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Preface

Despite advances in science, a huge number of untested substances remain, 
necessitating that priorities are established for evaluating toxic inducers prior to 
their approval for animal and human uses. The toxicity of many xenobiotics is 
well-known today and interest in understanding the action mechanisms is being 
continuously stimulated by their continual re-evaluation. In this way, one of the 
major goals of cytotoxic estimation includes the preliminary screening of potential 
xenobiotics to determine the toxicity and efficacy of any substance, product or 
environmental agent, through employing in vitro approaches. These types of 
analyses are preferred in pilot testing in fields such as health, pharmaceuticals, 
environment, industry, agriculture and food, in order to estimate cell growth, 
reproduction and morphological effects.

Accurate adverse assessment by cytotoxic estimation as well as their role in different 
biological systems are a primary step employing for ranking the safety of many 
chemicals. In this regard, knowledge of relative toxicity is essential in order to 
determine a chemical’s fate and thereby prevent or minimize after-effects. Similarly, 
the identification of cytotoxic responses may be essential for elucidating target cells 
and organ toxicity.

This book is intended to present some strategies, methods, interpretations and 
recent advances in order to facilitate scientific research on in vitro toxic responses, 
presenting both theoretical and practical aspects.

Although vast literature is available on cytotoxic evaluation, this book contains 
important investigations into the diverse chemical hazards encountered in anthro-
pogenic and natural environments. Moreover, it provides valuable information 
regarding the toxicity of several xenobiotics that can negatively affect human 
beings. The contributors clearly discuss several concepts and approaches that will be 
useful for understanding the potential action mechanisms of various compounds, 
namely quinones, silver nanoparticles, antibiotics and plant extracts, among others.

This book is organized into six chapters. It begins with an introductory chapter that 
presents an overview of different approaches recommended for the preliminary 
in vitro screening of cellular response and analyses of dead cells within a cell 
population. The chapter highlights the strengths and weaknesses of some cytotoxic 
endpoints routinely employed and shows how the selection of an appropriate 
cytotoxicity bioassay is decisive in order to obtain a comprehensive toxicity profile. 
The second chapter presents a complete study highlighting the different responses 
of a cell to several xenobiotic agents as well as different tests that can be useful 
for evaluating cellular responses. The chapter focuses on the toxicological and 
cytotoxic evaluation of chemical substances through in vitro tests, as a competitive 
alternative to in vivo experimentation as a consequence of ethical considerations. 
The third chapter reviews the role of quinones – an important family of natural 
products mainly isolated from bacteria, fungi, algae, plants and other organisms – as 
possible agents to prevent cancer and microbial activity. The chapter summarizes 
the activities of 152 anticancer and 30 antimicrobial quinones, showing that these 
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categories of compounds exert an excellent response against numerous cell cancer 
lines and also exhibit good antimicrobial activity, determined by in vitro and 
in vivo studies. The fourth chapter discusses the impact of some methodological 
strategies in toxicity studies of silver nanoparticles on cultured cells. The chapter 
highlights the employment of detailed conditions required to correctly determine 
the nanoparticle size effect in studies of living cells and the invalidity problem of 
Smoluchowski’s equation. It then describes an approach to analyze cytotoxicity 
when nanoparticles are stabilized with various surfactants. The fifth chapter 
provides toxic information on the assessment by lethal concentration 50 of a 
bacteriostatic antibiotic, namely sulfamethoxazole and its silver-sulfamethoxazole 
complex, employing brine shrimp as an experimental model. The final chapter 
discusses the medicinal properties of the plant Evolvuluous alsinoides, including 
multiple potential activities like antibiotic, antimicrobial, anti-inflammatory and 
antidiabetic properties. Furthermore, the chapter includes a brief compilation of 
scientific findings showing the protective role of phytochemicals under several 
pathological conditions.

The editors of Cytotoxicity - New Insights into Toxic Assessment are enormously 
grateful to all the contributing scientists for sharing their knowledge and insights in 
this interdisciplinary book project. They have made an extensive effort to arrange 
the information included in every chapter. The publication of this book is of high 
importance for students, researchers and scientists in diverse fields with expertise 
in toxicology, health, pharmaceuticals and other disciplines, who can contribute 
and share their findings to take this area forward for future investigations.

Sonia Soloneski Ph.D. and Marcelo L. Larramendy Ph.D.
School of Natural Sciences and Museum,

National University of La Plata,
La Plata, Argentina
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Chapter 1

Introductory Chapter: 
Cytotoxicity
Sonia Soloneski and Marcelo L. Larramendy

1. Introduction

The evaluation of toxicity is an important process for assessing the hazards and 
risks that diverse xenobiotic released into the environment have for human beings, 
animals, plants and all compartments in our environment. In particular, the toxic 
response at cellular level plays a central role in the identification and quantification 
of adverse outcomes associated with exposure to numerous pollutants, including 
natural toxins, food additives, pesticides, nanomaterials, metals, radiation, viruses, 
biomolecules and medical devices, among others [1–5].

Conventional in vivo testing frequently requires a huge number of animal 
experiments. However, after application of Russel and Burch’s strategy based on 
the ‘3Rs’ – reduction, refinement and replacement – the replacement of animals 
of experimentation for research purposes has been considered, to minimize the 
cruelty and misuse that provoke pain, distress and death experiences [6]. Strategies 
employing specialized animal/human cell lines, tissue cultures, callus cultures, 
organ cultures and the continued use of long-established cultures are an excellent 
and practical way to screen the properties of any xenobiotic in the early stages 
of experimentation. It is well known that in vitro cytotoxicity cannot replace the 
conventional in vivo effects detected in the advanced stages of product development 
but cytotoxic estimation will assist in extrapolating in vitro observations to predict 
or at least to suggest a clue of the in vivo effects [7].

Accurate assessment of the adverse effects of xenobiotics by estimating their 
cytotoxicity as well as their role in different biological systems is a primary step 
employed to rank the safety of many chemicals; knowledge of the relative toxicity is 
essential in order to decide the fate of a chemical to prevent or minimize their effects 
and to identify cytotoxic responses that may be essential for elucidating target cells 
as well as organ toxicity. According to Freshney [8], the meaning of cytotoxicity can 
differ, considering upon the nature of the study and whether cells are killed or simply 
have their metabolism altered. For example, whereas an anticancer drug employed in 
chemotherapy may be required to kill cells, the absence of toxicity in other chemicals 
may involve a deep complete analysis of specific targets such as modifications in cell 
signaling or cell interaction, among other deleterious effects [8].

In recent years, science and technology innovations have accelerated the 
progress in the standardization of methods for determining cytotoxicity that are 
properly sensitive to predict several levels of cell toxicity, i.e., from low to high. 
These bioassays are efficient and economical tools that can quickly make valuable 
responses that are suitable for both qualitative and quantitative assessment [8].

There are numerous as well as highly recommended methodologies routinely used 
for preliminary in vitro screening of cellular response and the analysis of dead cells 
within a cell population. Advantages associated with in vitro approaches are that they 
are easy to follow, less time-consuming and less expensive than other developmental 

XIV
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designs [9]. The selection of an appropriate cytotoxicity bioassay is decisive for esti-
mating xenobiotic toxicity and it may be necessary to perform several methodologies 
at the same time to obtain a comprehensive toxicity profile due to numerous sublethal 
cellular changes that may occur after a short period of exposure [10].

Cytotoxic evaluation employs several endpoints such as cell viability, cell cycle 
function and control, cell membrane integrity, DNA synthesis, metabolic side 
effects and apoptosis, among others, as indicators that can potentially help to deter-
mine cellular damage and viability. There are a lot of different methods for estimat-
ing cytotoxicity. Each approach comes with its own set of strengths and weaknesses 
regarding its specificity and sensitivity. Therefore, depending on the study and 
targeted endpoint, an appropriate bioassay should be selected. So far, there is no 
single method alone which has been found to be a suitable indicator of cytotoxicity. 
Several methodologies such as the neutral red uptake (NRU) assay for estimating 
cell viability and membrane damage, the Coomassie blue and Kenacid blue assays 
for measuring cellular proliferation and total protein content, tetrazolium-based 
colorimetric assays as indicators of mitochondrial function, and the cellular leakage 
of lactate dehydrogenase for measuring cell injury are the most commonly and 
habitually employed worldwide [8].

2. Cell viability assays

Numerous cell viability and cell proliferation bioassays are routinely employed 
to analyze the toxicity profile of a xenobiotic on cells cultured in vitro. Estimation of 
the proportion of viable cells relies on an interruption of cellular membrane integrity 
by the incorporation of a dye after a chemical treatment, i.e., dye exclusion and 
preferential dye uptake are frequently employed to distinguish and quantify the pro-
portion of live cells in suspension. Numerous vital dyes, including propidium iodide, 
trypan blue, methylene blue, erythrosine B, nigrosine, eosin, safranin, naphthalene 
black, 7-aminoactinomycin D, and Hoechst 33342 (bis-benzimide H 33342 trihydro-
chloride) have been introduced to estimate the proportion of viable cells [8].

The NRU is the most performed colorimetric bioassay employed to estimate cell 
viability and cytotoxicity. Living cells take up and bind the supravital dye 3-amino-
7-dimethylamino-2-methylphenazine hydrochloride – neutral red – and sequester 
it in the lysosomes and endosomes. The uptake of neutral red depends on the cell’s 
ability to preserve pH gradients, through the production of ATP, and neutral red is 
not retained by dead cells. This bioassay does not estimate the total number of cells, 
but it detects only viable cells [11–13].

The Coomassie blue assay is a methodology employed for determining total 
protein content based on differential binding of the stain by the protein and the 
matrix under acidic conditions. Analysis of cellular proliferation and total protein 
content based on Coomassie blue staining represents a quick, simple, and afford-
able method for detecting cytotoxicity [14]. The cytotoxic effect of xenobiotics 
can be also estimated by modifications in total cell protein by the Kenacid blue dye 
binding assay. The basis of this method is that a test chemical will interfere with this 
process and thus result in a reduction of the growth rate as reflected by cell number. 
The degree of growth inhibition, related to the concentration of the test compound, 
provides an indication of toxicity [15].

The lactate dehydrogenase (LDH) bioassay is another colorimetric methodol-
ogy employed for assaying cellular toxicity. LDH is a cytosolic enzyme present in 
many different cell types and is a well-defined and reliable indicator of cytotoxicity. 
Alterations in the cell membrane provoke the release of cytosolic contents, includ-
ing LDH enzyme, into the cell culture medium. The amount of extracellular LDH 
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can be estimated using a colorimetric assay in which the amount of product formed, 
a tetrazolium salt reduced to a red formazan, correlates to the amount of dead or 
damaged cells [16].

Bioassays that estimate the proportion of viable cells indirectly, by analyzing 
the reduction of the intracellular environment and employing metabolic biomark-
ers, are suitable and offer fewer disadvantages than other available methodologies. 
However, one possible disadvantage of some of these bioassays is that there is no 
distinction between cells that are in proliferation and those that are quiescent, 
which may result in overestimation of the number of analyzed cells. The most rep-
resentative is the metabolic bioassay for estimating ATP (adenosine triphosphate), 
indicative of cell survival and cell growth and determining morphology. ATP is a 
ubiquitous carrier of chemical energy and bioassays that quantify intracellular ATP 
levels indicate cell death [17]. Other metabolic bioassays determine NAD+ (nicotin-
amide adenine dinucleotide) and NADP+ (nicotinamide adenine dinucleotide phos-
phate), two ubiquitous soluble cofactors which are found in cells and implicated 
in energy metabolism, signal transduction and cellular homeostasis. In cells, both 
cofactors are present as oxidized and reduced dinucleotide forms, and changes in 
redox environment are employed to analyze the proportion of viable cells [18].

Metabolic tetrazolium-based colorimetric assays such as the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide), MTS 
(5-(3-carboxymethoxyphenyl)-2-(4,5-dimethyl-thiazoly)-3-(4-sulfophenyl) tet-
razolium, inner salt assay) and XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-
5-carboxanilide-2H-tetrazolium, monosodium salt) bioassays are designed to 
estimate cytotoxicity by measuring the reduction of a colorimetric substrate 
associated not only with mitochondria, by mitochondrial enzymes such as succinate 
dehydrogenase, but also with the cytoplasm and with non-mitochondrial mem-
branes including the endosome/lysosome compartment and the plasma membrane. 
The MTT, MTS and XTT bioassays quantify the proportion of viable cells using a 
colorimetric assay in which the bioreduction of a tetrazolium salt to an intensely 
colored formazan correlates to the amount of dead or damaged cells determined by 
measuring absorbance at 450 nm [19].

3. Perspectives

Cytotoxicity biomarkers have proved most useful as tools to elucidate the 
biochemical and/or metabolic changes involved in the toxic action mechanisms of 
xenobiotics at the cellular level. Many approaches have been optimized and refined, 
more multicentre protocols have been performed and international analysis and 
exchange of information have considerably increased. The increasing collection 
and evaluation of cytotoxic biomarkers is also providing growing opportunities and 
numerous challenges for regulatory toxicity testing, motivating the employment of 
fewer animals of experimentation.

This book, Cytotoxicity, is intended to present the rationale, strategies, methods, 
interpretations and recent advances in in vitro toxicity, presenting both theoretical 
and practical aspects.
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content based on Coomassie blue staining represents a quick, simple, and afford-
able method for detecting cytotoxicity [14]. The cytotoxic effect of xenobiotics 
can be also estimated by modifications in total cell protein by the Kenacid blue dye 
binding assay. The basis of this method is that a test chemical will interfere with this 
process and thus result in a reduction of the growth rate as reflected by cell number. 
The degree of growth inhibition, related to the concentration of the test compound, 
provides an indication of toxicity [15].

The lactate dehydrogenase (LDH) bioassay is another colorimetric methodol-
ogy employed for assaying cellular toxicity. LDH is a cytosolic enzyme present in 
many different cell types and is a well-defined and reliable indicator of cytotoxicity. 
Alterations in the cell membrane provoke the release of cytosolic contents, includ-
ing LDH enzyme, into the cell culture medium. The amount of extracellular LDH 
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can be estimated using a colorimetric assay in which the amount of product formed, 
a tetrazolium salt reduced to a red formazan, correlates to the amount of dead or 
damaged cells [16].

Bioassays that estimate the proportion of viable cells indirectly, by analyzing 
the reduction of the intracellular environment and employing metabolic biomark-
ers, are suitable and offer fewer disadvantages than other available methodologies. 
However, one possible disadvantage of some of these bioassays is that there is no 
distinction between cells that are in proliferation and those that are quiescent, 
which may result in overestimation of the number of analyzed cells. The most rep-
resentative is the metabolic bioassay for estimating ATP (adenosine triphosphate), 
indicative of cell survival and cell growth and determining morphology. ATP is a 
ubiquitous carrier of chemical energy and bioassays that quantify intracellular ATP 
levels indicate cell death [17]. Other metabolic bioassays determine NAD+ (nicotin-
amide adenine dinucleotide) and NADP+ (nicotinamide adenine dinucleotide phos-
phate), two ubiquitous soluble cofactors which are found in cells and implicated 
in energy metabolism, signal transduction and cellular homeostasis. In cells, both 
cofactors are present as oxidized and reduced dinucleotide forms, and changes in 
redox environment are employed to analyze the proportion of viable cells [18].

Metabolic tetrazolium-based colorimetric assays such as the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide), MTS 
(5-(3-carboxymethoxyphenyl)-2-(4,5-dimethyl-thiazoly)-3-(4-sulfophenyl) tet-
razolium, inner salt assay) and XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-
5-carboxanilide-2H-tetrazolium, monosodium salt) bioassays are designed to 
estimate cytotoxicity by measuring the reduction of a colorimetric substrate 
associated not only with mitochondria, by mitochondrial enzymes such as succinate 
dehydrogenase, but also with the cytoplasm and with non-mitochondrial mem-
branes including the endosome/lysosome compartment and the plasma membrane. 
The MTT, MTS and XTT bioassays quantify the proportion of viable cells using a 
colorimetric assay in which the bioreduction of a tetrazolium salt to an intensely 
colored formazan correlates to the amount of dead or damaged cells determined by 
measuring absorbance at 450 nm [19].

3. Perspectives

Cytotoxicity biomarkers have proved most useful as tools to elucidate the 
biochemical and/or metabolic changes involved in the toxic action mechanisms of 
xenobiotics at the cellular level. Many approaches have been optimized and refined, 
more multicentre protocols have been performed and international analysis and 
exchange of information have considerably increased. The increasing collection 
and evaluation of cytotoxic biomarkers is also providing growing opportunities and 
numerous challenges for regulatory toxicity testing, motivating the employment of 
fewer animals of experimentation.

This book, Cytotoxicity, is intended to present the rationale, strategies, methods, 
interpretations and recent advances in in vitro toxicity, presenting both theoretical 
and practical aspects.
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Chapter 2

Cytotoxicity as a Fundamental 
Response to Xenobiotics
Grethel León-Mejía, Alvaro Miranda Guevara, 
Ornella Fiorillo Moreno and Carolina Uribe Cruz

Abstract

Cytotoxicity refers to the ability of a molecule or a compound to cause some 
type of cellular damage, of which some of the adverse effects that can occur 
include injuries to some structures or the fundamental processes involved in cell 
maintenance, such as survival, cell division, cell biochemistry, and the normal 
cell physiology. The potential for cytotoxicity is one of the first tests that must be 
performed to determine the effects of drugs, biomolecules, nanomaterials, medical 
devices, pesticides, heavy metals, and solvents, among others. This potential may 
be oriented in the mechanism under which it generates cell death, the dose, and 
the target cells that generate the response. The evaluation of the toxicologic and 
cytotoxic properties of the chemical substances through in vitro tests has become 
a competitive alternative to in vivo experimentation as a consequence of ethical 
considerations. Presently, there are numerous tests conducted to evaluate the cyto-
toxicity of a certain agent, the selection of which depends on the purpose of the 
study. In this sense, the present review provides a general overview of the different 
responses of a cell to xenobiotic agents and the different test that can be useful for 
evaluation of these responses.

Keywords: cytotoxicity, xenobiotic, apoptosis, biomarkers, cellular damage

1. Introduction

In the modern world, increasing industrialization continues to pose serious 
pollution problems [1]. Every year, several countries generate millions of tons of 
pollutants, which keeps adding to this interrelation among population, technology, 
resource consumption, and the environment—a situation which is becoming increas-
ingly complex [2]. Although it is true that the reality is alarming, risk quantification 
and estimation strategies, based on studies of the effects of xenobiotics, are necessary 
not only for the conservation of the environment but also to acquire the knowledge 
about the factors that intervene in each specific case to enable foreseeing potential 
injuries [1]. Humans are exposed to a wide variety of foreign chemical substances, 
which we collectively call “xenobiotics” that includes natural compounds pres-
ent in plant foods, such as synthetic compounds in medicines, food additives, and 
environmental pollutants. At present, the study on the effects of xenobiotics and the 
elucidation of their mechanisms of action on macromolecules has become extremely 
important [3, 4].
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Cytotoxicity is defined as an alteration of the basic cellular functions that leads 
to detectable damage [5]. In this sense, the cytotoxicity that a xenobiotic induces 
may be a relevant point in the elucidation of the mechanism of action of the xeno-
biotic [6]. The analysis of cytotoxic effects is a fundamental strategy involved in 
the analysis of the xenobiotic–cell interaction in basic research, industrial devel-
opment, and in the evaluation of therapeutic and toxic effects of chemical and 
biological products [5].

2. Cytotoxicity and genotoxicity

Genotoxicity is defined as the capacity of an agent, be it physical, chemical, or 
biological, to cause damage to the genetic materials or to alter the cellular compo-
nents that influences the functionality and behavior of the chromosomes within the 
cell, leading to adverse biological outcomes [7]. Hence, the final cause of cell death 
may be related to DNA damage [8]. Specific cellular responses include cell cycle 
arrest and attempts to repair DNA [9]. The use of a specific repair enzyme complex 
depends on the type of DNA strand break or the chemistry of the adduct formed as 
well as the repair capacity of the affected cells [9]. If there is excessive DNA dam-
age, an alternative is the action of p53 that activate apoptosis [8].

Apoptosis
One of the most obvious end points of action for several drugs and toxic xeno-

biotics is cell death [10]. Cell death is divided into two types: i) necrosis, which is 
characterized by the occurrence under the mechanisms of irreversible cell injury 
and is considered accidental and ii) apoptosis, which corresponds to programmed 
cell death that runs under control and is related to homeostasis of tissue growth 
[11]. The term programmed cell death was introduced for the first time in 1920, 
and, in 1972, the term apoptosis was coined by Wyllie and Currie, since then the 
mechanisms and molecular aspects by which this process is conducted have been 
described [12].

