
297© Springer Nature Singapore Pte Ltd. 2020
D. B. Siddhardha et al. (eds.), Model Organisms to Study Biological Activities 
and Toxicity of Nanoparticles, https://doi.org/10.1007/978-981-15-1702-0_15

S. Pola (*) 
Department of Biotechnology, Andhra University, Visakhapatnam, Andhra Pradesh, India
e-mail: sudhakar@andhrauniversity.edu.in 

A. Konatala 
University of Windsor, Windsor, ON, Canada

15Evaluation of Toxicity of Nanoparticles 
Using Cell Lines

Sudhakar Pola and Anusha Konatala

Abstract
Nanoparticles range from 1 to 100 nm in size, and though the size is in nanometers, 
its application is in broad areas such as biomedical, industry, food, and cosmetics. 
With increasing utilization, the toxicity of the nanoparticle has been a great concern 
to evaluate their potential. To use the nanoparticle effectively, it is necessary to know 
the toxicity of NP and different evaluation methods and characteristics. “Dosimetry: 
Too complicated to consider, too important to ignore” as stated by Dr. Philip 
Demokritou in the seventh International Nanotoxicology Congress; Dosimetry is 
one of the important factors besides the surface area and high reactivity to determine 
the toxicity nature of the NP. Every NP may not show the same toxicity; it varies 
with the material it is made up of, site of its action, and exposure routes. This chapter 
addresses the current knowledge of evaluation of nanosized particles toxicity using 
in vitro derived cell lines from different literature, as a primary step for screening 
their toxicological effects, which contributes to the further development and 
advancement of nanotechnology on a safe, unbiased level. The in vitro derived cell 
lines however does not ensure the same cell habitat as in the tissue, as nanoparticles 
interact with proteins and physiological barriers, immune response in the tissue has 
a more complex environment. Hence, these in vitro evaluation methods give us a 
base for further considering the nanoparticle potential and its toxicity.
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15.1	 �Introduction

A promising research interest in the delivery of biomolecules using particular 
delivery systems, which act as carriers for small and large molecules, especially for 
drugs is being carried on from the past few years. These delivery systems are not 
only found to be efficient for transporting drug molecules but also help in improv-
ing the pharmacokinetic and pharmacodynamic properties (Mohanraj and Chen 
2006). Drug delivery is a procedure of administering a pharmaceutical compound 
to acquire a therapeutic effect in humans. The development of drugs is expensive, 
time consuming, and labor intensive (Tiwari et al. 2012). Various drug administra-
tion methods are introduced, likely with targeted, controlled, sustained delivery of 
pharmaceutical products (Tiwari et  al. 2012). Among the different delivery sys-
tems, nanoparticles have played a promising role in accomplishing the need in 
every field of science. For the past 50 years, nanotechnology is into commerce, and 
many new directions are in progress. Within the past 15 years, nanoparticles revo-
lutionized different delivery mechanisms. The first report of adverse effects of 
nanoparticles has been published within the last 10 years from in vivo and in vitro 
studies (Takenaka et al. 2001; Oberdörster et al. 2004; Bermudez et al. 2004; Lam 
et al. 2004; Geiser et al. 2005; Oberdörster et al. 2005a, b; Shvedova et al. 2005; 
Elder et al. 2006; Mercer et al. 2008). A knowledge gap between the technological 
progress and potential hazards of new developing nanotechnology creates a mysti-
fying experience (Schulte et al. 2008). To resolve this, one needs to evaluate the 
toxicity of nanoparticle through different in vitro methods, and they are discussed 
in this chapter for a proper assessment of nanoparticle safety.

15.2	 �Nanoparticles

Nanoparticles are particulate dispersions or solid particles with a size range of 
10–100  nm (Jeevanandam et  al. 2018). The chemical synthesis of metallic 
nanoparticles dates back from fourteenth and thirteenth century BC, where the 
Mesopotamians and Egyptians started making glass using metals—beginning of 
nanoparticle metallic era (Schaming and Remita 2015). The Lycurgus cup is a 
fourth-century Roman glass cup made up of dichroic glass which displays various 
colors: green when light is passing from the front of the cup and red when passing 
from behind (Leonhardt 2007). These cups contain silver–gold alloy nanoparti-
cles with a 7:3 ratio in addition to 10% of Cu (Jeevanandam et al. 2018). Clay 
minerals of few nanometers in thickness are best examples of natural nanomate-
rial usage since ancient times (Rytwo 2008). Michael Faraday reported the col-
loidal AuNP synthesis in 1857, which is known as the first scientific description 
report of nanoparticle preparation in the scientific arena (Jeevanandam et  al. 
2018).
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An ancient history of nanoparticle and its benefits represents an active research 
area and a technoeconomic sector with full expansion in many domain applications. 
The Standard British Institution (Jeevanandam et al. 2018) has given the following 
definitions for scientific terms that have been used:

•	 Nanoscale: Measurement of approximately 1–1000 nm in size.
•	 Nanotechnology: Manipulation and control of matter on a nanoscale dimension 

by using scientific knowledge of various industrial and biomedical application.
•	 Nanomaterial: Material with any external or internal structures on nanoscale 

dimension.
•	 Nanoparticle: A nano-object with three external nanoscale dimensions. The 

terms nanorod or nanoplate are employed when the NP of the longest and short-
est axes length of a nano-object is different.

