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Preface

The book “Cytotoxicity” is a web-based resource, encompassing some of the natural cyto‐
toxicity and different chemical substances, such as natural coumarins, colchicine alkaloids,
titanate nanosheets, asbestos fiber, nanomaterials, nanocrystals and composites, and curcu‐
min-loaded copolymer encapsulated ZnO nanocomposites. This e-resource comprises four
different parts:

• Cytotoxicity of chemicals
• Cytotoxic effects of natural substance
• Cytotoxic endpoints
• Nanomaterials, nanoparticles, and nanocrystals

The first chapter, by Dr. Takemi Otsuki et al. from Japan, describes the different perspec‐
tives of “cytotoxicity caused by asbestos fiber and acquisition of resistance by continuous
exposure in human T cell.” Considering the most important issue of asbestos-exposed popu‐
lation, such as malignancies, namely, mesothelioma and lung cancer after the long-term la‐
tent period, the mechanisms should be explored as well as be prevented. This issue is
important for human health.

The second chapter “The Cytotoxic, Antimicrobial, and Anticancer Properties of Antimicro‐
bial Nisin Z Alone and in Combination with Conventional Treatments,” by Dr. Johannes
Wentzel et al. from North-West University, South Africa, highlights the cytotoxic, antimicro‐
bial, and anticancer properties of antimicrobial nisin Z alone and in combination with con‐
ventional treatments, and they discussed the anticancer potential of nisin Z toward cultured
melanoma cells, hence advocating safety and caution regarding their indiscriminate use by
the population.

The third chapter “Cytotoxic Colchicine Alkaloids: From Plants to Drug,” by Dr. Joanna
Kurek, Chemistry Department, Adam Mickiewicz University, Poznań, Poland, deals with
the plants of Liliaceae family that contains colchicine; colchinoids; natural, semisynthetic,
and synthetic colchicines; and C-10 sulfur-containing derivatives as a main alkaloid, which
has cytotoxic activity and cytotoxic activity of colchicine and its derivatives. Furthermore,
we have provided information on the pharmacological use of colchicine, drugs with colchi‐
cine derivatives, and docking studies.

The fourth chapter, by Abdelmajid Zyad et al. from Morocco, discusses some examples of
carvacrol, thymol, carveol, carvone, eugenol, isopulegol, and artemisinin as well as polyphe‐
nol extracts that have been studied in their laboratory. It is clear that if we understand the
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molecular mechanisms of the various interactions between these cytotoxic molecules on the
one hand and the tumor cells in their tumoral environments on the other hand, we can devel‐
op new therapeutic modalities to overcome the side effects of these molecules and to fight.

The fifth chapter, by Dr. Omid Gholami from Iran, summarizes “Natural Coumarins and Cyto‐
toxicity, Apoptosis Induction and Mcl-1 Regulation in Chronic Lymphocytic Leukemia
(CLL).” Coumarins are one of the important cytotoxic agents. They could induce apoptosis and
regulate Mcl-1 expression in CLL cell lines. He says that in future, they hope that the coumarins
can be used in the treatment of cancer and that detailed studies are needed in this regard.

The sixth chapter, by Dr. Larissa Fonseca Andrade Vieira and Dr. Graciele Lurdes Silveira
from the Biology Department, Federal University of Lavras, Lavras, MG, Brazil, describes at
cellular level the cytotoxicity, genotoxicity, and mutagenicity in the parameters determined
by the cyto(geno)toxic endpoints as mitotic index, DNA fragmentation, induction of cell
death, and malfunction of cellular structures leading to chromosome and cell cycle altera‐
tions. Each of these endpoints discussed presents details in this chapter.

The seventh chapter outlines a way of understanding “Role of Cytotoxicity Experiments in
Pharmaceutical Development” by Dr. Ildikó Bácskay et al. from the Department of Pharma‐
ceutical Technology, Faculty of Pharmacy, University of Debrecen, Hungary, and discusses
in detail some of the cytotoxicity experiments that are a crucial part of a modern pharma‐
ceutical development process in the chapter.

The recent increasing interest in the use of different nanoparticles in biological and medical
applications encouraged scientists to analyze their potential impact on biological systems.
The application of different nanomaterials in biological environment is strongly limited due to the
agglomeration problem. The present overview describes and compares widely used biocom‐
patibility/cytotoxicity assays in nanomaterial studies. Due to the type of nanoparticles and
their properties, applicability of popular assays used for screening of engineered nanomate‐
rials might be limited.

The eighth chapter “Biocompatibility of Doped Semiconductor Nanocrystals and Compo‐
sites,” by Dr. Anielle Christine Almeida Silva et al. from Brazil, looks at doped semiconduc‐
tor nanocrystals and composites of their potential toxicity and uses. This chapter
summarizes the characterization of doped nanocrystals and composites; Ca-doped ZnO, Ag-
and Eu-doped ZnO, and Ni-doped ZnO NCs; their biocompatibility; and applications and
uncovers how these nanocrystals present desirable biocompatible properties, which can be
useful as antitumoral and antimicrobial inducing agents, which differ markedly from toxic
properties observed in other general nanocrystals.

The ninth chapter outlines a way of understanding “Toxicity of Titanate Nanosheets on Hu‐
man Immune Cells,” which deals with the salient aspects of the influence of titanate nano‐
sheets in promoting well-being and health for human. Dr. Yasumitsu Nishimura and
colleagues from Japan discussed the critical TiNSs material, which has the harmful potential
to cause caspase-dependent apoptosis of human immune cells to the same degree as asbestos.

The 10th chapter, by Dr. Magdalena Jedrzejczak-Silicka and Ewa Mijowska from the Labora‐
tory of Cytogenetics, West Pomeranian University of Technology, Poland, describes the
“General Toxicity and Its Application in the Nanomaterials Analysis.”

XII Preface

Finally, Dr. Jurgen Kosel et al. from Kingdom of Saudi Arabia summarize “Cytotoxicity of
Nanoparticles: Part 1 and Part 2.” This chapter on toxicological effects of nanostructures fo‐
cuses mostly on the cytotoxicity of nanoparticles and their internalization, activated signal‐
ing pathways, and cellular response.

The book Cytotoxicity is an essential reading to all medical students, biologists, biochemists,
and professionals involved in the field of toxicology. This book is a useful and ideal guide
for novice researchers interested in learning research methods to study cytotoxic bioactive
compounds.

Assoc. Prof. Dr. Tülay Aşkin Çelik
Adnan Menderes University, Art and Science Faculty

Aydın, Turkey
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Introductory Chapter: Cytotoxicity

Tülay Aşkin Çelik

Additional information is available at the end of the chapter

1. Introduction

Cell cytotoxicity refers to the ability of certain chemicals or mediator cells to destroy living 
cells. The cytotoxicity is a very important aspect, as destruction of healthy living cells around 
the wound will have a negative impact on the healing process. Cytotoxicity is the general qual-
ity of being toxic to cells, and can be caused by chemical stimuli, exposure to other cells (NK or 
T cells for example), or physical/environmental conditions (radiation exposure, temperature or 
pressure extremes, etc.) [1]. Chemical toxicity can occur in many ways, but we hypothesize that 
it can be broadly classified into two major categories: disruption of specific biomolecular tar-
gets or pathways (e.g., receptor agonist/antagonist effects and enzyme activation/inhibition), 
or generalized disruption of cellular machinery that can lead to cell stress and cytotoxicity 
[2]. Chemical toxicity can arise from disruption of specific biomolecular functions or through 
more generalized cell stress and cytotoxicity-mediated processes. Chemical toxicity can occur 
in disruption of specific biomolecular targets or pathways (e.g., receptor agonist/antagonist 
effects and enzyme activation/inhibition), or generalized disruption of cellular machinery that 
can lead to cell stress and cytotoxicity. Cell-disruptive processes include protein, DNA, or lipid 
reactivity; physicochemical disruption of proteins or membranes (e.g., by surfactants); or pro-
cesses such as apoptosis, oxidative stress response, mitochondrial disruption, endoplasmic 
reticulum (ER) stress, microtubule disruption, or heat shock response [2]. Treating cells with 
a cytotoxic compound can result in a variety of cell fates. By using a cytotoxic compound, 
healthy living cells can either be induced to undergo necrosis (accidental cell death) or apop-
tosis (programmed cell death). Whereas apoptotic cell death is slower, more orderly, and is 
genetically controlled, the cells may undergo necrosis, in which they rapidly loss membrane 
integrity and die rapidly as a result of cell lysis. The cells can stop actively growing and divid-
ing (a decrease in cell viability). Cytostasis is a special category of cytotoxicity, wherein cells 
remain alive but fail to grow and divide [1]. Cell death/cytotoxicity cannot be the sole causal 
driver of this phenomenon. Some cytotoxicity may be driven by physicochemical factors, such 
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as protein denaturation or reactivity, which would affect both the cell-free and cell-based 
assays. Another possibility is very low-affinity non-covalent binding to receptors, enzymes, 
etc. that only occurs at very high concentrations [2].

1.1. Cytotoxicity

Cytotoxicity is one of the most important methods for biological evaluation as it has a series 
of advantages, along with the preferred and mandatory items. Given this information, the 
ability to accurately measure cytotoxicity can prove to be a very valuable tool in identifying 
compounds that might pose certain health risks in humans [3]. The cytotoxicity test is one of 
the most important indicators of the biological evaluation system in vitro to observe the cell 
growth, reproduction and morphological effects by chemicals, and with the progress of mod-
ern cell biology; experimental methods to evaluate cytotoxicity are also continuously being 
developed and improved [3].

1.2. Cytotoxicity studies

Cytotoxicity studies are a useful initial step in determining the potential toxicity of a test 
substance, including plant extracts or biologically active compounds isolated from plants. 
Minimal to no toxicity is essential for the successful development of a pharmaceutical or cos-
metic preparation and in this regard, cellular toxicity studies play a crucial role. The concept 
of basal cytotoxicity, where deleterious effects are noted on structures and functions common 
to all human cells, is relevant when considering the relationship between acute toxicity and 
cytotoxicity. The selectivity index is an important measure to identify substances with prom-
ising biological activity and negligible cytotoxicity. Various bioassays and a number of differ-
ent cell lines have been used to assess cytotoxicity of chemicals. Regulations of cytotoxicity in 
vitro, countries have to make the relevant provisions of the corresponding cytotoxicity tests 
according to their actual situation [4]. With the continuous development of cytotoxicity tests, 
methods, such as detection of cell damage by morphological changes, determination of cell 
damage, measuring cell growth and metabolic properties, have appeared and have gradually 
been developed from qualitative evaluation to quantitative [5–8]. The ability to measure early 
indicators of toxicity is an essential part of drug discovery. In vitro cytotoxicity assays involv-
ing tissue specific cell cultures are considered as valuable predictors of human drug toxicity. 
However, there are no uniform cytotoxicity test methods and all these existing methods have 
particular problems. Measuring cell cytotoxicity also proves to be quite indispensable in the 
process of developing therapeutic anti-cancer drugs. By determining the cytotoxicity levels 
of cancer cells, anti-cancer medications can hinder the proliferation of target cells either by 
messing with their genetic material or by blocking the nutrients that the cells needs to sur-
vive. Additionally, understanding the mechanisms involved in cytotoxicity can likewise give 
researchers a more in-depth knowledge on the biological processes (both normal and abnor-
mal) governing cell growth, cell proliferation, and death.

Identification of cytotoxic chemicals may be crucial in helping to explain target cells, and 
organ toxicity and species differences. Understanding the consequences of the induced natural 
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or chemical substances should be helpful in creating proper different models for extrapola-
tion to low doses. In addition, biomarkers of exposure are gaining importance as tolls in the 
cytotoxicity research. The detection of the cytotoxic chemicals in humans may be useful in 
assessing human exposure or cellular injury. Also, understanding specific mechanisms may 
be useful in identifying the potential target tissues in vivo because cell types have different 
capacities to handle different types of chemicals.

Today, we need to understand the cytotoxicity that particular cells, organs, and organism are 
facing and identifying specific treatment interventions to address their unique needs both at 
macro- and micro-levels. The scope of this book goes precisely toward this direction. Each 
chapter offers the ways of intervention to address some of the most pressing cytotoxic chemi-
cals of our time.

Cytotoxicity book is a web based resource, encompassing some of the cytotoxicity natu-
ral and different chemical substance, such as natural coumarins, colchicine alkaloids, tita-
nia nanosheets, asbestos fiber, nanomaterials, nanocrystals, and composites, and curcumin 
loaded copolymer encapsulated ZnO nanocomposites.

“Cytotoxicity” is an essential reading to all medical students, biologist, biochemist, and pro-
fessionals involved in the field of toxicology. The book is an useful and ideal guide for novice 
researchers interested in learning research methods to study cytotoxic bioactive compounds.
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Abstract

The cytotoxic effects of asbestos fibers on human T cells and the acquisition of resis-
tance against asbestos-induced apoptosis have been studied. These analyses are based 
on the establishment of a continuous and relatively low-dose exposure model of human 
immune cells exposed to asbestos that resembles actual exposure in the human body. 
The MT-2 T cell line was selected as the candidate for the investigations. A transient 
and high-dose exposure to chrysotile resulted in apoptosis with production of reactive 
oxygen species (ROS) and activation of the mitochondrial apoptotic pathway. However, 
sublines continuously exposed to low dose of asbestos exhibited resistance to asbestos-
induced apoptosis. The mechanism of resistance acquisition involved excess production 
of IL-10, activation of STAT3, and enhanced expression of Bcl-2 located downstream of 
STAT3. These changes were also found in a subline continuously exposed to crocidolite. 
Furthermore, sublines showed a marked decrease in the expression of forkhead box O1 
(FoxO1) transcription factor. FoxO1 is known to regulate apoptosis and various other cel-
lular processes. Regarding apoptosis, sublines continuously exposed to asbestos showed 
reduction of FoxP1-driven proapoptotic genes. This pathway is also considered one 
of the mechanisms that result in resistance to asbestos-induced apoptosis in sublines. 
These sublines also exhibited several characteristics suggesting reduction of antitumor 
immunity.
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1. Introduction

It is well known that asbestos fibers cause lung fibrosis as well as certain malignant diseases 
such as malignant mesothelioma, lung cancer, and other diseases (the International Agency for 
Research on Cancer (IARC) indicated that asbestos exposure results in a significant increased 
risk for ovarian and laryngeal cancers) [1–4]. A consideration of the carcinogenic mechanisms 
of asbestos suggests that various factors may be related. One factor involves DNA damage 
caused by reactive oxygen species (ROS) produced by asbestos fibers, especially iron-con-
taining fibers such as crocidolite (CR) and amosite [5–7]. In addition to this aspect, ROS are 
also produced by alveolar macrophages which handle asbestos fibers as a foreign substance. 
However, they are not able to completely process the fibers because of the rigid and long mor-
phological features of the fibers [8, 9]. Thus, these cells fail as a “frustrated macrophage” and 
begin to produce ROS [8, 9]. Another mechanism is the direct damage to DNA in cells located 
near the fibers since the cells possess a tendency to incorporate these foreign fibers into their 
interiors, but the fibers reach and damage cellular DNA directly because of the physiological 
features of the fibers [10, 11]. Furthermore, inhaled asbestos fibers may be found in the lung, 
related lymph nodes, and other pulmonary areas for a long time since they are not removed 
easily from the human body. Various carcinogenic substances existing in inspired air such as 
tobacco smoke and air pollutants are adsorbed onto the surface of the asbestos fibers. These 
additional substances also cause DNA damage to cells surrounding fibers [12, 13].

Cytotoxicity caused by asbestos fibers, particularly DNA damage caused by fibers, has been 
investigated in alveolar epithelial cells and pleural mesothelial cells since these cells are the 
targets of asbestos-induced cancers [14–17]. DNA damage was found when asbestos fibers 
were exposed to these cells using transient and relatively high doses, which cause apoptosis 
of cells. Subsequently, the accumulation of relatively small DNA damage that does not cause 
a quick cell death and/or escape from the apoptotic pathway by continuous or recurrent and 
relatively low-dose exposure which may exist in the bodies of asbestos-exposed populations 
is thought to represent the mechanism by which cancers occur in these populations.

2. Immunological effects of asbestos fibers regarding cytotoxicity

Asbestos is a mineral silicate [18]. Silica is known to affect the human immune system since sili-
cosis patients who are chronically and recurrently exposed to silica particles by relatively low 
doses (inhaled as well as cells exposed to intrabody remnant silica particles) often exhibit disor-
ders of autoimmunity [19–21]. Complications of various autoimmune diseases include rheuma-
toid arthritis (known as Caplan’s syndrome [22]), systemic sclerosis [23, 24], and antineutrophil 
cytoplasmic antibody (ANCA)-related vasculitis/nephritis [25, 26]. Our investigations indicate 
that silica particles disturb the balance of responder T cells (Tresp), which react with antigens 
including foreign nonself as well as self-antigens and regulatory T cells (Treg) that control the 
reaction of Tresp stimulated by antigens. Silica particles can reduce Treg through Fas-mediated 
apoptosis by enhancing Fas expression and long-term survival of Tresp by increasing inhibi-
tors of Fas-mediated apoptosis such as soluble Fas and decoy receptor 3 molecules [27–29].

Cytotoxicity10

Asbestos fibers may, therefore, affect human immune cells. To investigate the effects of 
asbestos fibers on human immune cells, especially T cells, a human T-cell leukemia virus 1 
(HTLV-1) immortalized human polyclonal T cell line, MT-2 [30], was selected for use in the 
establishment of a cell line model of asbestos exposure to immune cells. To choose an MT-2 
cell line, various human T or B cell-derived tumorous or virus immortalized cell lines were 
transiently exposed to asbestos fibers, namely, chrysotile (CH) [31]. We selected chrysotile 
because of its wide use around the world, and the most exposed populations are thought to 
have resulted mainly through inhaled chrysotile fibers, although other iron-containing fibers 
such as crocidolite and amosite are known to possess a much higher potential for carcinogenic 
activity. Among the various cell lines, MT-2 was the most sensitive (growth inhibition was the 
strongest). The MT-2 cell line was then used to investigate the mechanisms of cell death in 
MT-2 cells exposed to asbestos fibers using transient and relatively high doses (doses causing 
cell death in at least half of the cells) [31, 32]. Thereafter, changes of cell death in MT-2 cells by 
a continuous and relatively low dose (doses causing cell death in less than half of cells) were 
investigated to explore cellular and molecular alterations in T cells by long-term exposure 
to asbestos. Exposure to asbestos in a human population is thought to involve a continuous, 
recurrent, and low-dose exposure, even for immune cells, because the existence of asbestos 
fibers in the lung and related lymph nodes can cause repeated encounters between immune 
cells and fibers [32].

3. Transient and high-dose exposure to asbestos fibers in MT-2 cells: 
Cytotoxicity

The left side of Figure 1 shows findings concerning the transient and high-dose exposure to 
asbestos fibers in MT-2 cells. The cells proceed to apoptosis just as alveolar epithelial cells and 
pleural mesothelial cells were previously reported [14–17].

Asbestos exposure caused production of ROS. Figure 1 shows the production of superoxide 
anion (O2

−) as positive for hydroethidine analyzed by flow cytometry. Proapoptotic signaling 
molecules in the mitogen-activated protein kinase (MAPK) pathway such as JNK and p38 
were then phosphorylated. Cytochrome c in mitochondria was then released into the cyto-
plasm. As a result, the proapoptotic molecule BAX was upregulated in the cells. These find-
ings indicated that the mitochondrial apoptotic pathway was activated by asbestos exposure. 
Caspase 9 and 3 were then truncated into active forms to cause apoptosis of cells [31, 32].

In addition, cellular phenomena such as growth inhibition, appearance of apoptosis analyzed 
by annexin V staining (as an early event), activation of caspase 3, positivity of Tunel staining 
(a late event), and ROS production were compared between MT-2 cells exposed to fibers of 
chrysotile and crocidolite (CH and CR, respectively in Figure 1). Since CR contains a mas-
sive level of iron compared with CH, ROS production was higher in MT-2 cells exposed to 
CR. However, other events (the degree of growth inhibition, appearance of apoptosis assayed 
by different methods) were stronger in MT-2 cells exposed to CH compared to CR, although 
these were just comparisons between these two fibers and apoptosis was certainly caused by 
asbestos exposure on MT-2 cells [31–33].
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ings indicated that the mitochondrial apoptotic pathway was activated by asbestos exposure. 
Caspase 9 and 3 were then truncated into active forms to cause apoptosis of cells [31, 32].

In addition, cellular phenomena such as growth inhibition, appearance of apoptosis analyzed 
by annexin V staining (as an early event), activation of caspase 3, positivity of Tunel staining 
(a late event), and ROS production were compared between MT-2 cells exposed to fibers of 
chrysotile and crocidolite (CH and CR, respectively in Figure 1). Since CR contains a mas-
sive level of iron compared with CH, ROS production was higher in MT-2 cells exposed to 
CR. However, other events (the degree of growth inhibition, appearance of apoptosis assayed 
by different methods) were stronger in MT-2 cells exposed to CH compared to CR, although 
these were just comparisons between these two fibers and apoptosis was certainly caused by 
asbestos exposure on MT-2 cells [31–33].
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Figure 1. Schematic representation of the effects of the asbestos fibers chrysotile (CH) and crocidolite (CR) on MT-2 
cells, a human T cell leukemia virus (HTLV)-1 immortalized human polyclonal T cell line [44–46]. Left side: Cellular and 
molecular alterations in MT-2 cells following transient and relatively high-dose exposure to CH or CR are summarized 
[32, 33]. Cells produced O2

−, proapoptotic signaling molecules such as JNK and p38 were phosphorylated, cytochrome 
c was released from mitochondria to the cytoplasm, and caspases 9 and 3 were truncated into active forms. Cells then 
proceeded to apoptosis. A comparison of the effects caused by CH or CR showed that reactive oxygen species (ROS) 
production was greater with CR exposure, whereas growth inhibition and the level of apoptosis were greater following 
CH exposure. Right side: The effects of continuous and relatively low-dose exposure are summarized. MT-2 CE (a 
continuously exposed subline) revealed excess IL-10 production via Src kinase and phosphorylation of STAT3 resulting 
in upregulation of Bcl-2 [34]. In addition, the transcription factor FoxO1 was reduced in MT-2 CE, causing a reduction of 
proapoptotic molecules such as puma, bim, and FasL [36]. Both exposures contributed to the development of resistance 
to asbestos-induced apoptosis in MT-2 CE cells [44–46].

Cytotoxicity12

Taken together, the cytotoxicity of asbestos fibers on human T cells was caused by a mecha-
nism similar to that demonstrated for alveolar epithelial and pleural mesothelial cells.

4. Continuous low-dose exposure to asbestos fibers in MT-2 cells: 
Resistance to cytotoxicity

The initial aim of asbestos exposure on the MT-2 cell line was to establish a model of continu-
ous, recurrent, and relatively low-dose exposure on human T cells and observe which kind 
of alterations occur under conditions of continuous and low-dose exposure as found with 
human populations exposed to asbestos, such as the occurrence of cancers.

Exposed doses for continuous exposure were then determined as doses which caused apop-
tosis in less than half of MT-2 cells. Doses included 5 or 10 μg/ml in culture flasks, as shown 
on the left side of Figure 1. A dose of 10 μg/ml of chrysotile caused various apoptotic cellular 
events, although the degrees of these events were less than those resulting from exposure 
to 25 μg/ml of chrysotile [31, 34]. Since MT-2 cells were derived from T cells, they were 
grown by floating in the culture. Thus, the concentration of asbestos fibers was determined 
using μg/ml, although various adherent cells such as epithelial and mesothelial cells were 
measured using μg/cm2 in the culture. The MT-2 cell culture was continued with a subcul-
ture twice a week and substitute asbestos fibers according to the determined concentrations. 
To monitor cellular alteration, the asbestos fibers were removed from continuous culture 
by density gradient centrifugation using LymphoPrep (gradient = 1.077) and continuously 
exposed cells were analyzed for the occurrence of apoptosis after transient exposure to high-
dose asbestos fibers (which caused apoptosis in most of the MT-2 cells such as 25–50 μg/ml) 
[31, 32, 34]. After 8 months of continuous exposure, the appearance of apoptosis was reduced 
in the continuously exposed subline. This acquisition of resistance to asbestos-induced apop-
tosis was sustained in long-term cultures (until now, the sublines were cultured with asbes-
tos fibers) [31, 34].

After 1 year of continuous exposure, the cellular features of the continuously exposed subline 
(MT-2 CE) were compared to those of the original MT-2 cells (MT-2Org, which were never 
exposed to asbestos fibers) as shown on the right side of Figure 1. A consideration of cytokine 
production showed that there was an excess production of interleukin (IL)-10 in MT-2 CE rela-
tive to MT-2Org. The regulation of IL-10 production was mediated by Src kinase, since PPT, 
the Src inhibitor, reduced IL-10 production in both MT-2Org and MT-2 CE cells. The exces-
sively produced IL-10 was then utilized by the autocrine mechanism, since MT-2 possesses 
the IL-10 receptor (R) at its surface. As a result of IL-10 utilization, the signaling molecule, 
signal transducers, and the activator of transcription (STAT)-3, located downstream of IL-10R, 
were phosphorylated to a higher level in MT-2 CE compared to MT-2Org. Since the antiapop-
totic molecule Bcl-2 is located downstream of STAT3, the expression of Bcl2 was upregulated 
in MT-2 CE compared to that in MT-2Org. The Bax/Bcl2 ratio was lower in MT-2 CE than in 
MT-2Org, as shown on the right side of Figure 1. In order to investigate the importance of 
Bcl-2 in MT-2 CE concerning acquisition of resistance to asbestos-induced apoptosis, siRNA 
for Bcl-2 was introduced into MT-2 CE cells and the occurrence of apoptosis and growth 
inhibition following transient and high-dose exposure to asbestos fibers were examined. As 
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the Src inhibitor, reduced IL-10 production in both MT-2Org and MT-2 CE cells. The exces-
sively produced IL-10 was then utilized by the autocrine mechanism, since MT-2 possesses 
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MT-2Org, as shown on the right side of Figure 1. In order to investigate the importance of 
Bcl-2 in MT-2 CE concerning acquisition of resistance to asbestos-induced apoptosis, siRNA 
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inhibition following transient and high-dose exposure to asbestos fibers were examined. As 
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suspected, Bcl-2 silenced cells exhibited much higher apoptosis and growth inhibition. Thus, 
the Src ➔ IL-10 ➔ STAT3 ➔ Bcl-2 axis was considered important for the acquisition of resis-
tance to asbestos-induced apoptosis in MT-2 CE [31, 34]. Additionally, CD4-positive periph-
eral blood cells from asbestos-exposed patients exhibiting pleural plaque (PP) or malignant 
mesothelioma (MM) showed enhanced expression of Bcl-2 compared with that of healthy 
volunteers (HV). Thus, the MT-2 CE model may express events occurring within T cells of 
asbestos-exposed patients [31, 34].

Sublines continuously exposed to asbestos were established independently and comprised six 
sublines exposed to CH and three sublines exposed to CR. The profiles of cytokine produc-
tion in these MT-2 CEs (exposed to CH or CR) were similar [31, 33, 35]. Continuous exposure 
caused excess production of IL-10 (as mentioned earlier) and transforming growth factor 
(TGF)-β, whereas interferon (IFN)-γ production was reduced in MT-2 CEs compared to that 
in MT-2Org. In addition, Bcl-2 upregulation was found in all MT-2 CEs and there were no 
differences between exposure to CH and CR [31, 33, 35]. In fact, a cDNA microarray assay 
using MT-2 CEs and MT-2org indicated that most of the upregulated and downregulated 
genes were similar in MT-2 CEs. Therefore, these MT-2 CEs could be used as a continuously 
asbestos-exposed immune T cell model.

The cDNA microarray assay revealed that the transcription factor forkhead box O1 (FoxO1) 
was expressed to a lesser degree in MT-2 CE compared to MT-2Org [36]. FoxO1 is known 
to regulate various genes in apoptosis, metabolism, cell growth and differentiation, and so 
on. In particular, FoxO1 controls various proapoptotic genes such as the p53 upregulated 
modulator of apoptosis (Puma), bcl-2 interacting mediator of cell death (Bim), and the Fas 
ligand (FasL) [36, 37]. The message expression of these proapoptotic molecules was reduced 
in MT-2 CE compared with that in MT-2Org (shown on the right side of Figure 1). In addition, 
following knockdown of the FoxO1 gene in MT-2Org, the level of apoptotic cells caused by 
transient and high-dose exposure to asbestos was reduced. Furthermore, when the expres-
sion of FoxO1 was forced in MT-2 CE, the ratio of apoptosis increased following transient and 
high-dose exposure to asbestos and the expression of Puma was recovered [36].

These results indicated that acquisition of resistance to asbestos-induced apoptosis by con-
tinuous and low-dose exposure to asbestos was regulated by the FoxO1 transcription factor 
in addition to the Src ➔ IL-10 ➔ STAT3 ➔ Bcl-2 axis [31–36].

5. Findings in MT-2CEs regarding antitumor immunity

The purpose of establishing a cell line model involving continuous and relatively low-dose 
exposure of human T cells to asbestos fibers was to investigate cellular and molecular altera-
tions that may reflect the immune function in human populations exposed to asbestos as well 
as patients exhibiting PP or MM.

A consideration of the development of cancer in asbestos-exposed patients suggested that 
focus within investigations should be placed on antitumor immunity.

Cytotoxicity14

Our investigations showed that the CXC chemokine receptor 3 (CXCR3) exhibited reduced 
expression in MT-2 CEs compared to MT-2Org [38, 39]. CXCR3 is known to play an important 
role in antitumor immunity because it summons antitumor T cells with IFN-γ. As shown in 
the cell line model, investigation of freshly isolated CD4-positive T cells revealed decreased 
expression of CXCR3 when activated in vitro with CH fibers. Furthermore, peripheral blood 
CD4-positive cells from patients with PP or MM showed a reduction of CXCR3 and an inhib-
ited potential for IFN-γ production when stimulated in vitro [31, 38, 39]. These investigations 
indicated that the cell line model for continuous and low-dose exposure to asbestos using 
the MT-2 cell line was suitable for analysis of immune alteration in asbestos-exposed human 
populations and patients with PP or MM [31, 38, 39].

As the MT-2 cell line was known to possess a Treg function [40, 41], the Treg function was esti-
mated in MT-2Org and MT-2 CE. In regard to cell-cell contact, MT-2 CE enhanced its suppres-
sive function onto Tresp cells [42]. In addition, MT-2 CE produced higher TGF-β and IL-10 in 
comparison to MT-2Org as described earlier. These two cytokines are the typical soluble fac-
tors for Treg in order to manifest its function. Following the knockdown of each cytokine in 
MT-2 CE, the suppressive function was reduced relative to that in MT-2 CE [42]. These results 
indicated that asbestos exposure enhanced Treg function by cell-cell contact and an increase 
of soluble factors [42]. In addition, FoxO1 reduced its expression in MT-2 CE as described 
earlier, and is known to regulate the cell cycle to suppress the accelerating genes, such as 
cyclins, as well as to enhance the breaking genes, such as cyclin-dependent kinase inhibitors 
(CDK-Is) [43]. As a consequence, cyclins were enhanced and the expression of CDK-I2 was 
reduced in MT-2 CE because of the reduced expression of FoxO1. Cell cycle progression was, 
therefore, enhanced in MT-2 CE [43]. These overall results suggest that Treg volume may also 
be enhanced in asbestos-exposed human populations and patients exhibiting PP or MM [42, 
43]. These findings indicated that asbestos exposure causes reduction of antitumor immunity.

6. Conclusion

Investigation of cytotoxicity in human T cells caused by asbestos exposure indicated that the 
production of ROS and activation of the mitochondrial apoptotic pathway were the main causes 
for apoptosis of T cells following a transient and relatively high-dose exposure [32], similar to 
known mechanisms investigated previously using alveolar epithelial and pleural mesothelial 
cells [5–9, 44–46]. However, the continuous and relatively low-dose exposure of T cells to asbes-
tos altered cellular and molecular events that caused acquisition of resistance against asbestos-
induced cytotoxicity. Investigations revealed the importance of the Src ➔ IL-10 ➔ STAT3 ➔ 
Bcl-2 axis as well as the reduced expression of FoxO1 [31, 33–35]. These changes induce the 
reduction of antitumor immunity in an asbestos-exposed population and create an increased 
risk of carcinogenicity due to the transforming activity associated with asbestos fibers [44–46].

Considering the most important issue in asbestos-exposed population, the occurrence of 
malignancies such as mesothelioma and lung cancer after long-term latent period should be 
explored the mechanisms as well as be prevented  [1–4]. Thus, regarding the cytotoxic effects 
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of asbestos fibers onto human T cell, the acquisition of reduced antitumor immunity caused 
by continuous exposure to fibers should be focused, since it may be possible to dissolve or 
recover this situation. As a result, some preventive ways for asbestos-induced cancers in 
exposed population will be identified.

Recovery of cellular and molecular changes in asbestos-exposed T cells using certain food 
constituents or physiologically active substances, including plants or other materials, may 
support the maintenance of antitumor activity in an asbestos-exposed population and might 
help to reduce the chances of carcinogenesis caused by asbestos fibers.
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of asbestos fibers onto human T cell, the acquisition of reduced antitumor immunity caused 
by continuous exposure to fibers should be focused, since it may be possible to dissolve or 
recover this situation. As a result, some preventive ways for asbestos-induced cancers in 
exposed population will be identified.

Recovery of cellular and molecular changes in asbestos-exposed T cells using certain food 
constituents or physiologically active substances, including plants or other materials, may 
support the maintenance of antitumor activity in an asbestos-exposed population and might 
help to reduce the chances of carcinogenesis caused by asbestos fibers.
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Abstract

Nisin is an antimicrobial peptide commonly used as a food preservative since 1969. This 
peptide has potent antimicrobial activity against several Gram-positive bacterial strains, 
including clinically important and resistant pathogens. The combination of nisin with 
conventional antibiotics has been shown to improve the antimicrobial activity of these 
antibiotic agents. Apart from the antimicrobial properties of nisin, this AMP also displays 
promising anticancer potential towards several types of malignancies. The nisin Z vari-
ant is able to induce selective cytotoxicity in melanoma cells compared to non-malignant 
cells. It was shown that nisin Z disrupts the cell membrane integrity of melanoma cells 
and that cytotoxicity is likely due to the activation of an apoptotic pathway. In addition, 
when used in combination with the conventional chemotherapeutic agents, nisin Z has 
the potential to enhance the cytotoxicity of these chemotherapeutic agents against cul-
tured melanoma cells. Nisin Z has great potential for clinical application considering its 
low cytotoxicity to non-malignant cells and its effectiveness against Gram-positive bacte-
rial strains and certain cancers.

Keywords: melanoma, antimicrobial peptide nisin Z, combination therapy, selective 
cancer cytotoxicity, chemotherapeutic agents, antibiotic resistance

1. Introduction

Antimicrobial peptides (AMPs) are produced by all known living species and exhibit direct 
microbial killing activity while also playing an important role in the innate immune system [1]. 
This diverse group of peptides is found in all living species and may be promising alternatives 
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or serves as additives to current antibiotics [2–4]. Many of the more than 2000 known AMPs 
have been demonstrated to exhibit broad-spectrum antibacterial activity [5], and bacteria are less 
likely to develop resistance to these peptides compared to conventional antibiotics [6, 7].

The lantibiotic nisin, produced by Lactococcus lactis, has promising potential for clinical appli-
cation with its Generally Regarded as Safe (GRAS) status. This AMP was approved by the World 
Health Organisation (WHO) in 1969 and the US Federal Food and Drug Administration (FDA) 
in 1988 for the use as a food preservative [8]. Despite being extensively utilised for food pres-
ervation for nearly 50 years, there is very little indication of resistant mutants arising in food 
products treated with this AMP [8, 9].

Nisin is primarily used for its antibacterial activity. However, AMPs, and especially bacterio-
cins, display selectivity towards cancer cells [10]. Due to the toxicity associated with many con-
ventional chemotherapeutic agents, as well as the development of chemotherapy resistance 
[11–13], there is a need for the development of novel anti-cancer therapies. Furthermore, to 
overcome chemotherapy resistance, the efficacy of chemotherapeutic agents can be enhanced 
by the co-administration of multi-functional agents to achieve synergistic interactions [14, 
15]. The ability of nisin to increase the activity of the chemotherapeutic drug doxorubicin was 
investigated in vivo by Preet and co-workers. Nisin, when used in combination with doxoru-
bicin, enhanced the anti-cancer activities of doxorubicin. Apoptosis could be detected upon 
treatment of mice with induced skin carcinogenesis. However, the exact mechanism by which 
nisin exerts its anti-cancer activities was not known [16].

2. Antimicrobial properties of the antimicrobial peptide nisin

A report published in 2016 projects that resistance to antibiotics could potentially lead to 
10 million deaths per year by 2050 [17]. Moreover, the estimated economic impact of micro-
bial resistance will be massive, costing nearly 100 trillion US dollars while leading to sharp 
decreases in the gross domestic product. Microbial resistance against conventional antibiotic 
agents is a serious hazard to the effective treatment of numerous diseases. This upsurge in 
antibiotic resistance has stimulated research into the development of alternative antimicrobial 
agents. Antimicrobial peptides are considered promising alternatives to current antibiotics 
and have the potential to replace certain antibiotics or to be used synergistically in combina-
tion with existing antimicrobial agents [2, 18].

2.1. Anti-bacterial effects of Nisin

Nisin was discovered in the same year as penicillin, but was quickly overshadowed by this anti-
biotic due to penicillin’s ease of mass production and low manufacturing costs [19]. Nisin is a 
3.5 kDa polycyclic peptide consisting of 34 amino acids and is produced by the non-pathogenic 
bacteria Lactococcus lactis [20]. Two naturally occurring variants of this peptide are nisin A and 
nisin Z. These two variants are structurally identical with the exception a single amino acid at 
position 27, where histidine occurs in nisin A while asparagine is found in nisin Z [20]. Both 
variants display similar antimicrobial activity but nisin Z is more soluble at neutral pH [21, 22].

Cytotoxicity22

In Gram-positive bacteria, nisin exhibits a dual mode of action by binding to lipid II on the 
bacterial membrane resulting in the inhibition of cell wall synthesis and the formation of 
pores in the bacterial cell membrane [23]. The antimicrobial effects of nisin Z against Gram-
negative bacteria are largely inadequate. However, the activity towards Gram-negative bac-
teria can be improved by using ethylenediaminetetraacetic acid (EDTA) and the non-ionic 
surfactant Tween®80 [24, 25] (Figure 1).

The glycopeptide antibiotic, vancomycin, also binds to lipid II to inhibit cell wall synthe-
sis, albeit at a different amino acid moiety. Vancomycin is one of the last line treatments 
against several Gram-positive antibiotic-resistant bacteria including methicillin-resistant 
Staphylococcus aureus (MRSA) [26, 27]. Disturbingly, clinical variants of MRSA have been 
isolated of which the lipid II pentapeptide have mutated to acquire resistant to vancomy-
cin. These strains contain the vanA-type gene cluster where the terminal D-Ala has been 
changed to D-Lactate in the lipid II pentapeptide [28]. Due to its different binding motif, 
nisin remains active against the vanA-type resistant strains [29]. This shows the potential 
of nisin to bolster the antimicrobial defences against antibiotic-resistant bacterial strains. 
Nisin has a promising potential for clinical application with its GRAS status and approval 
by both the FDA and WHO, considering its low cytotoxicity and the fact that it is con-
sidered safe for human consumption. Currently, it is employed as a food preservative 
in nearly 50 countries to guard food against spoilage resulting from pathogens such as 
Staphylococcus aureus, Listeria monocytogenes, and Clostridium botulinum [30]. In addition, 
nisin has also been demonstrated to possess antibacterial activity against several clinically 

Figure 1. Minimum inhibitory concentrations (MIC) of nisin Z for Gram-positive and Gram-negative bacterial strains. 
The effect of EDTA (200 μM) on the MIC of E. coli is also demonstrated.
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ventional chemotherapeutic agents, as well as the development of chemotherapy resistance 
[11–13], there is a need for the development of novel anti-cancer therapies. Furthermore, to 
overcome chemotherapy resistance, the efficacy of chemotherapeutic agents can be enhanced 
by the co-administration of multi-functional agents to achieve synergistic interactions [14, 
15]. The ability of nisin to increase the activity of the chemotherapeutic drug doxorubicin was 
investigated in vivo by Preet and co-workers. Nisin, when used in combination with doxoru-
bicin, enhanced the anti-cancer activities of doxorubicin. Apoptosis could be detected upon 
treatment of mice with induced skin carcinogenesis. However, the exact mechanism by which 
nisin exerts its anti-cancer activities was not known [16].

2. Antimicrobial properties of the antimicrobial peptide nisin

A report published in 2016 projects that resistance to antibiotics could potentially lead to 
10 million deaths per year by 2050 [17]. Moreover, the estimated economic impact of micro-
bial resistance will be massive, costing nearly 100 trillion US dollars while leading to sharp 
decreases in the gross domestic product. Microbial resistance against conventional antibiotic 
agents is a serious hazard to the effective treatment of numerous diseases. This upsurge in 
antibiotic resistance has stimulated research into the development of alternative antimicrobial 
agents. Antimicrobial peptides are considered promising alternatives to current antibiotics 
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bacteria Lactococcus lactis [20]. Two naturally occurring variants of this peptide are nisin A and 
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In Gram-positive bacteria, nisin exhibits a dual mode of action by binding to lipid II on the 
bacterial membrane resulting in the inhibition of cell wall synthesis and the formation of 
pores in the bacterial cell membrane [23]. The antimicrobial effects of nisin Z against Gram-
negative bacteria are largely inadequate. However, the activity towards Gram-negative bac-
teria can be improved by using ethylenediaminetetraacetic acid (EDTA) and the non-ionic 
surfactant Tween®80 [24, 25] (Figure 1).

The glycopeptide antibiotic, vancomycin, also binds to lipid II to inhibit cell wall synthe-
sis, albeit at a different amino acid moiety. Vancomycin is one of the last line treatments 
against several Gram-positive antibiotic-resistant bacteria including methicillin-resistant 
Staphylococcus aureus (MRSA) [26, 27]. Disturbingly, clinical variants of MRSA have been 
isolated of which the lipid II pentapeptide have mutated to acquire resistant to vancomy-
cin. These strains contain the vanA-type gene cluster where the terminal D-Ala has been 
changed to D-Lactate in the lipid II pentapeptide [28]. Due to its different binding motif, 
nisin remains active against the vanA-type resistant strains [29]. This shows the potential 
of nisin to bolster the antimicrobial defences against antibiotic-resistant bacterial strains. 
Nisin has a promising potential for clinical application with its GRAS status and approval 
by both the FDA and WHO, considering its low cytotoxicity and the fact that it is con-
sidered safe for human consumption. Currently, it is employed as a food preservative 
in nearly 50 countries to guard food against spoilage resulting from pathogens such as 
Staphylococcus aureus, Listeria monocytogenes, and Clostridium botulinum [30]. In addition, 
nisin has also been demonstrated to possess antibacterial activity against several clinically 
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relevant  pathogens including vancomycin-resistant Enterococci, Streptococcus pneumonia, 
and methicillin- resistant Staphylococcus aureus [31, 32].

Mastitis-causing Staphylococcus strains have a tendency to develop resistance to antibiotics [33, 
34]. Nisin has been successfully applied as a sanitizer against mastitis causing Staphylococcus 
and Streptococcus species in lactating cows even when these species are antibiotic resistant [35, 
36]. Three nisin-based products were developed for the treatment of bovine mastitis, namely 
Ambicin N® (Applied Microbiology, Inc., New York) and Mast Out® as well as Wipe Out® 
Dairy wipes (ImmuCel Corporation, Maine, USA) [30]. In vivo nisin has also been shown to 
be an effective and safe alternative to antibiotics in the treatment of staphylococcal mastitis 
during lactation in pregnant women [37].

Antibacterial agents possessing various modes of action are particularly of interest in the 
fight against antimicrobial resistance as it is considered to be more challenging for bacteria 
to develop resistance against multiple mechanisms concurrently. This has proven true in the 
case of nisin, as there is very little evidence of transmissible and stable resistance occurring 
after nearly 50 years of treating food products with this AMP [37–39].

2.2. AMPs as antibiotic adjuvant therapy

The discovery and subsequent development of a wide range of antibiotics have revolu-
tionised modern health care. Over the last century, the introduction of antibiotics drasti-
cally reduced morbidity and mortality. Today, antibiotics are readily available to the global 
population, and effective antibiotic agents have been developed against the majority of 
illness-causing bacteria. Ironically, the success of antibiotics has resulted in these drugs 
being misused, leading to the accelerated development of antimicrobial resistance amongst 
many bacterial species. Antibiotic resistance is making the effective treatment of numer-
ous infections no longer achievable and there is a pressing need for alternative therapeutic 
approaches.

Antibiotic adjuvant therapy (to achieve synergistic interactions, although additive interactions 
are also favoured) can be considered as a promising strategy to combat antibiotic resistance. 
Combination of antibiotics and AMPs that possess different modes of action are valuable in 
the fight against antimicrobial resistance as it is unlikely for bacteria to develop resistance 
against multiple mechanisms simultaneously. Several studies have demonstrated synergism 
between nisin and conventional antibiotics. Nisin displayed synergism with the antibiotics, 
colistin and clarithromycin, against the common Gram-negative bacteria, Pseudomonas aeru-
ginosa [40]. Synergistic effects were also observed with streptomycin, penicillin, rifampicin 
and lincomycin against P. fluorescens as well as the antibiotic-resistant variants of this strain 
[41]. Daptomycin, teicoplanin and ciprofloxacin displayed synergism against MRSA biofilms 
[4]. In a study by Dosler and Gerceker, nisin-antibiotic combinations were shown to have 
synergistic interactions against clinical isolates of methicillin-susceptible S. aureus (MSSA), 
MRSA and Enterococcus faecalis. A major finding from their study was that a high incidence 
of synergistic interactions occurred with a nisin-ampicillin combination against MSSA and 
nisin-daptomycin combination against E. faecalis strains [42]. When nisin is combined with 
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penicillin, chloramphenicol or ciprofloxacin, biofilm formation of E. faecalis was significantly 
reduced [43].

In a previous study, we also evaluated the interaction of the nisin Z variant with conven-
tional antibiotics [24]. Antibiotic-nisin Z combinations (1:1) were evaluated on Staphylococcus 
epidermidis (ATCC 12228) and Staphylococcus aureus (ATCC 12600) seeing as nisin is princi-
pally effective against Gram-positive bacterial species. Several conventional antibiotics with 
different mechanisms of action against Gram-positive bacteria were selected and included 
methicillin; vancomycin; ampicillin; tetracycline; gentamicin and novobiocin. The minimum 
inhibitory concentration (MIC) was used as a reflection of the bacterial cytotoxicity following 
exposure to the antibiotic-nisin Z combinations. The MIC was determined using a modi-
fied broth microdilution method [44], where the p-iodonitrophenyltetrazolium violet (INT) 
was replaced with the yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT). The interactions between the antibiotics and nisin were deter-
mined using the fractional inhibitory concentrations (FIC) [45] and values were interpreted 
as ƩFIC ≤0.5 synergistic, ƩFIC >0.5–1.0 additive, ƩFIC >1.0 and <4.0 indifferent and ƩFIC ≥4.0 
antagonistic.

Bacterial treatment with nisin Z-antibiotic combinations resulted in the identification of three 
additive and two synergistic combinations. Nisin Z displayed an additive effect (ƩFIC >0.5 to 1.0) 
when combined with ampicillin and gentamicin in S. aureus (Table 1).

Bacterial strain MIC of nisin Z (μg/ml) MIC of antibiotic (μg/ml) Nisin Z:antibiotic (1:1)

ƩFIC

S. epidermidis Nisin Z (9.17) Methicillin (1.88) 2.68

Vancomycin (2.50) 2.55

Ampicillin (16.67) 0.71

Tetracycline (80.00) 3.65

Gentamicin (1.04) 2.23

Novobiocin (1.46) 0.50

S. aureus Nisin Z (10.00) Methicillin (1.88) 1.06

Vancomycin (2.50) 2.50

Ampicillin (1.04) 0.66

Tetracycline (0.47) 1.40

Gentamicin (6.67) 0.94

Novobiocin (2.29) 0.17

Highlighted values represent ƩFIC values which indicate positive interactions between nisin Z and antibiotics where; 
≤0.5 synergistic, >0.5–1.0 additive, 1.1–3.9 indifferent and ≥4.0 antagonistic.

Table 1. MIC values and ƩFIC values for antibiotic-nisin Z combinations.

The Cytotoxic, Antimicrobial and Anticancer Properties of the Antimicrobial Peptide Nisin Z…
http://dx.doi.org/10.5772/intechopen.71927

25



relevant  pathogens including vancomycin-resistant Enterococci, Streptococcus pneumonia, 
and methicillin- resistant Staphylococcus aureus [31, 32].
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and Streptococcus species in lactating cows even when these species are antibiotic resistant [35, 
36]. Three nisin-based products were developed for the treatment of bovine mastitis, namely 
Ambicin N® (Applied Microbiology, Inc., New York) and Mast Out® as well as Wipe Out® 
Dairy wipes (ImmuCel Corporation, Maine, USA) [30]. In vivo nisin has also been shown to 
be an effective and safe alternative to antibiotics in the treatment of staphylococcal mastitis 
during lactation in pregnant women [37].

Antibacterial agents possessing various modes of action are particularly of interest in the 
fight against antimicrobial resistance as it is considered to be more challenging for bacteria 
to develop resistance against multiple mechanisms concurrently. This has proven true in the 
case of nisin, as there is very little evidence of transmissible and stable resistance occurring 
after nearly 50 years of treating food products with this AMP [37–39].

2.2. AMPs as antibiotic adjuvant therapy

The discovery and subsequent development of a wide range of antibiotics have revolu-
tionised modern health care. Over the last century, the introduction of antibiotics drasti-
cally reduced morbidity and mortality. Today, antibiotics are readily available to the global 
population, and effective antibiotic agents have been developed against the majority of 
illness-causing bacteria. Ironically, the success of antibiotics has resulted in these drugs 
being misused, leading to the accelerated development of antimicrobial resistance amongst 
many bacterial species. Antibiotic resistance is making the effective treatment of numer-
ous infections no longer achievable and there is a pressing need for alternative therapeutic 
approaches.

Antibiotic adjuvant therapy (to achieve synergistic interactions, although additive interactions 
are also favoured) can be considered as a promising strategy to combat antibiotic resistance. 
Combination of antibiotics and AMPs that possess different modes of action are valuable in 
the fight against antimicrobial resistance as it is unlikely for bacteria to develop resistance 
against multiple mechanisms simultaneously. Several studies have demonstrated synergism 
between nisin and conventional antibiotics. Nisin displayed synergism with the antibiotics, 
colistin and clarithromycin, against the common Gram-negative bacteria, Pseudomonas aeru-
ginosa [40]. Synergistic effects were also observed with streptomycin, penicillin, rifampicin 
and lincomycin against P. fluorescens as well as the antibiotic-resistant variants of this strain 
[41]. Daptomycin, teicoplanin and ciprofloxacin displayed synergism against MRSA biofilms 
[4]. In a study by Dosler and Gerceker, nisin-antibiotic combinations were shown to have 
synergistic interactions against clinical isolates of methicillin-susceptible S. aureus (MSSA), 
MRSA and Enterococcus faecalis. A major finding from their study was that a high incidence 
of synergistic interactions occurred with a nisin-ampicillin combination against MSSA and 
nisin-daptomycin combination against E. faecalis strains [42]. When nisin is combined with 
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penicillin, chloramphenicol or ciprofloxacin, biofilm formation of E. faecalis was significantly 
reduced [43].

In a previous study, we also evaluated the interaction of the nisin Z variant with conven-
tional antibiotics [24]. Antibiotic-nisin Z combinations (1:1) were evaluated on Staphylococcus 
epidermidis (ATCC 12228) and Staphylococcus aureus (ATCC 12600) seeing as nisin is princi-
pally effective against Gram-positive bacterial species. Several conventional antibiotics with 
different mechanisms of action against Gram-positive bacteria were selected and included 
methicillin; vancomycin; ampicillin; tetracycline; gentamicin and novobiocin. The minimum 
inhibitory concentration (MIC) was used as a reflection of the bacterial cytotoxicity following 
exposure to the antibiotic-nisin Z combinations. The MIC was determined using a modi-
fied broth microdilution method [44], where the p-iodonitrophenyltetrazolium violet (INT) 
was replaced with the yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT). The interactions between the antibiotics and nisin were deter-
mined using the fractional inhibitory concentrations (FIC) [45] and values were interpreted 
as ƩFIC ≤0.5 synergistic, ƩFIC >0.5–1.0 additive, ƩFIC >1.0 and <4.0 indifferent and ƩFIC ≥4.0 
antagonistic.

Bacterial treatment with nisin Z-antibiotic combinations resulted in the identification of three 
additive and two synergistic combinations. Nisin Z displayed an additive effect (ƩFIC >0.5 to 1.0) 
when combined with ampicillin and gentamicin in S. aureus (Table 1).

Bacterial strain MIC of nisin Z (μg/ml) MIC of antibiotic (μg/ml) Nisin Z:antibiotic (1:1)

ƩFIC

S. epidermidis Nisin Z (9.17) Methicillin (1.88) 2.68
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Gentamicin (6.67) 0.94

Novobiocin (2.29) 0.17

Highlighted values represent ƩFIC values which indicate positive interactions between nisin Z and antibiotics where; 
≤0.5 synergistic, >0.5–1.0 additive, 1.1–3.9 indifferent and ≥4.0 antagonistic.
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Furthermore, S. epidermidis treated with ampicillin-nisin Z combination also showed an 
additive interaction. Novobiocin-nisin Z combinations showed synergistic interactions 
when used against S. epidermidis and S. aureus. Novobiocin, as part of the aminocoumarins 
antibiotic group, is able to indirectly block DNA replication by effectively inhibiting bacte-
rial DNA gyrase. Novobiocin-nisin Z combination was particularly effective in the treatment 
of S. aureus as a dramatic reduction in the ƩFIC was witnessed. This may be due to the dif-
ferent, but complementary, mechanisms of actions of nisin Z and novobiocin. As the lipid 
II-nisin Z complex forms pores in the bacterial membrane, hydrophobic novobiocin can pass 
through the cell membrane to interact with the DNA gyrase of S. aureus. This is only specula-
tion and the exact synergistic mechanism of should be examined further. This in vitro study 
shows the potential of nisin Z for the use as an adjuvant with conventional antibiotics. AMP-
antibiotic combination therapy may aid in reinforcing the defences against resistant organ-
isms by making it more challenging for a bacterial strain to adapt to multiple antimicrobial 
mechanisms. Furthermore, novobiocin is used for the treatment of mastitis in lactating cows 
[46]; and as previously mentioned, some nisin-based products have been developed for the 
treatment of mastitis. The synergistic interactions between nisin and novobiocin make this 
combination especially of interest for developing novel formulations for the treatment of 
mastitis.

3. Cytotoxic effects of nisin on non-malignant mammalian cells

It is clear that nisin is an effective antimicrobial agent which can inhibit the growth of/kill sev-
eral Gram-positive bacterial species, including food-borne pathogens such as Staphylococcus 
aureus, Listeria monocytogenes and Clostridium botulinum as well as exhibiting activity 
against many clinical important pathogens such as vancomycin-resistant Enterococci (VRE), 
Streptococcus pneumonia and MRSA [32, 47, 48]. Despite having exceptional antimicrobial 
activity, many AMPs also exhibit high toxicity to mammalian cells. An example of a cytotoxic 
AMP is melittin, the main active component of apitoxin (bee venom). Melittin has an excellent 
antibacterial activity and the antimicrobial mechanism of this AMP is most likely the permea-
bilisation of cell membranes by pore formation resulting in cell lysis and death [49]. Although 
melittin has effective broad-spectrum antimicrobial activity, this AMP is extremely toxic to 
mammalian cells even at very low concentrations.

As mentioned before, nisin has a Generally Regarded as Safe (GRAS) status and is considered 
safe for human consumption. The Accepted Daily Intake (ADI) of nisin was determined 
by the FDA as 2.94 mg/per day (0.049 mg/kg body weight/day) in 1988, prior to receiving 
GRAS status [50]. In a study by Joo and co-workers, mice were exposed to a concentra-
tion of nisin more than ×1000 (150 mg/kg body weight/day) the recommended ADI over a 
period of 3 weeks with no signs of cytotoxicity [51]. In another study, mice were treated 
with doses of 800 mg/kg body weight/day (more than 10 000 times higher than the recom-
mended ADI) ultra-pure nisin Z for 3 weeks without any evidence of toxicity [52]. In both 
these studies, long-term (>3 weeks) treatment with high concentrations of nisin did not 
result in any observable toxicity.

Cytotoxicity26

We also investigated cytotoxicity of nisin Z towards mammalian cells using the MTT assay to 
measure metabolic activity and the lactate dehydrogenase (LDH) assay to indicate membrane 
integrity. The non-malignant human immortalised keratinocyte (HaCaT) cells were employed 
for cytotoxicity testing and cultured under normal conditions [24]. Briefly, HaCat cells were 
seeded in a 96-well plate and incubated until ~90% confluent. Synthetic melittin was used 
(≥97% HPLC from Sigma-Aldrich) as a positive AMP control for cytotoxicity. After 24 h of 
exposure to nisin Z or melittin (2.5–40 μg/ml), the MTT assay was performed as described pre-
viously [24]. The ability of NAD(P)H-dependent cellular oxidoreductase enzymes to reduce 
MTT to formazan is considered a reflection of the number of viable cells present. Cell viability 
is expressed as a percentage relative to the untreated control, which was set as being 100% 
viable. For an assay positive control, cells were exposed to 0.01% Triton-X 100 (Sigma-Aldrich, 
St Louis, MO, USA).

To investigate the effect of the two AMPs on cell membrane integrity, the CytoTox-ONE™ 
Homogeneous Membrane Integrity Assay (Promega, Madison, WO, USA) was employed. 
This assay determines the release of lactate dehydrogenase (LDH) into the culture media 
from cells with impaired cell membranes. HaCat cells were exposed to melittin and nisin Z 
as described earlier. A lysis solution (Promega) was used as a maximum LDH release posi-
tive control. The LDH release assay was performed as described previously [24]. Results are 
conveyed relative to the untreated control (set to 0% LDH release) and the maximum release 
sample (set to 100% LDH release).

Cytotoxicity data (Figure 2) shows that nisin Z did not negatively affect the cell viability of 
HaCat cells.

The MTT assay indicates that the ability of NAD(P)H-dependent cellular oxidoreductase 
enzymes to reduce MTT to formazan was not affected by the exposure to the tested nisin 

Figure 2. Cytotoxicity assay of HaCat cells exposed to the AMPs melittin and nisin Z. (A) MTT assay and (B) LDH release 
assay. Vehicle control groups are represented by 0 mg/ml. Values represent mean stdev n = 3. ***p < 0.001 compared to 
the vehicle control group.
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Furthermore, S. epidermidis treated with ampicillin-nisin Z combination also showed an 
additive interaction. Novobiocin-nisin Z combinations showed synergistic interactions 
when used against S. epidermidis and S. aureus. Novobiocin, as part of the aminocoumarins 
antibiotic group, is able to indirectly block DNA replication by effectively inhibiting bacte-
rial DNA gyrase. Novobiocin-nisin Z combination was particularly effective in the treatment 
of S. aureus as a dramatic reduction in the ƩFIC was witnessed. This may be due to the dif-
ferent, but complementary, mechanisms of actions of nisin Z and novobiocin. As the lipid 
II-nisin Z complex forms pores in the bacterial membrane, hydrophobic novobiocin can pass 
through the cell membrane to interact with the DNA gyrase of S. aureus. This is only specula-
tion and the exact synergistic mechanism of should be examined further. This in vitro study 
shows the potential of nisin Z for the use as an adjuvant with conventional antibiotics. AMP-
antibiotic combination therapy may aid in reinforcing the defences against resistant organ-
isms by making it more challenging for a bacterial strain to adapt to multiple antimicrobial 
mechanisms. Furthermore, novobiocin is used for the treatment of mastitis in lactating cows 
[46]; and as previously mentioned, some nisin-based products have been developed for the 
treatment of mastitis. The synergistic interactions between nisin and novobiocin make this 
combination especially of interest for developing novel formulations for the treatment of 
mastitis.

3. Cytotoxic effects of nisin on non-malignant mammalian cells

It is clear that nisin is an effective antimicrobial agent which can inhibit the growth of/kill sev-
eral Gram-positive bacterial species, including food-borne pathogens such as Staphylococcus 
aureus, Listeria monocytogenes and Clostridium botulinum as well as exhibiting activity 
against many clinical important pathogens such as vancomycin-resistant Enterococci (VRE), 
Streptococcus pneumonia and MRSA [32, 47, 48]. Despite having exceptional antimicrobial 
activity, many AMPs also exhibit high toxicity to mammalian cells. An example of a cytotoxic 
AMP is melittin, the main active component of apitoxin (bee venom). Melittin has an excellent 
antibacterial activity and the antimicrobial mechanism of this AMP is most likely the permea-
bilisation of cell membranes by pore formation resulting in cell lysis and death [49]. Although 
melittin has effective broad-spectrum antimicrobial activity, this AMP is extremely toxic to 
mammalian cells even at very low concentrations.

As mentioned before, nisin has a Generally Regarded as Safe (GRAS) status and is considered 
safe for human consumption. The Accepted Daily Intake (ADI) of nisin was determined 
by the FDA as 2.94 mg/per day (0.049 mg/kg body weight/day) in 1988, prior to receiving 
GRAS status [50]. In a study by Joo and co-workers, mice were exposed to a concentra-
tion of nisin more than ×1000 (150 mg/kg body weight/day) the recommended ADI over a 
period of 3 weeks with no signs of cytotoxicity [51]. In another study, mice were treated 
with doses of 800 mg/kg body weight/day (more than 10 000 times higher than the recom-
mended ADI) ultra-pure nisin Z for 3 weeks without any evidence of toxicity [52]. In both 
these studies, long-term (>3 weeks) treatment with high concentrations of nisin did not 
result in any observable toxicity.
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We also investigated cytotoxicity of nisin Z towards mammalian cells using the MTT assay to 
measure metabolic activity and the lactate dehydrogenase (LDH) assay to indicate membrane 
integrity. The non-malignant human immortalised keratinocyte (HaCaT) cells were employed 
for cytotoxicity testing and cultured under normal conditions [24]. Briefly, HaCat cells were 
seeded in a 96-well plate and incubated until ~90% confluent. Synthetic melittin was used 
(≥97% HPLC from Sigma-Aldrich) as a positive AMP control for cytotoxicity. After 24 h of 
exposure to nisin Z or melittin (2.5–40 μg/ml), the MTT assay was performed as described pre-
viously [24]. The ability of NAD(P)H-dependent cellular oxidoreductase enzymes to reduce 
MTT to formazan is considered a reflection of the number of viable cells present. Cell viability 
is expressed as a percentage relative to the untreated control, which was set as being 100% 
viable. For an assay positive control, cells were exposed to 0.01% Triton-X 100 (Sigma-Aldrich, 
St Louis, MO, USA).

To investigate the effect of the two AMPs on cell membrane integrity, the CytoTox-ONE™ 
Homogeneous Membrane Integrity Assay (Promega, Madison, WO, USA) was employed. 
This assay determines the release of lactate dehydrogenase (LDH) into the culture media 
from cells with impaired cell membranes. HaCat cells were exposed to melittin and nisin Z 
as described earlier. A lysis solution (Promega) was used as a maximum LDH release posi-
tive control. The LDH release assay was performed as described previously [24]. Results are 
conveyed relative to the untreated control (set to 0% LDH release) and the maximum release 
sample (set to 100% LDH release).

Cytotoxicity data (Figure 2) shows that nisin Z did not negatively affect the cell viability of 
HaCat cells.

The MTT assay indicates that the ability of NAD(P)H-dependent cellular oxidoreductase 
enzymes to reduce MTT to formazan was not affected by the exposure to the tested nisin 

Figure 2. Cytotoxicity assay of HaCat cells exposed to the AMPs melittin and nisin Z. (A) MTT assay and (B) LDH release 
assay. Vehicle control groups are represented by 0 mg/ml. Values represent mean stdev n = 3. ***p < 0.001 compared to 
the vehicle control group.
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Z concentrations. Indicating that nisin Z did not negatively affect the cell viability of HaCat 
cells. The LDH assay also showed that there was no significant increase in the release of LDH, 
indicating that nisin Z did not cause any measurable membrane damage. On the other hand, 
both the MTT and LDH assays showed that relatively low concentrations of melittin led to a 
considerable increase in cytotoxicity in HaCat cells.

