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Abbreviations 

A 

AA: Anhydride acetic 

ACSA: Agència Catalana de Seguretat Alimentària 

ADME: Absortion, distribution, metabolism, excretion 

As: Arsenic  

B 

BMDL: Benchmark dose level 

BPA: Bisphenol A 

BPAd16: Deutered bisphenol A 

BPA-G: Bisphenol A glucuronide  

BPA-S: Bisphenol A sulfate 

BPAF: Bisphenol AF 

BPAP: Bisphenol AP 

BPB: Bisphenol B 

BPE: Bisphenol E 

BPF: Bisphenol F 

BPS: Bisphenol S 

BPS-G: Bisphenol S glucuronide 

BPS-S: Bisphenol S sulfate 

BPs: Bisphenols 

BPZ: Bisphenol Z 

BSTFA: N,O-Bis(trimethylsilyl)trifluoroacetamide 

BSTFA-TMC: BSTFA with trimethylchlorosilane 

BZPs: Benzophenones 

C 

cAMP: Cyclic adenosine monophosphate 
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Cd: Cadmium  

CV: Coefficient variation 

D 

DDS: Duplicate diet study 

DDT: Dichlorodiphenyltrichloroethane 

DES: Diethylstilboestrol 

DLLME: Dispersive liquid-Liquid microextraction 

DNA: deoxyribonucleic acid 

E 

EDC: Endocrine-disrupting chemical 

EFSA: European Food Safety Agency 

EI: Electron ionization 

F 

FAO/WHO: Food and Agriculture Organization/World Health Organization 

FVU: First void urine 

G 

GC: Gas chromatography 

GC-MS: Gas chromatography – mass spectrometry 

GM: Geometrical mean 

H 

H295R: angiotensin-II-responsive steroid-producing adrenocortical cell line 

HBM: Human biomonitoring 

HCB: Hexachlorobenzene 

Hg: Mercury 

HUVEC: Human umbilical vein endothelial cell 

HWI: Hazardous waste incinerator 
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Abbreviations 

I 

IISPV: Institut d’investigació sanitaria Pere Virgili 

IS: Internal standard 

L 

LOAEL: Lowest-observed-adverse-effect level 

LOD: Limit of detection 

LOQ: Limit of quantification 

M 

MCF7: Michigan Cancer Foundation-7 cell line 

MeCN: Acetonitrile 

MS: Mass spectrometry 

N 

ND: not detected 

NQ: Not quantified 

NOAEL: No-observed-adverse-effect level 

P 

Pb: Lead 

PBPK model: Physiologically-based pharmacokinetic model 

PCBs: Polychlorinated biphenyls 

PCDD/Fs: polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

PCP: Personal care products 

PDE4: Phosphodiesterase-4 

PFASs: Perfluoroalkyls 

PhyEs: Phytoestrogens 

POPs: Persistent organic pollutants 

PVC: Polyvinyl chloride 
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Q 

QuEChERS: Quick, easy, cheap, effective rugged and safe 

R 

RBC: Red blood cell 

S 

SIM: Selected ion monitoring 

SML: Specific migration limit 

S/N ratio: Signal to noise ratio 

T 

T4CE: Tetrachloroethylene  

TFA: Trifluoroacetamide 

TDI: Tolerable daily intake 

TDS: Total diet study 

TIC: Total ion chromatogram 

t-TDI: Temporary tolerable daily intake 
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UGT: Uridine 5’-diphospho-glucuronosyltransferases 

V 

VEGF: Vascular endothelial growth factor 

W 

WHO: World Health Organization  

Z 

Z-sep: Zirconium oxide-based sorbent
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Summary 

Bisphenols (BPs) are a group of organic compounds that are used in many consumer 

products. The most important source of exposure in humans is through the consumption of 

foodstuffs, either canned or packed in polycarbonate plastic. Among all the BPs, bisphenol 

A (BPA) is the most used analogue in the industry, being also ubiquitously present in the 

environment. The endocrine disrupting potential of BPA has been largely demonstrated, 

while other adverse health effects, such as reproductive, developmental or fertility 

problems are linked to its exposure. Therefore, regulation against BPA is getting stricter 

throughout the world. In this sense, manufacturers started to replace BPA by other BP 

analogues. Nonetheless, similar or even greater endocrine-disrupting capacity has been 

reported for some alternative analogues. 

Biomonitoring studies consist in analysing target compounds or metabolites in biological 

samples, being an effective strategy to assess the exposure to BPs. In addition, the analysis 

of BPs in food samples is suitable to accurately estimate the real exposure to BPs, 

considering that the diet is the main exposure pathway. This approach is frequently tackled 

through duplicate diet studies, which consist in collecting two food portions: one for 

chemical analysis and the other for consumption. 

The present doctoral thesis was aimed at assessing the dietary exposure to BPs in a general 

population cohort by means of a duplicate diet study of canned food.  

In Chapter 1, the optimization and validation of the analytical method was carried out. The 

procedure of extraction and derivatization of BP analogues in biological tissues (blood) was 

therefore optimized. Different parameters were tested to enhance the quantification of the 

chromatographic peaks of BPs including sample volumes, the addition of salts or 

derivatizing agents. Results showed that gas chromatography – mass spectrometry (GC-MS) 

is an appropriate analytical technique for most of BP analogues. However, for some 

analogues (namely BPS) the analysis through GC-MS might not be the most optimal 

procedure. 
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In Chapter 2, the dietary exposure to BPs was assessed by analysing their co-occurrence in 

food. A number of foodstuffs including canned food, fresh products or food packed in other 

BP-free materials, were included. Among 8 BPs analogues, only BPA, BPE and BPB were 

detected, being BPA the most abundant compound. Importantly, one sample of canned 

asparagus presented BPA levels above the specific migration limit (SML) established by the 

European Commission. Unexpectedly, BPs were also reported for non-canned food, being 

food processing a potential contamination source. Anyhow, the estimated dietary intake of 

BPA by an adult consuming a canned food diet was below the tolerable daily intake (TDI) 

established by the European Food Safety Authority (EFSA).  

Finally, in Chapter 3, the content of BPs in biological samples of the volunteers who 

participated in the duplicate diet study was analysed by applying the method optimized and 

validated in Chapter 1. Biological samples were urine and blood (whole blood, plasma and 

red blood cell (RBC) fractions) collected for 2 days of study. As expected, urine was reported 

as the best matrix to carry out biomonitoring of BPs due to the fast metabolism and 

excretion of these compounds. BPA was detected in most urine samples, for both groups, 

either exposed and control. Anyhow, concentrations of BPA in urine of the exposed group 

were significantly higher than in the control group. Other BP analogues were only found at 

trace quantities in few random samples, being hardly correlated to the consumption of 

canned food and their use as BPA substitutes. These results confirm that diets based on 

canned food significantly increases the exposure to BPA, but not to other BP analogues. 

Since spot urine sample, instead of 24-h composites, were collected, it could be confirmed 

that the shorter intervals of urine sampling the better the exposure to BPA is predicted, 

being successfully correlated with the dietary ingestion of BPA. Thus, 4-h interval was found 

to be an optimal interval. Finally, the exposure to BPA was calculated considering the 

concentrations of BPA in urine. Results are similar to the dietary exposure predicted in 

Chapter 2, representing less than the 3% of the TDI. Consequently, the low exposure to BPA 

means that no harmful effects are likely to occur in humans, even when consuming a diet 

of canned food.  
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Summary 

Summarizing, BPA is here reported to be ubiquitously present in foodstuffs, regardless the 

food packaging. However, BPA content is higher in canned foodstuffs than fresh or glass-

packed food. Therefore, the consumption of canned food leads to a higher exposure to BPA, 

although the TDI is not exceeded, even when following a canned food diet. Interestingly, 

the occurrence of other analogues in food and urine is hardly linked to the intake of canned 

foodstuffs, and the use of personal care products and thermal paper could be other 

potential sources. Anyhow, the potential increasing occurrence of other unregulated BPs 

might mean a significant exposure to BPs in the future, considering the potential endocrine-

disrupting effects of these chemicals, the regulation of not only BPA but also other 

analogues is mandatory. 
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Introduction 

1. Endocrine system 

The endocrine system is a group of glands and cells that forms the main regulatory 

mechanism and controls the major human body functions. In humans, the main glands 

are the pituitary gland and the hypothalamus, which constitute the hypothalamus-

pituitary axis. The human body counts with other glands, such as pineal gland, thyroid, 

parathyroid, pancreas, adrenal glands, and ovaries or testes (Malespin & Nassri, 2019) 

(Figure 1). These glands are in charge of synthesizing and excreting hormones, which are 

the messengers of the endocrine system. In turn, hormones mediate many growths, 

homeostatic and developmental systems, such as cardiovascular system, central nervous 

system or reproductive system, among others (Lintelmann et al., 2003). Regarding the 

latter, the main sex hormones are estrogen and progesterone for females, and 

testosterone for males. These hormones are mainly synthesized by the ovaries and the 

testis, respectively. However, the liver and the adipose tissue, which are known as 

secondary endocrine organs, can also produce them locally (Wierman, 2007; Malespin & 

Nassri, 2019).  
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Figure 1. Main glands of the endocrine system. Source: Anatomy medicine, 2019 

Estrogens are responsible for secondary sex characteristics and reproductive. In turn, 

progesterone has an important role on the menstruation cycle and on the development 

of foetal membranes and mammary glands during pregnancy. Regarding male sex 

steroids, testosterone helps on the determination of the secondary sex characteristics 

and sperm production. In addition, all of them interfere in other non-reproductive 

functions and systems, like bone growth and protein synthesis, and cardiovascular and 

immune systems (Lintelmann et al., 2003; Guerriero, 2009; Morales-Montor et al., 2011). 

Secreted hormones travel through the bloodstream to target tissues and cells, where 

they initiate the cellular cascade binding to the protein receptor. Each class of sex steroid 

binds to different intracellular receptors, namely estrogen receptors, progesterone 

receptors or androgen receptors. Generally, they are ligand-dependent transcription 

factors, meaning that gene transcription is only possible when the hormone binds to the 

receptor (Ikeda et al., 2019).  
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Introduction 

However, not only reproductive hormones but also endocrine-disrupting chemicals 

(EDCs) are able to bind to sex steroid receptors.  

2. Endocrine disruptors 

According to the World Health Organization (WHO), EDCs are described as “exogenous 

substance or mixture that alters function(s) of the endocrine system and consequently 

causes adverse health effects in an intact organism, or its progeny, or (sub)populations” 

(Usman & Ahmad, 2016; WHO/IPCS, 2002). Generally, EDCs are lipophilic compounds, 

and hence, they can be accumulated in the adipose tissue. Consequently, some of them 

have a long half-life in the human body.  

Thus, the exposure to EDCs is not limited to one single compound, but resulting in a co-

exposure to a mixture of EDCs. Different EDCs may occur at low levels and have additive 

or synergistic effects because they interact with the same targets. For example, one EDC 

by itself might not have an effect on the human body, but if a combined exposure occurs, 

additive exposure of different compounds might trigger the molecular pathways and 

result in an adverse outcome for the human health. Therefore, the potential cumulative, 

additive or synergic effects, resulting from this co-exposure, need further attention 

(Lauretta et al., 2019; Mantovani, 2015).  

In addition, it is also important to notice that there are multiple factors that modulates 

the risks associated to the exposure to EDCs. Life stage is the most important. Newborns 

and infants are more susceptible because an early burden may be derived from in utero 

exposure or from maternal breast milk or, in some cases, a limited variety of food. 

Additionally, pathways for the detoxification of EDCs are less developed than in adults. 

On the other hand, children and adolescents may be also higher exposed due to the fact 

that they ingest more food in relation to their body weight and their diet may be 

consisting of non-healthy dietary habits. Pregnant women are also a critical population 

regarding EDCs susceptibility since exposure to EDCs might lead to adverse birth 

outcomes (Mantovani, 2015). 
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Gender is also an important modulating factor, being male offspring especially 

susceptible to estrogenic EDCs (García et al., 2017; Schreiber et al., 2019). However, in 

general, both genders can be affected by EDCs because some of them can interact with 

estrogen and androgen receptors (Mantovani, 2015).  

2.1. Mechanism of action 

EDCs can act through several mechanisms, but the most important are agonistic and 

antagonistic (Figure 2) (Lintelmann, 2003; Combarnous and Nguyen, 2019): 

1. Agonistic action: the xenoestrogen binds to the hormone receptors and triggers 

the transcription factors and leads to the same effects as the natural-occurring 

hormone. The potency of the agonist depends on its affinity for the receptor. 

Diethylstilbestrol (DES) is a well-known EDC with this mechanism of action. 

2. Antagonistic action: An antagonist binds to the receptor and blocks or diminishes 

the effects caused by the activation of that receptor. The inhibition can be 

competitive, because the antagonist binds to the active binding site of the 

hormone, or non-competitive, because the antagonists binds to the hormone-

receptor complex but not to the binding site. Competitive inhibition can lead to 

a completely deactivation and non-competitive inhibition can produce a 

diminished effect of the receptor. Herbicides, like linuron or vinclozolin, are 

examples of exogenous compounds with antagonistic action. 

3. Interaction with components of hormone signalling pathways: some EDCs do not 

interact with the hormone receptor but with the signalling pathway components 

after receptor activation. In this mode of action, the exogenous compounds can 

disrupt different sites which can be difficult to describe. One example is atrazine, 

a widely-used herbicide. This compound facilitates cAMP accumulation by 

inhibiting PDE4 which is a cAMP-specific phosphodiesterase. 

4. Stimulation of an endogenous hormone biosynthesis: some EDCs can influence 

the concentration of natural-occurring hormones by affecting their biosynthesis. 

These kind of compounds are structurally different from hormones, since they 
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do not bind to the hormone receptor. An example of this mechanism of action is 

present in triclosan which induces the secretion of Vascular Endothelial Growth 

Factor (VEGF) by human prostate cancer cells. 

5. Inhibition of an endogenous hormone biosynthesis: It is the same mechanism of 

action than the above-mentioned but instead of promoting the biosynthesis it 

inhibits the formation of the hormones. One example are parabens, which inhibit 

the 17β-hydroxysteroid dehydrogenase enzyme and this leads to the inhibition 

of the oestrogen degradation and, consequently, increases their concentrations 

in blood.  

6. Binding to circulating hormone-binding protein: hydrophobic EDCs can compete 

with the binding to transportation proteins. These proteins transport 

hydrophobic hormones, such as steroids and thyroid hormones. EDCs that act 

with this mechanism have structural similarities with natural-occurring 

hormones. Some EDCs have been shown to interact with α-fetoprotein or steroid 

hormone-binding protein. 

7. Stimulation or inhibition of hormone-binding protein synthesis or degradation: 

similar to the above-mentioned, EDCs acting with this mechanism interfere with 

the synthesis of the hormone-binding proteins which leads to a variation of the 

total hormone concentration. These type of EDCs might not be structurally 

similar to endogenous hormones since they interfere with the protein 

biosynthesis. 

8. Stimulation of hormone receptor expression: endocrine homeostasis can be 

disrupted by the stimulation of hormone receptors. For example, HUVEC cells 

exposed to cadmium has been shown to increase estradiol receptor β. 

9. Inhibition of hormone receptor expression: In contrast to the aforementioned 

mechanism, there are some EDCs that can inhibit the expression of the hormone 

receptors. For example, BPA has been described to inhibit androgen receptors in 

vivo. Receptor synthesis and degradation is controlled by the natural-occurring 
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hormones so, EDCs might resemble the endogenous hormones to exert their 

effects. 

 

Figure 2. Scheme of different mechanisms of action of EDCs. H: hormone; R: receptor. Adapted 
from Combarnous & Nguyen, 2019 

2.2. Types of EDCs 

Generally, EDCs includes naturally occurring chemicals, known as phytoestrogens 

(PhyEs), and synthetic compounds, widely used in the industry (Grześkowiak et al., 2017; 

Hampl et al., 2016).  

2.2.1. Phytoestrogens 

PhyEs are plant-derived substances that are structurally similar to the human female 

estrogen 17-β estradiol (Figure 3), therefore, they can bind to estrogen receptors. PhyEs 

have shown both estrogenic and anti-estrogenic properties, thus, they can act as agonists 

or antagonists. According to their chemical structure, they are divided into three main 

classes: isoflavones, coumestants and lignans (Nie et al., 2015; Paterni et al., 2016). PhyEs 

have shown beneficial health effects, namely lowering of osteoporosis, breast cancer, 
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heart disease and menopausal symptoms (Nie et al., 2015). Nonetheless, their related 

side-effects should not be underestimated. Some authors suggest that almost all PhyEs 

derive into pro-apoptotic effects in some cells and they may cause potential harm to the 

human health due to their estrogenic disrupting activity (Nie et al., 2015; Paterni et al., 

2016; Patisaul, 2016). 

 

Figure 3. Molecular structure of 17-β estradiol 

2.2.2. Synthetic compounds 

Synthetic compounds are man-made chemicals that can be used with different purposes, 

such as industrial (polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

(PCDD/Fs) and polychlorinated biphenyls (PCBs)), agricultural (pesticides), residential 

(bisphenol A (BPA)) and pharmaceutical (parabens) activities (Lauretta et al., 2019; Kabir 

et al., 2015). Synthetic compounds have been widely studied and found in several 

products, such as toys, personal care products, plastics, detergents, etc. Moreover, 

reported effects for the human health are of high concern because they can affect many 

functions of the human body. Exposure to these EDCs may lead to adverse health 

outcomes like obesity, diabetes, neurobehavioral disorders, autoimmune diseases, 

asthma, and even cancer (Nowak et al., 2019). Due to their harmful effects, some of them 

have been banned in some countries, for example, dichlorodiphenyltrichloroethane 

(DDT), DES or BPA (Kabir et al., 2015). 
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3. Bisphenols 

Bisphenols (BPs) are a group of organic compounds with a hydroxyl residue bounded to 

an aromatic ring (Figure 4). They are obtained by condensing a phenol with a ketone or 

an aldehyde. This reaction occurs in the presence of an acidic ion-exchange resin 

(Corrales et al., 2015; Geens et al., 2012; Michałowicz, 2014). Nowadays, there are many 

analogues described in the literature (Pelch et al., 2017).  

 

Figure 4. A number of bisphenol analogues described in the literature. Source: Chen et al., 2016 

BPs are widely used in the industry. Due to its physical and chemical properties, such as 

high strength over a wide range of temperatures, lightweight, hardness, resistance to 

chemicals and to impact, transparency, colourability and low manufacturing costs, they 

are used in many everyday products (Mikołajewska, 2015; Eladak et al., 2015; Gostner et 

al., 2015). It is also important to remark that BPs have some undesirable properties that 
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make their application controversial, which are incomplete polymerization and seepage 

from the materials (Gostner et al., 2015). The most important analogue is BPA.  

4. Bisphenol A 

BPA was firstly synthetized in 1891 by Alexander Dianin (Tyl, 2014; Eladak et al., 2015). 

However, its estrogenic activity was not reported until 1936, when it was found out that 

a phenanthrene nucleus – like in estradiol – was not necessary to induce an estrogenic 

activity (Dodds & Lawson, 1936). Moreover, it was also reported that compounds 

containing two phenol rings bounded by a carbon chain were active, and their activity 

varied depending on this chain (Dodds & Lawson, 1938).  

Even though the endocrine disruption potential of BPA was well known, this compound 

became relevant for the industry in the 1950s (Mikołajewska, 2015; Eladak et al., 2015). 

Since then its production has been increasing surprisingly every year. Nowadays, the 

global demand of BPA is projected by 10.6 million metric tons in 2022 (Lemhler et al., 

2018). About 95% of the BPA production is aimed at the fabrication of plastics, in 

particular polycarbonate plastics (71%) and epoxy resins (29%) (Careghini et al., 2015). 

Additionally, BPA is also used for the production of thermal paper (Michałowicz, 2014). 

Its applications comprise coating for food packaging and beverage cans, lacquers, metal 

jar lids, medical equipment, dental sealants, toys, personal care products, adhesive 

plastics, automobile parts, etc. (Chen et al, 2016; Kang et al., 2006; EFSA, 2015; Liao & 

Kannan, 2014). Therefore, humans are largely exposed to BPA.   

Consequently, traces of BPA occur in a wide range of biological and environmental 

matrices. One of the first studies to report the leaching of this xenoestrogen from 

coatings of food cans was carried out by Brotons et al, (1995). These authors tested if the 

liquid from the canned food could enhance the proliferation of MCF7 human breast 

cancer cells similar to 17β-estradiol. As expected, the proliferation effect was 58% of that 

obtained with 17β-estradiol. It meant an estrogenic effect, although lower than that 

obtained with the natural estrogen. This study was preceded by Kishnan et al, (1993), 
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who reported the release of BPA from polycarbonate plastics during the autoclaving 

process. It was found that an estrogenic compound occurring in the yeast-culture 

medium was not a yeast product – as firstly thought – but a component of the 

polycarbonate flask used for the cell growth. They observed its estrogenic effect due to 

the induction of progesterone receptors in MCF7 cells when these were grown using 

medium with autoclaved water (Kishnan et al., 1993). Other studies also reported the 

leaching of BPA from dental sealants and reusable polycarbonate plastics (Biles et al., 

1997; Olea et al., 1996). 

4.1. Exposure pathways 

Although there are many exposure routes to BPA, they can be basically divided into 

dietary and non-dietary pathways (Figure 5).  

 

Figure 5. Sources of BPA exposure for people and the environment. Adapted from: RIVM, 2019  
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4.1.1. Dietary sources 

Diet is the main route of exposure to BPA (Martínez et al., 2018). BPA contamination in 

food is usually caused by the contact to packaging materials that are made of 

polycarbonate or epoxy resins (Geens et al., 2012). However, some authors have 

reported that BP contamination could occur even during the primary production of the 

food (Mercogliano & Santonicola, 2018; Santonicola et al., 2018). One example is cow 

milk, which is a high-fat food and BPA residues are likely to accumulate in these matrix. 

BPA is able to go in via contaminated feed, soil or veterinary medicines. On the other 

hand, BPA can enter into milk chain through various pathways during milk production 

(polyvinyl chloride (PVC) tubes used for the milk process or transfer to storage tanks). 

Hence, BPA concentration can reach a high level in the final product, being a great 

concern for the public health because dairy products are widely consumed by the human 

population (Mercogliano & Santonicola, 2018; Santonicola et al., 2018).  

Even though food packaging is made mainly to prevent deterioration and to lengthen the 

product life, food can also be contaminated by the presence of residual amounts of 

monomer that remain after the polymerization process of the jar lids of glass containers 

(García Ibarra et al., 2019; Noonan et al., 2011). Moreover, temperature and storage 

conditions have a direct impact on the migration of BPA. Regarding to this, Errico et al., 

(2014) exposed tomato cans to three different temperatures (25, 37 and 45°C) and 

storage conditions (undamaged and dented cans). Results showed that heating of canned 

tomatoes and/or can damage during transportation and storage were an aggravating 

factor for BPA migration to food products (Errico et al., 2014).  

Many authors have determined BPA concentration in food samples, especially canned 

food. Many different types of food have been analysed in the literature. Some of the 

most analysed food groups are meat and meat products, fish and seafood, fruit, 

vegetables and beverages (Table 1). In general, fish and seafood is the type of food that 

contains higher levels of BPA. In contrast, fruit and beverages are the groups that present 

lower levels of BPA. According to the literature, contamination of the food is not 
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dependent on the country nor the continent, as BPA contamination is widely spread 

around the globe.  
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Table 1. BPA concentrations in different types of food and countries. 