The following nanoparticle types are obtained by a different method of 
preparation:

•	 Nanocapsules: A system in which drug is confined to the cavity, covered by a 
unique polymer membrane

•	 Nanospheres: A matrix system in which drug is physically and uniformly 
dispersed

•	 Nanoparticle: A system that is coated with a hydrophilic polymer-like PEG 
(polyethylene glycol)

Liposomes, being potential carriers with inherent problems such as low encapsu-
lation efficiency, poor storage stability, and leakage of water-soluble drugs in the 
human environment led to a scope for designing nanoparticles as delivery system 
over liposomes. NPs are found to be the best fit in drug delivery systems with more 
flexible characteristics (Mohanraj and Chen 2006). Characteristics of nanoparticles 
in drug delivery systems include:

•	 Particle size and surface characteristics of nanoparticle can be easily 
manipulated.

•	 They control and sustain the release of drug at the site of localization, altering 
organ distribution of drug and subsequent clearance of drug to achieve high ther-
apeutic efficacy and reduce the side effects.

•	 Site-specific targeting by attaching a ligand to the surface of particles or use of 
magnetic guidance.

Nanoparticles have gained prominence in technological advancements due to 
their physiochemical characteristics such as melting point, thermal conductivity, 
light absorption, catalytic activity, and scattering of light which assist in improving 
the performance of bulk counterparts (Jeevanandam et al. 2018).
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Nanoparticles are prepared from a variety of materials such as protein, polysac-
charides, and synthetic polymers. Nanoparticle has been prepared mostly by three 
common methods (Mohanraj and Chen 2006):

•	 Dispersion of preformed polymer
•	 Polymerization of monomer
•	 Ionic gelation or coacervation of hydrophilic polymer

Other methods such as supercritical fluid technology (Reverchon and Adami 
2006) and PRINT

(particle replication in no wetting templates) are also used for nanoparticle prep-
aration (Khan et al. 2017).

•	 Top-down synthesis is a destructive approach in which large molecules are bro-
ken down into smaller units and converted into nanoparticles.

•	 Bottom-up synthesis is a constructive approach in which the nanoparticles are 
obtained from smaller molecules.

15.2.1	 �Types of Nanoparticles

A nanoparticle is generally classified based on their material, size, morphology, and 
physicochemical properties. Based on their physicochemical properties, nanoparti-
cles are classified as (Khan et al. 2017; Jeevanandam et al. 2018):

•	 Carbon-based nanoparticle: NPs made up of carbon, as hollow tubes, ellip-
soids, or spheres such as fullerenes (C60) carbon nanotubes, carbon nanofibers, 
carbon black, graphene, and carbon onions. Laser ablation and chemical vapor 
deposition (CVD) are some of the important production methods for carbon-
based nanoparticles.

•	 Inorganic-based nanoparticle: NPs are made up of metal and metal oxides. 
These NPs may be synthesized from different metals such as Au or Ag nanopar-
ticles, metal oxides such as TiO2 ZnO, and semiconductors such as silicon and 
ceramics. They have a unique optoelectrical property. The size, shape, and facet-
controlled synthesis of metal nanoparticle are critical in the current cutting-edge 
material (Dreaden et al. 2012).

•	 Organic-based nanoparticle: Nanoparticles are made up of organic matter, 
excluding inorganic or carbon-based material. The noncovalent interaction for 
self-assembly transforms organic nanoparticles into structures such as den-
drimers, liposomes, micelles, and polymer nanoparticles. Lipid-based nanopar-
ticles are 10–1000 nm of diameter in range. Surfactants and emulsifier stabilized 
the external core of nanoparticles.

•	 Composite-based nanoparticle: Nanoparticle with multiphase, with one phase 
on nanoscale dimension that may combine with other NPs or with large-type 
materials such as hybrid nanofibers.
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Based on the origin, the nanoparticles are classified (Jeevanandam et al. 2018) 
into:

•	 Natural nanoparticle: They are produced in nature by biological species or 
anthropogenic activities. These nanoparticles are naturally present throughout 
the earth’s sphere (hydrosphere, atmosphere, lithosphere, and biosphere).

•	 Synthetic (engineered) nanoparticle: They are produced by engine exhaust and 
smoke synthesized by physical and chemical, biological, or hybrid methods. 
Various risk assessment strategies are highly helpful in forecasting the behavior 
of synthetic nanoparticles in various environmental media. New schemes have 
focused on synthesizing other semiconductors (SCs) to avoid toxic ion-generating 
elements such as Se, Cd, and As and also to avoid the low availability elements 
(e.g., Te, Ga, and In) (Thomas et al. 2011).

