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Preface

Bisphenols are a group of chemicals that have been used to manufacture plastics, 
epoxy resins, and other products since the 1960s. Humans are exposed to these 
chemicals via ingestion, inhalation, or medical procedures.

Bisphenol-A (BPA) was initially investigated for pharmaceutical use as a synthetic 
estrogen in the 1930s and today it is suggested to be a weakly estrogenic “endocrine 
disruptor.” The results of some recent studies, in which animals were exposed to low 
doses of this chemical, describe subtle effects in laboratory animals.

BPA was found to be present in urine, amniotic fluid, and breast milk according 
to the results of several well-conducted studies in humans. BPA may cause repro-
ductive, developmental, and systemic toxic effects and there are questions about 
its potential impact, particularly on children’s health and the environment. Due 
to these concerns, the Food and Drug Administration (FDA) and the Canadian 
government have banned BPA in baby formula packaging, infant bottles, and sippy 
cups, but declared it safe for other uses. France has the strictest BPA regulations in 
Europe and the French government has banned BPA in all food and beverage pack-
aging and utensils since 2015. The European Union expanded its restrictions on the 
use of BPA in food packaging, building on a previous ban of the chemical in infant 
bottles. BPA containing thermal receipts (≥ 0.02%) is no longer sold in Europe, 
effectively banning its use. The Environmental Protection Agency (EPA) says it has 
no plans to introduce BPA regulations, though it has raised concerns over its health 
and environmental effects.

There are several alternatives to BPA today, although they also have a “bisphenol” 
structure. For example, bisphenol S (BPS) and bisphenol F (BPF) are widely used in 
products that are labeled as “BPA-free.” BPS is generally more tolerant to heat and is 
more photo-resistant than BPA. BPS is used in fast-drying epoxy glues, as a corrosion 
inhibitor, and a reactant in polymer reactions. BPS is also present in thermal receipts, 
mailing envelopes, tickets, airplane boarding passes, and luggage tags.

BPF, on the other hand, is used in the production of plastics, lacquers, structural 
adhesives, the inner lining of soda cans, dental materials, grouts, coatings, tank/pipe 
linings, industrial flooring, road and bridge deck toppings, and electrical varnishes. 
BPF is also utilized in liners, adhesives, plastics, and the coating of drinks and food 
cans. Although there are not yet as many studies on these alternatives as there are on 
BPA, the results of different in vitro and in vivo research suggest that these alterna-
tives may also lead to toxic effects. Therefore, both BPS and BPF cannot be consid-
ered “safe,” and more research should be conducted in order to understand their 
mechanisms of toxicity in different organs and systems. Moreover, their use should 
be restricted like that of BPA if they are suggested to cause toxicity in susceptible 
populations, particularly in babies and young children.
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This book focuses on the pathological conditions that may be caused by bisphenol 
derivatives, detection methods, and regulations in different countries. It presents 
information on the mechanisms of toxicity of bisphenols and the suggestions of 
regulatory authorities for the use of bisphenol derivatives in different user products. 
This book is a valuable reference for readers who want detailed knowledge on the 
reproductive toxicity of BPA and its alternatives.

Dr. Pınar Erkekoğlu
Professor,

Faculty of Pharmacy,
Department of Toxicology,

Hacettepe University,
Ankara, Turkey
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Chapter 1

In Vivo Study of DNA Adduct 
(8-OHdG) Formation of Rattus 
novergicus Using Bisphenol a 
through Fenton-Like Reaction 
and Nickel (II) as Cancer Risk 
Biomarker
Budiawan, Intan Cahaya Dani, 
Chrissy Fransisca Olivyana Rugian and Sri Handayani

Abstract

Bisphenol A (BPA) has been used in many consumer products including plastics, 
and food packaging. There is the evidence that Bisphenol A have potential to cause oxi-
dative stress by disturbing the redox status in cells. We have conducted the in vivo study 
of BPA and Ni(II) exposure to Rattus novergicus and confirmed the formation of DNA 
adduct 8-OHdG as biomarker of oxidative stress and cancer risk. Subacute dose of BPA 
(2 mg/kg BW) and Ni (II) metals (0.1 μg/kg BW) have been exposed to animal test for 
28 days. We collected the urine sample of animal samples every week. The formation of 
8-OHdG found in urine of animal samples monitored by Liquid Chromatography–Mass 
Spectrometry (LC–MS/MS). The result of this study indicates that levels of 8-OHdG in 
animal samples exposed to BPA and BPA-Ni (II) increase every week. However, levels 
of 8-OHdG in animal samples exposed by BPA-Ni (II) is less than levels of 8-OHdG 
in animal samples exposed by BPA only. This can be happened because Ni (II) given 
to animal samples are not in the excessed levels, therefore the synergic effect of BPA 
and Ni (II) has not already been seen. The hydroxyl radical can cause oxidative DNA 
damage and interact with DNA guanine base by producing DNA adduct 8-hydroxy-2′-
deoxyguanosine (8-OHdG). This book aimed to obtain information regarding in vivo 
study of BPA and metal ions exposure can generate hydroxyl radical as a dominant form 
of Reactive Oxygen Species (ROS) that can interact with macromolecules such as DNA 
and form DNA adduct as biomarker of oxidative stress and cancer risk.

Keywords: BPA, Nickel (II), 8-OHdG, in vivo study

1. Introduction

Bisphenol A (BPA) is a common chemical compound with the highest produc-
tion volume in worldwide [1]. BPA is a synthetic chemical used as a monomer 
for the manufacture of polycarbonate plastic, and also as an intermediate in the 
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synthesis of epoxy resins. Humans have considerable possibilities for direct expo-
sure to BPA from plastic beverage containers and from saliva patients receiving 
dental fillings [2]. Humans are exposed to BPA through their diet, inhalation of 
household dust, and dermal exposure [3]. Bisphenol A (BPA) is a known endocrine 
disruptor [4]. It have a potent reproductive and genotoxic agent and affects the nor-
mal physiological functions [5]. Oxidative stress has been proven as a basic mecha-
nism of BPA toxicity in animal models for years. Bisphenol A have the potential to 
cause oxidative stress by disturbing the redox status in cells [6].

On the other side, heavy metals Nickel (II), may contribute to the formation of 
ROS in humans. Humans may be exposed to nickel if involved in nickel production 
or through contact with everyday items such as nickel-containing jewelry, table-
ware, and cigarettes. Ni (II) is toxic and carcinogenic in animals and humans [7] 
and has been classified by the International Agency for Research on Cancer (IARC) 
as a carcinogen in humans [8]. This can be happened because nickel ions (II) also 
have the ability to form hydroxyl radicals through Fenton-like reactions [9].

The hydroxyl radicals formed can cause oxidative stress. Such increased oxida-
tive stress can lead to DNA damage which can result in carcinogenesis [10–13]. In 
DNA repair, additional products are formed and released into the bloodstream and 
appears in the urine without further metabolism. The 8-hydroxy-2’deoxiguanosine 
(8-OHdG) compound is one of the adducts derived from the hydroxyl radical attack 

Figure 2. 
Structure of 8-OHdG.

Figure 1. 
Structure of bisphenol A.
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of deoxyguanosine residue and has been commonly used as a biomarker of oxida-
tive damage to DNA [14]. With the detection of 8-OHdG, the risk of cancer can be 
detected earlier so that it can be further minimized.

This study aims to determine the formation of 8-OHdG which is an indicator of 
DNA damage due to exposure from BPA and Nickel (II) metal (Figures 1 and 2). The 
8-OHdG in vivo formation was analyzed in the urine of Sprague–Dawley rats. For 
analysis of 8-OHdG, pre-treatment method of urine sample with SPE (Solid Phase 
Extraction) was performed. Furthermore, an analysis using LC–MS/MS instrument 
is used to view and analyze the formation of 8-OHdG as a proof of exposure of those 
toxic substances which can lead to DNA damage.

2. Experimental methods

2.1 Materials

The materials used for the rats’ exposure rats are Bisphenol A (BPA), Nickel 
(II) metal in the form of NiCl2.6H2O. 8-hydroxy-2′-deoxyguanosine, ammonium 
acetate, acetic acid, acetonitrile, aquabidest, methanol, and SPE cartridge SPE 
SUPELCO-Discovery® DSC-18.

2.2 In vivo study

2.2.1 Experimental animals

In this study, the experimental animals used were 8-weeks old male white rats 
from the Sprague–Dawley strain, weighed approximately between 120 and 220 grams 
obtained from the Faculty of Animal Husbandry of Non Ruminants and Animal 
Hope, Bogor Agricultural Institute, Bogor. Prior to the research, rats were acclima-
tized for 7 days so that they could adapt to the new environment. Then, all of the rats 
were adjusted to the optimal weight for 14 days. The food were pellets and placed in a 
cage while drinking water were given at the drinking place by pipette - ad libitum.

2.2.2 Xenobiotics exposure to experimental animals

Rats as experimental animals were divided into several groups. The groups 
were: Group A (group of rats with no exposure or control), group B (group of rats 
exposed to BPA), and group C (group of rats exposed to BPA and Ni (II). Each 
group consists of 5 rats. The study was conducted for 28 days. All the exposures 
were done by oral route (syringes equipped with a blunt-shaped or blunt-shaped 
cannula). The dose for each group of experimental animals are given in Table 1.

2.2.3 Urine sampling

The urine samples were used for the 8-OHdG analysis. For urine collection, rats 
were placed in a metabolic cage. When the urine is fully contained in the container 
located in the metabolism cage, urine is transferred to the micro-tube and then 
stored at −20°C freezer until the time for measurement using LC–MS/MS.

2.3 LC–MS/MS

Samples were analyzed on a 20A high performance liquid chromatography  
system (Shimadzu, Japan) coupled with an AB Sciex Q-Trap 3200 mass 



Bisphenols

6

spectrometer and were separated on a Hypersil Gold C18 column (50 x 2,1 mm, 
5 μm, Thermo Scientific). The pump used is in gradient mode. The mobile 
phase composition (eluent) is Ammonium Acetate 20 mM pH 4 (Pump A) and 
Acetonitrile (Pump B) which were adjusted automatically during elution with a 
gradient of 5–95% Acetonitrile solution with a certain time setting. Table 2 shows 
the mobile phase (eluent) gradient during elution:

The flow rate used is 0.5 mL/min. Meanwhile, the column temperature is 
set at 40°C. The sample injected was as much as 10 μL and the analysis time was 
5 minutes. The MS/MS parameters, including parent ion (Q1), product ion (Q3), 
collision energies (CE), declustering potential (DP), entrance potential (EP) and 
collision exit potential (CXP) were optimized. The optimized parameters are listed 
in Table 3.

Determination of 8-OHdG calibration curve was done by making standard series 
of each 10 μL 8-OHdG standard solution at concentration of 1 ng / mL (ppb), 5 ng / 
mL, 10 ng / mL, 25 ng / mL, 50 ng/mL. Measurements were made for each of these 
standard concentrations to obtain a calibration curve between the peak area obtained 
from the standard solution concentration, with a straight-line equation having 

Time (minutes) Pump B Concentration (%)

0 0

0.5 5

1 95

2 95

2.5 5

3 0

Table 2. 
Eluent gradient on LC–MS/MS.

Dose in each group BPA Ni (II)

Group A — —

Group B 2 mg/kg bw —

Group C 2 mg/kg bw 0,1 μg/kg bw

bw: body weight.

Table 1. 
Dose of xenobiotics exposed to experimental animals.

Parameter Precursor Ion Q3 (Product Ion)

284,1 168,2 140,1

Q1 DP 43 43

EP 4 4

MRM CE 17 40

CXP 3 3

Table 3. 
Optimization result for LC–MS/MS instrument to measure 8-OHdG.
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R2 > 0.996. Limit of Detection (LOD) and Limit of Quantification (LOQ ) limits are 
performed statistically by linear regression of the calibration curve. The measure-
ment value will be equal to the value of b on the linear line y = a + bx, whereas the 
standard deviation of the blank is equal to the residual standard deviation (S (y/x)).

2.4 Analysis of 8-OHdG in urine samples

500 μL of urine samples were passed to the SPE SUPELCO -Discovery® 
DSC-18 cartridge column, previously conditioned with 5 ml of methanol and 
5 ml of Ammonium Acetate. Furthermore, the cartridge was rinsed with 20 mM 
Ammonium Acetate pH 4: Acetonitrile (97: 3) of 5 ml. Samples are streamed to 
the SPE column of 500 μL. The fraction containing 8-OHdG in the cartridge is 
dried with N2 gas under vacuum SUPELCO VISIPREP. The fraction was added 
Ammonium Acetate 20 mM pH 4: Acetonitrile (80:20) of 5 ml. The elution results 
are then dried with nitrogen gas. A total of 10 μL samples were injected into the 
LC–MS/MS instrument to analyze its 8-OHdG formation.

3. Results and discussion

3.1 Determination of optimal conditions for 8-OHdG formation using LC–MS

Prior to the analysis of 8-OHdG formation in urine samples, optimization was 
done in advance to determine the best condition of the instrument, resulting in a 
performance of the method with good sensitivity. For the mobile phase, 20 mM 
Ammonium acetate with pH 4 and acetonitrile was used according to the method 
in the literature [15]. In Figure 3, from the standard 8-OHdG 50 ppb measurement 
results, it can be seen that 8-OHdG appears at retention time of 0.738 minutes.

3.1.1 Optimization of mass spectrometer condition

In LC–MS/MS instrument it takes at least two ion products with the highest 
intensity. This is useful for quantitative information in which the molecular weight 
compound is detected by the instrument in peak form, and to provide confirmation 
that the resulting peak actually belongs to the desired compound.

Figure 4(a) shows that the 8-OHdG compound is detected by Q1 to produce a 
precursor ion value of 284. Then, the ions are split in the presence of accelerated 
ions by the gas which in this LC–MS/MS instrument is nitrogen gas. Therefore, the 

Figure 3. 
Chromatogram of 8-OHdG standard (50 ppb).
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precursor ions will be broken down into smaller ion fragments of molecular weight, 
which are further fragmented in Q3 to produce the highest intensity productions at 
168.2. The transition for the selected mass spectrometer for 8-OHdG is m/z 284.1 → 
168.2 for quantification and m/z 284.1 → 140.1 for qualification. Product ion 168,2 
and 140,1 can be seen in Figure 4(b).

8-OHdG with m/z 284,1 is fragmented into its product ions 168,2 and 140,1 
according to Figure 4(b). First, there is a cutting of sugar in the 8-OHdG com-
pound, which causes 8-OHdG to be fragmented into its first product ion with m/z 
168.2. Cutting or further fragmentation is on the C = O bond that causes 8-OHdG to 
be fragmented again into its product ion of m/z 140.1.

3.2 Verification method

The equation of straight line with R2 = 0.9985 is obtained. Limit of Detection 
(LOD) is the smallest quantity of analytical concentration detectable from an 
analytical method while Limit of Quantification (LOQ ) is the smallest accurate and 
meticulous quantity of the smallest calculated (quantified) concentration. The LOD 
and LOQ calculations were performed on the basis of a standard 8-OHdG standard 
calculation which had previously been performed for linearity determination, 
determined from the standard 8-OHdG calibration curve to the ratio of chromato-
gram area. From the calculation of statistics, obtained LOD value is 1,315 ppb and 
LOQ value is 4.384 ppb.

3.3 Analysis of 8-Hydroxy-2’-Deoxyguanosine in urine samples

3.3.1 Urine sampling and urine sample pre-treatment

This research has also gone through protocol study so that it can pass the ethi-
cal review through Medical Research Ethics Commission of Faculty of Medicine, 
University of Indonesia Jakarta based on letter number 0386/UN2.F1/ETIK/2018 
and protocol number 18-03-0321.

Each week each rat was taken urine according to the method in point 2.2.3. Rats 
are placed in a metabolic cage for their urine shelter. For urine, the volume varies 
between 1 and 5 ml.

Before the sample is analyzed by LC–MS / MS instrument, the sample is passed 
first in the SPE column. SPE with column C18 allows to remove substances that 
interfere in the urine. The SPE method also shows considerable reproducibility and 
accuracy [16]. Pre-treatment of samples with SPE is necessary because if not treated 
first, it may interfere with measurements on LC–MS/MS instruments.

Figure 4. 
(a) The ion precursor of the 8-OHdG compound with Q1 detection (m/z = 284.1) (b) the product ion of 
8-OHdG (m/z = 168.2) and (m/z = 140.1).
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3.3.2 Effect of BPA on formation of DNA adduct 8-OHdG

After an 8-OHdG analysis was performed on the rats’ urine samples of group 
B (rats given BPA exposure), a chromatogram was obtained with results as in 
Figure 5. 8-OHdG was detected at retention time of 0.773 minutes.

BPA exposure in rats has an effect that may lead to the formation of DNA 
adduct 8-OHdG. As shown in Figure 6, the 8-OHdG levels in rats exposed to 
BPA were greater than controls. Levels of 8-OHdG in rats given exposure to BPA 
also increased from exposure time of 1st to 4th week is from 27.041 ng/mL up to 
31.220 ng/mL.

In this condition, the concentration of 8-OHdG is also above the LOD value. 
This is sufficient to prove that 8-OHdG as biomarker of DNA damage [17] can be 
formed and detected due to in vivo BPA exposure.

The results of this study indicate that BPA can increase the formation of 
hydroxyl radicals, which can bind to DNA to form 8-OHdG. The mechanism that 
causes BPA to lead to the formation of 8-OHdG is due to the fact that BPA can cova-
lently induce the formation of ROS that can bind to DNA in vivo [18]. Metabolic 
conversion of BPA to DNA is catalyzed by cytochrome P450 in the liver to form 
5-hydroxybisphenol [19]. Hydroxybisphenol is a catecholestrogen compound that 
is capable of redox cycling. Hydroxybisphenol is further oxidized to semiquinone, 
then the semiquinone will be further oxidized to 4,5-Bisphenol-O-quinone [18]. 
The catechol-o-quinone is capable of redox cycling with generation of oxidative 

Figure 5. 
Chromatogram of rats’ urine samples given BPA exposure.

Figure 6. 
The comparison graph of 8-OHdG concentrations between control rats and rats given BPA exposure.
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stress (OS) and reactive oxygen species (ROS). o-Quinones are highly electron 
affinic with potential reduction that permit electron transfer (ET) under physi-
ological conditions. Large quantities of ROS are sufficient to generate catalytically 
by small amounts of o-Quinones. There is extensive evidence for generation of ROS, 
which include ET by o-quinone as a plausible source. There are numerous reports on 
toxicity to body constituents by BPA [20]. The metabolic reaction was illustrated in 
Figure 7.

3.3.3 Effect of Ni (II) on formation of DNA adduct 8-OHdG

After an 8-OHdG analysis was performed on the rats’ urine samples of group C 
(rats given exposure to BPA and Ni (II) metals), a chromatogram was obtained with 
results as in Figure 8. 8-OHdG in rats’ urine samples exposed to BPA and Ni (II) 
metals were detected at retention time of 0.733 min.

Exposure to BPA and Ni (II) metals may also have an effect that may lead to the 
formation of an 8-OHdG DNA adduct. As shown in Figure 9, 8-OHdG levels in 
mice exposed to BPA and Ni (II) metals were greater than those of controls.

The 8-OHdG concentration in mice given exposure to BPA and Ni (II) at a 
dosage of 0.1 μg/kg bw also increased from exposure time of 1st to 4th week ie from 
26.185 ng/mL to 28.696 ng/mL. In this condition, the concentration of 8-OHdG is 
also above the LOD value. This is sufficient to prove that 8-OHdG can be formed 
and detected due to exposure to BPA and metal Ni (II) in vivo.

Figure 7. 
Possible BPA mechanism in the human body (reprocessed). 1: Cytochrome P450; 2: Cytochrome P450 reductase. 
(Source: Atkinson and Roy [18]).