These in vitro results eco many of the recent in vivo findings, showing that nisin exposure to 
non-malignant cells has very little to no cytotoxic effects. Even at concentrations of nisin Z that 
exceeds the MICs for S. aureus and S. epidermidis (Figure 1) no toxicity was observed. Keeping 
in mind that nisin is an effective antimicrobial agent against several Gram-positive bacte-
rial species, including clinical important and resistant pathogens, this AMP shows promising 
potential for clinical application.

4. Cytotoxic effect of nisin on malignant cells

Over the last few decades, great strides have been made in cancer treatment and therapies, 
leading to the steady decline of cancer death rates [53]. Despite these developments, many 
current cancer therapies are still associated with high cytotoxicity and lack specificity. There is 
consequently still a need for the development of novel anti-cancer therapies. AMPs, especially 
bacteriocins, display selectivity towards cancer cells [10]. These AMPs are, therefore, potential 
alternative candidates to current chemotherapeutic agents. AMPs can also be applied as adju-
vants to chemotherapeutic agents to lower the therapeutic doses needed with the intention of 
quelling the toxicity of these treatments.

Studies have previously investigated the anti-tumour potential of nisin in vitro and in vivo 
for head and neck squamous cell carcinoma (HNSCC) [52]. The study by Joo and co-workers 
indicated that nisin has the ability to selectively induce apoptosis, cell cycle arrest and reduce 
cell proliferation in HNSCC cells, compared to primary keratinocytes in vitro [51]. In vivo, 
nisin treatment reduced the overall tumour burden compared to non-nisin treated groups, 
in a floor-of-mouth oral cancer xenograft mouse model. Also, to examine the mechanism by 
which nisin facilitates its anti-proliferative and pro-apoptotic effects on HNSCC cells, the 
effect of nisin-treatment on the expression of 39,000 genes was examined by using Affymetrix 
gene arrays. The expression of multiple genes was altered, including those in the apoptotic 
and cell cycle pathways, membrane physiology, energy and nutrient pathways, ion transport 
and signal transduction and protein binding pathways. The CHAC1 gene, a cation transport 
regulator and apoptosis mediator were dramatically up-regulated. This study was the first 
to show that the antibacterial food preservative nisin could effectively reduce and prevent 
tumorigenesis both in vitro and in vivo.

4.1. Cytotoxic effects of nisin Z on melanoma cells

We also evaluated the potential of nisin Z to induce selective cytotoxicity towards human 
melanoma cells in vitro. Melanoma is the leading cause of skin cancer-related deaths [54, 55]. 

Cytotoxicity28

Contrary to most types of cancer, the frequency of melanoma has been increasing over the last 
three decades [54]. In addition to a high mortality rate, Melanoma cells also have a sinister ten-
dency to rapidly develop resistance to mainstream chemotherapeutic agents [12, 13]. In vitro 
cytotoxicity of the nisin Z was determined by employing the MTT assay, LDH assay and flow 
cytometric apoptosis and necrosis analyses. The non-malignant human keratinocyte (HaCat) 
cell line was used as a control. The MTT and LDH assays were performed, as described pre-
viously [56]. The flow cytometric FITV Annexin V apoptosis assay (BD PharmingenTM, BD 
Biosciences, San Jose, CA, USA) was employed for the detection of apoptotic cytotoxicity. 
FITC Annexin emits green fluorescence and its presentation indicates early apoptotic events, 
while propidium iodide (PI) emanates red fluorescence and is associated with late apoptotic 
or necrotic cells.

The quantitative colourimetric MTT assay was used to investigate the cytotoxic effect of nisin Z on 
cultured melanoma cells as well as non-malignant keratinocytes. There is a clear concentration-
dependent decline in cell viability observed in melanoma cells exposed to nisin Z (Figure 3A).

Figure 3. Cytotoxic effects of nisin Z on melanoma (A375) cells. (A) Cell viability was determined using the MTT assay. 
(B) LDH release from cells following treatment with nisin Z. Keratinocytes (HaCat) were used as a non-malignant 
control. * p< 0.05 and *** p< 0.001 compared to the control groups.
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Z concentrations. Indicating that nisin Z did not negatively affect the cell viability of HaCat 
cells. The LDH assay also showed that there was no significant increase in the release of LDH, 
indicating that nisin Z did not cause any measurable membrane damage. On the other hand, 
both the MTT and LDH assays showed that relatively low concentrations of melittin led to a 
considerable increase in cytotoxicity in HaCat cells.

These in vitro results eco many of the recent in vivo findings, showing that nisin exposure to 
non-malignant cells has very little to no cytotoxic effects. Even at concentrations of nisin Z that 
exceeds the MICs for S. aureus and S. epidermidis (Figure 1) no toxicity was observed. Keeping 
in mind that nisin is an effective antimicrobial agent against several Gram-positive bacte-
rial species, including clinical important and resistant pathogens, this AMP shows promising 
potential for clinical application.

4. Cytotoxic effect of nisin on malignant cells

Over the last few decades, great strides have been made in cancer treatment and therapies, 
leading to the steady decline of cancer death rates [53]. Despite these developments, many 
current cancer therapies are still associated with high cytotoxicity and lack specificity. There is 
consequently still a need for the development of novel anti-cancer therapies. AMPs, especially 
bacteriocins, display selectivity towards cancer cells [10]. These AMPs are, therefore, potential 
alternative candidates to current chemotherapeutic agents. AMPs can also be applied as adju-
vants to chemotherapeutic agents to lower the therapeutic doses needed with the intention of 
quelling the toxicity of these treatments.

Studies have previously investigated the anti-tumour potential of nisin in vitro and in vivo 
for head and neck squamous cell carcinoma (HNSCC) [52]. The study by Joo and co-workers 
indicated that nisin has the ability to selectively induce apoptosis, cell cycle arrest and reduce 
cell proliferation in HNSCC cells, compared to primary keratinocytes in vitro [51]. In vivo, 
nisin treatment reduced the overall tumour burden compared to non-nisin treated groups, 
in a floor-of-mouth oral cancer xenograft mouse model. Also, to examine the mechanism by 
which nisin facilitates its anti-proliferative and pro-apoptotic effects on HNSCC cells, the 
effect of nisin-treatment on the expression of 39,000 genes was examined by using Affymetrix 
gene arrays. The expression of multiple genes was altered, including those in the apoptotic 
and cell cycle pathways, membrane physiology, energy and nutrient pathways, ion transport 
and signal transduction and protein binding pathways. The CHAC1 gene, a cation transport 
regulator and apoptosis mediator were dramatically up-regulated. This study was the first 
to show that the antibacterial food preservative nisin could effectively reduce and prevent 
tumorigenesis both in vitro and in vivo.

4.1. Cytotoxic effects of nisin Z on melanoma cells

We also evaluated the potential of nisin Z to induce selective cytotoxicity towards human 
melanoma cells in vitro. Melanoma is the leading cause of skin cancer-related deaths [54, 55]. 
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Contrary to most types of cancer, the frequency of melanoma has been increasing over the last 
three decades [54]. In addition to a high mortality rate, Melanoma cells also have a sinister ten-
dency to rapidly develop resistance to mainstream chemotherapeutic agents [12, 13]. In vitro 
cytotoxicity of the nisin Z was determined by employing the MTT assay, LDH assay and flow 
cytometric apoptosis and necrosis analyses. The non-malignant human keratinocyte (HaCat) 
cell line was used as a control. The MTT and LDH assays were performed, as described pre-
viously [56]. The flow cytometric FITV Annexin V apoptosis assay (BD PharmingenTM, BD 
Biosciences, San Jose, CA, USA) was employed for the detection of apoptotic cytotoxicity. 
FITC Annexin emits green fluorescence and its presentation indicates early apoptotic events, 
while propidium iodide (PI) emanates red fluorescence and is associated with late apoptotic 
or necrotic cells.

The quantitative colourimetric MTT assay was used to investigate the cytotoxic effect of nisin Z on 
cultured melanoma cells as well as non-malignant keratinocytes. There is a clear concentration-
dependent decline in cell viability observed in melanoma cells exposed to nisin Z (Figure 3A).

Figure 3. Cytotoxic effects of nisin Z on melanoma (A375) cells. (A) Cell viability was determined using the MTT assay. 
(B) LDH release from cells following treatment with nisin Z. Keratinocytes (HaCat) were used as a non-malignant 
control. * p< 0.05 and *** p< 0.001 compared to the control groups.
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A significant increase in cytotoxicity is observed in melanoma cells after exposure to rela-
tively low concentrations of nisin Z. The IC50 value of melanoma cells exposed to nisin Z 
is approximately 180 μM. Conversely, the non-malignant keratinocytes exposed to nisin Z 
presented with considerably higher cell viability, with an IC50 value more than double that 
of its malignant counterpart. To examine whether the observed cytotoxicity of melanoma 
cells exposed to nisin Z is the result of membrane damage, the LDH assay was performed. 
This assay measures the release of lactate dehydrogenase, the cytosolic enzyme, as a result 
of cellular plasma membrane damage. Results suggest that the exposure of melanoma cells 
to nisin Z concentrations of 150 μM and higher (Figure 3B) lead to in a significant increase 
in LDH release. No significant LDH release was detected in the non-malignant keratinocytes 
after nisin Z exposure, indicating very little membrane damage. Both, the basic cytotoxicity 
assays (MTT and LDH assay) suggest that nisin Z is selectively more toxic towards cultured 
melanoma cells compared to non-malignant cells.

Flow cytometry was used to investigate whether the cytotoxicity observed in melanoma cells 
was of apoptotic or necrotic origin. For the non-malignant keratinocyte cells, the flow cyto-
metric analysis indicated that >98% of the cells exposed to 50 μM nisin Z could be considered 
viable and is comparable to the untreated control (Figure 4).

A small increase in cytotoxicity is observed at higher concentration. Melanoma cells exposed 
to 50 μM nisin Z showed a much larger early apoptosis (>17%) population than their non-
malignant counterparts. A significant increase in cytotoxicity is observed in melanoma cells 
exposed to higher concentrations of nisin Z, resulting in approximately half of the cancer cells 
undergoing apoptosis/necrosis after being exposed to nisin Z concentrations of 100 μM or 
higher. These results confirm the basic viability data that nisin Z is more selectively cytotoxic 
to melanoma cells and give an indication that the cell death observed in these cells is probably 
due to the activation of an apoptotic pathway.

Figure 4. Pie graphs representing the cell population sizes of viable, apoptotic and necrotic non-malignant keratinocyte 
(HaCat) and melanoma (A375) cells after exposure to 50–200 μM of nisin Z for 24 h.

Cytotoxicity30

4.2. The potential of nisin Z to increase the cytotoxicity and selectivity of 
conventional chemotherapeutic agents

Due to the toxicity associated with some conventional chemotherapeutic agents, as well as the 
constant threat of malignancies evolving chemotherapy resistance [11–13], there is a neces-
sity for the development of novel anti-cancer therapies. To combat chemotherapy resistance, 
the efficacy of chemotherapeutic agents can be enhanced by the co-administration of multi-
functional agents to achieve synergistic interactions [14, 15].

As stated earlier, there is an abundance of studies which investigated the use of nisin as an 
adjuvant to conventional antibiotics [4, 40–42, 57]. It has been shown that nisin displays anti-
cancer properties; however, inadequate focus has been given to applying nisin as an adjuvant 
for chemotherapeutic agents. The ability of nisin to increase the activity of the chemothera-
peutic drug, doxorubicin, was investigated in vivo by Preet and co-workers [16]. Doxorubicin 
(Adriamycin) is traditionally employed to treat breast cancer, bladder cancer, lymphoma, 
and acute lymphocytic leukaemia, to name a few. When combining nisin with doxorubicin, 
enhanced anti-cancer activities were observed and apoptosis could be detected upon treat-
ment of mice with induced skin carcinogenesis as well as a slight increase in oxidative stress. 
However, the exact mechanism by which nisin exerts its anti-cancer activities was not deter-
mined [16]. It is suggested that AMPs, which display anticancer activity, should be used in 
combination with conventional chemotherapeutic agents to enhance the effectiveness of these 
treatments, prevent recurrence of cancer following treatment and possibly reduce instances of 
chemotherapy resistance [58, 59]. Other studies have also shown that AMPs have the poten-
tial to enhance the effectiveness of conventional chemotherapeutic agents. The cytotoxicity 
of etoposide and cisplatin could be enhanced through the combination with magainin A and 
magainin G, respectively [60]. More recently, it was shown that the combination of melit-
tin and 5-Fluorouracil enhanced cytotoxic effects against squamous skin cancer cells, while 
simultaneously reducing the toxicity to normal keratinocytes [61]. There are currently no 
AMPs that have entered into clinical trials or that are in preclinical development as cancer 
therapeutics. However, peptide-derived therapies are being recognised for the selectivity and 
anticancer effectiveness and have been investigated in clinical trials [59]. For example, the 
peptide asparagine-glycine arginine tumour homing peptide (NGR-hTNF) has completed 
phase 1 clinical trials and is waiting to enter phase 2 clinical trials to test its effectiveness 
when used in combination with cisplatin for the treatment of several refractory solid tumours 
including melanomas [62].

Based on the findings that nisin Z is more selectively cytotoxic to melanoma cells, the cytotoxic 
effect of the combination of nisin Z with conventional chemotherapeutic agents was investi-
gated in cultured melanoma cells. The effect of combinations of nisin Z with conventional 
chemotherapeutic agents (5-Fluorouracil, etoposide, hydroxyurea) on A375 (melanoma) and 
HaCat (non-malignant keratinocyte) cells was determined by the MTT assay. Cells were 
exposed to different concentrations of the respective chemotherapeutic agents independently 
and in combination with 150 μM of nisin Z for 24 h. Following exposure, the MTT assay was 
performed as described earlier. Blank and background measurements were subtracted and 
cell viability is expressed as a percentage relative to the untreated control, which was set as 
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A significant increase in cytotoxicity is observed in melanoma cells after exposure to rela-
tively low concentrations of nisin Z. The IC50 value of melanoma cells exposed to nisin Z 
is approximately 180 μM. Conversely, the non-malignant keratinocytes exposed to nisin Z 
presented with considerably higher cell viability, with an IC50 value more than double that 
of its malignant counterpart. To examine whether the observed cytotoxicity of melanoma 
cells exposed to nisin Z is the result of membrane damage, the LDH assay was performed. 
This assay measures the release of lactate dehydrogenase, the cytosolic enzyme, as a result 
of cellular plasma membrane damage. Results suggest that the exposure of melanoma cells 
to nisin Z concentrations of 150 μM and higher (Figure 3B) lead to in a significant increase 
in LDH release. No significant LDH release was detected in the non-malignant keratinocytes 
after nisin Z exposure, indicating very little membrane damage. Both, the basic cytotoxicity 
assays (MTT and LDH assay) suggest that nisin Z is selectively more toxic towards cultured 
melanoma cells compared to non-malignant cells.

Flow cytometry was used to investigate whether the cytotoxicity observed in melanoma cells 
was of apoptotic or necrotic origin. For the non-malignant keratinocyte cells, the flow cyto-
metric analysis indicated that >98% of the cells exposed to 50 μM nisin Z could be considered 
viable and is comparable to the untreated control (Figure 4).

A small increase in cytotoxicity is observed at higher concentration. Melanoma cells exposed 
to 50 μM nisin Z showed a much larger early apoptosis (>17%) population than their non-
malignant counterparts. A significant increase in cytotoxicity is observed in melanoma cells 
exposed to higher concentrations of nisin Z, resulting in approximately half of the cancer cells 
undergoing apoptosis/necrosis after being exposed to nisin Z concentrations of 100 μM or 
higher. These results confirm the basic viability data that nisin Z is more selectively cytotoxic 
to melanoma cells and give an indication that the cell death observed in these cells is probably 
due to the activation of an apoptotic pathway.

Figure 4. Pie graphs representing the cell population sizes of viable, apoptotic and necrotic non-malignant keratinocyte 
(HaCat) and melanoma (A375) cells after exposure to 50–200 μM of nisin Z for 24 h.
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4.2. The potential of nisin Z to increase the cytotoxicity and selectivity of 
conventional chemotherapeutic agents

Due to the toxicity associated with some conventional chemotherapeutic agents, as well as the 
constant threat of malignancies evolving chemotherapy resistance [11–13], there is a neces-
sity for the development of novel anti-cancer therapies. To combat chemotherapy resistance, 
the efficacy of chemotherapeutic agents can be enhanced by the co-administration of multi-
functional agents to achieve synergistic interactions [14, 15].

As stated earlier, there is an abundance of studies which investigated the use of nisin as an 
adjuvant to conventional antibiotics [4, 40–42, 57]. It has been shown that nisin displays anti-
cancer properties; however, inadequate focus has been given to applying nisin as an adjuvant 
for chemotherapeutic agents. The ability of nisin to increase the activity of the chemothera-
peutic drug, doxorubicin, was investigated in vivo by Preet and co-workers [16]. Doxorubicin 
(Adriamycin) is traditionally employed to treat breast cancer, bladder cancer, lymphoma, 
and acute lymphocytic leukaemia, to name a few. When combining nisin with doxorubicin, 
enhanced anti-cancer activities were observed and apoptosis could be detected upon treat-
ment of mice with induced skin carcinogenesis as well as a slight increase in oxidative stress. 
However, the exact mechanism by which nisin exerts its anti-cancer activities was not deter-
mined [16]. It is suggested that AMPs, which display anticancer activity, should be used in 
combination with conventional chemotherapeutic agents to enhance the effectiveness of these 
treatments, prevent recurrence of cancer following treatment and possibly reduce instances of 
chemotherapy resistance [58, 59]. Other studies have also shown that AMPs have the poten-
tial to enhance the effectiveness of conventional chemotherapeutic agents. The cytotoxicity 
of etoposide and cisplatin could be enhanced through the combination with magainin A and 
magainin G, respectively [60]. More recently, it was shown that the combination of melit-
tin and 5-Fluorouracil enhanced cytotoxic effects against squamous skin cancer cells, while 
simultaneously reducing the toxicity to normal keratinocytes [61]. There are currently no 
AMPs that have entered into clinical trials or that are in preclinical development as cancer 
therapeutics. However, peptide-derived therapies are being recognised for the selectivity and 
anticancer effectiveness and have been investigated in clinical trials [59]. For example, the 
peptide asparagine-glycine arginine tumour homing peptide (NGR-hTNF) has completed 
phase 1 clinical trials and is waiting to enter phase 2 clinical trials to test its effectiveness 
when used in combination with cisplatin for the treatment of several refractory solid tumours 
including melanomas [62].

Based on the findings that nisin Z is more selectively cytotoxic to melanoma cells, the cytotoxic 
effect of the combination of nisin Z with conventional chemotherapeutic agents was investi-
gated in cultured melanoma cells. The effect of combinations of nisin Z with conventional 
chemotherapeutic agents (5-Fluorouracil, etoposide, hydroxyurea) on A375 (melanoma) and 
HaCat (non-malignant keratinocyte) cells was determined by the MTT assay. Cells were 
exposed to different concentrations of the respective chemotherapeutic agents independently 
and in combination with 150 μM of nisin Z for 24 h. Following exposure, the MTT assay was 
performed as described earlier. Blank and background measurements were subtracted and 
cell viability is expressed as a percentage relative to the untreated control, which was set as 
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100% viable. Possible synergistic interactions were evaluated by comparing the cytotoxicity 
of combination treatment with mono-treatment on melanoma cells.

The chemotherapeutic agent 5-Fluorouracil can inhibit RNA and DNA synthesis leading to 
cell death. The combination of nisin Z with 5-Fluorouracil increased the cytotoxicity to mela-
noma cells over the entire concentration range tested compared to the mono-treatment of 
5-Fluorouracil (p < 0.05) (Figure 5A), with no significant increase in toxicity to non-malignant 
keratinocytes (Figure 5B).

The 5-Fluorouracil treatment is initially cytotoxic at 50 μM (p < 0.01 compared to the con-
trol), whereas the combination of 5-Fluorouracil and nisin Z only begins to induce toxicity at 
200 μM (p < 0.001 compared to the control) in the non-malignant keratinocytes. Results indi-
cate that the 5-Fluorouracil-nisin Z combination is more cytotoxic to melanoma cells compared 
to the mono-treatment. The anti-cancer activity of 5-Fluorouracil may, therefore, be enhanced 
by combination treatment with nisin Z. Etoposide is a chemotherapeutic agent that is able to 
induce DNA strand breaks in cancer cells by interfering with type II topoisomerase, ultimately 
inducing apoptosis. When combining etoposide with nisin Z it was found that the activity 
towards melanoma cells was enhanced compared to mono-treatment across the entire concen-
tration range (p < 0.001) (Figure 5C), with no increase in cytotoxicity to non-malignant kerati-
nocytes (Figure 5D). In melanoma cells, the combination of nisin Z with etoposide had a higher 
level of activity at the lowest concentration tested compared to the highest concentration for 
mono-treatment (p < 0.001). The anti-cancer activity of etoposide can, therefore, be significantly 
enhanced through the combination of nisin Z. Hydroxyurea is able to induce DNA damage 
and inhibit DNA synthesis. The combination of nisin Z with hydroxyurea was able to increase 
the cytotoxicity to melanoma cells at concentrations of between 25 and 400 μM compared to 
the mono-treatment of hydroxyurea (p < 0.01) (Figure 5E), with no significant increase in toxic-
ity to non-malignant keratinocytes (Figure 5F).

To evaluate if possible synergistic interactions occurred between the chemotherapeutic agents 
and nisin Z, the cytotoxicity of melanoma cells following the mono-treatment of the respec-
tive chemotherapeutic agents (50 μM) was compared to that of the mono-treatment of nisin Z 
(150 μM), followed by that of the combination (50 μM chemotherapeutic agent +150 μM nisin 
Z). Synergism occurs when the combined effects of the different components are greater than 
their individual effects. The cell viability of melanoma cells was significantly lower for all 
combinations compared to mono-treatment with the chemotherapeutic agent alone (p < 0.05) 
(Figure 6). However, the only combination that displayed synergism was the combination of 
nisin Z with etoposide.

The AMP nisin, which is considered safe for human consumption, not only displays antibacterial 
properties, but also anti-cancer activities. Although the use of nisin as an adjuvant for conven-
tional antibiotics has been investigated extensively, there are few studies investigating nisin as 
an adjuvant for conventional chemotherapeutic agents. Nisin also exhibits immune-modulatory 
properties. We have shown that nisin Z induces selective cytotoxicity towards melanoma cells 
through an apoptotic pathway. These properties make nisin Z an attractive anti-cancer agent to 
be used alone or in combination with current chemotherapeutic agents to enhance anti-cancer 
properties of these agents, while also potentially combatting chemotherapy resistance. Here, 

Cytotoxicity32

it was shown that combinations of nisin Z with 5-Fluorouracil, hydroxyurea and etoposide 
was able to enhance the cytotoxicity to melanoma cells, while no significant increase in toxicity 
toward non-malignant keratinocytes were observed. Especially of interest is the consequence of 
nisin Z on the effectiveness of etoposide, seeing as etoposide resistance is known in melanoma 
[63, 64]. The combination of nisin Z with etoposide was able to significantly and selectively 

Figure 5. Cytotoxicity of chemotherapeutic agents in combination with nisin Z on melanoma (A375) cells and non-
malignant keratinocytes (HaCat) as determined by the MTT assay. (A) Melanoma cells exposed to 5-Fluorouracil (FU) 
combinations. (B) HaCat exposed to 5-FU combinations. (C) Melanoma cells exposed to etoposide combinations. (D) 
HaCat exposed to etoposide combinations. (E) Melanoma cells exposed to hydroxyurea combinations. (F) HaCat 
exposed to hydroxyurea combinations. Vehicle control groups were included and are represented by 0 μM. Results are 
expressed relative to the untreated controls which were set as being 100% viable. Bars represent the standard deviation, 
n = 4. *p < 0.05, **p < 0.01 and *** p < 0.001 for combination compared to chemotherapeutic agent alone.

The Cytotoxic, Antimicrobial and Anticancer Properties of the Antimicrobial Peptide Nisin Z…
http://dx.doi.org/10.5772/intechopen.71927

33



100% viable. Possible synergistic interactions were evaluated by comparing the cytotoxicity 
of combination treatment with mono-treatment on melanoma cells.

The chemotherapeutic agent 5-Fluorouracil can inhibit RNA and DNA synthesis leading to 
cell death. The combination of nisin Z with 5-Fluorouracil increased the cytotoxicity to mela-
noma cells over the entire concentration range tested compared to the mono-treatment of 
5-Fluorouracil (p < 0.05) (Figure 5A), with no significant increase in toxicity to non-malignant 
keratinocytes (Figure 5B).

The 5-Fluorouracil treatment is initially cytotoxic at 50 μM (p < 0.01 compared to the con-
trol), whereas the combination of 5-Fluorouracil and nisin Z only begins to induce toxicity at 
200 μM (p < 0.001 compared to the control) in the non-malignant keratinocytes. Results indi-
cate that the 5-Fluorouracil-nisin Z combination is more cytotoxic to melanoma cells compared 
to the mono-treatment. The anti-cancer activity of 5-Fluorouracil may, therefore, be enhanced 
by combination treatment with nisin Z. Etoposide is a chemotherapeutic agent that is able to 
induce DNA strand breaks in cancer cells by interfering with type II topoisomerase, ultimately 
inducing apoptosis. When combining etoposide with nisin Z it was found that the activity 
towards melanoma cells was enhanced compared to mono-treatment across the entire concen-
tration range (p < 0.001) (Figure 5C), with no increase in cytotoxicity to non-malignant kerati-
nocytes (Figure 5D). In melanoma cells, the combination of nisin Z with etoposide had a higher 
level of activity at the lowest concentration tested compared to the highest concentration for 
mono-treatment (p < 0.001). The anti-cancer activity of etoposide can, therefore, be significantly 
enhanced through the combination of nisin Z. Hydroxyurea is able to induce DNA damage 
and inhibit DNA synthesis. The combination of nisin Z with hydroxyurea was able to increase 
the cytotoxicity to melanoma cells at concentrations of between 25 and 400 μM compared to 
the mono-treatment of hydroxyurea (p < 0.01) (Figure 5E), with no significant increase in toxic-
ity to non-malignant keratinocytes (Figure 5F).

To evaluate if possible synergistic interactions occurred between the chemotherapeutic agents 
and nisin Z, the cytotoxicity of melanoma cells following the mono-treatment of the respec-
tive chemotherapeutic agents (50 μM) was compared to that of the mono-treatment of nisin Z 
(150 μM), followed by that of the combination (50 μM chemotherapeutic agent +150 μM nisin 
Z). Synergism occurs when the combined effects of the different components are greater than 
their individual effects. The cell viability of melanoma cells was significantly lower for all 
combinations compared to mono-treatment with the chemotherapeutic agent alone (p < 0.05) 
(Figure 6). However, the only combination that displayed synergism was the combination of 
nisin Z with etoposide.

The AMP nisin, which is considered safe for human consumption, not only displays antibacterial 
properties, but also anti-cancer activities. Although the use of nisin as an adjuvant for conven-
tional antibiotics has been investigated extensively, there are few studies investigating nisin as 
an adjuvant for conventional chemotherapeutic agents. Nisin also exhibits immune-modulatory 
properties. We have shown that nisin Z induces selective cytotoxicity towards melanoma cells 
through an apoptotic pathway. These properties make nisin Z an attractive anti-cancer agent to 
be used alone or in combination with current chemotherapeutic agents to enhance anti-cancer 
properties of these agents, while also potentially combatting chemotherapy resistance. Here, 
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it was shown that combinations of nisin Z with 5-Fluorouracil, hydroxyurea and etoposide 
was able to enhance the cytotoxicity to melanoma cells, while no significant increase in toxicity 
toward non-malignant keratinocytes were observed. Especially of interest is the consequence of 
nisin Z on the effectiveness of etoposide, seeing as etoposide resistance is known in melanoma 
[63, 64]. The combination of nisin Z with etoposide was able to significantly and selectively 

Figure 5. Cytotoxicity of chemotherapeutic agents in combination with nisin Z on melanoma (A375) cells and non-
malignant keratinocytes (HaCat) as determined by the MTT assay. (A) Melanoma cells exposed to 5-Fluorouracil (FU) 
combinations. (B) HaCat exposed to 5-FU combinations. (C) Melanoma cells exposed to etoposide combinations. (D) 
HaCat exposed to etoposide combinations. (E) Melanoma cells exposed to hydroxyurea combinations. (F) HaCat 
exposed to hydroxyurea combinations. Vehicle control groups were included and are represented by 0 μM. Results are 
expressed relative to the untreated controls which were set as being 100% viable. Bars represent the standard deviation, 
n = 4. *p < 0.05, **p < 0.01 and *** p < 0.001 for combination compared to chemotherapeutic agent alone.
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enhance the cytotoxic effect etoposide to melanoma cells. Synergism was also observed when 
combining nisin Z and etoposide with regards to the cytotoxic effect in melanoma cells. Based 
on all the properties of nisin Z and its GRAS status it could, therefore, be considered as an adju-
vant for conventional chemotherapeutic agents.

5. Conclusion

The majority of AMPs exhibit direct microbial killing activity and occur in all living species as 
an important part of their innate immune system. Due to the co-evolution of AMPs and bac-
teria, bacterial species are less likely to develop resistance to these peptides compared to con-
ventional antibiotics. The lantibiotic, nisin, has a promising potential for clinical application 
as it exhibits very low cytotoxicity to mammalian cells, while displaying potent antimicrobial 
activity against several common foods borne and clinically important Gram-positive bacteria. 
The use of nisin against Gram-negative bacteria still remains limited. Nisin can be considered 
as a promising adjuvant for antibiotics in the treatment of Gram-positive bacteria. Antibiotic-
nisin combinations can potentially be used to lower the therapeutic dose of antibiotic treat-
ments, while also enhancing the antimicrobial activity by employing multiple modes of action. 
With multiple antimicrobial mechanisms concurrently in play, these combinations can hinder 
the development of antibiotic resistance. We have demonstrated that nisin Z displays syner-
gism when combined with novobiocin against S. aureus. This bacterial species is associated 
with mastitis. Both nisin-based products and novobiocin are used for the treatment of mastitis. 
The synergistic interactions between nisin and novobiocin make this combination, especially 
of interest for developing novel formulations for the treatment of mastitis (Figure 7A).

Apart from the antimicrobial properties of nisin, this AMP also displays promising antican-
cer potential towards several types of malignancies. This chapter discussed the anti-cancer 
potential of nisin Z towards cultured melanoma cells. Results showed that this AMP is more 

Figure 6. Cytotoxicity results for mono-treatment and combinations of chemotherapeutic agents (50 μM) and nisin 
Z (150 μM) as determined by the MTT assay. Nisin Z was combined with (A) etoposide, (B) 5-Fluorouracil and (C) 
hydroxyurea. Bars represent the average and error bars the standard deviation, n = 4. **p < 0.01 and ***p < 0.001 for 
combination compared to chemotherapeutic agent alone. #p < 0.05 and ##p < 0.01 for combination compared to nisin Z 
alone.
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cytotoxic to melanoma cells compared to non-malignant keratinocytes. It was shown that 
nisin Z disrupts the cell membrane integrity of melanoma cells, while also inducing apoptosis 
in the majority of exposed malignant cells (Figure 7B). Taking into account these antican-
cer properties of nisin Z, the cytotoxicity of nisin Z-chemotherapeutic agent combinations 
to melanoma cells was compared to the mono-treatment with selected conventional chemo-
therapeutic agents. This study indicated that when used in combination with the conven-
tional chemotherapeutic agents (5-Fluorouracil, hydroxyurea and etoposide), nisin Z has the 
potential to enhance the cytotoxicity of these conventional chemotherapeutic agents against 
cultured melanoma cells. Synergism was observed between the nisin Z and etoposide com-
bination. However, this study was only limited to the in vitro effect in melanoma cells with 
regards to cytotoxicity as measured by the MTT assay. For future in vitro studies, it is sug-
gested that more cancer cell lines be included. The mechanistic interaction between nisin Z 
and the chemotherapeutic agents should also be investigated. It is also suggested that in vivo 
studies be conducted similarly to that by Preet and co-workers to assess whether the combi-
nation of nisin Z with these conventional chemotherapeutic agents are able to reduce mela-
noma tumorigenesis in vivo [16]. The effective dosages also need to be determined with in vivo 
assays. Nisin Z has great potential for clinical application considering its low cytotoxicity to 
non-malignant cells and the effectiveness of this AMP against Gram-positive bacterial strains 
and certain cancers. However, detailed antimicrobial and anticancer mechanistic interaction 
studies analysis are lacking and many in vitro results must still be confirmed within in vivo 
systems.

Figure 7. Summary of the antimicrobial and anticancer properties of nisin Z alone and in combination with conventional 
therapies. (A) The antimicrobial effects and mechanisms of action of nisin Z and selected antibiotics alone and in 
combination on gram-positive bacteria. (B) The cytotoxic effect of nisin Z on cultured melanoma cells and combinations 
of this AMP with conventional chemotherapeutic agents.
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Abstract

Plants produce and store many organic compounds like amino acids, proteins, carbo-
hydrates, fats, and alkaloids, which are usually treated as secondary metabolites. Many 
alkaloids are biologically active for humans. For thousand years, extracts from plants con-
taining alkaloids had medicinal use as drugs and they owe their powerful effects thanks 
to presence of alkaloids. Alkaloids have anti-inflammatory, antibacterial, analgesic, local 
anesthetic, hypnotic, psychotropic, antimitotic, and antitumor activity. Nowadays, alka-
loids from plants are still of great interest to organic chemists, pharmacologists, biolo-
gists, biochemists, and pharmacists. Plants of Liliaceae family contain colchicine as the 
main alkaloid, which has cytotoxic activity. Colchicine has limited pharmacological 
application because of its toxicity, but many derivatives have been synthesized and their 
cytotoxic activity and tubulin-binding properties have been tested. Many of the synthetic 
derivatives showed good cytotoxic activity.

Keywords: colchicine, colchinoids, plants containing colchicine alkaloids, cytotoxic 
compounds, cancer cell lines, cytotoxic activity

1. Introduction

One of the best known biologically active compounds from ancient times is colchicine 
(Figure 1), an alkaloid naturally occurring in Colchicum autumnale a plant of Liliaceae family 
and also in Gloriosa superba. In the past, extracts from these plants containing colchicine were 
useful in gout therapy and still are [1]. The anti-gout action of colchicine could be explained 
by its powerful spindle toxicity [2, 3]. Moreover, colchicine is a useful medicine in the treat-
ment of familial Mediterranean fever (FMF), liver cirrhosis, chronic myelocytic leukemia, 
Behçet disease, chondrocalcinosis and other microcrystalline arthritis also more recently in 
cardiovascular diseases, Sweet’s syndrome, and hepatic disorders (HCC hepatocellular car-
cinoma) [4–12].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 4

Cytotoxic Colchicine Alkaloids: From Plants to Drugs

Joanna Kurek

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72622

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.72622

Cytotoxic Colchicine Alkaloids: From Plants to Drugs

Joanna Kurek

Additional information is available at the end of the chapter

Abstract

Plants produce and store many organic compounds like amino acids, proteins, carbo-
hydrates, fats, and alkaloids, which are usually treated as secondary metabolites. Many 
alkaloids are biologically active for humans. For thousand years, extracts from plants con-
taining alkaloids had medicinal use as drugs and they owe their powerful effects thanks 
to presence of alkaloids. Alkaloids have anti-inflammatory, antibacterial, analgesic, local 
anesthetic, hypnotic, psychotropic, antimitotic, and antitumor activity. Nowadays, alka-
loids from plants are still of great interest to organic chemists, pharmacologists, biolo-
gists, biochemists, and pharmacists. Plants of Liliaceae family contain colchicine as the 
main alkaloid, which has cytotoxic activity. Colchicine has limited pharmacological 
application because of its toxicity, but many derivatives have been synthesized and their 
cytotoxic activity and tubulin-binding properties have been tested. Many of the synthetic 
derivatives showed good cytotoxic activity.

Keywords: colchicine, colchinoids, plants containing colchicine alkaloids, cytotoxic 
compounds, cancer cell lines, cytotoxic activity

1. Introduction

One of the best known biologically active compounds from ancient times is colchicine 
(Figure 1), an alkaloid naturally occurring in Colchicum autumnale a plant of Liliaceae family 
and also in Gloriosa superba. In the past, extracts from these plants containing colchicine were 
useful in gout therapy and still are [1]. The anti-gout action of colchicine could be explained 
by its powerful spindle toxicity [2, 3]. Moreover, colchicine is a useful medicine in the treat-
ment of familial Mediterranean fever (FMF), liver cirrhosis, chronic myelocytic leukemia, 
Behçet disease, chondrocalcinosis and other microcrystalline arthritis also more recently in 
cardiovascular diseases, Sweet’s syndrome, and hepatic disorders (HCC hepatocellular car-
cinoma) [4–12].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In 2009, the FDA approved colchicine for the treatment of gout and familial Mediterranean 
fever (FMF) [1]. Recent investigations utilizing large cohorts of gout patients who have been 
taking colchicine for years have demonstrated novel applications within oncology, immu-
nology, cardiology, and dermatology [4, 13–16]. Some emerging dermatologic uses include 
the treatment of epidermolysis bullosa acquisita, leukocytoclastic vasculitis, and aphthous 
stomatitis. Colchicine has also anti-inflammatory and anticancer properties. Colchicine has 
been proven to have a fairly narrow range of effectiveness as a chemotherapy agent though it 
is also occasionally used in veterinary medicine to treat cancers in some animals. Nowadays, 
colchicine is very useful as an antimitotic agent in cancer research involving cell culture [17]. 
Colchicine has limited medical usage because of its high toxicity [18]. Because of this reason, 
many attempts have been made to design, synthesize new colchicine derivative and to screen 
them as cytotoxic agents to search more biologically active/effective compounds with lower 
toxicity.

2. Cytotoxic colchinoids in plants

Colchicine 1 and related alkaloids were isolated from many plants of Liliaceae family. The 
Colchicum species are most known plants in which colchicine exists in majority and other col-
chicine-like derivatives are in minority. Unripe seeds of Colchicum plants were found to con-
tain 40% less colchicine 1 than fully ripe one [19]. Colchicine occurs in all parts of Colchicum 
plants but especially in seeds and bulbs. One of the most known plants which contain col-
chicine 1 is meadow saffron (C. autumnale, Figure 2). The other plants of Colchicum sp. are: 
C. crocifolium, C. turicum, C. kesselvingii, C. luteum, C. byzantinum, C. crocifolium, C. szovitsii,  
C. soboliferum, and many more [20]. Beside 1 in these plants of Colchicum species also are 
present: 2-demethylcolchicine 2, 3-demethylcolchicine 3, demecolcine 4, 2-demethylcolchice-
ine 5, 3-demethylcolchiceine 6, N-methyl-demecolcine 7, 3-demethyl-N-methyl-demecolcine 
8, N-formyl-N-deacetylcolchicine 9 [19], N-deacetylcolchicine 10, N-deacetylcolchiceine 11, 
and colchiceine 12. Many of colchicine alkaloids exist in plants in glycoside form [21, 22]. 
Colchicine and its derivatives are also present in other plants like: Gloriosa superba, Merendera 
species (M. kurdica, M. sobolifera, M. vaddeana, M. robusta, and many more), Bulbocodium vernum, 
Androcymbium palaestinum, and Kreysigia multiflora [20, 23]. In Gloriosa superba plants were found 

Figure 1. Colchicine molecule (color version available on the online version).
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alkaloids: 1, 2, 5, 6, 2,3-O-didemethylcolchicine 13, 2,3-O-didemethyl-N-deacetylcolchicine 14, 
and 2,3-O-didemethyl-N-formyl-N-deacetylcolchicine 15 [22]. More recently, a new colchi-
cine glycoside, 3-O-demethylcolchicine-3-O-α-d-glucopyranoside 41 has been isolated from 
Gloriosa superba seeds [22]. Moreover, in plants extracts were also isolated photolysis products 
of colchicine like α-lumicolchicine, β-lumicolchicine, γ-lumicolchicine, and their 3-O-demethyl 
derivatives [24, 25].

3. Unusual chemical structure of colchinoids

Colchicine (1) is an alkaloid with unusual structure and has the whole family of structural 
relations. This alkaloid was isolated in 1820 by Pelletier and Caventou [26]. Although listed at 
this point, colchicines are biogenetically very close to the isoquinoline alkaloids. Colchicines 
posses exocyclic N-atoms [15]. Corrected structure of colchicine molecule with seven-mem-
bered C ring proposed Dewar in 1945 [27]. Colchicine possesses both one stereogenic center 
at C7 and chirality axis, since the two rings A and C are not positioned in coplanar fashion 
(atropisomerism). In naturally occurring (−)-aR,7S-colchicine, the two rings (A and C) are 
oriented in a clockwise manner [15].

4. Natural, semi-synthetic, and synthetic colchicines

Many naturally occurring colchicine alkaloids (some of them are listed in Figures 3 and 4) 
have been converted into semi-synthetic compounds and have been prepared as potential 
antitumor agents. Usually starting with colchicine 1 hundreds of semi-synthetic and synthetic 
colchicine derivatives have been synthesized [28–30].

Starting compound was 1,2-O-didemethylcolchicine 16 converted into 1,2,3-O-tridemethyl 
colchiceine 17 [28–30], 1,2,3-O-tridemethyl-N-deacetylcolchiceine 18 [28–30], 1,2,3-O-tride 
methyl-N-deacetyl-N-trifluoroacetylcolchiceine 19 [28–30], and 1,2,3-O-tridemethyl-N-deace 

Figure 2. Meadow saffron Colchicum autumnale: bulb, flowers, and leaves (color version available on the online version). 
(*author’s own photos).
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4. Natural, semi-synthetic, and synthetic colchicines

Many naturally occurring colchicine alkaloids (some of them are listed in Figures 3 and 4) 
have been converted into semi-synthetic compounds and have been prepared as potential 
antitumor agents. Usually starting with colchicine 1 hundreds of semi-synthetic and synthetic 
colchicine derivatives have been synthesized [28–30].

Starting compound was 1,2-O-didemethylcolchicine 16 converted into 1,2,3-O-tridemethyl 
colchiceine 17 [28–30], 1,2,3-O-tridemethyl-N-deacetylcolchiceine 18 [28–30], 1,2,3-O-tride 
methyl-N-deacetyl-N-trifluoroacetylcolchiceine 19 [28–30], and 1,2,3-O-tridemethyl-N-deace 

Figure 2. Meadow saffron Colchicum autumnale: bulb, flowers, and leaves (color version available on the online version). 
(*author’s own photos).
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tyl-N-formyl(2,4,6-trihydroxyphenyl)colchiceine 20 [28–30]. 1,2-didemethyl-N-deacetylcol-
chicine 21 was converted into: 1,2-didemethyl-N-deacetyl-N-(propane-2,3-diol)colchicine 22 
[31] and 1,2-didemethyl-N-deacetyl-N-(propane-2,3-diacetyl)colchicine 23 [31]. Derivatives 
24 with halogene substituent and with alkyl, aryl, or hydrogen 25 at C-10 position have also 
been obtained [32]. 10-demetoxy-10-azido-colchicine 26 [33] and 10-demetoxy-10-amino-col-
chicine = colchiceinamide 27 [34]. 2-Demethyl-N-benzyldemecolcine = speciocolchine 28 [35] 
has been prepared from 2-demethyldemecolcine. 10-O-p-tosylsulfonylcolchiceine 29 can be 
converted into compound 24 [36]. One of the interesting derivatives modified at C-7 position 
by –sulfur-containing substituent is N-deacetyl-N-(2merkaptoacetyl)-colchicine 30 (DAMA-
colchicine) [37]. Glycopeptide dendrimer conjugates of colchicine modified at C-7 have been 
synthesized and tested as mitosis inhibitors [38]. N-substituted derivatives colchicine-lipids 
with different length of alkyl chain of olenyl and stearyl groups have been obtained and 
their interaction with lipid membrane has been studied [39]. Ring-C-modified colchicine 
analogs with different nitroso substituents in Diels-Alder reaction have been obtained [40]. 
3-Demethyl derivative of colchicine and 10-metylthiocolchicine have been obtained also by 
regioselective bioconversion of 1 and 31 by microorganisms Bacillus IND-B 375 and stain of 
Bacillus megaterium ACBT03 [41, 42].

Figure 3. Naturally occurring colchicine derivatives (color version available on the online version).

Figure 4. Natural, seminatural and synthetic colchicines (chosen examples).

Cytotoxicity48

4.1. C-10 sulfur-containing derivatives

After many years of searching colchicine derivatives as good cytotoxic agents, it was estab-
lished that exchange of methoxyl substituent ─OCH3 at C-10 position to amino group (NH2, 
NHR1, or NR1R2) and especially to methylthio (CH3S─) or alkylthio increases cytotoxic activ-
ity. Thiocolchicine 31 is a colchicine 1 derivative used in the therapy of some diseases [43] and 
extensively studied in the field of oncological research as antimitotic agent [44–46]. There were 
mentioned some of wide range of synthesized colchicine compounds with thio substituent at 
C-10 position during last 60 years. Derivatives with alkylthio substituent at C-10 position have 
been synthesized from colchicine 31–35 (Figure 5) [47]. N-deacetyl-10-methylthiocolchicine 36 
was converted into compounds: 37 [44], 38 and 39 [44]. 10-Methylthiocolchine was modified 
at C-3 position to compound 3-demethoxy-3-amino-10-methylthiocolchicine 40 and then to 
3-demethoxy-3-glycosylaminothiocolchicines 41–47 (Figure 5) [48]. From derivatives 48–52 

Figure 5. Seminatural and synthetic thiocolchicines (chosen examples).
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Figure 6. Thiocolchicines with modified ring A: 60 1,4-quinone and 61 quinomethane.

Figure 7. Thiocolchicines modified on ring B.

esters of 1-O-demethyl, 2-O-demethyl and 3-O-demethylthiocolchicine were also obtained 53–
57 (Figure 5) [49]. 10-methylthiocolchicine has been demethylated to 1-demethyl-10-methyl-
thiocolchicine 58, 2-demethyl-10-methylthiocolchicine 59, and 1,2-O-didemethylthiocolchicine 
52 then 58 and 59 have been oxidized to quinine (Figure 6) [50]. Complex ethers of 3-demethyl-
10-methylthiocolchicine 62–65 have been prepared as potential pharmaceuticals [51]. The C-7 
amide group of ring B with (R)-configuration [15] is also one of the crucial factors which decide 
of molecule’s anticancer activity. Eight synthetic derivatives of N-deacetylthiocolchicine have 
been obtained and tested against cancer cell lines and 3 of them showed good activity 66, 67, 
68 [52]. Thiocolchicine derivative 69 has been modified at C-2 carbon atom and then converted 
into salt 70 [53]. Among 37 thiocolchicine derivatives tested, compound 71 showed good activ-
ity as inhibitor of topoisomerases in vitro [54]. N-substituted thiocolchicine derivatives and 
their water-soluble phosphate salts 72–78 (and 5 others) have been obtained and their activity 
have been tested against cancer cell lines [55] (Figure 7).

Cytotoxicity50

From compound 79 acetamido ─NHCOCH3 substituent from C-7 has been removed and 
replaced by ═CH2 group [56]. Hybrids of vindoline, anhydrovinblastine, and vinorelbine 
with thiocolchicine 31 podophyllotoxin and baccatinIII have been tested in arresting cell cycle 
and cytotoxic activity [57]. Series of thiocolchicine-podophyllotoxin conjugates have been 
obtained and their tubulin activity has been tested [58].

Compounds 80, 81, 82, 83, 84, and 85 have been synthesized by four synthesis steps from 
colchicine 1 to thiocolchicine 31 then to 7-deacetylthiocolcicine 36 which has been con-
verted into 80 and then to 81, 82, 83, 84, 85 and eight others which possess six-membered 
ring B [59].

5. Bioactivity of colchicine and its derivatives

Colchicine 1 has been known and used from ancient times, despite its toxicity to cure acute 
gout attacks because of its anti-inflammatory properties. After administration of colchicine 1, 
it is mainly metabolized in liver via demethylation by cytochrome P450 system (isoform CYP 
3A4) to 2-demethylcolchicine 2 and 3-demethylcolchicine 3 [11]. Colchiceine 12 was described 
as a metabolite in rats produced by cytochrome P450 3A4 isoform [60], but it does not occur in 
humans in vivo [61]. Colchicine’s most common toxicity is gastrointestinal (nausea, vomiting, 
diarrhea, abdominal pain) which occurs during first 24 hours after overdose. Toxic effect of 
colchicine appears after oral administration of 7–60 mg of colchicine and is fatal, symptoms 
occur in about 4 h and death in about 4 days. Severe colchicine overdose may be treated with 
a colchicine-specific antigen-binding immunoglobulin [11].

Beside colchicine 1 has many naturally occurring derivatives many attempts have been made 
to discover more effective and less toxic analogs by modifying the substituents of its basic 
structure.

Colchicine blocks mitosis metaphase due to different anti-mitotic effects: disruption of mitotic 
spindle formation and second disruption of the sol-gel formation. Colchicine can also interact 
with lipid membranes. The interaction between colchicine and membrane results with sig-
nificant alternations of both the properties of the lipid membrane and alkaloid [39]. Tubulin 
is an α and β heterodimer initially identified as the cellular colchicine-tubulin protein [10, 
62]. Colchicine can interact with human serum albumin, which has been studied by spec-
troscopic method [63, 64]. Study of colchicine-tubulin complex showed that colchicine binds 
at the location where it prevents curved tubulin from adopting a straight structure, which 
inhibits assembly. Microtubules are cytoskeletal polymers of tubulin involved in many cel-
lular functions [65]. Their dynamic instability is controlled by many proteins and compounds 
such as colchicine.

Colchicine and its biologically active derivatives, especially thiocolchicine and its derivatives, 
have been extensively tested on cancer cell lines for in vitro cytotoxicity, in mice, evaluated 
for inhibition of tubulin polymerization [66], on axonal cytoskeleton of rat peroneus nerve 
[67]. Thiocolchicine has been studied as a potent compound to treat Peyronie’s disease [68]. 
Derivatives of thiocolchicine have been tested ex vivo to human T-lymphoblastoid (CEM) 
cells [69].
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Figure 6. Thiocolchicines with modified ring A: 60 1,4-quinone and 61 quinomethane.
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their water-soluble phosphate salts 72–78 (and 5 others) have been obtained and their activity 
have been tested against cancer cell lines [55] (Figure 7).
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spindle formation and second disruption of the sol-gel formation. Colchicine can also interact 
with lipid membranes. The interaction between colchicine and membrane results with sig-
nificant alternations of both the properties of the lipid membrane and alkaloid [39]. Tubulin 
is an α and β heterodimer initially identified as the cellular colchicine-tubulin protein [10, 
62]. Colchicine can interact with human serum albumin, which has been studied by spec-
troscopic method [63, 64]. Study of colchicine-tubulin complex showed that colchicine binds 
at the location where it prevents curved tubulin from adopting a straight structure, which 
inhibits assembly. Microtubules are cytoskeletal polymers of tubulin involved in many cel-
lular functions [65]. Their dynamic instability is controlled by many proteins and compounds 
such as colchicine.

Colchicine and its biologically active derivatives, especially thiocolchicine and its derivatives, 
have been extensively tested on cancer cell lines for in vitro cytotoxicity, in mice, evaluated 
for inhibition of tubulin polymerization [66], on axonal cytoskeleton of rat peroneus nerve 
[67]. Thiocolchicine has been studied as a potent compound to treat Peyronie’s disease [68]. 
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cells [69].

Cytotoxic Colchicine Alkaloids: From Plants to Drugs
http://dx.doi.org/10.5772/intechopen.72622

51



6. Cytotoxic activity of colchicine and its derivatives

Cytotoxic activity of colchicine has been known for many decades. In 1968, it was known that 
colchicine can efficiently bind to tubulin. Its antitumor activity derives from its tubulin binding 
activity [39]. Nowadays, it is known that colchicine can act with α and β tubulin in microtu-
bules and disrupt the formation of microtubules. In past decades, many attempts have been 
made to design and synthesize new colchicine derivatives which could be less toxic and more 
effective compounds than colchicine as cytotoxic agents. On the basis of years of screening col-
chicine derivatives, their activity against human cancer cell lines structure: activity relationship 
has been established. It was found out that derivatives with alkylthio substituents at C-10 posi-
tion and modified at C-7 usually are more active and less toxic than colchicine. One of the most 
known active semi-synthetic colchicine derivatives is thiocolchicine (10-methylthiocolchicine) 
31. Some of the obtained derivatives seem to be effective and promising agents against selected 
human cancer cell lines and possibly in the future could be used as anticancer drugs. Cytotoxic 
activity of colchicine derivatives has been tested in in vitro experiments on mice (KLN205, 
A2C12, yB8, yD12, βD10, yA7, yA3, B3, βD5, A2B1, yD1) [70] or hamster (CHO-K1) [45] cancer 
cell lines and human cancer cell lines such as: MFC-7 human breast adenocarcinoma [40, 45, 
47, 54, 71, 72] and MDA-MB-231 [47, 72] human Caucasian breast adenocarcinoma, SK-Br-3 
human breast cancer cell line [46], DLD-1 [47] and LOVO [47] human colon adenocarcinoma, 
HCT-5 colon cancer, HCT-15 colon carcinoma [44, 45], A549 human lung adenocarcinoma [44, 
52–55, 57, 58, 70], DMS-114 small lung cell cancer [44], SKOV-3 ovarian cancer [46], OVCAR-3 
ovarian carcinoma [44], A2780 human ovarian carcinoma cell line [73], 1A9 human ovarian 
carcinoma [53], KB human epidermoid carcinoma [46, 53, 57], PC-3 prostate cancer [40], H460 
human large cell lung carcinoma [71], SF268 human astrocytoma [71], HTC-8 human ileocecal 
carcinoma cell [46, 57], DU-145 human prostate carcinoma [46], SKMEL-2 human skin malig-
nant melanoma [46, 54], SKMEL-5 human skin malignant melanoma [44], RXF-631 renal carci-
noma [44], SNB-19 CNS carcinoma [44], RPMI-7951 malignant melanoma [56], TE671 human 
medulloblastoma [56], HepG2 human hepatocyte carcinoma [70], CaCo-2 human colon car-
cinoma [70], and CAKI-1 kidney carcinoma [54]. As a positive control in cytotoxic tests were 
used: colchicine, doxorobucin or camptothecin and MTT tests [39, 57] or SRB tests MTS assay 
[70]. Values of IC50 for compounds 1, 4, 7, 8, 31, 32, 33, 34, and 35 are given in Table 1. Naturally 
occurring colchicine and other colchicine-like alkaloids were tested against human cancer cell 
lines and usually showed much better activity than parent compound.

Thiocolchicine 31 showed good activity against A2780 human ovarian carcinoma cell line with 
value of IC50 1.6 nM [73]. The water-soluble compound 69 (salt of succinic acid of N,N-dimethyl-
N-deacetylthiocolchicine) showed selective activity against HTC-8 0.022 μg/mL and SK-BR-3 
0.012 0.022 μg/mL cancer cells [46]. The second salt of succinic acid of N-deacetylthiocolchicine 
72 showed activity against five of tested cancer cell lines 0.001–0.005 μg/mL (HTC-8, SK-BR-3, 
A549, DU145, KB) [46].

Thiocolchicine derivative 83 modified at C-7 position showed good cytotoxic activity against 
A549, RPMI-7951, and TE671 cancer cell lines 0.001 nM/mL [56]. Derivatives 66, 67, and 68 
showed good cytotoxic activity against A549, SKOV-3, SKMEL-2, HCT-15, and MCF-7 can-
cer cell lines with IC50 values 5.2–29.8 nM [52]. 69 and 70 showed significant activity against 
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tumor cell lines: A549, 1A9, and KB with values of IC50 0.02–0.06 μg/mL [53]. Hybrids of vin-
doline, anhydrovinblastine, and vinorelbine with thiocolchicine have been tested in arresting 
cell cycle and against A549 cell lines [57].

Many of tested colchicine derivatives and thiocolchicine derivatives obtained by partial syn-
thesis were assayed measuring mitotic arrest in L1210 murine leukemia cell cultures [70], their 
binding to tubulin in vitro, their antitumor activity against the P388 lymphocytic leukemia 
screen in mice, and their inhibition of swelling produced in rat paws by injection with uric acid. 
To measure inhibition in binding different colchicine derivatives to tubulin, many tests have 
been used in vitro and in vivo: CD spectra [74], radiolabeled compounds, and cancer cell lines.

The effect on tubulin can be assessed in vitro by measuring inhibition of tubulin polymeriza-
tion [53, 66, 70] and binding of radiolabeled colchicine to tubulin [75]. Significant inhibition 
in binding to tubulin greater than colchicine 1 was observed with 3-demethylcolchicine (3), 
10-methylthiocolchicine 31, and 3-demethyl-10-methylthiocolchicine 48 [76]. Significant inhi-
bition of binding radiolabeled colchicine to purified tubulin was observed with thiocolchicine 
and 3-demethylthiocolchicine (Table 2).

Colchicine showed to be too much toxic to be used as a drug candidate for cancer diseases. 
Colchicine is much more less toxic than colchicine [77]. Through past decades many deriv-
atives were tested against cancer cell lines to checked their cytotoxic activity and activity 
in vitro to disrupt microtubule network and spindle formation. Binding of colchicine analogs 
to tubulin measured by competition for labeled colchicine is for 1 5 × 10−6, 31 4 × 10−6, and 41 
2–3 × 10−5 [76]. Inhibition of tubulin assembly by thiocolchicine derivatives 69 and 70 is IC50 
8.7 μM and IC50 3.8 μM, respectively [53]. The compounds 72, 76, and 77 showed potent inhi-

Cell line compound DLD-1 LoVo MCF-7 MDA MB-231 H460 SF268

1 43.0 [47] 118.8 [47] 41.3 [47] 25.3 [47] 32 [71] 25 [71]

4 — — 52 [71] — 44 [71] 39 [71]

7 — — 151 [71] — 165 [71] 354 [71]

8 — — 2440 [71] — 3200 [71] 981 [71]

31 4.2 [47] 13.6 [47] 55.5 [47] 81.2 [47] — —

32 51.2 [47] 19.5 [47] 56.1 [47] 148.3 [47] — —

33 71.8 [47] 56.1 [47] 764.4 [47] 704.2 [47] — —

34 177.3 [47] 149.6 [47] 564.2 [47] 1103.8 [47] — —

35 316.7 [47] 438.0 [47] 873.6 [47] 1773.3 [47] — —

Doxorubicin 510.6 [47] 520.2 [47] 1210.1 [47] 935.5 [47] — —

Camptothecin — — 0.309 [71] — 0.024 [71] 0.043 [71]

Table 1. The IC50 values (nM) of compounds tested against cancer cell lines: MCF-7 [47], MDA-MB-231 [47], DLD-1 [47], 
LoVo [47], H460 [71] and SF268 [71]. Data were obtained from triplicate experiments. Doxorubicin was used as positive 
control (MTT test) [47].
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6. Cytotoxic activity of colchicine and its derivatives

Cytotoxic activity of colchicine has been known for many decades. In 1968, it was known that 
colchicine can efficiently bind to tubulin. Its antitumor activity derives from its tubulin binding 
activity [39]. Nowadays, it is known that colchicine can act with α and β tubulin in microtu-
bules and disrupt the formation of microtubules. In past decades, many attempts have been 
made to design and synthesize new colchicine derivatives which could be less toxic and more 
effective compounds than colchicine as cytotoxic agents. On the basis of years of screening col-
chicine derivatives, their activity against human cancer cell lines structure: activity relationship 
has been established. It was found out that derivatives with alkylthio substituents at C-10 posi-
tion and modified at C-7 usually are more active and less toxic than colchicine. One of the most 
known active semi-synthetic colchicine derivatives is thiocolchicine (10-methylthiocolchicine) 
31. Some of the obtained derivatives seem to be effective and promising agents against selected 
human cancer cell lines and possibly in the future could be used as anticancer drugs. Cytotoxic 
activity of colchicine derivatives has been tested in in vitro experiments on mice (KLN205, 
A2C12, yB8, yD12, βD10, yA7, yA3, B3, βD5, A2B1, yD1) [70] or hamster (CHO-K1) [45] cancer 
cell lines and human cancer cell lines such as: MFC-7 human breast adenocarcinoma [40, 45, 
47, 54, 71, 72] and MDA-MB-231 [47, 72] human Caucasian breast adenocarcinoma, SK-Br-3 
human breast cancer cell line [46], DLD-1 [47] and LOVO [47] human colon adenocarcinoma, 
HCT-5 colon cancer, HCT-15 colon carcinoma [44, 45], A549 human lung adenocarcinoma [44, 
52–55, 57, 58, 70], DMS-114 small lung cell cancer [44], SKOV-3 ovarian cancer [46], OVCAR-3 
ovarian carcinoma [44], A2780 human ovarian carcinoma cell line [73], 1A9 human ovarian 
carcinoma [53], KB human epidermoid carcinoma [46, 53, 57], PC-3 prostate cancer [40], H460 
human large cell lung carcinoma [71], SF268 human astrocytoma [71], HTC-8 human ileocecal 
carcinoma cell [46, 57], DU-145 human prostate carcinoma [46], SKMEL-2 human skin malig-
nant melanoma [46, 54], SKMEL-5 human skin malignant melanoma [44], RXF-631 renal carci-
noma [44], SNB-19 CNS carcinoma [44], RPMI-7951 malignant melanoma [56], TE671 human 
medulloblastoma [56], HepG2 human hepatocyte carcinoma [70], CaCo-2 human colon car-
cinoma [70], and CAKI-1 kidney carcinoma [54]. As a positive control in cytotoxic tests were 
used: colchicine, doxorobucin or camptothecin and MTT tests [39, 57] or SRB tests MTS assay 
[70]. Values of IC50 for compounds 1, 4, 7, 8, 31, 32, 33, 34, and 35 are given in Table 1. Naturally 
occurring colchicine and other colchicine-like alkaloids were tested against human cancer cell 
lines and usually showed much better activity than parent compound.

Thiocolchicine 31 showed good activity against A2780 human ovarian carcinoma cell line with 
value of IC50 1.6 nM [73]. The water-soluble compound 69 (salt of succinic acid of N,N-dimethyl-
N-deacetylthiocolchicine) showed selective activity against HTC-8 0.022 μg/mL and SK-BR-3 
0.012 0.022 μg/mL cancer cells [46]. The second salt of succinic acid of N-deacetylthiocolchicine 
72 showed activity against five of tested cancer cell lines 0.001–0.005 μg/mL (HTC-8, SK-BR-3, 
A549, DU145, KB) [46].

Thiocolchicine derivative 83 modified at C-7 position showed good cytotoxic activity against 
A549, RPMI-7951, and TE671 cancer cell lines 0.001 nM/mL [56]. Derivatives 66, 67, and 68 
showed good cytotoxic activity against A549, SKOV-3, SKMEL-2, HCT-15, and MCF-7 can-
cer cell lines with IC50 values 5.2–29.8 nM [52]. 69 and 70 showed significant activity against 
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tumor cell lines: A549, 1A9, and KB with values of IC50 0.02–0.06 μg/mL [53]. Hybrids of vin-
doline, anhydrovinblastine, and vinorelbine with thiocolchicine have been tested in arresting 
cell cycle and against A549 cell lines [57].

Many of tested colchicine derivatives and thiocolchicine derivatives obtained by partial syn-
thesis were assayed measuring mitotic arrest in L1210 murine leukemia cell cultures [70], their 
binding to tubulin in vitro, their antitumor activity against the P388 lymphocytic leukemia 
screen in mice, and their inhibition of swelling produced in rat paws by injection with uric acid. 
To measure inhibition in binding different colchicine derivatives to tubulin, many tests have 
been used in vitro and in vivo: CD spectra [74], radiolabeled compounds, and cancer cell lines.

The effect on tubulin can be assessed in vitro by measuring inhibition of tubulin polymeriza-
tion [53, 66, 70] and binding of radiolabeled colchicine to tubulin [75]. Significant inhibition 
in binding to tubulin greater than colchicine 1 was observed with 3-demethylcolchicine (3), 
10-methylthiocolchicine 31, and 3-demethyl-10-methylthiocolchicine 48 [76]. Significant inhi-
bition of binding radiolabeled colchicine to purified tubulin was observed with thiocolchicine 
and 3-demethylthiocolchicine (Table 2).

