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Preface

Arsenic - Analytical and Toxicological Studies is a compilation of five chapters focused on ar‐
senic occurrence and chemistry, methods for arsenic determination and removal, and arsen‐
ic toxicity and health risks.

The three chapters included in the first section introduce: (1) the most commonly used tech‐
niques for arsenic quantification and speciation, such as atomic absorption spectrometry, in‐
ductively coupled plasma-mass spectrometry, and inductively coupled plasma-emission
spectrometry, among others, often conjugated with separation techniques such as high-per‐
formance liquid chromatography, and (2) the various procedures applied for arsenic separa‐
tion and removal, including ion exchange, sorption, coagulation and membrane
technologies. The advantages and drawbacks of the methods for arsenic determination and
removal are exhaustively described.

The two chapters contained in the second section provide important information about: (1)
the mechanism of arsenic-induced toxicology, involving arsenic interaction with critical thi‐
ols in proteins, and (2) the health risks associated with exposure to arsenic. The two case
studies presented (Guanajuato, Mexico, and Bihar, India) comment in detail on the adverse
effects of exposure to arsenic in water.

The book offers a professional multifaceted vision of several problems related to arsenic de‐
termination and effects of arsenic exposure.

All the contributing authors are gratefully acknowledged for their time and effort.

Prof. DSc. Eng. Margarita Stoytcheva and Prof. Dr. Eng. Roumen Zlatev
Universidad Autónoma de Baja California

Mexicali, México
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Provisional chapter

Introductory Chapter: Arsenic

Margarita Stoytcheva and Roumen Zlatev

Additional information is available at the end of the chapter

1. Arsenic occurrence

Arsenic (As) is a chemical element the abundance of which in the continental crust of the Earth
is given as 1.5–2 ppm. Most often arsenic appears in nature in the form of Fe, Co and Ni
arsenides, arsenic sulfide, and native arsenic. It belongs to the metalloids, in spite that it shows
intermediate properties between metals and non-metals.

In general, arsenic forms soluble oxyanions with the predominant oxidation states +3 and +5,
while the minor oxidation states are 0 and �3. The main form of As(III) is arsenite existing in
solutions with pH between 5 and 9. H3AsO3 and the anions resulting from its dissociation
occurring according to Eq. 1 are H2AsO3

�, H2AsO3
2�, and AsO3

3�:

H3AsO3�����!pKa¼9:2
H2AsO�

3 þHþ�����!pKa¼14:22
HAsO2�

3 þHþ�����!pKa¼19:22
AsO3�

3 þHþ (1)

The main form of As(V) is H3AsO4. The anions resulting from its dissociation are H2AsO4
�
,

HAsO4
2�, and AsO4

3�. The arsenates have high-ionization capacity due to the presence of the
double bond. The H3AsO4 molecule easily loses hydrogen ions by dissociation remaining with
a negative charge, forming successively several anions according to Eq. 2:

H3AsO4�����!pKa¼2:2
H2AsO�

4 þHþ�����!pKa¼6:94
HAsO2�

4 þHþ�����!pKa¼11:3
AsO3�

4 þHþ (2)

2. Arsenic and its compound application and removal

Elemental arsenic has a limited application mainly as lead and brass alloy’s ingredient, but its
compounds are widely used in the industry. The gallium arsenide (GaAs) is extensively used
in the electronic industry for high-frequency integrated circuits, laser diodes, and Light Emis-
sion Diodes (LEDs); the arsenic oxide is used in glass production industry; the arsenic sulfides

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78399

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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are used as pigments in textile. There is a revival of the interest in arsenic as medicine for the
treatment of acute promyelocytic leukemia, multiple myeloma, myelodysplastic syndrome,
and various resistant solid tumors. Other applications of the arsenic compounds include the
paper industry, the pyrotechnic industry, and so on. Arsenic compounds were used as pesti-
cides in the past.

The conventional methods most applied for arsenic removal are:

• Coagulation and flocculation (the most commonly employed), which include two
distinct processes: colloids destabilization neutralizing the electric charges allowing
particles aggregation, followed by flocculation by a polymer building giant aggregates
[1, 2].

• Precipitation including one of the following methods: alum coagulation [3], iron coagula-
tion [4], lime softening [5], and combination of iron (and manganese) removal [6–8].

• Membrane filtration: a pressure driven process, which can include one of the follow-
ing: microfiltration, ultrafiltration, nanofiltration, and hyperfiltration or reverse osmo-
sis [9–12].

• Adsorption and ion exchange are employing solids to accumulate on their surface sub-
stances contained in liquid phase [12–16].

• Bioremediation, ozone oxidation, and electrochemical treatments are also applied.

3. Arsenic and its compounds toxicity

Arsenic is extremely poisonous for multicellular life, although several types of bacteria are
capable of using arsenic compounds as respiratory metabolites. Pollution of groundwater
with arsenic is a problem that affects millions of people around the world. Worldwide, up
to 100 million people are at risk of exposure to arsenic from excess arsenic in drinking water
in countries such as Argentina, Bangladesh, Chile, China, India, Mexico, and the USA. The
US Environmental Protection Agency classifies arsenic as a carcinogen of group A due to
the evidence of its adverse effects on health [17]. Exposure to 0.05 mg L�1 can cause 31.33
cases of skin cancer per 1000 inhabitants. For this reason, the maximum acceptance limit of
0.050 mg L�1 of arsenic was lowered to 0.010–0.020 mg L�1. However, it was found that a
daily intake of 12–15 μg arsenic as a microelement from meat, fish, vegetables, and cereals
maintains the immune system activity. The WHO warns that the maximum safe arsenic
concentration for health is as low as 10 ppb, but limit values for arsenic species are not
established [17, 18].

Arsenic can be found as a pollutant in water or food, especially in shells and other seafood, and
often polluting fruits and vegetables, especially rice. Today arsenic poisoning occurs through
industrial exposure, from contaminated wine or smuggled spirits, or due to intentional use.
The possibility of arsenic contamination of herbal preparations and food supplements should
also be taken into account.

Arsenic - Analytical and Toxicological Studies4

Inorganic forms of arsenic are more toxic than the organic ones. Arsenic oxides are the most
common threat because arsenite and arsenate salts are the most toxic. These forms are compo-
nents of geological formations and are extracted into groundwater.

The two forms of inorganic arsenic reduced (trivalent arsenic) and oxidized (five valent arsenic)
can be absorbed and accumulated in tissues and body fluids. The trivalent form is more toxic
and reacts with thiol groups. Very few organs and systems are not affected by the toxic effects of
arsenic. The arsenic compound toxicity decays in the following order: As(III) >monomethylarsine
oxide > dimethylarson > monomethylarsenate > As(V). The toxicity of As(III) is 10 times greater
than that of As(V) and the lethal dose for adults is 1–4 mg kg�1.

4. Analytical methods for arsenic quantification

The “total arsenic” determined in a sample most often do not represent a valuable information,
because of the different properties and different toxicity of its species [19, 20]. Themain problem is
the easy conversion of the arsenic species to another caused by the pH changes, the presence of
reducing agents, oxidizers, and certain bacterial strains able to produce a lot of organic As-species
[21, 22]. That is why the As speciation is the only important way to characterize the origin of the
As-related problems such as its toxicity and biogeochemical cycling and to find the best procedure
for drinking water treatment. Unfortunately, As speciation remains challenging, because of the
interference between the arsenic species possessing different toxicity [23], which is typical for the
organic As-species [24, 25].

The best analytical methods for As speciation are considered those, including chromatographic
separations [26, 27] such as IC [28] and HPLC [29], coupled with a sensitive detection system,
such as ICP–MS, AFS–HG, and AAS–HG [30]. Specific sorbents and exchange resins have been
developed and applied recently for this purpose [31–35]. Apart from the chromatographic and
non-chromatographic methods for the arsenic species separation, simple and cost-effective
electrochemical methods were developed recently based on the distinct As-species electro-
chemical properties [36, 37].

5. Conclusion

In spite of the arsenic and its compounds important industrial application, the greatest atten-
tion is paid to their influence on the human health, especially in case of long temp action by
contaminated drinking water and food. That is why detailed studies on arsenic toxicity and
cancer provoking mechanisms were realized. The toxicity of the arsenic species may differ 10
and more times from one to another, so their transformation caused by condition changes (as
pH, dissolved oxygen, and bacterial activity) during the sample transportation and conserva-
tion prior the laboratory analysis may cause false results. For this reason, simple analytical
techniques and sensors for arsenic speciation have been developed able to realize in-situ
speciation to evaluate the real toxicity of contaminated water, food, or soil samples. To prevent

Introductory Chapter: Arsenic
http://dx.doi.org/10.5772/intechopen.78399

5



are used as pigments in textile. There is a revival of the interest in arsenic as medicine for the
treatment of acute promyelocytic leukemia, multiple myeloma, myelodysplastic syndrome,
and various resistant solid tumors. Other applications of the arsenic compounds include the
paper industry, the pyrotechnic industry, and so on. Arsenic compounds were used as pesti-
cides in the past.

The conventional methods most applied for arsenic removal are:

• Coagulation and flocculation (the most commonly employed), which include two
distinct processes: colloids destabilization neutralizing the electric charges allowing
particles aggregation, followed by flocculation by a polymer building giant aggregates
[1, 2].

• Precipitation including one of the following methods: alum coagulation [3], iron coagula-
tion [4], lime softening [5], and combination of iron (and manganese) removal [6–8].

• Membrane filtration: a pressure driven process, which can include one of the follow-
ing: microfiltration, ultrafiltration, nanofiltration, and hyperfiltration or reverse osmo-
sis [9–12].

• Adsorption and ion exchange are employing solids to accumulate on their surface sub-
stances contained in liquid phase [12–16].

• Bioremediation, ozone oxidation, and electrochemical treatments are also applied.

3. Arsenic and its compounds toxicity

Arsenic is extremely poisonous for multicellular life, although several types of bacteria are
capable of using arsenic compounds as respiratory metabolites. Pollution of groundwater
with arsenic is a problem that affects millions of people around the world. Worldwide, up
to 100 million people are at risk of exposure to arsenic from excess arsenic in drinking water
in countries such as Argentina, Bangladesh, Chile, China, India, Mexico, and the USA. The
US Environmental Protection Agency classifies arsenic as a carcinogen of group A due to
the evidence of its adverse effects on health [17]. Exposure to 0.05 mg L�1 can cause 31.33
cases of skin cancer per 1000 inhabitants. For this reason, the maximum acceptance limit of
0.050 mg L�1 of arsenic was lowered to 0.010–0.020 mg L�1. However, it was found that a
daily intake of 12–15 μg arsenic as a microelement from meat, fish, vegetables, and cereals
maintains the immune system activity. The WHO warns that the maximum safe arsenic
concentration for health is as low as 10 ppb, but limit values for arsenic species are not
established [17, 18].

Arsenic can be found as a pollutant in water or food, especially in shells and other seafood, and
often polluting fruits and vegetables, especially rice. Today arsenic poisoning occurs through
industrial exposure, from contaminated wine or smuggled spirits, or due to intentional use.
The possibility of arsenic contamination of herbal preparations and food supplements should
also be taken into account.

Arsenic - Analytical and Toxicological Studies4

Inorganic forms of arsenic are more toxic than the organic ones. Arsenic oxides are the most
common threat because arsenite and arsenate salts are the most toxic. These forms are compo-
nents of geological formations and are extracted into groundwater.

The two forms of inorganic arsenic reduced (trivalent arsenic) and oxidized (five valent arsenic)
can be absorbed and accumulated in tissues and body fluids. The trivalent form is more toxic
and reacts with thiol groups. Very few organs and systems are not affected by the toxic effects of
arsenic. The arsenic compound toxicity decays in the following order: As(III) >monomethylarsine
oxide > dimethylarson > monomethylarsenate > As(V). The toxicity of As(III) is 10 times greater
than that of As(V) and the lethal dose for adults is 1–4 mg kg�1.

4. Analytical methods for arsenic quantification

The “total arsenic” determined in a sample most often do not represent a valuable information,
because of the different properties and different toxicity of its species [19, 20]. Themain problem is
the easy conversion of the arsenic species to another caused by the pH changes, the presence of
reducing agents, oxidizers, and certain bacterial strains able to produce a lot of organic As-species
[21, 22]. That is why the As speciation is the only important way to characterize the origin of the
As-related problems such as its toxicity and biogeochemical cycling and to find the best procedure
for drinking water treatment. Unfortunately, As speciation remains challenging, because of the
interference between the arsenic species possessing different toxicity [23], which is typical for the
organic As-species [24, 25].

The best analytical methods for As speciation are considered those, including chromatographic
separations [26, 27] such as IC [28] and HPLC [29], coupled with a sensitive detection system,
such as ICP–MS, AFS–HG, and AAS–HG [30]. Specific sorbents and exchange resins have been
developed and applied recently for this purpose [31–35]. Apart from the chromatographic and
non-chromatographic methods for the arsenic species separation, simple and cost-effective
electrochemical methods were developed recently based on the distinct As-species electro-
chemical properties [36, 37].

5. Conclusion

In spite of the arsenic and its compounds important industrial application, the greatest atten-
tion is paid to their influence on the human health, especially in case of long temp action by
contaminated drinking water and food. That is why detailed studies on arsenic toxicity and
cancer provoking mechanisms were realized. The toxicity of the arsenic species may differ 10
and more times from one to another, so their transformation caused by condition changes (as
pH, dissolved oxygen, and bacterial activity) during the sample transportation and conserva-
tion prior the laboratory analysis may cause false results. For this reason, simple analytical
techniques and sensors for arsenic speciation have been developed able to realize in-situ
speciation to evaluate the real toxicity of contaminated water, food, or soil samples. To prevent

Introductory Chapter: Arsenic
http://dx.doi.org/10.5772/intechopen.78399

5



the negative arsenic influence on the human health, the most important is the decontamination
of the affected waters and soils. Many methods based on different principles were developed
ad successfully applied for this purpose.
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the negative arsenic influence on the human health, the most important is the decontamination
of the affected waters and soils. Many methods based on different principles were developed
ad successfully applied for this purpose.
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Abstract

Depending on the physical, chemical and biogeochemical processes and condition of 
the environment, various arsenic species can be present in water. Water soluble arsenic 
species existing in natural water are inorganic arsenic (iAs) and organic arsenic (oAs) 
species. All acidic species, according to the chemical equilibrium, have well-recognized 
molecular and ionic forms in water. The distribution of iAs and oAs species is a function 
of pH value of water traces of arsenic that are found in groundwater, lakes, rivers and 
ocean. The WHO provisional guideline value for arsenic in drinking water is 10 μg L−1. 
The most selective and sensitive methods for determination of total arsenic and its spe-
cies in water are coupled techniques including chromatography, optical methods and 
mass spectrometry. Determination of arsenic species is of crucial importance for selec-
tion of arsenic removal technology. Best available technologies are based on absorption, 
precipitation, membrane and hybrid membrane processes. Adsorption is considered to 
be relatively simple, efficient and low-cost removal technique, especially convenient for 
application in rural areas. Sorbents for arsenic removal are biological materials, mineral 
oxides, activated carbons and polymer resins.

Keywords: arsenic, water, traces, species, toxicity, determination, removal, purification

1. Introduction

Arsenic, As, belongs to the group of elements that are called metalloids. A metalloid is a 
chemical element that has properties of both metals and nonmetals. Arsenic is from all its fea-
tures mostly recognized as a poison. Arsenic has a complex chemical behavior since it exists 
in four different oxidative states [1]. Depending on oxidative state and presence in environ-
ment, arsenic species exhibit different toxicity [2]. Arsenic species can be present in all types of 
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environment and can originate from natural and anthropogenic sources [3]. Natural sources 
of arsenic are: rocks with incorporated arsenic compounds, activity of volcanoes and some 
biological processes. Anthropogenic sources are numerous, from mining to different types 
of production (pesticides, wood preservatives, and pigments). When the arsenic compounds 
reach groundwater, it is hard to distinguish the origin, both natural and anthropogenic arse-
nic species are released [3].

According to Science Direct, during the last decade, a significant number of scientific papers 
reporting the results from arsenic investigations are presented in Figure 1. The focus of these 
researches was the development and improvement of methods for arsenic detection, extrac-
tion, separation and removal.

The investigation of arsenic species and their behavior in various samples, especially in natu-
ral waters and environment is important for chemistry and environmental protection. The 
most common arsenic species are presented in Table 1

Depending on the oxido-reduction conditions, microbiological environment, arsenic species 
can be present in water in solution or in a precipitated form, and they can also adsorb or 
desorb from the existing precipitates [1, 2]. When arsenic species are soluble in water, they 
can be present in both inorganic and organic forms. For iAs species both As(III), arsenite, and 
As(V), arsenate, can be present. For oAs species, MMA and DMA are soluble forms of organic 
arsenic species. From the value of the chemical equilibrium constants for each molecular or 
ionic form of arsenic in water, the present species can be recognized [3]. When choosing and 

Figure 1. The number of publications with keyword arsenic, according to Science Direct.
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analyzing the most dominant form of arsenic in water, the most present is inorganic arsenic as 
As(V). If As(III) is present, there are two important things that need to be taken into account. 
As(III) is more poisonous (even at low concentrations) than As(V). Beside the severe toxic 
effect, As(III) is easily oxidized. In oxidized conditions, stable forms of arsenic are As(V), and 
MMA and DMA, from oAs species. Many water sources in the world containing high con-
centration of arsenic cause health problems or diseases such as cancer. The WHO provisional 
guideline value for arsenic in drinking water is 10 μg L−1 [4]. Water quality analysis usually do 
not include test on arsenic. Arsenic compounds are colorless and odorless.

Once the presence of arsenic is determined in water, the separation and removal is obligatory. 
Removal technologies that are efficient, but still need improvement include absorption, precip-
itation, different electrochemical processes, membrane and hybrid membrane processes [6–9].

2. Arsenic in water

Arsenic enters the water through the dissolution of minerals, ores soil, sediments, water, 
living organisms and rocks containing high concentrations of arsenic. Drinking water from 
surface water bodies usually does not contain high concentrations of arsenic. Higher concen-
trations have only been found in the groundwater. Human activities influence and change the 
content of arsenic in nature. When using arsenic compounds for different purposes, there is 
a direct influence. There is also indirect influence that affects the mobility of arsenic from dif-
ferent natural sources. Organic arsenic compounds such as AsB, AsC, TETRA, TMAO, arsen-
osugars and arsenic-containing lipids are mainly found in marine organisms although some 
of these compounds have also been found in terrestrial species.

Despite the fact that iAs species are predominant in natural waters, the presence of oAs has 
also been reported. Even though the main analytical interest is to determine total arsenic in 
water, it is also important to develop the procedures for As species determination, separation, 
and removal. The distribution of i As and oAs species is a function of pH value of water [2].

Arsenic species Oxidation state Chemical formula Group Presence in the environment

As(V) +5 AsO4
−3 iAs Water

As(III) +3 AsO3
−3

MMA +5 CH3AsO(OH)2 oAs

DMA +5 (CH3)2AsO(OH)

TMAO +5 (CH3)3AsO Seafood (fish, mussels)

TETRA +3 (CH3)4As+

AsB +3 (CH3)3As+CH2COO−

AsC +3 (CH3)3As+CH2CH2OH

Table 1. Common inorganic and organic arsenic species [5].
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surface water bodies usually does not contain high concentrations of arsenic. Higher concen-
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The distribution of arsenic species vs. pH values of water is presented in Figure 2 [2].

As(III) species: H3AsO3, H2AsO3
−, HAsO3

2− and AsO3
3−, are stable under slightly reducing 

aqueous conditions. As(V) species: H3AsO4, H2AsO4
−, HAsO4

2− and AsO4
3−, are stable in oxy-

genated waters [6]. Two valences of the same element, molecular (ortho, H3AsO3, H3AsO4 and 
meta forms, HAsO2, HAsO3) and ionic forms with different charges make the research of arse-
nic removal from water more challenging and indivisible of arsenic chemistry knowledge. 
Any arsenic removal technology strongly depends on the water conditions and the stability 
of arsenic forms in the water.

Bearing in mind the fact that arsenic occurs in water in molecular and ionic form depending 
on water pH, the main goal of many investigations is to select the most efficient exchanger, 
not only in terms of efficiency, but also in terms of applicability in the wide range of water pH 
values in real and environmentally friendly water treatment systems. In neutral conditions, 
As(V) species are completely in ionic form (H2AsO4

− and HAsO4
2−), while As(III) is in molecu-

lar (H3AsO3 or HAsO2), as shown in Figure 2 [2].

Figure 2. The distribution of iAs and oAs species as a function of pH values of water [2]. Copyright approved by 
publisher.
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3. Determination of arsenic and arsenic species in water

There are a variety of chemical methods from classical to contemporary analytical techniques 
that are used for determination of arsenic and arsenic species in water.

There has been several review articles on the speciation of arsenic in a variety of samples 
[10–14]. These reviews focus on (1) determination of total content of arsenic and (2) speciation 
analysis.

A review of contemporary methods for arsenic and arsenic species in water is presented in 
Table 2. The parameters, as detection limit, advantages and disadvantages are pointed out in 
order to have an insight into ability and application of available techniques.