Figure 8. 
Chromatogram of mouse urine samples given exposure to BPA and Ni (II).
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One of the harmful effects of the nickel mechanism in the body is to induce the 
formation of ROS and increase lipid peroxidation in the cells [21]. Given that nickel 
is not an essential element for humans, it is not yet clear how nickel compounds go 
through the metabolic phase.

However, the resulting 8-OHdG levels of rats given exposure to BPA and Ni (II) 
were smaller than the 8-OHdG levels produced by rats given BPA exposure alone. 
The results can be seen in Figure 10.

This may be due to metabolic differences between rats and also because the doses 
given to mice are too small. A dose of 0.1 μg/kg bb resulted in an 8-OHdG increase 
each week in rats, but the levels remained smaller than the 8-OHdG levels obtained 
from rats given BPA exposure.

Oxidative stress of DNA of transition metals can possibly occurred due to the 
presence of free radicals produced by Fenton or Fenton-like reaction [22]. The 
major form of free radicals are hydroxyl radicals [17]. Nickel (II) at the excessive 

Figure 9. 
The comparison graph of 8-OHdG concentrations in control and mouse rats given exposure to BPA and Ni (II).

Figure 10. 
Graph of comparison of 8-OHdG levels in rats given exposure to BPA and rats given exposure to BPA and 
Ni (II).
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levels has a role in Fenton-like reaction to the formation of free radicals. Nickel 
(II) exposure in rats can cause a significant increase in lipid peroxidation, and a 
decrease of antioxidant enzymes such as superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GSH) [23].

Ni2+ is the largest nickel ionic species in the cell. There is the possibility of a 
Fenton-like reaction with nickel but only with the Ni2+ interaction with certain 
ligands, such as Gli-Gli-His (Glycyl-Glycyl-Histidin) or imidazole nitrogen from 
histidine [24]. The binding of Ni2+ to these ligands eliminates the oxidation poten-
tial of Ni2+ in which hydrogen peroxide can catalyze the oxidation of nickel to a 
higher oxidation state. This reaction produces a radical but the reaction depends 
on the binding of Ni2+ with certain ligands [25]. Thus, although nickel can produce 
oxidative stress in cells and oxidize the DNA bases, certain nickel compounds with 
carcinogenic potentials exhibit weak mutagenic activity in some mutation tests. 
However, chromosomal damage that causes mutations of a detectable gene pro-
duced by some nickel compounds may contribute to its carcinogenesis properties 
[26]. One interesting feature of the nickel compound is its synergistic nature with 
other compounds or agents that can cause cancer by its mutagenic mechanism. For 
example, synergic nickel with benzo [a]pirene, UV, and radiation [11]. It can also 
explain the absence of synergistic effects between BPA and Ni (II).

4. Conclusions

DNA adduct 8-Hydroxy-2’-Deoxyguanosine (8-OHdG) on urine sample of rats 
as a biomarker of DNA damage from BPA compounds and Ni (II) metals exposure, 
was formed and achieved the detection limit value. Levels of DNA adduct 8-OHdG 
in Sprague–Dawley rats after BPA/BPA and Ni (II) exposure was higher than levels 
of 8-OHdG in Sprague–Dawley control rats. It was also found that there was an 
increase in levels of DNA adduct 8-OHdG in Sprague–Dawley rats exposed to BPA 
and BPA-Ni (II) metals from first week exposure time until fourth week of exposure 
time (28 days). However, levels of 8-OHdG in rats exposed by BPA-Ni (II) is less 
than levels of 8-OHdG in rats exposed by BPA only. It can caused by the doses of 
BPA-Ni (II) metals administered to rats were in a non-excessive state, therefore the 
synergic effect of two toxic substances in the formation of 8-OHdG has not already 
been seen. There is possibility of the role of o-Quinones in metabolic cycle of BPA 
administered the increases of hydroxyl radical levels. And the role of Fenton-like 
reaction might give synergistic effect in the formation of hydroxyl radicals at the 
excessive level of Ni(II).
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Chapter 2

Interaction of Bisphenol A with G 
Protein: Coupled Receptors - New 
Paradigms in Breast Cancer
Luis Molina, Carlos D. Figueroa and Pamela Ehrenfeld

Abstract

The massive use of bisphenols, actually bisphenol A, in consumer products 
and food packaging has been associated with certain hazardous conditions for 
human health, which include their interactions with a family of specific membrane 
receptors and their effects as endocrine disruptors related to breast cancer. For this 
reason, bisphenol A was removed from many products, but it has been replaced 
by structural analogs whose pathways of action and metabolic effects are so far 
partially unknown. This chapter emphasizes the discovery of bisphenols, their uses 
in human life, and their impact on health population by focusing on breast cancer. 
Regarding their mechanisms of action, we have focused on the signaling routes 
activated by bisphenols following their binding to G protein–coupled receptors.

Keywords: estrogen, bisphenols, GPCRs, breast cancer, endocrine disruptors, 
G protein-coupled estrogen receptor 1 (GPER-1), angiotensin receptors (AT), 
adrenergic receptors (AR), chemokine receptors

1. Introduction

Significant evidence suggests that endocrine disruption is attributable not only 
to pharmaceutical products or rare contaminants, but also to exogenous chemical 
compounds ubiquitously found in everyday life of the modern world. Endocrine-
disrupting chemicals (EDCs) enter the human body where they act similarly to 
endogenous hormones, altering endocrine homeostasis and causing adverse effects 
on human health [1–7]. Interestingly, the US Food and Drug Administration identi-
fied more than 1800 chemical disruptors of endocrine pathways involving estrogen, 
androgen, and thyroid hormones [8]. EDCs have been related to the development 
of disorders such as adulthood diabetes, poor semen quality, polycystic ovary 
syndrome, neurodegenerative disorders, and cancer [1, 8]. Changes in the physi-
ological levels of hormones circulating in the human body may be involved in the 
high incidence of tumors of the reproductive system in both men and women [8]. 
Indeed, breast cancer is the most common cancer diagnosed in women worldwide 
that has been associated in a small percentage with genetic predisposition (BRCA1 
and BRCA2 mutations) whereas the majority of breast tumors have been catego-
rized as sporadic breast cancer [9]. In fact, lifestyle factors such as smoking, alcohol 
consumption, sedentary lifestyle, and obesity have been related to the development 
of the disease. However, an increasing body of evidence suggests that etiology for 
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breast cancer may be related at least in part to exposure to chemicals of some kind. 
Indeed, recent studies show that environmental pollutants could also play a role in 
the pathogenesis and progression of breast cancer. Evidence from epidemiological 
studies and basic science using in vitro and in vivo models suggests that exposure 
to EDCs may be positively correlated with breast cancer development, particu-
larly when the exposure occurred during critical stages of human life. The list of 
suspected environmental pollutants having a role in breast cancer is extensive 
and includes polychlorides, biphenyl ethers, phthalates, triclosan, octylphenol, 
dichlorodiphenyltrichloroethane, and bisphenols (BPs). Bisphenol A (BPA), or 
4,40-dihydroxy-2,2-diphenylpropane, is one of the main compounds of this class; 
BPA is an organic synthetic plastic monomer that was first synthesized in the 1890s 
as a synthetic estrogen and a key element in the manufacture of cans, reusable 
water bottles, and medical equipment. BPA regulates several processes, such as cell 
proliferation, migration, and apoptosis, leading to neoplastic changes due to its 
ability to mimic the actions of estrogen at multiple levels by activating both α and β 
estrogen receptors (ERα and ERβ). The effects of BPA on the reproductive system 
of rats were reported in the 1930s. Now, 91 years later, several studies performed in 
mice have demonstrated DNA damage, induction of oxidative stress, and epigenetic 
changes in oocytes [8]. BPA can induce various types of modifications in the repro-
ductive system of men and women, supporting multiple oncogenic signaling routes 
such as STAT3, PI3K/Akt, and MAPK pathways [8]. Benign lesions that can progress 
to breast or ovarian cancer due to BPA depend on several molecular and epigenetic 
mechanisms that will determine whether the endocrine or the reproductive system 
is affected and will be reviewed in this chapter. Moreover, the effects of BPs on 
GPCRs associated with breast cancer development or progression are addressed.

2. Xenoestrogens derived from anthropogenic activity

2.1 Some historical aspects of bisphenol A and related compounds

In 1891 Aleksandr Dianin, a Russian chemist from Saint Petersburg, combined 
phenol with acetone in the presence of an acid catalyst, synthesizing for the first 
time the chemical substance called 4,40-dihydroxy-2,2-diphenylpropane [10], 
a molecule that was later recognized by the name of bisphenol A [11]. In 1936, 
the English scientists Dodds and Lawson reported that BPA exhibited important 
estrogenic properties inducing complete cornification in vaginal smears of ovari-
ectomized rats treated with this compound [12]. In the 1940s, BPA was basically 
considered a synthetic estrogen and its potential carcinogenic properties in humans 
started to be studied [13, 14]. Therefore, BPA is one of the first compounds of 
anthropogenic origin in which an endocrine-disrupting activity has been verified.

Later in the 1950s, it was found that the reaction of BPA with phosgene gener-
ated a polycarbonate, unalterable over time, easy to mold, versatile, and transpar-
ent. Due to these multiple qualities, together with its chemical stability, the industry 
began to use it rapidly and massively to manufacture all types of plastic containers 
[2]. Currently, BPA has been used to produce various electronic and construction 
products, automotive parts, medical and clinical articles, toys for children, hygiene 
and personal care items, and storage products. In addition, it is used for the inner 
lining of metal cans for preservation of food and beverages [2]. For this reason, 
BPA is today one of the most used chemical products worldwide. Several studies 
have suggested that the greatest human exposure to BPA (>90%) is likely to occur 
through food contamination and, to a lesser extent, by dust ingestion and absorp-
tion through the skin or dental surgeries [8].
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The proestrogenic activity of BPA resurfaced in the early 1990s when a team 
led by David Feldman identified through mass spectrometry the presence of this 
molecule in a growth medium of yeast (Saccharomyces cerevisiae) and even in the 
pure water contained in the autoclaved polycarbonate flasks [15]. In turn, one of the 
first effects of BPA was evaluated in breast cancer cells. Indeed, in estrogen-sensitive 
MCF-7 human breast cancer cells (ERα-positive cells), BPA induced a great expres-
sion of progesterone receptors and increased their proliferation rate [3, 15]. From 
this period to date, numerous investigations have reported the potential risk that 
continuous exposure to BPA implies for human and animal health and ecosystems 
[3]. This evidence has contributed to consider BPA as one of the main xenoestrogens 
of ubiquitous environmental distribution. In response to these effects, the industry 
has sought alternatives to traditional BPA, generating a variety of new bisphenols, 
such as bisphenol S (BPS), bisphenol AF (BPAF), bisphenol E (BPE), bisphenol B 
(BPB), and bisphenol F (BPF) among other phenolic molecules, some of which have 
also been related to estrogenic activity and are considered physiological disruptors 
of varying degrees in humans [3, 16].

2.2 Routes of BPA exposure and metabolism

The continuous presence of BPA in our environment suggests that several 
routes of exposure may exist. Oral ingestion seems to be the main route, given the 
storage of food and liquids in plastic containers that include BPA among its major 
constituents, which also diffuses into the environment after exposure to high 
temperatures or frequent washing. The US EPA has established a safe daily intake of 
50 g BPA/kg of body weight per day based on the assumption that the main source 
of exposure to BPA is through food ingestion [17]. Not only in humans but also in 
primates, ingested BPA is rapidly absorbed (5–15 min later) by the intestinal wall 
and is transformed into BPA glucuronide following its first passage through the 
intestine and liver; in addition, a small fraction of BPA is also transformed into a 
sulfate conjugate [4, 16, 18, 19]. Conjugated forms of BPA are estimated to have 
no endocrine activity [19, 20]. In murine models, and after oral administration of 
nanomolar doses of BPA, oxidation products of this compound have been found, 
suggesting the formation of secondary metabolites with greater estrogenic activity 
than the parent molecule [5]. BPA has a half-life between 4 and 5 h, and most of the 
conjugated forms are finally excreted through the urine [4, 5, 16]. Inhalation seems 
to be another route of entry, inducing cough, bronchospasm, and asthmatic attacks; 
similarly, eye exposure may cause conjunctivitis, itching, and periorbital edema 
whereas skin contact usually produces localized redness and inflammation [19].

BPA has been detected in all biological fluids, including serum, urine, cerebrospi-
nal fluid, and milk, in most of today’s human populations. In fetal tissues, BPA has 
been found in concentrations similar to those present in maternal blood, showing that 
it can cross the transplacental barrier [19]. Furthermore, toxicological data indicates 
that human embryos and neonates, unlike adults, cannot conjugate BPA increasing its 
possibility to exert toxic effects [5]. Epidemiological and experimental studies suggest 
that embryonic exposure to BPA is in the long term related to the occurrence of a 
series of disorders, such as precocious puberty, infertility, metabolic disorders, and a 
series of hormone-dependent tumors, like breast cancer [1, 5, 17, 20, 21].

2.3  Pathophysiological effects of bisphenols: endocrine, metabolic, and 
carcinogenic disruptors

To date, only a few studies have explored the effects produced by exposure to 
BPs, mainly BPA, during intrauterine or postnatal life together with their effects on 
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general human health. Multiple metabolic disorders, polycystic ovary syndrome, 
spontaneous abortion, infertility, endometrial hyperplasia, hormone-dependent 
tumors, immunity alterations, cardiovascular pathologies, neurodegenerative 
disorders and obesity have so far been reported among their deleterious effects on 
human health [1]. Dumitrascu et al. in 2019 [1] highlighted that women suffering 
from polycystic ovary syndrome exhibited higher circulating levels of BPA and 
testosterone than healthy women and that high androgen levels decreased BPA 
clearance. Furthermore, they pointed out that women with endometriosis showed 
high levels of BPA in serum, suggesting an association between this compound and 
the disease. It has also been suggested that patients with high urinary levels of BPA 
have a high probability of implantation failure during in vitro fertilization proce-
dures. In young people, an early exposure to BPA has been associated with high 
percentage of body fat, elevated body mass index, and abdominal circumference 
and numerous neurological implications, such as anxious or depressive behavior, 
all conditions that have been suggested to increase the risk of developing cancer. 
Comparative studies between BPA and its analogs (BPB, BPF, and BPS) show that 
they have toxic effects on the testes and spermatogenesis that are mediated by an 
increase in the levels of oxidative stress and a decrease in the levels of enzymes with 
antioxidant activity [22]; some of them may also have a neuroendocrine disrupt-
ing activity [6] (see Figure 1). Examples of neurobehavioral disorders associated 
with BPA in different experimental models (rodents, zebrafish, and Caenorhabditis 
elegans) range from cognitive deficit, increased anxiety, socio-sexual deficiencies 
to hyperactivity or autism spectrum disorders. It is postulated that neurological 
effects may be due to the weak estrogenic effect of BPA or its analogs by binding to 
estrogen receptors in different areas of the brain [6, 23].

With regard to the risk of developing malignant neoplasms, the greatest associa-
tion has been observed with breast, ovarian, and prostate cancer though the studies 
have not been conclusive [1]. To overcome the effects of BPA associated with an 
increased public concern about the risk of developing endocrine-related cancer 
due to exposure to BPA [24], the industry has replaced it with analogs such as BPS, 
BPB, BPF, or BPAF, which are now parts of products labeled as BPA-free [25]. 
Nevertheless, in vitro assays have demonstrated that BPAF has a stronger binding 
affinity for estrogen receptors when compared with BPA [26].

Likewise, recent studies have shown that both BPA and BPS can contribute 
to breast cancer malignancy by disrupting the organization of acinar struc-
tures and by affecting the normal development of the mammary gland [9]. To 
date, the effects of BPA in eukaryotic cells have been reported to be mediated 
primarily by steroid receptors, including ERɑ and ERβ, estrogen-related recep-
tors (ERR), androgen receptors (AR), and peroxisome proliferator-activated 

Figure 1. 
Structure of main bisphenols produced by industrial activity. BPA, bisphenol A; BPF, bisphenol F; BPAF, 
bisphenol AF; BPS, bisphenol S.
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receptors (PPAR) [24]. Other interactions include signaling by stimulation of 
angiotensin (AT), α-adrenergic (AR,) or chemokine (CXC) receptors.

3. Bisphenols and their role in breast cancer

Although BPA does not possess the potency of estrogen, it is ubiquitously  
distributed in nature and its resistance to enzymatic or chemical degradation makes 
it even more dangerous. Breast cancer has a high mortality in women in many coun-
tries, and approximately 10% of these tumors are due to genetic influence whereas 
90% are related to lifestyle or associated with negative elements present in the 
surrounding environment [1]. The most harmful effects attributed to EDCs would 
occur during breast development when this tissue is more susceptible to developing 
atypical differentiation. In vivo studies show that prolonged exposure (60 days) of 
breast cells to 400 μg of BPA/kg of body weight induces an increase in the density 
of mammary buds [27], in cell proliferation, and in the levels of oxidative stress 
without significant differences in the expression of estrogen receptors [1, 27, 28]. 
Previous studies have demonstrated that women who exhibit mutations in the 
tumor suppressor genes BRCA1 and BRCA2 in mammary gland cells have a greater 
risk of developing breast cancer and also a high susceptibility to the negative effects 
of environmental BPA [1, 27, 29]. In normal or cancerous adult breast tissue, BPA 
has been associated with an increased proliferation rate and with the induction of 
chemoresistance in ERα-positive cells [1, 30, 31]. BPA can also modify DNA repair, 
inactivate p53, and induce changes in genes associated with apoptosis to stop cell 
death through DNA methylation. By activating vascular endothelial growth factor, 
BPA can increase angiogenesis in breast tumors [32] and at the same time activate 
the MAPK and STAT pathways to modulate the proliferation kinetics of human 
mammary epithelial cells [1, 33].

Breast cell cultures developed in a 3D fashion are one of the most widely used 
models to gain a better understanding of the role of bisphenols in breast cancer. 
Using this approach and MCF-12A cells, which exhibit a typical luminal epithelial 
morphology, it was observed that low doses of BPA and BPS generated a disruption 
in the normal organization of the mammary acinus and promoted cell invasion [9]. 
Interestingly, mammospheres of MCF-7 cells (ERα-positive cell line) treated with 
10 nM BPA displayed high expression of aldehyde dehydrogenase 1, a marker of 
breast stem cells, and SOX-2, a key transcription factor for cell pluripotentiality and 
self-renewal. That effects were not observed when MDA-MB-231 (ERα-negative 
cell line) was used instead of MCF-7 cells, suggesting that the receptors through 
which BPA modulates its signaling exhibit a different expression pattern in this kind 
of cancer, highlighting the implications of the heterogenicity of tumor mammary 
tissue when evaluating the effects of EDCs [34].

Evidence suggests that BPA may play an important role in the lifecycle and 
carcinogenesis of mammary epithelial cells and challenge us to continue studying 
its role in the origin and progression of breast cancer. One approach is to determine 
the relationship between BPA and G protein–coupled receptors (GPCRs) signaling, 
considering the recent evidence of the role of GPER-1 in breast cancer progression. 
Interestingly, approximately 20% of human neoplasms are related to some altera-
tion in GPCRs [35]. The first relationship of GPCRs with tumorigenesis dates back 
to the 1980s, when a novel proto-oncogene called MAS1 was described together 
with its ability to encode a hydrophobic protein of 325 amino acids with seven trans-
membrane domains. Today, it is known that the MAS1 proto-oncogene generates a 
GPCR that binds to angiotensin (1–7), a metabolite of angiotensin II [35]; therefore, 
MAS1 receptor is part of the signaling cascade that supports the endocrine activity 
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of the renin-angiotensin-aldosterone system (RAS), which regulates the prolifera-
tive or antiproliferative effects produced by hormones participating in the RAS 
pathway [36]. At present, it has been shown that components of RAS are expressed 
in various types of cancer, including breast cancer [37]. Additionally, several mem-
bers of the large family of GPCRs have been identified as promoters of carcinogen-
esis, interacting directly or indirectly with BPA and other phenolic compounds to 
generate disruptive effects not only during adulthood but also during intrauterine 
and early postnatal life.

