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Abstract

The extensive application of nanoparticle (NP) synthesis and expansion in recent
advances in biological and material science have been of considerable scientific
interest from the last century as they possess properties to measure and influence
the physical substance from an atomic and molecular point of view compared
with bulk materials. NPs are usually coated with metal ions, chemical surfac-
tants, polymers, and smaller molecules. Due to these properties nanoparticles
tend to get the toxic value that is largely estimated triggering both the environ-
mental and human health risks. The number size distribution of nanoparticles of
1-100 nm is the main cause of these substances affecting the environment and
health system where the passage into the ecological food chains via microorgan-
isms has been easy, disturbing the biological balance. Hence, it is vital to evalu-
ate the toxicity of NPs associated with microorganisms beforehand. Though the
eukaryotic model was renowned, in recent developments, the use of prokaryotic
models especially bacteria is considered the most convenient, rapid, and cost
effective. Evaluating the toxicity of NPs using microorganisms gives an insight
into the toxic impacts of NPs. Bacterial species such as Escherichia coli,
Pseudomonas sp., Bacillus sp., and mainly magnetotactic bacteria intracellularly
can synthesize the tiny crystals referred to as nanocrystals. The mechanism asso-
ciated with the toxicity of NPs is mainly the oxidative stress and generation of
reactive oxygen species that results in membrane disorganization, impair repro-
duction, and growth inhibition. This chapter in detail will give out the different
approaches to evaluate the toxicity of NPs and also the use of different prokary-
otic models that produce eco-friendly nanoparticles that are of greater impor-
tance in the biological system.
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14.1 Introduction

In recent days, the target on nanoparticles, their origin, activity, and biological tox-
icity by the researchers has been of much interest due to revolutionary develop-
ments in the field of nanotechnology with novel and diverge application coming into
view in our daily lives. Nanotechnology is a well-known advanced technology in
the field of research since the twentieth century. The word “nano” is derived from a
Latin word, which means “dwarf.” The productions of nanoscale level materials
have become major innovatory developments in the field of nanotechnology. The
nanostructures show substantial innovative and enhanced physical, chemical, and
biological properties and develop owing to their size (Kumar et al. 2011). Extensive
application of nanoparticle (NP) synthesis and expansion in recent advances in bio-
logical and material science have been of great scientific interest from the last cen-
tury as they possess properties to measure and influence the physical substance from
an atomic and molecular point of view compared with bulk materials. NPs are usu-
ally coated with metal ions, chemical surfactants, polymers, and smaller molecules.
Due to these properties, nanoparticles tend to get the toxic value that is largely
estimated, triggering both the environmental and human health risks. Facts of the
toxicity effects of these small molecules are restricted, but according to latest
research, it is swiftly budding (Ai et al. 2011).

Prokaryotes especially bacteria are the most common module of all known eco-
systems. They play a significant role in biological cycles, degradation of impurities,
the root of food webs or chains, and also soil health. The choice of researchers to
use prokaryote models extensively is due to their simple structure and functional
organization, short generation time compared with other organisms, nonpathogenic
nature (harmless), an efficient genetic, and experimental model (easily manipu-
lated) since the genetic background of these organisms is clear (i.e., the genome
levels are fully sequenced and studied). Bacterial species intracellularly can synthe-
size the tiny crystals referred to as nanocrystals. Wiesner et al. (2009) have avowed
that “microbial ecotoxicity” is predominantly an important consideration in assess-
ing the toxicity mechanism of NPs that extrapolate to eukaryotic cells.

14.2 Nanoparticles

Nanoparticles (NPs) are a wide class of miniaturized particles with a range of 10~
and 1-100 nm dimensional size (Laurent et al. 2008). Nanoparticles vary in their
chemical, physical, mechanical, and electrical properties that differ significantly as
of their corresponding bulk material due to their broad distribution in size (Biswas
and Wu 2005; Lowry et al. 2012). For this reason, a material acknowledged to be
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nontoxic in bulk can subsist toxic at the nanometer scale due to its characteristic
properties (Karlsson et al. 2009). Nanosized materials are allied to various scientific
and advanced application technologies in the field of biosciences, namely, environ-
ment, chemical, pharmaceutical, health, and electrical engineering and also in the
area of life and applied sciences (McDonald et al. 2005; Tripathi et al. 2016; Tiwari
etal. 2017). Taken as a whole, based on the shape size and structure, these materials
are grouped from 0D to 3D (Tiwari et al. 2012). NPs are complex molecules with
three distinct layers: (a) the topmost being surface layer (functionalized with an
array of small molecules, metal ions, surfactants, and polymers), (b) the shell layer,
and (c) the core layer. The shell and core layer differ chemically in every character-
istic. The core, the central portion, is by itself the nanoparticle (Singh et al. 2017).