The total concentration of arsenic in drinking water (mostly traces of arsenic, level of μg L−1  
or less) can be detected only by sophisticated analytical techniques as ICP-MS, GF-AAS 
and HG-AAS [3, 14]. For As speciation analysis, well-established methods that involve the 
coupling of separation techniques, such as HPLC with a sensitive detection system, that is, 
ICP-MS, are recommended, and they are mostly used [13].

Methodology Detection Detection 
limit  
(μg L−1)

Advantages Disadvantage Ref.

ICP-AES Total arsenic ~30 Minimal sample volume; 
no sample pretreatment 
and short measurement 
time

Expensive; needs lot of 
knowledge for operating 
and interpretation of data

[14]

ICP-MS Total arsenic ~0.1 Approved by US EPA Spectral and matrix 
interferences

[11, 13, 19]

GF-AAS Total arsenic ~0.025 Approved by US EPA — [3, 14]

HG-AAS Total arsenic 
and arsenic 
speciation

0.6–6.0 Approved by US EPA — [14]

HPLC-HG-AAS Total arsenic 
and arsenic 
speciation

1–47 No need for sample 
pretreatment

— [3, 14]

HPLC-HF-AAS Arsenic 
speciation

0.05–0.8 Rapid, inexpensive. 
No need for sample 
pretreatment

— [3, 14]

IC-ICP-MS Arsenic 
speciation

0.01 No need for sample 
pretreatment

— [19]

HPLC-ICP-MS Total arsenic 0.01 No need for sample 
pretreatment

— [13]

Table 2. A review of contemporary methods for arsenic and arsenic species determination in water.
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The distribution of arsenic species vs. pH values of water is presented in Figure 2 [2].
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Figure 2. The distribution of iAs and oAs species as a function of pH values of water [2]. Copyright approved by 
publisher.
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3. Determination of arsenic and arsenic species in water
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There has been several review articles on the speciation of arsenic in a variety of samples 
[10–14]. These reviews focus on (1) determination of total content of arsenic and (2) speciation 
analysis.

A review of contemporary methods for arsenic and arsenic species in water is presented in 
Table 2. The parameters, as detection limit, advantages and disadvantages are pointed out in 
order to have an insight into ability and application of available techniques.

The total concentration of arsenic in drinking water (mostly traces of arsenic, level of μg L−1  
or less) can be detected only by sophisticated analytical techniques as ICP-MS, GF-AAS 
and HG-AAS [3, 14]. For As speciation analysis, well-established methods that involve the 
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Historically, colorimetric/spectrophotometric methods have been used to determine total arsenic 
concentration. Several commercial field kits have been based on Marsh and Gutzeit reaction. 
All As species in a sample reduce to As (arsenic mirror) or arsine, AsH3, (it passes on to an 
HgBr2-impregnated filter, turning it to yellow to brown color, depending on the amount of 
arsenic present). These tests are obvious, visible proofs for arsenic detection, and they are 
popular and useful in the field of forensic toxicology. The colorimetric methods are easy to 
use and inexpensive in terms of equipment and operator cost. They are useful for the semi-
quantitative determination of high concentrations of arsenic in water. Spectrophotometric 
methods are based on conversion of arsenic to the colored compound such as molybdenum 
blue, or silver diethyldithiocarbamate [15, 16].

Electrochemical methods, particularly voltammetric methods, are affordable, sensitive and ease 
of fabrication, and they are noteworthy for arsenic determination. Much work has been done 
in this area [12]. The ASV methods using platinum and gold electrodes, and CSV method 
using a glassy-carbon electrode have very low detection limit for arsenic determination. 
Determination of total As is performed by reducing As(V) to As(III) using various chemicals, 
and the limits of detection achieved were in vicinity of 0.02 μg L−1. Also, arsenic in drink-
ing water can be measured with Cu(II) by differential pulse cathodic stripping voltammetry 
(DPCSV) using hanging mercury drop electrode (HMDE) as working electrode and Ag/AgCl 
as reference electrode [12, 17, 18].

At present, for total As concentration determination, laboratories often prefer more sensitive 
methods such as AAS, AES, MS or AFS. Usually, the total concentration of arsenic needs to be 
determined, then the speciation analysis follows.

To perform speciation analysis properly, the best option is coupling of two analytical tech-
niques. One technique is used for the separation of all chemical forms of arsenic that are 
present in water, and the other is used for the detection of these species. Besides coupling 
analytical techniques, there are necessary steps for complete analysis of arsenic. The first one 
is the extraction of arsenic, which has to be both mild and effective, at the same time. The sec-
ond step is separation of various forms of arsenic species. The final step is the measuring step 
which gives the answer to the quantification of each present arsenic compound.

3.1. Sophisticated coupling technique

Analytical methods for determining different arsenic species have become increasingly impor-
tant due to different toxicity and chemical behavior of various arsenic forms. Methods that 
involve the coupling of separation techniques, such as IC and HPLC with a sensitive detection 
system, such as ICP-MS, HG-AFS, HG-AAS and GF-AAS [3, 11, 13, 14, 19]. HPLC has been 
a preferred technique used for separation of arsenic compounds. Coupled with ICP-MS for 
determination, as HPLC-ICP-MS system it is a method of choice for separation and measure-
ments all arsenic species in water. In addition, applying IC coupled with ICP-MS, it is pos-
sible to separate and estimate arsenic species in water: iAs(III), iAs(V), DMA, MMA, AsBet. A 
representative result is presented in Figure 3 [19].

The evaluation of analytical method is based on defining: selectivity, repeatability, accuracy, 
specific features of the method and defining the limits of detection and quantification (LoD 
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and LoQ). These limits, these numbers give the information on the smallest concentration that 
can be detected and quantified with certain accuracy that has been defined [10]. The LoD was 
discussed and determined for the induced coupled plasma-mass spectrometry (ICP-MS) mea-
surements of arsenic [11]. Thorough analysis has shown that the best option for LoD would 
be experiments, which would include the repetition many times. If experiments would be 
repeated 100 times, it is expected that only five measurements would be inadequate. Although 
this is ideal, the time consumption for the repetitive measurements is not acceptable. The most 
important conclusions were that LoD is not permanent and constant value, and it has to be 
verified and adopted for each new case. LoD is a basic parameter for estimation of the LoQ. It 
was concluded in [11] that the traditional (IUPAC) method is the one that could be applied.

4. Removal of arsenic and arsenic species from water

Different methods can be applied for arsenic removal from water. Arsenic (V) is more effec-
tively removed than As(III) by both conventional and nonconventional methods. Pretreatmen 
(preoxidation) of As(III) to As(V) is an essential step for better removal [2]. Methods that have 
been successfully applied in water treatment plants are: precipitation and coprecipitation, 
electrochemical (such as electrocoagulation), ion exchange and MST (reverse osmosis, ultra-
filtration and other membrane techniques) [6–9, 20, 21].

Figure 3. Determination of five arsenic species by IC-ICP-MS. Mobile phase: NaOH [19].
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4.1. Sorption processes for arsenic separation and removal

A wide range of sorbent materials for aqueous arsenic removal has been tested and used: 
biological materials, mineral oxides, activated carbons and polymer resins. Even some agri-
cultural and industrial by-products such as red mud, fly ash, waste iron slag from steel pro-
duction plant and waste filter sand from water treatment plant, have proved to be good and 
inexpensive arsenic sorbents [6, 7]. The potential use and application of industrial wastes in 
water treatment is in favor of the eco-friendly concept that preserves natural resources and 
supports the reuse-recycle concept. The technology of arsenic adsorption is based on materi-
als which have a high affinity for dissolved arsenic. Adsorption of arsenic by iron modified 
sorbents has been established by several authors [6, 7]. There are numerous scientific and 
professional investigations with intention to develop a small and efficient system for arsenic 
removal based on natural and artificial sorption materials [20, 21]. Large amount of chemicals 
used for precipitation and coprecipitation processes (alum sulfate or ferric chloride) produce 
sludge, which needs treatment before disposal. If not treated properly, leachate with high 
concentration of arsenic is emitted to soil, threatening to contaminate the aquifers.

A step forward has been made by investigations that were devoted to the evaluation of selec-
tive multifunctional sorbents including ion-exchange resins for SPE and chromatographic col-
umns connected with a sensitive measurements system [2]. The need to determine As species 
in water resulted in developing new materials for arsenic separation and removal. A simple 
procedure for selective separation (in pretreatment) of arsenic species in water using chemi-
cally modified and unmodified ion-exchange resins is presented in Figure 4 [2].

For separation of As species in water, two types of resins, strong base anion exchange resin 
(SBAE), hybrid resins (HY) and hybrid resin chemically modified (HY-Fe and HY-AgCl), were 
tested and used. The HY-Fe resin retained all arsenic species except DMAs(V). This is recog-
nized as an advantage because this makes direct measurement of this species in the effluent 
possible. The HY-AgCl resin retained all iAs, which was convenient for direct determination 
of oAs species in the effluent. The selective bonding of arsenic species on three types of resins, 
as shown in Figure 4, has been established as the procedure which enables the separation and 
calculation of all arsenic species in water [2].

EC comprises complex chemical and physical processes involving many surface and interfa-
cial phenomena. Very effective and perspective EC process consists of three processes: elec-
trochemical reactions (simultaneous anodic oxidation and cathodic reduction), flotation and 
coagulation [9, 20]. The EC process relies on the generation of metal ions from electrodes. The 
electrodes can be made of iron, aluminum or zinc, depending on the most favorable reactions 
for arsenic removal. The reaction in reaction chamber starts after the application of direct 
current. The electrode (metallic anode) dissociates into valent metallic ions. The metallic ions 
migrate to oppositely charged ions and the precipitation of different insoluble salts occur (dif-
ferent sulfides, oxides, hydroxides, chromates or phosphates, depending on the presence of 
ions in water). EC has several advantages when compared to other methods. The construction 
of reaction chamber is compact, control of the process is simple, no additional chemicals are 
required, and the result is reduced amount of sludge. If the electrode is made of iron, ferric 
hydroxide is one of the main solid products, as shown in Eq. (1) [9]:
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   Fe   3+  (aq)  +  3OH   −  (aq)  ⇌ Fe   (OH)   3   (s) .  (1)

Arsenate co-precipitates or adsorbs to Fe(OH)3(s), as shown in Eq. (2).

  Fe   (OH)   3   (s)  +   AsO  4     3−  (aq)  ⇌  [Fe   (OH)   3   ·   AsO  4     3− ]  (s) .  (2)

The potential of EC as an alternative water treatment technique to remove arsenic from water 
needs to be realized [8, 9, 20].

Ion-exchange, IE, processes with regeneration capability is a proven, efficient and low-cost 
treatment method for the exchange of arsenic in the As(V) form [1, 2]. The ion-exchange reac-
tion between As(V) and a bed of chloride-form SBAE resin (designated as R-Cl resin) occurs 
as presented by Eq. (3):

  2 R–Cl +   HAsO  4     2−  ⇌  R  2   –  HAsO  4   +  2Cl   − .  (3)

When the regeneration of resins is needed, both HCl and NaCl can be applied. Still, with 
HCl solution, more efficient regeneration occurs because the ionic forms of arsenic (anions) 

Figure 4. Procedure for selective separation arsenic species in water using ion-exchange resins [2]. Copyright approved 
by publisher.
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Technology for arsenic 
removal

Advantage Disadvantage Some specific 
feature

Future perspective

Adsorption Cheap materials, 
effective and 
efficient removal

Further treatment 
for regeneration 
and consumption of 
chemicals

Additional filter 
for removal of 
fine particles is 
required

Still attractive as an 
efficient and cheap 
technology for As 
removal. Finding 
new, environmentally 
friendly sorbent is still a 
challenging task

Chemical coagulation Effective for 
industrial 
wastewater 
treatment plants 
and efficient for 
As(V) removal

Chemical required. 
pH adjustment 
needed. Large 
volumes of sludge 
that needs further 
treatment

Arsenic leaching 
out from sludge

Not attractive as 
a solution, only 
if it coupled with 
electrochemical 
techniques

Electrocoagulation Efficient for 
arsenic removal. 
Low maintenance 
costs. No 
chemicals or pH 
adjustment. Low 
operating costs

Applicable only on 
batch scale. Passive 
oxide films for on 
the electrode. High 
energy consumption

No generation 
of secondary 
pollutants

Attractive for future 
investigations. Need to 
overcome the lack of 
application on a large 
scale

Ion exchange Efficient for 
As(V) removal. 
Exchange resins 
are available; the 
selective resins 
for removing 
arsenic are one 
of the most 
important 
requirements 
to provide 
high removal. 
Together with 
hybrid solution 
is an excellent 
technology

Interference with 
other ions. Easily 
blocked. Huge 
amount of chemicals

Using this kind 
of technique 
depends on the 
pH values of 
water

Attractive only if selective 
and sensitive chemical 
agents are included in 
ion-exchange process

Membrane technologies Efficient in 
arsenic removal. 
No chemical 
reagents. No 
sludge. Small 
dimensions 
for membrane 
treatment plant. 
Easy automation 
and control

Removal of arsenic 
depends on the 
pressure, pH value, 
solute concentration, 
temperature of feed 
solution

Arsenic is 
concentrated in 
the retentate

Attractive in future 
perspective. With 
decrease of investment 
the MST will prevail 
in arsenic removal 
technologies. Different 
membrane materials 
and processes need to 
be evaluated to select 
the optimum for each 
situation

Table 3. The comparison and future perspective of different technologies for arsenic removal.
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transform to molecular form (H3AsO4). Molecular forms do not affect the equilibrium of ion-
exchange processes as illustrated by Eq. (4):

   R  2   –  HAsO  4   +  2Cl   −  +  2H   +  ⇌ 2R–Cl +  H  3    AsO  4  .  (4)

Different sorption processes, from adsorption, to chemisorption and ion-exchange, have 
shown a potential being efficient and cheap (depending on the selected sorbent). With 
improved, more selective and chemically modified sorbents, the extraction technique can be 
replaced [17–19]. What has been specifically used as an advantage for arsenic species separa-
tion is different behavior of arsenic species at various pH values [3, 22].

The hybrid resin (HY) that has successfully been applied uses the activity of the hydrated iron 
oxides (HFO) and anion exchange for selective separation of arsenic [2]. With integrated use 
of anion exchange and sorption, the separation of As(III) and As(V) species and removal of all 
species of arsenic can be accomplished. With application of HY resin, two separate things can 
be accomplished: the collection and preconcentration of low concentrated iAs or the removal 
of iAs species, if it is interfering the determination.

Membrane separation technologies, such as RO, NF, UF, MF, can be employed in the removal 
of arsenic from water. Depending on the removal efficiency, RO and NF are more efficient 
than UF and MF. Operating conditions, membrane material, water quality, temperature, pres-
sure, pH value and chemical compatibility have to be considered during operation of a mem-
brane plant. When MF and UF are applied, less amounts of chemicals are used, and therefore, 
less sludge is produced. When RO and NF are used, no chemicals are needed and the amount 
of sludge is neglectable [8].

The comparison and future perspective of different technologies for arsenic removal are pre-
sented in Table 3.

5. Conclusion

Arsenic contamination of water has been reported as a critical issue in many articles, which 
reflects the latest state-of-the-art understanding of the behavior and toxicity of various arsenic 
species. Many water sources in the world contain low concentration of arsenic (mostly traces 
of arsenic, level of μg L−1 or less). If the concentration of arsenic in drinking water is higher 
than 10 μg L−1, which is the WHO provisional guideline value for arsenic, it causes various 
health problems. All arsenic compounds dissolved in water are toxic. In natural waters, arsenic 
appears most often in inorganic forms and to a lesser extent in organic form. Inorganic spe-
cies, arsenic acids (H3AsO3 and H3AsO4) and their ions are more toxic than organic forms. In 
addition, As(III) species are more toxic than As(V) ones. The valence (+III and +V), the type of 
arsenic species, ionic or molecular forms are dependent on the oxidation–reduction condition 
and pH of the water. Arsenic in water occurs in both inorganic and organic forms, but inorganic 
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Technology for arsenic 
removal
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friendly sorbent is still a 
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treatment plants 
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As(V) removal

Chemical required. 
pH adjustment 
needed. Large 
volumes of sludge 
that needs further 
treatment

Arsenic leaching 
out from sludge

Not attractive as 
a solution, only 
if it coupled with 
electrochemical 
techniques

Electrocoagulation Efficient for 
arsenic removal. 
Low maintenance 
costs. No 
chemicals or pH 
adjustment. Low 
operating costs

Applicable only on 
batch scale. Passive 
oxide films for on 
the electrode. High 
energy consumption

No generation 
of secondary 
pollutants

Attractive for future 
investigations. Need to 
overcome the lack of 
application on a large 
scale

Ion exchange Efficient for 
As(V) removal. 
Exchange resins 
are available; the 
selective resins 
for removing 
arsenic are one 
of the most 
important 
requirements 
to provide 
high removal. 
Together with 
hybrid solution 
is an excellent 
technology

Interference with 
other ions. Easily 
blocked. Huge 
amount of chemicals

Using this kind 
of technique 
depends on the 
pH values of 
water

Attractive only if selective 
and sensitive chemical 
agents are included in 
ion-exchange process

Membrane technologies Efficient in 
arsenic removal. 
No chemical 
reagents. No 
sludge. Small 
dimensions 
for membrane 
treatment plant. 
Easy automation 
and control

Removal of arsenic 
depends on the 
pressure, pH value, 
solute concentration, 
temperature of feed 
solution

Arsenic is 
concentrated in 
the retentate

Attractive in future 
perspective. With 
decrease of investment 
the MST will prevail 
in arsenic removal 
technologies. Different 
membrane materials 
and processes need to 
be evaluated to select 
the optimum for each 
situation

Table 3. The comparison and future perspective of different technologies for arsenic removal.
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transform to molecular form (H3AsO4). Molecular forms do not affect the equilibrium of ion-
exchange processes as illustrated by Eq. (4):

   R  2   –  HAsO  4   +  2Cl   −  +  2H   +  ⇌ 2R–Cl +  H  3    AsO  4  .  (4)

Different sorption processes, from adsorption, to chemisorption and ion-exchange, have 
shown a potential being efficient and cheap (depending on the selected sorbent). With 
improved, more selective and chemically modified sorbents, the extraction technique can be 
replaced [17–19]. What has been specifically used as an advantage for arsenic species separa-
tion is different behavior of arsenic species at various pH values [3, 22].

The hybrid resin (HY) that has successfully been applied uses the activity of the hydrated iron 
oxides (HFO) and anion exchange for selective separation of arsenic [2]. With integrated use 
of anion exchange and sorption, the separation of As(III) and As(V) species and removal of all 
species of arsenic can be accomplished. With application of HY resin, two separate things can 
be accomplished: the collection and preconcentration of low concentrated iAs or the removal 
of iAs species, if it is interfering the determination.

Membrane separation technologies, such as RO, NF, UF, MF, can be employed in the removal 
of arsenic from water. Depending on the removal efficiency, RO and NF are more efficient 
than UF and MF. Operating conditions, membrane material, water quality, temperature, pres-
sure, pH value and chemical compatibility have to be considered during operation of a mem-
brane plant. When MF and UF are applied, less amounts of chemicals are used, and therefore, 
less sludge is produced. When RO and NF are used, no chemicals are needed and the amount 
of sludge is neglectable [8].

The comparison and future perspective of different technologies for arsenic removal are pre-
sented in Table 3.

5. Conclusion

Arsenic contamination of water has been reported as a critical issue in many articles, which 
reflects the latest state-of-the-art understanding of the behavior and toxicity of various arsenic 
species. Many water sources in the world contain low concentration of arsenic (mostly traces 
of arsenic, level of μg L−1 or less). If the concentration of arsenic in drinking water is higher 
than 10 μg L−1, which is the WHO provisional guideline value for arsenic, it causes various 
health problems. All arsenic compounds dissolved in water are toxic. In natural waters, arsenic 
appears most often in inorganic forms and to a lesser extent in organic form. Inorganic spe-
cies, arsenic acids (H3AsO3 and H3AsO4) and their ions are more toxic than organic forms. In 
addition, As(III) species are more toxic than As(V) ones. The valence (+III and +V), the type of 
arsenic species, ionic or molecular forms are dependent on the oxidation–reduction condition 
and pH of the water. Arsenic in water occurs in both inorganic and organic forms, but inorganic 
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species are predominant in natural waters. In neutral conditions, As(V) species are completely 
in ionic form (H2AsO4

− and HAsO4
2−), while As(III) is in molecular form (H3AsO3 or HAsO2).

Arsenic compounds are colorless and odorless, and testing water for arsenic is an important 
strategy for the health and well-being of people. Working with a water professional to moni-
tor and maintain the quality of the well and water supply is an important responsibility.

In this work, methods for arsenic and arsenic speciation separation, determination and 
removal were reviewed. There are numerous methods for separation and determination of 
arsenic species in water. It is very important to recognize easy, simple and inexpensive meth-
ods to estimate the very low concentrations of arsenic.

