Zn content analysis via AAS. As content 

was determined via ICP-OES. The standard reference material SRM NIST 2710 (National Institute 

of Standards and Technology, Montana I powdered soil) was also subjected to oral bioaccessibility 

test and showed consistent results with previous studies. For more details, see van der Kallen et al. 

(2020). 
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6.2.3.2 Inhalation bioaccessibility 

To mimic the fluids found in the pulmonary environment, the most widely used synthetic lung 

fluids (SLFs) are Gamble’s solution (GS) and artificial lysosomal fluid (ALF) (Wiseman, 2015). 

GS is a neutral salt solution (pH=7.4) used to mimic extracellular fluid, whereas the more acidic 

ALF (pH=4.5) simulate conditions encountered during macrophage phagocytosis of inhaled fine 

particulate matter (Guney et al., 2017; Zoitos et al., 1997). 

The bioaccessible fraction (Bioinh) for the inhalation pathway can be defined using equation 6.2: 

                                                                𝐵𝑖𝑜𝑖𝑛ℎ =
𝐶𝑏𝑖𝑜 𝑖𝑛ℎ∗𝑉

𝐶𝑡𝑜𝑡𝑎𝑙∗𝑚
                (6.2) 

Where Ctotal is the concentration of the contaminant in the soil sample (mg/kg) of the appropriate 

soil fraction (<20 µm, in the present study); m, the mass of soil sample (g); Cbio inh, the 

concentration of the contaminant in the lung fluid (mg/l); and V, the volume of lung fluid (mL) 

used in the inhalation bioaccessibility test (Guney et al., 2017). 

Inhalation bioaccessibility results were obtained from Gosselin and Zagury (2020). Only the results 

from ALF bioaccessibility will be further considered in this paper (ALF results yielded higher, thus 

more conservative, bioaccessibility values). Briefly, 0.4 g of the soil sample (< 20 µm) was added 

to 40 mL of pre-conditioned ALF (37 ◦C) in centrifuge polypropylene tubes. The tubes were then 

placed on a benchtop orbital shaker (Cole-Parmer 51704 Series, radius 9.5 mm) at 100 rpm inside 

an incubator (Fisher Scientific, Isotemp) at 37 ◦C for 24 h. The tubes were then centrifuged 

(Thermo Fisher Heraeus Megafuge 8) at 10,000 x g for 10 min, and supernatants were collected 

and filtered using a 0.45 mm PVDF filter (Thermo Scientific) syringe before analysis of Cr, Cu, 

Pb, and Zn content via AAS. As content was determined via ICP-OES. The reference material BGS 

102 (Ironstone Soil, d < 40 µm, from British Geological Survey) was used in the inhalation 

bioaccessibility test, showing consistent results with previously published studies. For more details 

about the inhalation bioaccessibility procedure, see Gosselin and Zagury (2020) and Guney et al. 

(2017). 

6.2.3.3 Dermal bioaccessibility 

The dermal bioaccessibility fraction (Biodermal) can be calculated using equation 6.3 (Chaparro Leal 

et al., 2018). 
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                                            𝐵𝑖𝑜𝑑𝑒𝑟𝑚𝑎𝑙 =
𝐶𝑏𝑖𝑜 𝑑𝑒𝑟𝑚𝑎𝑙

𝐶𝑡𝑜𝑡𝑎𝑙
                                 (6.3) 

Where Cbio dermal is the bioaccessible concentration (mg/kg), and Ctotal (mg/kg) is the 

concentration of the contaminant in the soil sample in the relevant soil fraction (250–90 µm in the 

present study). 

The USEPA recommends two approaches to estimate the dermal absorbed dose (DAD) depending 

on the contaminant matrix: (1) contact with soil and (2) contact with water. Both strategies consider 

total metal (loid) concentrations ((mg/kg) in the soil approach, and (mg/cm3) for the water 

approach). 

Spalt et al. (2009) reviewed the dermal absorption of environmental contaminants from soils and 

sediments. They suggested that the soil approach presented in USEPA (2004) is not 

recommendable because the methodology is dependent on results from relatively few empirical 

investigations of dermal absorption of soil contaminants and does not provide recommendations 

for all types of compounds. 

The USEPA water approach was initially designed to assume dermal contact with contaminated 

water. In this approach, the DAD is calculated by determining the migration rate of a chemical 

through the skin using the permeability coefficient (Kp) as the parameter that dictates the migration 

rate (USEPA, 2004). This methodology has been recently adapted by our research group for dermal 

contact with soils by using bioaccessible metal(loid) concentrations obtained using synthetic sweat 

instead of water-soluble metal(loid) concentrations (Chaparro Leal et al., 2018). 

Dermal bioaccessibility tests were started by adding 20 mL of synthetic sweat NIHS-9610 at pH 

4.7 (Marin Villegas et al., 2019; Marin Villegas and Zagury, 2021) to 2 g of the soil sample (250–

90 µm) in 50 mL sterile polypropylene tubes with HDPE caps. Tubes containing the soil and sweat 

mixture were placed on an orbital shaker at 100 rpm inside an incubator at 36 ◦C for 2 h for the 

children’s exposure scenario and for 8 h to represent the industrial scenario (USEPA, 2004). The 

tubes were then centrifuged at 10,000 x g for 10 min, and the supernatant was collected with 

syringes and filtered with a 0.45 µm PVDF filter fitted to the syringe. The filtered supernatant was 

collected into 50-mL polypropylene centrifuge tubes with HDPE caps and stored at 4 ◦C. Samples 

were analyzed via ICP-OES to determine As, Cr, Cu, Pb, and Zn, with detection limits (mg/kg) of 

0.004, 0.001, 0.006, 0.006, and 0.024, respectively. The reference material SQC 001 (Sigma-
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Aldrich, lot: LRAC0025, d < 425 µm) was also used during dermal bioaccessibility tests, showing 

consistent results with previous studies. For more details about the dermal bioaccessibility 

protocol, see Chaparro Leal et al. (2018), Marin Villegas et al. (2019), and Marin Villegas and 

Zagury (2021). 

6.2.4 Risk characterization 

6.2.4.1 Non-carcinogenic risk characterization 

Non-carcinogenic hazards were evaluated for the three exposure pathways. Two scenarios were 

considered: the hazard exposure for children (residential scenario) and an industrial exposure 

scenario simulating a worker exposition for 8 h (industrial scenario). The CDI (mg / kg day) 

represents the estimated chemical daily intake for the oral route, the DAD (mg / kg day) represents 

the dermal absorbed dose for the dermal route and, the exposure concentration EC (mg / m3) 

represents the inhalation route. Equations (6.4)–(6.6) can be used to calculate CDI, DAD and EC 

(USEPA, 1989; USEPA, 2004; and USEPA, 2009). The descriptions of symbols and specific 

values are shown in Table 6.1. 

𝐶𝐷𝐼 =
𝐶𝑡𝑜𝑡𝑎𝑙∗𝐼𝑛𝑔𝑅∗𝐸𝐹∗𝐸𝐷∗10−6

𝐵𝑊∗𝐴𝑇
      (6.4) 

𝐷𝐴𝐷 =
𝐷𝐴𝑒𝑣𝑒𝑛𝑡∗𝐸𝑉∗𝐸𝐷∗𝐸𝐹∗𝑆𝐴

𝐵𝑊∗𝐴𝑇
      (6.5) 

𝐸𝐶 =
𝐶𝑡𝑜𝑡𝑎𝑙∗𝐸𝑇∗𝐸𝐹∗𝐸𝐷

𝑃𝐸𝐹∗𝐴𝑇ℎ
       (6.6) 

The CDI, DAD, and EC can be divided by the reference dose for the oral or dermal pathways 

(RfDo, RfDABS) and reference concentration (RfCi) for the inhalation pathway. These values are 

contaminant-specific and can be used to calculate the Hazard Quotient (HQ) using Equation 6.7, 

which measures the non-carcinogenic risk for an exposure route and a contaminant. It is assumed 

that all the risks associated with the metal (loid)s are additive supposing independence of action by 

the metal(loid)s involved. The HQ can be used to calculate the cumulative noncarcinogenic risk, 

expressed as the Hazard Index (HI) (Equation 6.8). The higher the value of HQ, the highest the 

hazard. Values of HQ < 1 suggest the unlikelihood of harmful health impacts. 

Some parameters used to calculate dose and concentration using Equations (6.4 to 6.6) depend on 

specific exposure scenarios. This information is not always available, forcing the risk assessors to 
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use generic values. For instance, the soil-to-air particulate emission factor (PEF) represents the 

relationship between concentrations in soil and concentrations in the air due to particle suspension 

(USEPA, 2002). It is used in the calculation of the EC. The PEF depends on the inverse ratio of 

the air concentration to the emission flux, the fraction of vegetative cover, mean annual wind speed 

and direction, soil particle size, and concentration in air. This information is not always available 

for a specific site, so generic PEF is often used, increasing uncertainty. 

Table 6.1 Parameters values for estimating human exposure to CCA-contaminated soils. 

   

Variable Value Reference 

Ctotal (mg / kg) 
See Table 6.3. 

- 

concentration of metal(loid) in soil   

ABSd (unitless) 
0.03 for As and 0.001 for other elements 

USEPA, 2011  

dermal absorption factor USEPA, 2004  

AF (mg / cm2) 
0.2 

USDOE, 2011  

soil to skin adherence factor USEPA, 2004 

AT (d) 2190 for Residential, 9125 for Industrial, 

25550 for carcinogenic risk 

USDOE, 2011  

averaging time   

ATh (h) 52560 for Residential, 219000 for 

Industrial, 613200 for carcinogenic risk 

USEPA, 2009  

averaging time   

BW (kg) 
15 for Residential, 70 for Industrial 

USEPA, 1989 

average body weight   

EV (event / day) 1 event per day for Residential and 

Industrial 

USEPA, 2004  

event frequency  USEPA, 2011 

ED (yr) 6 for Residential, 25 for Industrial, 70 for 

carcinogenic risk 

USDOE, 2011  

exposure duration   

EF (d / yr) 
260 for Residential, 219 for Industrial 

USDOE, 2011  

exposure frequency   

ET (h / day)  
2 for Residential, 8 for Industrial 

USEPA 2011 

exposure time   

IngR (mg / d) 
100 for Residential, 50 for Industrial  

USEPA, 2011 

soil ingestion rate    

PEF (m3 / kg) 
1.36E+09 

USEPA, 2002 

soil-to-air particulate emission factor   



105 

 

SA (cm2)  

2834 for Residential, 1575 for Industrial 

USDOE, 2011  

skin surface area available for 

exposure 
  

Kp (cm / h) 1E-3 for As, Cr(III), and Cu. 1E-4 for Pb, 

6E-4 for Zn 

USEPA, 2004 

permeability coefficient   

 

USEPA methodologies lack dermal toxicity factors. Instead, there is an oral-to-dermal 

extrapolation for systemic effects. This methodology considers that oral reference doses (RfDs) are 

expressed as the mass of substance administered per unit of time and body weight, whereas 

exposure estimates for the dermal pathway are expressed in absorbed dose (USEPA, 2004). The 

extrapolation methodology uses dose-response relationships from oral administration studies and 

adjusts for absorption effects to represent toxicity factors in terms of dose absorbed. 

USEPA (2004) provides recommended values for gastrointestinal absorption values (ABSGI). 

When compounds have no gastrointestinal absorption values, assuming 100% (worst case scenario) 

is recommended. This assumption contributes to an overestimation of the risk for compounds that 

are poorly absorbed. 

The dermal reference dose based on absorbed dose is expressed by Equation 6.9, where RfDABS 

(mg / kg day) is the chemical-specific absorbed reference dose, RfDo (mg / kg day) the chemical-

specific oral reference dose, and ABSGI the compound-specific fraction of contaminant absorbed 

in the gastrointestinal tract from toxicity studies (USEPA, 2004). Values for RfDo and ABSGI are 

shown in Table 6.2. 

𝐻𝑄 =
𝐶𝐷𝐼,   𝐷𝐴𝐷,   𝐸𝐶

𝑅𝑓𝐷 (𝑜𝑟𝑎𝑙,𝑑𝑒𝑟𝑚𝑎𝑙),   𝑅𝑓𝐶𝑖 (𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛) 
     (6.7) 

𝐻𝐼 =  ∑ 𝐻𝑄       (6.8) 

𝑅𝑓𝐷𝐴𝐵𝑆 = 𝑅𝑓𝐷𝑜 ∗  𝐴𝐵𝑆𝐺𝐼      (6.9) 

Hazard characterization was performed with and without considering 

bioavailability/bioaccessibility values. To calculate the CDI with bioavailability considerations for 

As and Pb for the oral pathway, As and Pb RBAs (calculated using published linear regressions as 

previously explained) were multiplied by the corresponding oral CDI. For Cr, Cu, and Zn, the 

bioaccessible fraction was multiplied by the CDI instead. Similarly, the inhalation EC with 
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bioaccessibility considerations was calculated by multiplying the inhalation EC by the inhalation 

bioaccessible fraction for each metal(loid). For the dermal pathway, the soil approach was used to 

calculate the DAevent without actual dermal bioaccessibility data (Equation 6.10 and Table 6.1) but 

to incorporate dermal bioaccessibility, the water approach was used instead. In this case, DAevent 

was calculated using equation (Equation 6.11) where DAevent is the dermal absorbed dose per event 

(mg / cm2 event); Cw is the bioaccessible concentration of the metal(loid) in synthetic sweat 

solution NIHS-9610 (mg / cm3); Kp is the dermal permeability coefficient of the metal(loid) (cm / 

h); and tevent (h) is the event duration (2 h or 8 h / event) (USEPA, 2004). 

𝐷𝐴𝑒𝑣𝑒𝑛𝑡 =  𝐶𝑡𝑜𝑡𝑎𝑙 ∗ 𝐶𝐹 ∗ 𝐴𝐹 ∗  𝐴𝐵𝑆𝑑      (6.10) 

𝐷𝐴𝑒𝑣𝑒𝑛𝑡 =  𝐾𝑝 ∗  𝐶𝑤 ∗  𝑡𝑒𝑣𝑒𝑛𝑡          (6.11) 

Once DAevent has been calculated using Cw obtained from bioaccessibility tests, DAD was 

determined (Equation 6.5) using the specific parameters (Table 6.1) for the evaluated scenario 

following the methodology presented by USEPA (2004). 

Table 6.2 Toxicological properties of metal(loids) for health risk assessments. 

Factor RfDo RfCi ABSGI  SFOral       IUR          SFABS 

Units  (mg / kg day)   (mg / m3)   (-)   (mg / kg d)−1   (μg / m3)−1   (mg / kg d)−1 

As 3.00E-04 1.50E-05 0.03 1.50E+00 4.30E-03 4.50E-02 

Cr(III) 1.50E+00 - 0.013 - - - 

Cr(VI) 3.00E-03 1.00E-04 0.025 5.00E-01 8.40E-02 1.30E-02 

Cu 4.00E-02 6.00E-06 0.2 - - - 

Pb 3.50E-03 3.50E-03 0.2 8.50E-03 1.20E-05 1.70E-03 

Zn 3.00E-01 3.00E-01 0.2 - - - 

References USDOE, 2011 USEPA, 2011 USEPA, 2011 USDOE, 2011 USDOE, 2011 Calculated 

 

Due to the differences in toxicity and mobility between Cr(III) and Cr (VI), the USEPA proposes 

different RfDo for Cr(III) and Cr(VI). Cr bioavailability depends on its redox state, Cr(III) showing 

lower oral bioavailable percentages than Cr(VI) (Kelley et al., 2002). Moreover, Stewart et al. 

(2003) observed that Cr(VI) bioaccessibility is strongly influenced by its reduction to Cr(III) during 

the gastric phase. In the presence of organic matter and under acidic conditions, Cr(VI) is reduced 

to Cr(III), and Cr(III) is bound to the soil-solid phase yielding low bioaccessibility (Pouschat and 

Zagury, 2008; Stewart et al., 2003). Therefore, the risk characterization was performed assuming 
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Cr(III) species are dominant in soil. This assumption is supported by the low bioaccessibility 

percentages (Figure 6.1) in surrogate physiological fluids. Table 6.3. 

6.2.4.2 Carcinogenic risk characterization 

Cancer risk was calculated for As and Pb and then added for each pathway. The dose for As and 

Pb was multiplied by the corresponding carcinogenic slope factor (CSF). SFOral is used for the 

oral route, IUR for the inhalation and SFABS for the dermal route (Table 6.2). This product 

expressed in Equation 6.12 is the level of excess lifetime cancer risk. Although reactions between 

contaminants could interact synergistically, it was assumed that all the metal(loid) risks were 

additive (USEPA, 1989). Carcinogenic risk is expressed as the total cancer risk (Equation 6.13). 

Risks lower than 10− 6 (probability of 1 in 1,000,000 of an individual developing cancer) are 

considered acceptable, and cancer risk above 10− 4 is deemed to be unacceptable (Guney et al., 

2010b; USEPA, 2011).  

Additionally, to assess a worst-case scenario, total cancer risk assuming chromium is present in 

soils as Cr(VI) was also calculated but not included in the total risk calculation. 

𝑅𝑖𝑠𝑘 = 𝐶𝐷𝐼 𝑜𝑟 𝐷𝐴𝐷 𝑜𝑟 𝐸𝐶 * CSF     (6.12) 

𝑇𝑜𝑡𝑎𝑙 𝑅𝑖𝑠𝑘 =  ∑ 𝑅𝑖𝑠𝑘𝑠 =  𝑅𝑖𝑠𝑘𝑂𝑟𝑎𝑙 + 𝑅𝑖𝑠𝑘𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑖𝑠𝑘 𝐷𝑒𝑟𝑚𝑎𝑙   (6.13) 

6.3 Results and discussion 

6.3.1 Soil characterization 

Complete soil characterization for the study soil samples is described in details in Gosselin and 

Zagury (2020); and van der Kallen et al. (2020). To summarize, particle size fractions influenced 

the metal(loid) concentration of As, Cr, Cu, Pb, and Zn (Table 6.3) since smaller particles (< 20 

µm) had higher metal(loid) concentrations (van der Kallen et al., 2020). 

Overall, an extensive contamination by As was detected. From all the soil samples, only S10 

presented an As concentration under Quebec regulatory limit (C Criterion) for residential use (30 

mg / kg) (MDDELCC, 2021). Furthermore, very high As concentrations were detected in S2, S7, 

and S8 samples in both fractions. Soil sample S8 in the 250–90 µm fraction presented higher 

concentrations of Cr than the residential criterion (250 mg / kg) and in S7, and S8 samples, 
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measured concentrations in the < 20 µm fraction were higher than the industrial land use criterion 

(800 mg / kg). Regarding Cu, for the soil samples S7, S8, in the 250–90 µm fraction, the 

concentration was higher than the criterion for industrial land use (500 mg / kg). Also, for both 

fractions, all soil samples except for S10 in the 250–90 µm fraction, showed Cu contents higher 

than the residential criteria (100 mg / kg). Not surprisingly for CCA-contaminated soils, all samples 

were below the criteria for residential land use for Pb and Zn content. 

Table 6.3 Total As, Cr, Cu, Pb, and Zn concentrations (mean ± standard deviation (n = 2)) in CCA-

contaminated soils in 250–90 μm, and < 20 μm fractions. 

 

a from Van der Kallen et al. (2020),b from Gosselin & Zagury (2020), c Regulatory criterion for 

soils in Quebec, Canada (MDDELCC, 2021). 

The pH of the study soils was neutral to alkaline and ranged between 7.11 and 8.36 (Table 6.4). 

Total carbon content (TC), and total organic carbon (TOC) increased when particle size decreased. 

A strong correlation between CEC and TOC content was reported in these CCA-contaminated soil 

samples (van der Kallen et al., 2020). For a further analysis of soil properties, see Gosselin and 

Zagury (2020) and van der Kallen et al. (2020) 

Table 6.4 Physicochemical properties (mean ± standard deviation (n = 2)) of different fractions of 

CCA-contaminated soil samples. 