The extrinsic signaling pathway that initiates apoptosis has been so named 
since it involves interactions mediated by transmembrane receptors, and it has 
been described that this pathway is initiated by the binding of i) tumor necrosis 
factor (TNF) ligand to the receptor TNF, ii) TNF-related apoptosis inducing 
ligand (TRAIL) to death receptor-4 (DR4), and DR5 receptors, or 3) the fatty acid 
synthetase ligand to the FasR receptor. These associations are known to recruit 
adapter molecules such as Fas-associated death domain (FADD) or TNF receptor-
associated death domain (TRADD), which activates initiator caspases-8 and -10 
and, finally, the activation of executor caspases-3, −6, and − 7 that culminates in 
an apoptotic cell phenotype with characteristic physiological and morphological 
characteristics [11, 13].

In the intrinsic signaling cascade, a series of intracellular stimuli has been 
reported specifically in the mitochondria, which induces structural changes in 
the mitochondrial membrane, mainly due to the opening of the transition pores 
and alterations in the transmembrane potential entailing a release toward the 
cytosol of pro-apoptotic substances, which remains within the intermembranal 
space in a normal state [14]. These released components have been classified into 
two main groups consisting i) cytochrome c, Smac/diablo (second mitochondrial 
activator of caspases/direct inhibitors of apoptotic proteins (IAP) binding pro-
tein with low Propidium iodide (PI)) and the serine protease HtrA2/Omi (high-
temperature requirement): these releases lead the apoptotic cascade via caspase 
activation. It has been discovered that the release of cytochrome c activates the 
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apoptotic protease activating factor-1 (Apaf-1 protein) and procaspase-9 in 
addition to ATP, thereby establishing a protein complex called as the apoptosome, 
which in turn activates caspase-3, initiating the effector pathway of apoptosis. 
On the other hand, the Smac/Diablo and HtrA2/Om proteins promote apoptosis 
by inhibiting IAP such as cIAP1, cIAP2, and XIAP. ii) Apoptosis inducing fac-
tors, endonuclease G, and caspase-activated DNase: the latter are released into 
the cytosol, enter the nucleus, and fragment the DNA. The importance of DNA 
degradation by Ca2+ and Mg2+ dependent endonucleases is that they generate 
fragments of 180–200 base pairs; this pattern of fragments is highly specific and 
an extremely clear factor that differentiates this type of programmed cell death 
with necrosis, which does not present a degradation pattern or specificity in the 
fragment sizes [11, 13, 14].

Autophagy
Autophagy is an intracellular degradation process that is characterized by the 

formation of double membrane vesicles called as autophagosomes; these vesicles 
sequester the cytoplasmic material and later fuse with the lysosome (that contains 
hydrolytic enzymes), forming the autophagolysosome or autolysosome, where the 
degradation of the invaginated material occurs [15]. The amino acids and small 
molecules that are generated through autophagy are returned to the cytoplasm for 
the generation of energy and for the synthesis of new proteins and biomolecules 
[16]. The main inducer of autophagy is nutrient deficiency; however, it has been 
reported that the activation of autophagy is a cell survival mechanism against 
various stress conditions, including oxidative stress, inflammation, protein aggre-
gation, endoplasmic reticulum stress, metabolic stress, the presence of pathogens, 
and changes in the mitochondrial function [17]. Autophagy plays an important role 
in cell and tissue homeostasis by contributing to the generation of energy from deg-
radation events, which plays a role in the quality control of proteins and organelles, 
in the elimination of long-lived proteins and pathogens, as well as in the regulation 
of cell death [15, 16].

The central machinery of the autophagy process is composed of >30 proteins, 
including the so-called Atg. The autophagy pathway proceeds through five phases: 
(i) nucleation, which is the formation of a double membrane structure or an 
isolating membrane called the “phagophore”; (ii) the expansion of the phagophore 
membrane by the incorporation of the LC3-II protein; (iii) the maturation of this 
structure in the autophagosome and the sequestration of cytoplasmic material 
to be degraded; (iv) the fusion of the autophagosome with the lysosomes, which 
results in the formation of autophagosome and autolysosomes and, finally; (v) the 
degradation of biological materials sequestered by the hydrolytic enzymes of the 
lysosome and the recycling of the molecules (above all amino acids, lipids, sugars, 
and nucleotides) [17, 18].

The nucleation and formation of the phagophore is initiated by the serine and 
threonine kinase unc-51-like autophagy activating kinase 1 (ULK1). Once the ULK1 
complex is activated, it activates the phosphatidylinositol 3-kinase (PtdIns3K) 
complex that includes members such as Beclin 1, Atg14, Vps15, Vps34, and Ambra1. 
Two ubiquitin-like conjugation systems participate in the expansion of the phago-
phore membrane, until the closure of the double membrane vesicle to form the 
mature autophagosome, which are Atg12-Atg5-Atg16 and Atg4-Atg7-Atg3/LC3-PE 
(phosphatidylethanolamine) [17, 18]. Eventually, the autophagosome fuses with the 
lysosome, and the sequestered material is degraded by lysosomal enzymes (such as 
cathepsins, glucosidases, lipases, and sulphatases). The components of degraded 
biomolecules, for example amino acids, are returned to the cytoplasm to derive 
energy and for the synthesis of new biomolecules [17, 18].
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apoptotic protease activating factor-1 (Apaf-1 protein) and procaspase-9 in 
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The nucleation and formation of the phagophore is initiated by the serine and 
threonine kinase unc-51-like autophagy activating kinase 1 (ULK1). Once the ULK1 
complex is activated, it activates the phosphatidylinositol 3-kinase (PtdIns3K) 
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3. Cytotoxicity test

Within the battery of in vitro tests that are useful and necessary, alternative 
toxicology methods for the registration or application of clinical trials of a given 
substance are referred to as cytotoxicity tests; these tests are capable of detecting, 
through different known cellular mechanisms, the adverse effects of interference 
with structure and/or properties essential for cell survival, proliferation, and/or func-
tions [19, 20]. These tests include the integrity of the membrane and the cytoskeleton, 
metabolism, synthesis, degradation, release of cellular constituents or products, ionic 
regulation, and cell division [19, 20].

The sensitivity and speed of the damage analysis at the cellular level increases 
its practical value when simple cytotoxicity markers are used, such as in the deter-
mination of viability by exclusion of fluorescent and non-fluorescent dyes. There 
is a wide availability of markers for intracellular and extracellular structures and 
functions, as well as to examine several of these markers simultaneously in the same 
cell to allow analysis at individual cell level [19, 20].

Among the best-known tests are neutral red uptake assay, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) reduction, clonogenic assay, 
sulforhodamine B, lactate dehydrogenase (LDH) release colorimetric assay, annexin 
V/propidium iodide (PI) staining, TUNEL, and kenacid blue and resazurin bind-
ing assay. Table 1 shows in vitro key studies on cytotoxicity induced by xenobiotics 
using different assay.

Neutral red uptake assay
This test is a measure of the toxicity of a compound in the short or long term, 

which is determined by the release of a dye (i.e., neutral red) due to the loss of cell 
viability. In this sense, the fact that a compound is cytotoxic regardless of its action 
mechanism must be considered, if this interferes in the process of cell division and 
multiplication [34, 35]. This interference leads to the reduction in the speed of cell 
growth, which is reflected in the number of cells present in the culture. The degree 
of growth inhibition related to the concentration of the compound being evaluated 
is an index of toxicity [34, 35].

Neutral red is taken up by cells (specifically by lysosomes and endosomes) and, 
as the cell loses viability due to the action of the compound being evaluated, the 
dye is released into the medium, since only viable cells can retain the dye inside. 
The amount of neutral red dye that remains after exposure within the cell is then 
determined and the concentration that produces 50% inhibition of cell growth is 
then calculated [34, 35].

The MTT reduction assay
This method is simple and is used for the determination of cell viability, given 

by the number of cells present in the culture, which can be measured based on the 
formation of a colored compound as a result of a reaction occurring in the mito-
chondria of the viable cells [35, 36].

MTT is a compound belonging to the family of tetrazolium salts that is soluble 
in water and a yellow color. The metabolic activity of cells includes mitochondrial 
succinic dehydrogenase enzyme, but cytosolic reductases or reductases from 
other subcellular compartments may also be involved. The resulting reduced 
coenzymes (NADH and NADPH) will convert MTT to its insoluble formazan 
form [37]. When reduced, MTT becomes a compound purple and insoluble 
in water. To quantify MTT, it is usually dissolved in an organic solvent such as 
dimethyl sulfoxide (DMSO). The amount of reduced MTT is quantified by a 
colorimetric method, since the color changes from yellow to purple as a result of 
the reaction [35, 37, 38].
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Reference Xenobiotic Cells used Assay used Outcome(s)

[21] Pesticides 
Deltamethrin 
Fenitrothion, 
Fipronil, Lambda-
cyalothrine, and 
Teflubenzuron

Caco-2 cells MTT cell 
viability 
assay

Cytotoxic effect 
of Deltamethrin, 
Fenitrothion, Fipronil, 
Lambda-cyalothrine, and 
Teflubenzuron alone or 
in combination in human 
intestinal Caco-2 cells.

[22] Malathion N2a mouse 
neuroblastoma 
cells

MTT cell 
viability and 
LDH release 
assay

The non-cholinergic effect of 
malathion may be mediated 
by apoptotic cell death via 
autophagy and lysosomal 
membrane permeabilization 
induction in N2a cells.

[23] X-ray Human 
hepatocellular 
carcinoma cells

MTT and 
clonogenic 
assays

Cell autophagy was 
significantly increased after 
ionizing radiation combined 
with hyperthermia 
treatment. Autophagic cell 
death may be due to the 
increased intracellular ROS.

[24] Gamma radiation Human breast 
cancer cell line 
(MCF-7)

Clonogenic 
cell survival 
assay, cell 
viability 
using 
trypan blue 
staining and 
apoptotic cell 
death using 
the TUNEL 
assay

The dose and time 
dependence inducing a 
significant apoptotic death.

[25] Heavy metals Human sperm 
cells

WST-1 and 
XTT

Harmful effect of CuSO4 
and CdCl2 on human 
spermatozoa.

[26] Heavy metals HT-22 cell line MTT assay 
and Annexin 
V-FITC/ 
Propidium 
iodide (PI)

Metal mixtures showed 
higher cytotoxicity 
compared to individual 
metals.

[27] Chemotherapeutic 
drug
Cyclophosphamide

Monocyte 
Macrophage 
Cell Line Raw 
264.7

MTT assay A reduction in cell viability 
was found in Raw 264.7 
cell line indicating the cell 
cytotoxicity.

[28] Chemotherapeutic 
drugs
Paclitaxel
Docetaxel
Oxaliplatin
Bicalutamide
Anastrozole

HT-29 and 
HeLa cells

MTT Assay Dose-response cytotoxicity 
findings. Favorability of in 
vitro assay for the selection 
of chemotherapeutic 
drugs for greater clinical 
effectiveness.

[29] Aminated 
polystyrene, zinc 
oxide, and silver 
nanoparticles

HeLa cells MTT, Alamar 
blue, and 
neutral red 
assay

All nanoparticles tested 
resulted in the decrease 
in cell viability, increased 
intracellular ROS production 
and induction of cell death 
by caspase-mediated 
apoptosis.
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Clonogenic assay
This assay enables assessing whether a cell is capable of dividing and forming 

a colony after being exposed to a treatment [39]. A cell survival curve defines the 
relationship between the dose of the agent used and the fraction of cells that retain 
their ability to reproduce. Cell lines of various origins, neoplastic or normal, of 
human or rodent origin can be used [19, 39].

This test is considered an extremely useful tool owing to its advantages of low 
cost, reproducibility, and simplicity. It has been used for several decades to evalu-
ate the effects of radiation, chemotherapy, drug development, drug screening, 
toxicology, and pharmacology [19, 40].

Sulforhodamine B
Sulforhodamine B (SRB) is a bright pink aminoxanthan dye with two negatively 

charged sulfonic groups ▬SO3▬ capable of electrostatically binding to cations [41]. 
Under acidic conditions (when dissolved in 1% acetic acid), SRB increases its affin-
ity for the basic amino acids of proteins and binds selectively to them, providing an 
index of the cellular protein content if the cells were previously fixed with trichlo-
roacetic acid. After removing the unfixed dye, the dye bound to the viable cells is 
extracted with alkaline medium (Tris solution, pH 10.5) and the absorbance is read 
at 564 nm [41, 42].

LDH release colorimetric assay
This assay allows the measurement of LDH enzyme activity using a cocktail 

of reagents containing lactate, NAD+, diaphrose, and the tetrazolium salt INT 
[43]. LDH catalyzes the reduction of NAD+ to NADH in the presence of L-lactate, 
and the formation of NADH can be measured by a coupled reaction, in which the 

Reference Xenobiotic Cells used Assay used Outcome(s)

[30] Copper oxide, 
copper-iron 
oxide, and carbon 
nanoparticles

Human 
hepatoma 
HepG2 cells

MTT and 
neutral red 
assays

There was increased 
cytotoxicity, mutagenicity, 
and mitochondrial 
impairment in the cells 
treated with higher 
concentrations of the 
nanomaterials, especially the 
copper oxide nanoparticles.

[31] Dental universal 
adhesives

Monocyte/
macrophage 
peripheral 
blood cell line

XTT assay Some of the tested adhesives 
showed significant cytotoxic 
and genotoxic effects.

[32] Perfluorocarbons 
for intraocular use

BALB/3T3, 
ARPE-19 cell 
lines

MTT, neutral 
red uptake, 
and TUNEL 
assay

Qualitative evaluation 
showed that cytotoxic 
control induced apoptosis, 
severe reactivity zones, and 
cytotoxicity according to 
ISO 10993-5 in all tested 
conditions.

[33] Polysiloxane-based 
polyurethane/
lignin elastomers

HeLa cells MTT assay Demonstrate the usefulness 
of in vitro cytotoxicity 
studies to improve the 
response of materials based 
on polysiloxane-based 
polyurethane / lignin 
elastomers.

Table 1. 
Overview of in vitro key studies on cytotoxicity induced by xenobiotics using different assay.
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tetrazolium salt INT is reduced to a red formazan product that can be measured 
spectrophotometrically [44]. The increase in the LDH activity in the culture super-
natant is proportional to the number of cells lysed [43, 44].

Annexin V/PI staining
Annexin V is a recombinant protein that specifically binds to phosphatidylserine 

residues, which are exposed on the outer surface of the plasma membrane, and is an 
effective biomarker in apoptotic cells [45]. Annexin V can be combined with a DNA 
marker that is not membrane-permeable unless the membrane is compromised in 
order to distinguish apoptotic cells from necrotic cells [45].

It has been reported that the combination of annexin V-FITC and the cationic 
marker PI can guarantee this differentiation, registering non-apoptotic cells 
(annexin V-FICT-negative/PI negative), the cells in early apoptosis (annexin 
V-FICT positive/PI negative) and necrotic cells (annexin V-FICT positive/PI 
positive). The samples are analyzed in a cytometer providing an objective and fast 
quantification [46].

TUNEL assay
A useful method to study apoptosis is the TdT-mediated dUTP-biotin nick end-

labeling (TUNEL assay). During apoptosis, nuclear endonucleases digest genomic 
DNA into oligonucleosomal fragments of approximately 180–200 base pairs. DNA 
fragments are labeled by the catalytic incorporation of labeled 16-dUTP at the free 
ends by means of the enzyme terminal deoxynucleotidyl transferase (TdT) [47]. 
The accessibility of the enzyme to the DNA break points is decreased due to nuclear 
proteins along with the processes of fixation of the sample and the subsequent 
fixation with ethanol [48]. The signal increases with a greater number of breaks in 
the DNA chain, and it can be conducted both by flow cytometry and fluorescence. 
The TUNEL assay has been widely applied in different types of cells to detect DNA 
damage produced by different types of xenobiotics [49, 50].

Kenacid blue binding assay
Through this assay, the change in total protein content is measured, which is a 

reflection of cell proliferation. If a compound is cytotoxic to the cells, it must affect 
at least one or more processes involved in cell proliferation, such as DNA synthesis, 
the proper functioning of organelles such as mitochondria and lysosomes or affect 
the integrity of the membrane or protein synthesis [51]. When the cell growth is 
affected, the number of cells present in the treated culture must be reduced with 
respect to the control, such that the measurement of the concentration of proteins 
present in the culture constitutes an index of toxicity [51]. Generally, the cells are 
exposed to the product for evaluation for a time period of 72 h, and the product is 
then removed and the cells are exposed to the dye, which then binds to the cellular 
proteins. Finally, the amount of kenacid blue retained by the cells is determined and 
the percent of inhibition of cell growth is quantified [51, 52].

Resazurin binding assay
Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) is a non-fluorescent blue 

dye that is commonly used for the measurements of cell viability [53]. Resazurin is 
reduced to resofurin (a highly fluorescent pink dye) by oxidoreductases detected 
primarily in the mitochondria of viable cells. Resofurin is excreted into the 
medium, allowing continuous monitoring of the proliferation and/or cytotoxicity 
of the substances in human cells, animals, bacteria, and even fungi [54]. This dye 
is not extremely toxic to cells and allows the continuity of studies in the same cells, 
which saves time and money, especially in the primary cultures where the cells are 
extremely scarce and valuable. Furthermore, it is sensitive and highly reproducible. 
It is therefore possible to determine in samples at 530–580 nm as excitation wave-
lengths and 570–620 nm as emission wavelengths, since this dye has both chromo-
phoric and fluorophore properties [53, 54].
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spectrophotometrically [44]. The increase in the LDH activity in the culture super-
natant is proportional to the number of cells lysed [43, 44].
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(annexin V-FICT-negative/PI negative), the cells in early apoptosis (annexin 
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lengths and 570–620 nm as emission wavelengths, since this dye has both chromo-
phoric and fluorophore properties [53, 54].



Cytotoxicity - New Insights into Toxic Assessment

14

Biomarkers
The term “biomarker” is applied to measure an interaction between the biologi-

cal system and a chemical, physical, or biological agent, which was evaluated as a 
functional or physiological response that occurs at the cellular or molecular level 
and is associated with the probability of the development of a disease [55].

The main objectives with the use of biomarkers in human and environmental 
toxicology are to measure the exposure to xenobiotic agents that causes diseases 
and to predict the toxic response that could possibly occur [55]. This approach 
allowed an increase in the requirement of regulation for the development of 
drugs, pesticides, and other compounds that can produce adverse effects on the 
human health in addition to greater impacts on occupational health [55, 56]. 
Short- and long-term toxicity studies in vitro systems and in experimental animals 
are very valuable to demonstrate the association of different substances with the 
appearance of cytotoxicity and the development of mutagenesis, carcinogenesis, 
and teratogenesis in order to promote early actions for the protection of human 
health [56].

4. Cytotoxic drugs

The absorption of a drug depends on its physicochemical properties, its formu-
lation, and its route of administration. A drug must cross several semi-permeable 
cell barriers before reaching the systemic circulation. The cell membranes act as 
biological barriers that selectively inhibit the flow of drug molecules [57, 58].

Within toxic events that can compromise cell functions by xenobiotic agents 
such as nanoparticle-based drugs, cellular oxidative stress is an important 
biological process that must be considered [59]. Oxidative stress is manifested 
by the production of reactive oxygen species (ROS). ROS are highly reac-
tive, very small molecules that are produced as a result of the presence of an 
unpaired valence electron shell; they are highly reactive and possess the abil-
ity to interact with macromolecules such as lipids, proteins, and DNA. There 
are various cellular signals that are conveyed through binding to antioxidant 
response elements or in response to electrophiles, which regulate the expression 
and coordinate different genes related to their chemoprotective and detoxifying 
capacities [59, 60].

Determining cell viability is essential when analyzing the efficacy of a new drug 
or treatment [57]. Not all drugs have the same underlying mechanism or the same 
level of effect, therefore analyzing how they affect cell health can be a key indicator 
of whether the drugs may work for a specific intended result. The pharmaceutical 
industry uses a variety of cytotoxicity tests to screen compositions [57]. Chemicals, 
drugs, and pesticides all affect human cells in different ways, and these tests can 
uncover the exact mechanisms of how these xenobiotics work in the human body. 
Cytotoxicity assays can uncover processes such as the destruction of cell mem-
branes, irreversible binding to receptors, impaired protein synthesis, irreversible 
binding to receptors, and others [19].

Cytotoxic drugs are preferably used to treat neoplastic diseases, these include 
DNA alkylating agents [61], antimetabolites [62], and microtubule-active agents 
[63], topoisomerase inhibitors [64], among others. The goal of the pharmaceutical 
industry is to create increasingly efficient cytotoxic drugs for cancer treatment, 
with specific targets for certain cellular targets. Nevertheless, they are drugs with 
high toxicity, mainly utilized for hematopoietic, renal, hepatic, digestive, and 
dermal ailments [65, 66].
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5. Medical devices

According to the WHO, medical devices refer to any instrument, device, imple-
ment, machine, implant, reagent for in vitro use, software, material, or other 
similar or related article. These devices must undergo rigorous tests to determine 
their biocompatibility when they come into contact with the body, regardless of its 
mechanical, physical, and chemical properties [67].

