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Preface

Cytotoxicity is a term used to describe “a single toxic effect on any cell type that can 
cause cell death”. Some chemical, physical and biological agents may impair cellular 
functions and disrupt cellular membranes by directly inducing oxidative stress. Other 
substances may exert toxic effects through intermediary processes, such as causing an 
immune response that damages host cells or disrupts cellular signalling pathways. The 
possible harmful effects of different agents can finally lead to cell death.

Cytotoxicity is one of the first endpoints for assessing the in vitro toxicity of these 
agents, and the first test to assess their safety. Testing for cytotoxicity involves 
both in vitro and in vivo methods. In vitro methods offer a rapid and cost-effective 
approach using cell cultures or tissue cultures, while in vivo methods provide a more 
comprehensive assessment of living organisms.

As drugs, cosmetics and medical devices have pervasive roles in daily life and as 
they may lead to toxic effects and may even estranger human health, cytotoxicity 
tests should be performed to assess their potential toxic effects as well as their safety 
profiles. Rigorous cytotoxicity testing is essential for meeting regulatory standards, 
enhancing user safety, and improving product quality.

Ensuring the accuracy and reliability of data obtained from in vitro cytotoxicity 
studies is critical for evaluating the safety profiles of different agents. In the past 
years, many in vitro methods have been developed to evaluate the viability of cells, 
and each method has its advantages, disadvantages, strengths and limitations. There 
are different methods for determining cytotoxicity. They can be summarized as 
Staining Methods”, “Colorimetric Methods”, “Fluorometric Methods”, “Luminometric 
Methods” and “Other Methods”. “Staining Methods” are also referred to as “dye 
exclusion methods”, and they include Eosin, Congo Red and Erythrosine B staining. 
“Colorimetric Methods” include but are not limited to the MTT Test, MTS Test, XTT 
and WST Tests, Neutral red uptake (NRU) test, Crystal violet test, SRB Test and LDH 
Enzyme Release Test. The most commonly performed “Fluorometric Methods” are 
the alamarBlue and CFDA-AM tests. “Luminometric Methods” for determining cyto-
toxicity are the ATP Bioluminescence Test and Real-Time Viability Bioluminescence 
Test. There are also other methods, such as the MEM Elution Test, Direct Contact 
Method, and Agar diffusion test, for testing the cytotoxicity of different agents. The 
researchers should choose the most appropriate method for their research by con-
sidering the cell type they will use, the dose and properties of the chemical, physical 
and biological agents, and the mechanism through which it causes cell death (such as 
apoptosis, necrosis, autophagy).

The cytotoxicity experiments can be conducted on many types of cells with various 
origins, including endothelial, epithelial, or mesenchymal cells. On the other hand, 
the duration of the experiment, the endpoint to be measured, and the specificity and 
sensitivity of the method should also be considered. Further development of existing 



methods or development of new, easy-to-apply, rapid and accurate tests will contrib-
ute to more accurate evaluations of the cytotoxic properties of cosmetics, medical 
devices as well as drugs. Recent advances in alternative testing methods, such as 
organ-on-a-chip technologies and computational models, hold promise for bridging 
the gap between traditional methods and the need for more predictive and humane 
testing approaches. A robust cytotoxicity evaluation strategy should integrate multi-
ple testing approaches to ensure a thorough safety assessment. By combining existing 
and emerging technologies, researchers and regulatory authorities can better predict 
and mitigate the potential risks associated with cosmetics and medical devices, 
thereby safeguarding public health and advancing scientific understanding.

This book mainly focuses on cytotoxicity determination as the primary and crucial 
step in evaluating toxicity. In this book, the readers will find traditional and new 
methods used to evaluate cytotoxicity. We believe that readers will get qualified 
scientific knowledge and a general overview of the importance of cytotoxicity testing.

I would like to thank Tea Jelaca for her enormous support and patience throughout the 
editorial process of this book.

Pinar Erkekoğlu
Faculty of Pharmacy,

Department of Toxicology,
Hacettepe University,

Ankara Turkey
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Chapter 1

Introductory Chapter: Methods for 
Determining Cytotoxic Potential of 
Cosmetics and Medical Devices
Pinar Erkekoğlu

1.  Introduction

Cosmetics and medical devices have become an integral part of our daily lives. 
However, rigorous assessments are required to understand the potential effects of 
these devices on human health and to minimize risks. In particular, determining the 
cytotoxicity potential of these products is of critical importance [1, 2]. Cytotoxicity 
testing for cosmetics and medical devices is crucial and can be conducted on various 
types of cells and for medical devices in vivo [2]. Therefore, assessing the safety of 
both cosmetics and medical devices is a fundamental step in determining whether the 
products are compatible with biological systems [3].

2.  Importance of cytotoxicity in cosmetics and medical devices

Cytotoxicity refers to the ability of chemical, physical and biological agents to 
cause cell death, such as apoptosis, autophagy and necrosis [4]. Some agents can 
induce oxidative stress, leading to the generation of reactive oxygen species (ROS). 
Other substances may exert their toxic effects through intermediary processes, such 
as inducing an immune response that inadvertently damages host cells or disrupting 
cellular signaling pathways [5, 6].

When it comes to the assessment of the safety of cosmetics and medical devices, 
cytotoxicity refers to the “capability of a material being toxic to cells.” Therefore, 
cytotoxicity experiments are conducted in order to guarantee the efficacy and safety 
of products. Cosmetics are applied to the skin and mucous membranes, and medical 
devices are usually in direct contact with body tissues. Even trace amounts of toxic 
substances can cause serious health problems, so comprehensive testing is essential. 
Many countries require cosmetic products and medical devices to undergo cytotoxic-
ity and biocompatibility testing to meet regulatory standards. This ensures that the 
products are safe for consumers and guarantees that they do not cause harmful effects 
when used according to instructions [1, 7–10].

3.  Regulations

There are various regulations and standards for safety assessments in cosmetic 
and medical devices worldwide. EC: 1223/2009 is the main legislation regulating the 
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safety of cosmetic products in the European Union (EU). This regulation requires 
safety tests, including cytotoxicity, of cosmetic products. Before cosmetic products 
are put on the market, safety assessments are carried out by preparing an informa-
tion file called Cosmetic Products Notification Portal (CPNP). In the USA, the Food 
and Drug Administration (FDA) controls the safety of cosmetic products. There is 
no specific guide for cytotoxicity tests in the toxicological assessment of materials 
used in cosmetic products. Instead, general safety tests are carried out. The ISO 
10993 international standard regulation includes a series of standards for biocom-
patibility testing for medical devices. These standards cover the biological assess-
ment of medical devices, including cytotoxicity tests. ISO 10993-5 gives detailed 
information on how to perform cytotoxicity tests in vitro. FDA has also accepted the 
necessity of compliance with International Organization for Standardization (ISO) 
standards in the assessment of medical devices. In the European Union, the safety 
and performance of medical devices are regulated by Medical Devices Regulation 
(MDR) EU: 2017/745. This regulation includes compliance with the ISO 10993 
series, cytotoxicity and other biocompatibility tests of medical devices. Processes 
are subjected to various regulations and standards in different countries and 
regions. These regulations require comprehensive tests and evaluations to ensure 
the safety of products [9–15].

4.  Methods for determining cytotoxicity

4.1 Staining methods

Staining methods or “dye exclusion methods” can be performed using trypan blue, 
Eosin, Congo red and erythrosine B [16, 17].

4.2 Colorimetric methods

The most frequently used tests among these methods are cell death/proliferation 
tests based on the measurement of metabolic activity (MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide), MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), XTT 
(2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium carboxanilide), WST-1 
(water-soluble tetrazolium 1), NRU (neutral red uptake), crystal violet, SRB (sul-
forhodamine B) and LDH (lactate dehydrogenase) enzyme release tests) [5].

4.3 Fluorometric methods

These tests consist of but are not limited to alamarBlue and CFDA-AM (5-carboxy-
fluorescein diacetate) tests [18].

4.4 Luminometric methods

Luminometric methods, which are frequently preferred in recent years, pro-
vide rapid and simple determination of cell proliferation and cytotoxicity [19]. 
Luminometric methods are divided into two groups: fluorescence and biolumines-
cence. While fluorescent substances are used in fluorescence methods, biolumines-
cence methods use special enzymes called luciferases and their substrates to detect 
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live or dead cells [20]. The most commonly used luminometric methods are ATP 
(adenosine triphosphate) bioluminescence test and real-time viability biolumines-
cence test.