Soil pH TC (%) TOC (%) CEC (meq / 100g) 

sample 250-90 µm a 250-90 µm a < 20 µm b 250-90 µm a < 20 µm b 250-90 µm a 

S1 7.52 ± 0.02 5 9.0 ± 0.1 0.8 1.2 ± 7.1 12.2 ± 1.0 

S2 7.11 ± 0.02 3.7 7.6 ± 1.4 2.8 5.1 ± 3.1 29.6 ± 0.1 

S3 7.39 ± 0.02 4.2 6.7 ± 1.5 1.7 4.2 ± 1.5 20.9 ± 0.4 

Soil sample 
As (mg/kg) Cr (mg/kg) Cu (mg/kg) Pb (mg/kg) Zn (mg/kg) 

250-90 µm a < 20 µm b 250-90 µm a < 20 µm b 250-90 µm a < 20 µm b 250-90 µm a < 20 µm b 250-90 µm a < 20 µm b 

S1 130 ± 8.2 435 ± 3.2 118 ± 0.6 166 ± 1 331 ±  17 650 ± 28 49 ± 0.6 52 ± 2 107 ± 1.9 207 ± 1.5 

S2 180 ± 1.1 847 ± 106 175 ± 3.5 665 ± 32 258 ± 7.8 454 ± 31 95 ± 1.7 170 ± 7.7 347 ± 1.4 832 ± 26 

S3 149 ± 0.9 405 ± 6.2 174 ± 9.4 324 ± 23 272 ± 8.8 402 ± 0 40 ± 3 47 ± 0.2 125 ± 1.4 259 ± 3.4 

S4 102 ± 0.4 167 ± 0.9 173 ± 2.6 228 ± 8 219 ± 1.2 188 ± 9 81 ± 1.2 89 ± 3.4 157 ± 4.5 205 ± 5 

S5 135 ± 2.9 340 ± 6.5 60 ± 2.3 121 ± 0.3 180 ± 8.9 448 ± 3.7 35 ± 3.4 63 ± 2.1 37 ± 2.4 79 ± 1.1 

S6 151 ± 4.7 288 ± 3 133 ± 3.0 142 ± 0.5 402 ± 1.9 517 ± 11 38 ± 0.5 49 ± 0.3 28 ± 2 160 ± 0.1 

S7 164 ± 0.9 2536 ± 89 232 ± 8.5 3815 ± 403 642 ± 38 3797 ± 15 51 ± 0.5 139 ± 0.8 108 ± 4.5 1058 ± 42 

S8 1397 ± 69 5857 ± 95 616 ± 14 2804 ± 94 1097 ± 32 2906 ± 158 109 ± 8.1 174 ± 2.6 140 ± 4.1 560 ± 0.2 

S9 120 ± 8.1 360 ± 4.1 119 ± 3.5 169 ± 2.9 314 ± 2 398 ± 4.6 58 ± 0.4 65 ± 0.7 93 ± 1.4 131 ± 0.7 

S10 28 ± 0.2 59 ± 1.4 57 ± 1.6 65 ± 2.1 62 ± 2.9 148 ± 0.4 51 ± 0.5 70 ± 0.4 69 ± 6.4 107 ± 12 

Residential criterion c 30 250 100 500 500 

Industrial criterion c 50 800 500 1000 1500 

 1 
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S4 7.91 ± 0.03 5.1 4.1 ± 0.5 3.2 2.9 ± 0.2 40.8 ± 0.9 

S5 8.07 ± 0.04 3.3 8.7 ± 0.3 2.4 2.3 ± 0.3 21.7 ± 1.2 

S6 7.88 ± 0.01 3.4 6.9 ± 3.0 0.8 4.0 ± 0.7 25.3 ± 0.9 

S7 8.36 ± 0.04 1.1 7.8 ± 0.5 0.7 5.0 ± 2.9 9.4 ± 1.1 

S8 7.60 ± 0.02 4.8 12.1 ± 5.3 3.3 8.3 ± 1.6 49.1 ± 0.5 

S9 8.03 ± 0.03 5.9 9.8 ± 0.1 1.4 1.9 ± 0.7 15.8 ± 1.3 

S10 8.23 ± 0.04 8.6 6.9 ± 0.0 0.4 0.6 ± 3.8 10.7 ± 1.6 

 

a from Van der Kallen et al. (2020), b from Gosselin & Zagury (2020). 

6.3.2 Bioaccessibility 

The bioaccessibility percentages are shown in Figure 6.1 for the oral, inhalation, and dermal 

pathways. The bioaccessible percentage for oral and inhalation pathways is preferred over 

bioaccessible concentrations because it can be directly incorporated into risk assessment. However, 

the bioaccessible concentration is required for the dermal pathway. It is needed as an input value 

for the water approach (Cw, Equation 6.11) to calculate DAevent. Tables 6.5 and 6.6 show dermal 

bioaccessible concentrations. The average oral bioaccessibility of As in CCA-contaminated soils 

was 32.2%, whereas for the inhalation and dermal pathways, the average bioaccessibility was 

48.9% and 3.4%, respectively. Bioaccessibility percentages for chromium were 9.0%, 34.6%, and 

1.2% for oral, inhalation, and dermal pathways, respectively. Copper yielded high bioaccessible 

percentages following oral (61.9%) and inhalation (78.4%) bioaccessibility tests. Similarly, to As 

and Cr, lower bioaccessibility percentages were measured for Cu dermal bioaccessibility with a 

mean value of 13.3%. Oral and inhalation bioaccessibility percentages for Pb showed mean values 

of 24.5% and 37.7%, respectively. For dermal bioaccessibility, values were much lower, with a 

mean of 1.7%. Zinc was relatively highly bioaccessible for the oral and inhalation pathways with 

a mean value of 37.8% and 54.8%, respectively. However, low Zn bioaccessibility was measured 

for the dermal pathway with a mean value of 6.6%. It must be reminded that low total Pb, and Zn 

content were measured in these CCA-contaminated soils. 

Bioaccessibility percentages (Figure 6.1) arranged by exposure route shows a clear trend: 

Inhalation > Oral > Dermal. Also, for all pathways, bioaccessibility percentages followed the 

following trend: Cu > Zn > As > Pb > Cr. 
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Figure 6.1 Boxplot of bioaccessibility % of metal(loid)s (n = 10). Dermal bioaccessibility % 

following 2 h extraction (representing children’s exposure scenario) is plotted in this graph. 

6.3.3 Risk characterization 

6.3.3.1 Non-carcinogenic risk  

When the total concentration of metal(loid)s in soils were used to calculate the hazard quotient, 

there was a hazard to human health for the residential and industrial scenarios associated with the 

soil samples since HI > 1 (Figure 6.2). For the residential scenario, the mean HQ values for the oral 

pathway were higher than for dermal and inhalation routes. The range of HI across the soils studied 

was 7.7 – 349, with an average of 64.5 for the residential scenario and 1.7− 73 with an average of 

13.5 for the industrial scenario (see Table 6.1 for parameters used in each exposure scenario). The 

mean HQ for each metal(loid) considering a multipathway exposure was in decreasing order: 63.4 

for As, 0.82 for Pb, 0.22 for Cu, 0.02 for Zn, and 0.01 for Cr for the residential scenario and 5.95 

for As, 0.075 for Pb, 0.02 for Cu, 0.002 for Zn, and 0.001 for Cr for the industrial scenario. 

Although the HQ following exposure to Zn and Cr was very low for both scenarios, there was a 

very high risk associated to As exposure in both scenarios. There was also a significant contribution 

of Pb and Cu to the HI in the residential scenario. 

For the residential scenario, the oral pathway contributed to 64.4% of the total HI (Figure 6.3), 

followed by the dermal pathway (35.6%). The inhalation route contributed < 0.01%. For the 

industrial scenario, in a similar trend to residential, the oral pathway accounted for 62.0% of the 
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total HI, and the dermal pathway accounted for 38.0%. Again, the inhalation pathway contributed 

< 0.01%. Oral, and dermal exposure routes exceeded HQs of 1, mainly due to the high 

concentration of As in the CCA-polluted study soils. 

It is now widely accepted that metal(loid)s in contaminated soils are not fully bioaccessible, so 

assuming a bioaccessibility of 100% would overestimate the health hazard. Oral, inhalation and 

dermal bioaccessibility values were obtained, and doses and concentrations (CDI, DAD and EC) 

were adjusted considering bioaccessibility. To calculate the CDI with bioavailability 

considerations for As and Pb for the oral pathway, As and Pb RBAs (calculated using published 

linear regressions) were multiplied by the corresponding oral CDI. For the other elements, the 

bioaccessible fraction was multiplied by the CDI. HQ for the three pathways and the associated 

hazard (HI) was recalculated (Figure 6.2). 

Interestingly, the dermal pathway contributed much more than the oral and inhalation pathways to 

the HI when bioaccessibility was considered (Figure 6.3). The range for the HI across the soils 

studied in the residential scenario was 2.5 – 134, with a mean of 34.7. The range for the HI in the 

industrial scenario was 0.8–44, with a mean of 12.7. 

The mean HQ for each metal(loid) considering a multi-pathway exposure was in decreasing order: 

As 34.1, Pb 0.36, Cu 0.21, Zn 0.01, and Cr 6.9E-3 for the residential scenario and As 9.75, Pb 

0.033, Cu 0.038, Zn 0.001, and Cr 2.8E-3 for the industrial scenario. There was a strong hazard 

associated with As in both scenarios and a significant contribution from Pb and Cu in the residential 

scenario. The dermal pathway contributed to 53.9% of the HI, followed by 46.1% for the oral 

pathway for the residential scenario. There was a minimal contribution to the multi-path hazard 

from the inhalation pathway as its contribution was < 0.01%. For the industrial scenario, the dermal 

pathway was even a bigger contributor to the total HI, with 85.3%, followed by the oral pathway 

with 14.7%. Moreover, and similarly to the residential scenario, the inhalation pathway contributed 

less than < 0.01% (Figure 6.3). These results clearly show that the dermal exposure route should 

not be neglected solely based on the low bioaccessibility percentages Measured. 

Figure 6.2 shows a higher hazard quotient from the dermal pathway when bioaccessibility is 

considered compared to the conventional method using total metal(loid) concentrations in the soil. 

This phenomenon can be explained by the underestimation of DAevent (caused by the assumed 

generic value for ABSd (Table 6.1)) to calculate the DAD using the soil approach. The generic 
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ABSd values, which do not take into account soil physicochemical properties and metal(loid) 

species, correspond to bioavailable concentrations below actual bioaccessible values obtained 

following bioaccessibility tests (Figure 6.1). This trend was previously reported by Chaparro Leal 

et al. (2018). 

 

Figure 6.2 Boxplot of contribution of the different exposure pathways and combined metal(loid)s 

to hazard index (HI) without bioaccessibility considerations and considering bioaccessibility for 

(A) residential scenario, (B) industrial scenario. 
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Figure 6.3 Percentage of non-carcinogenic risk contribution per pathway for residential and 

industrial scenarios. 

6.3.3.2 Carcinogenic Risk 

To evaluate the carcinogenic risk, only As and Pb were included in the analysis of the combined 

metal(loid) risk (Figure 6.4). The risk without bioaccessibility considerations (mean value ± 

standard deviation) by exposure pathway of combined metals (As and Pb) were Riskoral (1.8E-3 ± 

2.8E 03), Riskinhalation (7.1E-14 ± 1.1E-13), and Riskdermal (9.3E-07 ± 1.5E-06). The risks with 

bioaccessibility considerations were Riskoral (6.8E-04 ± 1.1E-03), Riskinhalation (3.3E-14 ± 5.6E-14), 

and Riskdermal (2.9E-06 ± 2.2E-06). The cumulative multi-pathway risk range was 1.9E-04–9.6E-

03 with a mean of 1.8E-03 without bioaccessibility considerations and 6.8E-05 3.8E-03 with a 

mean of 6.8E-04 when considering bioaccessibility. Additionally, the multi pathway risk per 

contaminant (Figure 6.5) without bioaccessibility assuming that all Cr is Cr (VI) was 9.0E-03, 

1.9E-06, and 3.0E-03 for As, Pb, and Cr(VI), respectively and 3.7E-04, 1.6E-06, and 6.1E-04 for 

As, Pb, and Cr(VI), when considering bioaccessibility respectively. 
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Figure 6.4 Boxplot of carcinogenic risk for combined metal(loid)s (As and Pb) for each pathway 

and for cumulative multi-pathway following exposure to total metal(loid) content and to 

bioaccessible fraction of CCA-contaminated soils. 

For the oral pathway, the risk associated with As and Cr(VI) was higher than the acceptable values 

(>10− 4) with and without bioaccessibility considerations (Figure 6.5). For Pb, the carcinogenic 

risk ranged between 10− 6 and 10− 4, so it is not inconsiderable but within the acceptability range 

with and without bioaccessibility considerations. For the inhalation pathway, the risk for As and 

Pb was below the significance value with and without bioaccessibility considerations for all the 

soil samples studied. For Cr(VI), the risk without bioaccessibility was over the significance value 

for soils S7 and S8 and, with bioaccessibility considerations, for soil S7 (Figure 6.5). It must be 

reminded that soil samples S7 and S8 had very high total Cr content in the < 20 µm fraction (Table 

6.2). 

The dermal pathway did not produce average risk values > 10− 4. However, the risk from arsenic 

with bioaccessibility considerations was over 10− 6. Considering the multi-pathway risk, As and 

Cr(VI) pose a potentially unacceptable risk while Pb is in the acceptance threshold since its 

associated risk is between 1.0E-6 and 1.0E-4 with and without bioaccessibility considerations. 
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Figure 6.5 Boxplot of carcinogenic risks for As, Pb and Cr(VI) in CCA-contaminated soils, through 

oral, inhalation and dermal pathway for total metal(loid) content and bioaccessible fraction. 

6.3.3.3 Sensitivity Analysis 

A brief sensitivity analysis was performed to assess the influence of the input parameters variability 

in the calculation of HI for both scenarios. For each input parameter, a variability of ± 20% was 

considered to build the tornado plots (Figure 6.6). 

The residential and industrial scenarios follow a similar trend as ED, EF, BW, and IngR are the 

parameters with the highest incidence in the value of HI. Although the HI presents a considerable 

variation when ED, EF, BW, and IngR values are modified by ± 20%, the HI remains in the same 

order of magnitude. The body weight (kg) is defined by the average body weight over the exposure 

period. For children, the average child’s body weight is used in risk assessments. Similarly, the 

average body weight for an age group is the average weight for that age group. For pathways where 

contact rate to bodyweight ratios are relatively constant over a lifetime a bodyweight of 70 kg is 

used and is considered constant. Similarly, a body weight of 15 kg represents 6 years old children 

(USEPA, 1989). There is an important bodyweight variation between populations, gender, age 

groups and ethnicities. For instance, the USEPA (2011) exposure handbook recommends a 

bodyweight for adults of 80 kg. Nevertheless, the default human body weight values recommended 

in the risk assessment of environmental hazards in Australia are 70 kg for adult males, 58 kg for 

adult females, 13.2 kg for 2-year-old children, and 64 kg for average males and females combined 

(Department of Health and Ageing and Health Council, 2004). Similarly, bodyweight values 

reported by the European Commission are 70 kg for adult males and 60 kg for adult females (EC 

2003) whereas the world health organization recommends a default body weight value of 60 kg 

(WHO, 2010). Additionally, for risk evaluation purposes, assessors sometimes use low-end values 

such as the 10th or 5th percentile, as lower body weight values are more conservative for risk 

estimations (Guney and Zagury, 2016). Also, the use of females instead of males is sometimes 

recommended, when relevant (Guney and Zagury, 2016). By considering a bodyweight of 70 kg 

for adults and 15 kg with a variation of ± 20%, the range of body weight recommended by most 

health agencies is included. The significant influence of the BW value in the calculation of HI 

emphasizes the importance of carefully selecting input parameters in risk assessments. The IngR 

values used in the risk assessment for the residential and the industrial scenario (100 and 50 
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mg/day, respectively) correspond to the combined ingestion of soil and dust. This value is broadly 

accepted for risk assessment and is used by the UKEA (2009) and USEPA. Other agencies such as 

Health Canada (2010) use lower IngR values (80 mg/day for residential and 20 mg/day for the 

industrial scenario) (Guney and Zagury, 2016). Moreover, it must be mentioned that other studies 

have been conducted considering soil pica behavior (Rozanski et al., 2021; Calabrese et al., 1997), 

a disorder that refers to the consumption of higher amounts of soil. A soil ingestion rate of 1000 

mg/day is usually recommended by international guidelines for pica behavior (Guney and Zagury, 

2016). Bodyweight has been identified as a key parameter in the calculation of risk. Higher body 

weight values result in lower exposure per kg, and thus, lower risk. Similarly to body weight, the 

ingestion rate is also a key parameter to assess exposure to soil metal(loid)s. However, this 

parameter has high variability and uncertainty associated. It is usually estimated through 

observational studies or mass balance of trace elements. Research on soil ingestion rates for adults 

and children is still rather limited (Guney and Zagury, 2016). 

Other relevant parameters such as exposure frequency and exposure duration are scenario specific 

and relatively easy to accurately calculate with low variability and uncertainty (Guney and Zagury, 

2016). As expected from the low HQ yielded by the inhalation pathway, the specific parameters 

that dictate the inhalation exposure (PEF) have less influence in the calculation of HI. In contrast, 

the specific parameters used to describe oral exposure are more influential (IngR, Ctotal), followed 

by dermal exposure (SA) parameters. 

To improve the reliability of risk assessments, attempts should be made to refine the more 

influential parameters by obtaining site-specific data instead of generic values. 
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Figure 6.6 Tornado plot of the parameters to evaluate (A) HI for the residential scenario, (B) HI 

for the industrial scenario. 

6.4 Conclusions 

To characterize the risk of potentially toxic metal(loid)s following exposure to CCA-contaminated 

soils, in vitro bioaccessibility as an estimation of bioavailability gives a better approximation of 

the actual fraction of contaminant entering the body than the total metal(loid) content in soils. 

Additionally, it implicitly includes the interaction between surrogate physiological fluids and the 

soil, affecting contaminants’ fate. However, even though in vitro bioaccessibility tests are helpful 

to estimate bioavailability, the methods should be validated against in vivo or in vitro 

bioavailability studies and correlation equations established to implement this approach in risk 

characterization. Correlation equations are available for As and Pb and were incorporated in the 

calculations to assess oral relative bioavailability in the present study. 

The calculated non-carcinogenic hazard quotient (HQ) presented risk in residential and industrial 

scenarios. Arsenic was the principal concern in both cases. The oral and dermal pathways yielded 

high HQ with and without bioaccessibility considerations (HQ > 1). In contrast, the inhalation 

pathway seemed to have a lower non-carcinogenic hazard associated. 

Due to assumptions inherent to US EPA soil approach to calculate the dermal dose (DAD), the 

dermal risk was higher when dermal bioaccessibility was incorporated (water approach), causing 

a potential underestimation of risk when the soil approach is used. 
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The main goal of this study was to characterize non-carcinogenic and carcinogenic human health 

risks of metal(loid)s present in CCA-contaminated soils using a multi-pathway exposure and 

considering bioaccessibility. With this objective in mind, the multi-pathway exposure yielded 

unacceptable carcinogenic risk since total risk > 10− 4 with and without bioaccessibility 

considerations. The primary source of risk was arsenic, and the main route of exposure was oral, 

followed by dermal. Additionally, chromium can potentially pose a carcinogenic risk to human 

health if present as Cr(VI) in CCA-contaminated soils. For this reason, the speciation of 

contaminants in soils and biological fluids is relevant and should be further investigated. 