Country Food type Type of container BPA concentration (µg/kg) Reference 

Norway 

Meat and meat products 

Non-canned 0.24 Sakhi et al., 2014 

Belgium Canned and non-canned 0.86 to 26.7 Geens et al., 2010 

Korea Canned 29.57 Choi et al., 2018 

Korea Canned 24.49 Lim et al., 2009 

Japan Canned 6.8 Kawamura et al., 2014 

Canada Canned 10.5  Cao et al., 2011 

Egypt Canned 231.77 Osman et al., 2018 

Portugal 

Fish and seafood 

Canned 19.1 Cunha et al., 2012 

Portugal Canned 21 Cunha et al., 2017 

Italy Canned 19.1 to 187 Fattore et al., 2015 

Belgium Canned and non-canned 0.67 to 169.3 Geens et al., 2010 

Norway Canned and non-canned 1.2 Sakhi et al., 2014 

Korea Canned 22.6 to 174 Choi et al., 2018 

Korea Canned 39.78 Lim et al., 2009 

Japan Canned 7.9 Kawamura et al., 2014 

Canada Canned and non-canned 0.48 to 106 Cao et al., 2011 

Egypt Canned 117.34 Osman et al., 2018 

Norway 

Fruit 

Non-canned 0.38 Sakhi et al., 2014 

Belgium Canned and non-canned 0.11 to 20 Geens et al., 2010 

Korea Canned <1.87 to 60.6 Choi et al., 2018 

Korea Canned 8.6 Lim et al., 2009 

Japan Canned <1 Kawamura et al., 2014 

Canada Canned 0.51 to 3.24 Cao et al., 2011 

Egypt Canned 51.53 Osman et al., 2018 
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Table 1. BPA concentrations in different types of food and countries (continued) 

Country Food type Type of container BPA concentration (µg/kg) Reference 

Italy 

Vegetables 

Canned 0.30 to 3.80 Errico et al., 2014 

Norway Non-canned <0.1 Sakhi et al., 2014 
Belgium Canned and non-canned 0.10 to 116.3 Geens et al., 2010 
Korea Canned <1.74 to 11.83 Choi et al., 2018 
Korea Canned 3.10 Lim et al., 2009 
Japan Canned 4.10 Kawamura et al., 2014 
Canada Canned and non-canned 0.41 to 83.7 Cao et al., 2011 
Egypt Canned 51.53 Osman et al., 2018 

Norway 

Beverages 

Canned and non-canned <0.02 to 0.37 Sakhi et al., 2014 
Belgium Canned 0.36 Geens et al., 2010 
Korea Canned 1.81 to 15.25 Choi et al., 2018 
Korea Canned 8.3 to 45.51 Lim et al., 2009 
Japan Canned <1 to 1.1 Kawamura et al., 2014 
Canada Canned and non-canned 0.24 to 0.74 Cao et al., 2011 
Egypt Canned 45.81 Osman et al., 2018 
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4.1.2. Non-dietary 

Although the major pathway of BPA intake is through the diet, there are more routes of 

exposure that should be considered to assess the exposure to BPs.  

4.1.2.1. Dermal 

Transfer of the exogenous compounds across the human skin is influenced by a number of 

factors, namely, molecular weight or lipophilicity. BPA is a small molecule (288 Da) and also 

lipophilic, hence, it is likely to cross the human skin and enter the blood stream with little 

difficulties (Healy et al., 2015). In fact, some skin models have proved that BPA can be 

absorbed when applied directly to the skin. Moreover, they have observed that 9.5-33% of 

the applied dose can pass through the epidermis and the dermis as free BPA (Demierre et 

al., 2012; Zalko et al., 2011). 

The most relevant source of dermal exposure is thermal paper. BPA is used as an additive 

acting like a colour developer under heat or pressure in printing devices, like cash registers 

or credit card terminals (Geens et al., 2012). Although general population is daily in contact 

with thermal paper, cashiers are the population group that is exposed the most. Some 

authors have determined whether handling thermal receipts increase the urinary levels of 

BPA. However, results are contradictory.  Porras et al, (2014) noted that any contact with 

thermal paper does not have an effect on the total BPA concentration in urine, while Lee et 

al, (2018) and Ndaw et al, (2016) concluded that handling of thermal paper increase urinary 

total BPA levels.  

Even though thermal paper is not recyclable and should be placed in the non-recyclable bin, 

most people place it in the paper bin.  Hence, it enters into the recycling system where some 

BPA is removed as paper sludge but some of it will remain and contaminate the recycled 

products. Therefore, its exposure potential is very high and not easy to control (Pivnenko et 

al., 2019). 
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Nowadays, there are a number of alternatives that are used as substitutes for BPA in 

thermal paper, such as phenol-based substitutes (i.e.: BPS) or phenol-free substitutes (i.e.: 

Pergafast®, urea urethane) (Pivnenko et al., 2019). The use of these alternatives is spread 

across the European market. Nowadays, 1 out of 3 thermal paper receipts contains an 

alternative developer (Vervliet et al., 2019), being BPA the colour developer most frequently 

used in the European receipts (Martin et al., 2017; Björnsdotter et al., 2017a; Vervliet et al., 

2019). Regarding BPA alternatives, phenol-free compound Pergafast® is the most used in 

Germany and Norway (Martin et al., 2017; Björnsdotter et al., 2017b), while in the 

Netherlands, Spain and Sweden, BPS is the main substitute (Björnsdotter et al., 2017b).   

Personal care products (PCP) are also a potential source of dermal exposure to BPA. 

Although BPA is not a product component itself, migration from containers might occur. Its 

presence has been documented in different types of PCP like toothpastes, hair products, 

body washes, hand soaps, sanitary products and make-up products (Liao and Kannan, 

2014). Although these kind of products are used on a daily basis, the contribution only 

accounts with the 0.07-2.87% of the total exposure to BPA (Lu et al., 2018; Martínez et al., 

2018). These results are in accordance with another study finding out a positive correlation 

between lip balm and urinary BPA (Husøy et al., 2019).  

Recently, attention has also been paid on the occurrence of BPA in textiles and the exposure 

derived from their use. Xue et al, (2017a) and Freire et al, (2019) determined that BPA 

occurred in 82 to 91% of textile samples, being the dermal exposure estimated to be 

between 0.93 and 248 pg/kg bw/day. 

4.1.2.2. Inhalation 

Inhalation is another important non-dietary exposure pathway to BPA, being air and dust 

the most significant sources (Velázquez-Gómez & Lacorte, 2019). In fact, BPA is used in a 

wide range of indoor applications. As it occurs with all toxics, children are the most 

vulnerable population because they have higher oxygen requirements, higher respiration 

rate and higher hand-to-mouth contact than adults (Healy et al., 2015; Geens et al., 2012). 
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Thus, the concentrations of BPA in dust ranged between <0.5 and 10200 ng/g (Loganathan 

and Kannan, 2011), being the analogue most predominant in air (particulate phase, vapour 

phase and bulk air) among all bisphenols (Xue et al., 2017b). 

4.2. Metabolism 

BPA is rapidly conjugated in the gut or in the liver upon ingestion and only less than 1% of 

the free BPA remains unconjugated in blood (Thayer et al., 2015). Hepatic uridine 5’-

diphospho-glucuronosyltransferase (UGT) is the main enzyme that catalyses BPA-

glucuronide (BPA-G) formation, which is the main BPA metabolite. BPA-sulfate (BPA-S), 

catalysed by sulfotransferases, is also a relevant BPA metabolite (Gramec Skledar & Peterlin 

Mašič, 2016) (Figure 6). In fact, quantification of free BPA and its metabolites proved that 

BPA-G was the major metabolite (69.5%), followed by BPA-S (21%) and unconjugated BPA 

(9.5%) (Ye et al., 2005). These results are consistent with Gerona et al., 2016, where urine 

from pregnant women was analysed and it was reported that total BPA (free + conjugated) 

consisted of 71% of BPA-G, 15% of BPA-S and 14% of free BPA. 
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Figure 6. Scheme of the BPA metabolites formed in vivo. Adapted from: Thayer et al., 2015 

Initially, it was believed that both of them (BPA-G and BPA-S) were inactive forms of BPA, 

but, recently, some authors suggested that BPA-G is biologically active and induces lipid 

accumulation and differentiation of preadypocites yet it does not have estrogenic activity 

like unconjugated BPA (Boucher et al., 2015). BPA-S activity remains unexplored. 

Regarding BPA pharmacokinetics, the maximum concentration of total BPA is reached, 

approximately, 1 h to 1.6 h after its ingestion, while it can be detected in serum after 5 

minutes. Moreover, its half-life in human body is determined between 5.5 h and 6 h, being 

more than 90%, excreted as metabolites (Thayer et al., 2015; Teeguarden et al., 2015). On 

the other hand, half-life of BPA-G was lower than free BPA, occurring at 0.29 h. Moreover, 

maximum BPA-G concentration occurred 24 min earlier than the corresponding to free BPA 

(Teeguarden et al., 2015). On the other hand, half-life of BPA-S was 0.62 h, two times slower 

than BPA-G. Peak concentration of BPA-S occurred at 2.2 h, 1 h later than the corresponding 

to BPA-G and 36 min after maximum concentration of free BPA (Teeguarden et al., 2015). 
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4.3. Health effects 

4.3.1. BPA and reproduction 

BPA is involved in different dysfunctionalities in the human health. Taking into account its 

endocrine disrupting potential, BPA hazard is mainly focused on the reproductive system. 

Animal studies show that BPA can affect female fertility, delays on the onset of female 

puberty and changes on the oestrous cycle. Negative impact on female fertility is derived 

from impaired oocyte cytoskeletal dynamics, DNA damage, oxidative stress and epigenetic 

modifications (Matuszczak et al., 2019). 

4.3.2. BPA and cancer 

The exposure to BPA is also associated with different types of cancer. In fact, there is an 

accumulated evidence suggesting that sex steroids are involved in ovarian cancer. It has 

been reported that approximately one-half of the ovarian epithelial cancer cells express 

higher levels of estrogen receptors than normal cells. Estrogens can provide a hormonal 

environment that promotes tumour progression (Gao et al., 2015). However, there is still a 

lack of evidence that relates BPA exposure to the development of the ovarian cancer.  

Mammary gland development is connected to estrogen signalling pathways. BPA effects on 

mammary glands and breast carcinogenesis have been extensively studied in vitro and in 

vivo. Evidence suggests that low-dose exposure to BPA during the foetal development alters 

cell proliferation, apoptosis and development of mammary glands, which can influence 

mammary gland carcinogenesis in the future. Nevertheless, the exact mechanisms of action 

remain undisclosed (Gao et al., 2015). In addition, estrogens are involved in the etiology of 

prostate cancer, and uses of anti-estrogens have been recognized to have therapeutic 

effects against prostate cancer. BPA is believed to regulate the proliferation and migration 

of prostate cancer cells, but the main mechanism of action is still unknown (Gao et al., 

2015). 
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4.3.3. BPA and fertility 

Male fertility might also be affected by the exposure to BPA. Human studies reported a 

decrease in the sexual function related to BPA exposure in a dose-dependent way. In 

addition, Rochester et al., 2013 and Radwan et al., 2018 found that higher urinary BPA was 

significantly correlated with lower sperm quality measures (concentrations, count, vitality 

and mobility). Effects on the spermatogenesis are due to the disruption of the 

hypothalamus-pituitary axis (Rahman and Pang, 2019).   

4.3.4. BPA and development 

In turn, the exposure to BPA is able to cause miscarriages and premature deliveries in 

pregnant women (Hu et al., 2019; Huang et al., 2019a). Notwithstanding, data is very limited 

on these effects and further investigations should be carried out (Mikołajewska et al., 2015).  

Among all the population groups, infants and children are the most susceptible populations, 

as they are not fully developed like adult population. According to some authors, BPA 

exposure could affect birth’s weight, produce male genital abnormalities and even affect to 

their behaviour and neurodevelopment (Rochester, 2013; Mikołajewska et al., 2015; 

Almeida et al., 2018). 

4.3.5. BPA and metabolism 

BPA might also trigger metabolic disorders. Mainly, diabetes and obesity are linked to BPA 

exposure. Obesity is the result of many behavioural factors, such as excessive food intake 

and sedentary life, along with genetic predisposition, but these do not explain completely 

the increasing incidence. BPA is a compound called “obesogen”, meaning that it can 

downregulate lipid metabolism and increase adipogenesis. It has been suspected that BPA 

may be modulated by methyl donors and this could cause permanent damage to 

adipogenesis, appetite and energy metabolism (Bertoli et al., 2015). In turn, diabetes has 

also been related to urinary BPA (Murphy et al., 2019; Duan et al., 2018). Finally, BPA 

exposure has also been linked to other metabolic diseases, like non-alcoholic fatty liver and 
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cardiovascular disease (Rochester, 2013; Bertoli et al., 2015; Rahmani et al., 2018; Kim et 

al., 2019). 

4.4. Regulation of BPA 

The rising strong evidence of the negative health outcomes provoked by the widespread 

exposure to BPA made necessary its regulation. Thus, a strong regulation against it entered 

into force since 2010s decade. The first country that banned the sale, the import and the 

advertisement of baby bottles containing BPA was Canada (Government of Canada, 2010). 

On 2011, the European Commission adopted a new regulation that established a specific 

migration limit (SML) of 0.6 mg/kg for the manufacture of polycarbonate feeding bottles for 

infants (2011/8/EU) (European Commission, 2011). Later on, a more restrictive SML was 

established being set at 0.05 mg/kg for all polycarbonate plastic. Moreover, no migration is 

permitted from varnishes or coatings applied to materials and products that are specifically 

intended to be used in food products for young children up to 3 years old (2018/213/EU) 

(European Commission, 2018). 

Much strict is the regulation in France, where BPA has been banned in all the food contact 

materials that might be in contact with all the population, not only limited to toddlers and 

children (Journal Officiel de la République Française, 2015).  This law caused great 

discomfort among the European plastic industry, complaining that this legislation would 

cause a loss of 1.5 billion €/year (DG GROW, 2015). Afterwards, France decided to partially 

lift the ban on the manufacture and export of BPA-containing food contact materials 

because it posed an “unjustifiable restriction of trade”. However, the ban remained valid at 

the national level (QPC, 2015). 

Beyond the regulation of polycarbonate plastics used in food by the European Commission, 

toys and thermal paper have also been regulated. In this sence, BPA migration from toys 

has been lowered from 0.1 mg/L, which means that during this extraction a maximum of 

0.01 mg BPA may migrate out of the toy material, to 0.04 mg/L (2017/898/EU) (European 

Commission, 2017). Regarding thermal paper, the use of BPA has been recently regulated. 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



  
 

36 

Regulation 2016/2235/EU establishes that BPA shall not be used in thermal paper in a 

concentration equal or greater than 0.02% of its weight and this amend will enter into force 

on January 2020 (European Commission, 2016). 

In parallel, the European Food Safety Authority (EFSA) delivered a scientific opinion on BPA 

and performed a risk characterization for this compound. The tolerable daily intake (TDI) 

derived from this opinion was established in 0.05 mg/kg bw/day, based on the no adverse 

effect level of 5 mg/kg body weight per day in rodent studies (EFSA, 2006). Almost ten years 

later, EFSA re-evaluated the hazard risk for this compound and lowered the former limit to 

a temporary tolerable daily intake (t-TDI) of 4 µg/kg bw/day, concluding that estimated 

dietary intake to BPA for the highest exposed groups (toddlers, infants, children and 

adolescents) is below the t-TDI. This result demonstrates that there is no health concern at 

this level of exposure even when taking aggregated exposure into account (EFSA, 2015). 

Nowadays, a new safety re-evaluation is being conducted by EFSA and their opinion is 

expected to be delivered in 2020.  

4.5. BPA analogues 

As a result of the increasing regulation against BPA, manufacturers started to replace it with 

other analogues. The most used and studied analogues are bisphenol S (BPS), bisphenol F 

(BPF), and bisphenol B (BPB) (Andra et al., 2015; Karrer et al., 2018). 

4.5.1. BPS 

BPS was first synthetized as a dye in 1869 and it was one of the first analogues to act as a 

substitute of BPA in the 2000s (Wu et al., 2018). Its main uses are for epoxy glues, coatings 

and, especially, thermal paper. It is also used as an additive in dyes and tanning agents (Chen 

et al., 2016). Its higher thermal stability makes it a good alternative for BPA (Gramec Skledar, 

2016).  

Regarding the metabolism, BPS is mainly glucuronated to form BPS glucuronide (BPS-G) in 

the liver, but a small portion can be metabolized in the intestine upon ingestion. BPS sulfate 
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(BPS-S) is also a common metabolite although in a much lower proportion than BPS-G (Oh 

et al., 2018). The pharmacokinetic model for BPS was also characterized. Similar to what 

happens to BPA, BPS is rapidly absorbed by the gastrointestinal tract 1 h after ingestion and 

the half-life is determined to be 6.93 hours (Oh et al., 2018). 

Occurrence of BPS in the environment is ubiquitous. Several matrices were reported to 

present measurable levels of BPS as environmental compartments (indoor dust, fluvial and 

surface water, sewage sludge) (Wu et al., 2018; Xue et al., 2017; Qiu et al.,2019); thermal 

paper (Bjornsdotter et al., 2017; Vervliet et al., 2019; Qiu et al., 2019); food (Liao et al., 

2014; Liao and Kannan, 2013) and, also, human urine and blood (Wu et al., 2018; Qiu et al., 

2019). In general, the presence of BPS in all the aforementioned compartments is increasing 

since it is being used as a BPA alternative since 2012, although it is still lower than BPA (Qiu 

et al., 2019). However, the occurrence of BPS in the environment will most probably 

become similar or even greater than BPA, causing harmful effects to human health in the 

future (Qiu et al., 2019). 

Chen et al., (2002) proved the weak estrogenic activity belonging to BPS (Chen et al., 2002). 

Since then many studies have reported adverse health effects caused by the exposure to 

this compound. BPS is also capable to cause reproductive disruption in males, as it can 

inhibit gonadotropin secretion, induce oxidative stress in the testicular tissues and affect 

spermatogenesis (Ullah et al., 2018). Zhang et al, (2016) reported time- and concentration-

dependent cytotoxicity in various cell types, such as renal cells or hepatocytes. Regarding 

animal models, embryonic exposure to BPS was found to affect neural functionality in C. 

elegans (Mersha et al., 2015) and, in zebrafish, BPS induced precocious hypothalamic 

neurogenesis (Kinch et al., 2015). In general, BPS affects many body functions but it has 

lower estrogenic potential and lower acute toxicity than BPA (Chen et al., 2002; Qiu et al., 

2019).  
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4.5.2. BPF 

BPF is being used as a replacement of BPA due to its lower viscosity and better resistance 

to solvents (Lu et al., 2018). It is used in lacquers, varnishes, adhesives plastics, pipe linings, 

dental sealants and coatings for food packaging (Chen et al., 2016; Usman et al., 2019). 

Interestingly, BPF naturally occurs in mustard at a concentration of 8 mg/kg (Zoller et al., 

2016). Some authors even reported the presence of this BPF in plants used in traditional 

medicine at higher concentrations than in mustard (Huang et al., 2019b).  

Regarding the metabolism, BPF is absorbed and distributed to the whole body. As BPA, it is 

mainly excreted through the urine but it was found that 7-9% of the administered dose was 

still present in the tissues after 96 h upon ingestion. Moreover, an in vitro study suggest 

that BPF is metabolized by hepatic and intestinal cells (Usman et al., 2019). 

Biotransformation of BPF in vivo indicates that BPF sulfate is the major urinary metabolite 

(Usman and Ahmad, 2016). 

BPF is found to be as hormonally active as BPA (Rochester and Bolden, 2015) and at 10 

nmol/l is able to decrease the secretion of basal testosterone (Eladak et al., 2015). Meng et 

al., 2019 suggested that BPF can affect the liver function by disturbing the antioxidant 

defence system and leading to metabolic disorders because it affects to the levels of several 

key metabolites. 

BPF has already been detected in human matrices like urine (Li et al., 2018) or serum (Song 

et al., 2019). In turn, its presence is extensive in the environment, being found in numerous 

matrices namely, sewage sludge, sediments, indoor dust, surface and ground water, soil, 

food products or personal care products (Usman et al., 2019; Choi et al., 2018; Jin & Zhu, 

2016; Lu et al., 2018).  
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4.5.3. BPB 

BPB is an analogue used as an epoxy resin in the manufacture industry (Cunha & Fernandes, 

2010). It shows slower degradation under aerobic and anaerobic conditions when 

compared to BPA (Ike et al., 2006).  

Occurrence of BPB is not as widespread as the above-mentioned BPs. This compound has 

been detected in several matrices like wastewaters (Česen et al., 2018), canned food (Cunha 

et al., 2012; Fattore et al., 2015), freshwater (Liu et al., 2017), sewage sludge (Yu et al., 2015) 

and urine (Yang et al., 2014; Cunha & Fernandes, 2010). However, its detection rates and 

concentration levels are much lower than BPA, BPS or BPF.  

Data regarding the metabolism is very scarce and only studies with an S9 fraction have been 

published. The oxidative metabolites detected were ortho-hydroxylated BPB, ortho-

quinone and two other BPB metabolites with lower polarity (Gramec Skledar and Peterlin 

Mašič, 2016). Anyways, Cunha and Fernandes, 2010, detected BPB after deconjugation with 

β-glucuronidase, so conjugation pathways of BPB could also be an important route of its 

metabolism.  

Regarding the health effects, BPB is able to disrupt male reproductive function in rats by 

inducing oxidative stress, disrupting sperm production and damaging the DNA of the 

spermatozoa (Ullah et al., 2019). Also, BPB is capable to supress gonadotropin secretion, 

while presenting estrogenic and anti-androgenic properties (Ullah et al., 2018). Estrogenic 

potential of BPB has been predicted to be higher than BPA, while anti-androgenic activity is 

similar to that of BPA (Conroy-Ben et al., 2018). 

4.5.4. Other analogues (BPAF, BPE, BPP, BPAP, BPZ) 

This subsection includes other BPA analogues less used by the industry. Recently, these 

analogues have been included in environmental monitoring campaigns. They have been 

detected in wastewaters (Česen et al., 2018), water and sediments (Jin & Zhu, 2016), 
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freshwater (Liu et al., 2017), foodstuffs (Chen et al., 2016) but also in human matrices, like 

urine (Li et al., 2018) and blood (Jin et al., 2018). 

Metabolism pathways have not been explored for these compounds yet and further studies 

should be performed in order to elucidate them.  

Regarding health effects, this group of BPs analogues are expected to behave similar to BPA, 

as they have similar molecular structure. However, there is a strong data gap in literature. 

Zhu et al., 2020 suggested that bisphenol AF (BPAF) is more cytotoxic than BPA, while 

potential synergistic and additive effects of BPs were observed. Additionally, Feng et al., 

2016 indicated that BPAF modulates steroidogenic gene expression and hormone synthesis 

in H295R cells. 

5. Biomonitoring 

One of the best strategy to assess the exposure to BPs is through biomonitoring studies. 

Human biomonitoring (HBM) is the method to quantify chemicals or toxic metabolites. 

Usually, blood or urine are the most used matrices, but hair, sweat or breast milk are also 

common matrices to perform the biomonitoring. The monitored substances should take 

into account different factors besides their potential toxicology, like their use in the society, 

the possible environmental contamination, the availability of proper analytical techniques 

and the cost, among others (Ibarzulea et al., 2016). Hence, human biomonitoring becomes 

useful to: i) quantify the distribution of the substances among the general population or in 

population subgroups; ii) Identify overexposed population groups; iii) establish reference 

values; iv) determine the temporal trend; v) compare the results between different 

subpopulations; vi) identify public health problems; vii) establish and assess legislative 

actions or environmental interventions; viii) promote the study of the health effects. 