14.3 Classification of Nanoparticles

Nanomaterials (NMs) can be classified by different looms. NMs are stratified based
on their dimensions, type of material, and their origin.

14.3.1 Classification Based on Dimensions

Pokropivny and Skorokhod (2007) have given out a new classification for NMs
based on the dimensions of the particle structure that included 0D, 1D, 2D, and 3D.

14.3.1.1 Zero-Dimension Nanoparticles (0D NPs)

Zero nanomaterials or 0D refers to the measurement of all the dimensions within
nanoscales (no dimensions larger than 100 nm). The general representation of 0D
nanomaterials is the nanoparticles.

14.3.1.2 One-Dimension Nanoparticles (1D NPs)

One-dimension system has been in use for decades. The utterance of “nano” has
been allocated to refer the digit 10~ (Hickey et al. 2013) which means one billionth
of any unit that fallouts in the development of 1D NPs resembling a thin film or
monolayers (range 1-100 nm in size) which is exploited in electronics; chemical
and biochemical sensors (Alivisatos 2004; Kong et al. 2000); information storage
system; pharmaceuticals; bioengineering; fiber and magneto-optic systems (Kong
and Dai 2001; Cui et al. 2001); construction of nanowires, rods, tubes, belts, and
ribbons; and nano-hierarchical models (Tolani et al. 2009; Wang 2000; Duan et al.
2001; Cui and Lieber 2001; Huang et al. 2001; Xia et al. 2003).

14.3.1.3 Two-Dimension Nanoparticles (2D NPs)

Two-dimension structures are not confined to the nanoscale. They usually have two
dimensions exterior to the range that of nanometric size with a particular shape. 2D
materials habitually exhibit platelike shapes and successive exploitation as building
blocks for the manufacture of nanodevices (Jibowu 2016). Two of the dimensions
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have potential application in the field of nano-containers, nano-reactors, photocata-
lysts, and as a template for other 2D structures. The most known 2D nanostructures
are the carbon nanotubes (CNTs). Carbon nanotubes (CNTs) which are cylindrical
hollow fibers consist of pure graphite surrounded by a hexagonal net of carbon
atoms (Novoselov et al. 2004).

14.3.1.4 Three-Dimension Nanoparticles (3D NPs)

3D nanoparticles or bulk nanomaterials are not confined to nanoscale in any dimen-
sions. These materials are differentiated and said to have three arbitrarily dimen-
sions beyond 100 nm. Bulk nanostructures have gained a broad interest in research.
3D nanostructures are classifed as dendrimers (highly branched, star-shaped macro-
molecules), fullerenes (also named as carbon 60 (C60), resemble soccer ball), and
quantum dots (Bhatia 2016).

14.3.2 Classification Based on Material Type

Current NPs are grouped into four material-based categories: organic, inorganic,
carbon, and composite-based materials.

14.3.2.1 Organic-Based Nanomaterials

These types of NMs are of organic substance that is eco-friendly and nonhazardous.
These are mostly preferred in drug delivery systems due to their unique property as
a nanocapsule which is sensitive to thermal and electromagnetic radiation (Tiwari
et al. 2008). The weak bonding (noncovalent) for self-assembly and design of mol-
ecules facilitates the transformation of organic NMs into the preferred formation,
for example, dendrimers, micelles, liposomes, and NP polymers.

14.3.2.2 Inorganic-Based Nanomaterials

Inorganic NMs are more often than not made of carbon. They usually include metal
ions such as aluminum (Al), silver (Ag), gold (Au), zinc (Zn), copper (Cu), cobalt
(Co), cadmium (Cd), iron (Fe), and lead (Pb) and metal oxides, namely, iron oxide
(Fe,03), aluminum oxide (Al,Os), titanium oxide (TiO,), zinc oxide (ZnO), silicon
dioxide (Si0,), cerium oxide (CeO,), and magnetite.