The total concentration of arsenic in drinking water can be detected by simple Gutzeit method, 
and some similar colorimetric methods of comparing stains produced on treated paper strips. 
Although its minimum detectable concentration is 1.0·μ L−1, these tests should be used when 
only a qualitative or semiqualitative detection is needed.

For precise, and reliable determination of arsenic in water, only sophisticated analytical tech-
niques as ICP-MS, GF-AAS and HG-AAS can be applied. These methods are approved by US 
EPA. The features of these methods are high sensitivity, high accuracy, minimal sample volume; 
no sample pretreatment and short measurement time with minimum detectable concentration 
of 0.1 μ L−1. They are expensive, need lot of knowledge for operating and interpretation of data.

For As speciation analysis, well-established methods that involve the coupling of separa-
tion techniques, such as HPLC with a sensitive detection system, that is, ICP-MS, are recom-
mended, and they are mostly used. Through the limits, it is possible to define the smallest 
concentration of analyte that can be reliably detected and quantified. Limit of detection for the 
HPLC-ICP-MS system is 0.001 μ L−1. This system is also expensive and needs lot of knowledge 
for operating and interpretation of data.

In all works, a special attention is paid to the preservation of arsenic species in environmental 
water samples for reliable speciation analysis. An appropriate procedure for the extraction 
of arsenic species from water should be accomplished without changing any original state of 
arsenic. This is still a challenging topic for research. The proposed system showed themselves 
to be accurate, precise and time efficient, as just a very simple sample treatment is required. 
Successful application of all methods required considerable practice.

Sorption processes (ion exchange, adsorption, chemisorption) with regeneration capability 
are proven as efficient and low-cost treatment methods for the removal of arsenic species from 
water. Separation of arsenic species using these new selective and chemically active sorbents 
recognize as a cost- and time-saving alternative to the traditional extraction techniques. The 
major drawback of all these techniques is that they are unable to remove As(III) efficiently.

Membrane separation technologies, such as RO, NF, UF, MF, are recommended for the 
removal of arsenic from water in water treatment plants.

Although there are numerous research papers focused on extraction techniques, yet it is not 
possible to set universal extraction procedures. These procedures depend on the presence of 
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different species as well as on the type of matrices. For arsenic speciation, the choice of the 
most appropriate method is of great importance for obtaining reliable and accurate results.
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different species as well as on the type of matrices. For arsenic speciation, the choice of the 
most appropriate method is of great importance for obtaining reliable and accurate results.
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Abstract

The work represents the bio-adsorption of arsenic(III) from standard solutions and real
water samples using a powdered avocado seed as a bio-adsorbent. The adsorbent was
synthesized, demineralized, and characterized by X-ray diffraction (XRD), scanning elec-
tron microscope coupled with energy dispersive spectroscopy (SEM-EDS), Fourier trans-
formation infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) theory. Batch
adsorption studies were carried out by using avocado seed, and AsIII was analyzed by
using inductively coupled plasma optical emission spectroscopy (ICPOES) after optimiz-
ing the following parameters: pH 6, analyte concentration 2 mg L�1, bio-adsorbent dosage
0.8 g, contact time 120 min between analyte and adsorbent, and temperature from 22 to
40�C. The adsorption capacity of 93.75 mg/g was obtained, and the Langmuir isotherm
was adopted by the adsorbent due to the chemisorption that occurs on the surface
between the functional groups of the bio-adsorbent and AsIII.

Keywords: arsenic(III), bio-adsorption, inductively coupled plasma optical emission
spectroscopy
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Abstract

The work represents the bio-adsorption of arsenic(III) from standard solutions and real
water samples using a powdered avocado seed as a bio-adsorbent. The adsorbent was
synthesized, demineralized, and characterized by X-ray diffraction (XRD), scanning elec-
tron microscope coupled with energy dispersive spectroscopy (SEM-EDS), Fourier trans-
formation infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) theory. Batch
adsorption studies were carried out by using avocado seed, and AsIII was analyzed by
using inductively coupled plasma optical emission spectroscopy (ICPOES) after optimiz-
ing the following parameters: pH 6, analyte concentration 2 mg L�1, bio-adsorbent dosage
0.8 g, contact time 120 min between analyte and adsorbent, and temperature from 22 to
40�C. The adsorption capacity of 93.75 mg/g was obtained, and the Langmuir isotherm
was adopted by the adsorbent due to the chemisorption that occurs on the surface
between the functional groups of the bio-adsorbent and AsIII.

Keywords: arsenic(III), bio-adsorption, inductively coupled plasma optical emission
spectroscopy
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1. Introduction

Arsenic (As) is the 20th most abundant element in the earth’s crust, and its concentration on
the soil level is about 5–13 mg/kg [1]. Naturally, arsenic is found in different oxidation states:
V (arsenate), III (arsenite), 0 (arsenic), and -III (arsine) [2, 3]. Arsenic (As) is one of the elements
that occur naturally and commonly found as an impurity in metal ores, and it is in abundance.
It can be found in the soil, water, and living organisms. It is produced commercially for use in
wood preservatives, metal alloys, and pesticides.

Both AsIII and AsV exist in the pH range of 6–9, and when comparing AsIII and AsV, it is known
that AsIII is more toxic than AsV and also in terms of mobility [4]. Depending on the pH,
Arsenite (AsIII) exists in four forms in aqueous solution, such as H3AsO3, H2AsO3

�, HAsO3
2�,

and AsO3
3�. In a reductive environment, below pH 9.1 As(III) exists in the form of inorganic

arsenite (H3AsO3) and is thermodynamically stable [5].

Since arsenic is one the most well-known poisonous elements in the periodic table, it is known
to be carcinogenic in many parts of the world [6]. Long-term exposure to arsenic, through
water and food, can lead to serious health problems like neurological effects, hypertension and
cardiovascular diseases, and skin and lung cancer [7]. The kidney is the major source for
regulation of water and electrolytes, waste, and chemical compounds, and arsenic(III) can
affect the role of the proximal tubules and glomerulus of the kidney [8].

Arsenic(III) is the one that is known to be toxic [4]. The World Health Organization (WHO)
recommended a more rigid limit of 10 μg/L as the maximum acceptable arsenic level [9].
Commercial methods for removing arsenic involve technologies such as precipitation, mem-
branes, and adsorption. But adsorption is the most easy, flexible, inexpensive method to be
applied by using mineral oxides [10], polymer resins [11], and activated carbons [12].
According to literature, waste materials such as rice husks, tea, and agricultural waste have
been applied as inexpensive adsorbents [13].

It is well known that South Africa is a developing country with limited resources for water
purification; therefore, the aimof this work is to develop a cheaper, easy-to-usemethod of treating
water especially in the rural areas where the water treatment stations are not yet established.

The most crucial aim of the work is that the bio-adsorbent must be manufactured from a locally
available material that is reusable in order to save the rural area’s people from daily expenses.

2. Materials and experimental method

2.1. Reagents and standards

Potassium carbonate and arsenic standard employed in the synthetic application procedures of
this work were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO, USA).
Millipore water (Merck, Darmstadt, Germany) of 18 MΩ cm�1 was used throughout the
experiments. Concentrated nitric acid (HNO3) (70%) was also purchased from (St. Louis, MO,
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USA, www.sigmaaldrich.com). All materials especially plastics and glassware prior to use
were cleansed by soaking in dilute HNO3 and rinsed with copious deionized water. The stock
standard solutions of As(III) at a concentration of 1000 mgL�1 was obtained by dissolving an
appropriate amount of arsenic oxide. The working standards were prepared daily by stepwise
dilution of stock solution. Avocado fruit waste seeds (AFWS) were locally sourced from fruit
and vegetable shop outlet around the city of Johannesburg (Gauteng Province, South Africa).

2.2. Instrumentation

The As quantification was performed using inductively coupled plasma optical emission
spectroscopy (ICPOES) (iCAP 6500 Duo, Thermo Fisher Scientific, UK) equipped with a charge
injection device (CID) detector. The sample injection application was done through a concen-
tric nebulizer and a cyclonic spray chamber. A Mettler Toledo pH meter model 120
(Greifensee, Switzerland) was employed for all pH measurements. The active carbon material
production, i.e., activation, was performed in a tubular furnace (Gallenkamp, Germany). The
AFWS and ACM were characterized for porosity, pore structures, surface area, and pore
volume using N2 gas adsorption BET (Brunauer, Emmett, and Teller) method for surface area,
while the crystallinity of the material was determined by X-ray diffraction (XRD, Rigaku,
UHMa IV, Japan). Surface morphology and surface functional groups were determined by
scanning electron microscopy (SEM, TECAN VEGA 3 XMU, Czech Republic) coupled with
energy dispersive spectroscopy (EDS) (TECAN VEGA 3 XMU, Czech Republic) and Fourier
transmission infrared spectroscopy (FTIR, PerkinElmer FTIR, UK), respectively.

2.3. Adsorbent preparation and application

The precursor for the active carbon material was acquired by collecting avocado seeds. The
avocado fruit waste seeds (AFWS) were air-dried and thoroughly washed before rinsing
with deionized water. The washed seed residues were then oven-dried overnight at 100�C.
The seeds were then pulverized by ball milling it with laboratory hammer mill (Janke and
Kunkel Micro-hammer Mill, Staufen IM Breisgau, Germany) to obtain fine powder. The
bulky powdered material was later fractionated to diverse particle size using laboratory
sieves. The resultant particles of different miniature diameters ranging from 38 to 150 μm
were obtained in which 75 μm particle size was subsequently employed in production of
active carbon material. The powdered form of avocado seed was then stored inside desicca-
tor until application.

The adsorption studies were carried out to evaluate the efficiency of the avocado peel (bio-
adsorbent) for the removal of AsIII from the aqueous solution using the batch adsorption
method. The batch adsorption experiments were carried out in 50 mL plastic bottles by
shaking a constant mass of a predetermined size of adsorbent with arsenic standard solutions.
The pH of the solutions was adjusted accordingly by adding either ammonium hydroxide or
acetic acid solution. Each flask was sealed and kept in a state of agitation (200 rpm) using a
mechanical laboratory shaker for the material to reach equilibrium. Upon equilibrium, the
samples were filtered and analyzed using inductively coupled plasma optical emission spec-
troscopy (ICPOES). Parameters such as pH, concentration of solution, mass of adsorbent,
contact time, and temperature were optimized.
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The percentage removal of As(III) in solution was calculated using Eq. (1):

R% ¼ C0 � Ce

Co
� 100 (1)

where R is the percentage (%) removal and Co and Ce are the initial and equilibrium concen-
trations of the analyte, respectively.

The amount of metal adsorbed by adsorbent was calculated from the difference of metal
quantity added to the biomass and metal content of the supernatant (Eq. (2) [14, 15]:

qe ¼
C0 � Ceð Þ

M
� V (2)

where qe is the metal uptake (mgg�1), C0 and Ce are the initial and equilibrium metal concen-
tration (mgL�1), V is the volume of the solution (mL), and M is the mass of the adsorbent (g).

3. Results and discussion

3.1. Characterization of the raw avocado seed and activated carbon material

The FTIR spectrum is an important technique which provides the surface functional groups
that significantly contribute in the enhanced adsorption efficiency of the adsorbent. FTIR was
used to determine the surface functional groups of raw avocado fruit waste seed. In Figure 1,
the spectrum of the powdered avocado seed is represented, where the band located at
3259 cm�1 corresponds to v (OdH) vibrations in the hydroxyl group, while the strong peaks

Figure 1. FTIR spectrum of avocado fruit waste seed (AFWS).
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at 2913 and 2848 cm�1 bands correspond to v(CdH) vibration in the alkane/alkyl aliphatic
group which could be methylene [16–20]. The presence of alcohols and carbonyl groups was
confirmed by the bond vibrations observed at 1633 cm�1. This confirms that avocado seed is
composed of carboxylic group which is responsible for adsorption; similar results were
reported in the literature [21, 22].

The surface morphology and the chemical composition of raw avocado seed was studied with
scanning electron microscope coupled with energy dispersive spectroscopy (SEM-EDS). The
image in Figure 2(a) showed that raw avocado seed material had a smooth surface with long
ridges and a series of graphitic layers with various pores.

The EDS analyses performed on avocado seed revealed that the surface contained different
mineral particles, such as carbon, oxygen, potassium, phosphorus, and chlorine (Figure 2b).
The highest content of oxygen may assist in adsorption due to electron lone pairs.

3.2. Optimization of adsorption parameters

pH is one of the most important parameters that influence the adsorption of the analyte. In this
study, the amount of AsIII adsorbed on avocado seed was the highest at pH 6 and gradually
decreased as the pH increased up to 9 (Figure 3a) [7]. However, the highest removal was
observed with avocado seed due to the presence of carboxylic group on the surface which
increased the affinity toward arsenic to the adsorbent (Figure 1). Oxygen of the carbonyl group
easily formed the complex with the arsenic [23]. Arsenic(III) adsorption decreased as the pH
goes below 6 due to the increasing ionic strength [24].

The effect of the concentration was carried out by increasing the initial concentration from 5
to 30 mg L�1, and the solutions were adjusted to pH 6 at 25�C. It was observed that the
percentage removal increased with the increasing concentration of the analyte; this is due to

Figure 2. Avocado seed images of (a) SEM and (b) EDS.
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the fact that as the concentration increased more ions were available in the solution for
adsorption [25]. It was observed from the results in Figure 3b that the highest removal (65%)
was reached using 20 mg L�1 and after there was no significant increase in the percentage (%)
removal of AsIII.

The amount of adsorbent is one on the important factors that affects the adsorption capacity.
The adsorbent amount of raw avocado seed on the efficiency of adsorption was investigated,
and adsorbent amount was varied from 0.025 to 0.8 g. The results observed indicated that the
adsorption increased with increasing adsorbent dosage till 0.8 g (Figure 3c). The increase in the
percentage removal is due to the availability of active sites for adsorption [26]. It was found
that after the dosage of 0.4 g there is no significant change in the percentage removal of arsenic.
Then, 0.8 g was used throughout the experiments.

Figure 3. Optimization of (a) pH of the solution, (b) concentration of the analyte, (c) bio-adsorbent dosage, (d) contact
time between the bio-adsorbent and the analyte, and (e) temperature of the solution.
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The effect of contact time is an important factor in adsorption because it affects the adsorption
kinetics of an adsorbent at the given initial concentration of the adsorbate [26]. The batch
adsorption experiments were carried out to investigate the effect of agitation time on the
adsorption of As(III). Adsorption rate initially increased rapidly, and the highest removal was
reached at 120 min (Figure 3d). Further increase in contact time did not show a significant
change in the percentage (%) removal of arsenic.

Temperature is one of the parameters that affect the equilibrium and solubility and can also
initiate the chemical reaction. This is because temperature can either increase or decrease the
activation energy of the analyte. The effect of temperature on the adsorption of arsenic was
investigated from room temperature of 40�C. From the results obtained in Figure 3e, the
temperature did not have any effects since there is no significant increase or decrease in the
percentage (%) removal of arsenic.

Under optimized conditions, 2 mg L�1 AsIII standard solution was adsorbed by the avocado
peels, and 75% AsIII was removed (Figure 4). The adsorption capacity was 93.75 mg/g when
Eq. (2) was applied.

3.3. Adsorption kinetics

Adsorption is described by the functions which connect the amount of adsorbate on the
adsorbent.

The distribution of metal ions between the liquid phase and the solid phase is described by
several isotherm models such as Langmuir and Freundlich [27].

The Langmuir equation can be written in the form of Eq. (3):

Ce

qe
¼ 1

qmax
Ce þ 1

KLqmax
(3)

where Ce is the equilibrium concentration (mg/L), qe is the amount of arsenic adsorbed onto the
solid phase (mg/g), b is the equilibrium adsorption constant related to the affinity of binding

Figure 4. Determination of percentage (%) removal from 2 mg L�1 AsIII standard solution by ICPOES.
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sites (L/mg), and qmax is the maximum amount of arsenic per unit weight of adsorbent for
complete monolayer coverage.

Freundlich equation is represented as shown in Eq. (4):

Logqe ¼ logKf þ 1
n
logCe (4)

where Ce is the equilibrium concentration (mg/L), qe is the amount of arsenic adsorbed onto the
solid phase (mg/g), Kf is an indicator of the adsorption capacity, and n is the heterogeneity
factor.

The results in Figure 5(a and b) and Table 1 showed that the correlation coefficient for linear
Langmuir model (R2, 0.97) was higher than the Freundlich model (R2, 0.72). The data was best
fitted in Langmuir model, and this signified that the adsorbent had high affinity for arsenic(III)

Figure 5. (a) Langmuir isotherm displaying the adsorption of AsIII onto the surface of the avocado seed by plotting Ce/qe
against equilibrium concentration (Ce). (b) Freundlich isotherm showing the adsorption of AsIII onto the surface of the
avocado seed by plotting ln Ce against equilibrium concentration ln qe.
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due to the carboxylic groups that are the surface of the avocado seed [28], meaning that the
chemisorption took place. To prove that the data belonged to Langmuir isotherm, the separation
value, RL value from Eq. (5) was calculated. RL proves whether the Langmuir adsorption nature
is favorable if RL > 0, unfavorable if RL > 1, and irreversible if RL = 0:

RL ¼ 1
1þ 1þ KL � C0ð Þ (5)

where C0 is the initial concentration and KL is a Langmuir constant obtained from plotting 1/qe
versus 1/Ce. The results in Table 1 indicated that the equilibrium sorption was favorable for
Langmuir isotherm.

3.4. Analytical figures of merit

Analytical figures of merit for the quantitative analysis of arsenic(III) such as limit of detection
(LOD), limit of quantification (LOQ), correlation coefficient (R2), and the relative standard
deviation (RSD) were calculated. In order to determine the LOD, the blank solution was
subjected to the optimum experimental conditions, and the signals for ten blank samples were
measured (n = 10). The limit of detection (LOD), calculated based on 3S/m (where S is the
standard deviation of the blank and m is the slope of the calibration curve) was 0.10 mg L�1.
The limit of quantification (LOQ = 10S/m) was 0.20 mg L�1 for arsenic(III). The linear calibra-
tion curve was plotted with a correlation coefficient of 0.98.

The precision (repeatability) of the batch adsorption method was studied by measurements of
eight replicates of 2.0 mg L�1 standard solution of AsIII as shown in Table 2. The precision,
expressed in terms of standard deviation (%RSD), was 2.1.

3.5. Application of the avocado seed adsorbent in real water samples

A water sample from East London municipality was adsorbed by the raw avocado seed under
the optimized conditions. It is shown in Figure 6(a and b) that the bio-adsorbent is removed
(54 and 55%) from sampling area A and B, respectively. During the adsorption of AsIII from
environmental water samples, an interference can be experienced from metal ions such as FeIII,
FeII, ZnII, CdII, NiII, MnII, AlIII, PbII, and CuII [10].

This indicated that avocado seed has the great potential in removing heavy metals like AsIII in
environmental water samples without being modified.

Adsorption isotherm Parameter Value

Langmuir KL 0.0022 L/mg

RL 0.17

R2 0.97

Freundlich R2 0.72

Table 1. Adsorption isotherms for AsIII adsorption by a bio-adsorbent.
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sites (L/mg), and qmax is the maximum amount of arsenic per unit weight of adsorbent for
complete monolayer coverage.

Freundlich equation is represented as shown in Eq. (4):

Logqe ¼ logKf þ 1
n
logCe (4)

where Ce is the equilibrium concentration (mg/L), qe is the amount of arsenic adsorbed onto the
solid phase (mg/g), Kf is an indicator of the adsorption capacity, and n is the heterogeneity
factor.
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Langmuir model (R2, 0.97) was higher than the Freundlich model (R2, 0.72). The data was best
fitted in Langmuir model, and this signified that the adsorbent had high affinity for arsenic(III)

Figure 5. (a) Langmuir isotherm displaying the adsorption of AsIII onto the surface of the avocado seed by plotting Ce/qe
against equilibrium concentration (Ce). (b) Freundlich isotherm showing the adsorption of AsIII onto the surface of the
avocado seed by plotting ln Ce against equilibrium concentration ln qe.
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due to the carboxylic groups that are the surface of the avocado seed [28], meaning that the
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Figure 6. The determination of the percentage (%) of AsIII removed by the bio-adsorbent from (a) Sample A to (b) Sample
B using ICPOES.