6.5 Appendix A. Supplementary material 

Table 6.5. Bioaccessible concentrations (mg/L ± RSD in %) following dermal bioaccessibility tests 

using artificial sweat solution NIHS-9610 for 2 h  

Soil As Cr Cu Pb Zn 

S1 1.00 ± 2.3 0.36 ± 2.5 3.04 ± 0.1 0.06 ± 6.0 0.52 ± 4.6 

S2 0.91 ± 4.3 0.32 ± 0.1 0.70 ± 5.1 0.11 ± 4.1 2.46 ± 7.6 

S3 0.50 ± 2.1 0.30 ± 3.1 1.04 ± 1.7 <0.01 ± - 0.46 ± 1.3 

S4 0.14 ± 27.62 0.15 ± 6.0 0.31 ± 1.6 0.11 ± 57.42 <0.01 ± - 

S5 0.26 ± 1.6 0.30 ± 2.5 0.97 ± 5.6 0.05 ± 0.1 <0.01 ± - 

S6 0.24 ± 8.9 0.39 ± 4.2 1.87 ± 2.9 0.09 ± 55.32 0.25 ± 1.5 

S7 0.98 ± 1.1 1.02 ± 0.9 6.92 ± 0.4 0.13 ± 6.8 2.29 ± 0.2 

S8 1.50 ± 1.5 0.95 ± 3.1 3.99 ± 1.1 0.09 ± - 1 0.52 ± 2.4 

S9 0.66 ± 2.2 0.33 ± 1.7 1.65 ± 0.5 0.11 ± 0.7 0.28 ± 2.3 

S10 0.02 ± 11.4 0.13 ± 3.9 1.15 ± 1.7 0.10 ± 1.9 0.06 ± 9.9 

SQC 1.10 ± 18.4 4.89 ± 9.3 6.58 ± 4.0 9.18 ± 6.2 50.21 ± 2.0 

1 not available as duplicate concentration was lower than quantification limits, 2 RSD > 20% due to differences between 

low concentrations of duplicates.  
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Table 6.6. Bioaccessible concentrations (mg/L ± RSD in %) following dermal bioaccessibility tests 

using artificial sweat solution NIHS-9610 for 8 h  

Soil As Cr Cu Pb Zn 

S1 1.12 ± 2.3 0.42 ± 3.1 2.70 ± 0.1 0.05 ± 6.0 0.34 ± 4.6 

S2 1.02 ± 4.3 0.36 ± 1.1 0.63 ± 5.1 0.09 ± 4.1 1.60 ± 7.6 

S3 0.56 ± 2.1 0.35 ± 3.1 0.93 ± 1.7 <0.01 ± - 0.52 ± 1.3 

S4 0.16 ± 27.62 0.17 ± 6.0 0.28 ± 1.6 0.09 ± 57.4 <0.01 ± - 

S5 0.29 ± 1.6 0.35 ± 2.5 0.87 ± 5.6 0.04 ± 0.1 <0.01 ± - 

S6 0.27 ± 8.9 0.45 ± 4.2 1.66 ± 2.9 0.08 ± 55.32 0.16 ± 1.5 

S7 1.10 ± 1.1 1.17 ± 0.9 6.16 ± 0.4 0.11 ± 6.8 1.94 ± 0.2 

S8 1.68 ± 1.5 1.09 ± 3.1 3.55 ± 1.1 0.08 ± -1 0.44 ± 2.4 

S9 0.74 ± 2.2 0.38 ± 1.7 1.47 ± 0.5 0.09 ± 0.7 0.24 ± 3.1 

S10 0.02 ± 11.4 0.15 ± 3.9 1.03 ± 1.7 0.09 ± 1.9 0.05 ± -1 

SQC 1.04 ± 13.0 4.72 ± -1 6.46 ± 5.5 9.11 ± 5.7 49.86 ± 1.8 

 

1 not available as duplicate concentration was lower than quantification limits, 2 RSD > 20% due to differences between 

low concentrations of duplicates.  
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CHAPTER 7 GENERAL DISCUSSION 

7.1 Influence of soil properties in bioaccessibility  

Dermal bioaccessibility of metal(loid)s greatly depends on the soil characteristics. It was 

previously explained in the literature review how pH, organic matter content, and CEC of soils 

might influence dermal bioaccessibility. Indeed, the in vitro bioaccessibility results presented in 

chapters 3 to 6 follows a clear trend. Regardless of SSFL formulation, dermal bioaccessibility was 

generally higher for the reference soil SQC001 than BGS 102 (article # 1) and to S1-S10 (article # 

2, #3, and #4). This difference in bioaccessibility was caused by the lower TOC, CEC, and pH in 

SQC001. Ageing of soils might also be an essential factor for the higher bioaccessibility of 

metal(loid)s present in SQC001. However, even though SQC001 is a prepared material and did not 

withstand natural ageing processes, the ageing of soils was not measured in this study. 

The soil characterization and bioaccessibility studies presented highlight the need to properly 

characterize the soils subjected to bioaccessibility tests since their properties directly affect 

bioaccessibility. These properties are relevant in the characterization of hazards related to soil 

exposure and should be included in decision-making processes. 

7.2 Influence of SSFL in in vitro bioaccessibility  

In this study, five artificial SSFL were used in in vitro bioaccessibility tests. Article #1 focused on 

how the properties of SSFLs influence the bioaccessibility of metals. Regarding Synthetic sweat 

compositions, the pH of the SSFL tested seemed to be the main parameter controlling the 

bioaccessibility of the measured metal(loid)s. A higher bioaccessibility percentage was generally 

achieved at lower pH. Although all the sweat compositions used in this study are within the normal 

pH human range, the bioaccessibility percentages vary among sweat formulations.  

A standardized sweat composition for in vitro bioaccessibility studies is not available to date, 

making interstudy comparisons difficult. Moreover, most of the dermal bioaccessibility studies to 

date only used one sweat formulation. For this reason, results using more basic sweat compositions 

might underestimate the bioaccessibility of metal(loid)s when compared to studies that used sweat 

with lower pH. However, sweat pH is variable among the population and depends on many factors, 

so reaching a consensus on the pH of sweat is difficult. Nevertheless, in human health assessment 
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studies, a conservative approach is recommended, and the use of low pH sweat compositions is 

encouraged to measure the bioaccessible fraction of metal(loid)s. 

Although it was previously reported that sebum has little influence on the bioaccessibility of metals 

in powders (Collins, 1957, Stefaniak et al., 2014) some soil-bound metals (Cr and Zn) were 

somehow bioaccessible in sebum, and, in the case of Zn, more bioaccessible in sebum than 

synthetic sweat (in soil BGS 102). However, there are complications inherent in testing the 

bioaccessibility of metal(loid)s in sebum since it is difficult to disperse lipids in aqueous solvents. 

However, complementary studies regarding the bioaccessibility of metal(loid)s, especially Cr and 

Zn in sweat and sebum mixtures are recommended. 

7.3 Factors Influencing the permeation of metal(loid)s through the 

membrane 

This study incorporated for the first time a methodology using synthetic membranes to measure 

the permeation parameters of the bioaccessible fraction of metal(loid)s from soils. The results 

obtained in articles # 2 and # 4 showed that Strat-M membrane is appropriate for pilot studies of 

dermal permeation of metal(loid)s present in soils. Although human skin is the golden standard, 

synthetic membranes are commonly available, produce less variability, and are significantly less 

expensive than human skin. Interestingly, even though dermal bioaccessibility is higher at lower 

pH for all the studied metal(loid)s, the opposite happened with the permeation. Although only Cr 

and Cu permeated the Strat-M membrane, Cr and Cu have greater potential for diffusion through 

human skin surrogates at higher pH since the most pervious species (such as CrO4
-2) are present in 

higher concentrations at higher pH. For this reason, the characteristics of the donor solution 

(synthetic sweat) are critical for both bioaccessibility and permeation of metal(loid)s. 

As over 50% of the Cr detected in the bioaccessible solutions extracted from sweat A (pH 6.5) was 

Cr(VI), with CrO4
-2 being the primary Cr(VI) compound known to penetrate the skin, it was 

expected that bioaccessible Cr would permeate through the synthetic skin. Conversely, the 

electrophilic nature of Cr(III) ions causes them to form stable complexes with dermal and epithelial 

tissues, resulting in slowed diffusion through the skin. It should be noted that the negatively 

charged nature of chromate and dichromate (Cr(VI)) means they do not typically bind to organic 

substances (Hostynek, 2003). 
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In sweat A, bioaccessible Cr obtained from three soil samples (S2, S8, and SQC001) was observed 

to permeate through the Strat-M membrane in sweat A in the absence of sebum. However, 

bioaccessible Cr from nearly all soil samples (S3, S6, S7, S8, and SQC001) was found to permeate 

through the Strat-M membrane when it was coated with sebum, suggesting that sebum deposited 

on the synthetic skin may interact with Cr species in the bioaccessible extracts and potentially 

promote the formation of more permeable compounds. Notably, there was no discernible impact 

of sebum on the permeation kinetic parameters. 

Cu, like Cr, was observed to permeate through the Strat-M membrane. Copper was found in all soil 

samples and was predominantly present as Cu(II) in sweat A, with similar Cu species detected 

across all soil extracts. Most Cu(II) was found in the form of Cu+2, followed by CuHPO4(aq). 

Interestingly, when soil-bound Cu from S7, S8, and SQC001 was extracted with sweat B, which 

had a higher Cu concentration than sweat A, there was no permeation through the synthetic Strat-

M membrane. This suggests that Cu species present in sweat A but not in sweat B may be 

responsible for membrane permeation, including CuHPO4(aq), CuOH+, and CuSO4(aq). It is 

possible that the presence of Cu(II) aqueous salts governs the permeation of Cu through the Strat-

M membrane. 

At lower pH, dermal bioaccessibility of metal(loid)s is high and permeation low, and vice versa. 

Conversely, if the bioaccessibility is high, the permeation rate is low. It has to be noted that more 

testing is necessary, taking into account soils contaminated from another sources, sweat 

formulations and validation with human skin. 

Although generally speaking the presence of sebum caused longer lag times and produced 

differences in the Kp of metals through the membrane. It is inconclusive how sebum influences 

permeation, and more studies on the matter, including using sweat and sebum mixtures as donor 

solutions are suggested. 

7.4 Speciation of the bioaccessible fraction of metalloids in sweat 

As suggested following the permeation results presented in articles #2 and #3, the synthetic sweat 

properties play a crucial role in the speciation of metal(loid)s, affecting its bioaccessibility and 

permeation.   
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Particularly for Cr, the speciation drastically changed in the different sweat compositions used. 

Whereas in a sweat with pH of 6.5, Cr is relatively evenly distributed in terms of concentration 

between Cr(III) and Cr(VI) species, when the pH of sweat decreases, Cr(III) species are dominant. 

This finding has essential relevance from a toxicological point of view since Cr(VI) species are 

simultaneously more toxic and permeate the skin at a higher rate. <>  

Additionally, Cu was present almost entirely as Cu(II) in both sweats compositions studied. 

However, although Cu(II) was dominant in both sweats, there was a higher concentrations of 

CuHPO4(aq), CuOH+, and CuSO4(aq) in sweat A. Making Cu more pervious in this sweat 

composition.  

It is crucial to assess the speciation of metal(loid)s solubilized in sweat, and identify the compounds 

that are better penetrants, especially for Cr. The USEPA recommends a different Kp for Cr(III) and 

Cr(VI) due to its different permeation rates and toxicity. However, our results demonstrated that 

trivalent and hexavalent species could coexist in similar concentrations in basic synthetic sweat. 

This coexistence makes the use of either Kp problematic and warrants a different approach 

considering speciation data and concentrations of Cr(III) and Cr(VI).  

7.5 Risk characterization with bioaccessibility considerations 

Because metal(loid)s content in soils is not absolutely bioaccessible, assuming a bioaccessibility 

of 100% miscalculates the risk. This study incorporated bioaccessibility results to characterize two 

multi-pathway exposure scenarios (residential and industrial scenario) by adjusting the doses 

considering the bioaccessible fraction of metal(loid)s of the oral and inhalation pathway and 

bioaccessible concentration in the dermal pathway.   

Regarding non-carcinogenic hazards, the oral pathway contributed the most to the HQ with and 

without bioaccessibility considerations for the residential scenario. The oral pathway also 

contributed the most to the HQ for the industrial scenario without bioaccessibility considerations. 

Interestingly, the dermal pathway contributed more than the oral and inhalation to the HQ for the 

industrial scenario with bioaccessibility considerations. The potential underestimation of risk by 

the dermal pathway using the soil approach (no bioaccessibility considerations) can be attributed 

explained by the assumed value for ABSd, which corresponds to a bioaccessible fraction below the 

bioaccessible values following the bioaccessibility test. 
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Concerning carcinogenic hazard, As and Cr(VI) risk is higher than the acceptable values with and 

without considering bioaccessibility mainly due to the contribution of the oral pathway, followed 

by the dermal pathway. The inhalation pathway has a very low dose associated with the scenarios 

studied; therefore, its contribution to non-carcinogenic and carcinogenic risk is minimal compared 

to the oral and dermal pathways.    

It is also worth mentioning that although bioaccessibility concentrations were used to calculate the 

dermal risk, the permeation coefficient (main parameter to calculate the dermal dose) was taken 

from generic values to assess risk.  As previously explained, depends on a myriad of considerations 

and more importantly, seems to be inversely proportional to bioaccessibility. For instance, As 

showed the highest contribution to risk through the dermal route. However, it did not permeate the 

membrane in the permeation studies described in chapters 4 and 5. That been said, to properly 

characterize the risk associated with the dermal pathway, bioavailability tests are recommended. 

This way, the bioaccessibility and permeation of the contaminant can be addressed by considering 

the geochemical properties of the soil and the interaction with biological fluids and skin. 
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS 

8.1 Conclusions 

The main conclusion of the present work is that SSFL composition plays a critical role in the fate 

of potentially toxic soil-bound metal(loid)s, influencing their dermal bioaccessibility and 

permeation by potentially changing their speciation. Consequently, the hazard associated with 

dermal exposure is dependent on the SSFL characteristics.  

The following specific conclusions can be extracted from this thesis: 

• Dermal bioaccessibility of metal(loid)s depends on the pH of the synthetic sweat used for 

the bioaccessibility test. Generally, sweat B (pH 4.7) yielded the highest bioaccessibility 

and sweat A (pH 6.5) the lowest. Bioaccessibility was also soil dependent. Soils with lower 

CEC and TOC generally presented higher bioaccessibility.  

• An approach including bioaccessibility should be preferred over total soil concentrations to 

screen potentially hazardous substances and perform risk assessments. Results have shown 

that total concentrations and bioaccessible concentrations of toxic elements are not equal 

and do not necessarily correlate. Bioaccessible concentrations better predict exposure 

because it avoids overestimation and include interaction with the biological fluids.  

• The geochemical properties of the soil might affect the bioaccessibility and permeation 

parameters of metal(loid)s. Therefore, site-specific variables (pH, CEC, TOC) should be 

considered for a more accurate estimation of risk related to dermal exposure. 

• The extent of dermal bioaccessibility of metal(loid)s is influenced by the pH and 

composition of sweat. However, the speciation profiles of metal(loid)s in each sweat 

composition were different. For instance, Cu only permeated the synthetic membrane when 

extracted in sweat A, and the permeation coefficients of Cr were higher when dissolved in 

sweat A. This being said, it is important to note that a higher solubility in sweat does not 

necessarily imply a higher permeation rate through the skin. 

• Zinc showed important bioaccessibility in sebum-extracted samples. Because of this, 

further testing including mixing of sweat and sebum at physiological relevant ratios should 
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be performed in order to broaden the understanding of sebum-sweat interactions in the 

bioaccessibility and subsequent permeation of metal(loid)s.   

• Efforts to comprehend the speciation changes of metal(loid)s from their soil-bound state to 

their absorption into the human body after coming into contact with SSFLs are crucial. It is 

necessary to understand the speciation of potentially toxic metal(loid)s. Chemical 

equilibrium models-based software is a powerful tool for determining the speciation of 

these metal(loids). However, it is advisable to perform an analytical evaluation of 

metal(loid)s speciation in sweat to verify the findings. 

• Environmental agencies like the US EPA do not usually consider differences in the 

oxidation state, valence, or species to calculate dermal exposure to potentially toxic 

metal(loid)s (except for Cr(III) and Cr(VI)). Nevertheless, species containing the same 

metal(loid) have the potential to have drastically different bioaccessibility and permeation. 

Therefore, broad generalizations could affect the reliability of exposure assessments. 

• For the residential scenario (children playing), most of the risk is associated with the oral 

pathway, followed by the dermal pathway, with and without bioaccessibility. Interestingly, 

there is a significant difference for the industrial scenario (worker eight-hour shift) when 

bioaccessibility is considered. Without bioaccessibility, the industrial scenario trend is 

similar to the residential scenario (oral pathway is the primary pathway of concern, 

followed by dermal). However, when the bioaccessible considerations are included, the risk 

contribution from the dermal pathway increases (from 23.8% to 92.2%).  In all the scenarios 

studied, the inhalation pathway did not contribute to the risk (<0.001%).  

• For calculating the risk associated with dermal exposure, the ABSd assumed to calculate 

DAevent in the soil approach methodology could correspond to a bioaccessible fraction 

below the bioaccessible value following the bioaccessibility test. This can result in a 

potential underestimation of the risk leading to poor decision-making. Instead, to properly 

evaluate the fraction of bioaccessible metal(loid)s present in soils, the water approach 

methodology is recommended to calculate the DAevent.  

• In order to achieve a comprehensive characterization of the risk associated with the dermal 

pathway, it is recommended to include bioavailability assessments, by measuring 

bioaccessibility and permeation to obtain a site-specific concentration of metal(loid)s in the 
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sweat (Cw) and Kp respectively. In this manner geochemical properties of the soil and the 

interaction with biological fluids and skin can be properly considered. 

8.2 Recommendations 

Based on the conclusions presented, the main recommendations can be drawn as follows: 

8.2.1 Main recommendations 

• Only CCA-contaminated and certified soil samples were tested. Bioaccessibility, 

permeation, speciation, and human health risk assessment should be investigated in a 

broader range of soils. 

• Conclusions regarding the dermal bioaccessibility of As, Cr, Cu, Ni, Pb, and Zn from soil 

samples collected near wood poles treated with CCA and certified reference soils were 

made. However, it is essential to clarify that the bioaccessibility of metals differs from case 

to case. If the source of the contamination or the properties of the soil change, the behaviour 

of the contaminants could potentially change too. 

• To decrease uncertainty in dermal risk assessments, it is recommended to measure dermal 

bioavailability to include site-specific Cw and Kp in risk calculations. 

• The human skin surrogate Strat-M has proven helpful for early-stage permeation studies. 

Although correlation tools to assess the permeation of some chemicals through human skin 

using Strat-M already exist and are provided by the manufacturer, additional testing, 

including human skin, is needed to validate and correlate the permeation results provided 

in this study. 

• Five different synthetic SSFLs have been tested, including three sweat and two sebum 

formulations. Experiments including additional, more comprehensive SSFLs, including 

sweat and sebum mixtures are recommended. 

• Visual Minteq lacks data on reaction kinetics, which might be crucial for chromium 

speciation, as some Cr(VI) compounds have a short life and can permeate membranes faster 

than Cr(III). Additionally, the model does not consider dissolved organic carbon and 
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proteins, which act as ligands for metal ions. To validate the findings, analytical speciation 

considering dissolved organic carbon should be performed. 

8.2.2 Other recommendations 

• Because the soil approach used to calculate the DAD might under predict the risk for 

specific exposure scenarios, further studies incorporating the water approach using different 

SSFLs and more soil samples are advised. 

• Research on the capacity of Strat-M to characterize deposit of metal(loid)s in the skin is 

recommended since the accumulation of metal(loid)s in the skin layers, as well as reservoir 

effects, may contribute to the absorbed dose or produce adverse topical effects.  

• Only the Strat-M was used to model skin permeation. However, there are other 

commercially available skin surrogates. The testing and comparison of other synthetic 

membranes with Strat-M and human skin in permeation tests is recommended. 

• There is uncertainty associated with risk assessment, especially regarding individual human 

characteristics. For this reason, the use of Monte Carlo simulations and the inclusion of 

variables as probabilistic distributions rather than discrete values is recommended so that 

risk is calculated more accurately. 

  



129 

 

BIBLIOGRAPHY 

Abdel-Rahman, M. S., Skowronski, G. A., & Turkall, R. M. (2006). In vitro penetration of pig skin 

by heavy metals in soil. Soil and sediment contamination: an international journal, 14(2), 123-134. 

