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Chapter 1

Heavy Metal Removal Techniques 
Using Response Surface 
Methodology: Water/Wastewater 
Treatment
Muharrem Ince and Olcay Kaplan Ince

Abstract

Advanced water/wastewater treatment techniques including ion exchange 
 separation, filtration separation, and adsorption are essential in the removal of non-
biodegradable toxic wastes from water. In the current study, removal of heavy metal 
ions from water/wastewater and the use of response surface methodology (RSM) for 
experimental optimization were examined thoroughly. The objective of this work was 
to summarize the removal of heavy metal ions from water/wastewater using various 
chemical techniques and to emphasize the superiority of RSM in these studies.

Keywords: response surface methodology, water, chemical techniques, toxic wastes, 
optimization

1. Introduction

Due to the vital role of water for humanity, it is necessary to improve and 
maintain its quality. Environmental and global changes especially industrial 
wastes and domestic and agricultural activities are the main water pollution 
source. Worldwide, several water resources even underground water resources 
are contaminated, and they are not a suitable quality for drinking. Because of the 
rising living standards, growing world population, unconscious water consump-
tion, and urbanization lead to increasing water supply costs. In most cases, as it 
contains different and large number of pollutants, wastewater lead to ecosystem 
hazards for being released around without being processed. So a few decades 
later, the world could face a major problem with freshwater supply [1]. In the 
past, very little financial resources have been allocated for wastewater because 
water supply received more priority than wastewater treatment (WWT). But, 
because of the increasing rapid population growth and trends in urbanization, 
WWT plays an important role in human life. Recently, because of the impact of 
sewage contamination of groundwater, rivers, and lakes, the growing awareness 
of wastewater treatment is now receiving greater attention from researchers and 
environmentalists. Research study results revealed that WWT, which is managed 
appropriately, has a large share in the growing economy when water resources 
treatment and supply are done in an appropriate manner [2, 3]. Safe, reliable, 
and sustainable treated WWT strategies have a vital role because of several 
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challenges including adoption of low-cost WWT technologies. To prevent the 
spread of diseases, WWT systems are crucial, and they should have high levels 
of hygienic standards for reuse in agricultural and other areas. Lack of WWT 
can lead to environmental pollution, and it may cause a hazardous effect for the 
health of humans. To improve global health and to prevent spread of disease, 
reliable collection and treatment of wastewater are very important. Wastewater 
treatment and their reuse need innovative and appropriate technologies. Recently, 
WWT technologies including electrochemical technologies have regained their 
importance worldwide. In some cases, the electrochemical mechanism for metal 
recovery is very simple. These technologies have reached comparably with other 
technologies in terms of cost and efficiency [4]. Economic issues besides environ-
mental and social aspects must be considered when choosing the most appropri-
ate WWT method [5, 6]. All scientists and environmentalists desire widespread 
recognition of the need to implement more sustainable WWT techniques. 
Wastewater treatment technologies follow two main approaches: first is the 
development of a single indicator integrating different criteria and second is the 
development of a set of multidisciplinary indicators [7, 8]. When large volumes of 
treated wastewater contain low concentrations of chemical constituent discharge-
receiving water body, it may still lead to water quality problem. Discharges from 
industrial activities have been identified as one of the major sources of aquatic 
pollution in industrialized countries. After 1990, to remove toxic pollutants in 
wastewater, scientists focused on persistent organic pollutants including PCBs, 
PAHs, and especially heavy metals due to destructive effects [9, 10]. People’s anxi-
eties also increase because of pollutions caused by heavy metals. Pollutions caused 
by heavy metals spread into the aqueous systems from many industries such as 
metal plating and smelters, eluents from plastics, mining, and textile industries 
[11]. Toxic heavy metals including mercury and chromium are discharged to the 
environment, and unfortunately they cannot biodegrade in nature [12, 13]. Heavy 
metals can be traveled through the food chain via bioaccumulation, the increase 
of heavy metals in human body causes some major diseases like brain, pancreas, 
and heart diseases, and they can lead to wide spread capillary damage and gas-
trointestinal irritation besides possibly necrotic changes in some tissue [14]. Even 
at low concentrations, heavy metals can cause serious toxic and harmful effects 
on the organism and the environment. The World Health Organization (WHO) 
limited heavy metal concentrations. Such as in drinking water, maximum accept-
able limit of copper concentration is offered as 1.5 mg L−1, when the limit concen-
trations of metals containing hazardous waste are different [15, 16]. Ion exchange, 
extraction, membrane filtration, and chemical precipitation especially adsorption 
techniques have been applied to remove heavy metals; on the other hand, gener-
ally adsorption technique is one of the most chosen method because of its simplic-
ity, nontoxicity, cost-effectiveness, and local availability to remove toxic heavy 
metals from aqueous medium [12, 17–19]. In addition, heavy metal removal from 
different samples by natural adsorbents using adsorption is in the most appropri-
ate technique, and the use of natural adsorbents has been the preferred choice for 
many researchers [20, 21]. In large number of studies, activated carbon, carbon 
nanotubes, clays, nanosized metal oxides, zeolites, and various biosorbents were 
used. However, statistical and optimization research using RSM with CCD or 
Box-Behnken design about heavy metal removal under various physicochemical 
parameters is restricted and very rare. Although numerous studies are in literature 
about heavy metal removal sorption using different materials, there are very little 
studies with the application of WWT using methodological approach. Classical 
and conventional methods cannot depict all factor combinations, which affect the 
experiment. At the same time, these methods take a lot of time to experiment for 
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the determination of the optimum levels. Limitations can be eliminated using a 
statistical experimental design, which is optimizing all the effecting parameters 
collectively. In order for modeling of process parameters, RSM that contains a 
small number of experiments is widely used in various processes especially in 
adsorption [22]. Experimental design technique is a suitable tool for developing, 
improving, and optimizing process and multifactor experiments. It researches the 
common relationship between various factors for the most favorable conditions of 
the process, which helps to determine the interactions among optimized param-
eters [22, 23]. The primary target of RSM is to detect the optimum operational 
conditions for the system or to detect a region that compensates the operating 
specifications. The aim of this study was to present heavy metal removal from 
wastewater using RSM as a statistical technique. After discussion of wastewater 
treatment techniques as detail, several heavy metal removal methods from indus-
trial wastewater will be presented.

2. The aim of wastewater treatment

There are two aims of wastewater treatment: firstly to purify wastewater 
without harming the public health and/or causing other nuisance and secondly to 
gain energy, nutrients, water, and other valuable resources from wastewater during 
purification steps.

3. Wastewater composition

Contaminated waters contain (Figure 1) various pollutants such as nutrients, 
various chemical compounds, and numerous pathogenic microorganisms besides 
toxic compounds. Inorganic solids, organic solids, and pathogenic microor-
ganisms along with metals constitute a significant part of wastewater. While 
inorganic solids include salt, sediment, soil, and especially metals, organic solids 
contain food wastes, paper, and another household waste material. During WWT 
step, the removal of primarily organic particles especially suspended solids is 
vital prior to discharge to the environment. The proteins, lipids and carbohy-
drates are biodegradable components of wastewater. Biodegradable components 
contain carbon, and they can be converted to carbon dioxide. If these biodegrad-
able organics are not removed from the wastewater, oxygen demand will exert 

Figure 1. 
Typical wastewater composition.
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in the receiving watercourse. Biochemical oxygen demand (BOD) or chemical 
oxygen demand (COD) is typical measures of organic matter. BOD is the most 
widely used parameter to quantify organic pollution of water. BOD is the mea-
surement of the dissolved oxygen that is used by microbes in the chemical 
oxidation of organic matter.

4. Water pollutants

It is important to understand the nature of water pollutants because waste-
waters contain a large number of pollutants; however, toxicity is observed when 
the acceptable limits are exceeded. Wastewater contents depend on industrial, 
agricultural, and municipal wastewater. There are various water pollutants in 
nature, and they can be categorized as microbiological, radioactive, particu-
late, organic, and inorganic chemical contaminants. Harmful microbes such as 
viruses, fungi, bacteria, algae, plankton, and other microorganisms are basic 
components of bio-pollution in the water. These microorganisms may be respon-
sible for various diseases. Organic toxic pollutants include many insecticides 
such as dichlorodiphenyltrichloroethane, herbicides, and other pollutants were 
manufactured for use in various industries. However, heavy metals are the most 
common inorganic water pollutants. Microbiological, radioactive, particulate, 
organic, and inorganic chemical water contaminants remain either in suspended, 
colloidal, or in solvated form.

5. Wastewater treatment methods

Because of the increasing population and rapid pollution of water resources, 
WWT and reuse are an important issue. The efficient use of existing water 
resources and treatment of polluted water resources with affordable and cheap 
technologies have been the focus of scientists. WWTs are needed for three 
reasons; these are water source reduction, WWT, and recycling. Recently, during 
purification step, while primary treatment includes preliminary physical and 
chemical purification processes, secondary treatment depends on biochemical 
decomposition of organic solids to inorganic or stable organic solids. Finally, 
after the third step called tertiary treatment processes, wastewater is converted 
into good-quality water, and it can be used for drinking or medicinal supplies. 
At the end of this step, almost all of the pollutants (up to 99%) can be removed 
from water. To producing good-quality and safe water, all these three processes 
should be combined together. Otherwise, it will not be possible to obtain safe 
water from the wastewater. Many advanced methods and techniques have been 
used for the recycle of safe water from wastewater, but economic and effective 
water treatment is still a serious problem. Treatment of wastewater and recycling 
technologies have been classified (Figure 2), and it is carried out in three stages. 
They are:

• Primary treatment methods

• Secondary treatment methods

• Tertiary treatment methods

These methods are briefly described below.
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5.1 Primary treatment methods

In order to remove organic matter and suspended solids from wastewater by 
means of physical operations, for example, sedimentation and gravity separa-
tion, they are done in primary treatment stage. Preliminary treatment, which is 
described as preparation for secondary treatment, is in fact intended to produce a 
liquid waste suitable for biological treatment.

5.1.1 Screening separation method

Screening separation method is used to remove solid wastes from wastewater. 
It is the process where suspended and floating materials including wood, paper, 
kitchen refuse, pieces of cloth, cork, hair, fibers, and fecal solids are removed from 
wastewater. In a WWT, screening is generally used as the first operation step. For 
this purpose, various size screens are used, and their size is selected as per the 
requirement. Finer particles such as sand and small pebbles can be eliminated by 
using screening separation method.

5.1.2 Filtration method

About 0.1–0.5 mm pore size is used in filtration separation method, water is 
passed through a medium having fine pores, and the filtration process is completed. 
Various membranes and filters, for example, cartridges, can frequently be used to 
remove suspended solids, greases, oils, and bacteria from the wastewater. The main 
purpose of filtration separation method is to separate the small solids and remove 
oil (they can be reduced up to 99%). Filtered water is used for many purposes such 
as ion exchange, adsorption, or membrane separation processes. In pharmaceutical 
and biotechnological industries, to the production of pure water, filtration separa-
tion method has become the main focus as promising separation tool for WWT. The 
used membrane has a key role due to selectivity, low fouling, and performance 
stability for long-term operation in the filtration separation method. Because of 
these advantages, this method and its performance are becoming more and more 
important. In addition, it is one of the important enrichment techniques for trace 
heavy metal ions along with simplicity and rapidity of the procedure. For all these 
reasons, many scientists have focused on this subject to develop and use alternative 
and effective membranes [24, 25].

Figure 2. 
Wastewater treatment and recycling methods.
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5.1.3 Centrifugal separation method

This method is provided for separating components of a fluid or solid particles, 
but it is used especially for suspend solid from wastewater. Various types of cen-
trifugal machines have been used to remove suspended noncolloidal solids in the 
centrifugal separation method. To separate solids from wastewater, centrifugal 
devices with various sizes are used. Density of suspended solids is the most impor-
tant parameter when separating solid materials by centrifugation. In addition, oils 
and greases can be reduced and separated during application of centrifugal separa-
tion method.

5.1.4 Sedimentation and gravity separation method

Sedimentation and gravity separation method are based on the removal of 
suspended solids, grits, and silts from aqueous media. Suspended solid materials 
settle down to the bottom of the tank under the influence of gravity; this event may 
vary depending on solid size and density. Some chemicals can sometimes be added 
to accelerate sedimentation process. Although this method can reduce suspended 
solids only up to 60%, purification of wastes is a very useful separation applica-
tion. Water treatment in this technique can be used in many areas such as water for 
membrane filtration processes and ion exchange method. It is generally applied out 
prior to conventional treatment.

5.1.5 Coagulation method

Coagulation processes are a particularly effective cleaning method for con-
taining oil-in-water emulsions such as sea, lakes, and rivers besides most indus-
trial wastes contain especially oil or petroleum. After sedimentation and gravity 
separation method, if there are non-settleable solids in wastewater, this is called 
processing coagulation with the addition of certain chemicals to precipitate these 
non-settleable solids and non-precipitating deposits. There are some natural 
coagulants such as aluminum salts, iron materials, alum, starch, and activated 
silica and also some polymers that can be used as coagulants. In this process, 
the most important controlling factors are contact time, temperature, and 
pH. In addition, during biological treatment processes, to remove microbes and 
any organics in the water, some certain coagulants can be added. Coagulation 
processes play an important role in recycling and removing pollutants from 
wastewater.

5.1.6 Flotation method

In order to remove suspended solid including oils, greases, biological solids, 
and other solids from wastewater, flotation separation method is used. In these 
processes, suspended solids are removed by adhering them with either air or 
gas. Various chemicals like alum and activated silica are used to successfully 
apply the flotation process to wastewater because they help flotation separa-
tion method. For paper and refinery industries, flotation separation method 
is an effective method for WWT because suspended solids that oil and grease 
is can easily be removed (up to 75–99%) by these processes. Recently, to 
separate mixed plastic is too difficult using gravity separation; therefore, for 
WWT and recycling purposes, plastic flotation method has been used as 
effectively [26].
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5.2 Secondary treatment methods

Secondary treatment techniques have been used to remove soluble and insoluble 
pollutants from wastewater as biological. The main objective of this process is to 
convert the organic and inorganic solids into fluorinated residues that are finely 
divided and dissolved in the wastewater and to remove of soluble and colloidal 
organics and suspended solids besides reducing BOD and COD through biological 
process. When water has a high microbe concentration like bacterial and fungal 
strains, secondary treatment techniques should be selected for treatment because 
organic matter is converted into other products via these microbes; besides, they 
detoxify toxic inorganic matter. After this process is applied to wastewater, toxic 
organic and inorganic substances can be removed [27].

5.2.1 Aerobic separation method

In biological treatment processes, organic matter can be biodegradable by aero-
bic and facultative bacteria. Aerobic processes depend on temperature, the oxygen 
amount and availability of oxygen, and the biological activities of the bacteria. 
If bacterial growth is accelerated by adding some chemicals to the medium, the 
organic pollutant oxidation rate as biological will also be increased. Aerobic treat-
ment techniques are the most effective method for removing suspended, volatile, 
and dissolved organics, nitrates, and phosphates besides BOD and COD. Because 
of the production of a huge amount of biosolids, aerobic treatment techniques have 
a big disadvantage; however, the biodegradable organic amount can be reduced 
substantially (up to 90%) using this method.

5.2.2 Anaerobic separation method

Anaerobic decomposition, called putrefaction, occurs when free dissolved oxygen 
is not present in wastewater, and this process is called as anaerobic treatment tech-
nique. In this treatment technique, organic matters convert into other organics includ-
ing sulfur and carbon by anaerobic and facultative bacteria. There are two metabolic 
phases named acidogenic phase and methanogenic phase in the anaerobic separation 
technique. Some gases such as methane, hydrogen sulfide, ammonia, and nitrogen can 
be released. To reduce the biological load of wastewater, this method is very vital [1].

5.3 Tertiary treatment methods

For the production of safe water that people can consume, tertiary water treat-
ment techniques are very important, and they should be applied to wastewater. In 
this last step, wastewater is subjected to final treatment using some vital techniques, 
and they are briefly summarized below.

5.3.1 Distillation method

The distillation method is based on the principle that the water is evaporated to 
the boiling point and the steam is distilled by cooling. After this process, purified 
water can be obtained free from impurities up to 99% in addition to wastewater is 
also freed from the volatile pollution. The obtained water by the distillation method 
is usable in levels of laboratory applications and medicinal preparations. In addi-
tion, to prepare potable water from the sea, distillation separation method is an 
effective tool.
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5.3.2 Crystallization method

The crystallization method, which is based on the increasing principle of the 
concentrations of pollutants up to the crystallization point, is an effective method 
for obtaining quality water. Crystallization technique is useful to remove high con-
centrations of total dissolved solids including soluble organics and inorganics from 
wastewater, and it can be created either by mixing some solvents or by evaporation. 
This process is generally used for wastewater released to the environment from 
paper and dying industries. In addition, crystallization can be used for pH control 
because of other constituents including sulfite bicarbonate [1].

5.3.3 Evaporation method

When compared to other techniques, evaporation separation method is a natural 
process and suitable method but only for small wastewater volumes due to its high-
energy consumption. However, this technique has some problems such as pollution, 
calcification, and foaming that have occurred in the presence of suspended solids 
and carbonates in the wastewater. Thus, to increase the evaporation rate and to 
reduce energy consumption, vacuum evaporation step can be used. Under natural 
conditions, water surface molecules escape from the surface, and they generally 
collected pure water. Recently, to recycle water process, mechanical evaporators and 
sometimes vacuum evaporation have also been used. Using evaporation separation 
technique is effective for the removal of pollutants including organic and inorganic 
compounds, but some volatile organic compounds may recirculate into the water 
during the evaporation phase. Evaporation treatment technique is applicated to 
various industry wastewaters like pharmaceutical, petroleum, and fertilizer indus-
tries. The obtained water from evaporation treatment technique has been used for 
different purposes including cooling in towers and boilers [28].

5.3.4 Solvent extraction method

Solvent extraction separation method is an important tool to dissolve pollutants 
from wastewater using various organic solvents like phosphoric acid. Acetone, 
methanol, hexane, ethanol, and acetonitrile are the most commonly used organic 
solvents. In this technique, some organic solvents are added to the wastewater to 
facilitate contaminant removal. The technique is very effective to remove oils, 
greases, and various organics. However, the process is often used for extraction and 
separation of heavy metals like lead, cobalt, and chromium using extraction and 
separation techniques from various industrial wastewater and effluents [29].

5.3.5 Oxidation and advanced oxidation method

To remove various toxic and hazardous chemicals especially endocrine-disrupt-
ing chemicals from wastewater, chemical oxidation techniques are preferred, and 
it is a promising technology for the treatment of wastewaters containing pharma-
ceuticals products. Organic compounds that are oxidized by oxidation of readily 
degradable species such as alcohols and carboxylic acids are the main components 
of this process [30]. Ozone, hydrogen peroxide, and Fenton’s reagent are com-
monly used as chemical oxidation reagent. The chemical oxidation rate depends 
on some variables such as the presence of catalyst, temperature, and pH. Also, 
pollutants and nature of oxidants identify the rate of chemical oxidation. Various 
organic pollutants including hydrocarbons, dyes, and phenols can be removed from 
wastewater using chemical oxidation treatment technique. Recently, there has been 
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a continuously increasing worldwide concern for the development of alternative 
wastewater reuse and recycling methods. Single oxidation separation method can 
sometimes be inadequate for the total decomposition of organic contaminants in 
wastewater. This requires advanced oxidation processes, which involve the use 
of more than one oxidation process at the same time [31]. Summarize, advanced 
oxidation process has big advantage because in this process all organic contaminants 
can be commonly oxidized to carbon dioxide form.

5.3.6 Precipitation method

The precipitation method based on the principle that the solubility of the con-
taminants is reduced and the precipitates which are converted into the solid form 
are easily separated from the water surface is an effective method for removing 
metal ions and various organic contaminants from wastewater. Chemical precipita-
tion is a physicochemical process and a very flexible approach to various pollutant 
removals and can be applied at several stages during wastewater treatment. In 
industrial applications, precipitation has been the most common technology for 
metals [32]. In this process, to reduce solubility of the dissolved pollutants, it can 
be carried out either by lowering the temperature of the water or by adding some 
chemicals like sodium bicarbonates and ferric chloride, but chemical addition is 
not preferred because it increases the cost. Common applications of precipitation 
separation method are wastewater treatment from chromium and nickel plating 
industries and water recycling besides water softening and removal phosphate from 
water.

5.3.7 Ion exchange method

Ion exchange technique provides advantages due to it being technologically 
simple and enables efficient removal of even traces of impurities from solutions, 
high treatment capacity, high-removal efficiency, and fast kinetics when compared 
other usual methods. It can be applicable to various industrial wastewaters to 
remove hazardous materials. Ion exchange treatment technique depends on toxic 
or undesirable ions, which are replaced with others ions. There are two types of ion 
exchangers, which can be classified as cation and anion exchangers. Ion exchangers 
are natural or synthetic resins with active sites on their surface. Synthetic resins 
are widely preferred because of their effectiveness in removing heavy metals from 
wastewater [33]. In order to remove hazardous ions from wastewater, some resins 
including zeolites, sodium silicates, and acrylic and metha-acrylic resins are used 
as the most common. Reversible process and low-energy requirements are the most 
important advantages of this method. Using this method, organic and inorganic 
pollutants can be reduced about by 95%, but pretreatment may be needed if the 
wastewater contains oil or grease.

5.3.8 Filtration method

Recently, from the industrial sources, a large amount of oily wastewaters has 
been generated. The most serious pollutants are oil-in-water emulsions because 
of treatment cost and ineffective of using treatment methods [34]. Using micro-
filtration, a suspended solid pollutant that is a particle size from 0.04 to 1 mm can 
be removed. Microfiltration separation technique has been widely used to remove 
macromolecules, emulsion droplets, suspended particles, and microorganisms 
from various industrial fields including food, pharmaceutical, biotechnological, 
and petrochemical. In the last decade, membrane separations have been developed 
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as the most common. Reversible process and low-energy requirements are the most 
important advantages of this method. Using this method, organic and inorganic 
pollutants can be reduced about by 95%, but pretreatment may be needed if the 
wastewater contains oil or grease.

5.3.8 Filtration method

Recently, from the industrial sources, a large amount of oily wastewaters has 
been generated. The most serious pollutants are oil-in-water emulsions because 
of treatment cost and ineffective of using treatment methods [34]. Using micro-
filtration, a suspended solid pollutant that is a particle size from 0.04 to 1 mm can 
be removed. Microfiltration separation technique has been widely used to remove 
macromolecules, emulsion droplets, suspended particles, and microorganisms 
from various industrial fields including food, pharmaceutical, biotechnological, 
and petrochemical. In the last decade, membrane separations have been developed 
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using various organic/inorganic membranes like ceramic membranes. It is becom-
ing a promising technology for industrial processes and is utilized currently for 
oil field-produced WWT. When compared to traditional treatment methods, they 
have some advantages including high oil removal efficiency, low-energy cost, and 
compact design. Perhaps the most important advantage is that it does not require 
any chemicals. Some materials such as cellulose, fiberglass, and cotton can be used 
as filters in filtration method. Recently, several researchers focused on the new 
inorganic membrane development, for example, natural mineral-based ceramic 
membranes, carbon membrane, and zeolite membrane [35].

5.3.9 Reverse osmosis method

As membrane technology has been developed, membrane filtration mecha-
nism became a feasible option for wastewaters. Reverse osmosis treatment 
technique that is called as hyperfiltration is the wastewater purification system 
that relies on the membranes’ development technology. Using membrane filtra-
tion mechanism has shown results of very high efficiency in the filtration of 
wastewater. According to various studies from literature, when it is used, removal 
percentage has been achieved as at least 99.9% for COD, total organic carbon, 
suspended solids, coliforms, and pathogens. To achieve the required filtration, 
various membranes including cellulose, polyether, and polyamide are used in this 
process. In this process, the most important parameter is free energy, and other 
considerable parameters can be identified as pressure, pH, and operation time. 
To remove the soluble pollutants which contain macro- and microlevel nonpolar, 
ionic and toxic materials from the wastewater reverse osmosis is a very suitable 
separation technique. Reverse osmosis treatment technique is the most economic 
process because the water obtained from this process is of ultrapure water. It can 
be used in pharmacy and medicines because it can remove various microbes, 
bacteria, and viruses at high percentages (up to 99.99%) when compared other 
techniques [36].

5.3.10 Electrolysis method

Electrolysis method based on the redox reaction principle can be expressed as 
the separation and deposition of the dissolving materials on an electrode surface. 
During electrolysis separation method, metal ions are deposited on the electrode 
and separated from the wastewater. In the last decade, electrochemical oxida-
tion methods have been an increasing interest because they can be applicable to 
WWT. In this process, various electrodes and anodes such as iron electrode, boron-
doped diamond electrode, PbO2 electrode, and graphite electrode [37, 38] have been 
used to remove different pollutants from wastewater.

5.3.11 Electrodialysis method

To remove various ions and other pollutants which have serious impact on the 
environment from wastewater, several methods have been used. Electrodialysis 
technique may be one of the most effective methods among these techniques 
because of recent progress in membrane technology. Electrodialysis, which is a 
membrane separation technology, depends on an electric potential difference, 
which is used to drive ion migration toward oppositely charged electrodes. In this 
process, under the influence of electric current, water-soluble ions pass through 
the membranes that are made of ion exchange material [39]. Certain factors, for 
example, nature of pollutants, applied current amount, temperature, and pH, must 
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be kept in mind to remove dissolved solids. This method has been used to produce 
potable water from brackish water and for water source reduction [40].

5.3.12 Adsorption method

Adsorption separation method is an attractive process because it can be easily 
applied to WWT, which includes efficiency and flexibility. When it is compared 
with other treatment methods, it appears superior than others. Some factors that 
affect adsorption efficiency including the type of adsorbents, pollutant concentra-
tion, adsorbent particle size, pH, contact time, and temperature are very important 
for this process. A pretreatment may be needed to successfully apply the adsorption 
technique to wastewater because of the presence of suspended particles and oils. 
To remove pollutants especially heavy metals from wastewater, various adsorbents 
such as activated carbons from different materials [41, 42], Astragalus [19], carbon 
nanotubes [43], and a large number of biosorbents [44] have been used by different 
studies in the literature. However, novel and effective adsorbents with local avail-
ability besides economic suitability are still needed. Adsorption technique has two 
main problems: the first is the regeneration of columns and column life used as an 
adsorbent and the second is the management of the exhausted adsorbent.

6.  Heavy metal removal from industrial wastewater using response 
surface methodological approach

Nowadays, because of rapid technological development especially in developing 
countries, environmental pollution is a serious problem for the ecosystem because 
wastewaters contaminated with toxic heavy metals are discharged directly or 
indirectly into the environment. Unlike most organic contaminants, heavy metals 
including As, Hg, and Cr are hazardous due to its nonbiodegradable nature [33, 45]. 
Thus, to protect the people and the environment, these hazardous ions should be 
removed from wastewater [46]. For example, while industrial wastewaters which 
contain Cr ions range from 0.5 to 270 mg L−1, inland surface water tolerance limits 
0.1 mg L−1, and potable water Cr level should not exceed 0.05 mg L−1 according to 
various health organization such as the WHO and EPA [47, 48]. To remove heavy 
metal ions from wastewater, many conventional techniques such as membrane 
filtration, reverse osmosis, ion exchange, chemical precipitation, electrodialysis, 
electrochemical treatment, and adsorption have been employed. While most of 
these methods suffer from operational costs for the treatment process and high 
capital, the adsorption method is better than the other methods due to its flex-
ibility in design, simplicity of operation, and facile handling, and it is considered 
more efficient and economical [45, 49]. Since the dynamic characteristics of the 
adsorption process are complex, it is essential to have optimum working conditions 
in order to achieve optimum pollution removal efficiency. Process optimization 
is crucial to determine design parameters value, which is achieving the optimal 
obtained response level. The RSM is one of the most used methods because of its 
developing, improving, and optimizing of the processes especially in the presence 
of complex interactions. It is also used to determine the ideal points of independent 
variables that are effective under optimum conditions and to evaluate the interac-
tions of these variables [50]. Its greatest advantage is the decreased experimental 
trial number required to interpret multiple parameters. Therefore, RSM optimi-
zation process contains three main steps: (a) appropriate experimental design 
selection, (b) model coefficient estimation using analysis of variance (ANOVA), 
and (c) model validation based on prediction and experimental runs of the process 
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membrane separation technology, depends on an electric potential difference, 
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be kept in mind to remove dissolved solids. This method has been used to produce 
potable water from brackish water and for water source reduction [40].

5.3.12 Adsorption method

Adsorption separation method is an attractive process because it can be easily 
applied to WWT, which includes efficiency and flexibility. When it is compared 
with other treatment methods, it appears superior than others. Some factors that 
affect adsorption efficiency including the type of adsorbents, pollutant concentra-
tion, adsorbent particle size, pH, contact time, and temperature are very important 
for this process. A pretreatment may be needed to successfully apply the adsorption 
technique to wastewater because of the presence of suspended particles and oils. 
To remove pollutants especially heavy metals from wastewater, various adsorbents 
such as activated carbons from different materials [41, 42], Astragalus [19], carbon 
nanotubes [43], and a large number of biosorbents [44] have been used by different 
studies in the literature. However, novel and effective adsorbents with local avail-
ability besides economic suitability are still needed. Adsorption technique has two 
main problems: the first is the regeneration of columns and column life used as an 
adsorbent and the second is the management of the exhausted adsorbent.

6.  Heavy metal removal from industrial wastewater using response 
surface methodological approach

Nowadays, because of rapid technological development especially in developing 
countries, environmental pollution is a serious problem for the ecosystem because 
wastewaters contaminated with toxic heavy metals are discharged directly or 
indirectly into the environment. Unlike most organic contaminants, heavy metals 
including As, Hg, and Cr are hazardous due to its nonbiodegradable nature [33, 45]. 
Thus, to protect the people and the environment, these hazardous ions should be 
removed from wastewater [46]. For example, while industrial wastewaters which 
contain Cr ions range from 0.5 to 270 mg L−1, inland surface water tolerance limits 
0.1 mg L−1, and potable water Cr level should not exceed 0.05 mg L−1 according to 
various health organization such as the WHO and EPA [47, 48]. To remove heavy 
metal ions from wastewater, many conventional techniques such as membrane 
filtration, reverse osmosis, ion exchange, chemical precipitation, electrodialysis, 
electrochemical treatment, and adsorption have been employed. While most of 
these methods suffer from operational costs for the treatment process and high 
capital, the adsorption method is better than the other methods due to its flex-
ibility in design, simplicity of operation, and facile handling, and it is considered 
more efficient and economical [45, 49]. Since the dynamic characteristics of the 
adsorption process are complex, it is essential to have optimum working conditions 
in order to achieve optimum pollution removal efficiency. Process optimization 
is crucial to determine design parameters value, which is achieving the optimal 
obtained response level. The RSM is one of the most used methods because of its 
developing, improving, and optimizing of the processes especially in the presence 
of complex interactions. It is also used to determine the ideal points of independent 
variables that are effective under optimum conditions and to evaluate the interac-
tions of these variables [50]. Its greatest advantage is the decreased experimental 
trial number required to interpret multiple parameters. Therefore, RSM optimi-
zation process contains three main steps: (a) appropriate experimental design 
selection, (b) model coefficient estimation using analysis of variance (ANOVA), 
and (c) model validation based on prediction and experimental runs of the process 
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response validation of the final model [51]. This experimental design method for an 
adsorption process is more practical than other approaches because it allows for the 
opportunity to monitor and interpret interactions between variables and to describe 
the overall effect of the parameters on the process. The RSM has been successfully 
used; in addition, its greatest applications have been in industrial research [52].

There are numerous studies, and different results were obtained using various 
adsorbents reported such as by Anupama et al. [53]. They used a CCD with RSM 
for removing Cr(VI) from aqueous medium [53]. They investigated the effect of 
some parameters including pH and temperature on adsorption, and the optimum 
pH, time, and adsorbent dose were found to be 2.32, 25.76 min, and 1.79 g L−1. 
Also various adsorption kinetic models and isotherms were compared to find fit 
model. Jain et al. [54] studied Cr(VI) removal from aqueous solution using Box-
Behnken model with combined RSM approach by chemically treated Helianthus 
annuus flowers. They investigated three effective factors for Cr(VI) removal. It 
was reported that the optimum pH, adsorbent dose, and initial concentration of 
Cr(VI) were found to be 2.0, 5.0 g L−1, and 40 mg L−1, respectively [54]. In an 
another study [55], Box-Behnken design has been applied to evaluate operating 
variables interaction for Cr (VI), Ni (II), and Zn (II) ions adsorption on Bacillus 
brevis. They carried out a total of 17 experiments and used a quadratic model. 
Based on this model, it was reported that the regression equation coefficients were 
calculated, and the data fitted to a second-order polynomial equation for these 
metal ions removal with immobilized on B. brevis. According to another study, 
to evaluate and optimize Cr ions, adsorption on activated carbon experimental 
conditions using RSM as an efficient approach for predictive model building was 
performed by Sahu et al. [56]. A full factorial CCD was employed, and based on 
ANOVA, a high coefficient (R2 = 0.928) was obtained. In addition, satisfactory 
prediction of second-order regression model was derived. According to optimized 
process parameters, Cr(VI) removal percentage was obtained higher than 89% 
[56]. Kaplan Ince et al. [57] studied a batch experimental system for removal 
Pb(II) using clay, and optimized experimental approach was applied to some 
alcoholic beverages including beer and wine samples. Various effective parameters 
were investigated using a Box-Behnken experimental design methodology and 
RSM. They reported that the optimal conditions used for Pb(II) removal were 
pH of 5, contact time of 31 minutes, 75 mg for adsorbent dosage, and 100 rpm for 
agitation speed. Based on these results, maximum Pb(II) ion removal was calcu-
lated as 120 mg g−1 from aqueous medium using an ETAAS [57]. Balan et al. (2009) 
examined the efficiency of Cd(II) removal from aqueous solutions using sphag-
num moss peat as biosorbent. They carried out a CCD for experimental design to 
evaluate an analysis of results and to optimize process parameters including the 
pH of solution, biosorbent dosage, and Cd(II) initial concentration. The optimum 
values of experimental parameters were obtained as 4.72 for pH, 14.7 g L−1 for 
biosorbent amount, and 13.64 mg Cd L−1 for initial concentration of Cd(II) [58]. 
In another study, removal of Cr(VI) from simulated wastewater using RSM was 
examined by Bhatti et al. [59]. They investigated the performance of a laboratory 
scale electrocoagulation system for the removal of Cr(VI) using Al-Al electrodes. 
They obtained an interaction between voltage × time and amperage × time coef-
ficient of determination as 0.8873 and 0.9270, respectively. For the optimization 
of process variables including pH, voltage, and treatment time, the RSM was used. 
Prediction model results were validated through laboratory scale batch experi-
ments [59]. In another similar study, to remove arsenic from contaminated water 
by arsenite, an electrocoagulation method with stainless steel electrode was used. 
A response surface methodology approach was performed to optimize signifi-
cant process variables such as treatment time and solution pH. They obtained 
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pH as 5.2, treatment time ¼ 20 min for 10, and 55–100 mg L−1 of initial arsenic 
concentration. It was stated that the waste elimination with electrocoagulation is 
a sustainable treatment technology with quick start-up, shorter treatment time, 
and minimum sludge generation [60]. An alginate-coated chitosan nanoparticle 
was carried out for heavy metal removal from industrial effluents by Esmaeili and 
Khoshnevisan [61]. To optimize the process of biomass for heavy metal removal 
from synthetic and industrial effluents containing nickel, an RSM approach was 
performed. Under optimum experimental conditions, which they obtained as 
a dose of 0.3 g biomass, pH of 3, 70 mg L−1 of initial concentration nickel, and 
30 min contact time, maximum removal efficiency of biomass was found as 
94.48% [61]. The Cd removal from wastewater and simulated aqueous solution 
was examined by Iqbal et al. [62] using a polyurethane material as adsorbent. The 
effect of operating parameters including adsorbent dosage, pH of solution, and 
metal ion concentration was modeled by RSM combined with CCD. Experimental 
runs and independent variables optimum values for Cd adsorption were obtained 
as 305 mg L−1 Cd ion initial concentration, pH 4.9, contact time 932 min, and 
adsorbent dose 1.3 g for polyurethane material. Based on the experimental results, 
to predict the response with good accuracy and reliability, it was mentioned that 
the RSM proved to be the best statistical model [62]. Ince and Kaplan Ince [63] 
examined the removal of Cr from industrial wastewater using RSM combined 
with CCD besides investigated as an efficient approach for examining predictive 
model building and optimization. To predictive regression models and optimize 
experimental variables, statistical design was modeled. The experimental param-
eters such as pH and agitation speed were selected for optimization. They obtained 
ideal Cr ion removal conditions as pH of 5.0, contact time 23.0 minutes, adsorbent 
dosage of 69.4 mg, and agitation speed of 135 rpm. The Cr removal efficiency was 
found at 23.16 mg g−1. Also, significant independent parameters and their interac-
tions were verified by means of the ANOVA. The proposed adsorption process was 
applied to various industrial wastewaters. It was stated that a CCD method was 
identified to yield a maximum Cr ion removal of 99% [63].

7. Conclusions

The choice of method to be used in the treatment of water/wastewater depends 
on the wastewater type and its composition besides the economic aspect. For 
example, high-grade contaminated water containing solid waste and poor color 
must be subjected to tertiary water treatment after primary and secondary water 
treatment processes. If the water does not contain any solids and is contaminated 
by other contaminants including inorganic, organic, and biological pollutants, the 
application of the tertiary treatment technique is sufficient. While surface waters 
are often polluted by organic, inorganic, and biologic pollutants, secondary and 
tertiary methods of treatment are needed in the treatment of these waters, and 
only tertiary methods of treatment should be used since groundwater is exposed to 
hazardous metal ions and anion pollution. The present study summarized removing 
heavy metal ions in various industrial wastewaters exposed to heavy metal pollu-
tion and was focused on optimizing the removal method and determining optimum 
experimental conditions.
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Abstract

Glyphosate-based herbicides (GBHs) are chemicals developed to control 
unwanted plants such as weeds or algae. These chemicals act on EPSPS enzyme that 
blocks the production of tyrosine, phenylalanine, and tryptophan amino acids caus-
ing plant death. This biochemical pathway exists only in plant organisms. Despite 
the target use, GBHs have been related to toxic effects on nonplant organisms, 
such as invertebrates, fishes, amphibians, reptiles, birds, and mammals, including 
humans. This chapter is focused on ecotoxicological effects of GBHs on aquatic 
environment, showing a perspective of studies since this kind of product was devel-
oped until nowadays, an analysis of how many studies for each taxonomic group. 
Furthermore, we analyzed specifically the toxic effect of GBHs on each taxon, and 
finally, we discuss future perspectives and suggestions for a better regulation and 
application for this chemical.

Keywords: ecotoxicology, water quality, weed control, Roundup®, Monsanto

1. Introduction

Herbicides are chemical compounds used mostly to control weed (i.e., unculti-
vated) plants in agriculture and forestry and also for algae control [1, 2]. Herbicide 
formulations are designed to affect mainly plants, affecting specific plant biochemi-
cal pathways. However, it is common that this kind of pesticides affects nontarget 
organisms such animals, including aquatic organisms [3, 4].

The most used herbicide worldwide is glyphosate-based herbicide (GBH), 
such as Roundup® from Monsanto, and its usage has been increased [5] mainly 
due to the development of transgenic glyphosate-resistant crops [6]. Glyphosate 
(N-(phosphonomethyl) glycine (CAS no. 1071-83-6)) is a weak organic acid with 
a molecular weight of 169.09 M and has a half-life of 7–142 days in water and 
76–240 in soil [6, 7]. Glyphosate has high solubility in water (10,000–15,700 mg L−1 
at 25°C), and it readily dissolves and disperses in an aquatic environment.
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Glyphosate affects a specific plant biochemical pathway, inhibiting the action of 
the enzyme 3-enolpyruvylshikimic acid 5-phosphate synthase (EPSPS) that is neces-
sary for biosynthesis of amino acids such as phenylalanine, tyrosine, and tryptophan 
[8] (Figure 1). Animals do not have this biochemical pathway, and hypothetically, 
they would be safe from glyphosate. However, the use of glyphosate requires that 
some other compounds as surfactants are added to the commercial formulation to 
increase adhesion to the leaf surface and absorbance by plants, trespassing the waxy 
cuticle [6]. There are a variety of surfactants, but the most common used on glypho-
sate-based formulations has been polyethoxylated amine (POEA). This surfactant is 
known to be more toxic to animals then glyphosate itself [6, 9].

As mentioned above, glyphosate per se has low toxicity when compared to its 
commercial formulation containing surfactants. However, those formulations are 
toxic to a large number of organisms due mainly to products added to the formulae. 
Many studies have reported tissue damages, DNA damages, enzyme inhibition such 
as acetylcholinesterase (AChE) and aromatase, endocrine disruption, development 
disruption causing malformations, and carcinogenesis caused by GBH in animals as 
fish, amphibians, and mammals, including humans [6, 10–17].

Figure 1. 
Glyphosate action on the biochemical pathway of plants inhibiting 3-enolpyruvylshikimic acid 5-phosphate 
synthase (EPSPS) enzyme and production of essential amino acids as phenylalanine, tyrosine, and tryptophan, 
causing plant death.
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In terrestrial animals, glyphosate reaches these organisms through direct appli-
cation and contaminated food consumption. However, application of GBH in an 
aquatic environment is not so common when compared to terrestrial environments. 
Despite this, GBH can reach the aquatic environment through many ways. It can be 
applied directly on water bodies for algae control, although the opposite effect can 
be found, with proliferation of some species of algae due to the increase of phos-
phorus levels [18]. GBH can also reach the aquatic environment through leaching, 
run-off, and contaminated food source [6].

As mentioned, glyphosate has high solubility in an aquatic environment. Some 
studies say that 50% of glyphosate in natural waters dissipates by water flow and 
decomposition in a few days to 2 weeks [19–21]. Despite that, glyphosate binds to 
soil particles and solid surfaces [22], which makes its dissipation difficult. The by-
products of glyphosate decomposition are sarcosine and aminomethylphosphonic 
acid (AMPA). The first one is known to be nontoxic [23] and the second one less 
or equally toxic for aquatic organisms than glyphosate [24, 25]. This substance 
has also a great solubility and dissipates in water in 7–14 days. POEA in natural 
environments degrades by microbial decomposition in 14 weeks and its half-life is 
estimated in 21–42 days [24].

Considering that glyphosate per se and the commercial formulations are widely 
used around the world, being the most popular herbicide, this chapter summa-
rizes the available data from the literature on the ecotoxicity of glyphosate and its 
formulation compounds, as well as its degraded products, to aquatic organisms 
(aquatic plants, invertebrates, fish, reptiles, amphibians, and birds) and analyzes 
the worldwide politics about glyphosate use and environment safety.

2.  Studies about glyphosate-based herbicides on the aquatic 
environment

One of the first studies that evaluated the effects of glyphosate and GBH in 
aquatic environments was performed by Folmar et al. [26]. According to Thomson’s 
ISI WoS (Institute for Scientific Information, Web of Science) database, using 
keywords as “glyphosate,” and “aquatic environment,” since 1979 to the present 
day, 233 papers have been published that evaluated the toxicological effects of 
glyphosate in aquatic environments (Figure 2). These papers addressed the toxic 
effects of glyphosate on various types of organisms. The invertebrate group was the 
most studied, with 52 published articles (21.3%), followed by fish with 51 (20.9%), 
amphibians 40 (16.4%), plant 31 (12.7%), and aquatic environment 30 (12.3%). 

Figure 2. 
Number of papers published per year. Black bars represent the number of papers published in each year. Grey 
bars represent the number of papers accumulated per year. (*) Papers published until August 2018.
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The other groups were present in 40 published articles (16.4%) (Figure 3). For the 
investigated period and database, there were no papers which have evaluated the 
toxicological effects of glyphosate in aquatic mammals and birds. This scarcity of 
studies demonstrates the lack of knowledge on the risk of exposure of these groups 
in aquatic environments contaminated by glyphosate.

2.1 Aquatic plants

Glyphosate in the aquatic environment causes the death of the macrophyte 
community, which serves as a microhabitat for zooplanktonic, phytoplanktonic, 
and periphytic communities, and this leads to top-down control of planktonic 
organisms, affecting refuge and feeding to fish [27], triggering a chain effect. 
Studies have evaluated the effects of glyphosate on aquatic lentils (Lemna gibba) 
[28] (Table 1), showing that larval mortality of tadpoles was caused by predation 
without their micro-habitats in the absence of macrophytes, due to contamination 
of water body by glyphosate.

Dörr [18] studied the effect of glyphosate on the growth and production of sec-
ondary metabolites by toxigenic strains of the cyanobacteria Microcystis aeruginosa 
and Cylindrospermopsis raciborskii. The author assessed the influence of different 
concentrations of glyphosate on the growth and production of these cyanobacteria 
and observed that toxin production and growth increased at 15 mg L−1. When 
exposed to 20 mg L−1, their growths and toxin production increased as well, while 
concentration above 20 mg L−1 prevented their growth. The species C. raciborskii 
was more resistant to GBH, and this species uses the metabolite AMPA as a source 
of nitrogen for its growth. Considering that microalgae and cyanobacteria are 
the principal primary producers in aquatic ecosystems, use of the herbicide can 
stimulate the growth and production of toxins of certain groups. This affects water 
quality and modifies the functionality of the ecosystem of interest.

The effects of herbicides on nontarget aquatic plants are emerging as a major 
conservation issue in aquatic biodiversity [29]. Ludwigia peploides, an aquatic 
macrophyte, showed that glyphosate bioaccumulates in water surface and can, 
therefore, be used as a biomonitoring organism to evaluate glyphosate levels in 
freshwater. This is because it increases the concentration of the herbicide in the leaf, 
facilitating its detection in the biological matrix instead of the water. In the study, 

Figure 3. 
Number of papers per organism group. Black bars represent the number of papers on toxicological effects 
of glyphosate published for each aquatic organism groups. Asterisk indicates lack of studies evaluating the 
toxicological effects of glyphosate in aquatic mammals and birds.
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stimulate the growth and production of toxins of certain groups. This affects water 
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The effects of herbicides on nontarget aquatic plants are emerging as a major 
conservation issue in aquatic biodiversity [29]. Ludwigia peploides, an aquatic 
macrophyte, showed that glyphosate bioaccumulates in water surface and can, 
therefore, be used as a biomonitoring organism to evaluate glyphosate levels in 
freshwater. This is because it increases the concentration of the herbicide in the leaf, 
facilitating its detection in the biological matrix instead of the water. In the study, 

Figure 3. 
Number of papers per organism group. Black bars represent the number of papers on toxicological effects 
of glyphosate published for each aquatic organism groups. Asterisk indicates lack of studies evaluating the 
toxicological effects of glyphosate in aquatic mammals and birds.
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surface water and sediment samples were collected at the same time to measure 
glyphosate and calculate both the bioconcentration factors (BCFs) and biota-
sediment accumulation factors (BSAFs). Glyphosate was detected in 94.11% in the 
leaves, presenting concentrations between 4 and 108 mg kg−1. In surface waters and 
sediments, it was detected in 75 and 100% of the samples at concentrations ranging 
from 0 to 1.7 mg L−1 and 5 and 10.50 mg kg−1 of dry weight, respectively. The mean 
BCF and BSAFs were 88.10 and 7.61 L kg−1, respectively. These results indicate that 
L. peploides bioaccumulates glyphosate that is mainly bioavailable in surface waters. 
Thus, since the plant accumulates the herbicide, the high concentrations in the 
organisms are evidence of the trophic levels that will feed or interact with the plant 
[28]. The researchers also observed that only 0.5 mg L−1 glyphosate was sufficient to 
inhibit the growth of Lemna gibba, change its shape, and lower chlorophyll content, 
decreasing its photosynthetic rate and consequently its metabolism.

Another important community in aquatic ecosystems that is also affected by the 
use of glyphosate is the periphyton. In terms of primary production, the periphyton 
has a photosynthetic contribution 77% higher than that of phytoplankton [30]. 
Among the most common and potentially toxic outcrossing cyanobacteria, M. aeru-
ginosa uses glyphosate as a source of phosphorus, growing uncontrollably and causing 
eutrophication of the aquatic ecosystem that modifies ecological conditions. As 
shown by Forlani and collaborators [31], there is a tolerance to glyphosate by cyano-
bacteria Spirulina platensis, Nostoc punctiforme, Arthrospira fusiformis, Anabaena sp., 
and Leptolyngbya boryana, and four of them were able to use phosphorus as the only 
source. Anabaena sp. presented the highest toxicity (C = 50 mg L−1). Vera and col-
laborators [32] observed that the interaction of the periphyton with other communi-
ties and also with the abiotic environment was low when the mesocosms were treated 
with glyphosate, presenting an imbalance in the trophic webs of the ecosystem.

The exposure to GBH reduced 78% of the primary productivity of phytoplank-
ton when used at low concentrations (0.125 mg L−1) [33] and at high concentrations 
(3.8 mg L−1) [34], causing a disturbance in the trophic levels. In freshwater systems, 
glyphosate at high levels stimulated eutrophication by increasing total phosphorus 
and favoring the growth of cyanobacteria on the periphyton, which altered the 
typology of the study ecosystem that was a mesocosm [32].

Species-based differences in sensitivity to GBH exposure may lead to decreased 
richness and abundance of ecosystem species [34]. Even though herbicides are 
thought to kill terrestrial plants, it can have an even more devastating effect in 
water, due to the imbalance that causes mortality of algae and aquatic plants. This 
causes an increase in decomposing organic matter in the water, which will reduce 
the concentrations of dissolved oxygen in the system and increase the stress of 
aquatic communities [35]. Thus, algae and aquatic plants are considered as nontar-
get organisms that are sensitive to the effects of glyphosate, and the damage to the 
balance of the aquatic environment is of concern. The damage of glyphosate on the 
aquatic plant community ranges from the death of the plant itself to the reduction 
of environmental heterogeneity promoted by the local plants. Consequently, this 
leads to the death of other aquatic species, causing an imbalance in the ecosystem.

2.2 Aquatic invertebrates

One of the pioneer studies of the effects of GBH on invertebrate organisms 
was carried out by Tsui and Chu [9] that studied the effects of this chemical on 
Ceriodaphnia dubia and Acartia tonsa, both crustaceans, in addition to other organ-
isms such as algae, bacteria, and protozoans. They found the toxicity of this pesticide 
to these organisms and the most sensible was A. tonsa with a LC50 of 1.77 mg L−1. 
There is a high variability of sensibility of invertebrate organisms to GBHs (Table 2).
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Specifically about microinvertebrates (<35 μm), these organisms persist within 
resting eggs (or egg banks) in lake sediments [36]. They represent a major source 
of regenerative potential in lake ecosystems near agricultural areas, and play a 
key role in influencing the active population and community dynamics, seasonal 
succession, biogeographic patterns, and the evolution of populations [36, 37]. 
Despite the widely accepted importance of resting egg banks in the ecology of 
aquatic micro-invertebrates’ communities, recently, experimental studies have 
demonstrated that the extensive and inappropriate use of commercial GBH, 

Species Chemical Exposure 
time (h)

LC50 (μg L−1) Reference

Acartia tonsa Roundup® 48 1770 (1330–2340) [38]

Burnupia stenochorias Roundup® 96 4304 (2121–7902) [44]

Caridina nilotica Roundup® 96 2842 (2524–3190) [44]

Ceriodaphnia dubia Roundup® 48 5390 (4810–6050) [38]

Eskoba®, Panzer Gold®, 
Roundup Ultramax®, 

Sulfosato Touchdown®

48 250–16,770 [45]

Chironomus plumosus Roundup®, POEAE, 
Glyphosate acid

96 18,000 (9400–32,000) [46]

Chironomus riparius Rodeo®, X-77 Spreader®, 
ChemTrol®

48 1,216,000 
(996,000–1,566,000)

[47]

Daphnia magna Eskoba®, Panzer Gold®, 
Roundup Ultramax®, 

Sulfosato Touchdown®

48 2670–15,430 [45]

Roundup®, POEAE, 
Glyphosate acid

48 3000 (2600–3400) [46]

Eskoba®, Sulfosato 
Touchdown®

48 1620–31,410 [48]

Rodeo®, X-77 Spreader®, 
ChemTrol®

48 218,000 
(150,000–287,000)

[47]

Daphnia pulex Roundup® 96 657 (472–914) [44]

Gammarus 
pseudolimnaeus

Roundup®, POEAE, 
Glyphosate acid

48 62,000 
(40,000–98,000)

[46]

Roundup®, POEAE, 
Glyphosate acid

96 43,000 
(28,000–66,000)

[46]

Roundup® 96 340,000 [49]

Hyalella azteca Rodeo®, X-77 Spreader®, 
ChemTrol®

96 720,000 
(399,000–1,076,000)

[47]

Laeonereis acuta Roundup® 96 8199 (6690–9580) [50]

Nephelopsis obscura Rodeo®, X-77 Spreader®, 
ChemTrol®

96 1,177,000 
(941,000–1,415,000)

[47]

Notodiaptomus conifer Eskoba®, Sulfosato 
Touchdown®

48 1220–1,282,000 [48]

Ruditapes decussatus Roundup® 1440 2200 [51]

Tanytarsus flumineus Roundup® 96 12,240 (9454–22,360 [44]

Utterbackia imbecillis Roundup® 24 18.3 ± 12.9 [52]

Table 2. 
Ecotoxicity of glyphosate-based herbicide (GBH) to aquatic invertebrates, exposure time, LC50 value  
(lower-upper values), and reference.
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surface water and sediment samples were collected at the same time to measure 
glyphosate and calculate both the bioconcentration factors (BCFs) and biota-
sediment accumulation factors (BSAFs). Glyphosate was detected in 94.11% in the 
leaves, presenting concentrations between 4 and 108 mg kg−1. In surface waters and 
sediments, it was detected in 75 and 100% of the samples at concentrations ranging 
from 0 to 1.7 mg L−1 and 5 and 10.50 mg kg−1 of dry weight, respectively. The mean 
BCF and BSAFs were 88.10 and 7.61 L kg−1, respectively. These results indicate that 
L. peploides bioaccumulates glyphosate that is mainly bioavailable in surface waters. 
Thus, since the plant accumulates the herbicide, the high concentrations in the 
organisms are evidence of the trophic levels that will feed or interact with the plant 
[28]. The researchers also observed that only 0.5 mg L−1 glyphosate was sufficient to 
inhibit the growth of Lemna gibba, change its shape, and lower chlorophyll content, 
decreasing its photosynthetic rate and consequently its metabolism.