4.5 Other methods

The Minimal Essential Media (MEM) elution test and direct contact method and 
agar diffusion tests are other methods that can be used to determine cytotoxicity [19].

5.  Conclusion

Determination of cytotoxicity provides the first step in obtaining in vitro toxico-
logical data for the evaluation of the toxic effects’ potential for cosmetics and medical 
devices. Cytotoxicity tests serve as a fundamental tool for evaluating the behavior 
of substances with potential therapeutic applications or unknown toxic effects, 
providing essential insights for subsequent animal or clinical trials. Consequently, 
ensuring the accuracy and reliability of data obtained from such studies is of critical 
importance. In the past years, many methods have been developed to evaluate the 
viability of cells and each method has its own advantages, disadvantages, strengths 
and limitations. In this case, the researchers should choose the most appropriate 
method for their research by taking into account the cell type they will use, the dose 
and properties of the chemical, physical and biological agents, and the mechanism 
through which it causes cell death (such as apoptosis, necrosis and autophagy). On 
the other hand, the duration of the experiment, the endpoint to be measured and the 
specificity and sensitivity of method should also be considered. Further development 
of existing methods or development of new, easy-to-apply, rapid and accurate tests 
will contribute to more accurate evaluations of the cytotoxic properties of cosmetics, 
medical devices and drugs. Recent advances in alternative testing methods, such as 
organ-on-a-chip technologies and computational models, hold promise for bridging 
the gap between traditional methods and the need for more predictive and humane 
testing approaches. Ultimately, a robust cytotoxicity evaluation strategy should 
integrate multiple testing approaches to ensure a thorough assessment of safety. By 
combining existing and emerging technologies, researchers and regulatory authori-
ties can better predict and mitigate the potential risks associated with cosmetics 
and medical devices, thereby safeguarding public health and advancing scientific 
understanding.
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Chapter 2

Assessing the Toxic Potential 
of New Entities: The Role of 
Cytotoxicity Assays
Yüksel Çetin

Abstract

Conducting cytotoxicity assays is crucial to assess the efficacy and safety of chemicals, 
pharmaceuticals, cosmetics, nanoparticles, biological agents, biomaterials, and medical 
devices on living cells. These assays contribute to safety profiles in various fields like 
pharmacology, toxicology, drug development, and environmental science by evaluating 
the potential risks or therapeutic benefits of different compounds. In vitro, cytotoxicity 
testing for preliminary screening of novel drugs and vaccine candidates, medical devices, 
bioactive compounds, waste hazard identification, the toxicity of food contaminants and 
residues, etc., has a vital importance in the way of its convenience, cost-effectiveness, 
practicality, power, and sufficiently sensitiveness enough for application in high-
throughput screening and predictive means of characterizing the toxic potential of new 
entities. To obtain useful results that might be very critical for further investigation, 
selected tools for cytotoxicity testing, such as in vitro cell culture systems originated from 
the target, seeding cell density, dissolving solution for samples, tested dose ranges, expo-
sure time and conditions, etc., have an essential role; therefore, each parameter should be 
applied considering natural exposure scenarios. Cytotoxicity assays can provide insights 
into the mechanisms of cell death or damage. Understanding these mechanisms can help 
predict potential side effects and guide modifications to improve safety.

Keywords: cytotoxicity, safety of chemicals, biocompatibility, nanosafety, 
in vitro testing

1.  Introduction

A strategy for establishing cytotoxicity testing for chemicals with limited data 
relies on a recently proposed generic Adverse Outcome Pathway (AOP) from chemi-
cal exposure to cell death. Basal cytotoxicity refers to the capacity of a chemical 
substance to harm living cells, particularly by disrupting essential functional and 
structural cellular processes related to general maintenance. Chemicals can induce 
cell damage through various mechanisms, which may involve specific events such as 
the changed activation of ion channels or receptors [1]. The selection of appropriate 
cellular systems [2, 3] and cytotoxicity assay methods [4–6] are crucial factors in 
obtaining valuable results. Additionally, the implementation of testing conditions, 
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including handling of cellular systems, cell seeding density, cultivation conditions, 
cell culture medium composition, selection of exposure conditions [7, 8], applied 
dose range, and solvent solutions for chemical agents, are critical parameters that 
significantly influence the outcomes.

The 7th Amendment to the EU Cosmetics Directive, which came into effect 
in 2013, prohibits the marketing of animal-tested cosmetics within the EU. 
Consequently, the demand for in vitro testing of cosmetic ingredients and products 
has significantly increased for their safety evaluation [9, 10]. Commercially available 
reconstructed human epidermis models have been utilized to assess the cytotoxicity, 
irritation, and corrosivity of cosmetic substances. These evaluations are typically con-
ducted using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
and 3T3-Neutral Red Uptake (NRU) assays, which can also be employed to determine 
the starting dose for acute oral toxicity testing [9–12].

Biocompatibility testing is essential for verifying the safety use of medical devices 
by determining their compatibility using cellular systems and identifying any poten-
tial to cause harm or adverse reactions [13]. Cytocompatibility tests specifically exam-
ine the biological response of living cells to biomaterial extracts, assessing factors such 
as cell viability, growth, and metabolic activity [14]. Typically, medical devices are 
evaluated as extracts prepared by immersing the device or its components in a suitable 
extraction solvent such as physiological saline, vegetable oil, or cell culture medium 
under controlled conditions. This extraction method is a standardized approach to 
assess the biocompatibility of medical devices by evaluating the release of substances 
that might interact with biological systems [15]. Advancing and implementing these 
models could greatly improve the reliability of cytotoxicity assessments, especially for 
devices containing low-level toxic components that are poorly soluble in polar sol-
vents. This strategy would provide more accurate predictions of long-term safety and 
efficacy, better aligning in vitro testing with real-world device applications [16, 17].

Nanomaterials (NMs) have become increasingly used in daily life due to their 
extensive benefits, with applications spanning biomedicine, engineering, food, 
cosmetics, sensing, and energy. However, the rising production of NMs also raises 
the likelihood of their release into the environment, making human exposure 
unavoidable. The potential toxicity or environmental and human health impacts of 
nanoparticles (NPs) can be initially evaluated using in vitro cell models. Nevertheless, 
conventional cytotoxicity assays, such as the MTT assay, have limitations, including 
potential interference with the NPs being studied [18]. When designing NPs for bio-
medical or other applications, it is crucial to consider their physicochemical proper-
ties—such as size, shape, surface functionalization, surface chemistry, and chemical 
composition—since these properties can significantly influence their interactions 
with cell membranes and organelles at the bionano interface, which can affect cellular 
uptake and the resulting nanotoxicity. Additionally, another key factor contributing 
to NP toxicity is cytotoxicity, which depends on the quality of the nanoparticles, their 
sites of deposition, and the mode of administration [19].

2.  Cytotoxicity testing for bioefficacy and safety of chemicals and 
pharmaceuticals

Evaluation of efficacy and safety is a prerequisite prior to the introduction of new 
chemicals in drug development. In pharmaceutical research to identify potentially 
harmful effects at an early stage, cytotoxicity tests are used to screen novel drug 
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candidates to avoid the risk of adverse reactions later in the development stage by 
using relevant in vitro models for targeting mechanisms. Therefore, it can save time 
and resources by eliminating potentially harmful compounds before they reach 
preclinical and clinical trials. Cytotoxicity tests help determine the dose-response 
relationship of a drug, establishing the concentration at which the drug becomes toxic 
to cells. This information is crucial for setting safe dosage levels for further testing 
and eventual clinical use. During the drug discovery process, cytotoxicity testing 
helps screen multiple candidate compounds, allowing researchers to focus on those 
with the most promising safety profiles. Cytotoxicity assays can provide insights 
into the mechanisms by which a drug induces cell death or damage. Understanding 
these mechanisms can help predict potential side effects and guide modifications to 
improve safety. Cytotoxicity tests can guide the optimization of drug formulations, 
such as the selection of excipients and delivery systems that minimize toxic effects 
while maximizing therapeutic efficacy. In combination with other in vitro and in vivo 
tests, cytotoxicity assays contribute to a comprehensive preclinical safety evaluation, 
helping to identify and mitigate risks before clinical trials. Cytotoxicity testing allows 
researchers to compare the safety profiles of new drugs with existing treatments. This 
comparative analysis can help highlight potential advantages or disadvantages of new 
compounds. Regulatory agencies require extensive safety data, including cytotoxicity 
results, before approving new drugs for clinical trials and market release.