4.  Implications of bisphenols on GPCRs signaling in breast cancer: 
GPER-1, angiotensin, CXC, and α-adrenergic receptors

4.1 General characteristics of GPCRs

The ability to receive and transmit a variety of external and internal signals is 
a fundamental feature to coordinate morphological and functional activities of 
multicellular organisms. The notion that receptive structures and substances medi-
ate cellular responses was envisioned in 1897 by Paul Ehrlich with his “side chain” 
theory [38] and formulated more directly in 1905 by John Newport Langley [39]. 
However, at that time, the techniques to verify this hypothesis did not exist. It was 
not until the 1970s that Lefkowitz, using (−)[3H] alprenolol, a potent β-adrenergic 
antagonist, achieved the specific binding of this ligand to β-adrenergic receptors 
in frog red blood cells [40] and purified the β-adrenergic receptor (AR) by using 
affinity chromatography [41]. Since then, it has been demonstrated that the bind-
ing of a β-adrenergic agonist to its receptor leads to the activation of the hetero-
trimeric G protein with the subsequent production of cAMP [42]. The structure 
of this receptor was later investigated in more detail by Kobilka employing X-ray 
crystallography who found a surprising homology of β-adrenergic receptor with 
the previously described rhodopsin receptor [43, 44]. Elucidation of the structural 
and functional features of the β-adrenergic receptor, including its crystallization, 
constitutes one of the most relevant scientific milestones in recent times on the 
knowledge of GPCRs.

Currently, technical advances in molecular biology have made it possible to deter-
mine the genetic code of numerous receptor proteins, identifying their amino acidic 
sequence and allowing interesting evolutionary relationships. GPCRs represent 
approximately 4% of all genes encoded by the human genome, generating between 
650 and 800 different types of GPCRs, constituting the most numerous family of 
membrane receptors, regulating a large number of physiological and pathological 
processes [39]. It is estimated that 60% of all commercially available drugs target at 
least one particular GPCR [45].

The most accepted classification of GPCRs is supported by the International 
Union of Basic and Clinical Pharmacology (IUPHAR), which based on structural 
and phylogenetic criteria has grouped them into the families of rhodopsin (family 
A), secretin (family B), and glutamate (family C) and into the adhesion recep-
tor or frizzled/taste2 families [46]. The structural characteristics and the degree 
of homology between the different families make it possible to determine that 
all GPCRs in humans derive from a single common ancestor [46, 47]. GPCRs are 
characterized by having seven transmembrane helices, with an amino-terminal end 
located extracellularly and a carboxy-terminal end located toward the interior of 
the cell, in the vicinity of which the interaction with the heterotrimeric G protein 
occurs, promoting intracellular signaling events once the receptor is activated by 
its corresponding agonist [46]. It is estimated that GPCRs arose about 1200 million 



23

Interaction of Bisphenol A with G Protein: Coupled Receptors - New Paradigms in Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.101204

years ago, during the evolutionary separation of alveolates (organisms that do not 
have GPCRs in their genome) from fungi and plants (organisms that do present 
some types of GPCRs) [47, 48]. More than 80% of all GPCRs belong to the rhodop-
sin family, characterized by highly conserved motifs and significant structural and 
functional diversity [46, 47].

GPCRs are integral proteins of the plasma membrane that interact with a 
large number and variety of signals such as photons, ions, neurotransmitters, 
peptides, and hormones of different chemical nature [49]. Among the physi-
ological responses triggered by GPCRs are the regulation of cell survival, motil-
ity, and cell proliferation [47]. It has been shown that in addition to classical 
nuclear ERα and ERβ receptors, endogenous estrogens can exert their biological 
activity by binding to cell membrane-sited receptors, particularly some of the 
large family of GPCRs [50, 51].

4.2 Bisphenols and their effects beyond nuclear estrogen receptors

As mentioned before, BPA is one of the most studied xenoestrogens, initially 
developed as estrogen and now produced in large quantities and added to many 
consumer products such as coatings for cans, dental fillings, plastic bottles, feeding 
bottles, and some medical devices, causing ubiquitous human exposure. Indeed, 
more than 1 mg/kg of BPA has been detected in some foods, such as vegetables, 
probably due to leaks from plastic irrigation devices [24].

It is estimated that approximately 70% of breast carcinomas depend on estrogen 
and consequently are clinically classified as “hormone-sensitive breast cancer” or 
ERα-positive tumors. Interestingly, numerous reports indicate that xenoestrogens 
(chemicals that induce estrogen or antiestrogen responses) can disrupt normal 
estrogen-dependent signaling. Among the main xenoestrogens, BPA and some 
of the newly derived bisphenols stand out for their industrial origin and frequent 
occurrence in our “modern” society and ecosystems, generating a series of altera-
tions in human beings and the environment. With no doubt, BPA is so far one of the 
most studied xenoestrogens though 17β-estradiol is the most potent form of estro-
gen when compared with BPA or other bisphenols [1, 50]. In men, estrogens favor 
serum levels of HDL cholesterol (high-density lipoproteins) to improve the car-
diovascular condition and maintain bone mass and sperm maturation. In women, 
estrogens have strong effects on the female reproductive organs, including the 
breast, uterus, and menstrual cycle regulation. Moreover, altered estrogen balance 
is implicated in the pathophysiology of breast, ovarian, colorectal, prostate, and 
endometrial cancer. Similarly, estrogen unbalance has been implicated in metabolic, 
autoimmune, cardiovascular, neurodegenerative, and mood disorders [51].

BPA has long-term disruptive effects, even when contact has occurred during 
prenatal development. Intrauterine BPA exposure in pregnant Wistar rats alters 
the histoarchitecture of the mammary gland by increasing angiogenesis in female 
offsprings at postnatal day 50 or 110 [52]. Other studies, also using a murine model, 
indicate that prenatal exposure to BPA or its analogs, BPS and BPAF, induces 
accelerated development of the mammary gland, generating in the long term an 
increased susceptibility to spontaneous preneoplastic lesions, characterized by 
lobuloalveolar hyperplasia and perivascular inflammation [53].

As expected, the effects of BPA or other bisphenols have already been validated 
by studying their genomic activities on the pathways of nuclear estrogen receptors 
and it is only in the last years that the impact on GPCRs such as GPER-1, angio-
tensin, chemokines, and adrenergic receptors, as alternative estrogen-binding 
molecules, has begun to be elucidated [54]. Here, we present some evidence about 
interactions between BPs, GPCRs, breast cancer, and cancer progression.
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4.3 G protein: coupled estrogen receptor 1 (GPER-1)

Since the discovery of nuclear ERα by Jensen, the binding of estradiol to 
cell surface receptors was considered highly unlikely [50]. However, a series of 
investigations that demonstrated increased levels of cAMP shortly after estrogen 
stimulation, as well as increased cell proliferation of ERα-deficient cells following 
stimulation with 17β-estradiol, suggested the presence of a membrane-located 
receptor that was interacting functionally with estrogen [50, 55]. In 2002, the activ-
ity of a membrane estrogen receptor, provisionally called “ER-X,” was revealed, 
though its structure was not investigated [56]. Additionally, a glutamate receptor 
of the groups I and II sensitive to estrogen, whose activity was independent of Erα, 
was reported [57]. Given this background, several groups investigated an orphan 
membrane receptor called GPR30 (G protein-coupled receptor 30), described in 
1997 by Carmeci et al., [58] which was strongly expressed in estrogen-sensitive 
breast cancer cells. In 2005, Thomas et al. demonstrated the specific binding of 
estrogen to GPR30 in SKBR3 breast cancer cells, a cell type that expresses GPR30 
but not nuclear estrogen receptors [59]. In addition, Revankar et al. reported the 
localization of GPR30 in the endoplasmic reticulum and that its binding to estrogen 
increased intracellular calcium levels [60]. Subsequently, several groups, includ-
ing ours, have described that GPR30 is primarily sited in the plasma membrane of 
breast cancer cells [50, 61]. Due to the ability of GPR30 to bind to estrogen, it was 
renamed as GPER-1 (G protein-coupled estrogen receptor 1) [61], a protein of 375 
amino acids encoded by a gene located in chromosome 7p22.3 [61, 62]. GPER-1 
activation triggers a non-genomic or “fast” intracellular signaling cascade charac-
terized by cAMP production and increased intracellular calcium levels [63, 64], 
Src activation through Gβγ, with subsequent release of HB-EGF (heparin-binding 
EGF-like growth factor) and transactivation of EGFR (epidermal growth factor 
receptor) [61]. In addition, the activation of phospholipase C and cFos and several 
kinases such as ERK1/2 MAPK, PI3K (phosphoinositol 3-kinase), and Akt has also 
been described [50, 61, 63, 64].

In female GPER-1 null mice, an alteration of glucose homeostasis has been 
observed associated with a low release of insulin, reduced bone growth, and 
increased blood pressure [65] whereas male knock-out mice suffer deterioration 
of the cardiac function [66]. Furthermore, GPER-1 also modulates the immune 
system, inducing apoptosis of T cells and inhibiting the inflammatory process 
[67]. In summary, GPER-1 promotes a series of key biological functions attributed 
exclusively to nuclear α and β receptors in reproductive tissues, the cardiovascular 
system, the immune system, and the nervous system, among others [61]. GPER-1 
has been linked to regulation of growth, migration, and survival of cancer cells 
[68] since it is expressed in ERα-positive and -negative breast tumors and their 
corresponding human breast cancer cell lines [50]. Clinical investigations have 
shown that patients with GPER-1 positive breast tumors and four to six months of 
tamoxifen treatment developed resistance to therapy and suffered an increase in 
breast tumor mass and reduced survival [68–70]. GPER-1 activation also produces 
an increase in the number of breast cancer stem cells (CSCs) by activating the 
TAZ protein (transcriptional coactivator with PDZ-binding motif), one of the 
components of the Hippo signaling pathway [71]. The ability to reprogram CSCs is 
also attributed to elevated TAZ in breast cancer [72]. A recent investigation using 
tumor cells isolated from ERα/PR-positive breast tumors showed that silencing of 
GPER-1 generated, in vitro and in vivo, mammospheres with a reduced population 
of CSCs [73]. By comparison, the activation of GPER-1 by estrogen or tamoxifen 
induced the phosphorylation of PKA, stimulating the growth of malignant cells, 
and the activation of BAD-Ser118, an event related to an increase in the activation 
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of glucokinase with the consequent production of ATP in the mitochondria, which 
in turn may promote the maintenance and proliferation of CSCs [73]. Recently, we 
have reported that continuous exposure of MCF-7 cells (ERα/GPER-1-positive) to 
tamoxifen significantly increased intracellular calcium mobilization and cell prolif-
eration through GPER-1 overexpression [64]. In addition, tamoxifen, estrogen, and 
the synthetic GPER-1 agonist, G1, have been shown to promote cell proliferation 
and cell cycle progression of cancer-associated fibroblasts (CAF) [74].

In general, xenoestrogens have been shown to have similar binding affinities for 
ERα, ERβ, and GPER-1. Interestingly, the phytoestrogen genistein and BPA have 
high affinity for GPER-1 [75]. It has been shown that nanomolar concentrations of 
BPA stimulate the proliferation of TM4 mouse Sertoli cells. Exposure of TM4 cells 
to ICI 182,780 or G15 (a GPER-1 antagonist) abolished the proliferative response 
promoted by BPA, pointing out a strong dependence from ERα/ERβ and GPER-1 
[76]. In addition, it has been shown that BPA can produce a hypothalamic disrupt-
ing effect, particularly on the gonadotropin-releasing hormone (GnRH) release 
axis and, therefore, on the reproductive cycle in humans [77]. Moreover, nanomolar 
concentrations of BPA induce through GPER-1 and αvβ3 integrin, which acts as a 
vitronectin receptor, the proliferation of male germ cells [78].

A study using triple-negative breast cancer cells (TNBC) showed that BPS 
trigger cancer cells migration, through activation of the GPER/Hippo-YAP signal-
ing pathway. The dephosphorylation of YAP (yes-associated protein) promotes its 
accumulation in the nucleus, upregulating CTGF and ANKRD1 genes. GPER/Yap 
inhibition reduces triple-negative breast cancer cells’ migration promoted by BPS 
[79]. In addition, nanomolar concentrations of BPAF and BPB have been shown 
to exert higher estrogenic effects than BPA on SKBR3 breast cancer cells (GPER-1-
positive/ERα-negative), by activating GPER-1 signaling pathways [54]. Similarly, 
bisphenols can also exert estrogenic effects via GPER-1 in ERα-positive breast 
cancer cells. Thus, BPAF triggers intracellular calcium mobilization, production of 
reactive oxygen species (ROS), and activation of ERK1/2 MAPK and Akt pathways 
and increases cell proliferation in MCF-7 cells [80]. BPAF also upregulates GPER-1 
and ERα protein expression whereas silencing of GPER-1 markedly reduced BPAF-
stimulated cell proliferation [80]. Furthermore, 4,4′-thiodiphenol (TDP), another 
molecule derived from BPA, has similar effects to those produced by BPA [81]. By 
activating GPER-1 signaling, BPA has also been shown to increase migration and 
proliferation of bovine vascular endothelial cells and SKBR3 and MDA-MB-231 
breast cancer cells in vitro and to promote tumor growth in vivo [82]. Furthermore, 
treatment of endothelial cells with BPA, but under hypoxic conditions, induced 
the expression of HIF-1α (hypoxia-inducible factor-1 alpha) and VEGF (vascular 
endothelial growth factor) [82]. These observations support the hypothesis that 
BPA, through the biological activity of vascular endothelial cells, promotes the 
development of breast tumor cells via GPER-1.

The inflammatory response is an important component of many diseases, 
including metabolic diseases and cancer. Notably, BPA and BPS promote persistent 
inflammatory states through increased expression of IL-19, EGFR, and TGF-β, 
among other regulatory molecules [82, 83]. Interestingly, biological fluids from 
cancer patients contain elevated levels of the bioactive peptide hormones known as 
kinins [84], and the kinin B1 receptor (B1R), another member of the GPCR family 
stimulated by kinin B1R agonists (Lys-des[Arg9]bradykinin or des[Arg9]brady-
kinin), is expressed in ductal breast carcinoma in situ, invasive ductal carcinoma, 
and benign fibroadenomas [84, 85]. In addition, we have previously determined 
that stimulation of kinin B1R promotes cell proliferation, chemotaxis, and release 
of metalloproteinases (MMP-2 and MMP-9) from breast cancer cells through the 
EGFR/ERK1/2 pathway [85, 86]. Although there is no research directly linking 
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bisphenol activity with the kinin B1R, we have recently reported that both GPER-1 
and B1R are overexpressed in ERα-positive breast cancer cells continuously exposed 
to tamoxifen [64], suggesting a possible cross-talk between both GPCRs in estro-
gen-sensitive breast cancer cells, to increase cell proliferation and cancer progres-
sion under persistent exposure to bisphenols. If other GPCRs of the GPER-1 family 
such as the orphan GPCR, GPR161 (G protein-coupled receptor 161), is activated by 
bisphenols, it is an unexplored and interesting field since GPR161 is overexpressed 
in TNBCs and correlates with a bad prognosis. Overexpression of GPR161 in human 
mammary epithelial cells produces an increase in cell proliferation, migration, 
intracellular accumulation of E-cadherin, formation of multiacinar structures in 3D 
cell cultures, and invasion through a rapamycin signaling-dependent pathway [87].

4.4 Angiotensin receptors

Specific angiotensin-binding sites in tissues were discovered in the 1960s by 
Merlin Bumpus, following tracking of radioactive angiotensin infused into live 
rats [88]. The physiological relevance of this finding was related to the best-known 
responses triggered by angiotensins, such as vasoconstriction or aldosterone 
secretion [88, 89]. Subsequently, the specific and saturable binding of radiola-
beled angiotensin was demonstrated in homogenates, subcellular fractions, and 
tissues of several species, including humans [90]. Additionally, pharmacological 
experiments showed different tissue responses to angiotensin and the presence of 
different types of angiotensin receptor (AT) proteins [91, 92]. The classification 
of angiotensin receptors was initially somewhat confusing, but today two types of 
receptors are formally recognized and called AT1 and AT2 [93–95]. The human AT1 
receptor is encoded by a single gene located on the q arm, band 22 of chromosome 
3 and its distribution is quite wide in adult tissues [89, 94]. AT1 activation triggers 
an intracellular signaling cascade that promotes the phosphorylation of proteins 
that participate in smooth muscle contraction, aldosterone secretion, cell growth, 
and cell proliferation [96]. By comparison, the gene that encodes the AT2 recep-
tor is located on the X chromosome [93], expressing itself predominantly during 
intrauterine development though its levels have been found to increase due to stress 
or tissue damage [96]. Physiologically, the activity of AT2 receptor antagonizes 
that of the AT1 receptor [94, 96]. Since their discovery, angiotensin receptors have 
been considered important therapeutic targets for hypertension, heart and kidney 
failure, and other types of vascular diseases [10]. Moreover, angiotensin receptors 
have also been involved in the development of different types of metabolic and 
neoplastic diseases.

One of the most important theories elaborated to explain the origin and per-
sistence of cancer in modern societies deals with CSCs, key cellular players first 
isolated in the 1990s by John E. Dick from human acute myeloid leukemia cells [97]. 
So far, CSCs have been identified in different types of tumors as a subpopulation 
of cancer cells with self-renewal and multipotency properties, capable of initiating 
and maintaining carcinogenesis, through clones with different degrees of differ-
entiation, and responsible for resistance to treatment strategies, metastases, and 
disease relapse [34, 98]. Recent evidence indicates that the RAS pathway is crucial 
for an appropriate tumor microenvironment and maintenance and differentiation 
of CSCs [36, 97–99].

Overexpression of the AT2 receptor stimulates the differentiation of mesen-
chymal stem cells [99], and signaling via AT1 or AT2 receptors can condition the 
hematopoietic lineage [98]. Expression of angiotensin receptors and other members 
of the RAS pathway in CSCs suggests that new therapeutic routes may emerge 
for several types of cancer [10, 100–102]. Human embryonic cells exposed to low 
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concentrations of BPA upregulate the expression of Oct4 and Nanog proteins, two 
early differentiation markers of mammary epithelial cells [103]. Another possible 
regulator of CSCs, activated by BPA, is bone morphogenetic protein [104]; it has 
been suggested that bone morphogenetic protein 2 initiates the transformation of 
stem cells toward a malignant phenotype [105]. Similarly, the presence of angio-
tensin II has been verified in breast cancer epithelial cells [102, 106] and the stroma 
[102] and overexpression of AT1 receptor in MCF-7 cells has been associated with 
an increased capacity for cell migration, invasion, proliferation [101, 107], and 
release of MMP-9 [107], responses associated with phosphorylation of ERK1/2 
MAPK [107]. Interestingly, most of the effects of angiotensin II on cell prolifera-
tion and activation of the Ras-Raf-MAPK pathway and the transcription factors 
NF-κB and CREB can be inhibited by an AT1 interfering RNA, plus treatment with 
irbesartan, an AT1 pharmacological antagonist [107]. On the other hand, a study 
in nonmetastatic operable breast tumors determined the presence of AT2 receptors 
in up to 35% of cases whereas tumors expressing the AT1 receptor corresponded to 
stage III and showed an increased number of mitosis and vascularization [108].

Considering that inflammation and increased angiogenesis are two events 
directly associated with angiotensin receptors’ dysregulation, these receptors have 
been proposed to contribute significantly to the development of neoplasia, especially 
if we consider the possibility that they could be activated by bisphenols [107–109].