15.2.2	 �Applications of Nanoparticles

Nanoparticles are effectively utilized in multiple domains. The key properties of 
nanoparticles designated them as a vital delivery system, in medications, where a 
broad scope of research on mechanism of its action is necessary. The following are 
some of the important applications in various fields:

•	 Drugs and medication. In field of medicine, a high interest in nanoparticles to 
deliver drugs in low dosage, high therapeutic effects, and negligible side effects 
and to improve patient compliance (Alexis et al. 2008). Superparamagnetic iron 
oxide nanoparticles with surface chemistry was used for in vivo applications as 
MRI contrast enhancement, tissue repair, cell separation, and for many more 
applications (Khan et al. 2017).

•	 Materials and manufacturing. In material science, nanocrystalline acts as a 
good substance, as their properties deviate in a size-dependent manner. Resonance 
energy transfer (RET) consists of noble metal nanoparticles and organic dye 
molecules and is important in material science and biophotonics.

•	 Environment. Nanoparticles have increased their scope in environment protec-
tion owing to their its eco-friendly characteristics. They are widely used in sen-
sors for environment prediction, remediation of materials, contaminated with 
hazardous substances, and photodegradation (Khan et al. 2017). Nanoparticles 
are involved in degradation process in fluorescence and optical fields (Rogozea 
et al. 2016; Olteanu et al. 2016a, b).

•	 Energy harvesting and mechanical industries. The nonrenewable resources 
such as fossil fuels, a typical issue is in the synthesis and storage of energy; using 
nanoparticles to generate energy is widely utilized in photoelectrochemical 
(PEC) and electrochemical water splitting method (Avasare et  al. 2015; Ning 
et  al. 2016). In energy storage, different applications to reserve energy in 
nanoscale as nanogenerators are available (Greeley and Markovic 2012; Liu 
et al. 2015). In mechanical industries, nanoparticles are involved in tribological 
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properties of materials, to enhance the mechanical strength of polymer matrix 
and metals. Nanoparticles are also involved in the lubrication, coating, and resis-
tance of metals (Khan et al. 2017).

15.2.3	 �Toxicity of Nanoparticles

Besides tons of nanoparticles enter the environment, and very little is known 
about its possible interactions with biological systems, nanotoxicology has 
emerged as a new discipline to investigate the potential adverse effects of 
nanoparticles (Bakand et  al. 2012). Besides many applications in different 
domains, several kinds of toxicities are associated with NPs (Khan et al. 2017; 
Khlebtsov and Dykman 2010, 2011). Different types of nanoparticles are avail-
able in the bioapplications with early acceptance and rapid progress of nanobio-
technology. Even then, severe health effects that occurred due to prolonged 
exposure of humans to nanoparticles have not been established yet (Khan et al. 
2017). The environment exposure of nanoparticles seems to increase in the 
future and thus the toxicity. The state of nanoparticle dispersion will alter the 
ecotoxicity and many factors of abiotic influence such as salinity, presence of 
organic matters, and pH (Handy et al. 2008). Health hazards of nanoparticles are 
always a concern due to their extended use and discharges to the natural environ-
ment in order to make it more environment friendly and more reliable (Khan 
et  al. 2017). It is necessary to gain basic knowledge about nanotoxicology to 
overcome their toxicity efficiently. The toxicity of nanoparticles is majorly asso-
ciated with their physiochemical properties, affecting their behavior in biologi-
cal systems (Seaton 2006).

Existing and possible toxicities of nanoparticles are associated with their differ-
ent characteristics such as small size distribution, large surface area, surface charac-
teristics, insolubility, and aggregation. Modification in these characteristics would 
allow a convenient, efficient, and safe method to employ in major domain 
applications.

Nanoparticle properties are unique characteristics which are related to their syn-
thesis (Jeevanandam et al. 2016).

Different data from the literature for the toxicological studies reveal that nano-
material toxicity depends on various other factors, namely:

•	 Dose and exposure time effect – The number of nanoparticles that penetrate 
cell directly varies with its molar concentration in the medium multiplied with its 
exposure time (Buzea et al. 2007).

•	 Particle size and shape effect  – Nanoparticles exhibit a size- and shape-
dependent different levels of toxicity at aspect ratio (Jeevanandam et al. 2018).

•	 Surface area effect – Toxicity of nanoparticles increases with decreasing parti-
cle size and increasing surface area (Jeevanandam et al. 2018).
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•	 Crystal structure effect – Nanoparticles exhibit a different cellular uptake, sub-
cellular localization, and oxidative mechanism based on crystal structure effect 
(Jeevanandam et al. 2018).

•	 Surface functionalization effect – This effect of nanoparticles has an effect on 
its translocation and its oxidation processes (Oberdörster et al. 2005a, b; Sayes 
et al. 2004).