A significant tool utilized in predictive toxicology is the adverse outcome path-
way (AOP) framework, which is a conceptual model that illustrates the existing 
knowledge about the connection between a molecular initiating event (MIE) and 
an adverse outcome (AO) through a series of key events (KEs) at a biological level 
relevant to risk assessment. AOPs have multiple applications in non-animal chemical 
risk assessment, such as facilitating read-across methods, integrating approaches to 
testing and assessment, applying quantitative structure-activity relationships, and 
developing prioritization strategies [1]. To establish basal in vitro cytotoxicity testing 
for chemicals with limited data, a strategy based on a newly proposed generic AOP 
from chemical exposure to cell death is employed. Basal cytotoxicity refers to a chemi-
cal substance’s capacity to harm living cells, particularly by disrupting functional and 
structural elements related to general cellular maintenance. Chemicals can induce cell 
damage through various mechanisms, potentially involving a specific event like the 
altered activation of an ion channel [20, 21] or a receptor [20, 22]. However, a general 
AOP from chemical exposure to cell death should ideally include more comprehensive 
processes that immediately disturb cellular homeostasis. One primary mechanism 
involves compromising plasma membrane integrity, which is largely maintained by 
a robust double phospholipid layer. Chemical-induced damage to this plasma mem-
brane can occur in several ways, with accumulation and binding to the phospholipid 
bilayer—known as narcosis—being a prominent example [23]. Another mechanism 
is the disruption of subcellular structural organization, which can undermine overall 
cellular functionality [21, 24]. A third mechanism includes directly impairing cellular 
energy production, particularly by targeting mitochondria. Chemicals may disrupt 
the mitochondrial respiratory chain, inhibit adenosine triphosphate (ATP) synthesis, 
damage mitochondrial DNA, interfere with mitochondrial DNA replication, or reduce 
the synthesis and stability of mitochondrial transcripts [25, 26].

Set up of AOP-based in vitro testing of basal cytotoxicity: In case of lack of any 
pre-existing information on potential toxicity of a test compound toward a specific 
cell type. A general cytotoxicity testing scheme could be set up supported by the 
proposed generic AOP from chemical insult to cell death. A number of factors related 
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to the selection of the cellular system, cytotoxicity assays, and exposure conditions 
must be considered prior to organizing such default in vitro cytotoxicity testing trials.

Selection of the cellular system: A prerequisite for reliably predicting human real-life 
cytotoxicity is the use of an in vitro system in which all critical biological targets, as 
depicted in the generic AOP from chemical insult to cell death, are phenotypically 
expressed at an in vivo-like level for the entire testing regime. Human-based in vitro 
models are obviously strongly preferred, although this may be limited because of ethi-
cal, financial, and other reasons [2, 3]. As the human body consists of a large reper-
toire of cell types, the selection of the cellular origin of the in vitro model therefore is 
another critical parameter.

Cell lines are more commonly utilized than primary cells for cytotoxicity test-
ing due to their virtually limitless supply, better reproducibility, and lower labor 
requirements compared to many primary cell systems, which can suffer from 
rapid dedifferentiation [3]. Various human and rodent cell lines, including human 
embryonic kidney HEK293 cells, human T-cell leukemia Jurkat cells, human neu-
roblastoma SH-SY5Y cells, mouse neuroblastoma N2a cells, mouse embryonic 
NIH3T3 fibroblasts, and rat hepatoma H-4-II-E cells, have been shown sensitivity to 
chemical-induced cytotoxicity [27]. However, it’s important to note that many cell 
lines are derived from cancerous tissues, which can result in abnormal functionality, 
particularly in the biotransformation machinery that may be crucial for the activation 
or deactivation of chemicals [2, 3]. Benefits of using cell lines include reduced cellular 
and material costs and high-throughput capabilities. Key factors in setting up cyto-
toxicity assays include cell seeding density [8, 28], cultivation on extracellular matrix 
scaffolds [29], and the composition of the cell culture medium, including supple-
ments like serum to enhance cell attachment [30]. Since many cytotoxicity assays 
measure the release of cellular components into the culture medium over time, the 
frequency of media renewal and the timing of sampling should be carefully planned.

Selection of cytotoxicity assays: For chemicals without existing toxicological 
data, in vitro cytotoxicity testing can rely on the proposed generic AOP pathway. 
Mitochondria are crucial biomarkers of chemical-induced cellular damage due to their 
central role in the initiation and progression of cytotoxicity. A summary of commonly 
used cytotoxicity assays, including their mechanisms, benefits, and limitations, is 
provided in Table 1 [4–6]. For chemicals without existing toxicological data, in vitro 
cytotoxicity testing can rely on the proposed generic AOP pathway. Mitochondria are 
crucial biomarkers of chemical-induced cellular damage due to their central role in 
the initiation and progression of cytotoxicity. A summary of commonly used cyto-
toxicity assays, including their mechanisms, benefits, and limitations, is provided in 
Table 1 [4–6]. The [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
(MTT) assay is widely used; it is a colorimetric method that measures the reduction 
of a yellow tetrazolium salt to a blue insoluble formazan, which is retained in viable 
cells [31]. The mitochondrial enzyme succinate dehydrogenase is responsible for this 
reduction. The MTT assay reflects mitochondrial integrity and activity, providing an 
indication of cell viability and number. The amount of formazan produced is pro-
portional to the number of surviving cells, and IC50 values are typically determined, 
representing the concentration of the test compound that causes cell death in 50% of 
the cultured cells [32].

A number of other tetrazolium salts, such as 3-(4,5-dimetiltiyazol-2-yl)-
5-(3-karboksimetoksifenil)-2-(4-sülfofenil)-2H-tetrazolyum (MTS), 2,3-bis-
(2-metoksi-4-nitro-5-sülfofenil)-2H-tetrazolyum-5-karboksianilid (XTT), and 
2-(4-iodofenil)-3-(4-nitrofenil)-5-(2,4-disülfofenil)-2H-tetrazolyum (WST) can be 
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Method Mechanism of action Advantages Disadvantages

XTT
MTS
WST
MTT

Mitochondrial activity
Reduction of 
formazan via NADH 
electron transfer to 
form MTT

Proper for potential drug 
follow-up studies
Widely used
Inexpensive
Sensitive response to the cell 
proliferation
Rapid preliminary screening
WST eliminates the needs for 
washing and less toxic
Fast, easy-to-handle, low-cost 
model with wide use and 
reproducible results

Long-time incubation
Steps in protocol (MTT)
Toxic to cell
Not suitable for long-term 
studies
Limited sensitivity
Work with high cell numbers
Cannot differ cytotoxic or 
cytostatic
Not suitable for suspending 
cells
Several interferences depend 
on the compounds used, 
such reducing agent

Neutral red uptake 
assay

Viable cells bind 
to the dye and 
attach themselves 
by hydrophobic 
electrostatic bonds 
to anionic sites in the 
lysosomal matrix

May have some interference of 
test compound
In vitro/in vivo correlation in the 
95% range; low cost, no unstable 
reagents

Enumeration of cells is not 
dependent on enzymatic 
conversion dye
Sensitive assay for a short 
time exposure of 3–6 hours
pH-dependent absorption 
of the dye in the viable cell 
matrix.
Not suitable for volatile, 
water unstable and low 
solubility substances

Indirect contact 
test (Agar overlay), 
NRU

Potential cytotoxic 
leachates able to bind 
to the agar and diffuse 
across the plate

Suitable for investigating the high 
toxicity and density materials
Simple and rapid for the testing 
of high-density materials

Unable to mimic the barrier 
in vivo.
Some potential cytotoxic 
leachates are able to bind to 
the agar and are unable to 
diffuse across the plate

Tryphan blue Membrane integrity Easy to apply
Inexpensive
Widely used

Apoptosis or necrosis cannot 
be distinguished
Limited sensitivity

Alamar blue/
Resazurin assay

Indicator of the 
metabolic activity

Suitable for long-term studies
Highly stable in the culture 
medium
Lower toxicity
Inexpensive
High sensitivity
Able to monitor the cell 
proliferation and function of 
immune cells