Doi:10.1080/15320380590911742 

Abraham, E. K., Ramesh, P., Joseph, R., Kumari, T., Mohanan, P., & Remakumari, V. (2005). 

Relationship between in vitro cell culture cytotoxicity and sweat-extractable dithiocarbamates in 

natural rubber latex gloves. Journal of Rubber Research, 8(2), 103-119.  

Abrams, K., Harvell, J. D., Shriner, D., Wertz, P., Maibach, H., Maibach, H. I., & Rehfeld, S. 

(1993). Effect of organic solvents on in vitro human skin water barrier function. Journal of 

investigative dermatology, 101(4).  

Adriano, D. C., Wenzel, W., Vangronsveld, J., & Bolan, N. (2004). Role of assisted natural 

remediation in environmental cleanup. Geoderma, 122(2-4), 121-142.  

Agache, P., & Candas, V. (2004). 30 Eccrine sweat glands. Measuring the skin, 175, 35.  

Ågren, M. S. (1990). Percutaneous absorption of zinc from zinc oxide applied topically to intact 

skin in man. Dermatology, 180(1), 36-39.  

Alloway, B. J. (2013). Sources of heavy metals and metalloids in soils Heavy metals in soils (pp. 

11-50): Springer. 

Altman, P. L., & Dittmer, D. S. (1974). Biology data book, vol. III. Fed. Am. Soc. Exp. Biol., 

Bethesda, MD.  

Andersson, A. (1979). On the distribution of heavy metals as compared to some other elements 

between grain size fractions in soils. Swedish Journal of Agricultural Research.  

Anselm, O. H., Davidson, C. M., Oyeyiola, A. O., & Oluseyi, T. O. (2022) Effects of artificial 

sweat formulation and extraction temperature on estimation of the dermal bioaccessibility of 

potentially toxic elements in a contaminated soil from an e-waste recycling site. Geosciences 12. 

https://doi.org/10.3390/geosciences12010031. 

Ara, A. & Usmani, J. A (2015) Lead toxicity: a review. Interdisciplinary Toxicology, 8(2), 55. 



130 

 

Arienzo, M., Crisanto, T., Sanchez-Martin, M. J., & Sanchez-Camazano, M. (1994). Effect of soil 

characteristics on adsorption and mobility of (14C) diazinon. Journal of Agricultural and Food 

Chemistry, 42(8), 1803-1808.  

ASTM. (2013). D4972-13 Standard test method for pH of soils. West Conshohocken, PA.  

ATSDR. (2007). Toxicological profile for lead. United States department of health and human 

services: Public health services, Agency for toxic substances and disease registry. 

ATSDR. (2007). Toxicological profile for arsenic. United States department of health and human 

services: Public health services, Agency for toxic substances and disease registry. 

ATSDR. (2019.). Substance priority list. Agency for Toxic Substances and Disease Registry, 

Division of Toxicology and Environmental Medicine/Applied Toxicology Branch.  

ATSDR. (1994). Toxicological profile for chlordane. public health service, U.S. Department of 

Health and Human Services. Agency for Toxic Substances and Disease Registry. 

ATSDR. (1995). Toxicological profile for polycyclic aromatic hydrocarbons. Agency for Toxic 

Substances and Disease Registry, US Department of Health and Human Services. 

Avasarala, S. (2021). Techniques for assessing metal mobility in the environment: a geochemical 

perspective In: Practical applications of medical geology, Siegel M., Selinus, O., Finkelman R. 

(Eds), Springer, Cham, Switzerland, 139-167. 

Balasoiu, C. F., Zagury, G. J., & Deschenes, L. (2001). Partitioning and speciation of chromium, 

copper, and arsenic in CCA-contaminated soils: influence of soil composition. Science of The Total 

Environment, 280(1-3), 239-255.  

Barbero, A. M., & Frasch, H. F. (2009). Pig and guinea pig skin as surrogates for human in vitro 

penetration studies: a quantitative review. Toxicology in Vitro, 23(1), 1-13.  

Beak, D. G., Basta, N. T., Scheckel, K. G., & Traina, S. J. (2006). Bioaccessibility of arsenic (V) 

bound to ferrihydrite using a simulated gastrointestinal system. Environmental Science & 

Technology, 40(4), 1364-1370.  

Beriro, D. J., Cave, M. R., Wragg, J., Thomas, R., Wills, G., & Evans, F. (2016). A review of the 

current state of the art of physiologically-based tests for measuring human dermal in vitro 



131 

 

bioavailability of polycyclic aromatic hydrocarbons (PAH) in soil. Journal Hazardous Materials, 

305, 240-259. doi:10.1016/j.jhazmat.2015.11.010 

Birmingham, B., McLaughlin, D. (2006). Soil investigation and human health risk assessment for 

nickel in community soils near a former nickel refinery in southern Ontario, Canada. J. Toxic. 

Environ. Health A 69 (9), 845–892. 

Blake, L., & Goulding, K. (2002). Effects of atmospheric deposition, soil pH and acidification on 

heavy metal contents in soils and vegetation of semi-natural ecosystems at Rothamsted 

Experimental Station, UK. Plant and soil, 240(2), 235-251.  

Blanc, D., Saint-Leger, D., Brandt, J., Constans, S., Agache, P. (1989). An original procedure for 

quantitation of cutaneous resorption of sebum. Arch. Dermatol. Res. 281 (5), 346–350. 

Boisa, N., Elom, N., Dean, J.R., Deary, M.E., Bird, G., Entwistle, J.A. (2014). Development and 

application of an inhalation bioaccessibility method (IBM) for lead in the PM10 size fraction of 

soil. Environ. Int. 70, 132–142. 

Brain, K., & Chilcott, R. (2008). Physicochemical properties affecting skin absorption. Principles 

and Practice of Skin Toxicology. London, UK: John Wiley & Sons Ltd.  

Brown, D. H., Smith, W. E., Fox, P., & Sturrock, R. D. (1982). The reactions of gold(0) with amino 

acids and the significance of these reactions in the biochemistry of gold. Inorganica Chimica Acta, 

67, 27-30. doi: https://doi.org/10.1016/S0020-1693(00)85035-5 

Bull, D.C., Harland, P.W., Vallance, C., Foran, G.J. (2000). EXAFS study of chromated copper 

arsenate timber preservative in wood. J. Wood Sci. 46, 248–252. 

Caboche, J., Esperanza, P., Bruno, M., Alleman, L.Y. (2011). Development of an in vitro method 

to estimate lung bioaccessibility of metals from atmospheric particles. J. Environ. Monit. 13, 621–

630. 

Calabrese, E., Gilbert, C., Kostecki, P., Barnes, R., Stanek, E., Veneman, P., Pastides, H., Edwards, 

C. (2021). Epidemiological study to estimate how much soil children eat. In: Petroleum 

Contaminated Soils, Volume 1. CRC Press, pp. 313–320. 

Calabrese, E.J., Stanek, E., James, R.C., Roberts, S.M. (1997). Soil ingestion: a concern for acute 

toxicity in children. Environ. Health Perspect. 105 (12), 1354–1358. 



132 

 

Cave, M., Wragg, J. (2021). Application of bioavailability measurements in medical geology. 

Practical Applications of Medical Geology. Springer,, Cham, pp. 235–261. 

CEN. (2015). Reference test method for release of nickel from all post assemblies which are 

inserted into pierced parts of the human body and articles intended to come into direct and 

prolonged contact with the skin. EN 1811: European Committee for Standardization. 

Chapman, H. (1965). Cation-exchange capacity 1. Methods of soil analysis: Part 2. Chemical and 

microbiological properties, American Society of Agronomy, 9, 891-901.  

Chen, W. (1994). Bioavailability in environmental health risk assessment. Master’s degree thesis, 

Department of Health Services Administration and Community Medicine. University of Alberta  

Chirenje, T., Ma, L., Clark, C., & Reeves, M. (2003). Cu, Cr and As distribution in oils adjacent to 

pressure-treated decks, fences and poles. Environmental Pollution, 124(3), 407-417. 

Chopra, R., Roy, A., & Biswas, H. (1940). On the composition of sweat of the Indians. Indian 

Journal of Medical Research, 27, 931-935.  

Clesceri, L. S., Greenberg, A.E., Eaton, A.D. (1999). Standard methods for the examination of 

water and wastewater. American Public Health Association, Twentieth Edition.  

Collins, K. (1957). The corrosion of metal by palmar sweat. Br. J. Ind. Med. 14 (3), 191.  

Cooper, P., & Ung, Y. (1992). Accelerated fixation of CCA-treated poles. Forest Products Journal 

(USA), 42(9).  

Cooper, P., Ung, Y., & Aucoin, J. (1997). Environmental impact of CCA poles in service. 

Document-the International Research Group on Wood Preservation (Sweden).  

Crank, J. (1975). Diffusion in a plane sheet. The mathematics of diffusion, 2, 44-68.  

Dang, W., J. Chen, N. Mottl, L. Phillips, P. Wood, S. McCarthy, R. Lee, M. Helmke, M. Nelson, 

and K. Coon. (2003). A probabilistic risk assessment for children who contact CCA-treated 

playsets and decks. US Environmental Protection Agency, Office of Pesticide Programs. 

Department of Health and Ageing and Health Council. (2004). Environmental health risk 

assessment guidelines for assessing human health risks from environmental hazards.  



133 

 

Dobran, S., & Zagury, G. J. (2006). Arsenic speciation and mobilization in CCA-contaminated 

soils: Influence of organic matter content. Science of The Total Environment, 364(1-3), 239-250.  

Dörr, H., & Münnich, K. O. (1991). Lead and cesium transport in European forest soils. Water, 

Air, and Soil Pollution, 57(1), 809-818.  

Downing, D. T., Stewart, M. E., Wertz, P. W., Colton, S. W., Abraham, W., & Strauss, J. S. (1987). 

Skin Lipids: An update. Journal of investigative dermatology, 88(3, Supplement), 2-6. doi: 

https://doi.org/10.1038/jid.1987.2 

Dube, A., Zbytniewski, R., Kowalkowski, T., Cukrowska, E., & Buszewski, B. (2001). Adsorption 

and migration of heavy metals in soil. Polish Journal of Environmental Studies, 10(1), 1-10. 

Thornton  

Eriksson, J. (1989). The influence of pH, soil type and time on adsorption and uptake by plants of 

Cd added to the soil. Water, Air, and Soil Pollution, 48(3-4), 317-335.  

European Chemicals Agency (ECHA). (2021). Chromated Copper Arsenate (CCA). Retrieved 

from https://echa.europa.eu/substance-information/-/substanceinfo/100.000.605 

European Commission. (2003). Technical guidance document on risk assessment part 1. Institute 

for Health and Consumer Protection. European Chemicals Bureau . 

Flint, G. N. (1998). A metallurgical approach to metal contact dermatitis. Contact Dermatitis, 

39(5), 213-221. doi:10.1111/j.1600-0536.1998.tb05912.x 

Fomunyam, T. A. (2018). Metal concentrations and bioaccessibility in metro vancouver urban 

parks soils (Doctoral dissertation, Royal Roads University (Canada)). 

Foth, H. D. (1978). Fundamentals of soil science. Soil Science, 125(4), 272. 

Franken, A., Eloff, F. C., Du Plessis, J., & Du Plessis, J. L. (2015). In vitro permeation of metals 

through human skin: A review and recommendations. Chemical Research in Toxicology, 28(12), 

2237-2249. doi:10.1021/acs.chemrestox.5b00421 

Franken, A., Eloff, F., Du Plessis, J., Badenhorst, C., & Du Plessis, J. (2015). In vitro permeation 

of platinum through African and Caucasian skin. Toxicology Letters, 232(3), 566-572. 

Franz, T. J. (1975). Percutaneous absorption on the relevance of in vitro data. The Journal of 

Investigative Dermatology 64, 190-195). 



134 

 

Fullerton, A., Andersen, J. R., Hoelgaard, A., & Menné, T. (1986). Permeation of nickel salts 

through human skin in vitro. Contact Dermatitis, 15(3), 173-177.  

Gammelgaard, B., Fullerton, A., Avnstorp, C., & Menné, T. (1992). Permeation of chromium salts 

through human skin in vitro. Contact Dermatitis, 27(5), 302-310.  

Gidlow, D.A. (2004). Lead toxicity. Occup. Med. 54, 76–81. https://doi.org/10.1093 

/occmed/kqh019. 

Girouard, E., Zagury, G.J. (2009). Arsenic bioaccessibility in CCA-contaminated soils: influence 

of soil properties, arsenic fractionation, and particle-size fraction. Sci. Total Environ. 407, 2576–

2585. https://doi.org/10.1016/j.scitotenv.2008.12.019. 

Gonsalvesh, L., Marinov, S. P., Gryglewicz, G., R.Carleer, R., J.Yperman, J. (2016). Preparation, 

characterization and application of polystyrene based activated carbons for Ni(II) removal from 

aqueous solution. Fuel Process. Technol., 149, 75−85.  

Gosselin, M. & Zagury, G. J. (2020).  Metal(loid)s inhalation bioaccessibility and oxidative 

potential of particulate matter from chromated copper arsenate (CCA)-contaminated soils. 

Chemosphere, 238, 124557; DOI 10.1016/j.chemosphere.2019.124557. 

Guney, M., Bourges, C. M.J., Chapuis, R. P., Zagury, G. J. (2007). Lung bioaccessibility of As, 

Cu, Fe, Mn, Ni, Pb, and Zn in fine fraction (< 20 μm) from contaminated soils and mine-tailings. 

Sci. Total Environ., 579, 378−386. 

Guney, M., Zagury, G.J., Dogan, N., Onay, T.T. (2010). Exposure assessment and risk 

characterization from trace elements following soil ingestion by children exposed to playgrounds, 

parks and picnic areas. J. Hazard. Mater. 182, 656–664. https://doi.org/10.1016/ 

j.jhazmat.2010.06.082.  

Guney, M., Onay, T.T.,  Copty, N.K. (2010). Impact of overland traffic on heavy metal levels in 

highway dust and soils of Istanbul, Turkey. Environmental Monitoring and Assessment, 164, 101-

110. 

Guney, M. & Zagury, G. J. (2014). Bioaccessibility of As, Cd, Cu, Ni, Pb, and Sb in toys and low-

cost jewelry. Environmental Science & Technology, 48(2), 1238-1246. doi:10.1021/es4036122 



135 

 

Guney, M., Zagury, G.J. (2014). Children's exposure to harmful elements in toys and lowcost 

jewelry: characterizing risk and developing a comprehensive approach. J. Hazard. Mater. 271, 321–

330. 

Guney, M. & Zagury, G. J. (2016) Bioaccessibility and other key parameters in assessing oral 

exposure to PAH-contaminated soils and dust: A critical review. Human and Ecological Risk 

Assessment: An International Journal, 1396-1417. 

Guney, M., Chapuis, R.P., Zagury, G.J. (2016). Lung bioaccessibility of contaminants in 

particulate matter of geological origin. Environ. Sci. Pollut. Res. 23, 24422–24434. 

Guney, M., Bourges, C. M., Chapuis, R. P., & Zagury, G. J. (2017). Lung bioaccessibility of As, 

Cu, Fe, Mn, Ni, Pb, and Zn in fine fraction (<20mum) from contaminated soils and mine tailings. 

Sci Total Environ, 579, 378-386. doi:10.1016/j.scitotenv.2016.11.086 

Gustafsson, J. P. (2019). Visual MINTEQ 3.1 user guide. KTH, Department of Land and Water 

Recources, Stockholm, Sweden.  

Guy, R.H. (1999). Metals and the Skin: Topical effects and systemic absorption. CRC Press. 

Hamilton, E.M., Barlow, T.S., Gowing, C.J.B., Watts, M.J. (2015). Bioaccessibility performance 

data for fifty-seven elements in guidance material BGS 102. Microchem. J. 123, 131–138. 

Hansen, M.B., Johansen, J.D., Menné, T. (2003). Chromium allergy: significance of both Cr (III) 

and Cr (VI). Contact Dermatitis 49 (4), 206–212. 

Haq, A., Dorrani, M., Goodyear, B., Joshi, V., & Michniak-Kohn, B. (2018). Membrane properties 

for permeability testing: Skin versus synthetic membranes. International Journal of Pharmaceutics, 

539(1-2), 58-64.  

Haq, A., Goodyear, B., Ameen, D., Joshi, V., & Michniak-Kohn, B. (2018). Strat-M(R) synthetic 

membrane: Permeability comparison to human cadaver skin. Int J Pharm, 547(1-2), 432-437. 

doi:10.1016/j.ijpharm.2018.06.012 

Harvey, C. J., LeBouf, R. F., & Stefaniak, A. B. (2010). Formulation and stability of a novel 

artificial human sweat under conditions of storage and use. Toxicol In Vitro, 24(6), 1790-1796. 

doi:10.1016/j.tiv.2010.06.016 



136 

 

Haudrechy, P., Foussereau, J., Mantout, B., & Baroux, B. (1993). Nickel release from 304 and 316 

stainless steels in synthetic sweat. Comparison with nickel and nickel-plated metals. Consequences 

on allergic contact dermatitis. Corrosion science, 35(1-4), 329-336.  

Health Canada. (2010). Guidance on human health preliminary quantitative risk assessment 

(PQRA) v 2.0. Contaminated Sites Division, Ontario, ON, Canada. 

Health Canada. (2018). Re-evaluation Note REV2016-11, Chromated Copper Arsenate (CCA) and 

its Associated End-use Products. 

Hemingway, J., Molokhia, M. (1987). The dissolution of metallic nickel in artificial sweat. Contact 

Dermatitis 16 (2), 99–105. 

Hillwalker, W. E., & Anderson, K. A. (2014). Bioaccessibility of metals in alloys: evaluation of 

three surrogate biofluids. Environmental Pollution, 185, 52-58. doi:10.1016/j.envpol.2013.10.006 

Hingston, J., Collins, C., Murphy, R., & Lester, J. (2001). Leaching of chromated copper arsenate 

wood preservatives: a review. Environmental Pollution, 111(1), 53-66.  

Holmes, K., Kissel, J., & Richter, K. (1996). Investigation of the influence of oil on soil adherence 

to skin. Soil and Sediment Contamination, 5(4), 301-308.  

Horowitz, S.B., Finley, B.L. (1994). Setting health-protective soil concentrations for dermal 

contact allergens: a proposed methodology. Regul. Toxicol. Pharmacol. 19 (1), 31–47. 

Hostynek, J. J., Hinz, R. S., Lorence, C. R., Price, M., & Guy, R. H. (1993). Metals and the skin. 

Critical Reviews in Toxicology, 23(2), 171-235.  

Hostynek, J., Hinz, R., Lorence, C., Guy, R. (1998). Human skin penetration by metal compounds. 

Drugs Pharmaceut. Sci., 91, 647−668.  

Hostýnek, J. (2003). Flux of a nickel (II) salt versus a nickel (II) soap across human skin in vitro. 

Exogenous Dermatology, 2(4), 216-222.  

Hostynek, J.J. (2003). Factors determining percutaneous metal absorption. Food and Chemical 

Toxicology, 41(3), 327-345.  

Hostynek, J. J. (2004). Corrosion chemistry of copper: Formation of potentially skin-diffusible 

compounds. Exogenous Dermatology, 3(6), 263-269.  



137 

 

Hostynek, J. J., & Maibach, H. I. (2006). Skin penetration by metal compounds with special 

reference to copper. Toxicology Mechanisms and Methods, 16(5), 245-265.  

Hostynek, J. J., Dreher, F., & Maibach, H. I. (2011). Human skin penetration of a copper tripeptide 

in vitro as a function of skin layer. Inflammation Research, 60(1), 79-86. doi:10.1007/s00011-010-

0238-9 

IOMC. (2011). Guidance Notes on Dermal Absorption. Retrieved from. https://www.oecd. 

org/chemicalsafety/testing/48532204.pdf. 

Izquierdo, M., De Miguel, E., Ortega, M.F., Mingot, J. (2015). Bioaccessibility of metals and 

human health risk assessment in community urban gardens. Chemosphere 135, 312–318. 

https://doi.org/10.1016/j.chemosphere.2015.04.079. 