AsIII standard solution adsorbed by avocado seed Data

Before adsorption 2.0 mg L�1

After adsorption (0.50; 0.50; 0.50; 0.50; 0.49; 0.49; 0.49; 0.47) mg L�1

Mean 0.49 mg L�1

Standard deviation � 0.010 mg L�1

Relative standard deviation 2.1%

Table 2. The repeatability of AsIII concentration during the adsorption by avocado seed obtained from a local shop in
Johannesburg.
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4. Conclusions

This work focused on removal of arsenic from aqueous solution using a powdered raw avocado
seed. Important parameters that affect adsorption were optimized accordingly, pH 6, analyte
2 mg L�1, dosage mass 0.8 g, and contact time 120 min, and temperature was constant from
room temperature of 40�C. It was observed that raw avocado fruit seed can remove more than
50% of arsenic(III) from real water sample without any modification. The advantages of this bio-
adsorbent is that it requires less preparation time and is readily available. The use of avocado
seeds as a bio-adsorbent will also reduce the waste that is normally discarded in the streets, and
it does not affect the food security issues since it is not edible. Due to the advantages that it
possesses, it is strongly recommended that it should be incorporated in the removal of toxic
heavy metals such as AsIII. The adsorption isotherm data were tested for both Langmuir and
Freundlich models. The regression coefficient and RL values, best fitted Langmuir model
(R2 = 0.97), and the adsorption capacity was 93.75 mg/g. The Langmuir model means that
chemisorption took place at the monolayer of the bio-adsorbent due to the availability of func-
tional groups such as carboxylic acids that have high affinity for metal ions such AsIII.
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Abstract

Exposure to arsenic is a global public health problem, and the effects on health are several 
from cancer to metabolic diseases such as diabetes and hypertension. The metabolism and 
excretion depends on having a good nutritional status and the latter of an adequate diet. It is 
known that the consumption of certain trace elements and nutrients intervene in the metabo-
lism, in the excretion and in the protection of the adverse effects that the metalloid has on 
the organism. The amount of proteins consumed, the type of amino acids such as cysteine, 
methionine; vitamins such as C, thiamin, vitamin B12, folic acid, minerals such as calcium and 
other nutrients such as fiber have been studied and associated with a lower concentration of 
As in blood and urine, as well as minor dermatological lesions as well as other organs and sys-
tems. A study by Monroy-Torres et al. (2018, in press), in adolescents exposed to As in water, 
found greater excretion of As with a 4-week vitamin supplementation, increasing iron levels, 
after the intervention. Reason for which this chapter, shows a review of the main evidence 
of health impact indicators that can lead to mitigate the effects of exposure to As across to 
promote food security, access to cleaner drinking water and good nutrition.

Keywords: food security, water security, nutrients, vitamins, nutritional status

1. Introduction

1.1. Food and water security: an era of sustainable development

With the demographic growth, the lack of a culture of water care and the overexploitation 
of aquifers, the problems of higher levels of arsenic in water for human consumption have 
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Abstract

Exposure to arsenic is a global public health problem, and the effects on health are several 
from cancer to metabolic diseases such as diabetes and hypertension. The metabolism and 
excretion depends on having a good nutritional status and the latter of an adequate diet. It is 
known that the consumption of certain trace elements and nutrients intervene in the metabo-
lism, in the excretion and in the protection of the adverse effects that the metalloid has on 
the organism. The amount of proteins consumed, the type of amino acids such as cysteine, 
methionine; vitamins such as C, thiamin, vitamin B12, folic acid, minerals such as calcium and 
other nutrients such as fiber have been studied and associated with a lower concentration of 
As in blood and urine, as well as minor dermatological lesions as well as other organs and sys-
tems. A study by Monroy-Torres et al. (2018, in press), in adolescents exposed to As in water, 
found greater excretion of As with a 4-week vitamin supplementation, increasing iron levels, 
after the intervention. Reason for which this chapter, shows a review of the main evidence 
of health impact indicators that can lead to mitigate the effects of exposure to As across to 
promote food security, access to cleaner drinking water and good nutrition.

Keywords: food security, water security, nutrients, vitamins, nutritional status

1. Introduction

1.1. Food and water security: an era of sustainable development

With the demographic growth, the lack of a culture of water care and the overexploitation 
of aquifers, the problems of higher levels of arsenic in water for human consumption have 
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increased, and if there is no solution, the problem will be exacerbated and with its impacts on 
health. Before continuing with the main approach of this chapter, I will integrate an issue that 
should be mentioned: lack of food security in the people. The food security is the cornerstone 
for mitigating the effects that arsenic on people’s health and to consider the era of sustainable 
development.

The Sustainable Development Goals (SDGs) (2015–2013) have been established, leaving 
behind the millennium development goals, derived from ever more prevailing needs and fac-
ing the challenges of the health complexities faced by the population. These are derived from 
investigations that generate solutions to the great problems of humanity, such as achieving 
the right to health. Health is a human right, but for this to be achieved, governments must 
establish the conditions of access to basic services and one of them is access to water and 
food, among others. The SDGs, which began in 2015, were promoted at the United Nations 
Conference on Sustainable Development, held in Rio de Janeiro in 2012, with the purpose of 
creating a set of global objectives related to global environmental, economical, political, and 
social challenges [1].

The SDG are the pillars for the countries promote in their agenda, actions, and strategies 
to end poverty, to act for the benefit of the environment and the planet, and ensure that 
all people enjoy peace and prosperity. The 17 SDGs begin with the objective “Eradicating 
poverty is the pillar and basis of the 2030 Agenda,” which is, therefore, the goal number 1 [2]. 
All the SDGs are interrelated and are conducive to the complexity that is experienced, such 
as having solutions for the fight against poverty. More than 800 million people still live in 
poverty, with only 1.25 dollars a day; they have food shortages, as well as water and public 
services. This increase will generate the need to obtain an income through a work to obtain 
food, water, health services, and housing [1].Goal #6 corresponds to “Clean water and sanita-
tion” [3], where more than 40% of the population does not have access to potable water, and 
it is estimated that by 2050, one in four people will not have access to water, which impacts 
in infectious and diarrheal diseases; and finally, goal #3 “health and well-being” [4] would 
be integrated, where the figures for diseases derived from the lack of drinking water, food 
safety, and vaccination, require further research. The line of research that leads the name 
“Environmental Nutrition and Food Security,” whose origin and foundation can be reviewed [5].

The line integrates a model with the interdisciplinary approach and integrating topics that 
have been fragmented over time, to understand the conditions of environmental impacts such 
as food safety and water safety in people. Food security is achieved when people always 
have constant access to adequate food, without creating health risks, and being constant and 
permanent. It is studied from the pillars of stability, availability, access, and biological incor-
poration [6]. In this case, studying food safety without considering water safety, would be 
walking and moving blindly or as if this complexity could be analyzed and understood from 
a single methodological paradigm or study design type.

The issue of water safety, would carry the following indicators for the 17 sustainable develop-
ment objectives (Table 1) [1], based on the hypothesis that if a person has a good nutritional 
status derived from food security, environmental stressors (water contaminated with lead, 
arsenic, for example), respiratory exposures, viruses or bacteria in food would have less 
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impact or manifestations (less risk of developing or manifest an outcome) than populations 
or people with a poor nutritional status (obesity, low weight, etc.) [7].

Given this introduction and justification, I share the studies we have done with my research 
team since 2005 in the State of Guanajuato, Mexico. The difficulties to achieve impact even 
with the scientific evidence, as well as the proposals and strategies that we have had to raise 
for this constant search to solve problems with the investigations carried out. While there are 
many pollutants as conditioning factors to which people are currently exposed, the actions 

SDGs Example of the central theme “Arsenic in drinking water in the population”

No poverty Access to public services and water sanitation as well as healthy, local and fresh 
foods.

Cero Hunger Access to drinking water permanently for food preparation.

Good health and well-being Access to drinking water for the prevention of foodborne diseases, infectious 
diseases and diarrheal diseases.

Quality education Teaching techniques for the purification of water, the culture of water, as well as 
occupational risks, to achieve a prevention education.

Gender equality Opportunity for all, considering that women provide water and food in most 
homes in the world.

Clean water and sanitation Compliance with the law, through the monitoring and supervision of water 
quality in homes

Affordable and clean energy Harvest of rainwater, use of solar energy to heat water.

Decent work and economic 
growth

Occupational health and risk reduction in work areas. Decent Salary.

Industry, innovation and 
infrastructure

Sustainable production programs, water treatment plants, rainwater harvesting in 
companies

Reduced inequalities Opportunities for all, with quality education, gender inclusion and access to public 
services.

Sustainable cities and 
communities

Construction of recreational spaces, social security. Design and promotion of green 
spaces

Responsable consumption and 
production

Green industry, use of additives and ingredients that do not cause harm to the 
consumer.

Climate action Sustainable feeding, care of water and environment.

Life below water Care and protection of marine life.

Life of land Protection of ecosystems and protected areas

Peace, justice and strong 
institutions

Actions to reduce violence.

Partnerships for the goals Institutional links and synergies in actions that lead to address social problems in 
common, with less cost, inputs and time.

With permission: Monroy-Torres R.

Table 1. A proposal for an agenda in research based on the 17 SDGs with the research line of “Environmental Nutrition 
Food Safety” and the topic water.
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increased, and if there is no solution, the problem will be exacerbated and with its impacts on 
health. Before continuing with the main approach of this chapter, I will integrate an issue that 
should be mentioned: lack of food security in the people. The food security is the cornerstone 
for mitigating the effects that arsenic on people’s health and to consider the era of sustainable 
development.

The Sustainable Development Goals (SDGs) (2015–2013) have been established, leaving 
behind the millennium development goals, derived from ever more prevailing needs and fac-
ing the challenges of the health complexities faced by the population. These are derived from 
investigations that generate solutions to the great problems of humanity, such as achieving 
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food, among others. The SDGs, which began in 2015, were promoted at the United Nations 
Conference on Sustainable Development, held in Rio de Janeiro in 2012, with the purpose of 
creating a set of global objectives related to global environmental, economical, political, and 
social challenges [1].

The SDG are the pillars for the countries promote in their agenda, actions, and strategies 
to end poverty, to act for the benefit of the environment and the planet, and ensure that 
all people enjoy peace and prosperity. The 17 SDGs begin with the objective “Eradicating 
poverty is the pillar and basis of the 2030 Agenda,” which is, therefore, the goal number 1 [2]. 
All the SDGs are interrelated and are conducive to the complexity that is experienced, such 
as having solutions for the fight against poverty. More than 800 million people still live in 
poverty, with only 1.25 dollars a day; they have food shortages, as well as water and public 
services. This increase will generate the need to obtain an income through a work to obtain 
food, water, health services, and housing [1].Goal #6 corresponds to “Clean water and sanita-
tion” [3], where more than 40% of the population does not have access to potable water, and 
it is estimated that by 2050, one in four people will not have access to water, which impacts 
in infectious and diarrheal diseases; and finally, goal #3 “health and well-being” [4] would 
be integrated, where the figures for diseases derived from the lack of drinking water, food 
safety, and vaccination, require further research. The line of research that leads the name 
“Environmental Nutrition and Food Security,” whose origin and foundation can be reviewed [5].

The line integrates a model with the interdisciplinary approach and integrating topics that 
have been fragmented over time, to understand the conditions of environmental impacts such 
as food safety and water safety in people. Food security is achieved when people always 
have constant access to adequate food, without creating health risks, and being constant and 
permanent. It is studied from the pillars of stability, availability, access, and biological incor-
poration [6]. In this case, studying food safety without considering water safety, would be 
walking and moving blindly or as if this complexity could be analyzed and understood from 
a single methodological paradigm or study design type.

The issue of water safety, would carry the following indicators for the 17 sustainable develop-
ment objectives (Table 1) [1], based on the hypothesis that if a person has a good nutritional 
status derived from food security, environmental stressors (water contaminated with lead, 
arsenic, for example), respiratory exposures, viruses or bacteria in food would have less 
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impact or manifestations (less risk of developing or manifest an outcome) than populations 
or people with a poor nutritional status (obesity, low weight, etc.) [7].

Given this introduction and justification, I share the studies we have done with my research 
team since 2005 in the State of Guanajuato, Mexico. The difficulties to achieve impact even 
with the scientific evidence, as well as the proposals and strategies that we have had to raise 
for this constant search to solve problems with the investigations carried out. While there are 
many pollutants as conditioning factors to which people are currently exposed, the actions 

SDGs Example of the central theme “Arsenic in drinking water in the population”

No poverty Access to public services and water sanitation as well as healthy, local and fresh 
foods.

Cero Hunger Access to drinking water permanently for food preparation.

Good health and well-being Access to drinking water for the prevention of foodborne diseases, infectious 
diseases and diarrheal diseases.

Quality education Teaching techniques for the purification of water, the culture of water, as well as 
occupational risks, to achieve a prevention education.

Gender equality Opportunity for all, considering that women provide water and food in most 
homes in the world.

Clean water and sanitation Compliance with the law, through the monitoring and supervision of water 
quality in homes

Affordable and clean energy Harvest of rainwater, use of solar energy to heat water.

Decent work and economic 
growth

Occupational health and risk reduction in work areas. Decent Salary.

Industry, innovation and 
infrastructure

Sustainable production programs, water treatment plants, rainwater harvesting in 
companies

Reduced inequalities Opportunities for all, with quality education, gender inclusion and access to public 
services.

Sustainable cities and 
communities

Construction of recreational spaces, social security. Design and promotion of green 
spaces

Responsable consumption and 
production

Green industry, use of additives and ingredients that do not cause harm to the 
consumer.

Climate action Sustainable feeding, care of water and environment.

Life below water Care and protection of marine life.

Life of land Protection of ecosystems and protected areas

Peace, justice and strong 
institutions

Actions to reduce violence.

Partnerships for the goals Institutional links and synergies in actions that lead to address social problems in 
common, with less cost, inputs and time.

With permission: Monroy-Torres R.

Table 1. A proposal for an agenda in research based on the 17 SDGs with the research line of “Environmental Nutrition 
Food Safety” and the topic water.
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and approach of arsenic from the approach of environmental nutrition and food security, and 
water can be triggers for a new and different way of decrease the damage to the health with 
the different pollutants:

“Time to give focus to public health and with it the promotion of food security as a strategy to mitigate 
the effects and risks to health”

1.2. Arsenic: food and water security

Arsenic is a metalloid that can be found naturally in the Earth, mainly in the Earth’s crust, 
and can leak into the groundwater reserves. In many countries of the world, groundwater 
represents the main source of drinking water; therefore, exposure to arsenic from drinking 
water is considered a public health problem [8, 9]; not only the direct consumption of water 
contaminated with arsenic is a factor of exposure but also indirect consumption through food, 
when water is used in the preparation of food, in the irrigation of fields, and for consumption 
of animal, is an exposure factor [10].

The World Health Organization (WHO) and the guidelines of the Environmental Protection 
Agency (EPA) of the United States, established an allowed limit of 0.01 mg/L for arsenic 
in drinking water [11]. The Ministry of Health of Mexico establishes an allowable limit of 
0.05 mg/L of arsenic in drinking water [11, 12], with current modifications at 0.025 mg/L, 
which are still above international standards.

1.3. Metabolism

To study and know the toxicity of the metalloid, must be made of the speciation of it, but also 
of the physiological conditions of the exposed population (age, body surface, nutritional sta-
tus, etc.), which will be addressed in this chapter. Arsenic compounds are classified into three 
groups: (1) The inorganic arsenic compounds; (2) Organic compounds, and (3) Gaseous com-
pounds; they are usually in their trivalent and pentavalent state. The most common trivalent 
inorganic arsenic compounds are arsenic trioxide, arsenic trichloride, and sodium arsenic; the 
most common pentavalent inorganic arsenic compounds are arsenic pentoxide, arsenic acid, 
and arsenate; and the organic arsenic compounds are monomethylarsonic acid (MMA) and 
dimethylarsinic acid (DMA) [13, 14]. The level of toxicity of arsenic depends on its valence and 
its organic or inorganic form. Organic arsenic is considered less toxic than inorganic as it is easier 
to excrete. The inorganic arsenic is the most toxic form of As, in its trivalent form it can combine 
chemically with the sulfhydryl groups, which are organic compounds that contain a sulfur atom 
as a functional group attached to a hydrogen (-SH), these functional groups form inter- and 
intramolecular bridges in proteins and their structure and biological function depend on them.

1.4. Absorption

Arsenic can be incorporated into the body by ingestion, inhalation or through the skin, more 
than 90% of the ingested arsenic is absorbed in the gastrointestinal tract. Organic arsenic is 
easier to excrete and is usually found mainly in meat, seafood, and some cereals. The ability 
of trivalent arsenic (AsIII) to join groups -SH, confers that toxic capacity while pentavalent 
arsenic (AsV) interferes with phosphorylation reactions, due to its similarity chemical with 
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phosphate [13]. In food, the organic form is the most frequent and is most susceptible to elimi-
nation, except for some types of fish, crustaceans, and algae, in most foods (fruits, vegetables, 
cereals, meats, etc.) that have arsenic concentration lower than 0.25 mg/kg [13]. After inges-
tion, arsenic is absorbed in the gastrointestinal tract, then passes into the portal circulation 
and reaches the liver.

The metabolism of arsenic depends on various reduction and methylation reactions in which 
enzymes and compounds such as s-adenosylmethionine (SAM), arsenic methyltransferase 
(AS3MT), glutathione (GSH), and oxidized glutathione (GSSG) participate. Initially, GSH partic-
ipates in the reduction of AsV to AsIII, which is pH dependent and is influenced by the presence 
of other substances that can be reduced or oxidized; subsequently, the AS3MT participates in 
the transfer of a methyl group of the SAM enzyme to the trivalent inorganic arsenic to generate 
MMA(V) Ácido monometilarsónico (monomethylarsonic acid), this compound is reduced to 
MMA(III) Ácido metilarsenioso (monomethylarsonous acid) by the action of a specific reductase 
and in this reaction participate the AS3MT, the GSH, and the GSSH, between other compounds; 
MMAIII enters a methylation reaction to generate DMA(V) Ácido dimetilarsínico (dimethylar-
sinic acid), and finally, DMAV can be reduced to DMA(III) Ácido dimetilarsenioso (dimethylars-
inous acid). These reactions are carried out regardless of the route of absorption [13, 15].

1.5. Excretion

The excretion of As is variable among people; it will depend on the time and dose of exposure 
to As, as well as the efficiency of the methylation reactions [8]. It is known that the ability to 
meet arsenic is saturated when the ingestion exceeds 0.5 mg/d [16]. The main metabolites 
found in urine after acute or chronic exposure to arsenic are inorganic arsenic, MMA and 
DMA [8, 17], residual As can also be found in keratinized tissues (skin, hair, and nails), where 
the presence of arsenic in these tissues has a significant association with chronic exposure to 
metalloid [15]. Although in general, the presence of arsenic in urine is considered an indicator 
of acute exposure, it has been found that in prolonged exposures arsenic levels in urine are 
maintained and increase [8].

That is why the presence of arsenic in urine is considered a reliable marker of chronic expo-
sure to As. It is known that the usual consumption of arsenic varies between 5 and 25 μg/d, 
and the excretion of arsenic in urine is usually less than 25 μg in 24-hour urine. It has been 
reported that after a consumption of seafood products, the concentration of arsenic in urine 
can increase to 300 μg in 24 hours, however, this concentration will decrease after 1 day to 
<25 μg in 24-hour urine [18]. An excretion rate greater than 1000 μg in 24-hour urine is a sign 
of significant exposure to As [19, 20].

1.6. Effects of acute and chronic exposure: signs and symptoms

Chronic exposure to inorganic arsenic causes, mainly, skin lesions, cancer of the bladder, 
kidney, lungs, and liver. Keratosis and changes in skin pigmentation are recognized signs 
of chronic exposure to arsenic, while melanosis is a sign associated with acute exposure 
[8, 21]. Cumulative doses in adults of 0.10 mg/kg/d are related to signs of chronic intoxica-
tion and usually appear after 2–8 weeks of exposure. It also causes alterations in intestinal 
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water is considered a public health problem [8, 9]; not only the direct consumption of water 
contaminated with arsenic is a factor of exposure but also indirect consumption through food, 
when water is used in the preparation of food, in the irrigation of fields, and for consumption 
of animal, is an exposure factor [10].

The World Health Organization (WHO) and the guidelines of the Environmental Protection 
Agency (EPA) of the United States, established an allowed limit of 0.01 mg/L for arsenic 
in drinking water [11]. The Ministry of Health of Mexico establishes an allowable limit of 
0.05 mg/L of arsenic in drinking water [11, 12], with current modifications at 0.025 mg/L, 
which are still above international standards.

1.3. Metabolism

To study and know the toxicity of the metalloid, must be made of the speciation of it, but also 
of the physiological conditions of the exposed population (age, body surface, nutritional sta-
tus, etc.), which will be addressed in this chapter. Arsenic compounds are classified into three 
groups: (1) The inorganic arsenic compounds; (2) Organic compounds, and (3) Gaseous com-
pounds; they are usually in their trivalent and pentavalent state. The most common trivalent 
inorganic arsenic compounds are arsenic trioxide, arsenic trichloride, and sodium arsenic; the 
most common pentavalent inorganic arsenic compounds are arsenic pentoxide, arsenic acid, 
and arsenate; and the organic arsenic compounds are monomethylarsonic acid (MMA) and 
dimethylarsinic acid (DMA) [13, 14]. The level of toxicity of arsenic depends on its valence and 
its organic or inorganic form. Organic arsenic is considered less toxic than inorganic as it is easier 
to excrete. The inorganic arsenic is the most toxic form of As, in its trivalent form it can combine 
chemically with the sulfhydryl groups, which are organic compounds that contain a sulfur atom 
as a functional group attached to a hydrogen (-SH), these functional groups form inter- and 
intramolecular bridges in proteins and their structure and biological function depend on them.