With the continuous development of science and technology, if medical devices 
are new, they must undergo biocompatibility tests, cytotoxicity, sensitization, 
intradermal irritation, acute systemic toxicity, and a series of tests before entering 
a clinical setting to ensure that it is safe for use and effective in humans [68]. These 
cytotoxicity studies are generally quick, simple, and straightforward, and help 
eliminate materials that may be harmful to the body and further consider whether 
they need further analysis and evaluation for their safe and effective use [69].

Polyurethanes (PUs) represent a popular and important part of industrial 
products that are characterized by good flexibility properties, high impact resis-
tance, and durability; these characteristics make them polymers with multiple 
applications [70]. Their block copolymer character provides them a wide versatility 
in terms of adapting their physical properties and compatibility; thus, PUs are 
interesting for internal uses (in vivo), especially in short-term applications, such as 
in catheters or implants. Similarly, they are interesting for external use applications 
(in vitro), such as controlled drug release systems. The PUs used as biomedical 
materials must comply with the mechanical properties for the intended application 
and must be non-toxic, biodegradable according to the function to be fulfilled, and 
biocompatible [69, 70].

Biodegradable polymers have gained much attention presently in the medical 
field in the search for new materials for treating health problems that arise due to 
their attractive physical properties and good biocompatibility [71].

6. Pesticides

Pesticides, especially herbicides that are used routinely in crop production, 
have been shown to cause detrimental effects on the human health [72]. These 
compounds are easily absorbed via different routes, such as the gastrointestinal and 
respiratory tracts and through the skin. Due to their high stability and affinity for 
adipose tissues, they can be metabolized and stored in the human organs, mainly 
in the adipose tissues [72]. Several human diseases have been associated with 
pesticide exposure, including cancer, hypertension, neurodegenerative diseases 
(Parkinson’s), and diabetes [73–76]. Due to the toxicity and extreme persistence of 
pesticides in the environment, different studies have been conducted on the toxicity 
of these agents [77].

Glyphosate for example is a broad spectrum post-emergent herbicide used in 
both agricultural and non-agricultural areas for weed control [78, 79]. Within the 
investigations in this regard, Nagy et al. [80] compared the cytotoxic and genotoxic 
potentials of the active ingredient glyphosate using mononuclear white blood cells 
that were treated with different concentrations of glyphosate and others with three 
glyphosate-based herbicides and found that glyphosate induces significant cytotox-
icity and genotoxicity effects [80].

The cell metabolic activity is an important indicator of cell viability, and succi-
nate dehydrogenase is an enzyme complex found in the inner mitochondrial mem-
brane of eukaryotic cells that can be used to reflect the viability of these cells [81].  
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Figure 1. 
Types of radiation.

In this field, Devi et al. [82] used rotenone and chlorpyrifos to evaluate the inter-
action of these pesticides with the protein malate dehydrogenase (MDH) and 
the consequent cytotoxicity induced by these pesticides. The authors found that 
rotenone and chlorpyrifos bind strongly to MDH, interfering with protein folding 
and triggering alterations in their secondary structure.

In this sense, it has also been shown that exposure to pesticides can induce 
oxidative DNA damage, single and double breaks, and adduct formation [83]. 
Although there are different DNA repair mechanisms for these damages and for the 
maintenance of cellular integrity, excessive damage or irreparable damage can lead 
to cell death processes [8, 83, 84].

In fact, it has been described that some pesticides induce cell death through 
apoptosis signaling pathways in order to maintain cell homeostasis [85, 86]. 
Pesticide-induced apoptosis can form the basis of several human diseases, such as 
cancer and neurological diseases [87]. For this reason, studies in this field have been 
consistently increasing.

7. Radiation

Radiation, according to its energy, can be classified into ionizing and non-
ionizing types [88]. In this sense, ionizing radiation corresponds to the radiation of 
higher energy (shorter wavelength) within the electromagnetic spectrum. These 
radiations have sufficient energy to remove electrons from the atoms with which 
they interact to produce ionizations, while the non-ionizing radiations are those 
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that do not have sufficient energy to remove an electron from the atom they interact 
with, that is, they do not produce ionizations [88]. Figure 1 illustrates the types of 
radiation.

Ionizing radiation is considered to be more dangerous because it has sufficient 
energy to alter matter (through ionizing energy). Depending on the environment 
in which the radiation collides, the mechanism of action of the radiation differs. 
These types of action mechanism can be classified into a direct-action mechanism, 
which consists of transferring energy to molecules such as proteins, lipids, or DNA, 
among others, which causes the bond to break down and, consequently, cause dam-
age to the cells. The indirect mechanism of action occurs when energy is absorbed 
by water molecules in the body and, consequently, radiolysis occurs. In this process, 
the free radicals of OH− and the release of H+ ions are produced, which recombine 
and can produce H2, H2O, and H2O2, which when reacting with molecules such 
as glucose and cholesterol, among others, can cause damage momentary in the 
metabolism and if they react with DNA, structural damage is generated [89, 90].

These radiations cause DNA damage in different ways, such as double chain 
breaks, single chain breaks (SSB), hydrogen bond breakage, base dimers, DNA–
DNA cross-linking, DNA-protein cross-linking, loss of bases, base modification, 
and alteration and damage of the repair mechanisms by interaction with cell 
cycle proteins such as cyclins CDKs and p53 regulator of cell apoptosis, all of 
which lead to mutations or structural abnormalities that increase the genomic 
instability [89–91].

8. Conclusions

The damage at the cellular level, either in some structures or in processes that 
affect cell maintenance, division, or survival, can lead to processes of cell death. An 
important point in drug evaluation is to provide an alternative approach to improve 
the predictive capacity of cytotoxicity assays based on cell analysis through incor-
poration of more specific parameters and/or more appropriate cellular systems. By 
means of this approach, cytotoxicity can be defined in an integrated manner, based 
on genomic, proteomic, and cytomic data, starting from the molecules to cells and 
from the cells to tissues.

The advent of new and improved cytotoxicity assays that are safe, robust, and 
affordable has been instrumental in advancing the pharmaceutical development 
process. With these analyzes, presently, research has begun to rely less on animal 
testing and more on studies that are more economical.
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Abstract

Cancer is a group of related diseases in which there is uncontrolled cell growth
that spreads to the surrounding tissues and damages them. Cancer remains the
disease with the leading cause of death worldwide, and incidence and mortality are
increasing rapidly. The main cancer treatment is chemotherapy; however, the
compounds used in this treatment have serious side effects for this reason, is
necessary to develop new therapeutic strategies. Natural products are an excellent
pharmacological alternative for the treatment of cancer and infections. In search of
new compounds with cytotoxic and antimicrobial activity, we have found quinones
that have a high pharmacological potency in the treatment of these health problems.
Quinones are an aromatic system of one or diketone and are mainly isolated from
plants, fungi, bacteria, and other organisms. These compounds are secondary
metabolites derived from the oxidation of hydroquinones; they include
benzoquinones, naphthoquinones, anthraquinones, and polyquinones. This review
summarizes the activity of 152 anticancer and 30 antimicrobial quinones.

Keywords: quinones, cancer, cytotoxic, antimicrobial, natural product

1. Introduction

Cancer is a group of a collection of related diseases where there is uncontrolled
cell growth and spread into surrounding tissues, producing damage to them. In
many cases, these cells form tumors and some cancer cells travel through the
lymphatic system or blood to other places of the body and form new tumors.

Cancer remains the disease with major cause of death globally. In 2018, there
were reported about 18 million new cases of cancer [1] and approximately 9.6
million deaths from this disease [2]; in addition, all over the world, the incidence
and mortality of cancer are increasing. The risk of incidence of cancer is associated
with age, infections, and human habits like poor diet, consumption of alcohol,
tobacco, and others [3]; also, there are genetic predisposition and immune
conditions [4].

Diseases due to the infections of bacteria and fungi are a very important health
problem throughout the world. In 2019, the incidence of infection transmitted by
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food and water increased. The treatment of infection by bacteria is the administra-
tion of antibiotics; however, these drugs have been losing effectiveness because
there is increased bacterial drug resistance [5]. The main causes of bacterial resis-
tance are unnecessary prescriptions [6] and the unregulated antibiotics sale in many
countries, leading to inadequate and unnecessary consumption [7]. Then, infections
treatments become more expensive and have less effective.

From ancient times, natural products have been used in the treatment of differ-
ent diseases, for example, in Egypt around 1550 BC, the “Ebers Papyrus” reported
the use of 700 drugs [8]. Nowadays, natural products are an important source of
compounds with great potential for the treatment of infections and different forms
of cancer [9].

Quinones are an important family of natural products. They have a variety of
biological effects, such as anticancer and antimicrobial activities [10, 11]. The 1,4-
naphthoquinones, since ancient times, have been used as cosmetics for coloring skin,
as well as the treatment of some diseases. These compounds have several activities
like anti-inflammatory, antiviral, anticancer, and antibacterial, among others.

For example, juglone and plumbagin show an antimicrobial effect on bacteria and
fungi, and they are defensive compounds in the plant. Cytosporaquine A-D and
physcion exhibited cytotoxic activity against several human cell cancer lines.

The cytotoxic and antimicrobial activities of 1,4 naphthoquinones are due
mainly to two carbonyl groups present in these compounds, which can accept one
or two electrons to form a semiquinone radical or di-anion species and for their
acid–base properties [10].

The present review focuses on the anticancer and antimicrobial activities of 182
quinones isolated from natural sources in the last 5 years (Tables 1 and 2).

2. Anticancer and antimicrobial activity of quinones obtained from
plants, animals, and microorganisms

The incidence of cancer has increased; in 2018, around 9.6 million deaths in the
world were due to this disease. The drugs used in chemotherapy have side effects
and the cancer cells can have resistance to these drugs. Therefore, the study of new
molecules with anticancer activity has become important.

Infectious diseases are an international health public problem, especially in
undeveloped countries. For the treatment of these diseases are used antibiotics;
however, several microorganisms present resistance to these drugs.

The search for new compounds with these activities has become important.
Plants, marine organisms, fungi, and bacteria are natural sources to obtain
substances with pharmacological effects.

Quinones are natural products with different pharmacological activities, such as
anticancer and antimicrobial effects. These compounds can be obtained by
synthesis or the structure modified to increase their activity.

This chapter shows the revision of the literature generated in the last 5 years of
quinones isolated from 65 plant species, bacteria, fungi, algae, or sponges. The
plants were the most different species studied, followed by fungi with 10 species,
Streptomyces with 4 strain investigated, and bacteria with only one studied. Now-
adays, the study of marine organisms has become more important, with 3 species of
sponges studied and from which these compounds have been isolated, and there
was 1 scorpion studied.

The cytotoxic properties of isolated quinones in the period 2015 to 2020 were
mainly determined by in vitro and in vivo studies. This was due to some factors
such as the sensitivity of these tests and the consumption of small amounts of
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Quinona/
Natural origin (plants,
animals,
microorganisms)

Structure Activity or model
where it was
tested

Results Reference

Plants

Deoxyshikonin (1),
isobutyrylshikonin (2),
α-methylbutyrylshikonin
(3),
acetylshikonin (4),
β-
hydroxyisovalerylshikonin
(5),
5,8-O-dimethyl
isobutyrylshikonin (6) and
5,8-O-dimethyl
deoxyshikonin (7).
Onosma visianii

Micro-dilution
antibacterial assay
B. megaterium
E fecalis
M. arborescens
M. luteus
S. epidermis
C. Koseri
H alvei
P. proteolytica
S. maltophilia
Y. intermedia

MIC 50
and 90 μg/
mL
For all
compounds
Range:
8–51/ 9–
54.28
6–34/6–38
6–34/6–38
8–68/9–76
8–51/9–54
6–68/6–76
6–51/6–54
4–68/6–38
4–68/4–76
6–25/6–76

[20]

Thymoquinone
Nigella sativa

Broth
microdilution
volatilization
method
Haemophilus
influenzae
Staphylococcus
aureus
Streptococcus
pneumoniae

MIC
(Broth/
agar) μg/
mL
8/8
16/16
16/32

[47]

1,4,6-Trihydroxy-8-
isoheptanyl-9,10-
anthraquinone
(symploquinone A) (1)
1,4-Dihydroxy-6-methyl-
8-isopropyl-9,10-
anthraquinone
(symploquinone C) (2)
Symplocos racemosa

Microdilution
assay
S. aureus
P mirabilis

MIC μg/mL
(1) 160
(2) 83
(1) >160
(2) >160

[76]

Primin
Miconia willdenowii

Mueller Hinton
broth
microdilution
assay
C. albicans ATCC
10231
C. krusei ATCC
6258
C. tropicalis ATCC
750
C. glabrata ATCC
90030
C. parapsilosis
ATCC 22019
S. aureus (ATCC
6538)

IC50 μM
72.08
36.04
72.08
72.08
72.08
8.94

[77]
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Quinona/
Natural origin (plants,
animals,
microorganisms)

Structure Activity or model
where it was
tested

Results Reference

Lawsone
Lawsonia inermis

Microdilution
assay
Saccharomyces
cerevisiae. Strain
BY4741

MIC mM/L
229

[78]

Marine Sponge

langcoquinones D
Dysidea, Spongia and
Dactylospongia

Microdilution
assay
Bacillus subtilis
Staphylococcus
aureus

MIC μM
12–5
25

[60]

Nakijiquinone V (1)
Illimaquinone (2)
Smenospongine (3)
Dactylospongia elegans

Microdilution
assay
Bacillus megaterium
DSM32
Micrococcus luteus
ATCC4698
Escherichia coli K12

MIC μg/mL
(1)32
(1) 32
(2) 32
(3) NA
(1) 64
(2) 32
(3) NA

[79]

Fugus

Cytosporaquinone A (1)
Cytosporaquinone B (2)
Cytosporaquinone C (3)
Cytosporaquinone D (4)
Cytospora sp. strain CCTU
A309

Microdilution
assay
Candida albicans
DSM 1665
Micrococcus luteus
DSM 1790
Mucor hiemalis
DSM2656
Rhodoturulo glutinis
DMS 10134
Bacillus subtilis
DMS 10
Chromobacterium
violaceum DMS
30191
Staphylococcua
aureous DMS 346

MIC μg/mL
values
from 16.66
to 66.66

[80]

Auxarthrol D (1)
Auxarthrol G (2)
4-hydroxyaltersolanol A
(3)
Altersolanol B (4)
Sporendonema casei
HDN16–802

Microdilution
assay
Mycobacterium
phlei; Proteus sp;
Bacillus subtilis;
Vibrio
parahemolyticus;
Pseudomona
aeruginosa

MIC μM
Values
ranging
from 12.5
to 100

[68]
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compound to obtain the results. There are different methods to carry out these tests.
In this review, the activities were determined by the use of MTT, SRB, NR, IDO,
iodide propidium, violet crystal, cell counting kits, resazurin reduction,
sulforhodamine B, AGS, Trypan blue, immunophenotyping, Alamar blue, FITC
Annexin V Apoptosis, the CCK-8 colorimetric method, and Annexin V/7-AAD.

The determination of antimicrobial activity was carried out by MIC,
micro-dilution, and broth microdilution volatilization.

Quinones have good activity against numerous cell cancer lines; they also exhibit
good antimicrobial activity. This situation, along with the wide variety of structures
that these compounds exhibit, make them a very interesting topic to continue to
explore for other mechanisms of action and the chemical modification of their
structures, among other topics.

Conflict of interest

The authors declare no conflict of interest.

Quinona/
Natural origin (plants,
animals,
microorganisms)

Structure Activity or model
where it was
tested

Results Reference

Bacteria

Napyradiomycin A (1)
Napyradiomycin B (2)
napyradiomycin SC (3)
napyradiomycin D1 (4)
Streptomyces sp. strain CA-
271078

Microdilution
assay
Methicillin-
resistant
Staphylococcus
aureus MB5393;
Mycobacterium
tuberculosis H37Ra

MIC μg/mL
Values
ranging 3–
48

[72]

Animal

3,5- dimethoxy-2-
(methylthio)cyclohexa-
2,5-diene-1,4-dione (1)
5-methoxy-2,3- bis
(methylthio)cyclohexa-
2,5-diene-1,4-dione (2)
Venom of Diplocentrus
melici

Microdilution
assay
S. aureus
M. tuberculosis

MIC μg/mL
(1) 4
(2) 6
(1) > 160
(2) 4

[81]

Minimum inhibitory concentration (MIC).

Table 2.
Quinones with antimicrobial activity.
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Chapter 4

Some Methodological Aspects in 
Studies of Metal Nanoparticles’ 
Toxicity towards Cultured Cells
Elena Mikhailovna Egorova and Said Ibragimovich Kaba

Abstract

Some actual questions arising in studies of the toxic effects of metal nanoparticle 
water solutions on cultured cells are considered. First, basic conditions required for 
the correct determination of nanoparticle size effect; the arguments are adduced in 
favor of the use of number nanoparticle concentration instead of the conventional 
mass one. Second, the problem of invalidity of the Smoluchowski equation; for 
charged nanoparticles the error in zeta potential value calculated from the measured 
electrophoretic mobility by the Smoluchowski equation cannot be neglected. Third, 
for the nanoparticles stabilized with surfactants, elucidation of the mechanism of 
cytotoxicity should include the determination of separate contributions of surfac-
tant molecules and micelles into the total effect on cell viability.

Keywords: metal nanoparticles, cytotoxicity, methodological aspects,  
particle size effect, zeta potential, toxicity of surfactants

1. Introduction

In the last decades, the intensive development of medical applications of silver, 
gold and other metal nanoparticles brings into light the problem of their toxicity for 
a human organism. Therefore, studies on the biological activity of these nanopar-
ticles are oriented mostly on elucidation of the mechanisms of their toxic effects on 
living organisms and determination of the conditions providing their safe usage. 
These studies lie within the scope of new branch in toxicology – nanotoxicology; 
general information about this direction may be found in several reviews [1–3].

One of the main lines of studies in nanotoxicology is focused on the toxicity of 
silver nanoparticles (AgNPs) used as water solutions. The reason lies in the wide-
spread applications of these nanoparticles for medical purposes due mostly to their 
expressed antimicrobial activity; some recent results in this field are summarized 
in [4–6]. Studies are fulfilled mainly on the three objects: microorganisms, cultured 
cells and animals (mice and rats). The results obtained in the last two decades are 
presented in a great number of original papers, reviews and books; several examples 
are given in [7–9]. Nevertheless, one can conclude that there is no clearness in the 
main questions important for the estimation of AgNPs safety for a human organism.

Analysis of the literature as well as our long-term experience in studies of AgNPs 
biological effects allow to infer that the main reason lies in the field of methodol-
ogy. First, there is a wide variety of factors affecting the main toxicity criteria, one 
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faces therefore the significant dispersion of their values for a given type of bacterial 
or mammalian cells, or for a given animal organism. Second, it is not rarely met in 
literature that the main nanoparticle characteristics are determined incorrectly, 
hence the results reported are not reliable. Third, the non-coordination in similar 
studies conducted by different laboratories takes place, so it becomes impossible, 
for one and the same bacterial species, cell or animal line, to obtain a sufficient pool 
of independent results for the nanoparticles with the same parameters, so that the 
reliable mean toxicity criteria values could be obtained and the corresponding safe 
ranges of nanoparticle concentrations established. The methodological problems 
under question are minutely described in our review of the cytotoxicity studies of 
AgNPs prepared by the biological reduction [10].

In the present chapter some methodological questions arising in studies of the 
AgNPs toxic effects on cultured cells are considered. Here belong (1) basic condi-
tions required for the correct determination of nanoparticle size effect; the argu-
ments are adduced in favor of the use of number nanoparticle concentration instead 
of the conventional mass one, (2) the problem with invalidity of the Smoluchowski 
equation used for zeta potential calculation from the measured electrophoretic 
mobility (EPM) of nanoparticles and (3) for the nanoparticles stabilized with 
surfactants, the expediency to determine separate contributions of surfactant 
molecules and micelles to the total effect on cell viability.

These questions are expounded in the three sections presented below. In the 
first two, apart from purely methodological aspects the necessary calculations are 
included and illustrations on examples taken from literature which make clear the 
significance of the corrections discussed. In the last section we briefly describe 
our original approach suggested for gaining a more detailed information about the 
mechanism of cytotoxicity in case when nanoparticles are stabilized with surfac-
tant. The approach is illustrated on example of anionic surfactant–stabilized AgNPs 
interaction with Jurkat cells.

2. Basic requirements for the studies of particle size effect on living cells

Studies on the biological activity of metal nanoparticles are devoted mostly to 
estimation of the influence of one or another nanoparticle characteristic on func-
tional activity of bacterial or mammalian cells and multicellular organisms. Up till 
now the majority of works were carried out with AgNPs. This was conditioned, first, 
by the relatively simple ways of preparation and nanoparticle stability and second, 
by the wide possibilities of their application as antimicrobial means, both as water 
solutions and as small additives to various liquid-phase or solid materials.