4.5 Chemokine receptors

Evolutionarily, it is estimated that the origin of the chemokine system dates 
back about 650 million years ago [110]. This system has undergone great structural 
and functional diversification, contributing to the physiological activity of the 
different tissues of vertebrates [110, 111]. The first chemokine was described in 
1977 by identifying the sequence and activity of platelet factor 4 (PF-4) [112]. In 
1985, gamma interferon, another chemokine with high homology with PF-4 and 
proinflammatory activity, was discovered [113]. Subsequently, Yoshimura et al. 
isolated and described a monocyte chemotactic protein (MCP-1), which is currently 
recognized as one of the most potent monocyte activators [114]. Initially, chemo-
kines were given names associated with their biological activity, but in order to limit 
the generation of a diversity of names due to the increasing amount of chemokines 
discovered, a nomenclature was created in the year 2000 [115]. Currently, chemo-
kines are characterized by the presence of four cysteine residues involved in their 
3-dimensional shape; chemokines are classified into four main subfamilies: CC, 
CXC, XC, and CX3C followed by a number (the “X” corresponds to an amino acid 
that can change) [115].

At the beginning of the 1990s it was determined that stimulation of leukocytes 
by proinflammatory chemokines induced a transient increase in intracellular 
calcium levels [116, 117]; this observation constituted one of the first indications 
of chemokine receptors’ activity such as GPCRs-dependent chemokines [111, 115]. 
Initially it was thought that the activity of chemokine receptors was limited to 
modulation of certain aspects of the immune response, such as the recruitment of 
neutrophils during acute inflammation or of monocytes during chronic inflamma-
tion. However, it is currently considered that practically any cell type in the body 
can express chemokine receptors and not just leukocytes [111, 118]. Similarly, it 
is estimated that around 20 chemokine receptors can recognize the more than 50 
chemokines studied so far [118, 119]. This opens a range of biological responses 
commanded by chemokine receptors and accounts for versatility of these receptors 
in their interaction with chemokines including a role in the pathophysiology of 
cancer. The first investigation that evidenced this activity used a model of murine 
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lymphoma and demonstrated the association between MCP-1 (current CCL2) with 
promotion of tissue invasion [120]. Following this finding, the activity of chemo-
kine receptors in the initiation and progression of different types of cancers has 
been demonstrated [111, 121]. In breast cancer, chemokine receptors can down-
regulate the immune response, favoring tumor progression [119, 121] by promot-
ing tumor growth and survival signals [119]. The chemokine system has also been 
related to the maintenance of CSCs, through modulation of tumor microenviron-
ment [111, 119, 121]. Although there are still many factors to be clarified, it has 
been established that the chemokine system significantly strengthens carcinogenic 
activity by promoting angiogenesis. Actually, the chemokine receptors expressed 
in endothelial cells and displaying high proangiogenic activity are CXCR2 (whose 
ligands are CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8), and 
CXCR1 (whose ligand is CXCL8, one of the most potent angiogenic molecules) 
[119]. Additionally, it is known that CXCL8 induces higher levels of MMP-2 and 
MMP-9 and of VEGF, supporting its role in cancer cell migration and metastasis 
[111]. Recently, CXCL1-3 has been negatively correlated with the prognosis and 
survival of breast cancer patients [122]. Furthermore, a phytoestrogen, called 
quercetin (a flavonoid found in high concentrations in fruits and vegetables), has 
been found to have an inhibitory effect on cell proliferation, promoting apoptosis 
in MDA-MB-231 and MCF-7 cells and increasing CXCL1-2 secretion [122].

It has been suggested that early exposure to BPA can cause deleterious immu-
nological effects, creating over time the organic conditions for development of 
a variety of disorders during adulthood; thus, bisphenols can dysregulate the 
chemokine network altering homeostasis of the immune system. A study in which 
a low dose of BPA was administered intratracheally in six-week-old male mice sug-
gests that BPA exacerbates the allergic process of the airways through the expres-
sion of CXCR4 receptors in antigen-presenting cells [123]. Additionally, it has been 
estimated that 10 μM BPA, BPS, and BPAF increase secretion levels of chemokines, 
such as CXCL8 (IL-8), reducing the viability of human macrophages [124]; this 
effect is partially reversed by exposure to genistein (one of the most common 
phytoestrogens) [124].

Notably, 17β-estradiol increases the expression of CXC12 and its receptor 
CXCR4 in MCF-7 cells but inhibits the expression of CXCR7, the other receptor for 
this chemokine. Overexpression of CXC12 and CXCR4 is important for the increase 
in the proliferation rate of breast cancer cells stimulated with 17β-estradiol. By 
contrast, high levels of CXCR7 are related to the basal growth of tumor cells [125]. 
These effects can be explained molecularly by the regulatory effect of 17β-estradiol 
on the level of chromatin compaction in the promoters of genes related to 
chemokines.

Furthermore, the activity of the chemokine network has been associated with a 
series of estrogenic compounds in estrogen-sensitive breast cancer cells. Genistein 
and BPA (in addition to estrogen) have been shown to stimulate CXC12 synthesis 
and secretion in T47D breast cancer cells [126]. Similarly, it has been observed that 
BPAF stimulates proliferation of T47D cells, in a dose-dependent manner, promot-
ing transcription and secretion of CXCL12, while the use of a shRNA or selective 
inhibition of CXCL12 significantly reduced the activity of CXCL12 and cell prolif-
eration [127]. Dysregulation of the chemokine network by BPs has been associated, 
in humans and animals, with a variety of adverse effects both on the development 
and on the structure of the mammary gland, highlighting the generation of intra-
ductal hyperplasia and carcinoma in situ in mice exposed prenatally to BPA [128]. 
Thus, early exposure to BPA may increase susceptibility of the mammary gland 
to malignant transformation. Notably, prenatal exposure of mice to BPA induced 
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gene reprogramming that resulted in low expression of members of the CXC family 
(CXCL2, CXCL4, CXCL14, and CXCL20) and of the interferon regulatory factor 9 
(IL-R9) as well as the immune response gene 1 (Irg1) and some members of genes 
1 (IL-1β and IL1-RN) and genes 2 (IL-7) of the interleukin family [129]. These 
changes affected the normal activity of the inflammatory response, increasing the 
risk of developing breast cancer in the long term [129].

In perspective, the set of experimental results indicates that bisphenols, particu-
larly BPA and BPAF, target the mammary gland, affecting the expression of chemo-
kine receptors and their ligands, alterations that have been associated with changes 
in normal development. Although an important part of the research indicates a 
possible cross-talk between nuclear estrogen receptors, GPCRs and bisphenols to 
alter homeostasis of the chemokine system, this interactions have so far not been 
directly addressed and remain largely unknown.

4.6 Adrenergic receptors

Epinephrine and norepinephrine bind to specific GPCRs referred to as adren-
ergic receptors, modulating physiological responses such as metabolism, vascular 
tone, and cell proliferation. These receptors are classified into three types, which 
are subdivided into the following subtypes: α1-adrenergic (α1A, α1B, α1D), 
α2-adrenergic (α2A, α2B, α2C), and β-adrenergic (β1, β2, β3) [130, 131]. In gen-
eral, α-adrenergic receptors have a vasoconstrictive effect and produce excitation 
in the uterus, heart, and blood vessels and have a relaxing effect in the intestine 
[132]. On the other hand, β-adrenergic receptors have a vasodilator effect, but a 
vasoconstrictor activity in the uterus and an excitatory effect in the myocardium 
[131, 132]. By binding to catecholamines, AR activate various signaling pathways 
that depend on heterotrimeric G proteins, which use phospholipase C and adenyl 
cyclase to produce second messengers that activate cytosolic kinases, which by 
translocating to the nucleus modulate different transcription factors [133]. Two 
single nucleotide polymorphisms of the α2-adrenergic receptor gene (rs1800544 
and rs553668) have been considered as useful tools to predict the severity of inva-
sive breast cancer and their relation with metabolic alterations [130]. Presence of 
AR has been described in human epithelial breast cells [134, 135] and in adipocytes 
of breast tissue [131, 136]. Furthermore, stimulation of α and β AR by catechol-
amines has been shown to stimulate proliferation and migration of non-tumor 
(MCF-10A) and neoplastic (MCF-7 and MDA-MB-231) breast epithelial cells, 
generating an increase in cAMP levels, effects that are reversed by the use of AR 
antagonists [135, 136].

Prenatal exposure of mice to BPA (10 μg/kg body weight) and its binding to 
α2-adrenergic receptors changed the binding affinity of adrenaline to α2-adrenergic 
receptors in the locus coeruleus and the medial preoptic area of the brain and 
eliminated the behavioral differences between males and females related to emotion 
and anxiety [137]. Other studies have indicated that intrauterine exposure to BPA 
can alter the programming of most sensitive brain regions to steroids, differentially 
affecting men and women [51, 138]. On the other hand, both BPA and BPS have 
been shown to promote lipid accumulation and differentiation of murine 3 T3-L1 
adipocytes in a dose-dependent manner though BPS displayed more adipogenicity 
than BPA [136]. Interestingly, it has been established that alterations in the typical 
responses of the sympathetic nervous system and its signaling pathways alter the 
normal metabolic balance, generating conditions for the establishment of disorders, 
such as obesity and type II diabetes mellitus, and consequently increasing the risk 
for cancer development [133].
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Although there is no conclusive evidence to establish a direct relationship 
between bisphenols exposure and activation of AR in the context of breast 
cancer, experimental evidence indicates that they are involved in the develop-
ment of breast cancer at a systemic level mediated by the sympathetic nervous 
system and through activation of α and β adrenergic receptors that are expressed 
in a great variety of cell types, including epithelial cells and adipocytes of the 
breast. On the other hand, interactions of AR with BPA in cells of the nervous 
system and with BPA and BPS during adipogenesis suggest that there exists a 
disruptor axis in sympathetic and metabolic activity to favor the development of 
neoplasia [136].

5. Conclusion

Although the concern about the deleterious effects of BPA on health has been 
recognized by the industry, in particular its relationship with cancer, the generation 
of new analogs such as BPB, BPF, and BPAF, which are part of products labeled as 
BPA-free, has not solved the problem [129]. Indeed, in vitro assays have revealed 
that BPAF has a stronger binding affinity for estrogen receptors than BPA [80]. 
The evidence accumulated so far suggests that BPA and BPS may contribute to 
breast cancer by disrupting the organization of acinar structures and by affecting 
the natural development of the mammary gland [3]. To date, the effects of BPA in 
eukaryotic cells have been reported to be mediated primarily by steroid receptors, 
including ERɑ and ERβ, but also as we discussed in this chapter, the effects are also 
mediated by activation of GPCRs exposed on the cell surface (Figure 2) [41].

More studies regarding the effects of bisphenols on angiotensin, adrenergic, 
chemokines, B1R, or even GPER-1 receptors are necessary to determine the real 
risks of these compounds for human health and the particular risk of develop-
ing cancer.

Understanding the role of endocrine disruptors and the mechanisms involved in 
their action is crucial to prevent the harm that bisphenols may cause in the popula-
tion and to improve public health approaches to control cancer as well as some 
chronic diseases that afflict adult life.

Figure 2. 
Potential effects of bisphenols on GPCRs to favor development and progression of breast cancer. BPA, BPAF, 
BPS, bisphenols A, AF and S; GPER-1, G protein coupled estrogen receptor 1; AT, angiotensin; Erα, estrogen 
receptor alpha; TDP, 4,4′-thiodiphenol; ROS, reactive oxygen species.
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Chapter 3

The Effects of Bisphenols on 
Semen Quality
Parichehr Nouri and Ali Olfati

Abstract

Both the animals and humans with generalized lipodystrophy develop signs of 
infertility syndrome in the absence of semen health. Infertility is defined as not 
being able to get pregnant (conceive) after one year (or longer) of unprotected sex. 
The treatment of disease is usually expensive. Their expertise and experience pro-
vide the most current knowledge to promote future research. Dietary habits need to 
be altered, for most of world people. Therefore, the conclusions and recommenda-
tions from the part of this chapters will provide a basis for change. We welcome 
your offers and criticisms for book improvement in next editions. Bisphenol has 
been used since the 1950s, in food packaging, industrial materials, dental sealants, 
and personal hygiene products. Everyone is exposed to Bisphenol through the skin, 
inhalation, and digestive system. Bisphenol disrupts endocrine pathways because it 
has weak estrogenic, antiandrogenic, and antithyroid activities. Known endocrine 
disruptor bisphenol A (BPA) has been shown to be a reproductive toxicant in 
animal models. This book chapter the current epidemiological literature on fertility 
outcomes associated with Bisphenol exposure. It also provides relevant resources for 
health care providers who are in a unique position to provide guidance in reducing 
exposure to this endocrine-disrupting chemical.

Keywords: Semen, Bishphenol A, Infertility, Regenerative medicine

1. Introduction

Semen is the result of secretions from different parts of the ducts and glands, 
so that the secretions Ferrous seminiferous tubules 5%, seminal vesicle secretions 
70%, and prostate secretions 25% make it [1].

Semen is examined macroscopically and microscopically:

a. Macroscopic features include:

1. Appearance: Semen has a whitish gray appearance. Red or brown color  
indicates blood in the semen, and yellow color indicates some vitamins, 
drugs or hepatitis, and indicates abnormality.

2. Liquefaction: Liquidation is a natural process in the consistency of semen 
that changes from a semi-liquid to a liquid state.

3. Viscosity: The viscosity can be checked by inserting a glass rod into the 
sample and observing its elongation after gently removing the rod.
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4. Volume: The volume of human semen is at least 1.5 ml, which is measured 
through a graduated pipette with a sensitivity of 0.1 ml. The volume of 
semen is mainly due to the secretions of the prostate glands and seminal 
vesicles and a small amount is due to the secretions of the bulbo urethral 
glands and the epididymes.

5. PH: The acidity of semen reflects the balance between the acidity of  
different secretions of the gonads. The agreed threshold for minimum 
 semen acidity is 7.2.

b. Microscopic features include:

1. Aggregation: Attachment of immobile sperm to each other or to mucosal  
masses, non-sperm cells or cell debris, as Non-specific adhesion is 
considered.

2. Agglutination: Refers to the attachment of motile sperm to the head to head, 
tail to tail, or other states they are stuck together.

3. Motility: Number of repetitions usually Depending on the volume of semen, 
it is defined between 2 to 3 times.

4. Vitality: In general, the percentage of live sperm is higher than motile 
sperm. Minimum sperm viability (health of sperm membrane) (58%) Is 
obtained by multiplying the total number of sperm in the percentage of 
healthy sperm.

5. Concentration: The number of sperm in the semen is calculated using the 
sperm concentration. Sperm concentration refers to the number of sperm 
per unit volume of semen.

2. Semen quality health

There is ample evidence in the world that global sperm quality has declined over 
the past few decades [2]. The probable cause of global decreased semen quality may 
be environmental and / or occupational and lifestyle factors [3, 4]. Lifestyle factors 
associated with male infertility include: smoking, alcohol consumption, recre-
ational drugs, stress, obesity, paternal age, diet, and coffee consumption. Other 
factors include: testicular heat stress, cycling, lack of sleep, and cell phone magnetic 
waves [5].

2.1 Smoking

Research has reported that sperm concentrations in men who smoke are 17–13% 
lower than in men who do not smoke [6]. In addition, smoking has a negative 
relationship with sperm motility, sperm morphology and sperm count. Decreased 
semen quality is more common in men who smoke more than 20 cigarettes a day, or 
on average 10–20 cigarettes a day, than in men who smoke 1–10 cigarettes a day. The 
effect size is larger in infertile men than in the general population [7]. In addition 
to the detrimental effect on male fertility, smoking is responsible for DNA damage, 
aneuploidy and mutations in sperm [8].
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2.2 Alcohol

A meta-analysis of 16,395 men showed that alcohol consumption had a detri-
mental effect on sperm morphology and semen volume [9]. Alcohol canimpair the 
process of production and maturation and morphological development of sperma-
tozoa [10]. Spermatogenesis appears to decrease with increasing alcohol consump-
tion [11]. Complete or partial cessation of spermatogenesis and Sertoli cell-only 
syndrome is much more common among heavy drinkers than non-drinkers [12].

2.3 Recreational drugs

opiates (narcotics), methamphetamines, anabolic–androgenic steroids, 
Marijuana, and cocaine are examples of illicit drugs thatNegatively affects male fer-
tility. Destructive effects of these drugs is on the hypothalamic–pituitary-gonadal 
axis, testicular structure and sperm function [13].

2.4 Obesity

Overweight and obesity cause excessive accumulation of fat in the body, which 
is determined by using the body mass index. Men who are overweight and obese 
are more likely to have low sperm quality and infertility. A systematic review of 
30 studies involving 158,115 men found that paternal obesity was associated with 
reduced male fertility. Obese men have a higher percentage of sperm with frag-
mented DNA, mitochondria with low membrane potential, abnormal morphology, 
and infertility [14].

2.5 Psychological stress

Stress, in all its forms, is detrimental to male reproductive potential. The clas-
sical stress response activates the sympathetic nervous system and engages the 
cytothalamic-pituitary–adrenal (HPA) axis [15]. The HPA axis and gonadotrophin-
inhibitory hormone (GnIH) have an inhibitory effect on testicular Leydig cells and 
the hypothalamic–pituitary-gonadal axis. This inhibitory effect reduces testoster-
one levels. This causes changes in the Sertoli cells and the blood-testicular barrier, 
which eventuallysuppress spermatogenesis [16].

2.6 Advanced paternal age

There is no clear definition ofAdvanced paternal age. Studies have defined 
this age as between 35 and 50 years with a classification in the age range of 5 years 
[17]. A meta-analysis of 90 studies involving 93839 participants stated that sperm 
volume, total sperm count, normal sperm morphology, and progressive sperm 
motility decreased with age and sperm DNA fragmentation increased with age. 
However, sperm concentration was not significantly associated with increasing age 
of men [18].

2.7 Diet

Nutrition and diet have a great impact on sperm quality. Balanced and proper 
nutrition improves fertility and sperm quality [19]. High-fat dairy, coffee, alcohol, 
sugary drinks, and processed meats are associated with low sperm quality and low 
fertility. Low-fat dairy products, grains, poultry and fish, vegetables and fruits 
increase sperm quality [19].
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2.8 Other lifestyle risk factor

An important risk factor for male infertility is genital heat stress caused by 
increased scrotal temperature. Varicocele, exposure to radiant heat, cryptorchi-
dism, and prolonged sitting can all lead to testicular heat stress [20]. Increased 
scrotal temperature leads to spermatogenicsuppression, sperm DNA damage, 
oxidative stress andgerm cell apoptosis [21]. Cycling is associated with an increase 
in testicular temperature [22]. The detrimental effects of sleep disorders on male 
fertility are likely, as semen volume is lower in patients who have difficulty start-
ing to sleep, such as smokers and alcoholics [23]. Radio frequencies emitted from 
a mobile phone and exposed to magnetic radiation can have devastating effects on 
the testicles [24]. A study has shown that exposure to mobile radiation can reduce 
sperm motility and viability [25], While another study showed that these destruc-
tive effects occur only in vitro [26].

The role of environmental pollution is critical because of its impact on sperm 
quality [27]. Since 1960, the rate of male infertility in industrialized countries has 
risen from 7–35% [28]. Research has shown with certainty that environmental tox-
ins have a detrimental effect on male fertility in many ways. These toxins reduce the 
number and function of sperm [29]. The worst toxins that interfere with fertility 
bisphenol A (BPA), organochlorine compounds (chlorinated pesticides, polychlo-
rinated biphenyls, and dioxins), and organophosphate pesticides and herbicides. 
However, many other chemicals, metals, and air pollutants seriously damage 
fertility [29]. In infertile couples, mercury levels were significantly higher than in 
the control group [30]. There is a significant relationship between blood cadmium 
levels in men and infertility [31].