Biomonitoring programs are carried out in most of the developed countries. Classic 

pollutants, such as persistent organic pollutants (POPs), organochlorine pesticides (as DDT 

or hexachlorobenze (HCB)), PCDD/Fs, PCBs and heavy metals (like arsenic (As), mercury 

(Hg), lead (Pb), cadmium (Cd), among others) have been largely biomonitored during the 
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last decades. More recently, attention has been paid on emerging compounds, being EDCs 

of great interest because their potential harmful effects. Some examples of recent 

biomonitoring studies conducted in Spain are shown in Table 2. 

Table 2. Summary of recent biomonitoring studies conducted in Spain 

Human sample EDCs Reference 

Urine  
Blood 
Human milk 

Parabens  
Alkylphenols 
BPA  
Triclosan 

Azzouz et al., 2016 

Hair 

BPA 
Parabens 
Perfluoroalkyl substances (PFASs) 
Brominated flame retardants 

Martín et al., 2016 

Hair 

BPA 
Parabens 
Benzophenones (BZPs) 
PFASs  

Rodríguez-Gómez et al., 2017 

Human milk 
Bisphenols 
Parabens 
BZPs 

Vela-Soria et al., 2016 

Nails 

Bisphenols 
Parabens 
PFASs 
Triclocarban 

Martín-Pozo et al., 2020 

Nasal lavages 

Organophosphorus flame retardants 
Phtalates 
Alkylphenols 
BPA 

Velázquez-Gómez & Lacorte, 2019 

Human milk Bisphenols Dualde et al., 2019 

Adipose tissue 
Phenols 
Parabens 

Artacho-Cordón et al., 2018 

 

The German Human Biomonitoring Commission derives health-related guidance values for 

the general population which can be grouped as: i) values that represent the concentration 

of a substance, at which and below of which, there is no risk of adverse effects observed 

(HBM I value), and ii) values that represent the concentration, at which or above which, 

adverse effects are possible (HBM II value). There are three methods to establish the new 

values (Apel et al., 2017): 
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1) Based on human data 

It is based on epidemiological data on human toxicity. Values for some toxic metals and 

PCBs are derived through this concept. These values are the most reliable for the 

interpretation of the human internal exposure. However, only a few substances have 

enough epidemiological data available to derive HBM values. 

2) Based on a tolerable daily intake 

HBM values based on this concept are equivalent to the TDI values established by the 

European organisations – like EFSA – and is calculated by means of toxicokinetic 

extrapolation. Therefore, toxicokinetic information from humans in necessary to derive 

HBM values. In addition, there are many substances that have no TDI or any other reference 

values established. 

3) Based on critical effects on animal models 

HBM values are derived through the assessment factors (to consider differences and 

uncertainties) and toxicokinetic extrapolation of the critical effects observed in animal 

studies in substances that TDI is missing. To derive HBM values through this concept NOAEL, 

LOAEL of BMDL are selected. It is also important to take into account the availability of the 

data like the dose-effect curve, the toxicological mechanisms and the severity and the type 

of the effect. 

6. Diet studies 

Diet is the major route of exposure for most of the chemical substances that we are exposed 

to. Consequently, information about human exposure through dietary intake is necessary 

to perform human health risk assessments. Based on the Food and Agriculture 

Organization/World Health Organization (FAO/WHO) recommendations, two main 

approaches may be used to assess the levels and the intake of contaminants in the food 

supply (WHO, 1985). 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 
 

43 

Introduction 

 

6.1. Total diet studies 

Total Diet Studies (TDS) select, collect and analyse the most commonly consumed food. 

Food is marketed in retail stores, supermarkets or grocery stores to represent the typical 

diet. Food is processed as for consumption, and then is pooled into representative food 

groups. Finally, analysis to determine harmful or beneficial chemical substances are carried 

out (EFSA, 2011). TDS are widely used to assess contamination that may be distributed 

across the entire food supply and that may occur at low levels, such as heavy metals or 

dioxins.  

A TDS is suitable to (EFSA, 2011): i) identify food groups needing detailed monitoring or 

surveillance; ii) develop priorities for possible public intervention and provide advice; iii) 

identify possible trends in dietary exposure to chemical substance in the general population 

and in specific population groups; iv) serve as a cost-effective complement to other food 

safety activities; v) communicate the evaluation of the chemical safety of the food supply 

chain as part of the risk assessment process. 

TDS are very popular among developed countries. In 2000, a surveillance program to 

determine the levels of different chemical substances, such as toxic metals, dioxins, PCBs, 

etc was launched in Catalonia (Spain). To date, 5 more TDS have been conducted in 

Catalonia (Llobet et al., 2003; Martí-Cid et al., 2008; Martorell et al., 2011; Perelló et al., 

2014; González et al., 2019). 

6.2. Duplicate diet studies 

Duplicate diet studies (DDS) require to purchase and prepare twice the usual portions of 

food that would be consumed by an individual. Individual food of interest would have to be 

provided as a separate duplicate sample and stored as such. The collection of food can be 

done at any period of time, but the dietary pattern should be reflected (WHO, 1985).  

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



  
 

44 

This approach is useful for institutional groups and small surveys, rather than large-scale 

food consumption studies due to the cost and the time involved. Additionally, food is often 

collected and stored all together in food containers, being difficult the individual analysis. 

Finally, a food diary is needed to record the food item and quantity that was eaten or 

purchased (WHO, 1985). 

Among all the chemical substances, the most popular determined through DDS are: toxic 

metals (Hayashi et al., 2019; Tinggi & Schoendorfer, 2018), minerals (Muros et al., 2019), 

persistent organic pollutants (Bramwell et al., 2017), perfluorinated substances 

(Papadopoulou et al., 2017; Fromme et al., 2007) and polycyclic aromatic hydrocarbons (Nie 

et al., 2014; Martorell et al., 2012). 

7. Analytical techniques 

7.1. QuEChERS 

QuEChERS (quick, easy, cheap, effective rugged and safe) were developed by Anastassiades 

et al., (2003) as an alternative to determine the occurrence of pesticides in fruits and 

vegetables. However, due to its great versatility, this procedure has been applied for the 

extraction of different analytes in different matrices, obtaining excellent results (Santana-

mayor et al., 2019). The original procedure involves a solid-liquid extraction following a 

liquid-liquid partitioning with a salting out process, using anhydrous MgSO4 and NaCl. 

Afterwards, a clean-up is performed by a dispersive solid-phase extraction, adding 

anhydrous MgSO4 and a primary secondary amine sorbent (Anastassiades et al., 2003). 

Recently, new sorbents have been developed to improve the clean-up. One example is the 

zirconium oxide-based (Z-sep) sorbent, enhancing the remove of fat (López-Blanco et al., 

2016; Lozano et al., 2014) 

QuEChERS provide satisfactory results in a cost-effective way and within a short time (less 

than 30 minutes) (Santana-Mayor et al., 2019; Anastassiades et al., 2003). This technique 

can be used in combination with other extraction methods, such as dispersive liquid-liquid 

microextraction (DLLME). 
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7.2. Dispersive liquid-liquid microextraction 

DLLME method was first developed by Rezaee et al., (2006). It is a simple and high 

performance method with high enrichment, while providing high recovery results. 

Regarding the procedure, a cloudy state is formed due to the solvent droplets after the 

injection of the binary solvent mixture (extraction and disperser solvents) into an aqueous 

sample. The large surface area between the fine droplets and the aqueous phase facilitates 

the quick transfer of analytes from the sample solution into the extraction phase. 

Subsequent centrifugation of the mixture causes sedimentation of the fine droplets at the 

bottom of the conical tube. Finally, the sediment phase can be collected and analysed with 

the appropriate analytical equipment (Hashemi et al., 2017). 

7.3. Gas Cromatography – Mass Spectometry  

Gas chromatography (GC) is an analytical technique used to determine the concentration 

of an analyte in gas mixtures. The chromatographic equipment is constituted by a 

thermostable oven with the column inside. The column is a thin glass capillary tube. Inside 

the tube, a thin layer of the stationary phase is fixed in the internal walls. This substance 

should be affine with the gas mixture in order to separate the analytes before arriving to 

the sensor. There is also a mobile carrier – usually an inert gas like helium, hydrogen or 

nitrogen – that transports the mixture into the column (De Blasio, 2019).  

The components in the gas mixture show certain affinity for the stationary phase of the 

column. Therefore, some analytes will travel faster than other inside the column and will be 

separated, reaching the sensor at different times. Subsequently, the detector can convert 

the difference in absorbance in diverse current signals and plot them against time which 

will generate a chromatogram (De Blasio, 2019).  

Besides the GC equipment, there are different technologies that provide an improvement 

of the analytical information with highest level of accuracy. The mass spectrometer (MS) 

receives the stream of separated compound from the GC into the ion source, which is a 

metallic filament where voltage is applied. Analytes are ionized by this voltage and can be 
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further fragmented to predictable pattern. Finally, fragments enter to the detector and they 

are analysed (Sparkman et al., 2011). 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

47 

 

 

 

 

 

 

 

HYPOTHESIS AND 

OBJECTIVES

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



  
 

 

 
 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

49 

Hypothesis and objectives 

 

EDCs have become a topic of concern due to their adverse health effects in humans. Among 

EDCs, BPA is considered of great interest because of its widespread use by the food industry, 

especially to provide resistance to polycarbonate plastic, or as can lining. 

Dietary intake has been extensively identified as the most relevant pathway of exposure to 

environmental and processing pollutants, such as BPA. However, the dietary co-exposure 

to other bisphenol analogues, like BPS, BPF, BPB, BPAF, BPZ, BPE and BPAP, is still unknown. 

Data on the occurrence of BPA substitutes in food are scarce in the scientific literature.  

It is here hypothesized that the dietary exposure to bisphenols – BPA and analogues – might 

be higher in a diet formed by canned foodstuffs and packed in polycarbonate plastics, than 

in a diet consisting of fresh and glass-packed food. 

General objective 

The present doctoral thesis was aimed at assessing the dietary co-exposure to bisphenol 

analogues in a general population cohort by means of a duplicate diet study.  

Specific objectives 

1) To optimize and validate an analytical method to identify and quantify bisphenol 

analogues (BPA, BPS, BPF, BPB, BPAF, BPZ, BPE and BPAP) by means of GC-MS in 

samples of blood. 

2) To analyse the concentrations of the eight bisphenol analogues in food samples 

marketed in Spain. Food samples were packed in cans and polycarbonate plastics, 

glass or other BPA-free materials.  

3) To estimate the dietary co-exposure to BPA and some BPs analogues for an adult 

cohort following a canned food-based diet. 

4) To analyse the concentrations of selected BP analogues in urine and blood samples 

obtained from a general population cohort. 
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5) To assess the real co-exposure to BPA and BPs analogues and to further compare 

such exposure to estimate values obtained from the dietary intake. 

6) To model the BPA excretion through urine and to determine optimal time intervals 

of urine sampling for a more sensitive assessment of BPA exposure. 

7) To assess whether the consumption of canned foodstuffs might pose a risk for 

human health, in terms of BPA exposure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



  

51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 

  

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

53 

Results 

CHAPTER 1 
 

Quantification of eight bisphenol analogues in blood and urine 

samples of workers in a hazardous waste incinerator 

 

Neus Gonzáleza, Sara C. Cunhab, Carolina Monteirob, José O. Fernandesb, Montse 

Marquèsa, José L. Domingoa, Martí Nadal a 

Environmental research 176 (2019) 108576 

a Laboratory of Toxicology and Environmental Health, School of Medicine, IISPV, 

Universitat Rovira i Virgili, Sant Llorenç 21, 43201 Reus, Catalonia, Spain  

b LAQV-REQUIMTE, Department of Bromatology, Faculty of Pharmacy, University of Porto, 

Rua de Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal 

 

 

 

 

 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

55 

Results 

ABSTRACT 

Bisphenol A (BPA) has been widely used in the manufacture of polycarbonate plastic and 

epoxy resins. In recent years, producers have started replacing BPA by other chemical 

analogues, such as bisphenol -S (BPS) and -F (BPF), all of them under the label “BPA-free”. 

However, despite bisphenol (BP) analogues have a very similar structure, their endocrine-

disrupting properties could differ from those of BPA. Unfortunately, information 

regarding human exposure to BP analogues is very limited, not only as single substances, 

but also as chemical mixtures. The aim of this study was to determine the levels of 8 BP 

analogues (A, S, F, B, AF, Z, E, and AP) in biological samples from a controlled cohort of 

workers in a hazardous waste incinerator (HWI) located in Constantí (Catalonia, Spain). 

Firstly, a chemical method to analyze a mixture of those 8 analogues in total blood and 

urine was optimized, being samples quantified by means of gas chromatography coupled 

to mass spectrometry (GC-MS). Furthermore, a biomonitoring study was performed by 

collecting samples of total blood and urine of 29 people working in the HWI. Among the 

8 BP analogues assessed, BPA presented the highest levels in both biological samples, 

with mean total (free + conjugated) BPA concentrations of 0.58 and 0.86 µg/L in blood 

and urine, respectively. Free vs. total BPA levels presented a mean percentage of 79% in 

blood and 19% in urine. Beyond BPA, traces of BPB were also found in a single sample of 

blood. Furthermore, none of the remaining BP analogues was detected in blood or urine. 

Despite BPA has been regulated, it is still very present in the environment, being human 

exposure to this chemical still an issue of concern for the public health.  

Keywords: bisphenol A (BPA), analogues, chemical mixture, blood, urine, biomonitoring 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

56 

INTRODUCTION 

Bisphenol A (BPA) was firstly synthesized in 1891 (Tyl, 2014), but only became relevant 

in the plastic industry in the 1950s (Corrales et al., 2015; Eladak et al., 2015; Gao et al., 

2015). Due to its physical properties (namely, heat and chemical resistance, 

transparency, and ductility), BPA is one of the preferred monomers for the manufacture 

of polycarbonate plastics and epoxy resins (Mikołajewska et al., 2015). Nowadays, a wide 

range of products such as plastic bottles, cans, dental fillings, medical devices, toys and 

also thermal paper, incorporate traces of BPA (EFSA, 2015; Liao and Kannan, 2014). Even 

before its first industrial uses, the estrogenic activity associated to BPA was already 

reported (Dodds and Lawson, 1936).  

Due to the similar structure to 17β-estradiol, BPA can interact with the endocrine 

receptors and act as an agonist of estradiol receptors, or as an antagonist of androgenic 

receptors, causing a dysfunctionality of the endocrine system (Björnsdotter et al., 2017; 

Rochester, 2013; Usman and Ahmad, 2016). Exposure to BPA may lead to diverse health 

outcomes, such as obesity and diabetes , as well as infertility, precocious puberty, 

reduced sperm quality, polycystic ovary syndrome, and breast and prostate cancer, 

among others (Bertoli et al., 2015; Heindel et al., 2017; Diamanti-Kandarakis et al., 2009; 

Gao et al., 2015; Konieczna et al., 2015; Rochester, 2013).  

In the early 1990s, it was found that BPA could leach from polycarbonate plastics into 

water content (Krishnan et al., 1993). Furthermore, the potential leaching of BPA from 

other products, like food cans, dental sealants and baby bottles, has been also reported 

(Biles et al., 1997; Brotons et al., 1995; Olea et al., 1996).  

The main pathway of human exposure to BPA is the diet, representing more than the 

99% of total exposure (LaKind et al., 2019; Martínez et al., 2018; Sarigiannis et al., 2019). 

Canned fruits, vegetables, and canned meat and meat products have been identified as 

the most important contributors to the dietary intake of BPA (Martínez et al., 2017). 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

57 

Results 

Anyhow, other routes like dermal absorption and inhalation should not be ignored 

(Geens et al., 2012; Lu et al., 2018).  

As a result of the increased social concern, the European Union banned the use of BPA in 

baby bottles (European Commission, 2011), setting specific migration limits for food 

contact materials (EFSA, 2015, 2006). Because of the strict laws, producers started to 

replace BPA with other analogues. Among the 24 bisphenol (BP) analogues described in 

the literature, bisphenol S (BPS) and bisphenol F (BPF) are the most frequently detected 

(Pelch et al., 2017). BPS is mostly used as thermal paper, but it has also applications as 

can coating, epoxy glue, tanning agent and as an additive in dyes. On the other hand, BPF 

is mostly used in painting applications, like liners, lacquers and varnishes, as well as in 

dental sealants and coatings for food packages (Chen et al., 2016). Since these analogues 

have a very similar structure to BPA, they could have similar or greater endocrine-

disrupting properties than those of BPA (Eladak et al., 2015; Rochester and Bolden, 2015; 

Žalmanová et al., 2016). 

The occurrence of bisphenol analogues in a number of environmental compartments, 

such as wastewater, sediments or air, has been largely described (Česen et al., 2018; Jin 

and Zhu, 2016; Liao et al., 2012; Liu et al., 2017; Xue et al., 2016; Yu et al., 2015). 

Moreover, traces in some consumer products, namely canned foods, have been also 

reported (Cunha et al., 2012; Geens et al., 2010; Lim et al., 2009; Mariscal-Arcas et al., 

2009; Thomson and Grounds, 2005). Unfortunately, a comprehensive assessment of 

human exposure to BP analogues, other than BPA, from dietary and non-dietary sources 

is still lacking. Data on human biomonitoring of BP analogues are still very limited, being 

most studies focused only on 2 or 3 analogues (mainly BPA, BPB and BPS) (Cunha and 

Fernandes, 2010; Genuis et al., 2012; Jin et al., 2018; Martínez et al., 2019; Morgan et al., 

2018; Owczarek et al., 2018; Philips et al., 2018; Porucznik et al., 2015; Yang et al., 2014; 

Ye et al., 2015; Žalmanová et al., 2016; Lehmler et al., 2018). Therefore, the development 

of reliable analytical methods for the simultaneous determination of BP analogues is 

essential in order to elucidate the joint exposure to the mixture of BPs. 
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This study was aimed at assessing the concentrations of 8 BP analogues (A, S, F, B, AF, Z, 

E, and AP) in samples of total blood and urine from workers in a hazardous waste 

incinerator located in Tarragona (Catalonia, Spain). The determination of BPs was based 

in a dispersive liquid-liquid microextraction (DLLME) with in situ derivatization with 

anhydride acetic followed by GC-MS (Cunha and Fernandes , 2010). 

MATERIALS AND METHODS 

Chemicals 

BPA (99% purity), BPB (98% purity), BPF (98% purity), BPE (98% purity), BPAF (98% purity), 

BPZ (99% purity) and BPAP (99% purity) were purchased from Sigma-Aldrich (West 

Chester, PA, USA). d16-bisphenol A (BPAd16; 98 atom % D), used as internal standard (I.S.), 

was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). 

Individual solutions of the standards and internal standards were prepared in methanol 

(HPLC grade from Sigma-Aldrich) at a concentration of 2000 µg/L. Acetonitrile (MeCN, 

gradient grade for HPLC), acetic anhydride (AA, >99% purity), tetrachloroethylene (T4CE, 

>99% purity) N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), BSTFA with 

trimethylchlorosilane (BSTFA-TMC),  trifluoroacetamide (TFA) and pyridine were 

acquired from Sigma-Aldrich. β-Glucuronidase (Type 1 from Helix pomatia, ≥3000,000 

U/g solid glucuronidase and ≥10,000U/g solid sulfatase) was purchased from Sigma-

Aldrich.  

Equipment 

A gas chromatograph 6890 (Agilent, Little Falls, DE, USA) equipped with a Combi-PAL 

autosampler (CTC Analytics, Zwingen, Switzerland) and an electronically controlled 

split/splitless injection port, was interfaced to a single quadrupole inert mass selective 

detector (5975B, Agilent) with electron ionization (EI) chamber. GC separation was 

performed on a DB-5MS column (30 m × 0.25 mm I.D. × 0.25 µm film thickness; J&W 

Scientific, Folsom, CA, USA). Helium was the carrier gas, with a constant flow of 1 mL/min. 

The injection was made in splitless mode (purge-off time, 60 s) at 280 °C. The oven 
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temperature program was as follows: 100 °C held for 1 min, ramped to 280 °C at 30 

°C/min held for 8.0 min. Total run time was 15 min. The MS transfer line was held at 280 

°C. Mass spectrometric parameters were the following: electron ionization with 70 eV 

energy; ion source temperature, 230 °C and MS quadrupole temperature, 150 °C. Agilent 

ChemStation (version D.0200SP1) was used for data collection/processing and GC–MS 

control. The MS was operated in selected ion monitoring (SIM) detecting at least three 

ions per analyte (Table 1).  

Table 1. GC-MS acquisition parameters. 

Analyte tR (min) 
Ions (m/z) 

Quantification Qualification 

BPAF 7.38 267 420 336 359 197 
BPF 8.12 200 284 242 152 107 
BPE 8.31 199 256 298 214 241 
BPAd16 (IS) 8.46 224 242 284 266 326 
BPA 8.52 213 228 255 270 312 
BPB 8.98 213 255 297 281 326 
BPS 10.32 250 334 292 141 186 
BPZ 11.56 268 352 310 225 251 
BPAP 12.69 275 317 312 359 374 

 

Quality Control/Quality Assurance 

Plastic material was avoided, while glassware was previously baked for 1 h at 300 ºC and 

then washed with acetone to avoid background contamination. Before the entire 

analytical procedure, samples were spiked with both standard and IS (BPAd16) to evaluate 

analytical performances such as linearity, sensitivity, precision and accuracy (European 

Commission, 2017). Linearity was assessed through multilevel matrix-matched 

calibration with nine calibration levels. Calibration curves were built by the least squares 

linear regression model, plotting the peak area ratios of target compound and IS versus 

the concentration of each target substance. In each sample batch a blank extract (sample 

free of bisphenol) was injected and between samples solvent injections were performed 

in order guarantee no contamination. 
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Sampling 

Samples of total blood and urine corresponding to 29 adults (11 women and 18 men), 

who work in a hazardous waste incinerator (HWI; Constantí, Tarragona, Catalonia, Spain) 

were collected. The procedure was executed in accordance with the guidelines of the 

IISPV Ethical Committee on Clinical Investigation (Tarragona, Catalonia, Spain). Samples 

were collected as part of the health surveillance plan that is periodically conducted in 

order to determine the occupational exposure to organic substances and heavy metals 

(Mari et al., 2007, 2009, 2013). Subjects were classified according to the specific 

workplace. Out of 29 participants, 7 were administrative assistants, 6 were laboratory 

workers, and the remaining 16 were plant operators. All samples were stored at -20ºC 

until analysis. 

Analysis of creatinine in urine 

Creatinine (QCA kits, Tarragona, Spain) was analyzed in urine samples. A Cobas Mira 

automatic analyzer (Roche Pharmaceuticals, Basel, Switzerland) was used according to 

the instructions provided by the manufacturer.  

Total blood samples preparation 

Free BP levels 

Briefly, total blood samples were thawed at room temperature and homogenized by 

vortex. 1.5 mL of MeCN was then added to 500 µL of total blood sample. Each sample 

was firstly spiked with 20 µL of BPAd16, kept at room temperature for 10 min, and 

afterwards centrifuged at 3500 rpm for 4 min. Subsequently, 1 mL of sample was 

transferred to a clean vial, adding 85 µL of T4CE and 100 µL of AA to the sample. In a glass 

tube with conical bottom, 3 mL of deionized water and 300 µL of K2CO3 (to achieve pH ≥ 

10) were added. Rapidly, the sample was transferred to the glass tube and vortexed. 

Samples were then centrifuged at 2100 rpm for 4 min. Finally, 70 µL of the lower phase 

were transferred to a 100 µL insert, being 1 µL injected into the GC-MS system. 
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Total (conjugated + free) BP levels 

Total blood samples were thawed at room temperature and mixed by vortex. 