The main characteristics of nanoparticle parameters are size, form, surface 
charge and the nature of stabilizer; the latter two are often referred to as surface 
properties. In studies of the biological activity the nanoparticles are used as their 
water solutions; the solutions should satisfy to the general conditions considered 
in our monograph [11]; here we described also the criteria used for the quantitative 
estimation of the influence of nanoparticle parameters on viability of the biological 
objects, as well as results of the relevant investigations on microorganisms, includ-
ing some methodological problems.

In the more recent textbook [12] we considered the basic methodological require-
ments for experimental design in studies on the influence of the main nanoparticle 
parameters mentioned above. This point deserves attention because the nanopar-
ticles as biologically active agents are principally different from molecular solution 
of an individual substance, namely, a nanoparticle solution is a complex object, 
composed of several components, including those capable of exerting their own 
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effect. This distinction should be particularly emphasized, since, for the time being, 
its importance is not always realized by the researchers (mostly biologists) using 
ready-made nanoparticle solutions either supplied by the nanotechnological compa-
nies or synthesized by the other laboratories. Estimation of the nanoparticle effects 
is carried out often according to the standard protocols accepted for the effects of 
individual substances in water solutions. It is clear however that, to provide the cor-
rect experimental procedure in studies of the nanoparticle cytotoxicity, it is neces-
sary to take into account the properties of the nanoparticles as special system so as to 
obtain the results which really allow to achieve the goal pursued in experiment.

This is true even in case of the simplest task – a study of the nanoparticle 
concentration effect on various properties of cells. The more so it is justified for the 
special requirements in studies of the influence of basic nanoparticle parameters on 
the characteristics of living cells’ state. As seems evident from methodological point 
of view, to determine the influence of one main nanoparticle parameter, the three 
others should remain constant. Here the importance of this rule is illustrated on 
example of the nanoparticle size effect on cell viability.

To estimate in experiment the toxic effect of particle size, one should elimi-
nate the toxic action of the three other nanoparticle parameters, that is, to create 
the conditions where a cell response registered is not sensitive to the changes of 
particle form, surface charge or surface composition. These conditions are formu-
lated below:

1. Nanoparticles of different (no less than two) sizes in the range 1–100 nm 
should have the same form, surface charge and (for those obtained with 
stabilizer) the same composition of a stabilizing shell;

2. In case if the nanoparticles of different sizes are prepared by means of syn-
thesis in the water medium, it is desirable that they were synthesized by the 
same procedure, since this provides the minimal difference in the composi-
tion of nanoparticle solutions (and hence, in the possible side-effects);

3. Size distribution of nanoparticles with different mean size should be 
 narrow enough to exclude overlapping;

4. The action of nanoparticles with different sizes should be studied by the 
same method, on the same cells and at the same cell concentrations.

If these conditions are satisfied, cell viability dependence on the concentration 
of nanoparticles with different sizes allows to estimate the difference in viability 
criteria and thus to clear out, which size of the nanoparticles under question is 
more toxic for the cells studied. It is important to stress here that, in studies of the 
size effects the necessity arises to change the conventional way of expressing the 
nanoparticle concentration and hence the experimental design. This statement 
was briefly substantiated earlier in our monograph ([11], p. 187). In view of its 
significance for the correct determination of the connection between nanoparticle 
size and cytotoxicity and for the corresponding applications of nanomaterials we 
thought it reasonable to dwell upon this question in more detail.

In all the relevant publications available, the biological activity of differently 
sized nanoparticles is compared by determination of the dose-effect dependence, 
where under “dose” one means the mass nanoparticle concentration, expressed 
in mg/L or μg/mL. Meanwhile, for the correct solution of the question about the 
influence of particle size a cell viability dependence should be measured not on 
the mass, but on the number and (or) “surface” nanoparticle concentration, that 
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was briefly substantiated earlier in our monograph ([11], p. 187). In view of its 
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size and cytotoxicity and for the corresponding applications of nanomaterials we 
thought it reasonable to dwell upon this question in more detail.

In all the relevant publications available, the biological activity of differently 
sized nanoparticles is compared by determination of the dose-effect dependence, 
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in mg/L or μg/mL. Meanwhile, for the correct solution of the question about the 
influence of particle size a cell viability dependence should be measured not on 
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is, on the number of nanoparticles or on their total surface per unit volume of 
solution under study. This becomes clear if attention is payed to the fact that the 
influence of nanoparticle size proper manifests itself after nanoparticle adsorption 
on a cell surface. Then, by analogy with the well-known regularities of molecular 
adsorption on solid surfaces, it is natural to believe that the adsorption density (the 
number of adsorbed nanoparticles per unit of cell membrane surface) will be pro-
portional to their number nanoparticle concentration in solution (in a cell medium 
used in experiment). In other words, the effect of nanoparticles’ size depends on 
their number concentration in cell surrounding medium. Since at the same mass 
concentration, the nanoparticles of different sizes have different number concen-
trations, estimation of the size effects should be carried out by comparison of a cell 
response (e.g. viability) for the same number nanoparticle concentrations.

Besides, when the nanoparticles are introduced into solution (cell medium), 
metal ions are released from the nanoparticle surface, the ions concentration in 
solution volume being proportional to the “surface” nanoparticle concentration 
defined above. Thus, investigation of the biological activity of nanoparticles 
having different sizes allows to find the contributions of the two different mecha-
nisms of their action – first, the effect of size proper and, second, the effect of 
metal ions released from the nanoparticle surface. However, when a cell response 
on the mass nanoparticle concentration is measured, both mechanisms act simul-
taneously, so there is no possibility to separate the size effect from that of metal 
ions. To separate the two mechanisms, one should measure the dependences 
of cell response either on number nanoparticle concentration (the effect of 
nanoparticle size) or on their “surface” concentration (the effect of metal ions).

As a result, the necessity arises to supplement the four conditions mentioned 
above with the fifth one, which should be fulfilled in order to obtain the exact 
answer to the question: “How the nanoparticle size affects its biological activ-
ity?” This additional condition can be formulated as follows:

5. To estimate the influence of nanoparticle size one should obtain the depen-
dence of cell reaction on the number, but not mass concentration of differ-
ently sized nanoparticles in cell incubation medium.

As far as we know, for the time being, this condition was not met in studies of 
the nanoparticle size effects, simply because nobody was aware of the importance 
of these considerations. Unfortunately, almost the same is true for the necessity to 
keep to the equality of the three other nanoparticle parameters (condition 1), since 
one of them – particle surface charge – in principle cannot be estimated correctly 
from zeta potentials obtained using the devices based on photon correlation spec-
troscopy (PCS) technique. The problem here is that, to our knowledge, in most cases 
the software installed in these instruments uses the Smoluchowski equation for 
zeta potential calculation from the measured EPM. However, as shown by the more 
general theories of electrophoresis developed in the past century [13–20], there 
are practically significant combinations of conditions (small particle size, not very 
small charge, and low ionic strength of the medium) where the assumptions used in 
the Smoluchowski theory do not work. As shown in the review [21] and explained 
also in our monograph ([11], p. 191) the Smoluchowski theory is not valid for the 
charged nanoparticles in the whole nanodimensional range (1–100 nm). Therefore, 
zeta potential values found by the Smoluchowski equation cannot be regarded as 
correct measure of the nanoparticle charge and the more general theories should be 
applied. A detailed discussion of this point is given in the next section.

Apart from this, in some cases one faces the impossibility to obtain the nanopar-
ticle samples with narrow enough size distribution at the small difference of mean 
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particle sizes, hence the overlap of standard deviations takes place, i.e., the condi-
tion 3 is also violated. Consequently, even if the other conditions are satisfied, the 
overlap of standard deviations leads to the non-reliable conclusions. As an example, 
we consider the work by Panacek et al. [22]. The authors studied the effect of AgNPs 
of different sizes on several bacterial species. As follows from experimental section, 
the nanoparticles were synthesized by the same technique; 4 nanoparticle samples 
were used, of the same (approximately spherical) form with mean sizes of 25, 35, 
44 and 50 nm and narrow distribution. The antibacterial activity was determined 
by the same method on the same cells. So, the conditions 1–4 were satisfied and 
even the equality of surface charge seems to be fulfilled. The authors concluded 
that “the 25 nm-sized silver particles synthesized via reduction by maltose showed 
the highest activity, comparable even with ionic silver for certain strains” ([22], 
p.16252). Thus, one can infer that, the smaller are the nanoparticles, the higher 
is their biological activity. However, examination of the mean particle sizes and 
standard deviations shows that all the nanoparticle samples have too wide distribu-
tions and the standard deviations overlap, so that it is hardly possible to regard 
the samples studied as different in sizes and hence, to claim that the difference in 
particle sizes is responsible for the difference in their antibacterial activity.

In the publication discussed above, as well as in some other in vitro studies of AgNPs 
interaction with cells (e.g. [23–30]) the authors came to the conclusion that, among 
various sizes explored, the most toxic are small nanoparticles (less than 25 nm in size). 
However, there are grounds to doubt the reliability of such conclusions, because in 
these studies both the condition of equality of the three other nanoparticle parameters 
(in what concerns the surface charges), and that of the equality of number nanopar-
ticles concentration (condition 5) are sure to be violated. The importance of the last 
condition may be elucidated using the results of calculations of number and surface 
concentrations for AgNPs in a chosen size range at the same mass concentration.

For a monodisperse suspension of AgNPs at their mass concentration 10−3 mol/L 
(108 μg/mL) the number concentration of particles in 1 L of solution (Ntot) may be 
found from the general formula (see for details Appendix in [31]):

 ( )33 23 3
tot A Ag NPN N 10 /N 6.023 10 10 / 41.84 d− −= ⋅ = ⋅ ⋅ ⋅  (1)

Where NA is the Avogadro number, NAg is the number of atoms in a single silver 
nanoparticle, dNP is particle diameter (nm). Since the nanoparticles are introduced 
to a cell culture usually to the mass concentrations in the range 1–100 μg/mL, the 
corresponding number concentrations are expressed in the number of particles per 
1 mL. For example, for the size of 5 nm and mass concentration, CM = 1 μg/mL, the 
number concentration, CN will be found as:

 ( )323 3 3 12
NC 6.023 10 10 /41.84 5 10 /108 1.066 10 particles /mL.− − = ⋅ ⋅ ⋅ ⋅ = ⋅   (2)

The surface concentration or the total surface area (CS) for the nanoparticles of 
diameter dNP is found as the surface area of a single particle (SNP) multiplied by the 
number of particles in 1 mL of suspension:

 ( ) ( ) ( )2
NP N NP NP NSC S C d d C m mL= ⋅ = π⋅ ⋅ 2   (3)

As follows from Table 1, at the equal mass nanoparticle concentration, the 
increase of particle diameter from 5 to 100 nm leads to the decrease of their number 
concentration, СN, by 4 orders. This may be illustrated by the СN (dNP) dependence 
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the samples studied as different in sizes and hence, to claim that the difference in 
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in the range 5–30 nm (Figure 1). It is seen that the sharpest fall of number concen-
tration takes place at small sizes (below 10 nm). Hence it is clear that comparison 
of the biological activity of nanoparticles with sizes of, say, 5 and 20 nm, at such a 
significant difference in their number concentrations does not allow to obtain the 
reliable data on the influence of the size proper. Similarly looks the correspond-
ing dependence of surface concentrations, CS(dNP) (Figure 2). Here the decrease 
of specific particle surface in the same size range is more smooth than in the case 
of number concentrations and remains within one order of magnitude; still it 
should be taken into account if it is important to know the contribution of Ag+ ions 
released from the nanoparticle surface into the nanoparticles action upon cells.

The effect of nanoparticle size at the equal number concentration can be dem-
onstrated using some literary experimental data obtained in studies of the action of 
differently sized nanoparticles on viability or other cell parameters. In case of viabil-
ity, the measured viability values, Vc, after incubation with nanoparticles should be 

Figure 1. 
Dependence of AgNPs number concentration (CN) on the nanoparticle size in the range 5–30 nm (data 
from Table 1).

Particle size, nm Number concentration, CN (particles/mL) Surface concentration, CS, m2/mL

5 1.064∙1012 8.4∙10−5

10 1.33∙1011 4.18∙10−5

15 3.94∙1010 2.785∙10−5

20 1.066∙1010 2.09∙10−5

25 8.512∙109 1.67∙10−5

30 4.9∙109 1.38∙10−5

50 1.064∙109 8.36∙10−6

70 3.9∙108 6.0∙10−6

100 1.33∙108 4.18∙10−6

Table 1. 
Number and surface concentrations of 5–100 nm AgNPs in solutions with nanoparticle concentration 1 μg/mL.

71

Some Methodological Aspects in Studies of Metal Nanoparticles’ Toxicity towards Cultured Cells
DOI: http://dx.doi.org/10.5772/intechopen.95471

compared at the equal number nanoparticle concentration. Such comparisons were 
found possible, for example, for the data reported in [25], where the Vc dependences 
on mass concentration for AgNPs of different sizes were measured in the wide range 
of mass concentrations so that one could find the suitable pairs of Vc values.

The authors used the citrate-stabilized AgNPs, 10, 20, 50 and 100 nm in size, 
produced by nanoComposix (San Diego, USA). The particle sizes were found by PCS 
and TEM, electron micrographs of good quality (Figure 3), mean diameters were 
close to those claimed by the manufacturer, standard deviations narrow enough, so 
the nanoparticle sizes are quite reliable. It is clear also that all the nanoparticles are 

Figure 2. 
Dependence of AgNPs surface concentration (CS) on the nanoparticle size in the range 5–30 nm (data 
from Table 1).

Figure 3. 
TEM micrographs of AgNPs used in all experiments discussed: A – 10 nm; B – 20 nm; C – 50 nm; D – 100 nm. 
Reproduced from [25].
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spherical in form and negatively charged, as follows from their negative zeta poten-
tials. Apart from the other experimental data the authors present the cell viability 
dependences on mass nanoparticle concentration; the latter was no higher than 
50 μg/mL (Figure 4). The Jurkat and THP-cells taken in equal concentrations (2·105/
mL) were incubated with nanoparticles for 24 hours. In both cases the viability was 
estimated from the mitochondrial activity by means of MTS test. Thus, the experi-
mental design satisfied the conditions 1–4, except for the equality of surface charge 
values; this condition was probably violated due to the unreliable zeta potential 
values, the defect common to practically all studies performed with nanoparticles in 
the last decades.

To compare the toxic effect for the nanoparticles of different sizes we calculated 
the number concentrations of 10 and 20 nm AgNPs at various mass concentrations 
(Table 2) and so obtained the mass 20 nm nanoparticles’ concentrations equal or 
nearly equal to those of 10 nm nanoparticles. As seen from the table, for 20 nm 
AgNPs there are 4 СN values corresponding to those of 10 nm nanoparticles at their 
concentrations in the range 1–6 μg/mL. For these СN values from Figure 4 the Vc 
values have been found at the four mass concentrations (8, 30, 40 and 50 μg/mL) 

Figure 4. 
The mitochondria activity of Jurkat (A) and THP-1 (B) cells after 24 h incubation with various concentrations of 
10 nm, 20 nm, 50 nm, 100 nm AgNPs and with the corresponding AgNO3 concentrations. Reproduced from [25].
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for the 20 nm nanoparticles. The results are shown in Figure 5. It turned out that, 
for the two cell types studied, the Vc values for 20 nm nanoparticles were less than 
100% and decreased with the increase of CN. At the same time, the corresponding 
Vc values for 10 nm particles remained at the 100% level, i.e., demonstrated the 
absence of toxicity. Hence follows that, at the equal number concentration the big-
ger nanoparticles possessed a higher toxicity than the smaller ones.

Similar conclusion can be drawn from the results reported in several other 
studies on the size dependence of AgNPs toxicity conducted on various cell types 
[26–30]. Table 3 presents the experimental data that could be extracted from the 
plots of cell response vs. mass nanoparticle concentration. Similarly to what has 
been done with the data reported by Butler et al. [25], we have chosen the pairs of 
experimental values obtained for the same number concentration of differently 
sized nanoparticles at the relevant mass concentrations within the range studied. 
As seen from the table, for different combinations of sizes and cell lines, the big-
ger nanoparticles exert a stronger toxic influence at least on the two kinds of cell 
response: Vc and RCD (relative cell population doubling). It should be noted that, at 
present, there is a very limited number of data that can be used for the comparison 
under question. The main restriction here is that, in the majority of publications 
available, mass concentration of the bigger nanoparticles required for their number 
concentration to be equal to that of the smaller ones exceeds the upper limit of mass 
concentration in the range studied.

Basing on our calculations and analysis of the published results presented above 
one may suppose that, at the equal number nanoparticle concentration, the increase 
of particle size leads to the enhancement of its biological activity. If this supposition 
is confirmed in future experiments (at least for AgNPs), this will lead to the conclu-
sion opposite to that present in the majority of the known studies of the nanopar-
ticle size effects on animal or bacterial cells. Certainly, for the final statement 
the transfer from mass to number concentrations is not sufficient. The true zeta 
potential values should also be known, found from the measured electrophoretic 

Mass concentration CM, μg/mL CN, particles/mL
d = 10 nm

CN, particles/mL
d = 20 nm

1 1.33∙1011 1.66∙1010

2 2.66∙1011 3.32∙1010

3 4∙1011 5∙1010

4 5.32∙1011 6.64∙1010

5 6.65∙1011 8.3∙1010

6 8∙1011 9.96∙1010

7 9.31∙1011 1.16∙1011

8 1.06∙1012 1.33∙1011

10 1.33∙1012 1.66∙1011

20 2.66∙1012 3.32∙1011

30 4∙1012 5∙1011

40 5.32∙1012 6.64∙1011

50 6.65∙1012 8.3∙1011

The equal or similar CN values at different nanoparticle sizes are marked in bold.

Table 2. 
Number concentrations (CN) of 10 and 20 nm AgNPs at various mass concentrations.
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Mass concentration CM, μg/mL CN, particles/mL
d = 10 nm

CN, particles/mL
d = 20 nm

1 1.33∙1011 1.66∙1010

2 2.66∙1011 3.32∙1010

3 4∙1011 5∙1010

4 5.32∙1011 6.64∙1010

5 6.65∙1011 8.3∙1010

6 8∙1011 9.96∙1010

7 9.31∙1011 1.16∙1011

8 1.06∙1012 1.33∙1011

10 1.33∙1012 1.66∙1011

20 2.66∙1012 3.32∙1011

30 4∙1012 5∙1011

40 5.32∙1012 6.64∙1011

50 6.65∙1012 8.3∙1011

The equal or similar CN values at different nanoparticle sizes are marked in bold.

Table 2. 
Number concentrations (CN) of 10 and 20 nm AgNPs at various mass concentrations.
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mobilities (EPM) by the equations considering the relaxation effect. The problem 
with invalidity of the Smoluchowski equation in studies of metal nanoparticles is 
discussed in the next section.

DNP 
(1), nm

DNP  
(2), nm

CN,  
particles/mL

CM (1–2)
μg/mL

Cell type/
Stab

Tox 
(1), %

Tox 
(2), %

Ref.

10 30 1.33 ∙ 1011 1–27 Jurkat/
/PEI
/PEG

/citrate

Vc 100 Vc

10
30
45

[26]

20 50 ≈3.3 ∙ 1010 2–30 MLC RPD 
85

RPD 
30

[27]

20 40 4.17 ∙ 1011 25–200 THP-1/
tripeptide 
(Lys-Lys-

Cys)

83 50 [28]

20 50 1.67 ∙ 1011 10–150 RAW 
264.7/
bovine 
serum 

albumin

60 10 [29]

5 50 1.07 ∙ 1011 0.1–100 HaCaT/
PVP

100 60 [30]

Abbreviations: СN – number concentration, СM – mass concentration, Vc – cell viability.  
Stab – stabilizer, PEI – polyethylene imine, PEG – polyethylene glycol, MLC – mouse lymphoma cells, PVP – 
polyvinyl pyrrolidone, RAW 264.7 - mouse monocyte macrophage cell line, Tox – parameter characterizing the 
AgNPs toxicity; RPD – relative population doubling.

Table 3. 
AgNPs toxicity for cells obtained from experimental data reported in literature for the two different 
nanoparticle diameters (DNP) at the equal number concentrations. Incubation for 24 h.