3. Bisphnol A

The plastic monomer and plasticizer BPA is one of the chemicals produced 
worldwide, producing more than 66 million pound a year [32]. BPA is used in the 
production of epoxy resins and polycarbonate plastics used in metal cans and in 
many plastic products, including water pipes, sports safety equipment, dental 
monomers, toys, spectacle lenses and pipes [33]. Oral exposure to bisphenol A 
occurs more frequently. Another possible route that exposes humans to bisphenols 
is by inhalation and through the skin [34].

3.1 Metabolism and toxicokinetics

Bisphenol is metabolized in the liver by uridine 5-disphospho-glucuronyl trans-
ferase (UGT), and is catalyzed by glucuronidation (Figure 1) [35].

BPA interacts with estrogen receptors due to its phenolic structure and acts as an 
antagonist and agonist through endocrine receptor-dependent (ER) signaling path-
ways [36]. Accordingly, BPA appears to play a role in the pathogenesis of endocrine 
disorders including infertility in both men and women [37].

As the concentration of BPA in the urine increases, the number of sperm per 
ejaculation decreases. It also reduces sperm motility and sperm viability [38]. 
The results of clinical research conducted in recent decades have shown that the 
destructive effects on the endocrine glands of bisphenol A on male reproductive 
function, possible mechanisms by which bisphenol A may regulate spermato-
genesis, mainly through the hypothalamic–pituitary-gonadal axis Specify to be 
involved [39]. In rodent models, with the exception of some cases, in vitro exposure 
to BPA at different doses (largely ranging from2 μg/kg/day to 960 mg BPA/kg body 
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weight/day) and time intervals (from 5 to 84 days) caused a significant reduction 
in sperm count [40–43], sperm motility [41, 44], normal sperm morphology [42], 
increase in sperm DNA damage [44], and poor spermatogenesis [45, 46]. In a study 
adjusted using linear regression of confounders, increased urinary BPA levels were 
significantly associated with decreased total sperm count, decreased sperm motil-
ity, decreased sperm viability, and decreased sperm concentration [47]. BPA can 
affect sperm density and quality [48].

3.2 Resource review

1. Hatch pollard et al. reported that Higher exposure to BPA was associated  
with abnormal sperm tail morphology in their prospective, pre-conception 
cohort [49].

2. Ghada ali omran et al. reported that Total BPA levels were negatively associated 
with semen quality and antioxidant levels, and positively correlated with DNA 
damage, especially with multiple semen profile defects, alongside seminal-
plasma lipid peroxidation [50].

3. Evdochia Adoamnei et al. showed that BPA exposure may be associated with 
a reduction in Leydig cell capacity (increased LH levels) and decreased sperm 
counts in young men [51].

4. Honglei Ji et al. reported that environmental exposure to BPA in a less indus-
trialized area of China, where human urine BPA level is relatively lower, is 
associated with decreased sperm concentration. Impaired spermatogenesis 
and sperm movement may explain male subfertility resulting from exposure to 
BPA, although the biological mechanism is still uncertain and, therefore, needs 
to be disclosed by future studies [52].

5. Juan li et al. in their study showed that the, testis coefficient, sperm density, 
sperm activity, sperm survival rate decreased, but the sperm abnormality rate 
increased with increasing BPA concentrations [53].

6. Chigrinets S.V. et al. showed in their study that BPA in the seminal fluid influ-
ences negatively on the quality of the sperm and suppress the level of total 
testosterone in plasma [54].

7. Knez j et al. found that increased urinary BPA concentrations (5th–95th 
percentiles 0.3–6.7) ng/mL) were associated with lower sperm count, sperm 
concentration, and sperm vitality [55].

Figure 1. 
Structure of bisphenol.
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8. D.pan et al. findings identified that bisphenol A exposure may negatively 
contribute to the sperm quality in adult mice. Mechanistically, we showed that 
bisphenol A reduced sperm chromatin integrity along with increased DNA 
damage, which may be due to poor protamination of spermatozoa [56].

9. Ramy abou ghayda et al. found associations of urinary BPS concentrations 
with lower ejaculate volume, sperm concentration, total count and  
motility [57].

10. Alexandra E. Goldstone et al. showed A negative relation between Bisphenol 
and DNA fragmentation in sole significant finding in adjusted linear regres-
sion (β = −0.0544, p = 0.035) and suggestive of less sperm DNA damage [58].

4. Conclusions

In sum, BPA associated to male infertility. Future research will need to expand 
on these findings to provide a clearer picture of the effects BPAs may have on ovar-
ian development and function, the authors wrote.
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Chapter 4

Pathological Conditons Related to 
Bisphenols and It’s Compounds
Geethamani Palanisamy and Divya Palanisamy

Abstract

Bisphenols (BP) is one of the most important and highest volumes of chemicals 
produced in the universe. Each year, around 100 tons of bisphenol compounds are 
released into the atmosphere. In general, bisphenol is most widely used for produc-
tion of polycarbonate (making plastic bottles like baby bottles and nursing products, 
dental sealants, CDs, DVDs, eye glasses, medical equipment’s, plasticizers etc.) and 
polymeric resins (epoxy resins, impact resistant safety materials like sports goods 
etc.). Due to these unavoidable chemicals, human beings are affected by human 
chronic diseases like obesity, toxicity, neuro disorder, reproductivity disorders, 
diabetes, cardio related issues, birth defects, metabolic syndrome, breathing issues, 
digestive related issues, cancer, genetic mutation etc., Children are easily affecting 
due to the multi dose consumption of packed food containing BP (canned foods) than 
adults. Women are affecting polycystic ovaries due to the high-level deposition of BP.

Keywords: metabolic syndrome, bisphenols, obesity, toxicity,  
disruption of endocrine, disorders

1. Introduction to bisphenol compounds

The commercial production of Bisphenol compounds (BP) initiated by late 
1950’s, after the first epoxy resin was developed. A synthetically man-made 
chemical which is a polymeric monomer named bisphenol (BP) is widely used 
for the manufacture of plastic things and goods for the usage of daily life need for 
the human beings (food packages, drink containers, body lotions, playing toys, 
house hold plastic things, nursing products, decorators and water pipe lines, etc.) 
and industrial usages. Also, Bisphenol compounds are used for the manufacture 
of unsaturated polyester, polysulphones and polyetherimide. BP compounds of 
non-polymer are also used as an additive in flame retardants, thermal papers and 
brake fluids. The usage of BP is increasing more in more from last few decades in 
the universe, resulting BP is finding throughout the environment and also in human 
body [1] through their diet. A huge number of journals published based on the 
studies of BP and its compounds.

Chemically, BPA has two large phenyl groups with two electron rich hydroxyl 
group (alcohol and two methyl group). It forms lipophilic (associates with lipids), 
through the conjugation process, it makes a substance more water soluble. BPA is 
slightly more hydrophilic (associate with water), found in Adipose tissues and in 
breast milk too. The hydrophilic form is seen in urine and excrement. From the 
obtained information [2], BPA has a moderate potential for bioaccumulation and 
not found that to readily biodegrade.
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2. Bisphenol A

It was discovered by the Chemist A.P.Dianin in the year of 1891. These com-
pounds are basically a carbon based synthesised compound belongs to the group of 
derivatives of diphenyl methane and bisphenols, which is colourless in nature called 
polycarbonate and are mostly stable and very strong in nature. The BPA compo-
nents can withstand up to moderate to very high temperature even it is exposed to 
oven or furnace. Due to these properties, they can be used to manufacturing safety 
equipment’s components, glassware, bullet proof windows, doors, etc. As one of the 
main component of epoxy resins in protective coatings or layers of those lining the 
inner surfaces of plastic tins or cans, BPA supposed to extend the shelf life of food 
and beverage products. Figure 1 shows the structure of Bisphenol A. The toughness 
of BPA plastics has led to their use in medical equipment’s like cardiopulmonary 
(heart-lung) machines, incubators, hemodialyzers (artificial kidneys) and dental 
sealants and dental fillers and their light weight and optical clarity glasses which 
has made for eyeglasses [3–5]. Also, the chemicals are found in a variety of other 
products, including compact discs (CD’s) and other paper receipts.

3. Adverse health effects

In 1930s, the first studies indicated that, the BPA to be a weakly estrogenic 
molecule but later [6] confirmed that it has harmful effects through the animal 
research. The cancer like breast cancer, prostate cancer, Uro genital abnormalities 
(in Male babies), early onset of puberty in girls, metabolic disorders like Obesity 
and type-two diabetics, decreases in semen quality in men and neuro-behaviour 
problems including attention deficit hyperactivity disorder etc. are the possible 
diseases and disorder of BPA from the exposures during the critical periods.

4. Biological effects of bisphenol A

During 20th century, it was found it in only plastics even though scientists 
had developed BFA in 1930’s as a man-made estrogens and its cancer causing 
(Carcinogenic) properties. The American endocrinologist led by his team in the early 
1990’s, unexpectedly found out, the BPA growth is medium in polycarbonate flask 
which is used to culture yeast cells. Further, they proceeded to isolate BP samples from 
the water in the flask and had been autoclaved, where they confirmed the chemical 
which was found same in the earlier detection (during 1930’s). They also confirm that, 
BPA produced estrogenic effects in cells at the level of 5–10 times lower than who used 
for safety assessments companies where polycarbonate plastics are manufactured [7].

Figure 1. 
Structure of BPA.
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The leached plastics, resins in tin cans contains BPA products by various condi-
tions including the photochemical break down, exposure of various temperature 
range (Low to high), maturity of plastics cans and/or resins and the presence of 
ethanol. In the middle of 1990’s, number of studies confirms that, the main adverse 
effect due to BPA was reproductive system and development in animals by the inter-
fering with their endocrine systems (energy balance and stress response) by the 
exposure level of BPA (both high and low level). The studies confirm that, due to 
the accumulation of BPA, it retards sexual behaviour in animals [8–10]. Also, it has 
been identified that the crossed placental barrier in animals (mammals) like mice 
and rats has been detected in human beings maternal and fetal serum which was 
also coincident with in human placental tissues. Thus, Bisphenol compounds found 
its way into tissues and fluids in the human womb. The chemical reaction attack and 
its effects in human fetal development is still not-clear. Similarly, the function of 
the human endocrine system is a matter to discuss. Much more speculation centres 
on whether BPA is a true endocrine disruptor chemical (EDC) in humans. The 
substituted Endocrine disruptor like DichloroDiphenylTrichloroEthane (DDT) & 
diethylstilbestrol, had been combined with birth defects, reduced fertility (infertil-
ity), and diseases such as obesity, diabetes, and carcinoma in humans. Derivatives 
of Bisphenol compounds (BPA, BPS and BPF) are used as alternatives to BPA, are 
associated with obesity, particularly in children [11, 12].

5. BPA with in the environment

From the industries like chemical, plastics coat and staining manufactures, 
paper mills or material recycling companies, foundries (casting sand) or any 
direct or indirect leaching from the above and landfills (waste metal dumping), 
BPA might enter in to the environment directly. The accumulation of BPA, totally 
affects the growth, reproduction and life time of aquatic organisms. The United 
States Environmental Protection Agency (EPA) reported in 2010 that more than 
1,000,000 pounds (454,000 kilogrammes) of BPA were released into environmen-
tal reservoirs each year, including soil, rivers, lakes, and oceans. Leaching from 
landfills and release from municipal water supplies, such as those associated with 
wastewater-treatment plants and paper mills, are the primary sources of environ-
mental contamination. Plastic pollution is a major source of BPA in the world’s 
oceans. Despite the fact that seawater accelerates the breakdown of BPA plastics, 
the likelihood of leached BPA accumulating in the tissues of marine species is quite 
low. On the other hand, studies on terrestrial and freshwater species have shown 
that even low concentrations of the chemical can cause abnormalities when exposed 
for an extended period of time. BPA exposure, for example, causes an increase in 
micronuclei in root tip cells, indicating DNA damage in plants. BPA exposure causes 
sex ratios to become biased toward females in certain species of reptiles whose sex 
determination is normally influenced by temperature [13–16].

6. Effects of BP in human body

6.1 Neurotoxic, neuro behavioural and its effects

The developmental exposure of BP & BPA are does not appear to affects the 
sensory system, the spontaneous or Laboratory animals’ self-activity or sexual 
behaviour. At dietary doses below 5 mg/kg bw per day, changes in brain biochemi-
cal signalling, morphometric and cellular end-points within sexually dimorphic 
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anatomical structures, and neuro-endocrine end-points were described. The most 
significant restriction is that methodological flaws cause uncertainty in the inter-
pretation of results. Changes in anxiety and convergence of structural brain sex 
differences were identified as end-points suggestive of effects with possible human 
relevance based on the available data, although more research is needed to clarify 
uncertainties [17].

6.2 Cardiovascular effects

The toxicological evidence suggests that BPA has no discernible effect on 
cardiovascular function. The expert meeting is aware of upcoming cardiovascular 
function research that will soon inform judgements about cardiac end-points [18].

6.3 Metabolic disorders

Metabolic diseases are a new field of study, and the evidence currently avail-
able is insufficient to draw any conclusions about the possible harm to humans. 
However, the present evidence suggests that more research into the effects of BPA 
on adiposity, glucose or insulin control, lipids, and other diabetes or metabolic 
syndrome end-points is needed [19].

6.4 Effects on child and infants

Generally, the conservative assumptions made by the estimated international 
exposures reported are higher than comparable national estimates. The average and 
main exposure of exclusively breastfed babies (infants 0–6 months) to BPA was 
0.3 μg/kg/day and exposure at the 95% was 1.3 μg/kg/day. When solid foods are 
introduced, exposure to BPA reduces after 6 months (at 6–36 months). For formula-
fed newborns, there is a wide range of exposure estimates. Infants (0–6 months) 
fed liquid formula have a higher exposure than infants fed powdered formula, and 
infants fed polycarbonate (PC) bottles have a higher exposure than infants fed non 
PC bottles [20–23].

Infants (0–6 months) who are fed liquid formula out of PC bottles have the 
highest estimated exposure are 2.4 μg/kg/day and 4.5 μg/kg /day at the 95th per-
centile. For children older than 3 years, highest exposure estimates did not exceed 
0.7 μg/kg / day and 1.9 μg/kg /day at the optimum. For adults, highest exposure 
estimates did not exceed 1.4 μg/kg/day and 4.2 μg/kg bw/day at the maximum.

For most subgroups evaluated, exposure to BPA through non-food sources is at 
least one order of magnitude lower than that from food, based on the limited data 
available. Food, on the other hand, is by far the most significant source of overall 
BPA exposure in the majority of demographic groups. In addition, possible sources 
of exposure have been identified (unpackaged food and thermal paper). However, 
due to a lack of data, researchers were unable to produce exposure estimates. BPA 
concentrations in unpackaged foods and data on the consumer use patterns for 
materials and products containing BPA, including specific geographical differences; 
and the contribution of dermal exposure to overall exposure are furnished from the 
data over the exposure of BPAs [24–29].

6.5 Some studies on BPA and obesity

The studies of Serbian involve the 103 women aged, 19–50 years measured 
BPA in first morning urine and the number of anthropometric measures including 
height, weight, and waist and circumference (WC) were collected. Milosevic et al., 
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described a positive suggestion between BPA and obesity [30]. However, limitations 
of this investigation were cross-sectional sample collection and the quantities of 
participants were very small. Also, there is no physical activity data were collected. 
The recent study in USA, involves 977 adult women were conducted; where BPA 
(urine) were monitored, anthropometric measures were collected (including 
weight and height). The recent study of BPA (urine) of children and pregnant 
women were also determined in USA [31]. Of these 408 children were 3 years, 518 
children where 5 years were monitored until 7 years of age, along with 369 pregnant 
women who’s between the ages 18 and 35. The anthropometric measures consists of 
Fat mass index (FMI), body fat (BF) and WC were collected.

The study was to monitor the mothers and their children at different stages of 
their development. In this investigation, BPA concentration of pregnant women had 
a positive suggestion with FMI, BF and WC of children at age of 7 but not associated 
with birth mass and childhood body mass index z-scores (BMIZ) at age of 5 and 7 
and there are changes in BMIZ from ages of 5 to 7. The physical activity information 
of participants was not provided in the limitation of this study. A study in China 
involving 1326 students aged between 9 and 12 also measured (BPA) urine where 
anthropometric measures were collected with weight, height, WC, hip circumfer-
ence and skinfold thickness [32]. From this study, it shows that the BPA had positive 
relationship with obesity in girls but not in boys.

6.6 Obesity diagnosis

Generally, obesity can be defined by using body mass index (BMI) by WHO to 
identify the obesity in people. The diagnosis of obesity is represented in the Table 1. 
The child obesity is studied by the nomogram technique. If, BMI equal to or greater 
than the age- and gender-specific, the 95th percentile is considered as obese (Centre 
for disease control) [33–35]. An obese person accumulates excess BF in his or her 
muscle, bone, fat and water. Obese people were facing many health problems at 
high risk including hypertension, mortality, low high-density lipoprotein choles-
terol or high or low-density lipoprotein cholesterol and high levels of triglycerides 
(dyslipidaemia), coronary heart disease, diabetes (Type II), osteoarthritis, gallblad-
der disease, stroke and some cancers including endometrial, breast, colon, kidney, 
and liver cancer and gallbladder [36–40].

7. Effects of exposure to BPs

There is only inadequate information about the adverse effects of non-BPA. 
However, it is believed that they have similar effects to BPA [41]. In human fluids or 

S.No Particulars Report

1 less than 18.5 kg/m2 underweight

2 between 18.5 and 24.9 kg/m2 normal

3 between 25 and 29.9 kg/m2 is overweight

4 between 30.00 and 34.99 kg/m2 class 1 obese

5 35.00 and 39.9 kg/m2 class 2 obese

6 above 40 kg/m2 class 3 obese

Table 1. 
The diagnosis of obesity (WHO., 2000).
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tissues including placental tissue, serum, foetal plasma and breast milk, the concen-
tration of BPA has been determined. Many studies have been focussed on children 
and pregnant women, where high BPA levels were linked with chromosomal 
abnormalities and miscarriages and infertility in women and abnormal karyotypes 
in foetuses [42]. The high BPA levels causes to more unilateral or bilateral blood-
filled ovarian bursae in women.

7.1 Effect of BPA in biota

In comparison to non-biotic and biotic environmental compartments, biota 
contains a small amount of ambient BPA. BPA’s published bio-concentration factor 
(BCF) values are much below 1000, which the US Environmental Protection 
Agency deems to be the threshold for concern. BCFs for fish exposed to BPA have 
been reported to be quite low [32].

7.2 Effect of BP on wild life

Numbers of challenges are facing due to the exposure of BPA (high concentra-
tion) on wildlife now days. The complexities in the natural system including chemi-
cal mixture, spatial varying exposure levels with tropic interactions and related few 
studies investigated results, the effect of chemical exposure on wildlife in-situ [43]. 
Many BPA toxicity studies have been used endocrine related measurement end-
points which triggered by other toxicological modes of action that was identifying 
these mechanisms may/may not be necessary in order to characterise the response 
to the environmental toxicity [44].

8. Relevance of the study to BFA

BPA metabolism takes place by glucuronidation once in the body, under the cata-
lytic action of the enzymes. While uridine 5-diphospho-glucuronosyltransferase 
(UGT) catalyses the conversion of BPA-to-BPA glucuronide, sulfotransferase cataly-
ses the conversion of BPA- to the BPA- sulphate. Both metabolites are very soluble 
and removed from the human body in urine. The biotransformation of BPF and 
BPS is still unclear, but reactions carried out in vivo and in vitro organisms indicate 
that BPF metabolism is similar to BPA, while published studies on the biodegrada-
tion of BPS are extremely scarce [45].