Fluorescence interference
Need long optimization 
procedure
Can not differ cytotoxic or 
cytostatic

SulforhodamineB 
assay

Cellular protein 
content
Cell viability
Binds to protein 
components of cells 
that have been fixed 
on culture plates by 
TCA

Suitable for high-throughput 
screening
Proper for long-term studies
Highly sensitive in low cell 
numbers
Measure total protein 
content and does rely on cell 
functionality
Reproducibility
Best linearity
Few described interferences.
Stability over time and low cost

Cannot differ living or dead 
cells
Limited to manual or 
semiautomatic screening
Consist of several washing 
step
Rarely presents 
interferences, but evaluates 
the entire protein content
Requiring removal of 
dead cells from the plate to 
determine cell viability
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Method Mechanism of action Advantages Disadvantages

Live/Dead Cell metabolism Proper for high-throughput 
studies
Non-radioactive
Rapid process
High sensitivity, fast and simple 
handling

Not very sensitive in 
adherent cells
Need higher-sensitive 
microscopy
Nanoparticles favor
PI entry and increase false 
positive results; higher cost 
than other techniques

LDH release
Assay

Cell membrane 
integrity and cell 
metabolism

Widely used an accepted
Absorbance or fluorescent 
options

Low sensitivity
Not suitable for long-term 
studies
False positive results

G6PD release
Assay

Cell membrane 
integrity and cell 
metabolism

More sensitive and efficient than 
LDH
Short-term protocol

Time-consuming
Not suitable for long-term 
studies

ATP assay ATP production Very good sensitivity
Short-term protocol
Large usage areas

Cannot differ cytotoxic or 
cytostatic

Protease viability
Marker assay

Differential protease 
activity

Excellent correlation with 
established methods
Combatible with downstream 
applications
Non-toxic
Short incubation time
Differ living or dead cells

No significant advantages

Flow cytometry Measures optic 
and fluorescent 
characteristics of a 
single cell or other 
particles in a fluid 
stream as they pass 
through a light source

A rapid and reliable method 
capable of promoting 
quantitative evaluation of viable 
cells in suspension and multiple 
cellular processes, and assessing 
the type of cell death type

High cost of instruments 
and markers, specialists for 
execution is needed, limited 
in the analysis of tissue 
architecture and intercellular 
interactions

Clonogenic cell 
survival assay

Proliferation ability of 
the cell

Suitable for long-term 
cytotoxicity screening
Consider reversible damage or 
resistance against agents

Limited dynamic range
Not suitable to test the 
impacts of agents that do not 
target DNA synthesis

H3 thymidine
Uptake

DNA replication No significant advantages Harmful effects
Difficulties in handling
Time-consuming

BrdU DNA replication Reduced equipment and time
Suitable with simultaneous 
techniques

Harsh labeling conditions
Potential carcinogen

Phospho-histone
H3 detection

Cell division All four stages of mitosis detected Time-consuming

Raman micro
Spectrometry

Interaction of 
electromagnetic 
radiation with the 
sample molecule

Very rapid
Non-invasive
No damage to the cells

No significant advantages

Table 1. 
The mechanisms, advantages, and disadvantages of cytotoxicity/proliferation assays mentioned in this chapter.
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used for similar applications [33]. When preparing cell cultures for MTT assays, it is 
important to avoid using colored additives in the culture medium, such as phenol red, 
as they can interfere with the development of formazan color. Additionally, the MTT 
assay may not be suitable for certain test substances, especially those that can directly 
reduce tetrazolium salts [32]. In such cases, alternative assays can be employed, such 
as measuring ATP levels via bioluminescence or assessing the accumulation of the 
supravital dye neutral red in lysosomes [34, 35].

Testing plasma membrane damage could be another key event that occurred as a 
consequence of the compromised cell plasma integrity, and then cytosolic compounds 
can freely move outside the cell into the cell culture medium. For example, LDH is 
a stable enzyme that leaks from the cell in relatively high amounts upon cell plasma 
membrane damage. It catalyzes the interconversion of pyruvate and lactate with con-
comitant interconversion of reduced and oxidized Nicotinamide adenine dinucleotide 
(NADH). The consumption of NADH can be measured spectrophotometrically, pro-
viding an indication proportional to LDH activity [36]. Other cytotoxicity methods 
that assess damage to the plasma membrane use reporter dyes, which enter damaged 
cells upon addition to the culture medium. Examples of these dyes include propidium 
iodide and Trypan blue [33].

Selection of exposure conditions: Assessing the cytotoxic potential of a chemical 
is crucial to consider the relevance of the tested concentrations. Two main factors 
should be addressed: the relevance of the concentrations used in the in vitro system 
and their correlation with in vivo conditions. The first factor involves understanding 
the biokinetics of the compound within the in vitro system. The actual concentration 
causing toxic effects is influenced not only by the initial amount added to the culture 
medium but also by factors such as evaporation, binding to culture devices, or inter-
actions with medium constituents like proteins. These factors can lead to significant 
deviations in the actual cellular exposure concentrations, sometimes altering them 
by up to two orders of magnitude. This may result in a much lower free concentration 
in the medium and, consequently, an underestimation of the compound’s cytotoxic 
potential [7]. The second factor is the accurate translation of in vitro cytotoxicity 
results to a risk assessment context, which involves quantitative in vitro-to-in vivo 
extrapolation. This process must account for differences in cellular exposure between 
the in vitro and in vivo environments, as well as the in vivo biokinetics of the com-
pound [37, 38].

In case of the unavailability of prior information on the expected cytotoxic 
concentrations derived from structural or physico-chemical properties, it is advisable 
to conduct at least two rounds of testing. Each round should include three biological 
replicates (i.e., different cell batches) and three technical replicates (i.e., different 
wells on a multiwell plate). In the initial round, test a minimum of 10 concentrations 
across a broad range, from 1 nM to 10 mM. In the subsequent round, narrow down 
the concentration range, typically to the μM range, and further refine as needed in 
additional testing phases. Additionally, the duration of exposure is a critical factor. 
Some toxicological responses can lead to significant changes in gene expression within 
just 1 hour of exposure, with only minor variations across different concentrations 
[39]. However, general cytotoxicity tests often use exposure times ranging from 1 to 
72 hours, and this duration may need to be optimized based on the specific testing 
requirements. It is also highly recommended to assess the in vitro biokinetics of the 
compound, such as by measuring the free concentration using techniques like solid-
phase micro-extraction [7, 40].
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Implementing an appropriate set of controls is crucial for accurately interpreting 
in vitro cytotoxicity testing results. Typically, test compounds may not be fully soluble 
in cell culture media and thus require the use of co-solvents like DMSO, ethanol, or 
methanol. While ethanol and methanol are known cytotoxicants, DMSO is often 
used in cell cultures, such as with hepatocytes, due to its potential benefits on cell 
functionality. However, DMSO can also be detrimental to cells. Therefore, including a 
solvent control is essential when using such organic solvents to enhance the solubility 
of test compounds. Additionally, a positive control, which is a compound known to 
activate the biomarker of interest, should be included. Tamoxifen has been demon-
strated to be an effective positive control in MTT and ATP-based cytotoxicity assays 
[27, 32]. Compounds like sodium lauryl sulfate, which damage the cell membrane, 
are suitable positive controls for LDH leakage assays and reporter dye uptake tests. 
Negative controls, though often overlooked, are just as important as positive controls. 
The cell culture medium itself serves as a basic negative control, but it might be neces-
sary to test specific chemicals as true negative controls. Additionally, care must be 
taken to avoid introducing mechanical stress during the addition of controls and test 
compounds to the culture medium or while handling cell culture plates, as this can 
also cause cytotoxicity. For concerns about phototoxicity or temperature instability of 
the test compound, specific incubation conditions may be required [41].