Another important community in aquatic ecosystems that is also affected by the 
use of glyphosate is the periphyton. In terms of primary production, the periphyton 
has a photosynthetic contribution 77% higher than that of phytoplankton [30]. 
Among the most common and potentially toxic outcrossing cyanobacteria, M. aeru-
ginosa uses glyphosate as a source of phosphorus, growing uncontrollably and causing 
eutrophication of the aquatic ecosystem that modifies ecological conditions. As 
shown by Forlani and collaborators [31], there is a tolerance to glyphosate by cyano-
bacteria Spirulina platensis, Nostoc punctiforme, Arthrospira fusiformis, Anabaena sp., 
and Leptolyngbya boryana, and four of them were able to use phosphorus as the only 
source. Anabaena sp. presented the highest toxicity (C = 50 mg L−1). Vera and col-
laborators [32] observed that the interaction of the periphyton with other communi-
ties and also with the abiotic environment was low when the mesocosms were treated 
with glyphosate, presenting an imbalance in the trophic webs of the ecosystem.

The exposure to GBH reduced 78% of the primary productivity of phytoplank-
ton when used at low concentrations (0.125 mg L−1) [33] and at high concentrations 
(3.8 mg L−1) [34], causing a disturbance in the trophic levels. In freshwater systems, 
glyphosate at high levels stimulated eutrophication by increasing total phosphorus 
and favoring the growth of cyanobacteria on the periphyton, which altered the 
typology of the study ecosystem that was a mesocosm [32].

Species-based differences in sensitivity to GBH exposure may lead to decreased 
richness and abundance of ecosystem species [34]. Even though herbicides are 
thought to kill terrestrial plants, it can have an even more devastating effect in 
water, due to the imbalance that causes mortality of algae and aquatic plants. This 
causes an increase in decomposing organic matter in the water, which will reduce 
the concentrations of dissolved oxygen in the system and increase the stress of 
aquatic communities [35]. Thus, algae and aquatic plants are considered as nontar-
get organisms that are sensitive to the effects of glyphosate, and the damage to the 
balance of the aquatic environment is of concern. The damage of glyphosate on the 
aquatic plant community ranges from the death of the plant itself to the reduction 
of environmental heterogeneity promoted by the local plants. Consequently, this 
leads to the death of other aquatic species, causing an imbalance in the ecosystem.

2.2 Aquatic invertebrates

One of the pioneer studies of the effects of GBH on invertebrate organisms 
was carried out by Tsui and Chu [9] that studied the effects of this chemical on 
Ceriodaphnia dubia and Acartia tonsa, both crustaceans, in addition to other organ-
isms such as algae, bacteria, and protozoans. They found the toxicity of this pesticide 
to these organisms and the most sensible was A. tonsa with a LC50 of 1.77 mg L−1. 
There is a high variability of sensibility of invertebrate organisms to GBHs (Table 2).
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Specifically about microinvertebrates (<35 μm), these organisms persist within 
resting eggs (or egg banks) in lake sediments [36]. They represent a major source 
of regenerative potential in lake ecosystems near agricultural areas, and play a 
key role in influencing the active population and community dynamics, seasonal 
succession, biogeographic patterns, and the evolution of populations [36, 37]. 
Despite the widely accepted importance of resting egg banks in the ecology of 
aquatic micro-invertebrates’ communities, recently, experimental studies have 
demonstrated that the extensive and inappropriate use of commercial GBH, 

Species Chemical Exposure 
time (h)

LC50 (μg L−1) Reference

Acartia tonsa Roundup® 48 1770 (1330–2340) [38]

Burnupia stenochorias Roundup® 96 4304 (2121–7902) [44]

Caridina nilotica Roundup® 96 2842 (2524–3190) [44]

Ceriodaphnia dubia Roundup® 48 5390 (4810–6050) [38]

Eskoba®, Panzer Gold®, 
Roundup Ultramax®, 

Sulfosato Touchdown®

48 250–16,770 [45]

Chironomus plumosus Roundup®, POEAE, 
Glyphosate acid

96 18,000 (9400–32,000) [46]

Chironomus riparius Rodeo®, X-77 Spreader®, 
ChemTrol®

48 1,216,000 
(996,000–1,566,000)

[47]

Daphnia magna Eskoba®, Panzer Gold®, 
Roundup Ultramax®, 

Sulfosato Touchdown®

48 2670–15,430 [45]

Roundup®, POEAE, 
Glyphosate acid

48 3000 (2600–3400) [46]

Eskoba®, Sulfosato 
Touchdown®

48 1620–31,410 [48]

Rodeo®, X-77 Spreader®, 
ChemTrol®

48 218,000 
(150,000–287,000)

[47]

Daphnia pulex Roundup® 96 657 (472–914) [44]

Gammarus 
pseudolimnaeus

Roundup®, POEAE, 
Glyphosate acid

48 62,000 
(40,000–98,000)

[46]

Roundup®, POEAE, 
Glyphosate acid

96 43,000 
(28,000–66,000)

[46]

Roundup® 96 340,000 [49]

Hyalella azteca Rodeo®, X-77 Spreader®, 
ChemTrol®

96 720,000 
(399,000–1,076,000)

[47]

Laeonereis acuta Roundup® 96 8199 (6690–9580) [50]

Nephelopsis obscura Rodeo®, X-77 Spreader®, 
ChemTrol®

96 1,177,000 
(941,000–1,415,000)

[47]

Notodiaptomus conifer Eskoba®, Sulfosato 
Touchdown®

48 1220–1,282,000 [48]

Ruditapes decussatus Roundup® 1440 2200 [51]

Tanytarsus flumineus Roundup® 96 12,240 (9454–22,360 [44]

Utterbackia imbecillis Roundup® 24 18.3 ± 12.9 [52]

Table 2. 
Ecotoxicity of glyphosate-based herbicide (GBH) to aquatic invertebrates, exposure time, LC50 value  
(lower-upper values), and reference.
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associated with agricultural activities, may impair the hatching of resting eggs 
in the sediment of lakes [38, 39]. Gutierrez and collaborators [38] indicated that 
the GBHs (Sulfosato Touchdown®) affect the hatching dynamics of micro-inver-
tebrates, and selectively alter the species richness and abundance of community 
hatched from lake sediment. Portinho and associates [39] extended these findings 
and indicated that commercial herbicides as Roundup® (a.i. glyphosate) separate 
or in combination with 2,4-dichlorophenoxyacetic acid (2,4-D) have the potential 
to suppress emergences of micro-invertebrates from resting egg banks from lake 
sediments.

The environmental implication of this scenario suggests that changes in micro-
invertebrates’ structure and composition induced by herbicides will occur, causing 
not only negative impacts on the process of recolonization from resting egg banks 
but also shifts in community composition. Recent attempts to develop guidelines for 
protecting aquatic organisms have focused on emergence from resting egg banks 
within the context of an ecological community [40], with potential implications 
for studies related to environmental risk to, and integrity assessment of, aquatic 
ecosystems.

2.3 Fish

Fish species are particularly vulnerable to GBH and their susceptibility depends 
on the commercial formulation, fish species, fish developmental stages, and 
exposure conditions, such as concentrations, exposure time, and route of exposure. 
Furthermore, gender-specific response of fish to GBH has been indicated in guppy 
P. reticulata exposed to glyphosate (50–73.2 mg L−1) and their metabolite AMPA 
(86.8–180 mg L−1) for 96 h [25], indicating the need for further studies about the 
molecular mechanisms of gender-specific effects.

In general, the surfactant and the commercial formulation showed higher toxicity 
to fish when compared to active ingredient (glyphosate pure) and their metabolite 
(AMPA). The 50% lethal concentration (i.e., LC50) of GBHs for fish has high vari-
ability, ranging from 1000 to 9750 μg L−1 [6, 41]. Chandrasekera and Weeratunga 
[42] found a LC50 of 976 μg L−1 for 48 h of exposure in fries of P. reticulata, while 
Sadeghi and Hedayati [43] found a LC50 = 12,640 μg L−1 in adults for a 41% commer-
cial formulation and Souza-Filho and collaborators [44] found 4212 μg L−1 for 48 h.

Glyphosate and formulation compounds can be taken by fish via gills and diges-
tive tract through ingestion of contaminated food or water [6, 45]. Once inside the 
organisms, glyphosate is absorbed and distributed to the whole body through blood 
circuit, reaching several tissues. GBHs can affect fishes in different ways, affect-
ing many organs and as well molecular levels. In liver, vacuolization process was 
reported in hepatocytes and nuclear pyknoses; in kidney, studies report Bowman 
capsule dilatation and accumulation of hyaline drops in tubular cells; and in gills, 
glyphosate causes hyperplasia, lamellar fusion and aneurism [46–50]. Besides that, 
Langiano and Martinez [49] showed activation of the stress axis, with increased 
blood glucose levels. Souza-Filho and collaborators [44] also showed genotoxic 
effects in fish cells. Concerning to enzymes, Sandrini and collaborators [17] 
showed that glyphosate impairs acetylcholinesterase activity in synapses, prevent-
ing detaching of acetylcholine from receptors, impairing electric transmission by 
neurons. This can impair muscle contraction and information transmittance. GBH 
in sub-lethal levels can also impair fish feeding behavior as shown by Giaquinto and 
collaborators [51]. Also, a recent in vitro study [52] showed that low concentrations 
of GBH, even those allowed by the USA, Canadian, and Brazilian laws (50 μg L−1) 
kill yellowtail tetra fish (Astyanax lacustris) sperm cells, compromising fish repro-
duction and natural population persistence.
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OMIC technologies, such as proteomics, transcriptomics, and metabolomics, 
have been applied to investigate the molecular mechanisms and toxicity of GBHs on 
fish. For example, proteomics-based methods (two-dimensional gel electrophoresis 
associated with mass spectrometry and bioinformatics) were used to complement 
the knowledge about the ecotoxicity of GBH on P. reticulata [53, 54]. The female 
guppy exposed to GBH (1.82 mg L−1) for 24 h changed different cell processes in 
the gills (energy metabolism, regulation and maintenance of cytoskeleton, nucleic 
acid metabolism, and stress response) [53] and liver (cellular structure, motility 
and transport, energy metabolism, and apoptosis) [54], confirming tissue-specific 
responses at molecular levels.

2.4 Herpetofauna

The herpetofauna is composed of reptiles and amphibians, and due to the low 
mobility, physiological requirements, and habitat specificity, this group has become 
ideal models for environmental conservation studies [55]. Amphibians are sensitive 
to exposure to contaminants and are considered good bioindicators in monitoring 
water quality [56]. Characteristics such as permeable skin, reproduction, and larval 
stages dependent on the aquatic environment make anuran amphibians highly 
vulnerable to pesticide contamination [57]. Evidence suggests that anuran species 
decline is related to the intensive use of pesticides [58–60].

The decline of amphibian populations is related to the increase of environmen-
tal pollutants, the influence of climate change, habitat fragmentation, exposure 
to ultraviolet radiation, and human-induced environmental changes [61, 62]. 
Contamination of water bodies next to agricultural areas generally increases during 
the rainy season, that is, widely used to breed by most species of amphibians, and 
many species use temporary ponds and small streams adjacent to agricultural areas 
as part of their life cycle, harming the reproductive period and larval develop-
ment [57, 58, 63]. During the rainy season, the agrochemical present in the soil are 
susceptible to be transported down the soil profiles and/or surfaces/underground 
water bodies and consequently affect the amphibian population [58] and other 
environmental (a) biotic elements [6, 64].

Herbicides may delay or inhibit the metamorphosis of amphibians directly 
impacting their reproduction [57]. According to Walker and collaborators [65], the 
main routes of herbicide absorption in anuran amphibians are through contaminated 
food ingestion and skin absorption of pollutants dissolved or suspended in water. 
After absorption, the substance is transported to different compartments of the 
body through blood. The effect of herbicides on tadpoles is less known when com-
pared to adult amphibians, since the larvae of the anurans are less visible, and unlike 
adults, they do not have vocalization. Tadpoles of various species have not yet been 
described, which makes it even more difficult to study these organisms in depth [66].

The reduction in larval survival due to exposure to glyphosate was observed 
by Simioni and collaborators [67], Figueiredo and Rodrigues [68], and Costa and 
collaborators [69] in larvae of Physalaemus albonotatus, Physalaemus centralis, and 
Physalaemus cuvieri [70]. Rissoli and collaborators [71] also observed that the expo-
sure of bullfrog tadpoles to Roundup Original® causes damage to the epithelium 
causing hypoxia in these animals. In the last 30 years, populations of amphibians 
have been suffering a great decline or even being extinct; almost half of the species 
are experiencing some population decline. On the basis of toxicity studies, sensitiv-
ity to glyphosate differs among species; however, there are several variations in 
experimental conditions and pesticide formula (different commercial formulations 
of glyphosate, different exposure times, different surfactant substances, number of 
replicates, abiotic conditions in the experiment, and stage of development) which 
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associated with agricultural activities, may impair the hatching of resting eggs 
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duction and natural population persistence.
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OMIC technologies, such as proteomics, transcriptomics, and metabolomics, 
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After absorption, the substance is transported to different compartments of the 
body through blood. The effect of herbicides on tadpoles is less known when com-
pared to adult amphibians, since the larvae of the anurans are less visible, and unlike 
adults, they do not have vocalization. Tadpoles of various species have not yet been 
described, which makes it even more difficult to study these organisms in depth [66].
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replicates, abiotic conditions in the experiment, and stage of development) which 



Biochemical Toxicology - Heavy Metals and Nanomaterials

34

make it difficult to compare and define which groups or species are more tolerant to 
contamination [67, 72, 73]. The LC50 values for the herpetofauna species are shown 
in Table 3.

Reptiles are extremely sensitive to herbicide formulations and may exhibit changes 
in their behavior after exposure of these xenobiotics [74]. This group is fairly uniform 
and exposure to GBHs may affect its energy storage process [75, 76]. Schaumburg 
and collaborators [77] found that exposure to sublethal concentrations of glyphosate 
during the embryonic phase of Salvator merianae may cause an increase in genetic 
damage. Therefore, it is assumed that glyphosate is capable of causing DNA dam-
age, promoting chromatin fragmentation of epidermal cells, impairing cell division. 
Exposure to glyphosate does not alter the thermoregulatory behavior of lizards of 
the species Oligosoma polychroma [78]. Sub-lethal concentrations of the commercial 
glyphosate formulation (Roundup®) cause genotoxic damage and chromosome 
breaks in Anguilla anguilla. The increase in the damage index in this species can cause 
reproductive damage and adverse effects in the long term [79].

Currently in the Neotropical region, about 40 studies relate the indiscriminate 
use of herbicides based on glyphosate with the risk to biodiversity of herpetofauna. 
Schiesari and collaborators [80] reported that some species of amphibians, includ-
ing tadpoles and adults and some reptiles are sensitive to exposure to formula-
tions based on glyphosate. Exposure to sublethal concentrations of glyphosate is 

Species Chemical Exposure time (h) LC50 mg a.i./L Reference

Anaxyrus americanus Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [80]

Anaxyrus boreas Roundup® 96 0.8–2.0 [31]

Crinia insignifera Roundup® 48 2.9–11.6 [31]

Dendropsophus minutus Roundup® 96 0.28 [85]

Heleioporus eyrei Roundup® 48 2.9–11.6 [31]

Hyla versicolor Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [31]

Litoria moorei Roundup® 48 2.9–11.6 [31]

Lithobates sylvaticus Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [31]

Lithobates pipiens Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [31]

Lithobates clamitans Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [31]

Lithobates catesbeianus Roundup® 384 0.55–2.52 [31]

Roundup® 96 0.8–2.0 [31]

Limnodynastes dorsalis Roundup® 48 2.9–11.6 [31]

Pseudacris crucifer Roundup® 96 0.8–2.0 [31]

Rana cascadae Roundup® 96 0.8–2.0 [31]

Rhinella arenarum Roundup® 48 2.42 [83]

Scinax nasicus Roundup® 48 1.74 [82]

Table 3. 
Ecotoxicity of glyphosate-based herbicide (GBH) to herpetofauna, exposure time, and LC50 value.
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sufficient to cause irreversible damage to the DNA of amphibians and reptiles, so 
the use of GBH should be controlled in arable areas avoiding the decline of species 
that make up the herpetofauna group.

2.5 Aquatic birds

Glyphosate when used in recommended rates is considered not bioaccumulative 
and of low toxicity in birds [81]. However, the present acquaintance is not enough 
to make affirmation about low toxicity risk and low exposure of birds to herbicide 
considering the possible complex process behind the movement and accumulation 
of glyphosate, additives, and waste in the environment. Moreover, even the few 
available studies [82–96] have found direct and indirect effects of glyphosate on bird 
species (Figure 4). Among those, only five studies along years 1994 and 2017 on 
Google Scholar database have analyzed effects on aquatic bird species. Direct effects 
have been analyzed on male ducks (Anas platyrhynchos) that receive two different 
concentrations of Roundup dissolved in distilled water according to the body weight 
(5 and 100 mg kg−1). There was a decrease in testosterone level in blood plasma of 
about 90%. Moreover, anatomical and histological changes in seminiferous tubes 
and anatomical changes in the epididymis region have also been found [82].

Indirect effects have been found in wetlands where the glyphosate is used 
to control the increase of Typha spp. population [83–85]. Species of blackbirds 
and wren can be affected by habitat changes in target and nontarget plant com-
munities that decrease available places to sheltering, nesting, and feeding. The 
lacks of those places lead birds to starvation, strong competition for resources, 
or leave the environment [84]. Part of control in coastal dunes of invasive species 
Chrysanthemoides monilifera ssp. rotundata is due to glyphosate. An 8-year study 
has found that a typical bird from coastal region, Myzomela sanguinolenta, was the 
rarest in places that receive the handling herbicide [86]. Environmental heterogene-
ity (e.g., microclimate and flora) and specific vegetation that is dead by glyphosate 
can be very important for conservation of some bird populations in the environ-
ment [85]. Sometimes, there is the increase of some bird populations after the 

Figure 4. 
Ecotoxicity of glyphosate-based herbicide (GBH) to aquatic birds. Direct (continuous arrows) and indirect 
(dashed arrows) effects of GBH on birds.
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and exposure to GBHs may affect its energy storage process [75, 76]. Schaumburg 
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sufficient to cause irreversible damage to the DNA of amphibians and reptiles, so 
the use of GBH should be controlled in arable areas avoiding the decline of species 
that make up the herpetofauna group.

2.5 Aquatic birds

Glyphosate when used in recommended rates is considered not bioaccumulative 
and of low toxicity in birds [81]. However, the present acquaintance is not enough 
to make affirmation about low toxicity risk and low exposure of birds to herbicide 
considering the possible complex process behind the movement and accumulation 
of glyphosate, additives, and waste in the environment. Moreover, even the few 
available studies [82–96] have found direct and indirect effects of glyphosate on bird 
species (Figure 4). Among those, only five studies along years 1994 and 2017 on 
Google Scholar database have analyzed effects on aquatic bird species. Direct effects 
have been analyzed on male ducks (Anas platyrhynchos) that receive two different 
concentrations of Roundup dissolved in distilled water according to the body weight 
(5 and 100 mg kg−1). There was a decrease in testosterone level in blood plasma of 
about 90%. Moreover, anatomical and histological changes in seminiferous tubes 
and anatomical changes in the epididymis region have also been found [82].

Indirect effects have been found in wetlands where the glyphosate is used 
to control the increase of Typha spp. population [83–85]. Species of blackbirds 
and wren can be affected by habitat changes in target and nontarget plant com-
munities that decrease available places to sheltering, nesting, and feeding. The 
lacks of those places lead birds to starvation, strong competition for resources, 
or leave the environment [84]. Part of control in coastal dunes of invasive species 
Chrysanthemoides monilifera ssp. rotundata is due to glyphosate. An 8-year study 
has found that a typical bird from coastal region, Myzomela sanguinolenta, was the 
rarest in places that receive the handling herbicide [86]. Environmental heterogene-
ity (e.g., microclimate and flora) and specific vegetation that is dead by glyphosate 
can be very important for conservation of some bird populations in the environ-
ment [85]. Sometimes, there is the increase of some bird populations after the 

Figure 4. 
Ecotoxicity of glyphosate-based herbicide (GBH) to aquatic birds. Direct (continuous arrows) and indirect 
(dashed arrows) effects of GBH on birds.
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glyphosate application. However, it can be related with an immediate advantage due 
the removal of abundant plant species and other changes in the environment and in 
available food. Under those circumstances, other population traits, like reproduc-
tive success, could have been affected but not detected [83].

The direct effect of glyphosate on aquatic plants and macroalgae [87] can also 
affect aquatic birds once they make up the varied and plentiful diet of many of 
those birds. Changes in physiological, histological, and behavioral levels and lethal 
cases have been documented in fishes due to use of glyphosate [87, 88]. In this way, 
piscivorous birds can also be suffering indirect effects. In fact, all aquatic birds’ 
food chain can be affected by glyphosate once effects on invertebrates [81, 87, 88], 
amphibians [89], and reptiles [90] have already been confirmed.

Birds are very similar in their physiology and anatomy. Then, studies that have 
tested direct and indirect effects of glyphosate on nonaquatic birds can be also 
considered here. In Japanese quails (Coturnix japonica), the low food consumption 
due to reduced palatability and the low absorption of nutrients in the digestive 
tract are responsible for body weight loss. Moreover, those birds have been fed with 
high glyphosate doses (250 and 500 mg kg−1 of food) and have exposed clinical 
symptoms of behavioral changes, malformed feathers, and slow development 
[91]. A total of 57.5% of dead embryos from chicken eggs have received glyphosate 
solution (0.1 ml with 2% Glialka Star) inside shell [92]. Herbicides can also act in 
synergy with other agrochemicals turning these toxic effects more complex. In this 
way, the combined effect between glyphosate and other chemicals on birds has been 
analyzed and all studies have demonstrated the increase of potential toxicologi-
cal: 97.5% of dead embryos (0.1% of lead acetate plus 2% of glyphosate) [92] and 
decrease of hemoglobin and leucocytes (indoxacarb, an insecticide, plus glypho-
sate) [91]. Indirect effects on nonaquatic birds due the low vegetation complexity 
have also been reported: habitat loss replacing shrub by trees, for example, [93]; 
imbalance in the population structure (i.e., sex ratio) eliminating only habitats of 
one bird group [94, 95]; and changes in richness of the communities benefiting only 
birds related to sparse vegetation [96].

Therefore, the controlled and scaled use of glyphosate in large areas is necessary 
to contribute to conservation of environmental heterogeneity and biological diver-
sity avoiding the plausible effects on bird communities [83–85, 94]. To know what 
plants are important to bird diet and to promote techniques that do not eliminate all 
of those plants from the place are important activities before glyphosate application 
[91]. More studies that aim to analyze the bird contamination by herbicides are 
also necessary [97]. Long-term studies that encourage collaborative work between 
ecologist, toxicologist, and chemist are more pertinent [98].

2.6 Aquatic mammals

For the best of our knowledge, GBH or glyphosate only was not tested in aquatic 
mammals. Searching on Web of Science website for the terms “Glyphosate AND 
mammal AND aquatic,” there is no study reported to date. Despite that, mammals 
in general are considered less sensible to GBH damages than other groups due to 
reduced contact with the environment of mammals when compared to other groups 
as fishes, amphibians, or aquatic invertebrates [99]. The main way that GBH or the 
active ingredient glyphosate reaches mammals’ bodies is through the digestive tract. 
However, it seems to be poorly absorbed and is excreted essentially nonmetabolized 
[100]. Essentially, mammals that were tested were rats, mice, and dogs [101], tested 
through injection or ingestion. Some studies report glyphosate in humans in medical 
case studies. Reported direct effects of GBH on mammals are described as a “wide 
range of clinical manifestations” such as skin and throat irritation, hypotension, 
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or death [102] and include heart arrhythmias and atrioventricular block, cardiac 
electrophysiological changes and conduction blocks [103], pregnancy problems 
[104], disrupt transcriptional expression of the steroidogenic acute regulatory 
protein in testicle [105] and aromatase activity, alter mRNA levels, and interact with 
enzymes [106]. Indirect effects on mammals can be due to reduction of vegetation 
and animals that are a source of food such as invertebrates [101] and fishes. Although 
these mentioned studies were conducted in nonaquatic mammals, it is expected 
that aquatic mammals have similar or even more accentuated effect, since they have 
intense contact with water, and if it is contaminated, the exposure will be higher.

3. Regulations and perspectives

Despite the fact that GBHs were developed to control weeds, acting specifically 
in a restrict plan biochemical pathway, several studies demonstrated that there are 
many side effects on nontarget organisms in all great groups as reported extensively 
here. Looking to control these side effects, governments for many countries around 
the world established limits for usage and concentrations in water bodies. The USA, 
for example, allows 700 μg L−1 in water bodies, while Canada allows 280 μg L−1 in 
drink water. The Brazilian law is a little more restrictive, allowing 65 μg L−1 in water 
bodies class 2 that is used for crop and recreation of first degree (direct contact) 
[107]. However, we could check here that these maximum concentrations allowed 
are not safe for biodiversity conservation. Considering the Brazilian law, the more 
restrictive in American countries, populations of yellowtail tetra fish (A. lacustris) 
are not safe since sperm cells of this species are dead in lower concentrations than 
65 μg L−1 [52]. In this way, European regulations are more plausible, because it 
is more restrictive (0.1 μg L−1) [108] and can be more precise on conservation of 
aquatic biodiversity.

However, even with all those regulations, it is not being obeyed, since there 
is a large range of glyphosate and its metabolite (e.g., AMPA) concentrations in 
hydroresources [6, 64]. Therefore, another way of action for environment safety 
is preserving marginal forests of rivers, surveillance, and environment education. 
Another sustainable way to achieve this goal is changing the crop production matrix 
from large scale, that is, conventional-based production model to a smaller inte-
grative-/organic-based production system, with controlled or restrictive usage of 
pesticides and other agrochemicals.

Acknowledgements

We are thankful to FAPEG (#201710267001261) for financial support.

Conflict of interest

The authors declare that there is no conflict of interest.



Biochemical Toxicology - Heavy Metals and Nanomaterials

36

glyphosate application. However, it can be related with an immediate advantage due 
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affect aquatic birds once they make up the varied and plentiful diet of many of 
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amphibians [89], and reptiles [90] have already been confirmed.
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considered here. In Japanese quails (Coturnix japonica), the low food consumption 
due to reduced palatability and the low absorption of nutrients in the digestive 
tract are responsible for body weight loss. Moreover, those birds have been fed with 
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decrease of hemoglobin and leucocytes (indoxacarb, an insecticide, plus glypho-
sate) [91]. Indirect effects on nonaquatic birds due the low vegetation complexity 
have also been reported: habitat loss replacing shrub by trees, for example, [93]; 
imbalance in the population structure (i.e., sex ratio) eliminating only habitats of 
one bird group [94, 95]; and changes in richness of the communities benefiting only 
birds related to sparse vegetation [96].

Therefore, the controlled and scaled use of glyphosate in large areas is necessary 
to contribute to conservation of environmental heterogeneity and biological diver-
sity avoiding the plausible effects on bird communities [83–85, 94]. To know what 
plants are important to bird diet and to promote techniques that do not eliminate all 
of those plants from the place are important activities before glyphosate application 
[91]. More studies that aim to analyze the bird contamination by herbicides are 
also necessary [97]. Long-term studies that encourage collaborative work between 
ecologist, toxicologist, and chemist are more pertinent [98].
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For the best of our knowledge, GBH or glyphosate only was not tested in aquatic 
mammals. Searching on Web of Science website for the terms “Glyphosate AND 
mammal AND aquatic,” there is no study reported to date. Despite that, mammals 
in general are considered less sensible to GBH damages than other groups due to 
reduced contact with the environment of mammals when compared to other groups 
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However, it seems to be poorly absorbed and is excreted essentially nonmetabolized 
[100]. Essentially, mammals that were tested were rats, mice, and dogs [101], tested 
through injection or ingestion. Some studies report glyphosate in humans in medical 
case studies. Reported direct effects of GBH on mammals are described as a “wide 
range of clinical manifestations” such as skin and throat irritation, hypotension, 
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or death [102] and include heart arrhythmias and atrioventricular block, cardiac 
electrophysiological changes and conduction blocks [103], pregnancy problems 
[104], disrupt transcriptional expression of the steroidogenic acute regulatory 
protein in testicle [105] and aromatase activity, alter mRNA levels, and interact with 
enzymes [106]. Indirect effects on mammals can be due to reduction of vegetation 
and animals that are a source of food such as invertebrates [101] and fishes. Although 
these mentioned studies were conducted in nonaquatic mammals, it is expected 
that aquatic mammals have similar or even more accentuated effect, since they have 
intense contact with water, and if it is contaminated, the exposure will be higher.

3. Regulations and perspectives

Despite the fact that GBHs were developed to control weeds, acting specifically 
in a restrict plan biochemical pathway, several studies demonstrated that there are 
many side effects on nontarget organisms in all great groups as reported extensively 
here. Looking to control these side effects, governments for many countries around 
the world established limits for usage and concentrations in water bodies. The USA, 
for example, allows 700 μg L−1 in water bodies, while Canada allows 280 μg L−1 in 
drink water. The Brazilian law is a little more restrictive, allowing 65 μg L−1 in water 
bodies class 2 that is used for crop and recreation of first degree (direct contact) 
[107]. However, we could check here that these maximum concentrations allowed 
are not safe for biodiversity conservation. Considering the Brazilian law, the more 
restrictive in American countries, populations of yellowtail tetra fish (A. lacustris) 
are not safe since sperm cells of this species are dead in lower concentrations than 
65 μg L−1 [52]. In this way, European regulations are more plausible, because it 
is more restrictive (0.1 μg L−1) [108] and can be more precise on conservation of 
aquatic biodiversity.

However, even with all those regulations, it is not being obeyed, since there 
is a large range of glyphosate and its metabolite (e.g., AMPA) concentrations in 
hydroresources [6, 64]. Therefore, another way of action for environment safety 
is preserving marginal forests of rivers, surveillance, and environment education. 
Another sustainable way to achieve this goal is changing the crop production matrix 
from large scale, that is, conventional-based production model to a smaller inte-
grative-/organic-based production system, with controlled or restrictive usage of 
pesticides and other agrochemicals.
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Abstract

Herbicides are frequently used in the chemical control of weeds in various 
crops in Brazil and worldwide, so they are more frequently detected outside the 
application areas, contributing to the risk of environmental contamination. The 
importance of knowledge of the physicochemical properties of the environment 
and the pesticide used in the agricultural area is in order to understand its effects on 
terrestrial and aquatic ecosystems and the search for the prevention of future bioac-
cumulation potentials (bioconcentration and/or biomagnification) of molecules of 
pesticides in living nontarget organisms, minimizing their negative effects on the 
environment. The understanding of analytical techniques for measuring the quality 
of water resources as well as techniques for the remediation of contaminated water 
is essential to minimize the possible impacts caused by the application of pesticides 
to the environment.

Keywords: contamination, leaching, runoff, volatilization

1. Introduction

The fate of herbicides in the environment contributes to the contamination of 
water resources and is governed by retention (adsorption, absorption, and pre-
cipitation), transformation (decomposition or degradation) and transport (drift, 
volatilization, leaching, and runoff), and by the interactions of these processes [1]. 
The problem of contamination is higher mainly with herbicides that are applied 
directly on the soil in pre-emergence or pre-planting (PPI) in relation to other 
forms of applications.

Leaching is indicated as the main cause of groundwater contamination by her-
bicides [2]. This process is the main form of transport in the soil of nonvolatile and 
water-soluble herbicides [3]. It is of great importance to point out that leaching is 
essential for the incorporation of herbicides in the soil profile in order to reach the soil 
seed bank, contributing to the efficiency of the products in weed control [4]. However, 
negatively, herbicides can be transported to deeper layers of the soil profile until they 
reach sites less exploited by the roots, contaminating the groundwater table [5].

Water contamination is not only related to the proximity of the water resources 
of the treated agricultural areas, the physical and chemical characteristics of the 
products, the climate, the topography, and the management of the area, but also 
technical application characteristics such as water use, inventory, handling, and 
packaging [6].
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Thus, monitoring practices of water resources and the safe use of herbicides 
should be applied. According to Santos et al. [6], chromatography is the most 
used technique for identification and quantification of herbicides and, in general, 
pesticides and contaminants of the water bodies. However, in addition to the detec-
tion of contaminants, adequate control is necessary before and in the moment of 
application to generate the minimum residues as possible in the environment.

In this chapter, we will discuss the main factors that affect water pollution by 
herbicides, exemplifying herbicides’ potential to contaminate water resources, 
emphasizing the effects, monitoring, and detection of herbicides in water 
resources, and finalizing strategies to minimize contamination and herbicide 
removal techniques in contaminated drinking water.

2. Factors affecting water pollution by herbicides

Several factors affect the pollution of water resources by herbicides, and were 
listed in the base Safe Drinking Water Foundation (SDWF) [7]. The factors are 
related with soil, herbicides, and environment.

In soil, drainage affects herbicides because it contributes to leaching. 
Agricultural soils are often well drained, as are natural soil drainage associated with 
excess rainwater, and irrigation can increase transport herbicides to groundwater 
and freshwater. This transport occurs in the water path in the soil profile and 
rapidly reaching a large geographical area. Thereby, the herbicide mobility in soil is 
coordinated by the movement of water in different directions, being vertical (leach-
ing) and horizontal (runoff and/or run-in). In soil, temperature also affects the fate 
of herbicides, for the reason that it interferes in microbiology activity. This fact can 
promote the less biodegradation of herbicides, a process that results in a product 
formation, frequently, less toxic for the environment. Besides, the chemical degra-
dation and photochemical degradation also reduce the toxicity of herbicides in soil.

With regard to the herbicides, the physicochemical properties are responsible 
for their behavior in soil, as well as the risks of contamination. Firstly, the solubility 
in water (Sw) indicates the possible herbicide leaching with water flux in soil, as also 
the disponibility of the molecule for other processes of dissipation in soil. The Sw is 
necessary for many herbicides, because it needs to be applied with water and to be 
absorbed by the target plant. The higher the solubility of the herbicide, the greater 
the risk of leaching. When herbicide no leaching, that is, it has your persistence for 
more time in soil, the sorption is controlling your behavior. The sorption coefficient 
(Kd) normalized for the organic carbon of soil (Koc) indicates this affinity from 
molecule to soil sorption. This situation reduces the contamination of groundwater 
by leaching, but increases surface water contamination by runoff on slopes and high 
rainfall.

The more sorbed the herbicide in soil, will more persistence have this molecule 
in environment. The persistence can be measured by means of the half-life (t1/2). In 
terms of half-life, the longer the degradation takes, the greater is its persistence. The 
half-life is unique for individual herbicides, but variable depending on application 
factors and specific environmental conditions, mainly of microbial activity in soil.

Still, about physical chemical properties of herbicides, the same authors indicate 
the vapor pressure (VP) as interfering in herbicide behavior in the environment. It 
is directly related to the volatilization of the herbicides, which is the other form of 
transport of these molecules to the atmosphere and these can be carried by the wind 
and reach the soil again in the form of precipitation. The formulations are forms for 
reducing this effect, besides additives used in mixtures (wetting agents, solvents, 
extenders, adhesives, buffers, preservatives, and emulsifiers) to improve absorption 
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and decrease losses for the environment. However, much this formulation can 
contain environmental contaminants also.

Treatment of herbicides in nonagricultural areas can be a cause of environmen-
tal pollution. In many areas, such as paved roads, carriers, and sidewalks, among 
others (rigid surfaces), have nothing to absorb and are particularly vulnerable to 
transport into watercourses and nontarget areas, especially after precipitation. 
Thus, herbicides found in water can often be the result of nonagricultural use. In 
addition, independent of the application area, applying high rates of products can 
increase the concentration in the environment.

Another factor that affects water pollution by herbicides is precipitation, 
because high levels of precipitation increase the risk of herbicide contamination. 
The movement of herbicides in watercourses occurs directly by applying these 
products to target areas in drains after precipitation. It may also occur within the 
soil structure by displacement of the herbicides from the absorption sites by the 
water and the treated soil that has moved into the water by soil erosion. The greater 
distances of the water resources and the place of application of the herbicides are 
also crucial to minimize the impacts of the residues in the aquatic system [7].

Persistent herbicides in the environment which have high solubility, mobility, and 
sorption capacity to soil particles and/or volatilization can present great potential 
for contamination of water if not used properly. Before carrying out the herbicide 
application in weed management, checking the risk of each product to the environ-
ment is essential. From these data, it is possible to make a decision about the mode of 
application, season, area, dose, and measures that minimize the impacts.

3.  Herbicides with potential for contamination of the environment, 
ecology, and human health

3.1 Potential for contamination of the environment

For the evaluation of the herbicide runoff, Goss [8] considered the herbicide 
half-life (t1/2) in the soil and the soil sorption potential (Koc) of the herbicide by soil 
particles when in soil transport as criteria, as presented in Table 1. For Leonard [9], 
the solubility (Sw) of the herbicide is relevant, since it determines the runoff in the 
soil solution, considering also the intensity and occurrence of rainfall in this process.

In relation to the transport potential associated with sediment, to be will high 
potential when t1/2 ≥ 40 days and Koc ≥ 1000 L Kg−1; t1/2 ≥ 40 days, Koc ≥ 500 L Kg−1 
and Sw ≤ 0.5 mg L−1. The potential will low when t1/2 < 1 day, t1/2 ≤ 2 days and 
Koc ≤ 500 L Kg−1, t1/2 ≤ 4 days, Koc ≤ 900 L Kg−1 and Sw ≥ 0.5 mg L−1, t1/2 ≤ 40 days, 
Koc ≤ 500 L Kg−1 and Sw ≥ 0,5 mg L−1; t1/2 ≤ 40 days, Koc ≤ 900 L Kg−1 and 
Sw ≥ 2 mg L−1 [8].

The transport potential dissolved in water will be high potential when: 
t1/2 > 35 days, Koc < 100,000 L Kg−1 and Sw ≥ 1 mg L−1; t1/2 < 35 days, Koc ≤ 700 L 
Kg−1, and Sw ≥ 10 e ≤ 100 mg L−1 and low potential when Koc ≥ 100,000 L Kg−1; 
t1/2 ≤ 1 day and Koc ≥ 1000 L Kg−1; t1/2 < 35 days, and Sw < 0.5 mg L−1 [8]. The 
solubility in water will be influenced, when it rains soon after application, 
Sw > 30 mg L−1, and “free” transport in solution (in water) [9].

Table 1 shows the indexes for evaluating the surface runoff of some herbicides, 
of the relationship between sorption potential and mobility.

To evaluate the potential risk of herbicide leaching, three theoretical indexes 
(GUS, CDFA, and Cohen) were used according to Inoue et al. [5]. The physico-
chemical properties of the herbicides were used to calculate the proposed indexes, 
compiled from the European database [11], according to Table 2.
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The Groundwater Ubiquity Score (GUS) is like log t1/2 (4 - log Koc). GUS < 1.8 
is nonleachable, GUS > 2.8 is leachable, and −1.8 < GUS < 2.8 is intermediary 
[12]. The California Department of Food and Agriculture (CDFA) [13] classifies 
Koc < 512 L kg−1 and t1/2 > 11 days as leachable. According to Cohen et al. [14], the 
criterion of the Environmental Protection Agency (EPA) classifies Koc < 300 L kg−1 and 
t1/2 > 21 days as leachable and Koc > 500 L kg−1 and t1/2 < 14 days as nonleachable.

Even the theoretical criteria, taking into account the characteristics of each 
herbicide molecule, distinguish each other. This can be seen in Table 2, where 

Herbicide Koc (L Kg−1) t1/2 (days) GUS¹ CDFA Cohen

Ametryn 316 37 0.52 (LL) L L

Aminocyclopyrachlor 24 31 3.19 (HL) L L

Atrazine 100 75 3.20 (HL) L L

Bentazone 55.3 20 2.89 (HL) L L

Comazone 300 83 3.00 (HL) L L

Imazaquin 181 60 5.42 (HL) L L

Imazethapyr 52 90 6.29 (HL) L L

Metolachlor 120 90 2.10 (IN) L L

Nicosulfuron 30 26 3.25 (HL) L L

Picloram 13 82.8 6.03 (HL) L L

Simazine 130 60 2.00 (IN) L L

Sulfentrazone 43 541 6.16 (HL) L L

Sulfometuron-methyl 85 24 2.86 (HL) L L

Tebuthiuron 80 400 5.36 (HL) L L

1HL = highly leachable, L = leachable, IN = intermediary, LL = low leaching, and NL = non-leachable. Kegley et al. [10].
Source: PPDB [11].

Table 2. 
Indexes for evaluating herbicide leaching for potential groundwater contamination (GUS, CDFA, and Cohen).

Herbicide Koc (L Kg−1) t1/2 (days) Sw (mg L−1) Goss1 Goss2 Mobility3

Cloransulam-methyl 30 11 184 LPC — M

Diuron 813 75.5 35.5 PC PC LM

Glyphosate 1424 15 10,500 — — LM

Sodium hydrogen methyl 
arsonate (MSMA)

16804 200 580,000 PC PC —

Paraquat 10,000,000 3000 620,000 PC LPC NM

Trifluralin 15,800 181 0.221 PC PC NM

1Transport potential associated with sediment: PC = potential for contamination of surface waters and LPC = low 
potential for contamination of surface waters.
2Transport potential dissolved in water: PC = potential for contamination of surface water and LPC = low potential 
for contamination of surface water.
3LM = slightly mobile; M = mobile; and NM = not mobile.
4Kegley et al. [10].
Source: PPDB [11].

Table 1. 
Indexes for evaluating the runoff of herbicides on the potential for surface water contamination (Goss).
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herbicide properties are directly related to leaching and classification according to 
the theoretical criteria. On the other hand, these criteria can help in the chemical 
management with the herbicides, allowing a correct decision-making based on 
one of the factors that most influence the behavior of the herbicide molecule in the 
environment.

For the volatilization, estimation proposed by Lyman et al. [15] is considered 
only the constant of Henry’s Law (H), which represents the concentration of the 
solute in the air in relation to the concentration in the water, being exemplified in 
Table 3. However, the VP is a property that can also contribute to the evaluation of 
the volatility of the herbicide, as it demonstrates the potential for evaporation of a 
molecule in relation to temperature.

Lyman et al. [15] classified H > 10−5 as highly volatile, H < 10−7 as low volatility, 
and 10−7 > H < 10−5 as moderately volatile.

3.2 Potential for ecological contamination

The ecotoxicology is the science that studies the effects of physical and chemical 
agents on organisms, populations, and environment of communities, whether ter-
restrial or aquatic [16–19]. Aquatic ecotoxicology aims to evaluate the effect of toxic 
chemicals on organisms representative of the aquatic ecosystem. The toxic effects 
can manifest themselves at different levels of organization, from cellular structures 
to individuals, populations, and communities [18, 20, 21].

Environmental monitoring through ecotoxicological studies integrates impor-
tant parameters, since it uses organisms’ representative of aquatic environments for 
the quality of the environment under study. The main advantage of using ecotoxi-
cological studies on the physicochemical approach is that organisms interact with 
the ambient conditions for a time, while the chemical data are measured instantly 
in nature, and therefore, require a large number of measurements to obtain greater 
precision in the results.

Ecotoxicological tests may be classified according to their time available for 
evaluation of acute and chronic effects. These tests differ in duration and final 
responses are measured and are a necessary tool for ecotoxicological characteriza-
tion of environmental samples, both the potential risk assessment as the establish-
ment of maximum permissible limits for the protection of aquatic life [22]. Table 4 
shows definitions of terms commonly used in toxicity tests.

Herbicide H Lyman Volatilization based on 
constant H

VP Volatilization 
based on VP

Atrazine 1.50 × 10−04 HV NV 0.039 LV

Clomazone 4.20 × 10−3 HV NV 19.2 HV

Dicamba 1.0 × 10−04 HV NV 1.67 LV

Linuron 2.00 × 10−04 HV NV 0.051 LV

Metsulfuron 2.87 × 10−06 MV NV 1.40 × 
10−08

LV

Trifluralin 6.13 × 10−3 HV MV 9.5 MV

2.4-D 4.0 × 10−06 MV NV 0.009 LV

HV = highly volatile, MV = moderately volatile, LV = low volatility, and NV = nonvolatile.
Source: PPDB [11].

Table 3. 
Indexes for evaluating the volatilization of herbicides on the potential for rainwater contamination.
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The Groundwater Ubiquity Score (GUS) is like log t1/2 (4 - log Koc). GUS < 1.8 
is nonleachable, GUS > 2.8 is leachable, and −1.8 < GUS < 2.8 is intermediary 
[12]. The California Department of Food and Agriculture (CDFA) [13] classifies 
Koc < 512 L kg−1 and t1/2 > 11 days as leachable. According to Cohen et al. [14], the 
criterion of the Environmental Protection Agency (EPA) classifies Koc < 300 L kg−1 and 
t1/2 > 21 days as leachable and Koc > 500 L kg−1 and t1/2 < 14 days as nonleachable.

Even the theoretical criteria, taking into account the characteristics of each 
herbicide molecule, distinguish each other. This can be seen in Table 2, where 

Herbicide Koc (L Kg−1) t1/2 (days) GUS¹ CDFA Cohen

Ametryn 316 37 0.52 (LL) L L

Aminocyclopyrachlor 24 31 3.19 (HL) L L

Atrazine 100 75 3.20 (HL) L L

Bentazone 55.3 20 2.89 (HL) L L

Comazone 300 83 3.00 (HL) L L

Imazaquin 181 60 5.42 (HL) L L

Imazethapyr 52 90 6.29 (HL) L L

Metolachlor 120 90 2.10 (IN) L L

Nicosulfuron 30 26 3.25 (HL) L L

Picloram 13 82.8 6.03 (HL) L L

Simazine 130 60 2.00 (IN) L L

Sulfentrazone 43 541 6.16 (HL) L L

Sulfometuron-methyl 85 24 2.86 (HL) L L

Tebuthiuron 80 400 5.36 (HL) L L

1HL = highly leachable, L = leachable, IN = intermediary, LL = low leaching, and NL = non-leachable. Kegley et al. [10].
Source: PPDB [11].

Table 2. 
Indexes for evaluating herbicide leaching for potential groundwater contamination (GUS, CDFA, and Cohen).

Herbicide Koc (L Kg−1) t1/2 (days) Sw (mg L−1) Goss1 Goss2 Mobility3

Cloransulam-methyl 30 11 184 LPC — M

Diuron 813 75.5 35.5 PC PC LM

Glyphosate 1424 15 10,500 — — LM

Sodium hydrogen methyl 
arsonate (MSMA)

16804 200 580,000 PC PC —

Paraquat 10,000,000 3000 620,000 PC LPC NM

Trifluralin 15,800 181 0.221 PC PC NM

1Transport potential associated with sediment: PC = potential for contamination of surface waters and LPC = low 
potential for contamination of surface waters.
2Transport potential dissolved in water: PC = potential for contamination of surface water and LPC = low potential 
for contamination of surface water.
3LM = slightly mobile; M = mobile; and NM = not mobile.
4Kegley et al. [10].
Source: PPDB [11].

Table 1. 
Indexes for evaluating the runoff of herbicides on the potential for surface water contamination (Goss).

53

Water Resource Pollution by Herbicide Residues
DOI: http://dx.doi.org/10.5772/intechopen.85159

herbicide properties are directly related to leaching and classification according to 
the theoretical criteria. On the other hand, these criteria can help in the chemical 
management with the herbicides, allowing a correct decision-making based on 
one of the factors that most influence the behavior of the herbicide molecule in the 
environment.

For the volatilization, estimation proposed by Lyman et al. [15] is considered 
only the constant of Henry’s Law (H), which represents the concentration of the 
solute in the air in relation to the concentration in the water, being exemplified in 
Table 3. However, the VP is a property that can also contribute to the evaluation of 
the volatility of the herbicide, as it demonstrates the potential for evaporation of a 
molecule in relation to temperature.

Lyman et al. [15] classified H > 10−5 as highly volatile, H < 10−7 as low volatility, 
and 10−7 > H < 10−5 as moderately volatile.

3.2 Potential for ecological contamination

The ecotoxicology is the science that studies the effects of physical and chemical 
agents on organisms, populations, and environment of communities, whether ter-
restrial or aquatic [16–19]. Aquatic ecotoxicology aims to evaluate the effect of toxic 
chemicals on organisms representative of the aquatic ecosystem. The toxic effects 
can manifest themselves at different levels of organization, from cellular structures 
to individuals, populations, and communities [18, 20, 21].

Environmental monitoring through ecotoxicological studies integrates impor-
tant parameters, since it uses organisms’ representative of aquatic environments for 
the quality of the environment under study. The main advantage of using ecotoxi-
cological studies on the physicochemical approach is that organisms interact with 
the ambient conditions for a time, while the chemical data are measured instantly 
in nature, and therefore, require a large number of measurements to obtain greater 
precision in the results.

Ecotoxicological tests may be classified according to their time available for 
evaluation of acute and chronic effects. These tests differ in duration and final 
responses are measured and are a necessary tool for ecotoxicological characteriza-
tion of environmental samples, both the potential risk assessment as the establish-
ment of maximum permissible limits for the protection of aquatic life [22]. Table 4 
shows definitions of terms commonly used in toxicity tests.

Herbicide H Lyman Volatilization based on 
constant H

VP Volatilization 
based on VP

Atrazine 1.50 × 10−04 HV NV 0.039 LV

Clomazone 4.20 × 10−3 HV NV 19.2 HV

Dicamba 1.0 × 10−04 HV NV 1.67 LV

Linuron 2.00 × 10−04 HV NV 0.051 LV

Metsulfuron 2.87 × 10−06 MV NV 1.40 × 
10−08

LV

Trifluralin 6.13 × 10−3 HV MV 9.5 MV

2.4-D 4.0 × 10−06 MV NV 0.009 LV

HV = highly volatile, MV = moderately volatile, LV = low volatility, and NV = nonvolatile.
Source: PPDB [11].