14.3.2.3 Carbon-Based Nanomaterials

Commonly, these nanoparticles are made of carbon, hence known as carbon-based
materials (Bhaviripudi et al. 2007). Carbon NMs are classed into graphene, CNTs,
C60, carbon nanofibers, carbon black, and onions (Kumar and Kumbhat 2016).

14.3.2.4 Composite-Based Nanomaterials

These nanosized materials are multiphase NPs in combination with metal-, carbon-,
and organic-based NMs that can combine any NP with neighboring NP or a combi-
nation of bulk-type materials (e.g., hybrid nanofibers) or added complex structure
(e.g., metalorganic frameworks).
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14.3.3 Classification Based on Origin

Based on either natural or incidental or synthetic source, the NPs are classified into
natural and synthetic nanomaterials.

14.3.3.1 Natural Nanomaterials

In the natural world by either biological species or through anthropogenic activities,
natural nano-objects are formed. NMs occur naturally through the Earth’s spheres
which constitute the total atmosphere, hydrosphere, lithosphere, and biosphere that
cover up micro- and higher organisms, together with humans (Hochella et al. 2015;
Sharma et al. 2015).

14.3.3.2 Synthetic Nanomaterials

Synthetic nanosized materials are also called engineered nanomaterials (ENMs)
since they are formed by mechanical actions (manufactured) either by physical,
chemical, or biological hybrid methods by humans. These are generally toxic to the
environment where researchers are highly forecasting the risk behavior.

14.3.3.3 Incidental Nanomaterials

These are by-products incidentally produced from industrial processes such as
engine exhaust, smoke from forest fires, welding fumes, and combustion
processes.

14.4 Nanotoxicology

Nanotoxicology is an emerging new branch of bionanoscience that deals with the
study of toxicity of structures smaller than 100 nm (nanomaterials) which affects
both the environment and the human health as a result from manufacturing pro-
cesses (engineered NMs), natural processes such as geological processes (volcanic
ashes), atmospheric actions, and combustion practices (Haynes 2010; Maynard
etal. 2011). Improvement in the fields of nanotechnology has benefits, but weighing
the risk against benefits is needed and evaluating the level of toxicity is to be focused
on reducing the risk assessed. Early million years ago, mankind and the living
beings on Earth were claimed to be exposed to naturally produced NMs that result
from the natural processes taking place every day around us (Nel et al. 2006; Buzea
et al. 2007). NMs turned out from industrial and manufacturing practices by man
have been probably toxic. They enter the ecosystem or the food web and tend to
show direct risk for exposition. Few examples of natural and human-made NP by-
products are soil erosions, ocean water evaporation, volcanic ashes, biogenic mag-
netite, quantum dots, catalysts, cosmetics, coating, consumer products, and building
demolition, respectively. Also noticeable is that merging metals cause complex tox-
icity, which is not shown with single metals. Earlier in 1975, a study reported oxida-
tive stress in asbestosis and cell structure disconfirmation due to the nanoparticle
asbestos.
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14.5 Nanomaterials and Biological System Interaction

Engineered NPs (ENPs) produced as a result of human activities furtively makes a
way into the environment through water, soil, and air as a source. Application of
NPs for green management intentionally instils or dumps ENP into the soil or aqua
bodies. Nearly all nanoparticles are nondegradable and live longer than years in our
surrounding environment (Navarro et al. 2008). This has consequentially engrossed
an increasing alarm for all the stakeholders.

Commercially synthesized NPs have pioneered a way into our daily lives. One
such example is the most widely used nanomaterial, ZnO, that has a leading appli-
cation with industries and commercial productions such as products of personal
care, ceramic goods, and paints (Brar etal. 2010; Blinova et al. 2010; Dechsakulthorn
et al. 2008; Fan and Lu 2005). Another paradigm is the most common nanoparticle
TiO,; it is extensively used in food additives and drug delivery systems in personal
care products (Ray et al. 2009; Kangwansupamonkon et al. 2009).