Jeffries, J., & Martin, I. (2009). Updated technical background to the CLEA model: Environment 

Agency. 

Joshi, V., Brewster, D., & Colonero, P. (2012). In vitro diffusion studies in transdermal research: 

A synthetic membrane model in place of human skin. Drug Develop & Delivery, 12, 1-4.  

Juhasz, A.L., Smith, E., Nelson, C., Thomas, D.J., Bradham, K. (2014). Variability associated with 

as in vivo–in vitro correlations when using different bioaccessibility methodologies. Environ. Sci. 

Technol. 48, 11646–11653. https://doi.org/10.1021/es502751z. 

Juhasz, A.L., Smith, E., Weber, J., Rees, M., Kuchel, T., Rofe, A., Sansom, L., Naidu, R. (2013). 

Predicting lead relative bioavailability in peri-urban contaminated soils using in vitro 

bioaccessibility assays. J. Environ. Sci. Health, Part A 48, 604–611. https:// 

doi.org/10.1080/10934529.2013.731354. 

Kadir, R., Stempler, D., Liron, Z., & Cohen, S. (1988). Penetration of adesanosine into excised 

human skin from binary vehicles: the enhancement factor. Journal of pharmaceutical sciences, 

77(5), 409-413.  

Kaiser, M., Ellerbrock, R., & Gerke, H. (2008). Cation exchange capacity and composition of 

soluble soil organic matter fractions. Soil Science Society of America Journal, 72(5), 1278-1285.  



138 

 

Kastury, F., Karna, R. R.; Scheckel, K. G.; Juhasz, A. L. (2020). Correlation between lead 

speciation and inhalation bioaccessibility using two different simulated lung fluids. Environ. 

Pollut., 263, 114609.  

Kelley, M. E., Brauning, S. E., Schoof, R. A., & Ruby, M. V. (2002). Assessing oral bioavailability 

of metals in soil. Colombus: Battelle Press. 

Kim, C.S., Anthony, T.L., Goldstein, D., Rytuba, J.J. (2014). Windborne transport and surface 

enrichment of arsenic in semi-arid mining regions: examples from the Mojave Desert, California. 

Aeolian Res. 14, 85–96. https://doi.org/10.1016/j.aeolia.2014.02.007. 

Krishna, D. R., & Klotz, U. (1994). Extrahepatic metabolism of drugs in humans. Clinical 

pharmacokinetics, 26(2), 144-160.  

Langard, S. (1982). Absorption, transport, and excretion of chromium in man and animals. Topics 

in environmental health.  

Larese Filon, F., Crosera, M., Timeus, E., Adami, G., Bovenzi, M., Ponti, J., & Maina, G. (2013). 

Human skin penetration of cobalt nanoparticles through intact and damaged skin. Toxicology in 

Vitro, 27(1), 121-127. doi:https://doi.org/10.1016/j.tiv.2012.09.007 

Larese Filon, F., D’Agostin, F., Crosera, M., Adami, G., Bovenzi, M., Maina, G. (2008). In vitro 

percutaneous absorption of chromium powder and the effect of skin cleanser. Toxicol. in Vitro, 22, 

1562−1567. 

Larese, F., Gianpietro, A., Venier, M., Maina, G., & Renzi, N. (2007). In vitro percutaneous 

absorption of metal compounds. Toxicology Letters, 170(1), 49-56. doi: 

https://doi.org/10.1016/j.toxlet.2007.02.009 

Leal, L. T. C., Guney, M., & Zagury, G. J. (2018). In vitro dermal bioaccessibility of selected 

metals in contaminated soil and mine tailings and human health risk characterization. 

Chemosphere, 197, 42-49. doi:10.1016/j.chemosphere.2018.01.008 

Liang, S., Guan, D.-X., Li, J., Zhou, C.-Y., Luo, J., & Ma, L. Q. (2016). Effect of aging on 

bioaccessibility of arsenic and lead in soils. Chemosphere, 151, 94-100. 

doi:https://doi.org/10.1016/j.chemosphere.2016.02.070 

Liden, C., Carter, S. (2001). Nickel release from coins. Contact Dermatitis 44 (3), 160–165. 



139 

 

Lin, J.-G., Chen, S.-Y. (1998). The relationship between adsorption of heavy metal and organic 

matter in river sediments. Environ. Int. 24 (3), 345–352. 

Lioy, P. J., & Greenberg, A. (1990). Factors associated with human exposures to polycyclic 

aromatic hydrocarbons. Toxicology and industrial health, 6(2), 209-223.  

Madrid, F., Biasioli, M., Ajmone-Marsan, F. (2007). Availability and bioaccessibility of metals in 

fine particles of some urban soils. Arch. Environ. Contam. Toxicol. 55, 21–32. 

https://doi.org/10.1007/s00244-007-9086-1. 

Manceau, A., Boisset, M.-C., Sarret, G., Hazemann, J.-L., Mench, M., Cambier, P., & Prost, R. 

(1996). Direct determination of lead speciation in contaminated soils by EXAFS spectroscopy. 

Environmental Science & Technology, 30(5), 1540-1552.  

Marin Villegas, C. A., Guney, M., & Zagury, G. J. (2019). Comparison of five artificial skin surface 

film liquids for assessing dermal bioaccessibility of metals in certified reference soils. Science of 

The Total Environment, 692, 595-601. doi:https://doi.org/ 10.1016/j.scitotenv.2019.07.281 

Marin Villegas, C. A., & Zagury, G. J. (2021). Comparison of synthetic sweat and influence of 

sebum in the permeation of bioaccessible metal(loid)s from contaminated soils through a synthetic 

skin membrane. Environmental Science & Technology. doi:10.1021/acs.est.1c02038 

Marin Villegas, C. A., & Zagury, G. J. (2023). Incorporating oral, inhalation and dermal 

bioaccessibility into human health risk characterization following exposure to Chromated Copper 

Arsenate (CCA)-contaminated soils. Ecotoxicology and Environmental Safety, 249, 114446. 

Martin, R., Dowling, K., Nankervis, S., Pearce, D., Florentine, S., McKnight, S. (2018). In vitro 

assessment of arsenic mobility in historical mine waste dust using simulated lung fluid. Environ. 

Geochem. Health 40, 1037–1049. https://doi.org/10.1007/s10653-017-9974-x. 

Mathes, S. H., Ruffner, H., & Graf-Hausner, U. (2014). The use of skin models in drug 

development. Advanced drug delivery reviews, 69, 81-102.  

Mavon, A., Miquel, C., Lejeune, O., Payre, B., Moretto, P. (2007). In vitro percutaneous absorption 

and in vivo stratum corneum distribution of an organic and a mineral sunscreen. Skin Pharmacol. 

Physiol., 20, 10−20.  



140 

 

McLean, J. E., & Bledsoe, B. E. (1992). Ground water issue: Behavior of metals in soils. United 

States Environmental Protection Agency (EPA/540/S-92/018), Washington.  

Merk, H., Jugert, F., & Frankenberg, S. (1996). Biotransformations in the skin. Dermatotoxicology. 

Washington: Taylor & Francis, 61-73.  

Merwe, D. v. d., Tawde, S., Pickrell, J. A., Erickson, L. E. (2009). Nanocrystalline titanium dioxide 

and magnesium oxidein vitrodermal absorption in human skin. Cutan. Ocul. Toxicol., 28, 78−82. 

Michaels, A., Chandrasekaran, S., & Shaw, J. (1975). Drug permeation through human skin: theory 

and in vitro experimental measurement. AIChE Journal, 21(5), 985-996.  

Midander, K., Julander, A., Kettelarij, J., & Liden, C. (2016). Testing in artificial sweat - Is less 

more? Comparison of metal release in two different artificial sweat solutions. Regul Toxicol 

Pharmacol, 81, 381-386. doi:10.1016/j.yrtph.2016.09.021 

Miller, E. K., & Friedland, A. J. (1994). Lead migration in forest soils: response to changing 

atmospheric inputs. Environmental science & technology, 28(4), 662-669. 

Ministere de l ̀ Environnement et de la Lutte contre les changements climatiques, (2021). Guide 

d’intervention - Protection des sols et rehabilitation des terrains contamines, Annexe 2 retrieved  

26-03-2021 from https://www.environnement.gouv.qc.ca/sol/terrains/guideintervention 

/annexe2.pdf 

Montenegro, L., Carbone, C., Condorelli, G., Drago, R., & Puglisi, G. (2006). Effect of oil phase 

lipophilicity on in vitro drug release from o/w microemulsions with low surfactant content. Drug 

development and industrial pharmacy, 32(5), 539-548.  

Moody, R. P., Joncas, J., Richardson, M., & Chu, I. (2007). Contaminated soils (I): In vitro dermal 

absorption of benzo [a] pyrene in human skin. Journal of Toxicology and Environmental Health, 

Part A, 70(21), 1858-1865.  

Moody, R. P., Joncas, J., Richardson, M., Petrovic, S., & Chu, I. (2009). Contaminated soils (II): 

in vitro dermal absorption of nickel (Ni-63) and mercury (Hg-203) in human skin. Journal of 

Toxicology and Environmental Health, Part A, 72(8), 551-559.  



141 

 

Moody, R. P., Nadeau, B., & Chu, I. (1995). In vivo and in vitro dermal absorption of benzo [a] 

pyrene in rat, guinea pig, human and tissue-cultured skin. Journal of dermatological science, 9(1), 

48-58.  

Morton-Bermea, O., Hernandez-Alvarez, E., Gonzalez-Hernandez, G., Romero, F., Lozano, R., 

Beramendi-Orosco, L.E. (2009). Assessment of heavy metal pollution in urban topsoils from the 

metropolitan area of Mexico City. J. Geochem. Explor. 101, 218–224. 

https://doi.org/10.1016/j.gexplo.2008.07.002. 

Nathanail, C. P., & McCaffrey, C. (2003). The use of oral bioaccessibility in assessment of risks 

to human health from contaminated land. Land Contamination & Reclamation, 11(3), 309-313.  

Netzlaff, F., Lehr, C.-M., Wertz, P., & Schaefer, U. (2005). The human epidermis models 

EpiSkin®, SkinEthic® and EpiDerm®: an evaluation of morphology and their suitability for 

testing phototoxicity, irritancy, corrosivity, and substance transport. European Journal of 

Pharmaceutics and Biopharmaceutics, 60(2), 167-178.  

Nico, P.S., Ruby, M.V., Lowney, Y.W., Holm, S.E. (2006). Chemical speciation and 

bioaccessibility of arsenic and chromium in chromated copper arsenate-treated wood and soils. 

Environ. Sci. Technol. 40, 402–408. https://doi.org/10.1021/es050950q. 

Nikpour, S., & Hedberg, Y. S. (2021). Using chemical speciation modelling to discuss variations 

in patch test reactions to different aluminium and chromium salts. Contact Dermatitis. 

https://doi.org/10.1111/cod.13904 

Nriagu, J. (2007). Zinc Toxicity in Humans. School of Public Health, University of Michigan. 

Nygren, O., Wahlberg, J.E. (1998). Speciation of chromium in tanned leather gloves and relapse 

of chromium allergy from tanned leather samples. Analyst 123 (5), 935–937. 

Okereafor, U., Makhatha, M., Mekuto, L., Uche-Okereafor, N., Sebola, T., & Mavumengwana, V. 

(2020). Toxic metal implications on agricultural soils, plants, animals, aquatic life and human 

health. International Journal of Environmental Research and Public Health, 17(7), 2204. 

Pawar, G., Abdallah, M.A.-E., de Sáa, E.V., Harrad, S. (2017). Dermal bioaccessibility of flame 

retardants from indoor dust and the influence of topically applied cosmetics. J. Expo. Sci. Environ. 

Epidemiol. 27 (1), 100–105. 



142 

 

Pirot, F., Panisset, F., Agache, P., & Humbert, P. (1996). Simultaneous absorption of copper and 

zinc through human skin in vitro. Skin Pharmacology and Physiology, 9(1), 43-52.  

Plum, L.M., Rink, L., Haase, H. (2010). The essential toxin: impact of zinc on human health. Int. 

J. Environ. Res. Public Health 7 (4), 1342–1365. 

Pouschat, P., & Zagury, G. J. (2008). Bioaccessibility of chromium and copper in soils near CCA-

treated wood poles. Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management, 

12(3), 216-223. doi:10.1061/(ASCE)1090-025X(2008)12:3(216) 

Powell, K. J., Brown, P. L., Byrne, R. H., Gajda, T., Hefter, G., Leuz, A. K., Sjöberg, S., Wanner, 

H. (2015). Chemical speciation of environmentally significant metals: An IUPAC contribution to 

reliable and rigorous computer modelling. Chem. Int., 37, 15− 19.  

Pugh, W. J., & Chilcott, R. P. (2008). Principles of diffusion and thermodynamics. Principles and 

Practice of Skin Toxicology, 93.  

Pulsoni, I., Lubda, M., Aiello, M., Fedi, A., Marzagalli, M., von Hagen, J., & Scaglione, S. (2022). 

Comparison between Franz diffusion cell and a novel micro-physiological system for in vitro 

penetration assay using different skin models. SLAS Technology, 27(3), 161-171. 

https://doi.org/10.1016/j.slast.2021.12.006. 

Reed, L. (1969). Effects of manned occupancy on spacecraft materials. Space Mater. Handbook 

Reeder, R.J., Schoonen, M.A.A., Lanzirotti, A. (2006). Metal speciation and its role in 

bioaccessibility and bioavailability. Rev. Mineral. Geochem. 64 (1), 59–113. 

Rissmann, R., Oudshoorn, M.H., Kocks, E., Hennink, W.E., Ponec, M., Bouwstra, J.A. (2008). 

Lanolin-derived lipid mixtures mimic closely the lipid composition and organization of vernix 

caseosa lipids. Biochim. Biophys. Acta 1778 (10), 2350–2360. 

Robinson, S., & Robinson, A. H. (1954). Chemical composition of sweat. Physiological reviews, 

34(2), 202-220.  

Rodriguez, R. R., Basta, N. T., Casteel, S. W., & Pace, L. W. (1999). An in vitro gastrointestinal 

method to estimate bioavailable arsenic in contaminated soils and solid media. Environmental 

Science & Technology, 33(4), 642-649.  

Rothman, S. (1954). Physiology and biochemistry of the skin. University of Chicago Press 



143 

 

Rozanski, S.L., Penas  Castejon, J.M., McGahan, D.G. (2021). Child risk assessment of selected 

metal(loid)s from urban soils using in vitro UBM procedure. Ecol. Indic. 127, 107726. 

Ruby, M. V., Davis, A., Schoof, R., Eberle, S., & Sellstone, C. M. (1996). Estimation of lead and 

arsenic bioavailability using a physiologically based extraction test. Environmental Science & 

Technology, 30(2), 422-430.  

Ruby, M. V., Schoof, R., Brattin, W., Goldade, M., Post, G., Harnois, M., Carpenter, M. (1999). 

Advances in evaluating the oral bioavailability of inorganics in soil for use in human health risk 

assessment. Environmental Science & Technology, 33(21), 3697-3705.  

Samitz, M., & Shrager, J. (1966). Patch test reactions to hexavalent and trivalent chromium 

compounds. Archives of Dermatology, 94(3), 304-306.  

Sartorelli, P., Andersen, H. R., Angerer, J., Corish, J., Drexler, H., Göen, T., Griffin, P., Hotchkiss, 

S. A. M., Larese, F., Montomoli, L., Perkins, J., Schmelz, M., van de Sandt, J., & Williams, F. 

(2000). Percutaneous penetration studies for risk assessment. Environmental Toxicology and 

Pharmacology, 8(2), 133-152.  

Sartorelli, P., Montomoli, L., Sisinni, A. (2012). Percutaneous penetration of metals and their 

effects on skin. Prev. Res., 2, 158−164.  

Schäfer-Korting, M., Bock, U., Diembeck, W., Düsing, H.-J., Gamer, A., Haltner-Ukomadu, E., 

Kersen, S. (2008). The use of reconstructed human epidermis for skin absorption testing: Results 

of the validation study. Alternatives to laboratory animals: ATLA, 36(2), 161-187.  

Scokart, P., Meeus-Verdinne, K., & De Borger, R. (1983). Mobility of heavy metals in polluted 

soils near zinc smelters. Water, Air, & Soil Pollution, 20(4), 451-463.  

Shahid, M., Dumat, C., Aslam, M., & Pinelli, E. (2012). Assessment of lead speciation by organic 

ligands using speciation models. Chemical Speciation & Bioavailability, 24(4), 248-252. 

doi:10.3184/095422912X13495331697627 

Sheu, H. M., Chao, S. C., Wong, T. W., Lee, Y. Y., & Tsai, J. C. (1999). Human skin surface lipid 

film: an ultrastructural study and interaction with corneocytes and intercellular lipid lamellae of 

the stratum corneum. British Journal of Dermatology, 140(3), 385-391.  



144 

 

Simkiss, K. (2009). Lipid solubility of heavy metals in saline solutions. J. Mar. Biol. Assoc. U. K. 

63 (01), 1. 

Solo-Gabriele, H., Townsend, T., Penha, J., Tolaymat, T., & Calitu, V. (1998). Generation, use, 

disposal, and management options for CCA-treated wood. Florida Center for Solid and Hazardous 

Waste Management.  

Spalt, E. W., Kissel, J. C., Shirai, J. H., & Bunge, A. L. (2009). Dermal absorption of environmental 

contaminants from soil and sediment: a critical review. Journal of Exposure Science and 

Environmental Epidemiology, 19(2), 119.  

Sparks, D.L. (2003). Chemistry of soil organic matter. In: Sparks, D.L. (Ed.), Environmental Soil 

Chemistry, Second edition Academic Press, Burlington, pp. 75–113. 

Spector, W. S. (1956). Handbook of biological data. Handbook of biological data.  

Spruit, D., & Van Neer, F. (1966). Penetration rate of Cr (III) and Cr (VI). Dermatology, 132(2), 

179-182.  

Stauber, J. L., Florence, T. M., Gulson, B. L., Dale, L. S. (1994). Percutaneous absorption of 

inorganic lead compounds. Sci. Total Environ., 145, 55−70.  

Stefaniak, A. B., & Harvey, C. J. (2006). Dissolution of materials in artificial skin surface film 

liquids. Toxicol In Vitro, 20(8), 1265-1283. doi:10.1016/j.tiv.2006.05.011 

Stefaniak, A. B., Harvey, C. J., & Wertz, P. W. (2010). Formulation and stability of a novel 

artificial sebum under conditions of storage and use. Int J Cosmet Sci, 32(5), 347-355. 

doi:10.1111/j.1468-2494.2010.00561.x 

Stefaniak, A. B., Virji, M. A., & Day, G. A. (2011). Release of beryllium from beryllium-

containing materials in artificial skin surface film liquids. Ann Occup Hyg, 55(1), 57-69. 

doi:10.1093/annhyg/meq057 

Stefaniak, A. B., Duling, M. G., Geer, L., & Virji, M. A. (2014). Dissolution of the metal sensitizers 

Ni, Be, Cr in artificial sweat to improve estimates of dermal bioaccessibility. Environmental 

Science Processes & Impacts, 16(2), 341-351. doi:10.1039/c3em00570d 

Stewart, M.A., Jardine, P.M., Brandt, C.C., Barnett, M.O., Fendorf, S.E., McKay, L.D., Mehlhorn, 

T.L., Paul, K. (2003). Effects of contaminant concentration, aging, and soil properties on the 



145 

 

bioaccessibility of Cr(III) and Cr(VI) in soil. Soil Sediment Contam.: Int. J. 12, 1–21. 

https://doi.org/10.1080/713610958.  

Stumm, W., & Morgan, J. J. (2012). Aquatic chemistry: chemical equilibria and rates in natural 

waters (Vol. 126): John Wiley & Sons. 

Tardif, S., Cipullo, S., Sø, H.U., Wragg, J., Holm, P.E., Coulon, F., Brandt, K.K., Cave, M. (2019). 

Factors governing the solid phase distribution of Cr, Cu and As in contaminated soil after 40 years 

of ageing. Sci. Total Environ. 652, 744–754. 