Table 3. 
Indexes for evaluating the volatilization of herbicides on the potential for rainwater contamination.
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Acute toxicity tests are used to measure the effects of toxic agents on aquatic 
species over a short period of time over the life span of the organism, while chronic 
toxicity tests are performed to measure the effects of chemicals on species for a 
period which may cover part or all of the life cycle of the test organism. The acute 
toxicity study is important to predict more immediate impacts to ecosystems, while 
the study of chronic toxicity is important in cases where organisms are continually 
exposed to toxic substances at lower concentrations.

The toxicological effects of herbicides on aquatic organisms have been studied 
to determine, mainly, the effect of herbicides on the different trophic levels that 
surround this environment. Aquatic toxicology contributes to the determination 
of the maximum concentration of herbicide that can be considered tolerable in an 
environment without causing significant damage to biota. You also study the quan-
titative and qualitative effects of these contaminants on aquatic organisms. Table 5 
shows the toxicological effect of herbicides on the major aquatic organisms.

According to FAO [24], herbicides are included in a wide range of organic micro-pol-
lutants that have ecological impacts. Different groups of herbicides have different types 
of data on the living body, so a generalization is difficult. Water can be contaminated 
by runoff of herbicides. Contamination can occur directly through pesticide applica-
tions in growing areas or indirectly by exposing pesticide residues to the environment. 
Contamination can occur directly through pesticide applications in growing areas 
or indirectly by exposing pesticide residues to the environment.

The mechanisms are bioaccumulation, bioconcentration, and biomagnification. 
The bioaccumulation of substances in organisms, according to their trophic level  
of the food chain, can be divided into:

• Bioconcentration: the direct capture of pollutants present in water, through 
the gills, skin, and oral route;

• Biomagnification: consumption of contaminated prey, associated with differ-
ent trophic levels.

The bioaccumulation process refers to the entry of xenobiotic molecules into 
organs of living organisms, over the time of exposure. Now the rate of excretion of 

Parameter Definition Exposure time

LD50 Average lethal dose: dose of sample causing mortality of 50% of organisms at 
the time of exposure and test conditions.

24 to 96 h

LC50 Medium lethal concentration: concentration of sample that causes an acute 
effect (death, for example) to 50% of organisms at the time of exposure and 
under test conditions.

24 to 96 h

EC50 Average effective concentration: concentration of sample causing an acute 
effect (immobility, for example) to 50% of organisms at the time of exposure 
and under test conditions.

24 or 48 h

CENO Unobserved effect concentration: higher concentration of toxic agent that does 
not cause statistically significant deleterious effect on organisms at the time of 
exposure and test conditions.

7 days

CEO Observed effect concentration: lower concentration of toxic agent causing 
statistically significant deleterious effect on organisms at time of exposure and 
test conditions.

7 days

Source: Espíndola et al. [23].

Table 4. 
Definition of some terms used in toxicity tests.
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Herbicide Toxicological test Value (mg L−1) Water agencies Classification

2.4-D Fish—Sharp 96 h LC50 100.00 Pimephales promelas Moderate

Fish—Chronic 21 days CENO 27.20 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

134.20 Daphnia magna Low

Aquatic invertebrates—Chronic 
21 days CENO

46.20 Daphnia magna Low

Aquatic plants (biomass)—Acute 
7 days EC50

2.70 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 24.20 Raphidocelis subcapitata Low

Algae—Chromatic 96 h CENO 100.00 Chlorella vulgaris Low

Ametryn Fish—Sharp 96 h LC50 5.00 Oncorhynchus mykiss Moderate

Aquatic invertebrates—Acute 
48 h EC50

28.00 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.32 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

1.70 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.10 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata High

Atrazine Fish—Sharp 96 h LC50 4.50 Oncorhynchus mykiss Moderate

Fish—Chronic 21 days CENO 2.00 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

8.50 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

1.00 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

1.00 Americamysis bahia Moderate

Sediment Organisms—96 h acute 
LC50

1.00 Chironomus riparius Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.10 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata Moderate

Diuron Fish—Sharp 96 h LC50 6.70 Cyprinodon variegatus Moderate

Fish—Chronic 21 days CENO 0.41 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

5.70 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.096 Daphnia magna Moderate

Crustáceos aquáticos—Agudo 
96 h CE50

1.10 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.0183 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0027 Scenedesmus agricauda High
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Acute toxicity tests are used to measure the effects of toxic agents on aquatic 
species over a short period of time over the life span of the organism, while chronic 
toxicity tests are performed to measure the effects of chemicals on species for a 
period which may cover part or all of the life cycle of the test organism. The acute 
toxicity study is important to predict more immediate impacts to ecosystems, while 
the study of chronic toxicity is important in cases where organisms are continually 
exposed to toxic substances at lower concentrations.

The toxicological effects of herbicides on aquatic organisms have been studied 
to determine, mainly, the effect of herbicides on the different trophic levels that 
surround this environment. Aquatic toxicology contributes to the determination 
of the maximum concentration of herbicide that can be considered tolerable in an 
environment without causing significant damage to biota. You also study the quan-
titative and qualitative effects of these contaminants on aquatic organisms. Table 5 
shows the toxicological effect of herbicides on the major aquatic organisms.

According to FAO [24], herbicides are included in a wide range of organic micro-pol-
lutants that have ecological impacts. Different groups of herbicides have different types 
of data on the living body, so a generalization is difficult. Water can be contaminated 
by runoff of herbicides. Contamination can occur directly through pesticide applica-
tions in growing areas or indirectly by exposing pesticide residues to the environment. 
Contamination can occur directly through pesticide applications in growing areas 
or indirectly by exposing pesticide residues to the environment.

The mechanisms are bioaccumulation, bioconcentration, and biomagnification. 
The bioaccumulation of substances in organisms, according to their trophic level  
of the food chain, can be divided into:

• Bioconcentration: the direct capture of pollutants present in water, through 
the gills, skin, and oral route;

• Biomagnification: consumption of contaminated prey, associated with differ-
ent trophic levels.

The bioaccumulation process refers to the entry of xenobiotic molecules into 
organs of living organisms, over the time of exposure. Now the rate of excretion of 

Parameter Definition Exposure time

LD50 Average lethal dose: dose of sample causing mortality of 50% of organisms at 
the time of exposure and test conditions.

24 to 96 h

LC50 Medium lethal concentration: concentration of sample that causes an acute 
effect (death, for example) to 50% of organisms at the time of exposure and 
under test conditions.

24 to 96 h

EC50 Average effective concentration: concentration of sample causing an acute 
effect (immobility, for example) to 50% of organisms at the time of exposure 
and under test conditions.

24 or 48 h

CENO Unobserved effect concentration: higher concentration of toxic agent that does 
not cause statistically significant deleterious effect on organisms at the time of 
exposure and test conditions.

7 days

CEO Observed effect concentration: lower concentration of toxic agent causing 
statistically significant deleterious effect on organisms at time of exposure and 
test conditions.

7 days

Source: Espíndola et al. [23].

Table 4. 
Definition of some terms used in toxicity tests.
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Herbicide Toxicological test Value (mg L−1) Water agencies Classification

2.4-D Fish—Sharp 96 h LC50 100.00 Pimephales promelas Moderate

Fish—Chronic 21 days CENO 27.20 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

134.20 Daphnia magna Low

Aquatic invertebrates—Chronic 
21 days CENO

46.20 Daphnia magna Low

Aquatic plants (biomass)—Acute 
7 days EC50

2.70 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 24.20 Raphidocelis subcapitata Low

Algae—Chromatic 96 h CENO 100.00 Chlorella vulgaris Low

Ametryn Fish—Sharp 96 h LC50 5.00 Oncorhynchus mykiss Moderate

Aquatic invertebrates—Acute 
48 h EC50

28.00 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.32 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

1.70 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.10 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata High

Atrazine Fish—Sharp 96 h LC50 4.50 Oncorhynchus mykiss Moderate

Fish—Chronic 21 days CENO 2.00 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

8.50 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

1.00 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

1.00 Americamysis bahia Moderate

Sediment Organisms—96 h acute 
LC50

1.00 Chironomus riparius Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.10 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata Moderate

Diuron Fish—Sharp 96 h LC50 6.70 Cyprinodon variegatus Moderate

Fish—Chronic 21 days CENO 0.41 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

5.70 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.096 Daphnia magna Moderate

Crustáceos aquáticos—Agudo 
96 h CE50

1.10 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

0.0183 Lemna perpusilla Moderate

Algae—Acute 72 h EC50 0.0027 Scenedesmus agricauda High
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the substances present in the organism and/or their metabolism is low; besides the 
sorption of the molecules of the substances to the constituents of the body, there 
will be an increase of the concentration in the organisms, exceeding the values of 
the medium. The mechanism of bioconcentration is the direct transfer of a mol-
ecule of xenobiotic into the body, in its tissues and/or organs [25].

Herbicide Toxicological test Value (mg L−1) Water agencies Classification

Glyphosate Fish—Sharp 96 h LC50 38.00 Oncorhynchus mykiss Moderate

Fish—Chronic 21 days CENO 25.00 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

40.00 Daphnia magnmagnaa Moderate

Aquatic invertebrates—Chronic 
21 days CENO

30.00 Daphnia magna Low

Aquatic crustaceans—Acute 96 h 
EC50

40.,00 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

12.00 Lemma perpusilla Low

Algae—Acute 72 h EC50 4.40 Scenedesmus agricauda Moderate

Algae—Chromatic 96 h CENO 2.00 — Low

Simazine Fish—Sharp 96 h LC50 90.00 Lepomis macrochirus Moderate

Fish—Chronic 21 days CENO 0.70 — Moderate

Aquatic invertebrates—Acute 
48 h EC50

1.10 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

25.00 Daphnia magma Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

3.00 Lemma perpusilla Moderate

Algae—Acute 72 h EC50 0.04 Scenedesmus agricauda Moderate

Algae—Chromatic 96 h CENO 0.60 — Moderate

Trifluralin Fish—Sharp 96 h LC50 0,088 Oncorhynchus mykiss High

Fish—Chronic 21 days CENO 10.00 Pimephales promelas Moderate

Aquatic invertebrates—Acute 48 h 
EC50

0.245 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.051 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

0.074 Americamysis bahia High

Sediment Organisms—96 h acute 
LC50

1.00 Chironomus riparius Moderate

Sediment Organisms—Chronic 
21 days CENO—water

0.25 Chironomus riparius Moderate

Sediment Organisms—Chronic 
21 days CENO—sediment

810.00 Chironomus riparius Low

Aquatic plants (biomass)—Acute 
7 days EC50

0.0122 Lemma perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata Moderate

Algae—Chromatic 96 h CENO 0.60 — Moderate

Source: PPDB [11].

Table 5. 
Toxicological effects of herbicides detected in different water resources in Brazil on the main aquatic organisms.
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The environment is formed by different phases, such as terrestrial, aquatic, 
atmospheric, and biota, and the xenobiotic when introduced in this system 
is distributed according to its physicochemical properties. The sediment has 
particles and colloids from the soil, serving as a reservoir of xenobiotic mol-
ecules, being a source of accumulation of pollutants. Thus, there may be higher 
concentrations of persistent toxic pollutants in the sediments relative to water, 
and aquatic biota may metabolize significant amounts of pollutants over time, 
but these concentrations may be below the detection limits of traditional analyti-
cal techniques.

The indicator used to measure the bioaccumulation potential of pollutants in 
living organisms is the octanol/water partition coefficient (Kow). Thus, Kow (Table 6) 
is the measure of the affinity of the molecule for the apolar phase (1-octanol = lipo-
philicity) and polar (water = hydrophilicity). Therefore, the higher the Kow value, the 
greater the lipophilicity (Table 7), that is, the higher the bioaccumulation potential 
[26].

Some herbicides such as diclofop-methyl, fluazifop-P-butyl, atrazine, and 
oxyfluorfen are lipophilic, which means that they are soluble and accumulated in 
adipose tissue, such as edible fish tissue and human adipose tissue. Other herbicides 
with low Kow, such as glyphosate, are metabolized and excreted.

The term biomagnification refers to the increasing concentration of a chemical 
as food energy is transformed within the food chain. As larger organisms consume 
smaller organisms, the concentration of herbicides and other pesticides is increas-
ing in tissues and other organs. Very high concentrations can be observed in higher 
predators, including man.

The ecological effects of herbicides are varied and are often interrelated. The 
effects on the organism or the ecological level are generally considered as an 
indicator of early warning of possible impacts on human health. The main types of 
effects are listed below and vary depending on the organism studied and the type of 
herbicide. The important point is that many of these effects are chronic (nonfatal) 
and often not observed by casual observers, but have consequences for the entire 
food chain, as described below, according to FAO [24]:

• Death of the organism;

• Cancers, tumors, and lesions in fish and animals;

• Inhibition or reproduction failure;

• Suppression of the immune system;

• Endocrine (hormonal) disturbance;

• Cell and DNA damage;

• Teratogenic effects (physical deformities such as curved beaks in birds);

• Weakened health of fish marked by a low proportion of red to white blood 
cells, excessive slime in fish scales, and gills, among others;

• Inter inter-generational effects (effects are not evident until subsequent 
generations of the organism); and

• Other physiological effects, such as the thinning of eggshell.
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the substances present in the organism and/or their metabolism is low; besides the 
sorption of the molecules of the substances to the constituents of the body, there 
will be an increase of the concentration in the organisms, exceeding the values of 
the medium. The mechanism of bioconcentration is the direct transfer of a mol-
ecule of xenobiotic into the body, in its tissues and/or organs [25].

Herbicide Toxicological test Value (mg L−1) Water agencies Classification

Glyphosate Fish—Sharp 96 h LC50 38.00 Oncorhynchus mykiss Moderate

Fish—Chronic 21 days CENO 25.00 Oncorhynchus mykiss Low

Aquatic invertebrates—Acute 
48 h EC50

40.00 Daphnia magnmagnaa Moderate

Aquatic invertebrates—Chronic 
21 days CENO

30.00 Daphnia magna Low

Aquatic crustaceans—Acute 96 h 
EC50

40.,00 Americamysis bahia Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

12.00 Lemma perpusilla Low

Algae—Acute 72 h EC50 4.40 Scenedesmus agricauda Moderate

Algae—Chromatic 96 h CENO 2.00 — Low

Simazine Fish—Sharp 96 h LC50 90.00 Lepomis macrochirus Moderate

Fish—Chronic 21 days CENO 0.70 — Moderate

Aquatic invertebrates—Acute 
48 h EC50

1.10 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

25.00 Daphnia magma Moderate

Aquatic plants (biomass)—Acute 
7 days EC50

3.00 Lemma perpusilla Moderate

Algae—Acute 72 h EC50 0.04 Scenedesmus agricauda Moderate

Algae—Chromatic 96 h CENO 0.60 — Moderate

Trifluralin Fish—Sharp 96 h LC50 0,088 Oncorhynchus mykiss High

Fish—Chronic 21 days CENO 10.00 Pimephales promelas Moderate

Aquatic invertebrates—Acute 48 h 
EC50

0.245 Daphnia magna Moderate

Aquatic invertebrates—Chronic 
21 days CENO

0.051 Daphnia magna Moderate

Aquatic crustaceans—Acute 96 h 
EC50

0.074 Americamysis bahia High

Sediment Organisms—96 h acute 
LC50

1.00 Chironomus riparius Moderate

Sediment Organisms—Chronic 
21 days CENO—water

0.25 Chironomus riparius Moderate

Sediment Organisms—Chronic 
21 days CENO—sediment

810.00 Chironomus riparius Low

Aquatic plants (biomass)—Acute 
7 days EC50

0.0122 Lemma perpusilla Moderate

Algae—Acute 72 h EC50 0.0036 Raphidocelis subcapitata Moderate

Algae—Chromatic 96 h CENO 0.60 — Moderate

Source: PPDB [11].

Table 5. 
Toxicological effects of herbicides detected in different water resources in Brazil on the main aquatic organisms.
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The environment is formed by different phases, such as terrestrial, aquatic, 
atmospheric, and biota, and the xenobiotic when introduced in this system 
is distributed according to its physicochemical properties. The sediment has 
particles and colloids from the soil, serving as a reservoir of xenobiotic mol-
ecules, being a source of accumulation of pollutants. Thus, there may be higher 
concentrations of persistent toxic pollutants in the sediments relative to water, 
and aquatic biota may metabolize significant amounts of pollutants over time, 
but these concentrations may be below the detection limits of traditional analyti-
cal techniques.

The indicator used to measure the bioaccumulation potential of pollutants in 
living organisms is the octanol/water partition coefficient (Kow). Thus, Kow (Table 6) 
is the measure of the affinity of the molecule for the apolar phase (1-octanol = lipo-
philicity) and polar (water = hydrophilicity). Therefore, the higher the Kow value, the 
greater the lipophilicity (Table 7), that is, the higher the bioaccumulation potential 
[26].

Some herbicides such as diclofop-methyl, fluazifop-P-butyl, atrazine, and 
oxyfluorfen are lipophilic, which means that they are soluble and accumulated in 
adipose tissue, such as edible fish tissue and human adipose tissue. Other herbicides 
with low Kow, such as glyphosate, are metabolized and excreted.
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herbicide. The important point is that many of these effects are chronic (nonfatal) 
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• Teratogenic effects (physical deformities such as curved beaks in birds);

• Weakened health of fish marked by a low proportion of red to white blood 
cells, excessive slime in fish scales, and gills, among others;

• Inter inter-generational effects (effects are not evident until subsequent 
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LogKow Kow Lipophilicity

<0.1 <1 Hydrophilic

0.1–1 1–10 Moderately liposoluble

1–2 10–100 Lipophilic

2–3 100–1000 Very lipophilic

3 >1000 Extremely lipophilic

Source: Christoffoleti and López-Ovejero [26].

Table 6. 
Classification of lipophilicity of herbicides.

Herbicide Log Kow Potential to bioaccumulate

Alachlor 3.09 High

Atrazine 2.70 Moderate

Glyphosate −3.2 Low

Imazapyr 1.34 Low

Mesotrione 0.11 Low

Paraquat −4.5 Low

Pendimethalin 5.4 High

Tebuthiuron 1.79 Low

Source: PPDB [11].

Table 7. 
Bioaccumulation potential of herbicides.

Herbicide Effects on human health

2.4-D Effects on the kidney (pigmentation of tubular cells)

Atrazine Developmental effects (reduction of children’s body weight)
Other: increased potential risk of ovarian cancer or lymphomas (classified as possible carcinogen)

Dicamba Liver effects (vacuolation, necrosis, fatty deposits, and changes in liver weight)

Diclofop-methyl Liver effects (enlargements and enzymatic changes)

Diquat Cataract formation

Diuron Weight loss, increased liver weight, and blood effects

Glyphosate Reduced body weight gain

MCPA Effects on the kidney (increase of absolute and relative weight, urinary bilirubin, crystals, and pH)
Others: systemic, hepatic, testicular, reproductive, and developmental effects, and effect on 
the nervous system

Metolac3hlor Liver lesions and tumors in the nasal cavity

Metribuzin Liver effects (increased incidence and severity of mucopolysaccharide droplets)

Paraquat Various effects on body weight, spleen, testis, liver, lung, kidney, thyroid, heart, and adrenal gland

Picloram Changes in body and liver weights and clinical chemistry parameters
Others: effects on kidney (ratio of liver weight and body weight, and histopathology)

Simazine Changes in body weight and effects on serum and thyroid gland

Trifluralin Changes in liver and spleen weights and serum chemistry

Source: Health Canada [27].

Table 8. 
Effects on human health from exposure to herbicides based on the acceptable maximum residue limit (MRL).
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These effects are not necessarily caused solely by exposure to herbicides or other 
organic contaminants, but may be associated with a combination of environmental 
stresses such as eutrophication and pathogens. These associated stresses need not 
be large to have a synergistic effect with organic micro pollutants. The ecological 
effects of herbicides extend beyond individual organisms and can extend to ecosys-
tems, affecting biodiversity.

3.3 Potential for contamination to human health

The effects of herbicides on human health generally affect the rural worker who, 
in some way, has exposure to these compounds. Problems are often associated with 
factors such as inappropriate substance use, high toxicity of certain products, lack 
of health and safety information, and lack of vigilance. In addition to occupational 
exposure, food and environmental contamination places other groups of people at 
risk, including families of farmers, the surrounding population of the production 
unit, and the general population, through the consumption of contaminated food 
or water. The effects of some herbicides on human health are reported in Table 8.

4. Some of the techniques for removal from water resources

To remove herbicides from drinking water, various strategies involving, for 
example, adsorption, photocatalysis, and/or advanced oxidation processes were 
used. Regarding adsorption, adsorbents of natural origin (for example, plant 
biomass) have become attractive in view of the availability of abundant supplies, 
high adsorption capacity, and low cost. This is a remarkable aspect, especially if the 
regional biomass is used. The use of agricultural residues follows well the strategies 
of treatment of effluents with high efficiency and economic viability; for example, 
Silva et al. [28] reported that dry banana peel was efficient in removing atrazine 
and ametryn in drinking water and rivers.

In order to mitigate pesticide leaching contamination in surface and ground-
water with practices within agricultural properties, the biobed system, created 
in 1993 in Sweden, has been developed and studied [29]. This system consists 
of a tank excavated at 60 cm depth covered with impermeable material or not, 
containing a straw, soil, and peat biomass (50:25:25% volume), covered by a layer 
of grass. It is used to deposit water from the washes of the containers and sprayers, 
in order to retain the pesticides, promoting the sorption and biodegradation of the 
product by the microbial stimulus that occurs with the use of the organic materials 
in the soil. The substrate is used for 12 months without the need of renewal, and at 
the end of the use, this material should be stored in the form of composting for 6 
months and later distributed in the agricultural areas. Sannino et al. [30] verified 
in a sorption cycle the total removal of paraquat and partial 2.4-D with the use of 
a polymeric substance, a polymer of humic acid recovered from the waste water of 
olive oil mill, presenting potential for use in biomechanics of biobeds, as well as in 
biofilters. However, there is a need for further research into the efficacy of other 
biosorbents that may assist in this system.

The use of bovine bone char (bone charcoal) is an alternative for the removal of 
hexazinone, diuron, ametryn, and sulfometuron methyl in drinking water [31]. In 
general, the authors stated that herbicide removal in contaminated drinking water 
samples was in the following descending order: diuron > ametryn > sulfometuron 
methyl > hexazinone. After 7 days of the application of the bone char treatment, no 
herbicide desorbed the material, remaining strongly retained. For all herbicides, the 
removal of about 100% was obtained with the highest dose of bone char (1 g) added 
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of health and safety information, and lack of vigilance. In addition to occupational 
exposure, food and environmental contamination places other groups of people at 
risk, including families of farmers, the surrounding population of the production 
unit, and the general population, through the consumption of contaminated food 
or water. The effects of some herbicides on human health are reported in Table 8.

4. Some of the techniques for removal from water resources

To remove herbicides from drinking water, various strategies involving, for 
example, adsorption, photocatalysis, and/or advanced oxidation processes were 
used. Regarding adsorption, adsorbents of natural origin (for example, plant 
biomass) have become attractive in view of the availability of abundant supplies, 
high adsorption capacity, and low cost. This is a remarkable aspect, especially if the 
regional biomass is used. The use of agricultural residues follows well the strategies 
of treatment of effluents with high efficiency and economic viability; for example, 
Silva et al. [28] reported that dry banana peel was efficient in removing atrazine 
and ametryn in drinking water and rivers.

In order to mitigate pesticide leaching contamination in surface and ground-
water with practices within agricultural properties, the biobed system, created 
in 1993 in Sweden, has been developed and studied [29]. This system consists 
of a tank excavated at 60 cm depth covered with impermeable material or not, 
containing a straw, soil, and peat biomass (50:25:25% volume), covered by a layer 
of grass. It is used to deposit water from the washes of the containers and sprayers, 
in order to retain the pesticides, promoting the sorption and biodegradation of the 
product by the microbial stimulus that occurs with the use of the organic materials 
in the soil. The substrate is used for 12 months without the need of renewal, and at 
the end of the use, this material should be stored in the form of composting for 6 
months and later distributed in the agricultural areas. Sannino et al. [30] verified 
in a sorption cycle the total removal of paraquat and partial 2.4-D with the use of 
a polymeric substance, a polymer of humic acid recovered from the waste water of 
olive oil mill, presenting potential for use in biomechanics of biobeds, as well as in 
biofilters. However, there is a need for further research into the efficacy of other 
biosorbents that may assist in this system.

The use of bovine bone char (bone charcoal) is an alternative for the removal of 
hexazinone, diuron, ametryn, and sulfometuron methyl in drinking water [31]. In 
general, the authors stated that herbicide removal in contaminated drinking water 
samples was in the following descending order: diuron > ametryn > sulfometuron 
methyl > hexazinone. After 7 days of the application of the bone char treatment, no 
herbicide desorbed the material, remaining strongly retained. For all herbicides, the 
removal of about 100% was obtained with the highest dose of bone char (1 g) added 
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to the water samples. The bovine bone char presented a great herbicide removal 
potential for use in contaminated drinking water. Depending on each geographical 
region, the water samples are contaminated with different herbicides. Thus, this 
bone char can be tested more specifically for each region and potentially can repre-
sent a low-cost method to be used in water treatment plants or household filters.

Hexazinone and diuron are often found as micro-contaminants of soil and water 
resources located near agricultural sites where they are constantly applied [32–35]. 
In addition, the concentrations of both herbicides found in water resources ranged 
from 15.0 ng L−1 to 408.0 μg L−1.

Conventional techniques applied in water treatment systems do not exhibit 
great efficiency in the removal of organic micro contaminants, such as herbicides, 
and it is necessary to add suitable pre- or post-treatments for the removal of these 
undesirable compounds [36]. Due to this, currently, we are looking for technologies 
that are environmentally and economically feasible in the removal of these micro 
contaminants.

In order to obtain high quality water, membrane technologies that include 
reverse osmosis [37] are used. This technique is used in water desalination and 
demineralization [38] whose principle is to apply a force higher than the osmotic 
pressure in the concentrated solution compartment, causing the inversion of flow, 
forcing the passage of solvent, and retaining the solvent and solute [39]. Reverse 
osmosis has been widely applied as an important option for wastewater recovery 
because it can achieve high efficiency of removal of microorganisms, colloidal mat-
ter, dissolved solids, and organic and inorganic materials present in water [40].

Several technologies have been studied and developed with the aim of minimiz-
ing the impacts generated by the use of herbicides and pesticides in general in the 
environment. Many of the techniques are extremely costly; however, it is up to the 
organs and professionals of the different regions to adapt and implement them, in 
order to serve the population with regard to the supply of drinking water.

5. Final considerations

Highly water-soluble herbicides should be applied exclusively during the dry 
season so that impacts on water resources are minimized. In addition, establishing 
regulatory limits for the maximum amount of herbicide residues in the water is 
complex worldwide. First, the type of water is relevant to the proposed limit, for 
example, drinking water, reservoir water, lakes and streams, groundwater, aqua-
culture water, irrigation water, and drinking water for farm animals. A limit based 
on a risk to human health or the environment could allow much higher levels of 
herbicide residues in waters than would ever occur in practice.

Also, regarding the preservation of water resources, small actions that contrib-
ute to the noncontamination of the water, such as the proper handling of herbicide 
packaging and agronomic management techniques that avoid the loss of products, 
be it by volatilization, runoff and/or leaching, are essential. Preventing the arrival 
of herbicide residues from water sources reduces the need for remediation practices, 
which are often extremely costly and ineffective for a range of herbicides.
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Chapter 4

Challenges for Assessing Toxicity
of Nanomaterials
Akanksha Gupta, Sanjay Kumar and Vinod Kumar

Abstract

On the development of nano-world, nanotechnology provides enormous oppor-
tunities in daily routine products and further future sustainable innovations. The
nanotechnology extends its benefits to various fields such as engineering, medical,
biological, environmental, and communication. However, the exponential growth
of nanomaterials production would lead to severe complications related to their
hazardous effects to the human health and environment. Moreover, negative
impact of nanomaterials toxicity on human health is one of the significant issues on
exhausting nano-products. The most vulnerable situation is associated with the use
of nanomaterials in the biomedical application. The several efforts have been ongo-
ing to study the nanotoxicity and its interaction with the biomolecules. Neverthe-
less, it is hard to assess and validate the nanotoxicity in a biological system. This
chapter aims to study the challenges in determining the toxicity of nanomaterials.
The toxicity assessment and hurdles in determining the impact on biological sys-
tems are epoch making. In-vitro, in-vivo, and in-silico studies are summarized in this
chapter in assessing the toxicity of engineered nanomaterials. The different
approaches of toxicity assessment have their difficulties faced by researchers while
characterizing nanomaterials in powder form, solution-based, and interacting with
biological systems. The assessment tools and characterization techniques play a vital
role in overcoming the challenges, while the cytotoxic assays involve nanoparticle
shape, morphology, and size consideration.

Keywords: nanotechnology, nanoparticles, characterization, in-vitro, in-vivo,
in-silico

1. Introduction

In today’s high-tech world, nanotechnology has become so much popular in
various fields due to its unique and beneficial physicochemical properties [1].
Some of the essential applications in multiple areas have been mentioned in Table 1.
Bringing the materials to nanoscale level helps in improving mechanical, optical and
electrical properties. It can be explained due to the increase in surface area to
volume ratio and hence, surface-related properties become more significant.

The small size and higher specific surface area of NMs furnishes the distinctive
properties and leads to unpredicted biological response on interaction with
biological system. Further, they also impart different biokinetic behavior and
capabilities to reach farther in body as compared with their larger counterparts.
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With the increasing use and production of nanomaterials (NMs), occupational
exposure is also growing. Other concern is related to environment and ecosystem
disturbance. Some of these apprehensions have forced scientist to investigate and
understand the potential adverse effects of engineered nanomaterials on health and
environment and also, explore the challenges to assess the toxicity of these mate-
rials. Several reports on toxicity assessment of NMs published in the last few
decades. However, still it is a challenging task to investigate the interactions of
nanoparticles (NPs) with biological systems. One of the probable reasons could be
due to experimental methods and precise characterization involving toxicological
assessment of NMs. Although, human health is at considerable risk because of
toxicity of these nanotechnology-based goods on exposure/intake by several routes
(Figure 1 and Table 2) [36].

Applications Usage Ref.

Nanomedicine Fluorescence and multiphoton bioimaging, in vitro diagnostics, in vivo
fluorescence imaging, drug delivery, photodynamic therapy,
Photothermal-controlled drug delivery and cancer treatment, drug
release, bioimaging, Tissue engineering, gene therapy, regenerative
medicine, MRI, magnetically guided control drug delivery,
magnetic biosensing, Drug release and gene delivery, gene
material and vaccines

[2]

Health sector Therapeutic targets in chemotherapy; bio-nanosensors; nanocoatings;
nanocarrier for vaccination; antimicrobial activities;
nanophotothermolysis for cancer, nanofilter, cosmetic products,

[3–6]

Food and
agriculture

Nanofertilizers, nanofungicides, nanopesticides, engineered
nanomaterials, CNT (carbon nanotube), nanoporous membrane,
food-based nanodelivery vehicles, food storage and packaging, functional
foods, bio-actives, nutraceutical systems, and pharma foods

[7–11]

Energy and
environment

Wastewater treatment, adsorption and degradation of organic/inorganic
pollutant, nanofilters/membranes, Solar energy, energy storage, H2

generation, Li-ion battery

[12–20]

Defense and
security

Smart materials, fuel additives, modern weapon, nanocoatings,
nanocomposites, night vision camera, sensors and electronics, and energy
devices, robotics

[21–24]

Automobile Nanomaterials in paints, nanocoatings, catalyst as additives, nano-based
lubricants, fuel cells, composite fillers, smart lights

[25–27]

Building Pigment in Interior and exterior paints, as a thin film on glass
windows, photocatalyst, adsorbent, as a membrane, hydrophilicity,
climate control, sensors, Rheological behavior under uniaxial extensional
flow, improved mechanical properties, fire retardant and insulation,
cement composite

[28]

Electronics
device

LED, OLED, nanotransitor, nano-based memory device, opto-magnetic,
spintronics, electrochromic device, nanogenerator

[29–31]

Textiles Smart fibers, stain repellence, wrinkle-freeness, nanocoatings, high
absorbency, softness and breathability, military applications

[32, 33]

Sports Nanofibers, ball coatings, CNT based sports items [34, 35]

Table 1.
List of numerous applications of nanomaterials in different area.
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Figure 1.
Exposure pathways of nanoparticles.

Nanomaterials Possible risks

Carbon, silver and
gold NPs

Affect the central nervous system, respiratory toxicity, liver toxicity

Carbon NPs Pulmonary inflammation, granulomas, and fibrosis, inhibition of DNA enzymes,
enhanced cytotoxicity, pulmonary toxicity

Cd-based
compounds

Nephrotoxic potential, cell and DNA damage, lungs and liver toxicity, fetus
malformation, hampered growth, enhanced cytotoxicity

CuO NPs Suppress immune system, cell and DNA damage, toxic to aquatic organisms

Ceria NPs Reactive Oxygen Species (ROS) production, decreased lifespan, cell membrane
and DNA damage, lipid peroxidation

TiO2 NPs Genotoxicity, metabolic change, neurotoxicity, skin penetration, cell damage,
ROS production, reproductive toxicity

ZnO NPs Hepatic oxidative stress, severe liver damage, reproductive toxicity on
earthworms

QDs (Quantum
Dots)

Lung infection and inflammation, fetus malformation, hampered growth, sperm
count and quality decreases, cell damage

SiO2 NPs Chronic obstructive pulmonary disease, tuberculosis. Lipid peroxidation and
membrane damage, mitochondrial dysfunction, lung cancer, cell death
(necrosis)

Nano-MOFs Reproductive and respiratory toxicity, immunotoxicity, neurotoxicity,
carcinogenicity

Table 2.
List of nanoparticles causes possible toxicity to the human body [2].
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Table 2.
List of nanoparticles causes possible toxicity to the human body [2].
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2. Challenges in characterization

To study the toxicity of any chemical substances, characterization of materials
plays a significant role. There are several techniques available these days which can
be used to characterize nanomaterials in powder form, film as well as in solution
and further its interaction with biomolecules can be studied (Figure 2). Although, it
becomes much more imperative and extensive in case of nanomaterials due to the
different shapes and sizes with variable surface area, charge and chemistry, crys-
tallinity, porosity, agglomeration, solubility, etc., (Figure 3). Further, the
nanomaterials generated from experiments must ensure reproducibility of

Figure 2.
Characterization of nanoparticles in different media [37].

Figure 3.
Challenges of characterization of nanoparticles.
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nanomaterials and thus higher reliability of the results. Characterization of
nanomaterials requires highly sophisticated instruments and skilled human
resources to study them. The precise properties of nanoparticles and their toxicity
details are poorly understood. Thus, a more wide-ranging and comprehensive
characterization, including size distribution, shape, surface area, surface chemistry,
crystallinity, porosity, agglomeration state, surface charge, solubility, etc., is
suggested for nanomaterials in order to determine the perfect connection between
their physicochemical properties and the biological effects they produce [37]. How-
ever, due to limited facilities in lab, scientists are bound to utilize the techniques
available to them. Therefore, characterization techniques plays crucial role in
experimental findings of nanomaterials.

On account of toxicity assessment, size is one of the crucial factors which alter
the functionality of nanomaterial along with diversified interaction with living
system. Size of nanoparticles can be determined by several techniques such as
Brunauer–Emmett–Teller (BET), dynamic light scattering (DLS) and transmission
electron microscopy (TEM). Nevertheless, further challenge is to find out accurate
average sizes and size distribution which are in fact different provided by different
methods. It is due to different principles involved in the several techniques. Addi-
tionally, measurement differences can also be explained based on sample prepara-
tion methods and instrument functioning procedures. However, this may generate
misperception to find out the correct nanoparticle size and size distribution; there-
fore, one has to be well competent in the principles and technical details of the
measurement methods involved. However, a deep understanding needed of NMs
toxicity and their interactions with biological system Figure 4.

3. Assessment of nanomaterial toxicity via in-vivo, in-vitro, and in-silico
approaches

The route followed by nanomaterials inside the organisms and their persistence
as well as their assimilation pathways determined with a deeper understanding of
the nature and interactions of NPs. There are numerous pathways to find out NPs

Figure 4.
Safe application of nanomaterials in therapeutics requires a deeper understanding of the material properties
and behaviors at different levels of biological organization; increasing insight necessitates cross-disciplinary
research collaborations (©2017 her majesty the queen in right of Canada. WIREs Nanomedicine and
Nanobiotechnology published by Wiley periodicals, Inc.) [38].
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route as well as their affirmative parameters inside the body of organisms. Broadly,
these analyses framed under in-vivo, in-vitro, and in-silico assessment (Table 3).

3.1 In-vitro methods

The in-vitro techniques for toxicity assessment are considered to be the most
reliable, cost-effective, wider applicability, a broad range of accessibility, and more
ethical due to animal fewer studies. The techniques based on the principle of

Technique Assessment details Instrumentation References

In-vitro • Selection of cell lines such as
phagocytes, hepatic, hematologic,
epithelial, and tumorous, etc.

• Cytotoxicity assays based on ROS
production, detection, and effector,
etc.

• Cell viability assays
• Cell stress assays such as gene

expression, an inflammatory
marker, cell visualization, etc.

• Disadvantages like lack of
secondary inferences of NMs and
unrevealed physiological pathways.

• Electron microscopy (SEM,
TEM, etc.)

• Optical spectroscopy
• Dynamic light scattering

[39–43]

In-vivo • Intracellular behavior of NMs is
different and may affect various
organs which mainly include:
hematological toxicity,
nephrotoxicity, hepatotoxicity,
pulmonary toxicity, and splenic
toxicity.

• Studies crucially dependent upon
size, surface charge, surface
coating, and shape of nanoparticles.

• Model living animals such as mice,
zebrafish, rodents, and non-human
primates

• Disadvantages include non-ethical
nature and a more extended
assessment period

• Electron and optical microscopy
• Magnetic resonance imaging
• Atomic force microscopy

[41, 44–47]

In-silico • Computational simulation and
assessment of the relationship
between physicochemical
properties and nanotoxicity

• Models illustrating nano-bio
interfaces

• Hazard control and risk assessment
of NMs.

• Development of High throughput
screening (HTS) data and
Quantitative structure–activity
relationship (QSAR) models.

• Generated data set depend upon
reliable experimental toxicity
results obtained through in vitro
and in vivo studies.

• Theoretical calculations and
computational simulations are
needed to generate reliable data
sets for comparative studies

[48–52]

Table 3.
Summarizes the assessment of nanomaterial toxicity via three different approaches in-vivo, in-vitro
and in-silico.
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mimicking cellular components and predicting results concerning the body of an
organism [53]. The reviews are extremely helpful in regulating the dosage limits and
fate of xenobiotic exposed. The different cell lines in a suitable environment
exposed to nanomaterials and after incubation, the proliferation and metabolism of
an exposed component are assessed with the help of different assays [54, 55].
However, physiological outcomes and prediction of results of xenobiotics are very
critical. Still, primary assessment follows in-vitro procedures because of minor
hurdles and easy availability.

Fast and comprehensive detection using in vitro technique (Figure 5) is proved
to be the most widely accepted methodologies and various assays used in cytotox-
icity investigation. The assays are different only in their mechanism of cell death
and detection methodology [53, 57].

3.2 Common assays for in-vitro toxicity assessment

3.2.1 MTT assay

Viable and non-viable cells due to their metabolic activities releases enzymes
which can further form complexes with dye molecules are the basis of colorimetric
determination of cytotoxicity caused by nanoparticles [58]. The cytotoxicity assess-
ment by analyzing the mitochondrial activity performed using MTT assay. MTT is
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) cation (MTT+) an useful
redox indicator in pharmacology [59]. The colorimetric assay based on metabolic
activities of viable cells [60]. Along with mitochondrial activity, MTT assay also
applicable to non-mitochondrial enzymes and endosomes, etc. The MTT tetrazo-
lium salt crosses the membrane of active cells and reduces to formazan (1-[4,5-
dimethylthiazol-2-yl]-3,5-diphenylformazan) which is a purple-colored product.
The colored solution further analyzed with the help of spectrophotometry.

Figure 5.
Validated in-vitro techniques used [56].
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The color intensity is proportional to the concentration of living cells; hence, the
quantitative determination of viable cells can be completed with the help of this
assay [61]. Further modification of this test leads to formation of tetrazolium
derivatives such as 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT), salt (WST-1), 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8) which form water-
soluble formazan while interacting with cells [62–64]. However, the reports show
some unmatched results such as more viable cell count even at high exposure of
toxic nanomaterials. Braun et al. [61] reported the overestimation of cytotoxicity at
a moderate concentration of mesoporous silica nanoparticles with MTT assay when
compared with ATP based assay.

3.2.2 LDH leakage assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in all living cells.
When a breakdown of the cellular membrane occurs due to nanoparticle toxicity,
LDH oozes out to extracellular space where it can indicate the cytotoxicity. The free
LDH in extracellular space catalyzes the interconversion of pyruvate to lactase and
β-nicotinamide adenine dinucleotide (NADH) to NAD+. Since NADH has absor-
bance at 340 nm, the concentration of LDH level can be determined by decreased
concentration of known initial concentration of NADH and lactate [65]. Also,
enzyme diaphorase utilizes NADH and H+ for catalyzing the reductive conversion
of tetrazolium salt to a highly colored formazan salt which can be measured spec-
trophotometrically. Wang et al. [66] reported the LDH assay for cytotoxicity deter-
mination of single-walled carbon nanotubes (SWCNTs) and oxidized SWCNTs.
The formazan concentration decreases with increasing concentration of SWCNTs
elucidated from spectrophotometric determination, where absorbance at 490 nm.
Each cell type has specific LDH pool and passage; therefore, test measurements
were first standardized with purified LDH and then LDH derived from lysed DH-82
cells were tested. Nanoparticle toxicity can affect the activity of LDH by dynamic
adsorption of LDH on nanoparticle surface leading to inactivation. Also, NPs
can generate free radicals or metal catalyzed oxidation processes for inactivation
of LDH.

3.2.3 Trypan blue dye +assay

Trypan is an azo dye and used to stain non-viable cells and used in the cytotoxic
assessment. The viable cell resists uptake of trypan and cytoplasm of these cells
remain unaffected while trypan treated non-viable cells show blue cytoplasm and
colorimetric determination of these cells possible.

3.2.4 Apoptosis assay

Apoptosis is programmed cell death and categorized under type-I cell death. The
cell death controlled by various type of cell signals, where, a sudden stop of these
signals triggers cell death. The apoptosis activation starts the initiation of extracel-
lular proteases called caspases. These proteases further initiate activities leading to
cell death. Apoptosis is characterized by condensation of chromatin and nucleus as
well as DNA fragmentation. There are various assays for determining apoptosis
such as TUNEL, Lamina-B, and, Apostain techniques. TUNEL is terminal
deoxynucleotidyl transferase dUTP nick end labeling technique which detects the
fragments of DNA which produce in the final step of apoptosis. Mechanism of the
TUNEL technique involves the fluorescent dye coupling with dUTP nucleotide
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present in assay, which further fastens with fragmented DNA. The quantitative
analysis with the help of fluorescent microscopy or immunohistochemical staining
can be done. Despite being a cost-effective and smooth operation of this technique,
this technique does not distinguish necrosis and apoptosis while observing only the
end stage result of the process. Apostain technique is associated with early detection
of caspase-3 in the cytoplasm and does not rely on fragments of DNA. Hence, this
technique is useful in early detection where activation of apoptosis and release of
specific protease lead to brown coloration, and healthy cells remain blue when
observed under the light microscope. This technique is particular, sensitive, and
remains one of the most used methods in apoptosis analysis. Unlike apostain,
Lamina-B is also an early-stage assessment technique. The nuclear lamina is the
structures responsible for DNA replication, even for the reorganization of chroma-
tin, and present in nuclear membrane. This lamina is of two type lemin-A (acidic or
neutral) and lemin-B (neutral). The release of caspase �6 during apoptosis leads to
lemin cleavage, which further triggers the chromatin condensation. Immunohisto-
chemistry antigens markers are used to identify lemin-B.

3.2.5 20, 70-dichlorofluorescein diacetate (DCFH-DA) assay

Reactive oxidative species (ROS)induces the oxidative stress to the living cells
due to internalization. The Injured cells membrane is porous for entry of non-polar
dye 2,7-dichlorofluorescin diacetate (DCFH-DA) and converts into non-fluorescent
DCFH due to hydrolyzation of intracellular esterase. The DCFH oxidized to fluo-
rescent dichlorofluorescein in the presence of ROS. Thus, the quantification of ROS
can be measured with fluorescence intensity measurements.

3.2.6 Comet assay

This assay named after its visual appearance, which looks like a comet, consist of
single-cell gel electrophoresis technique (SCGE). This assay is widely used in vitro
analysis technique, which is most reliable and inexpensive. The DNA damage during
nanoparticle toxicity analyzed in this technique, whereas negatively charged DNA
fragments separated using gel electrophoresis. Cells with toxicity encapsulated in
agarose gel further lysed with salts and detergents which digest cytoplasm and other
cell components except for nucleoids. Further electrophoresis at high pH results into
a comet-like structure where the head of the comet represents intact DNA and tail
comprises of the fragmented portion. Hence, the fluorescent marking and intensity
of the tail show the damaged part of DNA leading to the estimation of toxicity.

3.3 In-vivo methods

These methods retain their most favorable and primary standards for assessment
of toxicity. These studies based on the use of living animal, which is considered a
little less ethical. The mode of in vivo studies involves the administration of
nanomaterial into the body of testing animal and monitoring the signs of progress
through different techniques. Since this procedure requires real-time analysis, and
result obtained are more coherent with human body functioning, minimizing the
impact of time and cost.

The in-vivo results for toxicity assessment are different from in vitro counter-
parts because of various crucial factors, which cannot involve in in-vitro assessment.
The impact of hormonal changes, cell–cell and cell-matrix interactions add on
in-vivo assessment. The long-term chronic effects are not possible in-vitro studies;
hence, some impacts are missing during in-vitro analysis. The in vivo studies,
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however, carried out with more considerable precautions because they are inter-
laced with many challenges. In-vivo dose is determined based on actual exposure of
nanomaterial to the body, which is a technical challenge because of minimal size
and peculiar properties in the biological system. During in-vivo experiments, the
vehicle to carry out nanoparticle dose must be non-reactive, and NPs must disperse
appropriately in it. Since NPs are very susceptible to agglomeration due to their
larger surface area. Agglomeration and poor dispersion lead to improper biological
distribution and unwanted results. Once the nanomaterial inside the body, they can
interact with protein counterpart leading to the formation of the protein corona.
These lead to alteration in the properties of NPs, their interaction, and
biodistribution. Protein structure further undergoes conformational changes and
leads to modified biological functions as well as altered signaling pathways. Hence
before assessing the toxicity of NPs in a biological system, one must also consider
the various interferences of NPs with another substrate [67].

Chen et al. [68] investigated gold nanoparticles (AuNPs) of size 21 nm on male
C57BL/6 mice by collecting the tissues after 1, 24, and 72 h post injecting the 7.85 μg
AuNPs/g solution of AuNPs. Further analysis was done using Scanning Electron
Microscopy (SEM) and proinflammatory cytokine expression, as well as macro-
phage counting, was done with real-time PCR. The results show the compatible
nature of AuNPs with living tissues and not observed a significant change in the
number of macrophages. However, the reported results show an accumulation of
AuNPs in abdominal fat, and some quantity also found in the liver, leading to a
reduction of fat in AuNPs treated mice. Rizzo et al. [69] used zebrafish embryo for
correlating the results obtained from in vitro analysis with in vivo studies. Authors
used different NMs for toxicity assessment both in vitro assays. The coating on
nanomaterials with biocompatible polymers shows a significant decrease in the
toxicity. The results for pristine ultra-small superparamagnetic iron oxide (USPIO)
and flavin mononucleotide coated USPIO (FLUSPIO) and sineram tested in vitro on
HeLa (human cervical carcinoma), HUVEC (human umbilical vein endothelial)
and SMC (ovine smooth muscle) and in vivo studies carried out on zebrafish
embryo assay. The in vitro studies do not show any cytotoxic effect on different cell
lines up to concentration 10 mg/mL, on the other hand in vivo studies for toxicity
analysis on zebrafish embryo assay show different results as compare with in vivo.
The similar dose of NP causes lethal effect on embryo. The toxicity of pristine
USPIO greater than coated counterparts, FLUSPIO and sineram. Even the lethal
effect not observed for coated nanoparticles at high exposure time up to 72 and
168 h. The probable reason for cytotoxic effects given by authors was aggregation of
uncoated nanoparticles and further due to larger hydrodynamic size lead to block-
age of egg chorion pores [70]. In another study based on zebrafish embryo shows
stage-dependent toxicity and specific phenotype with AgNPs (97 � 13 nm). Differ-
ent developmental stages of embryos have different critical concentration of
nanoparticles such as Cleavage stage (3.5pM), Gastrula stage (4pM), Segmentation
stage (6pM), Hatching stage (8pM) [71]. The maximum number of abnormalities
found in deformed zebrafish developed from cleavage and gastrula stage of
embryos. However, the later stages do not show significant deformities. The early-
stage embryos show head and eyes deformities which are not present in later-stage
embryos. The cleavage stage and gastrula stage abnormalities are more prominent
and also increases with increase in concentration of AgNPs owing to their impact on
early determinative events like cell signaling and gene transcription. The AgNPs
stays inside embryos throughout their development. The longitudinal thin layer
sections with all deformities shown in Figure 6. The observed NPs found embedded
in eye, pericardial space, and in tail which are characterized by LSPR spectra of
individual AgNPs.
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3.4 In-silico assay

Considering the time requirement, ethical standards, and reliable results, scien-
tist prompted to use alternative ways for analyzing the toxicity of materials. The in-
silico analysis one of the novel approaches as compared with general studies. The
procedure is based on the principle of theoretical modeling and simulation of results
for various physicochemical properties of molecules (Figure 7). The available data

Figure 6.
Imaging and characterization of individual Ag NPs embedded in the tissues of (a � C) deformed zebrafish and
(D � F) normal zebrafish (control) using DFOMS-MSIS. Optical image of thin-layer longitudinal section of
fixed (a) deformed zebrafish with five types of deformities and (D) normal zebrafish. (C) and (F) zoom-in
optical images of the tissue sections of (a � c) as highlighted in (a) and (D), respectively: (a) eye (retina),
(b) pericardial space, and (c) tail. (B) LSPR spectra of individual Ag NPs as circled in (C) show distinctive
λmax (fwhm): (a) 567 (176), (b) 688 (185), and (c) 759 (179) nm. (E) Scattering intensity of the tissues
of normal zebrafish in (F) shows the background (nondistinctive plasmonic colors). Scale bars in (a) and
(D) are 250 μm and in (C) and (F) are 5 and 30 μm, respectively. “Reprinted with permission from [71]
(2013) American Chemical Society.
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of toxicity of material and their interpolation using multiple mathematical models,
in silico studies owes many advantages still there are limitations because experi-
mental verification needed additionally to prove the toxicological effects. Also, due
to the data gap, the quantitative risk assessment of nanomaterials on web-based
tools has not much explored. Current methodologies based on exposure assessment
in production and manufacturing life stages while ignoring the exposure during use
and end stages of the life cycle of nanomaterials. Based on physicochemical proper-
ties and their descriptions, computational chemistry methods has been modified to
nano-based models such as nano quantitative structure–activity relationship (nano-
QSAR) or quantitative nanostructure activity relationship (QNAR) [73].

In-silico methodology selects the models that have historical development or
represent state-of-the-art methods for assessment of toxicity. Structural alerts and
rule-based models are used for evaluation of toxicity. The structural alerts are
chemical structures representing the toxicity while rule-based models are derived
either from human knowledge and literature (Human-based Rules) or from com-
putational simulations of data (Induction-based Rules), which rely on probabilities
[72, 74].

Two European projects named GUIDEnano tools and SUN Decision Support
System (SUNDS) provides valuable information about the implementation of tools
for assessment of nano-enabled products in their whole life cycle [75, 76]. These
web-based tools create a sustainable portfolio for production, handling, and end
cycles of engineered nanomaterials. It also needs the exploited data about physico-
chemical, toxicological, and exposure of nanomaterials. Life cycle analysis approach
critically required for assessing the impact of nanomaterials on the environment.
The collection of data, transfer, and transformations of nanomaterials, Leading to
toxicological effects to humans and environment can be predicted through risk
assessment tools.