Living beings, especially humans, are exposed to these nano-objects through
inhalation, dermis, blood circulation, ingestion, and translocation to various organs
and tissues (Oberdorster et al. 2005a). The passageway of nanomaterials through
cell membranes and other natal barriers causing cellular dysfunction is due to their
tiny size of the so-called nanostructures (Nel et al. 2006; Xia et al. 2008). The typi-
cal example in the human body is the respiratory system which is an inimitable
target for the NMs toxicity as it has a dual function of inhaling and gets complete
cardiac output (Ferreira et al. 2013). The inhaled nanoparticles with the help of
Brownian movement are put down in the alveolar region. As the surface area of the
alveoli is high and has rigorous blood contact, the target system on the subject is
more likely to be exposed to environmental influences (Maynard and Kuempel
2005; Aillon et al. 2009; Chidambaram and Krishnasamy 2012). The digestive stim-
ulation due to ingestion of NPs in the digestive tract is because of the increase in
macromolecular absorption due to the massive upload of nanoparticles (Hagens
et al. 2007). The skin, the body’s largest organ, is the first line of defense against
external aggressors. The mechanism underlying the nanoparticle’s entry into the
dermis is that when in contact to the outside environment, the tiny particles are
expected to mount around the hair follicles and cross the threshold keen into the
body (Stern and McNeil 2008).

Studies have shown that most NPs do release reactive oxygen which in turn
causes oxidative stress and inflammation by the reticuloendothelial system. The
outcome on inflammatory and immunological systems may perhaps result in pro-
inflammatory cytotoxic activity and oxidative stress in the lungs, liver, and brain,
pre-thrombosis, and paradox effects on the circulating system (Ai et al. 2011).
Nanoparticles are capable of reorganizing the protein concentration which depends
on the size, twist, shape and surface charge, free energy, and functionalized groups.
Due to this complex binding, adverse biological outcomes arise in the course of
protein unfolding, fibrillation, thiol cross-linking, and reduced enzyme activity.
Another instance is the discharge of toxic ions, while the thermodynamic traits of
materials favor particles suspension in a biological surrounding (Xia et al. 2008).
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Though few studies have addressed the toxicity effect of nanomaterials on ani-
mals and plant cells, the mechanism relating to the toxicological studies has not yet
concluded. Silver (Ag) nanoparticles produced from consumer products in the dis-
solved form highly sediment in aquatic bodies exerting a toxic effect on marine
organisms together with bacteria, algae, fish and daphnia (Navarro et al. 2008).

NPs have a propensity to amass in the sea and hard water and are very much
powered either by specific type of organic matter or other biological particles herein
freshwater. The state of distribution alters the ecotoxicity; however, several abiotic
factors influence the dispersion. These factors are, namely, pH and salinity, and the
existence of organic substances remains to be analytically examined as a part of
ecotoxicological studies (Handy et al. 2008).

14.6 Evaluation of Toxicity

Evaluation of nanomaterial effect on biological organisms and ecosystem showed no
general concord on techniques and protocols despite the many efforts done (Reineke
2012). Many tools have been established in evaluating the toxicity of NPs. As dis-
cussed already in the above sections, engineered nanomaterials (ENMs) have more
odds for toxicity as testing these materials necessitate special attention and contem-
plation (Dusinska et al. 2015). EMEA and FDA in Europe and the USA regulated
chemicals under the process of REACH (registration, evaluation, authorization, and
restriction) for nanomedicine and pharmaceutical products (Dusinska et al. 2009,
2015; Seaton et al. 2010). Several tools have been in existence for testing toxicity,
preferably using in vitro, in vivo, and in silico approaches. Characterization, bio-
availability, and uptake of NPs and mechanism of toxicity should be evaluated step-
wise. However, huge sets of data are required for budding and confirming different
strategies in case of ENMS risk assessment; this normally is based on grouping and
read-across approaches (Oomen et al. 2015). Strong and consistent data can be issued
by using high-throughput methods. The use of high-throughput methods in testing
ENM toxicity allows the testing of several ENMs at different concentrations, cells,
and conditions exposed, reduces inter-experimental variations effects, and makes
considerable savings in rate and time (Collins et al. 2017).

The measurement of environmental hazards due to NPs is taken for ecotoxicity
test, an alternative tool framed for assessing intrinsic dangers of chemical sub-
stances which may be freed into nature (Crane et al. 2008). Methods for testing of
NMs and their impact on the environment and living systems are assembled into
four categories, namely, chemical and physical characterization, a microbiological
assay using prokaryotes, in vitro and in vivo assays.