Subsequently, 1.5 mL of sample was transferred to a clean vial and 12 µL of β-

glucoronidase solution (20,000 U/mL in 1M ammonium acetate buffer pH 5.0) were 

added. Samples were incubated overnight at 37ºC to grant the hydrolysis. After cooling 

at room temperature, samples were extracted as previously described in section 2.6.1. 

Urine samples preparation 

Free BP levels 

The method for BP determination in urine samples was previously optimized by Cunha 

and Fernandes (2010). Briefly, urine samples were thawed at room temperature and 

homogenized by vortex. Then, 5 mL of sample were transferred to a glass tube with 

conical bottom and spiked with 200 µL of BPAd16. Rapidly, 1325 µL of MeCN, 85 µL of T4CE 

and 125 µL of AA were added to the sample. Tubes were shaken and centrifuged for 20 

minutes at 2500 rpm and 4ºC. Finally, 70 µL of the lower phase were transferred to a 100 

µL insert, being 1 µL injected in GC-MS. 

Total (conjugated plus free) BP levels 

Urine samples were thawed at room temperature and homogenized by vortex. 

Afterwards, 5 mL of sample were transferred to a glass tube with conical bottom and 

spiked with 200 µL of BPAd16. Then, 40 µL of β-glucoronidase solution (20,000 U/mL in 

1M ammonium acetate buffer pH 5.0) were added. The mixture was incubated overnight 

at 37ºC in order to grant the hydrolysis. After cooling at room temperature, samples were 

extracted as above stated (section 2.7.1). 

Statistics 

Data treatment was performed by means of the statistical package SPSS 20.0. Statistically 

significant differences between groups, according to workplace and gender, were set at 

a level of significance of 0.05 (p < 0.05). The Levene test was used to compare the 
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homogeneity of the variances. Subsequently, the significance of the data was computed 

by an ANOVA or the Mann-Whitney U-test. For calculations, non-detected values were 

excluded from data treatment, while non-quantified samples were assumed to have a 

concentration equal to one-half of the limit of quantification (NQ = 1/2 LOQ).   

RESULTS AND DISCUSSION 

Method optimization  

In order to improve the quantification method of BPs in total blood, extraction and 

derivatization of samples were optimized. Firstly, two different sample volumes (500 and 

1000 µL) were tested. Results showed that 1000 µL did not provide a proportional 

increase of the peaks. Therefore, a volume of 500 µL was chosen (data not shown). MeCN 

was selected as a dispersive agent in the DLLME procedure, according to the results of 

Cunha and Fernandes (2010). The use of ultrasonic bath was tested in the dissolution 

step of the sample. The results showed that ultrasounds break down the molecules of 

BPs, and consequently, their determination could not be performed. Hence, ultrasonic 

bath was not used (data not shown). The addition of salts was tested in order to assess 

the improvement of the extraction process. Up to 400 mg of MgSO4 and 100 mg of 

C2H3NaO2 were added into the sample after MeCN addition, with no enhancement of the 

quantification peaks. Thus, the use of salts was discarded (data not shown). Finally, AA, 

BSTFA, TFA and BSTFA:TMCS-pyridine were tested as derivatizing agents for a mixture of 

standards at 1 mg/L. AA showed the best performance for all the compounds (Figure 1). 
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Figure 1. Total ion chromatogram (TIC) of 8 bisphenols at 1 mg/L using different derivitizing agents 

tested: a) AA; b) TFA; c) BSTFA; d) BSTFA-TMCS- pyridine. All in the same scale 

Blank samples (bold and urine) were spiked with both analytes and internal standard to 

evaluate linearity, linear range, sensitivity, precision and accuracy, according to European 

Commission, 2017. The linearity of the method was evaluated by analyzing matrix-

matched standards prepared at nine concentration levels, ranging from the limit of 

quantification (LOQ) to about 50 to 150 µg/L.  Matrix-matched calibration standards were 

used to overcome the enhancement of analytical response verified when used solvent 

standards. Linearity with correlation coefficients equal or greater than 0.99 for all the 

studied analytes was obtained.  Method detection and quantification limits (LOD and 

LOQ, respectively) were calculated using low level points for blood in order to achieve 

signal-to-noise ratios (S/N) of 3 and 10, respectively. The LOD and LOQ of urine were 

considered those reported by Cunha and Fernandes (2010). The recovery was 

determined by comparing the analytical response of the analytes in spiked samples, 

before and after the extraction step, for three concentration levels, being each level 

performed five times (in the same day). Precision (repeatability and intermediate 
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precision) was assessed at three different levels (five replicates per level per day), in two 

non-consecutive days (Table 2). 
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Table 2. Linearity range, average of repeatability (%RSD, n=5), extraction efficiency (%, n=5), LOD (µg/L) s and standard combined uncertainty (u´c 

tg) 

Analytes 

Total blood  Urine 

Linearity 
range 

5 µg/L 10 µg/L 20 µg/L 

U´c
tg LOD  Linearity 

range 

2.5 µg/L 10 µg/L 

U´c
tg 

% extraction 
efficiency  
(% RSD) 

% extraction 
efficiency  
(% RSD) 

% extraction 
efficiency  
(% RSD) 

% extraction 
efficiency  
(% RSD) 

% extraction 
efficiency  
(% RSD) 

BPAF 0.1-50 96 (13) 75 (5) 74 (6) 13 0.03  0.2-50 70 (18) 101 (16) 16 
BPF 0.1-50 97 (5) 95 (2) 97 (3) 11 0.03  0.5-50 66 (9) 74 (19) 22 
BPE 0.2-50 102 (5) 92 (7) 92 (4) 11 0.06  0.2-50 75 (14) 87 (15) 24 
BPA 0.1-50 116 (9) 88 (5) 92 (4) 12 0.03  0.1-50 73 (13) 101 (20) 23 
BPB 2.5-50 95 (19) 88 (7) 85 (5) 15 0.76  0.2-50 77 (6) 96 (16) 21 
BPS 15-50 103 (17) 116 (8) 83 (9) 15 4.55  2.5-50 62 (9) 84 (1) 11 
BPZ 7.5-50 88 (19) 103 (2) 97 (5) 15 2.27  0.5-50 99 (5) 103 (2) 21 

BPAP 15-50 95 (16) 102 (13) 101 (9) 16 4.55  0.5-50 93 (17) 89 (10) 24 
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Calculation of a reasonable estimate of the total uncertainty for a measurement result 

obtained with our method was accomplished considering the data from measurement 

performance characteristics. The target standard combined uncertainty (u´c tg ), reflecting 

the combination of precision (u´ra tg) and uncertainty on bias (u´sy tg) was calculated with the 

showed formula (1), where ura tg was estimated from the defined target value for the 

coefficient of variation (CV), and usy tg was estimated from the maximum/minimum 

permissible mean error (of R max = 120% and R min = 70%) (Bettencourt da Silva et al., 

2015; Solaesa et al., 2019). 

𝑢´𝑐 = √(𝑢´
𝑟𝑎
𝑡𝑔 )2 + (𝑢´

𝑠𝑦
    𝑡𝑔)2 

u´sy
tg = (Rmax – Rmin)/2*61/2 

As can be observed in Table 2, measurement uncertainty value was below 24% which is 

lower than the target value of 25% setting from the evaluation criteria European Union 

proficiency tests. 

Levels of BP analogues in total blood  

The concentrations of the detected BP analogues in the 29 samples of total blood are 

summarized in Table 3. BPA and BPB were the only two BPs detected in at least one sample 

of blood. Moreover, all the samples presented concentrations of the remaining BP 

analogues (S, F, Z, AP, AF and E) under the LOD. Free BPA was detected in 65% of the 

samples, with levels ranging from undetected values to 1.65 µg/L and a mean concentration 

of 0.46 µg/L. As example, the chromatogram corresponding to the sample of total blood 

with the highest concentration is depicted in Figure 2. On the other hand, total (free + 

conjugated) BPA was detected in 23 out of the 29 samples (79%), with a mean concentration 

of 0.58 µg/L and levels ranging from undetected values to 1.60 µg/L. In contrast to BPA, only 

one sample had detectable levels of BPB, being the concentrations of free and total BPB 

2.53 and 2.69 µg/L, respectively. 

(1) 
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Figure 2. Total ion chromatogram (TIC) of a total blood sample (1.65 μg/L of free BPA) obtained by 

the DLLME—heart-cutting GC–MS method, together with the individual chromatograms in SIM 

mode. 

A specific analysis of BPA levels in total blood, according to the gender and workplace, was 

conducted. Mean free BPA was higher in men than women (0.76 vs. 0.45 µg/L, respectively), 

but the difference was not statistically significant (p>0.05). In contrast, mean levels of total 

(free + conjugated) BPA was significantly higher in men (0.93 µg/L) than in women (0.37 

µg/L). On the other hand, no significant differences were observed according to the 

workplace for both free and total BPA. The mean concentrations of free BPA in people 

working in the administration building, the laboratory and the plant were 0.50, 0.66 and 

0.18 µg/L (p>0.05), respectively, while those of total BPA were 0.74, 0.62 and 0.25 µg/L 

(p>0.05), respectively.  
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Table 3. Free and total (free + conjugated) BPA and BPB concentrations in total blood samples. Data 

given as µg/L. 

Sample Gender Workplace 
Free  Total 

BPA BPB  BPA BPB 

1 M Plant <0.03 <0.76  <0.03 <0.76 
2 F Administration <0.03 <0.76  <0.03 <0.76 
3 M Plant <0.03 <0.76  <0.03 <0.76 
4 M Plant <0.03 <0.76  <0.03 <0.76 
5 M Plant <0.1 <0.76  1.40 <0.76 
6 F Administration <0.03 <0.76  <0.03 <0.76 
7 F Administration <0.03 <0.76  <0.1 <0.76 
8 F Laboratory <0.03 <0.76  <0.1 <0.76 
9 M Plant 0.95 <0.76  1.10 <0.76 
10 M Plant 0.27 <0.76  0.62 <0.76 
11 M Plant <0.1 <0.76  <0.1 <0.76 
12 M Plant <0.1 <0.76  <0.1 <0.76 
13 M Laboratory <0.1 <0.76  <0.1 <0.76 
14 M Plant <0.03 <0.76  <0.03 <0.76 
15 F Laboratory <0.1 <0.76  <0.1 <0.76 
16 F Administration 1.60 <0.76  1.60 <0.76 
17 M Plant 0.40 <0.76  0.47 <0.76 
18 M Plant 1.65 <0.76  1.65 <0.76 
19 M Plant 0.53 <0.76  1.01 <0.76 
20 M Administration 0.33 <0.76  1.19 <0.76 
21 M Plant 1.25 <0.76  1.52 <0.76 
22 F Laboratory <0.03 <0.76  0.58 <0.76 
23 F Laboratory 0.52 <0.76  0.70 <0.76 
24 M Plant <0.1 <0.76  <0.1 <0.76 
25 F Administration <0.03 <0.76  0.20 <0.76 
26 M Plant <0.1 <0.76  <0.1 <0.76 
27 F Administration <0.1 2.53  <0.1 2.69 
28 M Plant 0.76 <0.76  0.93 <0.76 
29 F Laboratory <0.1 <0.76  0.04 <0.76 

F, female; M, male. 
LOQ of BPA: 0.1 µg/L; LOQ of BPB: 2.5 µg/L. 
LOD of BPA: 0.03 µg/L; LOD of BPB: 0.76 µg/L. 

Information regarding the levels of BPs in total blood is still very limited. Zhang et al. (2013) 

analyzed the content of BPA in total blood samples from 50 adults in China, reporting a 

mean level of 0.20 µg/L, a value lower than that found in the current study. Most 

investigations reporting biomonitoring levels of BPA and BP analogues use plasma as matrix, 

instead of total blood. However, our results highlight the importance of considering all the 
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blood fractions in order to avoid underestimating the total BP exposure and to determine 

the real partitioning potential of each BP analogue. 

Unlike total blood, the levels of BPA in plasma samples have been largely reported in the 

scientific literature. However, data differ substantially, as they depend on a number of 

social, dietary and lifestyle factors. In China, BPA mean concentrations of 0.40 µg/L (Jin et 

al., 2018) and 0.95 µg/L (Wan et al., 2013) were found, being similar to those here observed. 

Other authors reported notable higher values in India (7.43 µg/L) and the Czech Republic 

(range: <LOQ to 8.17 µg/L) (Kolatorova Sosvorova et al., 2017 Shekhar et al., 2017). 

Recently, Azzouz et al. (2016) analyzed the levels of BPA in samples of healthy volunteers in 

different hospitals in Jaén (Spain) and reported concentrations ranging from <LOD to 7.1 

µg/L. It should be noted that in all these aforementioned studies only the concentration of 

free BPA was determined.  

Levels of BP analogues in urine 

The urinary concentrations of BPA, the only analogue detected, are shown in Table 4. 

Because of methodological limitations, four of the samples were missed and consequently 

were excluded from the subsequent analysis. Free BPA was detected in 52% of the samples, 

with levels ranging from undetected values to 0.59 µg/L, and a mean concentration of 0.16 

µg/L. The total (free + conjugated) BPA mean concentration was 0.86 µg/L, being detected 

in 60% of the samples, with levels ranging from undetected values to 2.82 µg/L. 
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Table 4. Free and total (free + conjugated) BPA concentrations in urine samples. Data given as µg/L 

(µg/g creatinine).  

Sample Gender Workplace Free BPA Total BPA 

1 M Plant <0.1 0.40 (0.03) 
2 F Administration <0.03 <0.03 
3 M Plant <0.03 <0.03 
4 M Plant <0.03 <0.03 
5 M Plant <0.03 <0.03 
7 F Administration <0.03 <0.03 
8 F Laboratory <0.03 <0.03 
9 M Plant <0.03 <0.03 
10 M Plant <0.03 <0.03 
11 M Plant 0.14 (0.017) 0.09 (0.011) 
13 M Laboratory 0.26 (0.013) 0.39 (0.020) 
14 M Plant <0.1 <0.1 
15 F Laboratory <0.1 0.39 (0.032) 
16 F Administration <0.03 <0.03 
17 M Plant <0.03 0.81 (0.034) 
18 M Plant 0.59 (0.027) 1.18 (0.054) 
19 M Plant <0.1 0.21 (0.015) 
20 M Administration <0.1 1.38 (0.11) 
22 F Laboratory 0.41 (0.029) 2.82 (0.20) 
23 F Laboratory <0.1 2.43 (0.29) 
25 F Administration <0.03 0.33 (0.024) 
26 M Plant 0.22 (0.010) 0.28 (0.013) 
27 F Administration <0.03 <0.03 
28 M Plant <0.1 2.06 (0.13) 
29 F Laboratory <0.1 <0.1 

F, female; M, male. 
LOQ: 0.1 µg/L; LOD: 0.03 µg/L. 

Free BPA concentrations were very similar in men and women (0.16 vs. 0.14 µg/L). In 

contrast, the levels of total (free + conjugated) BPA were 2-fold higher in female workers 

(0.68 and 1.20 µg/L in men and women, respectively), but this difference did not reach the 

level of statistical significance (p<0.05). According to the workplace, individuals working in 

the plant and the laboratory building showed very similar concentrations of free BPA (0.16 

µg/L in both cases), while most of the administration workers presented BPA levels under 

the limit of detection. With respect to total (free + conjugated) BPA, notable -but not 

significan- differences were found according to the workplace, which followed this pattern: 

laboratory > administration > plant (1.22, 0.85 and 0.63 µg/L, respectively). Anyhow, the 
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differences according to gender and workplace may be confusing, as most workers in the 

plant are men, while most of the laboratory workers are women. 

The detection rate of BPA is in accordance to that found in Portugal (Cunha and Fernandes, 

2010), where 45% of the samples were positive for BPA. However, the detection 

percentages here observed are lower than those frequently found in countries such as China 

(84%) (Zhang et al., 2013) or the United States (74-99%) (Ye et al., 2015). BPs are rapidly 

excreted after ingestion, being their half-life of 6 h approximately (Thayer et al., 2015). 

Hence, urine is considered as the preferred matrix to perform biomonitoring studies of BPs. 

Table 5 summarizes the levels of free and total (free + conjugated) BPA found in a number 

of countries.  The levels of free BPA observed in the present study would be in the lowest 

part of the range, while those of total (free + conjugated) BPA would be similar to those 

previously reported. Anyway, the current concentrations in workers of the HWI are far 

below the threshold value established by the German Human Biomonitoring Commission, 

which is 200 µg/L for adults (UBA, 2017). 

Table 5. Concentrations of BPA in total blood and urine: a summary of recent data from various 

countries. 

Country Matrix Free BPA (µg/L) Total BPA (µg/L) Reference 

China Total blood 0.20 - Zhang et al., 2013 
Spain Total blood 0.43 0.56 This study 

United States Urine 0.36 - Ye et al., 2015 
China Urine 0.39 0.89 Zhang et al., 2013 
Spain Urine LOD – 8.9 - Azzouz et al., 2016 
Portugal Urine 0.41 – 1.64 0.39 – 4.99 Cunha and Fernandes, 2010 
Poland Urine 1.84 - Radwan et al., 2018 
Saudi Arabia Urine 1.3 - Li et al., 2018 
Norway Urine 3.82 - Sakhi et al., 2018 

Slovenia Urine - 
1.02 (mothers) 
0.32 (fathers) 

Snoj Tratnik et al., 2019 

Spain Urine 0.16 0.86 This study 

CONCLUSIONS 

To the best of our knowledge, this is the first study considering the simultaneous analysis 

of 8 different BP analogues in 2 biological matrices. BPA was the most detectable analogue 
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regardless the biological matrix (total blood or urine), while BPB was also identified, but in 

a much lower rate. Interestingly, no traces of other BP analogues were detected in any 

sample. Nonetheless, further efforts should be done to evaluate the human exposure to 

these endocrine disruptors, taking into account they are present as a chemical mixture and 

not as single substances. To date, data on the body burdens of BP analogues are really 

limited, enhancing the need to investigate and to pressure to obtain “safe” alternatives to 

BPA. In some recent studies, it has been confirmed that some BP analogues may affect in a 

similar way to that of BPA. They can play a role in some diseases like diabetes (Liu et al., 

2017) and can also cause adverse effects on reproduction, affecting the following 

generations (Horan et al., 2018). Essentially, most studies have been only focused on BPS 

and BPF analogues, which neglects the potential harm of other analogues, as well as the 

effects of the BP mixtures. 

The unexpected potential role of the workplace on the exposure to BPs was also highlighted. 

Despite dietary intake seems to be the predominant route of exposure to BPA and other BP 

analogues, occupational exposure to these chemicals should not be disregarded.  Among 

the 16 plant workers, 12 had detectable levels of BPA in total blood samples (75%), 

compared to percentages of 43% and 67% of administration and laboratory workers, 

respectively. Regarding urine samples, 5 of the 6 laboratory workers showed detectable 

levels of BPA (free and total), while 7 and 8 out of the 13 plant operators had detectable 

levels of free and total BPA, respectively. In turn, only 1 and 2 out of 6 administration 

workers had detectable levels of free and total BPA, respectively. Although mean 

concentrations were not significant in most cases, these results would suggest that plant 

workers could be more exposed to BPs. However, the gender may be a critical confusing 

factor, as most of the plant operators are men. Anyway, further studies focused on 

determining the exact pathway of exposure to BPs in the HWI workers are clearly necessary. 

The manipulation of hazardous materials as a potential source of exposure to BPs should be 

also carefully assessed. 
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ABSTRACT 

The present study was aimed at assessing the exposure of an adult population to nine 

BPs analogues (BPA, BPS, BPF, BPB, BPAF, BPZ, BPE, BPAP and BPP) through a duplicate 

diet study. Up to 40 canned and non-canned food samples were purchased from 

Tarragona (Catalonia, Spain) and further analysed. Three of the nine BPs - BPA, BPB and 

BPE - were detected in the food samples. BPA was found in 93% and 36% of canned and 

non-canned samples, respectively, with a mean concentration of 22.49 and 4.73 µg/kg, 

respectively. Only one sample of canned asparagus (88.66 µg/kg) exceeded the new 

threshold set by the European Commission (50 µg/kg). BPB was found in canned and non-

canned chicken and olive oil samples, with lower levels for canned chicken and non-

canned olive oil. Finally, BPE was detected in non-canned mushrooms and nuts (2.40 and 

12.35 µg/kg, respectively). Based on the current results, dietary intake for BPA was 

estimated to be 24.9 and 3.11 µg/day for canned and non-canned groups, respectively. 

The unexpected occurrence of BPs in non-canned products highlights the ubiquity of 

these compounds along the food production chain, beyond to the packaging. 

Keywords: bisphenol A (BPA), bisphenol analogues, food, QuEChERS, dietary intake 
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INTRODUCTION 

Food products are sensitive to contamination at any stage of the production chain, from 

farm-to-fork (Mancini et al., 2016). Food contaminants can have a wide range of sources, 

including the environment, processing, and packaging, among others (Rather et al., 

2017). Regarding food packaging, in recent years bisphenols (BPs) have received a great 

attention. BPs are organic compounds containing two phenol rings, which are connected 

by a different binding bridge, usually a methyl bridge (Bisphenol A, BPA), a methylene 

bridge (Bisphenol F, BPF), or a sulphur dioxide group (Bisphenol S, BPS), depending on 

the analogue (Kang et al., 2006; Usman and Ahmad, 2016). It has been widely reported 

that BPs can play an important role in diseases like diabetes and obesity (Mirmira and 

Evans-Molina, 2014), as well as to cause harmful developmental and reproduction effects 

(Rochester, 2013). 

BPA is the most used BP analogue in the food industry, with a projected consumption of 

10.6 million metric tons in 2022 (Lemhler et al., 2018). It is used as a monomer for the 

manufacture of polycarbonate plastics and can linings. With respect to its chemical 

structure, there is a similarity to that of 17β-estradiol, a natural occurring hormone. Thus, 

BPA can bind to endocrine receptors causing a dysfunctionality of the endocrine system 

(Matuszczak et al., 2019; Rochester, 2013; Usman and Ahmad, 2016). 

In 2011, the regulation 2011/8/EU banned the use of BPA in baby bottles and set a 

specific migration limit of 0.6 mg/kg of food from varnishes or coatings applied to 

materials (European Commission, 2011). Recently, a new regulation (2018/213/EU) was 

adopted setting a more restrictive migration limit (0.05 mg/kg), while no migration of 

BPA, from varnishes or coatings applied to materials and articles specifically intended to 

infants and young children up to 3 years old, is permitted (European Commission, 2018). 

As a consequence of these restrictions on BPA, manufacturing companies are gradually 

replacing BPA by other BP analogues. Nowadays, there are 24 analogues described in the 

literature (Pelch et al., 2017). Hence, exposure to BPs persists, occurring through 
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different pathways, such as diet, inhalation and dermal contact. However, it has been 

reported that diet means up to the 99% of the exposure to BPA (Martínez et al., 2018). 

Therefore, an additional knowledge on the levels of BPs in foodstuffs, as well as risk 

assessment studies, are required to protect human health. 

Even though BPs have gained attention in the last years, BPA is still the core research. 

Since their properties, structure and potential human health effects are very much alike, 

research on BP analogues – other than BPA – is needed.  The present study was aimed at 

assessing the dietary exposure to nine bisphenol analogues (BPA, BPS, BPF, BPB, BPAF, 

BPZ, BPE, BPAP and BPP). The concentrations of these BPs analogues were determined 

in 40 canned and non-canned food samples consumed during a two days duplicate diet 

study. To the best of our knowledge, this is the very first study focused on assessing the 

dietary co-exposure to 9 BPs in Spain. 