Figure 5. 
Viabilities of Jurkat and THP-1 cells at the four relevant number concentrations of 10 nm and 20 nm AgNPs 
taken from the Table 2. The viability values are elicited from the data shown in Figure 4. See text for details.
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3.  The problem with invalidity of the Smoluchowski equation in 
determination of particle surface charge using zeta potential 
calculated from the measured electrophoretic mobilities

As mentioned above, particle surface charge is one of the basic parameters used 
in studies of the biological action of metal nanoparticles. The sign and magnitude 
of surface charge may be found from electrokinetic (or zeta, ζ) potential calculated 
from the measured EPM of nanoparticles. For this purpose, the well-known rela-
tions of the classical electrical double-layer (EDL) theory may be used, modified 
conformably to the studies of membranes charged due to the presence of ionized 
groups (e.g. liposomes or biological vesicles) [32, 33]. Here belong also metal 
nanoparticles coated with surfactants or polymers bearing ionizable groups.

In studies of the biological activity of nanoparticles, their surface charge is 
characterized almost exclusively by ζ-potential values and not by those of sur-
face charge density, and this is considered to be sufficient for the estimation of 
nanoparticle charge effects on functional activity of living cells or other objects 
explored. Therefore, we dwell here upon the methodological questions essential for 
determination just of ζ-potential; for the readers interested in estimation of surface 
charge the above references may be recommended, as well as some works where the 
nanoparticle surface charges are reported (e.g. [34]).

In this section we give a brief account of theoretical considerations necessary, to our 
view, for the correction of possible errors in determination of ζ-potential magnitude. 
The necessity of such an account issues from the fact that, as far as we know, at present 
the majority of researchers dealing with metal or metal oxide nanoparticles operate 
with ζ-potentials obtained by PCS technique on the devices which do not allow to 
obtain the correct ζ-potential values. As we noted earlier ([11], p. 190),” the problem is 
that standard software incorporated in the corresponding instruments (manufactured 
by Malvern, Coulter Electronics, or Brookhaven) usually calculates ζ-potential from the 
EPM measured by PCS without the relaxation correction, applicable for the measure-
ments of nanoparticles. At the same time, the correction is essential in view of the small 
particle size, because a substantial error in the ζ-potential value is otherwise inevitable, 
as was shown, for instance, in [35–37]. Such errors are likely to occur in the relevant 
studies since the ζ-potential is usually calculated from the Smoluchowski equation, and 
the resulting values (ζsm) may considerably differ from the true ζ-potential”.

“The relaxation correction” under question appears as a consequence of invalid-
ity of the Smoluchowski equation in experimental conditions which do not satisfy 
the two basic assumptions of the Smoluchowski theory: (1) the width of EDL is 
small compared to the particle radius and (2) the double layer near the charged sur-
face is in equilibrium state. The first assumption is determined by the inequation:

 κ α >>1   (4)

where κ is reciprocal Debye length, α is particle radius. The second assumption 
allows interpretation of the ζsm values within the frames of classical double-layer 
theory. These assumptions issue from the notion that the force applied to a particle 
by the external field is equilibrated by (a) viscous resistance of the fluid and (b) the 
electroosmotic motion of the fluid along the particle surface. Thus, here the elec-
trophoretic retardation is considered, similar to that taking place at the movement 
of ion surrounded by the ionic atmosphere, but the influence of ionic atmosphere 
deformation at the particle movement (known as the relaxation effect) is neglected 
(e.g. [16]). The neglection of the ionic atmosphere deformation follows from the 
assumed equilibrium of the EDL. However, this assumption can be invalid even for 
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where κ is reciprocal Debye length, α is particle radius. The second assumption 
allows interpretation of the ζsm values within the frames of classical double-layer 
theory. These assumptions issue from the notion that the force applied to a particle 
by the external field is equilibrated by (a) viscous resistance of the fluid and (b) the 
electroosmotic motion of the fluid along the particle surface. Thus, here the elec-
trophoretic retardation is considered, similar to that taking place at the movement 
of ion surrounded by the ionic atmosphere, but the influence of ionic atmosphere 
deformation at the particle movement (known as the relaxation effect) is neglected 
(e.g. [16]). The neglection of the ionic atmosphere deformation follows from the 
assumed equilibrium of the EDL. However, this assumption can be invalid even for 
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the thin double layer determined by the expression (4). This can manifest itself in 
experiment as EPM dependence on particle size, the possibility which is not consid-
ered by the Smoluchowski theory (e.g. [16, 20, 38]).

According to the views developed in the electrophoresis theory, the relaxation 
effect is conditioned by the two main causes: (1) by the existence of surface con-
ductivity, since the ionic surface currents change the potential distribution in the 
vicinity of a particle and (2) by double-layer deformation (polarization) under 
the influence of external field [16, 20]. Both phenomena are interconnected and 
represent a complicated combination of processes proceeding in the double layer of 
a moving particle. In the past century several theoretical approaches were suggested 
for the description of double layer relaxation; the most widely known are those 
developed by Overbeek-Booth-Wiersema [14, 15], O’Brien and White [18, 19] and 
S.S.Dukhin and co-workers [16, 17].

To illustrate the necessity of correction for the relaxation effect, we give here 
one example from the results of our PCS measurements of ζ- potential dependences 
on ionic strength of salt solution obtained for liposomes made from negatively 
charged phospholipids (Figure 6). The measurements were conducted in mon-
ovalent electrolytes in the range 10−3 – 1 М. It was established that, at the low ionic 
strengths, ζ-potentials calculated from the measured EPMs by the Smoluchowski 
equation (ζsm) differ significantly from the true zeta potential (ζ) calculated 
from the classical EDL theory equations [35–39]. It is clear that the deviation can 
be essential even for the particles with diameter of 400–600 nm (0.4–0.6 μm), 
especially at low salt concentrations; for example, at C = 10−3 М the difference 
ζ - ζsm exceeds 100 mV. It is seen also that much more satisfactory agreement with 
experimental ζsm values is achieved with the use of the equation suggested by the 
Dukhin theory [34, 35, 40] which allows for the relaxation effect.

The results of such studies brought us to the conclusion that, for the correct deter-
mination of zeta potential for liposomes in the wide range of the meaningful param-
eters – particle size, charge, and ionic strength of water solution – for the calculation 

Figure 6. 
ζsm as a function of electrolyte concentration for phosphatidylserine liposomes in NaCl. Open circles – 
experimental data. Solid lines – theoretical predictions for ζsm values calculated from one of the equations 
suggested by the Dukhin theory [35, 36] for the known membrane charge and liposome size 0.4 μm (upper 
curve) and 0.6 μm (lower curve). Dashed line – the corresponding change of true ζ-potential predicted by the 
classical EDL theory. Reproduced from [39, 41].
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of true ζ-potential from the measured EPM one should apply not the Smoluchowski 
formula, but the more general relations between EPM and ζ-potential suggested by the 
Dukhin theory. It became clear also that correction for the relaxation effect is impor-
tant for the estimation of ζ-potential (and hence, of particle surface charge) not only 
for lipid membranes, but for the wide range of objects studied both in colloid chemis-
try (e.g. latexes) and in membrane biophysics (biological vesicles, small cells et al) and 
in any other fields where small charged particles are explored. At the same time, since 
the due regard for the relaxation effect is necessary not in each case, but only for the 
definite combinations of the three meaningful parameters, it was of practical impor-
tance for the researchers to clear out, first of all, whether the Smoluchowski formula 
was applicable in the given experimental conditions. That is, whether it is reasonable 
to use for ζ-potential calculation any of the more complicated relations absent in the 
instruments applied for the EPM measurements under consideration.

To facilitate the solution of this question in studies of lipid membranes, we 
suggested a simple approach based on the calculation of criterion Rel1 used in the 
S.S.Dukhin theory for the estimation of significance of the relaxation effect [37]:

 ( ) κ = ψ − α dRel exp e| |/2kT 1 /   (5)

where ѱd is Stern potential here assumed as equal to the surface potential ѱs (see 
e.g. [32]), κ is reciprocal Debye length, α is particle radius. For the high charges and 
low ionic strengths this equation is reduced to

 ( ) κ = ψ α dRel exp e| |/2kT /   (6)

If electrophoresis is not complicated with surface conductivity and is not sensi-
tive to the form of particles, that is, the Smoluchowski formula is valid, then Rel 
should satisfy the condition:

 Rel 1<<   (7)

As shown in [37], for the sizes, surface charges and ionic strengths taking place in 
lipid membrane studies, condition (7) is satisfied when 0.04 < Rel < 0.06. As for the 
nanoparticles, it is easy to guess that, for the corresponding particle sizes this condi-
tion cannot be fulfilled, and therefore the Smoluchowski equation is, in principle, 
invalid. The same conclusion was made recently in the review of the methods used 
for zeta potential determination [21]. As an illustration we give here an example 
of the calculation of criterion Rel for the nanoparticles stabilized with anionic or 
cationic surfactant bearing dissociating groups fully ionized at the neutral pH in the 
diluted salt solution; the relevant expressions for the calculation of κ and φs may be 
found elsewhere [37, 39, 41]. In this case surface charge density of the particles is 
maximal: σ = σmax. For the area per surfactant molecule in the dense monolayer on the 
particle surface equal to 1ē/60 Å

2, σmax = 26.67 μCoul/cm2, φs = φd = −252.7 mV. For the 
mean particle diameter 20 nm (i.e. radius = 10 nm = 100 Å) and ionic strength of solu-
tion, С = 10−3 М, we obtain: 1/κ = 96.34 Å, κ = 0.0104 1/Å, κα = 1.04. Then Rel = [exp 
(252.7/50.86)] /1.04 = 138.2 > > 1.

For the nanoparticles with diameter of 100 nm Rel = 27.64 > > 1. For C = 10−2 
М and particle size 100 nm we obtain φs = −194.2, 1/κ ≈ 30 Å, κα = 16.7, Rel = [exp 

1This criterion has also the other name (Du, abbreviation from Dukhin), suggested by Lyklema [41]. 
Here we use the initial name Rel, accepted in the fundamental works of the author, S.S.Dukhin and in the 
subsequent publications of his followers.
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(194.2/50.86)] /16.7 = 2.73 > 1. Thus, even for the particle size on the upper 
boundary of nanometer range at ionic strengths of the order of millimoles the 
calculation of zeta potential by the Smoluchowski equation leads inevitably to the 
erroneous results. It is clear that, the higher is particle charge and the smaller its 
diameter and the lower is ionic strength, the bigger is the error.

In summary one can conclude that zeta potential values calculated from the 
measured EPMs according to the Smoluchowski equation used in the PCS devices 
mentioned above are not equal to the true zeta potential (ζ) determined within the 
frames of classical EDL theory and therefore cannot be applied for the estimation of 
particle surface charge density. Actually, a researcher obtains here only the equivalent 
of EPM calculated by the Smoluchowski equation and expressed in potential units 
(ζsm,); this value may be essentially smaller than the true zeta potential, that is, ζsm < ζ 
in a wide range of particle sizes and charges as well as of salt concentrations in the 
nanoparticle solution. Therefore, the correct zeta potential values for nanoparticles 
can only be obtained if one applies either the more general analytical expressions 
developed in the theory of electrophoresis [13, 14, 16, 17, 41] or the numerical 
methods [15, 18–20], According to our experience in the field, for highly charged 
particles an optimal way is suggested by one of the equations of the Dukhin theory of 
electrophoresis [36, 40, 41].

4.  On the mechanism of cytotoxicity for the nanoparticles stabilized 
with surfactant

As may be deduced from the literature on the biological activity of metal or metal 
oxide nanoparticles, in the last decade the data has been reported, testifying to the 
significance of one more meaningful parameter, namely, of the activity manifested 
by the nanoparticle stabilizer present in its free state in the nanoparticle solution. As 
shows both the analysis of literature and our own experience obtained in experiments 
on cell cultures, the contribution of stabilizer, at least for stabilization with surface 
active substances (SAS), can be essential. This conclusion issues from the results of 
control experiments with SAS solutions introduced to the same concentrations as in 
the synthesis of gold and silver nanoparticles, as well as from the studies on cytotox-
icity of SAS solutions, including those used as nanoparticle stabilizers [42–47].

It is worth noting that, as shown in the special investigation [46], the toxic 
action of free SAS can manifest itself not only if the nanoparticle solution is 
used directly as obtained after the synthesis, but even if the nanoparticles had 
been removed from the initial solution, washed 3 times and resuspended in 
distilled water, i.e., when SAS concentration in the nanoparticle solution does 
not exceed 100 μmol/L. It is not surprising, since the presence of free SAS in the 
nanoparticle solution results from the equilibrium between stabilizer molecules 
in the nanoparticle shell and those in solution. Hence, in principle, it is impos-
sible to maintain the nanoparticles stable in water solution at the free surfactant 
concentration lower that its equilibrium value at a given temperature. Therefore, 
in studies of cytotoxicity of the SAS-stabilized nanoparticle solution it is neces-
sary to carry out the control measurements of SAS water solution toxicity. This 
is justified also for the nanoparticles washed from the initial solution and resus-
pended in water, but in this case, before the control measurement on stabilizer 
solution one should determine first the residual stabilizer concentration in thus 
prepared nanoparticle suspension. Correspondingly, at the elucidation of the 
mechanism of nanoparticle action on cells the literary data become actual on the 
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toxicity of the relevant surfactants found in experiments with SAS water solu-
tions on microbial or animal cells.

The works in the last direction are carried out with various kinds of SAS, includ-
ing those applied as nanoparticle stabilizers (SDS, CTAB et al) and with cell types 
used in studies of the biological effects of nanoparticles. Thus, in studies on the 
cytotoxicity mechanisms of nanoparticle solutions, apart from the action of only 
nanoparticles the task appears to elucidate the mechanism of free SAS action on 
cells. A brief account of our considerations essential for the development of correct 
methodology in studies of the SAS cytotoxicity is given below.

4.1 In vitro studies on the mechanism of SAS action on cells: general remarks

Judging from the literature available, manifestations of SAS cytotoxicity (which 
underlie their toxic effects towards living organisms) are interpreted as the result of 
action of surfactant molecules on the structure and functions of cell membrane. To 
our view, the explanation of cell responses on the level of solely molecular interac-
tions does not exhaust the question about the mechanism of SAS action because, 
as a rule, in studies of cytotoxicity the initial water SAS solutions are used, with 
concentrations higher than their critical micelle concentration (CMC), that is, 
containing both surfactant molecules (monomers) and micelles. These two forms 
can act by different mechanisms, the contribution of each form being dependent on 
the object under study and details of experimental design.

That is why in the general case elucidation of the mechanism of SAS effect on 
cells implies the work in three main directions: (1) separation of monomers’ and 
micelles’ contributions and determination of their relation, (2) determination of 
the monomers’ mode of action and (3) determination of the micelles’ mode of 
action. In some cases the cell responses observed may result from the action of only 
molecules or only micelles; then the study is limited to the two directions. Thus 
the question whether only monomers or both monomers and micelles are present 
in a cell medium after the introduction of initial (stock) SAS solution and hence, 
whether the necessity exists to determine first the separate contribution of each 
form into the cytotoxicity, cannot be solved otherwise than in the course of experi-
ment allowing to register separately the effects of monomers and micelles.

Taking into account the considerations stated above, as well as the results of 
our earlier studies on the liposomes’ interaction with planar bilayer (as a model of 
biological vesicle-cell interaction) [48, 49] where it was shown that liposomes and 
lipid monomers present in liposome suspension manifest different modes of action, 
it is possible to suggest the version of SAS cytotoxicity mechanism including the 
two parallel processes: (1) incorporation of SAS molecules into the lipid bilayer 
(presumably into the external monolayer) of cell membrane and (2) adsorption of 
SAS micelles on a cell surface. At SAS concentration below its CMC only the mono-
mer incorporation takes place; at its concentration near or higher than CMC both 
processes are realized.

However, unlike the model system liposomes – planar lipid membrane, for surfac-
tant micelles on a cell surface may take place also the other ways of interaction with 
cell membrane, depending on the SAS nature, micelle parameters (size, form, surface 
charge), individual cell properties and experimental conditions. Since at the increase 
of total SAS concentration above the CMC the monomer concentration remains con-
stant and that of micelles increases, one can suggest that here the increase of toxicity is 
caused by the increase of micelle contribution into the total toxic effect of surfactant.

The whole picture of interactions between SAS solutions and biological cell 
described above is confirmed by the experiments fulfilled by us for clearing out the 
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toxicity of the relevant surfactants found in experiments with SAS water solu-
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of total SAS concentration above the CMC the monomer concentration remains con-
stant and that of micelles increases, one can suggest that here the increase of toxicity is 
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origin of the difference in toxicity of silver nanoparticles stabilized with anionic 
SAS (AOT) at the concentrations below and above its CMC. Here we present a 
brief account of the strategy of research and the main results allowing to conclude 
about the trustworthiness of the toxicity mechanism suggested for the chosen SAS 
and two cell types and, correspondingly, about the reliability of our experimental 
approach. A detailed description of the methodology and experimental design may 
be found in our recent publications [31, 50].

4.2  In vitro studies on the toxicity mechanism of anionic SAS (AOT) used as 
stabilizer of silver nanoparticles

The toxic action of stabilizer has been repeatedly recorded in our studies of the 
biological effects of AOT-stabilized silver nanoparticles, including the experiments 
on cultured human cells [11, 51, 52]; for a long time, however, mechanism of the 
surfactant toxicity remained unclear. It was just several years ago that the favor-
able conditions formed for the progress in this direction. First, the new version of 
biochemical synthesis was created, allowing the nanoparticle preparation directly 
in water solution at the low stabilizer concentration [53]. Second, basing on this 
version of synthesis the data were obtained on the cytotoxicity of nanoparticle 
solutions at AOT concentration around its CMC in water. As a direct impact for the 
start of our work on the mechanism of AOT toxicity served the results of Inácio 
et al. [54] where the sharp fall of cell viability had been registered for the anionic 
surfactant (SDS) at the concentration around or exceeding its CMC (Figure 7). 
These findings gave grounds to suggest that the biological activity of surfactant 
molecules and micelles may be essentially different (i.e. micelles can be more toxic 
than monomers) and hence it is possible, in principle, to determine the effect of 
each form of surfactant present in solution.

Therefore, we have developed a strategy allowing the separation of monomer and 
micelle contribution using the results of cell viability measurements and estimation 
of the toxicity changes of each form at the changes of total surfactant concentration 
in the nanoparticle solution stabilized by this surfactant. This strategy is applicable 
at the most often used incubation times (24 hours and longer), for the ionic SAS and 
“native” nanoparticle solutions obtained by the chemical synthesis, which were not 
subjected to the procedures of nanoparticle separation and resuspending in the other 
medium (e.g. in water). Below we give the recommended sequence of steps with some 
illustrations reproduced from our recent article [31] where our approach was applied 
in studies of the AOT-stabilized AgNPs interaction with malignant Jurkat cells.

Figure 7. 
Effect of SDS on viability of HeLa (a) and FDSC (b) cells. The viability was evaluated using MTT assay 
24 h after treatment with SDS for 20 min (green circles), 60 min (blue squares), 180 min (red rhombi), and 
540 min (black triangles). Dashed line is the SDS CMC value in serum-free medium. Reproduced from [54].
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1. Determination of the CMC value for a stabilizer in distilled water; it may be 
taken from handbooks (e.g. [55]) or measured using a standard method avail-
able (e.g. [56, 57]). In our case the CMC for AOT was 2.81 mM as found from 
the conductivity measurements.

2. Synthesis of SAS-stabilized nanoparticles by the same method at surfactant 
concentrations higher and lower than its CMC in distilled water; in our work 
these concentrations were, respectively, 3 mM (3-AgNPs) and 1 mM (1-Ag-
NPs). Mind that in both solutions the nanoparticle mean size, form and con-
centration should be the same, and also equal or similar should be the values of 
zeta potential. These conditions are necessary for the measured toxic effects on 
cell viability to be caused only by the difference in stabilizer concentration.

3. Measurements of cell viability (V) after the incubation during the same time at 
the same dilutions of the two named nanoparticle solutions and the respective 
stock stabilizer solutions. Determination of the difference in viability changes 
in the same range of dilutions; here the increase of toxicity should be observed 
for the nanoparticle and stabilizer solutions with concentration exceeding its 
CMC because of the appearance of surfactant micelles. Indeed, the expected 
result was observed in our viability measurements (Figure 8).

4. To verify the supposed role of surfactant micelles in this increase of nanopar-
ticle toxicity one should find the surfactant CMC values in both solutions. The 
direct CMC measurement in nanoparticle solutions may be hampered because 
of the presence of stabilizer in the concentrations near its CMC. It is possible 
however, to substitute the nanoparticle solutions for the suitable model solu-
tions, so that the CMC can be measured in conditions at most close to those in 
the nanoparticle solutions with respect to the parameters affecting the CMC 
value. Since the CMC for the ionic surfactants depends on ionic strength and 
ionic composition of solution [56, 57], these two parameters should be equal 
to those which exist in the nanoparticle solution. In our example, considering 
the measured conductivities and ionic composition of 1-AgNPs and 3-AgNPs, 
as the most suitable model solutions were used, respectively, 5 mM and 8 mM 
KNO3. The relevant CMC values for AOT determined by the conductivity meth-
od were found to be, respectively, 2.14 and 1.7 mM (for more details see [31]).