The above-discussed assays, however, experience production of erroneous
results due to interference arising due to NPs solubility, agglomeration, particle
sedimentation, and, the formation of the protein corona. The problem can be

Figure 7.
In-silico toxicology tools, steps to generate prediction models, and categories of prediction models (copyright ©
2016 the authors. WIREs computational molecular science published by John Wiley & Sons, Ltd. [73]).
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appropriately acknowledged by designing and establishing a standard set of essays
which need to be following particular nanotoxicological standards and uniform
applicability. The generation of standardized protocol further faces the challenge of
different nature of nanomaterials to be assessed since metallic NPs, and carbon-
based nanotubes have different physicochemical characteristics in physiological
conditions. The metallic NPs and CNTs show different physical traits at nano-
cellular interface leading to altering the biological response. CNTs and metallic NPs
both produce ROS species but follows different pathways where metal NMs causes
apoptosis, while CNT leads to fibrosis and inflammation [77]. CNTs and metallic
NPs are also different in their assimilation pathways in the biological system. CNTs
found to be less biodegradable and persisting in system for a longer duration while,
metallic NPs undergo dissolution into ions further disrupting the biological path-
ways [78, 79].

3.5 Physicochemical parameters for toxicity assessment

Cellular responses are directly linked to physicochemical parameters of
nanomaterials. The advancement in material science has achieved a precise synthe-
sis of nanomaterials with adjustable target and specific action. There are various
morphological factors on which nanotoxicological response depend such as size,
surface morphology, charge and, composition, etc.

3.5.1 Size of NMs

Size of the NMs are a primary factor for determination of cytotoxic response.
It affects the internalization process into cells and endocytosis process, which ulti-
mately altering the intracellular fate of nanomaterials. Most of the studies conclude
that smaller the size of NPs, higher the degree of cytotoxicity [80, 81]. Bharadwaj
et al. [82] reported the assessment of variable sized nanoparticles ranging from 20
to 500 nm in processed brain tissue sections with the help of confocal microscopy.
Maximum accumulation was observed for 1 hour and it was found that 500 nm
particles accumulated the most. However, NPs shows selective accumulation
behavior. In the case of quantum dots (QDs), the cytotoxicity and size depend upon
the method of preparation. QDs produced by using ligands like trioctylphosphine
lead to hydrophobic nature and further converted to hydrophilic, leading to an
increase in hydrodynamic radius of NMs [83].

3.5.2 Surface

Cellular uptake mechanism and cytotoxicity relies on the morphology of NPs.
NMs have different kind of shapes, which includes spheres, needles, cubes, tubes,
rods, etc. Membrane interactions during internalization of NPs affect the nature of
barriers. Researchers reported the formation of pores in cell membranes due to
interactions of NPs, leading to an imbalance in an ionic concentration outside and
inside of the cell [84]. Chithrani et al. [85] reported the effect of size and shape of
AuNPs in internalization and concluded that when morphology changes from rod
shape to spherical, there is an increase in uptake up to 500%. Recently, Maysinger
et al. [86] also studied the gold nanourchins whose surface morphology has an
irregular shape. The functionalization with polyethylene glycol (PEG) on AuNPs
did not show any significant alteration in viability and morphology while cetyltri-
methylammonium bromide (CTAB) modification showed adverse effects on
filamentous actin and, nuclear lamina.
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3.5.3 Surface coating and charge on NMs

Surface coating on the nanoparticles surface act as a connecting link between
nano-cellular interfaces. Coating affects the interparticle interactions, cellular con-
tacts, internalization, and cytotoxicity of material [87]. Surface coating possesses
distinct charges which can alter the cytotoxicity of materials. Various studies show
that positively charged NMs internalized more effectively and also result in more
toxic effects than neutral or with negatively charged particles [88, 89]. Coatings
broadly divided based on interactions into three types by Richards et al. [90]. These
are covalent coatings having covalent bonding, the electrostatic surface coating
having electrostatic interactions, and atomic layer deposition where chemical bond
formed between molecule and coating material. Coating plays a crucial role in
various nanomaterial application in drug delivery, imaging, and cancer treatment
[91, 92]. Coating of chitosan reduces the production of ROS species in different
CuNPs and Fe2O3 NPs and reduces the inflammatory response and overall toxicity
of nanomaterials [93, 94]. Yin et al. [95] studied nickel ferrite NPs and explained
their toxicity through their surface coating with oleic acid. The toxicity with coated
nickel ferrite NPs depends upon the dose of material. The coating also shows
significant effects when changed from single layer to double layer by changing
hydrophobic and hydrophilic, respectively. It was observed that hydrophobic coat-
ing impart a high level of toxicity than the hydrophilic counterpart. Nanomaterials
are internalized through lipid bilayer membrane structure where the charge on the
membrane is negative. Hence, opposite charged NPs pass through effectively due to
electrostatic interactions while negatively charged bound less efficiently. The acid
treatment of carbon nanotubes (CNTs) leads to high toxicity due to surface
functionalization. The negative charge introduced due to hydroxyl (▬OH) and
carboxylic acid (▬COOH) contribute to more toxicity [96].

4. Future prospective and conclusion remarks

Nanotechnology exhibit excellent potential in developing new materials every
day; hence, nanomaterial safety also deserves much attention for their safer use.
Therefore, understanding the environmental fate and biological impact is highly
desired for designing biocompatible materials in place of abandoning
nanomaterials. There are numerous techniques to date for analyzing the toxicity
caused by nanomaterials. Still, diversified nanoparticles, different behavioral
impacts and variegate incubation protocols have rendered it and impossible to draw
the conclusion regarding toxicity. Nanotoxicity assessment broadly carried out in
two concerning fields; biological and environmental. The environmental factors
such as temperature, ionic strength and transformation of NMs inside biological
system regulate the toxicity. The properties of agglomeration, physicochemical
changes, and nano-bio interface interactions needs pharmacokinetic studies of
NMs. Most of the studies carried out with pristine NPs for toxicity assessment;
however, product or degradation product of NMs enter into environment and
should be encountered instead of pristine NMs. The transformed or degraded
materials in environment remain major challenge toward assessing toxicity specially
in case of carbon-based nanomaterials on biological substrates.

Biological fate of nanoparticle toxicity is the second major field where high-
quality instrumentation, sophisticated culture medium, and reliable in vitro and
in vivo assays are needed. Many recent studies accentuate in the present perspective
and put forward some model system to address the critical issues and dealing with
the impediment of assessment of nanotoxicity. Apart from standard viability tests,
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other parameters need to be considered such as intracellular stability, degradation
potential, and excretion pathways. There is a dire need for collaborative approach
and multidisciplinary aspect to analyze the broad field of NPs and cell interactions.
The major challenge in intracellular molecular events where relationship among
biological functions need to be addressed. The recent development in assessment of
toxicity include the adverse outcome pathways that include more proficient, pre-
dictive mechanistically approaches. This conceptual framework links the biological
event with molecular initiating event at earlier stages [97]. Advanced electroana-
lytical methods can be used to monitor these events and play determinant role in
assessment. In silico approach for nanotoxicity determination has also emerged out
as an alternative to in vivo and in vitro analysis. The computational simulation of
data, however, relies on experimental findings but more ethical mean for toxicity
assessment. The characterization of nanomaterials plays substantial role in compu-
tation of engineered NMs along with establishing the relationship between biologi-
cal activity and nanostructure [98]. Hence, programmatically executed reliable
experimental data can be utilized to predict the nanotoxicity before their manufac-
ture and use. In upcoming decade, Qiu et al. [99] presumed four basic predictive
models for nanomaterial properties and biological effects. These analytical chal-
lenges include nanotoxicological mechanism changed from correlative to causative
aspect, to conquer nanoparticle interferences for explicit in vitro analysis,
establishing single-cell level cellular response for nanoparticle interaction, and
understanding kinetic parameters of nano-bio interfaces.
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Chapter 5

Residue of Selected Persistent
Organic Pollutants (POPs) in Soil
of Some Areas in Vietnam
Toan Vu Duc, Chi Do Thi Lan and Mai Ngo Tra

Abstract

This chapter evaluates the contamination of selected persistent organic
pollutants (S-POPs) in soil of some typical areas in Vietnam (mangrove forest,
industrial, and urban areas in northern part). S-POPs are composed of
polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs). The
collected data and analyzed results indicated the wide occurrence of significant
S-POPs residues in study areas. The main sources of S-POPs are discussed by using
composition analyses and diagnostic ratios of S-POPs indicator. Risk assessment
of S-POPs in soil is assessed by using the guidance of the US Environmental
Protection Agency. The obtained results have contributed to assess the S-POPs fate
in the soil environment in Vietnam.

Keywords: soil, PCBs, PAHs, residues

1. Introduction

Of all the persistent organic pollutants (POPs) with a potential environmental
and human health impacts, polychlorinated biphenyls (PCBs) and polyaromatic
hydrocarbons (PAHs) have received a lot of attention. Concern over the toxicology
of these compounds (S-POPs) has led to international efforts to research on their
contamination and fate in the environment. S-POPs are distributed into every
compositions of environment and seriously affected public health.

PAHs are a group of organic compounds containing only carbon and hydrogen,
constituted by two or more fused-benzene rings. They are a ubiquitous group of
several hundred chemically related compounds, environmentally persistent with
various structures and varied toxicity. PAHs have low polarization, solubility, and
volatility change and accumulate in organisms from low molecular weights to high
molecular weights [1]. With low-molecular-weighted PAHs, the solubility is
high while accumulating in low organisms with high volatility. In contrast, with
high-molecular-weighted PAHs (four or more rings), the solubility is low, and
accumulation in the organism is high with low volatility. The amount of benzene
rings in the chemical structure of the PAHs determines the solubility in water. As
the number of benzene rings increases, the hydrophobicity of the PAHs increases.
PAHs are relatively inert chemical compounds. Since they are composed of benzene
rings, PAHs have the properties of aromatic hydrocarbons, which can participate
in substitution and addition reactions. The low solubility of PAHs in water will lead
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to PAHs that tend to adsorb in soil and sediment, thus greatly affecting their ability
to be biodegradable by microorganisms. PAHs interact strongly with sediment
organic carbon, which have relatively low volatility, resulting in bioaccumulation
and toxicities in some aquatic organisms [2, 3]. International researches often con-
centrated on 16 representative PAHs including naphthalene (Nap), acenaphthylene
(Acey), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene
(Ant), fluoranthene (Flt), pyrene (Pyr), chrysene (Chr), benzo[a]anthracene
(BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), indeno[1,2,3-cd]pyrene (IcdP), dibenzo[a,h]anthracene (DahA), and benzo
[g,h,i]pyrene (BghiP) (Figure 1).

PAHs are formed from two sources: natural and man-made sources. Some PAHs
in the environment originate from natural sources such as combustion (natural
forest fires, volcanic eruptions), rock formation processes, sedimentation processes,
oil leaks, or coal mines (this is human activities) [4, 5]. However, natural sources
are not the main source. In terms of human activities, PAHs are formed by incom-
plete combustion of raw materials, such as coal, oil, gas, wood, grass, and waste, or
the process of smoking, grilling, or frying food. Almost all sectors (industrial pro-
duction, agriculture, livelihoods, transport, and other activities) can generate PAHs
[3, 6]. PAHs generated from different sources have different characteristics. In the
environment, PAHs can be found everywhere: air, water, sediment, soil, and
organisms [7]. The existence of PAHs in many environmental components is due to
the PAHs spread and deposition process. Initially, PAHs are discharged into the air,
which exists in either gaseous form or are adsorbed onto the dust. Under normal
conditions, the amount of PAHs contained in the dust can account for up to 90%
[8, 9]. By the spreading process, PAHs can be transported in long distance in the air,
which then condense and accumulate in soil, water, sediment, and organisms.
Studies on PAHs in soils are prevalent because of PAHs’ high accumulation

Figure 1.
Structure of some typical PAHs.
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potential, and traceability in soil is easier to detect than in other component envi-
ronments.

There are many types of PAHs that cause cancer and gene mutations [1, 10, 11].
Human are exposed to PAHs through food, water, breathing air, or direct contact
with materials containing PAHs. Scientists have now discovered hundred types of
PAHs. Most studies focus on a number of characteristic of PAHs, which most
significantly are health damage (cancer and genetic mutations) and volatility in the
environment.

PCBs are chemical industrial products which have a global environmental health
hazard. PCBs groups have 209 isomers and congeners with 1 to 10 chlorine atoms
attached to the biphenyl molecule (Figure 2). The physical and chemical properties
of PCBs are important in studying their fate and their transformation in the envi-
ronment. PCBs vary from colorless for the lower chlorinated compounds to yellow
for the most highly chlorinated types. They exhibit low water solubility (from 1.2.10
to 6.5.5 g/m3), low Henry constant (from 0.3.10�4 to 8.97.10�4 atm3/mole), and
low electrical conductivity. In contrast, PCBs have high boiling point (from 285 to
456°C) and high value of lgKow (from 4.3 to 8.3). PCBs with fewer chlorine atoms
are, in general, less persistent, more water soluble, and more flammable than PCBs
with more chlorine atoms. PCBs are very resistant to decomposition and are also
non-corrosive as well as relatively non-flammable. Due to these properties, PCBs
can be distributed in many places in the environment, into the food chain and
accumulated in the human body and other organisms.

Physical and chemical properties of PCBs made them useful in industrial. Of the
209 possible PCB congeners, about 100 compounds are recovered in industrial
mixtures. PCBs have an excellent insulating property as well as a high heat capacity
[1]. Their properties have led to many industrial applications such as insulator in
transformers and capacitors, plasticizers, surface coatings, additives in paints, flame
retardants, etc.

The industrial application of PCBs started in the early 1939. The following
countries have been the main manufacturers of PCBs: Austria, China, Czechoslova-
kia, France, Germany, Italy, Japan, Russia, Spain, the United Kingdom, and the
United States. PCBs mixtures have been marketed under variety of trade names
such as Aroclor (the United States, the United Kingdom, Canada, and Australia),
Phenochlor and Pyralene (France), Clophen (Germany), Fenoclor (Italy), Chlofen
(Poland), Sovol (Soviet Union), Kanechlor (Japan), and Derlor (Czecchoslovakia).
Between 1929 and 1989, the total world production of PCBs was 1,5 million tons, an
average of about 26,000 tons per year. Since 1940, Vietnam has imported between
27,000 and 30,000 tons of PCBs from Russia, China, and Romania, mainly as
insulator in transformers.

Since early 1960, scientists discovered that PCBs are toxic, affecting human
health. PCB poisoning has occurred, including Yusho in Japan in 1968 and Yucheng
in Taiwan in 1979, causing hundreds of deaths and thousands of people suffering
from various effects.

Figure 2.
Structure of PCBs (x + y ≤ 10).
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PCBs have been demonstrated to cause cancer and a number of serious non-
cancer health effects in animals, including effects on the immune system, repro-
ductive system, nervous system, and endocrine system and other health effects.
Studies in humans provide supportive evidence for potential carcinogenic and non-
carcinogenic effects of PCBs. The degree of impact depends on the substance in the
PCB group.

PCBs enter the environment in three main ways: by disposing of PCB-containing
waste in landfills, and from which PCBs enter the groundwater, into the river, into
the sea; incorrect combustion of PCB waste causes PCBs to disperse into the atmo-
sphere; and due to PCB leakage from electrical appliances such as transformers and
capacitors. The transport of PCBs in the environment is due to the effects of air,
water, animals, and some other pathways. PCBs can accumulate in the fat, milk,
brain, serum, liver, and muscles of the human body and can be excreted from the
body through urine and breast milk. After detecting the toxicity of PCBs, many
countries around the world have in turn prohibited the production and use of PCB.
In Vietnam, PCB has been restricted since 1992.

2. Residue of PAHs in mangrove forest soil in Northern Vietnam

2.1 Contamination status of PAHs

Mangrove forests are important habitats and are of high economic value. Man-
groves in Vietnam are severely damaged by a variety of causes, including pollutants.
Mangroves of Dong Rui, Tien Yen, Quang Ninh, situated in Northern Vietnam, are
a unique ecosystem, close to Vietnam’s largest coal mining area and thermal power
plants. The research has found that PAHs in soil of Dong Rui mangrove are present
with significant concentrations.

Studies of PAHs in soil are quite diverse and show that concentration of PAHs
accumulated from region to region, ranging from mild to very severe. The concen-
tration of PAHs in mangrove forests around the world fluctuates in a large range
from a few hundred μg/kg to thousands of μg/kg, some places even higher concen-
tration than the accumulation in industrial land.

Our studies of PAHs in mangrove forest soil are implemented in Dong Rui area
from August 2014 to January 2017. Comparison of PAH concentrations in Dong Rui
mangroves with other places showed that PAHs in Dong Rui mangrove at the lowest
value are still higher than those in mangroves in the Sundarbans, India. However,
since the highest value in Dong Rui is smaller than in India, Hong Kong, so it can be
said that the level concentration of PAHs of mangrove in Dong Rui is average
(Table 1).

Among 16 PAHs (classified by the US Environmental Protection Agency) stud-
ied at Dong Rui mangroves, Vietnam from August 2014 to January 2017, there were

Place Min values Max values Mean values

Mangroves: Dong Rui, Vietnam (this study) 312.5 1407.0 692.6

Mangroves: the Sundarbans, India 132 2938 634

Four wetlands mangroves: Hong Kong 356 11098 1142

Mangroves: Ho Chung, Hong Kong 1162 3322 2202

Source: [5, 14, 15].

Table 1.
Concentrations of Σ16 PAHs (μg/kg) in soil in some mangrove areas in the world.
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8 PAHs (BaA, Chr, BbF, BkF, BaP, Ind, BghiP, DahA) identified as potentially
carcinogenic. Those PAHs are composed of four or more benzene rings, which are
highly durable in the environment, less degradable, and have high accumulation in
soil [12, 13]. Considering the ratio of Σ8PAHs to Σ16PAHs at the sampling sites, most
Σ8PAHs were found to be high compared to Σ16PAHs. The percentage of Σ8PAHs/
Σ16PAHs ranged from 50.2% to 71.4% with an average of 59.6%. This is also consis-
tent with studies by Hussein et al. (2016) on PAHs in soils with an average of
Σ8PAHs/Σ16PAHs of 67.1% [4] (Figure 3).

Of the 16 typical PAHs, PAHs can be represented from two benzene rings to six
benzene rings. Two-ring PAHs are Nap; three-ring PAHs include Acy, Ace, Flu,
Phe, and Ant; four-ring PAHs include Py, Flt, BaA, and Chr; five-ring PAHs include
BbF, BkF, BaP, and DahA; and six-ring PAHs include Ind and BghiP. Considering
the accumulation of PAHs in terms of the number of benzene rings, four-ring PAHs
were dominant (32%), while two-ring PAHs were the lowest (3%). Five-ring PAHs
are 25% larger than the rate of three-ring PAHs (22%) and six-ring (18%). This
result is also consistent with the study by Ishwar Chandra Yadav et al. (2017) in
soils in Kathmandu (Nepal) [16] with four-ring PAHs > five-ring PAHs > 3-ring
PAHs > 6-ring PAHs > 2-ring PAHs.

Based on molecular weight, 16 PAHs can be divided into three groups. Low-
molecular-weight (LMW) groups of PAHs with 2–3 rings include Nap, Ace, Acy,
Phe, Flu, and Ant. Medium-molecular-weight groups (MMW) are groups of with
four-ring PAHs, including BaA, Chr, Pyr, and Flt. High-molecular-weight groups
(HMW) are groups of five- to six-ring PAHs: BbF, BkF, BaP, DahA, BghiP, and Ind.
These subgroups are different in water solubility, lipid modification, and absorption
of PAHs. Studies have shown that PAHs in the MMW and HMW groups are less
soluble in water, less variable, and more easily absorbed lipids than PAHs in the
LMW group. In addition, the toxicity and environmental stability of PAHs in the
MMW and HMW groups were also higher than the LMW group.

In this study, the HMW group had the highest percentage of all samples,
accounted for 36.63–56.76%. Meanwhile, the MMW group rate ranged from 17.3 to
39.77%, and the LMW group was the lowest, ranging from 17.79 to 31.52%.

Figure 3.
Mangroves area in Dong Rui, Northern Vietnam.
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Figure 3.
Mangroves area in Dong Rui, Northern Vietnam.
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2.2 PAHs emission characteristics

Determining PAH sources is difficult due to their spread and sustainability in
the environment. At present, the studies are based on the characteristics of the
PAHs isomer ratios such as Flt/(Flt + Pyr), Ant/(Ant + Phe), BaA/(BaA + Chyr),
and Ind/(Ind + BghiP) in the environment to predict the source of PAHs
(Table 2).

Dong Rui mangrove is surrounded by three rivers: Voi Lon, Voi Be, and Ba Che
and estuaries. It is affected of coal mining and coal burning in Cam Pha and Cua
Ong areas, Mong Duong I and II thermal power plants, and paper factory.
During the coal mining and coal burning process, PAHs have been emitted and
spread to Dong Rui mangroves due to wind and tides. Specific PAHs sources
may include:

• Activities: smoking, heating, and cooking with sawdust, charcoal, honeycomb,
wood, waste incineration, etc.

• Traffic: road traffic activities in island communes and national highway 18
passing through the island commune; water transportation.

• Industrial production: paper mills 2 km away from mangroves, Mong Duong
thermal power plant about 7 km frommangroves, and coal mining in Cam Pha,
Cua Ong area

• Other activities: burning of wood, charcoal making, burning of forest, burning
of straw

The relationship between PAHs composition and source of emissions has been
considered from the analysis of the proportions of PAHs in the sample. Each source
of waste has the potential to produce some PAHs better than other sources. There-
fore, the PAH rates determined from the sample analysis will be indicators that help
determine the source of PAHs.

The Flt/(Flt + Pyr) ratio at most sampling locations is greater than 0.5.
Therefore, the main source of emissions to the Dong Rui mangroves is the
burning of raw materials such as coal, wood, grass, etc. At points close to the traffic

Ratios PAHs Value Emission source

Flt/(Flt + Pyr) <0.4 Gasoline, oil spill

0.4–0.5 Traffic

>0.5 Grass, wood, coal

Ant/(Ant + Phe) <0.1 Gasoline, oil spill

>0.1 Fire

BaA/(BaA + Chyr) <0.2 Gasoline, oil spill

0.2–0.35 Gasoline, oil spill, or fire

>0.35 Fire

Ind/(Ind + BghiP) <0.2 Gasoline, oil spill

0.2–0.5 Traffic

>0.5 Grass, wood, coal

Table 2.
The relationship between the ratio of some PAHs and their emission source.
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line, Flt/(Flt + Pyr) is in the range of 0.4–0.5. Thus, the main source of emissions in
this area is transport.

At all sampling sites, BaA/(BaA + Chyr) ratios were greater than 0.2, and at most
sampling sites, BaA/(BaA + Chyr) ratios were greater than 0.35. Therefore, it is
possible that the source of the emissions is mainly due to combustion. Similarly, the
Ant/(Ant+ Phe) rate at the sampling locations at the time of sampling is greater than
0.1. Thus, the source of emissions is mainly due to burning rather than oil spills. The
Ind/(Ind + BghiP) ratio at most sampling points is greater than 0.5. At these loca-
tions, the source of the waste is mainly from the burning of raw materials such as
coal, wood, and grass. There are some samples near the roads; Ind/(Ind + BghiP) is
in the range of 0.2–0.5. As such, these points are mainly affected by the fire of
gasoline from vehicles. This is in line with the actual situation in Dong Rui.

2.3 Risk assessment of PAHs

The presence of PAHs in the soil of Dong Rui mangroves has shown signs of risk
to the ecological environment. To assess the risk of PAHs exposure to humans who
live in mangroves area, this study used the cancer risk index (CR). This index looks
at the risk of cancer through three pathways: digestive, respiratory, and the skin.
Calculation formula CR digestive (cancer risk due to contaminated gastrointestinal
tract), CR skin (cancer risk due to exposure to contaminated skin), and CR respi-
ratory (cancer risk due to breathing pollutants) based on formulas 1, 2, and 3. The
formulas for calculating the cancer risk index include

CRdigestive ¼
CS� CSFdigestive �

ffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3
q� �

� IRsoil � EF� ED

BW� AT� 106 (1)

CRskin ¼
CS� CSFskin �

ffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3
q� �

� SA� FE� AF� ABS� EF� ED

BW� AT� 106 (2)

CRrespiratory ¼
CS� CSFrespiratory �

ffiffiffiffiffiffiffiffiffiffi
BW
70

� �
3
q� �

� IRair � EF� ED

BW� AT� PEF
(3)

where
CS: the concentration of PAH in the soil (μg/kg)
CSF: cancer slope index (1/(mg/kg.day))
BW: average weight of the study population (kg)
EF: frequency of exposure (day/year)
ED: length of exposure time (year)
IR air: speed of breath (m3/ day)
IR soil: absorption rate through the gastrointestinal tract (mg/day)
SA: coefficient of contact with skin surface (cm2/ day)
AF: adhesion of the skin when exposed to soil (mg/cm2)
ABS: absorption coefficient across the skin
FE: skin-to-skin contact ratio
AT: average exposure time (day)
PEF: dust emission factor (m3/kg)
CSF: BaP toxic cancer index, with CSFBaP digestive = 7.3; CSFBaP skin = 25;

CSFBaP respiratory = 3.85, that is determined by the carcinogenic potential of BaP [17]
CS: ratio between TEQ16PAHs and TEQBaP [18].
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CS ¼ TEQ16PAH

TEQBaP
(4)

with TEQ ¼ TEF� the concentration of each PAH in the soil sample:
Here, TEF is equivalent toxicity.
Under the guidance of the US Environmental Protection Agency, CR ranges are

categorized into five categories: very low risk, low risk, average risk, high risk, and
very high risk. The majority of risk assessments used present potentially higher-risk
scenarios than the actual ones, according to Table 3. The positive side of this
approach is that the risks are not underestimated, and population health in the area
is more protected.

This research split people who live in Dong Rui mangrove into two groups:
group 1 (<10 years old) and group 2 (11–70 years old). This split is based on
exposure time, no air intake, average balance, and also the object. All people who
live in Dong Rui mangrove are allowed to be referenced. Apply the calculating 1, 2,
3 to calculate CR index (Table 4).

In the three components of CR index, the ratio CRdigestive/CRTotal was 0.63% for
group 1 and 0.55% for group 2. At the same time, the ratio CRexposure/CRTotal for
group 1 was 0.37%; group 2 was 0.45%. The ratio CRrespiratory/CRTotal was almost
negligible in two groups. Thus, the risk of gastrointestinal cancer is highest in the
exposure pathways for both groups, followed by the risk of exposure and, ulti-
mately, the risk of breathing.

Comparing the risk of cancer between the two groups showed that the risk
of cancer caused by group 2 is 1.6 times higher than that of group 1. In the risk of
cancer due to exposure, group 2 is 2.3 times higher than that of group 1. The risk
of cancer caused by breathing is the same for both groups. The overall risk for group
1 was 1.9 times higher than that of group 2. Thus, with PAHs in the soil of Dong Rui
mangrove, group 2 had a higher risk for cancer than group 1. This could be
explained by the longer exposure time of group 2 compared to group 1.

Risk level Cancer risk index

Very low risk CR ≤ 10�6

Low risk 10�6 < CR ≤ 10�4

Medium risk 10�4 < CR ≤ 10�3

High risk 10�3 ≤ CR < 10�1

Very high risk CR ≥ 10�1

Table 3.
Classification of cancer risk.

Index Group 1 Group 2

CRdigestive 3.81343E-06 6.22609E-06

CRskin 2.2306E-06 5.18962E-06

CRrespiratory 7.3941E-11 7.3941E-11

CRTotal 6.04411E-06 1.14158E-05

Table 4.
Cancer risk index in groups.
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3. Residue of PCBs in soil of some areas in Vietnam

3.1 General contamination status of PCBs in soil in Vietnam

Monitoring surveys of PCBs residue in soil have been conducted during the early
1992s. In the Northern Vietnam, PCBs was found in environmental soil of Hung
Yen province, Bac Ninh province (Bac Ninh city, Tu Son district, Yen Phong
district, Tien Du district) and Hanoi city (Hanoi downtown, Soc Son district, Gia
Lam district, Dong Anh district, Thanh Tri district, Tu Liem district) [19, 20]. PCBs
penetrated in the urban and rural areas. High PCBs concentrations were found in
soil of Hanoi in 1995 (1070.96 ng/g dw) [20].

In the central Vietnam, PCBs was found in environmental soil of Quang Tri
province and Hue city. PCBs penetrated in urban soil at significant levels (from 0.9
to 312.5 ng/g, [20]). In the southern Vietnam, PCBs were also found in Mekong
River delta (Long An province, Tay Ninh province) Ho Chi Minh city. PCB distrib-
uted in wide spaces such as landfill soil (Dong Thanh landfill of Ho Chi Minh city,
17.22 ng/g), paddy field soil, and urban soil [21]. Highest PCBs concentrations were
found in urban soil of Ho Chi Minh city (530.5 ng/g) [20].

According to the POP national plan of the Vietnamese government, the use of
PCB oils in all equipment will have to be terminated in 2020. PCBs will have to be
destroyed in 2028. Therefore, an adequate management and disposal of PCB sources
would help to prevent a further PCB release to the environment.

3.2 Case study of PCBs residues in Hanoi

3.2.1 Study area and soil sampling

Our studies of PCBs residue in Hanoi, capital of Vietnam, are implemented in
2006. Hanoi city, located in the Red River Delta in the North Vietnam, is the center
of culture, politics, economy, and trade of the whole country. Hanoi comprises
several urban suburban districts. Due to the important role of Hanoi in safety of
public health and environmental quality, an assessment of the content and distri-
bution of PCBs in soil is therefore essential.

Soil sampling followed Vietnamese standards (TCVN). These standards are
composed of:

• TCVN 4046–85: Method of soil sampling in agricultural areas

• TCVN 5297–1995: Soil quality—sampling—general requirements

• TCVN 5960–1995: Soil quality—sampling—guidance on the collection,
handling and storage of soil for the assessment of aerobic microbial processes
in the laboratory

• TCVN 4047–85: Method for the preparation of soil sample for analysis

• TCVN 6857–2001: Soil quality—simplified soil description

The sampling campaign for Hanoi was carried out in February 2006 (60 soil
samples), during the dry season. Soil samples were collected from agricultural and
industrial areas and towns of all five suburban districts (Soc Son, Dong Anh, Gia
Lam, Tu Liem, Thanh Tri), as well as the center of Hanoi, for comparison. The
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sampling sites were chosen at random, with an attempt to get them evenly distrib-
uted over Hanoi city. The samples were taken with solvent-rinsed stainless steel
scoops from the upper 5 cm of the soil and then transferred to pre-cleaned polyeth-
ylene bags. The total concentration of PCBs (ΣPCBs) and six selected PCB conge-
ners (PCB28, 52, 101, 138, 153, 180) were analyzed following the method described
by Thao et al. (2009) [20].

3.2.2 Contamination status of PCBs in soil in Hanoi

The PCB concentrations in the collected soil samples from Hanoi are all shown in
Table 5. The ΣPCBs concentrations in industrial and urban areas ranged from not
detected (N.D) to 190.42 ng g�1 dw (mean 41.89 ng g�1 dw).

Due to the historical use of PCBs in Vietnam, its main source of contamination in
industrial and urban areas could originate from the dielectric oil used in old hanging
transformers and capacitors which were widely used in Hanoi. From these installa-
tions, PCBs could have penetrated into the environment by mechanical damage,
electrical accidents, and fire. During the retro-filling of dielectric oil containing
PCBs, there is a risk of PCBs escaping into the environment [19].

With regard to the soil samples from agriculture areas, ΣPCBs concentrations
ranged from N.D to 24.37 ng g�1 (mean 15.14 ng g�1 dw). These sites are not far
from densely populated towns of five surrounding suburban districts. Therefore,
ΣPCBs were probably deposited into the agriculture sites by atmospheric transport
from urban areas. In general, the PCBs concentrations were highest in industrial soil
samples, followed by those in urban soils and in agricultural soil. This also applies
for the usage of PCBs in Vietnam [19].

Locations Σ6PCBsa ΣPCBsb

A. Agricultural areas

Soc Son 1c N.D–3.27 (2.13) N.D–21.82 (14.22)

Dong Anh 1 N.D–4.14 (3.09) N.D–24.37 (18.19)

Gia Lam 1 N.D–3.32 (2.15) N.D–18.39 (11.94)

Hanoi center 1 N.D–2.27 (0.76) N.D–11.38 (3.79)

Tu Liem 1 2.63–3.14 (2.84) 16.14–19.65 (17.84)

Thanh Tri 1 3.09–3.89 (3.37) 17.18–21.65 (18.69)

B. Industrial and urban areas

Soc Son 2d 2.52–4.33 (3.72) 16.24–27.94 (23.98)

Dong Anh 2 3.42–4.95 (4.26) N.D–37.54 (24.36)

Gia Lam 2 N.D–15.49 (8.97) N.D–79.44 (45.99)

Hanoi center 2 3.53–39.98 (13.12) 16.82–190.42 (62.45)

Tu Liem 2 4.35–11.84 (8.09) 23.56–63.26 (43.27)

Thanh Tri 2 3.12–5.89 (4.92) 18.92–34.62 (29.76)
aΣ6PCBs: sum of six selected PCB congeners.
bΣPCB: sum of all PCB isomers and congeners.
cSoc Son 1: agricultural areas of Soc Son.
dSoc Son 2: industrial and urban areas of Soc Son.

Table 5.
Concentrations of PCBs (ng g�1 dw) in the surface soil from Hanoi.
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3.2.3 Temporal trends of ΣPCB in soil in Hanoi

With regard to PCBs concentrations in soil samples from Hanoi reported in the
period from 1992 to 2006, the increasing temporal trend of PCB levels could be
shown. It was reported that the mean ΣPCB concentration in soil samples from
Hanoi in 1992 (6 soil samples), in 2000 (8 soil samples), and in 2006 (60 soil
samples) range from 9.1 to 29 ng g�1 (mean 12.6 � 8.9 ng g�1), from 0.6 to
120 ng g�1 (mean 21.2 � 25.2 ng g�1), and from <0.02 to 190.24 ng g�1 (mean
28.08 � 28.57 ng g�1), respectively [20, 21]. There are some possible sources of
PCBs from 1992 to 2006. PCBs have escaped from dielectric oil containing PCB in
transformers and capacitors. It has been reported that the total amount of possible
PCB-containing transformers and capacitors across Vietnam might reach 9638 units
and 1784 units, respectively [22]. PCBs could have volatilized from a capacitor. The
studies of Ehime University concluded that PCBs volatilize and spread easily when
capacitors containing PCB that are used over their product life are destroyed. PCBs
that escaped into ambient air can pollute food through biological accumulation and
also pollute the environmental soil. This should not be disregarded. Besides the
possible PCB sources in Vietnam, it should be noted that the inaccurate POPs
management can lead to their release to a wide extent in the environment.

4. Conclusion

This work investigated the contamination status of selected persistent organic
pollutants in soil of mangrove forest and urban areas in Vietnam. Wide occurrence
and remarkable residue levels of S-POPs have been found in the soil of study areas.
Composition analyses show that S-POPs penetrated in the soil for a long time. The
main sources of S-POPs are from mix sources which have origin form anthropo-
genic sources. Risk assessment of S-POPs found from low- to medium-risk levels.
Due to the propensity of S-POPs to accumulate in various compartments of envi-
ronment, further evaluation of ecotoxicological should be undertaken as a high
priority.
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sampling sites were chosen at random, with an attempt to get them evenly distrib-
uted over Hanoi city. The samples were taken with solvent-rinsed stainless steel
scoops from the upper 5 cm of the soil and then transferred to pre-cleaned polyeth-
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bΣPCB: sum of all PCB isomers and congeners.
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dSoc Son 2: industrial and urban areas of Soc Son.

Table 5.
Concentrations of PCBs (ng g�1 dw) in the surface soil from Hanoi.
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3.2.3 Temporal trends of ΣPCB in soil in Hanoi

With regard to PCBs concentrations in soil samples from Hanoi reported in the
period from 1992 to 2006, the increasing temporal trend of PCB levels could be
shown. It was reported that the mean ΣPCB concentration in soil samples from
Hanoi in 1992 (6 soil samples), in 2000 (8 soil samples), and in 2006 (60 soil
samples) range from 9.1 to 29 ng g�1 (mean 12.6 � 8.9 ng g�1), from 0.6 to
120 ng g�1 (mean 21.2 � 25.2 ng g�1), and from <0.02 to 190.24 ng g�1 (mean
28.08 � 28.57 ng g�1), respectively [20, 21]. There are some possible sources of
PCBs from 1992 to 2006. PCBs have escaped from dielectric oil containing PCB in
transformers and capacitors. It has been reported that the total amount of possible
PCB-containing transformers and capacitors across Vietnam might reach 9638 units
and 1784 units, respectively [22]. PCBs could have volatilized from a capacitor. The
studies of Ehime University concluded that PCBs volatilize and spread easily when
capacitors containing PCB that are used over their product life are destroyed. PCBs
that escaped into ambient air can pollute food through biological accumulation and
also pollute the environmental soil. This should not be disregarded. Besides the
possible PCB sources in Vietnam, it should be noted that the inaccurate POPs
management can lead to their release to a wide extent in the environment.

4. Conclusion

This work investigated the contamination status of selected persistent organic
pollutants in soil of mangrove forest and urban areas in Vietnam. Wide occurrence
and remarkable residue levels of S-POPs have been found in the soil of study areas.
Composition analyses show that S-POPs penetrated in the soil for a long time. The
main sources of S-POPs are from mix sources which have origin form anthropo-
genic sources. Risk assessment of S-POPs found from low- to medium-risk levels.
Due to the propensity of S-POPs to accumulate in various compartments of envi-
ronment, further evaluation of ecotoxicological should be undertaken as a high
priority.
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Chapter 6

Formaldehyde Advantages and 
Disadvantages: Usage Areas and 
Harmful Effects on Human Beings
Nuriye Tuna Subasi

Abstract

Formaldehyde, a simple but important member of aldehydes, is highly reactive due 
to its strong electrophilic properties. It is a colorless, pungent, low molecular weight 
poisonous gas that can rapidly pass into gaseous phase at room temperature, can burn, 
and can dissolve very well in water. Formaldehyde, which is found in the natural 
structure of the organism, is used in many places from industrial areas to household 
materials and from the production of coatings in dentistry to the determination of 
cadavers in laboratories. In addition to having such a wide range of uses, it has harmful 
effects on human health as it can react spontaneously with various cellular elements. In 
this review, which is based on various sources, detailed information about the defini-
tion, properties, usage areas, and harmful effects of formaldehyde will be given.

Keywords: formaldehyde, properties of formaldehyde, benefits,  
harmful effects on human beings, source of formaldehyde

1. Introduction

Formaldehyde – a simple but important member of aldehydes – is a colorless, 
pungent, highly flammable, irritating, and poisonous low molecular weight gas in 
its pure form, meanwhile it dissolves very well in water, alcohols, and other polar 
solvents. Due to its strong electrophilic properties, it is highly reactive, readily 
undergoes polymerization, and can form explosive mixtures in air. It decomposes 
at temperatures above 150°C to methanol and carbon monoxide. In addition, it is 
easily photooxidized to carbon dioxide in sunlight.

Pure formaldehyde is produced as a liquid through catalytic oxidation of metha-
nol. This process is carried out in a closed facility and results in a formaldehyde 
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Formaldehyde – a simple but important member of aldehydes – is a colorless, 
pungent, highly flammable, irritating, and poisonous low molecular weight gas in 
its pure form, meanwhile it dissolves very well in water, alcohols, and other polar 
solvents. Due to its strong electrophilic properties, it is highly reactive, readily 
undergoes polymerization, and can form explosive mixtures in air. It decomposes 
at temperatures above 150°C to methanol and carbon monoxide. In addition, it is 
easily photooxidized to carbon dioxide in sunlight.

Pure formaldehyde is produced as a liquid through catalytic oxidation of metha-
nol. This process is carried out in a closed facility and results in a formaldehyde 
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solution in the water together with methanol in various concentrations. This 
product may be further refined or converted to the paraformaldehyde (polymer-
ized form of formaldehyde) which is in the form of a white powder or flake. 
Formaldehyde gas is slowly given by paraformaldehyde. Pure formaldehyde is not 
available commercially, so it is usually transported or stored as a 37% (by weight) 
aqueous solution, which is known as formalin [1, 2]. The technical (specific) 
properties of formaldehyde, which must be taken into account during use of it and 
also appropriate equipment should be used with it, are given in Table 1.

The most common methods for formaldehyde detection are based on spec-
trophotometry. Besides spectrophotometric ways other methods such as high-
performance liquid chromatography, gas chromatography, colorimetry, infrared 
detection, fluorimetry, polarography, and gas detector tubes are also used. Organic 
and inorganic chemicals, such as sulfur dioxide, other aldehydes, and amines, 
can interfere with these detection methods. The most sensitive of these methods 
is flow injection, which has a detection limit of 9 ppt (0.011 μg/m3) and is high-
performance liquid chromatography, which offers a detection limit of 0.0017 ppm 
(0.002 mg/m3) [3, 4].

Formaldehyde is found in small quantities in every human cell because it is taken 
from outside the organism or it is derived from the metabolism of serine, glycine, 
choline, and methionine [5, 6]. Formaldehyde is excreted from the body through 
urine and stool, by metabolizing formic acid catalyzed formaldehyde dehydroge-
nase (FDH) enzyme in the liver and erythrocytes, or excreted through respiration 
by converting to carbon dioxide [7–9]. Formaldehyde tends to combine strongly 
with protein, nucleic acids, and unsaturated fatty acids in a nonenzymatic way. 
This combination causes cytotoxicity, inflammatory reaction, necrosis, allergy, 
and mutagenic effect to be seen by producing denaturation in proteins. In addition, 
formaldehyde shows antimicrobial activity and function detection in tissues that 
have lost their vitality [7, 10, 11].

2. Formaldehyde, usage areas, and harmful effects

2.1 Usage areas

Formaldehyde is a chemical that is widely used due to its chemical proper-
ties and is also found in the natural structure of the organism. It is particularly 

Formaldehyde (CH2O)

IUPAC name Methanal

Chemical name Formaldehyde, methylene oxide, oxymethylene, methyl 
aldehyde, oxomethane, formic aldehyde

Chemical formula CH2O (HCHO)

Molecular weight 30.026 g/mol

Color Clear, colorless liquid

Density 0.8153 g/cm3 (−20°C)

Melting point 93–96°C (at 37% concentration)

Boiling point −15°C (at 37% concentration)

Table 1. 
Physical and chemical properties of formaldehyde.

103

Formaldehyde Advantages and Disadvantages: Usage Areas and Harmful Effects on Human Beings
DOI: http://dx.doi.org/10.5772/intechopen.89299

important in the chemical industry because formaldehyde is an inexpensive starting 
material for a number of chemical reactions. It is used in the industrial field in the 
construction of plywood, chipboard, insulation materials, paint and plastic materi-
als, textile industry, carpets, furniture, wall coverings, and household cleaning 
products [7, 12].

Formaldehyde is used in the storage of biological samples and mummification as 
it hardens proteins and prevents them from decomposition. Also, it is used as disin-
fectant because it kills insects and many microorganisms [13]. Formaldehyde, which 
has an important place in the field of medicine, is used in the anatomy laboratory for 
the determination of the cadaver and its long-term storage without decomposition 
and used in histology and pathology laboratories during the fixation stage of tissues. 
It is benefited from formaldehyde for the structure of coatings in dentistry, in the 
clinic for the treatment of persistent cystitis, and as a preservative in some drugs. In 
addition, the solution used in hemodialysis unit contains formalin [1, 14–16].

The use of formaldehyde in medical and other fields is 1.5% of the total produc-
tion compared with its use in the manufacture of synthetic resins and chemical 
compounds. However, its use in these areas has great significance for human beings, 
because it can reach many people by means of various consumer goods. These 
products containing formaldehyde in medicinal and other technical areas are listed 
in Table 2 [7].

Area Use

Agriculture Preservation of grain, seed dressing, soil disinfection, rot protection of feed, nitrogen 
fertilizer in soils, and protection of dietary protein in ruminants (animal nutrition)

Cleaning agent 
industry

Preservative in soaps, detergents, and cleaning agents against microbial 
contamination

Cosmetics 
industry

Preservative in soaps, deodorants, shampoos, etc. against microbial contamination; 
additive in nail hardeners, products for oral hygiene, makeup, hand cream, and 
shaving cream; and plant and equipment sanitation

Food industry Preservation of dried foods, disinfection of containers, and preservation of fish and 
certain oils and fats, modifying starch for cold swelling

Leather industry Additive to tanning agents

Medicine Disinfection, sterilization, and preservation of preparations

Metal industry Anticorrosive agent; vehicle in vapor depositing and electroplating processes

Petroleum 
industry

Biocide in oil well-drilling fluids and auxiliary agent in refining

Photographic 
industry

Developing accelerator and hardener for gelatin layers

Rubber industry Biocide for latex, adhesive additive, and anti-oxidizer additive also for synthetic 
rubber

Sugar industry Infection inhibitor in producing juices

Textile industry Formaldehyde-releasing agentsa provide crease resistance, dimensional stability, and 
flame retardance and binders in textile printing

Wood industry Preservative
aSome preservatives are formaldehyde releasers. Formaldehyde release upon decomposition depends mainly on the 
temperature and pH. Industrial and household cleaning agents, soaps, shampoos, paints/lacquers, and cutting fluids have 
formed the most common product categories for formaldehyde releasers. The three most common recorded formaldehyde 
release agents are bromonitropropanediol, bromonitrodioxane, and 2-chloroallylhexaminium chloride [17].

Table 2. 
Use of products containing formaldehyde in medicinal and other technical areas.
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ties and is also found in the natural structure of the organism. It is particularly 

Formaldehyde (CH2O)

IUPAC name Methanal

Chemical name Formaldehyde, methylene oxide, oxymethylene, methyl 
aldehyde, oxomethane, formic aldehyde

Chemical formula CH2O (HCHO)

Molecular weight 30.026 g/mol

Color Clear, colorless liquid

Density 0.8153 g/cm3 (−20°C)

Melting point 93–96°C (at 37% concentration)

Boiling point −15°C (at 37% concentration)

Table 1. 
Physical and chemical properties of formaldehyde.
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important in the chemical industry because formaldehyde is an inexpensive starting 
material for a number of chemical reactions. It is used in the industrial field in the 
construction of plywood, chipboard, insulation materials, paint and plastic materi-
als, textile industry, carpets, furniture, wall coverings, and household cleaning 
products [7, 12].

Formaldehyde is used in the storage of biological samples and mummification as 
it hardens proteins and prevents them from decomposition. Also, it is used as disin-
fectant because it kills insects and many microorganisms [13]. Formaldehyde, which 
has an important place in the field of medicine, is used in the anatomy laboratory for 
the determination of the cadaver and its long-term storage without decomposition 
and used in histology and pathology laboratories during the fixation stage of tissues. 
It is benefited from formaldehyde for the structure of coatings in dentistry, in the 
clinic for the treatment of persistent cystitis, and as a preservative in some drugs. In 
addition, the solution used in hemodialysis unit contains formalin [1, 14–16].

The use of formaldehyde in medical and other fields is 1.5% of the total produc-
tion compared with its use in the manufacture of synthetic resins and chemical 
compounds. However, its use in these areas has great significance for human beings, 
because it can reach many people by means of various consumer goods. These 
products containing formaldehyde in medicinal and other technical areas are listed 
in Table 2 [7].

Area Use

Agriculture Preservation of grain, seed dressing, soil disinfection, rot protection of feed, nitrogen 
fertilizer in soils, and protection of dietary protein in ruminants (animal nutrition)

Cleaning agent 
industry

Preservative in soaps, detergents, and cleaning agents against microbial 
contamination

Cosmetics 
industry

Preservative in soaps, deodorants, shampoos, etc. against microbial contamination; 
additive in nail hardeners, products for oral hygiene, makeup, hand cream, and 
shaving cream; and plant and equipment sanitation

Food industry Preservation of dried foods, disinfection of containers, and preservation of fish and 
certain oils and fats, modifying starch for cold swelling

Leather industry Additive to tanning agents

Medicine Disinfection, sterilization, and preservation of preparations

Metal industry Anticorrosive agent; vehicle in vapor depositing and electroplating processes

Petroleum 
industry

Biocide in oil well-drilling fluids and auxiliary agent in refining

Photographic 
industry

Developing accelerator and hardener for gelatin layers

Rubber industry Biocide for latex, adhesive additive, and anti-oxidizer additive also for synthetic 
rubber

Sugar industry Infection inhibitor in producing juices

Textile industry Formaldehyde-releasing agentsa provide crease resistance, dimensional stability, and 
flame retardance and binders in textile printing

Wood industry Preservative
aSome preservatives are formaldehyde releasers. Formaldehyde release upon decomposition depends mainly on the 
temperature and pH. Industrial and household cleaning agents, soaps, shampoos, paints/lacquers, and cutting fluids have 
formed the most common product categories for formaldehyde releasers. The three most common recorded formaldehyde 
release agents are bromonitropropanediol, bromonitrodioxane, and 2-chloroallylhexaminium chloride [17].

Table 2. 
Use of products containing formaldehyde in medicinal and other technical areas.
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2.2 Impact area and harmful effects

Formaldehyde contains significant harm to human health as well as widespread 
use. Formaldehyde has a sharp odor that can be detectable at low concentrations, 
and its vapor and solutions are known as skin and eye irritants in human beings. 
The common effects of formaldehyde exposure are various symptoms caused by 
irritation of the mucosa in the eyes and upper respiratory tract.

Formaldehyde is classified by the International Cancer Research Institute as a 
Group 2A carcinogenic agent in 1995. As a result of the studies, formaldehyde is 
reported to contribute to the development of cancer of the nose and upper respira-
tory tract and skin cancer [18, 19].

OSHA has identified 52 professions that are risky in terms of formaldehyde 
exposure. The most frequently studied groups were the ones who were at risk for 
the effect of formaldehyde, which are listed below:

• Workers working at the production stage of formaldehyde-containing 
compounds

• Industry workers working in formaldehyde-containing products and adhesives 
(furniture and goods produced from the chipboard, MDF, plywood, varnish, 
lacquer, fire retardants, etc.)

• Workers in traffic or garages

• Anatomy, pathology, and histology laboratory staff (medicine and veterinary)

• Those who sterilize dialysis equipment and other medical supplies— dentists 
and nurses,

• Foundry employees

• Workers in paper, paper products, and recycling [20–22].

Research on persons working in industrial areas where formaldehyde production 
is performed or used showed that there is an increase in the number of people dying 
from brain cancer, blood cancer, and colon cancer compared to the normal popula-
tion [2, 13]. Furthermore, the use of formaldehyde-containing products in homes and 
workplaces in daily life (wall paint, furniture, lacquer coatings, deodorants, cleaning 
products, etc.) and exposure to environmental factors (such as fuel oil and wood 
burning, exhaust gas, and cigarette smoke) further increase the impact of formalde-
hyde. It has been shown that formaldehyde, which is emphasized as carcinogenic by 
experimental studies, has harmful effects on many systems such as the respiratory 
system, nervous system, and digestive system [1, 7, 23]. Furthermore, it is stated that 
formaldehyde, which has adverse effects on the reproductive system, causes fertility 
problems by damaging to germinal cells, disrupts the morphological structure of 
testicle, and decreases sperm count and serum testosterone levels [24–26].

Formaldehyde is a genotoxic, mutagenic, teratogenic, embryotoxic, and 
carcinogenic chemical that includes gene mutations, chromosomal errors, 
single-chain fractures, sister chromatid exchange, and cell changes [2, 27, 28]. 
Respiratory system toxicity of formaldehyde occurs even in low concentrations 
(0.5 ppm). It causes clinical symptoms such as burning sensation in the nose 
and throat, difficulty of breathing, coughing, and wheezing in acute effects. At 
higher concentrations, pulmonary edema, inflammation, and pneumonia are 
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developing [2, 11, 12, 29]. It is stated that among workers exposed to formalde-
hyde, the mortality rate of lung cancer is 30% higher [30, 31].

Formaldehyde has been reported to have toxic effects on the central nervous 
system, skin, eyes, testes, and menstrual functions as well as the respiratory 
system [24, 32, 33]. After oral ingestion, formaldehyde produces a local corrosive 
effect in the upper gastrointestinal system. Necrosis, perforation, and bleeding 
develop after following symptoms such as nausea, severe diarrhea, and abdominal 
pain. Then, circulatory failure and severe metabolic acidosis occur and result in 
death within a few days [1]. In addition, in some studies, it has been stated that 
formaldehyde inhibits the activity of some enzymes and increases some enzyme 
activity [13, 34].