•	 Pre-exposure effect  – Considerable cellular phagocytic activity at lower 
nanoparticle exposure time (Buzea et al. 2007).

Besides these, there are other characteristics and properties which affect the tox-
icity nature of nanoparticle. These engineered nanoparticles are established by 
humans and are assumed to have a different effect. Each type of engineered nanopar-
ticles (TiO2 – titanium dioxide) has severe to minimal biological effects which are 
of great concern on the usage of nanoparticles (Schulte et al. 2008).

The above information reveals the cause of the toxic effect of nanoparticles. It is 
of prior importance to know the action of the nanoparticles in biological effect in 
order to estimate its potentiality. The nanosize of a nanoparticle itself causes several 
adverse effects as they are similar to the size of natural proteins and can get access 
to the nucleus (in vivo case) and transfer across the placental barrier of pregnant 
mice (Gu et al. 2009; Chu et al. 2010). In this manner, a nanoparticle can affect the 
homeostasis. Some of the patterns of nanoparticles toxicity include oxidative stress, 
inflammation, inhibition of cell death and cell division, age, and genetic damage 
(Thanh and Green 2010; Verma and Stellacci 2010; Mironava et al. 2010; Lanone 
et al. 2009). Among these mechanisms, few are discussed with some details:

•	 Reactive Oxygen Species
•	 The generation of reactive oxygen species (ROS) is found to be either harmful or 

protective biological interaction based on its levels and further effects. They are 
reactive species of molecular oxygen and are key signaling molecules for homeo-
stasis and cell signaling. They are generated extrinsically and intrinsically within 
the cell. Different ROS molecules contain a pool of oxidative species such as 
singlet oxygen (1O2), superoxide anion (O2

.−), hydrogen peroxide (H2 O2), hypo-
chlorous acid (HOCl), and hydroxyl radical (OH.) (Manke et  al. 2013). ROS 
generation happens regularly when a cell is under stress such as high tempera-
ture, pressure, and improper homeostasis leading to active oxygen-containing 
molecules. O2

. is generated by molecular oxygen, which is a primary ROS by one 
electron reduction catalyzed by nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase. Multiple reductions of oxygen may lead to H2O2 or OH. by 
dismutation and metal-catalyzed Fenton reaction, respectively (Vallyathan and 
Shi 1997; Thannickal and Fanburg 2000). The sources where the ROS can be 
generated are an inflammatory response, mitochondrial respiration, and peroxi-
somes, while engineered nanoparticles are known as the exogenous ROS induc-
ers (Manke et al. 2013). Different types of nanoparticles inducing metal oxide 
particles induce ROS as the main mechanism of cytotoxicity (Risom et al. 2005). 
ROS influence further intracellular calcium concentrations and modulate 
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cytokine production by free radical generation (Li et al. 2010; Oberdörster et al. 
2005a, b). Most of the cells can resist the ROS generation for a limit beyond the 
concentration with the increase of time of exposure which results in the cell dam-
age (Soenen et al. 2011).

•	 The large surface area of nanoparticles and its surface molecules result in mas-
sive oxidizing capabilities. Nanoparticles generate ROS by different mechanisms 
(Pisanic et al. 2009):
	(a)	 ROS generation on exposure to an acidic environment – Nanoparticles in the 

acidic environment of lysosomes generates ROS by direct reactivity of the 
surface coating, and degradation of coating leads to the direct interaction of 
acidic media on metal surface or by degradation of whole nanoparticles 
resulting in synthesis of ions (Fe2+, Cd2+) inducing ROS generation (Stroh 
et al. 2004; Jain et al. 2018).

	(b)	 ROS generation on interaction with cellular organelles – Nanoparticles inter-
acting with mitochondria result in the deregulation of electron transport 
chain of oxidative phosphorylation (Soto et al. 2007).

	(c)	 ROS generation by NADPH oxidase – Nanoparticles interact directly with 
NADPH oxidase, resulting in ROS generation in immune cells (Pisanic et al. 
2009).

	(d)	 ROS generation on interaction with cell surface receptors – Nanoparticles 
interact with surface receptors leading to its activation triggering intracellu-
lar signaling cascades, resulting in stress response gene activation and thus 
ROS generation activation and change homeostasis of the cell (Pisanic et al. 
2009).

•	 As ROS play a major role in the toxicology of nanoparticles, the evaluation of 
elevated ROS level is of prior importance in toxicity evaluation methods of 
nanoparticles.