MATERIALS AND METHODS 

Standards and chemicals 

BPA (99% purity), BPB (98% purity), BPF (98% purity), BPE (98% purity), BPAF (98% purity), 

BPZ (99% purity) and BPAP (99% purity) were purchased from Sigma-Aldrich (West 

Chester, PA, USA). d16-bisphenol A (BPAd16; 98 atom % D), used as internal standard (I.S.), 

was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). 

Individual standard solutions and internal standards were prepared in methanol (HPLC 

grade from Sigma-Aldrich) at concentrations of 2000 µg/L. Acetonitrile (MeCN, gradient 

grade for HPLC), acetic anhydride (AA; >99% purity) and tetrachloroethylene (T4CE, >99% 

purity) were acquired from Sigma-Aldrich. Sodium chloride and potassium carbonate 

(both analytical grade) were obtained from PanReac Quimica (Barcelona, Spain) and 

magnesium sulfate was acquired from Sigma-Aldrich. Supel™ QuE Z-Sep+ was purchased 

from Supelco (Bellefont, PA, USA).  
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Instrument 

BPs analyses were performed in a gas chromatograph 6890 (Agilent, Little Falls, DE, USA) 

equipped with a Combi-PAL autosampler (CTC Analytics, Zwingen, Switzerland) and a 

mass selective detector (5975B, Agilent), with an electron ionization (EI) chamber. The 

separation was performed on a DB-5MS column (30 m × 0.25 mm I.D. × 0.25 µm film 

thickness; J&W Scientific, Folsom, CA, USA). Chromatographic and detection 

specifications have already been reported (González et al., 2019).  

Quality Control/Quality Assurance 

Procedural blanks were measured each batch of 10 samples. Blank samples were spiked 

with both recovery and internal standards to evaluate linearity, linear range, sensitivity, 

precision and accuracy, according to EU guidelines (European Commission, 2017). A 

multilevel matrix-matched calibration -with nine calibration levels- was generated by the 

least squares’ linear regression model. The peak area ratios of target analyte, and internal 

standard versus the concentration of each target compound, were plotted. Detection 

limits were calculated using low level points to achieve signal-to-noise ratios of 3. The 

quantification limits were established as the lowest concentration assayed with 

acceptable accuracy and precision, corresponding to the lowest calibration level of the 

calibration curve.  

Food sampling 

A total of 40 food samples were purchased in a big grocery store in Tarragona (Catalonia, 

Spain). Foodstuffs were divided into 2 food baskets: 1) canned food, and 2) non-canned 

food (including fresh food, packed in glass containers, or other BP-free materials). Canned 

food included tuna, pâté, nuts, mushrooms, artichokes, asparagus, corn, olive oil, green 

beans, red beans, peach in syrup, fruit salad in syrup, mackerel and squid. Non-canned 

food included the same foodstuffs than the canned group, but in glass containers, 

excepting mackerel and chicken. In addition, canned group included yogurt in plastic, and 

pre-cooked quinoa and rice, while non-canned group included yogurt in glass, dry quinoa 
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and rice, and fresh salmon – replacing canned mackerel – and chicken, packed in waxed 

paper. Both groups included fresh salad and banana, as well as toasts and cookies packed 

with plastic free of BPs. 

Duplicate diet study 

A duplicate diet study was performed to assess exposure to BPs of an adult. A cohort of 

26 individuals was divided into two groups: 1) a potential high-BPA diet, consisting of the 

“canned food basket” above described, and 2) BPA-free diet, made of fresh food and food 

packed in glass containers and other BP-free materials, consisting of the “non-canned 

food basket” also above described. The cohort followed a two-days of balanced diet 

(Table 1), which was reviewed and approved by a nutritionist. Participants were able to 

drink as much water as they wished. However, the sources (tap, bottled, etc.) should be 

recorded. In parallel, each food item was homogenized using a domestic shredder and 

stored at -20ºC until further analysis. Only edible parts of each food item were used. 

Table 3. Food consumption (g/day) for all analysed samples. 

DAY 1 

 Foodstuff Food weight (g) Homemade measures 

Breakfast 
Pâté 37.5 ½ can 

Toasts 40 4 slices 

Snack Nuts 25 1 handful 

Lunch 

Quinoa 125 1 cup 

Mushrooms 115 1 can 

Chicken 42 1 can 

Yoghurt 115 1 unit 

Snack Fruit salad in syrup 140 ½ can 

Dinner 

Salad 150 ½ bag 

Asparagus 80 3 units 

Corn 55 ½ can 

Stuffed squid 72 1 can 

Toasts 40 4 slices 

Fruit 125 1 piece 

    

DAY 2 

Breakfast 
Tuna 52 1 can 

Toasts 40  

Snack Nuts 25 1 handful 
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Lunch 

Rice 125 1 cup 
Red beans 60 6 spoonful 
Artichokes 115 1 can 

Toasts 40 4 slices 
Peach in syrup 115 1 can 

Snack 
Yoghurt 115 1 unit 
Cookies  35 7 units 

Dinner  

Green beans 130 1 can 

Mackerel/salmon 85 1 can 

Toasts 40 4 slices 

Yoghurt  115 1 unit 

 

Food samples treatment 

Sample preparation is described elsewhere (Cunha et al., 2012). Briefly, each food item 

was blended separately with a domestic shredder before weighting 10 g of sample and 

adding 100 µl of BPAd16 and 10 ml of deionised water. For the fatty samples, 5 ml of n-

heptane was added, vigorously shaked and centrifuged at 1690 g for 2 minutes. The 

upper-layer was discarded. Then, 10 ml of MeCN were added and samples were vortexed 

and agitated for 10 minutes. Afterwards, 4 g of MgSO4 and 1.2 g of NaCl were added and 

agitated for 15 minutes. Finally, samples were centrifuged at 1690 g for 5 minutes. An 

additional clean-up was needed for fatty food samples, consisting of the inclusion of 1.2 

g MgSO4 and 50 mg of Z-SEP in the clean-up step.  

A DLLME (Dispersive Liquid-Liquid MicroExtraction) procedure was subsequently 

performed: 85 µl of T4CE and 100 µl of AA were added to 1 ml of the MeCN extract. 

Rapidly, the mixture was transferred to a 25-ml screw cap glass tube, with conical bottom 

containing 3 ml of deionised water and 300 µl of 5% K2CO3 solution to ensure a pH ≥ 10. 

Samples were gently shaked by hand and centrifuged at 1690 g for 4 minutes. Finally, 70 

µl of the lower phase were transferred to a vial with a 100-µl insert and 1 µl was injected 

to the GC system. 
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Calculation of the dietary exposure 

Food consumption data are shown in Table 1. The dietary intake of each BP analogue was 

calculated by multiplying its concentration in each food item by the quantity of consumed 

food. Total dietary exposure to BPs was obtained by summing the respective intakes of 

all food items. Exposure was also calculated according to the average body weight of the 

study participants (mean: 68 kg) in order to compare the estimated exposure to the 

threshold limit. For calculations, when the concentration of a BP analogue was under the 

respective limit of detection (LOD), it was assumed to be one-half of that limit 

(ND=1/2LOD). 

Statistics 

Data treatment was performed by means of the statistical package SPSS 20.0. A 

Kolmogorov-Smirnov test was used to compare the homogeneity of the variances. 

Subsequently, the significance of the data was computed by an ANOVA or the Mann-

Whitney U-test. For calculations, non-detected values were excluded from data 

treatment, while non-quantified samples were assumed to have a concentration equal 

to one-half of the limit of quantification (NQ = 1/2 LOQ).   

RESULTS AND DISCUSSION 

Levels of BPs in food 

The concentrations of BPs in the 40 canned and non-canned food samples are 

summarized in Table 2. BPA, BPB and BPE were the three analogues with levels above the 

LOD. BPA was identified in 58% of the food samples, presenting a mean concentration of 

15.54 µg/kg. Regarding canned food, BPA was detected in 14 of 15 food items. Levels of 

BPA ranged from <0.17 for the olive oil – the only canned food item below its LOD – to 

88.66 µg/kg for the asparagus (mean concentration of BPA = 22.49 µg/kg). In turn, BPA 

was found in the 36% of the non-canned food samples, with a mean concentration of 

4.73 µg/kg. Toasts, quinoa, yogurt, salad, asparagus, fresh squid, banana, nuts, rice, 
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artichokes, peach in syrup, cookies, green beans, salmon and olive oil were the food items 

with levels below the LOD. The highest concentration in non-canned food corresponded 

to mushrooms (9.56 µg/kg). 

The levels of BPA in canned food were found to be higher than those observed in non-

canned food. Pairs of foodstuffs with quantifiable concentrations of BPA were: pâté 

(13.39 vs 5.10 µg/kg), mushrooms (19.88 vs 9.56 µg/kg), chicken (20.91 vs 1.41 µg/kg), 

fruit salad in syrup (11.69 vs 3.85 µg/kg), corn (10.65 vs 4.21 µg/kg), tuna (32.22 vs 5.68 

µg/kg) and red beans (26.16 vs 8.78 µg/kg). Also, pre-cooked quinoa and rice had 

detectable levels of BPA (2.93 and 1.04 µg/kg, respectively), while dry quinoa and rice 

were below the LOD. 

Table 2. BPA, BPB and BPE concentrations (µg/kg) in canned and non-canned foods. 

Food sample Packaging BPA BPB BPE 

Pâté 
Can 13.39 <0.33 <0.83 

Glass 5.10 <0.33 <0.83 

Toasts Plastic <0.17 <0.17 <0.17 

Quinoa 
Plastic (pre-cooked) 2.93 <0.17 <0.17 

Plastic (dry) <0.17 <0.17 <0.17 

Mushrooms 
Can 19.88 <0.17 <0.17 

Glass 9.56 <0.17 2.40 

Chicken 
Can 20.91 3.86 <0.83 

Fresh 1.41 4.19 <0.83 

Yogurt 
Plastic <0.17 <0.17 <0.17 

Glass <0.17 <0.17 <0.17 

Fruit salad in syrup 
Can 11.69 <0.17 <0.17 

Glass 3.85 <0.17 <0.17 

Salad Plastic <0.17 <0.17 <0.17 

Asparagus 
Can 88.66 <0.17 <0.17 

Glass <0.17 <0.17 <0.17 

Corn 
Can 10.65 <0.17 <0.17 

Glass 4.21 <0.17 <0.17 

Squid 
Can 30.85 <0.33 <0.83 

Fresh <0.33 <0.33 <0.83 

Banana Fresh <0.17 <0.17 <0.17 

Tuna 
Can 32.22 <0.33 <0.83 

Glass 5.68 <0.33 <0.83 

Nuts 
Can 3.45 <0.17 <0.17 

Plastic <0.17 <0.17 12.35 

Rice Plastic (pre-cooked) 1.04 <0.17 <0.17 
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The concentrations of BPA in canned food samples were compared with the new 

migration limit for BPA set recently by the European Commission in canned food 

(European Commission, 2018). Only canned asparagus was above 50 µg/kg (Figure 1). 

Although asparagus exceeded the new migration limit, probably this does not mean a risk 

for human health since asparagus consumption by the Spanish adult population is 

estimated to be only 0.67 g/day, which would mean an exposure of 0.0008 µg/kg bw/day 

for the general population (0.02% of contribution to the established limit) (AECOSAN, 

2016). Anyway, it should be explored if this occurs in all the commercial canned 

asparagus brands, or it is only related to the purchased brand in this study. 

 

 

 

 

 

Plastic (dry) <0.17 <0.17 <0.17 

Red beans 
Can 26.16 <0.17 <0.17 

Glass 8.78 <0.17 <0.17 

Artichokes 
Can 6.31 <0.17 <0.17 

Glass <0.17 <0.17 <0.17 

Peach in syrup 
Can 4.49 <0.17 <0.17 

Glass <0.17 <0.17 <0.17 

Cookies Plastic <0.17 <0.17 <0.17 

Green beans 
Can 13.02 <0.17 <0.17 

Glass <0.17 <0.17 <0.17 

Mackerel Can 33.19 <0.33 <0.83 

Salmon Fresh <0.33 <0.33 <0.83 

Olive oil 
Can <0.17 1.25 <0.83 

Glass <0.17 0.85 <0.83 
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Figure 1. Comparison between detected levels of BPA in canned samples and the new migration 
limit established by the European Commission in 2018. 

BPB was detected in four samples. Both pairs of canned and non-canned chicken and 

olive oil samples had BPB above their corresponding LOD. For chicken, the concentration 

of BPB in fresh samples was slightly higher than that found in the canned chicken (4.19 

vs 3.86 µg/kg, respectively). In contrast, canned olive oil showed a higher concentration 

than non-canned olive oil (1.25 vs 0.85 µg/kg, respectively). Finally, BPE was found only 

in two food samples, both of them belonging to the non-canned group. Concentrations 

of BPE in mushrooms and nuts were 2.40 and 12.35 µg/kg, respectively.  

As expected, canned food presented significantly higher levels of BPA than non-canned 

food (p<0.01), which is due to the fact that food is directly in contact with the can lining. 

Nonetheless, relevant concentrations of BPs were found in non-canned food. One 

explanation could be that packaging, other than cans, might also cause the migration of 

BPs into the food, even though these packaging are made to preserve a high-quality food 

(García Ibarra et al., 2019). BPs contamination in non-canned food could be the result of 

the migration from the coating of the caps of glass bottles, since a residual amount of BPs 

monomer could remain after the polymerization process (Noonan et al., 2011). Another 
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hypothesis would be the potential contamination during the primary production of the 

products (Mercogliano and Santonicola, 2018; Santonicola et al., 2018). Finally, the 

ubiquity of plastics elsewhere could also be related to the unexpected presence of BPs in 

food. 

The scientific literature assessing the levels of BPA in food is extensive, but each study 

comprises different food samples. Consequently, the comparison of non-canned food 

samples between studies conducted in different countries is not always easy. Table 3 

summarizes concentrations of BPA in food of different countries. The levels of BPA show 

a huge variation between countries due to methodological differences. Anyhow, the 

levels of BPA found in the current study are in the lower part of the ranges for canned 

food and in the upper part of the ranges for non-canned food.  

In China, BPA was detected in 36% of the canned and non-canned composites, a 

percentage lower than the 58% of the present survey. Concentrations ranged from 0.20 

to 106 µg/kg, including canned and non-canned food (Cao et al., 2011). These results are 

in the same range to that of the current study. In Japan, BPA mean concentration in 

canned food was 3.4 µg/kg, being the highest level: 30 µg/kg, which are quite lower than 

the mean and the maximum level of BPA in our study: 22.49 and 88.66 µg/kg, 

respectively. This important difference is probably due to the decrease of the 

polycarbonate use in Japanese manufacturers since the late 1990s, when it was replaced 

by polyphenylsulfone and polyethersulfone, both materials BPA-free (Kawamura et al., 

2014). 

In Korea, BPA was found within the range from <1.41 to 278.5 µg/kg in canned food 

samples (Choi et al., 2018), while in Egypt, BPA levels ranged from 6.14 to 710.59 µg/kg 

in canned food, and from 5.75 to 236.76 µg/kg in food packaged in plastic (Osman et al., 

2018). These results are certainly higher than those found in the present study. In the 

United States, BPA was found in 73% and in 7% of the canned and non-canned food 

samples, respectively. These percentages are lower than those found the present study 

(93% and 36%, respectively). BPA levels found in canned food ranged between 0.31 and 
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149 µg/kg, while in non-canned food varied between 0.28 and 0.41 µg/kg (Lorber et al., 

2015). Thus, BPA concentrations in canned food are higher than those detected in the 

present survey. By contrast, BPA concentrations in non-canned food are lower than those 

found in the current study. 

In Portugal, BPA levels were determined in canned samples of tuna and sardines, with 

levels ranging from <1 to 63 µg/kg, which is in accordance to those found in the present 

study (Cunha et al., 2017). Canned vegetables and canned fruit were also analyzed. 

Higher detection rates for BPA (87% versus 58%) and a range of concentrations, from 3.7 

to 256.6 µg/kg, which is higher than in the present study (from <0.17 to 88.66 µg/kg) 

were reported (Cunha and Fernandes, 2013). In turn, Sakhi and co-workers (2014) 

analyzed the concentrations of BPA in 37 canned and non-canned foodstuffs in Norway. 

Composites for each food group comprised food samples with different packaging 

materials. Thus, comparison was made with joint results for canned and non-canned 

groups. Detectable levels for the food samples ranged from <0.020 to 8.7 µg/kg, being 

lower than the results of the present study (Sakhi et al., 2014). On the other hand, 

Tzatzarakis et al. (2016) analysed the content of BPA in the two phases of the canned 

product (liquid and solid). They found higher levels of BPA in the solid phase than in the 

liquid phase (2.70 vs. 33.4 µg/kg). 

Beyond BPA, studies assessing the levels of BPs analogues are limited. Moreover, most 

of these studies only determined the concentrations of 2 or 3 analogues (especially, BPS, 

BPF and BPB). The occurrence of 8 BPs have been only determined in two studies. In USA, 

BPAF, BPP, BPS, BPAP, BPF, BPB and BPZ were found in analyzed food samples, with 

detection rates varying from 0 - 11% for BPZ, to 0 – 60% for BPF. Detection rates for BPB 

(0 – 13%) were in accordance with those found in this study (10%). On the other hand, 

BPB concentrations varied from <0.013 to 0.017 µg/kg, which are lower than the current 

results (<0.17 to 4.19 µg/kg) (Liao and Kannan, 2013). In Belgium, no bisphenol analogues 

were detected in any of the ready-to-eat meal samples analyzed, with the exception of 

BPS and BPF, which were only present in one sample (beef ravioli) (Regueiro and Wenzl, 
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2015). In Korea, BPS and BPF levels were determined in canned food samples. Like in the 

present study, BPS and BPF were not detected in any of the samples (Choi et al., 2018).  

In parallel, BPB was found in canned seafood samples purchased in Portugal and Italy, 

both with lower detection rates than BPA (83% vs 12%, and 75% versus 12%, respectively) 

(Cunha et al., 2012; Fattore et al., 2015). These results agree with the percentages of BPB 

detection of the present survey (13%). Lower rates for BPB were found in Portugal, where 

BPB was only detected in 2 of 39 samples (Cunha and Fernandes, 2013). 
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Table 3. Concentrations of BPs in foodstuffs from different countries: a summary of scientific literature. 

Country BPA (µg/kg) Type of food container  Type of food   Reference  

China 0.20 – 106 Canned and non-canned 
Dairy, meat, poultry, fish, soup, bread and cereal, vegetable, 

fruit, beverage, baby food, fast food, miscellaneous 
Cao et al., 2011 

Japan 3.4 Canned 
Fish, meat, vegetable, fruit, other cooked food, coffee, tea, other 

beverages 
Kawamura et al., 

2014 

Korea <1.41 – 278.5 Canned 
Meat, fish, corn and beans, fruit, sauces, vegetables, liquor, 

beverages and coffee 
Choi et al., 2018 

Egypt 
6.14 – 710.59 Canned 

Meat, fish, vegetables, fruits, oil, milk and beverages Osman et al., 2018 
5.75 – 236.76 Non-canned 

United States 
0.31 - 149 Canned 

Fruit, vegetables, meat, fish and dairy Lorber et al., 2015 
0.28 – 0.41 Non-canned 

Portugal <1 - 62 Canned Seafood Cunha et al., 2017 

Norway 0.11 – 5.8 Canned and non-canned 
Grain and grain products, milk and dairy products, meat and 

meat products, fish and fish products, fats, fruits and vegetables, 
ready-to-eat, snacks, beverages, condiments, others 

Sakhi et al., 2014 

Spain 
<0.17 – 88.66 Canned 

Meat, fish, vegetables, fruit, bread, dairy products and bakery Present study 
<0.17 – 9.56 Non-canned 

Country BPB (µg/kg)  Type of food container Type of food Reference 

United states <0.013 – 0.017 Canned and non-canned 
Beverages, dairy products, fats and oils, fish and seafood, cereals 
and cereal products, meat and meat products, fruit, vegetables, 

others 

Liao and Kannan., 
2013 

Portugal <0.4 – 21.7 Canned Seafood Cunha et al., 2012 
Italy <0.9 – 145.9 Canned Tuna Fattore et al., 2015 

Spain 
<0.17 – 3.86 Canned 

Meat, fish, vegetables, fruit, bread, dairy products and bakery Present study 
<0.17 – 4.19 Non-canned 
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Results 

In a recent review, Russo et al. (2019) reported BPs concentration in food from different 

countries and matrices. Regarding vegetables, asparagus was the food product that 

contained the highest level of BPA (959 µg/kg), being in accordance with the results here 

presented. Other types of food showed highly variable levels of BPA, being lower levels 

in beverages and higher in other foodstuffs (seafood, vegetables and meat). These data 

are in agreement with those provided by EFSA (2015), which highlighted the significant 

differences between canned and non-canned food, with meat, fish, grains, legumes, 

condiments, and snacks showing relatively higher levels (>30 µg/kg). 

Estimated dietary intake of BPs through the diet 

Total and daily intake through the diet of BPs analogues was assessed. Although in this 

study drinking water was not analyzed, exposure was calculated using concentrations of 

BPs taken from the literature (Zhang et al., 2018), being mean water consumption data 

from the ANIBES study (Nissensohn et al., 2016). BPA, BPAF, BPB, BPE, BPF and BPS 

exposure from drinking water was estimated to be 0.005, 0.001, 0.001, 0.0001, 0.0001 

and 0.0003 µg/day, respectively.  

Total BPA intake for the two-day diet for the canned group was estimated to be 24.9 µg, 

way above the estimated intake for the non-canned group: 3.12 µg. For BPB, a similar 

estimation was found for both groups: 0.46 and 0.45 µg, for canned and non-canned diet, 

respectively. Lastly, the estimated intakes of BPE were 0.28 and 1.16 µg, for the canned 

and non-canned groups, respectively.  

Taking the days separately, canned group had a BPA intake of 15.7 µg/day for day one, 

and 9.26 µg/day for day two. On the other hand, non-canned group had an intake of 2.20 

and 0.92 µg/day for the first and the second day, respectively. For BPB, canned group, 

had an intake of 0.31 and 0.15 µg/day for each day. Similarly, non-canned group had 

intakes of 0.31 and 0.14 µg/day, respectively. Finally, for the canned group BPE intake 

was 0.14 µg/day for both days, while for the non-canned group, the estimated intake was 
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calculated to be 0.71 and 0.45 µg/day, for the first and second day, respectively (Table 

4).  

Table 4. Estimated dietary intake of BPA, BPB and BPE for canned and non-canned diet. 

Day of the 
diet 

BPA (µg/day) BPB (µg/day) BPE (µg/day) 

Canned 
Non-

canned 
Canned 

Non-
canned 

Canned 
Non-

canned 

Day 1 (D1) 15.7 2.20 0.31 0.31 0.14 0.71 

Day 2 (D2) 9.26 0.92 0.15 0.14 0.14 0.45 

Mean ± SD 12.5 ± 4.6 1.56 ± 0.9 0.23 ± 0.11 0.22 ± 0.12 
0.14 ± 
0.002 

0.58 ± 0.19 

 

Based on the daily intake of BPs and the average body weight of the cohort (68 kg), two-

day diet total BPA exposure was estimated to be 0.37 and 0.05 µg/kg bw for canned and 

non-canned diet, respectively. With respect to BPB, 0.007 µg/kg bw was the estimated 

exposure for both diet groups. Finally, BPE exposure was estimated to be 0.004 and 0.02 

µg/kg bw, for canned and non-canned food, respectively. 