Formaldehyde tends to perform toxic effects by combining strongly with 
DNA, RNA, protein, and unsaturated fatty acids in a nonenzymatic way [10]. 
The neurotoxicity effects of formaldehyde are shown up in the form of headache, 
dizziness, depression, insomnia, and loss of appetite, while in long-term expo-
sure, permanent neurotoxicity such as mood disorders, behavioral disorders, and 
epilepsy occur [32, 35, 36].

2.3 Formaldehyde sources in the environment

Formaldehyde enters to the environment from natural sources (including forest 
fires) and comes directly from human resources. Formaldehyde occurs naturally 
in large quantities in the troposphere during the oxidation of hydrocarbons. These 
hydrocarbons react with OH radicals and ozone forming formaldehyde and/or other 
aldehydes as intermediates in a series of reactions resulting in the formation of carbon 
monoxide and carbon dioxide, hydrogen, and water [37, 38]. In addition, terpenes 
and isoprene spread around by foliage and react with the OH radicals to form form-
aldehyde as an intermediate product. Because of their short lifetimes, this potentially 
important formaldehyde source is only important around the vegetation [39].

Human sources of formaldehyde include direct sources such as industrial uses in 
the field, fuel combustion, and off-gassing from building materials and consumer 
products. Formaldehyde, although is not present in gasoline, is an incomplete com-
bustion product and consequently is released from internal combustion engines. 
The formaldehyde amount produced depends mainly on the composition of the 
fuel, the type of engine, the emission control applied, the operating temperature, 
and the age and condition of the vehicle being repaired. Therefore, emission rates 
are variable.

The major man-made sources affecting human beings are in the indoor environ-
ment. Primary sources (covering a range of fuels from wood to plastics) include 
cigarette smoke, chipboard and plywood, wood-burning stoves, fireplaces, fur-
naces, power plants, agricultural burns, furniture and fabrics, waste incinerators, 
gas from by heating systems, and cooking [40–47].

Furniture made from wood materials are widely used in indoor and outdoor 
living spaces. Depending on the developments in the glue sector, the rate of using 
synthetic materials in the furniture industry is increasing. This situation brings 
with it air pollution. Urea-formaldehyde (UF) glue, which is the most widely 
used adhesive for wood paneling and furniture production around the world, is 
one of the most common contaminants in indoor environments. For this reason, 
formaldehyde can be found in our daily indoor areas, in homes and in offices. 
Formaldehyde release value can be increased by increasing the ambient tempera-
ture and humidity. The formaldehyde level should normally be below 0.03 ppm in 
indoor environments. The level at which symptoms occurred was determined as 
0.10–1.1 ppm range [18, 48].
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2.2 Impact area and harmful effects

Formaldehyde contains significant harm to human health as well as widespread 
use. Formaldehyde has a sharp odor that can be detectable at low concentrations, 
and its vapor and solutions are known as skin and eye irritants in human beings. 
The common effects of formaldehyde exposure are various symptoms caused by 
irritation of the mucosa in the eyes and upper respiratory tract.

Formaldehyde is classified by the International Cancer Research Institute as a 
Group 2A carcinogenic agent in 1995. As a result of the studies, formaldehyde is 
reported to contribute to the development of cancer of the nose and upper respira-
tory tract and skin cancer [18, 19].

OSHA has identified 52 professions that are risky in terms of formaldehyde 
exposure. The most frequently studied groups were the ones who were at risk for 
the effect of formaldehyde, which are listed below:

• Workers working at the production stage of formaldehyde-containing 
compounds

• Industry workers working in formaldehyde-containing products and adhesives 
(furniture and goods produced from the chipboard, MDF, plywood, varnish, 
lacquer, fire retardants, etc.)

• Workers in traffic or garages

• Anatomy, pathology, and histology laboratory staff (medicine and veterinary)

• Those who sterilize dialysis equipment and other medical supplies— dentists 
and nurses,

• Foundry employees

• Workers in paper, paper products, and recycling [20–22].

Research on persons working in industrial areas where formaldehyde production 
is performed or used showed that there is an increase in the number of people dying 
from brain cancer, blood cancer, and colon cancer compared to the normal popula-
tion [2, 13]. Furthermore, the use of formaldehyde-containing products in homes and 
workplaces in daily life (wall paint, furniture, lacquer coatings, deodorants, cleaning 
products, etc.) and exposure to environmental factors (such as fuel oil and wood 
burning, exhaust gas, and cigarette smoke) further increase the impact of formalde-
hyde. It has been shown that formaldehyde, which is emphasized as carcinogenic by 
experimental studies, has harmful effects on many systems such as the respiratory 
system, nervous system, and digestive system [1, 7, 23]. Furthermore, it is stated that 
formaldehyde, which has adverse effects on the reproductive system, causes fertility 
problems by damaging to germinal cells, disrupts the morphological structure of 
testicle, and decreases sperm count and serum testosterone levels [24–26].

Formaldehyde is a genotoxic, mutagenic, teratogenic, embryotoxic, and 
carcinogenic chemical that includes gene mutations, chromosomal errors, 
single-chain fractures, sister chromatid exchange, and cell changes [2, 27, 28]. 
Respiratory system toxicity of formaldehyde occurs even in low concentrations 
(0.5 ppm). It causes clinical symptoms such as burning sensation in the nose 
and throat, difficulty of breathing, coughing, and wheezing in acute effects. At 
higher concentrations, pulmonary edema, inflammation, and pneumonia are 
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developing [2, 11, 12, 29]. It is stated that among workers exposed to formalde-
hyde, the mortality rate of lung cancer is 30% higher [30, 31].

Formaldehyde has been reported to have toxic effects on the central nervous 
system, skin, eyes, testes, and menstrual functions as well as the respiratory 
system [24, 32, 33]. After oral ingestion, formaldehyde produces a local corrosive 
effect in the upper gastrointestinal system. Necrosis, perforation, and bleeding 
develop after following symptoms such as nausea, severe diarrhea, and abdominal 
pain. Then, circulatory failure and severe metabolic acidosis occur and result in 
death within a few days [1]. In addition, in some studies, it has been stated that 
formaldehyde inhibits the activity of some enzymes and increases some enzyme 
activity [13, 34].

Formaldehyde tends to perform toxic effects by combining strongly with 
DNA, RNA, protein, and unsaturated fatty acids in a nonenzymatic way [10]. 
The neurotoxicity effects of formaldehyde are shown up in the form of headache, 
dizziness, depression, insomnia, and loss of appetite, while in long-term expo-
sure, permanent neurotoxicity such as mood disorders, behavioral disorders, and 
epilepsy occur [32, 35, 36].

2.3 Formaldehyde sources in the environment

Formaldehyde enters to the environment from natural sources (including forest 
fires) and comes directly from human resources. Formaldehyde occurs naturally 
in large quantities in the troposphere during the oxidation of hydrocarbons. These 
hydrocarbons react with OH radicals and ozone forming formaldehyde and/or other 
aldehydes as intermediates in a series of reactions resulting in the formation of carbon 
monoxide and carbon dioxide, hydrogen, and water [37, 38]. In addition, terpenes 
and isoprene spread around by foliage and react with the OH radicals to form form-
aldehyde as an intermediate product. Because of their short lifetimes, this potentially 
important formaldehyde source is only important around the vegetation [39].

Human sources of formaldehyde include direct sources such as industrial uses in 
the field, fuel combustion, and off-gassing from building materials and consumer 
products. Formaldehyde, although is not present in gasoline, is an incomplete com-
bustion product and consequently is released from internal combustion engines. 
The formaldehyde amount produced depends mainly on the composition of the 
fuel, the type of engine, the emission control applied, the operating temperature, 
and the age and condition of the vehicle being repaired. Therefore, emission rates 
are variable.

The major man-made sources affecting human beings are in the indoor environ-
ment. Primary sources (covering a range of fuels from wood to plastics) include 
cigarette smoke, chipboard and plywood, wood-burning stoves, fireplaces, fur-
naces, power plants, agricultural burns, furniture and fabrics, waste incinerators, 
gas from by heating systems, and cooking [40–47].

Furniture made from wood materials are widely used in indoor and outdoor 
living spaces. Depending on the developments in the glue sector, the rate of using 
synthetic materials in the furniture industry is increasing. This situation brings 
with it air pollution. Urea-formaldehyde (UF) glue, which is the most widely 
used adhesive for wood paneling and furniture production around the world, is 
one of the most common contaminants in indoor environments. For this reason, 
formaldehyde can be found in our daily indoor areas, in homes and in offices. 
Formaldehyde release value can be increased by increasing the ambient tempera-
ture and humidity. The formaldehyde level should normally be below 0.03 ppm in 
indoor environments. The level at which symptoms occurred was determined as 
0.10–1.1 ppm range [18, 48].
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Therefore, the indoor formaldehyde levels are clearly different from the con-
centrations in the outdoor air. Temperature, humidity, ventilation rate, age of the 
building, product usage, the presence of combustion sources, and the smoking 
habits of occupants affect indoor formaldehyde concentrations.

3. Conclusion

As a result, since formaldehyde has a harmful and even toxic effect on many 
tissues and organs in the body, it is necessary to keep the formaldehyde concentra-
tion below the 0.3 ppm level, which is the permitted limit in formaldehyde-working 
environments.

In macroscopic anatomy laboratories where formaldehyde is used more fre-
quently, some precautions should be taken to prevent the harmful effects of formal-
dehyde. For this purpose, a sufficient concentration of 10% should not be exceeded 
for the determination of a suitable tissue. Materials waiting for detection should 
be closed in a way that does not contain air. The area in which the macroscopic 
examination is performed must be equipped to remove the formaldehyde vapor 
immediately from the environment. Laboratory personnel with chronic conjuncti-
vitis and upper and lower respiratory diseases are removed from this environment 
until they are completely passed. The contact times of formaldehyde should be 
reduced as much as possible by providing appropriate conversions between labora-
tory personnel.

In addition, employees should be trained on environmental risk factors, toxic 
chemicals and protection from risk factors, and the use of gloves and masks, and 
it is also necessary to identify and map important emission areas and operations 
and to arrange/adjust the existing equipment [28, 49, 50]. Measures to be taken to 
against emission sources include increased ventilation, treatment of cadavers, and 
tissues with ammonium chloride in anatomy laboratories [51], covering machines, 
the use of local exhaust systems [52], and improvement of general ventilation [53]. 
Taking these measures in environments exposed to formaldehyde is necessary to 
reduce the exposure and minimize the health effects that may occur.

In spite of all these harmful effects, formaldehyde is still in use all over the world 
because of its cheap and good detection solution.
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Therefore, the indoor formaldehyde levels are clearly different from the con-
centrations in the outdoor air. Temperature, humidity, ventilation rate, age of the 
building, product usage, the presence of combustion sources, and the smoking 
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reduce the exposure and minimize the health effects that may occur.
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Chapter 7

Biomedical Applications of 
Nanomaterials: Nanotubes and 
Metal-Organic Frameworks 
(MOFs)
Miguel Martell-Mendoza, Cuauhtémoc Pérez-González, 
Hiram I. Beltrán, Roberto Serrano-Vega and  
Carlos Alberto Méndez-Cuesta

Abstract

Nanomedicine plays an important role in the diagnosis, treatment, monitor-
ing and control of biological systems in the area of nanotechnology and has been 
referred by the National Institute of Health (NIH) as an emergent way of medicine. 
Nanoparticles are new delivery vehicles with the ability to release drugs to a specific 
cell type or tissue, which may also improve the pharmacological activity of those 
drugs by controlling their release, as well as prolonging their short half-lives in 
blood. The aim of this review is to gather several options of MOFs and nanotubes 
synthesised with different nanoparticles and processes, some including compound 
loading and release studies, with particular focus on 13 anti-cancer compounds 
e.g. doxorubicin, curcumin, methotrexate, etc.; 3 anti-inflammatory compounds, 
namely ibuprofen, salicylic acid and chlorogenic acid; and with 5 miscellaneous 
bioactive compounds, including rifampicin, griseofulvin, enoxacin, etc. Finally, 
other biomedical applications for these composites are shown, like being enzyme 
immobilisation agents, for water treatment e.g. in swimming pools, and other 
becoming support to carry & secure integrity of drugs.

Keywords: nano MOFs, nanotubes, drug delivery, biomedical applications, 
composite materials

1. Introduction

Any material could be described as a (semi) solid entity, substance or device that 
things could be made from, with the purpose to resolve a present or future need. 
There are a lot of daily examples that we are able define as materials, for instance, 
cloth, wood and electronic devices, such as computers, cell phones and smart TVs. 
Materials could be divided into natural and synthetic groups and, at the same time, 
they are commonly classified depending on their composition or physicochemical 
properties. Nowadays, the search for synthetic materials has been fast growing, 
because of their electrical, thermal, mechanical, structural and in many cases, their 
emergent properties, that make them suitable for many fields of science.
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In recent years, the development and modification of materials at the nanoscale 
for biomedical purposes has been extensively reported in the literature. One of the 
most significant of these has been the encapsulation or capture of drugs with the 
purpose of increasing dosage, providing protection against body’s metabolism and 
directing the drug to the therapeutic target or a specific site. Despite these benefits, 
the principal limitations include the host-guest compatibility, very closely related 
with toxicity, the degradation and the half-life of the nanomaterial. For this reason, 
these side studies should be included when a new material is developed for biomedi-
cal purposes.

Metal Organic Frameworks (MOFs) are a class of microporous 1D, 2D or 3D 
crystalline materials, constructed from a metal ion held together by organic poly-
functional ligands, that confer special characteristics to this arrangement. Some 
of these features are their high/tunable surface area, homogenous porosity, their 
great stability and crystallinity, among other. Due to these characteristics, MOFs are 
widely applied in the storage and separation of gases, as sensors, and in matrices to 
capture/deliver a large amount of several kinds of molecules and in particular drugs 
even showing specificity towards therapeutic targets and thus improving the effect 
of the drugs and their bioavailability.

Besides, nanotubes have the potential to revolutionise biomedical research, 
due to their important electrical, chemical, thermal, mechanical and structural 
properties which have made them an area of great research interest. With this in 
mind, they are capable to display metallic, semiconducting and superconducting 
electron transport properties. Although carbon nanotubes (CNTs) are the most 
common, they also could be constructed from peptides and organometallic moieties 
or materials. The CNTs could be used in numerous applications, including nano-
fluidic systems, biopharmaceutical applications such as drug delivery, implantable 
biomedical devices, diagnostic tools and devices in radiation oncology, biosensors, 
probes and quantum dots, such as nanosensors and nanorobots and also for tissue 
engineering applications [1].

Hence, the gathering criteria of all these research examples in this chapter is 
focused on evidencing some of the most relevant examples from the last 5 years 
(2014–2018) in terms of nanomaterials, with capability to act as (i) drug delivery 
systems and for (ii) general biomedical applications, addressing aspects such as 
the composition of these materials, type of loaded/tested/delivered drugs interact-
ing with both, (nano) MOFs or nanotube materials and their perspectives on the 
synthesis and modification of these new composites for such applicability.

2. Drug delivery

2.1 Anti-cancer

In this first contribution, the MIL-100(Fe) was prepared using a hydrothermal 
microwave-assisted method. Synthetic procedure required a mixture of FeCl3 
hexahydrate and 1,3,5-benzenetricarboxylic acid settled in deionised water, which 
was heated at 130°C during a period of 6 min. The characterisation of the crystal-
line substance was performed by X-ray powder diffraction (XRPD), meanwhile 
particle size and morphology were determined by Dynamic Light Scattering (DLS) 
and Transmission Electron Microscopy (TEM). Additionally, surface morphology 
was characterised using Field-Emission Scanning Electron Microscopy (FESEM) 
and the pore size was determined by nitrogen sorption experiments. The measured 
Langmuir surface was of 1350 ± 100 m2 g−1. The pore size of this material measured 
a free diameter of ca. 25 and 29 Å, which is accessible through the pentagonal and 
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hexagonal microporous windows present in this material (5.5 and 8.6 Å). The 
incorporation of doxorubicin (DOXO) in MIL-100(Fe) was determined by UV-Vis, 
circular dichroism (CD) and fluorescence spectroscopies, and the determined 
concentration of DOXO present in this material was 9 wt% (Figure 1) [2].

In this other piece of work, Gemcitabine-5′-monophosphate (Gem-MP) 
was appropriately loaded into MIL-100(Fe) MOF material, reaching a top con-
centration of 30.7 ± 0.8 wt%; this was confirmed by High Performance Liquid 
Chromatography (HPLC) and radioactivity counting methods (Figure 2). The 
Gem-MP@MIL-100(Fe) release studies were performed in PBS media and 100% 
of release of this drug molecule was reached at 4 h. The Half Maximal Inhibitory 
Concentration (IC50) of both empty and loaded materials were tested in pancreatic 
cancer cell lines (PANC-1) using the MTT method. This experiment has shown 
that the unloaded material had no effect on the viability of cells. However, when 
Gem-MP and Gem-MP@MIL-100(Fe) were tested, the IC50 were 17.5 μM and 
45 nM, respectively. This finding clearly confirmed that the activity of Gem-MP is 
improved ca. 389 times when it is loaded into MIL-100(Fe) material [3].

Moreover, a phytochemical-ligand-containing metal-organic framework of the 
formula {[Zn2(fer)2]}n, (Zn-fer MOF) was prepared, where the organic ligand 
named H2fer = ferulic acid, and its structural elucidation revealed the presence of 
large nanocage-based pores suitable for ionic or molecular guest incorporation. 
With the latter in mind, Zn-fer MOF was employed as interaction matrix for the 
adsorption and in vitro carriage of 5-fluorouracil (5-FU), obtaining 5-FU@Zn-fer 
material. The ability of 5-FU@Zn-fer to deliver 5-FU, biodegradation and cytotoxic-
ity assays were also determined. Additionally, the grand canonical ensemble Monte 
Carlo (GCMC) simulation was performed to in silico investigate the loading of 
5-FU to Zn-fer at the molecular level. With these results, authors determined that 
5-FU could be adsorbed into this BioMOF with a high loading. GCMC simulations 
validated the experimental trend, showing that 5-FU could be incorporated into de-
solvated Zn-fer MOF reaching loadings as high as 0.388 g g−1. The analysis of radial 
distribution function (RDF) and configuration snapshot analysis, showed that the 
most important interaction between 5-FU and Zn-fer MOF are hydrogen bonding 
and dipolar interactions (Figure 3). Furthermore, the delivery of 5-FU occurred 
within 100 h and at that time, 99% of the loaded drug was already released. For 
further sights, this may lead to the desired modulated release of anti-cancer agents 
over a long-time and probably reducing side-effects for patients. Finally, according 

Figure 1. 
MIL-100 (Fe)/DOX [2].
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hexagonal microporous windows present in this material (5.5 and 8.6 Å). The 
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distribution function (RDF) and configuration snapshot analysis, showed that the 
most important interaction between 5-FU and Zn-fer MOF are hydrogen bonding 
and dipolar interactions (Figure 3). Furthermore, the delivery of 5-FU occurred 
within 100 h and at that time, 99% of the loaded drug was already released. For 
further sights, this may lead to the desired modulated release of anti-cancer agents 
over a long-time and probably reducing side-effects for patients. Finally, according 

Figure 1. 
MIL-100 (Fe)/DOX [2].
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to our criteria, this investigation has provided impetus to design and develop similar 
structured biocompatible MOFs which are able to offer relatively superior drug 
carrying and drug release properties [4].

Some other investigation aims for the incorporation of target molecules based 
on a multistep post-functionalization procedure. In the cited research, the authors 
report a novel approach combining MOF synthesis and molecule encapsulation 
in a one-pot process. Researchers have therein demonstrated that large molecules 
are appropriate to be entrapment in the composite zeolitic imidazolate framework 
(ZIF). The distribution was homogeneous into the ZIF, and in this way their 

Figure 2. 
Representation of Gem-MP encapsulation into MIL-100(Fe) [3].

Figure 3. 
The density of 5-FU under 10-5 mPa, 1 mPa for (a) and (b) (top pictures) and the snapshot of 5-FU in  
Znfer-MOF for (c) and (d) (down pictures) [4].
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loadings could be improvement. The ZIF-8 crystals were carried with DOXO to 
obtain DOXO@ZIF-8 composites, like efficient drug delivery vehicles for cancer 
therapy using pH-dependent release (Figure 4). The DOXO@ZIF-8 showed higher 
efficiency than DOXO against breast cancer cell lines, due to well-known composite 
enhancements. This one-pot process opens new possibilities to construct multifunc-
tional delivery systems for a wide range of applications [5].

The incorporation of drugs in biodegradable polymeric particles is one of many 
processes that controllably and significantly increase their release and action. The 
synthesis and physicochemical characterisation of ZnBDC-MOF (MOF-5) + DOXO 
giving place to DOXO@ZnBDC hybrid, and the effectiveness of this composite in 
the sustained release of the DOXO drug has been described. In a first procedure, the 
MOF-5 was obtained by mixing sodium terephthalate (Na2BDC), Zn(NO3)2·6H2O 
and H2O; the suspension was then transferred to a CEM (Microwave reactor) 
S-Class System with vessel temperature set at 120°C. The loading of DOXO into 
MOF-5 was performed by stirring 0.034 g of the dehydrated MOF-5 powder in 
4 mL of aqueous solution containing 0.1 g of DOXO during 1 day interaction 
period. An experimental and theoretical study is presented of the interaction 
between the MOF-5 material and DOXO molecule (Figure 5). The synthesis was 
carried on, and the resulting material was characterised by elemental analysis and 
XRPD. The experimental incorporation was accomplished and analysed by Fourier 
Transform Infrared Spectroscopy (FTIR) and UV-Vis spectroscopies, as well as by 
XRPD. An analysis of the adsorption of the DOXO@ZnBDC system confirmed the 
successful incorporation of the drug, revealing 0.0163 g of DOXO included into 
the composite, or an equivalent to 96% of the drug. The stability and drug release 
profile of DOXO@ZnBDC confirmed that the system released DOXO in a sustained 
or bimodal manner, like other systems, releasing 51.4% of the DOXO molecule in 
48 h. The behaviour described in the article demonstrates that the DOXO@ZnBDC 
system has the potential against cytotoxic cancer cell lines NCI-H292 (human pul-
monary mucoepidermoid carcinoma), HT-29 (human colorectal adenocarcinoma) 
and MCF-7 (human breast adenocarcinoma). The cytotoxic effect, an intensity 
scale for the cytotoxic potential of the system under study, was as stated in the 
following tendency related to cell growth inhibition [CGI], zero activity, ranging 
from 1 to 20%; little activity, 20–50%; moderate activity, 50–70%; and significant 
activity, 70–100%. In vitro cytotoxicity of unloaded MOF-5 was HT29 CGI = 72.6%, 
MCF-7 CGI = 47.4%, NCI-H-292 CGI = 77.0%; for free DOXO, HT29 CGI = 57.0%, 
MCF-7 CGI = 55.2%, NCI-H-292 CGI = 76.3%; and for DOXO@ZnBDC was 
HT29 CGI = 70.7%; MCF-7 CGI = 20.1%; NCI-H-292 CGI = 26.4% at different 

Figure 4. 
Distribution of mesopores in DOX@ZIF-8 particles illustrated by electron tomography. (a) TEM image of a 
DOX@ZIF-8 single crystal. (b) Cross-section of the electron tomogram with the mesopores marked by blue 
lines. (c) 3D distribution of the mesopores in the DOX@ZIF-8 particles [5].
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concentrations after 72 h. As can be seen, the MCF-7 & NCI-H-292 proved to be the 
most sensitive strains, because of the activity of composite material [6].

Another work of ZIF-8 crystal as a functional material was used to control the 
release of an autophagy inhibitor, 3-methyladenine (3-MA), and avoid the decom-
position of large quantities of the drug and enhance their bioavailability (Figure 6). 
The HeLa cells treated with 3-MA@ZIF-8 NPs has shown that the autophagosome 
development was successfully blocked. The pH-sensitive dissociation rises the 
efficiency of autophagy inhibition at the same concentration of 3-MA. In vivo test 
data showed higher efficacy to repress the expression of autophagy-related mark-
ers, Beclin 1 and LC3, in 3-MA@ZIF-8 NPs more than free 3-MA. Some of the most 
important features underlined by the authors is that ZIF-8 resulted an efficient drug 
delivery vehicle in antitumor therapy, especially in inhibiting autophagy of cancer 
cells. The cytotoxicity of 3-MA@ZIF-8 nanoparticles was evaluated by determining 
cellular viability through an MTT assay. The 3-MA@ZIF-8 NPs system was found to 
be toxic to HeLa cells in a dose-dependent manner, after treatment at a concentra-
tion of 7.5 μg mL−1 (equivalent to a concentration of 3-MA of 1.5 μg mL−1) for 24 h. 
The values were even lower after the cells had been treated with 3-MA@ZIF-8 NPs 
at a concentration of 10 μg mL−1 [7].

Following the versatility of ZIF-8 system, in other studies, DOXO was loaded 
into this MOF via a one pot process. The in situ loading process implied the water 
dissolution of the DOXO bioactive at 4 mg mL−1, then 0.2 g (0.66 mmol) of 
Zn(NO3)2·6H2O were dissolved in 0.8 mL of water, into which 4 mL of DOXO 
solution was added. After that 2 g of 2-methylimidazole were dissolved in 8 mL 
water and this was slowly dropped into the previous mixture. The in situ assembled 
DOXO@ZIF-8 composite was then coated with polydopamine, successively chelated 
with Fe3+ and conjugated with hyaluronic acid (HA). Finally, all these resulted 
in a multifunctional ZIF-8 nanocarrier of DOXO@ZIF@HA nature (Figure 7). 

Figure 5. 
Simulated adsorption of the DOXO in surface of MOF by means of PM6 calculation [6].

Figure 6. 
Schematic representation of 3-MA@ZIF-8 [7].
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The characterisation results confirmed the successful formation of the hybrid 
nanocarrier. The loading efficacy was determined to be 8.92 ± 0.53%. The data 
suggest that the release of DOXO from the nanocarrier demonstrated a sustained 
nature, but in this case regardless of the pH value. The cumulative amount of 
DOXO released at pH 5.0 and 7.4 was 70.1 and 9.8%, respectively, clearly showing 
a pH dependent behavior. The results of flow cytometry and confocal laser scan-
ning microscope shown the targeting ability of DOXO@ZIF-HA towards prostate 
cancer PC-3 cells. In order to make notice the effect of composite assembly, the 
therapeutic efficacy of DOXO@ZIF-HA was clearly improved when compared with 
free DOXO. The cells were treated with different formulations of free DOXO and 
DOXO@ZIF-HA for 24 h and untreated cells were used as a control. At a DOXO 
concentration of 1 mg mL−1, the cell viability for free DOXO and DOXO@ZIF-HA 
was 65.61 and 48.59%, respectively. This is mainly since the efficient internalisation 
of the targeted carrier DOXO@ZIF-HA could improve the intracellular DOXO con-
centration. Hence, authors state that the constructed ZIF-8 based multifunctional 
nanocarrier could be a candidate for cancer theranostics [8].

Another method to effectively carry DOXO to the breast cancer sites is the use 
of halloysite nanotubes (HNTs) coated with poly(ethylene glycol) (PEG) and 
folate (HNTs-PEG-FA), which have been used as drug delivery systems. The HNTs 
were reduced to ∼200 nm by ultrasonic scission and then functionalised with 
N-hydroxylsuccinimide-polyethylene glycol carboxylic acid (NHS-PEG-COOH) 
and folate (FA) moieties. The DOXO@HNTs-PEG-FA was prepared by filling 
with DOXO on HNTs-PEG-FA via physical adsorption (Figure 8). The maximum 
release of DOXO from DOXO@HNTs-PEG-FA was reached to 35 h at pH 5.3. The 
DOXO@HNTs-PEG-FA ensemble showed significant inhibition of proliferation 
and induction of apoptosis in MCF-7 cells with positive FA receptors but this is 
not true for L02 cells without FA receptors. The in vivo anti-breast cancer activity 
of DOXO@HNTs-PEG-FA was confirmed using 4T1-bearing mice. The DOXO@
HNTs-PEG-FA reduced toxicity and inhibited tumour growth associated with 
higher levels of caspase-3 protein. These results suggest that FA-conjugated HNTs 
may be designed to be a novel drug delivery system for targeted therapy of breast 
cancer via intravenous [9].

Figure 7. 
Diagram for the preparation of DOX@ZIF-HA and the Fe3+-mediated coordination interaction between HA 
and PDA [8].
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Another drug delivery strategy is when some peptides were used in the synthe-
sis of nanotubes capable of this method of carrying. Nanotubes was synthetized 
using two dipeptides based on their flexibility, one of them using the Phe-Phe 
backbone (βPhe-Phe and βPhe-ΔPhe); containing βPhe amino acid, and the other 
containing βPhe like a backbone constraining ΔPhe (α,β-dehydrophenylalanine) 
amino acid. Both were characterised by X-ray diffraction, DLS, TEM, FTIR and 
CD. Small drugs like riboflavin, DOXO, chloramphenicol and chloroquine, were 
tested in encapsulation experiments in these new nanotubes. The results have 
shown comparable encapsulation in both types of nanotubes, and the loaded 
contents were 7, 15, 35 and 18%, respectively. Moreover, these dipeptides have not 
shown cytotoxicity towards HeLa (cervical uterine cancer), B6F10 (melanoma 
mouse) and L-929 (fibroblast mouse) cells with different concentrations of 
peptide nanostructure. Mitoxantrone free and encapsulated in βPhe-Phe and βPhe-
Phe/βPhe-ΔPhe nanotubes was tested in equals amounts against cell lines HeLa 
and B6F10. The viability of HeLa cells treated with free mitoxantrone at 3 mg mL−1 
was 77%, while when encapsulated in βPhe-Phe or βPhe-ΔPhe nanotubes, the 
viability reduced to 58 and 53%, respectively. However, the value of viability for 
B6F10 cells changed from 85 to 60% and 31%, respectively. These results suggest 
that administration of mitoxantrone with dipeptide nanotubes was more effective 
against HeLa and B6F10 cancerous cells [10].

There are reports that by combining the advantage of multi-walled carbon 
nanotubes (MWCNTs) and interpolymer supramolecular complexes, a new carrier 
system consisting of poly (acrylic acid)/PEG/carbon nanotubes (PAA/PEG/CNT) 
has been assembled. The oxidised MWCNTs were obtained with nitric acid treat-
ment, yielding HOOC-MWCNTs, and then submitted to an activation reaction 
with SOCl2 to get MWCNT-COCl. The PEGylation of acyl chloride groups on the 
oxidised MWCNTs was completed by refluxing with PEG4000 and subsequently 
complexing with the second polymer (PAA). Then, methotrexate (MTX) and 

Figure 8. 
Schematic representation of HNTs-PEG-FA preparation [9].
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cyclophosphamide (CPP) were loaded on PAA/PEG/CNT, and nanoparticles were 
characterised by FTIR, SEM, TGA and NMR. The efficiency of loaded drugs was 
determinate, an in vitro drug release study was carried out with UV spectroscopy 
in buffer human body (pH = 7.4) and buffer at pH of cancer cells (pH = 4). The in 
vitro release of drugs from nanoparticles showed an initial burst release followed by 
sustained release, this fact was due to the presence of the drug on the surface of the 
nanoparticles. The rate of release at this stage was very high and after 1 h, the drug 
concentration was constant [11].

Another kind of composite is based in the synthesis of the bio-compatible poly-
mer PEG-400 and MWCNTs. The MWCNTs were PEG-400-broken-assisted into 
small tubes by vortex mechanical mixing with tungsten-carbide balls for about 15 h. 
Length separation of MWCNTs was then carried out using differential centrifuga-
tion also PEG-400-assisted with various concentrations of the polyether. Novel 
cocoon nanoparticles of sizes ranging about 100–200 nm were observed in one 
of the centrifuged fractions. The cocoon pellets were re-dispersed in water using 
ultrasonication for 2 min and characterised using Field Emission SEM, TEM and 
FTIR. Energy Dispersive Spectroscopy (EDS) and diffraction patterns were also 
obtained using TEM. Curcumin (CUR) was added as the bioactive, anticancer drug, 
to these cocoons, and it was observed that it was distributed in these motifs while 
it was not attached to the CNT-PEG solution without cocoon structures (Figure 9). 
The cocoon and CUR@cocoon samples exhibited much lower haemolysis than CUR 
alone, with a value of 0.04, 0.03 and 0.09%, respectively. Also, it was observed that 
all cocoon and CUR@cocoon samples were non-toxic at the concentrations tested. 
The cell viability of CUR@cocoon samples were less than 95% at 50 μg, indicating 
cytotoxicity on L-929 cells at higher concentrations. The CUR@cocoon assemblies 
were dispersible in saline solution and could be internalised by brain cancer cells 
(C6 glioma), while free CUR dispersed in saline solution could not enter C6 glioma 
cells, this clearly evidenced differential diffusion and selectivity in this trial [12].

In this work was prepared HNT@CUR-Au/CS NPs by an in situ preparation. 
First, gold, HNTs and CUR were mixed to obtain HNT@CUR-Au and subse-
quently coating with bio-adhesive chitosan (CS). The HNT@CUR-Au/CS has been 
characterised by FTIR, XRPD, XPS and STEM methods (Figure 10). The loading 
efficiency of drug into the nanostructures was 12% at most. The release of the 
drug was more efficient under pH = 5.5 than pH = 7.4. The anticancer potential of 
HNT@CUR-Au/CS against MCF-7 cells shown more efficient anticancer activity in 

Figure 9. 
High resolution TEM of curcumin added to nano-cocoons [12].
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viability reduced to 58 and 53%, respectively. However, the value of viability for 
B6F10 cells changed from 85 to 60% and 31%, respectively. These results suggest 
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Figure 8. 
Schematic representation of HNTs-PEG-FA preparation [9].
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cyclophosphamide (CPP) were loaded on PAA/PEG/CNT, and nanoparticles were 
characterised by FTIR, SEM, TGA and NMR. The efficiency of loaded drugs was 
determinate, an in vitro drug release study was carried out with UV spectroscopy 
in buffer human body (pH = 7.4) and buffer at pH of cancer cells (pH = 4). The in 
vitro release of drugs from nanoparticles showed an initial burst release followed by 
sustained release, this fact was due to the presence of the drug on the surface of the 
nanoparticles. The rate of release at this stage was very high and after 1 h, the drug 
concentration was constant [11].

Another kind of composite is based in the synthesis of the bio-compatible poly-
mer PEG-400 and MWCNTs. The MWCNTs were PEG-400-broken-assisted into 
small tubes by vortex mechanical mixing with tungsten-carbide balls for about 15 h. 
Length separation of MWCNTs was then carried out using differential centrifuga-
tion also PEG-400-assisted with various concentrations of the polyether. Novel 
cocoon nanoparticles of sizes ranging about 100–200 nm were observed in one 
of the centrifuged fractions. The cocoon pellets were re-dispersed in water using 
ultrasonication for 2 min and characterised using Field Emission SEM, TEM and 
FTIR. Energy Dispersive Spectroscopy (EDS) and diffraction patterns were also 
obtained using TEM. Curcumin (CUR) was added as the bioactive, anticancer drug, 
to these cocoons, and it was observed that it was distributed in these motifs while 
it was not attached to the CNT-PEG solution without cocoon structures (Figure 9). 
The cocoon and CUR@cocoon samples exhibited much lower haemolysis than CUR 
alone, with a value of 0.04, 0.03 and 0.09%, respectively. Also, it was observed that 
all cocoon and CUR@cocoon samples were non-toxic at the concentrations tested. 
The cell viability of CUR@cocoon samples were less than 95% at 50 μg, indicating 
cytotoxicity on L-929 cells at higher concentrations. The CUR@cocoon assemblies 
were dispersible in saline solution and could be internalised by brain cancer cells 
(C6 glioma), while free CUR dispersed in saline solution could not enter C6 glioma 
cells, this clearly evidenced differential diffusion and selectivity in this trial [12].

In this work was prepared HNT@CUR-Au/CS NPs by an in situ preparation. 
First, gold, HNTs and CUR were mixed to obtain HNT@CUR-Au and subse-
quently coating with bio-adhesive chitosan (CS). The HNT@CUR-Au/CS has been 
characterised by FTIR, XRPD, XPS and STEM methods (Figure 10). The loading 
efficiency of drug into the nanostructures was 12% at most. The release of the 
drug was more efficient under pH = 5.5 than pH = 7.4. The anticancer potential of 
HNT@CUR-Au/CS against MCF-7 cells shown more efficient anticancer activity in 

Figure 9. 
High resolution TEM of curcumin added to nano-cocoons [12].
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the intracellular environment than in extracellular conditions, in agreement with 
their own previous differential pH physicochemical CUR-release tests. Moreover, 
the development of this composite consisting of Au NPs and pH-responsive CUR 
release could make it suitable for cancer cell-targeted drug delivery platforms, also 
with the possibility to develop NIR-imaging [13].

In an another research group, a new design of hydroxypropyl-β-cyclodextrin 
(HP-β-CD) modified carboxylated single-walled carbon nanotube (CD-SWCNTs) 
assembly was employed to improve the biocompatibility and reduce the toxicity 
of the self-carbon nanotubes for the release of the anticancer drug formononetin 
(FMN). According to the analysis of results developed by the authors related to 
findings in FTIR, HP-β-CD was successfully grafted into carboxylated single-
walled carbon nanotubes (SWCNTs-COOH). The samples were characterised by 
XRPD, differential scanning calorimetry (DSC), DLS and SEM. The loading of 
FMN in CD-SWCNTs to develop FMN@CD-SWCNTs system was determined 
by HPLC. The entrapment efficiency and loading capacity were determinate to 
be 88.66 ± 3.13% and 8.43 ± 1.11%, respectively. The HP-β-CD system possesses a 
hydrophobic inner cavity and a hydrophilic exterior, which could bind/inner entrap 
hydrophobic drug molecules to form stable host-guest supramolecular assemblies. 
The SWCNTs have a high aspect ratio and surface area, and they could interact with 
FMN via π-π stacking interactions, which resulted in a high entrapment efficiency 
(Figure 11). The cumulative release of FMN from FMN@CD-SWCNTs nanocarrier 
achieved 4.11 ± 0.62% within 48 h at a pH = 5.3, compared with 16.75 ± 0.88% when 
exposed to pH = 7.4. This kind of drug release kinetics demonstrated a slow and 
sustained release, but in this particular case resulted more efficient at physiologic 

Figure 10. 
Schematic representation of formation of HNT@CUR-Au/CS [13].

Figure 11. 
Scheme of the possible interaction of FMN with CD-SWCNTs [14].
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pH, in comparison with other related systems. The in vitro cytotoxic activity of 
FMN@CD-SWCNTs nanocarriers against MCF-7 and HeLa cells was tested by 
using the WST-1 assay. The antitumour activity of FMN@CD-SWCNTs had an 
IC50 = 17.989 ± 1.255 and 21.775 ± 1.338 μmol L−1 for MCF-7 and HeLa cells, respec-
tively. This latter was higher than that of lone FMN with an IC50 = 55.986 ± 2.479 
and 72.995 ± 0.551 μmol L−1 for MCF-7 and HeLa cells, respectively. These results 
confirm that FMN@CD-SWCNTs complexes exhibit a higher cytotoxic activity 
than free drug [14].

In this review, f-SWCNTs were used as the starting material to react with 
the anticancer drug betulinic acid (BA) to produce f-SWCNTs-BA conjugate 
via 𝜋𝜋-𝜋𝜋 stacking interactions. The BA@f-SWCNTs composite was assembled by 
dispersed f-SWCNT in a solution with BA in methanol and sonicated for 30 min. 
The BA@f-SWCNTs conjugate was characterised by XRPD, TGA, FE-SEM and 
FTIR spectroscopy to elucidate and quantify the concentration of the drug in 
BA@f-SWCNTs and the structure of the conjugate (Figure 12). The results indi-
cated that the drug loading capacity was around 20 wt%. The release of the drug 
from BA@f-SWCNTs was tested in a human body media at pH 7.4 and 4.8 value; 
this study has shown that the release rate of BA is higher in pH 7.4 than pH 4.8, 
again another example of controlled release but an higher pH values, and for this 
reason drug delivery resulted to behave pH-dependent. The maximum percent-
age release of BA reached 89.2% (24 h) and 78.7% (10 h) when exposed to pH 7.4 
and 4.8, respectively. The cytotoxicity assays for BA, f-SWCNT and conjugated 
BA@f-SWCNTs were performed in a healthy fibroblast cell line (3T3) and two 
cancer human lines, liver cancer (HepG2) and lung cancer (A549), at various 
concentrations ranging from 0.78 to 50 μg mL−1 at 72 h and were measured by 
the MTT method. The experiment has shown that at several doses the f-SWCNT 
did not have a significant impact on the viability of any cell lines. However, at 
a dose of 25 μg mL−1 of BA@f-SWCNTs, the viability of HepG2 and A549 were 
reduced by more than 50%, in comparison with lone BA that shown low cytotox-
icity at the same concentration [15].

Also, there are reports describing the preparation of a biocompatible and pH 
sensitive biodegradable hydroxyapatite material using mesoporous nanoplates 
(Hap PNPs) employing a hydrothermal technique with carboxymethylcellulose 
calcium salt. This material was characterised using FESEM; the length of spindle 
structures was 20 nm and the diameter was 10 nm on average, the specific area was 
180 m2 g−1 and a crystallite size of 17 nm was calculated using the Debye-Scherer 
equation. This material was tested as a nanocarrier, and the model loaded drugs 
were MTX and andrographolide. The UV-vis analysis confirmed that the HAp PNPs 
have a drug loading efficiency of 50–55.5% at pH = 7.0, which is greater than the 
conventional HAp nanostructure loading capacity, showing a sustained release at 
a pH = 4.4. The andrographolide anticancer drug was readily loaded onto prepared 
HAp PNPs and released in a pH-controlled manner, where for an acidic pH = 4.4 

Figure 12. 
Scheme for the functionalization of BA molecule onto the f-SWCNTs nanocarrier via π-π stacking interaction [15].
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the intracellular environment than in extracellular conditions, in agreement with 
their own previous differential pH physicochemical CUR-release tests. Moreover, 
the development of this composite consisting of Au NPs and pH-responsive CUR 
release could make it suitable for cancer cell-targeted drug delivery platforms, also 
with the possibility to develop NIR-imaging [13].

In an another research group, a new design of hydroxypropyl-β-cyclodextrin 
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walled carbon nanotubes (SWCNTs-COOH). The samples were characterised by 
XRPD, differential scanning calorimetry (DSC), DLS and SEM. The loading of 
FMN in CD-SWCNTs to develop FMN@CD-SWCNTs system was determined 
by HPLC. The entrapment efficiency and loading capacity were determinate to 
be 88.66 ± 3.13% and 8.43 ± 1.11%, respectively. The HP-β-CD system possesses a 
hydrophobic inner cavity and a hydrophilic exterior, which could bind/inner entrap 
hydrophobic drug molecules to form stable host-guest supramolecular assemblies. 
The SWCNTs have a high aspect ratio and surface area, and they could interact with 
FMN via π-π stacking interactions, which resulted in a high entrapment efficiency 
(Figure 11). The cumulative release of FMN from FMN@CD-SWCNTs nanocarrier 
achieved 4.11 ± 0.62% within 48 h at a pH = 5.3, compared with 16.75 ± 0.88% when 
exposed to pH = 7.4. This kind of drug release kinetics demonstrated a slow and 
sustained release, but in this particular case resulted more efficient at physiologic 
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pH, in comparison with other related systems. The in vitro cytotoxic activity of 
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using the WST-1 assay. The antitumour activity of FMN@CD-SWCNTs had an 
IC50 = 17.989 ± 1.255 and 21.775 ± 1.338 μmol L−1 for MCF-7 and HeLa cells, respec-
tively. This latter was higher than that of lone FMN with an IC50 = 55.986 ± 2.479 
and 72.995 ± 0.551 μmol L−1 for MCF-7 and HeLa cells, respectively. These results 
confirm that FMN@CD-SWCNTs complexes exhibit a higher cytotoxic activity 
than free drug [14].

In this review, f-SWCNTs were used as the starting material to react with 
the anticancer drug betulinic acid (BA) to produce f-SWCNTs-BA conjugate 
via 𝜋𝜋-𝜋𝜋 stacking interactions. The BA@f-SWCNTs composite was assembled by 
dispersed f-SWCNT in a solution with BA in methanol and sonicated for 30 min. 
The BA@f-SWCNTs conjugate was characterised by XRPD, TGA, FE-SEM and 
FTIR spectroscopy to elucidate and quantify the concentration of the drug in 
BA@f-SWCNTs and the structure of the conjugate (Figure 12). The results indi-
cated that the drug loading capacity was around 20 wt%. The release of the drug 
from BA@f-SWCNTs was tested in a human body media at pH 7.4 and 4.8 value; 
this study has shown that the release rate of BA is higher in pH 7.4 than pH 4.8, 
again another example of controlled release but an higher pH values, and for this 
reason drug delivery resulted to behave pH-dependent. The maximum percent-
age release of BA reached 89.2% (24 h) and 78.7% (10 h) when exposed to pH 7.4 
and 4.8, respectively. The cytotoxicity assays for BA, f-SWCNT and conjugated 
BA@f-SWCNTs were performed in a healthy fibroblast cell line (3T3) and two 
cancer human lines, liver cancer (HepG2) and lung cancer (A549), at various 
concentrations ranging from 0.78 to 50 μg mL−1 at 72 h and were measured by 
the MTT method. The experiment has shown that at several doses the f-SWCNT 
did not have a significant impact on the viability of any cell lines. However, at 
a dose of 25 μg mL−1 of BA@f-SWCNTs, the viability of HepG2 and A549 were 
reduced by more than 50%, in comparison with lone BA that shown low cytotox-
icity at the same concentration [15].

Also, there are reports describing the preparation of a biocompatible and pH 
sensitive biodegradable hydroxyapatite material using mesoporous nanoplates 
(Hap PNPs) employing a hydrothermal technique with carboxymethylcellulose 
calcium salt. This material was characterised using FESEM; the length of spindle 
structures was 20 nm and the diameter was 10 nm on average, the specific area was 
180 m2 g−1 and a crystallite size of 17 nm was calculated using the Debye-Scherer 
equation. This material was tested as a nanocarrier, and the model loaded drugs 
were MTX and andrographolide. The UV-vis analysis confirmed that the HAp PNPs 
have a drug loading efficiency of 50–55.5% at pH = 7.0, which is greater than the 
conventional HAp nanostructure loading capacity, showing a sustained release at 
a pH = 4.4. The andrographolide anticancer drug was readily loaded onto prepared 
HAp PNPs and released in a pH-controlled manner, where for an acidic pH = 4.4 
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Scheme for the functionalization of BA molecule onto the f-SWCNTs nanocarrier via π-π stacking interaction [15].
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the liberation is higher as compared with a pH of 7.0 or 9.0. The MTT assay was 
used for the determination of the cytotoxicity in A431 cell lines at different doses of 
HAp PNPs (0–1000 μg mL−1) and andrographolide loaded (25, 50, 75, 100, 125 and 
150 μM) on HAp PNPs (fixed concentration of 100 μg mL−1) at different pHs of 9.0, 
7.0 and 4.4 for 24 h. The results have shown that the prepared HAp PNPs exhibited 
biocompatibility at higher doses of 1000 μg mL−1. Also, they demonstrated that the 
cytotoxic effect increased by increasing the dose of andrographolide loaded HAp 
PNPs at pH = 9.0 with an IC50 = 125 μM [16].

In the next work nanotubes of SiO2 were prepared with a uniform diameter 
of 2.5 nm and shell thickness of 1–5 nm and the exterior surface was silane 
functionalised and had a negative charge; hence could be selectively loaded with 
compounds positively charges. The synthesis was carried out using (3-chloro-
propyl) trimethoxysilane (CPTMS) and tetraethylorthosilicate (TEOS). The 
characterisation was performed with TEM, X-ray spectroscopy elemental mapping 
and the particle size was determined by dynamic analysis. The concentration of 
organic material was quantified using FTIR. This material had a transmittance of 
aprox. 84% at 550 nm. The load of organic material was 63.6% and determinate by 
TGA. Positively charged DOXO was loaded in the material; 80% of material was 
released over 2 weeks, due to size of the elongated nanochannel that suppressed 
the diffusion [17].

2.2 Anti-inflammatory

Other method to prepare porous MOF materials is the union of an organic 
linker with other secondary building unit (SBU). For example [M2(COO)4] 
(M = Cu, Zn, Mn, Ni, etc.), [M3O(COO)6] (M = Fe, Ni, etc.), [Zn4O(COO)6] 
and [M6O4(OH)4(COO)12] (M = Zr, Hf) MOF systems. Calcium ion possess acid 
properties, large atom radii and large coordination number, for these reasons is not 
frequently found it in MOFs structures in comparation with other transition metal-
based MOFs. However, the assembly of calcium ions with a big triangle aromatic 
carboxylic acid ligand has been reported and resulted in a unique porous Ca-MOF 
structure with nano-sized {Ca11} carboxylate SBU and a 2D square channel with a 
size of 10.8 Å × 10.7 Å. The crystal structure was solved by single crystal X-ray dif-
fraction methods. To determine the thermal stability of the material TGA method 
was used, where it was found that a continuous slow weight loss was observed until 
550°C, the authors state that this should correspond to the release of the coordi-
nated water, at the beginning, and DMF molecules, later on at the thermogram. 
Drug molecular storage experiments revealed that the porous structure could be 
dosed with guaiacol molecules at a ratio of 0.19 g g−1; the molecular size of guaia-
col was 4.9 × 4.1 Å, which is smaller than the channel size of Ca-MOF. On the other 
hand, the same probes were made with ibuprofen. The TGA measurement for 
ibuprofen was performed as well; however, there was no obvious signal pointing to 
the residual of ibuprofen in the framework of Ca-MOF, since all the guest mol-
ecules in the sample were gone when the temperature was lower than 100°C. The 
drug release experiments were performed by guaiacol samples immersed in PBS 
solution (pH = 7) and the UV-Vis spectroscopy of the guaiacol release solution 
was monitored in situ for 24 h. The results showed that the guaiacol molecules 
were released slowly from Ca-MOF, and after 15 h the absorbance reached the 
maximum value, demonstrating a slow molecule release process and its potential 
application in medical use. Further work should explore the anionic property of 
the Ca-MOF, so the drug candidate would be extended from the neutral one to a 
cationic one, which may achieve the required drug release controlled by strong 
electro interaction [18].
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Halloysite (Hal), a clay mineral of the kaolin group, is of great interest due to a 
variety of its potential applications. Many Hal nanotubes were functionalised with 
a polyamidoamine (PAMAM) dendrimer to obtain polyamidoamine dendrimer-
functionalised halloysite nanotubes (Hal_PAMAM). These were obtained with 
single tube lengths between 200 and 1000 nm, the external diameter = 25–50 nm, 
internal diameter = 9–20 nm, these materials were characterised by FTIR, XRPD, 
TGA, SEM and TEM. The Hal_PAMAM was tested as a carrier of three different 
drugs, chlorogenic acid (CHLG), ibuprofen (IBU) and salicylic acid (SAL). The 
higher adsorption capacity was 123.16 mg g−1 for CHLG; 182.72 mg g−1 for IBU; 
39.52 mg g−1 for SAL as compared to raw halloysite and 3-aminopropyltrime-
thoxysilane (APTS) functionalised-halloysite nanotubes. As a result of surface 
functionalisation of halloysite with the dendrimer, the release rate of CHLG and 
SAL decreased, while the release profile of IBU was like that of APTS functionalised 
nanotubes. The accumulative CHLG release decreased from 90% for Hal to about 
55% for Hal_PAMAM, while the IBU release rates slowed down and for SAL the 
release rate decreased with respect to the other materials. The in vivo toxicity stud-
ies showed that the Hal_PAMAM had no effect on the living organisms used in the 
bioassays against Acutodesmus acuminatus and Daphnia magna [19].

Clay nanotubes are a nanomaterial carrier for sustained drug delivery that pro-
vide an extended 10–20 h release profile. These 50 nm diameter aluminosilicate 
tubes, with inner-alumina and outer-silica surface layers, could be loaded with 
10–30 wt% of drug molecules, DNA and enzymes (Figure 13). Clay nanotubes 
were evaluated for the delivery of different drug types, such as the anti-cancer 
drug Paclitaxel (release pattern initiation after 6 h, slow release over 24 h), and 
anti-inflammatory drugs such as SAL (burst 89% release within; then slow rate 
release over 100 min) and IBU (initial burst within 10 min; slow rate release 
over 7 h) [20].