•	 Cytoskeleton and Cell Morphology Defects
•	 Nanoparticles that occupy the cell lead to the alteration in its morphology or the 

structure of cytoskeleton (Soenen et al. 2009, 2010). Different effects in disorga-
nization of a cell cytoskeleton are observed based on the coating of inorganic 
nanoparticles (Gupta and Gupta 2005). The actin and tubulin proteins of human 
umbilical vein endothelial cells (HUVECs) are disrupted considerably, which 
decreased the capacity of HUVEC for vascular network formation on nanopar-
ticles exposure (Wu et  al. 2010). More attention is focused on the effect of 
nanoparticles on cytoskeleton and cell morphology as it leads to inflammation, 
affecting the reliability of a nanoparticle. The effect of nanoparticles on cell 
decreases with its concentration, and therefore, no adverse effects are observed 
at low concentration; a variety of nanoparticles are to be tested to evaluate the 
maximum loading capacity without any adverse effect. It is also necessary to 
evaluate the secondary effects of cytoskeleton disruption and morphology by a 
variety of nanoparticles to use them efficiently (Soenen et al. 2011).

•	 Genotoxicity
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•	 The size of the nanoparticles makes it more possible to enter the nucleus and 
interact with the nucleoproteins leading to adverse effects. Nanoparticles inter-
fere with the cellular homeostasis resulting in a cascade of mechanisms such as:
	(a)	 High levels of ROS – ROS generation by nanoparticles induces point muta-

tions leading to single- or double-strand breaks.
	(b)	 Perinuclear localization of nanoparticles – nanoparticle localized in perinu-

clear space by loaded lysosomes affecting the molecular processes of cell 
(transcription and translation involving with disruption in the protein synthe-
sis and modifying gene expression).

	(c)	 Alteration in homeostasis – leaching of metal ion to cell cytoplasm through 
complexes (e.g., a divalent metal transporter) resulting in degradation of 
messenger RNA.

	(d)	 Interacting with cell surface receptors – activation of receptor and triggering 
signaling cascades as intracellularly, altering activation status.

	(e)	 Cellular stress induced by nanoparticles – ROS generation by nanoparticles 
induces stress indirectly affecting gene expression pattern and activation of 
repair genes (Soenen et al. 2011).

•	 Most of the nanoparticle genotoxic details are to be known. The genes involved 
in regulation and repair are to be evaluated for the nanoparticle toxicity for most 
of the biological applications. Nanoparticle can be transported to the cell interior, 
where it is active, and it should not induce any adverse toxic effects in the cell 
(Soenen et al. 2011).

•	 Interaction with the Biological Molecules of Cell
•	 The equivalent size of the proteins and nanoparticle seems to be an issue in inter-

acting or misleading the cell more often, for nanoparticles as a cellular protein. 
When nanoparticles enter the cell, the surface charges favor the binding of avail-
able proteins, leading to protein corona (Cedervall et al. 2007). This resemblance 
of nanoparticle with the cellular protein affects its bioavailability by the attack of 
the immune system as foreign material to eliminate from the body. Besides pro-
teins, the nanoparticles are found to interact with the lipid molecules based on 
the surface charge, creating a channel on cell membrane inducing a cytotoxic 
effect (Lin et al. 2010).

15.3	 �Evaluation of Toxicity

With the growing commercial interest of nanoparticle, minimal research interest is 
focused in evaluating the potential adverse effects of the engineered nanoparticles 
(Manke et al. 2013). The assessment of NP safety has been critical due to variations 
in:

•	 Types of nanoparticles (Soenen and Cuyper 2010)
•	 Stabilizing coating agents (Clift et al. 2009)
•	 Physiochemical parameters of nanoparticles (diameter, topography, surface 

charge) (Verma and Stellacci 2010)
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•	 Incubation conditions such as concentration and time (Mironava et al. 2010)
•	 Type of assay used (Monteiro-Riviere et al. 2009)
•	 Type of cell used (Lanone et al. 2009)