In vitro and in vivo studies generally are used to test the toxicity of chemicals and
to know their primary mechanism, for example, oxidative stress, immunotoxicity,
and genotoxicity. Some of the said methods are already established and approved by
OECD guidelines. Nevertheless, methodologies concerning dosimetry, dispersion,
short of washout, uptake, and ENMs interaction with cells and tissues are to be
concerned.
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14.6.1 Physicochemical Factors of Nanotoxicology

Physical and chemical characterization of nano-objects plays a crucial role in toxic-
ity. The size and surface area of the nanostructures function as a key cause in the
occurrence of some diseases, for example, respiratory diseases. Besides the size of
the particle, features such as crystallinity, surface chemistry, oxidative stress, sur-
face coating, porosity, purity, and the longevity of particles play a significant role in
nanotoxicity (Ai et al. 2011).

14.6.1.1 Size

Toxicity of a particle lies basing on the size and chemical compounds. A drop in the
size of nanosized objects results in enhancing the particle surface area. Consequently,
a large number of chemical substances attach to the surface which in turn increases
the reactivity resulting in increased toxicity (Linkov et al. 2008). An example of this
type of mechanism was seen in mucus where the absorbed nanoparticles travel
through tissues before reaching the bloodstream. A different study by Hyuk et al.
showed 33% of 50 nm, 26% of 100 nm, and 10% of 500 nm in mucosal and lym-
phatic tissues of the intestine. Nanomaterials larger than 1 and 3 pm were seen as
weaker and rare, respectively, in lymphatic tissues. The conclusion drawn by the
researchers on particle size is that: (a) Nanoparticles <100 nm and not >300 nm are
absorbed by intestinal cells. (b) The absorption of smaller NPs in the lymphatic tis-
sue is greater than intestinal cell but cannot absorb particle size of 400 nm and
above. (c) Nanomaterials below 500 nm are said to enter the circulatory system.
Crossing the cell membranes reaching the bloodstream via many organs is because
of their small size and larger surface-to-volume ratio than bigger nano-substances.
Hence, this is the sole basis for the presence of more chemical molecules on the
surface; this by reason gives the more toxic effect for small NPs than larger compo-
nents of the same composition (Hyuk Suh et al. 2009).

14.6.1.2 Particle Surface Chemistry

Nanoparticles cover a slightly high proportion of surface atoms basing to their
geometry, and this ratio as well depends on the particle size, porosity, surface
coarseness, and smoothness. For example, the biocompatibility of nanoparticle is
higher for porous than nonporous silica. Furthermore, the hemolytic activity of the
porous silica is considerably lower than nonporous (Slowing et al. 2009). Another
study showed higher toxicity levels in case of Ag nanosheets judged against nano-
spheres and nanowire; this is because reactions on the surface were known to have
large defects (George et al. 2012).

The presence of high or no impurities shows an effect on toxicity levels for a
nanomaterial. Changing electrical property may vary the toxic effect. A study dem-
onstrated the cytotoxic reactions by NPs as a source depend merely on purity. For
instance, zinc and copper oxide were the two NPs upshot (Xu et al. 2010). Ease of
surface plays a part in nonspecific bindings that enhances cellular uptake of NMs
and is futile in the reaction rate of NMS with cells.
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14.6.1.3 Chemical Composition

Chemical constituents have a greater impact on NMs as they respond to other met-
als. Any modifications in the nanoparticle surface will reduce the toxicity. A case in
point is the reduction of toxicity of nanoparticle super-paramagnetic iron oxide on
the coating with pullulan (Singh et al. 2007; Clift et al. 2008; Oberdo 2010).

14.6.1.4 Dose-Dependent Toxicity

The amount or quantity at which a particle or a substance enters the biological sys-
tem is defined as “dose.” The dose is directly proportional to exposure or concentra-
tion of a particle in the appropriate medium (e.g., air, water, food, or soil) multiplied
by the duration of contact. However, the dose whether low or high is harmful to
health.

14.6.1.5 Aspect Ratio

Aspect ratio is defined as the ratio of length to the diameter of a particle or a sub-
stance. The higher the aspect ratio, the higher is the toxicity (Lippmann 1990). The
best exemplar is the carbon-based nanoparticles (e.g., CNTs have high aspect ratio).