Novel nanohybrids have been used for the local release of drugs, particularly 
layered double hydroxides (LDHs), widely known as hydrotalcite-like compounds. 
These anionic clays are synthetic positively charged thin layer structures with 
exchangeable interlayer of anions. Many of these materials were synthesised with 
different molar ratios of Zn/Al-NO3 and Zn/Al-CO3 LDHs and were prepared by 
three different ion-exchange techniques. Three molar ratios were used: 0.3:1 to 0.5:1 
and 1:1. The resulting materials were intercalated with dexamethasone (DEXA) and 
deposited into nanotubes of anodised titanium (ATS-NL-1D), and the resulting 
nanotubes were characterised using FTIR and XRPD. The incorporation of DEXA 
anions in LDHs increased and this fact was confirmed by a diffraction lines d(003) 
to lower Ɵ with a maximum spacing from 8.9 to 15.09 Å, 16.70 and 21.215 Å for the 
nanohybrids, with a loading capacity of 12% (Figure 14). The test of cell viability 
revealed that the material was not toxic, the value of release of material was 80% 
of DEXA in 800 min, and the viability was 81.8% when this material was used for 
bone implants [21].

Figure 13. 
Scheme of drug molecules loading into clay nanotubes [20].
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PNPs at pH = 9.0 with an IC50 = 125 μM [16].

In the next work nanotubes of SiO2 were prepared with a uniform diameter 
of 2.5 nm and shell thickness of 1–5 nm and the exterior surface was silane 
functionalised and had a negative charge; hence could be selectively loaded with 
compounds positively charges. The synthesis was carried out using (3-chloro-
propyl) trimethoxysilane (CPTMS) and tetraethylorthosilicate (TEOS). The 
characterisation was performed with TEM, X-ray spectroscopy elemental mapping 
and the particle size was determined by dynamic analysis. The concentration of 
organic material was quantified using FTIR. This material had a transmittance of 
aprox. 84% at 550 nm. The load of organic material was 63.6% and determinate by 
TGA. Positively charged DOXO was loaded in the material; 80% of material was 
released over 2 weeks, due to size of the elongated nanochannel that suppressed 
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2.2 Anti-inflammatory
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properties, large atom radii and large coordination number, for these reasons is not 
frequently found it in MOFs structures in comparation with other transition metal-
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carboxylic acid ligand has been reported and resulted in a unique porous Ca-MOF 
structure with nano-sized {Ca11} carboxylate SBU and a 2D square channel with a 
size of 10.8 Å × 10.7 Å. The crystal structure was solved by single crystal X-ray dif-
fraction methods. To determine the thermal stability of the material TGA method 
was used, where it was found that a continuous slow weight loss was observed until 
550°C, the authors state that this should correspond to the release of the coordi-
nated water, at the beginning, and DMF molecules, later on at the thermogram. 
Drug molecular storage experiments revealed that the porous structure could be 
dosed with guaiacol molecules at a ratio of 0.19 g g−1; the molecular size of guaia-
col was 4.9 × 4.1 Å, which is smaller than the channel size of Ca-MOF. On the other 
hand, the same probes were made with ibuprofen. The TGA measurement for 
ibuprofen was performed as well; however, there was no obvious signal pointing to 
the residual of ibuprofen in the framework of Ca-MOF, since all the guest mol-
ecules in the sample were gone when the temperature was lower than 100°C. The 
drug release experiments were performed by guaiacol samples immersed in PBS 
solution (pH = 7) and the UV-Vis spectroscopy of the guaiacol release solution 
was monitored in situ for 24 h. The results showed that the guaiacol molecules 
were released slowly from Ca-MOF, and after 15 h the absorbance reached the 
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Figure 13. 
Scheme of drug molecules loading into clay nanotubes [20].
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2.3 Miscellaneous

Despite the increasing interest in MOFs for biomedical applications, the 
development of suitable formulations for different administration ways is still a 
major challenge. A simple, fast and bio-friendly press-moulding method has been 
proposed for the obtention of cutaneous patches using composites of MIL-100(Fe). 
The physicochemical properties of the patches implying structure, hydration, bio 
adhesivity, swelling properties, as well as their encapsulation and release capabili-
ties, both in ex vitro and ex vivo models were evaluated using different active ingre-
dients like challenging cosmetic liporeductor, caffeine and IBU. High concentrations 
of caffeine were taken up for these patches with sustained releases under experi-
mental cutaneous physiological conditions due the swelling of these devices. These 
patches afforded progressive and adequate permeation of their loaded molecules 
across the skin, reaching the adipose tissue. These characteristics make MOF-based 
patches as promising candidates for cosmetic applications (Figure 15) [22].

The Cu-BTC (BTC =1,3,5-benzenetricarboxylate) is a MOF considered the ideal 
porous framework in comparison with activated carbon due to its exceptional ther-
mal and mechanical stability. The ultrasound assisted synthesis of Cu-BTC nanopar-
ticles has been studied vs bulk Cu-BTC and activated carbon. To test the absorption 
capacity of the Cu-BTC for Rifampicin (Rif), a sample of Cu-BTC was put in an 
aqueous solution of Rif and the absorption was measured in real time with UV-vis 
technique. The samples were characterised with XRPD, SEM, FTIR and UV-vis spec-
troscopy. The adsorbed quantity of Rif over nano Cu-BTC (Rif@Cu-BTCNANO) 
was much higher (42.15 mg g−1) than those over a bulk Cu-BTC (Rif@Cu-BTC) 
(25.62 mg g−1) and activated carbon (18.85 mg g−1) (Figure 16). In compound Rif@
Cu-BTCNANO and all the nano-MOFs the channel length is decreased so that the 
amount of adsorption is increased a little. The delivery of Rif in ethanol increases 
with time, indicating that the Rif release is governed by the host-guest interaction. 
At 7 days of treatment, Rif release from Rif@Cu-BTCNANO, Rif@Cu-BTC and 
activated carbon was 78.47, 64.91 and 37.78%, respectively [23].

The direct incorporation of carboxylated carbon nanotubes (f-CNTs) into 
hydrophobic drug particles has been reported for the first time. The antifungal 
griseofulvin (GF) and the antibiotic sulfamethoxazole (SMZ) via anti-solvent pre-
cipitation, it consists that GF and SMZ were dissolved in acetone, and then added to 
a dispersion of f-CNTs in water, with the mixture turning cloudy when the crystals 

Figure 14. 
Schematic illustration of the nitrate layered double hydroxide before and after intercalation of DEXA [21].
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were formed. When f-CNTs were dispersed in water they acted as a nucleating site 
for the crystals and this fact allowed the rapid incorporation of the drug particles 
and increased the solubility. The time necessary to reach 80% dissolution (t80) of 
the drugs decreased from 67 to 10 min with the incorporation of 5.1% of f-CNTs in 
the case of SMZ. For GF, the decrease was from 66 to 18 minutes with the addition 
4% of f-CNTs (Figure 17) [24].

Also, there are nanotubes of carbon with cisplatin bonded that were synthesised 
and tested against promastigotes and amastigotes of Leishmania major. The cis-
platin was bonded to single walled (CP-SWCNT) and multiwalled (CP-MWCNT) 
carbon nanotubes, and both materials were evaluated using TEM and FTIR. The 
value of size was between 100 and 1000 nm in the longitudinal direction, and the 
diameter was <10 nm and <30 nm for CP-SWCNT and CP-MWCNT, respectively 
(Figure 18). The IC50 obtained with CP-SWCNT was 0.39 μM and for CP-MWCNT 
was 0.24 μM against promastigote, while against amastigote the IC50 was 0.17 and 
0.11 μM, respectively [25].

Figure 15. 
Schematic view of the composite patch preparation together with images of the different obtained patches [22].

Figure 16. 
(A) The pore of Cu-BTC. (B) Size of the Rif in comparison with pore size [23].
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Peripheral nerve injury (PNI) often results in a loss of sensory, motor, and auto-
nomic functions in the affected region. Current treatments depend largely upon 
surgical intervention, most popularly the use of autografts and allografts. For that 
reason, the use of HNTs to form a stronger chitosan-HNT composite structure has 
been investigated. HNTs with biodegradable chitosan were synthesised, with inter-
connected, longitudinally-aligned pores with an average size of 59.3 ± 14.2 μm. This 
material was used for sustained delivery of 4-aminopyridine (4-AP), to improve 
the rate of nerve regeneration. TGA profiles indicated a 7.69 wt% overall drug 
loading, compared with unmodified HNTs where average load is 5–10 wt%. On the 
first 7 days 30 ± 2% of encapsulated drug was release (Figure 19). In vivo studies 
carried out in Wistar rats with a primary focus on sciatic nerve studies showed an 
increase in strength and mobility over a period of 4 weeks after the implantation 
of 4-AP. Histological evaluation demonstrated biocompatibility and regeneration 
of the nerve. These studies demonstrated that the development of HNTs has a high 
potential to improve peripheral nerve regeneration and repair [26].

Titania nanotubes (Ti-NTs) have been proven to be good drug carriers and could 
release drugs efficiently around implants. Enoxacin (EN), an antibiotic with the pos-
sibility to be used for anti-osteoclastogenesis, was loaded into the Ti-NTs to obtain 
the complex Ti-NT + EN, and then was coated with type I collagen and HA to obtain 
Ti-NT + EN + Col/HA, both materials were characterised by X-ray photoelectron 
spectroscopy (XPS) (Figure 20). The results indicated that the loading efficiency 
of EN was 75% after the initial rinse. EN release was measured by HPLC and on the 
10th day the total amount of EN released by Ti-NT + EN and Ti-NT + EN + Col/HyA 
was 41.03 and 37.61 μg, respectively. Ti-NT + EN and Ti-NT + EN + Col/HyA were 
tested in the model of ovariectomised rats to evaluate the effect of osteogenesis and 
osteoclastogenesis. The results indicated that Ti-NT + EN + Col/HyA could promote 
osseointegration in ovariectomised rats better than Ti-NT + EN [27].

Figure 17. 
SEM images of (a) GF and (b) GF-CNTs [24].

Figure 18. 
TEM images of (a) CP-SWCNT and (b) CP-MWCNT [25].
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3. Biomedical applications

The HNTs have been widely used for controlled drug delivery, immobilisa-
tion of enzymes and for the capture of circulating tumour cells. These nanotubes 
were functionalised by two different organosilane reagents, Trimethoxy (propyl) 
silane (TMPS) and Triethoxy (octyl) silane (EOS), to improve their properties. 
Functionalisation was carried out by mixing HNTs and the organosilane reagent in 
acetone, and was heated at 50°C for 48 h. Both HNTs and their modifications were 
characterised by SEM, XRD, TGA and FTIR (Figure 21). The biocompatibility and 
cytotoxicity of these nanomaterials were determined using C6 rat glioblastoma 
cells. The results suggested that before being functionalised the nanotubes showed 
a high biocompatibility and low cytotoxicity. In contrast with their organosilane 
derivatives, increased cell mortality was observed after incubating under the same 
conditions [28].

Trichloroisocyanuric acid (TCCA) tablets are used for water treatment in 
 swimming pools. This has been a widely used and safe way of releasing hypochlo-
rous acid with wide biological capabilities, for instance, disinfectant, algaecide 
and bactericide application. The cited paper studied the incorporation of insect 
repellents (geranic acid, citronellic acid, geraniol and IR3535) in TCCA tablets with 
a simultaneous perfume/essence function. Although the mixture of TCCA with the 
repellents is not possible due to the incompatibility between both components, the 
researchers proposed a strategy of incorporation in silica and MOFs MIL-53(Al) 
and MIL-88A(Al) (Figure 22). The formulation of TCCA with the incorporated 
repellents resolved the incompatibility and produced a new tablet that could be 
used in water treatment, insect repellency and perfume [29].

Figure 19. 
Schematic of 4-AP drug loading into HNT, followed by sustained release of drug from lumne [26].

Figure 20. 
SEM images of the surface morphology of (A) Ti-NT and (B) Ti-NT + EN + Col/HyA [27].
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In this contribution, the authors defined that a well-controlled three-step green 
synthetic method allowed the synthesis of composite materials based on the highly 
stable chromium (III) terephthalate MIL-101(Cr) MOF with Au NPs and polyoxo-
metalates (POMs) inside its mesopores, developing (Au)POM@MOF ensembles. 
The strategy included, as a first step, the inclusion of POM into the MIL-101(Cr) 
cages by direct synthesis method of MIL-101(Cr) in the presence of H3PMo12O40 
(POM). Then, POM was reduced using H2 and finally a soft reduction of HAuCl4 
was performed to obtain Au NPs and oxidised POM into the MIL-101(Cr) structure 
[(Au)H2redPOM@101] (Figure 23). The final atomic ratio of 1.8 for Au/POM was 
reached. Characterisation studies revealed that the chemical and structural stabili-
ties of both MIL-101(Cr) and the POM were preserved during the whole process. 
Although the crystalline structure of the MOF was pre-served, the Au NPs were suc-
cessfully incorporated within the MOF and are strongly associated with the frame-
work, as confirmed by their exceptional stability under physiological conditions (cell 
culture medium). These results clearly underline the potential applications of these 
composites to the in situ formation of other interesting metal NPs within the pores of 
MOFs. In addition to the potential physicochemical properties of these highly porous 
composite systems, the authors state their promising performance as optical contrast 
agents. The (Au)H2red-POM@101 composites exhibited excellent biostability and 
were rapidly internalised in macrophage cells, as observed by fluorescence confocal 
microscopy. In this line, a suitable biological interaction was evidenced, as confirmed 

Figure 21. 
SEM images of (a) HNTs, (b) HNTs-TMPS and (c) HNTs-EOS [28].

Figure 22. 
Trichloroisocyanuric acid tablet [29].
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by the rapid cell internalisation of these (Au)POM@MOF composites. In addition, 
the previously proven important capacity to encapsulate and progressively release 
drugs from MOFs, together with the potential antitumoral and antiviral activity of 
POMs, make them interesting candidates in theranostics field [30].

In biotechnology, protein and especially enzyme immobilisation provides 
technical and economic advantages since the molecules could be used multiple 
times for the same reaction, demonstrating enhanced stability under extreme 
conditions of temperature, pH, salts and denaturing solvents. Therefore, they have 
longer half-lives since they degrade less and recover better and they are suitable 
for continuous processes. Conjugated protein-carbon nanotubes possess unique 
physicochemical properties that make them attractive to a wide range of applica-
tions. Thus, the effects of covalent conjugation of lysozymes with the activity and 
stability of SWCNTs were analysed. The carbodiimide method was used to coupling 
the lysozyme with SWCNTs (Figure 24). After the enzyme was analysed using 
fluorescence methods, plots of protein unfolding using different concentrations 
from 0 and 6 M of guanidine hydrochloride (Gn-HCl) were generated. Free lyso-
zyme showed a notable increase in the fluorescence value at 287 nm, besides to a red 

Figure 23. 
Schematic representation of (Au)POM@MOF [30].

Figure 24. 
SEM of conjugated lysozyme-SWCNTs (a) diameter of a bundle of lysozyme-SWCNTs = 2.5 μm, (b) average 
diameter of each conjugated lysozyme-SWCNTs = 95 nm [31].
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shift from 343 to 352 nm. The emission spectrum of conjugated lysozyme showed 
a substantial increase in the fluorescence at 287 nm and an important decrease 
in the value at 348 nm. These results support the important role of tryptophan 
and phenylalanine residues in the fluorescence of conjugated and free lysozymes. 
Kinetic parameters were observed in KM from 4.8 to 5.6 mM and Vmax from 193 to 
197 nmol min−1. The conjugated lysozyme showed a notable increase in pH stability 
from 3.0 to 10.0 at 70°C. The inactivation kinetic showed a behaviour of first-order 
for free and conjugated lysozymes when they were incubated for 10 min at 70°C 
obtaining a value of K = 0.139 min−1, in the presence of KCl and KSCN. The results 
of this study confirmed the excellent potential of the SWCNTs as a support for 
enzyme immobilisation [31].

4. Conclusions

In recent years the development of these composite materials has been grown 
due to their emergent biomedical applications. This 5 years survey evidenced that 
these materials have been employed with the intend to treat cancer, as anti-inflam-
matory agents, behaving as controlled-drug delivery systems or enzyme enhancers-
immobilisers, and other potential applications such as theranostics, also were 
found intends to develop combined therapeutics like photodynamic-chemotherapy, 
among other applications. Some of the most featured findings in this research gath-
ering revealed that even 2–3 orders of magnitude of efficacy have been determined 
for the loaded drug@material composites in comparison to the free drug state. 
Some other important features are that imidazolate materials resulted to be efficient 
drug delivery vehicles in antitumor therapy, especially in inhibiting autophagy 
of cancer cells. In general, it has been settled that acidic media is more feasible to 
release molecular contents of composites, but nevertheless this is also depending on 
chemical nature of composite itself, e.g. the physicochemical properties of drug as 
well as material confiner. Moreover, the broad applicability of these materials is just 
emerging, and we are going to presence very important developments in these lines 
in the near future.
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shift from 343 to 352 nm. The emission spectrum of conjugated lysozyme showed 
a substantial increase in the fluorescence at 287 nm and an important decrease 
in the value at 348 nm. These results support the important role of tryptophan 
and phenylalanine residues in the fluorescence of conjugated and free lysozymes. 
Kinetic parameters were observed in KM from 4.8 to 5.6 mM and Vmax from 193 to 
197 nmol min−1. The conjugated lysozyme showed a notable increase in pH stability 
from 3.0 to 10.0 at 70°C. The inactivation kinetic showed a behaviour of first-order 
for free and conjugated lysozymes when they were incubated for 10 min at 70°C 
obtaining a value of K = 0.139 min−1, in the presence of KCl and KSCN. The results 
of this study confirmed the excellent potential of the SWCNTs as a support for 
enzyme immobilisation [31].

4. Conclusions

In recent years the development of these composite materials has been grown 
due to their emergent biomedical applications. This 5 years survey evidenced that 
these materials have been employed with the intend to treat cancer, as anti-inflam-
matory agents, behaving as controlled-drug delivery systems or enzyme enhancers-
immobilisers, and other potential applications such as theranostics, also were 
found intends to develop combined therapeutics like photodynamic-chemotherapy, 
among other applications. Some of the most featured findings in this research gath-
ering revealed that even 2–3 orders of magnitude of efficacy have been determined 
for the loaded drug@material composites in comparison to the free drug state. 
Some other important features are that imidazolate materials resulted to be efficient 
drug delivery vehicles in antitumor therapy, especially in inhibiting autophagy 
of cancer cells. In general, it has been settled that acidic media is more feasible to 
release molecular contents of composites, but nevertheless this is also depending on 
chemical nature of composite itself, e.g. the physicochemical properties of drug as 
well as material confiner. Moreover, the broad applicability of these materials is just 
emerging, and we are going to presence very important developments in these lines 
in the near future.
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Chapter 8

Biochemical Toxicology: Heavy 
Metals and Nanomaterials
Sibi Raj and Dhruv Kumar

Abstract

The synthesis and application of nanoparticles have been actively studied in the 
modern era as it holds promises for effective and targeted strategies to deliver drugs 
inside the human body. Nanoparticles (NPs) play a big role in cancer diagnosis and 
have various advantages over other conventional chemotherapeutic drug delivery 
systems. But, the application of emerging engineered NPs to heavy toxic metals 
such as zinc, cobalt, and iron has resulted in a major source of toxicity. The toxicity 
of nanomaterials is majorly determined by their physical and chemical proper-
ties such as size, charge, and surface area. Also, the mechanism of nanotoxicity is 
majorly via the production of reactive oxygen species that create oxidative stress, 
thereby activating inflammatory cytokines and the mechanism of DNA damage 
that ultimately results in the cell death. So, mechanistic study needs to be done on 
nanomaterials to elucidate the mechanism involved in nanotoxicity and to generate 
less toxic and efficient nanomaterials.

Keywords: nanoparticle, heavy metals, nanotoxicity, ROS, inflammation

1. Introduction

Nanotechnology is one of the rapidly emerging fields in the twenty-first century 
with extensive increase of nanoparticle application for the treatment of a wide 
variety of chronic diseases such as cancer. P. Ehrlich’s visionary concept of “magic 
bullet” based on the use of targeted medicines to effectively attack cancer cells 
has provided a promising field for cancer therapy [1]. Targeted delivery to solid 
cancers provides more bioavailability and effective approach for cancer treatment. 
The characteristics of nanocarriers such as their nanoscale, high surface-to-volume 
ratio, favorable drug release profiles, and targeting modifications allow them to 
target tumor tissue in an effective manner and release drugs in a stable and con-
trolled manner [2]. NPs can accumulate in the leaky vasculatures of tumor tissue in 
an enhanced permeability and retention effect (EPR). The potential of nanomedi-
cine can be explored in the field of early detection of cancer as well as in combina-
tion therapies for treating tumor earlier and effectively. NPs effectively solve the 
physiological barriers such as renal, hepatic, and immune related for effective 
drug delivery of conventional chemotherapeutic drugs [3]. NPs may be modified 
to utilize passive and active targeting mechanism to reach the tumor tissue. The 
nanodelivery-based carriers range from natural polymeric materials to nonbio-
degradable gold NP, and magnetic mesoporous silica-based, metal-based NP. The 
surface of the NP can be suitably modified with ligands or drugs to offer multi-
modular treatment options [4]. The nanoparticle shape also plays an important role 
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Abstract

The synthesis and application of nanoparticles have been actively studied in the 
modern era as it holds promises for effective and targeted strategies to deliver drugs 
inside the human body. Nanoparticles (NPs) play a big role in cancer diagnosis and 
have various advantages over other conventional chemotherapeutic drug delivery 
systems. But, the application of emerging engineered NPs to heavy toxic metals 
such as zinc, cobalt, and iron has resulted in a major source of toxicity. The toxicity 
of nanomaterials is majorly determined by their physical and chemical proper-
ties such as size, charge, and surface area. Also, the mechanism of nanotoxicity is 
majorly via the production of reactive oxygen species that create oxidative stress, 
thereby activating inflammatory cytokines and the mechanism of DNA damage 
that ultimately results in the cell death. So, mechanistic study needs to be done on 
nanomaterials to elucidate the mechanism involved in nanotoxicity and to generate 
less toxic and efficient nanomaterials.

Keywords: nanoparticle, heavy metals, nanotoxicity, ROS, inflammation

1. Introduction

Nanotechnology is one of the rapidly emerging fields in the twenty-first century 
with extensive increase of nanoparticle application for the treatment of a wide 
variety of chronic diseases such as cancer. P. Ehrlich’s visionary concept of “magic 
bullet” based on the use of targeted medicines to effectively attack cancer cells 
has provided a promising field for cancer therapy [1]. Targeted delivery to solid 
cancers provides more bioavailability and effective approach for cancer treatment. 
The characteristics of nanocarriers such as their nanoscale, high surface-to-volume 
ratio, favorable drug release profiles, and targeting modifications allow them to 
target tumor tissue in an effective manner and release drugs in a stable and con-
trolled manner [2]. NPs can accumulate in the leaky vasculatures of tumor tissue in 
an enhanced permeability and retention effect (EPR). The potential of nanomedi-
cine can be explored in the field of early detection of cancer as well as in combina-
tion therapies for treating tumor earlier and effectively. NPs effectively solve the 
physiological barriers such as renal, hepatic, and immune related for effective 
drug delivery of conventional chemotherapeutic drugs [3]. NPs may be modified 
to utilize passive and active targeting mechanism to reach the tumor tissue. The 
nanodelivery-based carriers range from natural polymeric materials to nonbio-
degradable gold NP, and magnetic mesoporous silica-based, metal-based NP. The 
surface of the NP can be suitably modified with ligands or drugs to offer multi-
modular treatment options [4]. The nanoparticle shape also plays an important role 
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in specific and effective nanodrug delivery. Nano-based drug delivery system has 
enhanced pharmacokinetic parameters, such as clearance value, volume distribu-
tion, and bioavailability to cancer cells through EPR. Unfortunately, these novel 
drug delivery systems still face barriers when delivered into the body, which can 
reduce the targeting efficiency as well as have increased toxic side effects. NPs have 
shown distinct toxicity patterns as compared with their larger counterparts [5]. As 
the size of NPs gets reduced for effective targeting, the number of surface molecules 
and surface area increase exponentially, which leads to complex bio-physiochemical 
interactions at the bio-nano interfaces when exposed to physiological environ-
ments. The potential paradigms of nanotoxicity can be understood possibly by 
understanding these bio-nano interactions. Since nanomaterials and therapeutic 
drug in combination work against cancer, the unfavorable toxicity of nanomateri-
als causes side effects and dysfunctions. Since the nanomedicines and therapeutic 
drugs share the same fate in the body, understanding the interconnections between 
nanotoxicity and drug delivery can widen our knowledge to improve the possibili-
ties for cancer therapy. The effect of NPs can be divided into two categories, that is, 
primary and secondary depending upon the exposure time period [6]. The direct 
contact of NPs with cells results in primary effect, which involves toxicity, oxida-
tive stress, DNA damage, and inflammation. Due to their nano-based size, the 
nanoparticles can translocate into the blood through tissue barriers where they can 
circulate and eventually accumulate in other organs, thereby, generating a second-
ary response of the NP. The secondary toxic effect of NPs might occur at the site of 
nanoparticle accumulation in organs such as the liver, spleen, or kidneys, and can 
stimulate systemic inflammation or can alter their systemic function [7]. The toxic-
ity of NPs has been studied in different biological systems involving the cell lines 
as well as different organisms, which involve humans, rodents, zebra fish, catfish, 
algae, and macrophages. Carbon and metallic NPs are the most widely studied and 
used engineered nanomaterials. Nanometals, such as nanogold (nano-Au), nanosil-
ver (nano-Ag), nanocopper, nanoaluminum, nanonickel, nanocobalt, and other 
NPs, have also been extensively studied. Toxic effect of metal oxide NPs such as 
nano-TiO2, nano-ZnO, nano-CuO, nano-CuZn, nano-Fe3O4, and nano-Fe2O3, with 
nano-TiO2 and nano-ZnO in particular, has been reported [8]. As expected, differ-
ent nanomaterials exhibit different toxic potency. For example, Zhu et al. compared 
the toxicity of three nanometal oxides, nano-CuO, nano-CdO, and nano-TiO2. 
Nano-CuO was determined to be the most potent in cytotoxicity and DNA damage, 
leading to 8-hydroxy-2′-deoxyguanosine (8-OHdG) formation, while nano-TiO2 
was the least, without inducing a significant level of 8-OHdG [9]. The production 
of carbon nanotubes (CNTs) and graphene oxide is becoming commercially impor-
tant. Under some experimental conditions, investigators have found that CNTs 
and graphene oxide are toxic. So, understanding the matter of safety and toxicity 
of nanomaterials has become an issue of interest to the public. Therefore, under-
standing the interactions of nanomaterials with biological systems is a particularly 
important scientific issue.

2. Physical and chemical properties of NPs in nanotoxicity

Toxic effect of NPs can proceed through a variety of mechanisms. Toxicity 
from a nanoparticle depends on its physical and chemical properties as well as the 
testing systems such as different cell types. The fundamental physical and chemi-
cal properties, which include molecular shape, size, oxidation status, surface area, 
bonded surface species, surface coating, solubility, and degree of aggregation and 
agglomeration of nanomaterials, majorly lead to the generation of reactive oxygen 
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species and toxicity [10]. These intrinsic properties of nanomaterials can stimulate 
and generate toxic effects inside the biological system. Also, interaction with envi-
ronmental factors such as light also determines how nanomaterials interact with the 
biological factors and lead to the mechanism of toxicity.

2.1 Size and shape

Their nanosize and large surface area are the unique physiochemical properties 
of nanomaterials that determine their toxicity. Due to their very small size, they 
have the ability to penetrate into cell membrane and other biological barriers into 
living organisms and can inhibit cellular functions [11]. The increased nanoparticle 
size decreases its ability for cellular uptake. Majorly due to their nanosize, nano-
materials can even target the lungs and give rise to several toxic effects. Yoshida 
et al. had reported that particle size plays a major role in intracellular disruption 
of amorphous silica and its induced reactive oxygen species (ROS) formation, 
leading to DNA damage in human skin HaCaT cells [12]. Moreover, as the size of 
nanoparticle decreases, the toxic effects increase. Alpha-MnO2 nanowire, which 
is a wire-shaped nanomaterial, induces cytotoxicity, DNA oxidative damage, 
and apoptosis in HeLa cells [13]. In support of this statement, it was shown that 
long nanowires in cultured fibroblasts inhibited cell division, DNA damage, and 
increased ROS. Similarly, WISH cells when exposed to TiO2 induced cytotoxicity 
alterations in morphology, production of ROS, and DNA damage. Sohaebuddin 
et al. determined the effects of the chemical composition of nano-TiO2, nano-SiO2, 
and multiwall CNTs on their toxicity in 3T3 fibroblasts, RAW 264.7 macrophages, 
and telomerase-immortalized bronchiolar epithelial cells [14]. The results indicated 
that the composition, molecular size, and target cell type are all critical determi-
nants of intracellular responses, degree of cytotoxicity, and potential mechanisms 
of toxicity. Moreover, these nanomaterials induced cell-specific responses, resulting 
in variable toxicity and subsequent cell damage. A study by Yin et al. showed that 
the smaller the particle size, the greater the cellular damage induced. He studied the 
photocytotoxicity of four different sized (<25, 31, <100, and 325 nm) nano-TiO2 
and two different crystal forms antase and rutile in human skin keratinocytes. 
Upon exposure to UVA radiation, all nano-TiO2 particles induced cytotoxicity and 
cell membrane damage in a light- and dose-dependent manner. Similarly, in a study 
with different sizes of silica-titania hollow particle with uniform diameters of 25, 
50, 75, 100, and 125 nm, the 50-nm silica-titania hollow NP showed the largest 
toxicity effect in macrophages [15].

The shape of the nanoparticle is one of the major determinants of nanomaterial-
induced cytotoxicity. This was supported by the study done by Ray and his 
coworkers where they determined that a set of gold NPs with different shapes had 
similar cytotoxicity [16]. The shape of the nanoparticle is considered as a major 
determinant in the process of engineering and application. The characteristic 
shapes of NP are mainly spherical, ellipsoidal, sheet-like, cubic, and rod-like. 
Spherical NPs have shown to be more prone to endocytosis than nanotubes and 
nanofibers. Similarly, a study with different shapes (needle-like, plate-like, rod-
like, and spherical) of hydroxyapatite NPs on cultured BEAS-2B cells showed that 
plant-like and needle-like NPs showed higher cell death than spherical and rod-like 
NPs [17]. This might be due to the fact that needle-like NPs have the capacity of 
damaging cells upon direct contact to the cell surface. An interesting study with 
graphene oxide nanosheets showed that the toxicity of these NPs was determined 
by their shape allowing them to physically damage the cell membrane. However, 
the toxicity of these NPs was reduced with increasing concentration of the fetal 
calf serum in the cell culture media. This phenomenon was explained on the basis 
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in specific and effective nanodrug delivery. Nano-based drug delivery system has 
enhanced pharmacokinetic parameters, such as clearance value, volume distribu-
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circulate and eventually accumulate in other organs, thereby, generating a second-
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stimulate systemic inflammation or can alter their systemic function [7]. The toxic-
ity of NPs has been studied in different biological systems involving the cell lines 
as well as different organisms, which involve humans, rodents, zebra fish, catfish, 
algae, and macrophages. Carbon and metallic NPs are the most widely studied and 
used engineered nanomaterials. Nanometals, such as nanogold (nano-Au), nanosil-
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nano-TiO2 and nano-ZnO in particular, has been reported [8]. As expected, differ-
ent nanomaterials exhibit different toxic potency. For example, Zhu et al. compared 
the toxicity of three nanometal oxides, nano-CuO, nano-CdO, and nano-TiO2. 
Nano-CuO was determined to be the most potent in cytotoxicity and DNA damage, 
leading to 8-hydroxy-2′-deoxyguanosine (8-OHdG) formation, while nano-TiO2 
was the least, without inducing a significant level of 8-OHdG [9]. The production 
of carbon nanotubes (CNTs) and graphene oxide is becoming commercially impor-
tant. Under some experimental conditions, investigators have found that CNTs 
and graphene oxide are toxic. So, understanding the matter of safety and toxicity 
of nanomaterials has become an issue of interest to the public. Therefore, under-
standing the interactions of nanomaterials with biological systems is a particularly 
important scientific issue.

2. Physical and chemical properties of NPs in nanotoxicity

Toxic effect of NPs can proceed through a variety of mechanisms. Toxicity 
from a nanoparticle depends on its physical and chemical properties as well as the 
testing systems such as different cell types. The fundamental physical and chemi-
cal properties, which include molecular shape, size, oxidation status, surface area, 
bonded surface species, surface coating, solubility, and degree of aggregation and 
agglomeration of nanomaterials, majorly lead to the generation of reactive oxygen 
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species and toxicity [10]. These intrinsic properties of nanomaterials can stimulate 
and generate toxic effects inside the biological system. Also, interaction with envi-
ronmental factors such as light also determines how nanomaterials interact with the 
biological factors and lead to the mechanism of toxicity.

2.1 Size and shape

Their nanosize and large surface area are the unique physiochemical properties 
of nanomaterials that determine their toxicity. Due to their very small size, they 
have the ability to penetrate into cell membrane and other biological barriers into 
living organisms and can inhibit cellular functions [11]. The increased nanoparticle 
size decreases its ability for cellular uptake. Majorly due to their nanosize, nano-
materials can even target the lungs and give rise to several toxic effects. Yoshida 
et al. had reported that particle size plays a major role in intracellular disruption 
of amorphous silica and its induced reactive oxygen species (ROS) formation, 
leading to DNA damage in human skin HaCaT cells [12]. Moreover, as the size of 
nanoparticle decreases, the toxic effects increase. Alpha-MnO2 nanowire, which 
is a wire-shaped nanomaterial, induces cytotoxicity, DNA oxidative damage, 
and apoptosis in HeLa cells [13]. In support of this statement, it was shown that 
long nanowires in cultured fibroblasts inhibited cell division, DNA damage, and 
increased ROS. Similarly, WISH cells when exposed to TiO2 induced cytotoxicity 
alterations in morphology, production of ROS, and DNA damage. Sohaebuddin 
et al. determined the effects of the chemical composition of nano-TiO2, nano-SiO2, 
and multiwall CNTs on their toxicity in 3T3 fibroblasts, RAW 264.7 macrophages, 
and telomerase-immortalized bronchiolar epithelial cells [14]. The results indicated 
that the composition, molecular size, and target cell type are all critical determi-
nants of intracellular responses, degree of cytotoxicity, and potential mechanisms 
of toxicity. Moreover, these nanomaterials induced cell-specific responses, resulting 
in variable toxicity and subsequent cell damage. A study by Yin et al. showed that 
the smaller the particle size, the greater the cellular damage induced. He studied the 
photocytotoxicity of four different sized (<25, 31, <100, and 325 nm) nano-TiO2 
and two different crystal forms antase and rutile in human skin keratinocytes. 
Upon exposure to UVA radiation, all nano-TiO2 particles induced cytotoxicity and 
cell membrane damage in a light- and dose-dependent manner. Similarly, in a study 
with different sizes of silica-titania hollow particle with uniform diameters of 25, 
50, 75, 100, and 125 nm, the 50-nm silica-titania hollow NP showed the largest 
toxicity effect in macrophages [15].

The shape of the nanoparticle is one of the major determinants of nanomaterial-
induced cytotoxicity. This was supported by the study done by Ray and his 
coworkers where they determined that a set of gold NPs with different shapes had 
similar cytotoxicity [16]. The shape of the nanoparticle is considered as a major 
determinant in the process of engineering and application. The characteristic 
shapes of NP are mainly spherical, ellipsoidal, sheet-like, cubic, and rod-like. 
Spherical NPs have shown to be more prone to endocytosis than nanotubes and 
nanofibers. Similarly, a study with different shapes (needle-like, plate-like, rod-
like, and spherical) of hydroxyapatite NPs on cultured BEAS-2B cells showed that 
plant-like and needle-like NPs showed higher cell death than spherical and rod-like 
NPs [17]. This might be due to the fact that needle-like NPs have the capacity of 
damaging cells upon direct contact to the cell surface. An interesting study with 
graphene oxide nanosheets showed that the toxicity of these NPs was determined 
by their shape allowing them to physically damage the cell membrane. However, 
the toxicity of these NPs was reduced with increasing concentration of the fetal 
calf serum in the cell culture media. This phenomenon was explained on the basis 
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that graphene oxide NPs had the capacity to adsorb the protein molecules, which 
covered the nanoparticle surface which changed the shape of the nanoparticle and 
partly prevented cell damage.

2.2 Surface charge

The surface charge of NPs plays an important role in determining the nano-
toxicity as it largely determines the interactions of the NP with biological systems. 
Positively charged NPs have been reported to have high toxicity due to their easy 
penetration into cells rather than the negatively charged nanoparticles [18]. This is 
due to the electrostatic attraction between the negatively charged cell membrane 
and positively charged NP. A comparative study of the toxic effects of negatively 
and positively charged polystyrene NPs on HeLa and HIH/3T3 cells has shown that 
the positively charged NPs were relatively more toxic. This is due to the ability of 
positively charged cells to easily penetrate through the cell membrane; also, they 
strongly bind to the negatively charged DNA, causing its damage, and prolong 
the G0/G1 phase of the cells. Negatively charged NPs have not been reported to 
have any effect on cell cycle. Similar observations have been reported with gold 
NPs where positively charged NPs were highly adsorbed and showed toxic effects 
rather than the negatively charged gold nanoparticle. Positively charged NPs have 
increased capacity of opsonization, which involves the process of adsorption of 
proteins facilitating phagocytosis, including antibodies and complement compo-
nents from blood and biological fluids [19]. The adsorbed protein to the surface of 
nanoparticle which is normally referred to as protein crown may affect the surface 
properties of the NP. The protein crown contains serum proteins such as albumin, 
fibrinogens, and immunoglobulin G and several other functional molecules. In 
vitro experiments with quantum dots coated with a hydrophilic polymer enhance 
the fibril formation of human β2 microglobulin, which is arranged into multilay-
ered structures on the surface of nanoparticle resulting in local increase in the 
protein concentration on the nanoparticle surface, precipitation, and formation 
of oligomers [20]. The charge of the nanoparticle can be modified from negative 
to positive via various modifications of the surface. So, Xu et al. had developed 
a method of changing the charge in polymer NP with the help of a pH-sensitive 
polymer that helps the negatively charged particles in a neutral medium acquire a 
positive charge in an acidic medium of pH 5–6 [21]. The cytotoxic effect estimated 
from surface-modified cerium oxide NP in H9C2, HEK293, A549, and MCF-7 
cells showed that different polymers enable the nanoparticle charge modification, 
thereby showing different biological and toxic effects. Specifically, positive and 
neutral charged NPs are absorbed by all cell types at the same rate, whereas nega-
tively charged NPs have the tendency to accumulate inside the biological tissues. 
So, modifying the charge of NPs allows to control their localization and toxicity, 
which can help in improving effective systems for targeted chemotherapeutic drug 
delivery to the tumor site.

3. Nanoparticle shell

Improving the optical, magnetic, and electrical properties of nanomaterials 
application of a shell onto the surface of NP is quite important as it also improves 
the biocompatibility and solubility of NPs in water and other biological fluids by 
decreasing their capacity to aggregate and increasing their stability. Therefore, the 
shell reduces the toxic effect of NPs and provides them the capacity to selectively 
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interact with different types of cells and biological molecules [22]. In addition, 
the shell influences the pharmacokinetics of NP, which considerably changes the 
pattern of nanoparticle distribution and accumulation inside the body. Most of 
the nanoparticle toxicity has been reported due to the formation of free radicals 
inside the cells [23]. However, the shell has the capability to: reduce or eliminate 
these negative side effects as well as stabilize the NP, increase the resistance of NPs 
toward environmental factors, and enable them to acquire the capacity to selectively 
interact with the biological molecules. In regard to this point, Cho et al. demon-
strated that polymer NPs could be modified with lectins and were able to selectively 
bind to the tumor cells presenting sialic acid on their surface, which made the 
nanoparticle suitable for specifically labeling cancer cells [24]. The surface of the 
NP can be modified using both organic and inorganic compounds such as polyeth-
ylene glycol, polyglycolic acid, lipids, proteins, low-molecular weight compounds 
and silicon. These modifiers make complex nanoparticle surface and change the 
nanoparticle properties for their specific transport and accumulation. The toxicity 
of quantum dots is significantly reduced using shells as the core of quantum dots 
is mostly hydrophobic and mainly consists of toxic heavy metals such as cadmium, 
tellurium, and mercury [25]. The shell enhances the stability of the core of quantum 
dots, thereby preventing its desalinization and oxidative or photolytic degradation. 
This ultimately prevents the leakage of heavy metal ions from the quantum core, 
thereby preventing nanotoxicity [26].

4. Mechanism of nanotoxicity

Nanotechnology has been an emerging field to determine the set standards or 
to formulate a set of designed rules for designing safe nanomaterials. The ability of 
nanomaterials to accumulate in different organs has resulted in some severe side 
effects and has hindered their use in the field of nanomedicine. So, understanding 
the mechanism that underlies the toxicity of nanomaterials may provide clues for 
overcoming the toxic effects of NPs. A major mechanism of nanotoxicity is by 
the generation of reactive oxygen species (ROS), which results in the subsequent 
formation of oxidative stress in tissues [27]. The induction of oxidative stress 
simultaneously activates the pro-inflammatory mediators via the principle cas-
cades such as the nuclear factor-κB (NF-κb), mitogen-activated protein kinase 
(MAPK), and phosphoinositide 3-kinase (PI3K) pathways [28]. The most widely 
used nanomaterials are mostly the carbon nanotubes and metallic nanomaterials. 
Radomski et al. reported that engineered carbon NPs and nanotubes induced the 
aggregation of platelets in vitro, and enhanced vascular thrombosis in rat carotid 
artery [29]. Similarly, the single-walled carbon nanotubes showed enhanced cell 
apoptosis and decreased cell adhesion by upregulating genes involved in cell death 
or downregulating genes involved in cell proliferation and survival in cellular 
models of human kidney and bronchi. With the application of skin lotion and 
creams that majorly contain nano-TiO2 and nano-ZnO, the skin is in continuous 
exposure to the toxic nanometals that can accumulate in the brain and can cause 
auxiliary toxicity resulting in the disruption of normal metabolism of neurotrans-
mitters and ultimately leading to the cause of brain damage. While comparing the 
toxicity of three nanometal oxides, nano-CuO, nano-CdO, and nano-TiO2, nano-
CuO was determined to be the most potent in regard to cytotoxicity and DNA 
damage, leading to 8-hydroxy-20-deoxyguanosine (8-OHdG) formation, while 
nano-TiO2 was the least potent, without inducing a significant level of 8-OHdG [9] 
(Figure 1).
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vitro experiments with quantum dots coated with a hydrophilic polymer enhance 
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ered structures on the surface of nanoparticle resulting in local increase in the 
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interact with different types of cells and biological molecules [22]. In addition, 
the shell influences the pharmacokinetics of NP, which considerably changes the 
pattern of nanoparticle distribution and accumulation inside the body. Most of 
the nanoparticle toxicity has been reported due to the formation of free radicals 
inside the cells [23]. However, the shell has the capability to: reduce or eliminate 
these negative side effects as well as stabilize the NP, increase the resistance of NPs 
toward environmental factors, and enable them to acquire the capacity to selectively 
interact with the biological molecules. In regard to this point, Cho et al. demon-
strated that polymer NPs could be modified with lectins and were able to selectively 
bind to the tumor cells presenting sialic acid on their surface, which made the 
nanoparticle suitable for specifically labeling cancer cells [24]. The surface of the 
NP can be modified using both organic and inorganic compounds such as polyeth-
ylene glycol, polyglycolic acid, lipids, proteins, low-molecular weight compounds 
and silicon. These modifiers make complex nanoparticle surface and change the 
nanoparticle properties for their specific transport and accumulation. The toxicity 
of quantum dots is significantly reduced using shells as the core of quantum dots 
is mostly hydrophobic and mainly consists of toxic heavy metals such as cadmium, 
tellurium, and mercury [25]. The shell enhances the stability of the core of quantum 
dots, thereby preventing its desalinization and oxidative or photolytic degradation. 
This ultimately prevents the leakage of heavy metal ions from the quantum core, 
thereby preventing nanotoxicity [26].

4. Mechanism of nanotoxicity

Nanotechnology has been an emerging field to determine the set standards or 
to formulate a set of designed rules for designing safe nanomaterials. The ability of 
nanomaterials to accumulate in different organs has resulted in some severe side 
effects and has hindered their use in the field of nanomedicine. So, understanding 
the mechanism that underlies the toxicity of nanomaterials may provide clues for 
overcoming the toxic effects of NPs. A major mechanism of nanotoxicity is by 
the generation of reactive oxygen species (ROS), which results in the subsequent 
formation of oxidative stress in tissues [27]. The induction of oxidative stress 
simultaneously activates the pro-inflammatory mediators via the principle cas-
cades such as the nuclear factor-κB (NF-κb), mitogen-activated protein kinase 
(MAPK), and phosphoinositide 3-kinase (PI3K) pathways [28]. The most widely 
used nanomaterials are mostly the carbon nanotubes and metallic nanomaterials. 
Radomski et al. reported that engineered carbon NPs and nanotubes induced the 
aggregation of platelets in vitro, and enhanced vascular thrombosis in rat carotid 
artery [29]. Similarly, the single-walled carbon nanotubes showed enhanced cell 
apoptosis and decreased cell adhesion by upregulating genes involved in cell death 
or downregulating genes involved in cell proliferation and survival in cellular 
models of human kidney and bronchi. With the application of skin lotion and 
creams that majorly contain nano-TiO2 and nano-ZnO, the skin is in continuous 
exposure to the toxic nanometals that can accumulate in the brain and can cause 
auxiliary toxicity resulting in the disruption of normal metabolism of neurotrans-
mitters and ultimately leading to the cause of brain damage. While comparing the 
toxicity of three nanometal oxides, nano-CuO, nano-CdO, and nano-TiO2, nano-
CuO was determined to be the most potent in regard to cytotoxicity and DNA 
damage, leading to 8-hydroxy-20-deoxyguanosine (8-OHdG) formation, while 
nano-TiO2 was the least potent, without inducing a significant level of 8-OHdG [9] 
(Figure 1).
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4.1 Nanotoxicity via ROS production

The ROS generation and the subsequent production of oxidative stress are major 
causes of nanotoxicity, which involves DNA damage, unregulated cell signaling, 
changes in cell motility, cytotoxicity, apoptosis, and cancer initiation and progres-
sion. The amount and effect of ROS generation are completely dependent on 
the chemical nature of the nanomaterials [30]. Engineered nanomaterials have 
relatively small size, high specific volume-to-area ratio, and high surface reactivity, 
which results in higher production of ROS, simultaneously resulting in cytotoxic-
ity and genotoxicity [31]. A variety of nanomaterials has been reported to induce 
nanotoxicity, that is, mediated by ROS in many biological systems such as human 
erythrocytes and fibroblasts. Quantum dots have been reported to have toxic effects 
produced by ROS-mediated oxidative stress and cell death. Akhtar et al. reported 
that silica NPs induced cellular stress and cytotoxicity in a dose-dependent manner, 
which is mediated by the induction of ROS and lipid peroxidation in cell mem-
branes [32]. Nano-CuO induced cytotoxicity in mouse embryonic fibroblasts (BALB 
3T3) by releasing lactate dehydrogenase, causing oxidative stress in a dose-depen-
dent manner mediated by the induction of ROS and lipid peroxidation. Nano-ZnO 
has been reported to induce cytotoxicity that is mostly mediated by the induction 
of ROS, causing oxidative injury simultaneously releasing inflammatory mediators 
resulting in cell death in phagocytic RAW 264.7 cells, and transformation in human 
bronchial epithelial BEAS-2B cells [17]. Nano-Ag has been reported to induce 
apoptosis in NIH3T3 cells, which is mainly mediated via ROS and C-Jun terminal 
kinase-dependent mechanism involving the mitochondrial pathway. Also, nano-
Ag–induced mutation and oxidative stress in mouse lymphoma cells. Shvedova 
et al. reported that keratinocytes incubated with high doses of single-walled 
CNTs resulted in ROS production, thereby leading to cellular and mitochondrial 

Figure 1. 
Mechanism of nanotoxicity. The major mechanism of nanotoxicity is by the generation of reactive oxygen 
species (ROS), which results in the subsequent formation of oxidative stress in tissues. The induction of 
oxidative stress simultaneously activates the pro-inflammatory mediators via the principle cascades such as the 
nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI3K) 
pathways. The other major effects are protein oxidation and DNA damage, which leads to apoptosis or cell cycle 
inhibition.
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dysfunction. Comparison of cytotoxicity of the four nanometal oxides nano-ZnO, 
nano-TiO2, nano-Co3O4, and nano-CuO in catfish hepatocytes and human HepG2 
cells induced toxicity in the order of TiO2 < Co3O4 < ZnO < CuO and the major cause 
was the ROS generation leading to cell and mitochondrial damage [15, 33].

4.2 DNA damage

DNA is one of the major targets of ROS. Toxicity of NPs is often specified for 
ROS production that ultimately damages the genetic material, thereby causing cell 
death. NPs are responsible for a wide variety of DNA damage such as chromosomal 
fragmentation, DNA strand breakages, and the induction of mutation in genes [34]. 
Gold NPs 20 nm in size at concentration of 1 nM have been reported to exhibit DNA 
damage in the form of 8-hydroxydeoxyguanosine (8OHdG), adduct formation in 
the embryonic lung fibroblasts, having a very low expression for DNA repair and 
cell cycle check point genes [35]. Several reports have also confirmed that metal 
oxide NPs induce DNA fragmentation and formation of oxidation-induced DNA 
adducts. The main functional molecule that comes into play in response to DNA 
damage is p53. Metal oxide NPs including TiO2, ZnO, Fe3O4, Al2O3, and CrO3 of 
particle sizes ranging from 30 to 45 nm have been reported to induce apoptosis [36]. 
Cadmium telluride quantum dots were found to significantly increase p53 levels and 
upregulate the p53-downstream effectors Bax, Puma, and Noxa in human breast 
carcinoma cells [37].

4.3 Inflammation

Oxidative stress induction is relatively linked to inflammation through the 
release of pro-inflammatory mediators through the cascade such as the NF-κB 
(nuclear factor-κB), mitogen-activated protein kinase (MAPK), and phosphoinosit-
ide 3-kinase (PI3K) pathways [38]. Inflammation is majorly a type of defense 
mechanism of the body that involves several immune regulatory molecules followed 
by the infiltration of phagocytic cells. The induction of inflammation in several 
cell types such as the alveolar and bronchial epithelial cells, epidermal keratino-
cytes, and cultured monocyte-macrophage cells has been reported with single and 
multi-walled carbon nanotubes and fullerene derivatives. A recent study has been 
able to provide a mechanistic explanation for immune and inflammatory responses 
initiated upon exposure to carbon NPs [39]. This observation reported that the 
immune system receptors like toll-like receptors recognize carbon nanotubes and 
C60 fullerenes as pathogens and thereby trigger the inflammatory responses by 
secreting inflammatory protein mediators such as interleukins and chemokines. 
Similarly, exposure of liposomes and other lipid-based NPs trigger the activation of 
the complementary cascade leading to hypersensitivity reactions and anaphylaxis 
[40]. However, the exact mechanism through which these complement proteins 
mediate nanotoxicity has not been elucidated. In the absence of a stimulus, NF-κB 
is degraded in the cytoplasm by the Inhibitor of κB (IκB) family of inhibitors. The 
reactive oxygen species play a major role in the induction of the NF-κB, result-
ing in the inflammatory responses. Both in vitro and in vivo studies showed that 
nanoparticle-induced lung injury and pulmonary fibrosis lead to the ROS-mediated 
activation of NF-κB and production of pro-inflammatory mediators such as TNF-α, 
IL-8, IL-2, and IL-6 [41]. Metal oxide NPs such as zinc, cadmium, silica, and iron 
have also been reported to show toxic effects via the induction of inflammatory-
related cytokine release induced by NF-κB. The single-walled and multiple-walled 
carbon nanotubes were also shown to promote inflammatory responses in mice by 
generating the TNF-α and monocyte chemoattractant protein-1 (MCP-1) [42].
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C60 fullerenes as pathogens and thereby trigger the inflammatory responses by 
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generating the TNF-α and monocyte chemoattractant protein-1 (MCP-1) [42].
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The MAP-kinase pathway regulates critical cellular processes such as cell 
proliferation, differentiation, mitosis, cell survival, and apoptosis. Treatment 
of human bronchial epithelial cell lines with titanium dioxide NPs showed 
interleukin (IL)-8 production via p38 MAPK and/or ERK pathway and mediated 
toxicity in the cell lines [43]. The model organism C. elegans used for in vivo 
toxicity assay studies of silver NPs with a size range of 20–30 nm showed that 
the toxicity mediated was due to the production of ROS, which consequently 
increased the expression of PMK-1 p38 MAPK and hypoxia-inducible factor 
(HIF-1) [44]. The toxicity of silica NPs, which hinders their application as drug 
delivery systems, has been attributed to the activation of JNK, p53, and NF-κB 
pathways and an elevated expression of pro-inflammatory factors IL-6, IL-8, and 
MCP-1 [45]. Also, single-walled nanocarbon of size range 0.8–2 nm was reported 
to have potential adverse cytotoxic effects in mesothelial cells via the activation 
of signaling molecules, including PARP, AP-1, NF-κB, p38, and Akt, in a dose-
dependent manner [46].