Daily exposure was estimated as follows: on the first day for the canned diet, BPA, BPB 

and BPE exposures were 0.23, 0.004 and 0.002 µg/kg bw/day, respectively. On the second 

day, estimations were 0.14, 0.002 and 0.002 µg/kg bw/day for BPA, BPB and BPE, 

respectively. For the non-canned diet, exposures to BPA, BPB and BPE on the first day, 

were 0.03, 0.005 and 0.01 µg/kg bw/day, respectively, while in the second day, 0.01, 

0.002 and 0.007 µg/kg bw/day were the exposures estimated for BPA, BPB and BPE, 

respectively.  

Canned asparagus had BPA concentrations above the migration limit, being its 

contribution a 28% of the total exposure to BPA. However, high-BP diet group did not 

exceed the TDI of 4 µg/kg bw/day, which is established by the EFSA. Neither the BPA-free 

diet group exceeded the threshold limit (Figure 2) (EFSA, 2015). The comparison between 

other analogues of BP and their TDI values was not possible, because international 

organizations have not set threshold limits yet. 
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Results 

Although the estimated dietary intake of BPA is below the TDI, other exposure pathways, 

such as dermal absorption or air inhalation, should not be disregarded. In addition, the 

presence of traces of other endocrine disruptors in food could increase the total exposure 

and cause adverse health effects, even at low-dose exposures (Tsatsakis et al., 2016). 

 

Figure 2. Estimated dietary exposure of BPA for 2 different groups, and comparison with TDI (4 
µg/kg bw/ day). D1: Day 1; D2: Day 2 

CONCLUSIONS 

BPA is the most widespread BP analogue in both canned and non-canned foodstuff 

purchased in Spain. Consequently, the Spanish population is mainly exposed to this BP 

analogue. BPB and BPE were also detected, but at a much lower rate than BPA. The other 

analogues here assessed (BPS, BPF, BPAF, BPZ, BPAP and BPP) were not detected in any 

food sample. Nevertheless, the assessment of the BPs levels in food – regardless the food 

packaging – is clearly needed in order to ensure that food products do not mean a risk 

for human health. The estimated dietary exposure to BPA showed that none of the 

groups (canned and non-canned) exceeded the TDI established by the EFSA, even though 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

100 

canned asparagus were above the new migration limit recently fixed by the European 

Commission.  

Biomonitoring studies of BPs must be conducted in duplicate diet studies to explore their 

ADME -adsorption, distribution, metabolism and excretion- and to protect human health. 

These studies should not only be focused on BPA, but also on all BPs analogues. 

Moreover, as it has been proved that BPs analogues –other than BPA- are also used by 

the food industry, regulations on their occurrence in food, migration limits from food 

packaging materials, and TDIs are urgently required. 
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ABSTRACT 

For non-occupationally exposed adults, dietary intake is the main route of exposure to 

bisphenols (BPs), with canned foodstuffs playing a key role. This study was aimed at 

biomonitoring bisphenol A (BPA) and 5 more BP analogues (BPB, BPE, BPF, BPAF and BPZ) 

in spot urine and blood samples of a cohort of adults, who followed a diet based on a 

high consumption of canned food. The estimated total dietary exposure was 0.37 and 

0.045 µg/kg body weight/day, for the BP-exposed and control groups, respectively. BPA 

was the compound with the highest concentration in urine in comparison with the values 

of the remaining BPs analogues. A high detection rate of BPA was noted in urine (94%), 

while in blood it could be only quantified in 6% of the samples. The identification of other 

analogues was poor and random, being hardly related to diet. After 2 days, excretion of 

BPA was significantly higher in the BP-exposed subjects than those in the control group 

(7.02 vs. 1.89 µg/day), confirming that diet and canned foodstuffs are the main route of 

exposure to BPA. Anyhow, the t-TDI established by the EFSA was not exceeded, even by 

those consumers with a diet rich in canned food. Moreover, spot urine samples provided 

accurate information about exposure and excretion of BPA, being the 4 h, instead of 24 

h, the optimal sampling interval. To the best of our knowledge, this is the first study 

aimed at assessing the co-exposure of BPs analogues in food and biological samples after 

a two-day duplicate diet study. 

 

Keywords: BPA; duplicate diet; biomonitoring; bisphenol analogues; urine. 
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INTRODUCTION 

Human biomonitoring is an analysis method widely used to measure concentrations of 

chemical substances and metabolites in biological tissues (Albertini et al., 2006; Ibarluzea 

et al., 2016). It is a good mechanism to assess exposure to environmental pollutants and 

to identify potential risks for human health. Traditionally, a number of biological 

matrices, including blood, urine, hair and breast milk, among others, have been used for 

human biomonitoring (Ashrap et al., 2018; Esplugas et al., 2019, 2020; Ibarluzea et al., 

2016; Katsikantami et al., 2016; Nadal et al., 2019; Quinete et al., 2016; Schuhmacher et 

al., 2019; Song et al., 2018; Velázquez-Gómez and Lacorte, 2019).  

In recent years, the biomonitoring of endocrine disruptors has been increasing (Cullen et 

al., 2017; Karrer et al., 2020; Rodríguez-Gómez et al., 2017; Tordjman et al., 2016; Vela-

Soria et al., 2016). Specifically, many efforts have been made to assess the occurrence of 

bisphenols (BPs) in biological matrices. BPs are a family of organic compounds that have 

a hydroxyl residue directly bound to an aromatic ring, obtained by the condensation of a 

phenol with a ketone or an aldehyde (Corrales et al., 2015; Geens et al., 2012; 

Michałowicz, 2014). Bisphenol A (BPA) is the most used analogue among the 24 BPs 

described in the literature (Pelch et al., 2017). BPs are not persistent in the human body, 

being usually excreted through urine around 6 h after ingestion (Oh et al., 2018; Thayer 

et al., 2015). Although BPs are not bioaccumulative, human exposure is ubiquitous. BPs 

are contained in many daily-life products, such as coatings for food packaging, metal jar 

lids, automobile parts, thermal paper, dental sealants, toys, household appliances, 

adhesive plastics and clothes (Vandenberg et al., 2007; Chen et al., 2016a; Kang et al., 

2006; Freire et al., 2019; Xue et al., 2017). 

BPs have been found in trace amounts in a wide range of samples, including food (Choi 

et al., 2018; Cunha et al., 2012; Fattore et al., 2015; González et al., 2019a; Liao and 

Kannan, 2014), biological tissues (Cunha and Fernandes, 2010; Genuis et al., 2012; 

González et al., 2019b; Kolatorova Sosvorova et al., 2017; Martínez et al., 2019; Morgan 
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et al., 2018; Tzatzarakis et al., 2015), as well as in different environmental compartments 

(Česen et al., 2018; Hu et al., 2019; Jin and Zhu, 2016; Liao et al., 2012; Liu et al., 2017). 

For non-occupationally exposed adults, exposure to BPA occurs mainly through the diet, 

which means more than 99% of the total exposure (Martínez et al., 2017, 2018). After 

ingestion, BPs are quickly metabolized in the liver, transformed into an inactive form, and 

subsequently excreted through urine (Gramec Skledar and Peterlin Mašič, 2016). In turn, 

although the contribution of other routes of exposure (i.e.: dermal, inhalation) is minor, 

its relative importance should not be ignored (Geens et al., 2012; Lu et al., 2018; Porras 

et al., 2014; von Goetz et al., 2017). Taking into account that dietary intake is the most 

important route of exposure to this BPs, the monitoring of these chemicals in food, as 

well as the exposure assessment, should be periodically performed for public health 

protection. To date, many investigations have already been focused on assessing the 

dietary exposure to BPA (Abou Omar et al., 2017; Chen et al., 2016b; Teeguarden et al., 

2011), but the knowledge on the occurrence and co-exposure of other BPs analogues is 

scarce (Husøy et al., 2019).  

The present study was aimed at assessing the levels of BPA and 5 more BP analogues in 

blood and urine samples of an adult cohort of population, who followed a diet with a high 

content of canned food. The dietary intake of these BPs analogues was also estimated 

and compared with previous values (Gonzalez et al., 2019a). To the best of our 

knowledge, this is the first time that the dietary co-exposure to 6 BPs analogues is 

assessed by means of a duplicate diet study, considering two perspectives: the 

occurrence of BPs in both, food (intake) and biological matrices (excretion). Previous 

investigations were basically focused on the single exposure to BPA. 

MATERIALS AND METHODS 

Standards and chemicals 

BPA (99% purity), BPB (98% purity), BPF (98% purity), BPE (98% purity), BPAF (98% purity), 

and BPZ (99% purity) were purchased from Sigma-Aldrich (West Chester, PA, USA). In 
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addition, d16-bisphenol A (BPAd16; 98 atom % D), used as internal standard, was 

purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Individual 

standard solutions and internal standards were prepared in methanol (HPLC grade from 

Sigma-Aldrich) at concentrations of 1000 µg/L. Acetonitrile (MeCN, gradient grade for 

HPLC), acetic anhydride (AA; >99% purity) and tetrachloroethylene (T4CE, >99% purity) 

were acquired from Sigma-Aldrich. Potassium carbonate (analytical grade) was obtained 

from Panreac Quimica (Barcelona, Catalonia, Spain). β-Glucuronidase (Type 1 from Helix 

pomatia, 100000 U/g solid glucuronidase) was purchased from Sigma-Aldrich. 

Instrumental equipment 

BP analyses were performed in a gas chromatograph 6890 (Agilent, Little Falls, DE, USA) 

equipped with a Combi-PAL autosampler (CTC Analytics, Zwingen, Switzerland) and a 

mass selective detector (5975B, Agilent), with an electron ionization (EI) chamber. The 

separation was performed on a DB-5MS column (30 m × 0.25 mm I.D. × 0.25 µm film 

thickness; J&W Scientific, Folsom, CA, USA). Chromatographic and detection 

specifications have been described elsewhere (González et al., 2019b).  

 Quality Control/Quality Assurance 

Procedural blanks were measured each batch of 10 samples. Blank samples were spiked 

with both recovery and internal standards to evaluate linearity, linear range, sensitivity, 

precision and accuracy, according to EU guidelines (European Commission, 2017). A 

multilevel matrix-matched calibration with nine calibration levels, was generated by the 

least squares’ linear regression model. The peak area ratios of each target analyte, as well 

as the internal standard vs. the concentration of each target compound, were plotted. 

Detection limits were calculated using low level points to achieve signal-to-noise ratios 

of 3. In turn, the quantification limits were established as the lowest concentration 

assayed with acceptable accuracy and precision, corresponding to the lowest calibration 

level of the calibration curve.  
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Results 

Duplicate diet study 

A 2-day duplicate diet study was performed to assess exposure to BPs of adults mainly 

consuming canned foodstuffs. Briefly, a cohort of 26 individuals was divided into two 

groups: 1) those following a potential high-BPA diet based on canned foodstuffs, 

(exposed), and 2) those following a BPA-free diet, made of fresh foodstuffs and food 

products packed in glass containers and other BP-free materials (control). Both groups of 

subjects followed a balanced diet, which was revised and approved by a dietitian. 

Additional details of the diet were previously given (González et al., 2019a). The cohort 

characteristics are described in Table 1. One of the participants (No. 19) was excluded 

from the study because he declared the consumption of food that was not in the provided 

food basket. Therefore, the cohort of the study consisted of 25 individuals. The study was 

approved by the Ethical Committee for Clinical Investigation of the Institut d’Investigació 

Sanitària Pere Virgili (IISPV, Reus/Tarragona, Spain, Ref. CEIm: 112/2018). A written 

informed consent was obtained from all the participants. 

Table 1. Cohort characteristics (n=25) 

% Exposed (n= 14) 
(n=14) 

Control (n=11) 
(n=11) Gender   

Male 29 36 

Female 71 64 

Body Mass Index   

Underweight (<19 kg/m2) 0 0 

Normal (19-25 kg/m2) 64 45 

Overweight (>25 kg/m2) 29 55 

Obese (>30 kg/m2) 7 0 

Smoking   

Yes 14 0 

No 86 100 
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 Sample collection 

Urine and blood samples were collected to further analyse the concentrations of BPs. 

During the whole 48-h study, each participant collected spot urine samples and the first 

void urine (FVU) of the third day. On the other hand, blood samples were extracted in 

heparin tubes during the first day of the study. Extraction was done at four time spots: 8 

AM (fasting), 11 AM, 2 PM and 5 PM. Fasting samples were considered as a baseline 

exposure, while the schedule for the other blood extractions was designed taking into 

account that the maximum concentration of BPs in serum is reached 1 h after their 

intakes (Thayer et al., 2015; Oh et al., 2018). Firstly, 2 mL of whole blood were taken 

separately. Blood samples were then centrifuged at 1300 g for 10 min in order to obtain 

plasma and the red blood cell (RBC) fraction. All the biological samples were stored at -

20ºC until analysis. In order to complete the information about the cohort, food 

frequency and lifestyle questionnaires, as well as a journal to record the total volume of 

each urine sample, were filled up by each subject. Participants were also asked for noting 

any other activities with a potential exposure and excretion of BPs, as well as incidents 

occurred during the study. 

BPs analysis in urine  

After collection, urine samples were thawed at room temperature and homogenized by 

vortex. The analysis of free BPs was performed following a previously developed method 

(González et al., 2019b). Five mL of sample were transferred to a glass tube with conical 

bottom and spiked with 50 µL of BPAd16. Rapidly, 1325 µL of MeCN, 85 µL of T4CE and 

125 µL of AA were added to the sample. Tubes were shaken and centrifuged for 10 min 

at 2500 rpm and 4ºC. Finally, 70 µL of the lower phase were transferred to a 100 µL insert, 

being 1 µL injected into the GC-MS equipment. In turn, for the determination of total 

(free + conjugated) BPs, 5 mL of sample were transferred to a clear vial, to which were 

added 100 µL of β-glucoronidase solution (20,000 U/mL in 1M ammonium acetate buffer 

pH 5.0). The mixture was then incubated overnight at 37ºC in order to guarantee the 

hydrolysis. After cooling at room temperature, BPs were extracted as above stated. 
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Results 

BPs analysis in whole blood, RBC and plasma 

The preparation of the samples and the extractive procedures were performed according 

to González et al. (2019b). Firstly, whole blood, RBC and plasma samples were thawed at 

room temperature and homogenized by vortex. For the analysis of free BPs, 1.5 mL of 

MeCN was added to 500 µL of samples of total blood, RBC and plasma. Each sample was 

firstly spiked with 40 µL of BPAd16, kept at room temperature for 10 min, and then 

centrifuged at 3500 rpm for 4 min. Subsequently, 1 mL of sample was transferred to a 

clean vial, adding 85 µL of T4CE and 100 µL of AA to the sample. In a glass tube with 

conical bottom, 3 mL of deionized water and 300 µL of K2CO3 (to achieve a pH ≥ 10) were 

added. Rapidly, the sample was transferred to the glass tube and vortexed. Samples were 

then centrifuged at 2100 rpm for 4 min. Finally, 70 µL of the lower phase were transferred 

to a 100 µL insert, being 1 µL injected into the GC-MS system. In turn, for the analysis of 

total (free + conjugated) BPs, 1.5 mL of sample was transferred to a clean vial and 30 µL 

of β-glucoronidase solution (20,000 U/mL in 1M ammonium acetate buffered to pH 5.0) 

were added. Samples were incubated overnight at 37ºC to guarantee the hydrolysis. 

After cooling at room temperature, BPs were extracted as previously described. 

Calculation of BPs urinary elimination  

Total BPs elimination was calculated for each individual by multiplying the BP analogue 

concentration of each spot urine sample (µg/mL) by the volume of the urine sample of 

the corresponding spot sample (mL). To calculate the elimination of BPs on a daily basis, 

the following assumptions were considered: i) the first void urine (FVU) contained urine 

samples collected before the breakfast of the day 1; ii) day 1 data included urine samples 

collected between the breakfast of day 1 and the breakfast of day 2; iii) day 2 contained 

urine samples collected after the breakfast of day 2 until the FVU sample of day 3. 
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 Statistical analysis 

To evaluate significant differences between exposed and control groups, as well as 

through time, the statistical package SPSS 20.0 was used. Firstly, a Kolmogorov-Smirnov 

test was applied to compare the homogeneity of the variances. Then, a Student’s t-test 

was applied to determine statistical differences. In turn, the effect of consuming canned 

food on the exposure to BPA was assessed by building a mixed effects linear model on: i) 

the quantity of excreted BPA as a function of time; ii) the dichotomous factor of ingestion 

of canned food as a fixed effect; and iii) the baseline excretion of each participant as a 

random effect. This analysis was carried out by means of the statistical package R version 

3.5.3. 

RESULTS AND DISCUSSION 

 BPs in urine samples  

Concentrations of BPA 

Free BPA was found only in 19 out of 189 urine samples of the BP-exposed group and 7 

out of 138 urine samples of the control group. Hence, detection rates were only 10% and 

5% for the BP-exposed and control groups, respectively (Supplementary Material, Tables 

S1-S2). Mean concentrations of free BPA were similar in both groups, independently on 

the consumption of canned foodstuffs (0.21 vs. 0.12 µg/L for the BP-exposed and control 

groups, respectively). Low detection rates of free BPA might be related to the fact that 

BPA is mostly eliminated in the conjugated form, because of its rapid conjugation upon 

intake (Völkel et al., 2002). In fact, our results are in good agreement with those reported 

in a German study, in which less than 15% of the urine samples showed unconjugated 

BPA levels (Koch et al., 2012). 

As expected, a high detection rate of total BPA (free + conjugated) was observed in urine. 

Total BPA was found in 306 out of 327 urine samples (94%) of both BP-exposed and 

control groups. The mean concentrations of total BPA per individual participant and per 

diet group (BP-exposed and control) over the study are summarized in Table 2. The mean 
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Results 

concentrations of total BPA in the FVU of exposed and control groups were not 

significantly different (3.29 vs. 2.11 µg/L; p>0.05). Afterwards, the excretion of total BPA 

by the BP-exposed population significantly increased in days 1 and 2 (5.24 and 6.21 µg/L, 

respectively). In contrast, the excretion of total BPA in the control group over the two 

days of the study was similar to their FVU, being 2.45 and 1.82 µg/l after 24 h and 48 h, 

respectively. The variability was substantially higher between individuals of the BP-

exposed group than in those of the control group. It was probably due to the increase of 

BPA ingestion and the inherently different metabolism of the participants. 

Detection rate of the current study is in accordance with those found in other 

investigations. In Norway, Husøy et al., (2019) detected BPA in 96% of 24-h urine samples 

from 144 adult volunteers who kept detailed diaries on their food consumption, the use 

of personal care products and handling of cash receipts. In the USA, BPA was detected in 

98% of urine samples from 50 adults aged between 19 and 50 (Morgan et al., 2018), while 

slightly lower detection rates to those here observed were previously reported in 

Portugal (85%) and China (84%) (Cunha and Fernandes, 2010; Zhang et al., 2013).  

Regarding urinary BPA concentrations, the geometric mean (GM) of the control group 

(1.64 µg/L) is in agreement with the results reported by Covaci et al. (2015), who analysed 

the urinary concentrations of total BPA in six European countries (Belgium, Denmark, 

Luxembourg, Slovenia, Spain and Sweden). The GM of BPA levels ranged between 2.55 

and 1.30 µg/L, with Belgium and Sweden showing the highest and lowest GM, 

respectively. For the control group, the current results would fit well within the range. 

Contrastingly, as a potentially high-BPA diet was designed, the GM of BPA in urine of the 

BP-exposed group (3.73 µg/L) was notably higher than the data relative to 6 European 

countries (Covaci et al., 2015). 
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Table 2. Mean levels of total BPA in urine (µg/L) in BP-exposed and control groups during the 

study.  

No. Participant  FVU Day 1 Day 2 

BP-EXPOSED 

1 2.91 1.50 2.80 
2 <0.2 1.96 1.76 
3 1.45 6.08 10.6 
5 0.95 2.52 3.43 
8 4.53 7.72 8.31 
9 15.7 3.25 6.75 

10 0.48 3.85 3.59 
18 1.78 5.01 4.30 
20 2.06 3.89 6.02 
21 5.74 8.31 9.73 
22 3.64 8.42 14.6 
23 1.94 10.5 2.60 
24 3.47 3.55 6.32 
25 1.45 6.75 6.06 

Mean 3.29 a 5.24**, b 6.21***, b 

Standard deviation 3.91 2.76 3.61 
Geometric mean 2.43 3.31 4.51 

CONTROL  

4 0.76 1.83 1.93 
6 3.58 1.46 1.28 
7 3.34 3.32 2.92 

11 2.35 3.38 2.09 
12 1.44 1.88 1.80 
13 0.71 2.41 1.82 
14 2.26 1.40 1.01 
15 <0.2 1.40 1.36 
16 2.39 1.84 1.15 
17 3.10 3.88 1.59 
26 3.29 4.14 3.10 

Mean 2.11 a 2.45 a 1.82 a 
Standard deviation 1.22 1.04 0.68 
Geometric mean 2.03 1.72 1.57 

* Asterisks indicate significant differences between BP-exposed and control groups at **P < 0.01 and ***P < 
0.001. 
abc Different superscripts indicate significant differences between days (p<0.05). 
FVU: First void urine. 
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Results 

Amount of BPA excreted 

The amount of total urinary BPA, estimated from the concentration of total BPA and the 

volume of urine, is shown in Table 3. Before the beginning of the study, all participants 

of both groups, BP-exposed and control, excreted a non-significantly different amount of 

BPA (0.81 and 0.53 µg/day, respectively). Afterwards, people eating canned foodstuffs 

significantly increased the amount of total BPA excreted during the rest of the study 

(p<0.001), with urine amounts of 7.11 and 7.02 µg obtained in days 1 and 2, respectively. 

Unexpectedly, the control group also excreted a higher amount of total BPA through the 

study, reaching values of 2.84 µg and 1.89 µg after 24 h and 48 h, respectively. The 

analysis of total BPA levels in FVU samples in the first day confirmed that both groups 

were similarly exposed to BPA before starting the duplicate diet study. However, the 

excreted levels for the BP-exposed group were significantly higher than those 

corresponding to the control group. Consequently, it can be confirmed that the 

consumption of canned foodstuffs and food packed in polycarbonate plastics significantly 

increase the exposure to BPA. 

The average daily exposure to BPA in the BP-exposed and control groups is summarized 

in Table 3. The mean daily exposure to BPA of the BP-exposed group was constant 

through the study: 0.11 µg/kg bw/day. This value is slightly lower than that calculated by 

Gonzalez et al. (2019a) for the same population, in which data on food frequencies and 

BPA concentrations in foodstuffs was taken into account (0.23 µg/kg bw/day in day 1, 

and 0.14 µg/kg bw/day in day 2). In contrast, no differences were found in the control 

group when comparing the current dietary exposure with that previously estimated 

(González et al., 2019a): 0.04 vs. 0.03 µg/kg bw/day, and 0.03 vs. 0.01 µg/kg bw/day in 

days 1 and 2, respectively. Differences in both estimated BPA exposures could be the 

result of BPA exposure through other routes, either individual or combined (e.g., dermal 

absorption, air inhalation, etc.), and/or the fact that BPA may be excreted through other 

routes, such as sweat (Genuis et al., 2012). Although BPA is mostly eliminated through 
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urine, it must be remarked that BPA is a lipophilic compound and, consequently, it might 

be partly accumulated in adipose tissue (Artacho-Cordón et al., 2018).
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Table 3. Total BPA elimination and exposure for the BP-exposed and control groups through the study.  