1.4. Absorption

Arsenic can be incorporated into the body by ingestion, inhalation or through the skin, more 
than 90% of the ingested arsenic is absorbed in the gastrointestinal tract. Organic arsenic is 
easier to excrete and is usually found mainly in meat, seafood, and some cereals. The ability 
of trivalent arsenic (AsIII) to join groups -SH, confers that toxic capacity while pentavalent 
arsenic (AsV) interferes with phosphorylation reactions, due to its similarity chemical with 
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phosphate [13]. In food, the organic form is the most frequent and is most susceptible to elimi-
nation, except for some types of fish, crustaceans, and algae, in most foods (fruits, vegetables, 
cereals, meats, etc.) that have arsenic concentration lower than 0.25 mg/kg [13]. After inges-
tion, arsenic is absorbed in the gastrointestinal tract, then passes into the portal circulation 
and reaches the liver.

The metabolism of arsenic depends on various reduction and methylation reactions in which 
enzymes and compounds such as s-adenosylmethionine (SAM), arsenic methyltransferase 
(AS3MT), glutathione (GSH), and oxidized glutathione (GSSG) participate. Initially, GSH partic-
ipates in the reduction of AsV to AsIII, which is pH dependent and is influenced by the presence 
of other substances that can be reduced or oxidized; subsequently, the AS3MT participates in 
the transfer of a methyl group of the SAM enzyme to the trivalent inorganic arsenic to generate 
MMA(V) Ácido monometilarsónico (monomethylarsonic acid), this compound is reduced to 
MMA(III) Ácido metilarsenioso (monomethylarsonous acid) by the action of a specific reductase 
and in this reaction participate the AS3MT, the GSH, and the GSSH, between other compounds; 
MMAIII enters a methylation reaction to generate DMA(V) Ácido dimetilarsínico (dimethylar-
sinic acid), and finally, DMAV can be reduced to DMA(III) Ácido dimetilarsenioso (dimethylars-
inous acid). These reactions are carried out regardless of the route of absorption [13, 15].

1.5. Excretion

The excretion of As is variable among people; it will depend on the time and dose of exposure 
to As, as well as the efficiency of the methylation reactions [8]. It is known that the ability to 
meet arsenic is saturated when the ingestion exceeds 0.5 mg/d [16]. The main metabolites 
found in urine after acute or chronic exposure to arsenic are inorganic arsenic, MMA and 
DMA [8, 17], residual As can also be found in keratinized tissues (skin, hair, and nails), where 
the presence of arsenic in these tissues has a significant association with chronic exposure to 
metalloid [15]. Although in general, the presence of arsenic in urine is considered an indicator 
of acute exposure, it has been found that in prolonged exposures arsenic levels in urine are 
maintained and increase [8].

That is why the presence of arsenic in urine is considered a reliable marker of chronic expo-
sure to As. It is known that the usual consumption of arsenic varies between 5 and 25 μg/d, 
and the excretion of arsenic in urine is usually less than 25 μg in 24-hour urine. It has been 
reported that after a consumption of seafood products, the concentration of arsenic in urine 
can increase to 300 μg in 24 hours, however, this concentration will decrease after 1 day to 
<25 μg in 24-hour urine [18]. An excretion rate greater than 1000 μg in 24-hour urine is a sign 
of significant exposure to As [19, 20].

1.6. Effects of acute and chronic exposure: signs and symptoms

Chronic exposure to inorganic arsenic causes, mainly, skin lesions, cancer of the bladder, 
kidney, lungs, and liver. Keratosis and changes in skin pigmentation are recognized signs 
of chronic exposure to arsenic, while melanosis is a sign associated with acute exposure 
[8, 21]. Cumulative doses in adults of 0.10 mg/kg/d are related to signs of chronic intoxica-
tion and usually appear after 2–8 weeks of exposure. It also causes alterations in intestinal 
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epithelial tissue, decreased production of red and white blood cells, central nervous system 
involvement, liver damage, and kidney damage [17, 22–24]. The acute lethal dose of arsenic 
in humans has been estimated at 0.6 mg/kg/day [25].

Exposure to arsenic generates oxidative stress, and this represents the main mechanism by 
which arsenic generates multi-organ damage, there are free radical formation directly and 
also inhibitory effects on antioxidant components [23]. An alteration in the metabolism of 
GSH secondary to the union of arsenic with -SH groups has been found, as well as the eleva-
tion of genes associated with oxidative stress such as heme oxygenase-1 and metallothioneins, 
after chronic exposure to arsenic [17, 26]. Chronic exposure to arsenic causes an increase in the 
production of reactive oxygen species (ROS) and an alteration in defense mechanisms against 
the pro-oxidative effect of ROS, mainly the catalase enzyme (CAT), superoxide dismutase 
(SOD), and glutathione peroxidase (GSH-Px) [23].

1.7. Role of nutrition: food security

The effect of several nutrients that can reduce arsenic toxicity has been studied. Oral 
supplementation with cysteine, methionine, vitamin C, and thiamin at a dose of 25 mg/
kg in studies in mice that were exposed to arsenic (10 ppm of sodium arsenite in drinking 
water) was observed a decrease in oxidative stress caused by exposure to arsenic, these 
nutrients were able to produce specific changes in the levels of lipid peroxidase, antioxi-
dant enzyme activity and reduction in the concentration of arsenic in blood between 3 and 
11%, in liver of 26–37%, and in kidneys from 16 to 24% (p < 0.05). Methionine and cysteine 
are the main amino acids that participate in the metabolism of arsenic, and vitamin C is 
an antioxidant [23, 27].

A case–control study conducted by Mitra et al. [28] in the adult population (n = 265) exposed 
to arsenic in drinking water (<500 μg/L) belonging to the city of West Bengal in India, found 
a higher probability of lesions due to exposure to arsenic associated with low protein intake 
(odds ratio = 1.94; CI: 95%, 1.05–3.59), calcium (OR = 1.89, 95% CI, 1.04–3.43), fiber (OR = 2.02, 
95% CI, 1.15–4.21), and folic acid (OR = 1.67 95% CI, 0.87–3.2). In a study involving an adult 
population of 18–65 years (n = 1016), exposed to arsenic in drinking water in the city of 
Bangladesh, the consumption of some nutrients was quantified, finding that the ingestion of 
cysteine (950–2005 mg/d), methionine (1745–3530 mg/d), calcium (407–1500 mg/d), proteins 
(77–141 g/d), and vitamin B12 (2.3–9.9 μg/d) were associated with minors percentages of inor-
ganic arsenic in urine, this speaks of a decrease in the total concentration of inorganic arsenic. 
Similarly, high ingestion of niacin and choline were associated with a higher rate of AMD to 
MMA (p = 0.02 for both cases), which indicates a higher conversion rate, and therefore, greater 
excretion of it [29]. A study developed in adult population (38 ± 10 years) (n = 130), evaluated 
the effect of folic acid on blood arsenic levels, the intervention consisted of an oral supplement 
of 400 μg/day of folic acid for 12 weeks. The authors found a decrease in the concentration 
of MMA in blood, going from 22.24 ± 2.86% in the intervention group and 1.24 ± 3.59% in the 
control group (p <0.0001). Total arsenic in blood was reduced by 13.62% in the intervention 
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group, and 2.49% in the control group (p = 0.0199), as well as an increase in the rate of DMA 
excretion (p = 0.099), folic acid participates in methylation reactions [30, 31].

Zablotska et al. [32] studied 11,746 people over 18 years of age and found that consumption 
of riboflavin, pyridoxine, vitamin A, C, and E, and folic acid significantly modified the effects 
of arsenic exposure. Participants in the highest percentile of consumption of each nutrient 
(≥1.17 mg/d of riboflavin, ≥4.19 mg/d of pyridoxine, ≥351.61 μg/d of folic acid, ≥7113.06 mg/d of 
vitamin C, and ≥ 6.41 mg/d of vitamin E), showed a reduction in the risk of lesions derived from 
exposure to arsenic in 46–68% (p < 0.05). This reflects that the consumption of these key nutrients 
not only increase the excretion of arsenic, but also the reduction of adverse effects derived from 
exposure to As. In addition, it has been observed that the concentration of selenium in blood, 
which is an essential trace element required for the synthesis of several proteins, is inversely 
related to the risk of pre-malignant lesions in the skin, finding an inversely proportional rela-
tionship (p = 0.03) between the concentration of selenium in blood and arsenic in urine [8].

In addition to the above, a poor nutritional status, mainly malnutrition, correlates with the 
development of skin lesions caused by arsenic poisoning. In 2007 Maharjan et al. [33] devel-
oped a study in the adult population (n = 539) where an increase in the risk of manifesting 
skin lesions due to the arsenic exposure was found 1.65 times more in subjects with a body 
mass index (BMI) per below normal (16.5–17.1 kg/m2) compared to those with a normal BMI 
(p < 0.05). In addition, it has been described that the decrease in BMI is also a non-specific 
manifestation of chronic exposure to high concentrations of arsenic (daily arsenic intake of 
30 μg/kg/d). In rural populations, a low BMI is a reflection of a poor nutritional status, which 
is associated with a low intake of certain nutrients, including antioxidants, and nutrients 
whose poor ingestion has been related to increased production of MMA, the toxic form of 
arsenic, and a low production of DMA [30, 31, 34].

1.8. Evidence in Guanajuato, Mexico: food and water security

During 2002–2003, the State Public Health Laboratory of Guanajuato found, in two communi-
ties of the state, San Agustín of the municipality of Irapuato and Cútaro in Acámbaro, amounts 
of arsenic in well water (0.950 and 0.109 mg/L, respectively), greater than the permissible limits 
established by the WHO, and the Secretary of Health of Mexico. These communities have been 
studied for several years, adding other populations, where this metalloid has also been found.

Next, in Table 2, a chronology of the studies published and in the process of publication is 
presented. The first studies were based on identifying a relationship between the consump-
tion of water contaminated with arsenic and the presence of arsenic in the hair of children 
living in two communities, which had a relationship (n = 55, p < 0.0001) [35]. In addition, a 
survey of mothers of children of the previous study revealed that 90–94% of them use well 
water for different culinary preparations such as broths, soups or beans, even with the knowl-
edge that this source of water is contaminated with arsenic, according to the participants, this 
is done for lack of economic resources to acquire drinking water [10].
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epithelial tissue, decreased production of red and white blood cells, central nervous system 
involvement, liver damage, and kidney damage [17, 22–24]. The acute lethal dose of arsenic 
in humans has been estimated at 0.6 mg/kg/day [25].
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of arsenic in well water (0.950 and 0.109 mg/L, respectively), greater than the permissible limits 
established by the WHO, and the Secretary of Health of Mexico. These communities have been 
studied for several years, adding other populations, where this metalloid has also been found.
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Effect of four-week 
multivitamin 
supplementation on 
nutritional status and 
urinary excretion of arsenic 
in adolescents

Rebeca Monroy-Torres, 
Espinoza Pérez JA, Ramirez 
Gomez X, Carrizalez Yañez 
L, Linares-Segovia B, Mejía 
Saavedra JJ

Aceptado 2018, en la revista de 
Nutrición Hospitalaria

Our objective was to measure the effect of multivitamin supplementation on the 
nutritional status and urinary excretion of arsenic in adolescents exposed to this metal 
through drinking water. With an intervention study was carried out on 45 adolescents, 
exposed to arsenic in drinking water, who were given a daily multivitamin supplement 
for 4 weeks. The nutritional status, and the levels of arsenic in urine and drinking 
water were evaluated weekly. The main results were Basal nutritional intake was low 
for protein, fiber, folic acid, vitamin B2, B6, B12, E, C, selenium and iron, increasing its 
consumption through the supplement during the intervention and with an increase of 
approximately 1 g/dL of hemoglobin in all participants. At the end of the intervention 
the participants presented increase of fat-free mass and decrease in the percentage of 
body fat. The urinary excretion of arsenic, was greater [35.91 μg/gCr (95% CI = 23.2–
74.8 μg/gCr)] in the first week of intervention (p < 0.05) compared to baseline levels 
of urinary arsenic [43.2 μg/gCr (95% CI = 30.8–117.6 μg/gCr)] and an average of As in 
water of 96.2 ± 7.5 μg/L. Four-week multivitamin supplementation in the adolescent 
population studied improved nutritional status and increased metalloid excretion 
significantly in the first and second post-intervention weeks.

Experiences around the lack of 
access to water in homes in the 
State of Guanajuato, Mexico

Rebeca Monroy Torres, 
Jaime Naves Sánchez, Hugo 
Melgar-Quiñonez

(Enviado a publicación 
a la revista Española de 
Nutrición Comunitaria)

We analyze the experience in households in the State of Guanajuato, Mexico that suffer 
from limitations regarding access to water in quality and quantity. A survey of 17 items 
was applied to 352 households (female heads of household) to measure experiences 
regarding access to water, in addition to food security, schooling and sociodemographic 
aspects. Where 33.4% of households reported concern about not having access to water 
and 74.8% did not have access. 70.8% had to buy water to drink and 5.7% got sick and 
related it to water consumption. 65.6% of households showed food insecurity. The 
correlation was significant for the level of education of female heads of household, 
households with children under 1 and 12 years old with the use of tap water, preparing 
powdered milk for children, and for food at home and water. These experiences of 
households around access to water contribute to the discussion and development of 
scales that insecurity to water, considering food security.

Monroy-Torres y Espinoza-
Pérez [39]

The objective of the present work was to identify the presence of risk factors of 
exposure to arsenic contamination in water, in population living in areas where high 
levels of this metalloid have been detected. For the identification of the risk factors 
that could intensify the metalloid exposure, an analytical and transversal study was 
carried out. For the measurement of food security, a scale validated for Latin America 
and the Caribbean was applied to 30 heads of family responsible for food, in addition 
to 30 items, with a three-month time limitation that measured the main risk factors of 
exposition, which were integrated from the derived risk factors selected from previous 
studies in the communities exposed to the metalloid and from the scientific literature 
collected so far. The main risk factors were: food insecurity in 70% of households, 63% 
worried about not having access to water, lack of access and availability of drinking 
water and 4% did not have access to water during the last 3 months, since 40% used 
well, pipe or tap water without previous treatment to prepare food, and 83.3% used to 
prepare beverages; Other risk factors to consider were the education level of the head 
of the family and access to public services. The identification of the main risk factors 
will allow the design of a validation scale, for screening and preventing possible arsenic 
poisoning in communities exposure to arsenic in water in addition to measuring food 
security.

Monroy-Torres R et al. [38] The objective of the study was to evaluate feeding and nutrition practices in 
communities of the state of Guanajuato exposed to arsenic and to identify some 
indicators of nutritional risk that contribute to the health effects of the metal. With a 
transversal design, a survey was applied to 30 family heads, who were selected from a 
previous study, culinary practices, food consumption, sociodemographic characteristics 
were evaluated. Culinary and food practices were detected as risk indicators in a 
population exposed to arsenic. Therefore, these practices should be considered as 
indicators in the evaluation of the health effects of exposure to the metalloid and other 
pollutants.
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Another study, derived from being able to identify other factors of exposure to As, even though 
11% drank tap water and 24.4% both tap water and tap water, even though the population 
was alerted about concentrations of the metalloid, most reported that in their homes tap water 
was used to prepare food under cooking as well as in the preparation of flavor water or fruit. 

References Main evidence

Monroy-Torres y cols [37] To identify the state of food security and access to water in Mexican households, using 
a validated scale applied in 352 households in rural and urban communities, as well 
as a pilot scale to assess access to water. Where a 73% of households were classified as 
food secure (level 1), 15% as being mildly food insecure (level 2), 7% were considered 
food insecure at a moderate level (level 3) and only 4% were households with severe 
food insecurity (level 4). At all food security levels interviewees were worried about not 
having enough access to water, and in the last 3 months 50% of households experiences 
water scarcity. Most of the households used tap water to prepare the milk for the 
children, as well as for personal hygiene. 25% of the interviews reported that water 
availability has declined in their households, while the cost of water has increased. 
Food security cannot be conceived without taking into account the water situation. The 
majority of the households report lack of access to enough water, which usually does 
not meet the conditions of safety for human consumption and food preparation.

Monroy-Torres R et al. [36] The objective of this study was to describe the perception of the beneficiaries of the 
Oportunidades program, about food and nutrition security in Atarjea, Guanajuato. 
A descriptive and qualitative approach study was carried out in 10 families, with a 
population under 10 years old, in two Atarjea localities. A nutritional and validated 
food safety survey was applied. Families and doctors do not perceive that the program 
is fair. New and constant evaluations are suggested to the program by external 
personnel and by the same beneficiaries of the program. On a proportional basis, 
families presented food insecurity with moderate hunger and mild food insecurity.

Monroy Torres R et al. [10] The chronic exposition to arsenic has been linked to various health problems, and some 
studies have been winged as a source of exposition, in addition to water and food. In 
some communities in the state of Guanajuato levels were detected outside the rule 
of arsenic in drinking water. OBJECTIVE: To describe the accessibility to safe water 
for consumption and preparation food in a community exposed to groundwater with 
arsenic. MATERIAL Y METHODS: Survey conducted across in55 housewives from 27 
to 55 years of age. The questions were about the use of well water in the preparation in 
food such as broths, soups, beans, water, fruit; ingestion milk background; main crops 
in the community, raising cat le and source of drinking water for them. RESULTS: 
The 90% of housewives used well water for drinking and preparing their food. With 
regard to the consumption of the well of milk, 24 (44%) consumed milk brand and 
31 (44%) consumed cow’s milk. The well water was used for livestock and to irrigate 
crops. CONCLUSIONS: It is emerging that seeks strategies for the population for to 
have access to water safe, and that health risks are predictable with these sources of 
exposition to arsenic, like cancer, diabetes and hypertension.

Monroy-Torres R et al. [35] This cross-sectional study measures the arsenic level in school children exposed to 
contaminated well water in a rural area in México. Arsenic was measured in hair by 
hydride generation atomic absorption spectrophotometry. Overall, 110 children were 
included (average 10 years-old). Among 55 exposed children, mean arsenic level on hair 
was 1.3 mg/kg (range < 0.006–5.9). All unexposed children had undetectable arsenic 
levels. The high level of arsenic in water was associated to the level in hair. However, 
exposed children drank less well water at school or at home tan unexposed children, 
suggesting that the use of contaminated water to cook beans, broths or soups may be 
the source of arsenic exposure.

Table 2. Compilation of main evidence of the conditioning factors in environmental nutrition and food security of 
2009–2018, in Guanajuato, México.
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scales that insecurity to water, considering food security.
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exposition, which were integrated from the derived risk factors selected from previous 
studies in the communities exposed to the metalloid and from the scientific literature 
collected so far. The main risk factors were: food insecurity in 70% of households, 63% 
worried about not having access to water, lack of access and availability of drinking 
water and 4% did not have access to water during the last 3 months, since 40% used 
well, pipe or tap water without previous treatment to prepare food, and 83.3% used to 
prepare beverages; Other risk factors to consider were the education level of the head 
of the family and access to public services. The identification of the main risk factors 
will allow the design of a validation scale, for screening and preventing possible arsenic 
poisoning in communities exposure to arsenic in water in addition to measuring food 
security.

Monroy-Torres R et al. [38] The objective of the study was to evaluate feeding and nutrition practices in 
communities of the state of Guanajuato exposed to arsenic and to identify some 
indicators of nutritional risk that contribute to the health effects of the metal. With a 
transversal design, a survey was applied to 30 family heads, who were selected from a 
previous study, culinary practices, food consumption, sociodemographic characteristics 
were evaluated. Culinary and food practices were detected as risk indicators in a 
population exposed to arsenic. Therefore, these practices should be considered as 
indicators in the evaluation of the health effects of exposure to the metalloid and other 
pollutants.
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was 1.3 mg/kg (range < 0.006–5.9). All unexposed children had undetectable arsenic 
levels. The high level of arsenic in water was associated to the level in hair. However, 
exposed children drank less well water at school or at home tan unexposed children, 
suggesting that the use of contaminated water to cook beans, broths or soups may be 
the source of arsenic exposure.

Table 2. Compilation of main evidence of the conditioning factors in environmental nutrition and food security of 
2009–2018, in Guanajuato, México.

Food and Water Security as Determinants of the Mitigation of Health Risks…
http://dx.doi.org/10.5772/intechopen.76977

49



The use of direct water from the tap was treated with drops of chlorine or silver nitrate, which 
reflects that the population has knowledge about the microbiological form of disinfection, but 
not for the removal of metals or other toxic substances. The trust that people perceived that 
they used tap water for food, because they use to boiling the water became drinkable and safe. 
But it is known to boil water from food or with food, only eliminate microbiological and non 
toxicological risks, such as eliminating arsenic in water  [10, 35].

The first evidence in two communities of the state of Guanajuato (Cútaro and San Agustín) 
of the presence of arsenic in water and food consumption, biological incorporation to metal, 
together with environmental factors such as feeding and nutrition practices, socioeconomic, 
deficiency in public services and lack of access to an innocuous source of water, reflect a risk 
to the health of the inhabitants of these communities. On the other hand, the evidence shows 
that the greater the deterioration of the nutritional status, the greater the harmful effects in 
the organism derived from exposure to arsenic. In addition, several studies show that the 
consumption of several nutrients, in isolation, improves the detoxification of the metal and 
reduces the damage to the organism [36–39].