14.6.2 Nanoparticle Uptake

Uptake of NPs through barriers, for instance, the skin, blood—brain barrier, pulmo-
nary mucosa, and placenta, can alter significantly with a decrease in size. Hence,
toxicological data have to be acquired particularly for nanosized particles (Simko
and Mattsson 2010; Schleh et al. 2012; Lehr et al. 2011). Reactivity boosts concur-
rently with the reduction of size and subsequently increased surface area. Surface
area and composition robustly determine reactivity, dispersion, interaction with bio-
logical environments as well as cellular macromolecules, and as result toxicity of
ENM (Warheit et al. 2008; Kunzmann et al. 2011; Dhawan and Sharma 2010). ENMs
once taken have the potential to be deposited in any area of the body (Borm and
Muller-Schulte 2006; Oberdorster et al. 2005b). This is mainly due to their unique
factors: size and specific functionalization. NPs materialize in various shapes and
also cover diverse modifications such as restricted transformations of the interface
properties and modifying the dissolution and degradation by controlled changes of
surface functionalization, routine stabilization in course of macromolecules absorp-
tion, utilization of oxygen, light or reducing agents from the particle surrounding in
amendment of catalytic activity, and surface area enhancement for molecule adhe-
sion by dissolution and recrystallization of reactive material (Nel et al. 2006).

14.7 Effect of Nanoparticles on Prokaryotes

Reports existing from the researchers show that NPs can conjugate with the biologi-
cal species in nature, making the nanomaterials gain soluble properties that may
have adverse effects on prokaryotic and other aquatic organisms. The interaction of
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carbon NPs such as fullerenes and carbon nanotubes with a biological system is
well familiar mainly with DNA, RNA, phospholipids, and proteins (Ke and Qiao
2007). Kang et al. (2007) were the first to give out the connection between the break
of the bacterial cell membrane and cell death with purified single-wall carbon nano-
tubes (SWNTs) using antimicrobial activity. Similarly, studies on the toxicity of
CNTS using Staphylococcus aureus and S. warneri illustrated antimicrobial activ-
ity, inhibition of microorganism connection, and biofilm arrangement (Narayan
et al. 2005). The study of Ghafari et al. (2008) reported the inability of T. ther-
mophila (protozoa) to swallow and digest their prey (bacterial species), permitting
free movement of SWNTSs in the food chain. From the statement, it is proved that
CNTs have an adverse effect on the aquatic system that eventually leads to ecologi-
cal imbalance. The consequence of nanoparticles on microbes is a lot more wide-
spread and assorted than for the plants, invertebrates, and vertebrates (Oberdorster
et al. 2007).

14.8 Prokaryotes as Model Organism

Model organisms rather known as non-human species have turn out to be essential
in biological study processes by many researchers, with anticipation that the discov-
eries ended in the organism model might provide insight to understand the specific
phenomenon of organisms and can be studied and used to gain knowledge of other
organisms or other species within their own variety giving a central pose in evolu-
tionary development. Model organisms are in vivo models with typical characteris-
tics including generation time, easy manipulation, accessibility, genetics, possible
economic advantage, and management of mechanisms (Ankeny and Leonelli 2011).
Common model organisms in use are prokaryotes, plants, protists, fungi, and ani-
mals. On one hand, microbes especially bacteria constitute as a major domain of
prokaryotic organisms, with an ability to stay alive in any extreme circumstances
(i.e., from optimal to extremely high environmental conditions). On the other hand,
the simplest bacteria have a significant competence either to mobilize or immobilize
and also is capable of reducing metal ions at the nanometer scale (Sharma et al.
2018). Synthesis of NPs such as Au, Ag, Pt, Pd, CdS, TiO,, Fe;0,, and so forth can
be potentially synthesized by cell biomass and cell extracts of bacteria (Iravani
2014). Few microbes, namely, magnetotactic and S- layer bacteria, are capable of
synthesizing inorganic materials. A choice of bacterial species, for instance, Bacillus
cereus, E. coli, B. subtilis, and P. aeruginosa has been detailed in support of remov-
ing silver, cadmium, copper, and lanthanum from solution and also including a
binding facility of metallic anions and cations (Mullen et al. 1989). The impact of
nanotoxicity on microorganism remains in its infancy stage. Before testing the tox-
icity of nanomaterials on microorganisms, it is indeed crucial to understand the
physiochemical properties of the so-called nano-object (Niazi and Gu 2009).
Different perspectives are in use for evaluating the nanotoxicity with prokaryotic
cells. They are, namely, disk diffusion toxicity (Ruparelia et al. 2008), minimum
inhibitory concentration (Qi et al. 2004), colony viable count, viability assay for
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cells (Rodea-Palomares et al. 2009a, b, 2010), quantification (Cuahtecontzi-Delint
et al. 2013), superoxide dismutase activity or luminescence quantification (Lyon
et al. 2008; Dumas et al. 2009), and microarray hybridization assay for gene expres-
sion (Yang et al. 2009). The best and better conditions for nanomaterial determina-
tion and standardization for toxicity are pH; ion presents (cation/anion); micro- and
macronutrients such as amino acids, vitamins, sugars, lipids, and nucleotides; bacte-
rial species in use; and temperature variations. Both gram-positive and gram-
negative bacteria were used as models for toxicity evaluation.