5. Organ-/tissue-specific nanotoxicity

Nanoparticles can easily penetrate the tissue system and damage body organs 
because of their smaller size and high specificity to the tissue system. It has been 
observed that nanoparticles can move fast in the blood stream and easily cross the 
blood-brain barrier, this may induce toxicity, which can be harmful for the human 
organ system (e.g., pulmonary system, reticuloendothelial systems, cardiovascular 
systems, central nervous system, skin, and embryonic cells) (Figure 2).

5.1 Toxicity in pulmonary system

The small-sized NPs have the ability to penetrate easily through the lungs and 
can cause lung injuries and generate ROS [47]. The pulmonary toxicity studies in 
rats with ultrafine and fine NPs such as carbon black, nickel, and TiO2 particles 
have shown enhanced pulmonary inflammation by the ultrafine NPs [48]. It is 
being reported that the toxic effects of NPs on lungs show characteristics such 
as development of exaggerated lung responses, high rate of pulmonary inflam-
mation, failed clearance, cellular proliferation, fibroproliferative effects, and 
inflammatory-derived mutagenesis, ultimately leading to chronic effects like tumor 
development in lungs. Factors that mainly influence nanotoxicity in lungs are 
the particulate characteristics of NPs, such as particle size, number, surface area, 
surface dose, surface modifications, degree of aggregation, and method of particle 
synthesis [49, 50].

5.2 Toxicity in reticuloendothelial systems

The reticuloendothelial system in the liver is the main source of biological 
system where all the NPs get absorbed from the gastrointestinal tract into the 
cardiovascular systems, as all blood exiting from the gastrointestinal tract transport 
from the hepatic portal vein that directly diffuses to the liver. Carbon black and 
polystyrene NPs being less toxic NPs stimulate macrophages by the generation of 
ROS and activation of calcium signaling to release pro-inflammatory cytokines such 
as tumor necrosis factor-alpha [51]. Pro-inflammatory cytokines are also associated 
with pathology of liver disease where the generation of ROS molecule inhibits the 
hepatocyte function and bile formation.
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5.3 Toxicity in cardiovascular systems

The positively charged NPs such as gold and polystyrene have been reported 
to cause hemolysis and clotting of blood, while the negatively charged NPs are 
reported to be nontoxic in nature. Increased exposure to diesel-exposed particles 
(DEP) in hypertensive rats through the process of inhalation resulted in altered 
heart rate in rats as interpreted through the pacemaker that determines the activity 
of the heart [52]. Exposure to single-walled NPs also showed altered cardiovascular 
effects [53]. The injection of ultrafine carbon black NPs into the blood of normal 
rats caused platelet accumulation in the hepatic microvasculature of the rats 
and also caused prothrombotic changes on the endothelial surface of the hepatic 
microvessels [54].

5.4 Toxicity in central nervous system

NPs on inhalation of acquire the ability to reach the brain system mainly through 
the route of olfactory epithelium by the mechanism of transsynaptic transport 
or through their uptake via the blood-brain barrier [55]. Enhanced permeability 
of NPs through the blood-brain barrier has been reported to have increased the 
number of pathologies including hypertension and allergic encephalomyelitis. 
The surface charge of the nanoparticle has also been shown to have toxic effects on 
the brain leading to brain toxicity altering the blood-brain integrity [56]. NPs have 

Figure 2. 
Tissue- and organ-specific nanotoxicity. The toxic accumulation of nanoparticles can affect any of the 
tissue types in the body. The small-sized nanoparticles have the ability to penetrate easily through the lungs 
and can cause lung injuries and have an ability to generate ROS that lead to toxic effects in lungs. The 
reticuloendothelial system in the liver is the main source of biological system where all the nanoparticles 
get absorbed from the gastrointestinal tract into the cardiovascular systems, as all blood exiting from the 
gastrointestinal tract transport from the hepatic portal vein that directly diffuses to the liver. Increased exposure 
to nanoparticles majorly happens through the process of inhalation, which results in altered heart rate. The 
inhalation of nanoparticles acquires the ability to reach the brain system mainly through the route of olfactory 
epithelium by the mechanism of transsynaptic transport or through their uptake via the blood-brain barrier. 
Nanoparticles acquire the ability to penetrate inside the skin and cause toxic effects such as dermatitis and auto 
immune disorders.
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also been associated with the production of reactive oxidative species and oxida-
tive stress, which are also associated with brain diseases such as Parkinson’s and 
Alzheimer’s [57].

5.5 Toxicity in skin

The widely used cosmetic products for application in the skin contains mostly 
3% NPs of size range approximately 50–500 nm [58]. These NPs behold the scat-
tering properties that enhance the entering of UV photons from the optical source 
into the skin layer although the dermatological effects of NPs able to penetrate the 
skin are still under investigation. In vitro study with multi-walled carbon nanotubes 
reported that the carbon NPs have the ability to localize within and initiate an irrita-
tion response in human keratinocytes, which are the primary route of occupational 
exposure [59].

5.6 Toxicity in embryonic cells

Fluorescence correlation spectroscopy played a major role in identifying the 
toxicity of nanomaterials in embryonic cells. The observation through this micros-
copy revealed that the accumulation of NPs especially NPs with carboxylate group 
on their surface takes place more in smaller blood vessels rather than larger blood 
vessels [60]. These findings are majorly important for finding the aggregation state 
that can likely influence nanoparticle accumulation in angiogenic tissue. The fluo-
rescence correlation spectroscopy helps to measure the loss of NPs from the blood 
streams of live embryo [61]. This kinetic loss of NPs can be correlated to surface 
characteristics of NPs such as surface charge and size. Also, it has been reported 
that in a mature organism, the renal clearance of nanoparticles occurs only for NPs 
with size less than 5 nm in lateral dimension. NPs are being reported to act as effec-
tive targeted delivery agents in angiogenic tissues of adults as well as embryonic 
tissues. Larson et al. reported that quantum dots could be used to image vasculature 
(using two-photon excitation) in the dermis of mice [61]. Semiconductor quantum 
dots are NPs with intense, stable fluorescence and are a very good source to detect 
ten to hundreds of cancer biomarkers in blood assays, on cancer tissue biopsies, or 
as contrast agents for medical imaging. Smith and coworkers have developed some 
functionalized quantum dots for tumor targeting in mice; however, no study has 
been made to measure directly the concentration of the quantum dots in the blood 
or whether or not they were aggregated; hence, the toxicity level of these quantum 
dots has not been checked [62].

6. Conclusion

The use of nanomaterials in biomedical sciences and health sciences has 
increased in recent years due to their size and surface characteristics appropriate for 
targeted and site-specific delivery of drugs to the affected areas. In cancer research, 
nanomedicine holds the massive potential for cancer therapy. The surface and tiny 
size and shape of NPs have been used as unique properties of NPs to play a key role 
for an efficient treatment and specific targeting. Nano-based therapeutic and diag-
nostic strategies pose as highly promising tools for easy and cost-effective diagnosis 
of cancer. But, the public interest’s in accurate, relevant, and predictive nanotoxico-
logical assessments also has been growing. Due to the complication of ROS forma-
tion and disruption to the normal biological events, the use of nanomaterials has 
created complicated situation. The usage of nanomaterials has been highly reported 
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Chapter 9

Few-Layered Hexagonal Boron 
Nitride: Functionalization, 
Nanocomposites, and 
Physicochemical and Biological 
Properties
Magdalena Jedrzejczak-Silicka, Martyna Trukawka, 
Katarzyna Piotrowska and Ewa Mijowska

Abstract

Hexagonal boron nitride (h-BN) is an analogue of graphite called “white 
graphene.” In the structure of h-BN, B and N atoms substitute C atoms. The boron 
and nitrogen atoms are linked via strong B-N covalent bonds and form interlock-
ing hexagonal rings. h-BN is used in different areas due to its interesting physical 
and chemical properties, e.g., in electronics as an insulator and in ceramics, resins, 
plastics, and paints. Therefore, boron nitride (BN) is also a popular inorganic 
compound in cosmetic industry (the highest BN concentration up to 25% can be 
found in eye shadow formulation). It is also widely used in dental cement produc-
tion (for dental and orthodontic applications). Boron nitride seems to be suitable 
for biomedical applications; therefore, the cytotoxicity in vitro and in vivo observa-
tions of h-BN nanoplates and novel few-layered h-BN-based nanocomposites are 
still needed. The short-time studies confirm their low cytotoxicity and suggest that 
BN can be used as a novel drug delivery system; however, medical application needs 
additional verification in long-term studies.

Keywords: boron nitride, few-layered hexagonal boron nitride, exfoliation, 
functionalization, hydroxyl groups, gold nanoparticles, h-BN nanocomposites, 
biocompatibility, cellular uptake

1. Introduction

Nanotechnology became a crucial technology in many science fields, not only 
in organic and inorganic chemistry, materials and surface sciences, semiconduc-
tor physics, microfabrication, and molecular engineering but also has significant 
impact on biological and medical science. The results of nanotechnology activity 
create a new reality. On the one hand, it gives the possibility to develop novel 
methods of diagnosis, drug delivery, and cancer treatment. On the other hand, 
methods implemented in nanomaterial production and development can affect 
human health and the state of the environment. The knowledge of the effect on 
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living organisms is limited due to relatively short-time in vitro and especially in vivo 
experiments that highlight mechanism of nanomaterials—cell-tissue-organism 
interactions.

Application of nanomaterials in biology and medicine has a multidirectional 
character. The different nanomaterials with many unique physicochemical proper-
ties are tested to develop new nanomaterial-based approaches: fluorescent labels 
(e.g., quantum dots), detection of pathogens and other biological samples (e.g., 
nucleic acids, proteins), methods of separation and purification of single biomol-
ecules or cells, pharmacokinetic analysis, biosensing, final drug or gene delivery, 
cancer treatment via hyperthermia method, tissue engineering, and contrast 
enhancement of medical imaging technique (e.g., magnetic resonance imaging) [1].

Hexagonal boron nitride (h-BN) is one of the most unique and promising 
layered nanomaterial widely used as in cosmetic production. As it was stated by 
Fiume and co-workers [2], although the International Cosmetic Ingredient Dictionary 
and Handbook does not specify which crystal form/forms is/are used in cosmetics, 
it is presumed that the hexagonal form of boron nitride is applied for that proposes. 
The form of h-BN presents the most appropriate functionality in cosmetic produc-
tion/properties (e.g., as a slip modifier). The use of h-BN in cosmetic formulation 
suggests the lack of toxicity/cytotoxicity [2–4]; thus, the new approach of h-BN, 
or its exfoliated form, to study its modification and functionalization to obtain a 
potentially interesting nanomaterial in, e.g., the context of theranostic concept is 
expected.

2. General information about hexagonal boron nitride (h-BN)

In recent years, 2D materials have become very attractive due to their properties. 
The most popular among them are graphene, graphene oxide (GO), and reduced 
graphene oxide (rGO). The big advantage of these materials is their potential 
multifunctionality, so they can be applied, for example, in transistors, sensing, 
energy devices [5] and biomedical devices [6], or nanomedicine [7]. Even though 
these materials are studied widely, there is a plenty of room to explore their proper-
ties, e.g., very complexed bio-response on many levels. Another attractive layered 
material, which is not fully explored, is hexagonal boron nitride. Its exfoliated form 
is considered as a graphene analogue.

Boron nitride is a chemical compound with equal number of boron and nitro-
gen atoms. Just like carbon, it occurs in amorphous and crystalline forms. The 
major crystalline forms are hexagonal boron nitride (h-BN) compared to graphite, 
sphalerite boron nitride (β-BN) similar to cubic diamond, and rhombohedral 
(r-BN) and wurtzite boron nitride (γ-BN), which is in hexagonal diamond form [3, 
8–10]. Boron nitride nanotubes (BNNT) are also known. All the forms are electrical 
insulators [11]. The most popular form of BN, due to its stability, is hexagonal boron 
nitride. In its structure the boron and nitrogen atoms are linked with each other via 
strong B-N covalent bonds and form interlocking hexagonal rings [12, 13]. Atoms 
are bound via strong covalent bonds in-plane, and each layer is held together via 
van der Waals forces [12] (Figure 1).

The multilayered form stabilizes the whole structure. Hexagonal boron nitride 
systems (e.g., nanotubes, flakes) are highly thermally and chemically stable, but 
at the same time, they are equally thermally conductive and mechanically robust. 
Table 1 presents the basic properties of hexagonal boron nitride. Thus, h-BN 
systems are widely used for durable high-temperature crucibles, antioxidation 
lubricants, and protective coatings and as a substrate for semiconductors, lens coat-
ings, etc. in industry [2, 15].
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Boron nitride nanosheets (BNNSs) were found to be used in polymeric film 
reinforcement, for example, the elastic modulus of polymethyl methacrylate 
(PMMA) film was increased when BN nanosheets were incorporated into the 
polymer [16]. It is also a popular inorganic compound in cosmetic industry used 
as a slip modifier [13, 17]. The data from the US Food and Drug Administration 
(FDA) report showed that boron nitride was used in 643 cosmetic formulations 
(data from 2013). The highest BN concentration (up to 25%) can be found in eye 
shadow formulation, up to 16% in powders and 2% in lipstick formulation [2, 
13]. The successful use of BNNTs in dental adhesive and sealants has been also 
reported. Moreover, h-BN nanoplatelets modified by the presence of quaternary 
ammonium compounds (QACs) loaded on h-BN’s surface to form fillers for linear 

Figure 1. 
Hexagonal boron nitride structure [13].

Properties of hexagonal boron nitride (h-BN)

Appearance White powder, photostable, odorless (hexagonal, cosmetic grade)

Bond length 1.466 Å (with interlayer spacing of 3.331 Å)

Molar mass 24.82 g mol−1

Density ~2.1 g/cm3

Structure Crystal; hexagonal

Melting point 2.973°C; sublimes

Surface area 0.82–30 m2/g (varies by grade)

Refractive index (nD) 1.74

Stability Chemical inert and stable

Hardness 1–2 on the Mohs scale

Specific heat capacity (C) 19.7 J/(K·mol)

Std enthalpy of formation (ΔfHo
298) −254.4 kJ/mol

Gibbs free energy (ΔfG°) −22 kJ/mol

Coefficient of friction <0.3

Table 1. 
Properties of hexagonal boron nitride [2, 14].
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low-density polyethylene (LLDPE) were tested for inhibition of growth of both  
E. coli and S. aureus bacteria [18–20].

Therefore, boron nitride seems to be suitable for biomedical applications as well. 
Several cytotoxicity studies based on boron nitride nanotubes confirmed its low 
cytotoxicity and suggested that BN can be used as a novel drug delivery system. In 
contrast, other studies showed that BNNT was cytotoxic and affected relative cell 
viability even at low concentrations [14, 21–24].

For the sake of discrepancies occurring in the literature, a deeper understanding 
of the toxicity of h-BN-based samples is crucial. Here, we will present the synthesis 
and cytotoxicity study on exfoliated and functionalized hexagonal boron nitride 
called few-layered BN.

2.1 Synthesis methods of few-layered h-BN (fBN)

There are two typical approaches to obtain exfoliated hexagonal boron nitrogen 
nanosheets: top-down (exfoliation methods) or bottom-up (chemical vapor deposi-
tion (CVD) or other deposition techniques).

An example of top-down had been described by Liu et al. [25]. They used 
one-pot solvothermal synthesis involving mixing bulk h-BN, ethanol, and 
sodium hydroxide in Teflon autoclave. In this method they obtained boron nitride 
nanosheets and quantum dots at the same time. Marsh with co-workers found even 
a simpler method [26]. They produced boron nitride nanosheets (BNNSs) from 
bulk h-BN powders using a simple cosolvent approach. Authors used common 
organic solvents and water to create a mixture. It was more efficient than using 
the individual components to get h-BN exfoliated and suspended. They maintain 
that cosolvent system is inexpensive, safe to work with, and completely scalable. 
Han et al. [27] used 1,2-dichloroethane solution of poly[(m-phenylenevinylene)-
co-(2,5-dioctoxy-p-phenylenevinylene)] to disperse and break up van der Waals 
forces between h-BN layers, while Zhi et al. [28] reported the large-scale fabrication 
of 2D h-BN nanosheets by vigorous sonication of h-BN in dimethylformamide 
(DMF). The choice of solvent should be optimized to overcome van der Waals 
forces.

The optimization to use two-step exfoliation technique combining chemical 
and mechanical exfoliation was also reported [29]. Chemical exfoliation of h-BN 
was carried out by a modified Hummer’s method. h-BN was additionally delami-
nated mechanically. Mechanical exfoliation was performed using a tip sonicator. 
Chemically exfoliated h-BN was added into 1-methyl-2-pyrrolidinone (NMP) in a 
volume ratio of 0.5%. After the sonication, the mixture was left to evaporate the 
solvent. This method is simple and fast.

The most important representative of bottom-up method is chemical vapor 
deposition. In general, it can be divided into two types: one that requires a substrate 
and another which does not need it. A lot of optional substrates have been used 
in the process. CVD can be carried out on metals (Cu [30], Ni [31], Co [32], etc.) 
as well as on metal oxides (Al2O3) [33] or graphite [34]. The precursors can also 
be in different forms. Most popular are borazine [35], ammonia borane [36], and 
 diborane [37].

Each method has its advantages and disadvantages. Exfoliation techniques 
ensure higher crystallinity of the material, but high-scale synthesis is very difficult. 
In contrast, the materials obtained from CVD give the possibility to control over 
the thickness or size of the sheets, but their crystallinity is lower. Therefore, the 
technique of material synthesis should be adapted to the requirements of a specific 
application.
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2.2 Characterization of few-layered h-BN (fBN)

Depending on the synthesis method, a material with different properties can be 
expected. CVD is more suitable for large-scale synthesis in industry, but exfoliation 
methods have been also used for various applications, especially on a laboratory 
scale. Therefore, these materials cannot be clearly compared. Table 2 presents a 
summary of properties of fBN such as flake size and material thickness in relation 
to the method of synthesis.

Following data from state of the art, it can be concluded that chemical vapor 
deposition provides thinner and larger layers of h-BN than in the case of exfolia-
tion. It should be noted that in the case of exfoliation, the starting bulk material is 
used, while in the case of CVD, a completely new material is obtained from various 
molecular precursors. Mostly, the number of the obtained h-BN layers is strongly 
related with the used substrates. It can be also concluded that the combination of 

Method Substrates Thickness [nm] Flake size 
[μm]

Ref.

Exfoliation Potassium permanganate
Sulfuric acid

1-Methyl-2-pyrrolidinone

5 0.3–0.6 This 
work

Exfoliation Ethanol
Sodium hydroxide

~1 ~1.2 [25]

Exfoliation Methanol ethanol
1-Propanol

2-Propanol acetone
Tert-butanol (cosolvents)

6–10 — [26]

Exfoliation 1,2-Dichloroethane poly[(m-
phenylenevinylene)-co-(2,5-dictoxy-

p-phenylenevinylene)]

~1.2 Several [27]

Exfoliation Dimethylformamide 3–7 Smaller 
than 

pristine 
material

[28]

Exfoliation Octadecylamine 1–2 0.3–0.5 [38]

Exfoliation Zinc chloride
Potassium chloride

2–6
1–3

0.5
0.2

[39]

CVD
(LPCVD)

Cu foil
Borazane

0.42 0.05–0.1 [30]

CVD
(LPCVD)

Co film
Ammonia borane

~ 1 > 5 [32]

CVD
(LPCVD)

Al2O3 substrate
Borazane

Temperature 
depending

40–228

— [33]

CVD Fe foil
Borazine

5–15 10 × 10 [35]

CVD
(AP-CVD)

Ag foil
Borazine

0.7–1.3 0.1 [27]

CVD
(AP-CVD)

Pt foil
Borazane

0.32–0.809 1–2 [40]

Table 2. 
Properties of fBN (flake size, material thickness) in relation to the synthesis method.
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chemical and mechanical exfoliation is a very effective and repeatable method. 
Figure 2A presents the bulk hexagonal boron nitride. The multilayered material is 
clearly visible. Many flakes are aggregated and connected to each other. After the 
exfoliation process, even individual flakes of the material are detected (Figure 2B).

The exfoliation efficiency was also confirmed by atomic force microscopy 
(AFM). The thickness of bulk nanomaterial was estimated to be ~40 nm 
(Figure 3A). After chemical and mechanical exfoliation, the number of layers had 
been greatly reduced. The obtained thickness was ~5 nm, which corresponded to 
several layers of h-BN (Figure 3B).

Scanning electron microscope (SEM) was also used to analyze the flake size of 
fBN in greater details (Figure 4). The observation revealed that most of the flakes 
were in a size range of 0.3–1.2 μm.

Concluding this observation, using various methods the materials with similar 
parameters can be obtained. The issue of choosing the method of preparation 
should be adapted to the properties that the material should exhibit to perform the 
best in required applications.

2.3 Functionalization of few-layered h-BN (fBN)

Functionalization process is undertaken to provide additional/new properties. 
In the case of hexagonal boron nitride, the biggest challenge is to raise the materi-
als’ water solubility/dispersibility. This can be achieved by introducing the func-
tional groups on fBN surface. One of the simplest routes is functionalization with 
hydroxyl groups. At the same time, as it was proved, the presence of -OH groups 
determines the stability of dispersion in water-based solution [41].

The procedure was easy and repeatable. Chemically and mechanically exfoliated 
hexagonal boron nitrides were refluxed in hydrogen peroxide for a longer time. To 
confirm the functionalization, FT-IR spectra were analyzed (Figure 5). Except for 
the peaks characteristic for hexagonal boron nitride (810 and 1370 cm−1), clearly 
visible new bonds corresponding to hydroxyl groups at 2525 and 3400 cm−1 are 
detected [42].

Pristine BN nanomaterials exhibit notable hydrophobicity when interacting with 
water or aqueous solutions. Therefore, this functionalization allows stable disper-
sion in phosphate buffer solution, which is crucial for biological application [41]. 

Figure 2. 
Transmission electron microscope (TEM) images of bulk h-BN (A) and exfoliated fBN (B).
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Other methods for obtaining hydroxylated hexagonal boron nitride are also known. 
Sainsbury et al. [43] used boron nitride nanosheets with tert-butoxy groups on the 
surface. To induce hydroxyl groups, they mixed and sonicated piranha solution 

Figure 3. 
Height profile of bulk h-BN (A) and exfoliated fBN (B).

Figure 4. 
Flake size distribution and SEM image of exfoliated fBN.

Figure 5. 
FT-IR spectra of pristine and hydroxylated fBN.
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(H2SO4:H2O2, 3:1) [43]. Moreover, the authors carried out further functionalization. 
They used hydroxylated material to obtain isocyanate-functionalized BNNSs. A 
completely different approach to obtain hydroxylated BN has been shown by Pakdel 
et al. [44]. Boron nitride nanostructure films were subjected to direct ion/electron 
bombardment in a plasma generator device. In this way they aimed to control the 
wetting properties of nanomaterial.

It turned out that hydroxylated h-BN can also be obtained by ball milling. Lee 
with co-workers [45] presented a simple ball milling of BN powders in the presence 
of sodium hydroxide. They connected the synergetic effect of chemical peeling and 
mechanical shear forces. There are many other functionalities that allow h-BN to 
be used in even more applications. For example, it is possible to decorate hexagonal 
boron nitride with metal nanoparticles. There are reports, for example, of plati-
num, silver, and gold decoration. Anna Harley-Trochimczyk et al. [46] described 
crystalline boron nitride aerogel loaded with crystalline platinum nanoparticles. 
They found out that this material can be used in catalytic gas sensing. Dai et al. [47] 
produced Ag nanoparticle coverage on porous BN microfibers and examined it for 
a novel pollutant-capturing surface-enhanced Raman scattering (SERS) substrate. 
There are already several reports on BN materials functionalized with gold; how-
ever, such a composite had not been previously tested for biological response as 
described below. Until now, such nanocomposite has found application in electroca-
talysis [48] or hydrogen peroxide detection [49].

In research [29] simple and repeatable Au-fBN nanocomposite synthesis method 
was demonstrated. Briefly, exfoliated h-BN was sonicated in distilled water. The 
mixture was heated with gold(III) chloride trihydrate under the reflux. After a few 
minutes, trisodium citrate was added to the boiling mixture. The whole system was 
heated. Figure 6 shows transmission electron microscope (TEM) images of the 
obtained nanocomposite (Au-fBN).

Based on TEM micrographs, the size of gold nanoparticles was determined 
(Figure 7). The nanoparticle size distribution was in the range from 6 to 25 nm with 
a majority of ~16 nm.

The presence of gold nanoparticles was confirmed by Raman spectroscopy 
(Figure 8). The peak at 1366 cm−1 is the most characteristic for hexagonal boron 
nitride. It is resulting from the E2g phonon mode and is an analogue of the G peak 
in graphene [50]. It is very clearly visible in the spectrum of pure material and much 

Figure 6. 
TEM images of Au-fBN nanocomposite.
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less intense in the nanocomposite. This is due to the presence of gold nanoparticles 
with characteristic peaks in the region from 1300 to 1600 cm−1 [51]. There is 
another intense peak in the spectrum of gold nanoparticles. It occurs at 2130 cm−1, 
and it can also be clearly seen in the nanocomposite spectrum, which additionally 
ensures efficient functionalization.

Nanomaterials prepared in the method described above (fBN-OH and Au-fBN) 
have been subjected to biological tests, which will be discussed in further parts of 
the chapter.

3.  The effect of few-layered BN-OH (fBN-OH) and Au-fBN 
nanocomposites on cellular viability

The biocompatibility of h-BN-based nanocomposites synthesized in studies [29, 41] 
was determined in three main steps.

Figure 7. 
Gold nanoparticle size distribution.

Figure 8. 
Raman spectra of h-BN bulk, nanocomposite (Au-fBN), and gold nanoparticles (Au NP).
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The first step of the in vitro study was based on morphological cell analysis. 
This step often is omitted by the researchers, although the morphology observation 
is the simplest and direct method that gives possibility to identify the changes of 
cellular shape and adhesion ability. Both of them may be changed upon specific 
environmental stress [52]. Figure 9 presents the cellular morphology and distribu-
tion of L929 and MCF-7 cells after 48-hour incubation with fBN-OH and Au-fBN 
nanocomposites (analysis was conducted using phase contrast microscopy, ×100, 
Nikon TS-100 microscope). Both cell lines grown in monolayers display typical 
morphology—the cells did not change shape. The cells did not show a tendency to 
form clusters, and the adhesion process was not impaired after 48 hours.

Moreover, in the second step, the cellular uptake and distribution of fBN-OH 
and Au-fBN nanocomposites were analyzed using confocal microscopy (Figure 10). 
The nanomaterials were labeled with FITC, and the presence of nanocomposites 
in cells was confirmed by green fluorescent signal. The internalized h-BN-based 
nanocomposites were accumulated in the peripheral cytoplasm and the perinuclear 
region, but the presence of fBN-OH and Au-fBN was not confirmed in the nucleus. 
The labeled nanocomposites formed small intercellular aggregates. The uptake 

Figure 9. 
Cellular morphology of cultures incubated with fBN-OH and Au-fBN nanoplates for 48 hours.  
Magnification ×100.

165

Few-Layered Hexagonal Boron Nitride: Functionalization, Nanocomposites...
DOI: http://dx.doi.org/10.5772/intechopen.90528

efficiency process of hexagonal boron nitride nanocomposites by normal and 
cancer cells was established at a similar level.

In the third step of the study, a comparison of biocompatibility results of the 
fBN-OH and Au-fBN nanocomposites at 3.125, 6.25, 10.0, 12.5, 25.0, 50.0, 100.0, 
and 200.0 μg mL−1 concentrations was determined using Cell Counting Kit-8 
(CCK-8), neutral red uptake (NRU), and lactate dehydrogenase leaking (LDH) 
assays (Figure 10) [29]. The highest reduction of the cell viability was recorded 
at the concentrations of 100.0–200.0 μg mL−1 for fBN-OH and 200.0 μg mL−1 for 
Au-fBN in L929 cell cultures incubated for 48 hours (Figure 10). The MCF-7 cell 
cultures exhibited higher reduction of cell viability for fBN-OH at the concentra-
tion range between 12.5 and 200.0 μg mL−1 (Figure 10). The cell viability of MCF-7 
cells incubated with nanocomposites loaded with gold NPs was reduced at the 
concentration of 10.0 and 200.0 μg mL−1, in comparison to free-grown MCF-7 control 
culture (Figure 10).

In contrast to CCK-8 assay results, NRU assay showed higher reduction of the 
viability of both cell lines (Figure 10). Both cell lines showed higher sensitivity of 

Figure 10. 
Uptake of tested nanomaterials after 48-hour incubation.
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neutral red dye uptake based on functional lysosomes in the presence of few-lay-
ered h-BN-based nanocomposites (Figure 10). In the case of fBN-OH, the L929 and 
MCF-7 responded to the presence of NPs in a dose-dependent manner, but MCF-7 
seems to be more sensitive than L929 cell cultures. The presence of Au-fBN affected 
the cell viability less than the fBN-OH.

The integrity of cellular plasma membranes (analyzed via LDH leakage assay) 
was impaired less than the other cell’s features. L929 cells as well as MCF-7 showed 
minimal changes in lactate dehydrogenase leakage even at the highest concen-
trations of fBN-OH and Au-fBN (Figure 10). The reduction of cell membrane 
integrity was the highest (to 80% vs. control cultures) for L929 and MCF-7 at 
concentrations of 200.0 μg mL−1 fBN-OH (Figure 11).

Pristine bulk h-BN is known to be poorly soluble in water-based solutions. Thus, 
the h-BN preparation (e.g., exfoliation, functionalization) should be optimized 
to obtain a nanomaterial that exhibits suitable properties in required applications 
(e.g., higher hydrophobicity that allows stable dispersion in aqueous solutions) [41]. 
The functionalization of the h-BN by hydroxyl groups improve h-BN hydrophobic-
ity and allows to obtain stable dispersion in phosphate buffer solution [41] or in 
phosphate buffer solution supplemented with dispersant Pluronic F-127 [29]. This 
is crucial for cytotoxicity experimentations and biological/medical applications.

Another crucial factor in biocompatibility analysis is experiment in short- and 
long-term studies. In studies it was demonstrated that the effect of the fBN-OH on 
cells may vary depending on the species, type of cells tested, their function, and 
time of exposure of cells to these nanoparticles. The short-term in vitro study on 
L929 cell cultures and human erythrocytes as well as in vivo study on insect (T. 
molitor) hemocytes demonstrated a low cytotoxicity of this fBN-OH (dispersed 
in PBS), whereas a long-term study in T. molitor has shown a significant effect of 
fBN-OH on the behavior of immunocompetent cells and their function during the 
immune response [41].

In the preliminary study based on hexagonal boron nitride (exfoliated and 
functionalized with Au nanoparticles), it was found that Au-fBN nanoflakes 

Figure 11. 
Biocompatibility of fBN-OH and Au-fBN nanoplates incubated for 48 hours—L929 cell cultures (A, B) and 
MCF-7 cell cultures (C, D). Bars represent standard deviation.
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did not affect the cellular metabolism (CCK-8) and membrane integrity (LDH 
assays). However, the function of lysosomes in both normal and cancer cell lines 
during 24-hour exposition was modified. Longer incubation, for 48 and 72 hours, 
affected the cell relative viability and proliferation activity of the MCF-7 cancer 
cell line in comparison to normal L929 cell line after 72-hour incubation period 
[29]. Additionally, fBN-based nanocomposites have been tested as a platform for 
drug delivery. Both the hexagonal boron nitride nanocomposites (fBN-OH and 
Au-fBN) were loaded chemically with an anticancer drug—10-hydroxycamptothecin 
(HCPT)—and were tested against human breast adenocarcinoma cells [53]. It was 
found that both nanocomposites conjugated with HCPT were effectively internalized 
and cumulated inside the cell cytoplasm, but not in the nuclear region of cells. Both 
the tested boron nitride nanocomposites loaded with 10-hydroxycomptothecin sig-
nificantly reduced relative cell viability of MCF-7 cells. The slightly higher reduction 
was observed for Au-fBN-HCPT against human breast adenocarcinoma cells [53].

4. Conclusions

The hexagonal boron nitride (h-BN) is an attractive layered material that can 
be used in different industry sectors (due to its interesting physical and chemical 
properties). Its exfoliated form is considered as a graphene analogue. The pristine 
bulk h-BN is poorly soluble and exhibits a hydrophobic character in water/aqueous 
solutions. That is why the h-BN preparation (e.g., exfoliation, functionalization) is 
crucial to obtain a nanomaterial that exhibits the best properties that are required 
especially in in vitro and/or in vivo applications. The effect of the presented few-
layered h-BN-based nanocomposites on biological environment may vary depend-
ing on the type of cells tested, their function, and time of exposure of cells to these 
nanoparticles. Boron nitride seems to be suitable for biomedical applications; 
therefore, the cytotoxicity in vitro and in vivo observations of novel few-layered 
h-BN-based nanocomposites are needed. The short-time studies confirmed their 
low cytotoxicity and suggest that h-BN can be used as a novel drug delivery system. 
However, medical applications need additional verification in long-term studies.
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Abstract

The nanomaterials resembling nanotubes, nanospheres, nanofertilizer, nano-
herbicide, nanoinsecticide, and nanosheets have the physical, chemical, biological, 
mechanical, electrical and thermal properties. Still, the nanoparticles have very 
minute dimensions, enormous area and high reactivity they need the potential ability 
to penetrate in living cells quite rapidly. The petite size nanoparticles contain lofty 
surface area may cause higher reactivity with nearby particles. It is broadly predict-
able that there is a critical need for more information and facts about the implications 
of manufactured nanomaterials on personal fitness and surroundings. Concerns 
about potential risks to health that may arise during the making, management, use, 
and discarding of these nanomaterials have been spoken over the past few years. 
Consequently, strong research action is being undertaken in various institutions, and 
industries across the world to appraise their toxicity and spread of nanoparticle.

Keywords: nanoparticle, issues of nanoparticles size, hazardous nanoparticles, 
guidelines, environment safety

1. Introduction

The possible risks to health from nanomaterials can be cheap by safe manage-
ment and organization of the disclosure. Even as no sole part of direction can offer 
an ultimate, step-by-step advance to safe usage of all nanomaterials in all situations, 
there are some universal and exact best carry out guides that can be used in nearly 
all applications [1]. Nanotechnologies have speedy promoted the occasion a substi-
tute making of smart innovative goods and processes have created an unbelievable 
increase latent for a huge number of industry sectors. The current dispute on the 
risks of nanotechnologies tends to specialize in the potential dangers of nanopar-
ticles. A growing interest in the production and application of nanoparticles has 
been generated the need for appropriate safety measures [2, 3].

The protection issues with nanoparticles are not incredibly fine identified but they 
are possible for threat is obvious owing to the high exterior area-to-volume ratio, which 
can create the particles especially hasty or catalytic movement. The understanding of 
in what way nanomaterials relate to the alive system is imperfect [4, 5]. A toxicological 
study has been generated a great contract in order on the affiliation among the physical 
and chemical properties of nanoparticles and their difficult effect on our fitness. These 
artificial nanoparticles comprise nanotubes, fullerenes, nanowires, quantum dots and 
diverse nanoparticles used for drug release and analysis. Due to their odd shapes and 
high reactivity, their effect on the metabolism cannot simply be predicted [6].
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The inhaled nanoparticle can be deposited all through the human respiratory 
tract and lungs. Nanoparticles can be transferred in the lungs to added organs such 
as the brain, liver and maybe the fetus in pregnant women [7, 8]. Nanoparticles can 
get into the body during the surface of the skin, lungs, and gastrointestinal system. 
This force helps make free radicals, which may cause a cell to injure and break to 
deoxyribonucleic acid. Besides, these can pass through cell membranes in organisms 
and may interact with biological systems [9, 10].

2. Nano hazard identification

The detection of nano hazards is that the starts to decide risk and contact. 
This step involves typical nanomaterials and their connected processes that 
source destructive. When assessing the risks coupled with nanomaterials, par-
ticular care must be taken to spot the specific achievement of surface chemistry, 
shape, size and morphology on toxicity caused to diverse organs. The successive 
key hazard categories could also be measured when assessing risk linked to 
nanomaterials [11, 12] (Figure 1).

2.1 Surface charge

The leading exciting chemistry characteristic of nanoparticle about toxicity 
is that the surface charge, with toxicity rising contained by the subsequent way: 
neutral < anionic < cationic.

2.2 Surface chemistry

The surface chemistry of nanoparticles may require a duty inside the age group 
of free radicals, which influences the broad surface reactivity and toxicity of 
ingested particles [13].

Figure 1. 
Diagram of the projected safety plan.
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2.3 Particle shape

Studies have recognized that contact with leathery particles like amphibole will 
boost the carcinogenic effect. Correspondingly the tubular formation of carbon 
nanotubes is supposed to cause inflammation and lesions in the lungs [14].

2.4 Particle size

Nanoparticles will go through the membrane barriers ensuing in critical com-
pensation for occurrence particularly silver nanoparticles with size <9 nm can enter 
the nuclear membrane of certain human cells nucleus and cause major deoxyribo-
nucleic acid mutation [15, 16]. Weakly soluble inhaled nanoparticles will basis aero-
bic stress, leading to inflammation, fibrosis, and cancer. Several research reported 
that considerably higher toxicity of nano metals as compared to nanoceramics that 
have been recognized to higher suspension rate in water [17, 18].

3. Finest practice to be pursued while using nanoparticles

3.1 Hygiene

Do not eat or store food and beverages in a nanotechnology laboratory. Do not 
use mouth suction for pipetting or siphoning. Wash hands regularly to reduce 
nanoparticle exposure during intake and dermal contact. Remove gloves when 
exiting the laboratory, so as not to infect doorknobs, or when handling common use 
objects such as phones, multiuser computers, etc.

3.2 Labeling and signage

Store in a well-sealed container, preferably one that can be opened with minimal 
agitation of the contents. Label all chemical containers with the identity of the 
contents. Hazard warning and chemical concentration information should also be 
included if known. Apply cautious decision when leaving operations unattended: 
(i) Post signs to communicate appropriate warnings and precautions, (ii) anticipate 
potential equipment and facility failures, and (iii) provide appropriate suppression 
for chance release of hazardous chemicals [19].

3.3 Clean-up measures and spills

Specifically, watch out for exposure during cleaning operations. Wear gloves 
and work in a fume hood while handling nanoparticle and clean the fume hood 
afterward. If needed, monitor the lab air nanomaterial concentrations during 
clean-up. Wear respiration protection when working outside a fume hood or in an 
open fume hood and consider overall protection [20, 21]. Materials and surfaces 
can be cleaned by following techniques like wiped with a wet cloth where possible, 
rinsing off the cloth with water or disposing of it. The vacuum cleaner is equipped 
with a high-efficiency particulate air filter. Monitor the exhaust of the vacuum 
cleaner during operation. A malfunctioning filter can increase the exposure by 
dispersing the nanomaterial in the air. High-efficiency particulate air filtered 
vacuum cleaners with a combination of wet wiping is more suitable for most 
nanomaterial clean-up [22, 23]. Energetic cleaning methods such as dry clean-
ing or the use of compressed air should be prohibited [24]. Collect spill cleanup 
materials in a tightly closed container. The nanoparticle spill kit containing the 
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following items Barricade tape, Latex or nitrile gloves, Adsorbent material, Wipes, 
Sealable plastic bags, Walk-off mat [25].

4. Strategy for functioning with nanomaterials

Use sensible general laboratory safety practices as found in your chemical 
hygiene set up. Do not handle nanoparticles with your bare skin. If it is necessary to 
handle nanoparticle powders outside of a high-efficiency particulate air filtered to 
maintain exhaust streamline flow hood. Lab equipment and exhaust systems should 
also be evaluated before removal, remodeling, or repair [26, 27]. Given the differing 
artificial ways and experimental goals, no blanket recommendation will be created 
concerning aerosol emissions controls. Consideration should tend to the high reac-
tivity of some nanopowder materials about potential fire and explosion hazards [28].

5. Constant monitoring of lab air

The nanoparticle detector should be installed in every lab, in which gas-phase 
work on nanoparticles is passed out and where the capacity of nanoparticulate 
material exceeds a certain limit. We advocate a limit of 1 μg/h. An instrument of this 
kind is commercially available as a Joint Length Monitor. This unit contains a size 
parting mechanism so particles <0, 1 μm area unit mostly detected [29].

6. Discarding of nanoparticles

The quantities of nanoparticles like powders, colloids exceeding the milligram 
range should be treated as chemical if the particle solubility in water is very small 
(inorganics like gold, titanium oxide). If the solubility is higher, the principles 
consistent with the toxicity class of the macroscopic material apply. Nanoparticle 
residues in water from cleaning can be poured down the drain [30] (Table 1).

7. Transport of nanoparticle

• Safe handling of nanomaterials and normal operation procedures

• To check the hazards and toxicity of nanoparticle

• Personal protective equipment to be kept

• Engineering controls and equipment maintenance

• Description of nanoparticles should be known

• Environmental release, shipping, customer protection

• Exposure monitoring

• Applicable regulation

• Labeling and handling of nanomaterials waste
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8. Working place with nanoparticle

When handle nanomaterials in solutions or close substrates to reduce airborne 
release. While working with nanomaterials in liquids it must avoid dispersal of the 
liquid by operating through a spill instrumentality. Wear gloves that are suited for 
the liquid being handled. Avoid the dispersion of liquid droplets within the work-
place air and directly close up spills, before evaporation or further spreading occurs. 
While working with nanomaterials in gas phase reactors add a closed reaction 
vessel, preferably around atmospheric or lower than atmospheric pressure [31, 32]. 
Make aware leak checks among runs once operating with systems under positive 
pressure adjust the quality safety rules for controlled vessels and place the vessel 
into an interior safety vessel. Clean all parts that are in touch with nanoparticles and 
spills after using suitable safety [33, 34].

9. Development and usage of nanomaterials

Nanomaterials must be stored and transported in sealed shatter-resistant con-
tainers. The containers must be labeled with nanomaterial or composition and near 

Waste 
nanomaterial

Pre-treatment Containment Level of 
engineering 
controls

Disposal method

Dust 
nanoparticles

Moisten Double Inside a local 
exhausted 
aeration 
enclosure or 
glove box

Burning

Infected solids Moisten if necessary Double bag 
plastic, sealable

Inside a local 
exhausted 
aeration 
enclosure or 
glove box

Burning

Fluid solutions Process solvent-soluble 
with the solvent waste 
stream. Aggregate 
nanoparticle will get 
dissolved and form 
ions

Drip tray or 
funnel vial or 
container or 
drip tray

Inside a local 
exhausted 
aeration 
enclosure

Burning mix with 
solid waste. Burn 
either mix with 
other soluble waste 
or dilute to drain if 
appropriate

Nanomaterial 
bound in resin or 
polymer

As for liquid solutions 
or packages a 
nanomaterial in a solid 
matrix not friable

Single 
containment 
or double 
containment if 
liquid.

General 
aeration

Burning or 
licensed landfill

Nanomaterial in 
a solid matrix but 
friable

Moisten Double 
containment

Inside a local 
exhausted 
aeration 
enclosure

Burning or 
licensed landfill

Nanomaterial in 
a solid matrix not 
friable

None Single 
containment

General 
aeration

Burning or 
licensed landfill

Table 1. 
Handling and Disposal of Waste Nanomaterial.
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particle size, along with any known hazard warnings. Weighing and measuring 
of dry powders where aerosolization and discharge of nanomaterials are possible 
should be conducted in clear and closed areas [25]. Different processing steps such 
as dispersing, mixing, spraying, machining, gas-phase processing have the potential 
to make nanoparticles with a high concentration. Employing a closed facility to 
process nanomaterials will considerably reduce occupational exposure during the 
assembly and processing stages. Particular care to be taken to avoid disturbance 
of the closed liquid medium to avoid dust scattering and thus disclosure through 
inhalation [35, 36]. Removal of waste and by-products generated at the assembly 
facility should be administered with minimum exposure to humans and therefore 
the environment.

10. The behavior of nanopowders in the food industry

Nanotechnologies propose a diversity of possible for relevance in different areas 
of food technology that comprise packaging, processing, quality and shelf life, 
ingredients and additives. The complexity in characterizing assorted nanomaterials 
used the food industry and biological systems incomplete information on toxicol-
ogy and lack optimal test methods the risk appraisal and supervision of nanotech-
nologies harder [37, 38]. A preventive advance with detailed life cycle estimation 
and strongly required procedures to stakeholders connecting for diverse activities 
as formulating best practices that will support the growth of nanotechnology in 
the food sector for regulating the potential risk to humans and the environment. 
Humans are exposed to nanomaterials using oral way during the residues present in 
cultivated crops, meat, and milk produced for consumption further oral contact is 
most significant in food processing technology and functional foods. Nanomaterial 
exposure from food packaging is mostly dermal, arising from the usage of such 
materials [39, 40].

11. Conclusions

The nanotechnology is an enables gifted technology its vast marvelous future 
applications. Conversely, there are a few drawbacks for example toxicity of the 
soil, ecological harm and human organ damage caused by nanoparticles. The vital 
significance provides to contain nanosafety into the occasion of novel nanotechnol-
ogies and find products of nanosafety before making a design. It has been at present 
identified that some engineered nanomaterials will present new and abnormal 
risks, but there is very little information on how these risks can be recognized, 
assessed and proscribed. In distinction, good working hygiene practices and exist-
ing knowledge on operational with dangerous substances provide a useful source 
for working safely with nanomaterials. Further, investigate to be conducted for 
nanosafety and discarding of the nanoparticle. Finally, in the future, many types of 
nanoparticles may turn out to be of less toxicity but preventative measures should 
be used while handling particle.
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Chapter 11

Biological Role of Withania
somnifera against Promiscuity of
Zinc Oxide Nano Particles and Its
Interaction with Macrophages
Jitendra Kumar, Chander Datt, Surya Kant Verma
and Kavita Rani

Abstract

In agriculture and food industry, nanotechnology can be utilized to improve
crop yield, food quality, shelf life, safety, cost and nutritional benefits. Zinc is a
trace element and its deficiency causes health problems in human beings and ani-
mals. The use of zinc oxide nanoparticles (ZnO NPs) is growing exponentially in
food industry, biomedicine and nanofertilizer segment. A remarkable presence of
nanomaterials in ecosystem and consumer products can cause adverse effects.
Hence, it is an important challenge for the use of nanoparticles in agriculture as
fertilizer to enhance plant yield on one hand and their interaction with the cells of
the innate immune system in animals on the other hand. So, public concern about
their potential toxicity is increasing. ZnO NPs interact with cells and produce
harmful effects in a dose dependent manner. The reactive oxygen species genera-
tion might be a reason for the toxicity of ZnO NPs. The toxicity is caused due to
dissolved Zn++ ions by absorption which causes adverse effect on phagocytosis and
oxidative stress by free radical while Withania somnifera induced the phagocytosis
activity by antioxidant mechanism thus having protective effects. It is emphasized
that further research is needed on the use of nanoparticles in agriculture, animal
husbandry, and human health sector so that their safer levels for use could be
ascertained.

Keywords: agriculture, immunotoxicity, macrophages, nanofertilizer,
nanoparticles, Withania somnifera, zinc oxide

1. Introduction

Nanotechnology is an emerging technology which can lead to a new revolution
in many fields of science [1]. Nanoparticles (NPs) are gaining importance recently
due to their exciting applications in different fields like biomedical, pharmaceutical,
agriculture, etc. The properties of the materials change as their size approaches the
nanoscale, and nanoparticles have a very high surface area to volume ratio and high
energy. Application of nanoparticle in the agriculture and food sectors is relatively
new as compared to their use in health sector.
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fertilizer to enhance plant yield on one hand and their interaction with the cells of
the innate immune system in animals on the other hand. So, public concern about
their potential toxicity is increasing. ZnO NPs interact with cells and produce
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tion might be a reason for the toxicity of ZnO NPs. The toxicity is caused due to
dissolved Zn++ ions by absorption which causes adverse effect on phagocytosis and
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1. Introduction

Nanotechnology is an emerging technology which can lead to a new revolution
in many fields of science [1]. Nanoparticles (NPs) are gaining importance recently
due to their exciting applications in different fields like biomedical, pharmaceutical,
agriculture, etc. The properties of the materials change as their size approaches the
nanoscale, and nanoparticles have a very high surface area to volume ratio and high
energy. Application of nanoparticle in the agriculture and food sectors is relatively
new as compared to their use in health sector.

185



In India, more than 60% of the population survive on agriculture, but unfortu-
nately this sector is facing various global challenges. Therefore, nanotechnology
has a dominant position in transforming agriculture and food industry. Nanotech-
nology has a great ability to transform conventional agricultural practices and boost
yield and growth of corps. Zinc oxide NPs (ZnO NPs) are used as fertilizer which
support their growth and improves production [2].

Zinc oxide NPs may be used as a source of Zn in supplements and functional
foods [3]. ZnO NPs also act as antimicrobial agents against harmful bacteria. The
antimicrobial activity of ZnO NPs has been partly attributed to their ability to
penetrate into microbial cells and animal cells and generate reactive oxygen species
(ROS) that damage cellular components thereby leading to cytotoxicity [4]. A
single oral dose of ZnO NPs caused hepatic cell injury, kidney toxicity, and lung
damage [5]. The studies in frogs showed that ZnO NPs exhibited more toxicity than
a dissolved form of Zn which was attributed to their greater ability to induce
oxidative damage in cells [6]. The administration of ZnO NPs increased all liver
enzymes [7]. In this chapter, we attempted to explore the potential use of
nanoparticles in agriculture, biological, and pharmacological significance of
Withania somnifera against the promiscuity of zinc oxide ZnO NPs and their
interaction with macrophages.

2. Use of zinc oxide nanoparticles in agriculture and animal husbandry

2.1 ZnO NPs and their potential use in agriculture

Once nanomaterials (NMs) are released to the environment, they accumulate in
ecosystems and pose threats to living organisms; therefore, it is important to
understand the behavior of NMs in soil and to assess the risks for arable soil
ecosystems [8]. About 260,000–309,000 metric tons (MT) of NMs were produced
globally in 2010 [9], and worldwide consumption of NMs is likely to grow from
225,060 to 585,000 MT during 2014–2019 [10]. The third most commonly used
metal-containing NMs are ZnO NPs with an estimated global annual production
between 550 and 33,400 tons [11]. The concentration of ZnO NPs in the environ-
ment was found to be 3.1–31 μg kg�1 and 76–760 μg L�1 in soil and water, respec-
tively [12]. ZnO NPs can strongly attach to soil particles. They exhibit low mobility
at various ionic strengths [13] and show higher sorption compared to ionic zinc,
and possible uptake mechanism has been illustrated in Figure 1.