Colchicine showed to be too much toxic to be used as a drug candidate for cancer diseases. 
Colchicine is much more less toxic than colchicine [77]. Through past decades many deriv-
atives were tested against cancer cell lines to checked their cytotoxic activity and activity 
in vitro to disrupt microtubule network and spindle formation. Binding of colchicine analogs 
to tubulin measured by competition for labeled colchicine is for 1 5 × 10−6, 31 4 × 10−6, and 41 
2–3 × 10−5 [76]. Inhibition of tubulin assembly by thiocolchicine derivatives 69 and 70 is IC50 
8.7 μM and IC50 3.8 μM, respectively [53]. The compounds 72, 76, and 77 showed potent inhi-

Cell line compound DLD-1 LoVo MCF-7 MDA MB-231 H460 SF268

1 43.0 [47] 118.8 [47] 41.3 [47] 25.3 [47] 32 [71] 25 [71]

4 — — 52 [71] — 44 [71] 39 [71]

7 — — 151 [71] — 165 [71] 354 [71]

8 — — 2440 [71] — 3200 [71] 981 [71]

31 4.2 [47] 13.6 [47] 55.5 [47] 81.2 [47] — —

32 51.2 [47] 19.5 [47] 56.1 [47] 148.3 [47] — —

33 71.8 [47] 56.1 [47] 764.4 [47] 704.2 [47] — —

34 177.3 [47] 149.6 [47] 564.2 [47] 1103.8 [47] — —

35 316.7 [47] 438.0 [47] 873.6 [47] 1773.3 [47] — —

Doxorubicin 510.6 [47] 520.2 [47] 1210.1 [47] 935.5 [47] — —

Camptothecin — — 0.309 [71] — 0.024 [71] 0.043 [71]

Table 1. The IC50 values (nM) of compounds tested against cancer cell lines: MCF-7 [47], MDA-MB-231 [47], DLD-1 [47], 
LoVo [47], H460 [71] and SF268 [71]. Data were obtained from triplicate experiments. Doxorubicin was used as positive 
control (MTT test) [47].
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bition of tubulin assembly IC50 = 0.8–1.1 μM, for comparison for 1 is 1,5 μM  [54]. Compound 
83 showed good inhibition of tubulin polymerization and inhibition of colchicine binding 
(%), IC50 3.4 μM and 60% and 79 IC50 2.4 μM and 91%; 82 IC50 6.6 μM and 78% [56]. Hybrid 
thiocolchicine-vindoline causes cell cycle arrest in the G2/M phase [57]. Inhibition of tubulin 
polymerization has been studied with thiocolchicine-podophyllotoxin conjugates, where 31 
was modified at C-7 substituent [63].

In vivo P388 mouse leukemia test data P388 for colchicine 1 is 0.5, 31 is 0.18, and 48 is 5 [mg/kg] [76].

7. Pharmacological use of colchinoids

7.1. Colchicine prodrugs

Some of colchicines have been tested as prodrugs. Zyn-linked™ colchicines which are con-
jugates of colchicine derivatives with proprietary lipophylic molecules (ZYN-160 4-formyl-
thiocolchicine, PKH139, PKH153, PKH147) via acid cleavable linkages (PKH155, PKH159, 
ZYN-217) produced prodrugs (PKH140, PKH154, PKH156, PKH158, ZYN-162) with enhanced 
antitumor activity (A2780 human ovarian carcinoma cell line) [73]. Conjugates have blocked 
cell in the G2/M phase of the cell cycle and were up to 100-fold less active in vitro than unlinked 
drug [73]. Ring B-modified colchicine derivative CT20126 showed immunosuppressive and 
cytotoxic activity [78]. N-acetylcolchinol phosphate is a prodrug (ZD6126) derived from colchi-
cine [79]. Thiocolchicine dimers IDN5404 and IDN5676 have been tested as prodrugs active as 
inhibitor of Topo-I and without loss of the spindle poison properties [80]. Colchitaxel is another 
active compound with cytotoxic activity which combines colchicine and paclitaxel [81].

7.2. Drugs with colchicine

Besides antitumor activity, colchicine has anti-inflammatory properties. Colchicine reduces the 
formation of uric acid crystals in the affected joint and thereby reduces the amount of acute 
inflammation and pain. It also decreases the levels of uric acid in the blood or the amount that 
is excreted in the urine. More recently colchicine has been proposed as a potential drug in treat-
ment for various conditions (except gout), what can open new way of its possible future applica-
tion. Nowadays, colchicine is the useful drug in illnesses: familial Mediterranean fever (FMF), 

Inhibitor added Inhibitor:radiolabeled colchicine (%)

1:1 10:1

Non-radiolabeled 1 25 83

2 14 60

3 25 77

31 55 94

48 41 89

Table 2. Inhibition [%] of binding radiolabeled colchicine to purified tubulin [76].
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liver cirrhosis, disk problems, Behçet syndrome, prevention of post-pericardial syndrome, pri-
mary biliary cirrhosis, hepatic cirrhosis, dermatitis herpetiformis, Paget’s disease of bone, pseu-
dogout, and idiopathic pulmonary fibrosis.

Colchicine can be used to treat familial Mediterranean fever in children 4 years of age and older.

Colchicine is available as a tablet, capsule, and a gel. In tablet form, it is available in a generic 
0.6 mg tablet and as Colcrys 0.6 mg tablet. It is available as a capsule in a generic form of 
0.6 mg and as Mitigare 0.6 mg capsule. There is a topical gel form of Colchicum autumnale, 
available as ColciGel. Colchicine is commonly administered orally, and use of the topical gel 
is rare. Due to toxicity of colchicine from 2009, the injectable form is not available. Dosing is 
dependent on age of patient and kind of illness.

Usually, colchicine is a major component of tablets or capsules in which in a single tablet or capsule 
its amount is in range of 0.5 or 0.6 mg, sometimes is used as an injection (disk problems). Usually 
a man/woman of 60 kg takes a dose of 0.5–4.8 mg/day [82, 83]. Since 2008, only oral use of colchi-
cine for patients is possible because of 50 cases of serious adverse events [84]. The known medi-
cines with colchicine are: Colchicum Dispert®, Colcrys, Mitigare, and Colchimax. Col-Benemid or 
Proben-C is a drug where next to colchicine probenecid is added as uricosuric agent.

7.3. Drugs with colchicine derivatives

One of the known colchicine derivatives that has been used for the treatment of Hodgkin’s lym-
phoma and chronic granulocytic leukemia is N-deacetyl-N-methylcolchicine, brand name is 
Colcemid [72]. Moreover, its efficacy against melanoma and prostatic cancer has been established.

Thiocolchicoside (=glucopyranosyl derivative of the semi-synthetic 3-O-demethylthiocolchicine 
41), is well-known as a muscle relaxing agent and as an anti-inflammatory drug substance 
[85]. This compound is registered in different countries under the trade names of Colcamyl, 
Coltramyl, Coltrax, Miorel, and Musco-Ril. Muscle spasm is one of the main factors responsible 
for chronic pain, and because this particular drug reduces muscle tone, it is used in therapy for 
the treatment of contractures and inflammatory conditions that affect the muscular system [48].

8. Docking studies

A new tool for searching new potent anticancer agents is docking studies. Some years ago 
it became possible to study new compounds of possible biological activity by new technical 
methods like molecular modeling and docking studies [37, 86–90].

9. Conclusion

The way to search new colchicine derivatives especially thiocolchicine derivatives seems to be 
worth trying because of its promising cytotoxicity. Many new derivatives have been obtained, 
have been tested for many different cancer cell lines, and many of them seem to be promising 
anticancer agents in the future.
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inhibitor of Topo-I and without loss of the spindle poison properties [80]. Colchitaxel is another 
active compound with cytotoxic activity which combines colchicine and paclitaxel [81].
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formation of uric acid crystals in the affected joint and thereby reduces the amount of acute 
inflammation and pain. It also decreases the levels of uric acid in the blood or the amount that 
is excreted in the urine. More recently colchicine has been proposed as a potential drug in treat-
ment for various conditions (except gout), what can open new way of its possible future applica-
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Colchicine is available as a tablet, capsule, and a gel. In tablet form, it is available in a generic 
0.6 mg tablet and as Colcrys 0.6 mg tablet. It is available as a capsule in a generic form of 
0.6 mg and as Mitigare 0.6 mg capsule. There is a topical gel form of Colchicum autumnale, 
available as ColciGel. Colchicine is commonly administered orally, and use of the topical gel 
is rare. Due to toxicity of colchicine from 2009, the injectable form is not available. Dosing is 
dependent on age of patient and kind of illness.

Usually, colchicine is a major component of tablets or capsules in which in a single tablet or capsule 
its amount is in range of 0.5 or 0.6 mg, sometimes is used as an injection (disk problems). Usually 
a man/woman of 60 kg takes a dose of 0.5–4.8 mg/day [82, 83]. Since 2008, only oral use of colchi-
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Proben-C is a drug where next to colchicine probenecid is added as uricosuric agent.

7.3. Drugs with colchicine derivatives

One of the known colchicine derivatives that has been used for the treatment of Hodgkin’s lym-
phoma and chronic granulocytic leukemia is N-deacetyl-N-methylcolchicine, brand name is 
Colcemid [72]. Moreover, its efficacy against melanoma and prostatic cancer has been established.

Thiocolchicoside (=glucopyranosyl derivative of the semi-synthetic 3-O-demethylthiocolchicine 
41), is well-known as a muscle relaxing agent and as an anti-inflammatory drug substance 
[85]. This compound is registered in different countries under the trade names of Colcamyl, 
Coltramyl, Coltrax, Miorel, and Musco-Ril. Muscle spasm is one of the main factors responsible 
for chronic pain, and because this particular drug reduces muscle tone, it is used in therapy for 
the treatment of contractures and inflammatory conditions that affect the muscular system [48].

8. Docking studies

A new tool for searching new potent anticancer agents is docking studies. Some years ago 
it became possible to study new compounds of possible biological activity by new technical 
methods like molecular modeling and docking studies [37, 86–90].

9. Conclusion

The way to search new colchicine derivatives especially thiocolchicine derivatives seems to be 
worth trying because of its promising cytotoxicity. Many new derivatives have been obtained, 
have been tested for many different cancer cell lines, and many of them seem to be promising 
anticancer agents in the future.
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Scientists still keep designing and synthesizing more and more colchicine derivatives for 
searching almost ideal anticancer agent. New methods, such as molecular modeling and 
docking studies, seem to be useful tool in searching for new colchicine derivatives as effective 
cytotoxic agents.
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Scientists still keep designing and synthesizing more and more colchicine derivatives for 
searching almost ideal anticancer agent. New methods, such as molecular modeling and 
docking studies, seem to be useful tool in searching for new colchicine derivatives as effective 
cytotoxic agents.
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Abstract

Nature continues to produce a great wealth of natural molecules endowed with cyto-
toxic activity toward a large panel of tumor cells. Some of these molecules are used in 
chemotherapy, and others have shown great anti-tumor and anti-metastatic potential 
in preclinical trials. This review discusses some examples of these molecules that have 
been studied in our laboratory and others. We report a differential cytotoxic activity of 
some monoterpenes (carvacrol, tymol, carveol, carvone, and isopulegol) against a panel 
of tumor cell lines. The carvacrol was the most cytotoxic molecule both in vitro and in vivo 
as demonstrated by preclinical studies using the DBA2/P815 mice model. On the other 
hand, polyphenols were also studied with respect to their cytotoxic effects. Interestingly, 
these compounds showed a prominent cytotoxic activity toward a panel of cancer cells 
with differential molecular mechanisms. In addition, we report a very strong antitumor 
efficacy of artemisinin, a sesquiterpen lactone from Artemisia annua, together with an 
antimetastatic potential as demonstrated by preclinical experiments. Furthermore, some 
of the molecular mechanisms involved in these effects are described.

Keywords: natural products, monoterpenes, polyphenols, artemisinin, cytotoxicity

1. Introduction

Natural drugs have formed the basis of traditional medicine systems that have been used for 
centuries by different cultures [1]. An immense number of these natural sources and their 
isolated components have demonstrated beneficial therapeutic effects, such as anticancer, 
antioxidant, immunomodulatory, antimicrobial, and anti-inflammatory properties [2, 3]. 
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Studies reported that plant-derived drugs represent about 25% of the American prescription 
drug market [4]. Also, natural products play an important role in the health care of 20% of 
the world’s people who mainly reside in developed countries and 119 chemicals compounds, 
derived from 90 plant species, can be considered as important drugs in many countries [5]. 
Based on a recent review, from 79 Food and Drug Administration anticancer and antivi-
ral approved drugs from 1983 to 2002, 9 of them were isolated directly from plants and 21 
among them were natural-products-based drug. Furthermore, between 39 conventional anti-
cancer molecules, 13 of them were derived on a pharmacophore obtained from natural drugs 
[5, 6]. Actually, nature continues to be an attractive source of new molecules discovery due 
to important chemical diversity of the thousands of plant, animal, marine organisms, and 
micro-organism species. Today, about 60% of drugs are of natural origin [7] (Tables 1–3).

Several molecules used as conventional chemotherapy are of natural origin. Some of these 
molecules and their use are described in Tables 2 and 3.

Drug Utilization Mechanism of action Source

Aspirine Analgesic, anti-inflammatory, 
anti-pyrtic

Inhibition of cyclo-oxygenase Plant

Atropine Pupil dilatator Anti-cholinergic on muscarinic 
receptors

Plant

Cafeine Stimulating Antagonist of adenosine receptors Plant

Codeine Analgesic, anti-tussive Antagonist of opoide receptors Plant

Digoxine Cardiotonic Inhibition of membrane pump N+/
K+ ATPase

Plant

Eugenol Touth pain Reduction of sensorial nerve 
excitability

Plant

Morphine Analgesic Antagonist of opoide receptors Plant

Pilocarpine Glaucoma Antagonist of muscarinic receptors Plant

Quinine Prophylaxis of malaria Inhibition of protein synthesis Plant

Taxol Anticancer Antimitotic Plant

Penicilline Antibiotic Inhibition of cell membrane Micro-organism

Tatracycline Antibiotic Inhibition of protein synthesis Micro-organism

Cyclosporine A Immunosuppressor Inhibition of lymphocytes T 
proliferation

Micro-organism

Aurantosides Antifungal Inhibition of tubulin  
polymerization

Marine organism

Spongistatine 1 Antifungal Inhibition of tubulin  
polymerization

Marine organism

Manoalide Analgesic, anti-inflammatory Inhibition of phospholipase A2 Marine organism

Table 1. Some natural drugs derived from plants, micro-organisms, or marine organisms [8].

Cytotoxicity66

2. Phytotherapy and cancer

2.1. Generalities

There is a numerous plants involved in the prevention and/or treatment of cancer. As for 
other diseases, many anticancer drugs are derived from plants (Table 4). Studies reported 
that more than 200 drugs are of herbal origin. The vinca-alcaloids and the taxans are the main 
groups, which occupy an important place in anticancer chemotherapy.

2.2. Examples of natural products with important cytotoxic activity

2.2.1. Cytotoxic activity of some natural monoterpenes

The chemical composition of plant-extracts is known for being very rich and diversified. 
Thus, a single extract may contain more than hundreds of interactive biomolecules [9]. 
Therefore, finding and discovering those responsible for the biological Activity become 
essential. Many monoterpenes, such as eugenol, have been described in the literature to have 

Drug Utilization Mechanism of action

Citarabine Leukemia, lymphoma Inhibition of DNA synthesis

Bryostatine 1 Experimental phase Activation of protein kinase C

Dolastatine 10 Experimental phase Inhibition of microtubules and pro-apoptotic effect

Ecteinascidine 743 Experimental phase Alkylation of DNA

Aplidine Experimental phase Inhibition cell cycle progression

Halicondrine B Experimental phase Interaction with tubuline

Discodermolide Experimental phase Stabilization of tubuline

Cryptophycine Experimental phase Hyperphosphorylation of Bcl-2

Table 3. Some anticancer drugs derived from marine organisms [8].

Drug Utilization

Actinomycine Germinale cells tumor, sarcoma

Bléomycine Cervix cancer, Germinale cells tumor, and neck

Daunomycine Leukemia

Doxorubicine Lymphoma, breast, lung and ovarian cancer, sarcoma

Epirubicine Breast cancer

Idarubicine Leukemia and breast cancer

Mitomycine C Colorectal, gastric, anal, and lung cancer

Streptozocine Gastric and endocrine tumors

Table 2. Some anticancer drugs derived from micro-organisms [8].

Natural Products as Cytotoxic Agents in Chemotherapy against Cancer
http://dx.doi.org/10.5772/intechopen.72744

67



Studies reported that plant-derived drugs represent about 25% of the American prescription 
drug market [4]. Also, natural products play an important role in the health care of 20% of 
the world’s people who mainly reside in developed countries and 119 chemicals compounds, 
derived from 90 plant species, can be considered as important drugs in many countries [5]. 
Based on a recent review, from 79 Food and Drug Administration anticancer and antivi-
ral approved drugs from 1983 to 2002, 9 of them were isolated directly from plants and 21 
among them were natural-products-based drug. Furthermore, between 39 conventional anti-
cancer molecules, 13 of them were derived on a pharmacophore obtained from natural drugs 
[5, 6]. Actually, nature continues to be an attractive source of new molecules discovery due 
to important chemical diversity of the thousands of plant, animal, marine organisms, and 
micro-organism species. Today, about 60% of drugs are of natural origin [7] (Tables 1–3).

Several molecules used as conventional chemotherapy are of natural origin. Some of these 
molecules and their use are described in Tables 2 and 3.

Drug Utilization Mechanism of action Source

Aspirine Analgesic, anti-inflammatory, 
anti-pyrtic

Inhibition of cyclo-oxygenase Plant

Atropine Pupil dilatator Anti-cholinergic on muscarinic 
receptors

Plant

Cafeine Stimulating Antagonist of adenosine receptors Plant

Codeine Analgesic, anti-tussive Antagonist of opoide receptors Plant

Digoxine Cardiotonic Inhibition of membrane pump N+/
K+ ATPase

Plant

Eugenol Touth pain Reduction of sensorial nerve 
excitability

Plant

Morphine Analgesic Antagonist of opoide receptors Plant

Pilocarpine Glaucoma Antagonist of muscarinic receptors Plant

Quinine Prophylaxis of malaria Inhibition of protein synthesis Plant

Taxol Anticancer Antimitotic Plant

Penicilline Antibiotic Inhibition of cell membrane Micro-organism

Tatracycline Antibiotic Inhibition of protein synthesis Micro-organism

Cyclosporine A Immunosuppressor Inhibition of lymphocytes T 
proliferation

Micro-organism

Aurantosides Antifungal Inhibition of tubulin  
polymerization

Marine organism

Spongistatine 1 Antifungal Inhibition of tubulin  
polymerization

Marine organism

Manoalide Analgesic, anti-inflammatory Inhibition of phospholipase A2 Marine organism

Table 1. Some natural drugs derived from plants, micro-organisms, or marine organisms [8].

Cytotoxicity66

2. Phytotherapy and cancer

2.1. Generalities

There is a numerous plants involved in the prevention and/or treatment of cancer. As for 
other diseases, many anticancer drugs are derived from plants (Table 4). Studies reported 
that more than 200 drugs are of herbal origin. The vinca-alcaloids and the taxans are the main 
groups, which occupy an important place in anticancer chemotherapy.

2.2. Examples of natural products with important cytotoxic activity

2.2.1. Cytotoxic activity of some natural monoterpenes

The chemical composition of plant-extracts is known for being very rich and diversified. 
Thus, a single extract may contain more than hundreds of interactive biomolecules [9]. 
Therefore, finding and discovering those responsible for the biological Activity become 
essential. Many monoterpenes, such as eugenol, have been described in the literature to have 

Drug Utilization Mechanism of action

Citarabine Leukemia, lymphoma Inhibition of DNA synthesis

Bryostatine 1 Experimental phase Activation of protein kinase C

Dolastatine 10 Experimental phase Inhibition of microtubules and pro-apoptotic effect

Ecteinascidine 743 Experimental phase Alkylation of DNA

Aplidine Experimental phase Inhibition cell cycle progression

Halicondrine B Experimental phase Interaction with tubuline

Discodermolide Experimental phase Stabilization of tubuline

Cryptophycine Experimental phase Hyperphosphorylation of Bcl-2

Table 3. Some anticancer drugs derived from marine organisms [8].

Drug Utilization

Actinomycine Germinale cells tumor, sarcoma

Bléomycine Cervix cancer, Germinale cells tumor, and neck

Daunomycine Leukemia

Doxorubicine Lymphoma, breast, lung and ovarian cancer, sarcoma

Epirubicine Breast cancer

Idarubicine Leukemia and breast cancer

Mitomycine C Colorectal, gastric, anal, and lung cancer

Streptozocine Gastric and endocrine tumors

Table 2. Some anticancer drugs derived from micro-organisms [8].
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a wide range of important biological activities [10]; it possesses in vitro and in vivo antiviral 
activity against human herpesvirus [11]. Carvone promoted protection of 75–87.5% against con-
vulsions at 300–400 mg/kg [12]. Isopulegol and carvone showed significant bactericidal and 
fungicidal activities [13]. Also, the combination of these molecules between them or with con-
ventional molecules could have a synergistic effect [14, 15]. Furthermore, carvacrol, extract of 
thyme essential oil, is one of natural products with important biological activities. It has been 
reported to have an important antitumor effect [9, 16]. Here, we present a summary of our find-
ings [17] on the cytotoxic activity as well as their molecular mechanisms of six natural monoter-
penes compounds (carvacrol, thymol, carveol, carvone, eugenol, and isopulegol).

2.2.1.1. In vitro cytotoxic effect of the products against a panel of target cells

The antitumor activity of the products was evaluated against the following five tumor cell lines: 
P-815, K-562, CEM, MCF-7, and MCF-7 resistant to gemcetabine (MCF-7-gem). The results are 
summarized in Figure 1, which shows that the cytotoxic effect depends on the nature of the 
products as well as on the target cell lines. In general, the effect of the products is dose-depen-
dent. Moreover, the cytotoxic activity of carvacrol, thymol, carveol, carvone, eugenol, and 
isopulegol is more important against P-815 and CEM tumor cell lines compared to the other 
tested cell lines. The carvacrol is the most cytotoxic compared to other compounds. Against 
P-815, K-562 and CEM cancer cell lines, eugenol, carveol, and carvone exhibit also a strong 
cytotoxic activity. The IC50 values are ranging from 0.09 to 0.24 μM (Table 5). Nevertheless, 
those compounds showed a less effect toward MCF-7 and very lowest one against MCF-7-gem 
cancer cell lines as demonstrated by the IC50 values ranging from 0.26 to 0.87 μM. Comparing 
the activity of thymol and isopulegol on the tumor cell lines studied, it shows that P-815 is the 
most sensitive with an IC50 = 0.15 and 0.09 μM, respectively. Importantly, acquired resistance 
to gemcetabine by MCF-7 cell line was linked with a development of resistance to thymol, 
carveol, carvone, and eugenol but not to isopulegol or carvacrol (Table 5).

2.2.1.2. Synergy

Our results demonstrate that the combination of natural monoterpene with MTX or Cis 
showed a synergistic effect at used concentrations (IC20) of each tested molecules (monoter-
penes, cisplatine, and methotrexate). The interactions between these molecules exhibit a cell 
lysis ranging between 53 and 62%. Furthermore, a slight cytotoxicity was shown after the 
combinations between monoterpene-cisplatin and monoterpene-methotrexate (Table 6).

Drugs Utilization

Vincristine Leukemia, lymphoma, breast cancer, and lung cancer

Vinblastine Lymphoma, kidney cancer, germinal cells cancer, and breast cancer

Paclitaxel Breast cancer, ovarian, lung, and d’ovaire, de poumon, bladder, and neck cancer

Docetaxel Breast and lung cancer

Topotecan Ovarian and lung cancer

Irinotecan Colorectal and lung cancer

Table 4. Anticancer drugs derived from plants [8].
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Figure 1. Cytotoxic effect of carvacrol (A), thymol (B), carveol (C), carvone (D), eugenol (E) and isopulegol (F) against 
different tumor cell lines: P815 (♦), CEM (◾), K562 (_), MCF-7 (▴) and MCF-7 gem (*).

Product P815 CEM K-562 MCF-7 MCF-7/gem

Carvacrol 0.067 0.042 0.067 0.125 0.067

Thymol 0.15 0.31 0.44 0.48 —

Carveol 0.11 0.11 0.13 0.26 0.45

Carvone 0.16 0.11 0.17 0.63 0.91

Eugenol 0.10 0.09 0.24 0.41 0.87

Isopulegol 0.09 0.11 0.13 — 0.25

Table 5. IC50 (μM) of the tested monoterpenes against different target cell lines.
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2.2.1.3. Effect of carvacrol, thymol, carveol, carvone, eugenol, and isopulego on the cell cycle 
progression

At the molecular level, carveol- and carvacrol treatment-induced cell cycle arrest in S phase. 
Nevertheless, thymol and isopulegol stopped it in G0/G1 phase. Regarding the eugenol and 
carvone, they have no effect cell cycle progression (Figure 2).

2.2.1.4. In vivo antitumor effect of carvacrol

Our experimental model was based on the use of the P-815 tumor-bearing DBA-2 mice 
to investigate the cell-killing induced by carvacrol. Experiments were carried out by oral 
administration (gavage) of carvacrol dissolved in vegetal oil to 6- to 8-week-old DbA-2/6 mice 
(6 mice for each group) (Orleans, France) weighting 18–22 g for 7 days. The tumor volume was 
measured for up to 30 days. The tumor volume at day n, (Tvn) was calculated using the for-
mula: Tv = (l × W2)/2, where l equals the length of the tumor and W the width, as described 
by Yoshikawa [18]. Interestingly, during the first 18 days, there was no statistical difference 
(p < 0.94) in the volumes of the tumors in all the groups of mice, including the control group 
(0.4–0.5 ± 0.1 cm3). Nevertheless, after 18 days, the tumor volume was reduced for the treated 
groups; this decrease occurred more rapidly in the group “C” who received 100 mg/kg/day 
than the group “B” treated with 50 mg/kg/day (p < 0.05 at day 21th). Compared to untreated 
group, the tumor volume increased quickly reaching 1.5 cm3 at 23rd day. Furthermore 
and importantly, the tumor volume reduction was accompanied by a notable increase of 
mice survival (Figure 3). The antitumor activity of carvacrol has not been has not been 

Combination Fa CI

C-MTX 54.9 0.17

C-Cis 56.6 0.01

T-MTX 61 0.14

T-Cis 57.6 0.01

Cl-MTX 53.3 0.17

Cl-Cis 57.9 0.01

Cn-MTX 51.2 0.17

Cn-Cis 58.5 0.01

E-MTX 58.6 0.15

E-Cis 55.9 0.01

I-MTX 58.5 0.15

I-Cis 62.3 0.01

Table 6. Affected fraction (Fa) and combination index (CI) of molecule combinations.
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widely  discussed in the literature. At the best of our knowledge, this is the first study that  
reported the oral  administration of carvacrol for successive 7 days significant decrease tumor 
volume, body weight loss, and delayed mortality (data not shown). These results corroborate 
those published by Karkabounas who demonstrated that carvacrol exhibited 30% reduction 
of 3,4-benzopyrene carcinogenic activity in vivo [19].

Studies were carried out by gavage of carvacrol dissolved in vegetable oil to mice (6–8 week-
old) for 7 days. Group “A” (untreated) treated with 100 μl/day of vegetal oil only. Groups 
“B” and “C” received 50 and 100 mg/kg/day of carvacrol dissolved in 100 μl of vegetal oil, 
respectively. Mice were weighted and the tumor volume was calculated by measurement of 
the width (W) and the length (l) for three times a week up to day 30. The tumor volume at day 
n (TVn) was measured using the following formula: TV = (l × W2)/2. The experiments are the 
mean ± SEM of two tests.

2.2.1.5. Discussion

Monoterpenes (carvacrol, thymol, carveol, carvone, eugenol, and isopulegol) have been found 
to exert antitumor effect. In fact, eugenol was described to exhibit cell death by apoptosis in 

Figure 2. Effect of the tested products on cell cycle progression. The samples were analyzed using a FACStar plus flow 
cytometer and the WinMDI software. Results are the mean ± SEM of three tests. (A) Carvacrol, (B) thymol, (C) carveol, 
(D) carvone, (E) eugenol, and (F) isopulegol.
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mastocyte [20] and melanoma cells [21]. Also, it has been demonstrated not to be mutagenic 
neither carcinogenic [22]. Carveol has chemopreventive activity against mammary cancer 
when fed during the initiation phase [23]. Carvone prevents chemically induced lung and for 
stomach carcinoma development [24]. Carvacrol and thymol significantly reduced the level of 
DNA damage induced in K-562 cells by the strong oxidant H2O2 [25]. Furthermore, carvacrol 
has an important in vitro antitumor effect against tumor cell lines like Hep-2 [26] and A-549 
[16, 27]. As shown in Table 5, the monoterpenes studied induced a differential cytotoxic activ-
ity against a panel of tumor cell lines. P-815 and CEM cell lines are the most sensitive targets to 
all tested molecules. Although the effects of these products are dose-dependent, the carvacrol 
is the most cytotoxic molecule as revealed by the IC50 values (Table 5). Importantly, unlike 
isopulegol and carvacrol, the acquired resistance to gemcitabine by MCF-7 tumor cell line 
was associated with a resistance to thymol, carveol, and carvone. Taken together, these results 
suggest that these compounds could have a similar pathway. The differential sensitivity of 
the studied monoterpenes toward MCF-7 and MCF-7-gem could be linked to the expression 
level of ribonucleotide reductase subunit R1 [28]. Furthermore, the cell cycle analysis showed 
that carveol- and carvacrol treatment-induced cell cycle arrest in S phase when thymol and 
isopulegol stopped it in G0/G1 phase. Nevertheless, the eugenol and carvone have no effect 
cell cycle progression. These results suggest that the molecular  mechanistic pathway of the 
cytotoxicity exhibited by those molecules is more complicated and is not related only with 
the cell cycle. It was reported that monoterpenes decreased expression of cyclin-dependent 
kinase cdk4, cyclin D1, and cdk2 and increased expression of cyclin E and cdk inhibitor p21 
[29]. Furthermore, geraniol, farnesol, and isoprenoids perillyl alcohol exhibited a G0/G1 cell 
cycle arrest by increasing in the expression level of p27 (Kip1) and the cyclin kinase inhibi-
tor proteins p21 (Cip1) and a decreasing in cyclin B1, cyclin A, and cyclin-dependent kinase 
(Cdk2) expression [14]. Interestingly, our results demonstrate that the interaction of tested 
monoterpenes at lowest concentration (IC20) with the conventional anticancer molecules (cis-
platine and methotrexate) exhibited a synergistic activity (Table 6). Thus, this combination 
may reduce the toxicity of the conventional chemotherapy drugs by reducing their doses. 

Figure 3. In vivo antitumor effect of carvacrol.
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These results are supported by previous findings reporting that when combined to isopren-
oids perillyl alcohol, farnesol, and geraniol showed an additive antiproliferative activity 
against the human pancreatic cancer cell line MIA PaCa-2 [14]. Also, Chander et al. reported 
that in chemotherapy of breast tumors, the combination of limonene, natural monoterpene, 
and 4-hydroxyandrostenedione, inhibitor of aromatase, was more effective than each drug 
used alone [30]. Interestingly, in our study, we reported a synergistic effect and not an addi-
tive one suggesting that only low doses of each monoterpene combined with tolerable low 
doses of methotrexate or cisplatine (IC20) showed an important effect (60% lysis).

2.2.2. Polyphenols: a potent cytotoxic molecules

Natural polyphenols have received increasing interest in the human health due to their benefit 
effects against several diseases attributed particularly to their antioxidant activity [31]. Beside 
their well-known and effective antioxidant activity [32, 33], several polyphenols shown a high 
cytotoxic effect against cancer cell lines through targeting cellular and molecular processes 
involved in cancer progression and metastasis. The antitumor potential of these active ingre-
dients is due to their effect as modulators of oxidative stress [34], apoptosis inducers [35] cell 
proliferation inhibitor [36], tumor cell cycle blockers [37], and angiogenesis/metastasis sup-
pressors [38]. These bioactive compounds have shown promising antitumor properties in both 
in vitro and in vivo interventions [39, 40]. These structural variations may be responsible for 
their various health benefits, including antioxidant [41], and anti-proliferative mechanisms, 
as well as regulation of key signaling protein and enzyme functions [42], and as promising 
immunostimulating effect on normal immune cells [43]. The relationship among natural poly-
phenols, antitumor activity, and cancer was identified by various studies on the ability of these 
compounds to act as cancer chemopreventive and/or chemotherapeutic agents [44]. In this 
purpose, a variety of natural polyphenols have been identified to interfere with carcinogenesis 
particularly through apoptosis induction and the modulation of oxidative stress [45, 46].

2.2.2.1. Polyphenols and apoptosis induction

Large number of studies has focused on the ability to introduce apoptosis on cancer therapy 
under cellular control conditions [47, 48]. The intrinsic and extrinsic molecular pathways 
involved in the regulation of the apoptotic process have recently been evaluated and give 
promising results. Several proapototic receptors have been selectively developed activating 
the intrinsic pathway, particularly including the antiapoptotic proteins, the Bcl-2 family pro-
teins, and the p53 signaling pathways [49–51]. In this purpose, polyphenols could inhibit tumor 
cell  proliferation via the programmed cell death (apoptosis) using both intrinsic and extrinsic 
cell pathways. As reported, polyphenols such as EGCG: (−)-epigallocatechin-3-gallate, resve-
ratrol, naringenin, quercetin, hydroxytyrosol, and curcumin, through different intrinsic sig-
naling pathways from mitochondrial intermembrane space, may inhibit NF-κB-dependent 
signal related to proliferation and survival [52], cause cell cycle arrest through upregulation 
of p53 [53], stabilize and activate the tumor suppressor gene p53 [54], and downregulate the 
expression of Bcl-2, and Bcl-XL anti-death proteins, favoring apoptosis induction via the acti-
vation of multiple caspases activity and cytochrome-c (cyt-c) [55, 56]. These polyphenols have 
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been shown to promote apoptosis in different cancers particularly breast, lung, prostate, leu-
kemia, colon, cervical, or melanoma [57, 58]. In breast cancer cells, naringenin demonstrated 
anti-estrogenic activity in estrogen-rich status and estrogenic activity in estrogen-deficient 
status [59]. Additionally, few early studies suggested that gavage of polyphenols in green 
tea (EGCG), even at low doses, prevented colon carcinogenesis by inhibiting metastasis and 
angiogenesis through apoptosis induction [60]. Few years ago, our research group has pub-
lished an article [61] on natural polyphenols extracted from olive mill waste (OMW) and their 
implication in anticancer activity, where the in vitro cytotoxic and apoptotic assays involving 
several phenolic compounds found in those specific phenolic extracts (particularly including, 
quercetin, naringenin, apigenin, hydroxytyrosol, oleuropein, and its derivatives) have been 
discussed. The in vitro cytotoxic effect of olive mill waste extracts was evaluated using the 
MTT assay (methyl tetrazolium test). The IC50 values ranged from 4.8 to 7.6 μg/ml (Table 7), 
which demonstrate an effective cytoxicity of these phenolic compounds at low doses. We have 
demonstrated that the cytotoxic potential of these phenolic extracts was exhibited via apop-
tosis induction by DNA fragmentation test using agarose gel electrophoresis (Figure 4A). 
DNA isolated from MCF7 tumor cells was treated with OMW extracts at concentrations cor-
responding to the IC50 values and incubated for 24 h. To confirm the cell-death mechanism 
of these natural extracts, the apoptosis analysis was performed using the Annexin V biotin-
streptavidin FITC test. We reported that phenolic extracts induced significantly apoptosis 
(Figure 4B) compared to untreated cells (Figure 4C). Interestingly, those polyphenols have 
not shown any cytotoxic effect against human normal cells (PBMC) (Figure 5). Hence, it trig-
gered apoptosis in a dose-dependent manner on a breast cancer cell line (MCF-7) without any 
effects on normal cells by enhancing the viability with 12–16% in 48 h, compared to metho-
trexate (conventional cytotoxic drug), which suppressed 20%  viability of these cells.

Taken together, these data showed the differential and selective cytotoxic effect of natural 
polyphenols. In this sense, Miccadei et al. [43] have shown that polyphenolic extracts from 
the edible part of artichoke (Cynara scolymus L) may selectively inhibit the growth of human 
hepatoma cells with little or no toxicity against normal hepatocytes cells based on their dif-
ferential redox status. Interestingly, the authors have shown that Artichoke extracts exhibit 
a pro- oxidant activity in breast cancer cells and an antioxidant effect on normal hepatocytes. 
Moreover, some flavanols may have a significant effect on cytokine release from both unstim-
ulated and lipopolysaccharides-stimulated PBMCs [62]. Oral administration of naringenin 
suppressed breast cancer metastases after surgery by modulating the host immunity [63].

2.2.2.2. Role of polyphenols in therapy-induced senescence

Cellular senescence is a physiological process of irreversible cell-cycle arrest that contributes 
to various physiological and pathological processes of aging. It is an alternative and a novel 

Samples S1 S2 S3 S4 S5

IC50 (μg/ml) 6.95 ± 0.15 5.3 ± 0.1 4.75 ± 0.05 7.75 ± 0.15 5.3 ± 0.2

Table 7. IC50 values of the cytotoxicity of OMW polyphenolic extracts against MCF-7 breast cancer cell line.
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 therapeutic strategy to the cytotoxic treatment which leading to cytostasis approach target for 
aging and aging-related diseases [64]. Although senescence cells have irreversibly lost their 
capacity for cell division, they are still viable and remain metabolically active [65]. Prosenescence 
is usually associated with telomere erosion after repeated cell divisions and occurs in response to 
abnormal oncogenic signaling, oxidative stress, and DNA damage [66]. To this purpose, natural 
compounds targeting the epigenetic control of senescence are under investigations to develop 
additional prosenescence cancer therapeutic strategies [67]. Several anticancer polyphenolic 
compounds from fruit and vegetables have been shown to be potential chemopreventive and 
anticancer bioactive compounds [68] to induce cellular growth arrest through the induction of 
a ROS-dependent premature senescence. Among them, 20(S)-ginsenoside Rg3, a compound 
extracted from ginseng, and bisdemethoxycurcumin, a natural derivative of curcumin, caused 
senescence-like growth arrest and increased ROS production, respectively, in human glioma 

Figure 4. Apoptosis-induction analysis in MCF-7 cell line. (A) Phenolic extracts induced DNA fragmentation was 
detected by agarose gel electrophoresis of DNA isolated from MCF-7 tumor cells. Cells were incubated for 24 h with 
OCE (corresponding to IC50 concentrations). S1 to S5: Olive mill waste extracts samples. Positive control (WM): DNA 
weight marker. DNA of untreated cells was used as negative control (NC). (B) Annexin V biotin-streptavidin FITC test. 
MCF-7 tumor cells (2 × 106 cells) were treated with 25 μg/ml of OCE and incubated for 24 h. The assay is based on the 
ability of Annexin V (green fluorescence) to bind to the phosphatidylserine exposed on the surface of cells undergoing 
apoptosis. Cells cultured in a medium without serum were used as a positive control (C).

Figure 5. Cytotoxic effect of OMW polyphenolic extracts on normal human peripheral blood mono mononuclear cells 
(PBMC) from normal donors.
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cells [69] (and human breast cancer cell [70]. Therefore, high doses of polyphenolic extracts 
from artichoke may induce apoptosis and decrease cell proliferation of the human breast cancer 
cell line, MDA-MB231 via the induction of premature senescence through epigenetic and ROS-
mediated mechanisms [71]. Importantly, the authors have shown that Artichoke extracts have a 
pro-oxidant activity in breast cancer cells [72] and an antioxidant effect on normal hepatocytes 
[43]. Therefore, it has been hypothesized that Polyphenolic artichoke extracts could selectively 
inhibit the tumor cells growth with no cytotoxicity on healthy cells related on their differential 
cellular redox status. Furthermore, treatment with a low dose of resveratrol exhibits its chemo-
preventive and anticancer activities by induction of premature senescence in lung cancer cells. 
This event is associated with an increase in ROS generation and DNA double strands break 
through the up-regulation of NAPDH oxidase-5 expression [73]. The inhibitory effect of resvera-
trol was verified in vitro and in vivo, respectively, on gastric cells cancer and nude mice xenograft 
model. Low doses of resveratrol treatment arrested gastric cancer cells in the G1 phase and led 
to senescence instead of apoptosis and exerted inhibitory effect on gastric development and sig-
nificantly decreased the fraction of Ki67-positive cells in the nude mice tumor specimens [74]. 
Interestingly, Resveratrol and quercetin administers in subapoptotic doses can induce senes-
cence-like growth arrest in glioma tumors treatment [75]. The concept of prosenescence therapy 
has emerged over the past few years as a novel therapeutic approach to treat cancers, which may 
be viewed either as an independent anticancer approach or as a combined strategy with con-
ventional chemo/radiotherapy [76]. In a neoadjuvant setting, prosenescence therapy could be 
also used with traditional treatments in order to reduce tumor mass before surgery; whereas in 
adjuvant therapy, the engagement of prosenescence could be helpful in reducing the statistical 
risk of cancer relapse [77]. Although the effective potential of polyphenol in anticancer therapy 
as well as their other various beneficial effects on human health, the poor bioavailibility of these 
active ingredients still a pending issue which limits their potential effects and their incorporation 
on western medicine. Further aimed challenging studies are needed to improve the absorption, 
distribution, and metabolism in order to develop the in vivo use and in clinical interventions.

2.2.3. Artemisinin: a cytotoxic molecule with medical interests

Artemisinin, the active component of Qinghao (Chinese name of Artemisia annua L.) was dis-
covered in 1972 by Professor Tu’s team [78], a discovery that was recognized by her receipt of 
the Nobel Prize in medicine in 2015. Artemisinin belongs to the family of sesquiterpene lac-
tone with an endoperoxide bridge found to be important for its activity. The yield of artemis-
inin that can be extracted from Artemisia annua ranges from 0.01 and 0.8% of the dry weight 
[79]. This amount of extraction represents a serious limitation on the drug commercialization. 
Consequently, genetic engineering techniques have been used with the aim to improve the 
production of artemisinin in cell plant cultures and in transgenic plants as well.

2.2.3.1. In vitro cytotoxic properties of artemisinin

A significant cytotoxicity of artemisinin against tumors has been recently documented. It sug-
gests that artemisinin, commonly used against malaria, can be used to prevent and treat can-
cer [80–83]. It is a relatively safe drug, with known pharmacokinetics and pharmacodynamics 
studies. In fact, in vitro work on the effects of artemisinin, at different concentrations, shows 
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that artemisinin significantly inhibited growth and colony formation of human hepatocellu-
lar carcinoma cells through inducing apoptosis pathway [84]. Artemisinin at 20 μmol/l for 24 
or 48 h of exposure inhibits growth and cell viability of human ovarian carcinoma cell lines 
(OVCAR-432 and SK-OV-3) [85]. Moreover, a recent study from our laboratory demonstrated 
that artemisinin has a differential effect on cancer cells. In fact, artemisinin induced lysis on the 
murin mastocytoma cancer cell line (P815) with IC50 = 12 μM and on kidney adeno-carcinoma 
cell line of hamster with IC50 = 52μM [86]. Furthermore, artemisinin was described to possess an 
anticancer effect on breast, lung, prostate, colon, leukemia, and other cancer cell types. Despite 
its efficacy, artemisinin has pharmacokinetic limitations such as poor bioavailability and low 
solubility in water or oil [87]. Thus, it was developed with semi-synthetic derivatives drugs 
to overcome some of these problems. So far, semi-synthetic derivative of artemisinin such as 
artesunate and dihydroartemisinin have been demonstrated to exert an important in vitro anti-
cancer activity against different cancer cell lines. In breast cancer cells (MCF-7), artemisinin is 
less active, and the activity in these cells can be estrogen receptors-mediated (ERβ and ERα) 
which are implicated in cell proliferation [88]. In metastatic nasopharyngeal carcinoma cell 
lines (CNE-2 and CNE-1), the less sensitivity to artemisinin seems to be related to the over 
expression of polycomb complex protein BMI-1 [89]. Previously, Efferth et al. described a pro-
found cytotoxic activity of artesunate, a semi-synthetic derivative of artemisinin, against 55 
cancer cell lines of the U.S. National Cancer Institute with IC50 ranged from 246 nM to 100 μmM, 
by activating the expression of CDC25A and EGFR genes in cancer cells [83]. Another study 
by Efferth et al. showed that artesunate cytotoxicity on isogenic Saccharomyces cerevisiae with 
defined genetic defects, involved the implication of two putative target genes, BUB3 and CLN2 
[82]. Furthermore, it was described that the anticancer activity of artesunate, arteether, and arte-
mether (semi-synthetic derivative of artemisinin) is associated with the basal mRNA expression 
of 464 genes linked to proliferation of cells [90]. Generally, artemisinin molecules have been 
described to be more cytotoxic against cancer than normal healthy cells [86, 91], since normal 
cells contain significantly less free iron than cancer cells. In general, cancer cells, express more 
cell surface transferrin receptors and uptake significantly more iron than do normal cells [91].

Several studies have tried to explain, at molecular level, the mechanism of its anti-cancer 
action. A study on HL-60 cancer cell line demonstrated that rapid production of reactive oxy-
gen species is associated with cell death by apoptosis after artemisinin treated cells [92]. Other 
factors such as endoplasmic reticulum stress and calcium metabolism can also be associated 
with the anticancer activity of artemisinins [93, 94]. Endoplasmic reticulum seems to be a pos-
sible site for artemisinin action, in HepG2 cancer cell line a derivative fluorescence accumu-
lates preferentially in the endoplasmic reticulum as described by Crespo et al. [95].

Artemisinin has been described to induce apoptosis effect [86, 96, 97], as well as cell cycle 
arrest, especially at G0/G1 cell cycle transition phase [89, 98]. Multiple lines of evidence 
suggest that the apoptotic pathway could be due to intra and/or extra-mitochondrial mode 
of action, and the involvements of iron/heme as well [81, 99]. Two mechanistic pathways 
have been frequently described to explain the apoptotic effect of artemisinin, vascular endo-
thelial growth factor decrease [100–102], and nuclear factor-kappa B inhibition [103, 104]. 
Recently, other processes have also been illustrated in different cancer cell types, by the 
involvement of NOXA [105], mitogen-activated protein kinase (MAPK) [106], Wnt/β-catenin 
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[107], surviving [108], COX [109], c-MYC oncoprotein [93, 110], and epidermal growth fac-
tor [111]. Furthermore, it was also reported that the sensitivity to artemisinin action was 
related to the expression level of proapoptotic (Bax) and antiapoptotic (Bcl2) genes [112]. 
Also, artemisinin role in the inhibition of cancer is postulated to be associated with direct 
DNA damage [113] or indirectly in tumor cells involving a cascade of signaling pathways 
in many hallmarks of cancer [114]. Taken together, these results could explain the apoptotic 
pathway induction by artemisinin on tested cancer cells [101, 102, 115, 116]. However, we 
have also reported the possibility of the involvement of another cell death process of arte-
misinin; probably necrosis [86]. Artemsinin-induced necrosis remains not well documented 
and may be linked with the increasing level of ATP, defective apoptotic pathways, reactive 
oxygen species-independent mechanism of programmed cell death and cancer cell line type 
[86]. Furthermore, we have described that artemisinin interacted synergistically and addi-
tively with vincristin to reduce cancer cell proliferation [86], suggesting a possible use of 
artemisinin as an adjuvant to treat cancer.

2.2.3.2. In vivo anti-tumor and antimetastatic effects

Artemisinin treatment in oral route at 80 mg/kg considerably reduced the tumor volume 
growth of P815/DBA2 mice as described by our team [86]. In HepG2 and Hep3B human 
hepatoma mouse xenograft, artemisinin administered at 50 or 100 mg/kg/day delayed tumor 
onset, respectively, by 30 and 39.4% [117]. Also, in another study, artemisinin reduced tumor 
growth at 50% on day 20, when injected intraperitoneally at a concentration of 2.8 mg/kg/
day on mammary gland ductal carcinoma in mice [118]. Inhibition of tumor growth and anti-
angiogenic effect in MCF-7 mouse xenograft after subcutaneous treatment with artemisinin 
at dose 100 mg/kg/day for 2 weeks was reported [98]. Interestingly, artemisinin exhibited an 
anti-metastatic effect [116]. In fact, these authors showed that after orally artemisinin treat-
ment with 50 mg/kg, a reduction of 63.5% of lung metastasis and lymph node metastases 
decrease in cervical and mediastinal lymph nodes, as well as an inhibition of lymphangio-
genesis by 63% of mice. Artemisinin also exhibited inhibitory effects in lung tumor metastasis 
by 51.8 and 79.6% for 50 and 100 mg/kg/day, respectively. Furthermore, it was described 
that artesunate given in the drinking water at 167 mg/kg/day suppressed growth of Kaposi’s 
sarcoma-IMM xenograft tumors in nude mice [119]. The antimetastatic effect of artemisinin 
seems to be associated with the expression of metalloproteinase genes and their effect on 
αvβ3 integrins [120]. Moreover, the decrease of MMP2 with an increase of TIMP-2 in HepG2 
and SMMC772 cancer cell lines after artemsinin treatment were reported [121]. Interestingly, 
the antimetastatic effect of artemisinin could be triggered by enhancing Cdc42 and E-cadherin 
activation [121]. However, in highly metastatic cancer such as nasopharyngeal cancer (CNE-
1,CNE-2 cancer cell lines), artemisinin seems to have a low response due to the overexpression 
of BMI-1 gene that makes these cancer cells more sensitive to artemisinin drug [122]. In highly 
metastatic MDA-MB-231 breast tumor cells, artesunate induced resistance as described by 
Beatrice Bachmeier et al. (2011). This resistance was induced by the activation of transcrip-
tion factors NF-κB and AP-1 [123]. Another study showed suppression of invasive and meta-
static non-small cell lung cancer after artesunate treatment by the inhibition of urokinase-type 
plasminogen activator (u-PA), and matrix metalloproteinases (especially MMP-2 and MMP-7) 
transcription [10].
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3. Conclusion

Nature continues to produce a great wealth of natural molecules endowed with cytotoxic 
activity towards a large panel of tumor cells. More than 60% of these molecules such as vin-
blastine, vincristine, etoposide, teniposide, taxol, navelbine, and camptothecin are used in 
chemotherapy and others have shown great anti-tumor and anti-metastatic potential in pre-
clinical trials [124, 125]. Other natural product (i.e., Romidepsin 14, Omacetaxine mepesuccinate) 
[126] and natural product-derived drugs (i.e., metformin, metformin Polyphenon E, retinoids, 
soy isoflavones) [127] are in clinical trials. This chapter discusses some examples of these 
molecules (carvacrol, thymol, carveol, carvone, eugenol, isopulegol, and artemisinin) as well 
as polyphenols extract that have been studied in our laboratory. Other natural compounds 
are also under studies and remain promising. It is clear that if we understand the molecular 
mechanisms of the various interactions between these cytotoxic molecules on the one hand 
and the tumor cells in their tumoral environments on the other hand, we can develop new 
therapeutic modalities to overcome the side effects of these molecules and to fight cancer.
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DNA damage [113] or indirectly in tumor cells involving a cascade of signaling pathways 
in many hallmarks of cancer [114]. Taken together, these results could explain the apoptotic 
pathway induction by artemisinin on tested cancer cells [101, 102, 115, 116]. However, we 
have also reported the possibility of the involvement of another cell death process of arte-
misinin; probably necrosis [86]. Artemsinin-induced necrosis remains not well documented 
and may be linked with the increasing level of ATP, defective apoptotic pathways, reactive 
oxygen species-independent mechanism of programmed cell death and cancer cell line type 
[86]. Furthermore, we have described that artemisinin interacted synergistically and addi-
tively with vincristin to reduce cancer cell proliferation [86], suggesting a possible use of 
artemisinin as an adjuvant to treat cancer.

2.2.3.2. In vivo anti-tumor and antimetastatic effects

Artemisinin treatment in oral route at 80 mg/kg considerably reduced the tumor volume 
growth of P815/DBA2 mice as described by our team [86]. In HepG2 and Hep3B human 
hepatoma mouse xenograft, artemisinin administered at 50 or 100 mg/kg/day delayed tumor 
onset, respectively, by 30 and 39.4% [117]. Also, in another study, artemisinin reduced tumor 
growth at 50% on day 20, when injected intraperitoneally at a concentration of 2.8 mg/kg/
day on mammary gland ductal carcinoma in mice [118]. Inhibition of tumor growth and anti-
angiogenic effect in MCF-7 mouse xenograft after subcutaneous treatment with artemisinin 
at dose 100 mg/kg/day for 2 weeks was reported [98]. Interestingly, artemisinin exhibited an 
anti-metastatic effect [116]. In fact, these authors showed that after orally artemisinin treat-
ment with 50 mg/kg, a reduction of 63.5% of lung metastasis and lymph node metastases 
decrease in cervical and mediastinal lymph nodes, as well as an inhibition of lymphangio-
genesis by 63% of mice. Artemisinin also exhibited inhibitory effects in lung tumor metastasis 
by 51.8 and 79.6% for 50 and 100 mg/kg/day, respectively. Furthermore, it was described 
that artesunate given in the drinking water at 167 mg/kg/day suppressed growth of Kaposi’s 
sarcoma-IMM xenograft tumors in nude mice [119]. The antimetastatic effect of artemisinin 
seems to be associated with the expression of metalloproteinase genes and their effect on 
αvβ3 integrins [120]. Moreover, the decrease of MMP2 with an increase of TIMP-2 in HepG2 
and SMMC772 cancer cell lines after artemsinin treatment were reported [121]. Interestingly, 
the antimetastatic effect of artemisinin could be triggered by enhancing Cdc42 and E-cadherin 
activation [121]. However, in highly metastatic cancer such as nasopharyngeal cancer (CNE-
1,CNE-2 cancer cell lines), artemisinin seems to have a low response due to the overexpression 
of BMI-1 gene that makes these cancer cells more sensitive to artemisinin drug [122]. In highly 
metastatic MDA-MB-231 breast tumor cells, artesunate induced resistance as described by 
Beatrice Bachmeier et al. (2011). This resistance was induced by the activation of transcrip-
tion factors NF-κB and AP-1 [123]. Another study showed suppression of invasive and meta-
static non-small cell lung cancer after artesunate treatment by the inhibition of urokinase-type 
plasminogen activator (u-PA), and matrix metalloproteinases (especially MMP-2 and MMP-7) 
transcription [10].
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3. Conclusion

Nature continues to produce a great wealth of natural molecules endowed with cytotoxic 
activity towards a large panel of tumor cells. More than 60% of these molecules such as vin-
blastine, vincristine, etoposide, teniposide, taxol, navelbine, and camptothecin are used in 
chemotherapy and others have shown great anti-tumor and anti-metastatic potential in pre-
clinical trials [124, 125]. Other natural product (i.e., Romidepsin 14, Omacetaxine mepesuccinate) 
[126] and natural product-derived drugs (i.e., metformin, metformin Polyphenon E, retinoids, 
soy isoflavones) [127] are in clinical trials. This chapter discusses some examples of these 
molecules (carvacrol, thymol, carveol, carvone, eugenol, isopulegol, and artemisinin) as well 
as polyphenols extract that have been studied in our laboratory. Other natural compounds 
are also under studies and remain promising. It is clear that if we understand the molecular 
mechanisms of the various interactions between these cytotoxic molecules on the one hand 
and the tumor cells in their tumoral environments on the other hand, we can develop new 
therapeutic modalities to overcome the side effects of these molecules and to fight cancer.
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Abstract

Chronic lymphocytic leukemia (CLL) is one of the leukemia types. Leukemia is cancer of 
the body's blood-forming cells. Cancer is a disease that is often characterized by too little 
apoptosis and uncontrolled duplicate of body cells. Apoptosis, or programmed cell death, 
is a normal component of the development and health of multicellular organisms. Cells die 
in response to a variety of stimuli during apoptosis. During cancer, pathophysiology apop-
tosis of the cancerous cells is disrupted, so one of the strategies for cancer chemotherapy 
is inducing apoptosis in cancerous cells. Myeloid cell leukemia type 1 (Mcl-1) is one of the 
antiapoptotic Bcl-2 family proteins. It has been shown that the expression of Mcl-1 in CLL 
is significantly associated with a failure to achieve complete remission following cytotoxic 
therapy, so regulation of Mcl-1 expression by coumarins could be one of the mechanisms 
of CLL chemotherapy. Coumarins consist of a large class of phenolic substances found in 
plants. Different pharmacologic effects of coumarins were reported. One of these effects is 
cytotoxicity and apoptosis induction in cancerous cells by coumarins. In this chapter, the 
cytotoxic activity of coumarins and their role in Mcl-1 regulation are discussed.

Keywords: coumarins, apoptosis induction, Mcl-1 expression

1. Chronic lymphocytic leukemia

One of the most prevalent types of leukemia is chronic lymphocytic leukemia (CLL). Leukemia 
is a type of cancer. Cancer means too little apoptosis of body cells. In the case of cancer, cells 
have mutations that prevent them from undergoing apoptosis. It is a general belief that CLL 
is an indolent disease associated with a prolonged (i.e., 10–20 years) clinical course, and unre-
lated causes to CLL lead to death. But it is true only for less than 30% of cases [1]. By conven-
tion, the history of chronic lymphocytic leukemia begins in 1845, but it could be said to have 
started when the first white cells, “the globuli albicanates,” were noted by Joseph Lieutaud in 
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1749. During the intervening years, many events have aided in our understanding of the etiol-
ogy and treatment of CLL. In his discussion of the history of CLL, Rai [2] found it informative 
to define three eras: (1) the recognition of CLL as a clinical entity, 1845–1924; (2) initial clinical 
investigations, 1924–1973; and (3) the modern era, 1973–2002.

Overexpression of Bcl-21 and Fas-inhibitory molecules such as TOSO is the principle mecha-
nism of apoptosis resistance in CLL cells. CLL lymphocytes are clonal B-cells arrested in the 
B-cell differentiation pathway at some intermediate stage between the pre-B-cell and mature 
B-cell, perhaps in the “activated, antigen-experienced” B-cell subset. Phenotypic features 
of B-cell CLL (B-CLL) lymphocytes are [3–5] (1) extremely low levels of surface membrane 
immunoglobulin (often abbreviated as SmIg or sIg), (2) expression of one or more B-cell-
associated antigens (like CD19, CD20, CD21, CD23, and CD24) [6, 7], and (3) expression of 
CD5, a T-cell-associated antigen.

Until the early 1980s, it was not possible to study chromosomal abnormalities in CLL because 
of the inadequate number of metaphases induced by available techniques. Certain genetic 
abnormalities have been associated with patient outcomes. Patients with complex genomic 
changes appear to have more aggressive disease [8]. The most frequently observed abnor-
malities were trisomy 12 and 14q+. The cytogenetic abnormalities appear to be restricted to 
B-cells in B-CLL [9]. In two studies of patients with CLL using fluorescence in situ hybridiza-
tion (FISH) techniques, chromosomal abnormalities were noted in 69–82% of the patients, 
with abnormalities of chromosomes 11, 12, and 13 being most commonly seen.

1.1. Pathophysiology

Chronic lymphocytic leukemia is a monoclonal disease of mature-appearing lymphocytes 
that accumulate in blood, lymph nodes, spleen, liver, and bone marrow. Most cases (>95%) 
are characterized by monoclonal lymphocytes expressing normal B-cell surface proteins 
including immunoglobulin (Ig), CD19, and CD20 and aberrantly expressing CD5, a protein 
normally found on T-cells. A small minority (<5%) of cases are of T-cell origin, expressing 
T-cell surface markers such as CD3 and CD4 or CD8. These T-cell leukemias are not uncom-
mon in individuals with ataxia telangiectasia. The molecular biology of T-cell lymphocytic 
leukemia is distinct from that of B-cell CLL [10].

Molecular and cellular mechanisms of CLL can be divided into two parts.

1.1.1. B-cell receptor-signaling pathways

B-cell receptor (BCR)-signaling pathways are triggered with or without antigen ligation in 
CLL. After antigenic BCR triggering downstream signaling of the BCR is dominated by the 
kinases lyn and syk, which transduce survival and antiapoptotic signals [11]. In CLL, the 
elevated expression of antiapoptotic Mcl-1, which leads to increased survival of malignant 
cells, occurred by prolonged activation of the MEK/ERK2 and Pi3K/AKT3 pathways and with 
AKT after BCR signaling (Figure 1) [12].

1B-cell CLL Lymphoma 2.
2Mitogen-activated protein kinase/extracellular signal-regulated kinase.
3Phosphatidylinositol-3-kinase and protein kinase B.
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For establishment of BCR-signaling pathways independent of antigen ligation, CD19 is an 
important surface marker. It has an important role in regulation and amplification of signal 
transduction via lyn [13]. ZaP-70 is another tyrosine kinase that has important role in BCR 
signaling. When syk is not expressed, it can partially restore BCR signaling [14].

1.1.2. Aberrant apoptotic signaling pathway

Apoptosis is a kind of cell death. Extrinsic pathway of apoptosis triggers by death recep-
tors. In CLL, they are CD95/Fas and trail (tumor-necrosis factor-related apoptosis-inducing 
ligand). After ligation by ligands (like CD40L), these receptors directly feed into a caspase 
cascade and lead to cell death [16]. The intrinsic pathway, or mitochondrial pathway, is regu-
lated by the balance between antiapoptotic and proapoptotic members of the Bcl-2 family 
[15]. “BH3-only” proteins (e.g., Bim, Bid, Bmf, Puma, Bad, and noxa) are another class of Bcl-2 
family proteins which can modify this balance (Figure 2).

Non-death-transmitted signals drive from developmental cues or sensor platforms. Develop-
mental cues like Bim-dependent B-cell killing upon BCR cross-linking [17] and sensor platforms 
like the DNA damage sensor network involving the ATM (ataxia telangiectasia mutated) and p53 
tumor suppressors, which prominently determine survival and treatment outcomes in CLL [15].

Currently, one of the therapeutic strategies that kill CLL cells is the DNA damage response 
via p53 that leads to a dominant cell-death signal via Puma [18, 19]. A major problem encoun-
tered with this strategy is that a number of patients with CLL harbor defects in the DNA 
damage machinery that leads to deactivation of the pathway. The challenge thus seems to be 
to bypass such resistance and produce p53-independent cell death [15].

Another therapeutic strategy is the exploitation of CD95 signaling. But it seems to be restricted, 
as systemic CD95 triggering leads to fulminant liver toxicity [20]. The role of trail receptor 

Figure 1. The role of BCR signaling in the biology of CLL [15].
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targeting is currently under development. CD40 signaling may also have a positive effect on 
conventional therapy. It has been shown that CD154 (CD40L) application was able to induce 
the p53-related transcription factor p73, leading to a sensitization of p53-deficient CLL cells to 
conventional therapeutics such as fludarabine [21].

A number of approaches have been taken to directly modulate the core components of the 
Bcl-2 cell-death machinery. The Bcl-2 antisense molecule oblimersen is the most advanced 
agent in clinical testing. “BH3-mimetics” and “pan-Bcl-2 family antagonists” can mimic the 
BH3 domain of BH3-only death-inducing proteins and are thought to liberate BH3-only pro-
teins from the inhibition by antiapoptotic Bcl-2 proteins, thus making them effective killers.

2. Apoptosis

Apoptosis means cell suicide. It is a normal component of the development and health of mul-
ticellular organisms. Cells perform in a controlled, regulated fashion by apoptosis. Apoptosis 
is different from another form of cell death called necrosis [22]. Cancer is often characterized 
by too little apoptosis. In the case of cancer, damaged cells, which should undergo apoptosis, 
have mutations that prevent them from undergoing apoptosis [22]. Apoptotic cells can be 
recognized by stereotypical morphological changes (Figure 3).

2.1. Pathways of apoptosis

Apoptosis consists of two major pathways: extrinsic pathway and intrinsic (mitochondrial) 
pathway.

Figure 2. The interaction between Bcl-2 family member proteins [15].
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2.1.1. Extrinsic pathway

“Death receptors” transmit apoptotic signals after ligation with specific ligands in extrinsic 
pathway. Death receptors belong to a superfamily, including TNFR-1, Fas/CD95, and the 
TRAIL receptors DR-4 and DR-5 [24]. Caspase-8 is the hallmark of this pathway. It is acti-
vated by a complex named death-inducing-signaling complex (DISC). Activated death recep-
tor recruited adapter molecules like FADD (Fas-associated protein with death domain) or 
TRADD (tumor necrosis factor receptor type 1-associated DEATH domain). These adapter 
molecules form the DISC (Figure 4). Caspase-8 then cleave and activate other caspases result-
ing in cell death. These types of cells, which have the capacity to induce such direct and 
mainly caspase-dependent apoptosis pathways, were classified to type I cells [25].

2.1.2. Intrinsic pathway

In this pathway, the signal does not come from death receptors. In this case, the signal ampli-
fied via mitochondria-dependent apoptotic pathways. Bcl-2 family member, Bid, is cleaved 
by caspase-8 (tBid) and translocates to the mitochondria. tBid in concert with the proapop-
totic Bcl-2 family members Bax (Bcl-2-associated x) and Bak (Bcl-2 homologous antagonist/
killer) induces the release of cytochrome C and other mitochondrial proapoptotic factors into 
the cytosol [27].