14.8.1 Prokaryotic Models in the Evaluation of Silver
Nanotoxicity

The use of Ag in the form of silver nitrate (AgNOs3) as an antimicrobial agent has
been recognized from centuries (Klasen 2000). Since then, the AgNO; has been
exploited widely in many applications, for example, in medical and industrial prod-
ucts and also in domestic products such as cleaning agents, clothing, and cosmetics.
Due to its varied application directly or indirectly in the living system and environ-
ment, it is mandated to determine the toxic levels. The antibacterial activity of Ag
NPs depends purely on the physicochemical characterization of the substance. That
is to say, Ag NPs that are more soluble are more toxic and thus are likely to release
more silver ions to be bonded to sulfhydryl groups coupled with protein and low
molecular weight antioxidants such as glutathione. However, by contrast, Ag NPs of
less soluble also show a toxic effect by way of oxidative stress (Yang et al. 2011).

Aerobic conditions increase silver nanoparticle suspension as a result of nano-
material oxidation (Liu and Hurt 2010; Molleman and Hiemstra 2015). This phe-
nomenon enhances the antibacterial activity of AgNPs by the release of ionic silver
(Xiu et al. 2012) and the development of ROS (reactive oxygen species) (Joshi et al.
2015). Other effects that enhance antimicrobial activity are the disruption of cell
membranes due to NP membrane interaction; this, in turn, activates the uptake of
silver ions freely (Taglietti et al. 2012; Bondarenko et al. 2013). Antibacterial sus-
ceptibility of silver nanomaterial is species specific (Morones et al. 2005; Tamboli
and Lee 2013) with gram-negative bacteria more resistant than gram-positive
microbes. Echavarri and his colleagues in their study recommended the use of natu-
ral marine microbes Cellulophaga fucicola, Pseudoalteromonas aliena, and
Streptomyces koyangensis as model organisms for assessing nano-silver particle
(Echavarri-Bravo et al. 2017).

A study by Bowman et al. (2012) using E. coli, a standard prokaryotic model,
supported the statement that the toxicity of Ag NM is due to the suspension of Ag
ions from the surface of the particles. Bowman et al. analyzed the toxicity of Ag NM
in two different ways: one is the mortality curve based on mass concentration and
total surface area of particles demonstrating the dose response, and the other way is
surface area-based toxicity. The conclusion drawn from the first parameter in
Bowman study showed (a) toxicity to bacteria is dependent purely on particle size,
with toxicity increasing as the size of the particle decreases basing on mass
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concentration analysis and (b) a diverge conclusion when assessed basing on total
surface area, showing no or little variation in toxicity among particles of varied sizes
and with same surface area. When the same species are tested for surface area-based
toxicity, it sighted that the total exposed surface area of the particle is the source
driving toxicity, implying that dissolution of Ag* from the surface is causing toxic-
ity. This statement was explained and supported by Radniecki et al. (2011) with
Nitrosomonas europaea (gram-negative bacteria) as a model organism.

Few other species apart from the above were reported as model organisms in
evaluating silver nanoparticles. They are Shewanella oneidensis (Suresh et al.
2010), nitrifying bacteria (Choi and Hu 2008), and P. putida (Fabrega et al. 2009)
with standard protocols such as live/dead viability assay using flow cytometry, cyto-
toxicity assay by spectrophotometer at 600 nm, and also accordingly by disk diffu-
sion method.