The poor nutritional status in these populations, either due to the excess or nutritional 
deficiency, the history that supplementation with some nutrients improves the nutritional 
status, and therefore, the metabolism of the metal in the body, besides that there is no 
evidence of treatment with A multivitamin supplementation scheme in school population 
exposed to arsenic are factors that justify the analysis of a multivitamin supplementation 
plus a dietary regime, on the urinary excretion of arsenic in the school population of the 
communities of San Agustín and Cútaro as well as others that there are high levels of the 
metal [40].

The theme of the study of food and water security, derived from the experience of studies in 
the population of Guanajuato, as intervention proposals from the nutritional clinic, derived 
from the basis of its metabolism (absorption and excretion) where the consumption of nutri-
ents and access to nutrients is through food and these when people have food security [6] 
and food security achieved an adequate nutritional status and thus a way to mitigate the 
toxicity problems of the metalloid. Reason for which the designs of the studies integrated 
the dietary evaluation and the nutritional status until to design a clinical nutritional inter-
vention study in a follow-up population, entitled “Effect of a multivitamin supplementation of  
4 weeks on the nutritional status and urinary excretion of arsenic in adolescents.” The main objec-
tive was to measure the effect of multivitamin supplementation on nutritional status and uri-
nary excretion of arsenic in 45 adolescents exposed to the metalloid through drinking water. 
The vitamin supplement was given daily, for 4 weeks, and to the adolescents. Nutritional 
status, arsenic levels in urine and drinking water were measured too. The main findings 
were a low intake for proteins, fiber, folic acid, vitamin B2, B6, B12, E, C, selenium, and iron, 
increasing their consumption through the supplement during the intervention, and with 
an increase of approximately 1 g/dL of hemoglobin, increase in fat-free mass, decrease in 
the percentage of body fat, with a higher urinary excretion of arsenic [35.91 μg/g Cr (95% 
CI = 23.2–74.8 μg/g Cr)] from the 1st week of intervention, which was statistically significant 
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in comparison with basal levels of urinary arsenic [43.2 μg/g Cr (IC95% = 30.8–117.6 μg/g 
Cr) (p < 0.05) with an average water with As of 96.2 ± 7.5 μg/L.

Other data of interest of the study were a higher percentage of body fat in women (women 27.4 
vs. 17.2% in men), where it is known that the presence of obesity generates an inflammatory 
process [41]. A high BMI has been associated with alterations in the metabolism and excretion 
of As, due to the relationship between sex hormones, as main donor of methyl groups, in addi-
tion to SAM, is the choline, its secretion is influenced by the presence of estrogen. Therefore, 
a higher risk of toxicity in men could be expected, although it is also known that adolescents 
have better methylation than the adult population [23, 42, 43]. The consumption of vitamin B6 
and folic acid were low, they are essential nutrients for the formation of methionine, which in 
turn is required in the metabolism of As and in the formation of the SAM cofactor, part of the 
arsenic methylation process; and on the other hand nutrients such as vitamin C and vitamin E, 
are recognized antioxidants in reducing oxidative damage caused by arsenic. The nutritional 
contribution improved with the supplementation, for the case of hemoglobin it increased 
almost 1 gram during the 4 weeks of treatment [42, 44] as well as polyphenols present in some 
of the components of the multivitamin (broccoli extract, cranberry, etc.), although they did not 
have an important effect in the excretion of arsenic, can provide protection to the organism 
from the oxidative stress that is being produced by exposure to arsenic in these adolescents 
[44]. In relation to fiber, a deficiency in its consumption is associated with a higher probability 
of the appearance of dermatological lesions since fiber could decrease the absorption of arsenic 
in the gastrointestinal tract [30, 44, 45]. Soluble fiber (fructo-oligosaccharides), acts as a prebi-
otic, and therefore, to a better metabolism of As [44, 45]. Many of the foods consumed tradition-
ally in Mexico are rich in fructo-oligosaccharides, such as beans and other legumes [38]. The 
consumption of fruits and vegetables has been low among the young population as well as 
greater food insecurity in Guanajuato households (71.2% of food insecurity), which represents 
a low consumption of antioxidants that have an important role in As metabolism [46].

This is the first study, which addressed the analysis of the effect of a 4-week vitamin and min-
eral supplementation, integrating dietary and nutritional variables. Therefore, the interaction 
of diet and the environment should be studied, as well as the integration of problems such as 
overweight, obesity, and anemia mainly.

2. Conclusion

Adequate nutrition in childhood and adolescence as well as in all stages of life, should not 
only be promoted to prevent chronic degenerative diseases, which entails an inflammatory 
problem, it is important to equip people with the mechanisms that promote the greatest excre-
tion of the metalloid combined with adequate growth and development. There are environ-
mental factors that cannot be avoided, such as exposure to heavy metals through natural 
sources such as water, but food and water security as determinants of the mitigation of health 
risks from exposure to arsenic.

Food and Water Security as Determinants of the Mitigation of Health Risks…
http://dx.doi.org/10.5772/intechopen.76977

51



The use of direct water from the tap was treated with drops of chlorine or silver nitrate, which 
reflects that the population has knowledge about the microbiological form of disinfection, but 
not for the removal of metals or other toxic substances. The trust that people perceived that 
they used tap water for food, because they use to boiling the water became drinkable and safe. 
But it is known to boil water from food or with food, only eliminate microbiological and non 
toxicological risks, such as eliminating arsenic in water  [10, 35].

The first evidence in two communities of the state of Guanajuato (Cútaro and San Agustín) 
of the presence of arsenic in water and food consumption, biological incorporation to metal, 
together with environmental factors such as feeding and nutrition practices, socioeconomic, 
deficiency in public services and lack of access to an innocuous source of water, reflect a risk 
to the health of the inhabitants of these communities. On the other hand, the evidence shows 
that the greater the deterioration of the nutritional status, the greater the harmful effects in 
the organism derived from exposure to arsenic. In addition, several studies show that the 
consumption of several nutrients, in isolation, improves the detoxification of the metal and 
reduces the damage to the organism [36–39].

The poor nutritional status in these populations, either due to the excess or nutritional 
deficiency, the history that supplementation with some nutrients improves the nutritional 
status, and therefore, the metabolism of the metal in the body, besides that there is no 
evidence of treatment with A multivitamin supplementation scheme in school population 
exposed to arsenic are factors that justify the analysis of a multivitamin supplementation 
plus a dietary regime, on the urinary excretion of arsenic in the school population of the 
communities of San Agustín and Cútaro as well as others that there are high levels of the 
metal [40].

The theme of the study of food and water security, derived from the experience of studies in 
the population of Guanajuato, as intervention proposals from the nutritional clinic, derived 
from the basis of its metabolism (absorption and excretion) where the consumption of nutri-
ents and access to nutrients is through food and these when people have food security [6] 
and food security achieved an adequate nutritional status and thus a way to mitigate the 
toxicity problems of the metalloid. Reason for which the designs of the studies integrated 
the dietary evaluation and the nutritional status until to design a clinical nutritional inter-
vention study in a follow-up population, entitled “Effect of a multivitamin supplementation of  
4 weeks on the nutritional status and urinary excretion of arsenic in adolescents.” The main objec-
tive was to measure the effect of multivitamin supplementation on nutritional status and uri-
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The vitamin supplement was given daily, for 4 weeks, and to the adolescents. Nutritional 
status, arsenic levels in urine and drinking water were measured too. The main findings 
were a low intake for proteins, fiber, folic acid, vitamin B2, B6, B12, E, C, selenium, and iron, 
increasing their consumption through the supplement during the intervention, and with 
an increase of approximately 1 g/dL of hemoglobin, increase in fat-free mass, decrease in 
the percentage of body fat, with a higher urinary excretion of arsenic [35.91 μg/g Cr (95% 
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of the appearance of dermatological lesions since fiber could decrease the absorption of arsenic 
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a low consumption of antioxidants that have an important role in As metabolism [46].

This is the first study, which addressed the analysis of the effect of a 4-week vitamin and min-
eral supplementation, integrating dietary and nutritional variables. Therefore, the interaction 
of diet and the environment should be studied, as well as the integration of problems such as 
overweight, obesity, and anemia mainly.
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Adequate nutrition in childhood and adolescence as well as in all stages of life, should not 
only be promoted to prevent chronic degenerative diseases, which entails an inflammatory 
problem, it is important to equip people with the mechanisms that promote the greatest excre-
tion of the metalloid combined with adequate growth and development. There are environ-
mental factors that cannot be avoided, such as exposure to heavy metals through natural 
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Abstract

The importance of different arsenic forms in public health is well recognized owing to its
distinct physical characteristics and toxicity. Chronic arsenic exposure has left a trail of
disastrous health consequences around the world. However, the mechanisms behind the
toxicity and the consequential diseases occurring after acute or chronic exposure to arsenic
are not well understood. The toxicity of trivalent arsenic primarily occurs due to its
interaction with cysteine residues in proteins. Arsenic binding to protein may alter its
conformation and interaction with other functional proteins leading to tissue damage.
Therefore, there has been much emphasis on studies of arsenic-bound proteins, for the
purpose of understanding the origins of toxicity and to explore therapeutics. This book
chapter illustrates the molecular mechanisms of arsenic toxicity with a special emphasis
on arsenic binding to proteins and its consequences in alteration of tissue homeostasis.

Keywords: arsenic, gap junction intercellular communication (GJIC), gap junction
proteins, connexin 43, DJ-1, sulfhydryl groups

1. Introduction

Long-term exposure to arsenic has resulted in the largest mass poisoning of the human
population, making more than 100 million people defenseless against cancer and other
arsenic-related diseases [1, 2]. Epidemiological studies have revealed that arsenic exposure
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spans a wide geographical area spread across continents, with contaminations originating
from soil, water, air and even food. Arsenic pollution gets aggravated through natural pro-
cesses like volcanic eruptions, weathering, and biological activity. Anthropogenic activities,
such as ore smelting, mining, well drilling and combustion of fossil fuels, also accelerate
infusion of arsenic into places of human habitation [3]. Owing to its toxic nature, arsenic is a
threat not only to humans but also to other living species. Figure 1 illustrates natural and
anthropogenic sources of arsenic.

Many mechanisms of arsenic-induced carcinogenicity have been proposed like DNA repair
inhibition, oxidative stress, epigenetic events, effect on signal transduction and genotoxic
damage. Studies have been focused to understand the molecular mechanisms of arsenic-
induced carcinogenesis with an emphasis on oxidative stress and related signal transduction
pathways. One of the hallmarks of oxidative stress is generation of reactive oxygen species
(ROS) which triggers the antioxidant pathways as a cellular defense response. Two of the
major players of cellular defence response on arsenic exposure are nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) and Parkinson’s disease protein 7 (DJ-1), and their interplay results in
activation and upregulation of several genes like glutathione-S-transferase A2 (GSTA2), NAD
(P)H dehydrogenase quinone 1 (NQO1) and thioredoxin (Trx). There has been increasing
evidence correlating arsenic exposure to reactive oxygen species (ROS) generation, DNA

Figure 1. Mobilization of arsenic into environment.
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damage and tumor promotion. Inorganic arsenic has been recognized as a potent human
carcinogen. A number of epidemiological studies have found that human populations exposed
to arsenic are prone to different types of cancers including that of the bladder, lung, skin, liver
and kidney [4, 5]. Human body responds to arsenic ingestion through a set of concerted
metabolic actions starting with methylation of the inorganic arsenic to monomethylarsonic
(MMAV) acid, which is then methylated again to dimethylarsinic acid (DMAV) to permit its
excretion through urine. However, this response may result in persistent methyl exhaustion in
the event of chronic arsenic exposure leading to hypomethylation of DNA, which can alter the
gene expression making the cells susceptible to carcinogenesis [6]. Interestingly, arsenic alone
is considered to be a very weak mutagen; however, its synergistic association with genotoxic
agents like ultraviolet radiation is reported to make it a potent mutagen [7]. Notwithstanding,
the diverse mechanisms of arsenic toxicity need far greater elucidation, though the health
hazards are well understood.

From the mechanistic standpoint, arsenic binding to cellular proteins can be a plausible mech-
anism of toxicity based on two hypotheses premised on functional disruption arising out of (a)
sulfhydryl groups in proteins forming covalent bond with arsenite [8] and (b) the phosphate
groups in proteins replaced by an arsenate. Arsenic binding to a specific protein could change
the conformation and interaction with other functional proteins [9]. Therefore, many studies
have been undertaken to examine the direct binding of arsenic to proteins, for the understand-
ing mechanisms of arsenic toxicity and designing therapeutics against it.

All proteins with functionally important and conserved cysteine (Cys) residues, whose sulfhy-
dryl groups are reactive nucleophiles or form disulfide bonds, are potential targets of func-
tional disruption during chronic arsenic exposure. One such protein with conserved cysteines
is the gap junction protein, connexin 43 (Cx43), belonging to the connexin family, and is the
most commonly expressed member in different cell types. Our recent study showed that direct
arsenic binding to this protein causes alteration in trafficking and the absence of gap junctional
plaques on cell surface, resulting in propensity for cell proliferation. Given the hazardous
nature of arsenic, the qualitative and quantitative analysis of arsenic is a much needed require-
ment. The conventional methods like neutron activation analysis and X-ray analysis, atomic
absorption spectrometry (HG-AAS) and stripping voltammetry are very costly as well as
complex. So, the quest for easy and cost-effective method continues till date. One such method
gaining reputation in the field relies on optical sensors which have been discussed in this
chapter. This chapter summarizes numerous traits of arsenic toxicity and emphasizes the
interaction of arsenic with proteins to evaluate the chemical, biological, and physiological
consequences.

2. Biogeochemical cycle: transformation and mobilization of arsenic
in nature

Arsenic is commonly mobilized into the environment due to both natural and anthropogenic
processes. The natural processes include geological (weathering of rocks and volcanic erup-
tions) and biological (microbial activity) events (Figure 1). Ancient or recent volcanic activities
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damage and tumor promotion. Inorganic arsenic has been recognized as a potent human
carcinogen. A number of epidemiological studies have found that human populations exposed
to arsenic are prone to different types of cancers including that of the bladder, lung, skin, liver
and kidney [4, 5]. Human body responds to arsenic ingestion through a set of concerted
metabolic actions starting with methylation of the inorganic arsenic to monomethylarsonic
(MMAV) acid, which is then methylated again to dimethylarsinic acid (DMAV) to permit its
excretion through urine. However, this response may result in persistent methyl exhaustion in
the event of chronic arsenic exposure leading to hypomethylation of DNA, which can alter the
gene expression making the cells susceptible to carcinogenesis [6]. Interestingly, arsenic alone
is considered to be a very weak mutagen; however, its synergistic association with genotoxic
agents like ultraviolet radiation is reported to make it a potent mutagen [7]. Notwithstanding,
the diverse mechanisms of arsenic toxicity need far greater elucidation, though the health
hazards are well understood.

From the mechanistic standpoint, arsenic binding to cellular proteins can be a plausible mech-
anism of toxicity based on two hypotheses premised on functional disruption arising out of (a)
sulfhydryl groups in proteins forming covalent bond with arsenite [8] and (b) the phosphate
groups in proteins replaced by an arsenate. Arsenic binding to a specific protein could change
the conformation and interaction with other functional proteins [9]. Therefore, many studies
have been undertaken to examine the direct binding of arsenic to proteins, for the understand-
ing mechanisms of arsenic toxicity and designing therapeutics against it.

All proteins with functionally important and conserved cysteine (Cys) residues, whose sulfhy-
dryl groups are reactive nucleophiles or form disulfide bonds, are potential targets of func-
tional disruption during chronic arsenic exposure. One such protein with conserved cysteines
is the gap junction protein, connexin 43 (Cx43), belonging to the connexin family, and is the
most commonly expressed member in different cell types. Our recent study showed that direct
arsenic binding to this protein causes alteration in trafficking and the absence of gap junctional
plaques on cell surface, resulting in propensity for cell proliferation. Given the hazardous
nature of arsenic, the qualitative and quantitative analysis of arsenic is a much needed require-
ment. The conventional methods like neutron activation analysis and X-ray analysis, atomic
absorption spectrometry (HG-AAS) and stripping voltammetry are very costly as well as
complex. So, the quest for easy and cost-effective method continues till date. One such method
gaining reputation in the field relies on optical sensors which have been discussed in this
chapter. This chapter summarizes numerous traits of arsenic toxicity and emphasizes the
interaction of arsenic with proteins to evaluate the chemical, biological, and physiological
consequences.

2. Biogeochemical cycle: transformation and mobilization of arsenic
in nature

Arsenic is commonly mobilized into the environment due to both natural and anthropogenic
processes. The natural processes include geological (weathering of rocks and volcanic erup-
tions) and biological (microbial activity) events (Figure 1). Ancient or recent volcanic activities
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results in the inclusion of arsenic in the environment [10]. The earth’s atmosphere also has a
significant presence of arsenic species owing to wind erosion processes, sea spray, hot springs,
volcanic emissions, forest fires and volatilization (in cold climates). Human activities like
pharmaceutical manufacturing, glassmaking industry, wood processing, chemical weapons,
burning of arsenic-rich fossil fuels and electronics industry also contribute to the addition of
arsenic compounds into the environment [11]. Industrial by-products and wastes, ore
smelting, mineral mining and well drilling can also mobilize and intensify arsenic into the
environment.

Microbial metabolisms like arsenate reduction, arsenite oxidation and methylation processes are
also a determining factor of the occurrence of the various arsenic oxidation states in the environ-
ment. Reduction of arsenate to arsenite by arsenate reductase enzymes is a common feature in
the microbial world, while incidences of oxidation of arsenite to arsenate have also been reported
in contaminated environments. These reactions also contribute to the protective and/or energy
metabolisms of the bacteria from various arsenic-induced stress conditions (Figure 2) [12, 13].

3. Cellular mechanisms of arsenic toxicity

The levels of ROS play a key role in normal cell signaling, and its alteration can result in
aberrant expression of genes that are activated by redox mechanisms. Notably, genes associ-
ated with redox mechanisms include those regulating cellular proliferation, differentiation and
apoptosis. The consequences of ROS production can further lead to DNA damage which typi-
cally involves the conversion of 2-deoxyguanine to 8-hydroxyl-20-deoxyguanosine (8-OHdG),

Figure 2. Biogeochemical cycle of arsenic.
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which is considered as a marker indicating oxidative stress of DNA. Arsenic was capable of
inducing specific DNA lesions consistent with oxidative damage like 8-OHdG generation.
Moreover, 8-OHdG has also been detected in the skin of patients with arsenic-related Bowen’s
disease and in the liver of rats exposed to dimethylarsinic acid (DMAV). These results indicate
that ROS generation is a major pathway for arsenic-mediated genotoxicity in mammalian cells
[14, 15].

Glutathione and other aminothiols such as cysteine and cysteamine comprise the non-protein
sulfhydryls (NPSHs) in a cell and have significant free radical scavenging abilities. Therefore,
depletion of intracellular glutathione levels is known to have an effect on arsenic mutagenesis.
Studies have shown that pretreatment of cells with an inhibitor of glutathione biosynthesis
(buthionine sulfoximine) reduces NPSH levels in the cell, resulting in enhancement of both the
cytotoxicity and mutagenicity of arsenic. In contrast, glutathione and cysteine pretreatments
are capable of protecting mammalian cells against the toxic effects of arsenite [16].

In a similar way, various antioxidants also have a significant effect on arsenic-induced genotoxicity.
The balance between the rate of generation of free radicals and the rate of their removal by various
antioxidant enzymes dictates the deleterious effect of oxidative stress. Enzymes like superoxide
dismutase (SOD) and catalase are capable of partially suppressing both the toxicity and the
mutagenic potential of sodium arsenite. These enzymes catalyze the dismutation of superoxide
anions and prevent the formation of hydroxyl radicals by removal of hydrogen peroxide, respec-
tively. Therefore, catalase and SOD are capable of reducing the mutagenic potential of arsenic. This
is also consistent with other reports which reveal the ability of sodium arsenite to induce heme
oxygenase, an oxidative stress protein, and peroxidase in various human cell lines. Moreover, the
arsenite-induced occurrence of sister chromatid exchanges is reduced by SOD in cultured human
lymphocytes [16].

In mammalian liver, the methylation of arsenic to MMA and DMA occurs at a high level by an
incompletely characterized methyltransferase (Figure 3) using S-adenosylmethionine (SAM)
as a methyl donor. SAM is a global methyl donor, required for DNA methylations, and its
depletion can lead to hypomethylation of DNA resulting in alteration of gene expression like
c-Myc, c-Met, cyclin D1 and induction of carcinogenesis [17, 18].