Figure 8. 
Jurkat cell viability dependence on AgNPs concentration. The nanoparticles were synthesized in water solution 
containing 1 mM AOT (a) and 3 mM AOT (b) and introduced from 108 μg/mL stock AgNPs solution in 
standard dilutions (108, 54, 36, 27, 21.6, 18, and 15.4) related to AgNPs concentrations in the range 1–7 μg/mL. 
The corresponding figures are given under the columns. The results obtained with 1 mM and 3 mM AOT water 
solutions in standard dilutions are also presented. Control – distilled water. * – here and in the Figures 10 and 11, 
the viability values different from control with statistical significance (p < 0.05). Reproduced from [31].
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These findings gave grounds to suggest that the biological activity of surfactant 
molecules and micelles may be essentially different (i.e. micelles can be more toxic 
than monomers) and hence it is possible, in principle, to determine the effect of 
each form of surfactant present in solution.

Therefore, we have developed a strategy allowing the separation of monomer and 
micelle contribution using the results of cell viability measurements and estimation 
of the toxicity changes of each form at the changes of total surfactant concentration 
in the nanoparticle solution stabilized by this surfactant. This strategy is applicable 
at the most often used incubation times (24 hours and longer), for the ionic SAS and 
“native” nanoparticle solutions obtained by the chemical synthesis, which were not 
subjected to the procedures of nanoparticle separation and resuspending in the other 
medium (e.g. in water). Below we give the recommended sequence of steps with some 
illustrations reproduced from our recent article [31] where our approach was applied 
in studies of the AOT-stabilized AgNPs interaction with malignant Jurkat cells.
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Effect of SDS on viability of HeLa (a) and FDSC (b) cells. The viability was evaluated using MTT assay 
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1. Determination of the CMC value for a stabilizer in distilled water; it may be 
taken from handbooks (e.g. [55]) or measured using a standard method avail-
able (e.g. [56, 57]). In our case the CMC for AOT was 2.81 mM as found from 
the conductivity measurements.

2. Synthesis of SAS-stabilized nanoparticles by the same method at surfactant 
concentrations higher and lower than its CMC in distilled water; in our work 
these concentrations were, respectively, 3 mM (3-AgNPs) and 1 mM (1-Ag-
NPs). Mind that in both solutions the nanoparticle mean size, form and con-
centration should be the same, and also equal or similar should be the values of 
zeta potential. These conditions are necessary for the measured toxic effects on 
cell viability to be caused only by the difference in stabilizer concentration.

3. Measurements of cell viability (V) after the incubation during the same time at 
the same dilutions of the two named nanoparticle solutions and the respective 
stock stabilizer solutions. Determination of the difference in viability changes 
in the same range of dilutions; here the increase of toxicity should be observed 
for the nanoparticle and stabilizer solutions with concentration exceeding its 
CMC because of the appearance of surfactant micelles. Indeed, the expected 
result was observed in our viability measurements (Figure 8).

4. To verify the supposed role of surfactant micelles in this increase of nanopar-
ticle toxicity one should find the surfactant CMC values in both solutions. The 
direct CMC measurement in nanoparticle solutions may be hampered because 
of the presence of stabilizer in the concentrations near its CMC. It is possible 
however, to substitute the nanoparticle solutions for the suitable model solu-
tions, so that the CMC can be measured in conditions at most close to those in 
the nanoparticle solutions with respect to the parameters affecting the CMC 
value. Since the CMC for the ionic surfactants depends on ionic strength and 
ionic composition of solution [56, 57], these two parameters should be equal 
to those which exist in the nanoparticle solution. In our example, considering 
the measured conductivities and ionic composition of 1-AgNPs and 3-AgNPs, 
as the most suitable model solutions were used, respectively, 5 mM and 8 mM 
KNO3. The relevant CMC values for AOT determined by the conductivity meth-
od were found to be, respectively, 2.14 and 1.7 mM (for more details see [31]).

Figure 8. 
Jurkat cell viability dependence on AgNPs concentration. The nanoparticles were synthesized in water solution 
containing 1 mM AOT (a) and 3 mM AOT (b) and introduced from 108 μg/mL stock AgNPs solution in 
standard dilutions (108, 54, 36, 27, 21.6, 18, and 15.4) related to AgNPs concentrations in the range 1–7 μg/mL. 
The corresponding figures are given under the columns. The results obtained with 1 mM and 3 mM AOT water 
solutions in standard dilutions are also presented. Control – distilled water. * – here and in the Figures 10 and 11, 
the viability values different from control with statistical significance (p < 0.05). Reproduced from [31].
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5. As follows from Figure 9 which represents the general character of concentra-
tion changes for monomers and micelles in the region of small total surfactant 
concentration (Ctot near CMC), the monomer concentration, Cmon, is equal to 
CMC while that of micelles, Cmic, at Ctot > CMC is equal to the difference:

 mic tot mon totC C C C CMC= − = −   (8)

Relation (8) allows the estimation of micelle concentration in water and 
(assuming that CMC values in the model solutions are equal to those in the relevant 
AgNPs) also in the nanoparticle solutions under study. In our research, thus found 
monomer and micelle concentrations in 1-AgNPs and 3-AgNPs are shown in  
Table 4. As issues from the table, in 1 mM AOT containing solutions (both in 
distilled water and in 1-AgNPs) the stabilizer exists only in molecular form, while 
in 3 mM AOT containing solutions this surfactant is present in the two forms – 
 molecules and micelles; however, in its water solution the per cent of micelles is 
considerably lower than in the 3-AgNPs. Hence follows that, to discover the effect 
of AOT micelles, in experiment with 3-AgNPs the correct control for the stabilizer 
toxicity should be carried out not with its water solution, but with the model 

Figure 9. 
Changes of monomer and micelle concentrations at low total surfactant concentrations (qualitative 
presentation). Reproduced from [31].

System CMC, 
mM

Monomers, 
mM

Micelles, 
mM

% of total AOT concentration

Monomers Micelles

Water, 1 mM AOT 2.81 1.0 0.0 100.0 0.0

Water, 3 mM AOT 2.81 2.81 0.19 93.7 6.3

AgNPs +1 mM 
AOT

2.14 1.0 0.0 100.0 0.0

AgNPs +3 mM 
AOT

1.7 1.7 1.3 56.7 43.3

Table 4. 
Measured AOT CMC values, calculated concentrations of AOT monomers and micelles in water and AgNPs 
solutions, and their contributions to the total AOT concentration.
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solution with the same CMC of the surfactant, that is, with the same concentration 
of its micelles. In our case the correct control was fulfilled with 8 mM KNO3 solution 
where the AOT CMC was found to be 1.7 mM, presumably equal to that in 3-AgNPs.

6. Further, the monomer contribution (ΔVmon) can be determined for the 
nanoparticle and AOT solutions with surfactant concentration higher 
than CMC. For this purpose, cell viability is measured after the incuba-
tion with dilutions of the stock AOT solution in the model salt solution with 
Ctot = Cmon = CMC, where AOT exists only as monomers. At each dilution (n) 
the decrease of cell viability is estimated as ΔVmon = 100% – Vn. In our mea-
surements (Figure 10) an example is shown for AOT concentration corre-
sponding to n = 5 in the range of standard dilutions (see legend to Figure 8).

7. Then the micelle contribution (ΔVmic) into the toxicity of nanoparticle and 
SAS solution with surfactant concentration Ctot > CMC is determined from the 
results of the repeated measurements of nanoparticle and SAS toxicity with 
the use of surfactant dilutions not in water, but in the relevant model salt solu-
tion. At each dilution, the summary decrease of cell viability after incubation 
with SAS (ΔVtot) is obtained, including the monomer and micelle contribu-
tions. The micelle contribution is found as ΔVmic = ΔVtot – ΔVmon, where ΔVmon 
is that found as described in p.6. In our example this is illustrated in Figure 11 
for the same dilution as that shown in Figure 10. The results obtained for the 
AOT-stabilized AgNPs on Jurkat cells are summarized in Table 5.

8. Finally, the dependences of separate monomer and micelle contributions into 
the changes of cell viability are obtained for the chosen range of nanoparticle 
or SAS concentrations. These dependences reflect the difference in the toxic 
action of these two surfactant forms towards a cell line under study. The cor-
responding plots created according to the data in Table 5 are presented in  
Figure 12. It is seen that the micelle contribution into the toxicity of 3 mM 

Figure 10. 
Viability changes of Jurkat cells treated with AOT monomers. Cells were incubated with 1.7 mM AOT in 8 mM 
KNO3 stock solution introduced in the standard dilutions. As an example, cell viability decrease at the dilution 
corresponding to 5 μg/mL of AgNPs (ΔV5

mon) is shown. Control – distilled water (C) and 8 mM KNO3 (KN). 
Adapted from [31].
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solution with the same CMC of the surfactant, that is, with the same concentration 
of its micelles. In our case the correct control was fulfilled with 8 mM KNO3 solution 
where the AOT CMC was found to be 1.7 mM, presumably equal to that in 3-AgNPs.

6. Further, the monomer contribution (ΔVmon) can be determined for the 
nanoparticle and AOT solutions with surfactant concentration higher 
than CMC. For this purpose, cell viability is measured after the incuba-
tion with dilutions of the stock AOT solution in the model salt solution with 
Ctot = Cmon = CMC, where AOT exists only as monomers. At each dilution (n) 
the decrease of cell viability is estimated as ΔVmon = 100% – Vn. In our mea-
surements (Figure 10) an example is shown for AOT concentration corre-
sponding to n = 5 in the range of standard dilutions (see legend to Figure 8).

7. Then the micelle contribution (ΔVmic) into the toxicity of nanoparticle and 
SAS solution with surfactant concentration Ctot > CMC is determined from the 
results of the repeated measurements of nanoparticle and SAS toxicity with 
the use of surfactant dilutions not in water, but in the relevant model salt solu-
tion. At each dilution, the summary decrease of cell viability after incubation 
with SAS (ΔVtot) is obtained, including the monomer and micelle contribu-
tions. The micelle contribution is found as ΔVmic = ΔVtot – ΔVmon, where ΔVmon 
is that found as described in p.6. In our example this is illustrated in Figure 11 
for the same dilution as that shown in Figure 10. The results obtained for the 
AOT-stabilized AgNPs on Jurkat cells are summarized in Table 5.

8. Finally, the dependences of separate monomer and micelle contributions into 
the changes of cell viability are obtained for the chosen range of nanoparticle 
or SAS concentrations. These dependences reflect the difference in the toxic 
action of these two surfactant forms towards a cell line under study. The cor-
responding plots created according to the data in Table 5 are presented in  
Figure 12. It is seen that the micelle contribution into the toxicity of 3 mM 

Figure 10. 
Viability changes of Jurkat cells treated with AOT monomers. Cells were incubated with 1.7 mM AOT in 8 mM 
KNO3 stock solution introduced in the standard dilutions. As an example, cell viability decrease at the dilution 
corresponding to 5 μg/mL of AgNPs (ΔV5

mon) is shown. Control – distilled water (C) and 8 mM KNO3 (KN). 
Adapted from [31].
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AOT solutions (or of the AgNPs with the same stabilizer concentration) is 
more expressed than that of monomers at the AOT concentrations exceeding 
those introduced at n = 5. It is clear also that, contrary to the monomer contri-
bution, that of the micelles demonstrates the tendency to exponential growth, 
the fact which indicates to the different mechanism of action of the two surfac-
tant forms in water solution.

Qualitatively similar changes of monomer and micelle toxicity with changes of 
the total AOT concentration have been observed on the other cell type – on normal 
endothelium human cells (EA.hy926 line). In this case also the micelle toxicity 
changes with surfactant concentration reveal the tendency to exponential growth, 
while the monomer toxicity demonstrates the smooth increase which passes on 
plateau. Within the frames of the research strategy suggested, such a result was 
expected, since this approach supposes a qualitative difference in the mechanism 
of action between monomers and micelles. At the same time, the absolute values of 
ΔVmic and ΔVmon at the equal total nanoparticle concentrations differ from those 

Viability 
changes

Nanoparticle concentrations (n), μg/mL

1 2 3 4 5 6 7

Vn
mon 98.5 ± 5.1 92.2 ± 5.1 87.6 ± 5.5 80.6 ± 5.2 78.9 ± 5.5 74.6 ± 5.4 74.0 ± 7.8

ΔVn
mon 1.5 8.8 12.4 19.4 21.1 25.4 26.0

Vn
tot 98.0 ± 1.9 84.8 ± 2.1 69.8 ± 5.9 65.2 ± 3.3 50.8 ± 7.2 40.2 ± 7.1 17.4 ± 2.7

ΔVn
tot 2 15.2 30.2 34.8 49.2 59.8 82.6

ΔVn
mic 0.5 6.4 17.8 15.4 28.1 34.4 56.6

Data taken from Figures 9 and 10.
Abbreviations: Vn

mon and ΔVn
mon, respectively, measured cell viabilities and calculated contributions of monomers 

at standard dilutions (see Figure 10); Vn
tot and ΔVn

tot, respectively, measured cell viabilities and calculated changes 
in viabilities after treatment with 3 mM AOT at standard dilutions (see Figure 11); ΔVn

mic, contributions of AOT 
micelles to cell viability changes calculated from the data of Figure 11. Adapted from [31].

Table 5. 
Contributions of monomers and micelles into the total toxic effect of AOT solutions.

Figure 11. 
Correction of the AOT toxicity in accordance with change of its CMC in the 3-AgNPs solution. Jurkat cells were 
incubated for 24 h with the standard dilutions of 3-AgNPs and 3 mM AOT in 8 mM KNO3. At the dilution 
corresponding to 5 μg/mL of AgNPs, the total AOT contribution to viability decrease (ΔV5

tot) is represented as 
sum of the corresponding contributions of AOT monomers (ΔV5

mon) and micelles (ΔV5
mic). Controls are the 

same as in Figure 10. Adapted from [31].
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obtained on Jurkat cells; this indicates to the dependence of monomer and micelle 
action on the individual properties of cells, the fact which may allow to obtain more 
detailed information about the cytotoxicity mechanism of surfactants.

The approach to studies of the mechanism of SAS cytotoxicity described in this 
section may be useful for the nanoparticles stabilized with various surfactants. It is 
important, as we believe, to draw attention to the active role of stabilizer micelles, 
because this opens the opportunity, first, to make the reliable conclusions concern-
ing the mechanism of the nanoparticle action and, second, to specify the surfactant 
concentrations used in experiments on the nanoparticle cytotoxicity as well as in 
the surfactants’ applications in the other fields. If either surfactant solution or that 
of surfactant-stabilized nanoparticles is introduced into a cell medium by means 
of dilution of the stock solution with surfactant concentration higher than CMC, 
it contains both surfactant monomers and micelles and both forms are present in 
a cell medium after the dilution, in the first moment in the same relation as in the 
stock solution. Then this relation changes in the process of establishment of the 
new equilibrium; however, it is unknown how great is the final micelle concentra-
tion and how will they affect the measured viabilities or other cell characteristics. 
Therefore, if it is desirable to determine the toxicity of only molecular surfactant, 
its concentration in the stock solution must not exceed CMC.

In the last years participation of surfactants in nanoparticle – cell interactions 
draws attention of many researchers (e.g. [43, 46, 47, 58, 59]). Hence there is hope 
that the considerations expounded above will favor the progress in the understand-
ing of the mechanism of biological activity of surfactants applied both as nanopar-
ticle stabilizers (in nanotoxicology) and as water solutions in medical practice.

5. Conclusion

In the end we consider it reasonable to emphasize the importance of the three 
essential points in methodology of studies of the metal nanoparticles’ action on 
biological cells examined in this review.

First, in studies of the particle size effect on the biological activity it is strongly 
recommended to change the mode of expression of the nanoparticle concentration, 
namely to pass from the mass to number concentration with the corresponding 
change of the measured cell parameter dependence on the particle concentration. 

Figure 12. 
Contributions of monomers and micelles to the toxic effect of AOT on Jurkat cells at various AgNPs 
concentrations. The 3-AgNPs solution was used. Abbreviations: ΔV, cell viability changes; ΔVmon and ΔVmic, 
cell viability changes resulted from the effect of, respectively, AOT monomers and micelles; C(AgNPs), 
concentration of Ag nanoparticles. Reproduced from [31].
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concentration of Ag nanoparticles. Reproduced from [31].
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As seen from our estimates of the toxic action of differently sized nanoparticles at 
the same number concentration, accumulation of similar data in the further studies 
may lead to the revision of the wide-spread opinion about the increase of toxicity 
with the decrease of nanoparticle size, with the positive consequences for their 
various applications in medicine.

Second, it is important to make corrections for the relaxation effect in calcula-
tions of zeta potentials from the measured electrophoretic mobilities of small 
particles in water solutions. It seems necessary to understand, as we believe, that 
there is the problem of invalidity of the Smoluchowski equation for zeta potential 
determination from the EPM measurements for the small charged particles of differ-
ent nature, at the definite relations of their size, charge and ionic strength of solution. 
The error in zeta potential values calculated from the Smoluchowski equation is the 
more significant, the less is particle size, hence the necessity to take into account the 
relaxation effect is the most evident in studies of nanoparticles. We believe, however, 
that the corrections under question are actual not only for the correct estimation of 
nanoparticle surface charge in a wide variety of experiments, including the elucida-
tion of nanoparticle cytotoxicity, but also probably for the revision of certain esti-
mates of biological effects observed for the other charged particles used in medical 
and biological researches, e.g. for liposomes, biological vesicles, polymer containers 
for the delivery of medicines et al. Since, as a rule, the corresponding corrections are 
not provided by the software installed in devices used for the EPM measurements, we 
suggest applying for this purpose the equations proposed by the Dukhin theory.

Third, it is possible to change the conventional approach in studies of the 
mechanism of cytotoxicity both of nanoparticles stabilized with surfactants and 
of the surfactant solutions used in medical practice for the suppression of vari-
ous infections. More precisely, the question is about the widening of the range of 
purposes, because it is suggested to include here the determination of the toxicity 
effects not only of molecular, but also of micellar form of surfactant, the latter 
being capable to exert its own contribution to cell responses.

It should be added that, certainly, the recommended changes in methodology do 
not exhaust the problems faced by researchers in studies of the biological effects of 
nanoparticles on cultured cells. They only indicate to some actual questions ripe, as 
we believe, in this direction of nanobiology. The main stimulus for the discussion of 
the questions raised in this review was our desire to draw attention to these ques-
tions and to suggest the ways for their solution, in order to achieve the better, the 
more reliable results in studies of the biological effects of nanoparticles for the aims 
of practical medicine.
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Chapter 5

Cytotoxicity Study
Bhavin R. Chavda and Bhavesh N. Socha

Abstract

The nature of being poisonous to cells is cytotoxicity. A number of cell fates can 
result in the treatment of cells with a cytotoxic compound. In this study, the nauplii 
were exposed to different concentrations of compounds for 24 hours. Experiments 
were concluded with control and different concentration of the compound. The 
whole set was triplicate to get an accurate result. The LC50 was determined from the 
best fit line, of a graph of % mortality vs. concentration of nauplii. The LC50 value 
was obtained from the antilogarithm of log [complex] at 50% mortality (LC50), all 
data were collected from three independent experiments.

Keywords: cytotoxicity study, Cytotoxicity, Ag-SMX

1. Introduction

The nature of being poisonous to cells is cytotoxicity [1–3]. In evaluating the pos-
sible toxicity of a research material, whether plant extracts or biologically active sub-
stances derived from plants, cytotoxicity tests are a helpful tool for initial step. For 
the effective production of a pharmaceutical or cosmetic preparation, minimal to 
no toxicity is necessary and cellular toxicity studies play a crucial role in this respect. 
While contemplating the interaction between acute toxicity and cytotoxicity, the 
principle of basal cytotoxicity, where deleterious effects are noted on structures and 
functions common to all human cells, is important [4–6]. To classify substances with 
promising biological activity and marginal cytotoxicity, the selectivity index is a 
significant test. In order to determine the cytotoxicity of African medicinal plants, 
various bioassays and a variety of different cell lines have been used. In addition, the 
extraction of solvents differing in polarity has been used to remove various parts of 
plants, adding to the wide range of African plants cytotoxicity findings [7–10].

A number of cell fates can result in the treatment of cells with a cytotoxic 
compound. The cells can undergo necrosis in which as a result of cell lysis, they 
lose membrane integrity and die quickly. The cells can stop growing and dividing 
aggressively (a decline in cell viability), or the cells can trigger a regulated cell death 
genetic programme (apoptosis).