3.  Cytotoxicity tests for cosmetic ingredients and products

The global demand for cosmetics has been escalating annually, with projections 
estimating the market will reach $675 billion by 2020, reflecting a compound annual 
growth rate of 6.4%. Skin irritants are the predominant cause of non-immunological 
dermatitis. Consequently, there is an increased imperative to intensify the safety 
assessment of cosmetic preservatives [10]. Nearly a decade past the deadline estab-
lished by the 7th Amendment to the EU Cosmetics Directive, which prohibited the 
sale of animal-tested cosmetics from 2013, the use of animal models for cosmetic 
testing remains a contentious issue [9]. The testing strategy involves a combination 
of traditional in vivo and ex vivo assays to provide physicochemical data, in silico 
approaches such as quantitative structure-activity relationship (QSAR) modeling and 
read-across techniques, and physiologically-based toxicokinetic (PBTK) modeling. 
These should be integrated with in vitro and ex vivo methodologies using a Weight of 
Evidence (WoE) approach, along with historical animal data (from before the legisla-
tive ban) and, where possible, data derived from human studies, including clinical 
trials and biomonitoring [9, 42].

Cytotoxicity testing is a prevalent method for assessing the toxicity of cosmetic 
ingredients and products in preclinical studies. Typically, these assays involve incu-
bating a reagent with a cell population, where viable cells convert a substrate into a 
detectable colored or fluorescent product using absorbance or colorimetric detection 
equipment [6, 43]. In evaluating cell viability, various methodologies are available 
(Table 1), but each generally measures only a single cell parameter, which can be lim-
iting and prone to inaccuracies. MTT assay relies on mitochondrial activity, whereas 
LIVE/DEAD™ assay distinguishes between live and dead cells by using calcein-AM, 
which is converted into green fluorescent calcein by intracellular esterases in live 
cells, and ethidium homodimer-1 (EthD-1), which binds to nucleic acids in dead or 
membrane-damaged cells, emitting red fluorescence. This allows both qualitative and 
quantitative assessment of cytotoxicity [6]. In the SRB assay, sulforhodamine B (SRB) 
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binds to the basic amino acids in proteins of viable cells during fixation. The greater 
the SRB binding, the lower the cytotoxicity of the test sample. Thus, choosing an 
appropriate cell viability assay involves considering factors such as the assay’s nature 
and duration, detection requirements, the chemical structure of the compound, and 
the inherent limitations of each assay, which may result in varying quantitative out-
comes [44]. The differences in methodologies used by research groups highlight the 
need for the development of standardized guidelines to ensure consistent and reliable 
results in cell viability assays.

Commercially available reconstructed human epidermis models exhibit notable 
similarities to natural human skin and are valuable tools for assessing the safety of 
pharmaceutical and cosmetic substances. Nonetheless, these models currently lack 
certain anatomical features, such as hair follicles, sebaceous glands, nerves, and both 
circulatory and lymphatic systems, which limits their similarity to in vivo condi-
tions [10]. To assess cytotoxicity as an endpoint for cell viability and to evaluate the 
eye irritation potential of cosmetic preservatives, cytotoxicity assays using MTT 
and Neutral Red Uptake (NRU) were conducted on human keratinocytes (HaCaT), 
human dermal fibroblasts (HDFa), and human hepatoma cells (HepG2). The eye 
irritation potential was assessed using the Hen’s Egg Test-Chorioallantoic Membrane 
(HET-CAM). The preservatives tested included methylparaben (MP), propylparaben 
(PP), phenoxyethanol (PE), and a combination of methylchloroisothiazolinone and 
methylisothiazolinone (CMI/MI). All preservatives demonstrated cytotoxic effects 
within the allowable concentrations for use in cosmetics. According to the HET-CAM 
test, PE and CMI/MI were classified as severe irritants, while MP and PP were classi-
fied as moderate and poor irritants, respectively. Comprehensive safety evaluations 
are essential to confirm that the benefits of preservatives in cosmetic products do not 
pose harmful exposure levels to consumers.

In vitro tests based on cytotoxicity and cell functionality, including those out-
lined in OECD guidelines, are crucial for safety assessment. Specifically, the Short 
Time Exposure (STE) test method, employing a rabbit corneal cell line, is used 
to evaluate the eye irritation potential of chemicals by measuring their cytotoxic 
effects [11, 45]. Reconstructed human tissue (RhT)-based testing methodologies, 
including several OECD guidelines, provide valuable in vitro assessments for chemi-
cal safety. The Reconstructed Human Cornea-like Epithelium (RhCE) test method 
evaluates cytotoxicity by utilizing the MTT assay [46]. This guideline incorporates 
High-Performance Liquid Chromatography (HPLC) or Ultra-Performance Liquid 
Chromatography (UPLC) techniques to measure formazan formation, addressing 
potential interference with MTT-formazan measurement due to direct MTT reduction 
or color interference. RhCE models are used to identify chemicals that do not necessi-
tate classification and labeling for eye irritation or serious eye damage. However, these 
models are not designed to assess the potency of eye irritancy. Currently, four vali-
dated eye irritation test (EIT) methods utilizing commercially available RhCE models 
have been adopted: EpiOcular™ EIT, SkinEthic™ Human Corneal Epithelium (HCE) 
EIT, LabCyte CORNEA-MODEL 24 EIT, and MCTT HCE™ EIT. The SkinEthic™ 
HCE Time-to-Toxicity test method (SkinEthic™ HCE TTT, [47]) has recently been 
adopted as a stand-alone method to differentiate between chemicals that do not 
require classification for serious eye damage or eye irritation (No Cat.) and those 
that do (Cat. 2 for eye irritation and Cat. 1 for serious eye damage). This method 
is recommended as a full replacement for the in vivo Draize acute eye irritation 
test [48]. It includes two protocols: one for liquids (SkinEthic™ HCE TTL), which 
assesses viability at three exposure times (5, 16, and 120 minutes), and one for solids 
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(SkinEthic™ HCE TTS), which evaluates at two exposure times (30 and 120 min-
utes). The Vitrigel-EIT method [49] is an in vitro assay using a human corneal epithe-
lial (hCE) model within a Collagen Vitrigel Membrane (CVM) chamber. This method 
predicts the eye irritation potential by analyzing the chemical’s ability to damage the 
barrier function of the hCE model, measured by changes in TransEpithelial Electrical 
Resistance (TEER) over time. The Vitrigel-EIT method can identify chemicals that do 
not require classification and labeling for eye irritation or serious eye damage within 
the test’s applicability domain for chemicals with a pH greater than 5.0, based on a 
2.5% weight/volume (w/v) preparation.

The Neutral Red Uptake (NRU) cytotoxicity assay, utilizing BALB/c3T3 cells 
(3T3-NRU cytotoxicity assay), is extensively employed to evaluate cytotoxicity and 
has demonstrated its potential in predicting acute oral toxicity, as highlighted in 
prior research [50]. A validation study conducted jointly by the National Toxicology 
Program Interagency Center for the Validation of Alternative Toxicological Methods 
(NICEATM) and the EU Reference Laboratory for Alternatives to Animal Testing 
(EURL ECVAM) affirmed the utility of the 3T3-NRU assay for estimating the start-
ing dose for acute oral toxicity [51, 52]. This validation led to the publication of 
OECD Guidance Document No. 129 in 2010, titled “Guidance Document on Using 
Cytotoxicity Assays to Estimate Starting Doses for Acute Oral Systemic Toxicity Tests” 
[53]. The document outlines a methodology for determining the starting dose for 
acute oral toxicity studies by predicting the LD50 from regression analysis based on 
the correlation between the 50% inhibitory concentration (IC50) obtained from the 
3T3-NRU assay and the median lethal dose (LD50) recorded in the database. The use 
of the 3T3-NRU assay for predicting the starting dose has been shown to reduce the 
number of animals required. EURL ECVAM later conducted a follow-up validation 
study that confirmed the applicability of the 3T3-NRU assay for substances with 
LD50 values greater than 2000 mg/kg [12, 54] and published the “EURL ECVAM 
Recommendations on the 3T3 Neutral Red Uptake Cytotoxicity Assay for Acute Oral 
Toxicity Testing” in 2013 [12]. The Weight of Evidence (WoE) assessment refers to 
integrating the strengths and limitations of accumulated data to draw conclusions 
that are not evident from individual datasets [53].