In response to the same negative health effects of BPA, the US Food and Drug 
Administration (FDA) banned the use of BPA in baby bottles, sippy cups, and 
infant formular containers in 2012 [46]. Obesity increases the risk of a number 
of debilitating and fatal diseases, including diabetes, heart disease, and some 
cancers (US National Heart, Lung and Blood Institute, 1998). Obesity reduces 
a person’s quality and length of life, raises an individual’s healthcare costs, 
and raises the health costs of a country with a high prevalence of obesity (US 
National Heart, Lung and Blood Institute, 1998). Obesity is caused by a variety 
of factors, including lifestyle, genetics, and the consumption of processed foods 
high in fat, sugar, or carbohydrate; however, BPA and analogues when ingested 
have been linked to obesity [47–51]. The causes of obesity are plenty, such as 
lifestyle, genetics, the eating of processed food rich in fat and sugar or carbohy-
drate; however, BPA and analogues when absorb into the human body play a role 
in promoting adipogenesis and cause weight gain resulting in obesity especially 
in adolescent [52–57].
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9. Prevention measures

For developing safer replacement for the use of plastics, the following move can 
takes place against the use of BPA contained products. These steps may reduce the 
exposures,

• Motivate the manufacturers are creating more and more BPA-free products. 
Look for products labelled as BPA-free products. If a product is not labelled, 
avoid to buy.

• Avoid heating the plastic containers in oven and in the direct sunlight. It may 
cause breakdown the BPA molecule and leach to the food products.

• Reduce the usage of canned foods.

• Cut down the used cans

• Instead of using these products, go with alternates such as glass, porcelain, stain-
less steel, copper containers and earthen pots for hot foods as well as cold foods.

10. Conclusions

Many research studies suffer from design and analysis flaws, limiting their 
utility for this purpose. The biological significance of many of the more sensitive 
end-points is still debated, as is whether studies that only examined conventional 
end-points are adequate for detecting all potentially relevant effects. Few clear 
trends have emerged from studies of BPA’s effects on wildlife. Terrestrial wildlife is 
likely to be exposed to low levels of BPA, and few studies have looked at environ-
mentally relevant doses. Although the majority of BPA regulation focuses on human 
exposure through food packaging, these applications account for only a small 
portion of BPA use. In the absence of new regulations, if current trends continue, 
BPA production and environmental release will increase. BPA would not necessarily 
result in a safer or more thoroughly researched chemical substitute. A more cau-
tious approach to chemical regulation and use may reduce potential environmental 
impacts. Issues like these will continue to arise as humans become more reliant on 
chemical advances to meet global needs.
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Abstract

Bisphenol A (BPA), which is an abundant chemical in the environment, is 
suggested to cause different toxic effects, including endocrine disruption, reprot-
oxicity, developmental toxicity, and neurotoxicity. Due to these effects, regulatory 
authorities have restricted the use of BPA in different consumer products, particu-
larly in products used by children. These restrictions have led to researchers and 
plastic industry to find new and safer alternatives. Today, bisphenol F (BPF) and 
bisphenol S (BPS) are highly used although their toxic effects are less known. In the 
past years, several studies showed that these derivatives might also act as endocrine 
disruptors and cause toxic effects. BPA is a substance that is carefully monitored by 
regulatory agencies, and toxicological data are evaluated regularly. The alternatives, 
such as BPF and BPS, should also be monitored, and the regulations concerning 
their use in consumer products must be implemented soon. The increase in the 
number of studies on BPA and different bisphenols is very important in terms of 
obtaining new toxicological data and guiding regulatory institutions. This chapter 
will mainly focus on BPA, its toxicity, BPA alternatives, and regulations imple-
mented by different American and European authorities.

Keywords: bisphenol derivatives, endocrine disruptor, bisphenol A, bisphenol F, 
bisphenol S, regulations

1. Introduction

Bisphenols are a large family of chemicals used to produce polycarbonate and 
epoxy resins. Bisphenols contain two phenolic rings linked by a bridge formed 
by carbon and other chemical structures. There are many different derivatives of 
bisphenols, and the capital letter after bisphenol is used to express the reactant 
atom/component within the molecule. For example, the reactant group is acetone 
in bisphenol A (BPA), formaldehyde in bisphenol F (BPF, 4,4′-dihydroxydiphenyl-
methane) and sulfur trioxide in bisphenol S (BPS, 4,4′-sulfonylbisphenol) [1, 2].

The most commonly used derivative of bisphenols is BPA. BPA is a compound 
that consists of two phenol rings linked by a methyl bridge containing two 
functional methyl groups. Bisphenol A (BPA) was first synthesized in 1905 by 
the condensation of phenol and acetone in the presence of acidic catalyst. BPA is 
generally used to harden plastics since the 1940s. In the early 1930s, the use of BPA 
as an artificial estrogen was considered. However, diethylstilbesterol (DES), a more 
potent estrogenic compound, was preferred to BPA in pharmaceutical use [3, 4].
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BPA is being used in plastics for many years in combination with other chemi-
cals. BPA-containing plastics are on the market since 1957. In 2003, 856,000 tons 
of BPA was produced. It was recorded that 72% was used in the production of 
polycarbonate plastics and 21% was used in the production of epoxy resin. In 2009, 
global production of BPA exceeded 2.2 million tons. In 2011, it was reported that ~5 
million tons were produced [5]. It is estimated that its production will increase to 
10.6 million tons by 2022 [6].

It is shown that BPA can leach from polycarbonate plastics, epoxy resins, and 
other products in contact with foods and beverages, resulting in continuous expo-
sure of the general population. Especially food coating materials or food containers 
containing BPA lead to a high risk of human exposure. In addition, actions such 
as mechanical abrasion, rubbing, or exposure to high temperatures also cause an 
increased risk of BPA release from these materials [7].

2. Biotransformation of bisphenol A

After oral exposure to BPA, this compound is rapidly absorbed from the gastroin-
testinal tract and undergoes first-pass effect in liver and intestines [8]. On the other 
hand, it is reported that BPA does not undergo the first-pass effect and is excreted 
more slowly after inhalation or dermal exposure [9]. Following oral absorption, 
BPA is rapidly metabolized in the human liver mainly by cytochrome P450 enzymes 
(CYP2C18 and to a lesser extent by CYP2C19 and CYP2C9) [10]. BPA is converted to 
inactive glucuronide conjugates by phase II reactions in the liver and kidney. In the 
presence of high levels of BPA, the glucuronidation pathway becomes saturated and 
the sulfatation pathway becomes active. BPA glucuronide formation is mediated by 
uridine diphosphate glucuronosyltransferases (UGT). UGT enzyme activity is lower 
in newborns compared with adults. Therefore, since the main detoxification pathway 
for BPA in humans and many other species is mainly by glucuronidation, it can be 
suggested that early-life exposure to BPA may have more serious consequences than 
exposure in adulthood. BPA is mainly excreted by urine. The elimination half-life of 
BPA is approximately 2–6 h, and almost the entire compound is excreted in the urine 
in approximately 42 h. In a study conducted with a small number of volunteers, it 
was shown that 9.5% of BPA was excreted unchanged in the urine, 69.5% as BPA 
glucuronide conjugate, and 21% as BPA sulfate conjugate [11, 12].

3. Studies on the toxic effects of BPA

In vitro, in vivo, and human studies have shown that BPA can have a wide variety 
of adverse effects on human health. Among these effects, reproductive and develop-
ment problems due to estrogenic and anti-androgenic effects of BPA (i.e., alterations 
in estrogen and/or testosterone levels, changes in semen quality, low birth weight), 
metabolic diseases (such as diabetes and obesity), thyroid hormone disorders, organ 
damage (possibly due to oxidative stress, epigenetic alterations, and direct toxic 
effect), cancer (breast, prostate, etc.), and neurotoxicity (behavioral disorders, 
changes in brain chemistry, neurological diseases/disorders) are highly studied, and 
BPA exposure is linked to different disorders by many scientists [13–15].

3.1 Reproductive toxicity

Bisphenols may affect both female and male reproductive health although their 
effects are suggested to be more pronounced in males. Recent human studies show 
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that BPA exposure in adulthood is associated with decreased ovarian response, 
lower fertilization success and embryo quality, and polycystic ovary syndrome 
(PCOS). Moreover, BPA may cause male sexual dysfunction, decreased sperm qual-
ity, and changes in sex hormone concentrations. Both in vitro and in vivo studies 
indicate that environmental exposure to high doses of BPA may have adverse effects 
on reproductive health [13, 16, 17].

The harmful effect of BPA on male reproductive health can occur during 
embryonic and/or pubertal and/or adulthood. BPA may affect the hypothalamic-
pituitary-testicular axis by modulating hormone synthesis, altering the expression 
and function of related receptors and disrupting testicular functions. Bisphenols, 
including BPA, are associated with reproductive disorders and infertility in males. 
In addition, BPA causes oxidative stress in testis and epididymis by inhibiting 
antioxidant enzymes and stimulating lipid peroxidation. BPA has been reported to 
have both estrogenic and anti-androgenic effects through interaction with estrogen 
(ER) and androgen receptors (AR) [18, 19].

3.2 Metabolic disorders

In the last 40 years, humans are abundantly exposed to wide variety of endo-
crine disrupting chemicals (EDCs) including bisphenols. Therefore, the first ques-
tion that comes to mind is whether these diseases are associated with EDCs.

Many epidemiological studies associate EDCs, especially BPA, with obesity in 
humans. Most studies are cross-sectional analyses of the US National Health and 
Nutrition Examination Survey (NHANES) data in adults and children. The results 
of these research show that the higher the urinary BPA concentration, the higher 
the odds of obesity and larger waist circumference. Another study using a cohort 
in China reported an association between urinary BPA concentrations and over-
weight, obesity, insulin resistance, and diabetes mellitus. To our knowledge, only 
one prospective study has examined the association between prenatal and early-life 
exposure to BPA and children’s body mass in 9-year-old girls. That work concluded 
that girls with the highest exposure to BPA in utero had lower weight for the same 
height than girls with the lowest exposure, a result that contradicts the previous 
studies. Due to such inconsistencies, further studies are required on larger sample 
sizes [20, 21].

Although pancreatic cells and adipocytes are not estrogen target tissues, they 
contain functional estrogen receptors (ERs). The insulin-increasing effect of BPA 
is similar to the effect of estrogen and occurs via ERα. Chronic hyperinsulinemia 
and subsequent insulin resistance have been observed in chronic administration of 
BPA [22].

3.3 Thyroid disruption

According to the results of the mechanistic studies, it has been stated that BPA 
can impair thyroid functions through many pathways. BPA has both agonistic and 
antagonistic effects on thyroid function as it can bind to thyroid receptors. It is 
suggested that BPA acts as a T3 antagonist by binding to thyroid receptors with weak 
bonds and can inhibit transcriptional activity mediated by these receptors [23].

In a study conducted to examine the possible relationship between BPA exposure 
during pregnancy and thyroid hormone levels in the newborns and the mothers, 
urine samples were obtained from 476 women in the first and second trimesters 
of their pregnancies and their free and total T4 and thyroid stimulating hormone 
(TSH) levels were measured. In addition, TSH levels were determined in newborns. 
Researchers stated that exposure to BPA during pregnancy might cause a decrease in 
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total T4 levels in pregnant women and significant decreases in TSH levels especially 
in male newborns [24].

3.4 Neurodevelopmental and neuroendocrine effects

In the recent years, studies showed that the exposure to EDCs was related to cog-
nitive deficiencies, slow neurodevelopment, increases in the incidence of aggression 
and depression, hyperactivity, and attention deficit problems [25–27].

It is reported that EDCs can have a wide range of effects on brain development, 
and many different mechanisms are proposed. Some of these effects are suggested 
to be through the neuroendocrine system. The neuroendocrine system is a complex 
system consisting of neurons, glands, non-endocrine tissues, humoral signals, 
hormones, and neurochemicals that function to regulate physiological and behav-
ioral processes. There is a growing evidence that antropogenic chemicals, such 
as EDCs, may act on the neuroendocrine system, and they may affect peripheral 
organ systems and physiological processes. Functions of neuroendocrine system are 
largely related to the functions of neurotransmitters. Evidence suggests that brain 
neurotransmitter systems (including dopaminergic, adrenergic, serotonergic, and 
cholinergic systems) play an important role in the activation and/or inhibition of 
neuroendocrine system. This relationship necessitates the examination of neu-
rotransmitters for the evaluation of neuroendocrine system. The regulation of both 
dopamine and serotonin production by estrogen-dependent mechanisms makes 
these systems vulnerable to the adverse effects of EDCs. Previous studies have 
reported that BPA and phthalate exposure might lead to imbalance in the levels of 
these neurotransmitters in various regions of the brain [15, 28, 29].

3.5 Atopic diseases

Estrogen receptors are found in many immune regulatory cells. Not only endo-
genous estrogens, but also environmental estrogens (xenoestrogens) play a role 
in allergic reactions. Worsening of asthma symptoms is reported among women 
(30–40%) at certain times of the menstrual cycle. Estrogens can increase antigen-
presenting cell function and immunoglobulin E (IgE) synthesis by B cells, both in 
turn can trigger allergic diseases. It also promotes degranulation of mast cells/baso-
phils. Studies show that BPA exposure increases the risk and incidence of allergic 
diseases [30, 31].

4. Bisphenol derivatives as alternatives to bisphenol A

Due to its adverse effects on human health, regulations have limited the use of 
BPA in various products (bottle bottles, toys, food containers, thermal papers). This 
has led to the search for alternative substances to BPA. BPF and BPS are structurally 
similar to BPA and they are widely used in industrial products as alternatives [4, 6]. 
It is known that BPS has a very common use. According to the European Chemicals 
Agency (ECHA), 1000–10,000 million tons of BPS are produced or imported 
annually in Europe [32]. BPF is still a low-use chemical, at least in Europe when 
compared with BPA and BPS [4, 6].

The sources of exposure to BPA and its derivatives BPS and BPF are very similar 
worldwide. Humans are exposed to bisphenol derivatives orally through food, 
dermally with personal care products and thermal papers, and by inhalation of 
environmental dusts. BPA, BPF, and BPS have been detected in many environmen-
tal samples, including soil, sediments, water, and sewage sludge [4, 6]. In addition, 
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BPS and BPF have been detected in the content of many products, such as personal 
care products in daily use (e.g. body washes, hair care products, makeup, lotions, 
toothpaste) [33], paper products (e.g. currency, food cards, flyers, tickets, mailing 
envelopes, plane boarding), and foods (e.g. dairy products, meat and meat prod-
ucts, vegetables, canned foods, cereals) [4, 6]. BPS is also used in cleaning products, 
electrical product coatings, and various industrial applications as a component of 
phenolic resin, as well as in thermal papers, including products marketed as “BPA-
free paper.” BPF is present in systems requiring increased thickness and durability 
such as water pipes, dental sealants, tank and pipe coatings, industrial floors, road 
and bridge deck coatings, structural adhesives, and mortars (i.e., high solids/high 
build systems). Moreover, it is also used in food packaging. BPF is also a component 
of epoxy resins [4, 6].

Recently, BPS and BPF have attracted the attention of many researchers due to 
their increasing use. Numerous studies on BPF and BPS have contributed to the 
determination of their toxic effect profiles and have guided various regulations. 
Various in vitro and in vivo studies have shown that these substances may also show 
estrogenic activity similar to BPA and may have endocrine disrupting effects due 
to its effects on ERs, ARs, and thyroid hormone receptors. Studies have also shown 
that they might cause reproductive toxicity, cytotoxicity, genotoxicity, and muta-
genicity [34–37].

5. Regulations on bisphenol A and its derivatives

5.1 Food and drug administration

Food and Drug Administration (FDA) banned the use of BPA in baby bottles 
and sippy cups in June 2012. Afterward, the FDA banned the use of BPA in food 
packages used in baby nutrition products in June 2013 [38]. FDA has set the oral “no 
observed adverse effect level (NOAEL)” value for BPA at 5 mg/kg bw/day [39].

5.2 European food safety authority

The European Food Safety Authority (EFSA) comprehensively reassessed BPA 
exposure and toxicity in January 2015 and reduced the tolerable daily intake (TDI) 
for BPA from 50 to 4 μg/kg body weight/day. EFSA stated that different evaluations 
will be made and that this is a temporary value. EFSA experts calculated the “bench-
mark dose” for BPA (in which BPA causes a small adverse effect in the kidneys of 
mice) as 8960 μg/kg bw/day. Considering the difference between species, this value 
has been calculated as 609 μg/kg bw/day for humans [40].

In 2020, two projects carried out by Belgium and ECHA on the toxic effects of 
BPS were completed. According to the results of these two studies, the oral NOAEL 
value was determined as 20 mg/kg/day in rats. It has been concluded that this value 
is not at a level to change the “specific migration level” (SML) (i.e., the amount of 
substance allowed to leak into the food), which is 0.05 mg/kg, and therefore, there 
is no risk of BPS in contact with food [41]. EFSA’s scientists recommend that more 
toxicological data are needed for the safe use of BPS in food contact materials. They 
suggest that these data can clarify its possible use as an alternative to BPA [42].

The NOAEL value of BPS for developmental toxicity and developmental immu-
notoxicity was determined as 20 mg/kg bw/day [42]. While the NOAEL value for 
general systemic toxicity was 60 mg/kg body weight, a high value of 180 mg/kg bw/
day was determined for developmental neurotoxicity, fertility, and reproductive 
disorders [42]. However, new data on the biotransformation of BPS support that 
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BPS is rapidly metabolized and eliminated from rats [42]. Therefore, EFSA recom-
mends that more toxicological data should be collected in order to put new regula-
tions on action for BPS [42].

5.3 European Commission

Bisphenol A is classified as a substance, which “may harm fertility (Repr. 1B)”; 
“cause respiratory tract irritation (STOT SE 3)”; lead to “to serious eye damage 
(eye damage 1)” and cause “skin allergies (skin sen. 1)” in the EU in 2008 [43]. 
On March 29, 2010, the Danish Government banned the use of BPA-containing 
food contact containers for children between 0 and 3 years of age. In July 2010, the 
Commission of the French Government and on July 9, 2010 all EU member States 
decided to implement the safeguards laid down in Article 18 of Regulation (EC) 
No 1935/2004 and to temporarily prohibit the importing, exporting, marketing, 
and manufacturing of baby bottles containing BPA. Therefore, it was stated that 
all BPA-containing baby bottles on the EU market should be replaced by mid-2011. 
With the Commission’s updated opinion in 2011, the decision to ban the use of BPA 
in the production of polycarbonate baby bottles continues [44].

In EU, permissible migration limit values for chemicals used in chewable toys, 
which are used by children under the age of 3, are set within the scope of the “Toy 
Safety Directives.” According to this directive, it states that the BPA content that can 
be found in toys should be lower than 0.04 mg/L [45].

By the regulations accepted in 2011, the specific migration limit (SML) was 
determined as 0.6 mg of BPA per kg of food. The opinion adopted in the EU on 
December 11, 2014 also defined sources of non-dietary exposure (airborne expo-
sure, ingestion of dust, and ingestion through the skin because of contact with 
thermal paper and cosmetics). The panel concluded that exposure estimates to BPA 
through dietary and non-dietary sources were below the TDI and lower than levels 
that might lead to health effects for the highest-exposure groups, including infants, 
children, and adolescents [44].

In the EU, restrictions and regulations for food-contact plastics are also begin-
ning to be applied to the use of BPA in the inner coatings and varnishes of non-
plastic food containers. In particular, precautions should be taken for the coating 
materials used in baby and child products so that BPA does not migrate to this prod-
uct. The SML level should not exceed 0.05 mg BPA per kg food. Therefore, produc-
ers should submit to the competent authorities appropriate supporting documents 
confirming the declaration of conformity. Varnished or coated materials and items 
that were legally released before September 6, 2018 are allowed to remain on the 
market until stocks last. The regulation is valid for productions after this date [46].