Thornton, I., Farago, M. E., & Ashmore, M. R. (1998). Factors influencing metal bioavailability in 

soils: preliminary investigations for the development of a critical loads approach for metals AU - 

Rieuwerts, J.S. Chemical Speciation & Bioavailability, 10(2), 61-75. 

doi:10.3184/095422998782775835 

Tiessen, H., & Moir, J. (1993). Total and organic carbon. Soil sampling and methods of analysis. 

Canadian Society of Soil Science, Carter, M. R., Ed., Lewis Publishers: Boca Raton, Florida, USA, 

Tolaymat, T. M., Townsend, T. G., & Solo-Gabriele, H. (2000). Chromated copper arsenate-treated 

wood in recovered wood. Environmental Engineering Science, 17(1), 19-28.  

Tortora, G. J., & Grabowski, S. R. (1988). Introduction to the human body: Harper & Row. 

Townsend, T., Solo-Gabriele, H., Tolaymat, T., Stook, K., & Hosein, N. (2003). Chromium, 

Copper, and arsenic concentrations in soil underneath cca-treated wood structures. Soil and 

Sediment Contamination: An International Journal, 12(6), 779-798. doi:10.1080/714037715 

Uchida, T., Kadhum, W. R., Kanai, S., Todo, H., Oshizaka, T., & Sugibayashi, K. (2015). 

Prediction of skin permeation by chemical compounds using the artificial membrane, Strat-M™. 

European Journal of Pharmaceutical Sciences, 67, 113-118. doi:https://doi.org 

/10.1016/j.ejps.2014.11.002 

US DOE. (2011). The Risk Assessment Information System (RAIS). U.S. Department of Energy’s 

Oak Ridge Operations Office (ORO). 

USEPA. (1989). Risk assessment guidance for Superfund. Volume I: human health evaluation 

manual (Part A), Interim Final. U.S. Environmental Protection Agency, Office of Emergency and 

Remedial Response . EPA/540/1–89/002. 



146 

 

USEPA. (1992). Guidance on risk characterization for risk managers and risk assessors: 

memorandum: The Agency. 

USEPA. (1995). Contaminants and remedial options at selected metal-contaminated 

USEPA. (2002). Supplemental guidance for developing soil screening levels for superfund sites. 

U.S. Environmental Protection Agency, p. 4–24. OSWER 9355.  

USEPA. (2004). Risk assessment guidance for superfund volume I: human health evaluation 

manual (part E, supplemental guidance for dermal risk assessment). EPA/540/R/99/005. OSWER 

9285. 7-02EP PB99−963312, Washington, DC, USA.  

USEPA. (2005). Toxicological review of zinc and compounds. U.S. Environmental Protection 

Agency. http://www.epa.gov/iris/toxreviews/0426tr.pdf. 

USEPA. (2009). Risk assessment guidance for superfund volume I: human health evaluation 

manual (Part F, Supplemental guidance for inhalation risk assessment): Washington, DC. 

USEPA. (2011). Exposure factors handbook: 2011 Edition, U.S. Environmental Protection 

Agency. doi: EPA/600/R-09/052F 

USEPA. (2012). Standard operating procedure for an in vitro bioaccessibility assay for lead in soil. 

U.S. Environmental Protection Agency (EPA 9200.2-86). 

USEPA. (2014). Fact sheet: Cadmium. U.S. Environmental Protection Agency 

http://www.epa.gov/osw/hazard/wastemin/minimize/factshts/cadmium.pdf (accessed 27 March 

2014). 

USEPA. (2016). CCA-Treated Wood Used in Playgrounds, Patios, and Other Outdoor Structures.  

Usman, A. R. A., Lee, S. S., Awad, Y. M., Lim, K. J., Yang, J. E., & Ok, Y. S. (2012). Soil pollution 

assessment and identification of hyperaccumulating plants in chromated copper arsenate (CCA) 

contaminated sites, Korea. Chemosphere, 87(8), 872-878. doi: 

https://doi.org/10.1016/j.chemosphere.2012.01.028 

Van der Kallen, C.C., Gosselin, M., Zagury, G.J. (2020). Oral and inhalation bioaccessibility of 

metal(loid)s in chromated copper arsenate (CCA)-contaminated soils: assessment of particle size 

influence. Sci. Total Environ. 734, 139412 https://doi.org/10.1016/j.scitotenv.2020.139412. 



147 

 

Van Lierde, V., Chery, C. C., Moens, L., & Vanhaecke, F. (2005). Capillary electrophoresis 

hyphenated to inductively coupled plasma-sector field-mass spectrometry for the detection of 

chromium species after incubation of chromium in simulated sweat. Electrophoresis, 26(9), 1703-

1711. doi:10.1002/elps.200410221 

Van Lierde, V., Chéry, C. C., Roche, N., Monstrey, S., Moens, L., & Vanhaecke, F. (2006). In 

vitro permeation of chromium species through porcine and human skin as determined by capillary 

electrophoresis–inductively coupled plasma–sector field mass spectrometry. Analytical and 

Bioanalytical Chemistry, 384(2), 378-384.  

Wainman, T., Hazen, R. E., & Lioy, P. J. (1994). The extractability of Cr(VI) from contaminated 

soil in synthetic sweat. Journal of Exposure Analysis and Environmental Epidemiology, 4(2), 171-

181.  

Wertz, P. W. (2009). Human synthetic sebum formulation and stability under conditions of use and 

storage. International Journal of Cosmetic Science, 31, 21-25.  

WHO. (1991). Environmental health criteria 108: Nickel. World Health Organization, Geneva.  

WHO. (2006). Environmental Health Criteria 235 Dermal Absorption. Retrieved from 

http://www.who.int/ipcs/publications/ehc/ehc235.pdf. 

WHO. (2009). Inorganic chromium (III) compounds, World Health Organization. 

WHO. (2010). Dioxins and their effects on human health. Fact sheet N°225. 

WHO. (2010) Human Health Risk Assessment Toolkit: Chemical Hazards. 

Wiseman, C.L. (2015). Analytical methods for assessing metal bioaccessibility in airborne 

particulate matter: a scoping review. Anal. Chim. Acta 877, 9–18. 

Wragg, J. (2009). BGS guidance material 102, ironstone soil, certificate of analysis. Brit. Geol. 

Surv. 2. 

Wuana, R.A., Okieimen, F.E. (2011). Heavy metals in contaminated soils: a review of sources, 

chemistry, risks and best available strategies for remediation. ISRN Ecol. 1–20. 

https://doi.org/10.5402/2011/402647. 

Youn, S. W., Park, E. S., Lee, D. H., Huh, C. H., & Park, K. C. (2005). Does facial sebum excretion 

really affect the development of acne? British Journal of Dermatology, 153(5), 919-924.  



148 

 

Zagury, G. J., Dobran, S., Estrela, S., & Deschênes, L. (2008). Inorganic arsenic speciation in soil 

and groundwater near in‐service chromated copper arsenate‐treated wood poles. Environmental 

Toxicology and Chemistry: An International Journal, 27(4), 799-807.  

Zagury, G.J., Samson, R., Deschenes, L. (2003). Occurrence of metals in soil and ground water 

near chromated copper arsenate–treated utility poles. J. Environ. Qual. 32, 507–514. 

Zhang, J., Yang, J.-c, Wang, R.-q, Hou, H., Du, X.-m, Fan, S.-k, Liu, J.-s, Dai, J.-l. (2013). Effects 

of pollution sources and soil properties on distribution of polycyclic aromatic hydrocarbons and 

risk assessment. Sci. Total Environ. 463, 1–10. https://doi.org/10.1016/j.scitotenv.2013.05.066. 

Zhao, Z., Jing, Y., Luo, X.S., Li, H., Tang, M. (2021). Overview and research progress in chemical 

speciation and in vitro bioaccessibility analyses of airborne particulate trace metals. Curr. Pollut. 

Rep. 1–9 (pp). 

Zimdahl, R. L., & Skogerboe, R. K. (1977). Behavior of lead in soil. Environmental Science & 

Technology, 11(13), 1202-1207.  

Zoitos, B.K., De Meringo, A., Rouyer, E., Bauer, S.T.J., Law, B., Boymel, P.M., Olson, J.R., 

Christensen, V.R., Guldberg, M., Koenig, A.R., Perander, M. (1997). In vitro measurement of fiber 

dissolution rate relevant to biopersistence at neutral pH: an interlaboratory round robin. Inhal. 

Toxicol. 9, 525-54 

Zouboulis, C. C. (2004). Acne and sebaceous gland function. Clinics in dermatology, 22(5), 360-

36



149 

 

APPENDIX A – IN VITRO EVALUATION OF DERMAL 

BIOACCESSIBILITY OF METALS USING TWO SYNTHETIC SEBUM 

AND THREE SYNTHETIC SWEAT FORMULATIONS 

 

 

                         

 

DÉPARTEMENT DES GENIES CIVIL, 

GÉOLOGIQUE ET DES MINES 

 

 

 

 

EXPERIMENTAL  

 

PROTOCOL 

 

Protocole : 

 

Number of pages: 22 

Version : 1/1 Date : 06-01-2020 

Author(s): Carlos A. Marin V, Laura Chaparro Leal 

Approved by: 

 

 

Prof. Gérald J. Zagury 

 

Signature/initials:                       Date: 

                 

Title: In vitro evaluation of dermal bioaccessibility of metals using two synthetic sebum 

and three synthetic sweat formulations 

 



150 

 

Objective 

The present protocol aims to explain the procedure for the extraction of potentially toxic elements 

in contaminated soil samples into synthetic sebum and sweat as an attempt to simulate a more 

realistic scenario of their bioavailability through the dermal pathway. 

Materials 

Reagents 

General use and others: 

• Deionized Water 

• 1000 mg/L reference standard solutions for selected metals PerkinElmer (Cr, Ni, Pb, Zn) 

for spiked samples 

Synthetic sebum and sweat chemicals: 

• Squalene 98% (w/w), Alfa Aesar CAS 111-02-4 

• Jojoba oil, Sigma CAS 61789-91-1 

• Triolein 75% (Assay percent range), Alfa Aesar CAS 122-32-7 

• Oleic acid 90% (Assay percent range), Alfa Aesar CAS 112-80-1  

• Vitamin E 97% (Assay percent range), Alfa Aesar CAS 7695-91-2 

• Lanolin, Alfa Aesar CAS 8006-54-0 

• Tristearin, Technical grade MP Chemicals CAS 555-43-1 

• Palmitic acid 99%, Sigma CAS 57-10-3 

• Cholesterol 95% (w/w), Alfa Aesar CAS 57-88-5 

• Sodium Chloride Certified ACS, Fisher Scientific CAS 7647-14-5 

• Lactic acid 85% (w/w), Fisher Chemical CAS 50-21-5,97-73-4 

• Acetic acid, Fisher Chemicals CAS 64-19-7 

• Urea, MP Biomedicals CAS 57-13-6 

• Threonine ≥98% (HPLC), Sigma CAS 72-19-5 

• Methionine 98.5% (w/w), Fisher Chemicals CAS 63-68-3 

• Serine 98% (Assay percent range), Fisher Chemicals CAS 1655-64-7 

• Alanine 99% (Assay percent range), Acros Organics CAS 338-69-2 
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• Glycine 98.5% (dry basis), Fisher Chemicals CAS 56-40-6 

• Ammonium Chloride (Crystalline/Certified ACS), Fisher Chemicals CAS 12125-02-9 

Acid and basic solutions 

• Sodium hydroxide, Pellets/Certified ACS, Fisher Chemicals CAS 1310-73-2,497-19-8 

• Nitric acid HNO3 ρ = 1.40g/mL 65% (w/w), Fisher Chemicals CAS 7697-37-2 

Certified reference soils 

• SQC 001, Sigma 

• BGS 102, British Geological Survey 

Apparatus and materials 

General use: 

• Analytical balance, 3 digits (x1) 

• Magnetic stirrer (1 per SSFL formulation) 

• Teflon beakers for acid digestion 100 mL (x1 per soil sample) 

• Hotplate (x2) 

• Automatic pipette (capacity: 1-10 mL) and disposable sampling tips, Eppendorf brand 

(x1) 

Synthetic sebum and sweat preparation: 

• 100 mL glass beaker (x4) 

• 100 mL volumetric glass flask (x2) 

• 250 mL glass beaker (x3) 

• volumetric glass flask [volume synthetic sweat to be prepared] (x3) 

• dropper (3) 

• Magnetic Stirrer (x6) 

• PP Centrifuge tube with cap (50 mL), Fisher Chemicals (x5) 

• pH meter, accurate to ± 0.05 pH units (x1) 

• Water bath and thermometer (x1) 
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Bioaccessibility test: 

• Incubator adjustable to 36 °C ± 0.5 Celsius (x1) 

• Centrifuge and corresponding rotor (Highconic) (x1) 

• PP Centrifuge tube with cap (50 mL), Fisher Chemicals (x2 per sample) 

• Orbital shaker, having variable supports to receive test containers (x1) 

• 60 mL (x1 per sweat sample) and 10 mL syringe (x1 per sebum sample), Fisher 

Chemicals 

• 0.45 µm Syringe PVDF filter (x1 per sample), Fisher Chemicals 

Preparation of basic solutions 

Preparation of 1M NaOH solution: 

Weigh 4 g ± 0.01 g of sodium hydroxide into a 100 mL beaker and add 50 mL of deionized water. 

Stir using a magnetic stirrer and cool to room temperature. Transfer the solution to a 100 mL 

volumetric flask and complete to volume with deionized water. 

Preparation of 0.1M NaOH solution 

Weigh 0.4 g ± 0.0 1g of sodium hydroxide and transfer into a 100 mL beaker and add 50 mL of 

deionized water. Stir using a magnetic stirrer and cool to room temperature. Transfer the solution 

to a 100 mL volumetric flask and complete to volume with deionized water. 

Theoretical background 

The present procedure combines the dermal bioaccessibility approach described in USEPA, 2004 

with metal bioaccessibility test performed in synthetic sweat and sebum available in scientific 

literature. 

Determining the amount of soil adhered per cm2 of skin to establish soil: liquid ratio 

To calculate a recommended soil: solution ratio from soil loading based on soil particle size is 

necessary to know the granulometry of the sample. A schematic of the procedure is shown in figure 

1 and an example of calculations is shown in Annex 2. Once granulometry is known, each particle 

size is multiplied by their respective adherence factor (AF) value, and finally, all AF multiplied by 

the respective mass is added to obtain an average AF. Theoretical adherence factors were obtained 

from table 1 in annex 1. 
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Figure 1. Soil loading calculation per cm2 of skin 

Determining sweat volume to be used in bioaccessibility test 

The volume of sweat is determined assuming that there is a layer of sweat with a thickness of 0.1 

cm per 1 cm2 of skin, resulting in a volume of 0.1 cm3, or 0,1 mL. To accurately compare sebum 

and sweat bioaccessibility, the sweat volume and sebum volume is considered the same. 

Determining soil to sweat ratio 

Soil to sweat ratio is obtained taking in account the soil loading calculation in mg/cm2 following 

the steps from Figure 1 and then divided it into the volume of sweat in 1 cm2 of skin, which is 0,1 

mL. As an example, AF for sample 1 is 14 mg/cm2 according to table 3 from Annex 2; this value 

is divided into 0.1mL to obtain soil/sweat, the result is 139.9 mg of soil /mL sweat or 0.14g soil/mL. 

As proportion sweat/soil varied between 7 and 4 for the samples studied (0.1 mL sweat/0.014 g 

soil = 7) and (0.1 mL sweat /0.026 soil = ~4) a fixed sweat/soil ratio = 10 has been chosen for all 
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samples to have a conservative scenario. For different soils samples than the used by Leal et al., 

(2018) is recommended to repeat the sweat to soil ratio estimation. 

Experimental set-up 

Material preparation and cleaning 

• General precautions: As glassware cleaning process is performed using HNO3 (10% 

v/v), is essential to consider that this reagent is corrosive thus can cause eye, skin and 

digestive tract irritation. Therefore, it is mandatory to use all personal protection elements 

(laboratory glasses, nitrile gloves and coat with long sleeves), as well as use the fume hood 

to perform the cleaning procedure. 

• Cleaning lab ware procedure: Clean all glass lab-ware and containers first using hot tap 

water and phosphate-free laboratory detergent. Rinse with deionized water three times. 

Soak all glass and plastic lab-ware and containers into 10% (v/v) HNO3 solution for at least 8 h. 

Ideally, let all items rest overnight on the acid bath. After soaking, rinse items three times with 

distilled water, then three times with deionized water. For items not suitable to stay in the acid 

bath (i.e., stainless-steel items), or when it is not possible to leave items overnight in acid 

solution, thoroughly wash the items three times with 10% (v/v) HNO3 solution. After that, rinse 

three times with distilled water, then three times with deionized water. 

• Calibration of micro-pipettes: This test is sensitive to volume inaccuracy. To perform 

micro-pipette calibration in the laboratory: 

a. Fill a 200 mL beaker with deionized water. Using a thermometer measure the 

temperature of water for two minutes. Record the temperature. 

b. Place a weigh boat on the analytical balance and tare it. For calibration, test both the 

smallest volume and the largest volume the pipette can dispense. 

c. Aspire a volume of deionized water and place it in the weigh boat. Keep the tip in the 

pipette for the next measures. Record the weight. Repeat this process 10 times per 

weight. Repeat at different volumes. 

d. The formula for calculating the volume dispensed by the pipette is V = w * Z where w 

is the weight of the water, Z is the conversion factor based on the density of the water 

(ANNEX 1), and V is the calculated volume of how much water was dispensed. 
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e. Calculate the Z variable by looking up the density of water using the temperature 

recorded at the beginning of the experiment. For example: If the temperature of the 

water was 23°C, then use a Z value of 1.0035 µg/mg (ANNEX 1). 

f. To average all the values together, add them all up and divide by 10. If did more or 

fewer trials, add up each trial and divide by the total number of trials. 

g. To calculate the pipette accuracy, use the equation A = 100 x Vavg/V0, where A is the 

accuracy of the pipette, Vavg is the average calculated volume and V0 is the value set 

the pipette to dispense. Accuracy should be between 99-101%. 

• If the pipette is properly calibrated, the calculated value should be very close to 

the actual value set on the pipette. 

• For example: A = 100 x Vavg/V0 = 100 x 10.019/10 = 100 x 1.0019 = 100.19% In 

this case, the pipette is properly calibrated. 

h. In case the pipette does not pass the calibration test. Stop using it immediately and 

contact the laboratory responsible so the pipette can be calibrated. 

Soil Preparation 

• For bioaccessibility essays, the certified reference materials (SQC 001, and BGS 102) 

require no previous treatment.  

• Other soil samples must be air dried and sieved to fractions of less than 425 μm using a 

vibrator shaker. 

• Tailings samples are not sieved, and granulometry curve should be used to determine the 

adherence factor. 