4.  Cytotoxicity test for biocompatibility of medical devices

Biomaterials can be categorized as inert biomaterials, bioactive biomaterials 
with coatings, and biodegradable biomaterials that degrade and are absorbed by the 
patient. The latter minimizes the drawbacks of permanent implants and eliminates 
the need for subsequent surgical removal, thus reducing potential complications 
for the patient. Biocompatibility is a crucial criterion for the clinical application of 
biomaterials. It denotes the capability of a biomaterial to function effectively without 
inducing toxic or harmful reactions in biological systems while eliciting a suitable 
host response. Factors affecting biocompatibility include the chemical, mechanical, 
and structural characteristics of the biomaterials, their interactions with the biologi-
cal environment, and the methodologies used for evaluation. Biocompatibility testing 
is a critical component of the overall safety evaluation process for medical devices. 
Standard biocompatibility tests typically include cytotoxicity, irritation, and sensiti-
zation assessments, which are fundamental for nearly all medical devices conducting 
with surface and short periods [13, 17].
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Cytocompatibility tests assess the biological reactivity of living cells to biomaterial 
extracts by evaluating cell viability, growth, and metabolic activity [14]. Toxic agents 
from biomaterials, such as metal ions, reactive chemicals, and residual monomers, 
can negatively impact cell functions and viability. This cellular damage can manifest 
as structural breakdown, changes in cell morphology, reduced cell adhesion and 
proliferation, decreased metabolic activity, and cell lysis [17].

Medical devices are typically evaluated through extract testing, which involves 
immersing the device or its components in a suitable extraction solvent, such as physi-
ological saline, vegetable oil, or cell culture medium, under defined conditions. This 
procedure is a standard practice for assessing the biocompatibility of medical devices 
by measuring the potential release of substances that could interact with biological 
systems. Comprehensive guidelines for extract preparation are outlined in ISO 10993-
12 [15]. Despite these guidelines providing detailed instructions on sample selection, 
preparation, experimental controls, reference materials, and extraction methods, 
variations in interpretation by Contract Research Organizations (CROs) may lead to 
inconsistencies in the results. Standardization and harmonization in the methodology 
for preparing extracts from medical devices are still lacking. Recent research assessing 
the variability in cytotoxicity methods according to ISO 10993-5:2009 [16] has under-
scored the significant influence of the extraction solution whether it is a medium with 
or without serum on test results. Even small changes in the protocol can markedly 
affect the predicted cytotoxicity outcomes [55]. Prior to conducting biocompatibility 
assessments, biomaterials derived from the final configuration of a medical device 
are subjected to extraction processes using semi-physiological media, such as saline 
solution, cottonseed oil, sesame oil, or cell culture medium, placed in small contain-
ers [17]. The extraction is typically performed through incubation for 24–72 hours at 
37°C. Following this period, the resultant extract solutions are transferred into sterile 
glass tubes for subsequent biological testing [56]. Variability in extraction procedures, 
including the choice of extraction medium, can impact the relevance to in vivo condi-
tions and the efficiency of solubilizing organic hydrophobic compounds. Utilizing 
an extraction vehicle containing low concentrations of dimethyl sulfoxide (less than 
0.5%) can enhance the solubilization of both hydrophilic and hydrophobic substances 
[14]. There is a pressing need for more detailed guidance on handling materials that 
absorb solvents, as such interactions can alter the osmolarity of cell culture media, 
potentially compromising cell line viability. Testing materials with poor solubility 
in submerged cell cultures presents technical challenges and may result in false-
negative outcomes. To address these challenges, 3D epithelial tissue models offer a 
promising alternative. These models can accommodate materials extracted in both 
polar and non-polar solvents, providing a more adaptable and potentially precise 
testing environment. The development and adoption of these advanced models could 
significantly improve the reliability of cytotoxicity evaluations for medical devices, 
especially those containing low-level toxic components that exhibit poor solubility in 
polar solvents. This approach would ensure a more accurate prediction of long-term 
safety and efficacy, thereby aligning in vitro testing more closely with actual usage 
scenarios of medical devices.

ISO 10993-5 outlines specific methodologies and protocols for performing 
cytotoxicity testing, which typically involves exposing cultured mammalian cells to 
extracts derived from medical devices or their materials for approximately 24 hours. 
Commonly employed cell lines in these assays include Balb/3T3 (fibroblasts), L929 
(fibroblasts), and Vero (kidney-derived epithelial cells). Cytotoxicity testing assesses 
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several endpoints, including cell viability, morphological changes, cell detachment, 
and cell lysis, to evaluate cell viability and adverse cellular responses.

ISO 10993-5 outlines three primary cytotoxicity testing methods: extract, direct 
contact, and indirect contact tests, which include agar overlay assays and filter diffu-
sion assays [57]. Generally, the extract test is employed to assess the toxicity of soluble 
substances from medical devices and often aligns with findings from animal toxicity 
studies. The direct contact assay is noted for its heightened sensitivity, capable of 
detecting even minimal cytotoxic effects of medical devices. The agar overlay assay is 
appropriate for evaluating devices with substantial toxicity and bulk characteristics, 
while the molecular filtration method is suited for assessing the biocompatibility of 
low molecular weight toxic components in medical devices [17].

The cytotoxicity elution test, also known as the MEM elution test, is an in vitro 
qualitative assay used to evaluate the cytotoxicity of materials. In this test, L929 
mouse fibroblast cells are incubated with an extract of the test material for 48 hours. 
Post-incubation, the cells are examined microscopically to assess morphological 
changes. The cellular responses are categorized on a scale from 0 to 4, with a grade 
of 2 or below (mild reactivity) indicating that the biomaterial is considered biocom-
patible [56]. A material is deemed cytocompatible if at least 70% of the cells remain 
viable [56, 58]. While the MTT assay is considered a benchmark for cytotoxicity 
testing, it has notable drawbacks. Variables such as cell culture conditions can 
influence MTT metabolism and reduction rates, and interactions between the test 
material and MTT may alter the assay results. For example, carbon nanotubes and 
calcium phosphate scaffolds can reduce MTT, and carbon nanotubes may bind the 
resultant formazan, affecting the test’s accuracy [14, 58]. The agar overlay assay is 
a qualitative technique for assessing cytotoxicity through indirect contact. In this 
assay, subconfluent cell cultures (e.g., mouse fibroblasts L929, NIH 3T3) are covered 
with an agar layer. The test material is then placed on the agar and incubated for 
24–72 hours. Following this exposure period, the test material is removed, and the 
cells underneath and surrounding the material are subjected to neutral red staining. 
This staining allows for semi-quantitative assessment of cellular detachment, vacu-
olization, and lysis. Only viable cells retain the neutral red dye, appearing red under 
a light microscope. This assay is particularly suitable for evaluating high-density 
biomaterials but is limited to assessing acute cytotoxicity due to the brief exposure 
period [17].

Cytotoxicity is generally classified into four categories based on specific end-
points: non-cytotoxic, mildly cytotoxic, moderately cytotoxic, and highly cytotoxic 
[13]. To quantify cell viability in these categories, several methodologies are fre-
quently employed, including MTT, XTT, and neutral red uptake. Less commonly 
used techniques include Bradford protein assay, crystal violet staining, resazurin 
dye assay, and trypan blue exclusion assay. Nevertheless, there is no standardized 
protocol for cytotoxicity testing, and each method has its limitations. The xCEL-
Ligence real-time cell analysis (RTCA) system represents an advanced impedance-
based sensor technology. This system utilizes a microelectronic sensor chip 
integrated into the base of the cell culture plate to provide continuous, dynamic, 
and quantitative monitoring of cell morphology, proliferation, and differentiation. 
Variations in electrode interface impedance, caused by cells adhering to the micro-
electrode surface, are correlated with real-time cellular conditions, allowing for the 
assessment of cell growth, morphology, and viability through dynamic impedance 
measurements [59].
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5.  Cytotoxicity test for nanoparticle safety assessment

In contemporary times, nanomaterials (NMs) are extensively integrated into 
various aspects of daily life due to their considerable advantages, as evidenced by 
their utilization across numerous domains, including biomedicine, engineering, 
food technology, cosmetics, sensing, and energy production [18]. Nonetheless, 
the escalating production of NMs increases the likelihood of their environmental 
release, resulting in unavoidable human exposure. The potential toxicity or impact 
of nanoparticles (NPs) on both the environment and human health can be initially 
evaluated in vitro using cellular models. However, traditional cytotoxicity assays, 
such as the MTT assay, have limitations, including the potential for interference 
from the nanoparticles being studied. To evaluate the cytotoxicity of nanoparticles 
(NPs), a range of conventional assays and biomarkers are employed. For instance, 
cell viability and proliferation can be assessed using tetrazolium-based assays such 
as MTT, MTS, and WST-1, as well as neutral red uptake, trypan blue exclusion, 
lactate dehydrogenase (LDH) release, mitochondrial membrane potential (MMP) 
measurement, and Alamar Blue (resazurin) assays. Alternatively, the inflammatory 
response of cells can be gauged by quantifying inflammatory cytokines such as IL-8, 
IL-6, and tumor necrosis factor through enzyme-linked immunosorbent assays 
(ELISA). Furthermore, the integrity of cell membranes can be evaluated using LDH 
release and trypan blue exclusion assays, while cell metabolism is often monitored 
with the Alamar Blue assay. Despite their utility in providing general information on 
NP cytotoxicity, these assays do not elucidate the molecular mechanisms underlying 
cytotoxic effects [60, 61].