The classification of substances of very high concern (SHVC) by Registration, 
Evaluation, Authorization and Restriction of Chemicals (REACH) is based solely 
on the properties of the substance itself, without considering the potential risks 
associated with the use and exposure of the substance [47]. BPA is included in the 
REACH SVHC Candidate List. In April 2019, the German authorities presented 
the proposal to classify BPA as both acute and chronic hazard Category 1 for the 
aquatic environment [48]. At the initiative of the French authorities, the use of BPA 
in thermal paper has been evaluated. In their assessments, the ECHA Committees 
stated that the BPA used in thermal paper does not pose a risk to consumers, but 
has potential risks to the health of workers who process receipts [49]. As of January 
2, 2020, a concentration limit of 0.02% (w/w) has been set for the use of BPA in 
thermal papers [49]. For BPS, in accordance with Regulation (EU) No. 10/2011, the 
SML value for use as a monomer in food contact plastic materials (FCM) is 0.05 mg 
per kg food currently [49].
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5.4 BPA regulations predicted for the future

BPA is a substance that is carefully monitored by regulatory agencies, and toxi-
cological data are evaluated regularly. In addition, alternatives to BPA, which are 
planned to be replaced in the industry due to its toxic effects, are also closely moni-
tored regulatory authorities [50]. In this context, ECHA and EU Member States 
have started to evaluate data on a large group of bisphenols, such as BPA, BPS, BPF, 
and their derivatives, from the beginning of 2020. In addition, France and Sweden 
suggested that the use of these substances in the textile, leather, and fur industries 
should be restricted because they may cause dermal toxicity [49]. More than 1000 
substances, including BPA and its derivatives, are covered by Skin Sens under 
Regulation 1272/2008 on Labeling and Packaging of Chemicals (CLP), and they 
were classified as Skin irrit 2 (causes skin irritation) and/or Skin corr. 1/1A/1B/1C 
(causes severe skin burns and eye damage) [51]. For this reason, it is suggested that 
the use of BPA and its derivatives will most likely face restrictions. The increase in 
the number of studies on BPA and different bisphenols is very important in terms of 
obtaining toxicological data and guiding regulatory institutions.

6. Conclusion

Although complete of ban of BPA in different consumer products seems to be 
impossible in the near future, new and safer alternatives of this substance should 
be synthesized. Although BPF and BPS were suggested to be safer, data from 
different in vitro, in vivo, and human studies show that they may also cause toxic 
effects. Therefore, regulations for the use of different bisphenol derivatives should 
be implemented, and new data on their different toxic effects should be evaluated. 
Although life is inevitable without plastics, their uses particularly in products used 
by susceptible populations, such as infants and children, should be restricted by 
regulatory authorities. In addition to the restrictions imposed by regulatory agen-
cies, public awareness will make a great contribution to reducing the exposure of 
sensitive populations to common plasticizers such as bisphenols.
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Chapter 6

Novel Sensor Based on
Nanocarbon Transducer
Functionalized by Iron (III)
Porphyrin for the Impedimetric
Detection of Bisphenol A
Zouhour Hsine and Rym Mlika

Abstract

In this chapter, an impedimetric response of iron (III) porphyrin (Fe(III)TMPP)
functionalized on gold transducer towards the detection of three phenolic compounds
entitled bisphenol A (BPA), 2,20-biphenol and catechol has been studied. The
bisphenol A that has revealed the best affinity with Fe(III)TMPP membrane has been
chosen as the target analyte. For improved sensitivity of Au/Fe(III)TMPP sensor
towards BPA, a facile and efficient Au/RGO nanocarbon transducer based on reduced
graphene oxide (RGO) has been prepared and used to support Fe(III)TMPP mem-
brane. The obtained Au/RGO/Fe(III)TMPP structure was characterized by UV–visible
(UV–vis) and electrochemical impedance spectroscopy (EIS) measurements, then
applied as electrochemical platform for BPA detection. It has been discovered that the
Au/RGO nanocarbon transducer has an amplified electron transfer kinetic compared
to unmodified Au transducer. The Au/RGO/Fe(III)TMPP structure has showed a
better affinity towards BPA with a doubled sensitivity compared to that obtained
with Au/Fe(III)TMPP electrode. We demonstrated that the Au/RGO nanocarbon
transducer not only enhances the electron transfer ability but also serves as a good
template for the attachment of Fe(III)TMPP through π- π interaction. This study
reveals new high-potential of nanocarbon transducer based on RGO for the concep-
tion of electrochemical sensors with high sensitivity and short response time.

Keywords: iron (III) porphyrin, reduced graphene oxide, impedimetric sensor,
nanocarbon transducer, bisphenol A

1. Introduction

Bisphenol A (BPA, 2, 2-bis (4-hydroxy phenyl) propane), is one of the most
extensively used industrial compounds in the production of plastics due to its
transparent, strong and light characteristics [1]. Till now, BPA has been widely
employed as a monomer to synthesize polycarbonate, expoxy resin, polysulfone
resin and other various polymer materials [2]. These polymer materials are mostly
used to produce storage containers, nursing bottles, thermal papers, medical appa-
ratus, food can linings and supply pipes [3]. However, toxicology studies have
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shown that BPA is a typical endocrine-disrupting compound (EDC) in which even a
low level can mimic and interfere with hormonal activity by interfering with
growth and reproductive development [4, 5]. Consequently, the popular use of BPA
has raised serious concerns regarding its implications for food safety and environ-
mental health. In fact, BPA can be released from waste plastics, thermal printing
papers, compact disks, powder paints, and adhesives into food and water samples at
low concentration (ppb level) and will eventually find its way into the human body
[6]. Unsurprisingly, BPA was found to be present in many biological fluids such as
human blood, serum, and urine [1]. Although many countries have begun to phase
out the use of BPA [7], several of the BPA-containing products that often occupy
landfills are still around. This means that BPA will continue to migrate into the
environment through runoff and wastewater discharges, eventually contaminating
our water resources and food supplies. Therefore, it is still needed to develop a
sensitive and simple method for the determination of trace amounts of BPA in the
environment. Notably, multiple procedures have been utilized for determining the
contents of BPA in diverse matrices, including liquid chromatography-mass spec-
trometry [8], electrochemiluminescence, colorimetry, liquid chromatography
coupled to UV/vis, fluorescence spectrometry, enzyme-linked immunosorbent
assay (ELISA) [9], surface-enhanced Raman scattering (SERS) [10] and so forth.
These methods can offer good accuracy and sensitivity, however they have some
drawbacks, such as high-cost equipment, time consuming operation and
unsuitability for onsite analysis [11, 12], thus restricting their application. On con-
trary, electrochemical sensors have been extensively used as an alternative solution
for detecting trace levels of BPA due to their inherent advantages such as low cost,
short analysis time, portability and excellent sensitivity [13]. Direct monitor BPA
using an electrochemical sensor with a bare electrode has a poor response due to
fouling and sluggish electron transfer kinetics [14]. In order to avoid and reduce this
problem, several kinds of nanomaterials or their composites with excellent catalytic
properties have been employed to modify the electrode. Amongst such materials,
porphyrins and their derivatives have been long employed in electrochemical sen-
sors applications [15] thanks to their special electrochemical properties [16]. These
latter originated from the highly π-conjugated system of porphyrin which is an
efficient platform for electron transfer [17]. Indeed, porphyrins are naturally
occurring macrocyclic species that bind metals via nitrogen donor atoms on four
pyrrole subunits, resulting in versatile chelating systems [18]. The coordination
sites of porphyrin molecule can easily connected with metal ions such as Fe, Zn, Mg
and so on to form stable metallo-porphyrins. This coordination increases the move-
ment capacity of electrons [19], thus the electrocatalytic activity of the porphyrin.
Among the metalloporphyrins, iron porphyrins have demonstrated excellent
electrocatalysis for many biologically important target molecules [20] thanks to
their electronic media role based on their reversible Fe(III)/Fe(II) redox states
[21, 22]. Various carbon nanomaterials such as graphene and its derivates have been
proven to be excellent carriers to enhance the sensitivity of sensors [23]. Graphene
(or reduced graphene oxide, RGO), a 2D material with a single layer of an sp2

carbon atom network densely packed in a honeycomb structure, has unique prop-
erties, such as large surface-to-volume ratio, high adsorption capacity, excellent
conductivity and easiness of modifications [24]. This innovative nanocarbon mate-
rial has been inserted into the sensitive membrane to form a nanocomposite as well
as into the transducer to form a nanocarbon transducer. Recently, Nanocarbon
Transducers based on RGO have enhanced the target analyte current response
which makes them attractive for preparing highly sensitive sensors [25]. The aim of
this chapter is to study the effect of nanocarbon transducer on the sensitivity of
BPA sensor based on iron (III) porphyrin as a sensitive membrane.
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2. Experimental procedure

2.1 Reagents

The triflato iron porphyrin (Fe(III)TMPP) has been synthesized and character-
ized by proton NMR and FTIR according to the previously reported procedure [26].
The reduced graphene oxide (RGO) has been synthesized and characterized by
FTIR and XPS as described previously [27]. Carbon nanotubes (MWCNTs) used in
this study, have been obtained commercially from Baytubes, and produced in a
high-yield catalytic process based on chemical vapor deposition (CVD). The diam-
eter of these MWCNTs varies between 5 and 20 nm with a length of over 1 mm.
Gold transducer (bare Au), indium tin oxide (ITO), phosphate-buffered saline
tablets (PBS, pH = 7.4), acetone (≥99.5%), dimethylformamide (DMF, 99.8%),
ethanol (≥99.9%), bisphenol A (BPA, ≥99%), catechol (≥99%) and 2,20-biphenol
(99%) were purchased from Sigma Aldrich (France).

2.2 Instruments and characterization methods

Electrochemical measurements were performed using an AUTOLAB PGSTAT
100 (supported by “FRA 4.9” software (Methrom)) coupled to a computer and an
electrochemical cell (Figure 1). The electrochemical measurements were carried
out in an electrochemical cell involving a three electrodes system purchased from
BASi: bare Au (surface 2.01 � 10�2 cm2) or modified Au with Fe(III)TMPP or RGO/
Fe(III)TMPP membranes as the working electrode, Ag/AgCl (3 M KCl) as the refer-
ence electrode and platinum wire as the counter electrode. The analyses were
performed by electrochemical impedance spectroscopy (EIS). The modified Au
transducer is normally placed in a 0.1 M phosphate buffer solution (PBS (0.1 M),
pH = 7) containing target species such as bisphenol A, 2,20-biphenol and catechol

Figure 1.
Experimental electrochemical measurement device composed by electrochemical cell (place of electrochemical
reactions between analytes and the sensitive membrane), potentiostat (electrochemical analysis system) and
computer (electrochemical response display).
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and then simply followed by fixing the potential. All experiments were conducted at
ambient temperature (25°C).

EIS was measured at �0.9 V using an alternating potential of 10 mV amplitude
in the frequency range from 100 kHz to 30 mHz.

The UV–vis spectra have been recorded with a Win ASPECT PLUS (validation
for SPECORD PLUS version 4.2) spectrometer using a 100 μl quartz cell.

2.3 Preparation and measurement of electrochemical sensor

The used gold electrodes in this work have a dimension of 1 cm � 1 cm, where
the thickness of the gold deposited by evaporation on Si/SiO2 substrates is of the
order of 50 nm [28]. Before the analysis, in order to improve the adhesion of the
sensitive membrane on the electrode surface, the gold substrates were cleaned with
acetone in an ultrasonic bath for 10 min and dried under nitrogen flow. Then, the
gold substrate has been cleaned in piranha solution (1/3 H2O2 + 2/3 H2SO4) for
about 2 min to activate the surface [29], after this treatment, the gold substrates
were rinsed with ultra-pure water and dried under nitrogen flow.

For the preparation of Au/Fe(III)TMPP sensor, the pretreated gold was drop-
casted by 20 μL of Fe(III)TMPP solution (4.7 mg in 500 μl DMF) and dried at 80°C
in an oven for 1 h to evaporate residual solvent. The obtained modified electrode
was then rinsed with distilled water to remove the non- attached Fe(III)TMPP and
dried under nitrogen flow.

The nanocomposites 2%CNTs/Fe(III)TMPP and 4%CNTs/Fe(III)TMPP were pre-
pared by mixing 4.7 mg of Fe(III)TMPP and different weight proportions of CNTs
(2% and 4%) in 500 μl of DMF followed by sonication in an ultrasonic bath for
2 hours. Then, 20 μl of each nanocomposite solution was dropped onto the Au
electrode, dried at 80°C in an oven for 1 h and rinsed with distilled water prior to
electrochemical measurements.

For the construction of Au/RGO/Fe(III)TMPP sensor, the preparation was
divided into two steps. In the first step, the pretreated gold was drop-casted by
20 μL of RGO solution (1 mg in 1 ml DMF) and dried at 80°C in an oven for 1 h. The
obtained Au/RGO nanocarbon transducer electrode was rinsed with distilled water
to remove the non-adsorbed materials. In the second step, 20 μl of Fe(III)TMPP
solution was deposited onto the Au/RGO electrode by drop-casted method. After
being dried and washed, the Au/RGO/Fe(III)TMPP modified electrode was ready to
be used for electrochemical measurements.

ITO/Fe(III)TMPP and ITO/RGO/Fe(III)TMPP electrodes were prepared using the
same procedure for Au/Fe(III)TMPP and Au/RGO/Fe(III)TMPP sensors preparations
respectively.

3. BPA sensor based on usual transducer functionalized by Fe(III)TMPP

In order to check the attachment of the Fe(III)TMPP on the bare Au electrode,
electrochemical impedance spectroscopy (EIS) has been selected as a method of
characterization thanks to the interfacial charge transfer properties that it can
provide for the electrode surface during the modification process [30, 31].

Usually for EIS studies, the first step is to optimize the polarization potential by
reducing the warburg diffusion component at low frequencies, which facilitates the
interpretation of physico-chemical phenomena [32]. For our study, different nega-
tive potentials (E = �0.6 V, �0.7 V, �0.8 V and � 0.9 V) have been applied in a
large frequency range (100 kHz to 30 mHz). We observe in Figure 2 an obvious
decrease of the half circle diameter correlated with the decrease of the applied
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potential. This decrease can be explained by the reduction of the charge transfer
resistance as a function of the dc potential [33], which makes possible the observa-
tion of the kinetics of cations at the membrane/solution interface. As a result, we
have chosen a continuous polarization of �900 mV throughout our next
measurements.

Figure 3 shows the recorded Nyquist plots for bare Au before and after its
modification by Fe(III)TMPP membrane in a PBS solution without any additional
external redox probe. The semicircle diameter is related to the charge transfer
resistance (Rct) of the electronic transfer from the porphyrin to the electrode [34].
Upon the modification of the Au transducer using Fe(III)TMPP membrane, the
semicircle diameter increased, which means the increase of Rct. This is indicative of
a better Au electrode surface coverage with Fe(III)TMPP accompanied by the
decrease in the electronic charge transfer.

The Nyquist diagram of Au/Fe(III)TMPP electrode can be modeled by an equiv-
alent electrical circuit formed by electrical components. This modeling is done
thanks to a software “FRA2” which makes it possible to draw the proposed equiva-
lent electrical circuit optimized by iteration. The choice of the latter is made
according to the best fit which corresponds to the lowest value of the total error χ2

as well as the error on each parameter. The values of the electrical components
given for each Nyquist plot illustrate the electronic properties between the trans-
ducer/membrane/electrolyte interfaces which facilitate the interpretation of the
electronic phenomena during the modification process.

In this study, the choice of the equivalent electric circuit was chosen based on
the shape of the Nyquist diagram of the Au/Fe(III)TMPP electrode as well as on its
corresponding bode diagram (Figure 4). As can be seen in Figure 4A, the total
impedance plot of the Au/Fe(III)TMPP electrode has an enlarged shape. Conse-
quently the Nyquist diagram of the modified electrode can be considered as an

Figure 2.
Optimization of the polarization potential of Au/Fe(III)TMPP electrode within a frequency range from
100 kHz to 30 mHz and an amplitude of 10 mV sinusoidal modulation in 0.1 M PBS (pH = 7).
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overlap of two closely interacting semicircles [35] which can indicate the presence
of more than one dipole in the equivalent electrical circuit model [36]. Figure 4B
shows the bode diagram fit of Au/Fe(III)TMPP electrode. This figure reveals that
phase plot presents one phase pic maxima. Consequently, the equivalent electric
circuit is analyzed as one dipole [36]. Taking into account the interpretation of
Nyquist and bode diagrams of Au/Fe(III)TMPP, the best circuit that has been chosen
is shown in Figure 5. This circuit has shown the best fit with low total error χ2. This
circuit consists of an electrolyte resistance denoted Rs placed in series with one
electrical dipole which divides itself into two dipoles. The first dipole is formed by
(Rm, CPE1) corresponding to the first high frequency loop and describes the

Figure 3.
Nyquist plots of bare Au and Au/Fe(III)TMPP in PBS (0.1 M PBS, pH = 7).

Figure 4.
(A) Nyquist and (B) Bode plots of the Au/Fe(III)TMPP electrode with the fit result.
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electrochemical phenomena occurring at the electrolyte/membrane interface where
Rm is the resistance of the membrane and CPE1 is called the constant phase element.
The second dipole is made up by (Rct, CPE2) describing the second loop at low
frequencies and describes the electrochemical phenomena occurring at the mem-
brane/electrode interface where Rct represents the charge transfer resistance at the
membrane/electrode interface.

In our previous optical study, Fe(III)TMPP was able to detect BPA molecules
through the strong coordination ability of Fe(III) cation to oxygen atoms [26]. Thus,
in this study, the Au/Fe(III)TMPP electrode has been used to test its ability towards
the impedimetric detection of BPA and 2 other interferent molecules. These inter-
fering molecules are 2,2-'biphenol and catechol, which have a structure similar to
BPA. The choice of EIS technique to detect these phenolic compounds was made
because of its several advantages, such as simplicity, label-free, high sensitivity, and
serving as a way to interface recognition events and signal transduction.

BPA is an electron-rich system favorable for the strong interaction with por-
phyrin ring. Hence, we explore the use of the electrostatic interaction between BPA
and cell porphyrin membrane without using any external redox indicator. Thus the
detection is directly proportional to the change in the electrical properties of the
electroactive Fe(III)TMPP membrane. Figure 6 shows the Nyquist plot of Au/
Fe(III)TMPP for different BPA, 2,2-‘biphenol and catechol concentrations (from
10�12 to 10�7 M). Au/Fe(III)TMPP electrode shows a large increase in diameter of
the semicircle, after BPA, 2,2’-biphenol and catechol attachment, correlated with
their increasing concentrations, indicating much higher Rct values. This increase can
be associated with the multilayer adsorption of BPA, 2,20-biphenol and catechol
molecules on the surface of Fe(III)TMPP membrane, which leads to the modification
of electrochemical properties at the interface.

To confirm this mechanism of detection, the electrochemical proprieties of the
sensor have been quantified by fitting the Nyquist plots using the equivalent circuit
shown in Figure 5. The different fits are done with a total error value (χ2) less than
10�3. Figure 7 shows the variation of the membrane resistance Rm as a function of
the BPA, 2,20-biphenol and catechol concentrations cologarithm p[X] = �log[CX],
where X = BPA, 2,20-biphenol and catechol. We can observe that the value of Rm

increases when increasing the concentration of the three studied analytes.

Figure 5.
Equivalent circuit used to fit the impedance spectra of Au/Fe(III)TMPP electrode.
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This result indicates an increase in the thickness of the Fe(III)TMPP membrane,
which is proportional to Rm according to the following Eq. (1).