Synthetic sebum preparation 

Synthetic sebum preparation according to Wertz (2009) 

Synthetic sebum contains: 

Table 1. Sebum according to Wertz (2008) content 

CHEMICAL Wt % 

Squalene 12.4 

Jojoba oil 25 
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Triolein 44.7 

Oleic acid 17 

Vitamin e 1 

Preparation: 

a. Set a hot bath at 60 °C  

b. Weigh in a 100 mL glass beaker: 

Table 2. Preparation quantities Sebum according to Wertz (2008) 

  

for 25 g of 

solution 

for 50 g of 

solution 

for 100 g of 

solution 

Squalene 3.1 g 6.2 g 12.4 g 

Jojoba oil 6.25 g 12.5 g 25 g 

Triolein 11.175 g 22.35 g 44.7 g 

Oleic acid 4.25 g 8.5 g 17 g 

Vitamin e 0.25 g 0.5 g 1 g 

 

c. Put the mix of chemicals in the hot bath until the consistency is liquid 

d. Remove the glass beaker from the hot bath and stir the mixture using a magnetic mixer 

until it is homogenous 

e. Transfer the sebum to a 50 mL centrifuge tube and close it 

f. Keep in incubator at 36 oC temperature until use 

NOTE: Synthetic sebum should be prepared the same day of the experiment 

Synthetic sebum preparation according to Stefaniak (2009) modified 

Synthetic sebum contains: 
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Table 3. Sebum according to Stefaniak (2009) content 

CHEMICAL 
Wt 

(%) 

Squalene 10.3 

Lanolin 24.3 

Tristearin 21.4 

Triolein 10.7 

Palmitic acid 13.8 

Oleic acid 13.8 

Cholesterol 3.9 

 

a. Set a hot bath at 60 °C  

b. Weigh in a 100 mL glass beaker: 

Table 4. Preparation quantities synthetic Sebum according to Stefaniak (2009) 

  
for 25 g of 

solution 

for 50 g of 

solution 

for 100 g of 

solution 

Squalene 2.64 g 5.27 g 10.54 g 

Lanolin 6.14 g 12.27 g 24.54 g 

Tristearin 5.41 g 10.82 g 21.65 g 

Triolein 2.74 g 5.47 g 10.95 g 

Palmitic 

acid 
3.51 g 7.02 g 14.05 g 

Oleic acid 3.51 g 7.02 g 14.05 g 

Cholesterol 1.04 g 2.07 g 4.15 g 

 

c. Put the mix of chemicals in the hot bath until the consistency is liquid 

d. Remove the glass beaker from the hot bath and stir the mixture using a magnetic mixer 

until it is homogenous 

e. Transfer the sebum to a 50 mL centrifuge tube and close it 

f. Keep in incubator at 36 oC temperature until use 

NOTE: Synthetic sebum should be prepared the same day of the experiment. 

Synthetic sweat preparation 

Synthetic Sweat preparation according to Van Lierde 
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a. pour 150 mL of deionized water into a 250-mL glass beaker. 

b. Weigh and add: 

Table 5. Preparation quantities synthetic sweat according Van Lierde (2005) 

 

For 1 L 

solution 

For 500 mL 

solution 

For 250 mL 

solution 

Sodium 

Chloride (NaCl) 5 ± 0.05 g  2,5 ± 0.025 g 1.25 ± 0.01 g 

Lactic acid 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

Urea 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

threonine 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

methionine 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

serine 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

Alanine 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

Glycine 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

 

c. Stir using a magnetic stirrer until the reagents are dissolved 

d. Calibrate the pH meter according to manufacturer’s instructions (manual in the lab, 

drawer close to pH meter) 

e. Immerse the pH electrode into the solution and measure the pH 

f. Maintaining the stirring, adjust the pH to 5.5 ± 0.05 adding drop by drop NaOH 1M until 

reaching pH 5, subsequently adding NaOH 0,1M 

g. Transfer the solution to a 1000-, 500- or 250-mL volumetric flask according to volume 

chosen to be prepared 

h. Rinse at least 3 times the beaker mentioned in stage (a) with deionized water and pour it 

into the volumetric flask that contains the solution 

i. Complete the volume with deionized water  

j.  Before using the solution, measure pH to ensure is within the adequate range 
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NOTE: Synthetic sweat should be prepared the same day of the experiment 

Synthetic sweat preparation according to norm NF EN 1811 +A1 (2015) 

Synthetic sweat contains: 

* 0.5% (m/m) sodium chloride 

* 0.1% (m/m) lactic acid 

* 0.1% (m/m) urea 

* 1M and 0,1 M NaOH solution 

Preparation: 

a.  pour 150mL of freshly deionized water into a 250-mL glass beaker 

b. Weigh and add: 

Table 6. Preparation quantities synthetic sweat according to NF EN 1811 +A1 (2015) 

 

For 1 L 

solution 

For 500 mL 

solution 

For 250 mL 

solution 

Sodium 

Chloride  5 ± 0.05 g  2,5 ± 0.025 g 1.25 ± 0.01 g 

Urea 1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

Lactic acid  1.0 ± 0.01 g 0.5 ± 0.005 g 0.25 ± 0.003 g 

 

c. Stir using a magnetic stirrer until the reagents are dissolved 

d. Calibrate the pH meter according to the manufacturer’s instructions 

e. Immerse the pH electrode into the solution and measure the pH 

f. Maintaining the stirring, adjust the pH solution to 6,5 ± 0.05 start adding drop by drop 

NaOH 1M until reaching pH 5.5, and subsequently adding NaOH 0,1M 

g. Transfer the solution to a 1000-, 500- or 250-mL volumetric flask according to the weight 

chosen 

h. Rinse at least 3 times the beaker mentioned in stage (a) with deionized water and pour it 

into a volumetric flask that contains the solution 
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i. Complete to volume with deionized water (deionized water to make up the volume should 

be at 36 °C). Before using the solution, measure the pH again to ensure that it is in the 

range of 6.5 ± 0.05. 

Note: Synthetic sweat shall be prepared on the same day of the experiment 

Figure 2. shows the main steps to prepare synthetic sweat. 

 

                                             Figure 2. Synthetic sweat preparation EN 1811 

Synthetic sweat preparation according to Norm NIHS 96-10 

a. Pour 150 mL of fresh deionized water into a 250 mL glass beaker. 

b. Weigh and add: 

Table 7. Preparation quantities synthetic sweat according to Norm NIHS 96-10 

 

For 1 L 

solution 

For 500 mL 

solution 

For 250 mL 

solution 

Sodium Chloride  20± 0.20 g  10 ± 0.10 g 5.0 ± 0.05 g 

Urea 5.0 ± 0.05 g 2.5 ± 0.025 g 1.25 ± 0.013 g 

Ammonium 

Chloride  
17.5 ± 0.175 g 8.75 ± 0.088 g 4.375 ± 0.044 g 

Lactic Acid  15 ± 0.15 g 7.5 ± 0.075 g 3.75 ± 0.038 g 

Acetic Acid 2.5 ± 0.025 g 1.25 ± 0.013 g 0.625 ± 0.006 g 

 

c. Stir using a magnetic stirrer until the reagents are dissolved 

d. Calibrate the pH meter according to the manufacturer’s instructions 

e. Immerse the pH electrode into the solution and measure the pH 

f.  Maintaining the stirring, adjust the pH solution to 4.7 ± 0.05 start adding drop by drop 

NaOH 1M until reaching pH 3.5, and subsequently adding NaOH 0,1M 



161 

 

g. Transfer the solution to a 1000, 500, or 250-mL volumetric flask according to the weight 

chosen. 

h. Rinse at least 3 times the beaker mentioned in stage (a) with deionized water and pour it 

into the volumetric flask that contains the solution. 

i. Complete volume with deionized water (deionized water to make up the volume should 

be at 36 °C ). Before using the solution, measure the pH again to ensure that it is in the 

range of 4.7 ± 0.05. 

Note: synthetic sweat shall be prepared on the same day of the experiment. 

Bioaccessibility test 

Set the incubator at 36 °C at least 4 hours before proceeding with the experiment, or the day before 

the assays, in addition to this, place at least 1 liter of deionized water inside the incubator to have 

it at 36 °C. 

The bioaccessibility test should be performed in duplicates. Considering a sweat/soil sample and 

sebum/soil sample ratio of 10:1. 

Bioaccessibility test in synthetic sebum 

Step 1: Weigh 0.5 g of each soil sample into a 15 mL centrifuge tubes. 

Step 2: Transfer 5 mL of sebum already at 36 °C with a pipette (10 mL) into each tube. 

Step 3: Tightly screw the caps in advance to prevent any evaporation or leaking and run the test 

by setting the speed at 100 RPM in the orbital shaker and the temperature at 36 °C in the incubator 

(the orbital shaker is inside the incubator). Record the exact time the experiment started and 

sampling schedule (dates and times) also on a sticky note which is to be placed at the door of the 

incubator. It is also highly suggested to use a timer as soon as the experiment starts. 

Step 4: Let the samples in agitation at 36 °C during the desired time (2h or 8h). 

Step 5: Remove the tubes from the orbital shaker inside the incubator, then centrifuge the tubes as 

follows: carefully place the tubes in the rotor of th centrifuge. Duplicates one in the face of each 

other to counterbalance the weight. The weight difference between tubes facing each other must 

be smaller than 0.1 g (to be checked with analytical balance each time). 
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Step 6: Fasten the rotor with its screw. Check if the rotor is locked before centrifuging by 

attempting to lift the rotor (must not move upwards). Set the centrifuge speed to 8,600 RPM 

(10,000 x g, never exceed this value with High comic rotor), time to 10 min 40 sec, select smooth 

acceleration and deceleration (These settings are already saved under the program #1). 

Step 7: Lock the lid of the centrifuge and start the centrifuging using the START button. After the 

operation is finished, 

Step 8: Collect 5 mL of supernatant with an automatic pipette (10 mL) into a 10 mL syringe with 

a 0.45 µm PVDF filter fitted, use micropipettes to collect remaining small volumes if necessary. 

Filter the sebum to a centrifuge tube (15 mL) with PP cap. Add 0.25 mL of HNO3 to the sample 

using an automatic pipette (10mL). 

Keep samples at 4 °C for a maximum of four weeks until the analyses. 

Bioaccessibility test in synthetic sweat 

Step 1: Weigh 2 g of each soil sample into a 50 mL centrifuge tubes. 

Step 2: Transfer 20 mL of sebum already at 36 °C with a pipette (10 mL) into each tube. 

Step 3: Tightly screw the caps in advance to prevent any evaporation or leaking and run the test 

by setting the speed at 100 RPM in the orbital shaker and the temperature at 36 °C in the incubator 

(the orbital shaker is inside the incubator). Record the exact time the experiment started and 

sampling schedule (dates and times) also on a sticky note which is to be placed at the door of the 

incubator. It is also highly suggested to use a timer as soon as the experiment starts 

Step 4: Let the samples in agitation at 36 °C during the desired time (2h or 8h). 

Step 5: Remove the tubes from the orbital shaker inside the incubator, then centrifuge the tubes as 

follows: carefully place the tubes in the rotor of th centrifuge. Duplicates one in the face of each 

other to counterbalance the weight. The weight difference between tubes facing each other must 

be smaller than 0.1 g (to be checked with analytical balance each time). 

Step 6: Fasten the rotor with its screw. Check if the rotor is locked before centrifuging by 

attempting to lift the rotor (must not move upwards). Set the centrifuge speed to 8,600 RPM 

(10,000 x g, never exceed this value with High comic rotor), time to 10 min 40 sec, select smooth 

acceleration and deceleration (These settings are already saved under the program #1). 
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Step 7: Lock the lid of the centrifuge and start the centrifuging using the START button. After the 

operation is finished, 

Step 8: Collect 20 mL of supernatant with an automatic pipette (10 mL) into a 10 mL syringe with 

a 0.45 µm PVDF filter fitted, use micropipettes to collect remaining small volumes if necessary. 

Filter the sebum to a centrifuge tube (50 mL) with PP cap. Add 1 mL of HNO3 to the sample using 

an automatic pipette (10mL). 

Keep samples in 4 °C for a maximum of four weeks until the analyses. 

 

 

Figure 3. Bioaccessibility test main steps. 

 

Figure 4. Sample collection analysis 
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Digestion of sebum samples 

After he bioaccessibility test, the sebum samples should be digested with HNO3 and H2O2 prior the 

ICP analysis. The steps for the digestion are: 

a. Weigh precisely about 0.15 g of homogenized sample in a 150 mL beaker. 

b. Add 5 mL of nitric acid and stir. Let one night at room temperature. 

c. Add 1 mL of 30% hydrogen peroxide (v/v). 

d. Place the beaker on a hot plate and heat for 2 h (about 90-95 oC). 

e. Cool, filter and rinse the beaker in a 50 mL volumetric flask. 

f. Complete the volume with deionized water. 

Note: the digestion of the sample and ICP analysis is performed by a third party (Institut 

National de la Recherche Scientifique, Centre Eau Terre Environnement). Person of contact: 

Lan H. Tran, lan.huong.tran@ete.inrs.ca  

Quality control (spiked solutions) 

Transfer commercially available standard solutions (present in the laboratory, ask technician) to 

transfer caps. 

Prepare a solution with final concentration of 10 mg/L of each of metals Cr, Ni, Zn, and Pb, by 

adding 1 mL of each standard solution with concentration 1000 mg/L to a volumetric flask of 100 

mL, then add 2 mL of concentrated nitric acid 68% (w/w), and complete volume with deionized 

water. 

For synthetic sebum, weigh 0.5 g of any of the soil samples in a centrifuge tube and add 0.25 mL 

of spiked solution, then add 5 mL of synthetic sebum. Treat spiked samples according to section 

3.5. 

For synthetic sweat, weigh 2 g of any of the soil samples in a centrifuge tube and add 1 mL of 

spiked solution, then add 20 mL of synthetic sweat. Treat spiked samples according to section 3.5. 

Besides the samples with spiked soil, a blank should be included for each set of experiment in each 

synthetic sebum or sweat and, a blank with spiked solution to estimate recovery. Duplicates should 

also be included. 

Sample analysis 

mailto:lan.huong.tran@ete.inrs.ca
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ICP-AES is recommended at INRS-ETE. At the time, the cost for analysis per sample is 15 CAD 

for the first metal and 2 CAD for each additional metal (25 CAD per sample to analyse 6 metals). 

Contact at INRS is Tran Lang Huong (Lan.Huong.Tran@ete.inrs.ca). 

AAS can also be performed (not for arsenic). Consult with Professor Gerald Zagury. Make sure to 

inquire for updated cost for both ICP and AAS. 

Calculations 

Calculate DAevent according to equation 1. 

DAevent = Kp *Csweat*t                equation 1. 

where: 

DAevent = absorbed dose per event (mg/cm2* event) 

Kp = dermal permeability coefficient of compound in water (cm/h) 

Csweat = chemical concentration in sweat or sebum mg/cm3 

t = event duration (hr/event) 

then calculate dermal absorbed dose according to equation 2. 

DAD = DAevent*EV*ED*EF*SA/BW*AT   equation 2. 

Where: 

DAD = Dermally Absorbed Dose (mg/kg*day) 

DAevent = Absorbed dose per event (mg/cm2 event) 

SA = Skin surface area available for contact (cm2) 

EV = Event frequency (events/day) 

EF = Exposure frequency (days/year) 

ED = Exposure duration (years) 

BW = Body weight (kg) 

AT = Averaging time (days) 
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Objective 

The present protocol explains the procedure for the determination of the diffusion parameters of 

the bioaccessible fraction of potentially toxic metal(loid)s in contaminated soil samples using the 

Static Franz cell methodology and synthetic skin (membrane Strat-M). 

Materials 

Reagents 

General use and others 

• Deionized water 

• Phosphate buffered saline pH 7.4, Fisher Scientific (Receptor solution) 

• Synthetic sweat containing metals after bioaccessibility test (see experimental protocol “In 

vitro evaluation of dermal bioaccessibility of metals using two synthetic sebum and three 

synthetic sweat formulations”) 20 mL per sweat composition (Donor solution). Each set of 

experiment (1 soil, one synthetic sweat) needs 6 mL of donor solution. 

• Fresh Synthetic sweat for blank cells, 20 mL per sweat composition (see experimental 

protocol “In vitro evaluation of dermal bioaccessibility of metals using two synthetic sebum 

and three synthetic sweat formulations”) 

• Sebum for coating membranes (for preparation of sebum, see experimental protocol “In 

vitro evaluation of dermal bioaccessibility of metals using two synthetic sebum and three 

synthetic sweat formulations”) 

Digestion of membranes 

• Nitric acid (70% v/v) 4 mL per sample, Fisher Scientific 

• Hydrochloric acid (50% v/v) 10 mL per sample, Fisher Scientific 

• Hydrofluoric acid (50% v/v) 10 mL per sample, Fisher Scientific 

• Deionized water 

• Acetone, Fisher Chemical BPA181 

Apparatus and materials 

• Analytical balance 3 digits, Cole-Palmer Model TA-64 
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• Jacketed Franz Cell including receptor A=0.64 cm2, donor, o-ring, clam and stirer, 

Permegear (x6) 

• Brand new rubber bands (x6) 

• Magnetic stirrer base (Variomag) 15 slots 

• Hot bath and thermometer adjustable to 37 oC, Precision 280 Series Thermo Electron Corp. 

• Silicone tubing 10 cm to connect jackets Receptor compartments (x12) 

• Silicone tubing 50 cm to connect the last cell back to the hot bath (x1) 

• Silicone tubing 50 cm with adapter to connect pump to first cell (x1) 

• Laboratory stand (x2) 

• Laboratory clams 90o (x2) 

• Aluminium bars (x2) 

• Aquarium submergible water pump, VicTsing NP-600 

• Automatic pipette (capacity: 10 mL and 1000 µl) and disposable sampling tips, Eppendorf 

brand  

• Sterile syringe 10 ml with 10 cm needle (1 per cell per set) 

• Droppers, Fisher Scientific (x6) 

• Chronometer, Fisher Scientific 

• Centrifuge tube with cap 15 mL, Fisher Scientific (x1 per sample) 

• Centrifuge tube with cap 50 mL, Fisher Scientific (x1 per membrane sample) 

• Teflon beaker for digestion 100 mL (x1 per membrane to be digested) 

• Hot plate (for digestion of membrane) 

• Filtering system vacuum (x1 per membrane to be digested) 

• Glass microfibre filters 42.5 mm, Whatman (x1 per membrane to be digested) 

• 100 mL volumetric flask 

• Thermometer, Fisher Scientific 

• Glass beaker 200 mL (x1) 

Theoretical background 

This test is based on the one proposed by Franz (1975) and modified by A Franken et al. (2015); 

Haq et al. (2018) and Larese et al. (2007). The main objective is to experimentally identify the 
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main parameters (Kp, J, Lag time) of the diffusion of the bioaccessible fraction of a toxic metal 

present in synthetic sweat through a membrane that acts as a surrogate to human skin.  

The absorption of substances through skin happens by dissolution and molecular diffusion through 

the skin in a protein-lipid interaction (Beriro et al., 2016; Michaels et al., 1975). There are three 

dermal absorption pathways: (1) intracellular bulk pathways, (2) Intercellular bulk pathways, and 

(3) Shunt pathways (Beriro et al., 2016; Price et al., 2008). The most important route among the 

three pathways of dermal absorption is the intercellular pathway. The lipids facilitate this pathway 

in the stratum corneum (Beriro et al., 2016; Michaels et al., 1975).  

Percutaneous absorption can be defined as the process where a chemical penetrates the skin to 

reach the systemic blood supply. This definition differs from dermal absorption, which includes 

the chemical remaining in the skin depot that is not considered bioavailable systematically for the 

duration of the exposure period. However, the depot may become bioavailable at more extended 

exposure periods (Moody et al., 2007).  

Two factors determine the dermal bioavailability of a contaminant in soils: (1) transfer of the 

contaminant from the vehicle, and (2) the capacity for penetration of the contaminant through the 

skin (Pugh et al., 2008). For contaminants to be absorbed into the skin and be available for systemic 

circulation, both processes need to occur. However, just the presence of the contaminant in the skin 

can create localized effects (Beriro et al., 2016). Because the sole presence of a contaminant can 

cause localized effects, bioavailability in dermal exposure should be defined as a substance 

“absorbed into any part of the epidermis” rather only the fraction available to systemic absorption 

(Beriro et al., 2016). 

Depending on the dosage and the physio-chemical properties of the substance being absorbed by 

the skin, exposure may be under equilibrium or non-equilibrium conditions (Beriro et al., 2016). 

There is a maximum concentration of a substance that the skin can absorb, this is relative to time 

and is referred as penetration rate or flux J [g cm-2h-1] (Beriro et al., 2016; Pugh et al., 2008). This 

flux happens in a theoretically unlimited supply of the substance, referred to as the infinite dose. If 

the amount of substance available limits the exposure scenario, the exposure is instead referred to 

as the finite dose (Beriro et al., 2016). In order to calculate kinetic parameters such as flux (J), the 

permeability coefficient (Kp) and diffusion coefficient (D), the infinite dose approach is preferred. 

For chronic exposure to soil, the finite dose should be used instead (Beriro et al., 2016; Jeffries et 
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al., 2009). After a lag phase (Tlag), steady-state flux is reached (Jss). The lag face is graphically 

measurable as the intercept in “x” of the steady state region. 