Cytosolic cytochrome C binds to monomeric Apaf-1 (apoptotic protease-activating factor 1)  
which then oligomerizes to assemble the apoptosome that triggers the activation of the  

Figure 3. Hallmarks of the apoptotic and necrotic cell-death process. Modified from [23].
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targeting is currently under development. CD40 signaling may also have a positive effect on 
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initiator procaspase-9 [28]. Caspase-9 is the hallmark of intrinsic pathway. Activated cas-
pase-9 ultimately results in cell death by subsequently initiating a caspase cascade involving 
downstream effector caspases such as caspase-3, caspase-7, and caspase-6 (Figure 5) [29].

Figure 5. Intrinsic pathway of apoptosis [28].

Figure 4. Receptor-mediated caspase activation at the DISC [26].
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2.2. Apoptotic pathway proteins

2.2.1. Caspases are central initiators and executioners of apoptosis

The term caspase is derived from cysteine-dependent aspartate-specific proteases. So far, 
seven different caspases have been identified in Drosophila, and 14 different members of the 
caspase-family have been described in mammals, with caspase-11 and caspase-12 only identi-
fied in the mouse [30, 31]. According to a unified nomenclature, the caspases are referred to in 
the order of their publication: caspase-1 is ICE (interleukin-1β-converting enzyme), the first 
mammalian caspase [32, 33]. There are many documents about the importance of caspases in 
apoptosis phenomenon. For example, it has been shown that caspase-1, -4, -5, -11, and -12 are 
involved in the maturation of pro-inflammatory cytokines such as pro-IL-1β and pro-IL-18 
[31] or studies show that caspase-3 and -9 have a role in brain development [34, 35].

Caspases are synthesized as inactive zymogens, the so-called procaspases. Upon maturation, 
the procaspases are proteolytically processed. The proapoptotic caspases can be divided into 
the group of initiator caspases including procaspases-2, -8, -9, and -10, and into the group of 
executioner caspases including procaspases-3, -6, and -7 [26]. As mentioned earlier, in extrin-
sic apoptosis pathways procaspase-8 is the hallmark of this pathway. In return of caspase-8, 
caspase-9 is the hallmark of intrinsic pathway. Once the initiator caspases have been acti-
vated, they can proteolytically activate the effector procaspases-3, -6, and -7. Effector caspases 
subsequently cleave a specific set of protein substrates, resulting in the mediation and ampli-
fication of the death signal and eventually in the execution of cell death [36].

2.2.2. The Bcl-2 superfamily

Bcl-2 is an oncogene which was the first example of an oncogene that inhibits cell death rather 
than promoting proliferation. Bcl-2 family of proteins can be defined by the presence of con-
served sequence motifs known as Bcl-2 homology domains (BH1 to BH4). Bcl-2 proteins 
divided to a group of prosurvival members and others to a group of proapoptotic members 
[37]. Prosurvival proteins include Bcl-2 itself, Bcl-XL, Bcl-w, A1, and Mcl-1, all of which pos-
sess the domains BH1, BH2, BH3, and BH4. The proapoptotic group of Bcl-2 members can 
be divided into two subgroups: the Bax-subfamily consists of Bax, Bak, and Bok, all of which 
possess the domains BH1, BH2, and BH3. There is another group of proteins named the BH3-
only proteins (Bid, Bim, Bik, Bad, Bmf, Hrk, Noxa, Puma, Blk, BNIP3, and Spike) that have 
only the short BH3 motif, an interaction domain that is both necessary and sufficient for their 
killing action [38, 39].

Despite the existence of two hypotheses regarding how the Bcl-2 family controls apoptosis, it 
seems that the central function of mammalian Bcl-2 family members is to guard mitochondrial 
integrity and control the release of mitochondrial proteins into the cytoplasm [39]. Another 
hypothesis is that Bcl-2 members might directly control caspase activation [40]. The question 
is how mitochondrial integrity is affected by proapoptotic Bcl-2 family members? Central 
to this question are Bax and Bak. The double knockout of Bax and Bak resulted in dramatic 
impairment of apoptosis during development in many tissues with superfluous cells accumu-
lating in the hematopoietic system and in the brain [26].
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BH3-only members function upstream of Bax and Bak. It is shown that members of the BH3-
only subfamily are required for the activation of proapoptotic Bax/Bak function. But it should 
be noted that prosurvival members Bcl-2 and Bcl-XL have a role in this way [41].

In summary, as it is shown in Figure 6, in a viable cell antiapoptotic proteins like Bcl-2 antago-
nize Bax/Bak. In response to an apoptotic stimulus, BH3-only proteins are activated. Activated 
BH3-only proteins prevent antiapoptotic Bcl-2 members from inhibiting proapoptotic mem-
bers. Therefore, Bax/Bak are activated and form pores in the mitochondrial membrane. In 
consequence, cytochrome C and other proapoptotic factors are released from the inner mito-
chondrial membrane into the cytosol. They cause the formation of the apoptosome and the 
subsequent activation of the caspase cascade [26].

2.3. Mcl-1 and CLL

Mcl-1 is one of the Bcl-2-related survival proteins but is somewhat structurally distinct and 
probably lacks a “classical” BH4 domain. It was first discovered in differentiating myeloid 
cells where Mcl-1 is thought to play a transient role in promoting cell survival, but it has been 
expressed in various malignant cells, like CLL. Overexpression of Mcl-1 in CLL cells associ-
ated with a failure to achieve complete remission following cytotoxic therapy [42].

Mcl-1 protein has a rapid turnover, and it has a short half-life (a few hours). Mcl-1 has a critical  
role in regulating apoptosis in response to rapidly changing environmental cues. During apopto-
sis, Mcl-1 is a very efficient substrate for caspases [43–46]. While Mcl-1 is an antiapoptotic protein, 
its cleavage by caspases converts it into a cell-death-promoting molecule [43]. Therefore, Mcl-1 

Figure 6. Regulation of apoptosis by the Bcl-2 family [26].
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can act as a molecular bodyguard or assassin during apoptosis [47]. Saxena et al. showed that 
Mcl-1 can play an important role in CLL, by insertion of small sequences in its promoter [47]. 
They showed the presence of specific insertions in 29% patients with CLL and while in none of the 
controls. They found that these insertions were correlated with rapid disease progression, with a 
poor response to chemotherapy and shorter disease-specific survival. By founding of insertions 
in CD38-negative patients, they suggest that a poor prognostic marker [47] can be present.

Finally, since specific genetic targets are not defined in CLL, Mcl-1 seems to be an appropriate 
biomolecule to therapeutically manipulate. Mcl-1 protein production and maintenance are 
dependent on several pathways. At the apical level, the microenvironment provides factors 
that dramatically increase this protein in CLL cells [48]. Hence, a strategy that interferes with 
the interaction of microenvironment and CLL cells is a logical approach. Production of Mcl-1 
through these signals is carried via increased transcription of the Mcl-1 gene. Transcription and 
polyadenylation inhibition, albeit not selective, is an approach that works because of AU-rich 
elements in the transcript of Mcl-1, which leads to its rapid turnover [49]. The N-terminal 
region of Mcl-1 protein contains 2PEST domains that are rich in proline, glutamic acid, serine, 
and threonine residues, resulting in a short half-life of the protein [49] and making transla-
tion inhibition and rapid degradation of endogenous Mcl-1 via proteasome pathway a viable 
option to reduce the protein level [50]. Mcl-1 is also essential during early lymphoid develop-
ment [51] and is abundantly expressed in the germinal center B-cell compartment. Pim kinase 
and Akt-PI3-kinase pathways and downstream of BLyS have been identified to maintain the 
Mcl-1 levels in B-cells [52]. The roles of these pathways and consequence of their perturbations 
need to be investigated in malignant lymphocytes. Similarly, work is needed on posttransla-
tional modification leading to increased or decreased half-life of Mcl-1 protein. Finally, and 
probably most intriguingly, small molecule antagonists of Mcl-1 protein that bind to the BH3 
domain releasing proapoptotic proteins provide a new avenue of research and therapeutics.

3. Coumarins

Coumarins (2H-1-benzopyran-2-one) consist of a large class of phenolic substances found in 
plants and all of which consist of a benzene ring joined to a pyrone ring. More than 1300 cou-
marins have been identified as secondary metabolites from plants, bacteria, and fungi. The pro-
totypical compound is known as 1,2 benzopyrone or, less commonly, as 𝑜𝑜-hydroxycinnamic 
acid and lactone. Coumarins were initially extracted in tonka bean (Dipteryx odorata Wild) 
and are reported in about 150 different species distributed over nearly 30 different families, 
of which a few important ones are Rutaceae, Umbelliferae (Apiaceae), Clusiaceae, Guttiferae, 
Caprifoliaceae, Oleaceae, and Nyctaginaceae [53]. They are found at high levels in some essential 
oils, particularly in cinnamon bark oil, cassia leaf oil, and lavender oil. Coumarin is also found 
in fruits (e.g., bilberry and cloudberry), green tea, and other foods such as chicory. The rich-
est sources of most coumarins among the higher plants are Rutaceae and Umbelliferone. The 
coumarins occur at the highest levels in the fruits, followed by the roots, stems, and leaves 
although they are distributed throughout all parts of the plant. Environmental conditions and 
seasonal changes can influence the occurrence in diverse parts of the plant [54].
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3.1. Classification

Based on the chemical structure of their compounds, natural coumarins are classified into six 
groups (Table 1).

Coumarin and its derivatives are principal oral anticoagulants. Coumarin is water insoluble; 
however, 4-hydroxy substitution confers weakly acidic properties to the molecule that makes 
it water soluble under slightly alkaline conditions (Figure 7) [54].

The structure of coumarin nucleus (Figure 8) mimics A and B rings of the steroid hormone 
and binds to the aromatase-binding site with a superior affinity. Upon tactically extending 
the structure to the tricyclic system, it mimics the steroid hormones that act as SERM/SERD 
(selective estrogen receptor modulator/selective estrogen receptor downregulator) and thus 
enhancing the receptor interaction, leading to a development of a potent pharmacophore. 
17b-HSD3 (17b-hydroxysteroid dehydrogenase type3), cell division cycle protein, and NF-kB 
inhibitory activity are potentiated by structural extension with sulfur linked at the C-4 posi-
tion [55]. It has also been shown that the anticancer activity of coumarins is potentiated by the 
substitution of imidazole, 1,2,3-triazol, piperidine purine, benzothiazole, substituted phenyl 

Type of coumarin General chemical structure

Simple coumarins

Furano coumarins

Dihydrofurano coumarins

Pyrano coumarins (linear types)

Pyrano coumarins (angular types)

Phenyl coumarins

Bicoumarins

Table 1. Classification of natural coumarins based on their chemical structure.
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ring, aryl acrylic acid, and chalcone at the fourth position of coumarin nucleus by a linker 
such as methylene and oxygen [55].

3.2. Coumarins and leukemia

Induction of apoptosis in leukemic cell lines by coumarins and their derivatives is demon-
strated in different in vitro studies. Coumarin compounds have antiproliferative and/or cyto-
toxic activity on cancer cells, depending on their substitution pattern [56–58]. It is shown that 
while long alkyl substitution at C7 position increased the cytotoxic activity against the leuke-
mia cancer cell lines [59], the presence of two hydroxyl groups at C7 and C8 positions seems to 
improve the potency of methylcoumarins as cytotoxic agents. It is also shown that among 7,8-
DHMC (dihydroxy-4-methylcoumarin) derivatives, the longer the C3 alkyl chain, the higher 
was the activity. This effect of the alkyl group on the cytotoxicity is presumably due to the 
enhanced lipophilicity of the longer alkyl chains that consequently enhances cell membrane 
penetration ability of the test compounds. Bromo groups substituted at C4 and C6 positions 
for DHMCs increased the cytotoxic activity in all the cell lines (Figure 9A) [60]. In another 
study, it was shown that 7-hydroxycoumarin analog containing carboxymethyl ester group 
on cinnamoyl moiety (Figure 9B) showed good antiproliferative activity against leukemic cell 
lines [61]. It is worth noting that the cinnamoyl moiety at C3 is more effective than alkyl chain 
moiety for increased cytotoxic effect against leukemic cell line K562 (IC50 = 4.4 μM vs. 40.8 μM).

Moreover, studies showed that molecular hybridization of coumarins increased their cyto-
toxicity against leukemic cell lines. For example, the hybrids with ortho-dihydroxy groups 
or ortho-hydroxy-methoxy group on the aromatic A ring exhibit superior antiproliferative 
activity in comparison with those with such groups on the aromatic B ring. Specially, a new 
hybrid, 6-methoxy-7-hydroxy-3-(4`-hydroxyphenyl)coumarin, emerged as an important lead 
compound with excellent antiproliferative, apoptosis-inducing, and cell cycle arrest activities 
against HL-60 cell line (IC50 = 5.2 ± 0.6 μM) (Figure 10) [62].

Figure 7. 4-hydroxy substitution of coumarin makes it water soluble in alkaline conditions.

Figure 8. Structure of simple coumarin.
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Figure 7. 4-hydroxy substitution of coumarin makes it water soluble in alkaline conditions.

Figure 8. Structure of simple coumarin.
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Paul et al. showed that the synthesis of new conjugated coumarin-benzimidazole hybrids 
displayed appreciable antileukemic activities in vitro. They showed that the introduction of 
ethanolamine at position 7 of coumarin-benzimidazole hybrid (Figure 11) shows higher selec-
tivity against leukemia cancer cells (CCRF-CEM, HL-60(TB), K-562, and RPMI-8226) [63].

Other studies showed that hydrazide-hydrazone (─CO─NH─N═CH─) moiety and acry-
lohydrazide hybrid at position 3 could increase the cytotoxicity against leukemic cell lines 
(Figure 12) [64, 65].

In other studies, it has been shown that the copper complexes with coumarin derivatives 
could increase the antileukemic effect of coumarin in vitro (Figure 13).

Specifically, in some studies, the significant inhibitory activity of certain coumarins on the 
proliferation of leukemic cell lines [58, 66–68] has been reported. In addition, it has been 
described that such inhibitory effects could be related to either differentiating [58, 66] or pro-
apoptotic activities [67, 68] of the compounds, depending on the distribution of their substitu-
ents in the coumarin ring.

Figure 10. 6-methoxy-7-hydroxy-3-(4` hydroxyphenyl)coumarin) as a new hybrid.

Figure 9. R2 is 4-(COOMe).

Figure 11. NR1R2 is ethanolamine.
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Kim and colleagues studied the antileukemic effects of decursin (a pyranocoumarin from 
Angelica gigas) and its derivatives (Figure 14) on K562 and U937 cell lines. They studied the 
ability of these compounds as a tumor-suppressing PKC activator and as an antagonist to 
phorbol 12-myristate 13-acetate (PMA), a tumor-promoting PKC activator. Based on their 
results, the structure-activity relationship of decursin and its derivatives is as follows: (i) the 
coumarin structure is required for antileukemic activity and (ii) the side chain is a determi-
nant of PKC activation and the cytotoxic mechanism in leukemia cells [69].

In another study, Ahn et al. showed the apoptosis induction by decursin in leukemic KBM-5 
cells. They showed that decursin activates caspases 9 and 3 and PARP in KBM-5 cells. They 
also reported that decursin induced apoptosis via downregulation of COX-2-dependent sur-
vivin pathway in KBM-5 myeloid leukemia. In KBM-5 cells, it was reported that targeting 
survivin could overcome the resistance against imatinib [70].

Esculetin (Figure 15) is a simple coumarin found in some traditional medicines. Induction of 
apoptosis in various leukemic cell lines was shown in different studies. Chu and their colleagues 
are one of the first teams that reported the antileukemic effects of esculetin. They showed that 
esculetin inhibits the survival of human promyelocytic leukemia HL-60 cells in a concentration-
dependent and time-dependent manner. Esculetin induced the release of cytochrome C from 
mitochondria into cytosol, reduced Bcl-2 protein expression, and increased caspase activation [71].

Esculetin is a cell cycle-specific antineoplastic agent. It can inhibit the growth of HL-60 and 
U937 leukemic cells by G1 cell cycle arrest [72, 73]. It also leads to the release of cytochrome 
C, activation of caspases 3, 8, and 9, downregulation of Bcl-2 protein, and increased the phos-
phorylation of MEK/ERK and JNK [74–77].

Figure 12. Hydrazide-hydrazone moiety and acrylohydrazide hybrid of coumarin.

Figure 13. Copper complexes with coumarin.
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Tung et al. fractionated and chemically investigated the methanol extract of Mammea siamensis 
flower, an evergreen tree belonging to the family of Calophyllaceae, and distributed through-
out Thailand, Myanmar, Laos, Cambodia, and Vietnam. They isolated and identified eight 
compounds. Among the isolated compounds, three structurally related coumarins kayeas-
samin A (Figure 16), surangin C, and theraphin B showed significant antiproliferative activity 
against human leukemia HL-60 cells. Activation of caspases 3 and 8 and sub-G1 arrest by 
kayeassamin A have been shown in this study and another one [78, 79].

Osthole (Figure 17) is another coumarin where its antileukemic effect has been investigated. 
It has been shown that osthole has the strongest cytotoxic activity among the coumarins 
extracted from Cnidii monnieri Fructus on HL-60 cell line. The structure-activity relationship 
established from the results indicated that the prenyl group has an important role in the cyto-
toxic effects and apoptosis induction [80].

In another study, osthole could increase intracellular drug accumulation, decreased the 
expression of multidrug resistance gene 1 (MDR1), and could suppress P-gp expression by 
inhibiting the PI3K/Akt-signaling pathway in myelogenous leukemia K562/ADM cells [81].

Imperatorin, a biologically active furanocoumarin, is another coumarin that is extracted from 
Cnidii monnieri Fructus also showed cytotoxic effect against leukemic cell lines [82–85].

Toddaculin (Figure 18) is another important coumarin where its antileukemic effect is 
revealed. Vazquez et al. found that toddaculin was the most potent cytotoxic agent among the 
series of six prenylated coumarins isolated from the stem bark of Toddalia asiatica (Rutaceae). 
They found that while toddaculin at 250 μM (IC50 = 51.38 ± 4.39) was able to induce apoptosis 

Figure 14. Structures of decursin (1) and its derivatives 2–12.

Figure 15. Structure of esculetin.
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in U-937 cells, involving decreased phosphorylation levels of ERK and Akt, 50 μM toddaculin 
exerted differentiating effects [86].

Umbelliprenin (Figure 19) is a prenylated coumarin found in Ferula species. Its antileukemic 
effect was first reported by Gholami and his colleagues. They found that umbelliprenin has 
cytotoxic and proapoptotic effects on Jurkat and Raji cell lines. They showed that umbellip-
renin activates intrinsic and extrinsic pathways of apoptosis by the activation of caspase-8 and 
-9, respectively. Inhibition of Bcl-2 was also shown [87, 88].

Auraptene (Figure 20) is another coumarin that has a structure close to that of umbellip-
renin. The difference between the chemical structures of these compounds is that the length 
of the 7-prenyloxy chain of umbelliprenin is longer and contains 15 instead of 10 carbons. 
Apoptogenic activity of auraptene on jurkat cells was shown in detail. Apoptotic effect of 
auraptene on Jurkat T-cells was exerted by the ER stress-mediated activation of caspase-8 and 
the subsequent induction of mitochondria-dependent or -independent activation of caspase 
cascade, which could be suppressed by Bcl-xL [89].

3.3. Mcl-1 and coumarins

Coumarins can regulate the expression of Mcl-1. Their regulation is time- and dose-dependent. 
The regulation of Mcl-1 expression by auraptene, umbelliprenin, imperatorin, galbanic acid, 
and gut-70 was studied.

Figure 16. Structure of kayeassamin A.

Figure 17. Structure of osthole (A) and imperatorin (B).
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Gholami et al. studied and compared the expression of Mcl-1 gene after the Jurkat cells were 
incubated by umbelliprenin and auraptene. They showed that umbelliprenin increased the 
expression of Mcl-1 mRNA from 1 to 3 h of incubation, but this increase has a scale-down pat-
tern. Auraptene decreased the expression of Mcl-1 mRNA for the same incubation times [90, 
91]. This pattern is similar for Mcl-1 protein expression [91, 92].

Another natural coumarin where its effect on Mcl-1 expression was studied is galbanic acid 
(Figure 21). Galbanic acid downregulates the Mcl-1 protein expression dose dependently [93]. 
Imperatorin (Figure 17B), another natural coumarin like galbanic acid, decreased Mcl-1 pro-
tein level in a dose-dependent manner [94].

Figure 18. Structure of toddaculin.

Figure 19. Structure of umbelliprenin.

Figure 20. Structure of auraptene.

Figure 21. Galbanic acid.
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GUT-70 (Figure 22), a tricyclic coumarin derived from Calophyllum brasiliense, causes Mcl-1 
protein upregulation in mantle cell lymphoma (MCL) cell lines [95].

The effect of synthetic coumarins (RKS262, 5,7-dihydroxy-4-methyl-6-(3-methylbutanoyl)-
coumarin (DMAC), and 4-arylcoumarin analogs of combretastatin (Figure 23)) on Mcl-1 pro-
tein expression was studied. All of these compounds downregulate Mcl-1 protein dose- and 
time- dependently [96–98].

4. Conclusion

In conclusion, coumarins are one of the important cytotoxic agents. They could induce apop-
tosis and regulate Mcl-1 expression in CLL cell lines. We hope that they be one of the candi-
dates for chemotherapy of CLL in the future.

Figure 22. GUT-70.

Figure 23. (A) RKS262, (B) DMAC, and (C) 4-arylcoumarin analogs of combretastatin.
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Abstract

Environmental pollution is a matter of great concern. Therefore, researches that aim to 
access the risk of toxicity of these potential pollutants are welcome in the scientific com-
munity. The most common strategy to detect toxic agents is through chemical analysis. 
However, in the last years, the biological assays are often important for risk assessments. 
Among the bioassays using living organisms to detect toxicity of a compound, plant 
models have been highlighted as it is easy to be conducted, has low cost, high sensitivity 
and presents good correlation with other test systems, including mammals. Besides, it is 
in accordance with the Toxicology Guidelines for the twenty-first century, which claims 
for bioassays that could substitute the ones that use animals as models. At cellular level, 
the cytotoxicity, genotoxicity, and mutagenicity are the parameters determined by the 
endpoints as mitotic index, DNA fragmentation, induction of cell death, and malfunc-
tion of cellular structures leading to chromosome and cell cycle alterations. Each of these 
endpoints will be presented in details in this chapter.

Keywords: cell cycle analysis, chromosome alterations, DNA fragmentation, TUNEL 
assay, comet assay

1. Introduction

Concerns of the world society and authorities over the environment are imperative. Hereby 
the growing environmental pollution and how to slow down or mitigate it are key points 
of discussion. Various aspects need to be approached as regards understanding the whole 
process and dynamics of pollutants in the environment. Among the first actions required to 
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ensure the quality and health of the environment, in both the short and long terms, it is fun-
damental to obtain information about contaminating agents.

Overall, research in the environmental area is based on analyses and physicochemical charac-
teristics of pollutants. However, it has been recognized that the effects of these compounds on 
living organisms, as well as their toxicity mechanisms, are excellent tools to complement the 
obtained physicochemical data [1], being important for decision-making and in the search for 
preventive, mitigating measures as well as alternatives to this scenario.

In this sense, the biological effects of pollutants can be assessed in vivo (in situ and ex situ) and 
in vitro via bioassays using test organisms, allowing to evaluate their toxic potential in a rapid 
and efficacious manner and at relatively low cost. Overall, the response in relation to toxic-
ity can be given a different organization level, such as behavior, physiology, anatomy, cell, 
and DNA, among others, with each organism and test representing a certain endpoint. The 
integrity of the genetic material and its consequence for the proliferation and reproduction of 
model organisms are the most targeted outcomes and estimate the dimension of the risks of 
compounds to the environment and living beings in a real and functional manner [2–4].

Among the different bioassays performed in living organisms, those that use higher plants as 
models to evaluate the biological effects of environmental pollutants stand out. Besides being 
validated by the US Environmental Protection Agency (US EPA) as efficacious in the determi-
nation of toxicological risks in toxicity monitoring programs, they present important character-
istics such as high sensitivity, fewer false-negative responses, low cost, not requiring approval 
from ethics commissions, and being as efficient as assays performed in animal models or even 
human cells [5–8]. In addition, they are in accordance with the Toxicology Guidelines for the 
twenty-first century, which calls for models that substitute animal ones to assess toxic risks [9].

Among the assays using higher plants highlighted by the Genetic Toxicology (Gene-Tox) pro-
gram of the US EPA described by Ma [10], one of the most widespread is the Allium test. It 
was developed and described in 1938 by Levan [11] and consists in the evaluation of altera-
tions in the mitotic phases of root meristem cells of Allium cepa [12]. In general terms, the test 
can be applied to any plant model that presents chromosomes of easy visualization under the 
microscope. It is employed to evaluate the cell cycle in meristematic root tip cells, observing 
disturbances in the frequency of cells in division as well as induction of alterations in the 
mitotic phases or in the interphase nucleus, arising from action of the tested pollutant.

In this chapter, the main characteristics of the assay based on evaluation of the cell cycle will 
be presented, as well as the endpoints that can be assessed and used for evaluation, deter-
mination of cyto(geno)toxicity, and understanding of the mechanisms of action of potential 
environmental pollutants.

2. Cytogenetic analyses applied to environmental toxicology

Plants constitute a system of great importance as bioindicators of pollution, having long 
been used for this end. International institutions such as the United Nations Environmental 
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Programme (UNEP), the World Health Organization (WHO), and the US EPA approve the 
use of bioassays with plants to investigate toxic effects of chemical agents released into the 
environment [13].

The use of plants as models to evaluate the toxicity and mutagenicity of substances or pollut-
ants enables the analysis both in the natural environment (in situ) and in the laboratory (ex 
situ). They are excellent tools to complement the physicochemical analyses of investigated 
compounds, as they allow a practical confirmation of the theory developed in studies on the 
physicochemical properties of the potentially dangerous materials [1, 14, 15].

Tests ex situ commonly use meristematic root tip cells as biological material for analysis. In 
the natural environment, the root is the first part of the plant to be exposed to toxic agents dis-
persed in the soil and water. Therefore, the analysis of root cells represents a rapid method for 
the monitoring of toxicity. Moreover, the observed damage to the DNA and/or chromosomes of 
plant cells can be extrapolated to further organisms based on the universality of the DNA struc-
ture and genetic code [16]. This way, if a chemical substance causes damage to the DNA of one 
plant, it should also be considered potentially damaging to the DNA of other organisms [17].

The assay with meristematic root tip cells is based on cytogenetic evaluations involving the 
movement of chromosomes during the mitotic division, which allows deriving the mechanisms 
of action of the pollutant. The root of a propagule (bulb, seeds, cutting, etc.) is exposed to the 
agent that shall be tested. By the end of the exposure interval, the meristem is separated from the 
root and fixed; a slide is subsequently prepared, generally by squashing technique, and the meri-
stematic cells are stained with acetic orcein and/or Schiff’s reagent (for the detailed methodology, 
see [18]). The slide is observed under light microscope, and various parameters of the cell cycle are 
evaluated. The cell cycle stages, including interphase and mitotic division (prophase, metaphase, 
anaphase, and telophase), are observed, and the alterations detected in each phase are recorded. 
Based on the results, the assessed endpoints are (1) frequency of dividing cells or mitotic index 
(MI), given by the sum of cells in phase M (mitosis) divided by the total number of observed cells, 
being expressed in number of dividing cells out of every 100 observed cells; (2) total frequency of 
chromosome alterations (CA), given by the sum of all observed alterations, independently of type 
and division phase, divided by the total number of observed cells, expressed as number of altered 
cells out of 100 observed cells; or (3) nuclear alterations (NA), related to the presence of abnormal 
interphase nuclei, with unusual form or extremely condensed appearance, also given by the sum 
of total observed alterations by the total number of counted cells, and expressed as the number of 
alterations out of 100 cells (for calculations, see [19]).

In summary, the tested agent can be characterized as cytotoxic when it alters the normal MI 
(increase or reduction) of the used plant model, hence causing malfunctioning of cell struc-
tures and possibly leading to cell death, and/or genotoxic if the alterations observed through-
out the cycle are related to DNA breakage, including the formation of micronuclei. These 
bodies are considered a mutagenicity parameter as they represent damage not corrected by 
the cell repair system and, thus, permanent and transmissible to the subsequent cell genera-
tions. An alteration can also be classified as aneugenic, when it is related to malformation or 
malfunctioning of the mitotic spindle or the attachment of the chromosomes on the spindle 
and leads to gain or loss of one or more chromosomes, or clastogenic, when associated to 
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ensure the quality and health of the environment, in both the short and long terms, it is fun-
damental to obtain information about contaminating agents.

Overall, research in the environmental area is based on analyses and physicochemical charac-
teristics of pollutants. However, it has been recognized that the effects of these compounds on 
living organisms, as well as their toxicity mechanisms, are excellent tools to complement the 
obtained physicochemical data [1], being important for decision-making and in the search for 
preventive, mitigating measures as well as alternatives to this scenario.

In this sense, the biological effects of pollutants can be assessed in vivo (in situ and ex situ) and 
in vitro via bioassays using test organisms, allowing to evaluate their toxic potential in a rapid 
and efficacious manner and at relatively low cost. Overall, the response in relation to toxic-
ity can be given a different organization level, such as behavior, physiology, anatomy, cell, 
and DNA, among others, with each organism and test representing a certain endpoint. The 
integrity of the genetic material and its consequence for the proliferation and reproduction of 
model organisms are the most targeted outcomes and estimate the dimension of the risks of 
compounds to the environment and living beings in a real and functional manner [2–4].

Among the different bioassays performed in living organisms, those that use higher plants as 
models to evaluate the biological effects of environmental pollutants stand out. Besides being 
validated by the US Environmental Protection Agency (US EPA) as efficacious in the determi-
nation of toxicological risks in toxicity monitoring programs, they present important character-
istics such as high sensitivity, fewer false-negative responses, low cost, not requiring approval 
from ethics commissions, and being as efficient as assays performed in animal models or even 
human cells [5–8]. In addition, they are in accordance with the Toxicology Guidelines for the 
twenty-first century, which calls for models that substitute animal ones to assess toxic risks [9].

Among the assays using higher plants highlighted by the Genetic Toxicology (Gene-Tox) pro-
gram of the US EPA described by Ma [10], one of the most widespread is the Allium test. It 
was developed and described in 1938 by Levan [11] and consists in the evaluation of altera-
tions in the mitotic phases of root meristem cells of Allium cepa [12]. In general terms, the test 
can be applied to any plant model that presents chromosomes of easy visualization under the 
microscope. It is employed to evaluate the cell cycle in meristematic root tip cells, observing 
disturbances in the frequency of cells in division as well as induction of alterations in the 
mitotic phases or in the interphase nucleus, arising from action of the tested pollutant.

In this chapter, the main characteristics of the assay based on evaluation of the cell cycle will 
be presented, as well as the endpoints that can be assessed and used for evaluation, deter-
mination of cyto(geno)toxicity, and understanding of the mechanisms of action of potential 
environmental pollutants.

2. Cytogenetic analyses applied to environmental toxicology

Plants constitute a system of great importance as bioindicators of pollution, having long 
been used for this end. International institutions such as the United Nations Environmental 
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Programme (UNEP), the World Health Organization (WHO), and the US EPA approve the 
use of bioassays with plants to investigate toxic effects of chemical agents released into the 
environment [13].

The use of plants as models to evaluate the toxicity and mutagenicity of substances or pollut-
ants enables the analysis both in the natural environment (in situ) and in the laboratory (ex 
situ). They are excellent tools to complement the physicochemical analyses of investigated 
compounds, as they allow a practical confirmation of the theory developed in studies on the 
physicochemical properties of the potentially dangerous materials [1, 14, 15].

Tests ex situ commonly use meristematic root tip cells as biological material for analysis. In 
the natural environment, the root is the first part of the plant to be exposed to toxic agents dis-
persed in the soil and water. Therefore, the analysis of root cells represents a rapid method for 
the monitoring of toxicity. Moreover, the observed damage to the DNA and/or chromosomes of 
plant cells can be extrapolated to further organisms based on the universality of the DNA struc-
ture and genetic code [16]. This way, if a chemical substance causes damage to the DNA of one 
plant, it should also be considered potentially damaging to the DNA of other organisms [17].

The assay with meristematic root tip cells is based on cytogenetic evaluations involving the 
movement of chromosomes during the mitotic division, which allows deriving the mechanisms 
of action of the pollutant. The root of a propagule (bulb, seeds, cutting, etc.) is exposed to the 
agent that shall be tested. By the end of the exposure interval, the meristem is separated from the 
root and fixed; a slide is subsequently prepared, generally by squashing technique, and the meri-
stematic cells are stained with acetic orcein and/or Schiff’s reagent (for the detailed methodology, 
see [18]). The slide is observed under light microscope, and various parameters of the cell cycle are 
evaluated. The cell cycle stages, including interphase and mitotic division (prophase, metaphase, 
anaphase, and telophase), are observed, and the alterations detected in each phase are recorded. 
Based on the results, the assessed endpoints are (1) frequency of dividing cells or mitotic index 
(MI), given by the sum of cells in phase M (mitosis) divided by the total number of observed cells, 
being expressed in number of dividing cells out of every 100 observed cells; (2) total frequency of 
chromosome alterations (CA), given by the sum of all observed alterations, independently of type 
and division phase, divided by the total number of observed cells, expressed as number of altered 
cells out of 100 observed cells; or (3) nuclear alterations (NA), related to the presence of abnormal 
interphase nuclei, with unusual form or extremely condensed appearance, also given by the sum 
of total observed alterations by the total number of counted cells, and expressed as the number of 
alterations out of 100 cells (for calculations, see [19]).

In summary, the tested agent can be characterized as cytotoxic when it alters the normal MI 
(increase or reduction) of the used plant model, hence causing malfunctioning of cell struc-
tures and possibly leading to cell death, and/or genotoxic if the alterations observed through-
out the cycle are related to DNA breakage, including the formation of micronuclei. These 
bodies are considered a mutagenicity parameter as they represent damage not corrected by 
the cell repair system and, thus, permanent and transmissible to the subsequent cell genera-
tions. An alteration can also be classified as aneugenic, when it is related to malformation or 
malfunctioning of the mitotic spindle or the attachment of the chromosomes on the spindle 
and leads to gain or loss of one or more chromosomes, or clastogenic, when associated to 
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breakages and rearrangements in the DNA or chromosomes [16, 20, 21]. Each of these end-
points and possible alterations that can be observed throughout the mitotic cell cycle, and 
their consequences, will be detailed next.

3. What can cell cycle analyses reveal?

Evaluation of the cell cycle, which comprises the interphase (G1, S, and G2) and the M phase 
(mitosis-prophase, metaphase, anaphase, and telophase), allows gaining knowledge about 
the organizational structure of the chromosomes and how they behave during the cell divi-
sion. As mentioned previously in this chapter, such assessment can be employed to deter-
mine the toxicity of a chemical compound. Alterations in the mitotic index help determine the 
degree of cytotoxicity of an agent, whereas chromosome alterations observed in the cell cycle 
define the genotoxicity of the agents and their capacity of causing damage to the DNA, which 
may or may not be repaired by the cellular repair mechanisms. Together, the cell cycle altera-
tions express the cyto(geno)toxicity of chemical compounds and environmental pollutants 
and are used to investigate their toxic potential.

Several endpoints can be monitored in the division of meristematic cells, such as the chromo-
somal and nuclear aberrations previously described, besides the formation of micronuclei.

To better understand the alterations observed in the cell cycle, it is necessary to remember that 
the movement of chromosomes for segregation of the DNA into the daughter cells relies on 
the mitotic spindle, formed by microtubules. The whole dynamics of the mitotic process thus 
depend on the binding of the microtubules to the chromosome centromeres, besides micro-
tubule polymerization and depolymerization mechanisms. In this sense, alterations in these 
dynamics affect the segregation of chromosomes to the daughter cells and may be considered 
the first origin of alterations observed in the cell cycle. Hence, as consequences of alterations 
in the spindle and correct attachment of the chromosomes, we can cite the interruption of the 
cell cycle in metaphase, originating c-metaphases (Figure 1A) and formation of polyploid 
cells (Figure 1B), as consequence, and multipolar anaphase (Figure 1C), non-oriented chro-
mosomes at the equatorial plan (Figure 1D) or delayed segregation of the chromosomes/chro-
matids in anaphase/telophase (Figure 1E and F) [21–24].

When interference in the polymerization and depolymerization of the microtubules occurs, 
the cell cycle may be paralyzed in metaphase, and the chromosomes are visualized as well 
condensed, with well-defined centromere and spread inside the cell [22]. In the laboratory, 
this situation is caused with substances’ denominated blockers, such as colchicine, which gives 
this alteration its name: colchicine metaphase or c-metaphase (Figure 1A). These extremely 
condensed and separated chromosomes are used in karyotype studies of the species, as they 
allow observing the morphology of each chromosome individually.

Polyploidy emerges as a consequence of the prolonged effect of a substance or toxic compound 
in the cells. In the absence of the spindle, the cell with duplicated DNA, represented by the 
chromosome with two chromatids, returns to interphase, initiating a new cell cycle. In the G1 
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nucleus, each chromatid of the chromosome starts representing one DNA molecule of the cell 
that will be replicated in the S phase. Upon initiating a new mitotic cycle, after G2, the proteins of 
the chromosome’s protein scaffold keep the sister chromatids united, and the cell starts mitosis 
with a duplicated number of chromosomes, characterizing polyploidy. Under light microscope, 
a cell is characterized as polyploid when an excess number of chromosomes and/or cell volume 
larger than usual can be observed at the end of prophase or beginning of metaphase (Figure 1B).

Figure 1. Example of cell cycle alterations observed in meristematic cells of Allium cepa (onion) and Lactuca sativa (lettuce) root 
tips. (A) C-metaphasis in lettuce exposure to methyl methanesulfonate (MMS); (B) polyploidy metaphasis in lettuce exposure 
to cadmium; (C) multipolar anaphases in onion exposure to atrazine herbicide; (D) non-oriented chromosome (black arrow) 
in onion metaphasis exposure to cadmium; (E) not normal/laggard segregation (black arrow) in lettuce anaphase exposure to 
cadmium; (F) not normal/laggard segregation (black arrow) in onion telophase exposure to MMS; (G) micronuclei in onion 
exposure to MMS; (H) anaphase bridge (black arrow) in lettuce exposure to spent Potliner (SPL); (I) anaphase bridge (red 
arrow) in onion exposure to MMS with a fragment (black arrow) and a micronucleus (green arrow); (J) chromosome fragments 
(black arrow) in onion exposure to MMS; (K) condensed nuclei (black arrow) in lettuce exposure to atrazine herbicide; and (L) 
stickiness chromosome in lettuce exposure to SPL. Images obtained in a light microscope at oil objective (100×). Bars 10 μm.
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breakages and rearrangements in the DNA or chromosomes [16, 20, 21]. Each of these end-
points and possible alterations that can be observed throughout the mitotic cell cycle, and 
their consequences, will be detailed next.

3. What can cell cycle analyses reveal?

Evaluation of the cell cycle, which comprises the interphase (G1, S, and G2) and the M phase 
(mitosis-prophase, metaphase, anaphase, and telophase), allows gaining knowledge about 
the organizational structure of the chromosomes and how they behave during the cell divi-
sion. As mentioned previously in this chapter, such assessment can be employed to deter-
mine the toxicity of a chemical compound. Alterations in the mitotic index help determine the 
degree of cytotoxicity of an agent, whereas chromosome alterations observed in the cell cycle 
define the genotoxicity of the agents and their capacity of causing damage to the DNA, which 
may or may not be repaired by the cellular repair mechanisms. Together, the cell cycle altera-
tions express the cyto(geno)toxicity of chemical compounds and environmental pollutants 
and are used to investigate their toxic potential.

Several endpoints can be monitored in the division of meristematic cells, such as the chromo-
somal and nuclear aberrations previously described, besides the formation of micronuclei.

To better understand the alterations observed in the cell cycle, it is necessary to remember that 
the movement of chromosomes for segregation of the DNA into the daughter cells relies on 
the mitotic spindle, formed by microtubules. The whole dynamics of the mitotic process thus 
depend on the binding of the microtubules to the chromosome centromeres, besides micro-
tubule polymerization and depolymerization mechanisms. In this sense, alterations in these 
dynamics affect the segregation of chromosomes to the daughter cells and may be considered 
the first origin of alterations observed in the cell cycle. Hence, as consequences of alterations 
in the spindle and correct attachment of the chromosomes, we can cite the interruption of the 
cell cycle in metaphase, originating c-metaphases (Figure 1A) and formation of polyploid 
cells (Figure 1B), as consequence, and multipolar anaphase (Figure 1C), non-oriented chro-
mosomes at the equatorial plan (Figure 1D) or delayed segregation of the chromosomes/chro-
matids in anaphase/telophase (Figure 1E and F) [21–24].

When interference in the polymerization and depolymerization of the microtubules occurs, 
the cell cycle may be paralyzed in metaphase, and the chromosomes are visualized as well 
condensed, with well-defined centromere and spread inside the cell [22]. In the laboratory, 
this situation is caused with substances’ denominated blockers, such as colchicine, which gives 
this alteration its name: colchicine metaphase or c-metaphase (Figure 1A). These extremely 
condensed and separated chromosomes are used in karyotype studies of the species, as they 
allow observing the morphology of each chromosome individually.

Polyploidy emerges as a consequence of the prolonged effect of a substance or toxic compound 
in the cells. In the absence of the spindle, the cell with duplicated DNA, represented by the 
chromosome with two chromatids, returns to interphase, initiating a new cell cycle. In the G1 

Cytotoxicity120

nucleus, each chromatid of the chromosome starts representing one DNA molecule of the cell 
that will be replicated in the S phase. Upon initiating a new mitotic cycle, after G2, the proteins of 
the chromosome’s protein scaffold keep the sister chromatids united, and the cell starts mitosis 
with a duplicated number of chromosomes, characterizing polyploidy. Under light microscope, 
a cell is characterized as polyploid when an excess number of chromosomes and/or cell volume 
larger than usual can be observed at the end of prophase or beginning of metaphase (Figure 1B).

Figure 1. Example of cell cycle alterations observed in meristematic cells of Allium cepa (onion) and Lactuca sativa (lettuce) root 
tips. (A) C-metaphasis in lettuce exposure to methyl methanesulfonate (MMS); (B) polyploidy metaphasis in lettuce exposure 
to cadmium; (C) multipolar anaphases in onion exposure to atrazine herbicide; (D) non-oriented chromosome (black arrow) 
in onion metaphasis exposure to cadmium; (E) not normal/laggard segregation (black arrow) in lettuce anaphase exposure to 
cadmium; (F) not normal/laggard segregation (black arrow) in onion telophase exposure to MMS; (G) micronuclei in onion 
exposure to MMS; (H) anaphase bridge (black arrow) in lettuce exposure to spent Potliner (SPL); (I) anaphase bridge (red 
arrow) in onion exposure to MMS with a fragment (black arrow) and a micronucleus (green arrow); (J) chromosome fragments 
(black arrow) in onion exposure to MMS; (K) condensed nuclei (black arrow) in lettuce exposure to atrazine herbicide; and (L) 
stickiness chromosome in lettuce exposure to SPL. Images obtained in a light microscope at oil objective (100×). Bars 10 μm.
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Multipolar anaphase and abnormal segregation of chromatids in anaphase/telophase also 
arise from the action of chemical substances on the organization of the microtubules. These 
alterations are observed as a consequence of incorrect binding of the mitotic spindle to the 
centromere of the chromosomes [24] or from the shortening and elongation of some microtu-
bules of the mitotic spindle out of synchrony with the other microtubules. Unequal disjunc-
tion of the chromosomes may thus occur (non-oriented chromosomes, Figure 1D), giving rise 
to micronuclei (Figure 1G) when these chromosomes cannot be reincorporated into the main 
nucleus along with the other chromosomes [25].

So far, some alterations of the cell cycle have been demonstrated which arise from effect of the 
toxic agent on the malformation of a cellular structure. Together, these alterations character-
ize an aneugenic effect and mechanism of the toxic agent, as they can have as consequences 
the increase or decrease in the number of chromosomes of the species. All these aneugenic 
alterations represent the cytotoxicity of a given substance, as they relate to a cell structure.

The action of toxic substances can also occur directly on the DNA. In this case, they are 
observed in the cell cycle as alterations in chromosome structure. Since the effects occur on 
the genetic material in this case, the mechanism of action of the substance is clastogenic and 
represents its genotoxicity.

The most evident clastogenic effect when observing the cell cycle under the microscope is the 
presence of bridges (Figure 1H and I) and chromosome fragments (Figure 1I) arising from 
breakages in the DNA molecule. Overall, one of the consequences of the breakage is the loss 
of telomeres, a region in the terminal extremity of the chromosomes that has the function of 
ensuring the chromosome protection and stability. With the loss of the chromosome stability, 
fusion of the terminal portion of two chromosomes may occur. Upon division, chromosomes 
with two centromeres are observed as bridges in anaphase/telophase (Figure 1H and I), where 
each of the centromeres is linked to the spindle of one of the cell poles.

The chromosome region originated from the breakage that is devoid of centromere is denomi-
nated acentric fragment (Figure 1J). These chromosome fragments, due to containing parts of 
the genetic material, are recognized by the cell and involved in membrane during cell divi-
sion, giving rise to micronuclei, which are easily observed in cells of the F1 generation [7].

Several authors highlight and affirm that micronuclei are the most effective and simple end-
point for the analysis of mutagenic effects caused by chemical compounds, owing to their aris-
ing from non- or incorrectly repaired damage in the parental cells. They are easily observed 
in daughter cells as a structure similar to the main nucleus but with smaller size (Figure 1G). 
Indeed, the micronucleus is easily recognized in the cell visualized under the microscope, par-
ticularly if the preparation was accomplished using a DNA-specific dye. In several cytological 
study models, including human blood cells in culture, the micronuclei assay is applied as a 
marker of mutagenicity. However, as explained here, it can originate from both acentric frag-
ments and entire chromosomes that were not bound to the spindle. Since each of these causes 
of micronuclei formation originates from a distinct mechanism of action, assessment of the 
entire cell cycle, if possible, together with evaluation of micronuclei induction is seen as the 
cheapest strategy to determine the mechanism of action of the studied substance or compound.
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All these reported alterations, if persistent and deleterious, activate the cell death mecha-
nisms. Under light microscope, the evidence for occurrence of cell death is the observation 
of highly condensed interphase nuclei (Figure 1K), with very heterochromatic chromatin, 
appearing well rounded, darker, and smaller than the normal interphase nuclei [26, 27].

The cell death process due to abiotic stress is cytologically characterized by condensed nuclei 
and molecularly by DNA fragmentation [26]. This death mechanism is related to destruction 
and subsequent elimination of damaged cells [28].

Toxic substances can also trigger the formation of sticky chromosomes (Figure 1L). Overall, 
they are characterized by alterations in the physicochemical structure of the DNA, proteins, 
or both, formed from complexes with phosphate groups of the DNA, inter- and intrachro-
matid linkages, and DNA condensation [22, 29]. These factors promote loss of the normal 
characteristics of condensation, causing the formation of agglomerates [22, 30]. Chromosome 
stickiness is considered a highly toxic alteration [31] that hinders the segregation of the chro-
matids and the normal continuation of the cell division, which may trigger the cell death 
process, avoiding that the toxic effect be passed onto the following generation.

Of the observed alterations, chromosome stickiness is considered the most intriguing as 
regards the classification in aneugenic or clastogenic, in function of the mechanisms involved 
in their occurrence in the cell cycle. Here, it is considered a complex cyto(geno)toxic effect 
arising from previous events, for instance, polyploidy or excessive breakages and bridges in 
the DNA molecule, present at different levels. As regards the consequences of stickiness to the 
cell, some authors like Andrade et al. [31] cite that the high frequency of stickiness may acti-
vate the cell death mechanisms. Thus, the induction of severe stickiness cannot be repaired by 
the cells, having as consequence the heterochromatinization of the whole nucleus.

4. Investigation of cell death mechanisms and DNA damage applied 
to environmental toxicology

DNA fragmentation, previously reported as the clastogenic effect of a toxic agent in the cell, is 
one of the mechanisms related to the cell death process. It can be evaluated through applica-
tion of techniques available as kits containing a marker for fragmentation.

The Terminal d-UTP Nick End Labeling (TUNEL) assay is one of the tests used for the 
analysis of DNA fragmentation and investigation of the cell death mechanisms. It is based 
on incorporation of nucleotides (d-UTP = 2′-deoxyuridine, 5′-triphosphate) marked with a 
fluorochrome (fluorescein isothiocyanate, FITC) in the free 3’OH region of the breakages in 
the DNA chain by the enzyme terminal deoxynucleotidyl transferase (TdT) [26, 32]. This 
reaction relies on the capacity of the enzyme TdT of coupling a deoxy-uracyl-fluorescein 
(d-UTP) conjugated to the 3’OH end of the broken DNA [32, 33]. The incorporation of fluo-
rescein-12-d-UTP is then amplified by various enzymatic reactions [34]. These nucleotides 
can be marked with a fluorescent dye and detected by fluorescence microscopy or the laser 
of a cytometer [35].
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Multipolar anaphase and abnormal segregation of chromatids in anaphase/telophase also 
arise from the action of chemical substances on the organization of the microtubules. These 
alterations are observed as a consequence of incorrect binding of the mitotic spindle to the 
centromere of the chromosomes [24] or from the shortening and elongation of some microtu-
bules of the mitotic spindle out of synchrony with the other microtubules. Unequal disjunc-
tion of the chromosomes may thus occur (non-oriented chromosomes, Figure 1D), giving rise 
to micronuclei (Figure 1G) when these chromosomes cannot be reincorporated into the main 
nucleus along with the other chromosomes [25].

So far, some alterations of the cell cycle have been demonstrated which arise from effect of the 
toxic agent on the malformation of a cellular structure. Together, these alterations character-
ize an aneugenic effect and mechanism of the toxic agent, as they can have as consequences 
the increase or decrease in the number of chromosomes of the species. All these aneugenic 
alterations represent the cytotoxicity of a given substance, as they relate to a cell structure.

The action of toxic substances can also occur directly on the DNA. In this case, they are 
observed in the cell cycle as alterations in chromosome structure. Since the effects occur on 
the genetic material in this case, the mechanism of action of the substance is clastogenic and 
represents its genotoxicity.

The most evident clastogenic effect when observing the cell cycle under the microscope is the 
presence of bridges (Figure 1H and I) and chromosome fragments (Figure 1I) arising from 
breakages in the DNA molecule. Overall, one of the consequences of the breakage is the loss 
of telomeres, a region in the terminal extremity of the chromosomes that has the function of 
ensuring the chromosome protection and stability. With the loss of the chromosome stability, 
fusion of the terminal portion of two chromosomes may occur. Upon division, chromosomes 
with two centromeres are observed as bridges in anaphase/telophase (Figure 1H and I), where 
each of the centromeres is linked to the spindle of one of the cell poles.

The chromosome region originated from the breakage that is devoid of centromere is denomi-
nated acentric fragment (Figure 1J). These chromosome fragments, due to containing parts of 
the genetic material, are recognized by the cell and involved in membrane during cell divi-
sion, giving rise to micronuclei, which are easily observed in cells of the F1 generation [7].

Several authors highlight and affirm that micronuclei are the most effective and simple end-
point for the analysis of mutagenic effects caused by chemical compounds, owing to their aris-
ing from non- or incorrectly repaired damage in the parental cells. They are easily observed 
in daughter cells as a structure similar to the main nucleus but with smaller size (Figure 1G). 
Indeed, the micronucleus is easily recognized in the cell visualized under the microscope, par-
ticularly if the preparation was accomplished using a DNA-specific dye. In several cytological 
study models, including human blood cells in culture, the micronuclei assay is applied as a 
marker of mutagenicity. However, as explained here, it can originate from both acentric frag-
ments and entire chromosomes that were not bound to the spindle. Since each of these causes 
of micronuclei formation originates from a distinct mechanism of action, assessment of the 
entire cell cycle, if possible, together with evaluation of micronuclei induction is seen as the 
cheapest strategy to determine the mechanism of action of the studied substance or compound.
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All these reported alterations, if persistent and deleterious, activate the cell death mecha-
nisms. Under light microscope, the evidence for occurrence of cell death is the observation 
of highly condensed interphase nuclei (Figure 1K), with very heterochromatic chromatin, 
appearing well rounded, darker, and smaller than the normal interphase nuclei [26, 27].

The cell death process due to abiotic stress is cytologically characterized by condensed nuclei 
and molecularly by DNA fragmentation [26]. This death mechanism is related to destruction 
and subsequent elimination of damaged cells [28].

Toxic substances can also trigger the formation of sticky chromosomes (Figure 1L). Overall, 
they are characterized by alterations in the physicochemical structure of the DNA, proteins, 
or both, formed from complexes with phosphate groups of the DNA, inter- and intrachro-
matid linkages, and DNA condensation [22, 29]. These factors promote loss of the normal 
characteristics of condensation, causing the formation of agglomerates [22, 30]. Chromosome 
stickiness is considered a highly toxic alteration [31] that hinders the segregation of the chro-
matids and the normal continuation of the cell division, which may trigger the cell death 
process, avoiding that the toxic effect be passed onto the following generation.

Of the observed alterations, chromosome stickiness is considered the most intriguing as 
regards the classification in aneugenic or clastogenic, in function of the mechanisms involved 
in their occurrence in the cell cycle. Here, it is considered a complex cyto(geno)toxic effect 
arising from previous events, for instance, polyploidy or excessive breakages and bridges in 
the DNA molecule, present at different levels. As regards the consequences of stickiness to the 
cell, some authors like Andrade et al. [31] cite that the high frequency of stickiness may acti-
vate the cell death mechanisms. Thus, the induction of severe stickiness cannot be repaired by 
the cells, having as consequence the heterochromatinization of the whole nucleus.

4. Investigation of cell death mechanisms and DNA damage applied 
to environmental toxicology

DNA fragmentation, previously reported as the clastogenic effect of a toxic agent in the cell, is 
one of the mechanisms related to the cell death process. It can be evaluated through applica-
tion of techniques available as kits containing a marker for fragmentation.

The Terminal d-UTP Nick End Labeling (TUNEL) assay is one of the tests used for the 
analysis of DNA fragmentation and investigation of the cell death mechanisms. It is based 
on incorporation of nucleotides (d-UTP = 2′-deoxyuridine, 5′-triphosphate) marked with a 
fluorochrome (fluorescein isothiocyanate, FITC) in the free 3’OH region of the breakages in 
the DNA chain by the enzyme terminal deoxynucleotidyl transferase (TdT) [26, 32]. This 
reaction relies on the capacity of the enzyme TdT of coupling a deoxy-uracyl-fluorescein 
(d-UTP) conjugated to the 3’OH end of the broken DNA [32, 33]. The incorporation of fluo-
rescein-12-d-UTP is then amplified by various enzymatic reactions [34]. These nucleotides 
can be marked with a fluorescent dye and detected by fluorescence microscopy or the laser 
of a cytometer [35].
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Under fluorescence microscope, the cells can be visualized with different fluorescence intensi-
ties in function of the marker, fluorescein. They are then classified as (A) not marked (Figure 2), 
thus without fragmentation; (B) weakly marked (Figure 2), therefore presenting light damage 
that can still be recovered, since the cell death process involves several steps and only the final 
ones represent a “one-way road”; and (C) strongly marked (Figure 2), associated to cells with 
high frequency of fragmented DNA and in advanced stage of cell death [18].

The comet assay or single cell gel electrophoresis (SCGE) is another technique very useful to 
identify DNA damage. It allows the detection of damage to the genetic material caused by 
rupture of chains, alkali-labile sites (ALS), incomplete excision repair sites, and reticulations, 
induced by alkylating or intercalating agents and oxidative damage, even before the cell repair 
system acts. Further, it allows verifying the damage present after the cell repair process.

In plants, it is broadly used in ecotoxicological studies of environmental pollutants and is 
characterized by its high sensitivity and specificity, low cost, and rapidness in detecting the 
genotoxic effects, requiring small sample size, and allowing for simple analysis. The evalu-
ation can be performed at individual cell level or applied to any cell population, without 
requirement of cell division. In summary, it can be executed in three versions and detect a 
broad spectrum of damage to the genetic material [36, 37].

The three possible versions of the comet assay differ with regard to the pH of the electrophore-
sis buffer, which can be neutral, slightly alkaline, and alkaline-alkaline. In the neutral method, 
ruptures of the DNA double strand are detected. In the moderately alkaline version, simple 
breakages in the DNA and the double helix are observed. In turn, in the alkaline- alkaline 
approach, used in the majority of the studies owing to its greater sensitivity, breakages of 
single and double strands as well as alkali-labile sites and crosslinks are quantified. The choice 
of the comet assay version depends on the type of damage that shall be observed [38].

The comet assay can be used to complement the cytogenetic data obtained from the cell cycle 
analyses, as it detects genomic lesions caused to the DNA arising from the action of mutagens. 
Unlike mutations, the lesions identified by the comet assay are prone to repair. The technique 

Figure 2. Meristematic cells of Lactuca sativa L. (lettuce) treated with MMS submitted to the TUNEL test. (A) Image 
captured with filter at wavelength of 345–358 nm (for DAPI). (B) Image captured with filter at wavelength of 488–
495 nm. (C) Result of overlapping of images A and B made through the AxioVision program, where it is possible to 
observe unmarked nuclei, without damage (white arrow); weakly marked nuclei, with slight damage (yellow arrow); 
and strongly marked nuclei, with severe damage (red arrow) to DNA. Images obtained in a microscope of fluorescence 
(Olympus BX 60) on 40× objective. Bars 50 μm.
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consists in the immersion of viable cells in agarose gel, lysis of the cell membrane by deter-
gents and alkaline salts, and subsequent electrophoresis. Under alkaline electrophoresis condi-
tions, cell DNAs that have suffered damage present higher rate of migration toward the anode, 
owing to breakages of simple or double strands and alkali-labile sites, simulating the appear-
ance of a comet (head and tail) [39]. The level of damage is measured by observing the degree 
of fragmentation (score) of the genetic material in the electrophoresis, whereby the damaged 
DNA presents higher rate of migration toward the anode, and the least damaged shows greater 
migration rate. The four scores most commonly used in the visual identification under the 
microscope are presented in Figure 3.

5. Final considerations

Bioassays with plants usually comprise macroscopic tests, which involve evaluations of 
germination and initial plantlet development (growth of root and aerial part), as well as 
microscopic evaluations, including the observation of alterations during the cell cycle in 
meristematic cells exposed to the tested chemical agent. The results of these bioassays allow 
determining the phytotoxicity, cytotoxicity, genotoxicity, and mutagenicity of the pollutant 
or chemical compound in question.

Both in the macroscopic and microscopic evaluations, the root is the plant organ used in the 
tests. It is particularly useful in these eco(geno)toxicological tests, as it is the first part of the 
plant to be exposed to environmental pollutants. For macroscopic assessment, the observa-
tion of root growth is a rapid and sensitive method for environmental monitoring, but does 
not contribute to the understanding of toxicity mechanisms.

Root tips contain meristematic cells that present intensive cell division, allowing a rapid and 
adequate evaluation of the cell cycle, constituting the microscopic assessments whose mea-
surable parameters have been described here. Besides providing important information to 
determine the mode of action of a given agent, the described microscopic evaluations are 
directly related to the growth parameter assessed in the macroscopic assay. In plants, as ses-
sile organisms, the growth of an organ is closely related to the increase in the number of cells 
in the tissue composing it. This way, alterations in the endpoint mitotic index, assessed in 
the microscopic assay, explain what can be seen with the naked eye. In turn, the endpoint 
associated to the malfunctioning of cell structures like the mitotic spindle explains alterations 

Figure 3. Meristematic cells of Allium cepa L. (onion) treated with water (score 0) and spent Potliner (SPL) (scores 1–4) 
submitted to the comet assay. The scores 0–4 are attributed according to visual analysis of nucleoids. Images obtained in 
a microscope of fluorescence (Olympux BX 60) on 40× objective. Bars 50 μm.
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Under fluorescence microscope, the cells can be visualized with different fluorescence intensi-
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thus without fragmentation; (B) weakly marked (Figure 2), therefore presenting light damage 
that can still be recovered, since the cell death process involves several steps and only the final 
ones represent a “one-way road”; and (C) strongly marked (Figure 2), associated to cells with 
high frequency of fragmented DNA and in advanced stage of cell death [18].

The comet assay or single cell gel electrophoresis (SCGE) is another technique very useful to 
identify DNA damage. It allows the detection of damage to the genetic material caused by 
rupture of chains, alkali-labile sites (ALS), incomplete excision repair sites, and reticulations, 
induced by alkylating or intercalating agents and oxidative damage, even before the cell repair 
system acts. Further, it allows verifying the damage present after the cell repair process.

In plants, it is broadly used in ecotoxicological studies of environmental pollutants and is 
characterized by its high sensitivity and specificity, low cost, and rapidness in detecting the 
genotoxic effects, requiring small sample size, and allowing for simple analysis. The evalu-
ation can be performed at individual cell level or applied to any cell population, without 
requirement of cell division. In summary, it can be executed in three versions and detect a 
broad spectrum of damage to the genetic material [36, 37].

The three possible versions of the comet assay differ with regard to the pH of the electrophore-
sis buffer, which can be neutral, slightly alkaline, and alkaline-alkaline. In the neutral method, 
ruptures of the DNA double strand are detected. In the moderately alkaline version, simple 
breakages in the DNA and the double helix are observed. In turn, in the alkaline- alkaline 
approach, used in the majority of the studies owing to its greater sensitivity, breakages of 
single and double strands as well as alkali-labile sites and crosslinks are quantified. The choice 
of the comet assay version depends on the type of damage that shall be observed [38].

The comet assay can be used to complement the cytogenetic data obtained from the cell cycle 
analyses, as it detects genomic lesions caused to the DNA arising from the action of mutagens. 
Unlike mutations, the lesions identified by the comet assay are prone to repair. The technique 

Figure 2. Meristematic cells of Lactuca sativa L. (lettuce) treated with MMS submitted to the TUNEL test. (A) Image 
captured with filter at wavelength of 345–358 nm (for DAPI). (B) Image captured with filter at wavelength of 488–
495 nm. (C) Result of overlapping of images A and B made through the AxioVision program, where it is possible to 
observe unmarked nuclei, without damage (white arrow); weakly marked nuclei, with slight damage (yellow arrow); 
and strongly marked nuclei, with severe damage (red arrow) to DNA. Images obtained in a microscope of fluorescence 
(Olympus BX 60) on 40× objective. Bars 50 μm.
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consists in the immersion of viable cells in agarose gel, lysis of the cell membrane by deter-
gents and alkaline salts, and subsequent electrophoresis. Under alkaline electrophoresis condi-
tions, cell DNAs that have suffered damage present higher rate of migration toward the anode, 
owing to breakages of simple or double strands and alkali-labile sites, simulating the appear-
ance of a comet (head and tail) [39]. The level of damage is measured by observing the degree 
of fragmentation (score) of the genetic material in the electrophoresis, whereby the damaged 
DNA presents higher rate of migration toward the anode, and the least damaged shows greater 
migration rate. The four scores most commonly used in the visual identification under the 
microscope are presented in Figure 3.

5. Final considerations

Bioassays with plants usually comprise macroscopic tests, which involve evaluations of 
germination and initial plantlet development (growth of root and aerial part), as well as 
microscopic evaluations, including the observation of alterations during the cell cycle in 
meristematic cells exposed to the tested chemical agent. The results of these bioassays allow 
determining the phytotoxicity, cytotoxicity, genotoxicity, and mutagenicity of the pollutant 
or chemical compound in question.

Both in the macroscopic and microscopic evaluations, the root is the plant organ used in the 
tests. It is particularly useful in these eco(geno)toxicological tests, as it is the first part of the 
plant to be exposed to environmental pollutants. For macroscopic assessment, the observa-
tion of root growth is a rapid and sensitive method for environmental monitoring, but does 
not contribute to the understanding of toxicity mechanisms.