No. Participant 
Total BPA elimination (µg)  

Total BPA exposure 
(µg/kg bw/day) 

FVU Day 1 Day 2  FVU Day 1 Day 2 

BP-EXPOSED 

1 1.02 3.48 3.60  0.013 0.045 0.046 
2 ND 3.10 3.49  ND 0.055 0.062 
3 0.39 6.59 5.73  0.006 0.100 0.087 
5 0.38 7.88 7.26  0.007 0.141 0.130 
8 0.79 7.69 10.6  0.012 0.118 0.162 
9 3.93 6.30 5.45  0.058 0.093 0.080 

10 0.087 8.52 5.75  0.002 0.158 0.106 
18 0.58 3.64 6.42  0.007 0.046 0.080 
20 0.41 5.89 8.60  0.008 0.118 0.172 
21 0.29 14.9 11.8  0.005 0.276 0.218 
22 0.87 4.77 14.3  0.013 0.071 0.213 
23 1.16 9.20 3.79  0.015 0.118 0.049 
24 1.09 4.89 5.80  0.014 0.061 0.073 
25 0.32 12.7 5.74  0.004 0.149 0.068 

Mean 0.81a 7.11***, b 7.02***, b  0.01 0.11 0.11 
St. Dev. 0.97 3.42 3.21  0.01 0.06 0.06 

CONTROL 

4 0.08 2.19 2.25  0.001 0.035 0.036 
6 1.07 2.73 2.10  0.016 0.040 0.030 
7 1.09 4.17 3.34  0.012 0.048 0.038 

11 0.47 3.42 1.61  0.008 0.057 0.027 
12 0.30 1.97 1.05  0.004 0.029 0.015 
13 0.11 1.75 1.38  0.002 0.025 0.020 
14 0.59 1.97 0.50  0.011 0.037 0.009 
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15 ND 3.24 1.41  ND 0.044 0.019 
16 0.36 2.54 1.48  0.005 0.036 0.021 
17 0.50 3.31 2.36  0.009 0.060 0.043 
26 1.31 3.92 3.26  0.014 0.043 0.036 

Mean 0.53a 2.84b 1.89c  0.01 0.04 0.03 
St. Dev. 0.44 0.83 0.88  0.01 0.01 0.01 

*** Asterisks indicate significant differences between BP-exposed and control groups at P < 0.001. 
abc Different superscripts indicate significant differences between days (p<0.05). 
FVU: First void urine. 
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Results 

In 2015, the European Food Safety Authority (EFSA) reduced the tolerable daily intake (TDI) 

of BPA from 50 to 4 µg/kg bw/day (EFSA, 2015). Considering this last value, none of the 

groups here evaluated would exceed the threshold value. However, it must be noticed that 

the EFSA-TDI is still temporary, being the EFSA updated assessment scheduled for 2020. 

Furthermore, it cannot be neglected that a number of studies have reported adverse effects 

of BPA - even at low doses - such as disturbed mammary gland development, changes in 

normal behavioural parameters, or interference in brain development and functions (Negri-

Cesi, 2015; Rosenmai et al., 2014).  

Finally, for the BPA exposure group, the values are similar to those reported during a 24-

hour high-dietary BPA exposure study performed in the United States with 20 volunteers, 

who consumed a diet rich in canned foods and juices (Teeguarden et al., 2011). The 

volunteers’ average consumption of BPA, estimated from the urinary excretion of total BPA, 

was 0.27 µg/kg bw/day. On the other hand, the dietary exposure to BPA of the control group 

would be similar to other worldwide reported values. Huang et al. (2017) estimated the 

levels of human BPA exposure considering urinary concentrations. Results reported 

exposure ranges of 0.0079-0.065 µg/kg bw/day for people living in 30 countries, with Italy 

and Tunisia showing the maximum and minimum levels, respectively. However, these 

authors found that European countries showed relatively higher exposure levels, with Italy, 

Sweden, Denmark, France and Cyprus in the top five (Huang et al., 2017). 

The total BPA elimination curve of each participant over the study is depicted in Figure 1. 

Although participants who followed a diet rich in canned foods excreted higher amounts of 

total BPA than those in the control group, the elimination curve of both groups had a similar 

pattern, with a higher peak of BPA between 1 AM and 9 AM of day 2. 
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Figure 7. Total urinary BPA (µg) elimination curve for individual participants of BP-exposed and 
control groups during the 2-days duplicate diet study. D1: Day 1; D2: Day 2. 

The comparison in the levels of total BPA excretion between both exposure groups, 

classified according to 4-, 12-, and 24-h intervals, are shown in Figure 2. In general terms, 

the wider the interval is, the lower the sensitivity to exhibit changes during the duplicate 

diet study, being 4 h the optimal. The R2 of each mixed model worsens as the interval 

increases, proving that the optimization of the model increases inversely with the time 

interval. Hence, the shorter the interval, the better the excretion of total BPA is modelled 

(Supplementary Material, Tables S3-S4). Consequently, these results clearly confirm that 
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Results 

the BPA analysis of spot urine samples provides much more information than the 

determination of BPA in composite samples of urine. Moreover, when the collection of spot 

samples is not possible, urine samples should be collected in short intervals of at least 4 h 

or less.  
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Figure 8. Total BPA elimination for BP-exposed and control groups considering a) 4-hour; b) 12-
hour and c) 24-hour intervals during the duplicate diet study. D1: Day 1; D2: Day 2; D3: Day 3. 
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Results 

The comparison between the dietary intake and the excretion of total BPA is depicted in 

Figure 3. During day 1, both groups showed similar levels of total BPA. However, at the night 

of day 1 and, especially in the morning of day 2, the difference between both groups clearly 

increased. This high peak might be related to the higher intake of BPA at dinner of day 1. It 

must be highlighted that the sample of canned asparagus consumed by the BP-exposed 

population contained a BPA level that exceeded the specific migration limit of BPA 

(González et al., 2019a), set at 50 μg/kg by the EC (2018). On the other hand, the excretion 

curve of total BPA for the control group also showed a peak in the morning of day 2, which 

could be related to the intake of glass-packed corn containing BPA at a concentration of 

4.21 µg/kg. Subsequently, the amount of excreted BPA decreased in both groups. However 

the BP-exposed group continued to excrete a higher amount of total BPA than those in the 

control group until the end of the study. The mixed model between exposed and control 

groups (Table 4) showed significant differences on the time-slots 1 AM – 5 AM and 5 AM – 

9 AM of day 2 (p<0.001), confirming the strong correlation between diet and BPA exposure. 

Finally, the mixed model explained up to 71% of the variability (σ2), thus proving that the 

inter-individual variability (τ00) only contributed 17%.  
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Figure 9. Total BPA elimination plus dietary intake of BPA (in dots) for BP-exposed and control groups 
during the duplicate diet study. D1: Day 1; D2: Day 2; D3: Day 3 
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Results 

Table 4. Mixed model between BP-exposed and control groups considering 4-hour intervals. 

Predictors 
Amount (µg) 

Estimates CI P 

Intercept 1.08 0.68 – 1.49 <0.001 
Non-canned -0.78 -1.15 – -0.40 <0.001 
Day 1 09:00 -0.44 -0.90 – 0.01 0.056 
Day 1 13:00 -0.29 -0.72 – 0.14 0.187 
Day 1 17:00 -0.23 -0.68 – 0.21 0.297 
Day 1 21:00 0.02 -0.47 – 0.50 0.947 
Day 2 01:00 1.71 0.89 – 2.54 <0.001 
Day 2 05:00 1.89 1.41 – 2.36 <0.001 
Day 2 09:00 0.12 -0.35 – 0.59 0.613 
Day 2 13:00 -0.03 -0.47 – 0.42 0.904 
Day 2 17:00 -0.01 -0.45 – 0.43 0.974 
Day 2 21:00 0.00 -0.46 – 0.46 0.997 
Day 3 01:00 0.52 -0.20 – 1.24 0.158 
Day 3 05:00 0.41 -0.06 – 0.88 0.090 

Random effects 

σ2 0.71   
τ00 person 0.17   
ICC person 0.19   
Observations 327   
Marginal R2 / Conditional R2 0.355 / 0.477   

 

Levels of other BPs analogues 

Unconjugated BPs analogues, other than BPA, were not detected in any of the urine samples 

from both, BP-exposed and control groups. In turn, total BPAF, BPF and BPE could be 

quantified in some urine samples from individuals with a diet based on canned foodstuffs 

(Supplementary Material, Tables S1-S2). Traces of BPAF were found in two punctual 

samples (1.05 and 0.50 µg/L) of two BP-exposed participants (No. 1 and 18). These subjects 

indicated they had been in contact with personal care products (PCPs), which have been 

identified as an additional exposure pathway of relative importance for some BPs (Lu et al., 

2018). 

Eight samples from four participants had quantifiable levels of BPF, with a mean 

concentration of 6.56 µg/L. It must be remarked that one of the volunteers (No. 23) had 

detectable amounts of BPF in two-thirds of his urine samples, with a mean concentration 
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of 4.96 µg/L. According to his diary record, this subject had been handling thermal paper 

products, (i.e., bus tickets) and using PCPs, such as face cleansers, toothpaste or 

moisturizers, which potentially contain BPs (Lu et al., 2018; Rochester and Bolden, 2015).  

BPE was also found in some specific samples of three participants, being the mean level of 

these 0.28 µg/L. Surprisingly, three of the five positive samples belonged to one single 

participant. However, exposure to BPE was unlikely to be linked to diet, since the food items 

that contained BPE (mushrooms and nuts) were consumed in the first day 1 of the duplicate 

diet study (González et al., 2019a), while BPE was detected in urine samples of the second 

day. Unlike BPAF and BPF, no information on the occurrence of BPE in daily-life products is 

available in the scientific literature. Therefore, further research focused on determining 

sources and presence of BPE in market basket products is required. 

BPs in blood samples  

The concentrations of BPs in blood were determined as a complementary analysis to 

confirm whether BPs tend to remain in blood, or they are rapidly excreted through urine 

Unfortunately, the detection rates of BPA and the remaining 5 BPs analogues in 3 different 

blood matrices (whole blood, plasma and RBC) were extremely low and random 

(Supplementary Material, Tables S5-S10). Therefore, it would be hard to relate these 

concentrations to the dietary exposure of BPs. Briefly, total BPA was detected in the whole 

blood of 4 participants of the BP-exposed group and 2 volunteers of the control group, while 

free BPA was only detected in a sample of an individual consuming canned foodstuffs. As 

the participant with the highest concentrations of BPA reported to smoke and take 

medication during the study, some interference might have occurred (He et al., 2009). In 

turn, BPAF was detected in the first blood sample of one participant belonging to the control 

group. Although BPs have been scarcely determined in whole blood, the current detection 

rates are much lower than those reported elsewhere (González et al., 2019b; Yamamoto et 

al., 2016, Zhang et al., 2013). Regarding the occurrence of BPs in plasma, total BPA was only 

found in three BP-exposed participants, while total BPB was detected in two samples of the 

BP-exposed group and one in the control group (first blood extraction). Once more, the 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

129 

Results 

current detection rates of BPs in plasma were notably lower than those previously reported 

in the scientific literature (Cambien et al., 2020; Wiraagni et al., 2019; Kolatorova Sosvorova 

et al., 2017). Finally, BPA and BPAF were only detected in one RBC sample – each analogue 

in a different RBC sample – of the control group belonging to two different participants, 

being these detection rates also lower than those recently reported in Chinese adults (Jin 

et al., 2018). 

On one hand, our uncommonly low detection rates might be related to the fact that most 

of the above-mentioned studies were performed by means of LC-MS/MS. Anyhow, scarce 

results found in whole blood, plasma and RBC fractions could be explained by the fact that 

BPA is a non-persistent compound in the body that is quickly metabolized. Consequently, 

the occurrence of BPA in blood may be several orders of magnitude lower than that in urine 

(Calafat et al., 2013), being concluded that blood is not a suitable biological matrix to assess 

the dietary exposure to BPs. 

CONCLUSIONS 

To the best of our knowledge, this is the first duplicate diet study assessing co-exposure to 

BPA and five more BP analogues from a double perspective. The dietary intake of BPs was 

estimated by analysing the food consumed during the duplicate diet study, while their 

excretion was evaluated by determining BPs in urine. Interestingly, spot urine samples, 

instead of 24 h composite samples, were collected and individually analysed. The results of 

the present investigation mean valuable information for future studies, as an optimal time-

slot for urine sampling is also recommended. Additionally, BPs levels in three blood fractions 

were also determined as a complementary analysis.  

Urine was confirmed to be the best matrix to assess the dietary exposure to BPs, especially 

BPA. Detection rates in urine reached up to 94%, while BPA could be only found in 6% of 

the blood samples. Trace levels of other BPs analogues were found only promptly, but at 

much lower quantities than  those of BPA. FVU indicated that both groups – BP-exposed 

and control – were similarly exposed to BPA before starting the study, meaning that 
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avoiding the consumption of canned food could reduce substantially the exposure to BPs. 

Afterwards, exposure to BPA of the participants following a canned foodstuffs-based diet, 

significantly increased through time, supporting that diet plays an essential role in the 

exposure to BPA. BPA is a compound with a relatively short half-life in the body, since a high 

dietary intake of BPA is consistent with a subsequent high BPA elimination through urine. 

Moreover, the sampling and analysis of spot urine samples allows a better sensitivity to 

detect slight changes, providing more accurate information than 24 h composite samples. 

If individual samples cannot be collected, urine should be sampled in short periods (every 4 

h or less) to avoid any potential loss of information. 

Although participants following a diet rich in canned food products were more exposed to 

BPA than those in the control group, the temporary TDI established by the EFSA was not 

exceeded. However, further actions are required to ensure human health protection 

because the exposure to BPs has been linked to adverse health effects, even at acceptable 

doses. 
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Overall discussion 

Bisphenols (BPs) are chemical compounds widely used in the industry for the manufacture 

of polycarbonate plastic, epoxy resins or thermal paper. In fact, many daily used products – 

such as cans, dental fillings, medical devices or toys, among others –  incorporate BPs (Chen 

et al., 2016). BPs are chemicals of concern because of its structural similarity to 17β-

estradiol. This similar structure allows BPs to interact with the hormone receptors, 

disrupting endocrine pathways. This hormonal interference causes a dysfunctionality of the 

endocrine system, leading to adverse outcomes for the human health (Rochester, 2013).  

The present doctoral thesis was aimed at assessing the dietary co-exposure to BPA and 

other BP analogues in an adult cohort by means of a duplicate diet study.  

Firstly, in order to improve the analytical method of BPs in whole blood, extraction and 

derivatization of samples were optimized. Thus, different sample volumes, the use of 

ultrasonic bath, salts, and derivatizing agents were tested. Our results showed that 1000 µL 

did not provide a proportional increase of the peaks, being 500 µL the most suitable sample 

volume. MeCN was selected as a dispersive agent in the DLLME procedure, according to the 

results of Cunha and Fernandes (2010). The use of ultrasonic bath was unsuccessfully tested 

in the dissolution step of the sample, mainly because ultrasounds break down the molecules 

of BPs. Besides, the addition of salts (MgSO4 and C2H3NaO2) did not improve the 

quantification peaks. On the other hand, acetic anhydride (AA), N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA), trifluoroacetamide (TFA) and BSTFA with 

trimethylchlorosilane-pyridine (BSTFA:TMCS-pyridine) were tested as derivatizing agents, 

being AA the one showing the best performance.  

GC-MS of urine samples showed better linearity for BPA, BPAF, BPE, BPF, BPB, BPZ and BPAP 

than BPS, while in blood the linearity of BPA, BPAF, BPE, BPF and BPB was more satisfactory 

than those of BPS, BPAP and BPZ. 

Summarizing, it was concluded that the analysis by means of GC-MS is appropriate and it 

shows a good sensitivity for most BPs analogues. However, this technique would be 

somehow limited to analyse some specific BP analogues such as BPA. This is a polar 
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molecule with a sulfonyl group in its structure, even after the derivatizing of the hydroxyl 

groups. Thus, HPLC is better technique for BPS determination.  

After the optimization, the analytical method was validated by determining the 

concentrations of the selected BPs in urine and blood samples from a cohort of workers 

from a hazardous waste incinerator (HWI). This cohort was chosen because they are already 

included in a parallel biomonitoring program of an occupationally-exposed population. No 

potential correlations between BPs and trace elements in blood and urine were found. 

Anyhow, results indicated that the occurrence of trace elements in urine and blood is not 

correlated to that of BPs.  

In general terms, the exposure to BPs was not different according to the workplace or the 

gender. Differences in BP levels in urine or blood could be the result of different dietary 

patterns, since food intake – especially canned food or packed in polycarbonate plastic – 

has been described as the major route of exposure to this compounds. Unfortunately, 

information regarding their dietary habits was not available to accurately correlate the 

results with their food intake. Anyhow, the first chapter was aimed at validating the 

analytical method, which was successfully achieved.  

Subsequently, the duplicate diet study was initiated in order to evaluate: i) the levels of BPs 

in food samples; and ii) the real dietary exposure to these compounds in a population group. 

As mentioned before, food (especially canned) is the most important source of BPs for the 

general population. In canned foodstuffs, BPs are being used as the lining that protects the 

food from the direct contact with the tin. Although this can lining is made to protect the 

food, BPs can migrate to the food and enter to the human body through the diet. Therefore, 

accurate analysis of food samples is needed to estimate the exposure to BPs.  

With this purpose, up to 26 individuals were recruited to build the cohort, which were 

divided into two groups: 1) a potential high-BPA diet, consisting of the “canned food 

basket”, and 2) BPA-free diet, made of fresh food and food packed in glass containers and 

other BP-free materials, consisting of the “non-canned food basket”, and used as a control. 
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Overall discussion 

The cohort followed two days of balanced diet and they were able to drink as much water 

as they wished, always recording the source of the water (tap, bottled, etc.). 

In Chapter 2, food samples from both canned and control group were analysed.  Only BPA, 

BPB and BPE were detected, being BPA the most widespread BP analogue. In fact, BPA was 

detected in 14 out of 15 food items. Only canned asparagus was above the EU limit (50 

µg/kg), something to explore in the future, as it could be a single event or related to a 

commercial brand. In fact, asparagus, because of its high BPA concentration, was likely the 

main responsible of the high levels of BPA found in the urine samples at night of day 1 and 

in the morning of day 2, as presented in Chapter 3. In the diet provided to the cohort, the 

dinner of day 1, contained asparagus. Afterwards, the amount of total BPA excreted 

decreased in both groups, but those participants of the canned group kept excreting a 

higher amount of total BPA than the control group until the end of the study. The mixed 

model between exposed and control groups showed significant differences on the time-

slots 1:00am – 5:00 am and 5:00 am – 9:00am of day 2 (p<0.001), confirming the strong 

correlation between diet and urinary BPA. 

Unexpectedly, BPA was found in 36% of the non-canned food samples, being non-canned 

mushrooms the food item with the highest concentration. In any case, the levels of BPA in 

canned food were higher than those observed in non-canned food (p<0.01), mainly because 

food is in direct contact with the can lining. Regarding other BPs analogues, BPB was 

detected in chicken and olive oil, regardless the packaging, while BPE was only found in non-

canned mushrooms and nuts.  

The relevant concentrations of BPs in non-canned food might be due to: i) the migration 

from the coating of the caps of glass bottles (Noonan et al., 2011); ii) the potential 

contamination during the primary production of the products (Mercogliano & Santonicola, 

2018; Santonicola et al., 2018); iii) the ubiquity of plastics, related to an unexpected 

presence of BPs in food. Finally, BPs – other than BPA – were found at relatively low 

quantitites in food samples, meaning that BPA is not being replaced by BP analogues, 

despite the increasing regulations against this compound.  
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As expected, the total BPA intake for the whole two-day diet was higher for people eating 

canned food than for the controls. In contrast, the intake of BPB was similar, regardless the 

packaging of the food, while the control group ingested more BPE than the exposed group. 

Although the concentration of BPA in canned asparagus was above the EU limit, 

contributing up to 28% of the total exposure, the temporary TDI established by the EFSA 

was not exceeded. However, as for many EDCs, low doses are no guarantee of safety, so the 

potential harmful effects of BPs should not be disregarded (Tsatsakis et al., 2016). 

Unfortunately, the comparison of the estimated exposure to BPB and BPE with TDI values 

was not possible, since threshold values have not been established for BP analogues, other 

than BPA. Since some BP analogues are becoming serious alternatives to BPA, international 

organizations should consider to start specific regulation for these new chemicals. 

Subsequently, Chapter 3 was based on the analysis of BPs in biological samples of 

participants in the duplicate diet study. One of the 26 participants was discarded because 

he declared to consume food that was not provided in the food basket. This fact made clear 

the relevance of using food questionnaires and diaries to obtain the most detailed 

information about each participant. Therefore, the results of the third chapter are based on 

a cohort of 25 participants. 

Free BPA was found only in few urine samples, being their concentrations similar in both 

groups, exposed and control. It also supports that BPA is mostly eliminated in the 

conjugated form because of its rapid conjugation upon ingestion (Völkel et al., 2002; Koch 

et al., 2012). The high detection rate (94%) of total BPA in urine was not surprising. Since 

they were told to avoid the consumption of canned foodstuffs before starting the study, 

participants of both groups excreted a similar concentration of total BPA in the FVU. 

Afterwards, the excretion of total BPA significantly increased in those participants eating 

canned foodstuffs, while no significant changes were noted in the control group. Anyhow, 

the variability was substantially higher among individuals of the exposed group than in 

those not consuming canned foodstuffs, very probably due to the increase of BPA ingestion, 

as well as metabolism variability. 
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Overall discussion 

The detection rate of total BPA here found in the control group is in accordance with that 

observed in previous studies (Husøy et al., 2019; Morgan et al., 2018; Cunha & Fernandes, 

2010; Zhang et al., 2013). In turn, the urinary concentrations of BPA for the exposed 

participants are higher than those reported corresponding to typical calues in Europe 

(Covaci et al., 2015). It is likely to be because a potentially high-BPA diet was hereby 

designed. The amount of total BPA excreted through urine of exposed participants was 

significantly higher than that of the control, confirming that the consumption of canned  

food and foodstuffs packed in polycarbonate plastics significantly increase the exposure to 

BPA. Interestingly, the participants of the control group excreted a higher amount of BPA 

during the study than in the FVU.  

The estimated dietary exposure (Chapter 2) for the exposed group was 2-fold higher in day 

1 and 1.3-fold higher in day 2 than the real exposure calculated from the urinary BPA 

(Chapter 3). On the other hand, for the control group, urinary BPA values revealed that 75% 

of the total exposure in day 1 came from the diet. The dietary contribution to total exposure 

lowered to 33% in day 2. Differences in both estimated and real BPA exposures could be the 

result of: i) the potential exposure to BPA through other routes, such as dermal absortion 

or air inhalation; ii) the potential excretion of BPA through other elimination pathways, like 

sweat (Genuis et al., 2012); and/or iii) the potential bioaccumulation of BPA in adipose 

tissue (Artacho-Cordón et al., 2018). 

Finally, the dietary exposure to BPA of the exposed population was similar to values 

reported worldwide, while that of the control group was similar to countries with diet based 

on traditional cuisine, such as Tunisia (Huang et al., 2017). This substantial difference might 

be related to the fact that the diet of the control group avoids the consumption of canned 

food, while that of other studies might contain both canned and non-canned foodstuffs. 

Moreover, the exposure to this group of compounds – mostly used in food products – is 

more likely to happen in developed countries compared to developing countries, because 

of the higher consumption rates of canned or processed food. Therefore, it is reasonable 

that European countries present higher exposure levels to BPA. Anyhow, even when a 
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potentially high-BPA diet was designed, the average daily exposures to BPA are clearly 

below the temporary TDI (4 µg/kg bw/day) established by EFSA, (2015). Although this 

threshold is not definitive, with the actual TDI value, we can consider that the current 

exposure to BPA does not pose a risk for the human health, even when consuming a 

potentially high-BPA diet.  

Currently, EFSA is undergoing a re-evaluation of the TDI for the BPA along with its exposure 

effects to the human population which is expected to be delivered later in 2020. 