Standardization of protocol is necessary to understand and compare the gener-
ated data from different literatures regarding the toxicity of nanoparticles. Cell via-
bility is quite a good indication for the safety and efficacy of nanoparticle and is 
usually accomplished by different assays such as (Soenen et  al. 2011) (1) MTT 
assay; (2) lactate dehydrogenase assay (LDH), trypan blue, propidium, iodine assay 
(to check cell membrane integrity); and (3) fluorescent annexin V (apoptosis indica-
tor); many other assays are generally used to check the homeostasis of the cell. The 
results of one assay cannot be compared to another assay as each is performed on its 
standard parameter (Soenen and Cuyper 2009). Assays are to be performed with 
safety, precaution, and general controls to be included, as nanoparticles interact 
with components of the assay (Monteiro-Riviere et al. 2009). Animal assay, the test 
performed by using cell lines, is performed by routine test guidelines, and more 
knowledge is essential to know about the potential toxicity of vast nanoparticles and 
its associated complexity (Bakand et  al. 2012). More business communities and 
research organizations continue to invest in nanoparticles, to develop an alternative 
test system to characterize the toxicity profile of nanoparticles (Bakand et al. 2012). 
Besides, in vitro models are expanding faster for evaluation in a simple, quick, and 
least expensive way; but the results cannot replace the in vivo studies of compound 
toxicity (Bakand et al. 2012). In vitro test using cultured cells generates more toxic-
ity data than in vivo models, but high standardization is required (Blank et al. 2009). 
Hence, for toxicology studies, in vitro test systems with both human- and animal-
based cellular needs are employed for a better evaluation. Toxicity is assessed by 
characterizing shape, size, and structure of nanoparticles, by high-resolution imag-
ing techniques: transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) (Drobne 2007). Nanomaterial characteristics, such as high 
chemical bioactivity and reactivity, cellular as well as tissue and organ penetration 
ability, and bioavailability of nanoparticles, show both positive and negative effects 
on a biological environment. Thus, certain regulations are implemented by different 
government organizations to prevent the risk of using nanoparticles (Jeevanandam 
et al. 2018). There is no internationally approved protocol for manufacturing, han-
dling, testing, and evaluating the impact of nanoparticles (Jeevanandam et al. 2018). 
The European Union and United States of America have regulatory and guideline 
legislations to control risks associated with nanomaterials. In the United States, the 
regulatory agencies such as Food and Drug Administration (FDA), The United 
States Environmental Protection Agency (USEPA), and Institute for Food and 
Agricultural Standards (IFAS) are associated with standard protocols to deal with 
the risks of nanoparticles (Jeevanandam et  al. 2018). The European Medicines 
Agency (EMEA) and United States Food and Drug Administration (USFDA) regu-
late the medical usage of hazardous nanomaterials. These regulations help to con-
trol the usage of nanomaterials and nanoparticles and to determine the need for 
evaluation of toxicity of a nanoparticle.
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15.4	 �Methods for Toxicity Evaluation of Nanoparticles Using 
Cell Lines

Cell culture studies are involved in awaking the knowledge of how nanoparticles 
react to the body. In comparison with in vivo methods, in vitro studies are less ethi-
cal, easy, fast, reliable, and less expensive to perform (Lewinski et  al. 2008). 
Different assays are performed to check the toxicity of nanoparticles based on the 
characteristics such as the type of cell used in the assay and the type of toxicity/
effect of the particle to be evaluated. As the nanoparticles are capable of absorbing 
dyes and remain in the redox state, a variety of in vitro assays are found to be effi-
cient ways of testing nanoparticles toxicity using cell lines. Most of the test results 
or cell deaths are measured by the colorimetry (Lewinski et al. 2008).

Different cell lines are used for the in vitro assays. Typically, the cell cultures of 
human cell lines are grown in optimum conditions of 37 °C, 5% CO2 atmosphere in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) (Huo et al. 2015). A variety of human cell lines are used in 
in vitro assay for toxicity evaluation of nanoparticles such as human bronchial epi-
thelial cells (HBE), human umbilical vein endothelial cells (HUVECs), human 
hepatocellular liver carcinoma cells (HepG2), human dermal fibroblasts (HDF), 
human monocyte–macrophages, human epidermal keratinocytes (HEK), and many 
more. Each cell type has a unique nature; and hence, all cell lines may not respond 
similarly to the same nanoparticle under similar optimal conditions. Eventhough the 
cell lines determine the in vivo environment as precise, the choice of the type of cell 
line for evaluating nanoparticles toxicity is critical.

Some of the in vitro assays are briefly discussed to get an overview of the types 
of toxicity evaluation methods:

•	 Neutral Red Assay
•	 Neutral red is a weak cationic dye which can diffuse the plasma membrane of the 

cell. It accumulates within the cell. If the integrity of the cell membrane is lost by 
the toxicity of nanoparticles, the uptake of dye decreases (Lewinski et al. 2008). 
Cytotoxicity of carbon nanotubes was assessed by neutral red assay (Flahaut 
et al. 2006). This assay helps in evaluating the cell membrane’s permeability and 
its integrity in the cell lines used.

•	 Trypan Blue Assay
•	 A diazo dye is permeable to cells without membranes, and therefore the dead cell 

remains blue and live cells as colorless. The number or quantity of dead cells is 
evaluated by light microscopy (Lewinski et  al. 2008). Gold nanoparticles and 
single-walled nanotubes were evaluated for the cytotoxicity by trypan blue assay 
(Bottini et al. 2006; Goodman et al. 2004).

•	 TUNEL Assay
•	 The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling 

(TUNEL) assay detects the fragmented genomic DNA formed by endonucleases 
or caspases activation in apoptosis (Hengartner 2000). To count the number of 
cells in the tissue sample, DAPI (4′,6 diamino-2-phenylindole) was added before 
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mounting the coverslip and results in the staining of nuclei. Images are observed 
through a fluorescent microscope (Huo et al. 2015). Three different image areas 
of about 500 cells are counted by a microscope to know the apoptosis rate.