DNA methylation is an epigenetic modification that plays an important role in controlling the
expression of various genes. Methylation generally occurs at cytosine residues located in
symmetrical CpG nucleotide sequences, and its alteration, both in the global and regional
levels, has been associated with oncogenesis. Methylation of CpG islands in the promoter
region suppresses gene expression, as 5-methylcytosine interferes with the binding of tran-
scription factors or other DNA-binding proteins causing reduced transcription. On the other
hand, promoter hypomethylation causes overexpression of associated genes. Therefore, aber-
rant DNA methylation could be an underlying epigenetic mechanism causing altered gene
expression that contributes towards the formation of cancers. This has been studied well in
hepatocytes where chronic arsenic exposure induces hepatic DNA hypomethylation, which
can potentially lead to aberrant gene expression and oncogenic growth in the liver, therefore
suggesting a plausible mechanism of hepatocarcinogenesis (major cellular effects of arsenic are
summarized in Figure 4) [18].
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smelting, mineral mining and well drilling can also mobilize and intensify arsenic into the
environment.

Microbial metabolisms like arsenate reduction, arsenite oxidation and methylation processes are
also a determining factor of the occurrence of the various arsenic oxidation states in the environ-
ment. Reduction of arsenate to arsenite by arsenate reductase enzymes is a common feature in
the microbial world, while incidences of oxidation of arsenite to arsenate have also been reported
in contaminated environments. These reactions also contribute to the protective and/or energy
metabolisms of the bacteria from various arsenic-induced stress conditions (Figure 2) [12, 13].

3. Cellular mechanisms of arsenic toxicity

The levels of ROS play a key role in normal cell signaling, and its alteration can result in
aberrant expression of genes that are activated by redox mechanisms. Notably, genes associ-
ated with redox mechanisms include those regulating cellular proliferation, differentiation and
apoptosis. The consequences of ROS production can further lead to DNA damage which typi-
cally involves the conversion of 2-deoxyguanine to 8-hydroxyl-20-deoxyguanosine (8-OHdG),

Figure 2. Biogeochemical cycle of arsenic.
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which is considered as a marker indicating oxidative stress of DNA. Arsenic was capable of
inducing specific DNA lesions consistent with oxidative damage like 8-OHdG generation.
Moreover, 8-OHdG has also been detected in the skin of patients with arsenic-related Bowen’s
disease and in the liver of rats exposed to dimethylarsinic acid (DMAV). These results indicate
that ROS generation is a major pathway for arsenic-mediated genotoxicity in mammalian cells
[14, 15].

Glutathione and other aminothiols such as cysteine and cysteamine comprise the non-protein
sulfhydryls (NPSHs) in a cell and have significant free radical scavenging abilities. Therefore,
depletion of intracellular glutathione levels is known to have an effect on arsenic mutagenesis.
Studies have shown that pretreatment of cells with an inhibitor of glutathione biosynthesis
(buthionine sulfoximine) reduces NPSH levels in the cell, resulting in enhancement of both the
cytotoxicity and mutagenicity of arsenic. In contrast, glutathione and cysteine pretreatments
are capable of protecting mammalian cells against the toxic effects of arsenite [16].

In a similar way, various antioxidants also have a significant effect on arsenic-induced genotoxicity.
The balance between the rate of generation of free radicals and the rate of their removal by various
antioxidant enzymes dictates the deleterious effect of oxidative stress. Enzymes like superoxide
dismutase (SOD) and catalase are capable of partially suppressing both the toxicity and the
mutagenic potential of sodium arsenite. These enzymes catalyze the dismutation of superoxide
anions and prevent the formation of hydroxyl radicals by removal of hydrogen peroxide, respec-
tively. Therefore, catalase and SOD are capable of reducing the mutagenic potential of arsenic. This
is also consistent with other reports which reveal the ability of sodium arsenite to induce heme
oxygenase, an oxidative stress protein, and peroxidase in various human cell lines. Moreover, the
arsenite-induced occurrence of sister chromatid exchanges is reduced by SOD in cultured human
lymphocytes [16].

In mammalian liver, the methylation of arsenic to MMA and DMA occurs at a high level by an
incompletely characterized methyltransferase (Figure 3) using S-adenosylmethionine (SAM)
as a methyl donor. SAM is a global methyl donor, required for DNA methylations, and its
depletion can lead to hypomethylation of DNA resulting in alteration of gene expression like
c-Myc, c-Met, cyclin D1 and induction of carcinogenesis [17, 18].

DNA methylation is an epigenetic modification that plays an important role in controlling the
expression of various genes. Methylation generally occurs at cytosine residues located in
symmetrical CpG nucleotide sequences, and its alteration, both in the global and regional
levels, has been associated with oncogenesis. Methylation of CpG islands in the promoter
region suppresses gene expression, as 5-methylcytosine interferes with the binding of tran-
scription factors or other DNA-binding proteins causing reduced transcription. On the other
hand, promoter hypomethylation causes overexpression of associated genes. Therefore, aber-
rant DNA methylation could be an underlying epigenetic mechanism causing altered gene
expression that contributes towards the formation of cancers. This has been studied well in
hepatocytes where chronic arsenic exposure induces hepatic DNA hypomethylation, which
can potentially lead to aberrant gene expression and oncogenic growth in the liver, therefore
suggesting a plausible mechanism of hepatocarcinogenesis (major cellular effects of arsenic are
summarized in Figure 4) [18].
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Estrogens are considered to be liver carcinogens in rodents and are suspected to cause carci-
nogenesis in humans [19]. Evidence suggests that they cause hepatocellular proliferation and
aberrant mitogenesis through ER-mediated mechanisms in addition to the likelihood that they
confer epigenetic modifications. Hypomethylation of estrogen receptor-α (ER-α) promoter
region caused by arsenic exposure and ER-α overexpression have been found to trigger
associated formation of proliferative lesions and hepatocellular carcinogenesis. Therefore,
chronic arsenic exposure causes overexpression of ER-α creating hypersensitivity of hepatic
cells to endogenous steroids. As evidenced by microarray analysis, various cell cycle-
regulating genes like cyclin D1, cyclin D2 and cyclin D3 were overexpressed on exposure to
arsenic. Liver cells that acquired malignant properties upon arsenic treatment also showed
cyclin D1 overexpression. In addition, this overexpression had a direct effect on the observed
malignant transformation, as selective cyclin D1 overexpression in the liver was sufficient
enough to initiate hepatocellular carcinogenesis. Cyclin D1 can, therefore, be considered as a
hepatic oncogene. Cyclin D1 is also known to be upregulated transcriptionally by various
growth factors which potentially include estrogens. In estrogen-responsive tissues like the liver
and uterus, proliferative lesions and co-overexpression of ER-α and cyclin D1 after chronic
arsenic exposure are reported. Cyclin D1 activation by arsenic may be a secondary effect to ER-
α overexpression as cyclin D1 is potentially an ER-α-linked gene. Therefore, we can expect that
aberrant expression of cyclin D1 along with that of other oncogenes leads to carcinogenic

Figure 3. A homology model for arsenite methyltransferase from humans (AS3MT_HUMAN) showing arsenic bound to
Cys residues. PDB ID: 5EVJ with 42% sequence identity spanning residues 38–327 was used to build the model. The
coordinates were downloaded from https://swissmodel.expasy.org/repository/uniprot//Q9HBK9 and refined to introduce
the arsenic atom.
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transformation. Altogether, cyclin D1 overexpression was seen upon arsenic exposure in mul-
tiple in vitro and in vivo model systems of arsenic carcinogenesis, which includes skin and
bladder cancers in rodents. Thus, under conditions of arsenic-induced carcinogenesis,
overexpression of cyclin D1 is observed consistently [18–20].

In mouse lung tissue, reduced expression of proteins associated with cellular migration was
observed when exposed to low dose of arsenic. On lung tissue of mice fed low-dose arsenic,
changes in extracellular matrix (ECM) protein expression and a large increase in matrix
metalloproteinase (MMP)-9 expression were revealed [21]. MMPs are responsible for ECM deg-
radation among other proteolyses. MMP-9 is the most prominently studied MMP in the lung and
has been associated with a variety of lung diseases [22]. An increase in the ratio of MMP-9 to
tissue inhibitor of matrix metalloproteinase (TIMP)-1 was observed under low-level arsenic expo-
sure [23]. This imbalance between MMP-9 and TIMP-1 can cause changes in epithelial wound
response, thereby contributing to the progression of airway remodeling. Altered wound response
is partly due to increased secretion and activity, upon increasing concentration of arsenic. There-
fore, arsenic ingestion may alter wound response and, specifically, MMP-9/TIMP-1 ratios in the
lung. To conclude, arsenic is capable of causing or exacerbating lung diseases by directly affecting
signaling pathways involved in cell migration and remodeling of the airway [24].

Studies have revealed that both c-Jun NH2-terminal kinases (JNKs) and extracellular signal-
regulated protein kinases (Erks) are activated by arsenite, with their activation varying tempo-
rally and depending on the dosage. Various results also indicate that Erk activation but not JNK
activation is required for arsenite-induced cell transformation. Expression of the dominant-
negative mutant JNK1 blocked induction of apoptosis by arsenite or arsenate compared with

Figure 4. Cellular effects of arsenic toxicity.
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Estrogens are considered to be liver carcinogens in rodents and are suspected to cause carci-
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transformation. Altogether, cyclin D1 overexpression was seen upon arsenic exposure in mul-
tiple in vitro and in vivo model systems of arsenic carcinogenesis, which includes skin and
bladder cancers in rodents. Thus, under conditions of arsenic-induced carcinogenesis,
overexpression of cyclin D1 is observed consistently [18–20].

In mouse lung tissue, reduced expression of proteins associated with cellular migration was
observed when exposed to low dose of arsenic. On lung tissue of mice fed low-dose arsenic,
changes in extracellular matrix (ECM) protein expression and a large increase in matrix
metalloproteinase (MMP)-9 expression were revealed [21]. MMPs are responsible for ECM deg-
radation among other proteolyses. MMP-9 is the most prominently studied MMP in the lung and
has been associated with a variety of lung diseases [22]. An increase in the ratio of MMP-9 to
tissue inhibitor of matrix metalloproteinase (TIMP)-1 was observed under low-level arsenic expo-
sure [23]. This imbalance between MMP-9 and TIMP-1 can cause changes in epithelial wound
response, thereby contributing to the progression of airway remodeling. Altered wound response
is partly due to increased secretion and activity, upon increasing concentration of arsenic. There-
fore, arsenic ingestion may alter wound response and, specifically, MMP-9/TIMP-1 ratios in the
lung. To conclude, arsenic is capable of causing or exacerbating lung diseases by directly affecting
signaling pathways involved in cell migration and remodeling of the airway [24].

Studies have revealed that both c-Jun NH2-terminal kinases (JNKs) and extracellular signal-
regulated protein kinases (Erks) are activated by arsenite, with their activation varying tempo-
rally and depending on the dosage. Various results also indicate that Erk activation but not JNK
activation is required for arsenite-induced cell transformation. Expression of the dominant-
negative mutant JNK1 blocked induction of apoptosis by arsenite or arsenate compared with

Figure 4. Cellular effects of arsenic toxicity.
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vector-transfected JB6 cells, indicating the role of activation of JNKs in arsenic-induced apoptosis.
Studies have found that both arsenite and arsenate can cause transactivation of activation
protein-1 (AP-1). Since increased activation of AP-1 by arsenite could be inhibited by either
treating cells with MAP kinase Erk kinase (MEK)1 inhibitor or overexpression of dominant-
negative protein kinase C α (PKCα), this induction appears to occur through activation of
mitogen-activated protein (MAP) kinases and PKC. Moreover, in AP-1-luciferase reporter trans-
genic mice, transactivation of AP-1 was caused by both arsenite and arsenate. Recent data also
indicates that PKC, upstream from the MAP kinases, may be involved in mediating arsenite-
induced signal transduction. Activation of PKC requires it to be translocated from the cytosol to
the membrane, and this phenomenon is observed within 15 minutes when cells are treated with
arsenite. Moreover arsenite-induced AP-1 activity, phosphorylation of Erks, JNKs and p38 kinase
were blocked once PKC activation was inhibited. These results suggest that PKC plays a critical
role in arsenite-induced activation of MAP kinases [25, 26].

Nuclear factor kappa B (NF-κB) is a rapidly induced stress-responsive transcription factor that
may play an important role in arsenic-induced signal transduction, cell transformation and
apoptosis [27]. Reports suggest that in arsenic-induced oxidative stress, H2O2 and superoxide
are the predominant reactive species in endothelia cells and may be the mediators for the
activation of the NF-κB pathway. It was also shown that arsenic could induce activation of
NF-κB in different cell culture models. Expression of a dominant-negative inhibitory kappa-Β-
α blocked arsenic-induced activation of NF-κB and apoptosis [26].

4. Arsenic binding to proteins

The trivalent arsenite has a tendency to bind to sulfhydryl groups. The cysteine residues are a
direct target of arsenite in proteins and peptides [28]. The chemical reaction involved in arsenic
binding to cysteines has been well recognized. Some of the chemicals like arsine halides used
in warfare during the First World War owe their toxicity to their ability of binding to protein
dithiols. To defy the toxic effects of such warfare agents, the British government approved the
use of β-chlorovinyldichloroarsine (dithioglycerol) which has the ability to form stable com-
plexes with arsenic. The competitive binding of arsenic to dithioglycerol rescues cellular pro-
teins from binding to arsenic [29, 30].

Arsenic affinity for proteins can result in conformational changes in the protein and loss of
protein–protein and protein-DNA interactions. Escherichia coli consists of a repressor protein
ArsR in which each subunit within its α-helix contains two cysteine residues. The unraveling
of this α-helix is required in order to accommodate trivalent arsenite for binding to the protein.
The unraveling of the helix causes the conformational change in the protein that dissociates
ArsR from DNA resulting in induction of gene expression. Arsenite binds to three cysteine
(Cys32, Cys34 and Cys37) residues in ArsR, where Cys32 and Cys37 are present in the α-helix
of the DNA-binding sites (Figure 5). The Cys residues in the protein are located in such a way
that arsenite is unable to bind unless the protein unwinds for a conformational change [31].
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4.1. Binding sites of arsenic in proteins

Cysteine and histidine residues are thought to be the most frequent targets of metals like
zinc, copper and iron resulting in such metals binding to peptides and proteins [32, 33].
However, the binding of arsenic to histidine is not well understood and is yet to be
established. There is no change in nuclear magnetic resonance (NMR) spectra once arsenic
was added to a buffered solution of histidine signifying the absence of interaction between
histidine and arsenic [34]. Many studies have also used site-directed mutagenesis to replace
cysteine residues with serine residues on the reason that interaction between arsenic and
serine is very weak. Arsenic is however known to bind to zinc finger protein in C3H1 motif
and not in C2H2 motif, releases zinc, and thus decreases the capacity of the protein to bind to
DNA. Selenocysteine—a cysteine analogue—also has the ability to bind to arsenic species.
This amino acid is present in selenoproteins and has a lower pKa which increases nucleophi-
licity. The amino acid residues in the vicinity of cysteine (or selenocysteine) act as proton
donors [35–37].

Studies with some enzymes reveal that serine residues can be potential targets of arsenic
species, thereby inhibiting their function. It was found that in serine hydrolases and the arsenic
moieties interacting with hydroxyl containing serine, pentavalent forms of arsenic rather than
trivalent forms were prevalent. The complex between the serine residue and the pentavalent
arsenic consists of a tripartite oxyanion hole in the proximity of the active site [38].

Figure 5. A homology model for arsenical resistance operon repressor protein from E. coli (ARSR_ECOLI) showing
arsenic bound to Cys residues. PDB ID: 1SMT with 40% sequence identity spanning residues 8–90 was used to build the
model. The coordinates were downloaded from https://swissmodel.expasy.org/repository/uniprot//P37309 and refined to
introduce the arsenic atom.
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NF-κB in different cell culture models. Expression of a dominant-negative inhibitory kappa-Β-
α blocked arsenic-induced activation of NF-κB and apoptosis [26].
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ArsR in which each subunit within its α-helix contains two cysteine residues. The unraveling
of this α-helix is required in order to accommodate trivalent arsenite for binding to the protein.
The unraveling of the helix causes the conformational change in the protein that dissociates
ArsR from DNA resulting in induction of gene expression. Arsenite binds to three cysteine
(Cys32, Cys34 and Cys37) residues in ArsR, where Cys32 and Cys37 are present in the α-helix
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that arsenite is unable to bind unless the protein unwinds for a conformational change [31].
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4.2. Arsenic binding to specific proteins

4.2.1. Arsenic binding to hemoglobin

Arsenic species are cleared from the blood immediately in humans, but the time of clearance of
arsenic from animal species varies noticeably. The retention of arsenic in rat blood is longer
when compared with other species. Arsenic has been found to bind to transferrin in hemodi-
alysis patients [39]. Hemoglobin in red blood cells (RBCs) were predicted to be the sites of
arsenic accumulation, because hemoglobin constitutes 97% of dry weight of RBCs [40]. The
affinity of hemoglobin in rat liver is much higher in rats as compared with humans. The rat
and human hemoglobins are tetramers, each consisting of two α-chains and two β-chains. The
difference lies in the number of the cysteine residues with rat hemoglobin consisting of three
cysteines (Cys111, Cys104 and Cys13) in α-chain, while two cysteines (Cys125 and Cys93) in β-
chain. On the other hand, human hemoglobin has only one cysteine in α-chain and two
cysteines in β-chain [3].

4.2.2. Arsenic binding to glutathione

The metabolism of arsenic in the cells involves the reduction of pentavalent arsenic to trivalent
arsenic. This reaction consists of a redox cycle involving a bio-thiol (glutathione) with the produc-
tion of a tris-glutathionyl-arsenite species. The multiple methylations of arsenite by S-adenosyl-
methionine to the generation of trimethylarsine (hemolytic toxin) also involve glutathione.
Glutathione presence in the intermediate conjugate forms of methylated arsenic species helps
these molecules to be removed from the cells by the multidrug-resistant proteins (having ATP-
binding cassette). Dimethylarsinic acid (carcinogenic end-metabolite) also reacts with glutathione
having a high cytolethal effect on cells. Moreover, various enzymes and regulatory elements can
contribute to the arsenic biotransformation by contributing individual or multiple cysteine thiol
groups in vicinity in proteins, for example, thiol groups required for catalytic activity [41].

4.2.3. Arsenic binding to metallothioneins

Metallothioneins are expressed by various organisms including bacteria, fungi, plants and
vertebrates. They belong to a protein family of ubiquitous nature characterized by low molec-
ular weight, high metal and cysteine content. They are capable of binding essential metal ions
(zinc, copper) and toxic heavy metals (arsenic, cadmium).

Studies have revealed that bioaccumulation of arsenic in seaweed species Fucus vesiculosus is
achieved through the binding of arsenite to the cysteine-rich metallothioneins. Moreover,
arsenic is also known to bind to mammalian metallothioneins in rabbit and human species. It
is present abundantly in the kidneys and liver of mammals. Further studies on human
metallothioneins were consistent with the hypothesis that arsenite has a binding preference
for three vicinal thiol groups, with α and β domain of human metallothionein containing 11
and 9 cysteines, respectively. All the 9 cysteines were involved in binding to three arsenite
molecules in β domain, while in the case of α domain, only 9 out of 11 cysteine residues were
involved in binding to three arsenites. This leaves two cysteine residues protonated with no
fourth arsenite engaged in binding [42, 43].
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4.2.4. Arsenic binding to ArsD As(III) metallochaperone

Arsenic being the most common toxic element in the environment has resulted in the evolution
of arsenic detoxifying mechanisms in nearly all organisms. In archaea and bacteria, trivalent
metalloids like arsenite are pumped out of the cell by ArsAB ATPases encoded by various ars
operons. Three conserved cysteine residues (Cys12, Cys13 and Cys18) are required for the
chaperone activity of ArsD. ArsD also helps to increase the arsenite affinity of Ars A enabling
the detoxification of arsenite, even at low concentrations. In the case of ArsA, there are two
cysteines (Cys113 and Cys422) in the high affinity metalloid-binding site along with the third
cysteine that participates in activation of ATP hydrolysis. In the absence of arsenite, a low
basal rate of ATPase activity is shown by ArsA [44].

4.2.5. Arsenic binding to other proteins

Trivalent arsenic species are also known to bind to other proteins like actin, tubulin, estrogen
receptor and glucocorticoid receptors. Arsenite can bind to Kelch-like ECH-associated protein
1 (KEAP 1). This is a major antioxidant-sensing protein which acts at low Kd values. One of the
most common motifs present in many proteins consists of two cysteine residues separated by
two amino acids (CXXC). The presence of cysteine residues increases with increasing complex-
ity of the organisms, making humans vulnerable to arsenic toxicity because of the high affinity
of arsenic for cysteine residues.