2.2 Effects of ZnO nanoparticles on animal health

Unplanned use of ZnO NPs as nanofertilizer in agriculture leads to their entry in
the food chain, and ultimately nanofertilizers enter in the body directly or indi-
rectly, and their interaction with immune cells may have deleterious effects. The
effects of ZnO NPs on the immune system are not completely understood. Some
researchers postulated that increased cytosolic Zn2+ and the generation of ROS play
important roles [16]. In innate immune, cells recognize ZnO NPs via toll-like
receptors (TLR) which bind to corresponding antigens ZnO NPs and activate signal
transduction pathway and inflammatory response. The ZnO NPs induce apoptosis
and necrosis in macrophages in relation to their important role in the clearance of
entered particulates and the regulation of immune responses during inflammation.

Withania somnifera (L.) Dual (Solanaceae) Indian ginseng or Indian winter
cherry is a medicinal plant. Different parts of the plant have been used in Ayurvedic
medicine formulations. Withaferin A is a steroidal lactone found in the leaves and
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roots of W. somnifera. The biological properties of crude root extracts have been
largely reported and only a few are related to the pure compound (withaferin A) as
immunomodulatory function.

3. Immunological health importance of zinc as microelement

Zinc is crucial for normal development and function of cells mediating innate
immunity, neutrophils, and natural killer cells (NKs). Phagocytosis, intracellular
killing, and cytokine production are affected by Zn deficiency. Zinc is a micronu-
trient required by organisms and plays a vital role in maintaining immune and
macrophage function. There is a progressive decline in immune response with the
advance in aging due to the deficiency of Zn [17]. There is impairment of mono-
cytes, reduced cytotoxicity in NK cells, and reduced phagocytosis in neutrophils
[18]. Zinc is also a major intracellular regulator of lymphocyte apoptosis [19].
Impaired immune function in elderly subjects due to Zn deficiency has been shown
to be reversed by an adequate Zn supplementation [18]. The beneficial effects of
lower doses of Zn (≤ 50 mg/d) on immune function have been reported while very
high doses of Zn (≥ 150 mg/d) may impair cellular immunity [20].

4. Mechanism of innate immunity in animals

The defense system is the bedrock of living systems and innate immunity is an
integral part of health. It is the first line of the defense mechanism of the body from
lower organism to mammals. Any alteration in innate immunity leads to disease
conditions; however, adaptive immunity plays a great role in defense mechanism.
Innate immunity has two arms, i.e., the afferent and efferent. The afferent arm is
lipopolysaccharide (LPS) or endotoxin [21]. As to the effector arm of innate immu-
nity, Hunter (1774) first recognized leukocytes at the site of inflammation. The
cellular theory of immunity was given by Metchnikoff, 1884 [22] and must be
recognized in the functional analysis of innate immune cells. Massart and Bordet

Figure 1.
Plant uptake, transport and environmental transformation mechanism of nanofertilizer (ZnO NPs) into
ecosystem and entry in food chain [14, 15]. Designed by first author using Google as tool.
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roots of W. somnifera. The biological properties of crude root extracts have been
largely reported and only a few are related to the pure compound (withaferin A) as
immunomodulatory function.
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had showed that injured cells secrete chemicals that attract phagocytes in 1917. The
myeloid cells in invertebrates’ are precursors of the innate immunity. Macrophages
are professional immune cells that engulf and destroy foreign particles. Myeloid
cells include mononuclear phagocytes and polymorph nuclear phagocytes. Macro-
phages are mononuclear phagocytes derived from blood monocytes. Macrophages
are distributed in all parts of the body of the host and also present within the
parenchyma of the heart, lungs, liver, brain, and peritoneal cavity. Pathogens
invading the host body through any route are killed by macrophages. Macrophages
have the potential ability of supervisory of innate immunity. Reactive oxygen
intermediates are produced in phagosomes of neutrophils and macrophages.
Superoxide radicals (O2

�) are generated by the p91 subunit of cytochrome
form (O2) [23]. Superoxide (H2O2) is produced from O2

� anions where superoxide
dismutase is the catalytic enzyme.

2O2 þNADPH oxidaseð Þ ! 2O2•
� þNADPþHþ (1)

2Hþ þ 2O2•
� ¼ H2O2 þO2 (2)

Hypochlorous acid (HO Cl), a reactive halide, is produced from H2O2 by the
action of myeloperoxidase. These radicals not only kill microbes directly but also
generate other metabolites for this purpose, and singlet oxygen can be generated by
O Cl�, the former being strangely reactive with C: C double bands. Hydroxyl
radicals can be produced where HO Cl react with superoxide.

Cl� þH2O2 þHþ ¼ HO ClþH2O (3)

O2•
� þHO Cl ¼ O2•

� þ OH•þ Cl� (4)

Therefore, hydroxyl radical (OH•) could be produced were agent using upper
oxide as substrate, reactive nitrogen species (NO•) can be produced.

O2•
� þH2O2 ¼ OH• þOHþO2 (5)

O2•
� þNO• ¼ ONOO (6)

Complement, lactoferrin, lysozyme, and antimicrobial peptides are the humoral
component of innate immunity. Lysozyme present in the saliva and tear inhibits the
cell wall synthesis in bacteria. Complement is an enzymatic proton which plays an
important role in innate immunity. Antimicrobial peptides and C-reactive proteins
(CRP) are also having defense ability by disrupting plasma membrane.

5. Macrophages and their roles in animal health

The macrophages are mononuclear phagocytes and are committed progenitor
cells in the bone marrow [24]. There are mainly two types of phagocytic cells,
namely, macrophages and dendritic cells (DCs), which have similar cell surface
receptors but different functional activities which are short-lived, and their life
span depends on the nature of immune response [25]. All types of macrophages are
differentiated from circulating monocyte and DCs by their expression of Fc, F4/80,
and CD11b receptors. Macrophages are the main inducers of the adaptive T cell
responses. Macrophages are skilled in scavenging dead cells, cellular debris, phago-
cytosis, and remodeling after tissue injury [26]. Their names and phenotypes vary
based on their anatomical location. Physiological characters and significant roles of
macrophages are listed in Table 1 [27].
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There are three main subtypes of macrophages: one is classically activated M1

macrophages which play an important role in host defense and antitumor immu-
nity, while another one is M2 macrophages, the suppressor and regulator of wound
healing. Third type is M3 which are phagocytic cells that continuously express
different types of receptors that facilitate removal of necrotic tissue, aged red blood
cells, and toxin molecules from the circulation. Macrophages maintain tissue
homeostasis, while macrophages and DCs act as sentinel cells for the immune
response [26]. Neutrophils are recruited and inflammation is promoted by media-
tors as indicated by macrophages [28]. Last main classes of macrophages are known
as regulatory macrophages and are similar to suppressive M2 macrophages [29].
Regulatory macrophages are induced by toll-like receptor (TLR) agonist in the
presence of prostaglandin, apoptotic cells, and immunoglobulin G (IgG) immune
complexes and defined the release of the immunosuppressive cytokines IL-10 and
TGF-1 [29]. Regulatory macrophages are poor antigen-presenting cells (APCs) and
have the inclination to induce TH2 and regulatory T cell responses that can further
suppress antitumor and chronic inflammatory responses.

5.1 Significance of macrophages in innate immunity

The macrophages are important cells of immune system that function in innate
and adaptive immunity and can play major role in the protective and pathogenic
activity. Different types of pattern recognition receptors including biosensor like
C-type lectin receptors, helicase RIG like receptors, NOD-like receptors and TLRs
are expressed in macrophages.

The invading pathogens, foreign substances (ZNFs, silica, and stone dust
particle), microbes and dead and dying cells are recognized by these receptors
as a danger signal [30]. Adaptors induced signaling causes myeloid differentiation
and regulation of inflammatory vesicle formation activity. This cascade further
triggers antimicrobial activity of M1 macrophages by stimulating the production of
cytokines TNF and IL-1 [31]. Apart from innate immunity, macrophages also play
an important role in wound healing [32].

5.2 Promiscuity and interaction of zinc oxide nanoparticles with macrophages

The ZnO NPs have been engineered, synthesized, and commonly used in
products including sunscreens, cosmetic products, food and medical materials. These
play a significant role in the biomedical area for disease diagnosis and therapy [33].

Table 1.
Physiological characters and significant roles of animal macrophages.
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ZnO NPs are also widely used in the food industry and as nanofertilizer in
agriculture. The wide application of ZnO NPs increased the chance of human and
animal’s exposure [34]. They can be absorbed into the body and redistributed into
various organs after environmental exposure [34]. Hence, the safety assessment of
nanoparticle is mandatory. The ZnO NPs can influence the immune system and
affect the process of diseases and the emergency responses of immunity governed
by macrophages [35]. ZnO NPs are foreign particles, and the macrophages play an
important role in the recognition, processing, and removal of ZnO NPs [36]. The
ZnO NPs interact with soluble proteins to form a halo corona that affects NP
activity. The composition of protein coronas varies according to the size of NPs
[37]. Protein coronas of NP surface have two layers including hard corona nearer to
the NP surface and soft corona composed of reversibly adsorbed materials and large-
size NPs phagocytized by macrophages through nanoparticle protein complexes
corona. ZnO NPs deflate phagocytosis of macrophages and show cytotoxic and
bactericidal activities by enhancing oxidative stress which may disrupt bacterial
outer cell membrane and causes cell apoptosis. The ZnO NPs also inhibit nitric oxide
(NO) production through the NF-Kβ signaling. NO reduces ZnONPs toxicity in rice
seedlings by regulating oxidative damage and antioxidant defense systems [38].

5.3 Mechanism of ZnO NPs induced toxic effects on cells of immune system

The effects of ZnO NPs on the immune system depend on their physicochemical
properties [39]. A nanotoxicological effect of NPs depends on the size, size distribu-
tion, surface area, electrostatic charge, and solubility [40]. The ZnO NPs are more
water-soluble which result in more dissolution of toxic ions and ROS production [41].
ZnO NPs undergo endocytosis into the macrophages cells, dissolve into bioavailable
zinc ion, and increase oxidative stress through ROS which cause immunotoxicity. The
important factor for the immunotoxicity of ZnO NPs is ROS. Intracellular ROS
production has at least some contribution in cell death induced by ZnO NPs [42, 43].

6. Effect on epithelial barriers of innate immunity

The important components of the innate immune system are epithelial barriers,
phagocytic cells (dendritic cells, polymorphonuclear leukocytes, monocytes/mac-
rophages), phagocytic leukocytes, basophils, mast cells, eosinophils, natural killer
cells, circulating plasma proteins. TLR is the main signaling in the innate immunity
which induce expression of inflammatory gene. Metal oxide nanoparticles trigger
the TLR signaling pathway.

7. The innate immune system and role of TLRS signaling pathway

The innate immune system relies on the recognition of pathogen-associated
microbial particles (PAMPs) through a limited number of germ line-encoded pat-
tern recognition receptors belonging to the family of TLRs [44]. The activation of
TLR signaling induces cytokines production and phagocytosis of macrophages along
with catalytic activity of NK cells. More importantly, TLR signaling activation can
also enhance antigen presentation via upregulating the expression of major histo-
compatibility complex (MHC) and co-stimulatory molecules (CD80 and CD86) on
dendritic cells leading to adaptive immunity activations. Nanoparticles enhanced
TLR signaling pathways which act as adjuvants [45]. The TLR antagonists or inhib-
itors that reduced the inflammatory response would have beneficial therapeutic
effects in autoimmune diseases and sepsis [46].
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7.1 Effect of NPs on TLR signaling of innate immunity health

The TLR is a type I transmembrane receptors which contain an N-terminal
domain (leucine-rich repeat) and a C-terminal toward cytoplasm. When macro-
phage receptors recognized PAMP, TLRs recruit a TIR domain such as MyD88 and
TRIF and initiate signaling events called downstream signaling by the secretion of
different inflammatory molecules (chemokines, inflammatory cytokines, and
IFNs I) [47]. The TLR signaling is responsible for the transcription of inflammatory
and immune responses genes [48]. ZnO nanoparticles induced MyD88-dependent
proinflammatory cytokines via a TLR signal pathway [49]. The TLRs may have
important roles in NP uptake and for their cellular response which is directly
proportional to the size of NPs.

7.2 Effects of NPs on phagocytic cells

Macrophages and dendritic cells have phagocytic activity; hence they readily
uptake nanoparticles. Therefore, magnetic nanoparticles and nanoparticles-based
PET agents were usually used for the visualization of macrophages in human
diseases (cancer, atherosclerosis, myocardial infarction, aortic aneurysm,
and diabetes).

8. Indian ayurvedic medicinal plant:Withania somnifera

Withania somnifera (Ashwagandha), an Indian Ayurvedic medicinal plant, is a
green shrub and belongs to the Solanaceae family. For over 3000 years, Indians
cultivated and applied its whole plant extract or separate constituents in Ayurvedic
and indigenous medicine [50]. It was shown to have anti-inflammatory, antitumor,
anti-stress, antioxidant, immuno-modulatory, hematopoietic, and rejuvenating
properties thus benefiting the endocrine, cardiopulmonary, and central nervous
systems [51]. It inhibits immunologically induced inflammation and a variety of
pharmacological effects in Babl/c mice [52]. Various mechanisms have been
proposed to explain the antitumor activity of Ashwagandha including potent
anti-inflammatory, anti-angiogenic, anti-metastatic, pro-apoptotic, and radio-
sensitizing properties [53]. An extract of W. somnifera showed immunological
activity in Balb/c mice. Treatment with different doses of W. somnifera root extract
(20 mg/dose/animal; i.p.) enhanced the total WBC counts. W. somnifera extract
along with sheep red blood cell antigen (SRBC) increased antibody titer in circula-
tion and plaque-forming cell numbers (PFC) in the spleen and reduced the delayed-
type hypersensitivity reaction in mice model. Withania extract improved in phago-
cytic activity of macrophages when compared to untreated mice. The immuno-
modulatory effects of W. somnifera against ZnO NP-mediated toxicity in Balb/c
mice study showed a dose-dependent reduction in phagocytosis, an increase in the
levels of NO production along with upregulation of TLR6, and arginase gene. How-
ever, the adverse effect of ZnO NP on macrophages was reduced by W. somnifera
extract and withaferin A with decreased TLR6 overexpression and improved
phagocytic activities [14].

8.1 Pharmacological and medicinal activities of withaferin a

Withaferin A is the key withanolide prototype which has been shown to have
anti-inflammatory [54], antitumor [55], anti-angiogenesis [56], radio-sensitizing
activity, and chemopreventive [57] and immunosuppressive [58] properties.
Withaferin A is highly reactive because of the ketone containing unsaturated
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A ring, the epoxide in B ring, and unsaturated lactone ring. In another study,
withaferin A inhibited NF-κB at a very low concentration by targeting the
ubiquitin-mediated proteasome pathway in endothelial cells. In vitro experiments
demonstrated that withaferin A interfered with TNF-induced NF-κB activation at
the level or upstream of IKKβ [57]. Withaferin A inhibited the expression of iNOS in
the lipopolysaccharide (LPS)-stimulated murine macrophage cell line [59].
Withaferin-A inhibited, LPS-induced COX-2 expression and PGE2 production in
BV2 murine microglial cells [60]. Both pre and post-treatment of astrocytes with
Withaferin-A attenuated LPS-induced production of tumor necrosis factor-α and
the expression of COX-2 with expression of induced nitric oxide synthase by
blocking the NF-κB activity [61]. Treatment with withaferin A increased SOD,
catalase, and glutathione peroxidase activity in rat brain frontal cortex and striatal
concentrations [62].

9. Conclusions

Nanoparticles are gaining importance recently due to their exciting applications
in different fields like agriculture, human health, and livestock sector. Increased
application of ZnO NPs is clearly indicating the adverse effect on immunity. It is,
therefore, necessary to explore safety level of ZnO NPs and their role in humans and
animals. The future work must be placed in the context of current risk assessments
which must be associated with ZnO NPs toxicity and safety level and their uses.
Further research work is emphasized for elucidating the nature of ZnO
nanoparticles and their fate in living and non living matrices which can serve as to
safeguard the ecosystem functioning. The ecosystem strengthening should be in
term of agriculture and livestock particularly concerns production, food resource,
immune and health status of animals. The role of W. somnifera as an antidote to
immune complication induced by ZnO NPs exposure needs further research.
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A ring, the epoxide in B ring, and unsaturated lactone ring. In another study,
withaferin A inhibited NF-κB at a very low concentration by targeting the
ubiquitin-mediated proteasome pathway in endothelial cells. In vitro experiments
demonstrated that withaferin A interfered with TNF-induced NF-κB activation at
the level or upstream of IKKβ [57]. Withaferin A inhibited the expression of iNOS in
the lipopolysaccharide (LPS)-stimulated murine macrophage cell line [59].
Withaferin-A inhibited, LPS-induced COX-2 expression and PGE2 production in
BV2 murine microglial cells [60]. Both pre and post-treatment of astrocytes with
Withaferin-A attenuated LPS-induced production of tumor necrosis factor-α and
the expression of COX-2 with expression of induced nitric oxide synthase by
blocking the NF-κB activity [61]. Treatment with withaferin A increased SOD,
catalase, and glutathione peroxidase activity in rat brain frontal cortex and striatal
concentrations [62].

9. Conclusions

Nanoparticles are gaining importance recently due to their exciting applications
in different fields like agriculture, human health, and livestock sector. Increased
application of ZnO NPs is clearly indicating the adverse effect on immunity. It is,
therefore, necessary to explore safety level of ZnO NPs and their role in humans and
animals. The future work must be placed in the context of current risk assessments
which must be associated with ZnO NPs toxicity and safety level and their uses.
Further research work is emphasized for elucidating the nature of ZnO
nanoparticles and their fate in living and non living matrices which can serve as to
safeguard the ecosystem functioning. The ecosystem strengthening should be in
term of agriculture and livestock particularly concerns production, food resource,
immune and health status of animals. The role of W. somnifera as an antidote to
immune complication induced by ZnO NPs exposure needs further research.
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Chapter 12

Polycyclic Aromatic Hydrocarbons 
(PAHs) and Their Influence to 
Some Aquatic Species
Ayoub Baali and Ahmed Yahyaoui

Abstract

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pol-
lutants generated primarily during the incomplete combustion of organic materi-
als (e.g., coal, oil, petrol, and wood). Many PAHs have toxic, mutagenic, and/or 
carcinogenic functions. PAHs are highly lipid soluble which lead to a fast absorption 
by the gastrointestinal tract of marine mammals. They are immediately distributed 
in a vast variety of tissues with a notable tendency for localization in body fat. 
Metabolism of PAHs is obtained via the cytochrome P450-mediated mixed function 
oxidase system with oxidation or hydroxylation as the first step. PAHs are environ-
mental contaminants that pose significant risk to health of fish. The effect of PAHs 
on fish is a topic of rising attention in a lot of countries. Different studies using the 
bile metabolites separated by high-performance liquid chromatography with fluo-
rescence detection were presented. The aim is to compare the levels of PAH metabo-
lites in fish from different areas and fish species. The major metabolite present in 
all fish was 1-hydroxypyrene. The data confirm the importance of 1-hydroxypyrene 
as the key PAH metabolite in fish bile and suggest that the European eel is an ideal 
species for monitoring PAHs.

Keywords: PAHs, organic pollutants, metabolism, fish, 1-hydroxypyrene,  
European eel

1. Introduction

Aquatic ecosystems are susceptible to receiving and accumulating contami-
nants [1]. In particular, polycyclic aromatic hydrocarbons (PAHs) have been 
identified as general causes of the deterioration of aquatic ecosystems in recent 
decades [2].

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous and persistent environ-
mental contaminants found in sediments and associated waters of urbanized estu-
aries and coastal areas [3–5]. They are a class of compounds found in crude oil and 
are everywhere in the aquatic ecosystem [6–12]. PAHs are the most toxic pollutants 
of crude oil and are remembered by the United States Environmental Protection 
Agency (EPA) as priority toxic components because of its persistence in the envi-
ronment and are toxic to fishes [13, 14]; thus, PAHs are of special interest following 
oil spills and in environmental control. They come from natural and anthropogenic 
sources. The latter can be associated to pyrolysis and incomplete combustion of 
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organic element [15]. Wastewater, atmospheric deposition, and petroleum spillage 
are some of the most important PAH sources. PAHs and their intermediate deg-
radation products have the potential to generate toxic or mutagenic effects in fish 
[16–18] and humans [19]. PAH metabolites in the bile fluid are generally accepted as 
measures for PAH exposure in fish because of the rapid metabolism of PAH in most 
vertebrates [3]. Therefore, PAH metabolites in fish are recommended as monitoring 
parameters in European seas [20, 21].

In this chapter, we briefly review the origin, toxicity, and transformation 
of PAHs in the aquatic environment, highlighting their efficient metabolism in 
fish. We also review the presence of PAHs on fish bile and the works reported 
on that.

2. Organic contamination by polycyclic aromatic hydrocarbons (PAH)

2.1 PAH origin

PAHs are mainly formed during the incomplete combustion of organic matter 
and during the slow maturation of organic matter accumulated in deep sedimentary 
environments. These two origins present distinct formation mechanisms that are 
realized with different kinetics and induce variable molecular distributions (related 
to stability) [22].

2.1.1 Pyrolytic origin

Pyrolytic PAHs are generated by processes of incomplete combustion of organic 
matter at high temperatures. The mechanisms involved in their formation involve 
the production of free radicals by pyrolysis at high temperature (≥500°C) of the 
fossil material (oils, fuel oil, organic matter, etc.) under oxygen-deficient condi-
tions. PAHs of pyrolytic origin come from the combustion of automotive fuel, 
domestic combustion (coal, wood, etc.), industrial production (steelworks, alu-
minum smelters, etc.), and energy production (power stations operating on oil or 
coal) or incinerators [23].

2.1.2 Petrogenic origin

The process of diagenesis can give rise to petroleum and other fossil fuels con-
taining the so-called petrogenic PAHs. These PAHs are formed at low temperatures 
(150°C) over long periods of time. They result from exposure of organic matter to 
adequate conditions of temperature and pressure. The proportion of PAHs in oils 
varies according to their origin and level of refinement. In general, petrogenic PAH 
mixtures are marked by a predominance of low molecular weight PAHs, three cycles 
or less, and substituted PAHs [22].

PAHs represent between 20 and 40% by weight of crude oils which are mainly 
composed of saturated hydrocarbons. However, they are less than a few percent of 
the composition of refined gasoline (<0.5% by mass) or kerosene [24].

2.1.3 Biological origin

PAHs can also be formed by microorganisms from biogenic precursors such as 
diterpenes and triterpenes, steroids, pigments, or quinones in sediments or recent 
soils [25, 26]; these precursors can come from terrestrial or aquatic biological tissues 
(plants, animals, bacteria, macro- and microalgae) [27, 28].

201

Polycyclic Aromatic Hydrocarbons (PAHs) and Their Influence to Some Aquatic Species
DOI: http://dx.doi.org/10.5772/intechopen.86213

2.2 PAH toxicity

The toxicity of several PAHs is a phenomenon that is well-known. Research has 
been conducted by several environmental groups such as the US Environmental 
Protection Agency-Toxic Substances Control Act (US EPA-TSCA) and the 
International Agency for Research on Cancer (IARC). The toxicity of PAHs to 
aquatic species is affected by metabolism and photooxidation. They are generally 
harmful in the presence of ultraviolet light. PAHs have moderate to high acute toxic-
ity to aquatic organisms and birds. Mammals can absorb PAHs by various routes, 
e.g., dermal contact, inhalation, and ingestion [14, 29, 30]. The concentrations of 
PAHs found in fish are expected to be much higher than in the environment from 
which they were taken because of their bioaccumulation. Withal, metabolism of 
PAHs is sufficient to prevent biomagnifications [31, 32].

Teleost fish have an immense capacity to metabolize PAHs because of the 
enzymes cytochrome P450 in their tissues that oxidatively biotransform PAHs to 
hydroxylated metabolites [33].

The half-life times of PAHs in various biological tissues (bivalves, crustaceans, 
and fish) are of the order of a few days to 10 days and are about five times higher for 
heavy PAHs relative to lower PAHs.

The environmental matrices are moreover complex, containing numerous 
endogenous or exogenous, mineral or organic molecules between which interac-
tions can take place. Synergistic toxic effects have been observed in particular 
between metals and PAH quinones [34].

Indeed, the carcinogenic nature of some of these molecules alone or in mixtures 
is proven. Twelve of these are classified by the International Agency for Research on 
Cancer (IARC) as probably carcinogenic to humans [35]. After contamination by these 
substances, they are biotransformed in the liver into different (poly)hydroxy-PAHs.

The risks of PAHs to fish and other aquatic organisms in natural systems are 
highly uncertain due to the occurrence of complex, incompletely characterized 
mixtures of these chemicals, large spatial heterogeneity in exposure concentrations, 
incomplete understanding of the importance of UV-activated PAH toxicity, the 
biological and physical controls on fish exposure to UV light, and the bioaccumula-
tion of PAHs. These uncertainties are especially great for early-life-stage fish, which 
might be particularly susceptible to UV-activated because of their small size, lack of 
protective pigmentation and gill coverings, and ready accumulation of PAHs.

3. Transformations of PAHs in marine ecosystem

3.1 Physical and chemical degradation

Sediments contaminated with PAHs pose a real threat to all living organisms, 
even those that feed on the benthic prey.

PAHs with a low molecular weight can be found in all environmental matrices, 
since higher molecular weight compounds are more deeply associated (physically 
and chemically) with sediments/soils and particles than the other abiotic sample 
types. PAHs in air can be modified via chemical oxidation and photochemical 
processes [8], whereas in sediments/soils and the uppermost portion of the water 
column, degradation of PAHs, particularly lower molecular weight PAHs, occurs via 
photooxidation [6, 36]. In addition to parent PAHs, oxygenated PAH metabolites 
formed during these degradation processes can persist associating with sediments 
up to 6 months after initial addition to the water column and thus can endure in 
the environment for extended periods of time [37]. In water samples and sediment, 
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some microorganisms (e.g., fungi, bacteria) have been demonstrated to mineralize 
PAHs under aerobic conditions, particularly those compounds that contain two- 
and three-fused rings (e.g., fluorene, naphthalene), to their basic elements or to 
biodegrade these compounds to more polar degradation products [3, 8]. More infor-
mation on PAH microbial degradation pathways and identification of degradation 
can be found in Cerniglia and Heitkamp [38], Juhasz and Naidu [39], and Bamforth 
and Singleton [40]. Part of research studies have proved that pyrene can be mineral-
ized by certain strains of bacteria (e.g., Mycobacterium) under optimum growing 
conditions in the laboratory, but it is uncertain if this occurs in the natural environ-
ment [41, 42]. In contrast, other higher molecular weight PAHs (e.g., five- and 
six-ring compounds) are not readily degraded by microbes and thus are more likely 
to accumulate in these environmental media (particularly in fine-grained sediments 
with high organic carbon content) [3, 39]. Under anoxic conditions, PAHs persist in 
sediments, particularly in organic sediments [42].

3.2 Biotransformation in the aquatic food web

Pyrolytic PAHs are the most common in aquatic environments. After the 
emission of pyrolytic PAHs into the atmosphere, the molecules fall back and settle 
on the surface of the water or soil [23]. Under the action of soil leaching, PAHs are 
transported to water bodies. These hydrophobic molecules then associate with other 
particles of the column of water and accumulate in the sediment [23].

In aquatic organisms, exposure to PAHs can occur through dermal exposure, 
respiration, or consumption of contaminated prey (e.g., annelids, crustaceans) 
or sediment [43]. Biotransformation of PAHs in aquatic organisms occurs to 
varying degrees depending on a number of factors, including the rate of uptake, 
metabolic capability, physical condition, feeding strategy, and age [43, 44]. 
Invertebrates are capable of PAH uptake from their environment and have been 
shown to have varying levels of PAH-metabolizing capability [44]. Mollusks 
generally have lower PAH-metabolizing capability than certain species of poly-
chaetes, crustaceans, and fish [3].

PAH metabolism in fish is mainly conducted by inducible enzymes of the 
cytochrome P450 family, in particular CYP1A. These enzymes are localized in the 
membranes of the smooth endoplasmic reticulum, located mainly in the liver, but 
are also present in other organs. They are expressed and functional from the earliest 
stages of fish development. These enzymes catalyze the addition of an oxygen 
atom to the PAH molecule through an NADPH-dependent reaction. CYP1A protein 
is induced during exposure of the body to PAHs. CYP1A induction is rapid, and 
activity levels are often increased by a factor of 100 a few hours after exposure. 
These highly polar conjugated metabolites are then excreted into urine or the bile 
for rapid rejection over the gastrointestinal tract [14, 43, 45, 46]. Concerning the 
result of this rapid metabolism in fish, concentrations of parent PAHs are insignifi-
cant in muscle and other tissues. Thus, to determinate a recent exposure to PAHs 
in teleost fish, bile and urine are used, with the preference of bile because of its 
easy sampling. Otherwise, differences in the metabolism of benzo[a]pyrene (BaP), 
including differences in the types and proportions of metabolites formed, have been 
shown between two fish of freshwater [47, 48]. These differences could contribute 
to variations in susceptibility to these carcinogenic compounds among fish species. 
Differences in glutathione-S-transferases may also help explain differential suscep-
tibility to chemically induced carcinogenesis among fish species [46]. A number 
of analytical methods have been developed to measure PAH metabolites in fish 
bile and are reviewed in [14]. Oil spills, including the Deepwater Horizon (DWH) 
spill in the Gulf of Mexico in 2010, show the necessity of the need for additional 
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methods to determine PAH exposure in seafood or protected species (e.g., marine 
mammals) where species cannot be lethally collected. For example, a rapid, 
sensitive HPLC-fluorescence method was developed by the US Food and Drug 
Administration [49] during the DWH spill and was used by federal and Gulf state 
analytical laboratories as part of the seafood safety response [50]. The development 
of new analytical methods like those can provide important information on PAH 
exposure in aquatic organisms.

4. Effects of PAHs on aquatic species

PAHs are an important factor of contamination in the environment but also a 
risk to human health. In fact, the dangers related to PAHs vary according to their 
toxicity on the one hand and the many sources of exposure on the other. It has 
also been proven that carcinogenic and mutagenic effects related to a single com-
pound of PAHs were found. A large number of effects have been identified [51]. 
In fact, genotoxicity and tumorigenesis observed in fish are linked to the presence 
of metabolites. Beyond genotoxicity, there are many other effects observed, for 
example, in behavior, reproduction, and growth.

Benzo[a]pyrene, for example, which is highly studied, leads to a decrease in 
weight [52] and growth [53], an increase in the gonado-somatic index (GSI) in 
Japanese medaka (Oryzias latipes) [52], DNA breaks in oysters (Crassostrea gigas) 
[54], and DNA adducts in zebrafish and on human liver cells (HepG2) [55]. 
Teratogenic effects in particular on the heart of sardine (Clupea pallasii) [56] and 
zebrafish [57, 58] have been observed as well as anemia in scorpion fish (Sebastes 
schlegelii) [59]. Benzo[a]pyrene affects the reproduction of isopods (Oniscus asellus 
and Asellus porcellio scaber) [53] and accumulates in oocytes in catfish (Ictalurus 
punctatus) [60]; it disrupts the expression of the aromatase (enzyme necessary for 
the conversion of androgen such as estrogen isosterone) in female mummichog 
(Fundulus heteroclitus) [61] and inhibits the synthesis of testosterone and estradiol 
in flounder (Platichthys flesus L.) [62].

The toxicity of a compound can be enhanced or reduced by endogenous and 
exogenous factors. For example, in fish, hypoxia [63], geographical origin and fish 
life history [64], and/or the various PAH compounds [65] can cause variations. The 
penetration time in the fish embryo and the depuration time can vary considerably. 
In addition, the effects produced by these molecules, tested individually, do not 
necessarily follow a dose-effect relationship [52].

4.1 Effects of PAHs on the survival

Survival is a commonly used variable. This variable has made it possible to 
develop standardized tests in toxicology such as LD50 (lethal dose) or LC50 (lethal 
concentration) calculations. Although protected in their chorions, fish eggs and 
then larvae are particularly exposed because, in most cases, they are unable to flee 
contaminated areas during their early-life stages [66]. It is during development, 
during the establishment of all organs and systems, that contaminants can pass 
this barrier. They can affect the development and have long-term consequences. 
Exposure to PAHs can lead to decreased survival in aquatic organisms during acute 
exposures. For example, there has been a decrease in survival after early exposure 
of salmon (Oncorhynchus gorbuscha) to dissolve PAHs [67].

In the case of chronic exposure in the early stages, similar effects can be 
observed. Impairment in survival has been observed in salmon (Oncorhynchus 
gorbuscha) exposed to crude oil [68], in minnow (Pimephales promelas) exposed 
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bile and are reviewed in [14]. Oil spills, including the Deepwater Horizon (DWH) 
spill in the Gulf of Mexico in 2010, show the necessity of the need for additional 
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methods to determine PAH exposure in seafood or protected species (e.g., marine 
mammals) where species cannot be lethally collected. For example, a rapid, 
sensitive HPLC-fluorescence method was developed by the US Food and Drug 
Administration [49] during the DWH spill and was used by federal and Gulf state 
analytical laboratories as part of the seafood safety response [50]. The development 
of new analytical methods like those can provide important information on PAH 
exposure in aquatic organisms.

4. Effects of PAHs on aquatic species

PAHs are an important factor of contamination in the environment but also a 
risk to human health. In fact, the dangers related to PAHs vary according to their 
toxicity on the one hand and the many sources of exposure on the other. It has 
also been proven that carcinogenic and mutagenic effects related to a single com-
pound of PAHs were found. A large number of effects have been identified [51]. 
In fact, genotoxicity and tumorigenesis observed in fish are linked to the presence 
of metabolites. Beyond genotoxicity, there are many other effects observed, for 
example, in behavior, reproduction, and growth.

Benzo[a]pyrene, for example, which is highly studied, leads to a decrease in 
weight [52] and growth [53], an increase in the gonado-somatic index (GSI) in 
Japanese medaka (Oryzias latipes) [52], DNA breaks in oysters (Crassostrea gigas) 
[54], and DNA adducts in zebrafish and on human liver cells (HepG2) [55]. 
Teratogenic effects in particular on the heart of sardine (Clupea pallasii) [56] and 
zebrafish [57, 58] have been observed as well as anemia in scorpion fish (Sebastes 
schlegelii) [59]. Benzo[a]pyrene affects the reproduction of isopods (Oniscus asellus 
and Asellus porcellio scaber) [53] and accumulates in oocytes in catfish (Ictalurus 
punctatus) [60]; it disrupts the expression of the aromatase (enzyme necessary for 
the conversion of androgen such as estrogen isosterone) in female mummichog 
(Fundulus heteroclitus) [61] and inhibits the synthesis of testosterone and estradiol 
in flounder (Platichthys flesus L.) [62].

The toxicity of a compound can be enhanced or reduced by endogenous and 
exogenous factors. For example, in fish, hypoxia [63], geographical origin and fish 
life history [64], and/or the various PAH compounds [65] can cause variations. The 
penetration time in the fish embryo and the depuration time can vary considerably. 
In addition, the effects produced by these molecules, tested individually, do not 
necessarily follow a dose-effect relationship [52].

4.1 Effects of PAHs on the survival

Survival is a commonly used variable. This variable has made it possible to 
develop standardized tests in toxicology such as LD50 (lethal dose) or LC50 (lethal 
concentration) calculations. Although protected in their chorions, fish eggs and 
then larvae are particularly exposed because, in most cases, they are unable to flee 
contaminated areas during their early-life stages [66]. It is during development, 
during the establishment of all organs and systems, that contaminants can pass 
this barrier. They can affect the development and have long-term consequences. 
Exposure to PAHs can lead to decreased survival in aquatic organisms during acute 
exposures. For example, there has been a decrease in survival after early exposure 
of salmon (Oncorhynchus gorbuscha) to dissolve PAHs [67].

In the case of chronic exposure in the early stages, similar effects can be 
observed. Impairment in survival has been observed in salmon (Oncorhynchus 
gorbuscha) exposed to crude oil [68], in minnow (Pimephales promelas) exposed 
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to contaminated sediment [69], in Chanos chanos and capelin (Mallotus villosus) 
exposed to dissolved PAHs (anthracene, B[a]P, pyrene and heavy fuel oil) [66, 70], 
and in shrimp (Palaemonetes pugio) exposed to the pyrene feed which also shows 
reduced survival [71]. In other studies, survival is not affected by PAHs. This is the 
case, for example, in terrestrial isopods, where oral administration does not have 
significant effects on survival [53]. It is also not affected after exposure to BaP in 
mummichog (Fundulus heteroclitus) [72]. PAHs can affect survival in some cases 
and not in others. This extreme variable may not be the most sensitive for all species 
or all types of exposure.

4.2 Malformations and growth

PAHs induce malformations during development. They lead to a decrease 
in skeletal mineralization in bass (Dicentrarchus labrax) [73] and craniofacial 
deformities in scorpion fish (Sebastiscus marmoratus) [74]. Jaw malformations [75] 
in this same fish as well as in zebrafish [58] were also observed. The number of 
edemas is also increased in scorpion fish (Sebastes schlegelii), salmon (Oncorhynchus 
gorbuscha) [67, 76], and medaka (Oryzias latipes) [77], as well as the occurrence of 
hemorrhages in trout (Oncorhynchus mykiss) [78]. The impact of PAHs on growth 
is frequently reflected in a reduction in size and/or weight [67, 79, 80]. This reduc-
tion in growth is observed regardless of the mode of administration of PAHs, the 
concentrations used, and the duration of exposure [59, 70, 81]. Weight reduction is 
often proportional to contamination [81]. Unfortunately, these are not the only vis-
ible damage. A decrease in lipid reserves may be observed and result in a decrease in 
energy reserves [10, 79].

4.3 Metabolism and osmoregulation

In a PAH study, fish were exposed to the soluble fraction of a crude oil mixture. 
Structural lesions and morphological differences are noted on the gill [82]. These 
differences would be related to a metabolism aimed at reducing contact with the 
pollutant, which would reduce the gill surface and oxygen supply. A reduction in 
oxygen uptake could compromise the fish metabolism [82].

Osmoregulation problems following exposure of Sebastiscus marmoratus to 
dissolve PAHs have been observed [75]. PAHs would inhibit Na+/K+ activity in a 
dose-dependent manner and play a role in osmoregulation.

4.4 Effect on behavior

The behavioral response of an animal following exposure to stress and/or 
contaminant (s) is increasingly studied [83–87].

The behavior makes it possible to discriminate a large number of integrating 
variables from the changes induced by PAHs. Swimming activity can be assessed 
as well as other aspects such as lethargy, anxiety, social communication, eating 
behavior, flight response, learning, or reproductive behavior.

A reduced swimming activity in seabream (Sparus aurata) was observed follow-
ing a 4 days of exposure to dissolved PAHs [88, 89]: phenanthrene, fluorine, and 
pyrene [89]. An increase in lethargy and a reduction in the number of surface surges 
have also been observed following exposure to dissolved PAHs in this species [88, 89].

These variables can also be used to evaluate the neurotoxic effects of a contaminant. 
The reduction of social interactions following exposure to phenanthrene [89] is proven.

The escape response, in the presence of fluoranthene, has been demonstrated in 
control fish [90]. The fish are placed in a double flow aquarium. A flow of control 
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water and a flow of water containing fluoranthene are present. Fish that have never 
been exposed are fleeing fluoranthene. On the other hand, fish that have been 
previously exposed to a high dose of fluoranthene no longer leak the molecule [90].

Learning and exploration abilities are diminished after exposure to PAHs. For 
example, discrimination of a familiar object is altered in mice exposed to BaP. In the 
same vein, dietary exposure of the mother to a mixture containing the 16 priority 
PAHs of the USEPA leads to behavioral alteration in the next generation, especially in 
a new environment. The reproductive behavior can also be disturbed. The ability of a 
male to find a female can be altered, as is the case in amphipods, for example [91].

4.5 Effect on reproduction

PAHs are lipophilic molecules that are transported and found in the ovaries via 
vitellogenin and/or lipovitellin [60]. They can also result in inhibition of vitellogenin 
synthesis, as has already been shown in trout after exposure to β-naphthoflavone 
[92]. This exposure compromises the maturation of the ovaries and causes an 
increase in apoptosis in gonadal cells [91]. These pollutants lead, for example, to 
reproductive inhibition in shrimp exposed to pyrene [71]. A decrease in fecundity, 
number of breeding cycles, and larval survival is observed in different fish species. 
In mussels, gametes are deformed and are present in small numbers [91].

Females are not the only ones to be affected. Male sperm quality can also be 
altered after exposure to benzo[b]fluoranthene, as is the case in mice exposed via 
breast milk [59]. Sperm quality is reduced, and there is also an increase in testicular 
apoptosis.

5. PAHs in eels

High-performance liquid chromatography (HPLC) is generally used for the 
determination of PAH metabolites in considerable fish species [93–98] and has been 
covered by an intercalibration exercise [22].

Although bile metabolites have been measured in many species of fish [13], those 
selected for biomonitoring programs tend to be common, long-lived species at the 
top of the food chain, with relatively sedentary life styles and benthic habits [99]. 
Consequently, the common eel (Anguilla anguilla) has been used in studies of PAH 
contamination [100, 101]. Pleuronectid flatfish are also well-suited to biomonitoring, 
and the European flounder (Pleuronectes flesus), an abundant flatfish in most European 
estuaries, has been frequently chosen to assess PAH contamination [102, 103].

The study conducted by Ruddock et al. [104] in the Severn Estuary showed that 
from the six metabolites of polycyclic aromatic hydrocarbons (PAHs) identified and 
quantified from the bile of Anguilla anguilla, Pleuronectes flesus, and Conger conger 
collected during 1997, the main metabolite present in all fish was 1-hydroxypyrene 
with lower proportions of 1-hydroxychrysene and 1-hydroxyphenanthrene and 
small concentration of three benzo[a]pyrene derivatives. The results approve the 
importance of 1-hydroxypyrene as the important PAH metabolite in fish bile and 
suggest that the A. anguilla is an excellent species for monitoring PAHs in estuarine 
ecosystems. 1-Hydroxypyrene is invariably the major metabolite present in the bile 
of fish exposed to PAH-contaminated sediments [105], and this was confirmed by 
the results of this work for fish in the Severn Estuary. Pyrene is produced by many 
petrogenic and pyrolytic processes [43] and has been detected in significant number 
in sewage outfalls [106]. It is regarded the best general indicator of PAH exposure 
in fish [100, 107]. The contribution of 1-OH-Phen to the total metabolites detected 
ranged from approximately 2% in flounders and conger eels to 8% in common eels. 
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water and a flow of water containing fluoranthene are present. Fish that have never 
been exposed are fleeing fluoranthene. On the other hand, fish that have been 
previously exposed to a high dose of fluoranthene no longer leak the molecule [90].

Learning and exploration abilities are diminished after exposure to PAHs. For 
example, discrimination of a familiar object is altered in mice exposed to BaP. In the 
same vein, dietary exposure of the mother to a mixture containing the 16 priority 
PAHs of the USEPA leads to behavioral alteration in the next generation, especially in 
a new environment. The reproductive behavior can also be disturbed. The ability of a 
male to find a female can be altered, as is the case in amphipods, for example [91].

4.5 Effect on reproduction

PAHs are lipophilic molecules that are transported and found in the ovaries via 
vitellogenin and/or lipovitellin [60]. They can also result in inhibition of vitellogenin 
synthesis, as has already been shown in trout after exposure to β-naphthoflavone 
[92]. This exposure compromises the maturation of the ovaries and causes an 
increase in apoptosis in gonadal cells [91]. These pollutants lead, for example, to 
reproductive inhibition in shrimp exposed to pyrene [71]. A decrease in fecundity, 
number of breeding cycles, and larval survival is observed in different fish species. 
In mussels, gametes are deformed and are present in small numbers [91].

Females are not the only ones to be affected. Male sperm quality can also be 
altered after exposure to benzo[b]fluoranthene, as is the case in mice exposed via 
breast milk [59]. Sperm quality is reduced, and there is also an increase in testicular 
apoptosis.

5. PAHs in eels

High-performance liquid chromatography (HPLC) is generally used for the 
determination of PAH metabolites in considerable fish species [93–98] and has been 
covered by an intercalibration exercise [22].

Although bile metabolites have been measured in many species of fish [13], those 
selected for biomonitoring programs tend to be common, long-lived species at the 
top of the food chain, with relatively sedentary life styles and benthic habits [99]. 
Consequently, the common eel (Anguilla anguilla) has been used in studies of PAH 
contamination [100, 101]. Pleuronectid flatfish are also well-suited to biomonitoring, 
and the European flounder (Pleuronectes flesus), an abundant flatfish in most European 
estuaries, has been frequently chosen to assess PAH contamination [102, 103].

The study conducted by Ruddock et al. [104] in the Severn Estuary showed that 
from the six metabolites of polycyclic aromatic hydrocarbons (PAHs) identified and 
quantified from the bile of Anguilla anguilla, Pleuronectes flesus, and Conger conger 
collected during 1997, the main metabolite present in all fish was 1-hydroxypyrene 
with lower proportions of 1-hydroxychrysene and 1-hydroxyphenanthrene and 
small concentration of three benzo[a]pyrene derivatives. The results approve the 
importance of 1-hydroxypyrene as the important PAH metabolite in fish bile and 
suggest that the A. anguilla is an excellent species for monitoring PAHs in estuarine 
ecosystems. 1-Hydroxypyrene is invariably the major metabolite present in the bile 
of fish exposed to PAH-contaminated sediments [105], and this was confirmed by 
the results of this work for fish in the Severn Estuary. Pyrene is produced by many 
petrogenic and pyrolytic processes [43] and has been detected in significant number 
in sewage outfalls [106]. It is regarded the best general indicator of PAH exposure 
in fish [100, 107]. The contribution of 1-OH-Phen to the total metabolites detected 
ranged from approximately 2% in flounders and conger eels to 8% in common eels. 
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Phenanthrenes are released to the atmosphere during the combustion of fossil fuels, 
particularly coal, oil, and its refined products [43]. Like all PAHs with two to four 
benzene rings, phenanthrenes can remain suspended in airborne particles for long 
periods [108]. Compared to the other PAHs detected, BaP has a very low solubility 
in water and low bioavailability, but metabolites of BaP are especially important 
because of their potent mutagenic and carcinogenic properties [109–111].

A recent study conducted by Baali et al. [2] on bile metabolites of PAHs in 
18 European eels (Anguilla anguilla), 7 moray (Muraenidae), and 28 conger eels 
(Conger conger) from Moroccan waters (Moulay Bousselham lagoon and Boujdour) 
shows the presence of two polycyclic aromatic hydrocarbon (PAH) metabolites, 
1-hydroxypyrene (1-OH-Pyr) and 1-hydroxyphenanthrene (1-OH-Phen). The high-
performance liquid chromatography with fluorescence detection method was used 
to separate the bile metabolites.

The goals of the present study were to compare the levels of PAH metabolites in 
eels from the lagoon and sea and also to compare levels of PAH metabolites between 
the different eels.

In this study the PAH metabolites (1-OH-Pyr and 1-OH-Phen) were detected 
in all species. The results of this investigation show that the concentration of 
1-OH-Pyr was high for Anguilla anguilla than the other species (Figure 1). The 
conger eels represent the species with the lower concentration of 1-OH-Pyr. This 
result reflects the low degree of contamination in Boujdour coast (Figure 1). Thus, 
the presence of high concentration of 1-OH-Pyr and 1-OH-Phen in the bile of the 
European eels and morays reflects the high degree of contamination in the lagoon 
which is due to the anthropogenic activity in Moulay Bousselham lagoon. From the 
comparison between the contamination of the European eels and morays belong-
ing to Moulay Bousselham lagoon, the results show that the first species present 
a higher concentration of PAH metabolites than the second one (Figure 1). This 
conclusion confirms that the Anguilla anguilla is more suitable species for moni-
toring PAH contamination. The European eels spend most of their life in muddy 
sediment which usually present a high PAH concentration levels. The pollutants 
in sediment are easily accumulated [112–114]. Accordingly, it is recognized that 
sediment contamination has a particular interest with regard to aquatic ecosystem 
quality. Sediment is an important source of pollutants and the factor with the high 
impact on the deterioration of the water quality. Although the feeding habit of the 
European eels may result in higher exposure to PAHs whence the high concentra-
tion of 1-OH-Pyr and 1-OH-Phen in the bile of this species [115], the accumulation 
of PAHs from the surrounding water is considered more efficient than impacted 
food [116]. The level of PAH metabolites in fish bile varies according to the area. 
The results show that Boujdour Sea is not a polluted site [117]. Moulay Bousselham 
lagoon is a semi-closed area; the concentration of pollutants in this site is higher 
than Boujdour Sea because of its lower water circulation. In the lagoon PAHs are 
easily accumulated than that in the sea [112]. Our results confirm that 1-OH-Pyr is 
the major metabolite present in fish bile [104, 105] and the best indicator of PAH 
exposure in fish [100, 107]. It was found that 1-OH-Pyr is the dominant compound 
in eel bile [118–120]. The results show that the levels of PAHs in Morocco are lower 
than those obtained in the other regions. As a conclusion of this study, the possible 
health risk of PAH contamination in Boujdour coast and Moulay Bousselham lagoon 
might be low compared to the other European sites.

The concentration of 1-OH-Pyr varies significantly with length (p < 0.05) for 
each species. The results obtained in this study [2] show that the concentration of 
PAH metabolites does not always increase with the size; there are obviously factors 
which can affect the exposure of this pollutant such as species differences, age, sex, 
maturity, and diet.
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6. Conclusion

PAHs are originally organic compounds that are created from the partial com-
bustion of organic elements or pyrolysis of organic material. These compounds are 
associated to the treatment of wood, oil, coal, and gas in order to produce the energy.

PAHs are transferred in the air in gas or particle aspect, and they are accumu-
lated by wet and dry deposition. The transported elements play important role in 
the chemistry of the atmosphere. These particles also have significant impact in 
human health, because many PAHs are classified as probable human carcinogens.

The other faculty of PAHs is the capacity of degrading microorganism such as 
bacteria, fungi, and algae. It concerns the failure of organic compounds through 
biotransformation into less complex metabolites and through mineralization into 
inorganic minerals.

In this chapter, many effects on the biology of species following exposure to 
PAHs have been demonstrated. At the end of these organic studies on fish, it has 
been shown that the PAH biliary metabolites studied have the potential to describe 
the state of exposure of fish to organic pollutants (PAHs).

The study of a possible contamination of eels from different countries shows 
that 1-hydroxypyrene (1-OH-Pyr) is the dominant pollutant present in fish bile and 
is the best general indicator of PAH contamination.

Figure 1. 
Bile metabolite 1-hydroxypyrene (a) and 1-hydroxyphenanthrene (b) concentrations detected in European eels 
(Anguilla anguilla) collected from different areas and eels from Morocco (conger, moray, and European eel) as 
mean (triangles) and range (panels).
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health risk of PAH contamination in Boujdour coast and Moulay Bousselham lagoon 
might be low compared to the other European sites.

The concentration of 1-OH-Pyr varies significantly with length (p < 0.05) for 
each species. The results obtained in this study [2] show that the concentration of 
PAH metabolites does not always increase with the size; there are obviously factors 
which can affect the exposure of this pollutant such as species differences, age, sex, 
maturity, and diet.
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6. Conclusion

PAHs are originally organic compounds that are created from the partial com-
bustion of organic elements or pyrolysis of organic material. These compounds are 
associated to the treatment of wood, oil, coal, and gas in order to produce the energy.

PAHs are transferred in the air in gas or particle aspect, and they are accumu-
lated by wet and dry deposition. The transported elements play important role in 
the chemistry of the atmosphere. These particles also have significant impact in 
human health, because many PAHs are classified as probable human carcinogens.

The other faculty of PAHs is the capacity of degrading microorganism such as 
bacteria, fungi, and algae. It concerns the failure of organic compounds through 
biotransformation into less complex metabolites and through mineralization into 
inorganic minerals.

In this chapter, many effects on the biology of species following exposure to 
PAHs have been demonstrated. At the end of these organic studies on fish, it has 
been shown that the PAH biliary metabolites studied have the potential to describe 
the state of exposure of fish to organic pollutants (PAHs).

The study of a possible contamination of eels from different countries shows 
that 1-hydroxypyrene (1-OH-Pyr) is the dominant pollutant present in fish bile and 
is the best general indicator of PAH contamination.

Figure 1. 
Bile metabolite 1-hydroxypyrene (a) and 1-hydroxyphenanthrene (b) concentrations detected in European eels 
(Anguilla anguilla) collected from different areas and eels from Morocco (conger, moray, and European eel) as 
mean (triangles) and range (panels).
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