Rm ¼ d
δS

(1)

Where d is the membrane thickness, δ is the conductivity of the membrane and
S the active area.

Consequently, the increase of the thickness of the Fe(III)TMPP membrane cor-
related with the increase of BPA, 2,20-biphenol and catechol concentrations proves
the adsorption of these molecules on the surface of the Fe(III)TMPP membrane
through their π electron system [37].

To fully understand the charge transfer kinetics at the interfaces, the Rct values
after BPA, 2,20-biphenol and catechol attachment were obtained from the equiva-
lent circuit model and used to generate Figure 8. This figure describes the evolution
of the charge transfer resistance Rct characteristic of the Au/Fe

(III)TMPP interface,
as a function of the logarithm of the concentration of BPA, 2,20-biphenol and
catechol. We report, from the curve of Rct = f (p [X]), that the charge transfer
resistance increased with the increase of BPA, 2,20-biphenol and catechol concen-
trations leading to down the electron transfer to Au/Fe(III)TMPP electrode. This is
due to the steric hindrance favored by the multi layers adsorption of the target
molecules, which seems logical since it has been shown from Eq. (1) that the
sensitive membrane thickness has already increased upon the increasing of the
analyte concentrations.

Figure 6.
Nyquist diagrams of Au/Fe(III)TMPP electrode for different (A) BPA, (B) 2,20-biphenol and (C) catechol
concentrations in PBS (0.1 M, pH = 7). Frequency range [100 kHz–30mHz]. Potential polarization
E = �900 mV. The points presenting the experimental data and the line is the fit obtained with the equivalent
circuit shown below.
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The Rct slope values of the Au transducer coated by Fe(III)TMPP membrane for
the impedimetric detection of BPA, 2,20-biphenol and catechol are illustrated in
Table 1. As can be seen, the slope associated with the catechol molecule has a lower

Figure 7.
Variation of the Fe(III)TMPP membrane resistance (Rm) plots versus p[X].

Figure 8.
Variation of the Fe(III)TMPP charge transfer resistance (Rct) plots versus p[X].
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value, whereas the slope associated with BPA and 2,20-biphenol molecules has a
higher value. These results show a better sensitivity of Fe(III)TMPP towards BPA
molecules. This can be explained by the higher number of aromatic groups in the
structures of BPA and 2,20-biphenol than in the structure of catechol (Figure 9).
According to these results, we have chosen BPA as the target molecule for
Fe(III)TMPP membrane throughout our next measurements.

4. BPA sensor based on carbon nanotubes/Fe(III)TMPP nanocomposite

In order to enhance the sensitivity of the Fe(III)TMPP towards the detection of
BPA, carbon nanotubes (CNTs) has been used to dope iron (III) porphyrin as it has
attracted considerable interest due to its excellent electrochemical properties and its
high ability to amplify the detection signal [38, 39]. Hence, Fe(III)TMPP was doped

Sensitive membrane Analytes Rct slope (kΩ/decade)

Fe(III)TMPP bisphenol A 2.104

2,20-biphenol 1.770

catechol 0.983

Table 1.
Comparison of the Rct slope values of Au/Fe

(III)TMPP electrode for different phenolic analytes.

Figure 9.
Chemical structure of BPA, 2,20-biphenol and catechol showing the presence of two aromatic rings in bisphenol
A and 2,20-biphenol and the presence of one aromatic ring in catechol.

Figure 10.
Nyquist diagrams of (A) Au/2%CNTs/Fe(III)TMPP electrode and (B) Au/4%CNTs/Fe(III)TMPP electrode for
different BPA concentrations.
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by 2% CNTs and 4% CNTs, then the obtained 2% CNTs/Fe(III)TMPP and 4%CNTs/
Fe(III)TMPP nanocomposites have been used for the detection of different concen-
trations of BPA (Figure 10). As can be seen, the Nyquist plots of 2%CNTs/
Fe(III)TMPP and 4%CNTs/Fe(III)TMPP modified Au electrodes show a very small
variation with increasing BPA concentrations. This result shows that the doping of
porphyrin by CNTs did not improve its sensitivity towards the detection of BPA
molecules. This can be explained by the planar structure of Fe(III)TMPP making
difficult the π- π interaction with the rolled up tubular structure of CNT
(Figure 11). These results led us to think about improving the sensitivity of the
Au/Fe(III)TMPP sensor using another carbon material having a 2D planar structure
which can make easier the π- π interaction with Fe(III)TMPP and preserves its
structure. Because of its fascinating electronic properties and extremely high spe-
cific surface area, this chosen carbon material is known as reduced graphene oxide
(RGO), a graphene derivate that has attracted a lot of attention in improving the
sensing ability of BPA sensors [40].

5. BPA sensor based on nanocarbon transducer functionalized by
Fe(III)TMPP

After proving the good affinity of Fe(III)TMPP towards BPA molecules, we aim
to improve the sensitivity of Au/Fe(III)TMPP sensor by involving the use of nano-
sized electrodes based on nanocarbon transducers. Hence, owing to its strong
electrocatalytic activity and minimal surface fouling, RGO has been chosen as a
nanocarbon material to functionalize it on Au electrode to form a new Au/RGO
nanocarbon transducer with enhanced charge transfer ability than the Au trans-
ducer. Then, the Au/RGO nanocarbon transducer has been prepared and
functionalized with Fe(III)TMPP membrane to form Au/RGO/Fe(III)TMPP platform.

Figure 11.
Schematic presentation of the non-interaction of most aromatic rings of Fe(III)TMPP with CNT because of their
unsuitable structures.
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With the objective of highlighting the interaction between the Fe(III)TMPP and
the Au/RGO nanocarbon transducer, UV/vis has been used. Hence, the prepared
ITO/RGO, ITO/Fe(III)TMPP and ITO/RGO/Fe(III)TMPP electrodes were character-
ized by UV–vis (Figure 12). As shown in Figure 12, the UV/vis absorption spec-
trum of ITO/Fe(III)TMPP exhibits a strong peak at 438 nm and a weak peak at
527 nm ascribed to the Soret band and the Q-band of porphyrin respectively. After
we have deposited the Fe(III)TMPP on ITO/RGO, we have observed a decrease in
the Soret and Q band intensities with a red shift from 438 nm to 431 nm for the
Soret band and the Q-band shift from 527 nm to 536 nm. These shifts prove the
strong π-π interactions between the aromatic rings of RGO and the Fe(III)TMPP
macrocycles [41, 42]. These results confirm the formation of the graphene–por-
phyrin complex, being in agreement with the proposed hypothesis of the easier
interaction of the flattened structure of porphyrin with the 2D surface of graphene
(Figure 13).

Bare Au, Au/Fe(III)TMPP, Au/RGO and Au/RGO/Fe(III)TMPP electrodes have
been characterized by EIS in PBS (0.1 M, pH = 7) with an optimized potential of
�0.9 V (Figure 14).

As shown in Figure 14, the total impedance plot of Au/RGO shows a semi cercle
with a diameter smaller than obtained with bare Au. Consequently, the Rct value of
Au/RGO decreased compared to that of bare Au. This result proves that the fabri-
cated Au/RGO nanocarbon transducer has improved charge transfer ability than the
usual transducer (Bare Au) thanks to the electron catalyst role of RGO. As illus-
trated in Figure 14, the impedance plot of Au/RGO/Fe(III)TMPP structure presents
a very smaller semi cercle diameter compared to Au/Fe(III)TMPP electrode which is
explained by smaller Rct value for Au/RGO/Fe(III)TMPP, thus better charge transfer
ability at the interface electrode/electrolyte. This result demonstrates that the Au/
RGO nanocarbon transducer ensured the good attachment of the porphyrin on its
surface via π-π interaction as we have proved by UV–visible which leads to
enhanced kinetic charge transfer of the Au/RGO/Fe(III)TMPP structure.

Figure 12.
UV/vis spectra of ITO/Fe(III)TMPP and ITO/RGO/Fe(III)TMPP structures.
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The Nyquist diagram of Au/RGO/Fe(III)TMPP electrode, as shown in Figure 15,
reveals the presence of a small semicircle at high frequency, corresponding to a
small phase pic maxima in the phase diagram, and a large second semicircle at low

Figure 13.
Schematic presentation of the π-π interaction between aromatic rings of Fe(III)TMPP and RGO thanks to their
planar structures.

Figure 14.
Nyquist plot of Bare Au, Au/Fe(III)TMPP, Au/RGO and Au/RGO/Fe(III)TMPP electrodes in PBS (0.1 M,
pH = 7).
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frequency, corresponding to an intense phase pic maxima in the phase diagram.
Hence, the proposed equivalent electrical circuit should be composed by more than
one dipole [28]. The best fit was done using an equivalent electrical circuit formed
by a parallel association of two dipoles placed in series with the electrolyte resis-
tance (Rs) (Figure 16). The first dipole, which is attributed to the high frequency
loop and the electrochemical phenomena occurring at the electrolyte/membrane
interface, was formed by a membrane resistance (Rm) and a membrane capacitance
(Cm). The second dipole, is attributed to the second loop at low frequencies and
describes the electrochemical phenomena taking place at the membrane/electrode
interface, was composed of charge transfer resistance (Rct) and constant phase
element (CPE).

The sensing properties of Au/RGO/Fe(III)TMPP electrode towards BPA concen-
trations in PBS electrolyte have been studied and presented in Figure 17. The
semicircle diameter related to the charge transfer resistance (Rct) from the RGO/
Fe(III)TMPP to the electrode is observed to increase upon the addition of BPA
concentration. This considerable dependance affirms the high affinity of Au/RGO/
Fe(III)TMPP sensor towards BPA molecules.

Figure 15.
Nyquist and Bode plots of the Au/RGO/Fe(III)TMPP electrode with the fit result.

Figure 16.
Equivalent circuit used to fit the impedance spectra of Au/RGO/Fe(III)TMPP electrode.
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The electrical parameters values of Au/RGO/Fe(III)TMPP electrode after BPA
attachment were obtained from the equivalent circuit model presented in
Figure 16. Then a comparative study of Rm and Rct variations versus p[BPA] for
Au/Fe(III)TMPP and Au/RGO/Fe(III)TMPP electrodes has been studied (Figure 18).

As can be observed in Figure 18, Rm and Rct variations increase with the
successive addition of BPA concentration for the Au/Fe(III)TMPP and
Au/RGO/Fe(III)TMPP electrodes. This result confirms the adsorption mechanism of
BPA on the surface of the two modified electrodes, resulting in an increase of their

Figure 17.
EIS responses of the Au/RGO/Fe(III)TMPP electrode in the absence and the presence of different BPA
concentrations.

Figure 18.
Variation of the relative changes of (A) the membrane resistance and (B) the charge transfer resistance of Au/
Fe(III)TMPP and Au/RGO/Fe(III)TMPP electrodes versus BPA concentration cologarithm (p[BPA]).
ΔRct = Rct � Rct0 where Rct is the charge transfer resistance of the sensing membrane for each BPA concentration
and Rct0 is the charge transfer resistance without any addition of concentration.
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thickness membranes correlated with a decrease of the electron transfer ability at
the membrane/electrode interface. The slope of Rm and Rct variations curves versus
p[BPA] for Au/Fe(III)TMPP and Au/RGO/Fe(III)TMPP electrodes are summarized in
Table 2. This table shows that the slopes of Rm and Rct variations curves obtained
with Au/RGO/Fe(III)TMPP electrode are 2 times higher than those obtained with
Au/Fe(III)TMPP electrode. This result proves the doubled sensitivity with the Au/
RGO/Fe(III)TMPP electrode towards BPA. This improved sensitivity comes from the
catalyst role of RGO [43] which has created a nanocarbon transducer with
enhanced electrical property and signal transfer. Based on the calibration curve
(Figure 18B), the sensitivity (slope of the calibration curve) of our proposed sensor
Au/RGO/Fe(III)TMPP was found to be 0.4218 per decade with an intercept of
5.6509. The correlation regression coefficient was obtained at 0.9987 in the concen-
tration range from 10�12 M to 10�8 M. The detection limit of the sensor was
estimated to be 2.1 10�13 M (signal-to-noise ratio of 3 independent measurements).

6. Comparative study

Because of the biologically harmful and toxicologically relevant of BPA even at
low doses, researchers are competing to develop a new electrochemical sensor to
track low BPA levels. Table 3 illustrates a comparison of the analytical perfor-
mances between our BPA sensor based on RGO nanocarbon transducer (Au/RGO/
Fe(III)TMPP) and other recently reported BPA sensors. Alam et al. reported
graphene oxide and β-cyclodextrin functionalized multiwalled carbon nanotubes
(GO-MWCNT-βCD) for the detection of BPA at nanomolar level (6 nM) with good
reproducibility (n = 3) and a two-step linear response from 0.05 to 5 μM and 5–
30 μM [44]. The GO-MWCNT-βCD modified screen-printed electrode (SPE)
showed the highest oxidation peak current of 49.4 μA at Epa of 595 mV for BPA,
which is at least 1.6 times higher than other modified SPEs. This was explained by
the synergistic effect between GO, MWCNT and βCD leading to a fast electron
transfer kinetics, consequently an amplified signal detection of BPA. Wan et al.
reported an eco-friendly electrochemical sensor based on Multi-Walled Carbon
Nanotubes (MWCNT)/Polythiophene(PTh)/Pt nanocomposites-modified glassy
carbon electrode for determination of BPA molecules in aqueous media [45]. The
working electrode captures BPA electrochemically and consequently gets adsorbed
on the MWCNT-PTh-Pt electrode surface electrode followed by electrochemical
oxidation by differential pulse voltammetry (DPV) with the increased oxidation
current at 0.5 V. This affinity was explained by the Pt nanocluster that acted as a
suitable catalyst of MWCNT-PTh nanocomposite and enhanced the electrochemical
detection signal of BPA. Moreover, this sensor platform revealed linear response for
BPA detection from 0.005 to 0.4 μM in phosphate buffer saline (PBS) solution and
the detection limit was found to be 0.003 μM (S/N = 3). Ponnaiah et al. designed a
GCE modified with a new nanocomposite composed of ruthenium nanoparticles,
polyaniline and graphitic carbon nitride (Ru0/PANI/g-C3N4) as an electrochemical

Electrodes Slope of Rm variation Slope of Rct variation

Au/Fe(III)TMPP 0.1147 0.2285

Au/RGO/Fe(III)TMPP 0.2598 0.4218

Table 2.
Comparison of the Rm and Rct variations slopes values of Au/Fe

(III)TMPP and Au/RGO/Fe(III)TMPP
electrodes for BPA detection.
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sensor for the detection of BPA [46]. The sensor system exhibits picomolar-level
detection limits, good sensitivity and stability with a detection range from 0.01 to
1.1 μM. This result was explained by the synergistic effect of the nanocomposite: the
high activity of ruthenium nanoparticles, the porous structure of the conducting
PANI and the catalyst role of g-C3N4 that created an amplified detection system.
Jiang et al. reported the development of electrochemical sensors based on carbon
nanomaterials, i.e. nanodiamond (ND/GCE) and nanocarbon (NC/GCE) [47].
These carbon materials have achieved a good sensitivity towards BPA monitored by
Square Wave Voltammetry (SWV) thanks to their low fouling properties and
porous structures. The limit of detection of the proposed sensor was at the
nanomolar level with an acceptable liner range from 0.1 to 80 μM. Tsekeli et al.
reported the synthesis of silver nanoparticle-exfoliated graphite nanocomposite
(AgNPs-EG) for the application of BPA sensor [48]. The AgNPs-EG nanocomposite-
based electrode has demonstrated antifouling property and acceptable affinity
towards BPA with LOD of 0.23 μM and a linear range from 5.0 to 100 μM.

Compared with all these recently reported BPA sensors (Table 3), our work
based on Au/RGO/Fe(III)TMPP sensor presents the best sensing platform because of
its lower limit of detection in the picomolar level (2.1 10�7 μM) and wider linear
range spreading from 10�6 to 10�2 μM. Hence, the sensor based on nanocarbon
transducer functionalized by Fe(III)TMPP presented in this work is capable of mea-
suring BPA at concentrations lower than the daily dose limits set by recent medical
advice. In addition to a lower detection limit and wide detection range, our fabrica-
tion method is based only on drop-casting and drying, which is more facile and less
time consuming than other methods. Furthermore, the modification of our sensor is
based on non-covalent bonding which preserves the sp2 structures of each mem-
brane, leading to a good stability of the BPA response signal. Another advantage of
our proposed sensor was that, in our work, electrochemical impedance

Sensor
material

Detection
method

LOD (μM) Linear
range
(μM)

Preparation method of the sensor Reference

GO-
MWCNT-
βCD/SPE

LSV 6 0.05–5/5–
30

Covalent modification of MWCNTs
with βCD/ drop casting of GO-

MWCNT-βCD
suspension on SPE

[44]

MWCNT/
PTh/Pt/
GCE

DPV 3.0 � 10�3 0.005–0.4 Electrodeposition of MWCNT-PTh-
Pt on GCE

[45]

Ru0/
PANI@g-
C3N4

DPV 0.18 � 10�3 0.01–1.1 Long time ultrasonication of the
Ru0/PANI/g-C3N4 nanocomposite /
drop casting of Ru0/PANI/g-C3N4

suspension on GCE

[46]

ND-GCE SWV 13 � 10�3 0.1–80 Ultrasonication of ND in water
followed by drop casting on GCE

[47]

AgNPs-EG SWV 0.23 5.0–100 Long term preparation of AgNPs-
EG electrode

[48]

Au/RGO/
Fe(III)TMPP

EIS 2.1 � 10�7 10�6–10�2 Simple and fast ultrasonication of
RGO and Fe(III)TMPP/drop casting
deposition of RGO and Fe(III)TMPP

on Au electrode respectively

This work

Table 3.
Comparison of the detection method, detection limit, linear range and preparation method of the sensor of
recently reported sensors and the present study for the determination of BPA.
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spectroscopy was used to follow the detection signal of BPA, while it was rarely
used compared to DPV and SWVmethods to monitor the attachment of BPA on the
sensor surface. The advantage of the EIS method compared to the most frequently
used SWV and DPV methods is that it does not damage the electrode surface and
also enables low detection limits [49].We envisage that such sensors are promising
tools to face the challenges of the detection of BPA at trace level in aqueous media,
as an alternative to the conventional test or central lab equipment.

The better sensing performance of our sensor based on Au/RGO/Fe(III)TMPP
could be attributed to different aspects such as the architecture of the modified
electrode that is based on Au/RGO nanocarbon transducer for immobilized
Fe(III)TMPP to retain its stability and activity which can facilitate the reaction
towards BPA. Moreover, the high electric conductivity of RGO nanocarbon material
can create a novel nanocarbon transducer with higher kinetic charge transfer com-
pared to usual used transducers which facilitates the mediation of electrocommu-
nication between the BPA and the electrode.

7. Conclusions

In this chapter, a label-free impedimetric sensor using Au/RGO nanocarbon
transducer functionalized by Fe(III)TMPP has been successfully designed for the
detection of trace BPA. The Au/RGO/Fe(III)TMPP electrode was fabricated by load-
ing RGO and Fe(III)TMPP membrane on Au transducer, respectively. The Au/RGO/
Fe(III)TMPP sensor has demonstrated an amplified response towards BPA compared
to that of Au/Fe(III)TMPP electrode. This enhancement was attributed to the Au/
RGO nanocarbon transducer which acted as a charge transfer catalyst and good
platform for the attachment of Fe(III)TMPP via π- π staking. The suggested Au/
RGO/Fe(III)TMPP has offered a few advantages compared to the previously
reported strategy for the determination of BPA, including excellent low LOD (2.1
10�13 M) and wide linear dynamic range with a simple and efficient fabrication
method. The findings from this study will be valuable for constructing highly
sensitive sensors based on modified Au/RGO nanocarbon transducer to detect var-
ious substances with low concentration and trace amount.
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