Root tips contain meristematic cells that present intensive cell division, allowing a rapid and 
adequate evaluation of the cell cycle, constituting the microscopic assessments whose mea-
surable parameters have been described here. Besides providing important information to 
determine the mode of action of a given agent, the described microscopic evaluations are 
directly related to the growth parameter assessed in the macroscopic assay. In plants, as ses-
sile organisms, the growth of an organ is closely related to the increase in the number of cells 
in the tissue composing it. This way, alterations in the endpoint mitotic index, assessed in 
the microscopic assay, explain what can be seen with the naked eye. In turn, the endpoint 
associated to the malfunctioning of cell structures like the mitotic spindle explains alterations 

Figure 3. Meristematic cells of Allium cepa L. (onion) treated with water (score 0) and spent Potliner (SPL) (scores 1–4) 
submitted to the comet assay. The scores 0–4 are attributed according to visual analysis of nucleoids. Images obtained in 
a microscope of fluorescence (Olympux BX 60) on 40× objective. Bars 50 μm.
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in the mitotic index as well as cell death, which is an endpoint characterized by increase in 
condensed nuclei and which contributes to the reduction of the mitotic index. Nevertheless, 
the endpoint associated to DNA fragmentation can be assessed not only by direct observation 
of the cell cycle but also through more specific techniques such as the TUNEL or comet assays. 
These methods ultimately explain and confirm the induction of cell death, which, as already 
reported, contributes for a mitodepressive and phytotoxic effect on root growth.

In conclusion, based on the endpoints that can be assessed through cell cycle analyses, cyto-
toxicity as well as genotoxicity and mutagenicity of environmental pollutants can be deter-
mined in a rapid and reliable manner. Such tests are highly useful to monitor and assess the 
risk of potentially toxic substances that are released into the environment.
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in the mitotic index as well as cell death, which is an endpoint characterized by increase in 
condensed nuclei and which contributes to the reduction of the mitotic index. Nevertheless, 
the endpoint associated to DNA fragmentation can be assessed not only by direct observation 
of the cell cycle but also through more specific techniques such as the TUNEL or comet assays. 
These methods ultimately explain and confirm the induction of cell death, which, as already 
reported, contributes for a mitodepressive and phytotoxic effect on root growth.

In conclusion, based on the endpoints that can be assessed through cell cycle analyses, cyto-
toxicity as well as genotoxicity and mutagenicity of environmental pollutants can be deter-
mined in a rapid and reliable manner. Such tests are highly useful to monitor and assess the 
risk of potentially toxic substances that are released into the environment.
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Abstract

Through the twentieth century, the road from synthetizing a new drug molecule to
become an actual product got longer than ever before. Cytotoxicity assays are a quick
way to assess a certain chemical compound’s effects on a given human cell line. The
most well-known techniques are the MTT- and the LDH-assays. These tests are cheap,
easy to execute, but not very precise and dependent on various environmental factors
and also, they show no detail about the time-dependency of the toxic effect. Cytotoxicity
experiments are a crucial part of a modern pharmaceutical development process. They
are a cheap and safe way to get vital information about a new molecule’s biological
attributes focusing on its basic tolerability. These studies not only save human lives and
test animals, but they save the time and resources to be spared on a test molecule which
is a complete failure having no in vitro safety.

Keywords: cytotoxicity, pharmaceutical development, preformulation, cell cultures,
in vitro toxicity

1. Role of cytotoxicity tests in the pharmaceutical development

Pharmaceutical safety is essential factor in the development of every medicament [1]. The early
stage of the formulation development must include wide toxicity screening of the applied
components; not exclusively the API, but all the incorporated excipients as well. When a
formulation of a new chemical with interesting biological properties enters this process, it will
undergo extensive testing designed to address and solve many complex issues [2]. However,
the pharmaceutical effectiveness is essential, but might seem as an insufficient factor of a
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successful medication [3]. The formulated delivery system must support the administration of
the API to improve patience compliance [4]. Moreover excipients are able to enhance the API’s
effectiveness in many cases [5]. Besides their role in solubility or stability issues many excipi-
ents are used as penetration enchancers, since their effect on biological membranes [6]. It has
been concluded that this advantageous property of excipients must be considered before the
formulation but toxicity aspect shows great impact as well [7]. To optimize the procedure cost
of this part of preclinical phase, simple but reliable methods must be performed [8]. Traditional
drug toxicity tests are great possibilities for the pharmaceutical developers, not only because of
the associated loss of human life or health, but also because of immense financial loss of
investment [9]. Early application of appropriate cell-based assays in drug development offers
the single-most impactful solution to the challenge of human toxicity [10]. In vitro cell line
models for evaluating toxicity should predict human specific toxicity. This may be due in part
to the success that in vitro screening for certain absorption, distribution, metabolism, and
elimination (ADME) endpoints has seen over the past 10 years. In vitro systems designed to
evaluate permeability, interaction with membrane transporter systems, and metabolic stability
in cell models with human relevance reduced this failure rate to less than 10% [11]. To ensure
success in toxicology evaluation methods, comprehensive and tiered screening methods must
be employed. To avoid adverse results or conclusions, potential labilities and limitations of the
experiments must be investigated [12]. It is unlikely that a single in vitro viability test or cell
line model would be sufficient as a final decision point for toxicity [13]. In a well-built toxicity
screening procedure, different test types on different cell cultures must be performed.

In tiered approach, in vitro toxicity screening models are based on the cell viability alteration of
different human cell lines. These determinations must be well characterized and predictive of
in vivo effects with a low incidence of false positive or negative results. The methods must have
the capacity to evaluate various molecules in a short period of time with a minimum amount of
compound. The results should provide information on potential mechanisms of toxicity, and
subcellular targets as well. These results might ensure useful data for the inventors to modify
structures of API or alter the amount or types of excipients that are applied in the delivery
system development. The modified compositions can be re-screened for toxicity without large
cost. The first decisive step is the cell line selection. According to the desired administration
route, developers are able to select the most appropriate cell cultures for the in vitro assess-
ments [7]. Nowadays, a wide range of different immortalized or primary cell and tissue
models are available from safe sources for in vitro toxicity evaluation. However a well selected
cell type ensures valuable information about the developed dosage form, the investigators
often faced difficulties; since the main strengths and weakness of the models must be consid-
ered wisely. Routine toxicity screening procedures require a robust cell culture model that can
be maintained easily in flasks and 96-well culture plates or inserts. The cells must be geneti-
cally stable and provide reproducible results in each assessment. The cells should be well
characterized in terms of their doubling time, optimal growth conditions, and biochemistry.
Various human cell lines are used routinely to evaluate toxicity. For example, Caco-2, HaCaT,
CaLu, HeLa, 3 T3, HEK293, and many more. During the cell line selection process, it is
important to totally characterize the morphology and understand the relevant biochemistry
of the cells. These data are required to understand the background of potential mechanisms of
toxicity [14]. In vitro cytotoxicity assays offer special and early identification of potential
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cytotoxicity of compounds, the property that might leads to irritancy during the application. In
vitro toxicity tests are found to be advantageous in preclinical studies because of their eligibil-
ity, cost effectiveness, and reproducibility. Cell viability assays are developed to measure
activities attributable to cellular maintenance and survival. Beside metabolic biomarkers, such
as mitochondrial reductase, ATP reductase etc., homeostatic enzyme activities can be moni-
tored as well [15]. During these measurements, various compounds can be routinely investi-
gated with a relatively short incubation. In case of cytotoxicity assays, the test focuses on to
detect loss of membrane integrity associated with cell death [16].

Lactate dehydrogenase (LDH) is one of the most preferred marker for cell death. LDH assay is a
robust and most cost-effective method for cell cytotoxicity measurements. Real time cell condi-
tion monitoring is a relatively new possibility in toxicity screening. During these evaluation
methods, a special instrument measures impedance-based signals in both cellular and cell
invasion assays without any exogenous label use [17]. These systems are able to detect cell
responses continuously and non-invasively without disrupting the natural cell environment.
Moreover, not exclusively cell-mediated cytotoxicity and cell adhesion assays, but even
receptor-mediated signaling and virus-mediated cytopathogenicity tests can be performed [18].
These experiments allow more flexibility, quick results, and illustrious precision although rela-
tively high expenses must be considered during the experimental design. High variety of assays
provide an excellent possibility in ranking compounds for consideration in drug discovery. As it
was shown, the highest expenses of pharmaceutical development occur in the preclinical and
clinical studies. By the application of these in vitro tests, the inventors are able to reduce risk
significantly. Assays, performed on cell culture models, are able to unequivocally support the
process of drug development by perfecting efficiency and improving the probability of success.

2. Use of cytotoxicity tests

2.1. Application of cytotoxicity tests

Nowadays the development of a new drug molecule costs around 1 billion dollars and out of
10,000–30,000 possible candidates, only 1 will find its way to the drug market [19]. This means
that the number of companies, which have actual financial background for such a research, is
decreasing and the whole process of drug development is slowing down. This is the conse-
quence of ICH’s GCP protocol, which in one hand, not only created a worldwide secure
standard for clinical trials of new drug molecules, but also radically increased the expanses.
On the other hand, non-drug related medical researches, such as medical devices (insulin
pumps, implants, etc.), also appeared on the market and the requirements of GCP was too
complicated and usually unnecessary.

Such circumstances lead to the increased popularity and development of cell culture model
systems. Cell lines are a cheap way to investigate the effect of any questioned molecule or
device on a given cell type. They can primarily be purchased from cell banks such as European
Collection of Authenticated Cell Cultures (ECACC) and the American Type Culture Collection
(ATCC). Cell lines can either be primary as they are directly isolated from a tissue or organ.
Their structure, protein expression patterns, metabolism, and genetical code are identical with
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the in vivo cells. Also, they are very sensitive to any effect during cultivation and they have a
determined lifespan, meaning that they can only endure a limited number of passages. Sec-
ondary cell lines are immortalized by some method, which means that they have a hypothet-
ically infinite lifespan. However, we can say from our own experience that for example Caco-2
cells are best suited for transport experiments (where they have to create a monolayer on an
insert) between the 20th and the 30th passages. After 50 passages, the cells are hardly able to
reproduce their own number, thus, they are no longer sufficient for cell viability tests.

Also, it is crucial to choose the right cell line for the given experiment. If the question is the
biocompatibility of a chemical compound, which is about to be used on humans, then a human
cell line must be chosen for the given experiment and even, an appropriate organ should be
selected. A good summarizing table was created by Amelian et al. [20] (Table 1).

As it can be seen, there are multiple available cell lines with the same origin. The selection and
the test system must be based on the later application of the device/compound, as each cell line
has a different medium requirement and cultivation method as they can act differently in cell
viability tests.

Also, because anti-proliferative drugs main attribute is their cytotoxicity, the following methods
are ideal for testing these substances on cell lines. Because the secondary, immortalized cells can
be seen as cancer cells (because their apoptotic or growth stop signals are suppressed by
mutations), they are capable to react to certain promising anti-cancer molecules like their in vivo
counterparts.

2.2. Advantages of cytotoxicity tests

As scientific and medical studies are getting more expensive over the recent decades, most of
the universities, research institutes are underfinanced, the importance of a certain method’s
price is greater than ever before. Animal experiments are expensive and the administrative
burden is overwhelming, so they are only used when no other test is suitable. Also, every year
new plants and their respective metabolites are described and through the various methods of

Cell line Origin Application

HeLa, A431 Epithelial cervical cancer Very rapid growth, cells commonly used in cancer research

Caco-2, HT29, HCT-116 Colon adenocarcinoma Studies of absorption via intestinal epithelium, toxicity tests

U2OS Osteosarcoma cells Studies of transport and absorption of drugs

SkBr3, MCF-7, MDA-MB231,
ZR-75-1

Breast cancer Studies of transport and absorption of drugs, screening
anticancer compounds

Calu-3 Serous cells of submucosal
gland

Studies of absorption via bronchial epithelium, metabolic
and transport model to study drug delivery to the
respiratory epithelium

HaCaT Adult human skin Penetration of drug through the skin

16HBE140 Bronchial epithelium Studies of absorption and excretion through the bronchial
epithelium

Table 1. Most common cell lines used in cytotoxicity studies [20].
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chemistry, new molecules are synthetized, and even an older compound might be re-evaluated
for a new indication. Secondary cell lines are ideal for the screening of the enormous amount of
test subjects. If the right cell line is chosen, not just the cytotoxicity, but the biological activity of
the chosen material can be measured. In short time, multiple experiments can be carried out,
with high reproducibility in the same test system. If we use more than one method, with
different signaling mechanisms and different cell lines, we will have a more complex view on
the in vitro toxicity data. This means more information when planning the in vivo experiments.
Generally, it can be said, that if a compound proves to be non-toxic, then in vivo it will be
tolerable. If it is moderately toxic, there is a chance that the 3D structure and the different cell
types of an organ or the human body can effectively recover from the cytotoxic damage or the
damage will only be minimal.

2.3. Disadvantages of cytotoxicity tests

The results of the cytotoxicity tests require additional consideration. They—even if the right cell
lines were used—are not an automatic green light for in vivo application. If a given chemical
proves to be non-toxic, it onlymeans that we do not necessarily have to start our next experiment
in an animal with the smallest dosage, but from a medium or a high concentration, to determine
the maximum single dose, maximum daily dose and the LD50 value. Also, if we do not use the
appropriate cell line—like testing an ointment preservative on enterocytes—then the scientific
value of our study will be questioned. The cytotoxicity tests usually end up in a specific IC50
value. These values usually cannot be compared, because these tests are highly dependent on the
parameters of the test system. Such parameters can be: cell line, passage number of the cells,
number of cells/well, volume of medium/well, growth time of a plate, concentration/volume of
reagent, manufacturer of the reagent, length of incubation, reaction time, solubilization solution
(if needed) even the performance of the spectrophotometer. We suggest that instead of using
static IC50 values, trends, comparisons should be seen. Stating that compound A has an IC50
value of 0.5 mg/ml and B has 0.25 mg/ml should be changed that A is about twice as tolerable,
than B. This fact does not decrease the significance of the cytotoxicity tests, but prevents to deny
of a scientifically accurate study, because the written IC50 value cannot be reproduced. Another
issue is that a specific compound can interact with the reagents or the mechanism of the method,
thus a false positive or negative result can be detected. Such interaction can only be found if we
use more than one method or in the scientific literature. If we only use one type of cytotoxicity
test, the scientific value will be low and the chance of detecting false results will be high. This is
not necessarily caused by a specific interaction, but because of the given test system, the whole
method will over- or underestimate cytotoxicity. Thus, it is advisable to use different types of
tests, so link MTT with LDH or RT-CES, but not with XTT, because they are both tetrazolium
based assays and have the same limitations.

3. Description of different cytotoxicity tests

The cellular damage caused by different chemical compounds can be various and thus, the
methods to measure this effect are numerous. To select the proper test, we must know: number
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the in vivo cells. Also, they are very sensitive to any effect during cultivation and they have a
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ically infinite lifespan. However, we can say from our own experience that for example Caco-2
cells are best suited for transport experiments (where they have to create a monolayer on an
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Cell line Origin Application

HeLa, A431 Epithelial cervical cancer Very rapid growth, cells commonly used in cancer research

Caco-2, HT29, HCT-116 Colon adenocarcinoma Studies of absorption via intestinal epithelium, toxicity tests

U2OS Osteosarcoma cells Studies of transport and absorption of drugs

SkBr3, MCF-7, MDA-MB231,
ZR-75-1

Breast cancer Studies of transport and absorption of drugs, screening
anticancer compounds

Calu-3 Serous cells of submucosal
gland

Studies of absorption via bronchial epithelium, metabolic
and transport model to study drug delivery to the
respiratory epithelium

HaCaT Adult human skin Penetration of drug through the skin

16HBE140 Bronchial epithelium Studies of absorption and excretion through the bronchial
epithelium

Table 1. Most common cell lines used in cytotoxicity studies [20].
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chemistry, new molecules are synthetized, and even an older compound might be re-evaluated
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lines were used—are not an automatic green light for in vivo application. If a given chemical
proves to be non-toxic, it onlymeans that we do not necessarily have to start our next experiment
in an animal with the smallest dosage, but from a medium or a high concentration, to determine
the maximum single dose, maximum daily dose and the LD50 value. Also, if we do not use the
appropriate cell line—like testing an ointment preservative on enterocytes—then the scientific
value of our study will be questioned. The cytotoxicity tests usually end up in a specific IC50
value. These values usually cannot be compared, because these tests are highly dependent on the
parameters of the test system. Such parameters can be: cell line, passage number of the cells,
number of cells/well, volume of medium/well, growth time of a plate, concentration/volume of
reagent, manufacturer of the reagent, length of incubation, reaction time, solubilization solution
(if needed) even the performance of the spectrophotometer. We suggest that instead of using
static IC50 values, trends, comparisons should be seen. Stating that compound A has an IC50
value of 0.5 mg/ml and B has 0.25 mg/ml should be changed that A is about twice as tolerable,
than B. This fact does not decrease the significance of the cytotoxicity tests, but prevents to deny
of a scientifically accurate study, because the written IC50 value cannot be reproduced. Another
issue is that a specific compound can interact with the reagents or the mechanism of the method,
thus a false positive or negative result can be detected. Such interaction can only be found if we
use more than one method or in the scientific literature. If we only use one type of cytotoxicity
test, the scientific value will be low and the chance of detecting false results will be high. This is
not necessarily caused by a specific interaction, but because of the given test system, the whole
method will over- or underestimate cytotoxicity. Thus, it is advisable to use different types of
tests, so link MTT with LDH or RT-CES, but not with XTT, because they are both tetrazolium
based assays and have the same limitations.

3. Description of different cytotoxicity tests

The cellular damage caused by different chemical compounds can be various and thus, the
methods to measure this effect are numerous. To select the proper test, we must know: number
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of treated cells, number of treatments, what kind of treatment the cells got, do we need these
cells later, or the chosen method can terminate them? Also, do we want to know the kinetics of
the post-treatment population’s changes or simply what happens with the cells after a short
incubation with the selected chemical? The price, the reliability, the user-friendliness of the kit
is an important question too. The mechanism of cytotoxicity can be various so a single method
only gives a simple view on a chosen material. Multiple tests and methods must be used before
anyone can make a solid point about the biocompatibility of a chemical compound. Also, it
must be noted, that a compound can interfere with the detection mechanism of a certain assay,
resulting in a false positive or negative result; thus, multiple methods are needed to avoid such
cases.

3.1. Assays

Cell viability assays are usually cheap, easy-to-perform methods, where after a given incuba-
tion with the selected chemical compound, the number of the surviving cells is measured by
some method. They use no antibodies or radioactive chemicals. Usually, these assays are
carried out on 96- or 384-well plates, making them ideal for screening experiments. It must be
noted, that in some special cases, multiple measurements can be made, but these methods are
not suited for long-term, kinetical or time-dependent killing studies. We must be aware of the
fact, that most methods use some kind of “signal molecule” which—in normal cases—is
directly proportional with the number of cells. If there is an uncontrolled factor that increases
or decreases the strength of the signal, we can get false positive of false negative results. Such
factor is usually increased uptake into the cell or increased activity of the specific enzyme,
responsible for the creation of the signaling molecule. Usually not a single enzyme, but
multiple proteins catalyze the reaction, so the overall metabolic state of the cell must be
considered. It can be said that additional filters for background measuring can greatly increase
the sensitivity. Nearly all eukaryotic cells can perform these biochemical reactions, but previ-
ous research can avoid incompatibility with certain cell lines. In the following table, the most
well-known cell viability assays are listed. Prices are approximating, and they mean the price
of 1000 tests of the kit, according to the manufacturer (Table 2).

Name Mechanism How to detect Price (€)

XTT Enzymatic activity Spectrophotometer 235

MTT Enzymatic activity Spectrophotometer 129

WST-1 Enzymatic activity Spectrophotometer 235

WST-8 Enzymatic activity Spectrophotometer 420

MTS Enzymatic activity Spectrophotometer 172

LDH Enzymatic activity Spectrophotometer 315

Resazurin Enzymatic activity Spectrofluorometer 110

Neutral Red Lysosomal uptake Spectrophotometer 339

Table 2. Most common cytotoxicity assay methods.
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MTT assay is a cheap, popular way, to measure cell death [21]. The reduction of the tetrazolium
structure in theMTTdye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide leads to a
colored formazan product—this is the basic chemical reaction in every tetrazolium based assay.
The MTT dye has a positive charge, thus it is taken up by the cells and intracellular oxidoreduc-
tases catalyze the mentioned reaction. The oxidative state of the cell and the mitochondrial
respiratory chain are essential in the conversion. Basically, the concentration of NADH limits
the process and any chemical compound that modifies the oxidative potential of the cell can
possibly decrease or increase the signal of the assay [22]. If this effect is not linked with direct
cytotoxic activity, then, it may lead to a false positive or negative result. Various reports have
already indicated that certain test compounds have radically different results in tetrazolium
assay, than in other methods because of the possible antioxidant capabilities [23]. The reaction
starts immediately, but 1–4 h should pass before measuring the absorbance of the test system—
the exact time must be setup according to the parameters of the current test system. A too short
amount of time might result in low signal strength; a too long may mask the difference between
different treatments/concentrations. Various organic solvents might be used to dissolve final
product, the insoluble, purple formazan crystals, but we suppose an isopropanol:hydrochloride
acid (25:1) solution, because it is safe and cheap to use. The acidification of the system is required,
to reduce the amount of the original yellow dye, thus, give us a stronger main signal. The
absorbance must be measured at 570 nm (Figures 1 and 2).

XTT, MTS, WST-1, and WST-8 assays are the improved versions of the old MTT. The final
product of the reaction is soluble in water/cell culture medium; yet, the solubility of the
original dye is greatly reduced, they must be used at 1–2 mg/ml concentrations instead of the
0.2–0.5 mg/ml of the original MTT dye [24]. The XTT and the WST-1/8 compounds have a
negative charge, so they cannot penetrate the cell membrane; their reduction takes place in the
extracellular space [22]. To enhance the effectiveness of transmembrane oxidoreductases, an

Figure 1. MTT dye reaction, the tetrazolium ring opens as a result of the reduction.

Figure 2. Simplified mechanisms of MTT and MTS assays.
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of treated cells, number of treatments, what kind of treatment the cells got, do we need these
cells later, or the chosen method can terminate them? Also, do we want to know the kinetics of
the post-treatment population’s changes or simply what happens with the cells after a short
incubation with the selected chemical? The price, the reliability, the user-friendliness of the kit
is an important question too. The mechanism of cytotoxicity can be various so a single method
only gives a simple view on a chosen material. Multiple tests and methods must be used before
anyone can make a solid point about the biocompatibility of a chemical compound. Also, it
must be noted, that a compound can interfere with the detection mechanism of a certain assay,
resulting in a false positive or negative result; thus, multiple methods are needed to avoid such
cases.

3.1. Assays

Cell viability assays are usually cheap, easy-to-perform methods, where after a given incuba-
tion with the selected chemical compound, the number of the surviving cells is measured by
some method. They use no antibodies or radioactive chemicals. Usually, these assays are
carried out on 96- or 384-well plates, making them ideal for screening experiments. It must be
noted, that in some special cases, multiple measurements can be made, but these methods are
not suited for long-term, kinetical or time-dependent killing studies. We must be aware of the
fact, that most methods use some kind of “signal molecule” which—in normal cases—is
directly proportional with the number of cells. If there is an uncontrolled factor that increases
or decreases the strength of the signal, we can get false positive of false negative results. Such
factor is usually increased uptake into the cell or increased activity of the specific enzyme,
responsible for the creation of the signaling molecule. Usually not a single enzyme, but
multiple proteins catalyze the reaction, so the overall metabolic state of the cell must be
considered. It can be said that additional filters for background measuring can greatly increase
the sensitivity. Nearly all eukaryotic cells can perform these biochemical reactions, but previ-
ous research can avoid incompatibility with certain cell lines. In the following table, the most
well-known cell viability assays are listed. Prices are approximating, and they mean the price
of 1000 tests of the kit, according to the manufacturer (Table 2).

Name Mechanism How to detect Price (€)

XTT Enzymatic activity Spectrophotometer 235

MTT Enzymatic activity Spectrophotometer 129

WST-1 Enzymatic activity Spectrophotometer 235

WST-8 Enzymatic activity Spectrophotometer 420

MTS Enzymatic activity Spectrophotometer 172

LDH Enzymatic activity Spectrophotometer 315

Resazurin Enzymatic activity Spectrofluorometer 110

Neutral Red Lysosomal uptake Spectrophotometer 339

Table 2. Most common cytotoxicity assay methods.
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MTT assay is a cheap, popular way, to measure cell death [21]. The reduction of the tetrazolium
structure in theMTTdye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide leads to a
colored formazan product—this is the basic chemical reaction in every tetrazolium based assay.
The MTT dye has a positive charge, thus it is taken up by the cells and intracellular oxidoreduc-
tases catalyze the mentioned reaction. The oxidative state of the cell and the mitochondrial
respiratory chain are essential in the conversion. Basically, the concentration of NADH limits
the process and any chemical compound that modifies the oxidative potential of the cell can
possibly decrease or increase the signal of the assay [22]. If this effect is not linked with direct
cytotoxic activity, then, it may lead to a false positive or negative result. Various reports have
already indicated that certain test compounds have radically different results in tetrazolium
assay, than in other methods because of the possible antioxidant capabilities [23]. The reaction
starts immediately, but 1–4 h should pass before measuring the absorbance of the test system—
the exact time must be setup according to the parameters of the current test system. A too short
amount of time might result in low signal strength; a too long may mask the difference between
different treatments/concentrations. Various organic solvents might be used to dissolve final
product, the insoluble, purple formazan crystals, but we suppose an isopropanol:hydrochloride
acid (25:1) solution, because it is safe and cheap to use. The acidification of the system is required,
to reduce the amount of the original yellow dye, thus, give us a stronger main signal. The
absorbance must be measured at 570 nm (Figures 1 and 2).

XTT, MTS, WST-1, and WST-8 assays are the improved versions of the old MTT. The final
product of the reaction is soluble in water/cell culture medium; yet, the solubility of the
original dye is greatly reduced, they must be used at 1–2 mg/ml concentrations instead of the
0.2–0.5 mg/ml of the original MTT dye [24]. The XTT and the WST-1/8 compounds have a
negative charge, so they cannot penetrate the cell membrane; their reduction takes place in the
extracellular space [22]. To enhance the effectiveness of transmembrane oxidoreductases, an

Figure 1. MTT dye reaction, the tetrazolium ring opens as a result of the reduction.

Figure 2. Simplified mechanisms of MTT and MTS assays.
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intermediate electron acceptor (IEA in figure) is required, which gets reduced by NADH and
intensifies the final signal of the assay. The specific IEA (such as phenazine ethyl sulfate) is
usually part of the assay kits and its concentration must be determined according to the given
test system. The MTS is at least partially reduced in the intracellular compartment, thus an IEA
is not essentially needed [22]. Because, the final formazan product is soluble in water, the
solubilization step is unnecessary; these assays are more flexible to combine with additional
methods and easier to carry out (Figures 3 and 4).

Resazurin assay (or Alamar Blue) is based on the enzymatic conversion of the cell permeable
blue resazurin to the pink resorufin [25]. Both chemicals are soluble in water and the assay
provides higher sensitivity than the previous methods, because the detection is based on
fluorescence, not spectrophotometry. Also, it must be noted that the reagent is toxic, so the
appropriate reaction time must be based on the sensitivity of the given cell line so the toxicity
of the reagent can be distinguished from the tested chemical. The fluorescence should be
measured with 560 nm excitation/590 nm emission filters. Also, it can be combined with other
techniques such as caspase activity assay because of the different detection method and the
non-interference of the respective mechanisms [26] (Figure 5).

LDH assay is based on the activity of a cytoplasmic enzyme, the lactate dehydrogenase which
reduces the NAD to NADH. NADH then reduces a tetrazolium dye (or other reagent) whose
concentration can be measured spectrophotometrically [27]. The assay is mainly used for the
detection of membrane leakage which correlates with the cell damage. The most common
reagent is the 2-p-iodophenyl-3-p-nitrophenyl tetrazolium chloride (INT) which forms a red
formazan product. The LDH is quite stable for the duration of the assay in the extracellular
space and its amount is dependent on the cell size and oxidative activity, but similar among the
cells of the same cell line. It is excellent when compared with other tetrazolium based methods
because it can measure the damaged cells as well, not just the dead ones. Also in special cases,
it can be used to detect the intracellular LDH concentration. A limitation of this method is that
serum has a high LDH activity on its own, so serum-supplemented mediums are not ideal for

Figure 3. Chemical formulae of the new generation tetrazolium assays from left to right: MTS, XTT, and WST-1/8.

Figure 4. Simplified mechanism of the XTT and WTS-1/8 assay.
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the LDH assay or multiple wash steps are needed before applying the assay reagent on the
cells. Another problem is that if the cells are dead (or growth is inhibited), but the specific
cytotoxic chemical does not distort the cell membrane, then the actual number of dead cells is
underestimated. A solution of it can be the usage of control compounds which have a similar
way-of-killing, than the tested chemical [28] (Figure 6).

Neutral red assay is not based on a directly enzymatic biochemical reaction, but the dye is
taken up by the cells and it stains the lysosomes of the cells [29]. A weak cationic compound,
the neutral red is taken up by micropinocytosis or by non-ionic diffusion and is accumulated
into the lysosomes [30]. After the cytotoxic treatment with the possibly cytotoxic chemical, the
cells should be washed, then the staining solution must should be added to the test system.
After an appropriate time of incubation, the dye must be removed and the cells are washed
again. The incubation with a solubilization solution forces the cells to excrete the neutral red
dye and thus, the concentration of it can be measured at 540 nm. As damaged cells can only
take up and store neutral red at a decreased rate and dead cells are not stained at all, it is a
sensitive assay, but, the cells are washed, disturbed multiple times which—if not carried out
smoothly enough—can decrease the cell number, destroy the monolayer or other kind of
collateral damage can happen to the cells (Figure 7).

3.2. RT-CES

The simple cytotoxicity assays are limited in case of kinetical or time-dependent killing exper-
iments. Simply, multiple measurements cannot be executed, because the test system is dis-
turbed, some xenobiotics (tetrazolium dyes, other cofactors, etc.) are added to the cells or in
case of some methods, the cells are solubilized. The reagents used in the assays can be directly

Figure 5. Mechanism of the Resazurin assay.

Figure 6. Mechanism of LDH membrane leakage assay.
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fluorescence, not spectrophotometry. Also, it must be noted that the reagent is toxic, so the
appropriate reaction time must be based on the sensitivity of the given cell line so the toxicity
of the reagent can be distinguished from the tested chemical. The fluorescence should be
measured with 560 nm excitation/590 nm emission filters. Also, it can be combined with other
techniques such as caspase activity assay because of the different detection method and the
non-interference of the respective mechanisms [26] (Figure 5).
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reduces the NAD to NADH. NADH then reduces a tetrazolium dye (or other reagent) whose
concentration can be measured spectrophotometrically [27]. The assay is mainly used for the
detection of membrane leakage which correlates with the cell damage. The most common
reagent is the 2-p-iodophenyl-3-p-nitrophenyl tetrazolium chloride (INT) which forms a red
formazan product. The LDH is quite stable for the duration of the assay in the extracellular
space and its amount is dependent on the cell size and oxidative activity, but similar among the
cells of the same cell line. It is excellent when compared with other tetrazolium based methods
because it can measure the damaged cells as well, not just the dead ones. Also in special cases,
it can be used to detect the intracellular LDH concentration. A limitation of this method is that
serum has a high LDH activity on its own, so serum-supplemented mediums are not ideal for
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the LDH assay or multiple wash steps are needed before applying the assay reagent on the
cells. Another problem is that if the cells are dead (or growth is inhibited), but the specific
cytotoxic chemical does not distort the cell membrane, then the actual number of dead cells is
underestimated. A solution of it can be the usage of control compounds which have a similar
way-of-killing, than the tested chemical [28] (Figure 6).

Neutral red assay is not based on a directly enzymatic biochemical reaction, but the dye is
taken up by the cells and it stains the lysosomes of the cells [29]. A weak cationic compound,
the neutral red is taken up by micropinocytosis or by non-ionic diffusion and is accumulated
into the lysosomes [30]. After the cytotoxic treatment with the possibly cytotoxic chemical, the
cells should be washed, then the staining solution must should be added to the test system.
After an appropriate time of incubation, the dye must be removed and the cells are washed
again. The incubation with a solubilization solution forces the cells to excrete the neutral red
dye and thus, the concentration of it can be measured at 540 nm. As damaged cells can only
take up and store neutral red at a decreased rate and dead cells are not stained at all, it is a
sensitive assay, but, the cells are washed, disturbed multiple times which—if not carried out
smoothly enough—can decrease the cell number, destroy the monolayer or other kind of
collateral damage can happen to the cells (Figure 7).

3.2. RT-CES

The simple cytotoxicity assays are limited in case of kinetical or time-dependent killing exper-
iments. Simply, multiple measurements cannot be executed, because the test system is dis-
turbed, some xenobiotics (tetrazolium dyes, other cofactors, etc.) are added to the cells or in
case of some methods, the cells are solubilized. The reagents used in the assays can be directly

Figure 5. Mechanism of the Resazurin assay.

Figure 6. Mechanism of LDH membrane leakage assay.

Role of Cytotoxicity Experiments in Pharmaceutical Development
http://dx.doi.org/10.5772/intechopen.72539

139



cytotoxic or at least they modify the cells biochemical equilibrium and activity in a way that
the results are no longer relevant for the latter in vivo experiments. This means that after a
certain treatment with the probably cytotoxic compound, we can only make an end-point
measurement because the test system is irreversibly changed after the addition of the given
signaling molecule(s). Also, if the tested chemical can absorb light or is capable of fluorescence,
it can interfere with the detection system. Because of these limitations the need for a non-
invasive, yet precise method resulted in the invention of real-time cell electronic sensor.

This technique is based on the impedance changes of the cell populations [31]. The cells are
seeded into special E-plates, which are available in multiple size (4-, 8-, 16-, 96-wells, etc.).
These special devices have a positive and a negative electrode in every well, and a low voltage
alternate current flows through the well. As the cells grow, they have a higher impedance
(resistance in AC circuits); and as they die, the impedance value lowers. This effect has literally
no impact on the cells, so it is a non-invasive technique. The length of the experiment is
theoretically unlimited, as there is no end-point of AC current flow. For this reason, the cell
growth can be measured during multiple treatments of the cells, and not just the cytotoxic or
non-toxic effects, but the possible recovery of the cells can be studied as well. It is important,
that first, a part of the cell medium and the solution of the screened chemical must be placed
into the wells of the E-plate, thus the connected software can detect it as a background, with
zero impedance, so chemicals with ionic charges do not interfere with the measured signal.
The cells should be added to the wells after the background detection in a high-density
suspension. Also, the whole experiment can be stopped at any point, to remove the test
solution or to add a new compound to test system (Figure 8).

However, this system is ideal for cell viability studies, it has some disadvantages as well. The
devices and the E-plates have a high price and a limited number of slots to use. The E-plates
can be used multiple times after a specific cleaning protocol, but the sensitive, microelectronic
sensing arrays are easily damaged by washing and organic solvents. This means, that it is not
suited for high performance screening experiments, because multiple assays can be done
during the same amount of time.

3.3. Other methods

Sulforhodamin B is a dye which stains the total protein amount of the cells [33]. The reagent is
an aminoxanthene dye which binds stoichiometrically with the amino-acids under acidic pH.
First, the cells must be fixed with trichloroacetic acid, then washed and dried and the wells
respective optical density measured for background detection. The sulforhodamin B must be
added after this, and it should stain the cells for 20–30 min. After a wash step, the stained cells
must be solubilized and the absorbance measured at 565 nm. The protocol is quite long and

Figure 7. Neutral red dye.

Cytotoxicity140

requires an experienced crew to execute perfectly. Also, the total protein only works, if the cells
grew in the presence of the cytotoxic chemical, otherwise, the dead cells cannot be distin-
guished from the viable ones. However, there are several studies indicating that the
sulforhodamin B results correlate well with the MTT results [34]. A slight advantage of this
method is that because of the multiple wash steps, the tested chemicals can hardly interact
with the dye, unlike other enzyme-based methods. The optimization with the specific cell line
is also much easier because the lack of dependence on metabolic activity (Figure 9).

Calcein-AM/Hoechst 33342 and propidium iodide are dyes that stain viable and dead cells
[35]. In appropriate concentration, Calcein-AM, a lipophilic derivative of calcein is capable
pass through cell membranes and stains the cell, as intracellular enzymes cleave the lipophilic
carbon chain from the dye [36]. Hoechst 33342 binds the A-T rich regions of the DNA.
Propidium iodide stains the nucleus of the cell, but cannot penetrate the cell membrane, thus
it only binds to the dead cells. As the two reagents can be detected at different wavelengths,
multiple emission and excitation filters are needed. Also, every cell line has a different binding
rate and the ideal concentration must be found through testing, as the cytosol of the cells can
be stained by each dye and instead of spectrophotometric detection, manual counting is
needed with a microscope with the specific filters/lamps (Figure 10).

Figure 8. A typical RT-CES diagram showing a time and dose dependent cytotoxicity of 2,6-dichloro-(1,4)-benzoquinone
[32].

Figure 9. Sulforhodamin B.
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cytotoxic or at least they modify the cells biochemical equilibrium and activity in a way that
the results are no longer relevant for the latter in vivo experiments. This means that after a
certain treatment with the probably cytotoxic compound, we can only make an end-point
measurement because the test system is irreversibly changed after the addition of the given
signaling molecule(s). Also, if the tested chemical can absorb light or is capable of fluorescence,
it can interfere with the detection system. Because of these limitations the need for a non-
invasive, yet precise method resulted in the invention of real-time cell electronic sensor.
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into the wells of the E-plate, thus the connected software can detect it as a background, with
zero impedance, so chemicals with ionic charges do not interfere with the measured signal.
The cells should be added to the wells after the background detection in a high-density
suspension. Also, the whole experiment can be stopped at any point, to remove the test
solution or to add a new compound to test system (Figure 8).

However, this system is ideal for cell viability studies, it has some disadvantages as well. The
devices and the E-plates have a high price and a limited number of slots to use. The E-plates
can be used multiple times after a specific cleaning protocol, but the sensitive, microelectronic
sensing arrays are easily damaged by washing and organic solvents. This means, that it is not
suited for high performance screening experiments, because multiple assays can be done
during the same amount of time.

3.3. Other methods

Sulforhodamin B is a dye which stains the total protein amount of the cells [33]. The reagent is
an aminoxanthene dye which binds stoichiometrically with the amino-acids under acidic pH.
First, the cells must be fixed with trichloroacetic acid, then washed and dried and the wells
respective optical density measured for background detection. The sulforhodamin B must be
added after this, and it should stain the cells for 20–30 min. After a wash step, the stained cells
must be solubilized and the absorbance measured at 565 nm. The protocol is quite long and

Figure 7. Neutral red dye.
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requires an experienced crew to execute perfectly. Also, the total protein only works, if the cells
grew in the presence of the cytotoxic chemical, otherwise, the dead cells cannot be distin-
guished from the viable ones. However, there are several studies indicating that the
sulforhodamin B results correlate well with the MTT results [34]. A slight advantage of this
method is that because of the multiple wash steps, the tested chemicals can hardly interact
with the dye, unlike other enzyme-based methods. The optimization with the specific cell line
is also much easier because the lack of dependence on metabolic activity (Figure 9).

Calcein-AM/Hoechst 33342 and propidium iodide are dyes that stain viable and dead cells
[35]. In appropriate concentration, Calcein-AM, a lipophilic derivative of calcein is capable
pass through cell membranes and stains the cell, as intracellular enzymes cleave the lipophilic
carbon chain from the dye [36]. Hoechst 33342 binds the A-T rich regions of the DNA.
Propidium iodide stains the nucleus of the cell, but cannot penetrate the cell membrane, thus
it only binds to the dead cells. As the two reagents can be detected at different wavelengths,
multiple emission and excitation filters are needed. Also, every cell line has a different binding
rate and the ideal concentration must be found through testing, as the cytosol of the cells can
be stained by each dye and instead of spectrophotometric detection, manual counting is
needed with a microscope with the specific filters/lamps (Figure 10).

Figure 8. A typical RT-CES diagram showing a time and dose dependent cytotoxicity of 2,6-dichloro-(1,4)-benzoquinone
[32].

Figure 9. Sulforhodamin B.
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3.4. Comparison between in vitro cytotoxicity data and in vivo data

As the whole, medical science and industry is based on the modification, repair of damaged or
badly functioning cells and tissues in human or animal body, the correlation between in vitro
and in vivo data is crucial. Do these artificial test systems, cell lines truly replicate how a real
tissue would react to a certain treatment or compound? The answer is based on the application
of multiple in vitro methods and the careful planning of the in vivo experiments. A good
example of the practice is the study of Yu et al. [37]. Xantii fructus is a traditional Chinese
herbal drug and clinical reports indicated its renal toxicity. The study was based on MTT and
LDH assays of the main components of the herbal drug on a renal cell line, as well as acute and
chronic toxicity experiments in rats. While the main component of the drug, the atractyloside
potassium salt showed no cytotoxicity on the cell lines, the water extract of the fruit had an
inhibitory effect in case of high concentrations on the MTTassay, but no membrane damage on
the LDH assay. These results indicate that the secondary components of the water extract have
cytotoxic capabilities and the exact mechanism of killing might involve the suppressed meta-
bolic activity of the cells, but not the damage of the cell membrane. The acute in vivo toxicity
showed that only high concentrations could terminate the rats and cause abnormalities in the
organs and the chronic toxicity showed only minor changes in the highest concentration
group. Overall, this complex study created a much more accurate, scientific point of view
about the toxicity of Xanthii fructus, what chemicals are responsible for its toxicity, what are
the exact dosages, and what are the side effects that are caused by the herbal drug. It could
only be made by the co-application of various in vivo and in vitromethods.

4. Conclusion

The importance of cytotoxicity assays in early drug development is unquestionable although it
must be concluded that no assay technology for detecting cytotoxicity in vitro is perfect. Strong
arguments can be made for and against using cell viability or cytotoxicity assays as a reliable
model of human medication. Depending upon the objectives of the investigation, either

Figure 10. Chemical formula of the Calcein-AM (upper image), Hoechst 33342 (left image) and the propidium iodide
(right image).
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viability or cytotoxicity assays can be performed. Cytotoxicity assays based on membrane
integrity changes are positive-readout assay which are most typically indicated for shorter-
term exposure models (48 h or less). These assays may not properly determine the absolute
degree of early or late stage cytotoxicity since the kinetics of biomarker emergence or degra-
dation. Viability assays measure the level of biomarker activity inversely correlated with
cytotoxicity, and therefore may be used at any endpoint during a compound/cell incubation
period. Each biomarker of viability and cytotoxicity has advantages and disadvantages. More-
over in early drug discovery, in vitro evaluations of new drug candidates is often met with
skepticism since their reliability and in vivo correlatability. It can be concluded that however
there is some validity to this argument, it is important to put in vitro toxicity data into
consideration during pharmaceutical development.
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1. Introduction

Cancer is one of the most common and serious diseases currently, considered a public health 
problem [1–3]. The prostate cancer, according to INCA, is the most accessible in men in Brazil 
and difficult diagnoses for slow development and absence of signaling in the early stages of 
the disease, and can progress to more advanced stages with metastasis. The success in treat-
ment depend on the extent of cancer at the time of diagnosis and, thus, nanotechnology can 
be a tool to improve diagnostic technique and for improve the quality of treatments [4–10].

Breast cancer is considered as a heterogeneous disease in its pathological characteristics. The fol-
low-up of the disease is quite complex, mainly due to the existence of the various tumor subtypes, 
which have different expression profile, therapeutic response and clinical behavior [4, 11–15]. The 
molecular classification divides breast cancers into many groups, based on molecular expression 
profile. Triple negative breast cancer (TNBC), characterized by lack of expression of estrogen 
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor type 2 
(HER2), comprises the highest invasive potential and worst clinical outcome [16, 17]. In addition, 
this breast cancer presents survival rates significantly lower and recurrence rates significantly 
higher compared to other breast cancer subtypes [17–19]. Moreover, the identification of specific 
targeted therapy and improved diagnosis for TNBC is fundamental.

In the last decades, cancer has been presenting itself as a health problem public interest, 
raising the urgent interest in research for the development of drugs with antitumor activity. 
Nanotechnology has been a tool for development of new nanoparticles with antineoplastic 
properties [5, 20–23].

In recent years, with the emergence of certain biomedical problems, such as increased infec-
tions of pathogenic strains resistant to antimicrobials and the development of new cancers, 
the development of new effective tools has been extremely important. Therefore, the use of 
nanotechnology is important, since depending on the size and shape of nanocrystals it is pos-
sible to control their physical and chemical properties [24, 25].

The concern about pathogens and multi-drug microorganisms in food, veterinary and medi-
cal industry are boosting the demand for new antimicrobial substances. Since a large number 
of microorganisms have showed resistance against different antibiotics, the potential anti-
microbial substance should be able to destroy or inhibit these microorganisms in different 
matrices and do not promote resistance [26–29]. Moreover, this compound should be cheap, 
easy to use, bacteria specific and non-toxicity to the human or animals.

Pathogenic microbial contamination and eradication of organic pollutants have been a major 
threat to mankind and the environment. Therefore, the development of new, more efficient 
materials with improved photocatalytic and antimicrobial activity is of great importance.

The increase in bacterial resistance towards conventional antibiotics generally occurs because 
some bacteria form slime which facilitates adhesion and formation of biofilms on any surface 
or implantable devices [30, 31]. Thus, the formation of biofilms increases bacterial resistance, 
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preventing the action of antibiotics [32–36]. In order to reduce microbial adhesion, several 
researchers have been studying nanocrystals with antimicrobial properties as a promising 
tool to control microbial adhesion, since nanocrystals with catalytic properties have the 
potential to reduce biofilm formation [32, 35, 37–40].

Therefore, in the book chapter we investigated the cytotoxicity of Ag or Ca doped ZnO NCs 
in normal and tumor cells, as well as, the viability of ZnO doped with Ag, Eu, Ni and your 
nanocomposites against microorganisms.

2. Doped semiconductors nanocrystals and nanocomposites

The development of nanoparticles for medical purposes has been widely investigated, since 
when the size is greatly reduced at the nanometric scale, the reason surface/volume increase 
generating new and interesting properties, such as a greater ability to absorb drugs, probes and 
proteins [41] In addition to size and shape, a crystalline nanoparticle (NPs) alters as both physi-
cal and biological properties. For example, Spanó et al. have shown that amorphous nanopar-
ticles are more genotoxic than crystalline (nanocrystals) [42]. In addition, a crystal phase in 
which nanocrystals (NCs) themselves also enables physical and biological properties [43].

The use of nanoparticles and nanocrystals as novel therapeutic antimicrobial agents have been 
described some of the metallic compounds possess antimicrobial property especially inor-
ganic metal oxides [44]. Moreover, the alliance of nanotechnology and biology has brought to 
fore metals in the form of nanoparticles as potential antimicrobial agents.

Several types of nanocrystals have been synthesized in order to obtain an efficient nanoma-
terial. However, it is important to emphasize that nanocrystals must be biocompatible and 
specific [45]. Based on this and knowing that zinc oxide nanocrystals (ZnO) are biocompat-
ible materials, according to the US Food and Drug Administration (FDA), in this chapter we 
investigated this nanocrystal.

Nanocrystals of zinc oxide (ZnO) exhibit many important characteristics, such as high cata-
lytic activity, chemical and physical stability, as well as ultraviolet (UV) absorption [46, 47]. 
The technique most used to produce defects aiming to increase the catalytic activity in ZnO 
nanocrystals is based on the choice of synthesis methods [34], use of nanocomposite photo-
catalysts [48], and doping with impurities [49].

ZnO nanocrystals have the unique ability to induce oxidative stress in cancer cells and bac-
teria, being one of the main mechanisms of cytotoxicity and bactericidal action [32, 50, 51]. 
This property is due to the semiconductor nature of ZnO, which induces the generation of 
reactive oxygen species (ROS), leading to oxidative stress and cell death or bacteria [52–54]. 
Another type of nanocrystalline that enters the category of biocompatible is nickel because 
it is a basic element that is part of metalloproteins, being vital for living beings. Nickel (Ni), 
silver (Ag) and calcium (Ca) nanocrystals and oxide have several advantages as antimicrobial 
and antitumor agents [55–57].
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Figure 1 shows the three-dimensional structures of the zinc, calcium, silver and nickel oxides, 
subsequently exemplifying the doping process and nanocomposites. The doping process con-
sists of the substitution of ions in the crystalline structure of the nanocrystal. For example, in 
silver-doped ZnO nanocrystals, silver ions substitute the ions of Zn in the crystalline structure 
of ZnO.

The formation of nanocomposites is the mixing of two types of nanocrystals in order to 
potentiate a certain physical property, or the presence of two interesting physical properties. 

Figure 1. Three-dimensional structures of the zinc oxide, calcium oxide, silver oxide and nickel oxide, subsequently 
exemplifying the doping process and nanocomposites.
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Chu et al. demonstrated that the mixture of titanium dioxide nanocrystals with silver oxide 
enhanced the photocatalytic performance [58]. Thus, as the photocatalytic performance of 
nanocrystals is directly related to antineoplastic effect and bactericidal action the study of the 
mixture of nanocrystals (nanocomposites) is extremely important.

2.1. Cytotoxicity of doped nanocrystals and nanocomposites in cells

Normal epithelial cell line (RWPE-1), prostate cancer cells (PC3) and human breast adeno-
carcinoma (MDA-MB-231), were cultured in RMPI medium supplemented with 10% fetal 
bovine serum (FBS) and 0.1% gentamycin. For the RWPE-1 strain, the medium was further 
enriched with epidermal growth factor (10 ng/mL) and bovine pituitary extract. Cells were 
maintained at 37°C, 5% CO2. The cells were grown in 25 cm2 bottles and transferred before 
reaching the confluence level (80%). Cell viability was determined by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay. Cells (1 × 105/well) were seeded 
in 96-well plates and incubated overnight for adherence. The culture medium was removed 
and replaced with medium containing the nanocrystals in different concentrations diluted in 
PBS and evaluated at 24 hours. After the indicated period, MTT (5 mg/mL) was added and 
the plates were incubated for 4 hours. Then, 50 μL of sodium dodecyl sulfate (SDS) (20%) was 
added in each well to dissolve the formazan crystal. The absorbance was measured at 570 nm. 
Next, the cell viability calculation was performed.

Figure 2 show the viability of nanocrystals in function of concentration for the (a) normal epi-
thelial cell line (RWPE-1) and (b) prostate cancer cells (PC3) at 24 hours. In the RWPE-1 cells 

Figure 2. Viability of (a) RWPE and (b) PC3 after treatment with ZnO, Ag doped ZnO and nanocomposite (Ag doped 
ZnO and 68% of AgO NCs) with different concentration after 24 hours.
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the ZnO NCs and Ag doped ZnO was not observed cytotoxic effect. However, in the com-
posite formed by Ag doped ZnO and 68% of AgO NCs occurs the reduction in cell viability. 
For PC3 cells the ZnO and Ag doped ZnO NCs had no cytotoxic effect at all concentrations, 
but the composite had a significant inhibitory effect on cell viability, however, there was an 
increase in cell viability for PC3 cells at concentrations of 10 and 25 μg/mL in 24 hours time.

Figure 3 show the viability of Ca doped ZnO, ZnO and CaO nanocrystals in function 
of concentration for the human breast adenocarcinoma (MDA-MB-231) cells at 24 hours. 
The cytotoxic potential of CaO nanocrystals was extremely lower against cells and ZnO 
was performed significantly damage in cells. Interestingly, the Ca doped ZnO NCs dis-
played high cytotoxicity against the cells. The Ca doped ZnO NCs reduced the viability 
in a not dose-dependent manner, damaging about 40–93% of cells at concentrations of 
12.5–100 μg/mL.

2.2. Cytotoxicity of doped nanocrystals and nanocomposites in bacteria

The ZnO doped with silver and europium has been tested in preliminary study against 
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus and Enterococcus  
faecalis using different methods. The agar well diffusion test was made according to Clinical 
and Laboratory Standards Institute and the resazurin microtiter assay plate testing was also 
performed.

The inhibition zone produced by ZnO doped with silver increase in Ag dopant concentration. 
The antimicrobial action proposed for nanocrystal against microorganisms can be related 
with: (a) the adherence of the nanomaterials on the surface of the bacteria, which can lead to 
physical blockage of transport channels of the cells; (b) the oxidation of membranes lipids by 
reactive oxygen species (ROS) like H2O2, singlet oxygen and hydroxyl radicals [44].

The viability assay against S. aureus and E. coli showed that the Ag and europium (Eu) doped 
ZnO NCs inhibited these microorganisms. However, the increase of Eu doping and Eu2O3 
NCs promoted the growth of the microorganisms (Figure 4). Concentrations greater than 
1% Eu occurs the formation of a nanocomposite that constitutes of Eu and Ag doped ZnO 
and EuO. The use of nanocrystals as antimicrobial substance should be promisor in different 

Figure 3. Viability after treatment with ZnO, Ca doped ZnO and CaO nanocrystals in function of concentration for the 
MDA-MB-231 cells at 24 hours.
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areas. These NCs could be a potential antimicrobial, which can be apply in food, veterinary 
and medical industry. However, complementary studies should be done to better understand 
the effects of this compound on biological molecules.

The potential antimicrobial activity of nanocrystals against potential pathogens have been 
studied. On the other hand, large number of microorganisms have showed resistance against 
antibiotics [59, 60]. Zinc (Zn) and nickel (Ni) are transition metals that generate free electrons, so 
when these ions are incorporated into nanocrystals may amplify the bactericidal effect [61–64].

The viability assay against Proteus vulgaris and Klebsiella pneumonia with different concentra-
tion of the nanocomposite hybrid (Ni doped ZnO + NiO NCs), ZnO and NiO NCs (Figure 5).  
Observed that NiO NCs showed antimicrobial activity against all microorganisms tested.  
P. vulgaris was the most sensitive in presence of NiO NCs, whereas K. pneumonia was more 
resistant. The antimicrobial effect may be due to production of electron–hole pairs. After a 
cascade of reactions, hydrogen peroxide is produced and penetrate into the cell, destroy the 
membrane, denatures proteins and damages DNA causing cell death [31, 38, 51]. Therefore, 
due to its simple preparation, low cost and antibacterial activity, these NCs have potential to 
be used as antibacterial agents against a wide range of microorganisms.

Figure 4. Viability assay against S. aureus and E. coli of Ag and Eu doped ZnO, and ZnO and EuO NCs.
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MDA-MB-231 cells at 24 hours.
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areas. These NCs could be a potential antimicrobial, which can be apply in food, veterinary 
and medical industry. However, complementary studies should be done to better understand 
the effects of this compound on biological molecules.

The potential antimicrobial activity of nanocrystals against potential pathogens have been 
studied. On the other hand, large number of microorganisms have showed resistance against 
antibiotics [59, 60]. Zinc (Zn) and nickel (Ni) are transition metals that generate free electrons, so 
when these ions are incorporated into nanocrystals may amplify the bactericidal effect [61–64].

The viability assay against Proteus vulgaris and Klebsiella pneumonia with different concentra-
tion of the nanocomposite hybrid (Ni doped ZnO + NiO NCs), ZnO and NiO NCs (Figure 5).  
Observed that NiO NCs showed antimicrobial activity against all microorganisms tested.  
P. vulgaris was the most sensitive in presence of NiO NCs, whereas K. pneumonia was more 
resistant. The antimicrobial effect may be due to production of electron–hole pairs. After a 
cascade of reactions, hydrogen peroxide is produced and penetrate into the cell, destroy the 
membrane, denatures proteins and damages DNA causing cell death [31, 38, 51]. Therefore, 
due to its simple preparation, low cost and antibacterial activity, these NCs have potential to 
be used as antibacterial agents against a wide range of microorganisms.

Figure 4. Viability assay against S. aureus and E. coli of Ag and Eu doped ZnO, and ZnO and EuO NCs.
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3. Conclusion

The cytotoxicity analysis of Ag or Ca doped ZnO NCs in normal, tumor prostate and breast 
cells was possible to identify the antitumor effect potentialization when these ions (Ag and Ca) 
were incorporated into ZnO NCs. In this way, these doped NCs can become a target in the 
treatment of cancer. The viability assay against microorganisms showed that the increase of 
Eu doping in ZnO NCs promoted the growth of the microorganisms and Ni doped ZnO with 
NiO NCs are more efficient than NiO NCs to K. pneumonia.
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Abstract

Titanium oxide is regarded as a bio-inert material, but studies concerning the toxic effects 
of titanium dioxide (TiO2), particularly nano-scaled TiO2 particles, have been accumulat-
ing that indicate nano-scaled TiO2 particles show more harm and cause greater alteration 
of immune functions compared with large particles. Inorganic nanosheets have been the 
focus of increasing interest because of their ultrathin structure, as well as diversity of 
compounds and structures leading to various functions. Oxide nanosheets are included 
in the group comprising inorganic nanosheets, and titanate nanosheets (TiNSs) represent 
a form of oxide nanosheets. We therefore examined the toxicity of nano-scaled 2D materi-
als of TiNSs on human immune cells. Our study revealed that TiNSs have the potential 
to cause harm through caspase-dependent apoptosis of human peripheral blood mono-
nuclear cells (PBMCs) to the same degree as asbestos. Furthermore, isolated monocytes 
developed marked vacuoles prior to cell death upon exposure to TiNSs, which were 
found in the vacuoles and indicated engulfment of TiNSs. A consideration of these find-
ings with the co-localization of vacuoles with endocytosed fluorescence-labeled dextran 
indicates that TiNSs entered the endosomal pathway, leading to the formation of vacu-
oles in monocytes and subsequent cell death. TiNSs might therefore affect immune func-
tions through interference of endo-lysosomal functions.

Keywords: titanate nanosheets, apoptosis, vacuole formation, endosome

1. Introduction

Titanium oxide is used broadly in industrial production for ceramics, materials containing com-
posite oxides and photocatalysts, and even as a food additive. In addition, titanium and its 
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alloy are used for various kinds of biomaterials such as artificial joints and dental implants, 
where generation of titanium oxide (titania) film is beneficial because of its bio-inertness [1–3]. 
Titanium oxide was therefore regarded as a harmless material. However, studies detailing the 
toxic effects of titanium oxide have been accumulating recently as shown in the next section. 
The International Agency for Research on Cancer (IARC) decided in 2010 to change its cat-
egorization of titanium dioxide (TiO2) from “Group 3: Not classifiable as to carcinogenicity to 
humans” to “Group 2B: Possibly carcinogenic to humans”. This conclusion resulted from suffi-
cient evidence in experimental animals and inadequate evidence from epidemiological studies. 
The carcinogenicity of titanium oxide was evaluated by examining the relationship between 
exposure to titanium oxide and the risk of lung cancer in two previously conducted case-control 
studies, which showed no detectable excess risk of lung cancer [4]. In contrast, two studies 
using animal experiments demonstrated elevated lung cancer in rats exposed to fine or ultra-
fine TiO2 [5, 6]. Additionally, it is estimated that the total production of nano-TiO2 would reach 
approximately 2.5 million metric tons (MT) per year in 2025 from 40,000 MT in 2006 in the US 
[7], which means we would become more exposed to nano-scaled materials of titanium oxide 
in the future, thereby motivating us to better clarify the toxicological effects of this material. The 
various forms of titanium oxide are known and include spheres, rods, needles and fibers, as 
well as sheets. Titanate nanosheets (TiNSs) are crystalline materials composed of titanium and 
oxygen with a very thin and flat structure representing 2D materials. TiNSs are expected to be 
valuable materials in industry for production of UV- or corrosion-resistant films, dielectric thin 
films and catalysts. Therefore, we recently examined the effects of exposure to TiNSs on human 
immune cells (manuscript of an original article under preparation). Here, we would like to 
review the progress of studies regarding the toxicity of titanium oxides, summarize our recent 
study concerning the toxicity of TiNSs and finally discuss the findings obtained from that study.

2. Toxicity of titanium dioxide materials

The following two studies form the basis for the decision to reappraise the carcinogenicity 
of TiO2. In 1985, Lee et al. conducted in vivo experiments with rats and reported the occur-
rence of bronchioalveolar adenomas carcinomas and squamous cell carcinomas in a portion 
of both sexes exposed by inhalation to fine TiO2, which possesses a micro-scaled diameter [5]. 
The study by Heinrich et al. demonstrated that exposure to ultrafine TiO2 nano-scaled particles 
caused tumors in comprising squamous cell carcinomas, adenocarcinomas and benign squa-
mous cell tumors in female rats [6]. In addition, Schins et al. evaluated data in the literature 
and reported that tumorigenesis by TiO2 involves a mechanism of genetic damage caused by 
reactive oxygen species (ROS) and reactive nitrogen species (RNS) that were produced by a 
TiO2 exposure-induced inflammatory response [8]. Naturally occurring TiO2 is distinguished as 
rutile and anatase due to the difference in crystal structure. It has been reported that an anatase 
type of nano-TiO2 showed higher production of ROS and more toxic characteristics compared 
with a rutile type of the material in an in vitro experiment with human fibroblasts and lung 
epithelial cells [9]. In addition, it has been demonstrated that TiO2 nanoparticles caused high 
production of 8-hydroxyl-2′-deoxyguanosine (8-OHdG), a DNA adduct, which contributed to 
the development of tumor, whereas the nanoparticles did not cause DNA breakage in human 

Cytotoxicity164

lung fibroblasts of IMR-90 [10]. Chen et al. demonstrated that single intratracheal instillation 
with TiO2 nanoparticles caused altered expression of mouse lung-tissue genes involved in path-
ways associated with the cell cycle, apoptosis, chemokines and the complement system [11]. 
TiO2 nanoparticles increased expression of placenta growth factor (PIGF), CXCL1, CXCL5 and 
CCL3, and results were similar to those observed in an in vitro experiment with human THP-1 
cells. Warheit et al. demonstrated the difference in effects resulting from exposure to nano-TiO2 
rods and dots [12]. Moreover, their study compared various kinds of TiO2 and demonstrated 
that the pulmonary effects caused by exposure to ultrafine TiO2 differ based on the crystal struc-
ture and composition of TiO2 [13]. These findings show evidence for the toxicity of titanium 
oxide, but the toxicity of nano-scaled materials needs to be examined further, particularly the 
crucial role played by the size, crystal structure and composition of TiO2 in regard to toxicity.