•	 Hemolytic Assay
•	 It is a colorimetric assay of detecting red colored cyanomethemoglobin in the 

solution. The nanoparticles are incubated in blood, and hemoglobin released by 
damaged cells is oxidized by methemoglobin in the presence of bicarbonate by 
ferricyanide. The cyanide converts methemoglobin to cyanomethemoglobin 
(Neun and Dobrovolskaia 2010). The cells are then centrifuged, and the undam-
aged erythrocytes producing cyanomethemoglobin is measured by spectropho-
tometry at 540 nm. The result of this assay evaluates the hemolytic properties of 
nanoparticles (Neun and Dobrovolskaia 2010).

•	 3D Spheroid Culture-Based NP Toxicity Testing System
•	 Human hepatocarcinoma (HepG2) cells are used in preparing 3D live tissue 

spheroid models, as the liver is the main organ for the nanoparticle uptake (Gao 
et al. 2004). The inverted colloidal crystal topology is used as a 3D cell growth 
substrate, prepared from transparent and cell repulsive polyacrylamide hydrogel 
(Lee et al. 2006). The spheroid formation of HepG2 cells enhances optimal pre-
diction through the matrix. The toxic effects of cadmium telluride (CdTe) and 
gold (Au) NPs were tested using different approaches to evaluate the membrane 
integrity, metabolic activity, and comparison with 2D cell toxicity (Lee et  al. 
2009). The morphological changes are observed in scanning electron micros-
copy, whereas the live–dead assay assesses cell viability.

•	 Live–dead Viability Assay
•	 The assay determines if the cell is alive or dead with different absorbing capabili-

ties of the live and dead cells; it includes two chemicals – calcein acetoxymethyl 
(calcein AM) and ethidium homodimer. The former is electrically neutral; an 
esterified molecule can enter cells by the diffusion process (Lewinski et al. 2008). 
Once the calcein AM enters the cell, it converts to calcein by esterases to a green 
fluorescent molecule. By contrast, the dead cells get stained by ethidium homodi-
mer, a membrane impermeable molecule, and turn to fluorescent red if it binds to 
the nucleic acid. The fluorescence is emitted by calcein and ethidium homodimer 
at a wavelength of 515 nm and 635 nm, respectively (Lewinski et al. 2008).

•	 MTT Assay
•	 MTT assay is a colorimetric method to determine the mechanism of cell death. 

MTT 3-(4,5- dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide is a pale-
yellow solution that produces dark blue or purple formazan by the live cells. This 
color formation is due to mitochondrial dehydrogenase enzyme present in living 
cells (Malich et al. 1997).

•	 The toxicity of silver nanoparticles is tested using MTT assay on human pulmo-
nary cell lines: THP-1 and A549. MTT assay is found to be a more sensitive test 
and widely used assay for evaluating cell toxicity (Lanone et  al. 2009). The 
potential cytotoxicity of silver nanoparticles was assessed by MTT assay, using 
human epidermal keratinocytes (HEKs), and found the AgNPs exposure, indicat-
ing a dose-dependent decrease in toxicity (Samberg et al. 2010). The cytotoxicity 
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of hematite nanoparticles is detected by MTT using MCF-7, A549, and 
Hep3B. After incubation with nanoparticles overnight at conditions of 37 °C and 
5% CO2, the supernatant is removed and the MTT solution is added. The forma-
tion of formazan is quantified by spectrophotometry at 545 nm (Rajendran et al. 
2017).

•	 Cell Cycle Analysis
•	 Pheochromocytoma cells (PC 12) were plated on a well plate in Dulbecco’s min-

imal essential medium. The cells are then placed into the centrifuge tube on 
treating with glycerol monooleate nanoparticles. The cells are centrifuged at 
1500 rpm for 5 min, and the pellet obtained was washed with PBS 1×, discarding 
the supernatant. The pellet obtained was washed frequently with saline, and sam-
ples were analyzed in cytofluorimeter to study the cell cycle. A standard optical 
filter at 585/542 nm was used to determine the number of cells in each phase of 
the cell cycle (Valente et al. 2018).

•	 Analysis of Apoptotic Markers
•	 PC 12 cell lines were treated with glycerol monooleate nanoparticles to evaluate 

proapoptotic cell stress response, by molecular mechanisms such as transcription 
and translation activation. Key apoptotic markers such as BCL-2 and Bax are 
evaluated by the real-time quantitative polymerase chain reaction (RqPCR) 
(Valente et al. 2018).

•	 Micronucleus Assay
•	 The presence of the micronucleus is detected to check the genotoxicity of the 

nanoparticles. The human hepatoma cell line (HepG2) was treated with nanosil-
ver solution. Relaxin B solution is added to the sample, after 24 h of exposure, 
the cells are fixed with the solution (glacial acetic acid/methanol in 1:3 ratio), 
and then stained with Giemsa. The Type I and Type II micronucleus predicts the 
chromosome breakage and loss, respectively. Nuclear buds can predict gene 
amplification, and its change is observed on microscopy (Wang et al. 2019).