14.8.2 Prokaryotic Models in the Evaluation of Inorganic
Nanomaterials

Zinc oxide (ZnO) is one of the currently used compounds in the food and drug
administration. It plays an important role in treating zinc deficiency (Lopes de
Romana et al. 2002). Some studies concluded antibacterial activity of ZnO which
characterizes ROS generation (Sawai 2003; Sawai and Yoshikawa 2004) and also is
ably a strong component resisting microorganisms (Hirota et al. 2010). However, by
contrast, ZnO as a nanoparticle has a toxic effect on living organisms. The antibac-
terial activity by microtiter plate method with E. coli, P. aeruginosa, and S. aureus
is tested for ZnO nanotoxicity (Premanathan et al. 2011). ZnO toxicity assessment
using Salmonella typhimurium as the model organism was reported by the use of the
Ames test (Yoshida et al. 2009) and cytotoxicity assay (Wahab et al. 2010). Other
microbial species, namely, Streptococcus agalactiae (Huang et al. 2008), Vibrio
fischeri (Mortimer et al. 2008; Heinlaan et al. 2008), Mycobacterium smegmatis,
Shewanella oneidensis, Cyanothece (Wu et al. 2010), Thalassiosira pseudonana,
Chaetoceros gracilis, and Klebsiella pneumonia (Wahab et al. 2010), as model
organisms were shown to be detailed in assessing the toxicity of ZnO nanomaterial
via cytotoxicity assay, luminescence inhibition test, and growth inhibition assay.

Nano-objects titanium oxide (TiO,) has also been used as an antibacterial agent
despite its particle size, but this activity is enhanced when carried in nanoparticulate
form. TiO, nanotoxicity using various methods such as cell viability assay, lipid
peroxidation assay, cellular respiration determination test, cytotoxicity assay using
spectrophotometer, and Ames test was studied using prokaryotic bacterial species
specifically E. coli (Maness et al. 1999; Adams et al. 20006), S. typhimurium (Kumar
et al. 2011), S. aureus (Mortimer et al. 2008), B. subtilis (Adams et al. 2006), and
Cupriavidus metallidurans (Simon-Deckers et al. 2009).

E. coli and S. aureus as a model organisms were used in evaluating nanotoxicity
for magnesium oxide using halo test and conductance assay for cytotoxicity (Sawai
et al. 2000), standard plate count method, and also spectroscopic method (Jones
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et al. 2008). Other inorganic nanomaterials evaluated for toxicity using prokaryotic
bacterial species are SiO, (E. coli and B. subtilis), AL,Os (E. coli, C. metallidurans,
and S. typhimurium), and Co;0, (S. typhimurium).

In case of CuO, both prokaryotic algae (Microcystis aeruginosa) and prokaryotic
bacteria (S. typhimurium and S. aureus) (Wang et al. 2011; Pan et al. 2010; Jones
et al. 2008) were used as models for toxicological evaluation for nanotoxicity.

14.8.3 Prokaryotic Models in the Evaluation of Carbon-Based
Nanotoxicity

Carbon 60 (C60), also known as fullerene, has been reported to slow down the anti-
microbial activity (Fortner et al. 2005). However, this statement remained insuffi-
cient to prove that all nanoparticles have an antimicrobial activity or all NPs are
toxic to an organism in the environment. C60 NP toxicological evaluation by B.
subtilis using spectroscopy method at 600 nm for cytotoxicity was studied by Lyon
et al. (2006). The study concluded that C60 exhibited antimicrobial activity with a
minimum inhibition concentration of 0.5 + 0.13 mg/L.

Carbon nanotubes which are the most widely used carbon nanomaterials are
actively engineered nanomaterials. The NM toxicity is evaluated via dead discrimi-
nation assay by flow cytometry using PI dye with E. coli species as a model organ-
ism. The study gives an outcome where different shapes of CNTs exhibit growth
inhibition (Kang et al. 2008).

14.9 Conclusion

Though nanomaterials have been beneficial with its increased application in indus-
trial and medical health, it is shown to have harmful effects on the environment and
life forms. Over a decade, extensive exploration on nanomaterials and its conse-
quence turned out to be a major challenge. Outlining the mechanism or the exact
process of the nanoparticles causing toxicity is still unclear, and estimating the over-
all scenario remains difficult.

This chapter, in detail, illustrated an overview of the nanoparticle origin and clas-
sification, its toxicity and effect on the biological system, and the use of the prokary-
otic model for assessing the toxicity. Prokaryotic models, especially bacteria, have
been a significant module due to their unique properties such as low production
time, simple structure, nonpathogenic nature, and functional organization. Many
studies have evaluated the toxicity of nanoparticles with microorganisms as they are
the first source in the food web of all known ecosystems and also could help to
extrapolate the understanding of nanomaterials on the environment and higher
organisms. In order to study more about the biological toxicology of NPs, the par-
ticle characterization, uptake, and different assays are to be well learned to help
assess toxicity and synthesize many additional green nanoparticles for the better-
ment of the society and environment.
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