Anyway, it is also remarkable that low doses of BPA have been reported to cause some 

adverse health effects, such as allergic pulmonary inflammation, airway 

hyperresponsiveness and hormone receptor downregulation (Yanagisawa et al., 2019). In 

addition, a feminization of the male offspring along with a decreased sperm count was also 

reported (Mandrup et al., 2016).  

Furthermore, the chronic exposure to BPA should be also taken into account because 

humans are permanently exposed to low concentrations of BPA. This chronic exposure to 

low doses of BPA has been found to affect sperm production and motility. Moreover, male 

hormones, like testosterone can be reduced, while female hormones, like estradiol can be 

increased (Ullah et al., 2018).  

In duplicate diet studes, the socioeconomic level is not an important factor because all the 

consumed food is provided in a food basket. Although this issue should be a critical 

consideration when performing larger biomonitoring studies. In general, people with lower 

incomes have higher BPA levels (Nelson et al., 2012). This could be the result of a limited 

access to fresh food, and a higher consumption of ready-to-eat food or processed food, 

such as canned food (Ruiz et al., 2017; Nelson et al., 2012). Higher BPA levels were even 

reported for people who had low food security and received emergency food assistance, 

which is likely to contain canned food (Nelson et al., 2012). Therefore, attention should be 

paid to the most vulnerable part of the society.  
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Overall discussion 

When modelling urinary BPA elimination, the amount of total BPA excretion in spot urine 

samples, as well as 4- 12- and 24-hours intervals was compared. It was observed that the 

wider the interval is, the lower the sensitivity to exhibit changes during the duplicate diet 

study. Thus, the 4h-interval was the optimal interval of urine sampling. In parallel, R2 of the 

mixed model worsens as the interval increases, proving that the shorter the interval is, the 

better the excretion of total BPA is modelled. This finding was relevant and should be 

further considered when assessing BPA exposure. Most studies consider only 24-h urine 

composites samples, instead of point sample. In these, the elimination curve might not be 

as accurate as with shorter intervals.  According to our calculations, urine samples of 4-h or 

less should be collected and alaysed in order to avoid any loss of sensitivity. 

Biomonitoring data could be useful to validate physiologically based pharmacokinetic 

(PBPK) models, which predicts the absortion, distribution, metabolism and excretion 

(ADME) of BPA in the human body compartments without the need to analyse biological 

tissues (Martínez et al., 2018; Sharma et al., 2018). 

Unconjugated BPs analogues, other than BPA, were not detected in any of the urine 

samples. In turn, total BPAF, BPF and BPE were detected in few samples from the exposed 

group. Anyhow, the results of BPs in foodstuffs indicated that the occurrence of these BPs 

analogues was not related to the consumption of canned products, so it is likely to happen 

as a consequence of using personal care products – such as face cleansers, toothpaste or 

moisturizers – or handling thermal paper, like bus tickets (Lu et al., 2018; Rochester and 

Bolden, 2015).  

Finally, the assessment of BPs in blood, being differentiated in three matrices, was carried 

out as a complementary analysis to understand whether certain BPs tend to remain in 

blood, instead of being rapidly excreted through urine. However, the detection rate of the 

6 BPs analogues  (BPA, BPE, BPB, BPF, BPAF, BPZ)  in the three blood matrices was extremely 

low and random, being hardly related to the dietary exposure. Anyhow, it should be noted 

that the participant with the highest concentrations of BPA declared to smoke and take 

medication during the study, so, some kind of interference might have occurred (He et al., 
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2009). Probably, non-smokers and healthy population should have been an additional 

eligibility criterion in order to avoid potential interferences coming from these type of 

sources. 

Our uncommonly low detection rates might be related to the fact that in the scientific 

literature BPs analysis are usually performed by means of LC-MS/MS instead of GC-MS. 

However, scarce results found in whole blood, plasma and RBC fractions could be explained 

by the fact that BPA is a non-persistent compound in the body and it is quickly metabolized. 

Consequently, the occurrence of BPA in blood can be several orders of magnitude lower 

than in urine (Calafat et al., 2015). Because of that, it can be concluded that blood is not a 

suitable biological matrix to assess the exposure to BPs. 

In general, BP analogues – other than BPA – are starting to be detected in several matrices, 

like urine or food, according to recent data from the scientific literature. The increasing 

trend of replacing BPA with other analogues is likely to increase the human exposure to a 

mixtures of BPs and possibly other endocrine-disrupting chemicals. The combined exposure 

to chemical “cocktails”, including BPs and many other chemical agents, is the current reality, 

so understanding of this co-exposure is a need to highlight BPs mechanisms of action and 

the potential adverse health effects resulting from this co-exposure. Moreover, taking into 

account that some of BPA alternatives have been found to be as toxic as BPA, it is not 

unreasonable to demand a proper regulation taking all bisphenols as a group and not only 

as individual compounds. Great efforts have been done to regulate BPA in Europe, including 

a new report re-evaluating toxicological data expected to be ready later in 2020. 

Nonetheless, because of a lack of reliable toxicological data, the regulation of other 

bisphenol analogues is not expected in a short term.
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Conclusions 

Specific conclusions 

1. GC-MS is a suitable analytical technique to identify and quantify BPs in biological 

and food tissues. However, it may be less sensitive for certain BPs analogues than 

other analytical techniques. 

2. BPA is a largely widespread food processing contaminant, regardless the material 

of food packaging. Anyhow, its occurrence in canned foodstuffs is higher than in 

fresh or glass-packed food. 

3. Canned asparagus surpassed the migration limit set by the European Commission. 

This fact should be further investigated to confirm whether it is a single or common 

event, so proper decisions must be made accordingly. 

4. BPB and BPE were also detected in food, although in a much lower rate than BPA. 

No traces of other BP analogues (BPS, BPAF, BPZ, BPF, BPAP) could be found in any 

food sample. 

5. BPA was also the main compound excreted through urine during the duplicate diet 

study. Traces of the other BPs were detected in point and random urine samples, 

being not related to dietary exposure. However, the use of personal care products 

and handling thermal paper could have been a role.  

6. The low detection rate of BPs in blood confirmed that this biological matrix is not 

suitable for the biomonitoring of BPs. 

7. The dietary intake of BPA through canned food was significantly correlated with a 

higher exposure to BPA.  

8. The real exposure, calculated from urinary BPA, was similar to that estimated from 

the dietary ingestion for both exposure groups. Little differences between real and 

estimated values could be the result of the potential exposure and/or excretion of 

BPA through other routes.  

9. When the collection and analysis of spot urine samples is not possible, urine should 

be collected by considering 4-h intervals. Wider intervals (12- and 24-h) show less 

sensitivity to detect potential changes in the excretion of BPA. 
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10. The calculated exposure to BPA accounted less than the 3% of the t-TDI. Therefore, 

according to EFSA, a diet rich in canned foodstuffs should not pose a risk to human 

health. Anyhow, this t-TDI will be updated in 2020, and the conclusion of no-risk 

should be revised. In any case, it is well known that a chronic exposure to BPs may 

represent a long-term risk for human health, even at low doses.  

11. Since BPs analogues may own a similar structure and estrogenic effects to BPA, 

regulation should be aimed at BPs as a mixture instead of only BPA. Moreover, 

synergistic, additive and antagonistic effects derived from the co-exposure to BPs 

should be also considered. 

General conclusion 

BPA is ubiquitously present in foodstuffs, being its content higher in canned than in fresh or 

glass-packed food. The consumption of canned food leads to a higher exposure to BPA, 

although at levels below the TDI established by the EFSA. In any case, special attention must 

be paid to BPA and other BP analogues because their exposure has been related to adverse 

health effects, even at low doses. Interestingly, the occurrence of other analogues in food 

and urine is hardly linked to canned foodstuffs and their consumption, being the use of 

personal care products and thermal paper other potential exposure pathways. Finally, the 

rising occurrence of other unregulated BPs is likely to increase human exposure to a mixture 

of BPs, this increasing their potential endocrine-disrupting effects. Consequently, an 

integral legislation covering not only BPA but also other BP analogues should be developed 

by regulatory organizations.  
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Chromatographic determination by GC-MS of several bisphenol compounds in biological 

and food matrices. 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



    

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

183 

Annex 

ANNEX 2 – Supporting information chapter 3 

 

Table S1. Levels of BP analogues in urine samples from the canned group. In bold, levels above the 
LOD. LODBPF, BPA, BPAF, BPE: 0.2 µg/l; LOQBPF, BPA, BPAF, BPE: 0.07 µg/l 

Participant Day Sample 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA 

Free Total Free Total Free Total Free Total 

1 

1 

1 <LOD 1.05 <LOD <LOD <LOD <LOD <LOD 2.91 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.41 

3 <LOD <LOD <LOD <LOD <LOD <LOD 0.14 0.82 

4 <LOD <LOD <LOD <LOD <LOD <LOD 0.33 1.85 

5 <LOD <LOD <LOD <LOD <LOD <LOD 0.62 2.01 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.92 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.45 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.09 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.55 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.74 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.29 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.56 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.84 

2 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.20 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.93 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.37 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.82 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.51 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.72 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.89 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.12 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.09 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.22 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.55 

3 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.45 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.12 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.29 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.72 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 8.86 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 13.4 

2 <LOD <LOD <LOD <LOD <LOD <LOD 0.063 12.1 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.9 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.78 

5 1 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.95 
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2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.97 

3 <LOD <LOD <LOD <LOD <LOD <LOD 0.37 1.15 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.16 

5 <LOD <LOD <LOD <LOD <LOD <LOD 0.11 1.90 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.56 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.11 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.80 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.52 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.11 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.71 

5 <LOD <LOD <LOD <LOD <LOD 0.094 <LOD 1.29 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.25 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.12 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.01 

8 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.53 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.16 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.47 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 11.1 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 11.2 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.7 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 8.43 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 13.4 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.97 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.92 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.46 

9 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 15.7 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.22 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.79 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.44 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.60 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.91 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.34 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 3.99 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 8.68 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 10.6 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 6.97 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.34 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.67 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.11 

10 1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.48 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 0.82 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 0.59 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 1.22 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 2.44 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 1.29 
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7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 9.43 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 11.2 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.40 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 1.14 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.70 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 2.64 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.84 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 8.41 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.97 

18 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.78 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.10 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.88 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.05 

2 <LOD 0.50 <LOD <LOD <LOD <LOD <LOD 3.51 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.02 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.83 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.54 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.90 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.94 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.38 

20 

1 

1 <LOD <LOD <LOD 3.88 <LOD <LOD <LOD 2.06 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOQ 2.51 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.51 

6 <LOD <LOD <LOD <LOD <LOD 0.33 0.16 5.11 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.44 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.56 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.80 

5 <LOD <LOD <LOD <LOD <LOD 0.28 <LOD 7.36 

6 <LOD <LOD <LOD <LOD <LOD 0.22 <LOQ 3.29 

7 <LOD <LOD <LOD <LOD <LOD <LOD 0.032 1.37 

8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.6 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 14.8 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.38 

21 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.74 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.78 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.23 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.38 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.40 

2 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 34.8 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.63 
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3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.04 

4 <LOD <LOD <LOD <LOD <LOD 0.48 <LOD 8.44 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 22.8 

22 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.64 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.68 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.44 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 9.66 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.3 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 10.1 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 13.5 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.2 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 17.0 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 16.2 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.5 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 16.1 

23 

1 
1 <LOD <LOD <LOD 3.26 <LOD <LOD <LOD 1.94 

2 <LOD <LOD <LOD 0.91 <LOD <LOD <LOD 3.87 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 17.2 

2 <LOD <LOD <LOD 11.9 <LOD <LOD <LOD 3.40 

3 <LOD <LOD <LOD 3.73 <LOD <LOD <LOD 3.38 

3 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.03 

24 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.67 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.28 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.43 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 8.75 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.25 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.26 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.95 

8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.90 

9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.02 

10 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.52 

11 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.62 

12 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.57 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.35 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.96 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.96 

4 <LOD <LOD <LOD 13.5 <LOD <LOD <LOD 19.9 

5 <LOD <LOD <LOD 3.03 <LOD <LOD <LOD 6.09 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.15 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.08 

8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6.12 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.66 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.63 

25 1 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.45 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.60 
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3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.72 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.93 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.88 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.33 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.51 

8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 4.83 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12.9 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 18.6 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 18.2 

4 <LOD <LOD <LOD 12.3 <LOD <LOD <LOD 11.7 

5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.22 

6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.86 

7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.50 

8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.85 

9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.18 

3 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 9.53 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.62 

 

Table S2. Levels of BP analogues in urine samples from the control group. In bold, levels above the 
LOD. LODBPF, BPA: 0.2 µg/l; LOQBPF, BPA: 0.07 µg/l 

Participant Day Sample 

Bisphenol analogues (µg/l) 

BPF BPA 

Free Total Free Total 

4 

1 

1 <LOD <LOD <LOD 0.76 

2 <LOD <LOD <LOD 2.62 

3 <LOD <LOD 0.12 1.37 

4 <LOD <LOD <LOD 0.57 

5 <LOD <LOD <LOD 1.05 

6 <LOD <LOD <LOD 2.35 

2 

1 <LOD <LOD <LOD 4.06 

2 <LOD 4.08 <LOD 0.78 

3 <LOD <LOD <LOD 1.25 

4 <LOD <LOD <LOD 1.70 

5 <LOD <LOD <LOD 3.07 

6 <LOD <LOD <LOD 2.10 

3 1 <LOD <LOD <LOD 1.51 

6 

1 

1 <LOD <LOD <LOD 3.58 

2 <LOD <LOD <LOD 2.05 

3 <LOD <LOD 0.043 0.77 

4 <LOD <LOD 0.14 0.65 

5 <LOD <LOD 0.26 1.38 

2 

1 <LOD <LOD <LOD 2.43 

2 <LOD <LOD <LOD 1.02 

3 <LOD <LOD <LOD <LOD 
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4 <LOD <LOD <LOD 1.43 

5 <LOD <LOD <LOD 1.73 

6 <LOD <LOD <LOD 2.08 

3 
1 <LOD <LOD <LOD 0.57 

2 <LOD <LOD <LOD 0.86 

7 

1 

1 <LOD <LOD <LOD 3.34 

2 <LOD <LOD <LOD 3.62 

3 <LOD <LOD <LOD 0.89 

4 <LOD <LOD <LOD 0.89 

5 <LOD <LOD <LOD 4.34 

2 

1 <LOD <LOD <LOD 6.87 

2 <LOD <LOD <LOD 2.73 

3 <LOD <LOD <LOD 3.04 

4 <LOD <LOD <LOD 2.53 

3 1 <LOD <LOD <LOD 3.40 

11 

1 

1 <LOD <LOD <LOD 2.35 

2 <LOD <LOD <LOD 1.43 

3 <LOD <LOD <LOD 1.26 

4 <LOD <LOD <LOD 0.93 

5 <LOD <LOD <LOD 1.30 

6 <LOD <LOD <LOD 1.13 

2 

1 <LOD <LOD <LOD 11.2 

2 <LOD <LOD <LOD 6.34 

3 <LOD <LOD <LOD 2.14 

4 <LOD <LOD <LOD 2.68 

5 <LOD <LOD <LOD 2.45 

6 <LOD <LOD <LOD 1.96 

3 
1 <LOD <LOD <LOD 1.43 

2 <LOD <LOD <LOD 1.87 

12 

1 

1 <LOD <LOD <LOD 1.44 

2 <LOD <LOD <LOD 1.10 

3 <LOD <LOD <LOD 0.68 

4 <LOD <LOD <LOD <LOD 

5 <LOD <LOD <LOD 0.17 

2 

1 <LOD <LOD <LOD 2.32 

2 <LOD <LOD <LOD 5.13 

3 <LOD <LOD <LOD 1.51 

4 <LOD <LOD <LOD <LOD 
5 <LOD <LOD <LOD <LOD 
6 <LOD <LOD <LOD <LOD 
7 <LOD <LOD <LOD 2.09 

8 <LOD <LOD <LOD 2.46 

3 1 <LOD <LOD <LOD 1.13 

13 1 
1 <LOD <LOD <LOD 0.71 

2 <LOD <LOD <LOD 1.81 
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3 <LOD <LOD <LOD 4.13 

4 <LOD <LOD <LOD 3.68 

5 <LOD <LOD <LOD 0.65 

2 

1 <LOD <LOD <LOD 1.80 

2 <LOD <LOD <LOD 2.12 

3 <LOD <LOD <LOD 2.85 

4 <LOD <LOD <LOD 1.28 

3 
1 <LOD <LOD <LOD 1.02 

2 <LOD <LOD <LOD <LOD 

14 

1 

1 <LOD <LOD <LOD 2.26 

2 <LOD <LOD <LOD 2.55 

3 <LOD <LOD <LOD 0.51 

4 <LOD <LOD <LOD 0.46 

5 <LOD <LOD <LOD <LOD 

2 

1 <LOD <LOD <LOD 0.91 

2 <LOD <LOD <LOD 2.57 

3 <LOD <LOD <LOD 1.31 

4 <LOD <LOD <LOD 0.64 

5 <LOD <LOD <LOD <LOD 
6 <LOD <LOD <LOD <LOD 
7 <LOD <LOD <LOD 1.09 

3 1 <LOD <LOD <LOD <LOD 

15 

1 

1 <LOD <LOD <LOD <LOD 
2 <LOD <LOD <LOD 3.86 

3 <LOD <LOD <LOD 0.83 

4 <LOD <LOD <LOD 0.37 

5 <LOD <LOD 0.087 0.54 

6 <LOD <LOD <LOD 1.46 

2 

1 <LOD <LOD <LOD 1.32 

2 <LOD <LOD <LOD 2.07 

3 <LOD <LOD <LOD 2.08 

4 <LOD <LOD <LOD 0.95 

5 <LOD <LOD <LOD 0.34 

3 
1 <LOD <LOD <LOD <LOD 
2 <LOD <LOD <LOD <LOD 

16 

1 

1 <LOD <LOD <LOD 2.39 

2 <LOD <LOD <LOD 3.36 

3 <LOD <LOD <LOD 2.32 

4 <LOD <LOD <LOD 1.40 

5 <LOD <LOD <LOD 0.65 

2 

1 <LOD <LOD <LOD 1.88 

2 <LOD <LOD <LOD 1.41 

3 <LOD <LOD <LOD 1.52 

4 <LOD <LOD <LOD 1.47 

5 <LOD <LOD 0.058 1.23 
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6 <LOD <LOD 0.13 1.05 

7 <LOD <LOD <LOD 1.22 

3 
1 <LOD <LOD <LOD 0.52 

2 <LOD <LOD <LOD 1.02 

17 

1 

1 <LOD <LOD <LOD 3.10 

2 <LOD <LOD <LOD 4.45 

3 <LOD <LOD <LOD 1.69 

4 <LOD <LOD <LOD 0.47 

5 <LOD <LOD <LOD 1.27 

6 <LOD <LOD <LOD 4.71 

2 

1 <LOD <LOD <LOD 10.7 

2 <LOD <LOD <LOD 4.12 

3 <LOD <LOD <LOD 0.82 

4 <LOD <LOD <LOD 1.01 

5 <LOD <LOD <LOD 0.45 

6 <LOD <LOD <LOD 0.56 

7 <LOD <LOD <LOD 1.87 

3 1 <LOD <LOD <LOD 2.30 

26 

1 

1 <LOD <LOD <LOD 3.29 

2 <LOD <LOD <LOD 4.34 

3 <LOD <LOD <LOD 3.23 

4 <LOD <LOD <LOD 4.67 

2 

1 <LOD <LOD <LOD 4.34 

2 <LOD <LOD <LOD 3.08 

3 <LOD 3.13 <LOD 4.92 

4 <LOD <LOD <LOD 3.05 

3 1 <LOD <LOD <LOD 1.34 

 

Table S3. Mixed model between canned and non-canned diet groups considering 12-hour intervals 

 

 

 

 

 

Predictors 
Amount (µg) 

Estimates CI p 

Intercept 0.82 0.52 – 1.13 <0.001 
Non-canned -0.78 -1.17 – -0.39 0.001 
Day 1 17:00 0.28 -0.04 – 0.60  0.086 
Day 2 05:00 0.85 0.56 – 1.14 <0.001 
Day 2 17:00 0.31 0.00 – 0.62 0.049 
Day 3 05:00 0.67 0.23 – 1.11 0.003 

Random effects 

σ2 0.95   

τ00 person 0.17   

ICC person 0.15   
Observations 327   
Marginal R2 / Conditional R2 0.179 / 0.301   
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Table S4. Mixed model between canned and non-canned diet groups considering 24-hour intervals 

 

 

 

 

 

 

 

 

 

Predictors 
Amount (µg) 

Estimates CI p 

Intercept 0.93 0.65 – 1.20 <0.001 
Non-canned -0.77 -1.15 – -0.38 0.001 
Day 2 05:00 0.49 0.27 – 0.72 <0.001 
Day 3 05:00 0.56 0.13 – 0.99 0.011 

Random effects 

σ2 0.99   

τ00 person 0.16   

ICC person 0.14   
Observations 327   
Marginal R2 / Conditional R2 0.149 / 0.266   
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9

2 

Table S5. Levels of BP analogues in whole blood samples from the canned diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 
µg/l; LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

5 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

8 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

9 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

10 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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1
9

3 

A
n

n
ex 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.87 <LOD 1.85 <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

18 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD 3.51 21.7 <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 25.2 <LOD <LOD <LOD <LOD <LOD <LOD 

20 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

21 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

22 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

23 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

24 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.25 <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

25 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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Table S6. Levels of BP analogues in whole blood samples from the control diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 
µg/l; LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

4 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

6 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

7 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

11 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

12 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

13 1 <LOD 32.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

UNIVERSITAT ROVIRA I VIRGILI 
EXPOSURE ASSESMENT TO BISPHENOLS: COMBINING BIOMONITORING AND DUPLICATE DIET STUDIES 
Nieves González Paradell 



 

 

 

1
9

5 

A
n

n
ex 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

14 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

15 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

16 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

17 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

26 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.73 <LOD <LOD <LOD <LOD <LOD <LOD 
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Table S7. Levels of BP analogues in plasma samples from the canned diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 µg/l; 
LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

5 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

8 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

9 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

10 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

18 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

20 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

21 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

22 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

23 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

24 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.07 <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

25 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.84 <LOD <LOD <LOD <LOD 
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Table S8. Levels of BP analogues in plasma samples from the control diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 µg/l; 
LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

4 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

6 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

7 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

11 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

12 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

13 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

14 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

15 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

16 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

17 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

26 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 16.2 <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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Table S9. Levels of BP analogues in RBC samples from the canned diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 µg/l; 
LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

1 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

5 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

8 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

9 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

10 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

18 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

20 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

21 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

22 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

23 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

24 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

25 
1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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Table S10. Levels of BP analogues in RBC samples from the control diet group. In bold, levels above the LOD. LODBPAF, BPA: 0.1 µg/l; LODBPF: 0.2 µg/l; 
LODBPE, BPS: 0.5 µg/l; LODBPB: 2.5 µg/l. LOQBPAF, BPA: 0.03 µg/l; LOQBPF: 0.07 µg/l; LOQBPE, BPS: 0.17 µg/l; LOQBPB: 0.83 µg/l 

Participant Extraction 

Bisphenol analogues (µg/l) 

BPAF BPF BPE BPA BPB BPS BPZ 

Free Total Free Total Free Total Free Total Free Total Free Total Free Total 

4 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

6 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

7 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

11 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

12 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.71 <LOD <LOD <LOD <LOD <LOD <LOD 

13 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

14 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD 2.04 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

15 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

16 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

17 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

26 

1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
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