Usually, cells undergoing necrosis show accelerated swelling, lose the cohe-
sion of the membrane, shut down metabolism, and release their contents into the 
atmosphere. Cells undergoing rapid in vitro necrosis do not have enough time or 
resources to activate the apoptotic machinery and do not produce apoptotic mark-
ers [11–13]. Apoptosis is distinguished by well-defined cytological and molecular 
events, including cell refractive index transition, cytoplasmic shrinkage, nuclear 
condensation, and regular fragment cleavage of DNA. Cells undergoing apoptosis 
in culture ultimately undergo secondary necrosis. The metabolism will be shut 
down, membrane integrity and lysis will be destroyed.
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In compound libraries, cytotoxicity assays are commonly used by the pharma-
ceutical industry to test for cytotoxicity. If they are interested in creating a thera-
peutic that targets, for example, rapidly dividing cancer cells, researchers can either 
look for cytotoxic compounds; or they can scan ‘hits’ from initial high-throughput 
drug screens for unintended cytotoxic effects before investing in their development 
as a pharmaceutical.

2. Examples

Examples of toxic agents are an immune cell or some types of venom, e.g. from 
the puff adder (Bitis arietans) or brown recluse spider (Loxosceles reclusa).

3. Application

The prediction of cytotoxicity of chemical compounds based on prior measure-
ments, i.e. in-silico research, is a highly important topic. Several QSAR and virtual 
screening methods have been suggested for this purpose. In the “Toxicology in the 21st 
century” project, an objective comparison of these approaches has been carried out.

Chemotherapy as a cancer treatment also relies on the ability of cytotoxic agents to 
kill or destroy reproductive cells, preferably targeting the rapid division of cancer cells.

Antibody-dependent cell-mediated cytotoxicity (ADCC) explains the ability of 
certain lymphocytes to kill cells, and involves an antibody to recognise the target 
cell. On the other hand, cytotoxicity mediated by lymphocytes does not need to be 
mediated by antibodies; neither does complement-dependent cytotoxicity (CDC) 
mediated by the complement system.

4. Measurement

One of the most common approaches to test cell viability and cytotoxic effects 
is to determine cell membrane integrity. Compounds which have cytotoxic 
effects frequently undermine the integrity of cell membranes. Vital dyes such as 
trypan blue or propidium iodide are typically removed from the inside of healthy 
cells; however, they easily cross the membrane and stain components which is 
intracellular.

Alternatively, by controlling the movement of molecules that are usually seques-
tered within cells to the outside, membrane integrity can be measured. Using LDH 
research, one enzyme, lactate dehydrogenase (LDH), is normally tested. LDH reduces 
NAD to NADH, which, by contact with a particular probe, induces a colour transition.

Protease biomarkers have been established that enable researchers inside the 
same cell population to quantify relative numbers of live and dead cells. Live cell 
protease is involved only in cells with a stable cell membrane and, if the cell is 
infected and the protease is exposed to the external environment, it loses activity. 
After cells have lost their membrane integrity, the dead-cell protease can not cross 
the cell membrane, and can only be tested in culture media.

It is also possible to track cytotoxicity using 3-(4, 5-Dimethyl-2-thiazolyl)-2, 
5-diphenyl-2H-tetrazolium bromide (MTT) or 2,3-bis(2-methoxy-4-nitro-
5-sulphophenyl)-2H-tetrazolium-5-carboxanilide (XTT) developed by a water-
soluble substance or MTS assay. Using a colorimetric reaction, this assay tests the 
decreasing potential of the cell. The MTS reagent would be reduced to a coloured 
formazan substance by viable cells. Using the fluorescent dye, resazurin, a 
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related redox-based assay was also produced. In addition to using dyes to display 
cells’ redox potential to track their viability, researchers have developed assays 
that use the substance of ATP as a viability marker. These ATP-based assays 
provide bioluminescent assays in which ATP is the luciferase reaction’s limiting 
reagent.

Cytotoxicity can also be measured by the sulforhodamine B (SRB) assay, 
WST assay and clonogenic assay. Suitable assays can be combined and performed 
sequentially on the same cells in order to reduce assay-specific false positive or false 
negative results. A possible combination is LDH-XTT-NR (Neutral red assay)-SRB 
which is also available in a kit format.

A label-free approach to follow the cytotoxic response of adherent animal cells 
in real-time is based on electric impedance measurements when the cells are grown 
on gold-film electrodes. This technology is referred to as electric cell-substrate 
impedance sensing (ECIS). Label-free real-time techniques provide the kinetics of 
the cytotoxic response rather than just a snapshot like many colorimetric end-
point assays.

1. A highly important topic is the prediction of cytotoxicity of chemical com-
pounds based on previous measurements, i.e. in-silico testing [5]. For this 
purpose many QSAR and virtual screening methods have been suggested. An 
independent comparison of these methods has been done within the “Toxicol-
ogy in the 21st century” project.

2. Chemotherapy as a treatment of cancer often relies on the ability of cytotoxic 
agents to kill or damage cells which are reproducing; this preferentially targets 
rapidly dividing cancer cells.

3. Antibody-dependent cell-mediated cytotoxicity (ADCC) describes the cell-
killing ability of certain lymphocytes, which requires the target cell being 
marked by an antibody. Lymphocyte-mediated cytotoxicity, on the other hand, 
does not have to be mediated by antibodies; nor does complement-dependent 
cytotoxicity (CDC), which is mediated by the complement system.

5. Experimental details

In this study, the nauplii were exposed to different concentrations of com-
pounds for 24 hours. Experiments were concluded with control and different 
concentration of the compound. The whole set was triplicate to get an accurate 
result. The LC50 was determined from the best fit line, of a graph of % mortality 
vs. concentration of nauplii. The LC50 value was obtained from the antilogarithm 
of log [complex] at 50% mortality (LC50), all data were collected from three 
independent experiments (Figure 1).

6. Materials and physical measurements

Sulfamethoxazole (SMX) sulfa derivatives and d-block transition metal Ag salts 
are used from Sigma Aldrich and Alfa Aesar respectively, all other reagents are of 
the highest grade, commercially available and used without further purification. 
The cellular level in vivo cytotoxic analysis of the free SMX molecule and its Ag 
-SMX complex were carried out using eukaryotic S. pombe (Schizosaccharomyces 
pombe) cell via trypan blue assay.
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In this study, the nauplii were exposed to different concentrations of com-
pounds for 24 hours. Experiments were concluded with control and different 
concentration of the compound. The whole set was triplicate to get an accurate 
result. The LC50 was determined from the best fit line, of a graph of % mortality 
vs. concentration of nauplii. The LC50 value was obtained from the antilogarithm 
of log [complex] at 50% mortality (LC50), all data were collected from three 
independent experiments (Figure 1).

6. Materials and physical measurements

Sulfamethoxazole (SMX) sulfa derivatives and d-block transition metal Ag salts 
are used from Sigma Aldrich and Alfa Aesar respectively, all other reagents are of 
the highest grade, commercially available and used without further purification. 
The cellular level in vivo cytotoxic analysis of the free SMX molecule and its Ag 
-SMX complex were carried out using eukaryotic S. pombe (Schizosaccharomyces 
pombe) cell via trypan blue assay.
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7. Synthesis of the complex

The silver complex of SMX was synthesized by sulfamethoxazole (SMX) 
(C10H10N3O3S, Sigma Aldrich) (0.5 gm, 2 mmol) dissolving in 15 mL methanolic 
solution (2 mmol, pH 8–9), the metal solution of silver nitrate hydrate (AgNO3, 
Alfa Aesar) (0.37 gm, 2 mmol) dissolved in deionized water and added drop wise 
in SMX solution under reflux at 25°C temperature. After stirring for 3 hours, the 
resultant white colored precipitate of silver compound filtered and washed with 
mixture of methanol and deionized water (10 ml) respectively, dried in a desicca-
tor. The anhydrous yield of the complex was around 70%. The CHN analysis results 
for Ag[C10H10N3O3S1]2 are: Anal. Cal. (%): C, 33.35; H, 2.78; N, 11.66. Found (%): 
C, 33.39; H, 2.94; N, 11.81. pure synthesized compound dissolved in β-picoline 
solvent and kept for recrystallization at 30°C constant temperature. After almost 
three months, colorless transparent diamond shaped single crystals were possible 
to grow (Figure 2).

Figure 2. 
Steps of reaction proposed.

Figure 1. 
125 ml live baby brine shrimp coral fish [14].
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8. Result and discussion

Brine shrimp lethality assay test protocol was carried out with control and 
different concentration of the compound. The whole set was triplicate to get an 
accurate result. The LC50 was determined from the best fit line, of a graph of % 
mortality vs. concentration of nauplii. The LC50 value was obtained from the 
antilogarithm of log [complex] at 50% mortality (LC50), all data were collected 
from three independent experiments. The LC50 (50% lethal concentration) 
value of the complex had been obtained from the plot of % of the brine shrimp 
nauplii killed against the complex concentrations and the best-fit line was found 
from the data through regression analysis. The significant LC50 value of the free 
Sulfamithoxazole (SMX) drug and its Ag-SMX complex are 12.88 μM and 6.30 μM 
respectively, predicting higher toxicity of SMX molecule than that of Ag-SMX com-
plex and also, Ag-SMX complex displays less toxic behaviour compared to reported 
data of Cd sulfapyridine (8.32 μM) and Zn-sulfapyridine (6.31 μM) complexes [12].

The cellular level in vivo cytotoxic analysis of the free SMX molecule and its Ag 
-SMX complex were carried out using eukaryotic S. pombe (Schizosaccharomyces 
pombe) cell via trypan blue assay. Figure 3 is the plot of % viability of the cells 
treated with a series of various concentrations 2, 4, 6, 8 and 10 μg/mL of free SMX 
molecule and its Ag-SMX complex along with control after 17 hours of treatment.

9. Conclusion

The significant LC50 value of the free Sulfamithoxazole (SMX) drug and its 
Ag-SMX complex are 12.88 μM and 6.30 μM respectively, predicting higher toxicity 

Figure 3. 
The plot of % viability of the cells treated with a series of concentrations 2, 4, 6, 8 and 10 μg/mL of SMX 
molecule and its silver complex respectively along with control after 17 hours of treatment.
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of SMX molecule than that of Ag-SMX complex and also, Ag-SMX complex displays 
less toxic behaviour compared to reported data of Cd sulfapyridine (8.32 μM) and 
Zn-sulfapyridine (6.31 μM) complexes.
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Evolvulus alsinoides (Linn.)  
Linn.: A Revitalizer
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Abstract

Herbal medicines are utilized as traditional and alternative therapy to precisely 
restore declining metabolic functions. Herbal bioactive claims its rewards for their 
effectiveness, safety, and acceptability. Evolvulus alsinoides (Linn.) Linn. is a Virya 
herb from Convolvulaceae with Tridoshhara, Majjadhatu Rasayan, Vajikarak, 
Chedan, and Nidrajanan properties. In Ayurvedic medicine, the whole plant is used 
in the treatment of neurodegenerative diseases as brain tonic, amnesia and asthma, 
epilepsy and as a hepatoprotective. The phytochemical analysis has reported the 
existence of biomolecules such as β-sitosterol, scopolin, scopoletin, umbelliferon, 
triacontane, shankpushpine and betaine. A thorough review of classical as well as 
contemporary literature study has been done on Evolvulus alsinoides (Linn.) Linn. to 
validate the pharmacological actions and cytotoxicity effects on various cell lines.

Keywords: Evolvulus alsinoides (Linn.) Linn., virya herb, phytochemical analysis,  
pharmacological actions, cytotoxicity effects

1. Introduction

The medical herbs are advantageous for humans for the reason of providing 
remedies that ease the human suffering. The indigenous system has innumerable 
plants that have been disclosed to have action opposing CNS disorders thus elevat-
ing human hardships [1]. The potential of Ayurveda herbs benefit medicinally 
and it seems likely exploring that medicinal potential is increasing latterly. At the 
current times, plant dependant drugs procure profuse attention due to the fact that 
there are onsets of newer approaches on chemical characterization and pharmaco-
logical inquisitions [1]. For a long period of time medicinal plants have been valued 
for their healing and diminishing pain. Medicinal plants are also have been relied 
abundantly for their curative properties. Various types of herbs have been employed 
in prominent folk medicine and they have a long history for being benefited in the 
traditional remedies [2]. In vitro screening methods also contribute to the demand 
on vital primary inquisition which is crucial to retrieve desired plant extract with 
promising and effective attributes for upcoming chemical and pharmacological 
research.



101

Chapter 6

Evolvulus alsinoides (Linn.)  
Linn.: A Revitalizer
Harshavardhini Kuppusamy R, Jananipriya Srinivasan, 
Pavithra Sundaramoorthy and Kannan Kilavan Packiam

Abstract

Herbal medicines are utilized as traditional and alternative therapy to precisely 
restore declining metabolic functions. Herbal bioactive claims its rewards for their 
effectiveness, safety, and acceptability. Evolvulus alsinoides (Linn.) Linn. is a Virya 
herb from Convolvulaceae with Tridoshhara, Majjadhatu Rasayan, Vajikarak, 
Chedan, and Nidrajanan properties. In Ayurvedic medicine, the whole plant is used 
in the treatment of neurodegenerative diseases as brain tonic, amnesia and asthma, 
epilepsy and as a hepatoprotective. The phytochemical analysis has reported the 
existence of biomolecules such as β-sitosterol, scopolin, scopoletin, umbelliferon, 
triacontane, shankpushpine and betaine. A thorough review of classical as well as 
contemporary literature study has been done on Evolvulus alsinoides (Linn.) Linn. to 
validate the pharmacological actions and cytotoxicity effects on various cell lines.

Keywords: Evolvulus alsinoides (Linn.) Linn., virya herb, phytochemical analysis,  
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1. Introduction

The medical herbs are advantageous for humans for the reason of providing 
remedies that ease the human suffering. The indigenous system has innumerable 
plants that have been disclosed to have action opposing CNS disorders thus elevat-
ing human hardships [1]. The potential of Ayurveda herbs benefit medicinally 
and it seems likely exploring that medicinal potential is increasing latterly. At the 
current times, plant dependant drugs procure profuse attention due to the fact that 
there are onsets of newer approaches on chemical characterization and pharmaco-
logical inquisitions [1]. For a long period of time medicinal plants have been valued 
for their healing and diminishing pain. Medicinal plants are also have been relied 
abundantly for their curative properties. Various types of herbs have been employed 
in prominent folk medicine and they have a long history for being benefited in the 
traditional remedies [2]. In vitro screening methods also contribute to the demand 
on vital primary inquisition which is crucial to retrieve desired plant extract with 
promising and effective attributes for upcoming chemical and pharmacological 
research.
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2. Evolvulus alsinoides (Linn.) Linn.

The traditional methodology utilized variety of medicinal herbs and one of the 
notable herbs is Shankhpushpi also known as Evolvulus alsinoides (Linn.) Linn., has been 
employed in clinical use for centuries. Shankhpushpi is contemplated as Medha Rasayana 
attributes to a drug that revivifies, retains and potentiates intellect and cognizance [3]. 
Evolvulus alsinoides (Linn.) Linn. is included in the Convolvulaceae family and it is a 
weed primarily available in tropical and sub-tropical miry zones of the world, par-
ticularly in East Asia. They are commonly seen in the regions including India and West 
Cameroon. They are expansively scattered in tropical zones of Africa and world.

Evolvulus alsinoides (Linn.) Linn. is a supine perennial herb consisting small 
branched rootstock of wood. They are enclosed with plentiful branches that are 
annual and beyond 30 cm long. The branches include long hairs and frequently 
prostrate. Evolvulus alsinoides (Linn.) Linn. incorporates small leaves which are 
elliptic in shape. They are acute, susceptive and are densely hairy [4].

Each part of this plant is put to use in Ayurveda medicine to treat cough, cold 
and fever. They are also employed to cure neurodegenerative diseases like adenitis 
and dementia. Treatment of venereal disease also includes the use of this plant [5]. 
Azoospermia, nootroppic and anti-inflammatory activity has also been noted. This 
plant not only possesses these effects it also consists anti-haemorrhagic and anti-
oxidant effects. Ancient medicine claimed this plant as brain tonic and in current 
years it has been justifies through pre-clinical research [6]. This plant is preferred in 
the treatment of asthma and amnesia, most common neurodegenerative diseases. 
Most notable property of E.alsinoides (L.) L. is to boost the memory and elevate the 
intellectuality [7].

3. Phytochemicals

In current years, Phytochemistry or plant chemistry has been established into 
evident discipline which lies between organic chemistry of natural creations and 
biochemistry dealing with plants. It is closely related to both of the subjects [8]. 
Phytochemistry is related to the innumerable distinct amount of organic materials 
that are concerned with and aggregated by plants and it deals with plant’s properties. 
The chemical arrangements, biosynthesis, metabolisms and turn over, biological 
function and their natural distribution.

Evolvulus alsinoides (Linn.) Linn. was interpreted to find the phytochemicals like 
alkaloids, carbohydrates, steroidal glucosides, saponin, tannins, pseudo tannins, 
chlorogenic acids, flavones, flavonoids, coumarin, anthocyanin, phenol, terpenoi-
des, resins, volatile oil, anthraquinones, phytosterol and triterpenoids. The analysis 
portrayed the potentiality of components that are known to illustrate medicinal 
constituents as well as physiological activities [8].

Phytochemical analysis of Evolvulus alsinoides (Linn.) Linn.

S. No Phytochemical compounds Methanol 
extract

Ethanolic 
extract

Aqueous extract

1 Alkaloid + + −

2 Carbohydrate + + −

3 Steroids − − −

4 Saponin − + −

5 Tannin + + +
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4. Analysis of heavy metals

Test for the presence of heavy metals is done for this plant’s leaf extract. Sodium 
(Na), Potassium (K), Phosphorus (P), Manganese (Mn), Iron (Fe), Calcium 
(Ca), Zinc (Zn), Copper (Cu), Nickel (Ni) and Magnesium (Mg) were the heavy 
metals present in the leaf extract. The recent studies have proved that Potassium 
(approximately 133 ppm) is higher when compared to other heavy metals present 
[8]. Sodium, Phosphorus, Manganese, Iron, Calcium, Zinc, Copper, Nickel and 
Magnesium are present in the leaf extract. Metals like Lead and Mercury were not 
detected in the extract.

5. Antimicrobial activity

Antimicrobial activity attributes the extracts potential to act against the micro-
organisms by inhibiting the growth and the activities of them. Evolvulus alsinoides 
(Linn.) Linn. displayed commendable potential of antimicrobial activity. The zone 
of inhibition of the expansion of the isolates refers to the relative antimicrobial 
potential that E.alsinoides (L.) L. possesses. The results of the antimicrobial activ-
ity of Evolvulus alsinoides (Linn.) Linn. methanol, ethanol and aqueous extract are 
explained as follows: [8].

5.1 Antimicrobial activity of Evolvulus alsinoides (Linn.) Linn. aqueous extract

The organisms used for the antimicrobial activity of E.alsinoides (L.) L. aque-
ous extract are Salmonella typhi, Acinetobactor baumannii, Staphyloccus aureus, 
Klebsiella pneumonia, Escherichia coli and Pseudomonas aeruginosa. The inhibition 
values for three different concentrations for each microbe were obtained for the 
aqueous extract of E.alsinoides (L.) L. The three different conecentrations are 50 μg/
ml, 100 μg/ml and 150 μg/ml. The respective inhibition values (mm) are 8, 11, 
14 (for Salmonella typhi), 10, 13, 16 (for Acinetobactor baumannii), 10, 11, 12 (for 
Staphyloccus aureus), 7,8,9 (for Klebsiella pneumonia), 8, 10, 12 (for Escherichia coli), 
and 6,8,9 (for Pseudomonas aeruginosa).

S. No Phytochemical compounds Methanol 
extract

Ethanolic 
extract

Aqueous extract

6 Pseudo Tannins + − −

7 Chlorogenic acid + − −

8 Flavones − + −

9 Flavonoid + + −

10 Coumarin − − −

11 Anthocyanin − − −

12 Phenol + + +

13 Terpenoids + + +

14 Triterpenoids + + +

15 Resins − − −

16 Volatile oil + + +

17 Glycosides − + −

+ = present;
- = absent.



Cytotoxicity - New Insights into Toxic Assessment

102

2. Evolvulus alsinoides (Linn.) Linn.

The traditional methodology utilized variety of medicinal herbs and one of the 
notable herbs is Shankhpushpi also known as Evolvulus alsinoides (Linn.) Linn., has been 
employed in clinical use for centuries. Shankhpushpi is contemplated as Medha Rasayana 
attributes to a drug that revivifies, retains and potentiates intellect and cognizance [3]. 
Evolvulus alsinoides (Linn.) Linn. is included in the Convolvulaceae family and it is a 
weed primarily available in tropical and sub-tropical miry zones of the world, par-
ticularly in East Asia. They are commonly seen in the regions including India and West 
Cameroon. They are expansively scattered in tropical zones of Africa and world.