•	 ROS Assay
•	 The dichlorodihydrofluorescein diacetate (DCFH-DA) is an oxidative fluoro-

genic dye that measures the peroxyl, hydroxyl, and other ROS within the cell. 
A549 cells were used to evaluate the cytotoxic ROS generation by graphene 
oxide nanoparticles through ROS assay. The microplate reader monitors the fluo-
rescence. The graphene oxide nanoparticles found to cause ROS generation even 
at low concentration (Chang et al. 2011).

•	 SRB Assay
•	 The sulforhodamine (SRB) detects the cytotoxicity of curcumin solid disper-

sions. SRB assay was performed on MCF-7 (breast cancer cell line) and NCIH 
460 (non-small cell lung cancer cell lines). These cells are treated for 48 h, and 
toxicity was evaluated (Abreu et al. 2011).

•	 TBARS Assay
•	 Thiobarbituric acid reactive substance (TBARS) assay is used to predict the for-

mation of malondialdehyde (MDH) and other reactive substance that is gener-
ated by lipid peroxidation. Porcine brain cells were utilized to evaluate curcumin 
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nanoparticle cytotoxicity and observed to reduce or discourage the TBARS level 
in the cell (Sá et al. 2019).

•	 Lactate Dehydrogenase Assay
•	 The enzyme lactate dehydrogenase oxidizes lactate to pyruvate and promotes the 

conversion of a tetrazolium salt into formazan with an absorbance at 490 nm. 
The amount of LDH released from cells is proportional to damaged cells 
(Lewinski et al. 2008). Human embryonic kidney cells (HEK)-293 on exposure 
to copper oxide nanoparticles cause the peroxidation of lipids (Reddy and 
Lonkala 2019).

•	 Mitochondrial Membrane Potential (MMP) Assay
•	 The silver nanoparticles are evaluated by MMP in BRL 3A cells by staining with 

rhodamine 123. On treatment, the qualitative effect on mitochondrial membrane 
potential was found to be affected by the silver nanoparticles, and the intensity of 
the fluorescent brightness is reduced (Hussain et al. 2005).

•	 GSH Assay
•	 Glutathione is a major antioxidant which is oxidized to glutathione disulfide 

(GSSG) in the presence of ROS (Lewinski et  al. 2008). Reduced glutathione 
(GSH) maintains the oxidation–reduction homeostasis, and its alteration in GSH 
level indicates damage to the cell. In BRL 3A rat cells, the GSH level was 
decreased on treatment with silver nanoparticles, which is found to be significant 
(Hussain et al. 2005).

•	 Clonogenic Assay
•	 Clonogenic assay is a method to cell reproductive death. MCF-7 cells were tryp-

sinized and seeded, followed by incubation in the presence of B26 organic 
nanoparticles. After incubation, for few days, the cells are fixed with methanol 
and crystal violet solutions. The cells are counted by an inverted microscope 
(Dhanwal et al. 2019).

The above discussed in vitro assays are typically performed to detect either cyto-
toxicity or genotoxicity. A new approach to evaluate or predict the toxicity of 
nanoparticles easily is by using computer nanotoxicology  – QSAR (quantitative 
structure-activity relationship) – which is a quick, mostly accurate, and no resource-
intensive test to detect toxicity of nanoparticles.

15.4.1	 �QSAR

A statistical model correlates a set of the structural parameter of a compound to its 
activity. The parameters are mostly based on electric and steric properties of a com-
pound. Physiological measurements of biological assay data determine the biologi-
cal activity of a compound. The QSAR workflow is as follows (Burello and Worth 
2011):

QSAR is most widely used in drug discovery and is still having a limited applica-
tion in the evaluation of nanoparticles. More research and analysis on the toxicity of 
nanoparticles will be done easily by the computer nanotoxicology in the near future, 
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along with a collaborated work among computational scientists and nanomaterials 
descriptions with toxicologists to develop new computational assays for evaluating 
nanoparticles toxicity.

15.5	 �Conclusion and Future Perspective

This chapter reviews the toxicity of nanoparticle and its evaluation methods using 
cell lines. The typical interactions between the nanoparticles and the biological sys-
tems are gaining more interest to evaluate the potentiality of nanoparticles, and still 
it seems to be challenging to get a conclusion of underlying mechanism of toxicity. 
This review outlines the importance to evaluate the toxicity of nanoparticles and 
how easy and reliable to use those different evaluation methods. Most of the assays 
were performed on engineered or human-made nanoparticles as the natural nanopar-
ticles are found to be much more safe and efficient to use biologically. It is known 
that nanomaterials are not hazardous particles and many are nontoxic and have 
some healthy beneficial effects. However, risk assessment or evaluation helps one to 
determine the further actions needed to assess the effect of nanoparticles on human 
health and environment. The use of cancer cell types is to be minimized to evaluate 
the toxicity nature of nanoparticle, which is less susceptible to nanoparticle-induced 
cytotoxicity. The toxicity evaluation methods are found to be efficient, quick, and 
reliable to assess the toxicity nature of the nanoparticles.
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