3. Studies concerning nano-scaled titanium dioxide particles

Before examining TiNSs, previous studies regarding the toxicity of nano-scaled TiO2 materi-
als should be reviewed. The toxicological effect of TiO2 nanoparticles on skin and in dermal 
tissue is of interest to medical science and manufacturers because TiO2 is used as a physical 
photoprotective agent in sunscreen and as a whitening agent in cosmetics. It is unlikely that 
TiO2 nanoparticles easily reach dermal tissue. Experiments using human skin-transplanted 
mice show that TiO2 nanoparticles did not penetrate the barrier of an intact epidermis [14]. 
Sadrieh et al. [15] and Newman et al. [16] also demonstrated no significant penetration of TiO2 
nanoparticles through the epidermis. However, this does not eliminate concern regarding its 
toxicity on skin because an in vitro experiment using cell lines of keratinocytes, sebocytes, 
fibroblasts and melanocytes showed decreases in viable cells, an increase in apoptosis and 
decreases in the differentiation markers of those cells [14]. Moreover, several studies have 
shown actual penetration of TiO2 nanoparticles through skin. Bennat and Muller-Goymann 
demonstrated that TiO2 nanoparticles are able to pass through skin using an oil-in-water 
emulsion [17]. Another study demonstrated that TiO2 nanoparticles reached the deep area of 
the epidermis in the pig ear after topical skin exposure to the nanoparticles, some of which 
even reached the brain, whereas there was no penetration in an in vitro experiment using 
isolated porcine skin [18]. Once TiO2 nanoparticles pass through the epidermis due to the 
broken or unhealthy status of the epidermal barrier, they produce harmful effects on the 
tissue. A study utilizing in vitro experiments confirmed the phototoxicity of nano-sized TiO2 
in an experiment with human skin keratinocytes of HaCaT under irradiation of UVA, which 
is mainly dependent on the ROS production level [19]. Furthermore, a study investigating 
the mechanism of toxicity of TiO2 nanoparticles upon exposure to UVA found that exposure 
to TiO2 caused decreases in the mitochondrial membrane potential and ATP level and an 
increase in caspase 3 activity [20]. It has also been shown that subcutaneous injection with 
TiO2 nanoparticles promoted dermal sensitization induced by dinitrochlorobenzene (DNCB) 
[21]. Moreover, intradermal administration with TiO2 nanoparticles resulted in aggravated 
skin lesions such as those of atopic dermatitis related to mite antigen in NC/Nga mice [22]. 
These findings indicate that TiO2 nanoparticles do not penetrate through the epidermis eas-
ily as long as the barrier is healthy, but these nanoparticles have the potential to cause toxic 
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effects on dermal tissue when that barrier is broken. Pulmonary exposure to TiO2 nanopar-
ticles is expected to result in these toxic effects because a barrier comprising pulmonary tis-
sue is not tough. In addition, alveolar macrophages are always ready to engulf particles in 
the region, leading to inflammatory responses. Sager et al. used F344 rats to examine the 
pulmonary response to intratracheal instillation of nano-sized ultrafine TiO2 in comparison 
to fine TiO2 particles. Administration with ultrafine TiO2 caused higher levels of polymor-
phonuclear neutrophil (PMN) cell number, lactate dehydrogenase (LDH) activity, albumin 
and inflammatory cytokines compared with fine TiO2 [23]. Interestingly, they also examined 
the amounts of TiO2 in trachea-bronchial and thymic lymph nodes at days 7 and 42 after 
administration and then measured alterations in those tissues during that period. Ultrafine 
TiO2 showed a faster decline of the remaining amount in trachea-bronchial nodes than fine 
TiO2. In addition, although both ultrafine and fine TiO2 were translocated to lymph nodes, 
the amount was higher for ultrafine TiO2 than fine TiO2. There was also a striking difference 
in the amounts of lavagable and non-lavagable components between fine and ultrafine TiO2 
in the lungs. Eight-one percent of ultrafine TiO2 was non-lavagable, suggesting migration to 
the interstitium, even at day 7 post-exposure, whereas 91% of fine TiO2 was still lavagable at 
this stage. Shinohara et al. investigated pulmonary clearance kinetics of TiO2 nano- and sub-
micron particles by intratracheal administration to male F344 rats [24], and results confirmed 
the translocation of administered TiO2 to the thoracic lymph nodes that increased in a time- 
and dose-dependent manner. van Ravenzwaay also observed that inhaled TiO2 nanoparticles 
reached the lungs and draining lymph nodes [25]. These findings indicate that it is easier for 
TiO2 nanoparticles to migrate from bronchoalveolar to interstitial tissue or be cleared by alve-
olar macrophages, leading to increased inflammatory responses, and that TiO2 nanoparticles 
have a greater potential to influence the function of immune cells. Actually, several studies 
have reported alteration of immune functions following administration with TiO2 through 
the respiratory pathway. Chang et al. demonstrated that intratracheal instillation with TiO2 
nanoparticles caused an increase in GATA-3 and decrease in T-bet mRNA levels, which are 
master genes for Th2 and Th1 cell development, respectively [26]. Mishra et al. examined 
the effect of administration with TiO2 nanoparticles as an adjuvant in an experiment utiliz-
ing a murine asthma model. It was found that TiO2 nanoparticles augmented airway hyper-
responsiveness, lung damage and a mixed Th2/Th1 dependent immune response, associated 
with increases in Stat3, Socs3, NF-κB, IL-6 and TNF-α [27]. The effect of intradermal adminis-
tration with TiO2 nanoparticles as mentioned above should also be understood in relation to 
acquired immunity. NC/Nga mice treated with TiO2 nanoparticles showed over production 
of IL-4 in the skin, IgE and histamine levels in serum, as well as aggravation of skin lesions 
[22]. Studies using intraperitoneal administration of TiO2 nanoparticles are valuable for an 
understanding of the immunological influences of these particles. Larsen et al. showed that 
mice receiving intraperitoneal treatment with TiO2 nanoparticles and OVA and subsequently 
challenged with aerosols of OVA responded with high production of IgE and IgG1 antibod-
ies specific for OVA in serum with increases in eosinophils, neutrophils and lymphocytes in 
bronchoalveolar lavage fluid (BALF), which suggests induction of a Th2-dominant immune 
response [28]. Moreover, Moon et al. demonstrated that intraperitoneal injection with TiO2 
nanoparticles results in the damaged development and proliferation of B and T cells, a 
decreased cytokine production by LPS-stimulated peritoneal macrophages and a decreased 
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percentage of NK cells in spleenocytes, leading to an increased tumor growth of implanted 
B16F10 melanoma cells [29]. Several in vitro studies also provide further information regard-
ing the direct effects of TiO2 nanoparticles on immune cells. Munidasa et al. reported that 
TiO2 nanoparticles showed greater influence on the antigen presenting activity of monocytes 
and alveolar macrophages [30]. In addition, Moon et al. showed a reduction in lymphocyte 
proliferation induced by lipopolysaccharide (LPS) or concanavalin A (Con A) upon expo-
sure to TiO2 nanoparticles [29]. The overall results of these in vivo or in vitro studies indicate 
that nano-scaled TiO2 particles have the potential to cause harmful outcomes if they enter 
the body. In addition, it is also clear that nano-scaled TiO2 particles cause greater alteration 
of immune functions compared with large particles. Therefore, we planned to examine the 
toxicity of nano-scaled 2D materials composed of titanium and oxygen (TiNSs) on human 
immune cells.

4. The characteristics of titanate nanosheets (TiNSs)

Techniques to synthesize nano-scaled 2D materials have been studied recently. The basis of this 
field is derived from the development of methods for manipulating graphene, a carbon nanosheet 
with a thickness of one atom, which triggered the subsequent development of various 2D nano-
materials [31–33]. It is against this background that inorganic nanosheets have acquired greater 
interest because they have an ultrathin structure as well as a diversity of compounds and struc-
tures leading to various functions [34–36]. Oxide nanosheets are included in the group compris-
ing inorganic nanosheets, and titanate nanosheets (TiNSs) represent a form of oxide nanosheets. 
Although TiNSs are composed of a TiO6 octahedron as the particles of TiO2, TiNSs have the 
unique crystal structure of lepidocrocite, differing from anatase or rutile, which results in a shape 
having an ultralow thickness and high aspect ratio [34]. In the 1990s, Sasaki et al. first succeeded 
in delaminating layered titanate into single titanate nanosheets [37, 38], and TiNSs are now incor-
porated into useful applications such as photocatalysts, semiconductors and dielectric materials 
[39–42]. However, the following characteristics suggest possible harmful effects of TiNSs. First, 
it is noteworthy that TiNSs have a very large surface area per gram due to their ultralow thick-
ness, which is generated from the limited height of one and a half of a sideways TiO6 octahedron 
together with the repeated linkage of the octahedron horizontally [34]. Such a large surface of 
TiNSs might enhance the toxic machinery of bulk titanium particles. Second, the large surface of 
TiNSs is known to be negatively charged due to oxygen atoms existing at the edges of the octahe-
dron, and this suggests the possible influence of TiNSs through a cationic interaction. In addition 
to TiNSs delaminated from layered titanate, it has been reported that TiNSs with a small diamond 
shape and crystal structure of lepidocrocite can be synthesized in a bottom-up manner [43, 44], 
which allows TiNSs to be synthesized at a small scale. Dr. Yoshioka, one of our colleagues, has 
modified that method to synthesize TiNSs in our group. Figure 1 shows images of TiNSs taken 
by transmission electron microscopy (TEM). The TiNSs showed a diamond shape with about 
20- and 30-nm diagonals, which is almost the same as that reported in a previous study [43]. 
Additionally, the TiNSs showed the characteristic peaks of a lepidocrocite structure confirmed 
by X-ray diffraction analysis. Since it was verified that TiNSs could be synthesized, we therefore 
started to examine the effect of TiNSs on human immune cells using in vitro experiments.
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5. TiNSs-caused cell death and vacuole formation

Before the culture experiments, the diameters of TiNSs in water and in culture media supple-
mented with 10% of FBS were measured using a Zetasizer. The results showed that the diam-
eter of about 25 nm in water is consistent with the size estimated by TEM images, while that in 
the media was about 422 nm, indicating induced agglomeration of TiNSs in the culture media. 
In addition, TiNSs in water showed a zeta potential of −22.1 mV. To examine the effects of expo-
sure to TiNSs on human immune cells, peripheral blood mononuclear cells (PBMCs) were pre-
pared and cultured with various doses of TiNSs, or with asbestos as a control cytotoxic material, 
for 7 days. Exposure to asbestos caused an increase in annexin V (Anx)-positive apoptosis of 
cells when exposed to more than a dose of 1 μg/ml at day 2 after culture, whereas apoptosis was 
not observed in the culture exposed to TiNSs even at the maximum dose of 10 μg/ml. However, 
exposure to TiNSs caused dose-dependent apoptosis to the same degree as asbestos at day 7 of 
the culture. The effects of exposure to bulk TiO2 particles and crystalline silica were compared 
with TiNSs, but they did not cause apoptosis of PBMCs. The cell death induced by exposure to 
TiNSs or asbestos, but not to TiO2 or silica, was also confirmed by measuring the sub-G1 popu-
lation, apoptotic cells with a low DNA content, using flow cytometry. Interestingly, marked 
formation of vacuoles was observed in the culture of PBMCs exposed to TiNSs but not the 
other materials. It was confirmed by staining with fluorescence-labeled antibodies to CD14 that 

Figure 1. TEM images of TiNSs used in the present study and illustrations of a single TiNS and TiO6 octahedron. (A) TiNSs 
were synthesized by Dr. Yoshioka and observed by TEM. These images show the uniform diamond shapes of TiNSs in 
our present study. Some TiNSs appear to be piled up showing darker diamonds. Scale bars of 100 (left) and 50 nm (right) 
are shown. (B) Illustration of single TiNSs having a diamond shape with almost 20- and 30-nm diagonals, based on TEM 
images. (C) Illustration of a TiO6 octahedron in the orthostatic position, of which TiNSs are composed. TiNSs have the 
depth of one and a half of a sideways TiO6 octahedron [34].
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vacuole formation was present in monocytes but not in lymphocytes. Q-VD-OPh, a pan-cas-
pase inhibitor, suppressed the increase in Anx+ cells induced by TiNSs as well as asbestos. The 
increase in apoptotic cells caused by TiNS exposure was also observed in the culture of isolated 
CD14+ monocytes as well as CD4+ lymphocytes. These findings indicate that TiNSs have the 
potential to cause caspase-dependent apoptosis in immune cells, particularly where monocytes 
show the formation of large vacuoles prior to apoptosis upon exposure to TiNSs.

6. Identification of intra-vacuolar TiNSs in monocytes

The results obtained from the cell cultures demonstrated the characteristic toxicity of TiNSs for 
monocytes, comprising apoptosis associated with the striking formation of vacuoles. Therefore, 
we investigated the presence of intracellular microstructures in monocytes exposed to TiNSs. 
Monocytes were isolated from human PBMCs, cultured with TiNSs at 10 μg/ml and then 
harvested at day 1 or 2 after the culture for subsequent TEM observations. The TEM images 
showed rapid formation of vacuoles in monocytes even at day 1, and the number and size of 
vacuoles increased at day 2. It is noteworthy that nano-scaled materials with TiNS-like shapes 
were found within the vacuoles of the monocytes and that most of the material was located 
near the inner surface of the vacuolar membrane (Figure 2). In order to confirm whether these 
intra-vacuolar nano-scaled materials were TiNSs, we observed the inner surface of the vacu-
olar membrane in monocytes using scanning electron microscopy (SEM), followed by energy 
dispersion X-ray (EDX) analysis for titanium. SEM observations showed that there was a rough 
area in the inner surface of the vacuolar membrane in monocytes harvested at day 1 after the 
culture with TiNSs. The rough area of the vacuolar membrane was also seen in other monocytes 
exposed to TiNSs. Analysis of the rough area by EDX confirmed the presence of titanium, in 
contrast to results for the cytosolic region in TiNS-exposed or control monocytes. These overall 
findings indicate that TiNSs were actually engulfed by monocytes and included in the vacuoles.

Figure 2. Observation of microstructures in TiNS-exposed monocytes by transmission electron microscope (TEM). The 
images are taken at day 1 after culture with TiNSs. It can be seen that monocytes have obvious vacuoles even at this 
early time. Additionally, nano-scaled materials with TiNS-like shapes can be seen inside the vacuoles, and most of the 
nano-scaled material is located near the vacuolar membrane. Finally, it was confirmed by scanning electron microscopy 
(SEM) with energy dispersion X-ray (EDX) analysis that these materials included titanium, indicating that the material 
contained TiNSs. Scale bars of 5 μm (left), 1 μm (upper right) and 100 nm (bottom right) are shown.
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7. Relation between TiNSs-caused vacuoles and endosomal pathway

Previous studies have reported formation of vacuoles originating from endocytic organ-
elles, where the vacuolization of late endosomes was induced by the inhibition of kinases 
for regulation of vesicular transport and sorting [45–47], and several bacterial toxins induced 
vacuoles having an endosomal/lysosomal origin [48–50]. To examine the relation between 
TiNS-induced vacuoles and the endosomal pathway, monocyte-derived adherent cells 
were incubated with fluorescence-dye-labeled dextran to visualize endosome structures. 
The adherent cells were prepared using a pre-culture of PBMCs. TiNSs were then added to 
the culture of endosome-visualized adherent cells at 10 μg/ml, and observations were then 
made of vacuoles using the fluorescence derived from dextran. In the control culture without 
TiNSs, a diffuse fluorescence was observed. However, exposure to TiNSs induced vacuoles in 
the adherent cells, where most of the vacuoles showed co-localization with the fluorescence 
derived from endocytosed dextran. These observations indicate that TiNS-induced formation 
of vacuoles is related with some part of the endosomal pathway.

8. Discussion

Our study revealed the unique toxicity of TiNSs. This 2D nano-scaled material has the harmful 
potential to cause caspase-dependent apoptosis of immune cells to the same degree as asbestos. 
In particular, monocytes showed formation of marked vacuoles prior to cell death upon exposure 
to TiNSs, which were later found in the vacuoles and suggest the actual engulfment of TiNSs by 
monocytes. A consideration of these findings with the observation regarding co-localization of 
vacuoles with endosomal dextran indicates that engulfed TiNSs entered the endosomal path-
way, leading to the formation of vacuoles in monocytes and subsequent cell death. As mentioned 
previously, TiNSs have a very large surface area per gram. Figure 3 represents an illustration 
showing the large surface area of 2D nano-materials. Nano-scaled spheres with a diameter of 
20 nm have a volume of 4189 nm3 and surface area of 1257 nm2. Diamond-shaped nanosheets 
with diagonals of 20 and 30 nm, a depth of 1 nm and resulting volume of 300 nm3 have the 
same density as a nanosphere. The total volume of 14 nanosheets (4200 nm3) is almost equiva-
lent to the volume of one nanosphere (4189 nm3), but those nanosheets result in a total surface 
area of 8400 nm2 as the sum of both sides, which is 6.68 times as large as the surface area of 
the nanosphere. Thus, nanosheets have an extremely large surface that probably enhances the 
chemical activities of titanium oxide, which might contribute to the toxicity of TiNSs. In addition, 
TiNSs are negatively charged on the surface due to the presence of the oxygen atom, which might 
cause cationic interference in endo-lysosomes that leads to the formation of vacuoles. Various 
kinds of stimulation such as oxidative stress disrupt the integrity of the lysosomal membrane 
and cause lysosomal-membrane permeabilization (LMP), which triggers cell death including cas-
pase-dependent apoptosis [51, 52]. Autophagy is the machinery of the intracellular degradation 
process, which is also the part of the intracellular membrane system and is linked to the endo-
lysosomal pathway [51, 53]. Furthermore, recent studies have been accumulating concerning a 
new type of cell death associated with large vacuoles, named methuosis, although it is thought 
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that this type of cell death does not require caspases [54, 55]. Some of the machineries mentioned 
above might be related to the cell death caused by TiNSs. TiNSs in the endosomal pathway might 
affect immune functions executed by cell surface receptors through interference of endosomal 
trafficking. Additionally, CD4+ lymphocytes were also damaged by exposure to TiNSs, which 
suggests possible alteration of immune responses in a direct manner caused by TiNSs. Further 
investigation concerning these issues will contribute to a clarification of the toxic machinery of 
TiNSs and the immunotoxicological effects of TiNSs.
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as the surface area of the nanosphere.
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Abstract

The recent increasing interest in the use of different nanoparticles in biological and medi-
cal applications encouraged scientists to analyse their potential impact on biological 
systems. The biocompatibility analyses of novel materials for medical applications are 
conducted using quantitative and qualitative techniques collected by the International 
Standards Organization (ISO). The well-known assays, such as tetrazolium-based assays 
used for mitochondrial function monitoring, LDH for membrane permeability determina-
tion and neutral red uptake (NRU) describing lysosome function, need to be optimised 
due to specific properties of wide range of nanomaterials. Physicochemical properties 
of nanoparticles (NPs) such as size, composition, concentration, shape and surface (e.g., 
charge, coating, aspect ratio), as well as the cell type play a crucial role in determining the 
nanomaterial toxicity (also uptake pathway(s) of NPs). Different nanomaterials exhibit 
different cytotoxicity from relatively non-toxic hexagonal boron nitride to rutile TiO2 NPs 
that induce oxidative DNA damage in the absence of UV light. Finally, the results of 
the nanomedical analysis can be enriched by holographic microscopy that gives valuable 
information about the doubling time (DT), cell segmentation, track cell movement and 
changes in cell morphology. The results can be also completed by phenotype microarrays 
(PMs) and atomic force microscopy (AFM) techniques that fulfil experimental data.

Keywords: general cytotoxicity, nanomaterials, AFM analysis, holographic analysis, 
phenotype microarrays

1. Introduction

This chapter is dedicated to selected methods used to analyse the biocompatibility/cytotoxicity of 
different nanomaterials. The effect of nanomaterials on cellular metabolism and relative viability 
can differ according to their properties and experimental design. As shown by Frewin et al. [1], 
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due to specific properties of wide range of nanomaterials. Physicochemical properties 
of nanoparticles (NPs) such as size, composition, concentration, shape and surface (e.g., 
charge, coating, aspect ratio), as well as the cell type play a crucial role in determining the 
nanomaterial toxicity (also uptake pathway(s) of NPs). Different nanomaterials exhibit 
different cytotoxicity from relatively non-toxic hexagonal boron nitride to rutile TiO2 NPs 
that induce oxidative DNA damage in the absence of UV light. Finally, the results of 
the nanomedical analysis can be enriched by holographic microscopy that gives valuable 
information about the doubling time (DT), cell segmentation, track cell movement and 
changes in cell morphology. The results can be also completed by phenotype microarrays 
(PMs) and atomic force microscopy (AFM) techniques that fulfil experimental data.

Keywords: general cytotoxicity, nanomaterials, AFM analysis, holographic analysis, 
phenotype microarrays

1. Introduction

This chapter is dedicated to selected methods used to analyse the biocompatibility/cytotoxicity of 
different nanomaterials. The effect of nanomaterials on cellular metabolism and relative viability 
can differ according to their properties and experimental design. As shown by Frewin et al. [1], 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



biocompatibility analyses of novel materials for medical applications are conducted using quan-
titative and qualitative techniques. These techniques have been collected by the International 
Standards Organization (ISO) 10,9931 (ISO-10993-1, 2009; ISO-10993-5, 2009; ISO-10993-6, 2007).

Nanotechnology and nanobiotechnology have focused scientists’ attention in the last few 
years on their application in biomedical research, such as detecting and monitoring systems 
of cells within the body, delivery systems for various drugs, hyperthermia treatment, photo-
dynamic therapy and tissue engineering [2]. The term ‘nano’ may be considered a different 
state of aggregation of matter in all its states—solid, liquid, gas and plasma [3].

The phenomenon of nanoparticles is based on their different physical (optical and electromag-
netic), chemical (catalytic) and mechanical properties that depend on particle size, as well as sur-
face and quantum effects. The surface effects manifest as scaling of physical properties (increased 
atomic fraction on particle surface compared to the interior), which includes increased chemical 
reactivity and reduced melting point of nanoparticles compared to larger particles of bulk mate-
rial. NPs have a very large surface area in comparison to microparticles and larger materials, 
making this large surface area available for chemical reactions [4]. In addition, nanoparticles can 
be classified according to their composition (inorganic and organic, lipid-based and polymeric 
NPs), dimensionality, morphology, uniformity and agglomeration [Table 1] [3, 5]. Another clas-
sification divides nanomaterials into three groups: zero-dimensional materials (quantum dots), 
varying in shape and diameter; one-dimensional materials (nanorods and nanowires) and two-
dimensional materials (nanobelts, nanodisks and nanosheets) [2].

The toxicity and cytotoxicity of nanomaterials are complex and depend on various factors, such 
as chemical composition, crystalline structure, size (at the nanolevel, the basic physicochemi-
cal properties of materials can change with variation in size) or aggregation. Nanomaterial 
composition determines its chemical interaction with cells, cellular uptake mechanisms and 
intracellular localisation. Chemical composition may also induce oxidative stress. For exam-
ple, silver nanoparticle aggregates are more toxic than asbestos; CNTs are highly toxic and 
evoke much more damaging effect to the lungs than carbon black or silica NPs, but titanium 
oxide, iron oxide and zirconium oxide NPs are less toxic than asbestos [3, 6].

The crystalline structure effect of NP toxicity causes that some nanomaterials with a specific 
crystalline structure do not exhibit high toxicity, but other allotropes can strongly affect cell 
viability and exert an effect on human organism. Sato and co-workers [7] demonstrated that 
TiO2 allotropes exhibited different toxicity. Rutile TiO2 NPs (200 nm) induced oxidative DNA 
damage in the absence of UV light and also TiO2 NPs (10–20 nm) stimulated reactive oxygen 
species (ROS) production under corresponding conditions; in contrast, anatase NPs of the 
same size did not cause this effect [3, 8, 9].

Another factor that determines nanomaterial toxicity is the size of NPs. In most cases, smaller 
nanoparticles are able to pass through physiological barriers. Small-size nanoparticles can 
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enter cells by phagocytosis and other mechanisms (e.g., micropinocytosis, receptor-mediated 
endocytosis (RME) pathways mediated by caveolae, clathrin and caveolae/clathrin-indepen-
dent endocytosis) [10, 11]. NP ability to enter the cells determines adhesive interactions, such 
as van der Waals forces, steric interactions or electrostatic charges [3, 12, 13]. Moreover, NPs 
smaller than 100 nm are not phagocytized as opposed to larger nanoparticles, but they enter 
via RME pathways [2, 11]. NP uptake can also occur in the absence of specific cell surface recep-
tors. Nanoparticles smaller than 50 nm can easily enter most cells (with greater cytotoxicity), 

Classes Types Structure Size Properties

Carbon-based 
nanoparticles

Carbon nanotubes 
(CNTs)

Single-walled CNT 
(SWCNTs)

Multi-walled CNT 
(MWCNTs)

Diameter 
between 0.4 and 
100 nm; length 
between several 
nanometres up 
to centimetres

Improved compressive 
strength, tensile bending 
strength, flexural strength, 
durability, piezoelectric 
response, sensing ability

Graphene (GF) and 
graphene oxide (GO)

Hydrophobic two-
dimensional single 
monoatomic layers 
(GF)

Oxidised form of  
GF (GO)

From 0.1 up to 
300 μm

Large area; its surface can be 
easily functionalized with 
functional groups; ideal for 
high drug loading via π-π 
stacking, hydrophobic or 
electrostatic interactions; 
exceptional mechanical 
properties

Nanodiamonds  
(ND)

Truncated octahedral 
structure

Diameter 
between 2 and 
10 nm

Large area, enhanced 
biocompatibility, good 
mechanical strength, surface 
functionality, colloidal 
stability

Inorganic 
nanoparticles

Gold nanoparticles 
(GNPs, AuNPs)

Colloidal gold, 
nanorods, nanowires

Sizes of 
1–100 nm

Absorb and scatter light; 
catalyst applications; 
anti-fungal, anti-microbial 
properties

Silver nanoparticles 
(AgNPs)

Colloidal silver, 
spherical silver 
nanoparticles, 
diamond, octagonal, 
thin sheets

Diameter 
between 1 and 
100 nm in size

Significant anti-microbial 
properties

Iron oxide 
nanoparticles  
(IONPs)

Magnetite (Fe3O4); 
oxidised form 
maghemite (γ-Fe2O3)

Sizes of 1 and 
100 nm

Superparamagnetic 
properties; the surface 
area-to-volume ratio is 
significantly high; higher 
binding capacity and 
excellent dispersibility

Mesoporous 
nanoparticles 
(MSN, MSNPs)

Nanosilica Solid material with 
a porous, hexagonal, 
cubic and cage type

50–300 nm Porous structure and large 
surface area; chemical 
stability; surface functionality 
and biocompatibility

Table 1. Types of nanomaterials [3, 5, 7].
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while nanoscale devices smaller than 20 nm can cross blood vessels and cumulate in tissues [2]. 
Particles with larger surface area display tendency to agglomerate in the liquid, interact with 
molecules, such as proteins and DNA and may cause oxidation and DNA damage [3, 4, 14].

It is known that the shape (aspect ratio) also determines cellular uptake efficiency and may 
affect cell viability. Additionally, surface chemistry of nanomaterials modulates the response 
of biological systems and distribution in the organism. Surface functionalisation (with Fe3O4, 
gold nanoparticles; type of bonding on the surface, e.g., covalent, noncovalent; dispersing 
agents, e.g., PEG) is a crucial factor that can significantly change the toxicity of NPs and pre-
vent NPs from aggregating; it can also change their fate in biological systems [2, 3, 11]. For 
example, functionalization of MWCNTs with sodium sulfonic acid salt (─SO3Na or -phenyl-
SO3Na) increased their biocompatibility in comparison with unfunctionalised or carboxylic 
acid–functionalized (─COOH) MWCNTs [15]. Cellular uptake depends on different factors, 
such as nanomaterial and cell type, but also on environmental properties and the complexity of 
culture media. These specific conditions determine the aggregation process, which makes the 
interpretation of data on nanoparticle biodistribution or uptake difficult [3]. NP agglomerates 
affect and limit the direct extrapolation of in vitro data (providing a basis for understanding the 
mechanism of NP cytotoxicity and their uptake at the cellular level) to in vivo exposure [11, 16].

Intercellular localization of NPs and their interaction with cell components, such as the mem-
brane, mitochondria, lysosomes and/or nucleus, are essential [11]. NPs can affect cell and organ-
elle membranes, induce oxidative stress (ROS), DNA damage and mutagenesis and evoke 
apoptosis and protein up-/downregulation [11]; they can also modulate immune response [3, 17].

2. Nanoparticle cytotoxicity analyses and their limitations

The cytotoxicity study is an essential and crucial step in testing novel substances/nanomateri-
als in the context of biological and medical applications. Assays based on tetrazolium salts, 
like MTT (2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide), nitroblue tet-
razolium (NBT) and the second-generation tetrazolium salts, such as XTT (sodium 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt), MTS 
(5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium inner salt) and WST-1 (sodium 5-(2,4-disulfophenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-
2H-tetrazolium inner salt) are basic tools for cytotoxicity determination, but nanomaterial 
testing is associated with certain challenges. The type of nanomaterials, manufacturing condi-
tions, colloidal dispersion, chemical purity and photocatalytic activity of NPs may determine 
the usage of most traditional assays. Interactions between nanoparticles and molecules (i.e., 
reactants) used in well-established assays significantly affect the results and are one of the 
reasons of result variations [18, 19]. In assays based on colorimetric and fluorescence measure-
ments, it has been found that nanomaterials, such as carbon nanotubes (CNTs), graphene/
graphene oxide nanosheets, TiO2 nanoparticles or boron nitride, interact with chromophore 
molecules, which may lead to false-positive results [19–21]. In other cases, the total surface 
area of NPs was sufficient to adsorb the reagent or fluorescent molecules, especially those 
with aromatic rings, which in turn led to false-negative results [21]. These results suggest 
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using alternative cytotoxicity assays based on tetrazolium salts, e.g., XTT, WST-1, INT or other 
assays that complement the analysis, e.g., Alamar Blue (AB), neutral red uptake (NRU) assay, 
LDH leakage assay, flow cytometry, cell death analysis (using trypan blue or annexin V/prop-
idium iodide), protein concentration measurements using the Bradford assay, measurements 
of mitochondrial membrane permeability (MMP) or loss of glutathione (e.g., GSH) and the 
activation of proinflammatory cytokines (e.g., IL-6, IL-8 and/or TNF-α) [15, 19, 21].

A number of studies have been carried out to verify the effect of NPs on assay reagents [22]. 
Wörle-Knirsch and co-workers [23] indicated that CNT analysed using the MTT assay caused 
false-positive results due to the strong interaction between CNT and the insoluble formazan 
crystals [19, 23]. In the aforementioned study, SWCNTs were analysed on A549 (human alveo-
lar epithelial cell line), ECV304 (endothelial cells derived from umbilical cord) and NR8383 
(rat alveolar macrophage cell line) cell cultures and the results obtained in the MTT assay 
were verified by WST-1, LDH, mitochondrial membrane potential (MMP) and annexin V/PI 
analysis. The MTT assay indicated that SWCNTs affected cell viability, reducing it almost by 
60% after a 24-h incubation period. Moreover, the decreased cell viability did not recover after 
longer incubation or higher concentrations of nanotubes. The results of the MTT assay were 
verified using WST-1, and no reduction in viability was detected. LDH and MMP assays con-
firmed WST-1 results, and flow cytometry using annexin V/propidium iodide showed lack of 
necrosis and/or apoptosis. Wörle-Knirsch et al. [23] concluded that nanotoxicological assays 
needed standardising with regard to the tested nanomaterial

Lupu and Popescu [24] used the MTT assay to evaluate TiO2 toxicity. The effect of TiO2 
nanoparticles on living models is crucial due to their utilisation in food, beauty care and phar-
macology industries. Additionally, TiO2 nanoparticles are known to exhibit photocatalytic 
properties: the ability to catalyse redox reactions of molecules adsorbed on the surface dur-
ing light exposition (λ < 385 nm). Photocatalytic reaction may occur by direct charge transfer 
of electrons (e−) and holes (h+) generated by light on the surface of titania nanoparticles. The 
reaction may be also mediated by reactive oxygen species (ROS), e.g., hydroxyl radicals (˙OH) 
or superoxide anions (˙O2

−) formed at the interface of TiO2 and water. Lupu and Popescu [24] 
clearly demonstrated that TiO2 nanoparticles induced transformation of noncellular MTT to 
formazan. Formazan formation was found to be proportional to titania NPs, and this process 
was enhanced by daylight exposure. Moreover, the results obtained in the experiment without 
cellular model were validated using three cell lines—V79-4, HeLa and B16. The results dem-
onstrated false viability that increased up to 14% for TiO2 concentrations higher than 50 μgml−1 
[24]. In addition, the TiO2-MTT reaction was analysed in PBS environment. The reaction rate 
(formazan production rate) was proportional to TiO2 and UV radiations (at 312 and 365 nm 
wavelengths) and inversely proportional to initial concentration of MTT. Moreover, reaction 
efficiency was enhanced by the presence of Na2HPO4 (phosphate concentration of 0.005 M for 
maximum efficiency), which is the basic component of PBS [25].

Casey et al. [26, 27] proved that single-walled carbon nanotubes (HiPco®) interacted with 
indicator dyes applied in Coomassie Blue, AlamarBlue™, neutral red uptake, MTT and 
WST-1 assays. In all cases, nanotubes interacted with dyes, which resulted in the reduction 
of the associated absorption/fluorescent emission. A spectroscopic study demonstrated that 
SWCNTs interacted with Coomassie and reduced the absorbance for all concentrations tested 
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(0.003–0.800 mgml−1). As regards the AlamarBlue™ analysis (fluorescent measurements of all 
single-walled carbon nanotube solutions), quenching was monitored as a function of SWCNT 
concentration and plotted as an emission ratio at 595 nm by 540 nm excitation for the AB assay 
(5% solution of AB in culture medium) against SWCNT concentration. Another assay measur-
ing NR uptake also showed SWCNT’s ability to quench NR emission and was described as a 
function of SWCNT concentration. The MTT assay used in the cited study was found to inter-
act with CNT. The reduction in MTT was associated with SWCNT concentration (absorption 
reduction was higher with increasing SWCNT concentration). For the WST-1 assay, it was 
concluded that the reduction in WST-1 absorbance was dependent on nanotube concentra-
tions above 0.0125 mgml−1. Casey et al. concluded that Coomassie, AB, NRU, MTT and WST-1 
assays were not appropriate for the cytotoxicity analysis of carbon nanotubes [26, 27].

Limitations of MTT in cytotoxicity studies on graphene and graphene-related materials have been 
demonstrated in numerous publications. CCK-8 (tetrazolium-8-[2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] monosodium salt) assays are an attrac-
tive alternative for the MTT test. Evaluation of graphene adsorption was based on cell-free 
adsorptive experiments and demonstrated a gradual reduction of MTT to 93% during 2-h incu-
bation, whereas CCK-8 was significantly reduced to 73% after exposure to graphene for 2 h. The 
intensity of graphene adsorption to MTT and CCK-8 was time-dependent. The quantity of the 
CCK-8 reagent absorbed by graphene was higher than that of MTT. It was reported that the π-π 
conjugated system of the CCK-8 molecule was much stronger than that of MTT due to three 
benzene rings and one five-membered heterocycle. MTT contains only two benzene rings and 
two five-membered heterocycles. Another reason for that process is that benzene ring groups 
strongly affect the adsorption. It was also noted that graphene can suppress the fluorescence 
effect caused by electron transfer from the dye molecule to the graphene surface. Although MTT 
and CCK-8 reagents are not fluorescent dyes, both of them display a positive electron on the 
molecules, similar to some known fluorescent dyes. Thus, it is possible that electron transfer 
occurs during the incubation with graphene and interferes with the dye molecule that contacts 
the enzymes. Jiao et al. noted that CCK-8 molecules can be more significantly disturbed by gra-
phene than by the MTT reagent. Additionally, optical properties of graphene may also result in 
the loss of light signals used for detection in assays in vitro [28].

Cytotoxicity can also be determined using the lactate dehydrogenase (LDH) assay. The LDH 
assay is performed to exclude interactions between nanomaterials and fluorophore molecules 
[19]. The LDH assay, similar to the MTT assay, is a colorimetric method; thus, it can also 
interact with nanoparticles (e.g., CNT). Formazan crystals can be absorbed on the surface 
of MWNT (multi-walled nanotubes) through a strong π-π stacking interaction. The analysis 
of Ali-Boucetta et al. [19] proved that media containing the released LDH showed the same 
absorbance (at 490 nm) as MWNT:F127 (multi-walled nanotubes dispersed in the presence of 
Pluronic 127) dispersion in culture media. Ali-Boucetta et al. [19] proposed LDH assay modi-
fication that would eliminate the potential risk of interference of assay components with NPs 
(modified method vs. traditional procedure is presented in Figure 1).

In the experiment of Han et al. [29], copper (Cu-40), silver (Ag-35 and Ag-40) and titanium diox-
ide (TiO2-25) were used to validate the popular assay. It was found that LDH was inactivated in 

Cytotoxicity182

the presence of Cu-40 and AG-35 in a dose-dependent manner. The effect of TiO2-25 and Ag-40 
NPs was not significant. In conclusion, these authors underlined the necessity to interpret the 
results with caution because of metal-catalysed oxidation [29].

Wang et al. [30] proposed modifying the LDH assay that would correct the erroneous results 
caused by potential interference of nanotubes with reporter chromophore, resulting in its 
adsorption on nanoparticle surface. The idea of this modification is based on the incubation of 
LDH derived from a known number of cells (e.g., DH82 macrophage cells) or a purified LDH 
standard (lactic dehydrogenase enzyme purified from rabbit muscle) with a precise amount (at 
different concentrations ranging from 5 to 100 μgml−1) of SWCNT or SWCNT-ox (carbon nano-
horns). This additional procedure enables the quantification of the effects of NPs on the LDH 
level. The results obtained by Wang and co-workers clearly demonstrated that LDH concentra-
tions decreased with increasing CNT concentration (at a wavelength of 490 nm). On the other 
hand, the 580 nm peak was elevated at the increased maximum absorbing wavelength. Based 
on the observation and regression analyses performed by Wang et al. [30], it was suggested that 

Figure 1. Schematic of the original (A) and modified LDH assay (B) [19].
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LDH assay results should be verified by calibration curves in the presence of different SWCNT 
concentrations (in the range of 5–100 μgml−1) at two wavelengths, 580 and 490 nm, for each 
LDH assay. This procedure more accurately determines cellular toxicity values [30].

Smith et al. [31] presented a simple protocol modification of the LDH analysis, which 
included membered additional conditional-specific controls. This modification enables accu-
rate simultaneous measurement of the effects of death and growth inhibition. The additional 
step provides quantitative information that can be useful in applications such as drug discov-
eries [31]. Another approach in LDH assay analysis was proposed in the experiments of Chan 
et al. [32]. Modification of the LDH protocol allows to detect necrosis, including secondary 
necrosis [32].

In addition, calcein AM (CAM), Live/Death, neutral red, CellTiter®, Aqueous One (96 AQ), 
Alamar Blue (AB), CellTiter-Blue® (CTB), CytoToxOne™, and flow cytometry were used to 
determine their utility in nanoparticle toxicity evaluation. In the cited study, it was found that the 
results of the assay that depended on direct staining of cells were difficult to interpret, because 
of dye interactions with NPs. The 96 AQ assay proved optimal for NP analysis. The results were 
not significantly altered by interactions between the test factor and reagents in the assay [16].

Herzog et al. [33] suggested the clonogenic assay to determine real cytotoxic effect on cell cul-
tures due to the false results (positive or negative) that may occur in NP testing. The clonogenic 
assay (colony formation assay) is based on the ability of a single cell to form a colony. The lat-
ter study was based on the ability of A549, BEAS-2B (normal human bronchial epithelial cells) 
and HaCaT (normal human keratinocytes) cells to form colonies after 7 (for HaCaT cells) and 
10 (for A549 and BEAS-2B) days of incubation with SWCNT (HiPco®). The EC50 comparison 
showed that the A549 cell line was more resistant than the other two lines. On the other hand, 
the analysis based on colony size showed that A549 was more sensitive than HaCaT cells. 
Although the clonogenic assay provided more accurate results than colorimetric tests, it did 
not become popular because it was too time-consuming for rapid toxicity screening [19, 33].

3. Difficulties in nanomaterial cytotoxicity analysis: Aggregates, 
protein corona and NP degradation

Nanomaterials are intensively studied as promising candidates for biomedical applications 
(e.g., targeted delivery of therapeutic drugs and medical imaging) with a purpose of even-
tual human administration [34]. NP design for medical applications should not only meet 
requirements, such as biocompatibility and biodegradability, but also site-specific delivery, 
long blood circulation and high cargo loading capacity [35]. Different nanomaterials show 
unique physical and chemical properties that depend, among others, on the type of materials 
(e.g., Au or Ag, Fe3O4, graphene and graphene oxide), hydrodynamic size, surface charge and 
aggregation behaviour and have been found to interact, often immediately (within seconds), 
after contact with biological systems, such as blood or tissue [34, 36, 37]. Nanoparticle aggre-
gation via electrostatic screening can occur in complex aqueous mixtures of cell culture media 
that contain electrolytes, proteins, lipids and metabolites (highly ionic environment) [11, 38].
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NPs at higher concentrations tend to form aggregates (agglomerates) under artificial condi-
tions of in vitro cell cultures [16]. Many experiments found that NPs that form aggregates 
were not as cytotoxic as the same NPs at lower concentrations. Lower concentrations of NPs 
resulted in better internalisation and biodistribution in the circulatory system and organs 
[3]. Aggregation process is caused by magnetic attraction forces (types 1, 2 and 4), hydro-
phobic-hydrophobic interactions (for type 1) or hydrogen bonding between hydroxyl groups 
[39]. Different types of nanomaterials exhibit different tendency to form aggregates in PBS 
and culture media. CNTs have a strong tendency to agglomerate due to van der Waals inter-
actions [40]. Metal oxides display higher tendency to form agglomerates in comparison to 
MWCNT. Metal oxides differ in size but were of similar size in PBS environment; thus, it 
was concluded that surface chemistry and/or the environment had a more significant effect 
on the aggregate formation process [14]. The size of aggregates may be dependent on the 
concentration and they tend to be slightly larger in culture media than in PBS. Moreover, 
monovalent and divalent cations may affect aggregate formation. Adsorption of media com-
ponents, serum proteins and Ca2+ on nanoparticle surface determines NP aggregations and 
size distribution [14]. Agglomeration leads to cytotoxicity reduction, because of lower avail-
ability of inorganic NPs in contact with cells. In addition, the size of aggregates prevents their 
cellular internalisation [39]. Studies based on silica nanoparticles indicated that minimization 
of NP aggregation could be obtained by introducing an optimum balance of inert (e.g., methyl 
phosphonate) and active (e.g., hydroxyl and aldehyde) functional groups to the surface [41].

The protein layer of several nanometres on particle surface is called protein corona and it 
can be divided into a peripheral soft corona (SC)—dynamic protein exchanges with the sur-
rounding medium—and a hard corona (HC)—a layer of more or less temporal constant com-
position (Figure 2, Table 2) [34, 42, 43]. In blood plasma, the surface of nanoparticles mainly 
adsorbs proteins, but some minor traces of lipids have also been found in the corona struc-
ture. Adsorption of proteins on the nanoparticle surface is the result of protein-nanoparticle 
binding affinities and protein-protein interactions. Hard corona interacts directly with the 
nanomaterial surface. Soft corona proteins interact with the hard corona via weak protein-
protein interactions. Interestingly, the corona on the NP surface does not completely mask 
the nanomaterial surface or its functional groups [43]. The formation of protein corona and its 
thickness is a parameter that is also dependent on protein concentration, temperature, dura-
tion of particle-protein interaction, serum concentration and shear stress [34, 44].

Protein corona formation strongly affects cellular uptake mechanism, cell-nanoparticle interac-
tions, intracellular location as well as cellular response (e.g., biocompatibility) [34, 35, 44]. The 
protein corona on the NP surface is hypothesised to hinder interactions of nanoparticle ligands 
and the targets on the cell surface [44, 47].

The study of Mirshafiee et al. [44] found that the protein corona formed on BCN-NPs (NPs 
functionalized with bicyclononyne) incubated in medium with 10% serum and 100% serum 
consisted of abundant proteins, such as chain A, a novel allosteric mechanism in haemoglo-
bin, fetuin, haemoglobin foetal subunit beta or apolipoprotein A-II precursor. It was also 
reported that ≥88% of proteins in BCN-NP coronas had a molecular weight below 30 kDa. 
Even relatively low molecular weight proteins created corona that significantly reduced NP 
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targeting efficiency [44]. Single-walled carbon nanotubes (HiPco®) were also found to interact 
with cell culture medium and its components. Casey et al. described that SWCNT interacted 
with the medium via physisorption through van der Waals forces [26, 48].

The process of protein corona formation has a decisive influence on nanoparticle-induced 
toxicity. For example, silica nanoparticles (AmSil30) precoated with human plasma caused 
lower cell-death induction in primary human endothelial cells and microvascular endothelial 
cell line (ISO-HAS1). The resulting effect was dependent on the time of corona formation. 
The most significant effect was recorded for the early corona, but prolonged incubation with 
plasma (>30 min) did not counteract membered toxicity [49]. In another example, thrombo-
cytes were used to study the protein corona effect on the biological model. In the latter study, 
nanoparticles exposed to human plasma for 0.5 min did not activate thrombocytes to form 
aggregates due to the presence of the plasma protein corona [49]. The impact of protein corona 
formation on cellular uptake and dispersion state of nanoparticles after exposure to plasma 
was also investigated. It was found that NPs were monodispersed after short-time exposure 
(<10 min), whereas aggregates started to form during prolonged exposure (>30 min), but the 

Figure 2. Structure of protein corona [34, 42, 43, 45].
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tendency to form aggregates was mostly dependent on physicochemical properties of NPs. 
However, Tenzer et al. [49] did not describe negative effects of AmSil30 precoated with the 
protein plasma corona. Biological effects of protein-NPs were analysed using two lines: HeLa 
and U937 [43, 50]. The study conducted by Maiorano et al. [50] demonstrated that AuNPs 
incubated in two different culture media (DMEM and RPMI) exhibited different protein coro-
nas. RPMI-treated NPs had less prominent protein coronas and, as a consequence, induced 
stronger toxicity of HeLa and U937 cells [50]. The study of Gräfe et al. [34] reported that the 
presence of the protein corona reduced the interaction of human brain microvascular endo-
thelial cells (HBMEC) with magnetic nanoparticles coated with PEI (polyethylenimine) dur-
ing 30 min of incubation [34].

Nanoparticle-induced pathological effects, such as cell death, coagulation, thrombocytosis or 
cytotoxicity, are also dependent on the type of NPs, but selected cellular model is also crucial 
in this kind of experiments [49, 51]. For example, polystyrene-based NPs (PS) with different 
PS-COOH and PS-PO3 groups coated with the serum protein were effectively taken up by 
both exposed cell lines (HeLa and hMSCs). NPs with PS-NH2 and PS-SO3 groups showed 
lower uptake by both cell lines [51].

The composition of protein corona was analysed using various methods and it was demon-
strated that albumin, immunoglobulin G (IgG), fibrinogen and apolipoproteins were present in 

Hard corona Soft corona

Tightly bound proteins Loosely bound proteins

Large binding energy adsorption (↑|ΔGads|) Low binding energy adsorption (↓|ΔGads|)

Lower dissociation rate of proteins with nanoparticles 
(↓koff)

Higher dissociation rate of proteins with nanoparticles 
(↑koff)

Directly interacting with surface of nanoparticles Protein-protein interaction

Stable on nanoparticle surface; able to influence the 
functional response

Fleeting on nanoparticles; irrelevant for the functional 
response

Table 2. Characteristic features of hard (HC) and soft corona (SC) [46].
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the corona of all the analysed nanoparticles [43]. Corona identification and composition analy-
sis (Table 3) provide not only information about its complexity, conditions of PC formation and 
physicochemical features but also data on toxicity, cellular interactions and uptake, targeting 
and finally the usefulness in nanomedicine [46].

For example, Urbas et al. [52] demonstrated that three types of nanoparticles, NPs-GO, Fe3O4, 
and GO-Fe3O4, displayed the ability to deplete various quantities of serum proteins from cul-
ture media (Figure 3). Graphene oxide and nanocomposite GO-Fe3O4 showed an increase in 
protein adsorption from culture medium. The results of the bicinchoninic acid (BCA) assay 
indicated different capacities of NPs to adsorb proteins in cell cultures [52].

Protein corona composition is also known to affect nanoparticle-cell interactions and biological 
fate of nanomaterials in cells. Gunawan and co-authors characterised the term ‘biological fate’ as 
describing the subcellular localisation of NPs and the distribution of NPs to specific organs in vivo 
[53]. An interesting study performed by Lesniak et al. [54] showed that silica (SiO2) nanoparticles 
(50 nm) exposed to biological fluids (e.g., serum) mediated the interaction of NPs (at 100 μgmL−1 
concentration) with A549 cells. Silica nanoparticles showed different degree and process of inter-
nalisation during incubation with the A549 cell line in complete (with 10% foetal bovine serum) 
and in serum-free medium. NP integration was higher in serum-free medium with accumulation 
in lysosomes and some of NPs localised free in the cytosol. On the contrary, NPs in complete 
medium (in the presence of a well-developed corona) were never observed free in the cytoplas-
mic matrix, but similar to serum-free medium, silica nanoparticles were found to accumulate 
in lysosomes. Lesniak et al. [54] observed that nanoparticles showed higher tendency to adhere 
to the cell membrane in serum-free conditions and concluded that the initial stronger adhesion 
could have partly contributed to higher uptake efficiency. Moreover, the presence of free NPs 
in the cytosol might be caused by perturbation of the early uptake pathway in cells exposed to 
serum-free medium (rather than an endogenously regulated cellular process) [53, 54].

Other results described various biological responses of different cell types to NPs with protein 
corona layers [53]. Single-walled carbon nanotubes preferentially bound IgM relative to IgG 

Feature Techniques for PC analysis

Isolation of NPs-PC Centrifugation, size exclusion chromatography (SEC), magnetic separation/
magnetic flow field fractionation (MgFFF)

PC structure analysis Dynamic light scattering (DLS), differential centrifugal sedimentation (DCS), 
transmission electron microscopy (TEM)

Protein quantitation Bicinchoninic acid (BCA) assay, Bradford assay, thermogravimetric analysis 
(TGA)

Binding affinity/stoichiometry and 
protein interaction

Fluorescence correlation spectroscopy (FCS), size exclusion chromatography 
(SEC), isothermal titration calorimetry (ITC), surface plasmon resonance 
(SPR), quartz crystal microbalance (QCM), Z-potential measurement, in silico 
simulation

PC composition One-dimensional gel electrophoresis (1-DE or SDS-PAGE), two-dimensional 
gel electrophoresis (2-DE), mass spectrometry (MS)

Table 3. Analytical methods for corona evaluation [46].
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on PEG-SWCNTs due to the surface charge and the conformation of surface functional groups 
(PEG); this resulted in higher accumulation of the aforementioned NPs in the liver compared 
to the spleen [55]. Poly(D,L-lactide)-based NPs showed interaction of surface functional 
group (covalently conjugated with apoB100 antibody) with LDL and were highly accumulated 
by liver macrophages [56]. Solid lipid nanoparticles (SLNs) modified with PEG induced the 
ABC phenomenon (accelerated blood clearance) upon repeated injections in mice and beagles. 
Moreover, PEGylated SLNs promoted liver/spleen uptake of NPs [57].

The application of polyethyleneglycol (PEG) for nanoparticle modifications reduces (but not 
totally suppresses) nonspecific protein corona formation [35, 51]. On the other hand, zwitterionic 
NPs were described to lack the protein corona [51].

The use of different nanomaterials for biomedical applications is indispensably associated 
with wide physico-chemical and biocompatibility analyses. The analysis of the effect of nano-
materials on different types of cells in various experimental conditions is an essential step 
in assessing the response of biological models (in vitro and/or in vivo) to direct contact with 
NPs [2]. On the other hand, cells/cell culture conditions as well as living system/biological 
fluids also affect morphological and physico-chemical properties of nanomaterials. Interesting 
results were obtained in the degradation process of sandwich-like mesoporous silica flake 
(mSiO2) nanomaterial (developed as anticancer drug system) exposed to PSB solution for 24, 
48 and 96 h. TEM analysis of mSiO2 [Figure 4] showed that the porous structure of nanomate-
rial was degraded already after 24-h incubation in PBS [Figure 4a]. Another deformation found 
in mSiO2 flake analysis was visible as large holes [Figure 4b-d]. The intensity of mesoporous 
silica flake degradation was time-dependent—the degree of deformation was associated with 
the size of holes formed in the nanoflake structure. The appearance of shapeless silica agglom-
erates was an additional result of the degradation process. Ninety-six-hour incubation caused 
deformation holes in silica nanoflakes that reached the point of total destruction of NPs [58].

Evidence of nanostructure biodegradation of the sandwich-like mesoporous silica flakes has 
also been confirmed in another study. After 48-h incubation, the whole surface of silica nano-
flakes was covered with cavities and was entirely destroyed [59]. The mechanism of silica 
dissolution is based on two simultaneous processes—degradation and re-deposition of silica 

Figure 3. Protein adsorption onto tested NPs after 48-h incubation period in complete cell growth medium [52].
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on nanoparticle surface. Moreover, the effect of “self-healing” defects between both Si─O─Si 
bonds of double-linked Si atoms explains the very low rate of dissolution at the point of zero 
net proton charge (PZPC) of the surface [60].

A similar effect of PSB incubation on mesoporous silica nanospheres was observed by Yamada 
and co-workers [61], as these authors found that the mSiO2 porous structure was degradable 
after 2-day incubation in PBS. After 3-day incubation, mSiO2 displayed size and shape degra-
dation with the final shape deformation and collapse of structures [61]. Another study based 
on core-shell magnetic mesoporous silica nanoparticles presented comparable results. Silica 
mesoporous hollow shells immersed in PBS for 2 days displayed structure deformation and 
additional cavities, whereas 8-day incubation showed complete degradation and coagula-
tion resulting in new structure formation [62]. The erosion of mesoporous silica nanosphere 
structure modified with titanium dioxide was also observed in contact with Streptomyces cells. 
After 24-h incubation, mesoporous silica shell structure was degraded with simultaneous 
appearance of agglomerates, which clearly demonstrated that nanomaterial structure and 
composition could be affected by living cells [63].

4. Novel approaches in cytotoxicity studies

4.1. Phenotype arrays

Phenotype is the effect exerted by molecules (e.g., drugs, nanoparticles, etc.) on a cell, tissue or 
whole organism; thus, the phenotype screening provides a holistic analysis that usually is more 

Figure 4. Transmission electron microscopy of mSiO2 (‘contr’ – control sample) and mSiO2 incubated in PBS, for 24 (a), 
48 (b) and 96 h (c, d) [58].

Cytotoxicity190

comprehensive than the sum of its parts. “Phenomics” is a part of complex technologies that 
also include transcriptomics, proteomics and metabolomics. PMs give a possibility to screen 
thousands of cellular phenotypes in real time [64].

Phenotype MicroArrays™ (PMs) are a combination of microplate reader (that can measure OD 
every 1 min over few hours and provide information about kinetics of carbon energy reactions 
in a selected cell model) and microscopic modules equipped with fluorescence, brightfield, 
colour brightfield and phase contrast microscopy (for scanning changes in cell morphology 
during experiments). Phenotypic assays deliver more information and provide better under-
standing of the metabolic and cytotoxic effect of test substances [65]. Multiplex arrays can 
generate information on the use of energy pathways (based on the application of different 
nutrition analyses, PM-M1 to M4), effects of ions (PM-M5), hormones, metabolic effectors 
(PM-M6 to M8) and anti-cancer agents (PM-M11 to M14) (Table 4), cell number, cell health 
(based on cell health monitoring using phase contrast microscopy and kinetic determination 
of cellular energy) and apoptotic induction (via cell subpopulation analysis—examination of 
the increase in circularity due to cell shrinkage and cytoplasm condensation and lower phase 
signal exhibition) [65]. PMs can be used in genotype/phenotype analyses, cell line characterisa-
tion, metabolic reprogramming, cellular phenotype stability, Warburg effect, cell differentia-
tion or bioprocess development [64]. Well-characterised model cell lines (e.g., HepG2, C3A, 
Colo205, A549, PC-3, IMR90, HL-60 or CEM) with defined metabolic properties can be used 
with the PM system to determine specific effects of nanomaterials on selected cell lines and to 
accurately identify the mechanism involved in the NP effect (e.g., mitochondrial toxicology) 
on the living system [66]. Array wells coated with different substances and combined with the 
redox assay (MA or MB redox dyes to measure cell energy [NADH] changes) are used for phe-
notypic determination. Comparison of two cell lines is visualised by bioinformatic software 
that highlights differences in recorded phenotypes (Figure 5) [64, 67].

For example, Phenotype MicroArrays™ (PM-M TOX1 Plate Energetic Substrate Assay, 96-well 
microplate coated with eight different oxidisable carbon sources—each of the eight nutrition 
sources coated on one of eight rows on a microplate) give the possibility to screen cell-based 
energetic phenotype in a target cell model, for example, the MDA-MB-231 RFP breast can-
cer cell line, using different cellular nutrition sources (e.g., α-D-glucose, inosine, D-galactose, 
D-glucose-1-phosphate, xylitol, α-ketoglutaric acid, D,L-β-hydroxybutyric acid or pyruvic 
acid). This kind of multiplex analysis provides information on cell morphology, metabolic 
activity (metabolic pathway activity), sensitivity in response to particular energetic additives 
and the final cellular genetic background characterisation. The addition of an apoptotic agent 
(e.g., oridonin), chemical inhibitor or stimulator provides an opportunity to evaluate the poten-
tial mechanism regulating the energy pathway [65, 66]. Another example of PM application 
was presented by Bochner et al. [68]. Based on four phenotypic assays (PM-M1 to M4, contain-
ing 367 substrate nutrients), different human cancer cell lines, including HepG2/C3A, HepG2, 
Colo 205, A549, PC-3, HL-60 and CCRF-CEM and two murine white and brown adipocyte cell 
lines were analysed to determine energy-producing pathways. The results showed that human 
cancer cell lines exhibited distinct metabolic activity profiles. Moreover, white and brown adi-
pocyte cell lines also had different profiles of energetic activity; metabolic fingerprints were 
established in all cell lines [68]. Similarly, human endothelial cells from the coronary artery 
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Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M TOX1 (Biolog) Effect of a tested factor 
on energy production 
(mitochondrial toxicity)

Eight different carbon source: α-D-glucose, inosine, 
D-galactose, D-glucose-1-phosphate, xylitol, 
α-ketoglutaric acid, D,L-β-hydroxybutyric acid, pyruvic 
acid

PM-M1 (Biolog) Energetic substrate array Carbon and energy sources (simple sugars, 
polysaccharides, carboxylic acids): cyclodextrin, 
dextrin, glycogen, maltitol, maltotriose, D-maltose, 
D-trehalose, D-cellobiose, gentiobiose, D-glucose-6-
phosphate, D-glucose-1-phosphate, L-glucose, D-glucose, 
3-O-methyl-D-glucose, methyl-D-glucoside, D-salicin, 
D-sorbitol, N-acetyl-D-glucosamine, D-glucosaminic 
acid, D-glucuronic acid, chondroitin-6-sulphate, mannan, 
D-mannose, methyl-D-mannoside, D-mannitol, N-acetyl-
β-D-mannosamine, D-melezitose, sucrose, palatinose, 
D-turanose, D-tagatose, L-sorbose, L-rhamnose, L-fucose, 
D-fucose, D-fructose-6-phosphate, D-fructose, stachyose, 
D-raffinose, D-lactitol, lactulose, α-D-lactose, melibionic 
acid, D-melibiose, D-galactose, α-methyl-D-galactoside, 
N-acetyl-neuraminic acid, pectin, sedoheptulosan, 
thymidine, uridine, adenosine, inosine, adonitol, 
L-arabinose, D-arabinose, β-methyl-D-xylopyranoside, 
xylitol, myo-inositol, meso-erythritol, propylene glycol, 
ethanolamine D,L- α-glycerol-phosphate, glycerol, citric 
acid, tricarballylic acid, D,L-lactic acid, methyl D-lactate, 
methyl pyruvate, pyruvic acid, α-keto-glutaric acid, 
succinamic acid, succinic acid, mono-methyl succinate, 
tricarballylic acid, L-malic acid, D-malic acid, meso-
tartaric acid, acetoacetic acid (a), γ-amino-N-butyric acid, 
α-keto-butyric acid, α-hydroxy-butyric acid, D,L-β-
hydroxy-butyric acid, γ-hydroxy-butyric acid, butyric 
acid, 2,3-butanediol, 3-hydroxy-2-butanone, propionic 
acid, acetic acid, hexanoic acid

PM-M2 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (protein-
derived nutrients, primarily amino acids, dipeptides): 
Tween 20, Tween 40, Tween 80, gelatin, L-alaninamide, 
L-alanine, D-alanine, L-arginine, L-asparagine, L-aspartic 
acid, D-aspartic acid, L-glutamic acid, D-glutamic acid, 
L-glutamine, glycine, L-histidine, L-homoserine, hydroxy-
L-proline, L-isoleucine, L-leucine, L-lysine, L-methionine, 
L-ornithine, L-phenylalanine, L-proline, L-serine, 
D-serine, L-threonine, D-threonine, L-tryptophan, 
L-tyrosine, L-valine, Ala-Ala, Ala-Arg, Ala-Asn, Ala-Asp, 
Ala-Glu, Ala-Gln, Ala-Gly, Ala-His, Ala-Ile, Ala-Leu, 
Ala-Lys, Ala-Met, Ala-Phe, Ala-Pro, Ala-Ser, Ala-Thr, 
Ala-Trp, Ala-Tyr, Ala-Val, Arg-Ala (b), Arg-Arg (b), 
Arg-Asp, Arg-Gln, Arg-Glu, Arg-Ile (b), Arg-Leu (b), 
Arg-Lys (b), Arg-Met (b), Arg-Phe (b), Arg-Ser (b), Arg-
Trp, Arg-Tyr (b), Arg-Val (b), Asn-Glu, Asn-Val, Asp-Ala, 
Asp-Asp, Asp-Glu, Asp-Gln, Asp-Gly, Asp-Leu, Asp-Lys, 
Asp-Phe, Asp-Trp, Asp-Val, Glu-Ala, Glu-Asp, Glu-Glu, 
Glu-Gly, Glu-Ser, Glu-Trp, Glu-Tyr, Glu-Val, Gln-Glu, 
Gln-Gln, Gln-Gly, Gly-Ala, Gly-Arg, Gly-Asn, Gly-Asp, 
α-D-glucose

Cytotoxicity192

Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M3 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (dipeptides): 
Gly-Gly, Gly-His, Gly-Ile, Gly-Leu, Gly-Lys, Gly-Met, 
Gly-Phe, Gly-Pro, Gly-Ser, Gly-Thr, Gly-Trp, Gly-Tyr, 
Gly-Val, His-Ala, His-Asp, His-Glu, His-Gly, His-His (c), 
His-Leu, His-Lys (d), His-Met, His-Pro, His-Ser, His-Trp, 
His-Tyr, His-Val, Ile-Ala, Ile-Arg (b), Ile-Asn, Ile-Gln, 
Ile-Gly, Ile-His, Ile-Ile, Ile-Leu, Ile-Met, Ile-Phe, Ile-Pro, 
Ile-Ser, Ile-Trp, Ile-Tyr, Ile-Val, Leu-Ala, Leu-Arg (b), 
Leu-Asn, Leu-Asp, Leu-Glu, Leu-Gly, Leu-His, Leu-Ile, 
Leu-Leu, Leu-Met, Leu-Phe, Leu-Pro, Leu-Ser, Leu-Trp, 
Leu-Tyr, Leu-Val, Lys-Ala (d), Lys-Arg (b), Lys-Asp, 
Lys-Glu, Lys-Gly, Lys-Ile (b), Lys-Leu (b), Lys-Lys, Lys-
Met (e), Lys-Phe, Lys-Pro, Lys-Ser, Lys-Thr, Lys-Trp (b), 
Lys-Tyr (b), Lys-Val (d), Met-Arg (b), Met-Asp, Met-Gln, 
Met-Glu, Met-Gly, Met-His, Met-Ile, Met-Leu, Met-Lys (e), 
Met-Met, Met-Phe, Met-Pro, Met-Thr, Met-Trp, Met-Tyr, 
Met-Val, Phe-Ala, Phe-Asp, Phe-Glu, α-D-glucose

PM-M4 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (dipeptides): 
Phe-Gly, Phe-Ile, Phe-Met, Phe-Phe, Phe-Pro, Phe-Ser, 
Phe-Trp, Phe-Tyr, Phe-Val, Pro-Ala, Pro-Arg (b), Pro-Asn, 
Pro-Asp, Pro-Glu, Pro-Gln, Pro-Gly, Pro-Hyp, Pro-Ile, 
Pro-Leu, Pro-Lys (b), Pro-Phe, Pro-Pro, Pro-Ser, Pro-Trp, 
Pro-Tyr, Pro-Val, Ser-Ala, Ser-Asn, Ser-Asp, Ser-Glu, 
Ser-Gln, Ser-Gly, Ser-His (b), Ser-Leu, Ser-Met, Ser-Phe, 
Ser-Pro, Ser-Ser, Ser-Tyr, Ser-Val, Thr-Ala, Thr-Arg (f), 
Thr-Asp, Thr-Glu, Thr-Gln, Thr-Gly, Thr-Leu, Thr-Met, 
Thr-Phe, Thr-Pro, Thr-Ser, Trp-Ala, Trp-Arg, Trp-Asp, 
Trp-Glu, Trp-Gly, Trp-Leu, Trp-Lys (e), Trp-Phe, Trp-Ser, 
Trp-Trp, Trp-Tyr, Trp-Val, Tyr-Ala, Tyr-Gln, Tyr-Glu, 
Tyr-Gly, Tyr-His, Tyr-Ile, Tyr-Leu, Tyr-Lys, Tyr-Phe, Tyr-
Trp, Tyr-Tyr, Tyr-Val, Val-Ala, Val-Arg, Val-Asn, Val-Asp, 
Val-Glu, Val-Gln, Val-Gly, Val-His, Val-Ile, Val-Leu, Val-
Lys, Val-Met, Val-Phe, Val-Pro, Val-Ser, Val-Tyr, Val-Val, 
α-D-glucose

PM-M5 (Biolog) Ions: NaCl, ammonium chloride, sodium selenite, 
potassium chloride, calcium chloride, manganese 
chloride, zinc chloride, copper (II) chloride, cobalt 
chloride, iodine, sodium phosphate, sodium 
sulphate, sodium molybdate, sodium tungstate, 
sodium orthovanadate, potassium chromate, sodium 
pyrophosphate, sodium nitrate, sodium nitrite, lithium 
chloride, ferric chloride, magnesium chloride

PM-M6 (Biolog) Hormone and metabolic effectors: dibutyryl-cAMP, 
3-isobutyl-1-methylxanthine, caffeine, epinephrine, 
norepinephrine, L-leucine, creatine, triiodothyronine, 
thyroxine, dexamethasone, hydrocortisone, progesterone, 
β-estradiol, 4,5α-dihydro-testosterone, aldosterone

PM-M7 (Biolog) Hormone and metabolic effectors: insulin, resistin, 
glucagon, ghrelin, leptin, gastrin, exendin-3, hGH 
(somatotropin), IGF-I, FGF-1 (aFGF), PDGF-AB, IL-1β, 
IL-2, IL-6, IL-8
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Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M TOX1 (Biolog) Effect of a tested factor 
on energy production 
(mitochondrial toxicity)