The cytotoxicity of NPs generally arises from their intracellular presence [61]. 
However, many biomedical applications require NPs to penetrate cells to achieve 
their therapeutic objectives. Therefore, understanding the cellular uptake mecha-
nisms of NPs is crucial for elucidating their cytotoxicity mechanisms and designing 
environmentally safer NMs with improved cellular targeting and uptake charac-
teristics for therapeutic use. When NPs are introduced into biological fluids, they 
encounter a different medium compared to their synthesis environment, potentially 
altering their physical and chemical properties. To stabilize themselves, NPs often 
adsorb surrounding biomolecules (such as proteins and lipids), forming a biomo-
lecular or protein corona, which may modify their identity [62]. The physicochemical 
properties of NPs, including size, shape, surface functionalization, surface chem-
istry, chemical composition, and concentration, play a critical role in their design 
for biomedical and other applications. These properties can significantly influence 
interactions at the bionano interface, thereby affecting cellular uptake and the 
resultant nanotoxicity of the NPs.

Size: The dimension of nanoparticles (NPs) significantly impacts their cellular 
uptake and cytotoxicity. Smaller NPs (based on primary size rather than hydrody-
namic size) of both TiO2 and Al2O3 exhibit increased cytotoxicity and a more substan-
tial reduction in cellular metabolic activity [60]. The relationship between NP size 
and interaction with cell membranes reveals that larger NPs (>60 nm) may experience 
steric hindrance, impeding their ability to interact with cell membranes. Conversely, 
NPs smaller than the receptor diffusion cutoff (<30 nm) might not recruit a sufficient 
number of cell membrane receptors in the interaction zone to overcome the elastic 
recoil force, thereby hindering membrane wrapping [63]. Generally, smaller-sized 
NPs are associated with enhanced cellular uptake and increased cytotoxicity. Due to 
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their diminutive size, nanoparticles can easily diffuse through the gastrointestinal 
tract or the gill membranes of aquatic organisms. Additionally, nanoparticle dimen-
sions are critical in determining their aggregation patterns within the human body 
and other organisms. For instance, a review by Dong et al. analyzed 76 selected 
studies on the size-dependent cytotoxicity of amorphous silica NPs (aSiO2 NPs) and 
found that 76% of these studies reported greater cytotoxicity for smaller-sized aSiO2 
NPs. However, it is crucial to consider cell type variations, as cytotoxicity depends on 
the predominant cellular uptake pathways in different cell types [64]. In some cases, 
increased cellular uptake of NPs correlates with greater cytotoxicity [65]. However, 
there are exceptions where NP cytotoxicity is not directly proportional to cellular 
uptake. In such instances, factors like NP surface area, instability, and ion release 
contribute to cytotoxic effects rather than the quantity of the toxicant.

Shape: The shape of NPs can be tailored through adjustments in experimental 
conditions during synthesis, such as supersaturation, reducing agents, tempera-
ture, surfactants, and secondary nucleation. NPs can assume various shapes and 
geometries, including spherical, rod-like, flower-like, star-shaped, disk-like, cubic, 
prismatic, and needle-like forms. Gold nanoparticles (AuNPs) are prevalent in 
biomedical applications, and numerous studies have explored the impact of NP shape 
on cellular uptake and cytotoxicity. For example, Woźniak et al. [66] compared the in 
vitro cytotoxicity of differently shaped and sized bare (non-coated) AuNPs in cancer 
(HeLa) and normal (HEK293T) cell lines, revealing that Au nanospheres (AuNS) and 
Au nanorods (AuNRs) exhibited higher cytotoxicity compared to star-, flower-, and 
prism-shaped AuNPs.

Surface charge: The surface charge of nanoparticles (NPs) can significantly influ-
ence their interactions with cell membranes, the formation of a protein corona, and, 
consequently, the extent of cellular uptake. Geiser et al. [67] observed that particles 
can penetrate into the epithelial lining after entering the small airways and alveoli, 
and that surface reactivity can modify the biological effects of the particles. For 
example, surface modifications of silica nanoparticles can impact their inflammatory 
potential, fibrogenic properties, and cytotoxicity [67]. Research has demonstrated 
that positively charged nanoparticles are more readily internalized by cells compared 
to negatively charged or neutral nanoparticles. Furthermore, positively charged 
nanoparticles can bind to negatively charged DNA, potentially causing genetic 
damage, which contributes to their increased toxicity [68]. Variations in the surface 
chemistry of nanoparticles have been shown to result in different toxicity profiles 
depending on the nanoparticle type. Generally, charged nanoparticles exhibit higher 
cellular uptake compared to neutral nanoparticles [63]. Given that cell membranes 
are negatively charged due to the anionic phospholipid head groups and certain 
carbohydrates like sialic acid, cationic nanoparticles tend to be more readily taken up 
by non-phagocytic cells compared to anionic nanoparticles. However, in some cases, 
anionic nanoparticles may exhibit higher cellular uptake in phagocytic cells [69]. 
Additionally, the surface charge of nanoparticles can influence their cellular uptake 
pathways. Surface functionalization of nanoparticles, which involves modifying the 
surface ligands, primarily affects parameters such as surface charge and hydropho-
bicity, thereby influencing the protein core, cellular uptake, and cytotoxicity of the 
nanoparticles. Specific surface functionalities can also be employed to enhance target-
ing capabilities.

Cell viability responses to nanoparticles are cell line-dependent. A549 cells (a 
lung epithelial cell line) are more sensitive to nanoparticles compared to HepG2 
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cells (a liver cell line). This increased sensitivity in A549 cells is consistent with their 
respiratory epithelial nature, making them more responsive to particulate exposure 
compared to HepG2 cells, which are adapted to handle toxic substances. This observa-
tion is supported by studies showing that A549 cells exhibit higher oxidative stress, 
lactate dehydrogenase leakage, decreased glutathione levels, mitochondrial mem-
brane potential dissipation, increased apoptotic gene expression, and reduced cellular 
viability upon exposure to CuFe2O4 and ZnFe2O4 nanoparticles [70, 71]. In contrast, 
HepG2 cells show lower susceptibility and a less toxic response to various sizes and 
concentrations of silica nanoparticles, including lower reactive oxygen species (ROS) 
generation, reduced glutathione depletion, and less decline in cell viability [72]. 
Additionally, A549 cells exhibit more significant mitochondrial membrane potential 
reduction and lower viability when exposed to silver nanoparticles compared to 
HepG2 cells. This discrepancy in cytotoxic responses may be attributed to the liver’s 
superior detoxification capacity, facilitated by its phase I and II enzymatic systems, 
compared to the lung.

A significant mechanism contributing to nanoparticle toxicity is their cytotoxic-
ity, which is influenced by the quality of the nanoparticles, their deposition sites, 
and the mode of administration [19]. Sohaebuddin et al. [73] reported that titanium 
dioxide (TiO2) and silicon dioxide (SiO2) nanoparticles induced cytotoxic effects 
in three different cell lines: RAW 264.7 macrophages, telomerase-immortalized 
bronchiolar epithelial cells, and 3T3 fibroblasts. They concluded that the extent of 
toxicity and intracellular responses are dependent on both the concentration and size 
of the nanoparticles. Patra et al. [74] found that the toxicity of gold nanoparticles 
was contingent on the type of cell line and the physical and chemical properties of 
the nanoparticles. Variability in toxicity was also observed between human lung and 
liver cancer cell lines [75]. Huang et al. [76] reported that zinc oxide nanoparticles 
exert significant toxic effects on both bacterial and mammalian cells. Common 
toxic outcomes of zinc-based nanoparticles include damage to cell membranes and 
elevated oxidative stress. These findings suggest that nanoparticles can act as potent 
cytotoxins. The studies indicate that the generation of reactive oxygen species (ROS) 
and resulting cytotoxicity may be key mechanisms underlying the adverse effects 
of nanomaterials, including damage to DNA and cell membranes. While extensive 
research has been conducted to elucidate the mechanisms of nanoparticle toxicity, 
further understanding is necessary to mitigate the toxicological side effects associated 
with these materials.