One such important cell surface protein consisting of highly conserved cysteine residues is
connexin 43 (Cx43)—a widely expressed gap junctional protein important for cell death,
proliferation and differentiation [45]. Cx43 has nine Cys residues, six of which are in the
extracellular domain and three in the intracellular domain. Six connexin monomers form a
hemichannel called connexin. In the plasma membrane, one connexin can dock to another
connexin in the plasma membrane of an adjacent cell resulting in the formation of complete
gap junction channel. A hemichannel formed by single type of connexin isoforms is called
homomeric hemichannel or consists of multiple types of isoforms called heteromeric
hemichannel. Two identical homomeric or heteromeric hemichannels dock to form a
homotypic channel, and two different homomeric or heteromeric hemichannels dock to form
a heterotypic channel (Figure 6). Recent in silico studies (Hussain et al., manuscript communi-
cated) in combination with cellular and biochemical analysis revealed insights into the binding
modes of arsenite to conserved Cys groups in Cx43. In Cx43, As+3 can be bound to three
cysteines in the intracellular domain in a monovalent fashion as they are free cys, while it can
bind the extracellular domain cysteines in either monovalent, divalent or trivalent fashion
depending on the state and location of the protein in the cell. Arsenite ion (As+3) can attack
the free sulfhydryl group until all the valencies of the As+3 are satisfied by covalent bonding to
the sulfur from the cys residues. This profoundly affects the Cx43 primary, secondary, tertiary
and the quaternary structure. This study is the first of its kind which shows that arsenic can
directly bind to Cx43 via its highly conserved cysteine residues causing misfolding of Cx43,
which leads to alteration of transportation, localization and oligomerization of Cx43. Further
experiments revealed that Cx43 was colocalizing with ER marker (calnexin), revealing the
inability of Cx43 to be transported beyond endoplasmic reticulum/endoplasmic reticulum
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4.2.4. Arsenic binding to ArsD As(III) metallochaperone

Arsenic being the most common toxic element in the environment has resulted in the evolution
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metalloids like arsenite are pumped out of the cell by ArsAB ATPases encoded by various ars
operons. Three conserved cysteine residues (Cys12, Cys13 and Cys18) are required for the
chaperone activity of ArsD. ArsD also helps to increase the arsenite affinity of Ars A enabling
the detoxification of arsenite, even at low concentrations. In the case of ArsA, there are two
cysteines (Cys113 and Cys422) in the high affinity metalloid-binding site along with the third
cysteine that participates in activation of ATP hydrolysis. In the absence of arsenite, a low
basal rate of ATPase activity is shown by ArsA [44].
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most common motifs present in many proteins consists of two cysteine residues separated by
two amino acids (CXXC). The presence of cysteine residues increases with increasing complex-
ity of the organisms, making humans vulnerable to arsenic toxicity because of the high affinity
of arsenic for cysteine residues.
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proliferation and differentiation [45]. Cx43 has nine Cys residues, six of which are in the
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hemichannel called connexin. In the plasma membrane, one connexin can dock to another
connexin in the plasma membrane of an adjacent cell resulting in the formation of complete
gap junction channel. A hemichannel formed by single type of connexin isoforms is called
homomeric hemichannel or consists of multiple types of isoforms called heteromeric
hemichannel. Two identical homomeric or heteromeric hemichannels dock to form a
homotypic channel, and two different homomeric or heteromeric hemichannels dock to form
a heterotypic channel (Figure 6). Recent in silico studies (Hussain et al., manuscript communi-
cated) in combination with cellular and biochemical analysis revealed insights into the binding
modes of arsenite to conserved Cys groups in Cx43. In Cx43, As+3 can be bound to three
cysteines in the intracellular domain in a monovalent fashion as they are free cys, while it can
bind the extracellular domain cysteines in either monovalent, divalent or trivalent fashion
depending on the state and location of the protein in the cell. Arsenite ion (As+3) can attack
the free sulfhydryl group until all the valencies of the As+3 are satisfied by covalent bonding to
the sulfur from the cys residues. This profoundly affects the Cx43 primary, secondary, tertiary
and the quaternary structure. This study is the first of its kind which shows that arsenic can
directly bind to Cx43 via its highly conserved cysteine residues causing misfolding of Cx43,
which leads to alteration of transportation, localization and oligomerization of Cx43. Further
experiments revealed that Cx43 was colocalizing with ER marker (calnexin), revealing the
inability of Cx43 to be transported beyond endoplasmic reticulum/endoplasmic reticulum
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Golgi intermediate compartment (ER/ERGIC) (Hussain et al., manuscript communicated). This
loss of Cx43 composed of functional gap junctions on the cell surface has deleterious effect on
cellular homeostasis (Figure 7).

Arsenic is considered a group 1 carcinogen by the International Agency for Research on
Cancer (IARC) and causes cancers of the lung, liver and skin [46]. Gap junction intercellular
communication has been found disrupted in many tumors and malignancies. Gap junctions
are considered tumor suppressors, and the persistent downregulation of gap junction proteins
makes cells susceptible to cancer [47]. Decreased or diminished expression and/or function of
Cxs has been observed in most tumor cell lines and in solid tissue tumors, including melano-
mas. Our study revealed that arsenic causes disruption of gap junction intercellular communi-
cation both in vivo and in vitro. Arsenic is considered a weak mutagen; therefore, recent trends
in the field have focused on deciphering the role of non-mutagenic pathways like cell–cell
communication in arsenic-induced cancer. Our study revealed that arsenic induces disruption
of gap junctions which are considered as tumor suppressors, thereby putting forward new non-
mutagenic pathways which may be altered during the course of arsenic-induced carcinogenesis.

Figure 6. Hierarchy of structures involved in the formation of gap junction intercellular communication (GJIC).
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Another such important cellular factor involved in cellular stress is DJ-1. DJ-1 is a 20KDa,
homodimeric protein containing a nucleophilic elbow forming the active site of the protein.
There are three important and conserved cysteine residues (Cys46, Cys53 and Cys106) in the
DJ-1 protein, of which Cys53 and Cys106 are exposed. Cys106 has been found to be a promi-
nent player in the nucleophilic groove that binds to divalent ions like zinc (II), copper (II) [48]
and mercury [49] in vitro. Interaction with metal ions might be a possible mechanism of DJ-1-
mediated cellular protection against metal-induced toxicity. Arsenic in the form of arsenite (As
(III)) has been found to interact with three thiol group of cysteine residues [3]. Therefore, there
is a possibility that arsenic binds to the nucleophilic groove in the homodimer of DJ-1. Oxida-
tion state of the Cys106 is one of the determining factors behind the activity of the protein.
Cysteine has the propensity to bind to three oxygen atoms resulting in the formation of the
three forms—SOH, SO2H and SO3H. The presence of the SOH and SO2H form activates the
protein causing its translocation into the nucleus. Upon activation, DJ-1 regulates the activity
of several transcription factors like nuclear factor erythroid 2-related factor 2 (Nrf2),
polypyrimidine tract-binding protein-associated splicing factor (PSF) and sterol regulatory
element-binding protein (SREBP), signal transducer and activator of transcription 1 (STAT1)
and Ras-responsive element-binding protein (RREB1). DJ-1 has been found to inhibit phospha-
tase and tensin homolog (PTEN), an inhibitor of the AKT (protein kinase B) signaling pathway,
resulting in enhanced cell proliferation. DJ-1 also functions in the sequestration of the death
domain-associated protein (DAXX) in the nucleus. DAXX is required in the cytoplasm for

Figure 7. Arsenic binding causes alteration in trafficking of connexin 43 to the cell membrane.
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providing the second activation signal to the phosphorylated apoptosis signal-regulating
kinase 1 (ASK1) protein, which then triggers the apoptotic pathway. As a result, unavailability
of DAXX in the cytoplasm hinders the initiation of the apoptotic pathway. Under condition of
excess oxidative stress, the SO3H form prevails which inactivates the protein and re-
translocates back to the cytoplasm. As a result, the entire antioxidant response regulated by
the activated DJ-1 protein is inhibited. Moreover, DAXX protein also becomes free, which then
translocates into the cytoplasm and provides the required second activation signal to the
phosphorylated ASK1 protein.

4.3. Therapeutic applications of arsenic binding to proteins

Arsenous acid [As(OH)3] formed by dissolving of arsenic trioxide (As2O3) was found to be an
effective and safe treatment for acute promyelocytic leukemia (APL) in the 1970s. The United
States Food and Drug Administration approved the use of As2O3 as a treatment for APL in
September 2000 [50]. As2O3 treatment was shown to have a dual effect on APL cells, with low
arsenic concentration (0.25–0.50 mM) favoring APL cell differentiation and high concentra-
tions (1–2 mM) inducing apoptosis (programmed cell death). Direct arsenic binding to cysteine
residues present in zinc fingers of promyelocytic leukemia fusion protein (PML-RARa) was
found to be a mechanism underlying APL remission [51]. Arsenic binding induces a confor-
mational change in the structure of the protein (PML-RARa), facilitating its oligomerization.
This oligomerization enhances ubiquitylation and SUMOylation, resulting in its degradation
[52]. Given the constant requirement for DNA and protein synthesis, thioredoxin (Trx) and
thioredoxin reductase (TrxR) are observed to be overexpressed in various tumors. Moreover,
in vivo data suggests that TrxR is necessary for the growth of tumor cells, making them
plausible targets for anticancer therapies [53].

Arsenic has been proposed to induce cell death through thioredoxin reductase (TrxR) inhibi-
tion, with both N-terminal dithiols and C-terminal selenothiol interacting with arsenic com-
pound [54]. Sensitivity of cells to arsenic can be attributed to high expression of membrane
transporter aquaglyceroporin which allows arsenite uptake, along with a low, basal level of
cellular glutathione. Multiple factors such as liver damage, cardiac toxicity and peripheral
neuropathies caused by toxicity at higher dosage of As2O3, along with bioavailability of
arsenic compounds, limit the widespread use of As2O3 against solid tumors [50].

5. Arsenic sensing

Considering the hazardous facts of arsenic, it is very important to detect arsenic both
qualitatively and quantitatively. Many conventional methods like hydride generation atomic
absorption spectrometry (HG-AAS), neutron activation analysis and X-ray analysis and
stripping voltammetry are available to determine arsenic. Though these methods are avail-
able, they are not very cost-effective and are very complex [55–59]. To determine arsenic,
easy and cost-effective methods are yet to be explored. In recent times various heavy metals
and toxic anions are detected selectively and sensitively by using optical detection tech-
niques (fluorescence and UV–Vis), which implement a viable and simple approach towards
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the detection process. Except optical (fluorescence and UV–Vis) detection methods, other
available methods need complex experimental setup; hence, they are far from ‘on-field’
application purpose. Simplicity, low-cost and ‘on-field’ application possibilities make optical
sensing technique versatile.

Optical sensors can be of different types depending upon the material used for sensing. The
first one is nanomaterial-based assays for the detection of the arsenic in different mediums.
Though the detection of arsenic is tough, but researchers are able to draw an outline about the
ligands which can bind arsenic, and these ligands can be used as a binding unit in a sensing
material which leads to either color change or change in emission spectrum. As arsenic is very
much labile towards thiol group, a bunch of thiolated ligands are reported for arsenic binding.
These ligands are dithiothreitol (DTT), reduced glutathione (GSH) and cysteine, and Figure 8
describes the chemical structure of these three ligands. Arsenic can bind with GSH and
cysteine by forming As-O bond also, if no free –SH available. Except thiolated ligands, there
are some ligands like humic acid [60] and N-(dithiocarboxy)-N-methyl-D-glucamine [61]
which can also bind As(III) by forming As-O bond. Keeping this information in mind, gold
nanoparticle-based sensors were reported for As(III) detection. The surface of the gold
nanoparticles can be modified by the thiolated ligands, which after binding with As(III)
showed a drastic color change to indicate the presence of the toxicant in the aqueous medium
[62]. Aptamer-conjugated nanoparticles are also very effective composites which can detect
arsenic in aqueous medium [63, 64] by changing the color. In all these types of detection
assays, aggregation of the nanoparticles is the predominant factor to show the color change.
Though these kinds of materials are responsive towards arsenic, but sensitivity is one of the
issues which prevent these from field effectiveness.

Both selectivity and sensitivity are important for effective detection of arsenic. Small molecules
are developed to detect different forms of arsenic in aqueous medium having good selectivity
over other toxicants as well as good sensitivity. Baglan M et al. have reported a cysteine-fused
tetraphenylethene, which can bind with As3+, and showed aggregation-induced emission as a
signal [65]. Here, also the thiol group of cysteine acts as the dominating factor for As3+ binding
and leading to the close proximity arrangement of the tetraphenylethene. More toxic As3+ can
be distinguished over less toxic As5+ using this system, and the detection limit tends to 0.5 ppb,
which is lower than the limit according to the World Health Organization (WHO) [66]. Keep-
ing besides the thiol systems, Somentah et al. have designed a simple Schiff base system which
can identify the most toxic AsO3

3� fluorometrically. ‘Off–on’ system in fluorescence is always
most exciting and effective for the detection of pollutants. In this work they have designed a
molecule which is initially not showing any fluorescence emission, but after selective addition
of AsO3

3� fluorescence, signal is turned on due to intermolecular H-bonding leading to
chelation-enhanced fluorescence (CHEF) [67]. Development of arsenic sensor is evolving year

Figure 8. Chemical structures of thiolated ligands (DTT, GSH and cysteine).
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after year due to the need of arsenic detection. A modified coumarin derivative was
documented as an As3+ sensor having a detection limit of 0.53 nM. Though the system has
excellent sensitivity, but the main drawback is its incapability of detecting As3+ in aqueous
media. So, the sensing system which can work effectively in aqueous media for the detection of
arsenic having fluorescence property is in tremendous search till date. In search of a suitable
aqueous medium arsenic sensor, an inorganic co-crystal has been reported having a unique
luminescent response to detect As(III), having a detection limit of 49 pM. But these types of
systems are not that much useful for real-life application [68]. Table 1 is prepared where
available optical sensors are summarized.

A few small molecule sensors have been explored over the years, but the ‘on-field’ application
is quite tough for small molecule sensors due to their low molecular weight and water solubil-
ity. To overcome such issues, polymeric sensing assays are developed as they have high
molecular weight, tunable solubility by introducing hydrophilic functionality, high signal
amplification and high sensitivity due to the number of more repeating units. In the field of
materials science research, polymer-based substances have high priority. For sensing of arsenic,
polymer-based sensing assay is very rare, with a few number of reports existing. A
pyridylmethyl-appended 2-aminothiophenol with 2,6-diformyl-4-methylphenol was devel-
oped, which can detect arsenate (As(v)) selectively in aqueous medium. But the interesting fact

Types of
sensors

Compounds or materials Mode of sensing with optical changes

1.Nanoparticle-
based

1. ,

2.

3.
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is that after attachment of the small molecule with polystyrene resin, the new material consists
both sensing and removal property of As(V) which is very beneficial for the treatment of As(V)
in drinking water practically [69]. All mentioned sensory assays are responding due to

Types of
sensors

Compounds or materials Mode of sensing with optical changes

2. Small
molecule-based

1.

2.

3.Polymer-
based

1.

2.

Table 1. Some available optical arsenic sensors and their mode of detections.
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interaction of host and guest. But one of the best indirect As(III) sensors is reported in recent
time. Sourav et al. reported one norbornene-derived rhodamine B, which is capable of
detecting As(III) in aqueous medium up to 200 nM concentration [70]. Here, the main domi-
nating factor is the oxidation of As(III) to As(V) in the presence of potassium iodate and
concentrated HCl. During this oxidation procedure, iodine is liberated which coordinates with
sensing molecule Nor-Rh, which leads to the colorimetric as well as fluorescence change. The
effectiveness of this work is that the polymeric material of Nor-Rh can be used to make paper
strip which will help to detect As(III) in real environmental samples. A cartoon representation
is given in Figure 9 to demonstrate the color change of polymer-coated paper strip with and
without As(III).

In summary, though few reports are available for efficient detection of arsenic in aqueous
mediumwith high sensitivity, research community continuously tries to develop sensory assay
for ‘on-field’ application, with a tremendous impact in detection of arsenic in environmental
samples with ease and real-life application.

6. Conclusion

Arsenic, having a high reactivity with cellular contents, can have diverse and deleterious effects
on the cells. One of the important players of arsenic-induced toxicity is the generation of ROS,
which can lead to DNA damage and lipid peroxidation. Another important effect is the arsenic
exposure that causes the depletion of methyl groups in cellular milieu. Hypomethylation of
promoter regions can lead to overexpression of genes which play a key role in cell proliferation,
differentiation and apoptosis. Asmentioned earlier, DNA hypomethylation upregulates receptors
like ER-α making the cells more sensitive towards endogenous steroids. Arsenic is reported to
activate PKC which activates MAPK pathway leading to the activation of various transcription
factors like AP-1. AP-1 is considered as a crucial player in regulation of cell proliferation, differ-
entiation and apoptosis. Arsenic effects extracellular matrix through upregulation of MMPs
resulting in degradation of extracellular matrix having consequences in cellular migration, angio-
genesis, proliferation and apoptosis. The biological effects of arsenic are so diverse that multiple

Figure 9. Cartoon representation to demonstrate change in color of PNor-Rh-coated paper strip in the absence and
presence of As(III).
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mechanisms have been proposed for the toxicity of the arsenic. The mechanisms involved in the
arsenic-induced carcinogenesis are also diverse and complicated. DJ-1 is a multifunctional protein
that is activated upon cellular stress response. Most of the studies on DJ-1 protein are related to
oxidative stress, although implication of its activity in ER stress response has been shown. The
interaction of arsenic with sulfhydryl groups in proteins is considered one of the principal
mechanisms which triggers the cellular responses. The binding of trivalent arsenicals to thiols in
intracellular and cell surface proteins often results in aberrations of normal cellular processes
including alteration of cell–cell communication. Cell–cell communication mediated by connexins,
especially Cx43, the most commonly expressed connexin in different cell types, is also disrupted
by arsenic binding to its highly conserved cysteine residues. In general, the effect of direct binding
of arsenic species to enzyme activity cannot be ruled out in toxicity-related investigations, where
other factors like the reactive oxygen species are often implicated. Newmethodologies are needed
to analyze the health effects of arsenic and how people cope with the socioeconomic conse-
quences of the disease. Arsenic toxicity being a global phenomenon constitutes a major public
health issue, and therefore an intense research is warranted.
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interaction of host and guest. But one of the best indirect As(III) sensors is reported in recent
time. Sourav et al. reported one norbornene-derived rhodamine B, which is capable of
detecting As(III) in aqueous medium up to 200 nM concentration [70]. Here, the main domi-
nating factor is the oxidation of As(III) to As(V) in the presence of potassium iodate and
concentrated HCl. During this oxidation procedure, iodine is liberated which coordinates with
sensing molecule Nor-Rh, which leads to the colorimetric as well as fluorescence change. The
effectiveness of this work is that the polymeric material of Nor-Rh can be used to make paper
strip which will help to detect As(III) in real environmental samples. A cartoon representation
is given in Figure 9 to demonstrate the color change of polymer-coated paper strip with and
without As(III).

In summary, though few reports are available for efficient detection of arsenic in aqueous
mediumwith high sensitivity, research community continuously tries to develop sensory assay
for ‘on-field’ application, with a tremendous impact in detection of arsenic in environmental
samples with ease and real-life application.

6. Conclusion

Arsenic, having a high reactivity with cellular contents, can have diverse and deleterious effects
on the cells. One of the important players of arsenic-induced toxicity is the generation of ROS,
which can lead to DNA damage and lipid peroxidation. Another important effect is the arsenic
exposure that causes the depletion of methyl groups in cellular milieu. Hypomethylation of
promoter regions can lead to overexpression of genes which play a key role in cell proliferation,
differentiation and apoptosis. Asmentioned earlier, DNA hypomethylation upregulates receptors
like ER-α making the cells more sensitive towards endogenous steroids. Arsenic is reported to
activate PKC which activates MAPK pathway leading to the activation of various transcription
factors like AP-1. AP-1 is considered as a crucial player in regulation of cell proliferation, differ-
entiation and apoptosis. Arsenic effects extracellular matrix through upregulation of MMPs
resulting in degradation of extracellular matrix having consequences in cellular migration, angio-
genesis, proliferation and apoptosis. The biological effects of arsenic are so diverse that multiple

Figure 9. Cartoon representation to demonstrate change in color of PNor-Rh-coated paper strip in the absence and
presence of As(III).
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mechanisms have been proposed for the toxicity of the arsenic. The mechanisms involved in the
arsenic-induced carcinogenesis are also diverse and complicated. DJ-1 is a multifunctional protein
that is activated upon cellular stress response. Most of the studies on DJ-1 protein are related to
oxidative stress, although implication of its activity in ER stress response has been shown. The
interaction of arsenic with sulfhydryl groups in proteins is considered one of the principal
mechanisms which triggers the cellular responses. The binding of trivalent arsenicals to thiols in
intracellular and cell surface proteins often results in aberrations of normal cellular processes
including alteration of cell–cell communication. Cell–cell communication mediated by connexins,
especially Cx43, the most commonly expressed connexin in different cell types, is also disrupted
by arsenic binding to its highly conserved cysteine residues. In general, the effect of direct binding
of arsenic species to enzyme activity cannot be ruled out in toxicity-related investigations, where
other factors like the reactive oxygen species are often implicated. Newmethodologies are needed
to analyze the health effects of arsenic and how people cope with the socioeconomic conse-
quences of the disease. Arsenic toxicity being a global phenomenon constitutes a major public
health issue, and therefore an intense research is warranted.
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