Evolvulus alsinoides (Linn.) Linn. is a supine perennial herb consisting small 
branched rootstock of wood. They are enclosed with plentiful branches that are 
annual and beyond 30 cm long. The branches include long hairs and frequently 
prostrate. Evolvulus alsinoides (Linn.) Linn. incorporates small leaves which are 
elliptic in shape. They are acute, susceptive and are densely hairy [4].

Each part of this plant is put to use in Ayurveda medicine to treat cough, cold 
and fever. They are also employed to cure neurodegenerative diseases like adenitis 
and dementia. Treatment of venereal disease also includes the use of this plant [5]. 
Azoospermia, nootroppic and anti-inflammatory activity has also been noted. This 
plant not only possesses these effects it also consists anti-haemorrhagic and anti-
oxidant effects. Ancient medicine claimed this plant as brain tonic and in current 
years it has been justifies through pre-clinical research [6]. This plant is preferred in 
the treatment of asthma and amnesia, most common neurodegenerative diseases. 
Most notable property of E.alsinoides (L.) L. is to boost the memory and elevate the 
intellectuality [7].

3. Phytochemicals

In current years, Phytochemistry or plant chemistry has been established into 
evident discipline which lies between organic chemistry of natural creations and 
biochemistry dealing with plants. It is closely related to both of the subjects [8]. 
Phytochemistry is related to the innumerable distinct amount of organic materials 
that are concerned with and aggregated by plants and it deals with plant’s properties. 
The chemical arrangements, biosynthesis, metabolisms and turn over, biological 
function and their natural distribution.

Evolvulus alsinoides (Linn.) Linn. was interpreted to find the phytochemicals like 
alkaloids, carbohydrates, steroidal glucosides, saponin, tannins, pseudo tannins, 
chlorogenic acids, flavones, flavonoids, coumarin, anthocyanin, phenol, terpenoi-
des, resins, volatile oil, anthraquinones, phytosterol and triterpenoids. The analysis 
portrayed the potentiality of components that are known to illustrate medicinal 
constituents as well as physiological activities [8].

Phytochemical analysis of Evolvulus alsinoides (Linn.) Linn.

S. No Phytochemical compounds Methanol 
extract

Ethanolic 
extract

Aqueous extract

1 Alkaloid + + −

2 Carbohydrate + + −

3 Steroids − − −

4 Saponin − + −

5 Tannin + + +

103

Evolvulus alsinoides (Linn.) Linn.: A Revitalizer
DOI: http://dx.doi.org/10.5772/intechopen.96119

4. Analysis of heavy metals

Test for the presence of heavy metals is done for this plant’s leaf extract. Sodium 
(Na), Potassium (K), Phosphorus (P), Manganese (Mn), Iron (Fe), Calcium 
(Ca), Zinc (Zn), Copper (Cu), Nickel (Ni) and Magnesium (Mg) were the heavy 
metals present in the leaf extract. The recent studies have proved that Potassium 
(approximately 133 ppm) is higher when compared to other heavy metals present 
[8]. Sodium, Phosphorus, Manganese, Iron, Calcium, Zinc, Copper, Nickel and 
Magnesium are present in the leaf extract. Metals like Lead and Mercury were not 
detected in the extract.

5. Antimicrobial activity

Antimicrobial activity attributes the extracts potential to act against the micro-
organisms by inhibiting the growth and the activities of them. Evolvulus alsinoides 
(Linn.) Linn. displayed commendable potential of antimicrobial activity. The zone 
of inhibition of the expansion of the isolates refers to the relative antimicrobial 
potential that E.alsinoides (L.) L. possesses. The results of the antimicrobial activ-
ity of Evolvulus alsinoides (Linn.) Linn. methanol, ethanol and aqueous extract are 
explained as follows: [8].

5.1 Antimicrobial activity of Evolvulus alsinoides (Linn.) Linn. aqueous extract

The organisms used for the antimicrobial activity of E.alsinoides (L.) L. aque-
ous extract are Salmonella typhi, Acinetobactor baumannii, Staphyloccus aureus, 
Klebsiella pneumonia, Escherichia coli and Pseudomonas aeruginosa. The inhibition 
values for three different concentrations for each microbe were obtained for the 
aqueous extract of E.alsinoides (L.) L. The three different conecentrations are 50 μg/
ml, 100 μg/ml and 150 μg/ml. The respective inhibition values (mm) are 8, 11, 
14 (for Salmonella typhi), 10, 13, 16 (for Acinetobactor baumannii), 10, 11, 12 (for 
Staphyloccus aureus), 7,8,9 (for Klebsiella pneumonia), 8, 10, 12 (for Escherichia coli), 
and 6,8,9 (for Pseudomonas aeruginosa).

S. No Phytochemical compounds Methanol 
extract

Ethanolic 
extract

Aqueous extract

6 Pseudo Tannins + − −

7 Chlorogenic acid + − −

8 Flavones − + −

9 Flavonoid + + −

10 Coumarin − − −

11 Anthocyanin − − −

12 Phenol + + +

13 Terpenoids + + +

14 Triterpenoids + + +

15 Resins − − −

16 Volatile oil + + +

17 Glycosides − + −

+ = present;
- = absent.



Cytotoxicity - New Insights into Toxic Assessment

104

5.2 Antimicrobial activity of Evolvulus alsinoides (Linn.) Linn. methanol extract

The organisms used for the antimicrobial activity of E.alsinoides (L.) L. 
methanol extract are Candida albicans, Aspergillus niger, Staphyloccus aureus, 
Vibrio cholera, Bacillus megaterium, Klebsiella pneumonia, Salmonella typhi, 
Yersinia enterocolitica, Bacillus subtilis and Listeria monocytogenes. The inhibition 
values for three different concentrations for each microbe were obtained for the 
methanol extract of E.alsinoides (L.) L. The three different conecentrations are 
50 μg/ml, 100 μg/ml and 150 μg/ml. The respective inhibition values (mm) are 
12, 15, 21(for Candida albicans), 12, 14, 17 (for Aspergillus niger), 12, 15, 18 (for 
Staphyloccus aureus), 13, 16, 22 (for Vibrio cholera), 10, 13, 16 (for Bacillus mega-
terium), 11, 15, 17 (for Klebsiella pneumonia), 14, 17, 18 (for Salmonella typhi), 13, 
15, 17 (for Yersinia enterocolitica), 11, 12, 13 (for Bacillus subtilis) and 10, 12, 15 
(for Listeria monocytogenes).

5.3 Antimicrobial activity of Evolvulus alsinoides (Linn.) Linn. ethanol extract

The organisms used for the antimicrobial activity of E.alsinoides (L.) L. aque-
ous extract are Escherichia coli, Pseudomonas aeruginosa, Candida albicans and 
Staphyloccus aureos. The inhibition values (mm) for the concentration 10 mg/ml, for 
E.coli was 14 and for Pseudomonas aeruginosa is 11. There was no inhibition found in 
Candida albicans and Staphyloccus aureos.

6. Antioxidant activity

Antioxidant activity is primarily described as the activity of preventing the 
propagation level in oxidative chain reactions that acts as a constraint of the  
oxidation of lipids, proteins, DNA and so on. Free radicals are directly scavenged  
by primary antioxidants. Unlike primary antioxidants, secondary antioxidants 
preclude the forming of free radicals indirectly through Fenton’s reaction [9].

Fluorescence Recovery After Photobleaching (FRAP) assay can be easily 
reproduced and it is directly associated with molar concentration of antioxidant 
present. This can be implicated as the extract of Evolvulus alsinoides (Linn.) Linn. 
that may act as a free radical scavenger. The FRAP (Fluorescence Recovery After 
Photobleaching) assay portrays the scavenging efficiency of the extract (Ethanol) 
of E.alsinoides (L.) L. at five distinct concentrations. They are 200 μg·mL−1, 
400 μg·mL−1, 600 μg·mL−1, 800 μg·mL−1 and 1000 μg·mL−1 and the respective opti-
cal densities are 0.907, 1.309, 1.397, 1.561 and 1.825 at 595 nm.

7. GC–MS analysis

The prevailing compounds were, Hexadecanoic acid, methyl ester, Benzoic acid, 
n-Hexadecanoic acid, D-Allose and Cytidine. The presence of various bioactive 
compounds justifies for usage of plant extract for various ailments by Ayurveda 
practitioners [10].

The investigation concluded that the stronger extraction capacity of methanol 
could have been produced number of active constituents responsible for many 
biological activities. So that those might be utilized for the development of tradi-
tional medicines and further investigation needs to elute novel active compounds 
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from the medicinal plants which may be created a new way to treat many incurable 
diseases [10].

Biocompounds of Evolvulus alsinoides (Linn.) Linn. leaf extract found by GC 
MS analysis.

S. 
No

Name of Compound Molecular Formula Molecular weight

1 Tricyclo[2.2.1.0(2,6)]heptane, 1,7,7-trimethyl C10H16 136

2 2,4- Imidazolidinedione, 3-Methyl C4H6N2O2 114

3 4-Heptanone, 2-Methyl- C8H16O 128

4 Levoglucosenone C6H6O3 126

5 4H-Pyran-4-one,
2,3-Dihydro-3,5-Dihydroxy-6-

C6H8O4 144

6 Benzoic Acid C7H6O2 122

7 Cytidine C9H13N3O5 243

8 4-Methyl-2-Oxopentanenitrile C6H9NO 111

9 2,3-Dihydro-Benzofuran C8H8O 120

10 5-Hydroxymethylfurfural C6H6O3 126

11 2-Methoxy-4-Vinylphenol C9H10O2 150

12 Alfa.-copaene C15H24 204

13 Cyclohexene,1-methyl-4- (1methylethenyl)-, (r) C10H16 136

14 Caryophyllene C15H24 204

15 1,1’-Bicycloheptyl C14H26 194

16 1,6-cyclodecadiene, 1-methyl-5-m C15H24 204

17 D-Allose C6H12O6 180

18 (−)-5-oxatricyclo[8.2.0.0(4,6)]dodeca C15H24O 220

19 Cyclohexene,
1-Methyl-3-(Formylmethyl)

C9H14O 138

20 1hcyclopropa[A]Naphthalene, 1a C15H28O2 240

21 Dotriacontane C32H66 450

22 Diethyl phthalate C12H14O4 222

23 Tetradecanoic acid C24H48O2 368

24 Tricyclic [2.2.1.0(2.6)]Hept-3-OL C7H10O 110

25 Benzoic acid,2,6-bis Trimethylsil C16H30O4Si3 370

26 2,6,10 trimethyl, 14-ethylene- C20H38 278

27 Cyclohexanol, 4-[(Trimethylsilyl)oxv]-,cis C9H20O2Si 188

28 2-cyclohexen-1-Ol,2,4,4- trimethy C16H24O2 248

29 Pentadecanoic acid C15H30O2 242
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Biological Activity of compounds found in methanolic leaf extrac of 
Evolvulus alsinoides (Linn.) Linn. by GC–MS.

8. Effect on marker enzymes in Streotozotoc induced Diabetic rats

Diabetes mellitus, generally known as diabetes, is a heterogeneous metabolic 
disorder indicated by a basic feature of chronic hyperglycaemia with a bother of fat, 
carbohydrate and protein metabolism. One of the prominent causes of anguish and 
mortality worldwide is Diabetes mellitus. Pancreatic cells are damaged by creat-
ing profuse reactive oxygen species (ROS) that concluded in diabetes mellitus. An 
imbalance in oxidant and antioxidant activities, Oxidative stress is also included 
in pathogenesis and complications of diabetes mellitus. The activities including 
detoxification, storage, metabolism, excretion of the metabolites and xenobiotics 
performed by liver is vital, thus liver is a crucial organ of the body [11].

The studies show that effect of extract of whole plant of E.alsinoides (L.) L. can be 
availed for the normality of marker enzymes that implies the normality of liver and 
kidney. The markers AST (aminotransferace), ALT (alanine aminotransferace), ACP 
(acid phosphatase), LDH (lactate dehydrogenase) and ALP (alkaline phosphatase) 
were utilized for the study and increase in them in the circulation of blood illus-
trates damage in liver of diabetic rats, induced by streptozotocin [11]. The diabetes 
results in increase in the concentration of AST, ALT, ACP, ALP and LDH than in 
normal conditions. The extract administered was noticed to preserve the values of 
the enzymes to normal values. Thus showing no crucial difference in between the 
control (glibenclamide) and the plant extract alone group rats in the normal levels.

The following tables concludes that ethanolic extract of Evolvulus alsinoides 
(Linn.) Linn. importantly decreases the concentration of marker enzymes that exist 
in serum and tissues, which are commonly found to be higher in levels of strepto-
zotocin induced diabetic rats. Its constructive impact of biomarker enzymes could 
portray a defensive mechanism contrary to the toxic effect of free radicals consist-
ing in diabetes mellitus [11].

S.No Compound name Nature of 
Compound

Biological activity

1 n-Hexadecanoic acid Palmitic acid Antioxidant, Hypocholesterolemic nemaicide, 
pesticde, Anti-androgenic flavor, hemalytic,  
5- Alpha reductase inhibitor

2 Hexadecanoic acid, 
methyl ester

Fatty acid ester Antioxidant, Antimicrobial
Hypocholesterolemic,
Antiandrogenic, Hemolytic, Alpha Reducatase 
inhibitor.

3 Benzoic acid Benzen Arachidonic acid-Inhibitor, Increase Aromatic 
Amino Acid
Decarboxylase Activity and
Inhibit Production of Uric Acid

4 D-Allose Aldohexose sugar Alcohol-Dehydrogenase-Inhibitor,
Anticancer (Duodenum), Antidote
(Diazepam), Antidote (Digoxin),
Antileukotriene-D4,
Circulatory-Depressant,
CNS-Depressant and
Coronary-Dilator

5 Cytidine Nucleoside molecule Glutamatergic antidepressant drug
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9.  Effect of ethanolic extract of Evolvulus alsinoides (Linn.) Linn. on 
marker enzymes as in serum of control and experimental group rats

The results show that the effect of Evolvulus alsinoides (Linn.) Linn. is similar 
and in some cases better than glibenclamide, a drug used for diabetic control. The 
extract alone also shows notable effects against diabetic rats. The diabetes results 
in increase in the concentration of AST, ALT, ACP, ALP and LDH than in normal 
conditions. The extract administered was noticed to preserve the values of the 
enzymes to normal values. The concentrations of markers AST, ALP, ACP, ALT and 
LDH (μmoles/L) are 40, 43, 10, 32 and 44 respectively in control. The concentra-
tions of markers AST, ALP, ACP, ALT and LDH (μmoles/L) are 60, 120, 23, 74 
and 85 respectively in diabetic control. The concentrations of markers AST, ALP, 
ACP, ALT and LDH (μmoles/L) are 43, 45, 12, 45 and 45 respectively in Diabetic 
and Evolvulus alsinoides (Linn.) Linn. The concentrations of markers AST, ALP, 
ACP, ALT and LDH (μmoles/L) are 41, 43, 11, 38 and 44 respectively in Diabetic 
and glibenclamide. The concentrations of markers AST, ALP, ACP, ALT and LDH 
(μmoles/L) are 40, 43, 10, 34 and 44 respectively in control.

10.  Impact of ethanolic extract of Evolvulus alsinoides (Linn.) Linn. on 
marker enzymes in liver of control and experimental group rats

The research studies conducted portrayed that Evolvulus alsinoides (Linn.) Linn. 
ethanol extract has inhibitory effect not only on alpha glucosidase but also alpha 
amylase. The inhibitory activity exhibited concentration reliant reduction thus the 
higher the concentration higher the inhibitory activity. The topmost concentration 
100 μg/ml is the concentration that showed the highest inhibition of closely to 63% 
and the standard acarbose demonstrated the inhibitory activity of 74%.

11.  The inhibition (%) of alpha glucosidase by ethanolic extract of 
Evolvulus alsinoides (Linn.) Linn.

In comparison with the inhibition of alpha amylase by Evolvulus alsinoides 
(Linn.) Linn., the inhibitory action of it on alpha glucosidase is limited. The inhibi-
tory activity of alpha glucosidase by the extract of E.alsinoides (L.) L. is about 53% 
at a concentration 100 μg/ml. This study proves that the Evolvulus alsinoides (Linn.) 
Linn. contains therapeutic antibiotic impact in type II diabetes mellitus [12].

12. A cognitive enhancer of spacial memory

D-Galactose caused mental retardation and cognitive dysfunction as measured 
by open field, avoidance/escape, T-maze, Y-maze and Morris maze in mice. D-gal, 
a reducing sugar which can be metabolized at normal concentration, induces the 
production of reactive oxygen species (ROS) and advanced glycation end products 
(AGEs) at higher doses that causes detoriating effect in the mice.

An extract from Evolvulus alsinoides (Linn.) Linn. have illustrated the strongest 
memory enhancing property by keeping in control of acetylcholinesterase and 
also increasing the levels of acetylcholine in the brain and so it possess reasonably 
acceptable antiamnesiac outcome in animal neurotoxicity model. Scopoletin, a 
furanocoumarin found in E.alsinoides (L.) L. promotes the gene and it can be used 
for monotherapy for learning and memory.
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Biological Activity of compounds found in methanolic leaf extrac of 
Evolvulus alsinoides (Linn.) Linn. by GC–MS.
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S.No Compound name Nature of 
Compound

Biological activity

1 n-Hexadecanoic acid Palmitic acid Antioxidant, Hypocholesterolemic nemaicide, 
pesticde, Anti-androgenic flavor, hemalytic,  
5- Alpha reductase inhibitor

2 Hexadecanoic acid, 
methyl ester

Fatty acid ester Antioxidant, Antimicrobial
Hypocholesterolemic,
Antiandrogenic, Hemolytic, Alpha Reducatase 
inhibitor.

3 Benzoic acid Benzen Arachidonic acid-Inhibitor, Increase Aromatic 
Amino Acid
Decarboxylase Activity and
Inhibit Production of Uric Acid

4 D-Allose Aldohexose sugar Alcohol-Dehydrogenase-Inhibitor,
Anticancer (Duodenum), Antidote
(Diazepam), Antidote (Digoxin),
Antileukotriene-D4,
Circulatory-Depressant,
CNS-Depressant and
Coronary-Dilator

5 Cytidine Nucleoside molecule Glutamatergic antidepressant drug
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13.  HPTLC fingerprinting analysis (high performance thin- layer 
chromatography)

The TLC chromatogram was run for E.alsinoides (L.) L. along with standard for 
various profiles such as steroids, glycosides and terpenoids.

Glycosides comprise a very wide range of compounds that are of common and 
ubiquitous occurrence in almost all plants. Many plants store medicinally important 
chemicals in the form of inactive glycosides. The nonsugar portion contains the 
biochemically active properties of medical interest. Once the glycoside is split into 
its two components, the nonsugar component is free to exert its chemical effects 
on the body. For example, digitalis is a glycoside that causes the heart to contract 
(pump) more forcefully when ingested [13]. These pharmaceuticallyvaluable 
glycosides contribute to almost every therapeutic class, cardiac drugs, laxatives, 
counterirritants, analgesics, renal disinfectants, antirheumatics, anti-inflammatory, 
antituberculosis, expectorant and antispasmodic action [2].

14. Ethnopharmacological activities

To carry out enzyme inhibition studies, lactate dehydrogenase was cloned from 
Plasmodium falciparum 3D7 strain using expression vector pET28a and expressed in 
Escherichia coli BL21 (DE3).

Methanol extract of E.alsinoides was tested at 50 mg/mL concentration for 
PfLDH inhibitory activity. Methanol extract of E.alsinoides (L.) L. reduced PfLDH 
activity to (25.04 ± 0.51) %. Effects of E.alsinoides (L.) L. were statistically signifi-
cant at 0.001 levels [7]. The chloroform and ethyl acetate extracts were showed 
graded dose response. The chloroform, ethyl acetate extracts were protected 27.4% 
and 28.3% at 120 min, it indicates that Evolvulus alsinoides (Linn.) Linn. extracts 
are considerably reduced the inflammation but when compared with standard drug 
at 12.5 mg/kg body weight was not that much potent drug, but the extracts were 
reduced the inflammation caused by prostaglandins, histamine and 5- hydroxy 
tryptamine at initial stage.

15. Conclusion

The traditional methodology utilized variety of medicinal herbs and one of 
the notable herbs is Shankhpushpi also known as Evolvulus alsinoides (Linn.) Linn. 
has been employed in clinical use for centuries. Shankhapushpi is contemplated 
as Medha Rasayana attributes to a drug that revivifies, retains and potentiates 
intellect and cognizance. Evolvulus alsinoides (Linn.) Linn. possess activities like 
antibiotic, antimicrobial, antiinfalamatory and antidiabetic. The heavy metal 
analysis shows the presence of notable metals in the extract and phytochemical 
analysis portrays the presence of crucial phytochemicals present in it. Various 
studies proved that E.alsinoides (L.) L. carries nootropic effect and it is indeed a 
potent plant for the treatment of brain disorders.
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