The dose across skin or a permeable membrane can be expressed mathematically by Fick’s First 

Law of diffusion (Equation 1 and Equation 2) where J is the flux, dc the concentration gradient, dx 

the distance traveled and D the diffusion coefficient. Jss is the steady state flux per unit area, Kp the 

permeability coefficient in distance and time for a given compound in soil and Co the concentration 

of the compound in soil (Beriro et al., 2016). 

𝐽 = −𝐷
𝑑𝑐

𝑑𝑥
 (1) 

𝐽𝑠𝑠 = 𝐾𝑝 ∗ 𝐶𝑜 (2) 

Properties such as molecular weight, solubility, charge, and hydrogen bonding affect dermal 

bioavailability of contaminants (Brain et al., 2008).  

The Franz diffusion cell method (Franz, 1975) has been used since the mid 70’s to assess skin 

permeation. This method was initially developed to be used by the pharmaceutical and cosmetics 

industry to determine penetration rates and absorbed fractions of transdermal medications (A. 

Franken et al., 2015). The Franz cell has been adapted to be used in other fields such as occupational 

toxicology, where it helped to quantify the absorption of metals and other toxins through the skin. 

Generally, the apparatus consists of two compartments, (donor and receptor) with a permeable 

membrane clamped in between. Areas exposed to the membrane in the Franz cell may vary from 

0.55 to 10 cm2 (A. Franken et al., 2015). The receptor solution temperature ranged between 32 and 

37 °C with 32 °C corresponding to the surface of the skin and 37 °C to body temperature beneath 

the skin (Franz, 1975). During the experiment, the receptor solution can be tested at different times 

to measure the content of the studied substance. Once the test reaches completion, the membrane 

can be digested to measure the content of the substance studied and verify mass balance. The 

receptor is recommended to be filled with a solution that contains salt concentration similar to what 

is found in blood and a pH of 7.35 (Larese Filon et al., 2013). For studies related with toxicity and 

exposure, it is recommended to use synthetic sweat as the donor with pH ranging between 4.5 and 

6.5 (Filon et al., 2009; Larese et al., 2007). The diffusion assay using a Franz cell can produce 

results that can be reported as flux or permeability coefficient; lag time; total cumulative diffused; 
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or percentage diffused and the total mass retained in membranes or percentage retained (A. Franken 

et al., 2015). 

Experimental set-up 

Material preparation and cleaning 

• General precautions: As glassware cleaning process is performed using HNO3 (10% v/v), 

is essential to consider that this reagent is corrosive thus can cause eye, skin and 

digestive tract irritation. Therefore, it is mandatory to use all personal protection elements 

(laboratory glasses, nitrile gloves and coat with long sleeves), as well as use the fume hood to 

perform the cleaning procedure. 

• Cleaning lab ware procedure: Clean all glass lab-ware and containers first using hot tap 

water and phosphate-free laboratory detergent. Rinse with deionized water three times. 

Soak all glass and plastic lab-ware and containers into 10% (v/v) HNO3 solution for at least 8 h. 

Ideally, let all items rest overnight on the acid bath. After soaking, rinse items three times with 

distilled water, then three times with deionized water. For items not suitable to stay in the acid bath 

(i.e., stainless-steel items), or when it is not possible to leave items overnight in acid solution, 

thoroughly wash the items three times with 10% (v/v) HNO3 solution. After that, rinse three 

times with distilled water, then three times with deionized water. 

 

• Calibration of micro-pipettes: This test is sensitive to volume inaccuracy. To perform 

micro-pipette calibration in the laboratory: 

i. Fill a 200 mL beaker with deionized water. Using a thermometer measure the 

temperature of water for two minutes. Record the temperature. 

j. Place a weigh boat on the analytical balance and tare it. For calibration, test both the 

smallest volume and the largest volume the pipette can dispense. 

k. Aspire a volume of deionized water and place it in the weigh boat. Keep the tip in the 

pipette for the next measures. Record the weight. Repeat this process 10 times per 

weight. Repeat at different volumes. 

l. The formula for calculating the volume dispensed by the pipette is V = w * Z where w 

is the weight of the water, Z is the conversion factor based on the density of the water 

(ANNEX 1), and V is the calculated volume of how much water was dispensed. 
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m. Calculate the Z variable by looking up the density of water using the temperature 

recorded at the beginning of the experiment. For example: If the temperature of the 

water was 23°C, then use a Z value of 1.0035 µg/mg (ANNEX 1). 

n. In order to average all the values together, add them all up and divide by 10. If did more 

or fewer trials, add up each trial and divide by the total number of trials. 

o. To calculate the pipette accuracy, use the equation A = 100 x Vavg/V0, where A is the 

accuracy of the pipette, Vavg is the average calculated volume and V0 is the value set the 

pipette to dispense. Accuracy should be between 99-101%. 

• If the pipette is properly calibrated, the calculated value should be very close to the 

actual value set on the pipette. 

• For example: A = 100 x Vavg/V0 = 100 x 10.019/10 = 100 x 1.0019 = 100.19% In 

this case, the pipette is properly calibrated. 

p. In case the pipette does not pass the calibration test. Stop using it immediately and 

contact the laboratory responsible so the pipette can be calibrated. 

Set-up 

This procedure has been conceived to compare the diffusion parameters of Cr, Ni, Zn, Cu, Pb, and 

As present in three synthetic sweat formulations (Sweat A, Sweat B, Sweat C) precedent from three 

geological material after conducting bioaccessibility test (2 h). The geological material first should 

be subjected to dermal in vitro bioaccessibility test to assess the bioaccessible fraction of Cr, Ni, 

Zn, Cu, Pb and As and have the metals in solution in the synthetic sweat.  

The procedure should be done in duplicates and including two blanks. The blanks should be 

threated the same way as the other samples with the difference that the donor solution is  the blank 

from the bioaccessibility test instead of synthetic sweat containing metals after bioaccessibility 

test. 

In total, six cells should be used each set. For each set one combination of synthetic sweat and soil 

can be tested. Table 1 shows the sweat formulation and soils used in each set for testing three sweat 

formulation and three geological materials. 
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Figure 1. Experimental sets 

To start the procedure: 

a. Fill the hot bath and set the temperature at 37 °C. let it stabilize for at least 30 mins. 

b. Submerge the water pump in the hot bath, plug it and turn it on. Make sure water flows 

through the pump. Unplug the pump until the cells are connected, and the water circuit is 

closed. Connect the pipe (50 cm) with the adapters to the water pump. 

c. Connect the Franz cells receptors compartments in parallel using the silicone pipes to 

circulate water (10 cm pipes). The bottom plug should be the water input and the upper 

plug the outlet to the next cell (See figure 1). The first cell should be connected to the water 

pump (water pump to cell 1 using the 50 cm pipe with adapters) and the last cell should 

discharge back to the hot bath (cell 6 to hot bath using the 50 cm pipe). 

 

Set 1 Set 2 Set 3

Sample 1 Sweat A + soil 1 Sweat A + soil 2 Sweat A + soil 3

Sample 2 Sweat A + soil 1 duplicate Sweat A + soil 2 duplicate Sweat A + soil 3 duplicate

Sample 3 Sweat A + soil 1 sebum coated membrane Sweat A + soil 2 sebum coated membrane Sweat A + soil 3 sebum coated membrane

Sample 4 Sweat A + soil 1 sebum coated membrane duplicate Sweat A + soil 2 sebum coated membrane duplicate Sweat A + soil 3 sebum coated membrane duplicate

Sample 5 Sweat A Blank Sweat A Blank Sweat A Blank

Sample 6 Sweat A sebum coated blank Sweat A sebum coated blank Sweat A sebum coated blank

Set 4 Set 5 Set 6

Sample 1 Sweat B + soil 1 Sweat B + soil 2 Sweat B + soil 3

Sample 2 Sweat B + soil 1 duplicate Sweat B + soil 2 duplicate Sweat B + soil 3 duplicate

Sample 3 Sweat B + soil 1 sebum coated membrane Sweat B + soil 2 sebum coated membrane Sweat B + soil 3 sebum coated membrane

Sample 4 Sweat B + soil 1 sebum coated membrane duplicate Sweat B + soil 2 sebum coated membrane duplicate Sweat B + soil 3 sebum coated membrane duplicate

Sample 5 Sweat B Blank Sweat B Blank Sweat B Blank

Sample 6 Sweat B sebum coated blank Sweat B sebum coated blank Sweat B sebum coated blank

Set 7 Set 8 Set 9

Sample 1 Sweat C + soil 1 Sweat C + soil 2 Sweat C + soil 3

Sample 2 Sweat C + soil 1 duplicate Sweat C + soil 2 duplicate Sweat C + soil 3 duplicate

Sample 3 Sweat C + soil 1 sebum coated membrane Sweat C + soil 2 sebum coated membrane Sweat C + soil 3 sebum coated membrane

Sample 4 Sweat C + soil 1 sebum coated membrane duplicate Sweat C + soil 2 sebum coated membrane duplicate Sweat C + soil 3 sebum coated membrane duplicate

Sample 5 Sweat C Blank Sweat C Blank Sweat C Blank

Sample 6 Sweat C sebum coated blank Sweat C sebum coated blank Sweat C sebum coated blank



176 

 

 

Figure 2. Franz Cells and pipes. 

d. Place the cells over the magnetic stirrer base, use the stands, rubber bands and bars to 

fix the position of the cells (figure 3) of the cells making sure they are horizontal and steady. 

Add the magnetic stirrer inside the receptor compartment. 

e.  Start the magnetic stirrer base to make sure all the magnetic stirrers move properly at 300 

rpm. If not, adjust the position of the cells. 
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Figure 3. Franz cells in magnetic stirrer arrangement 

f. Plug and start the water pump so water from the hot bath flows and fill the jackets of the 

cells with water at 37 oC. Make sure there are no leaks, the pipes are well adjusted, and the 

last pipe (drain) is secured to the hot bath as it might move. 

g. Open the clam and remove the donor compartment, using tweezers place the membrane 

with the shiny side up and then the O-ring (on top of the membrane), place the donor 

compartment on top of the O-ring and secure it with the clam (Figure 3).  

NOTE: see section 3.4 for Sebum coated membranes. 
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h. Using a micropipette, transfer 5 mL of Phosphate Buffered Saline (PBS) to a 10 mL syringe 

with a 10 cm needle. Add the content of the syringe to the receptor compartment. Incline 

the cell to ensure no air is caught inside the donor compartment.  

i. Let the system equilibrate for 30 minutes in order to bring the receptor solution to 37 oC 

before adding the donor solution. 

j. Add 1 mL of the donor solution with a 1000 µL micropipette to the donor compartment. 

Take 5 mL of the donor solution (synthetic sweat following bioaccessibility test) with a 10 

mL micropipette for analysis (t=0) in a 15 mL centrifuge tube. 

k. Record the starting time, use a chronometer. 

 

 

Figure 4. Components of Franz cell 
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Sampling 

a. The sampling should be performed at 6, 8,10, 12, 14, and 24 h of the test.  

b. Insert a 10 cm needle fitted to a 10 mL syringe to the receptor through the sampler.  

c. Remove all receptor solution and store it in a 15 mL test tube.  

d. Using the same syringe and needle, add exactly 5 mL (measure with a micropipette, then 

transfer to the syringe) of fresh donor solution (PBS) to the donor chamber to rinse any 

residues of metals, remove it with the syringe and place it in the same test tube as step c.  

e. With a new syringe and needle, fill the receptor with exactly 5 mL of fresh PBS receptor 

solution the same way as set up step h. make sure no air is trapped under the membrane 

and no donor solution is spilled. 

f. Make sure to properly label every test tube with the time, sweat and soil. Many samples 

will be collected, and good organization is essential. Store the samples at 4 oC. 

Sampling 24 h (last sampling event) to perform mass balance analysis 

g. Collect the donor solution normally, no need to refill the receptor 

h. Using a dropper, collect the remain donor solution from the donor compartment. Store it in 

a 15 mL test tube. 

i. Carefully open the clam and remove the donor compartment, rinse (using a micropipette) 

the donor compartment, ring and membrane 4 times with 1 mL of deionized water. Store 

it in the same 15 mL tube as step h. It is recommended to use a funnel to ensure the 

collection of all the rinsing solution. 

j. Store the membrane in a 15-mL tube. 

k. Store the samples at 4 oC. 

Note: This procedure is only necessary for one sample per set and is performed for quality 

purposes to quantify the metal mass that did not permeate. Figure 6 shows a flowchart of the 

process. 
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Figure 6.  Flowchart of diffusion test and mass balance 

Membrane treatment with sebum 

a. Prepare Sebum B as explained in the bioaccessibility protocol.  

b. After placing the membrane in the Franz cell (set up, step g). Using a micropipette, apply 

0.1 mL (100 µl) of sebum on top of the membrane (shiny side).  

c. Continue the procedure normally. 

Digestion of membrane and mass balance analysis 

This method has been taken and modified from “Détermination des métaux: méthode par 

spectrométrie de masse a source au plasma d’argon” (Centre d’expertise en analyse 

environnementale du Quebec, 2014). Include a procedure blank. 

a. In a Teflon beaker for digestion, add 4 mL of nitric acid (70 % v/v) and 10 mL of 

hydrochloric acid (50% v/v).  

b. Remove the membrane to be digested from the test tube with tweezers, rinse the tube with 

5 mL of acetone to remove any residue to the vial and add it to the digestion beaker (A 

Franken et al., 2015). 
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c. Cover the beaker with a glass lid and place it on top of a hot plate. Apply heat (250 oC) for 

45 mins. If is boiling vigorously, lower the temperature. 

d. Let it cool down at room temperature for 30 mins. 

e. Add 10 mL of HF and apply heat (250 oC) for 30 mins. 

f. Let cool down at room temperature for 30 mins. 

g. Filter using a a vacuum filter system (42.5 mm glass microfibre filter)  

h. Add approximately 80 mL of deionized water. 

i. Transfer content to a 100 mL volumetric flask, make up volume with deionized water. 

NOTE: the membrane will not totally degrade 

Analysis of samples 

ICP-AES is recommended at INRS-ETE. At the time, the cost for analysis per sample is 15 CAD 

for the first metal and 2 CAD for each additional metal (25 CAD per sample to analyse 6 metals). 

Contact at INRS is Tran Lang Huong (Lan.Huong.Tran@ete.inrs.ca) 

Calculations 

Metals in donor and receptor solutions 

Receptor, donor and membrane digestion solutions should be analysed by ICP-AES  (A Franken 

et al., 2015) to stablish the  concentration of metals.   

a. Convert concentration of metals in the receptor to total mass that permeated through the 

exposed membrane area [mass/area].  

b. Plot against time: cumulative mass of metal that permeated per area of skin vs time. 

Determine the steady state region. 

c. The slope for this plot in the steady state region gives the flux through the skin (µg cm-2h-

1) and the intercept of the curve with the x axis gives the lag time (h). 

d. The permeation coefficient (Kp) is calculated from the linear steady state region of the plots 

by dividing the flux through the skin (µg cm-2h-1)  by the concentration used (Larese et al., 

2007). 

e. Report flux (µg cm-2 h-1) lag time (h) and Kp (cm h-1). 
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EXAMPLE: 

The data for this example has been taken from A. Franken et al. (2015) 

From a permeation test, the following concentrations of platinum have been found after ICP 

analysis of the donor chamber. The initial concentration of platinum in the donor is 0.3 mg/l: 

Time (h) 

Cumulative 

mass (ng/cm2) 

0 0 

6 3 

8 4 

10 6 

12 9 

14 14 

24 37 

 

The first step is to plot the cumulative mass vs time (Figure 6). Localize the steady state section 

and find the slope for this region. 

 

Figure 7. Cumulative mass of platinum 

y = 1.9754x - 12.197

0

5

10

15

20

25

30

35

40

0 10 20 30

C
u

m
u

la
ti

ve
 m

as
s 

(µ
g/

cm
2

)

Time (h)

Cumulative mass of platinum

Cumulative mass
(µg/cm2)

Series1

Linear (Series1)



183 

 

The slope is the flux (µg/cm2/h) =1.9754 

Lag time-> intercept with x axis 

T= 6.17 h 

Permeability coefficient Kp (cm/h) = flux/concentration in donor= 1.9754/(0.3*1000*1000) = 

6.58x10-6 cm/h 

Mass balance analysis 

The mass balance analysis should be made with one sample per set for quality purposes. 

Mass of metals in receptor (cumulative), mass that depot in the membrane (measured via membrane 

digestion) and mass that remained in donor should be calculated after test finished. These masses 

should be expressed as a percentage of the initial mass added in the donor solution at t=0. Reported 

admissible values range from 80% to 120%. 

References 

Beriro, D. J., Cave, M. R., Wragg, J., Thomas, R., Wills, G., & Evans, F. (2016). A review of the 

current state of the art of physiologically-based tests for measuring human dermal in vitro 

bioavailability of polycyclic aromatic hydrocarbons (PAH) in soil. Journal of Hazardous Materials, 

305, 240-259. doi:10.1016/j.jhazmat.2015.11.010 

Brain, K., & Chilcott, R. (2008). Physicochemical properties affecting skin absorption. Principles 

and Practice of Skin Toxicology. London, UK: John Wiley & Sons Ltd.  

Filon, F. L., D’Agostin, F., Crosera, M., Adami, G., Bovenzi, M., & Maina, G. (2009). In vitro 

absorption of metal powders through intact and damaged human skin. Toxicology in Vitro, 23(4), 

574-579.  

Franken, A., Eloff, F., Du Plessis, J., Badenhorst, C., & Du Plessis, J. (2015). In vitro permeation 

of platinum through African and Caucasian skin. Toxicology Letters, 232(3), 566-572.  

Franken, A., Eloff, F. C., Du Plessis, J., & Du Plessis, J. L. (2015). In Vitro Permeation of Metals 

through Human Skin: A Review and Recommendations. Chemical Research in Toxicology, 

28(12), 2237-2249. doi:10.1021/acs.chemrestox.5b00421 



184 

 

Franz, T. J. (1975). Percutaneous absorption. On the relevance of in vitro data. Journal of 

Investigative Dermatology, 64(3), 190-195. 

Gosselin, M., & Zagury, G. J. (2019). Metal(loid)s inhalation bioaccessibility and oxidative 

potential of particulate matter from chromated copper arsenate (CCA)-contaminated soils. 

Chemosphere, 238, 124557. doi:10.1016/j.chemosphere.2019.124557 

Haq, A., Dorrani, M., Goodyear, B., Joshi, V., & Michniak-Kohn, B. (2018). Membrane properties 

for permeability testing: Skin versus synthetic membranes. International Journal of Pharmaceutics, 

539(1-2), 58-64.  

Jeffries, J., & Martin, I. (2009). Updated technical background to the CLEA model: Environment 

Agency (USEPA). 

Larese, F., Gianpietro, A., Venier, M., Maina, G., & Renzi, N. (2007). In vitro percutaneous 

absorption of metal compounds. Toxicology Letters, 170(1), 49-56. 

doi:https://doi.org/10.1016/j.toxlet.2007.02.009 

Larese Filon, F., Crosera, M., Timeus, E., Adami, G., Bovenzi, M., Ponti, J., & Maina, G. (2013). 

Human skin penetration of cobalt nanoparticles through intact and damaged skin. Toxicology in 

Vitro, 27(1), 121-127. doi:https://doi.org/10.1016/j.tiv.2012.09.007 

Michaels, A., Chandrasekaran, S., & Shaw, J. (1975). Drug permeation through human skin: theory 

and in vitro experimental measurement. AIChE Journal, 21(5), 985-996.  

Moody, R. P., Joncas, J., Richardson, M., & Chu, I. (2007). Contaminated soils (I): In vitro dermal 

absorption of benzo [a] pyrene in human skin. Journal of Toxicology and Environmental Health, 

Part A, 70(21), 1858-1865.  

Price, S., & Chilcott, R. P. (2008). Principles and Practice of Skin Toxicology: John Wiley & Sons. 

Pugh, W. J., & Chilcott, R. P. (2008). Principles of diffusion and thermodynamics. Principles and 

Practice of Skin Toxicology, 93.  John Wiley & Sons. 