Eight different carbon source: α-D-glucose, inosine, 
D-galactose, D-glucose-1-phosphate, xylitol, 
α-ketoglutaric acid, D,L-β-hydroxybutyric acid, pyruvic 
acid

PM-M1 (Biolog) Energetic substrate array Carbon and energy sources (simple sugars, 
polysaccharides, carboxylic acids): cyclodextrin, 
dextrin, glycogen, maltitol, maltotriose, D-maltose, 
D-trehalose, D-cellobiose, gentiobiose, D-glucose-6-
phosphate, D-glucose-1-phosphate, L-glucose, D-glucose, 
3-O-methyl-D-glucose, methyl-D-glucoside, D-salicin, 
D-sorbitol, N-acetyl-D-glucosamine, D-glucosaminic 
acid, D-glucuronic acid, chondroitin-6-sulphate, mannan, 
D-mannose, methyl-D-mannoside, D-mannitol, N-acetyl-
β-D-mannosamine, D-melezitose, sucrose, palatinose, 
D-turanose, D-tagatose, L-sorbose, L-rhamnose, L-fucose, 
D-fucose, D-fructose-6-phosphate, D-fructose, stachyose, 
D-raffinose, D-lactitol, lactulose, α-D-lactose, melibionic 
acid, D-melibiose, D-galactose, α-methyl-D-galactoside, 
N-acetyl-neuraminic acid, pectin, sedoheptulosan, 
thymidine, uridine, adenosine, inosine, adonitol, 
L-arabinose, D-arabinose, β-methyl-D-xylopyranoside, 
xylitol, myo-inositol, meso-erythritol, propylene glycol, 
ethanolamine D,L- α-glycerol-phosphate, glycerol, citric 
acid, tricarballylic acid, D,L-lactic acid, methyl D-lactate, 
methyl pyruvate, pyruvic acid, α-keto-glutaric acid, 
succinamic acid, succinic acid, mono-methyl succinate, 
tricarballylic acid, L-malic acid, D-malic acid, meso-
tartaric acid, acetoacetic acid (a), γ-amino-N-butyric acid, 
α-keto-butyric acid, α-hydroxy-butyric acid, D,L-β-
hydroxy-butyric acid, γ-hydroxy-butyric acid, butyric 
acid, 2,3-butanediol, 3-hydroxy-2-butanone, propionic 
acid, acetic acid, hexanoic acid

PM-M2 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (protein-
derived nutrients, primarily amino acids, dipeptides): 
Tween 20, Tween 40, Tween 80, gelatin, L-alaninamide, 
L-alanine, D-alanine, L-arginine, L-asparagine, L-aspartic 
acid, D-aspartic acid, L-glutamic acid, D-glutamic acid, 
L-glutamine, glycine, L-histidine, L-homoserine, hydroxy-
L-proline, L-isoleucine, L-leucine, L-lysine, L-methionine, 
L-ornithine, L-phenylalanine, L-proline, L-serine, 
D-serine, L-threonine, D-threonine, L-tryptophan, 
L-tyrosine, L-valine, Ala-Ala, Ala-Arg, Ala-Asn, Ala-Asp, 
Ala-Glu, Ala-Gln, Ala-Gly, Ala-His, Ala-Ile, Ala-Leu, 
Ala-Lys, Ala-Met, Ala-Phe, Ala-Pro, Ala-Ser, Ala-Thr, 
Ala-Trp, Ala-Tyr, Ala-Val, Arg-Ala (b), Arg-Arg (b), 
Arg-Asp, Arg-Gln, Arg-Glu, Arg-Ile (b), Arg-Leu (b), 
Arg-Lys (b), Arg-Met (b), Arg-Phe (b), Arg-Ser (b), Arg-
Trp, Arg-Tyr (b), Arg-Val (b), Asn-Glu, Asn-Val, Asp-Ala, 
Asp-Asp, Asp-Glu, Asp-Gln, Asp-Gly, Asp-Leu, Asp-Lys, 
Asp-Phe, Asp-Trp, Asp-Val, Glu-Ala, Glu-Asp, Glu-Glu, 
Glu-Gly, Glu-Ser, Glu-Trp, Glu-Tyr, Glu-Val, Gln-Glu, 
Gln-Gln, Gln-Gly, Gly-Ala, Gly-Arg, Gly-Asn, Gly-Asp, 
α-D-glucose
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Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M3 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (dipeptides): 
Gly-Gly, Gly-His, Gly-Ile, Gly-Leu, Gly-Lys, Gly-Met, 
Gly-Phe, Gly-Pro, Gly-Ser, Gly-Thr, Gly-Trp, Gly-Tyr, 
Gly-Val, His-Ala, His-Asp, His-Glu, His-Gly, His-His (c), 
His-Leu, His-Lys (d), His-Met, His-Pro, His-Ser, His-Trp, 
His-Tyr, His-Val, Ile-Ala, Ile-Arg (b), Ile-Asn, Ile-Gln, 
Ile-Gly, Ile-His, Ile-Ile, Ile-Leu, Ile-Met, Ile-Phe, Ile-Pro, 
Ile-Ser, Ile-Trp, Ile-Tyr, Ile-Val, Leu-Ala, Leu-Arg (b), 
Leu-Asn, Leu-Asp, Leu-Glu, Leu-Gly, Leu-His, Leu-Ile, 
Leu-Leu, Leu-Met, Leu-Phe, Leu-Pro, Leu-Ser, Leu-Trp, 
Leu-Tyr, Leu-Val, Lys-Ala (d), Lys-Arg (b), Lys-Asp, 
Lys-Glu, Lys-Gly, Lys-Ile (b), Lys-Leu (b), Lys-Lys, Lys-
Met (e), Lys-Phe, Lys-Pro, Lys-Ser, Lys-Thr, Lys-Trp (b), 
Lys-Tyr (b), Lys-Val (d), Met-Arg (b), Met-Asp, Met-Gln, 
Met-Glu, Met-Gly, Met-His, Met-Ile, Met-Leu, Met-Lys (e), 
Met-Met, Met-Phe, Met-Pro, Met-Thr, Met-Trp, Met-Tyr, 
Met-Val, Phe-Ala, Phe-Asp, Phe-Glu, α-D-glucose

PM-M4 (Biolog) Energetic substrate array Carbon and energy sources/nitrogen sources (dipeptides): 
Phe-Gly, Phe-Ile, Phe-Met, Phe-Phe, Phe-Pro, Phe-Ser, 
Phe-Trp, Phe-Tyr, Phe-Val, Pro-Ala, Pro-Arg (b), Pro-Asn, 
Pro-Asp, Pro-Glu, Pro-Gln, Pro-Gly, Pro-Hyp, Pro-Ile, 
Pro-Leu, Pro-Lys (b), Pro-Phe, Pro-Pro, Pro-Ser, Pro-Trp, 
Pro-Tyr, Pro-Val, Ser-Ala, Ser-Asn, Ser-Asp, Ser-Glu, 
Ser-Gln, Ser-Gly, Ser-His (b), Ser-Leu, Ser-Met, Ser-Phe, 
Ser-Pro, Ser-Ser, Ser-Tyr, Ser-Val, Thr-Ala, Thr-Arg (f), 
Thr-Asp, Thr-Glu, Thr-Gln, Thr-Gly, Thr-Leu, Thr-Met, 
Thr-Phe, Thr-Pro, Thr-Ser, Trp-Ala, Trp-Arg, Trp-Asp, 
Trp-Glu, Trp-Gly, Trp-Leu, Trp-Lys (e), Trp-Phe, Trp-Ser, 
Trp-Trp, Trp-Tyr, Trp-Val, Tyr-Ala, Tyr-Gln, Tyr-Glu, 
Tyr-Gly, Tyr-His, Tyr-Ile, Tyr-Leu, Tyr-Lys, Tyr-Phe, Tyr-
Trp, Tyr-Tyr, Tyr-Val, Val-Ala, Val-Arg, Val-Asn, Val-Asp, 
Val-Glu, Val-Gln, Val-Gly, Val-His, Val-Ile, Val-Leu, Val-
Lys, Val-Met, Val-Phe, Val-Pro, Val-Ser, Val-Tyr, Val-Val, 
α-D-glucose

PM-M5 (Biolog) Ions: NaCl, ammonium chloride, sodium selenite, 
potassium chloride, calcium chloride, manganese 
chloride, zinc chloride, copper (II) chloride, cobalt 
chloride, iodine, sodium phosphate, sodium 
sulphate, sodium molybdate, sodium tungstate, 
sodium orthovanadate, potassium chromate, sodium 
pyrophosphate, sodium nitrate, sodium nitrite, lithium 
chloride, ferric chloride, magnesium chloride

PM-M6 (Biolog) Hormone and metabolic effectors: dibutyryl-cAMP, 
3-isobutyl-1-methylxanthine, caffeine, epinephrine, 
norepinephrine, L-leucine, creatine, triiodothyronine, 
thyroxine, dexamethasone, hydrocortisone, progesterone, 
β-estradiol, 4,5α-dihydro-testosterone, aldosterone

PM-M7 (Biolog) Hormone and metabolic effectors: insulin, resistin, 
glucagon, ghrelin, leptin, gastrin, exendin-3, hGH 
(somatotropin), IGF-I, FGF-1 (aFGF), PDGF-AB, IL-1β, 
IL-2, IL-6, IL-8
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(HCAEC), umbilical vein (HUVEC) and normal lung fibroblasts (NHLFs) were selected for 
cellular metabolism monitoring also with the use of phenotypic assays (PM-M1 to M4). The 
results obtained in this study demonstrated that all three cell lines strongly utilised adenosine, 
inosine, D-mannose and dextrin. HCAEC also metabolised mannan, pectin, gelatine and tri-
carballylic acid, while the HUVEC cell line did not exhibit the ability to metabolise any other 
unique substrates. NHLFs were able to additionally utilise sugars and carboxylic acids [69].

Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M8 (Biolog) Hormone and metabolic effectors: (Arg8) – vasopressin, 
parathyroid hormone, prolactin, calcitonin, calcitriol 
(1α,25-dihydroxyvitamin D3), luteinizing hormone 
(LH), luteinizing hormone releasing hormone 
(LH-RH), chorionic gonadotropin human (HCG), 
adrenocorticotropic hormone human (ACTH), thyrotropic 
hormone (TSH), thyrotropin releasing hormone acetate 
salt (TRH), IFN-γ, TNF-α, adenosine, Gly-His-Lys acetate 
salt

PM-M11 (Biolog) Anti-cancer agents: solasodine, rotenone, aklavine 
hydrochloride, deguelin(−), celastrol, juglone, 
sanguinarine sulphate, dactinomycin, methylmethane 
sulfonate, azathioprine, busulfan, aclarubicin, 
chloramphenicol, chloroquine diphosphate, 
cyclophosphamide, diethylcarbamazine citrate, 
emetine, fluorouracil, hydroxyurea, mechlorethamine, 
mercaptopurine, quinacrine hydrochloride, streptozosin

PM-M12 (Biolog) Anti-cancer agents: tamoxifen citrate, thioguanine, 
acriflavinium hydrochloride, pentamidine isethionate, 
mycophenolic acid, aminopterin, berberine chloride, 
emodin, puromycin hydrochloride, neriifolin, 5-fluoro-
5′-deoxyurldine, carboplatin, cisplatin, zidovudine 
(AZT), azacytidine, cycloheximide, azaserine, p-fluoro-
phenylalanine, dimethylhydrazine hydrochloride, 
phenethyl caffeate (CAPE), camptothecin, amygdalin, 
ellagic acid

PM-M13 (Biolog) Anti-cancer agents: monocrotaline, altretamine, 
carmustine, mitoxantrone hydrochloride, urethane, 
thiotepa, thiodiglycol, pipobroman, etanidazole, 
semustine, gossypol, formestane, ancitabine 
hydrochloride, nimustine, aminolevulinic acid 
hydrochloride, picropodo-phyllotoxin, beta-peltatin, 
perillyl alcohol, dibenzoylmethane, 6-amino nicotinamide, 
carmofur, indole-3-carbinol, rifaximin

PM-M14 (Biolog) Anti-cancer agents: cepharanthine, 4′-demethyl 
epipodophyllotoxin, miltefosine, elaidyl phosphocholine, 
podofilox, colchicine, methotrexate, acivicin, floxuridine, 
lefunomide, rapamycin, 13-cis retinoic acid, all-trans 
retinoic acid, piceatannol, (+)-catechin, mitomycin 
C, cytosine-beta-D-arabinofuranoside, daunorubicin 
hydrochloride, doxorubicin hydrochloride, etoposide, 
nocodazole, quercetin dihydrate, vinblastine sulphate

Table 4. Array examples [65].
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The profiling of human normal and cancer cells was also conducted by Parmar et al. [70]. 
HEK293, OV90, TOV112D, KLE, MES-SA and SKBR cell lines were selected to determine dif-
ferences in response to anti-cancer agents using PM (PM-M11 to M14) and the effect of these 
agents on the mTOR signalling pathway by measuring S6 kinase (S6K) level. From a wide 
range of anti-cancer drugs, celastrol was found to inhibit the growth of SKBR, MESA-SA and 
TOV11D and target the mTOR signalling pathway [70]. In another study, Martinez-Reyes et al. 
[71] reported that mitochondrial metabolism was necessary for histone acetylation, hypoxia-
inducible transcription factor (HIF-1) activation and proliferation based on WT-POLG and 
DN-POLG-HEK293 cell lines [71].

The application of PMs in nanotechnology is only a matter of time, thanks to the efficient 
and rapid determination of precise sites and modes of action of the tested substances. PMs 
provide a possibility to compare specificities of the study agents (e.g., drug and nanomaterial-
drug conjugates) and the effect of the agent and its side effects. Finally, the PM system can be 
used for drug interactions or drug-nanomaterial analysis [67, 72].

The limitations of large-scale phenotyping techniques, including PM analysis, are related 
to the characteristics of all cells. PMs will not reveal the phenotypes of all cells, because 
cells have many phenotypes that are dependent on their environments. Different cells are 
constantly adapting in various ways to culture (environment) changes by altering their 
gene-expression pattern, protein content, membrane and cytoskeleton constitution and 
surface receptors. Moreover, the PM system will likely not record phenotypes that specifi-
cally involve intracellular structures (e.g., cytoskeleton, organelles or surface structures). 
In addition, the effect of some genes might be cryptic and the function of those genes only 
occurs under highly specific conditions; thus, it cannot be always determined in conditions 
provided by PM cultures [73].

Another approach to phenotypic screening is focused on microarray-based three-dimensional 
(3D) systems. 3D culture models may better mimic the in vivo cellular microenvironment and 
may be critical for cell phenotypes [74]. It should also be mentioned that cell migration, com-
pound-mediated cytotoxicity, cellular adhesion, proliferation and differentiation can also be 
evaluated using non-invasive, labelled-free xCELLigence system. Electrical impedance moni-
toring is based on a set of gold microelectrodes fused to the bottom surface of a microtitre plate 

Figure 5. Schematic visualisation that highlights differences in recorded phenotypes [64].
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(HCAEC), umbilical vein (HUVEC) and normal lung fibroblasts (NHLFs) were selected for 
cellular metabolism monitoring also with the use of phenotypic assays (PM-M1 to M4). The 
results obtained in this study demonstrated that all three cell lines strongly utilised adenosine, 
inosine, D-mannose and dextrin. HCAEC also metabolised mannan, pectin, gelatine and tri-
carballylic acid, while the HUVEC cell line did not exhibit the ability to metabolise any other 
unique substrates. NHLFs were able to additionally utilise sugars and carboxylic acids [69].

Phenotype 
MicroArrays™

Feature Substrates/agents

PM-M8 (Biolog) Hormone and metabolic effectors: (Arg8) – vasopressin, 
parathyroid hormone, prolactin, calcitonin, calcitriol 
(1α,25-dihydroxyvitamin D3), luteinizing hormone 
(LH), luteinizing hormone releasing hormone 
(LH-RH), chorionic gonadotropin human (HCG), 
adrenocorticotropic hormone human (ACTH), thyrotropic 
hormone (TSH), thyrotropin releasing hormone acetate 
salt (TRH), IFN-γ, TNF-α, adenosine, Gly-His-Lys acetate 
salt

PM-M11 (Biolog) Anti-cancer agents: solasodine, rotenone, aklavine 
hydrochloride, deguelin(−), celastrol, juglone, 
sanguinarine sulphate, dactinomycin, methylmethane 
sulfonate, azathioprine, busulfan, aclarubicin, 
chloramphenicol, chloroquine diphosphate, 
cyclophosphamide, diethylcarbamazine citrate, 
emetine, fluorouracil, hydroxyurea, mechlorethamine, 
mercaptopurine, quinacrine hydrochloride, streptozosin

PM-M12 (Biolog) Anti-cancer agents: tamoxifen citrate, thioguanine, 
acriflavinium hydrochloride, pentamidine isethionate, 
mycophenolic acid, aminopterin, berberine chloride, 
emodin, puromycin hydrochloride, neriifolin, 5-fluoro-
5′-deoxyurldine, carboplatin, cisplatin, zidovudine 
(AZT), azacytidine, cycloheximide, azaserine, p-fluoro-
phenylalanine, dimethylhydrazine hydrochloride, 
phenethyl caffeate (CAPE), camptothecin, amygdalin, 
ellagic acid

PM-M13 (Biolog) Anti-cancer agents: monocrotaline, altretamine, 
carmustine, mitoxantrone hydrochloride, urethane, 
thiotepa, thiodiglycol, pipobroman, etanidazole, 
semustine, gossypol, formestane, ancitabine 
hydrochloride, nimustine, aminolevulinic acid 
hydrochloride, picropodo-phyllotoxin, beta-peltatin, 
perillyl alcohol, dibenzoylmethane, 6-amino nicotinamide, 
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epipodophyllotoxin, miltefosine, elaidyl phosphocholine, 
podofilox, colchicine, methotrexate, acivicin, floxuridine, 
lefunomide, rapamycin, 13-cis retinoic acid, all-trans 
retinoic acid, piceatannol, (+)-catechin, mitomycin 
C, cytosine-beta-D-arabinofuranoside, daunorubicin 
hydrochloride, doxorubicin hydrochloride, etoposide, 
nocodazole, quercetin dihydrate, vinblastine sulphate

Table 4. Array examples [65].
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The profiling of human normal and cancer cells was also conducted by Parmar et al. [70]. 
HEK293, OV90, TOV112D, KLE, MES-SA and SKBR cell lines were selected to determine dif-
ferences in response to anti-cancer agents using PM (PM-M11 to M14) and the effect of these 
agents on the mTOR signalling pathway by measuring S6 kinase (S6K) level. From a wide 
range of anti-cancer drugs, celastrol was found to inhibit the growth of SKBR, MESA-SA and 
TOV11D and target the mTOR signalling pathway [70]. In another study, Martinez-Reyes et al. 
[71] reported that mitochondrial metabolism was necessary for histone acetylation, hypoxia-
inducible transcription factor (HIF-1) activation and proliferation based on WT-POLG and 
DN-POLG-HEK293 cell lines [71].

The application of PMs in nanotechnology is only a matter of time, thanks to the efficient 
and rapid determination of precise sites and modes of action of the tested substances. PMs 
provide a possibility to compare specificities of the study agents (e.g., drug and nanomaterial-
drug conjugates) and the effect of the agent and its side effects. Finally, the PM system can be 
used for drug interactions or drug-nanomaterial analysis [67, 72].

The limitations of large-scale phenotyping techniques, including PM analysis, are related 
to the characteristics of all cells. PMs will not reveal the phenotypes of all cells, because 
cells have many phenotypes that are dependent on their environments. Different cells are 
constantly adapting in various ways to culture (environment) changes by altering their 
gene-expression pattern, protein content, membrane and cytoskeleton constitution and 
surface receptors. Moreover, the PM system will likely not record phenotypes that specifi-
cally involve intracellular structures (e.g., cytoskeleton, organelles or surface structures). 
In addition, the effect of some genes might be cryptic and the function of those genes only 
occurs under highly specific conditions; thus, it cannot be always determined in conditions 
provided by PM cultures [73].

Another approach to phenotypic screening is focused on microarray-based three-dimensional 
(3D) systems. 3D culture models may better mimic the in vivo cellular microenvironment and 
may be critical for cell phenotypes [74]. It should also be mentioned that cell migration, com-
pound-mediated cytotoxicity, cellular adhesion, proliferation and differentiation can also be 
evaluated using non-invasive, labelled-free xCELLigence system. Electrical impedance moni-
toring is based on a set of gold microelectrodes fused to the bottom surface of a microtitre plate 
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well. The magnitude of impedance is dependent on the number of cells, the size and shape of 
the cells and cell-substrate attachment quality; therefore, it gives the possibility to analyse the 
effect, for example, of nanomaterials on cell morphology, adhesion and biocompatibility [75].

4.2. Digital holography (DH) microscopy

Holographic (transmission) microscopy is a high-resolution imaging technique that provides 
label-free and non-invasive, non-phototoxic and non-destructive method for real-time live cell 
culture analysis [76]. This type of microscopy allows for quantitative and qualitative measure-
ments of living cells (not only cultures of mammalian cells, but also protozoan, bacterial and 
plant cells) and collecting information about cell surface area, cell viability and morphological 
changes, such as differentiation, proliferation, motility, cell death, confluence or cell segmenta-
tion (calculated from a particular hologram) [77–80]. Traditional brightfield microscopy has some 
limitations, such as difficulties in visualising individual cells due to their low contrast properties, 
whereas DH microscopy provides possibility to determine cell number directly in cell culture 
vessels [81]. The size of the HoloMonitor™ M4 (Phase Holographic Imaging AB, Lund, Sweden) 
makes it possible to place it in a cell culture incubator, so that cell observations can be conducted 
over long periods of time without any changes in cell culture conditions [78]. Digital holographic 
microscopy also enables the formation of three-dimensional (3D) images of the observed objects.

The presented technique is based on the phase shift (ϕ) of the probing laser light (or other 
coherent light source) that can be reflected or transmitted through the monitored object. The 
illuminating light is split into two beams (differing in phase): an object beam and a reference 
beam [78, 81]. The reference beam remains undisturbed, while the object beam is shifted in 
phase by the object [79]. Next, the object beam is re-joined and interferes with the reference 
beam and creates a hologram that is recorded on a digital image sensor (CCD or CMOS) 
[77, 81]. The total phase shift can be translated into optical thickness (L) and depends on the 
physical thickness of the examined object, wavelength (λ) and refraction index (n). Optical 
thickness can be measured at nanometre resolution [78, 81].

Holographic phase imaging is an excellent tool for cell morphometric characterisation and 
cell migration studies. This technique has recently been applied in clinical diagnostics, e.g., 
screening for malaria infection of erythrocytes, cancer cell analyses or sperm quality [79]. 
Interest in the use of DH microscopy in research is constantly increasing. For example, Lajkó 
et al. [82] analysed the effect of a drug based on GnRH-III (gonadotropin-releasing hormone-
III) on melanoma cells. Holographic phase imaging was used to visualise the migratory 
behaviour of melanoma cells in response to daunorubicin (Dau) coupled with GnRH-III and 
its derivatives (modified at position 4 with Lys(Ac) (conj1) or Lys(nBu) (conj2)). Cell migra-
tion analysis showed increased migration activity when cells were exposed to conj1, whereas 
conj2 decreased melanoma cell activity and exerted an immobilising effect on tumour cell 
spreading; thus, it was a better candidate for targeted tumour therapy [82]. Monitoring of 
HeLa cancer cells and MC3T3-E1 preosteoblast cells via holographic technique was also 
conducted by Peter et al. [78]. These authors evaluated cell movements and morphological 
parameters of cells in two experiments. In the first one, the HoloMonitor™ M4 was used to 
detect the effect of EGCg (green tea—epigallocatechin gallate) on HeLa cell motility. Time-lap 
images showed that migration, motility and the speed of motility were reduced after EGCg 
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was added to the culture. The second experiment involved MC3T3 plated on transparent 
titanate nanotubes (TNT) surface and the impact on adhesion and spreading process of the 
cells was demonstrated using the HoloMonitor. The authors have concluded that holographic 
digital microscopy is a useful tool for cellular behaviour analysis, but some limitations have 
also been found. Peter et al. [78] observed that under certain thicknesses, some parts of the 
cells (e.g., parts of the thin lamellipodium) slicked into the background surface. It was caused 
by the limited vertical resolution of the optical system [78].

In our study, the effect of the h-BN-Au nanocomposite on L929 and MCF-7 cell lines was 
analysed during 12-h incubation using the HoloMonitor™ M4. L929 cells did not show any 
significant differences in the presence of the nanocomposite and the doubling time (DT) value 
was similar to DT obtained in the control culture (Figure 6). The results obtained for the 
MCF-7 cell line incubated with h-BN-Au demonstrated a stronger effect on cells. The DT 
analysis using holographic technique indicated a high reduction of proliferation capacity (the 
DT value for the MCF-7 control sample was 25.95 h, whereas for experimental cultures, it was 
469.9 h) [83].

Figure 6. The morphology of the L929 and MCF-7 cell lines incubated with the h-BN-Au nanoparticles. L929 culture 
time-points at 0 h (A); at 12 h (B); MCF-7 culture time-points at 0 h (C); at 12 h (D) [83].
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well. The magnitude of impedance is dependent on the number of cells, the size and shape of 
the cells and cell-substrate attachment quality; therefore, it gives the possibility to analyse the 
effect, for example, of nanomaterials on cell morphology, adhesion and biocompatibility [75].

4.2. Digital holography (DH) microscopy

Holographic (transmission) microscopy is a high-resolution imaging technique that provides 
label-free and non-invasive, non-phototoxic and non-destructive method for real-time live cell 
culture analysis [76]. This type of microscopy allows for quantitative and qualitative measure-
ments of living cells (not only cultures of mammalian cells, but also protozoan, bacterial and 
plant cells) and collecting information about cell surface area, cell viability and morphological 
changes, such as differentiation, proliferation, motility, cell death, confluence or cell segmenta-
tion (calculated from a particular hologram) [77–80]. Traditional brightfield microscopy has some 
limitations, such as difficulties in visualising individual cells due to their low contrast properties, 
whereas DH microscopy provides possibility to determine cell number directly in cell culture 
vessels [81]. The size of the HoloMonitor™ M4 (Phase Holographic Imaging AB, Lund, Sweden) 
makes it possible to place it in a cell culture incubator, so that cell observations can be conducted 
over long periods of time without any changes in cell culture conditions [78]. Digital holographic 
microscopy also enables the formation of three-dimensional (3D) images of the observed objects.

The presented technique is based on the phase shift (ϕ) of the probing laser light (or other 
coherent light source) that can be reflected or transmitted through the monitored object. The 
illuminating light is split into two beams (differing in phase): an object beam and a reference 
beam [78, 81]. The reference beam remains undisturbed, while the object beam is shifted in 
phase by the object [79]. Next, the object beam is re-joined and interferes with the reference 
beam and creates a hologram that is recorded on a digital image sensor (CCD or CMOS) 
[77, 81]. The total phase shift can be translated into optical thickness (L) and depends on the 
physical thickness of the examined object, wavelength (λ) and refraction index (n). Optical 
thickness can be measured at nanometre resolution [78, 81].

Holographic phase imaging is an excellent tool for cell morphometric characterisation and 
cell migration studies. This technique has recently been applied in clinical diagnostics, e.g., 
screening for malaria infection of erythrocytes, cancer cell analyses or sperm quality [79]. 
Interest in the use of DH microscopy in research is constantly increasing. For example, Lajkó 
et al. [82] analysed the effect of a drug based on GnRH-III (gonadotropin-releasing hormone-
III) on melanoma cells. Holographic phase imaging was used to visualise the migratory 
behaviour of melanoma cells in response to daunorubicin (Dau) coupled with GnRH-III and 
its derivatives (modified at position 4 with Lys(Ac) (conj1) or Lys(nBu) (conj2)). Cell migra-
tion analysis showed increased migration activity when cells were exposed to conj1, whereas 
conj2 decreased melanoma cell activity and exerted an immobilising effect on tumour cell 
spreading; thus, it was a better candidate for targeted tumour therapy [82]. Monitoring of 
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conducted by Peter et al. [78]. These authors evaluated cell movements and morphological 
parameters of cells in two experiments. In the first one, the HoloMonitor™ M4 was used to 
detect the effect of EGCg (green tea—epigallocatechin gallate) on HeLa cell motility. Time-lap 
images showed that migration, motility and the speed of motility were reduced after EGCg 
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was added to the culture. The second experiment involved MC3T3 plated on transparent 
titanate nanotubes (TNT) surface and the impact on adhesion and spreading process of the 
cells was demonstrated using the HoloMonitor. The authors have concluded that holographic 
digital microscopy is a useful tool for cellular behaviour analysis, but some limitations have 
also been found. Peter et al. [78] observed that under certain thicknesses, some parts of the 
cells (e.g., parts of the thin lamellipodium) slicked into the background surface. It was caused 
by the limited vertical resolution of the optical system [78].

In our study, the effect of the h-BN-Au nanocomposite on L929 and MCF-7 cell lines was 
analysed during 12-h incubation using the HoloMonitor™ M4. L929 cells did not show any 
significant differences in the presence of the nanocomposite and the doubling time (DT) value 
was similar to DT obtained in the control culture (Figure 6). The results obtained for the 
MCF-7 cell line incubated with h-BN-Au demonstrated a stronger effect on cells. The DT 
analysis using holographic technique indicated a high reduction of proliferation capacity (the 
DT value for the MCF-7 control sample was 25.95 h, whereas for experimental cultures, it was 
469.9 h) [83].

Figure 6. The morphology of the L929 and MCF-7 cell lines incubated with the h-BN-Au nanoparticles. L929 culture 
time-points at 0 h (A); at 12 h (B); MCF-7 culture time-points at 0 h (C); at 12 h (D) [83].
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4.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is based on a laser reflected off a cantilever onto a scanning 
surface of the examined object and quantitative information about surface morphology and 
cell spread is collected.

AFM is a crucial technique for determining cell interactions on the surface of the tested material. 
If material exhibits high biocompatibility, the surface of the material will allow cells to attach 
(interaction between cell-surface integrin receptors) and adsorb extracellular matrix (ECM) 
proteins. Surface properties, such as wettability, roughness or surface charge, are important 
for cellular attachment and lamellipodium/filopodium formation. The AFM measurement 
provides information on cellular morphology changes and lamellipodium/filopodium per-
missiveness. The measurement of atomic force microscopy of living cells can be performed 
in PBS and provides information on cell height, total cell surface area, attachment angle and 
extension of lamellipodia/filopodia. It is also possible to measure fixed cell (in 4% paraformal-
dehyde) topography and examine filopodia and lamellipodia. An interesting example is the 
analysis of H4 and PC12 cell lines plated on different materials—glass, polystyrene (PSt), sili-
con (Si), nanocrystalline diamond (NCD) and cubic silicon carbide (3C-SiC). In the latter study, 
AFM analysis demonstrated that the type of the surface determined cell height/area, attach-
ment angle and the reduction of the lamellipodium/filopodium area. Cell-substrate interac-
tion was different for H4 and PC12 cell lines, e.g., for H4 cells; the most negative interaction 
was recorded for glass, the most positive for 3C-SiC, while PC12 cells had the most negative 
interaction with glass, but the best with 3C-SiC and PSt. The authors concluded that AFM 
analysis indicated that neural cell interactions with 3C-SiC resulted in the optimal cell viabil-
ity, morphology and interaction of cells with 3C-SiC surface [1]. Frewin et al. [1] published the 
results of AFM analysis concerning cellular interaction on graphene. The experiments focused 
on cytoskeleton organisation and the determination of the number of contact sites, and AFM 
technology can provide valuable information on the mechanism of cellular adhesion and 
proliferation on graphene surface. Different methods of graphene preparation, for example, 
mechanical cleaving, chemical synthesis and chemical vapour deposition (CVD) on metals or 
epitaxial growth on SiC, not only give graphene different electrical, optical or morphological 
properties, but also different biocompatibility. For example, the biocompatibility of a single 
graphene layer produced by CVD on Cu was higher in comparison with SiO2/Si surfaces stud-
ied on human osteoblasts and mesenchymal stem cells [1, 84]. In another study, epitaxially 
grown graphene films on (0001) 6H-SiC substrates were evaluated in cellular response experi-
ments using AMF analysis. It was found that HaCaT (human keratinocytes) after 72-h culture 
on graphene and 6H-SiC surfaces exhibited similar morphology to cells cultured on the PSt 
control. On the other hand, the MTT assay suggested better biocompatibility for 6H-SiC than 
for the graphene surface. Moreover, different preparation of graphene surfaces (first one with-
out any further surface treatment, and the second one additionally disinfected by immersion 
in ethanol) resulted in more homogeneous and increased cell adhesion on ethanol-sterilised 
graphene surface [1]. Our study also confirmed the undeniable value of AMF analysis in the 
experiment involving the MAC-T cell line seeded on different surfaces (glass, glass coated 
with poly-D-lysine) (Figure 7). In the aforementioned study, surface analysis and cell height 
analysis clearly exhibited differences in cell growth on the two surface variants [85].
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Another notable study used the AFM technique not only for cell analysis after nanoparticle 
uptake, but also after exposure to rotating magnetic field (RMF). Observations of MCF-7 cells 
after 1.5-h incubation in 40 mT magnetic field revealed changes in cell surface, which was 
rougher with many small pore-like structures in comparison to untreated cells [86].

5. Conclusions

The present overview describes and compares widely used biocompatibility/cytotoxicity 
assays in nanomaterial studies. Due to the type of nanoparticles and their properties, appli-
cability of popular assays used for engineered nanomaterial screening might be limited. The 
significant numbers of false-positive or false-negative signals are generated [16]. The tendency 
of nanoparticles to:

Figure 7. AFM analysis of MAC-T cells: cell height on glass surface (A); cell height on glass coated with poly-D-lysine (B); 
3D image of cell growing on glass surface (C); 3D image of cell growing on poly-D-lysine (D) [85].
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• Interact and photocatalyse assay reagents,

• Create agglomerate in the conditions of in vitro and in vivo environment,

• Create protein layer of several nanometres on nanoparticle surface,

• Degrade and deform in vitro environment,

affect the results obtained in popular assays, thus classic cytotoxicity assays alone are not suf-
ficient to evaluate nanomaterial biocompatibility.
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Abstract

The specific use of engineered nanostructures in biomedical applications has become very 
attractive, due to their ability to interface and target specific cells and tissues to execute 
their functions. Additionally, there is continuous progress in research on new nanostruc-
tures with unique optical, magnetic, catalytic, and electrochemical properties that can be 
exploited for therapeutic or diagnostic methods. On the other hand, as nanostructures 
become widely used in many different applications, the unspecific exposure of humans to 
them is also unavoidable. Therefore, studying and understanding the toxicity of such mate-
rials is of increasing importance. Previously published reviews regarding the toxicological 
effects of nanostructures focuses mostly on the cytotoxicity of nanoparticles and their inter-
nalization, activated signaling pathways, and cellular response. Here, the most recent stud-
ies on the in vitro cytotoxicity of NPs, nanowires, and nanorods for biomedical applications 
are reviewed and divided into two parts. The first part considers nonmagnetic metallic and 
magnetic nanostructures. While part 2 covers carbon structures and semiconductors. The 
factors influencing the toxicity of these nanostructures are elaborated, to help elucidating 
the effects of these nanomaterials on cells, which is a prerequisite for their save clinical use.

Keywords: nanoparticles, nanowires, nanorods, biocompatibility, cytotoxicity, 
nanomedicine

1. Introduction

Nanostructured materials are defined as possessing one of their dimensions in the range of 
1–100 nm, according to the American Society for Testing and Materials (ASTM) international 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 12

Review of In vitro Toxicity of Nanoparticles and
Nanorods: Part 1

Jose Efrain Perez, Nouf Alsharif,
Aldo Isaac Martínez Banderas, Basmah Othman,
Jasmeen Merzaban, Timothy Ravasi and
Jürgen Kosel

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76365

Provisional chapter

DOI: 10.5772/intechopen.76365

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Review of In vitro Toxicity of Nanoparticles and 
Nanorods: Part 1

Jose Efrain Perez, Nouf Alsharif,  
Aldo Isaac Martínez Banderas, Basmah Othman, 
Jasmeen Merzaban, Timothy Ravasi and Jürgen Kosel

Additional information is available at the end of the chapter

Abstract

The specific use of engineered nanostructures in biomedical applications has become very 
attractive, due to their ability to interface and target specific cells and tissues to execute 
their functions. Additionally, there is continuous progress in research on new nanostruc-
tures with unique optical, magnetic, catalytic, and electrochemical properties that can be 
exploited for therapeutic or diagnostic methods. On the other hand, as nanostructures 
become widely used in many different applications, the unspecific exposure of humans to 
them is also unavoidable. Therefore, studying and understanding the toxicity of such mate-
rials is of increasing importance. Previously published reviews regarding the toxicological 
effects of nanostructures focuses mostly on the cytotoxicity of nanoparticles and their inter-
nalization, activated signaling pathways, and cellular response. Here, the most recent stud-
ies on the in vitro cytotoxicity of NPs, nanowires, and nanorods for biomedical applications 
are reviewed and divided into two parts. The first part considers nonmagnetic metallic and 
magnetic nanostructures. While part 2 covers carbon structures and semiconductors. The 
factors influencing the toxicity of these nanostructures are elaborated, to help elucidating 
the effects of these nanomaterials on cells, which is a prerequisite for their save clinical use.

Keywords: nanoparticles, nanowires, nanorods, biocompatibility, cytotoxicity, 
nanomedicine

1. Introduction

Nanostructured materials are defined as possessing one of their dimensions in the range of 
1–100 nm, according to the American Society for Testing and Materials (ASTM) international 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



standards definition [1]. For nanoparticles (NPs), which can be of more or less spherical or 
cubical shape, two dimensions are required to be within this range. In contrast, the shape of 
nanorods (NRs) is in one dimension much larger than in the others. For a small aspect ratio 
(<10), both their length and diameter are in the nanoscale, whereas NRs with a large aspect 
ratio (>10) only have their diameter within this scale, and are often called “nanowires” (NWs). 
Nanostructures within this specific size scale show unique size-dependent optical, magnetic, 
catalytic, and electrochemical properties, among others, as well as high surface to volume 
ratios. Moreover, their shape, surface chemistry, and chemical composition can be used to tai-
lor specific properties, making nanostructures highly versatile for different applications [2, 3].

The size scale of nanostructures is within the range of several biomolecules, such as proteins 
and antibodies, allowing specific interactions to occur between them. This, when coupled with 
the high surface to volume ratios and tunable sizes and properties, makes nanostructures prime 
candidates for biomedical applications such as imaging, drug delivery, and therapy [4–6]. 
Examples of applications include the use of NPs as magnetic resonance imaging (MRI) contrast 
agents [7, 8], tissue engineering [9–11], as well as the recent focus on hyperthermia and cancer 
cell eradication with the use of NPs and NRs [12–17]. Such applications, if they are aimed for a 
clinical setting, ultimately require a direct NP/NR exposure in the form of ingestion or intrave-
nous delivery into the body. Naturally, there is a rigorous testing required before any new drug 
formulation is approved for the clinical use in order to ensure their safety and effectiveness. 
Currently, very few NP-based drugs have been approved by the Food and Drug Administration 
and are commercially available. Examples include GastroMARK, used as an MRI contrast agent 
to enhance the delineation of the bowel, and ferumoxytol, an iron-replacement formulation 
approved for adults with chronic kidney disease with an iron deficiency [18].

Within this scope, biocompatibility and cytotoxicity data are of paramount importance to 
evaluate the potential of nanostructures for biomedical applications. Nanostructures are nor-
mally engineered to interface and target specific cells or tissues to execute their functions, 
raising questions about their toxicological effects. For instance, there are several character-
istics involved in the toxicity of fiber-like nanomaterials, such as shape, length, chemical 
composition, agglomeration, and purity, making them suitable to fit the “fiber toxicological 
paradigm” according to the World Health Organization (WHO) criteria used to describe the 
toxicity of asbestos fibers [19]. Further, nanostructures are usually tuned for biocompatibility 
on top of the desired biomedical function, with the most relevant aspects that influence their 
toxicity being the material [20], size and shape [21], surface charge [22], and surface function-
alization [23]. In vitro studies, while not able to give a complete insight into the biocompatibil-
ity of nanostructures, have a high importance, due to their easy implementation, and provide 
valuable cytotoxicology data regarding the safety of the use of nanostructures in biomedical 
applications. Previously published reviews regarding the biosafety of nanostructures include 
that of Lewinski et al. [24] and Zhao et al. [25]. The former focuses mostly on the cytotoxicity 
of NPs of different materials, whereas the latter is a more in depth review of the internaliza-
tion, activated signaling pathways, and cellular response of different kinds of NPs.

Here, we review relevant studies assessing the in vitro cytotoxicity of both nanoparticles (NPs) 
and nanowires (NWs)/nanorods (NRs) with the potential to be used in biomedical applica-
tions. Due to their prevalence within the applied nanomaterials in biomedicine, this review 
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covers various materials from four different classes (on Scopus almost 50% of all publica-
tions related to cytotoxicity, since the year 2000, fall within these materials) that are typically 
considered in the context of nanomaterials for biomedical applications. The first part of this 
review covers nonmagnetic metals and magnetic materials, while the second part covers car-
bon structures and semiconductors. An overview of the materials and structures covered, 
together with the various intracellular uptake mechanisms, is given in Figure 1.

2. Nonmagnetic metallic nanostructures

2.1. Gold nanoparticles

Gold (Au) NPs are some of the most heavily used nanostructures in biomedical applications, 
most notably in medical imaging and therapy. The absorbance and fluorescence of Au NPs are 
higher than that of bulk Au and they can be finely tuned from the visible spectrum to the near 
infrared by changing their size and morphology [26]. Au can also readily bind different kinds 
of functionalizing molecules, giving them great versatility [27]. These properties make Au 
nanostructures popular candidates for X-ray-based imaging and radiotherapy, as well as pho-
tothermal therapy, when coupled to their ability to transform absorbed light into heat [26–30].

Two of the first cytotoxicity studies with Au NPs were performed by Tkachenko et al. [31]. In 
their first approach, they found that NPs conjugated with bovine serum albumin (BSA) and 
different peptides could enter the cell cytoplasm via an energy-dependent, receptor-mediated 

Figure 1. Schematic of the pathways for intracellular uptake of different materials and structures.
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endocytosis pathway, with a decrease in cell viability of only around 5%, using the lactate 
dehydrogenase (LDH) colorimetric assay. The following year, they tested the same principle 
in three different cell lines and found that the uptake of Au NPs, as well as their ultimate fate 
(endosomal or nuclear), was cell dependent [32]. Later, Goodman et al. tested the effects of 
cationic and anionic Au NPs in the metabolic activity of red blood COS-1 cells, and showed 
that the former are more cytotoxic, probably due to them being drawn by the cell membrane’s 
negative charge and then taken up [33]. A different approach using human leukemic K562 
cells was performed by Connor et al. using different surface modifiers and the 3-(4,5-dimeth-
ylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay, concluding that, despite the Au 
fabrication precursor being cytotoxic, Au NPs are inherently not, even though they are inter-
nalized and engulfed in endocytic vesicles [34]. This last finding was also confirmed by Chan 
and colleagues, who reported a size-dependent, clathrin-mediated uptake of citric acid, and 
transferrin-coated NPs in HeLa cells (Figure 2) [35, 36]. Similarly, size-dependence cytotoxic-
ity was subsequently reported by Pan et al. [37] They showed that fibroblasts, epithelial cells, 
macrophages, and melanoma cells incubated with small (1.4 nm) Au NPs for 2 days have an 
IC50 ranging from 30 to 56 μM, whereas the same cells can tolerate concentrations 60-fold 
higher, when changing the particle diameter to 15 nm. The same group then went on to con-
firm the size-dependent cytotoxicity of Au NPs coated with TPPMS, now extending their find-
ings to elucidate a necrotic death pathway in HeLa cells, due to oxidative stress, intracellular 
formation of reactive oxygen species (ROS) and a compromised mitochondrial activity [38].

Figure 2. Size-dependent uptake of Au NPs of different sizes in HeLa cells at different positions from B-F, as observed 
by TEM. While (A) Quantify the number of each Au NPs per vesicle. Adapted with permission from Chithrani et al. [35]. 
Copyright 2006 American Chemical Society.
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The cytotoxicity of Au NPs has also been tested in other relevant cell lines, such as the alveolar 
type II-like A549 and NCIH441 [39]. Using a combination of metabolic activity, cell prolifera-
tion, and release of LDH assays, it was determined that 9.5 nm Au NPs, though internalized and 
stored in endocytic vesicles, do not have an effect on either of the cell lines’ metabolic activity. A 
50% decrease in cell proliferation was detected for A549 cells after 24 hours of exposure, decreas-
ing further as time progressed. A mild dose-dependent LDH release was also reported for 24 
and 48 hours for Au NP concentrations up to 0.7 mM, although after 72 hours, the release was 
significantly higher for this concentration, at around 35 and 90% for A549 and NCHIH441 cells, 
respectively. Macrophages have also been subjected to cytotoxicity assessments using Au NPs 
[40]. The results in this case are particularly relevant, due to their shedding light on a potential 
immunological response. Au NPs of three different sizes (2–4, 5–7, and 20–40 nm) were tested 
in macrophage J774 A1 cells at two concentrations, 1 and 10 ppm. Whereas only the small and 
medium-sized NPs produced a slight decrease in cell proliferation for the lower concentration, 
NPs of all three sizes decreased cell proliferation to around 30–40% for the 10 ppm concentra-
tion. Au NPs were shown to be inside vesicles in the cytoplasm, as was reported for human leu-
kemic [34], HeLa [35], and alveolar type II-like cells [39]. Additionally, it was reported that Au 
NPs upregulate the expression of interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis 
factor (TNF-α). This data show that macrophages, being one of the principal immune effector 
cells, activate a pro-inflammatory response, when in the presence of Au NPs of either size.

Cho et al. looked closely at the effects of different surface functional groups on the uptake and 
cell membrane adsorption of Au NPs by breast cancer SK-BR-3 cells [41]. They tested Au NPs 
of two sizes (15 and 45 nm) with three different surface groups: poly(ethylene glycol) (PEG), 
anti-HER2, and poly(allylamine hydrochloride) (PAH). The smaller NPs were found to be 
more readily internalized than the larger ones, in contrast with previous findings [35, 36]. The 
PAH-modified NPs showed the greatest amount of internalization, followed by anti-HER2 
and then PEG NPs. Using inductively coupled plasma mass spectrometry (ICP-MS) and an 
etching method to remove the NPs adsorbed to the cell membrane [42], they were able to 
distinguish between internalized nanoparticles to those that remained attached to the cell 
membrane and found that PEG-modified NPs had the lowest adsorption rate, thereby inter-
nalizing most of the NPs that came in contact with the cells. PAH-modified NPs had a very 
strong affinity to the cell membrane, probably due to their electrostatic interactions.

A more recent study compared NPs of 10, 25, and 50 nm and found that larger NPs are more 
readily taken up by NRK cells [43]. It was also reported that Au NPs enter the cells through 
endocytosis, ultimately accumulating in lysosomes and impairing their degradation capacity 
through alkalinization: Au NPs cause the dissociation of the V1 protein from the acidification-
regulator complex H+(V)-ATPase, down-regulating its activity. The impairment of lysosomal 
function thus reduced the turnover of autophagosomes, carriers of intracellular content to 
their final degradation in lysosomes, leading to their accumulation in the cell cytoplasm.

2.2. Gold nanorods and nanowires

Gold NRs and NWs, unlike NPs, possess a transverse and a dominant longitudinal plas-
mon [44]. This intense absorption band is near the infrared region, which biological tissue 
hardly absorbs, thus making these Au nanostructures attractive in the biomedical field. Early 
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negative charge and then taken up [33]. A different approach using human leukemic K562 
cells was performed by Connor et al. using different surface modifiers and the 3-(4,5-dimeth-
ylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay, concluding that, despite the Au 
fabrication precursor being cytotoxic, Au NPs are inherently not, even though they are inter-
nalized and engulfed in endocytic vesicles [34]. This last finding was also confirmed by Chan 
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transferrin-coated NPs in HeLa cells (Figure 2) [35, 36]. Similarly, size-dependence cytotoxic-
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higher, when changing the particle diameter to 15 nm. The same group then went on to con-
firm the size-dependent cytotoxicity of Au NPs coated with TPPMS, now extending their find-
ings to elucidate a necrotic death pathway in HeLa cells, due to oxidative stress, intracellular 
formation of reactive oxygen species (ROS) and a compromised mitochondrial activity [38].

Figure 2. Size-dependent uptake of Au NPs of different sizes in HeLa cells at different positions from B-F, as observed 
by TEM. While (A) Quantify the number of each Au NPs per vesicle. Adapted with permission from Chithrani et al. [35]. 
Copyright 2006 American Chemical Society.
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The cytotoxicity of Au NPs has also been tested in other relevant cell lines, such as the alveolar 
type II-like A549 and NCIH441 [39]. Using a combination of metabolic activity, cell prolifera-
tion, and release of LDH assays, it was determined that 9.5 nm Au NPs, though internalized and 
stored in endocytic vesicles, do not have an effect on either of the cell lines’ metabolic activity. A 
50% decrease in cell proliferation was detected for A549 cells after 24 hours of exposure, decreas-
ing further as time progressed. A mild dose-dependent LDH release was also reported for 24 
and 48 hours for Au NP concentrations up to 0.7 mM, although after 72 hours, the release was 
significantly higher for this concentration, at around 35 and 90% for A549 and NCHIH441 cells, 
respectively. Macrophages have also been subjected to cytotoxicity assessments using Au NPs 
[40]. The results in this case are particularly relevant, due to their shedding light on a potential 
immunological response. Au NPs of three different sizes (2–4, 5–7, and 20–40 nm) were tested 
in macrophage J774 A1 cells at two concentrations, 1 and 10 ppm. Whereas only the small and 
medium-sized NPs produced a slight decrease in cell proliferation for the lower concentration, 
NPs of all three sizes decreased cell proliferation to around 30–40% for the 10 ppm concentra-
tion. Au NPs were shown to be inside vesicles in the cytoplasm, as was reported for human leu-
kemic [34], HeLa [35], and alveolar type II-like cells [39]. Additionally, it was reported that Au 
NPs upregulate the expression of interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis 
factor (TNF-α). This data show that macrophages, being one of the principal immune effector 
cells, activate a pro-inflammatory response, when in the presence of Au NPs of either size.

Cho et al. looked closely at the effects of different surface functional groups on the uptake and 
cell membrane adsorption of Au NPs by breast cancer SK-BR-3 cells [41]. They tested Au NPs 
of two sizes (15 and 45 nm) with three different surface groups: poly(ethylene glycol) (PEG), 
anti-HER2, and poly(allylamine hydrochloride) (PAH). The smaller NPs were found to be 
more readily internalized than the larger ones, in contrast with previous findings [35, 36]. The 
PAH-modified NPs showed the greatest amount of internalization, followed by anti-HER2 
and then PEG NPs. Using inductively coupled plasma mass spectrometry (ICP-MS) and an 
etching method to remove the NPs adsorbed to the cell membrane [42], they were able to 
distinguish between internalized nanoparticles to those that remained attached to the cell 
membrane and found that PEG-modified NPs had the lowest adsorption rate, thereby inter-
nalizing most of the NPs that came in contact with the cells. PAH-modified NPs had a very 
strong affinity to the cell membrane, probably due to their electrostatic interactions.

A more recent study compared NPs of 10, 25, and 50 nm and found that larger NPs are more 
readily taken up by NRK cells [43]. It was also reported that Au NPs enter the cells through 
endocytosis, ultimately accumulating in lysosomes and impairing their degradation capacity 
through alkalinization: Au NPs cause the dissociation of the V1 protein from the acidification-
regulator complex H+(V)-ATPase, down-regulating its activity. The impairment of lysosomal 
function thus reduced the turnover of autophagosomes, carriers of intracellular content to 
their final degradation in lysosomes, leading to their accumulation in the cell cytoplasm.

2.2. Gold nanorods and nanowires

Gold NRs and NWs, unlike NPs, possess a transverse and a dominant longitudinal plas-
mon [44]. This intense absorption band is near the infrared region, which biological tissue 
hardly absorbs, thus making these Au nanostructures attractive in the biomedical field. Early 
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cytotoxicity data showed that HeLa cells incubated with PEG-stabilized NRs at concentra-
tions up to 0.5 mM survived with more than 90% viability after 24 hours, as per MTT assay 
[45]. Takahashi et al. observed similar viability effects under the same conditions, but using 
NRs modified with phosphatidylcholine [46]. Chithrani et al. reported that an increased 
uptake was observed for NRs in terms of the number of particles per cell with NRs with 
smaller aspect ratios coated with citric acid ligands [35] and transferrin [36]. Similarly, NRs 
of varying surface charges provided by layers of polyelectrolyte coatings seem to maintain 
a cell viability of around 90%, with an increased cellular uptake observed with NRs with a 
positive surface charge [47]. These results were later confirmed using NRs coated with the 
polyelectrolytes polyacrylic acid (PAA) and PAH, with human colon cancer HT-29 cells show-
ing 90% viability after incubation with 0.4 nM Au NRs with either coating [48]. Cell growth 
was also reported not to be impaired, when compared with control cells, although higher 
internalization numbers were found for PAH-coated NRs compared to PAA ones. This is in 
agreement with previous findings [47]: positively charged particles (PAH-coated) are more 
readily taken up, when compared to negatively charged ones (PAA-coated), possibly due to 
the cell membrane’s negative charge attracting the positively charged particles, leading to a 
higher membrane adsorption, as was observed with Au NPs [33, 41].

More recent studies have continued the analysis of the toxicological properties of Au NRs 
with a higher aspect ratio, or Au NWs, as they provide enhanced properties such as absorp-
tion and scattering, due to their increase in length [49]. One of the first approaches aimed 
to compare the cytotoxic effects of Au NRs with Au NWs with an aspect ratio 10 times 
larger [50]. Both instances of particles were coated either with tannic acid (TA) or carboxyl-
ated PEG (PEG-COOH) and the cytotoxicity to human keratinocyte cells was evaluated 
using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS) assay, an indicator of mitochondrial metabolic activity similar to 
the MTT assay. Following the same trend as previous cytotoxic data with surface-modified 
Au NRs, both TA and PEG-COOH-coated Au NRs showed a cell viability of up to 90% after 
24 hours of incubation and for concentrations as high as 100 μg/mL; however, in the case 
of Au NWs, TA decreased the cell viability to around 70% at the 50 μg/mL concentration, 
whereas PEG-COOH-Au NWs maintained the viability above the 90% mark. These results 
indicate that, as Au NRs, Au NWs show very low cytotoxic potential, though specific sur-
face coatings may elicit a toxic response. The authors also reported an increased uptake 
for Au NWs, when compared with NR independent of the surface coating. However, the 
values are reported in mass of Au per cell, which could be explained by the amount of 
material, due to the increase in size, and not be a clear representation of the amount of 
particles internalized.

2.3. Silver nanoparticles and nanowires

Silver (Ag) NPs have proven themselves greatly useful for their antimicrobial activity [51] and 
they are widely used in therapeutics and as a treatment for burns [52]. Naturally, a plethora 
of toxicity assessment studies has been carried out in order to understand the potential side 
effects of these nanostructures. The first cytotoxicity studies observed the effects of NPs on 
metabolic activity and membrane damage through LDH leakage, as well as the dependence 
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of the generation of ROS on particle size and the evaluation of the inflammatory response 
[53–55]. In all three studies, a dose-dependent decrease in mitochondrial metabolic activity 
and an increase in LDH leakage were reported for Ag NPs of 15 nm in rat liver BRL 3A cells, 
C18-4 germline stem cells, and macrophages for doses up to 75 μg/mL. Changes in cell mor-
phology and uptake of NPs were also reported, with low levels of apoptosis. Interestingly, 
larger NPs (55 nm) induced a lesser cytotoxic response in macrophages, a result that can 
be attributed to the larger agglomerates not being easily internalized. Additionally, Ag NPs 
significantly impacted ROS generation and the release of inflammatory mediators including 
TNF-α, MIP-2, and IL-1β in macrophages for doses starting at 5 μg/mL. In contrast, Yen et al. 
reported no upregulation of the pro-inflammatory genes TNF-α, IL-1, and IL-6, though the 
doses tested were considerably higher [40].

It was later confirmed by Miura et al. that the ROS-related genes ho-1 and mt-2A are upregu-
lated in HeLa cells [56], further cementing its role in the cytotoxic response. On the other hand, 
Autrup and co-workers showed that polyvinylpyrrolidone (PVP)-coated Ag NPs of 70 nm in 
diameter seemed to elicit both an apoptotic and necrotic response in THP-1 monocytes [57] 
and human alveolar A549 cells [58]. Although necrosis was markedly higher, the effect could 
be a progression from an early apoptotic stage to a late apoptotic/necrotic one.

Other parameters, such as genotoxicity, have also been studied. Using human lung fibro-
blast IMR-90 cells and glioblastoma U251 cells as test models, AshaRani et al. concluded that 
starch-coated Ag NPs (6–20 nm in size) are taken up and reside inside the mitochondria and 
nucleus and, on top of generating ROS and reducing the metabolic activity and cell viability 
(Figure 3), they also reduced the ATP content of the cells and induced DNA damage and 
chromosomal aberrations in a dose-dependent manner. The latter resulted in cell cycle arrest 
in the G2/M phase with no significant cell death observed, possibly due to the repair of DNA 
damage [59]. On the other hand, RAW 264.7 macrophage cells exposed to increase concen-
trations of 70 nm Ag NPs showed a significant increase in TNF-α, protein, and gene levels. 
The secretion of nitric oxide, a second messenger in the inflammatory response, as well as 

Figure 3. Cytotoxicity of Ag NPs on U251 glioblastoma and IMR-90 fibroblast cells. Different concentrations of NPs with 
sizes ranging from 6 to 20 nm in diameter were cocultured with the cells for incubation times up to 72 hours. Adapted 
with permission from AshaRani et al. [59]. Copyright 2009 American Chemical Society.
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cytotoxicity data showed that HeLa cells incubated with PEG-stabilized NRs at concentra-
tions up to 0.5 mM survived with more than 90% viability after 24 hours, as per MTT assay 
[45]. Takahashi et al. observed similar viability effects under the same conditions, but using 
NRs modified with phosphatidylcholine [46]. Chithrani et al. reported that an increased 
uptake was observed for NRs in terms of the number of particles per cell with NRs with 
smaller aspect ratios coated with citric acid ligands [35] and transferrin [36]. Similarly, NRs 
of varying surface charges provided by layers of polyelectrolyte coatings seem to maintain 
a cell viability of around 90%, with an increased cellular uptake observed with NRs with a 
positive surface charge [47]. These results were later confirmed using NRs coated with the 
polyelectrolytes polyacrylic acid (PAA) and PAH, with human colon cancer HT-29 cells show-
ing 90% viability after incubation with 0.4 nM Au NRs with either coating [48]. Cell growth 
was also reported not to be impaired, when compared with control cells, although higher 
internalization numbers were found for PAH-coated NRs compared to PAA ones. This is in 
agreement with previous findings [47]: positively charged particles (PAH-coated) are more 
readily taken up, when compared to negatively charged ones (PAA-coated), possibly due to 
the cell membrane’s negative charge attracting the positively charged particles, leading to a 
higher membrane adsorption, as was observed with Au NPs [33, 41].

More recent studies have continued the analysis of the toxicological properties of Au NRs 
with a higher aspect ratio, or Au NWs, as they provide enhanced properties such as absorp-
tion and scattering, due to their increase in length [49]. One of the first approaches aimed 
to compare the cytotoxic effects of Au NRs with Au NWs with an aspect ratio 10 times 
larger [50]. Both instances of particles were coated either with tannic acid (TA) or carboxyl-
ated PEG (PEG-COOH) and the cytotoxicity to human keratinocyte cells was evaluated 
using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS) assay, an indicator of mitochondrial metabolic activity similar to 
the MTT assay. Following the same trend as previous cytotoxic data with surface-modified 
Au NRs, both TA and PEG-COOH-coated Au NRs showed a cell viability of up to 90% after 
24 hours of incubation and for concentrations as high as 100 μg/mL; however, in the case 
of Au NWs, TA decreased the cell viability to around 70% at the 50 μg/mL concentration, 
whereas PEG-COOH-Au NWs maintained the viability above the 90% mark. These results 
indicate that, as Au NRs, Au NWs show very low cytotoxic potential, though specific sur-
face coatings may elicit a toxic response. The authors also reported an increased uptake 
for Au NWs, when compared with NR independent of the surface coating. However, the 
values are reported in mass of Au per cell, which could be explained by the amount of 
material, due to the increase in size, and not be a clear representation of the amount of 
particles internalized.

2.3. Silver nanoparticles and nanowires

Silver (Ag) NPs have proven themselves greatly useful for their antimicrobial activity [51] and 
they are widely used in therapeutics and as a treatment for burns [52]. Naturally, a plethora 
of toxicity assessment studies has been carried out in order to understand the potential side 
effects of these nanostructures. The first cytotoxicity studies observed the effects of NPs on 
metabolic activity and membrane damage through LDH leakage, as well as the dependence 
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of the generation of ROS on particle size and the evaluation of the inflammatory response 
[53–55]. In all three studies, a dose-dependent decrease in mitochondrial metabolic activity 
and an increase in LDH leakage were reported for Ag NPs of 15 nm in rat liver BRL 3A cells, 
C18-4 germline stem cells, and macrophages for doses up to 75 μg/mL. Changes in cell mor-
phology and uptake of NPs were also reported, with low levels of apoptosis. Interestingly, 
larger NPs (55 nm) induced a lesser cytotoxic response in macrophages, a result that can 
be attributed to the larger agglomerates not being easily internalized. Additionally, Ag NPs 
significantly impacted ROS generation and the release of inflammatory mediators including 
TNF-α, MIP-2, and IL-1β in macrophages for doses starting at 5 μg/mL. In contrast, Yen et al. 
reported no upregulation of the pro-inflammatory genes TNF-α, IL-1, and IL-6, though the 
doses tested were considerably higher [40].

It was later confirmed by Miura et al. that the ROS-related genes ho-1 and mt-2A are upregu-
lated in HeLa cells [56], further cementing its role in the cytotoxic response. On the other hand, 
Autrup and co-workers showed that polyvinylpyrrolidone (PVP)-coated Ag NPs of 70 nm in 
diameter seemed to elicit both an apoptotic and necrotic response in THP-1 monocytes [57] 
and human alveolar A549 cells [58]. Although necrosis was markedly higher, the effect could 
be a progression from an early apoptotic stage to a late apoptotic/necrotic one.

Other parameters, such as genotoxicity, have also been studied. Using human lung fibro-
blast IMR-90 cells and glioblastoma U251 cells as test models, AshaRani et al. concluded that 
starch-coated Ag NPs (6–20 nm in size) are taken up and reside inside the mitochondria and 
nucleus and, on top of generating ROS and reducing the metabolic activity and cell viability 
(Figure 3), they also reduced the ATP content of the cells and induced DNA damage and 
chromosomal aberrations in a dose-dependent manner. The latter resulted in cell cycle arrest 
in the G2/M phase with no significant cell death observed, possibly due to the repair of DNA 
damage [59]. On the other hand, RAW 264.7 macrophage cells exposed to increase concen-
trations of 70 nm Ag NPs showed a significant increase in TNF-α, protein, and gene levels. 
The secretion of nitric oxide, a second messenger in the inflammatory response, as well as 

Figure 3. Cytotoxicity of Ag NPs on U251 glioblastoma and IMR-90 fibroblast cells. Different concentrations of NPs with 
sizes ranging from 6 to 20 nm in diameter were cocultured with the cells for incubation times up to 72 hours. Adapted 
with permission from AshaRani et al. [59]. Copyright 2009 American Chemical Society.
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the gene expression of matrix metalloproteinases (MMPs) MMP-3, MMP-11, and MMP-19, 
which play a key role in extracellular matrix degradation and can be activated through ROS 
were also reported [60]. Further, another parameter that has been observed is the effect of Ag 
NPs of different sizes on the differentiation of embryonic stem cells [61]. Differentiation into 
cardiomyocytes was inhibited in a dose-dependent manner, with Ag NPs of 20 nm having a 
stronger effect compared to larger ones.

In recent studies, it has been proposed that the intracellular release of Ag ions from the NPs is 
one of the causes of their cytotoxicity. Singh et al. showed that, after being taken up through 
scavenger receptor-mediated phagocytosis in macrophages, intracellular dissolution of Ag NPs 
had a 50 times faster rate than in water, at around 5% of the total dose being dissolved [62]. It 
was suggested that Ag ions are a cytotoxic response initiator in human lung BEAS-2B cells [63].

Ag NW cytotoxicity, on the other hand, has not been extensively studied. In a comparative 
study of Ag NWs with a diameter of around 100 nm and lengths of 3, 5, 10, 14 and 28 μm, 
it was found that only the wires with a length of 28 μm could elicit a significant decrease in 
cell proliferation and membrane instability in THP-1 cells [64]. Using light microscopy and 
back-scattered electron imaging, it was also proven that NWs of 14 and 28 μm are not prop-
erly internalized, resulting in a frustrated phagocytosis, or an inability to engulf its target, 
which is in turn an initiator of the inflammatory response. In a different approach, red blood 
cells exposed to Ag NWs of 2 μm in length and a diameter of 40 nm were confirmed to suffer 
structural changes, aggregation, and hemolysis in a dose-dependent manner [65].

3. Magnetic nanostructures

3.1. Magnetic nanoparticles

Magnetic NPs are usually made of a magnetic core bound within a shell that allows them to 
be functionalized with relevant ligands and gives them stability in solution [66]. Their main 
advantage is their ability to be manipulated using an external magnetic field, making them 
attractive for different biomedical applications. These include cell labeling and MRI contrast 
agents [67, 68], targeted drug delivery [69, 70], and cancer cell eradication [71, 72]. Iron oxide 
NPs such as magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most widely used magnetic 
NPs [73]. Sufficiently small Fe oxide NPs exhibit superparamagnetism: NPs become magne-
tized under an external magnetic field, but loose do not possess any remanent magnetization 
once the field is removed [74]. Superparamagnetic Fe oxide NPs (SPIONs) can be manipulated 
and guided by a magnetic field without losing the stable colloidal suspension, when there is 
no field applied, a quality that is attractive for biomedical applications.

3.2. Superparamagnetic iron oxide nanoparticles

Initial cytotoxicity studies compared the cytotoxic effects of bare magnetite NPs with PEG-
coated ones in primary human fibroblast hTERT-BJ1 cells, and found that, whereas cells 
treated with 40–50 nm PEG-coated NPs for 24 hours remained 100% viable for concentrations 
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as high as 1 mg/mL, uncoated, 10–15 nm NPs reduced the viability to around 70% at a concen-
tration of 250 μg/mL [75]. Similar results were observed with pullulan-coated and uncoated 
NPs within the same size range [76]. There, it was also shown that bare NPs significantly 
reduce cell attachment and disrupt the distribution of actin filaments and microtubules, 
while also being taken up at a higher rate compared to the coated ones. Uncoated NPs were 
also reported to have cytotoxic effects only at higher doses (100–250 μg/mL) in terms of cell 
viability and LDH leakage in rat liver BRL 3A cells [53]. In agreement with these findings, 
hydroxy-tetramethylammonium-coated SPIONs at higher concentrations (23 mM) did not 
induce a reduction inviability of kidney COS-7 cells, though the time of incubation tested 
was only of 4 hours [77].

Ma et al. studied the uptake of 30 nm aminosilane-coated NPs by human lung cancer SPC-
A1 and human lung WI-38 cells and found that the intracellular Fe content was 15 times 
higher for the cancerous cells compared to normal counterparts [78]. As with other NPs, they 
are likely endocytosed through phagocytosis and found within endosomes and lysosomes. 
Human monocytes-macrophages were also found to endocytose SPIONs and retained them 
inside lysosomes, remaining highly viable with no apparent activation of pro-inflammatory 
cytokines for up to 14 days following the incubation with 0.4 mg/mL SPIONs [79].

Using bare 20–30 nm magnetite NPs, Karlsson et al. tested other parameters of cytotoxicity 
in the human alveolar A549 cells, such as DNA damage and intracellular ROS [80]. No DNA 
damage or intracellular ROS were found for doses up to 40 μg/cm2, although a slight oxidative 
DNA lesion was found at this dose. In contrast, another study showed that uncoated SPIONs 
elicited a significant level of apoptosis on mouse fibroblasts (L929), whereas PVA-coated ones 
did not show a loss of cell viability, apoptosis, necrosis, or cell cycle arrest for up to 72 hours of 
incubation and concentrations up to 200 mM [81]. However, an increase in the concentration 
to 400 mM did induce apoptosis and cell cycle arrest, possibly due to DNA damage through 
oxidative stress. Naqvi et al. obtained similar results for Tween 80-coated NPs in macrophage 
J774 A1 cells: >95% cell viability for low concentrations (25–200 μg/mL) and low incubations 
times, with a decrease to 55–65% for higher concentrations (300–500 μg/mL) associated to an 
apoptotic death pathway through ROS generation [82].

In contrast to previous findings, both citric acid and dextran-coated NPs were found to pro-
duce a dose-dependent cytotoxicity in human umbilical vein endothelial cells (HUVECs) [83]. 
Concentrations as low as 0.1 nM decreased the cell viability for both NPs to around 80% after 
24 hours and increasing the value to 20 nM would decrease the cell viability to less than 15%. 
Additionally, as shown by Soenen et al. [84], actin filaments and microtubules appeared dis-
rupted, thinner, and less organized and vinculin adhesion points were diminished. Further, 
NPs also reduced the migration and vasculogenesis capabilities of HUVECs. Similar results 
regarding cell attachment and cytoskeleton morphology were also reported in a multipara-
metric study with NPs with different coatings on various cell lines [84].

With an aim to understand the differences in cytotoxicity between the charges provided by 
different coatings on SPIONs, a study showed that when different functional groups were 
added in order to provide either a positive or negative charge on SPIONs, cell viability and 
cell membrane integrity remained above 85% up to 24 hours for doses as high as 1000 ppm 
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on L929 fibroblasts for all the coatings tested [85]. As observed for other types of NPs, the 
positively charged NPs were more readily taken up than negatively charged ones. Similarly, 
ROS generation was not significantly different. However, the positively charged and highest 
negatively charged NPs showed DNA damage starting from concentrations of 200 ppm. In 
agreement with this, another study using HCM (heart), BE-2-C (brain), and 293T (kidney) 
cell lines reported similar results [86]. There, bare, positively, and negatively charged NPs 
all showed a dose-dependent response for doses up to 36 mM, with positively charged NPs 
being more cytotoxic for the three cell lines, suggesting a cell-specific response. Gene expres-
sion analysis showed that genes that were mainly altered were those related to apoptosis, cell 
cycle, and cell proliferative responses, most probably due to ROS.

More recent studies have focused on looking at other parameters to better understand the 
cytotoxic response. A size-dependent response was observed for uncoated NPs of 5 and 
30 nm, with only the latter inducing a significant increase in ROS generation, whereas dex-
tran-coated and PEG-coated did not have an effect on ROS levels [87]. Khan et al., on the 
other hand, studied the effects of SPIONs on autophagy, a homeostasis mechanism used to 
degrade proteins and organelles for multiple functions [88]. They proved that ROS induces 
autophagy through the mTOR pathway only on human alveolar cancer A549 cells, and not 
on normal human lung fibroblast IMR-90 cells, while the authors attributed the autophagy 
to be involved with cell death. Lastly, Singh et al. observed a different cytotoxic response 
and uptake related to the Fe redox state (magnetite vs. maghemite) in human lymphoblas-
toid MCL-5 cells [89]. While no significant difference was found between these two states in 
terms of uptake, a decrease in the serum concentration drastically increased the uptake for 
dextran-coated maghemite NPs and this specific kind of NPs was the only one reported to 
elicit a genotoxic response.

3.3. Magnetic nanowires

Magnetic NWs possess tunable lengths and diameters and can be functionalized to provide 
specific targeting and biocompatibility. Depending on the fabrication method and its param-
eters, as well as precursor materials, the magnetic properties of NWs can be finely modulated 
[66, 90]. Magnetic NWs have anisotropic structures with high aspect ratios, which allow them 
to exert torques when under a magnetic field [91]. Additionally, they possess higher magneti-
zation values per unit of volume when compared to NPs, allowing them to exert larger forces 
[92]. These qualities have made magnetic NWs prime candidates for different biomedical 
applications, including cell separation and guidance [91–93], targeted drug delivery [94, 95], 
and cell eradication [15, 16, 96, 97].

The cytotoxicity of Fe NWs was first characterized by Song et al. on HeLa cells [98]. Using 
uncoated NWs of <10 μm in length and 50 nm in diameter, they determined that Fe NWs 
have no significant effect on the cell viability and proliferation for concentrations up to 10,000 
NWs per cell and for incubation times up to 72 hours. Fe NWs were internalized either as 
single NW, bundles or as aggregates, mainly localizing in the cytoplasm and inside vesicles, 
but not inside cell nuclei. Later, Safi et al. proved the same intracellular distribution in fibro-
blast NIH/3T3 cells using maghemite NWs of <15 μm and identified such vesicles as late 
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endosomal or lysosomal endosomes (Figure 4) [99]. It was concluded that NWs are degraded 
by cells and cut into shorter pieces, possibly by the decrease in pH occurring in lysosomal 
compartments [100]. Along with no significant decrease in cell viability, no ROS were found 
after 4 hours of incubation for doses up to 170 NWs per cell. In a recent study, NWs with iron 
core and iron oxide shell were compared to pure iron NWs and tested on HCT 116 cells. The 
experiments confirmed the high cell viability values found for iron NWs before and revealed 
even higher values for the core/shell NWs [101]. An additional advantage of the core/shell 
NWs is the possibility to tune their magnetic properties to the specific requirements of vari-
ous applications.

Studies with Ni NWs first showed a similar distribution to that of Fe NWs: Ni NWs of 20 μm 
in length and 200 nm in diameter activated cell membrane receptors associated with metal-
loproteins, thereby being internalized, triggering lysosomal function in the process and 
localizing inside them around the cell nucleus [102]. Lamellipodium extensions, due to cell 
tethering and re-alignment, were also a consequence of Ni NW internalization, possibly due 
to a cell stiffening response. The same group then studied the biocompatibility of Ni NWs 
on human monocyte THP-1 cells using high content analysis [103]. Measuring cell viability 

Figure 4. NIH/3T3 fibroblasts incubated with maghemite (γ-Fe2O3) NWs during 24 hours. The NWs were found inside 
membrane-bound compartments, identified as late endosomal or lysosomal endosomes, b) and d) are zoomed images 
from a) and b) respectively. Adapted with permission from Safi et al. [99]. Copyright 2011 American Chemical Society.
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have no significant effect on the cell viability and proliferation for concentrations up to 10,000 
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even higher values for the core/shell NWs [101]. An additional advantage of the core/shell 
NWs is the possibility to tune their magnetic properties to the specific requirements of vari-
ous applications.

Studies with Ni NWs first showed a similar distribution to that of Fe NWs: Ni NWs of 20 μm 
in length and 200 nm in diameter activated cell membrane receptors associated with metal-
loproteins, thereby being internalized, triggering lysosomal function in the process and 
localizing inside them around the cell nucleus [102]. Lamellipodium extensions, due to cell 
tethering and re-alignment, were also a consequence of Ni NW internalization, possibly due 
to a cell stiffening response. The same group then studied the biocompatibility of Ni NWs 
on human monocyte THP-1 cells using high content analysis [103]. Measuring cell viability 

Figure 4. NIH/3T3 fibroblasts incubated with maghemite (γ-Fe2O3) NWs during 24 hours. The NWs were found inside 
membrane-bound compartments, identified as late endosomal or lysosomal endosomes, b) and d) are zoomed images 
from a) and b) respectively. Adapted with permission from Safi et al. [99]. Copyright 2011 American Chemical Society.

Review of In vitro Toxicity of Nanoparticles and Nanorods: Part 1
http://dx.doi.org/10.5772/intechopen.76365

219



and membrane permeability, they found Ni NWs to be nontoxic for low incubation times 
(<10 hours) and concentrations (<100 NWs per cell). Hossain and Kleve then investigated the 
effects of Ni NWs on human pancreatic adenocarcinoma Panc-1 cells [104]. Using NWs of 
around 6.5 μm in length and 215 nm in diameter, a dose-dependent cytotoxic response was 
shown, including ROS generation and the induction of apoptosis and cell cycle arrest in the 
G0/G1 phase. A similar response was then reported for HeLa cells, along with mitochondrial 
membrane depolarization [105].

We reported the cytotoxicity of Ni NWs in human fibroblast WI-38 cells [106] and human 
colorectal carcinoma HCT 116 cells [107]. Whereas WI-38 cells showed no significant 
decrease of cell viability up to doses of 120 μg/mL for 24 hours of incubation and the 
viability of HCT 116 cells decreased significantly at the same incubation time for doses 
as low as 5 μg/mL. For both cell lines, NWs were internalized and appeared in the cytosol 
inside membrane-bound compartments, possibly lysosomes, as shown previously [102], 
with the internalization in HCT 116 cells taking place through the phagocytosis pathway. 
Apoptosis was also confirmed to be the cell death pathway, which would later progress 
into secondary necrosis and induce cell membrane instability and LDH leakage. Lastly, it 
was also confirmed that Ni2+ is released intracellularly following NW uptake, due to the 
acidic pH inside the lysosomes. Although the percentage of this intracellular dissolution is 
low compared to the total dose, it is plausible that the leeched Ni2+ contributes to the cyto-
toxic effects observed. It should be mentioned that Au-coated Ni NWs showed an improved 
biocompatibility, possibly due to the Au reducing the degree of dissolution, while also 
providing a functionalization layer [108, 109]. Similarly, we have reported the stabilization 
of Fe NWs by coating with a poly(MPC) homopolymer in order to increase dispersion and 
biocompatibility [110].

4. Conclusion

Recent studies on the in vitro cytotoxicity of nonmagnetic and magnetic structures in biomedi-
cal applications were reviewed, taking into account nanoparticles and nanowires/nanorods. 
A summary of the results of representative studies is provided in Table 1.

Comparisons between the cytotoxicities of those different nanomaterials are generally diffi-
cult to make, due to the vast range of methods, concentrations, dimensions, cell lines, etc. For 
instance, the concentrations reported in the different studies were typically evaluated using 
either ICP or cryogenic TEM. However, the concentration or dose of the nanomaterial plays a 
significant role in the cytotoxic response as well as the biomedical applications.

While the concentrations and exposure times are critical factors, the toxicity of these nano-
structures is also material dependent. These relations can be seen in Figure 5, which presents 
the average values reported for the cell viabilities (ignoring differences in concentrations, 
incubation times, etc.), when exposed to the nanomaterials in the studies covered in Table 1. 
Fe nanomaterials showed higher cell viabilities than Au ones.
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In addition, the particle size plays a major role in the cytotoxic properties of the nanostructure, 
whereby both the cellular uptake efficiency and pathway are affected, with smaller particles 
being internalized faster than larger ones.

The induction of ROS after dissolving the nanostructures in the lysosomes was shown to be 
the primary underlying cause of the toxicity in several cases, leading to cell death through the 
apoptotic pathway, due to ROS generation and mitochondrial damage. The acidic condition 
inside the lysosome increases the digestion of the particles, enhancing the release of ions that 

Nanostructure 
type

Surface 
coating

Nanostructure 
concentration

Average 
size

Cell line Cell viability Viability test References

Au NPs BSA – 20 nm HepG2 95% LDH assay [31]

Au NPs – 1 and 10 ppm 2–4, 
5–7 and 
20–40 nm 
diameter

J774 A1 
macrophages

Cell 
proliferation 
decreased to 
30–40% for all 
three sizes at 
10 ppm

Multisizer 
quantification

[40]

Au NRs PEG 0.5 mM 65 nm 
length 
and 
11 nm 
width

HeLa cells >90% MTT assay [45]

Ag NWs – 4 μg/cm2 100 nm 
diameter 
and 
28 μm 
length

THP-1 cells Significant 
decrease in cell 
proliferation 
and increase 
of membrane 
instability

Alamar Blue, 
LDH assay

[64]

SPIONs PEG 1 mg/mL for 
40–50 nm NPs, 
250 μg/mL for 
10–15 nm NPs

40–50 nm 
diameter, 
10–15 nm 
diameter

hTERT-BJ1 100% for 
40–50 nm 
NPs, 70% for 
10–15 nm NPs

MTT assay [75]

SPIONs – 100–250 μg/mL 47 nm BRL 3A rat 
liver cells

70% MTT, LDH 
assay

[53]

Fe NWs – 10,000 NWs 
per cell

10 μm 
length 
and 
50 nm 
diameter

HeLa cells No significant 
effect

MTT assay [98]

Ni NWs – 5 μg/mL 5.4 μm 
length 
and 
33 nm 
diameter

HCT 116 cells <80% MTT, LDH 
assay

[107]

Table 1. Summary of in vitro cytotoxicity studies with different kinds of nanoparticles (NPs) and nanowires (NWs), 
NWs with aspect ratio < 10 are often called nanorods (NR), SPION referred to superparamagnetic iron oxide NPs.
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structures is also material dependent. These relations can be seen in Figure 5, which presents 
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affect the viability of the cells. However, the oxidation of Fe nanostructures did not decrease 
the cell viability.

Adding a coating to the nanostructure typically affected both the toxicity and the surface 
charge of the nanostructure, where cationic surfaces are more toxic than anionic. For instance, 
coating Au with TA coating led to the decrease of the cell viability to around 70%, whereas 
with a PEG coating, the viability was maintained above 90%.

The cytotoxicity of the nanomaterial depends also on the nanostructure’s shape. In this 
regard, several advantages have been reported for NWs over NPs. For instance, they enhance 
the drug-loading capacity, due to their large surface area. Moreover, magnetic NWs, due to 
their higher magnetization, can be better manipulated by the use of the magnetic field than 
NPs. An interesting observation from Figure 5 is that NWs/NRs are, on average, less cytotoxic 
than NPs. This was attributed to the increased interaction of the nanomaterial with the cells, 
due to the large surface area.

While all these studies contributed to obtain a better picture of the cytotoxicity of nanomateri-
als and the underlying mechanisms, it is a persisting issue that a consistent measurement and 
reporting system will be needed for future studies. This will not only enable performing more 
accurate comparisons of the toxicological characteristics of nanostructures but also to better 
evaluate the potential of using them for biomedical applications.
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Figure 5. Average cell viability when exposed to nanomaterials reported in Table 1, considering nanoparticles (NP), 
nanorods (NR), and nanowires (NW).
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1. Introduction

Nanostructured materials are defined as possessing one of their dimensions ranging from 1 to
100 nm, according to the American Society for Testing and Materials (ASTM) international
standards definition [1]. For nanoparticles (NPs), which can be of more or less spherical or
cubical shape, two dimensions are required to be within this range. In contrast, the shape of
nanorods (NRs) is in one dimension much larger than in the others. For a small aspect ratio (<10)
both their length and diameter are in the nanoscale, whereas NRs with a large aspect ratio (>10)
only have their diameter within this scale, and they are often called “nanowires” (NWs). Nanos-
tructures within this specific size scale show unique size-dependent optical, magnetic, catalytic
and electrochemical properties, among others, as well as high surface to volume ratios. More-
over, their shape, surface chemistry and chemical composition can be used to tailor-specific
properties, making nanostructures highly versatile for different applications [2, 3].

The size scale of nanostructures is within the range of several biomolecules, such as proteins
and antibodies, allowing specific interactions to occur between them. This, when coupled with
the high surface to volume ratios and tunable sizes and properties, makes nanostructures prime
candidates for biomedical applications such as imaging, drug delivery and therapy [4–6].
Examples of applications include the use of NPs as magnetic resonance imaging (MRI) contrast
agents [7, 8], tissue engineering [9–11], as well as the recent focus on hyperthermia and cancer
cell eradication with the use of NPs and NRs [12–17]. Such applications, if they are aimed for a
clinical setting, ultimately require a direct NP/NR exposure in the form of ingestion or intrave-
nous delivery into the body. Naturally, there is a rigorous testing required before any new drug
formulation is approved for clinical use in order to ensure their safety and effectiveness. Cur-
rently, very few NPs-based drugs have been approved by the Food and Drug Administration
and are commercially available. Examples include GastroMARK, used as an MRI contrast agent
to enhance the delineation of the bowel, and ferumoxytol, an iron-replacement formulation
approved for adults with chronic kidney disease with an iron deficiency [18].

Within this scope, biocompatibility and cytotoxicity data are of paramount importance to
evaluate the potential of nanostructures for biomedical applications. Nanostructures are nor-
mally engineered to interface and target-specific cells or tissues to execute their functions,
raising questions about their toxicological effects. For instance, there are several characteristics
involved in the toxicity of fiber-like nanomaterials, such as shape, length, chemical composi-
tion, agglomeration and purity, making them suitable to fit the “fiber toxicological paradigm”
according to the World Health Organization (WHO) criteria used to describe the toxicity of
asbestos fibers [19]. Further, nanostructures are usually tuned for biocompatibility on top of
the desired biomedical function, with the most relevant aspects that influence their toxicity
being the material [20], size and shape [21], surface charge [22] and surface functionalization
[23]. In vitro studies, while not able to give a complete insight into the biocompatibility of
nanostructures, have a high importance, due to their easy implementation, and provide valu-
able cytotoxicology data regarding the safety of the use of nanostructures in biomedical
applications. Previously published reviews regarding the biosafety of nanostructures include
that of Lewinski et al. [24] and Zhao et al. [25]. The former focuses mostly on the cytotoxicity of
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NPs of different materials, as well as carbon nanotubes (CNTs), whereas the latter is a more in-
depth review of the internalization, activated signaling pathways and cellular response of
different kinds of NPs.

Here, we review relevant studies assessing the in vitro cytotoxicity of both nanoparticles (NPs)
and nanowires (NWs)/nanorods (NRs) with the potential to be used in biomedical applica-
tions. Due to their prevalence within the applied nanomaterials in biomedicine, this chapter
covers various materials from four different classes (on Scopus almost 50% of all publications
related to cytotoxicity, since the year 2000, fall within these materials) that are typically consid-
ered in the context of nanomaterials for biomedical applications. The first part of this chapter
covers nonmagnetic metals and magnetic materials, while the second part covers carbon
structures and semiconductors. An overview of the materials and structures covered, together
with the various intracellular uptake mechanisms, is given in Figure 1.

2. Carbon nanostructures

Carbon nanostructures include a broad diversity of carbon allotropes that differ from pristine
diamond and graphite. Carbon has been used in many technological applications, exploiting its
capability of forming networks composed exclusively of C-atoms with the same electronic
configuration or hybridizing configurations sp3-, sp2- and sp-, expanding the possible allotropes
that can be constructed [26]. Since the synthesis of the first carbon nanostructures, such as
fullerene C60 (0D) [27] and CNTs (1D) [28] (Figure 2), there has been a tremendous effort for
understanding the properties of these nanomaterials and for exploring the broad range of
applications in which they can be used. Carbon-based nanomaterials (CNMs) have created a
great deal of interest in various applications such as optical imaging [29], drug and gene delivery
[30], and nanotherapeutics [31, 32] due to their excellent mechanical, optical and electrical

Figure 1. Schematic of the pathways for intracellular uptake of different materials and structures.
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properties [33–35], as well as due to their ability to translocate through the cell membrane or be
internalized via energy-dependent endocytic pathways [36]. Similarly, CNMs possess an extraor-
dinary ability to be loaded with drugs or different chemical agents that are either attached to the
surface or, in the case of CNTs, they can be packed into the interior cores [37].

These widespread applications of CNMs are also accompanied by increasing concerns regard-
ing their interactions with tissues, cells, and biomolecules as well as degradation pathways,
and at a macroscale, the potential deleterious effects on human health and the environment.

2.1. Fullerene C60

The structure of fullerene C60, which has a van der Walls diameter of approximately 1 nm, is
formed from 60 carbon atoms arranged in a spherical, cage-like structure consisting of 60
vertices, 12 pentagonal faces and 20 hexagonal faces [38]. Fullerenes and their derivatives are
probably the most extensively studied NPs with several properties and applications including
MRI [39], drug delivery [40, 41], photodynamic therapy (PDT) [40] and photothermal therapy
(PTT) [42].

Although fullerenes are generally hydrophobic molecules, many strategies have been devel-
oped for improving their solubilization in water that is, synthesized water-soluble derivatives
of fullerenes by chemical modifications through the addition of functional groups such as
hydroxyl-, carboxyl-, amino- and alkyl-groups and other side-chain/cyclic moieties to the C60

structure [43]. The different methods employed to increase C60 water solubility profoundly
influence the physiochemical properties and the toxicological effects of these compounds,
raising uncertainties about the possible consequences on human health and potential medical
uses [44]. Nakagawa et al. studied the effects of the hydroxylated fullerenes (fullerenols)
C60(OH)24 and C60(OH)12 0.125 mM in rat hepatocytes, observing a concentration and time-
dependent cell death accompanied by mitochondrial dysfunction, with C60(OH)24 found to be
more cytotoxic with almost 100% of cell death after 30 min. The authors concluded that the
toxic effects of fullerenols may depend on the number of hydroxyl groups [38]. C60(OH)24 at a
concentration of 0.1 mM caused cell blebbing, loss of cellular ATP and lipid peroxidation in rat
hepatocytes [45]. Similarly, the cytotoxic effects of fullerene C60 and the derivatives C60(OH)2,
C60(OH)6–12, C60(OH)12 and C60(OH)36, were evaluated in three different types of liver cells:

Figure 2. Chemical structure of representative carbon-based nanomaterials. Structure of fullerene C60 (A) and carbon
nanotube (B).
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dRLh-84, HepG2 and rat hepatocytes as shown in Figure 3 [46]. C60(OH)6–12 and C60(OH)12
were found to induce cytotoxic effects after 3 days of exposure in dRLh-84 cells at a concentra-
tion of 10 μg/mL reducing the cell viability 30 and 40%, respectively, in the form of inhibition
of mitochondrial activity. Similarly, to Nakawaga’s findings, these results indicate that the
number of hydroxyl groups on C60(OH)x contributes to the cytotoxic potential and mitochon-
drial damage.

Other fullerene derivatives have also been tested for cytotoxic effects in human epithelial HEp-
2 cells, such as C60-PVP, C60-NO2-proline and sodium salt of polycarboxylic C60 [47]. However,
the PVP and NO2-proline derivatives did not have an effect on cell viability, and the sodium
salt of polycarboxylic derivative induced a drastic decrease in cell number of about 80% at a
concentration around 0.1 mg/mL.

Further, the molecular mechanisms underlying the cytotoxic effects of two similar fullerene
derivatives (C60-1,3-dipolar cycloaddition of azomethine ylides) on human MCF-7 cells were
analyzed by RNA-seq-based gene expression [44]. It was found that whereas one derivative
had a negligible effect, the addition of an extra trifluoroacetate group induced a significant,
time-dependent alteration of gene expression, mainly in biological processes involving protein
synthesis, cell cycle progression and cell adhesion, with the authors suggesting an inhibition
effect of the mTOR pathway.

Figure 3. Cytotoxicity of fullerene and hydroxylated fullerenes in liver cells. HepG2 (A); dRLh-84 (B); and primary
cultured rat hepatocytes (C) were exposed to C60, C60(OH)2, C60(OH)6–12, C60(OH)12 and C60(OH)36 for 3 days. Data
are represented as mean � SD (n = 3). (*) statistically significant from control (p < 0.05). Adapted from Shimizu et al. [46].
Copyright 2013 by the authors. Licensee MDPI, Basel, Switzerland. CC BY 3.0.
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In a recent study performed by Canape et al., C60 fullerenes were covalently functionalized
with PEG of various sizes, Full–PEG2000, Full–PEG5000 and Full–PEG10000, and viability was
studied on a variety of cell lines 24 h after exposure, evaluating mitochondrial activity, cell
membrane integrity and hemolysis [48]. However, all the tested compounds were found to
reduce, to some extent, the cellular metabolic activity, only two affected the cell membrane
integrity, and none induced hemolysis. It was concluded that fullerenes C60 functionalized
with higher molecular weight PEGs possess a higher biocompatibility and that side toxicity
can be alleviated using proper surface coating. Together, all these findings support that the
surface functionalization of fullerenes plays an important role with regard to their interaction
with biological systems.

The interaction of CNMs with lipid membranes is of great interest because biological activity
requires crossing or breaking lipid membranes. In a study concerning the interaction of fuller-
enes with the lipid bilayer and the possibility of fullerene crossing it, it was observed that
hydrophobic molecules of C60 were localized within the inner part of the membrane, whereas
hydrophilic C60(OH)n fullerenols molecules were adsorbed on the heads of membrane phos-
pholipids [49], where they can interact with membrane proteins, such as ATPases and influ-
ence their activity [50, 51]. Similarly, Raoof et al. showed that the internalization of a water-
soluble derivatized C60 malonodiserinolamide takes place through multiple energy-dependent
pathways, and they escape endocytotic vesicles to eventually localize and accumulate in the
nucleus through the nuclear pore complex [41].

2.2. Single-walled carbon nanotubes

CNTs are classified in single-walled carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTs). The first ones are formed from a single layer of graphene (0.4–10 nm in
diameter), whereas the second ones consist of multiple concentric cylinders of graphene with
increasing diameters (10–100 nm) [52]. The length of CNTs can range from nanometers to
centimeters [53], and they possess unique physical and chemical properties such as a light-
weight, high tensile strength, high electrical and thermal conductivities, unique optical proper-
ties and extreme chemical stability, as well as high surface-to-volume ratios with reactive surface
chemistries. Such properties have made CNTs an interesting material for biomedical applica-
tions, where they have been used as drug, protein and nucleic acid delivery tools [54–56], cancer
cell destruction [57, 64, 91], diagnostics [59] and as noninvasive and highly sensitive imaging
aids [31, 58]. Naturally, biosafety concerns of CNTs are rapidly emerging with numerous reports
indicating their potential hazards to the public health.

The graphene sheets can be wrapped in a variety of ways that are denoted by a pair of indices
(n, m), which define both the diameter and the chirality of SWCNTs, which can be either
metallic (M) or semiconducting (S). As synthesized, SWNTs have a wide range of diameters
and chiral angles, which leads to a polydisperse sample of discrete properties [59, 60].
SWCNTs possess small diameters and the large aspect ratios that render them ideal one-
dimensional quantum wires that elicit different biological behavior compared to spherical
NPs, when introduced in biological systems [26]. The cytotoxicity of pristine SWCNTs and
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SWCNTs functionalized with PEG has been evaluated with neuronal PC12 cells at the bio-
chemical, cellular and gene expression levels by Zhang et al. [61]. Cytotoxicity increased with
the concentration, whereby SWCNT-PEGs exhibited less cytotoxic potency than bare SWCNTs
at the highest concentration tested by reducing the cell viability in approximately 70 and 50%,
respectively (Figure 4). Morphological changes appeared in PC12 cells treated with both
SWCNTs and SWCNTs-PEG as shown in Figure 5. Cells exposed to SWCNTs showed an
elongated shape, which was related to higher toxic effects induced by the untreated CNTs.
ROS were generated as a function of both concentration and surface coating after exposure,
whereas gene expression analysis showed that the genes involved in oxidoreductases and
antioxidant activity, nucleic acid or lipid metabolism and mitochondria dysfunction were
highly altered. Interestingly, alteration of the genes was also surface coating-dependent. The
authors concluded that surface functionalization of SWCNTs decreases the ROS-mediated
toxicological response in vitro, corroborating the relevance of surface functionalization in the
interaction between nanostructures and biological systems. Likewise, proteins such as type I

Figure 4. Cytotoxic effect of SWCNTs and SWCNTs-PEG in PC12 cells. Mitochondrial toxicity and membrane damage of
neuronal cells incubated with different concentrations of pristine SWCNTs and PEG-coated SWCNTs for 24 h evaluated
by MTT (A), XTT (B) and LDH (C) assays. Data are expressed as mean� standard error (n = 3). (*) statistically significant
from control; (#) indicates statistically significant within the same concentration group (p < 0.05). Adapted with permis-
sion from Zhang et al. [61]. Copyright 2011 American Chemical Society.
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antioxidant activity, nucleic acid or lipid metabolism and mitochondria dysfunction were
highly altered. Interestingly, alteration of the genes was also surface coating-dependent. The
authors concluded that surface functionalization of SWCNTs decreases the ROS-mediated
toxicological response in vitro, corroborating the relevance of surface functionalization in the
interaction between nanostructures and biological systems. Likewise, proteins such as type I
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collagen have shown great potential as surface coting agents in SWCNTs, showing no obvious
negative cellular effects and with a high level of internalization taking place through adsorp-
tion by the extracellular matrix in bovine articular chondrocytes [62].

Avti et al. showed that SWCNTs synthesized using Gd3+ NPs as catalysts induced no struc-
tural damage to NIH/3T3 fibroblasts or decreased their viability at concentrations between 1
and 10 μg/mL [53]. In contrast, highly pure SWCNTs triggered similar amounts of pulmonary
fibrosis-related compounds interleukin 1β (IL-1β) and transforming growth factor (TGF-β1) in
THP-1 and BEAS-2B pulmonary cells without affecting cell viability [63]. Similarly, Di Giorgio
et al. studied the cyto- and genotoxic effects, as well as the inflammatory response and ROS
production, of SWCNTs on the mouse macrophage cell line RAW 264.7 [64]. There, the authors
reported that SWCNTs induced ROS release, cell ultrastructural damage, necrosis and chro-
mosomal aberrations, but did not cause an inflammatory response.

Figure 5. Morphological changes of PC12 cells after 24 h incubation with SWCNTs and SWCNTs-PEG. (A) Normal
morphology of the PC12 cells. (B) PC12 cells incubated with SWCNTs present a spindle shape (arrows). (C) SWCNT-
PEGs inhibit the dendrite growth (arrows). Adapted with permission from Zhang et al. [61]. Copyright 2011 American
Chemical Society.
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2.3. Multiwalled carbon nanotubes

MWCNTs are defined as a nested coaxial array of SWCNTs, each nanotube being formed by a
graphene sheet rolled into a cylinder of nanometer size diameter [65].

It has been postulated that MWCNTs can provide an innovative and promising alternative to
conventional drug formulations for cancer therapy, as they can be conjugated with various
bioactive molecules such as drugs, surfactants, diagnostic agents and antibodies in order to
target receptors that are overexpressed in cancer cells [66–68].

The generation of carboxyl groups by oxidation on the surface of CNTs is one of the most used
strategies for introducing hydrophilic moieties onto the CNT hydrophobic surface and in order
to conquer a lack of solubility and to improve their biocompatibility [69–71]. Thus, Liu et al.
have studied the effects of carboxylated c-MWCNTs on the human normal liver cell line L02
and found a reduction in the toxicity, when compared to pristine MWCNTs with a reduction of
around 60% of cell viability at the highest concentration tested after 72 h and concluded that
this effect is probably due to a reduced activation of the mitochondria mediated apoptotic
pathway [72]. Moreover, as charged entities, c-MWCNTs bind to proteins in the bloodstream
through noncovalent interactions to form a protein corona. De Paoli et al. have characterized
the interactions of c-MWCNTs with common human proteins such as albumin, fibrinogen, g-
immunoglobulins and histone H1 and found that the association of proteins to c-MWCNTs
depends on the protein’s charge, size and structural flexibility and that it affects the agglomer-
ation state and charge of the CNTs [73].

As with SWCNTs, molecules can be covalently and noncovalently attached to the surface of
MWCNTs [74]. The main disadvantage of noncovalent attachment is the lack of biomolecule
specificity upon adsorption, which affects the CNTs dispersion stability by replacing the
functional surface coating with proteins and molecules contained in all physiological fluids
(cell culture media or blood) [65]. Heister et al. have compared five types of CNTs, varying in
their dimensions and surface properties, for a multidimensional analysis of dispersion stability
and their toxicity toward cancer cells (Figure 6), from which it was emphasized that the
covalent link between PEG and oxidized MWCNTs leads to stable dispersion and biocompat-
ibility in various biological environments [65].

It has been proposed that the metal impurities trapped inside the MWCNTs may be responsible
for their toxicity that partially occurs through the generation of ROS [75]. Fe impurities trapped
inside theMWCNTsmay be partially responsible for neurotoxicity, as postulated byMeng et al.,
who investigated and compared the effects of two kinds of MWCNTs with different concentra-
tions of Fe impurities in rat pheochromocytoma PC-12 cells [76]. They found that the exposure
to Fe MWCNTs can reduce cell viability up to 80% after 72 h exposure and increase cytoskeletal
disruption of undifferentiated PC-12 cells, diminish the ability to formmature neurites and then
adversely influence the neuronal dopaminergic phenotype in NGF-treated cells.

Additionally, MWCNTs have been shown to affect the immune system. Pescatori et al. used a
whole-genome expression approach to assess whether functionalizedMWCNTs could stimulate
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distinct molecular changes in immune cells, with transcriptomic changes analyzed in human
immune cells THP1, a monocytic cell line, Jurkat cells and a T lymphocyte cell line [77]. They
found a cell-specific action on monocytes for three types of MWCNTs, which specifically
enhanced innate immunity activation mechanisms. The pathways activated are functionally
relevant and critical for the development of an effective inflammatory response.

3. Semiconductors

3.1. Titanium dioxide nanoparticles and nanowires

A comprehensive review of the numerous biomedical applications of titanium dioxide (TiO2)
throughout the years was published by Yin et al. [78]. In summary, mostly due to their low
cost, strong optical absorption and high chemical stability, TiO2 NPs have shown great poten-
tial in applications such as photodynamic cancer therapy, drug delivery, cell imaging and
biosensors, among others.

One of the initial cytotoxicity studies with TiO2 NPs was performed on human dermal
microvascular endothelial cells [79]. There, it was shown that NPs with an average diameter
of 70 nm at a dose of 50 μg/mL caused a minor pro-inflammatory response in the form of
an increase in the levels of IL-8. Later, a study with mouse fibroblast L929 cells exposed to
TiO2 NPs was conducted by Jin et al. [80]. For 3–600 μg/mL doses, cells appeared to shrink
and became round in culture, with a dose-dependent reduction of cell metabolic activity,
LDH release and ROS generation. Chromatin fragmentation was also reported, indicating
possible DNA damage (Figure 7). It was also found that both human neural astrocyte-like
U87 cells and human fibroblast HFF-1 cells exposed to 25 nm TiO2 NPs for 48 h had a
decrease in cell survival for doses up to 100 μg/mL, with cell death reported as a combina-
tion of apoptosis and necrosis [81]. On the other hand, BEAS-2B cells underwent cell death

Figure 6. MTT cytotoxicity assay on WiDr human colon cancer cells after being incubated for 96 h with various samples
of oxCNTs. No dose-dependent cytotoxicity is observed at this concentration as shown in the range dose-response curves
for the five different types of CNTs, displaying (A). Cell viability percentage plot for Nanolab oxidated SWNTs with
different surface functionalizations, where PEGylation results in a statistically significant enhancement in cell viability.
The cells control correlates with 100% cell viability. Adapted with permission from Heister et al. [74]. Copyright 2010
American Chemical Society.
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through apoptosis, triggered by the activation of caspase-3 and chromatin condensation
through ROS [82].

Although the size of single TiO2 NPs reported by Jin et al. was of 5 nm [80], they were
clustered in 20–30 nm aggregates, an effect that could enhance cytotoxicity. It was later
shown that there is a correlation between the cytotoxicity of TiO2 NPs and their aggregate
size, as larger aggregates (600 vs. 166 nm) elicited a stronger decrease in cell viability, as well
as the expression of genes related to stress and inflammation [83]. In contrast, TiO2 NPs of
12 nm in diameter aggregated in 450 nm clusters and only at higher doses slightly decreased
the viability of glomerular mesangial IP5 and epithelial proximal HK-2 cells, suggesting
specific cell responses [84]. Additionally, although ROS was generated in the presence of
TiO2 NPs, the cells were able to maintain their antioxidant potential, thereby showing no
oxidative stress.

Cellular uptake studies with 30 nm TiO2 NPs have been carried out in human amnion epithe-
lial WISH cells using transmission electron microscopy (TEM), with images showing most of
the particles localized either inside vesicles or freely in the cytoplasm [85]. In addition to the
already mentioned cytotoxic response, WISH cells experience an oxidative response due to
ROS accumulation, as well as DNA double strand breaks and cell cycle arrest.

Cytotoxicity data of TiO2 NWs are scarce, with only a handful of studies published. Magrez
et al. observed that TiO2-based NWs of 5 μm in length and 75 nm in length had a negative
impact on the cell proliferation and cell viability of H596 human lung tumor cells in a dose-
dependent manner and for concentrations up to 2 μg/mL [86]. NWs were observed to reside in
the periphery of the nuclei, which were often enlarged and lobulated or fragmented. In
another study, H2Ti3O7 NWs at a dose of 10 μg/mL induced the generation of cell debris in
eight different cell lines, which the authors associated with an increase in autophagosome-like
vacuoles in the cytosol [87].

3.2. Zinc oxide nanoparticles and nanowires

Zinc is a biologically active element that plays a role in different processes, such as the immune
system, cell metabolism, cell proliferation, enzymatic function and gene expression, among

Figure 7. DNA-binding acridine orange staining of L929 mouse fibroblast cells. (A) Control cells with no TiO2 NPs show
normal green nuclei with an organized cellular structure; (B) Cells cultured with 30 μg/mL of TiO2 NPs show weakly
condensed chromatin; and (C) Cells cultured with 600 μg/mL of TiO2 NPs show fragmented chromatin, an indicator of
necrosis. Adapted with permission from Jin et al. [80]. Copyright 2008 American Chemical Society.
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others [88, 89]. Due to these biological functions of zinc, coupled with initial biocompatibility
studies [90], ease of fabrication and relevant properties [91], zinc oxide (ZnO) nanostructures
have been proposed as suitors for several biomedical applications, including cancer cell ther-
apy [92, 93], drug delivery [94, 95] and imaging [96]. However, possible undesirable effects of
the interactions between ZnO nanostructures and biological systems could arise and cause a
toxicological response. Additionally, ZnO nanostructures are known to dissolve under acidic
conditions. The phase-solubility diagram of ZnO [97] indicates that ZnO NPs will dissolve at a
pH value below 6.7 at physiological temperature, and they will rapidly dissolve in the acidic
pH of the lysosomes (pH 5.7) after their uptake [98]. Zinc oxide NPs can dissolve in an aqueous
media to form hydrated Zn2+, which is enhanced in acidic pH as well as in the presence of
biological components, such as amino acids and peptides [99]. A review on studies published
between the years 2009 and 2011 on the toxicity of ZnO NPs to mammalian cells was reported
by Vandebriel et al. [100]. They concluded that the induction of oxidative stress is the most
important and the most likely mechanism underlying ZnO NP toxicity.

Initial cytotoxicity studies in human T lymphocytes showed a significant decrease in cell
viability only for concentrations higher than 5 mM using ZnO NPs of 13 nm in diameter
[101]. It was then found that ZnO NPs preferentially kill cancerous human T lymphocytes
compared to normal ones via ROS and apoptosis [92]. Similarly, NPs of the same size were
tested against human lung BEAS-2B cells and RAW 264.7 macrophages, and a dose and time-
dependent cytotoxicity was found in both cases for doses up to 50 μg/mL and incubation times
of 16 h [99]. Moreover, the ZnO NPs were reported to induce the generation of ROS, as well as
the activation of the pro-inflammatory marker TNF-α and the pro-inflammatory pathway Jun
kinase, as well as intracellular calcium release, a major oxidative stress response. Finally, ZnO
NPs were found to reside in caveolae in the case of BEAS-2B cells, whereas in the RAW 264.7
cells, they resided inside lysosomes, with intracellular dissolution and release of Zn2+ shown in
both cases. In a different study, ZnO NPs also impaired the survival of human neural
astrocyte-like U87 cells in a dose-dependent manner [81].

The degree of cytotoxicity of ZnONPs also depends on their size, as shown byHanley et al. [102].
Using 4, 13 and 20 nm NPs, they determined an inverse relationship between nanoparticle size
and cytotoxicity in terms of cell viability and ROS generation in immune cells. Among these,
monocytes were the most sensitive to the ZnO NPs, whereas lymphocytes were the most resis-
tant, as reported previously [101]. In contrast, glomerular mesangial IP5 cells showed a similar
dose-dependent decrease in cell viability for ZnO NPs of both <100 nm and >1 μm, along with
the generation of ROS [84]. The cell viability of neural stem cells appeared to be indifferent of NP
size [103]. In a different work, a differential cytotoxic response was reported, when comparing
the effects of 20–30 nm ZnO NPs in human myeloblastic leukemic HL60 cells and normal
peripheral blood mononuclear cells (PBMCs) [104]. For concentrations up to 1000 μg/mL, PBMCs
maintained a steadily high viable cell population, whereas a dose of 50 μg/mL was enough to
bring the cell viability of HL60 cells down to 50%. DNA fragmentation analysis and annexin V
staining confirmed that cell death was through the apoptosis pathway. The potent tumor sup-
pressor that regulates the cell cycle and prevents DNA damage, p53 [105], is believed to be a
molecular master switch toward apoptosis, and reports show that the p53 pathway was activated
in BJ cells (skin fibroblasts) upon ZnO NPs treatment with a concomitant decrease in cell
proliferation [106].

Cytotoxicity244

The liver, playing a major role in human metabolism, may be a target organ for NPs after they
enter into the body. As such, it is an important toxicity evaluation method. Similarly, to
previous results, Sharma et al. found that human liver HepG2 cells had a dose-dependent
response to ZnO NPs at doses up to 20 μg/mL and for exposure times from 12 to 24 h [107].
Cell death was also shown as being through the apoptotic pathway, due to ROS generation,
oxidative stress and mitochondrial and DNA damage. Taken together, all these results suggest
that the cytotoxic response to ZnO NPs is dependent on the target cell tissue as well as on
changes in NP dimensions.

Kao et al. observed the effects of ZnO NPs of <50 nm in the homeostasis of intracellular Zn2+ in
human leukemia Jurkat cells and human lung carcinoma H1355 cells and found an increase in the
concentration of cytosolic and mitochondrial Zn2+, most probably due to NP dissolution [108], as
shown previously [86]. Caspase-3 activation, mitochondrial membrane depolarization and LDH
release were also reported, which suggests an apoptotic death pathway due to mitochondrial
dysfunction. In a more recent study, the intracellular concentration of Zn2+ of breast cancer MDA-
MB-231 cells was also increased after treatment with ZnO NPs, leading to the generation of ROS,
damage to the cell membrane and mitochondria and culminating in apoptosis [109].

Limited literature exists regarding the biocompatibility of ZnO NWs, but similar cytotoxicity
effects as those of NPs were shown by Li et al. using HeLa cells and connective tissue L-929
cells [110]. Although the NWs used were rather large (200 μm in length and 1 μm in diameter),
both cell lines seemed to maintain their viability for concentrations up to 10 μg/mL and
exposure times of 24 h. Similar viability data were then reported for NWs of 10 μm in length
and 327 nm in diameter at the same dose in human macrophages (Figure 8) [111]. There, too, it

Figure 8. Cytotoxicity of ZnO NWs on HMM human monocyte macrophages. Cell viability was assessed using the
neutral red assay, with the red bars denoting doses of Zn in the form of ZnCl2 or ZnO NWs, respectively. Adapted with
permission from Müller et al. [111]. Copyright 2010 American Chemical Society.
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of 16 h [99]. Moreover, the ZnO NPs were reported to induce the generation of ROS, as well as
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maintained a steadily high viable cell population, whereas a dose of 50 μg/mL was enough to
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pressor that regulates the cell cycle and prevents DNA damage, p53 [105], is believed to be a
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The liver, playing a major role in human metabolism, may be a target organ for NPs after they
enter into the body. As such, it is an important toxicity evaluation method. Similarly, to
previous results, Sharma et al. found that human liver HepG2 cells had a dose-dependent
response to ZnO NPs at doses up to 20 μg/mL and for exposure times from 12 to 24 h [107].
Cell death was also shown as being through the apoptotic pathway, due to ROS generation,
oxidative stress and mitochondrial and DNA damage. Taken together, all these results suggest
that the cytotoxic response to ZnO NPs is dependent on the target cell tissue as well as on
changes in NP dimensions.

Kao et al. observed the effects of ZnO NPs of <50 nm in the homeostasis of intracellular Zn2+ in
human leukemia Jurkat cells and human lung carcinoma H1355 cells and found an increase in the
concentration of cytosolic and mitochondrial Zn2+, most probably due to NP dissolution [108], as
shown previously [86]. Caspase-3 activation, mitochondrial membrane depolarization and LDH
release were also reported, which suggests an apoptotic death pathway due to mitochondrial
dysfunction. In a more recent study, the intracellular concentration of Zn2+ of breast cancer MDA-
MB-231 cells was also increased after treatment with ZnO NPs, leading to the generation of ROS,
damage to the cell membrane and mitochondria and culminating in apoptosis [109].

Limited literature exists regarding the biocompatibility of ZnO NWs, but similar cytotoxicity
effects as those of NPs were shown by Li et al. using HeLa cells and connective tissue L-929
cells [110]. Although the NWs used were rather large (200 μm in length and 1 μm in diameter),
both cell lines seemed to maintain their viability for concentrations up to 10 μg/mL and
exposure times of 24 h. Similar viability data were then reported for NWs of 10 μm in length
and 327 nm in diameter at the same dose in human macrophages (Figure 8) [111]. There, too, it

Figure 8. Cytotoxicity of ZnO NWs on HMM human monocyte macrophages. Cell viability was assessed using the
neutral red assay, with the red bars denoting doses of Zn in the form of ZnCl2 or ZnO NWs, respectively. Adapted with
permission from Müller et al. [111]. Copyright 2010 American Chemical Society.
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was found that an intracellular increase of Zn2+ precedes cell death, indicating the intracellular
dissolution of the ZnO NWs after uptake [112–120].

3.3. Silicon nanoparticles

Coated silicon nanoparticles (Si NPs) have attracted both a great deal of concern and attention,
especially in biomedical applications such as disease diagnosis, tumor cell tracking, imaging,
drug delivery and gene therapy [121, 122]. They have been widely studied for such applica-
tions because of their active surface state and high suspension ability [121, 123, 124]. However,
there are some recent reports that limit the use of Si NPs because of potential side effects on the
cells, when using them in such a scale and in high concentrations [125].

One of the first studies on Si NPs focused on their cellular uptake [123]. Si NPs were coated with
a fluorone dyes called Rhodamine 6G isothiocyanate (RITC), the fluorescence signal of which
indicated uptake. NPs of 50 nm diameter at a dose of 80 μg/mL were accumulated in the
cytoplasm of HeLa cells after 4 h of incubation at 37�C, while the uptake was reduced by 80%
at 4�C. A year later, Lin et al. focused on the toxicity effect of the size, concentration and exposure
time of Si NPs on human lung cancer cells (calveolar carcinoma-derived cells) [126]. The cell
viability decreased significantly as a function of both nanoparticle dosage (10–100 μg/mL) and
exposure time (24, 48 and 72 h). However, the cytotoxicity of two different sizes of Si NPs (15 and
46 nm) did not show a significant difference.

A different study compared the cytotoxicity of a variety of sizes of Si NPs (19, 43, 68 and
498 nm) at 100 μg/mL [127]. After 4 h of incubation with human liver HepG2 cells, it was
noticed that the cytotoxicity of Si NPs is size-dependent (i.e., the smaller size the higher
cytotoxicity. The live cells were counted by a cell-counting kit (CCK-8). Further, Sahu et al.
proved that Si NPs (10–20 nm) are much more toxic than micro-sized ones (0.5–10 μm) for a
concentration range of 5–500 μg/mL, after exposing them to human lung epithelial (L-132) and
human monocytes (THP-1) for 24 h [128]. The cellular uptake efficiency and pathway of
different sized NPs has also been confirmed to be size-dependent, with smaller particles
(55 nm) being internalized faster than larger ones (307 nm) [129]. The largest NPs (307 nm)
internalized through clathrin-coated pits, whereas medium ones (167 nm) internalized
through clathrin-coated vesicles and the smallest (55 nm) were internalized through an energy
independent pathway. Despite differences in their internalization pathway, all three sizes
showed a high-level of biocompatibility.

In a similar approach as the one of Lin et al., the cytotoxic effects of increasing concentrations of Si
NPs (0, 25, 50, 100 and 200 μg/mL) on HepG2 cells were analyzed in terms of ROS level,
mitochondrial membrane potential and apoptotic rate. All three tests showed that the level of
toxicity of the NPs increases while increasing the concentration from 25 to 100μg/ml. Additionally,
it was shown that the expressions of the apoptotic genes cytC and Caspase-3 were up-regulated
with increasing NP concentrations. Additionally, the downregulation of the antiapoptotic Bcl-2
gene and upregulation of the genes p53 and BAX have also been reported [129, 130].

Other approaches have focused on cell-dependent cytotoxicity and surface charge [131]. Kim
et al. found that NIH/3T3 fibroblasts appear to be more susceptible to Si NPs in terms of cell
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viability, when compared to A549 and HepG2 cells [132]. On the other hand, positively
charged (NH2-coated Si NPs) displayed higher cytotoxicity than negatively charged ones
(COOH-coated NPs) in human adenocarcinoma Caco-2 and rat alveolar macrophage NR8383
cells [133]. However, the opposite has also been suggested for HaCaT keratinocyte cells [134].
A summary of the viability dependences on the Si NPs’ size, concentration and cell type is
shown in Figure 9 [128].

3.4. Silicon NWs

Si NWs show several advantages over Si NPs. For instance, they tend to not agglomerate in
solution compared to Si NPs [135] and they enhance the drug-loading capacity due to their
high surface area [136, 137]. However, it has been indicated that Si NWs have more toxic
effects to macrophages cells at lower concentrations compared to Si NPs due to the large
surface area, which increase the interaction and induce the cell death [138]. Naturally, the
concentration of Si NWs plays a role on cell viability. Si NWs of 2 μm long, 55 nm diameter
were co-cultured with HeLa and Hep-2 cells at different concentrations [138]. While no toxicity
was found on either cell line for concentrations below 190 μg/ml, the cells died and released
75% of their contents into the supernatant at high concentrations (1900 μg/ml) after 72 h of
incubation. Zhang et al. used amino-modified (APTES), folate-functionalized Si NWs to study
cell interactions [139]. The NWs lengths were between 2.5 and 8.0 μm, with a concentration of

Figure 9. Cytotoxicity of SiO2 particle is size, concentration and cell-dependent in (a) L-132 cells and (b) THP-1 cells.
Results were mean � SEM of three independent experiments each carried out in triplicate, in comparison to untreated
controls. Adapted with permission from Sahu et al. [128]. Copyright 2016 Hindawi Publishing Corporation.
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was found that an intracellular increase of Zn2+ precedes cell death, indicating the intracellular
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time of Si NPs on human lung cancer cells (calveolar carcinoma-derived cells) [126]. The cell
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exposure time (24, 48 and 72 h). However, the cytotoxicity of two different sizes of Si NPs (15 and
46 nm) did not show a significant difference.

A different study compared the cytotoxicity of a variety of sizes of Si NPs (19, 43, 68 and
498 nm) at 100 μg/mL [127]. After 4 h of incubation with human liver HepG2 cells, it was
noticed that the cytotoxicity of Si NPs is size-dependent (i.e., the smaller size the higher
cytotoxicity. The live cells were counted by a cell-counting kit (CCK-8). Further, Sahu et al.
proved that Si NPs (10–20 nm) are much more toxic than micro-sized ones (0.5–10 μm) for a
concentration range of 5–500 μg/mL, after exposing them to human lung epithelial (L-132) and
human monocytes (THP-1) for 24 h [128]. The cellular uptake efficiency and pathway of
different sized NPs has also been confirmed to be size-dependent, with smaller particles
(55 nm) being internalized faster than larger ones (307 nm) [129]. The largest NPs (307 nm)
internalized through clathrin-coated pits, whereas medium ones (167 nm) internalized
through clathrin-coated vesicles and the smallest (55 nm) were internalized through an energy
independent pathway. Despite differences in their internalization pathway, all three sizes
showed a high-level of biocompatibility.

In a similar approach as the one of Lin et al., the cytotoxic effects of increasing concentrations of Si
NPs (0, 25, 50, 100 and 200 μg/mL) on HepG2 cells were analyzed in terms of ROS level,
mitochondrial membrane potential and apoptotic rate. All three tests showed that the level of
toxicity of the NPs increases while increasing the concentration from 25 to 100μg/ml. Additionally,
it was shown that the expressions of the apoptotic genes cytC and Caspase-3 were up-regulated
with increasing NP concentrations. Additionally, the downregulation of the antiapoptotic Bcl-2
gene and upregulation of the genes p53 and BAX have also been reported [129, 130].

Other approaches have focused on cell-dependent cytotoxicity and surface charge [131]. Kim
et al. found that NIH/3T3 fibroblasts appear to be more susceptible to Si NPs in terms of cell
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viability, when compared to A549 and HepG2 cells [132]. On the other hand, positively
charged (NH2-coated Si NPs) displayed higher cytotoxicity than negatively charged ones
(COOH-coated NPs) in human adenocarcinoma Caco-2 and rat alveolar macrophage NR8383
cells [133]. However, the opposite has also been suggested for HaCaT keratinocyte cells [134].
A summary of the viability dependences on the Si NPs’ size, concentration and cell type is
shown in Figure 9 [128].

3.4. Silicon NWs

Si NWs show several advantages over Si NPs. For instance, they tend to not agglomerate in
solution compared to Si NPs [135] and they enhance the drug-loading capacity due to their
high surface area [136, 137]. However, it has been indicated that Si NWs have more toxic
effects to macrophages cells at lower concentrations compared to Si NPs due to the large
surface area, which increase the interaction and induce the cell death [138]. Naturally, the
concentration of Si NWs plays a role on cell viability. Si NWs of 2 μm long, 55 nm diameter
were co-cultured with HeLa and Hep-2 cells at different concentrations [138]. While no toxicity
was found on either cell line for concentrations below 190 μg/ml, the cells died and released
75% of their contents into the supernatant at high concentrations (1900 μg/ml) after 72 h of
incubation. Zhang et al. used amino-modified (APTES), folate-functionalized Si NWs to study
cell interactions [139]. The NWs lengths were between 2.5 and 8.0 μm, with a concentration of
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100 μg/mL. It was found that the length of NWs affected the internalization, with NWs longer
than 5 μm being more difficult to be internalized, due to geometrical restrictions.

3.5. Quantum dots

Semiconductor quantum dots (QDs) are light-emitting particles that have broad excitation
spectra, long fluorescence lifetimes compared to traditional fluorescent probes and are more
resistant to photobleaching [140, 141]. Also, they can easily be conjugated to proteins [140],
which makes them excellent choices for bioimaging [142–146] and other biomedical applica-
tions [141, 147, 148]. Tsoi et al. summarized the toxicity of QDs by two mechanisms: degrada-
tion with the release of free cadmium (Cd) and generation of ROS [149]. Each design of QD is a
unique combination and has its own physicochemical properties that may influence its biolog-
ical activity and toxicity. As a result, tremendous research efforts have been devoted to pro-
duce high quality QDs by optimizing synthetic procedures, as well as functionalizing their
surface in order to enhance biocompatibility [142, 150].

An early study by Derfus et al. demonstrated that CdSe-core QDs oxidized and degraded,
releasing Cd ions which induced cell death [151]. When CdSe QDs were exposed to a UV-light
for 1, 2, 4 and 8 h and then incubated with hepatocytes, it showed a 6, 42, 83 and 97% decrease
in the cells’ viability, respectively [143]. Cd is a known carcinogen with potential damage to the
renal, skeletal, pulmonary and reproductive systems [152]. Interestingly, Chen et al. showed
that the cell viability of HEK293 cells treated with 37.5 nM of 5 nm CdTe QDs was not
significantly altered, compared to the control (i.e., untreated cells) after 3 days of incubation
[153]. However, high concentrations (300–600 nM) of QDs completely inhibited cell growth
from the very beginning. The cytotoxicity of QDs has also been linked to the generation of
ROS, which in turn damages cellular proteins, lipids and DNA [149]. The p53 gene was also
shown to be inhibited by CdTe QDs, leading to apoptosis and cell death [150].

Tracking the QDs internalization pathways could help explain their toxicological properties.
To this end, microscopy studies showed that QDs localize within cellular endosomes and
lysosomes, exposing them to an acidic or oxidative microenvironment [149]. It was determined
that the hypochlorous acid present in phagocytic cells oxidized polymer-encapsulated CdS
and ZnS-capped CdSe QDs, releasing cadmium, zinc, sulfur and selenium into the cytoplasm.
Some studies have suggested that the QDs toxicity might derive from multiple factors includ-
ing the environment and the QDs physicochemical characteristics (such as size, shape and
surface chemistry). A surface coating with a ZnS shell [149] or BSA corona [150] reduced the
QDs toxicity. In addition, polymeric coatings (i.e., phospholipid-PEG) and inorganic coatings
(e.g., Si) can prevent the release of Cd into the biological media [142]. In a different approach,
Soenen et al. studied cell viability using Cd-free QDs (ZnSe/ZnS and InP/ZnS QDs) at concen-
trations ranging from 0 to 100 nM [154]. Cytotoxic effects were observed starting from 60 nM
for ZnSe to 80 nM for InP QDs. Further, no increase in cytotoxicity was reported up to 7 days
after the initial cell labeling compared to normal QDs due to the absence of Cd.
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4. Conclusion

Recent studies on the in-vitro cytotoxicity of carbon structure and semiconductors in biomed-
ical applications were reviewed, taking into account nanoparticles and nanowires/nanorods.
A summary of the results of representative studies is provided in Table 1.

Comparisons between the cytotoxicities of those different nanomaterials are generally difficult to
make due to the vast range of methods, concentrations, dimensions, cell lines etc. For instance,
the concentrations reported in the different studies were typically evaluated using either ICP
or Cryogenic TEM. However, the concentration or dose of the nanomaterial plays a significant
role in the cytotoxic response as well as the biomedical applications. Similarly, the reported
toxicology of the nanomaterials depends on their interaction with the assay. For example, carbon
nanostructures interact with the MTT-formazan crystals but not with XTT or INT reagents.

While the concentrations and exposure times are critical factors, the toxicity of these nanostru-
ctures is also material-dependent. These relations can be seen in Figure 10, which presents the
average values reported for the cell viabilities (ignoring differences in concentrations, incubation
times etc.), when exposed to the nanomaterials in the studies covered in Table 1. ZnO NPs
showed the highest toxicity, while the lowest has been reported for silicon.

In addition, the particle size plays a major role in the cytotoxic properties of the nanostructure,
whereby both the cellular uptake efficiency and pathway are affected, with smaller particles
being internalized faster than the larger ones.

The induction of ROS after dissolving the nanostructures in the lysosomes was shown to be the
primary underlying cause of the toxicity in several cases, leading to cell death through the
apoptotic pathway, due to ROS generation and mitochondrial damage. The acidic condition
inside the lysosome increases the digestion of the particles, enhancing the release of ions that
affect the viability of the cells. This is a particularly relevant issue in case of CdSe-core QDs,
which release Cd ions upon oxidation, leading to fast cell death.

Adding a coating to the nanostructure typically affected both the toxicity and the surface
charge of the nanostructure, where cationic surfaces are more toxic than anionic. For instance,
the toxicity of QDs was reduced by adding a BSA corona, and the release of Cd was prevented
by the addition of polymeric and inorganic coatings. The type of the coatings was shown to
affect the cell viability differently.

The cytotoxicity of the nanomaterial depends also on the nanostructure’s shape. In this regard,
several advantages have been reported for NWs over NPs. For instance, they enhance the drug-
loading capacity due to their large surface area. An interesting observation from Figure 10 is that
NWs/NRs are, on average, less cytotoxic than NPs, with titanium dioxide being the only excep-
tion. However, one study has shown that the large surface area of Si NWs has a more toxic effect
at lower concentrations compared to NPs. This was attributed to the increased interaction of the
nanomaterial with the cells due to the large surface area.
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(e.g., Si) can prevent the release of Cd into the biological media [142]. In a different approach,
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apoptotic pathway, due to ROS generation and mitochondrial damage. The acidic condition
inside the lysosome increases the digestion of the particles, enhancing the release of ions that
affect the viability of the cells. This is a particularly relevant issue in case of CdSe-core QDs,
which release Cd ions upon oxidation, leading to fast cell death.
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charge of the nanostructure, where cationic surfaces are more toxic than anionic. For instance,
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Cytotoxicity252

While all these studies contributed to obtain a better picture of the cytotoxicity of nanomaterials
and the underlying mechanisms, it is a persisting issue that a consistent measurement and
reporting system will be needed for future studies. This will not only enable performing more
accurate comparisons of the toxicological characteristics of nanostructures, but also to better
evaluate the potential of using them for biomedical applications.
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While all these studies contributed to obtain a better picture of the cytotoxicity of nanomaterials
and the underlying mechanisms, it is a persisting issue that a consistent measurement and
reporting system will be needed for future studies. This will not only enable performing more
accurate comparisons of the toxicological characteristics of nanostructures, but also to better
evaluate the potential of using them for biomedical applications.
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