6.  Conclusion

The evaluation of efficacy and safety is a fundamental prerequisite before the 
introduction of new chemicals, therapeutic agents, cosmetics, biomaterials, medi-
cal devices, and nanoparticles. In pharmaceutical research, cytotoxicity tests are 
employed to screen novel drug candidates at an early stage, identifying potential 
harmful effects to prevent adverse reactions later in the development process. 
Cytotoxicity assays are crucial for determining the dose-response relationship of 
a drug and establishing the concentration at which it becomes toxic to cells. This 
information is essential for defining safe dosage levels for further testing and eventual 
clinical use. Additionally, cytotoxicity assays provide insights into the mechanisms 
through which a drug induces cell death or damage, aiding in the prediction of 
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potential side effects and guiding modifications to improve safety. When combined 
with other in vitro and in vivo tests, cytotoxicity assays contribute to a comprehensive 
preclinical safety evaluation, helping to identify and mitigate risks before clinical 
trials. These assays also allow researchers to compare the safety profiles of new drugs 
with existing treatments, facilitating a comparative analysis that can highlight poten-
tial advantages or disadvantages of new compounds. Regulatory agencies require 
extensive safety data, including cytotoxicity results, before approving new drugs for 
clinical trials and market release. The certification of cosmetics and medical devices 
also requires approval of a safety profile obtained from toxicity and biocompatibility 
testing.

Cytotoxicity testing is also a prevalent method for assessing the toxicity of 
cosmetic ingredients and products in preclinical studies. Commercially available 
reconstructed human epidermis models, which exhibit notable similarities to natural 
human skin, serve as valuable tools for assessing the safety of pharmaceutical and 
cosmetic substances. In vitro tests based on cytotoxicity and cell functionality, includ-
ing those outlined in OECD guidelines, are critical for safety assessment. For exam-
ple, the Short Time Exposure (STE) test method, which employs a rabbit corneal cell 
line, is used to evaluate the eye irritation potential of chemicals by measuring their 
cytotoxic effects.

Biocompatibility testing is an integral component of the overall safety evaluation 
process for medical devices. Standard biocompatibility tests typically include assess-
ments of cytotoxicity, irritation, and sensitization, which are fundamental for nearly 
all medical devices that come into contact with surfaces or are used for short periods. 
Cytocompatibility tests assess the biological reactivity of living cells to biomate-
rial extracts by evaluating parameters such as cell viability, growth, and metabolic 
activity.

Nanomaterials (NMs) are increasingly integrated into various aspects of daily 
life due to their significant advantages, as evidenced by their use across numerous 
domains, including biomedicine, engineering, food technology, cosmetics, and 
energy production. However, the escalating production of NMs increases the likeli-
hood of environmental release, leading to unavoidable human exposure. The poten-
tial toxicity or impact of nanoparticles (NPs) on both the environment and human 
health can be initially evaluated in vitro using cellular models. Nevertheless, tradi-
tional cytotoxicity assays have limitations, including the potential for interference 
from the nanoparticles being studied. The physicochemical properties of NPs, includ-
ing size, shape, surface functionalization, surface chemistry, chemical composition, 
and concentration, are critical in their design for biomedical and other applications. 
These properties significantly influence interactions at the bionano interface, thereby 
affecting cellular uptake and the resultant nanotoxicity of the NPs.

Overall, there are a number of available existing cytotoxicity assays; however, 
testing strategy and methodology need to be validated. This chapter provides an 
overview of the key concepts and methods in cytotoxicity testing, highlighting its 
importance across various fields and the ongoing advancements in this critical area 
of research.
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Chapter 3

In Vitro Cytotoxicity 
Determination: Avoiding Pitfalls
Mashilo Matotoka and Peter Masoko

Abstract

In vitro cytotoxicity assays are critical tools for assessing the potential toxicity of 
compounds in early-stage drug discovery, toxicology, and biomedical research. These 
assays help evaluate the effects of chemical, pharmaceutical, and biological agents 
on cellular health and viability. However, the reliability of cytotoxicity data is often 
compromised by a variety of experimental pitfalls. This chapter discusses the key 
factors that can lead to inaccurate or misleading results in cytotoxicity assays and 
provides guidelines for avoiding them. Common issues such as inappropriate assay 
selection, interference from serum components like fetal bovine serum (FBS), cell 
density variations, and incorrect incubation times are highlighted. The importance of 
using appropriate controls, avoiding solvent-induced toxicity, and preventing com-
pound aggregation is also emphasized. By optimizing experimental conditions and 
understanding the limitations of each assay type, researchers can enhance the preci-
sion of their in vitro cytotoxicity tests. This chapter aims to provide a comprehensive 
guide to improving experimental design, ensuring reproducibility, and generating 
reliable data that can be confidently applied in drug development and toxicological 
evaluations.

Keywords: cytotoxicity, cell lines, assay methods, standardization, optimization

1.  Introduction

Cytotoxicity refers to a substance’s ability to cause damage or death to cells, which 
is crucial for understanding how harmful a substance might be, especially for medical 
treatments or devices [1–4]. In vitro cytotoxicity testing is a laboratory technique used 
to assess the potentially toxic effects of substances on cultured cells. In vitro cytotox-
icity and cell viability assays offer several key advantages, particularly when com-
pared to in vivo tests. Their rapid execution, lower cost, and ease of automation make 
them popular choices in drug discovery, toxicology testing, and other biomedical 
research fields. Moreover, using human cells in these assays can provide more relevant 
data for human health applications, potentially reducing the need for animal models 
[5, 6]. By examining how substances interact with cells outside of a living organism, 
researchers can predict their behavior in biological systems, providing early insights 
into their safety or potential risks. A key part of this testing is measuring cell viability, 
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which indicates the number of healthy and functioning cells after exposure to a test 
substance in comparison with an untreated control. Higher cell viability means lower 
toxicity, while lower viability suggests greater toxicity. Cytotoxicity tests are essential 
for identifying potentially harmful effects of new compounds, ensuring that only safe 
candidates proceed to further development.

The accuracy of cytotoxicity testing is paramount, as false negatives can lead to 
the development of unsafe products, while false positives may discard potentially 
valuable compounds. Ensuring reliability and reproducibility in these tests is 
essential for maintaining the integrity of the research process [7, 8]. The ability to 
measure the number of viable cells represents an important tool with applications 
in toxicological safety testing, oncological research, industrial microbiology stud-
ies, bioprocess monitoring and drug discovery. Recently, increasing evidence has 
shown some discrepancies between the different methods which has led to either 
an underestimate or an overestimate of cytotoxicity leading to unreliable toxicity 
profiles [9].

The choice of assay depends on the specific context of the study, such as the type 
of cells used, the nature of the substance being tested, and the required sensitivity 
and specificity. Often, multiple assays are used in combination to provide a more 
comprehensive understanding of cytotoxicity. With the continuous development 
of cytotoxicity tests, methods, such as detection of cell damage by morphological 
changes, determination of cell damage, and measuring cell growth and metabolic 
properties, have appeared and have gradually been developed from qualitative evalua-
tion to quantitative [8].

Numerous researchers and authors have examined and outlined widely used cell 
culture assays for studying cytotoxicity. They have categorized the various benefits, 
drawbacks, and fundamental principles of these methods to promote the standard-
ization and dissemination of comprehensive knowledge, helping researchers make 
informed decisions when selecting the most suitable approach [10–13].

ISO 10993-5 is a standard for assessing the cytotoxicity of medical devices and 
materials. However, the standard ISO 10993-5 gives the researcher the great freedom 
to choose the conditions of the test. Excessive flexibility can lead to a lack of consis-
tency across experiments. This makes it difficult to compare results between different 
studies, leading to issues with reproducibility and validation of findings. Replicability 
is a cornerstone of scientific research, ensuring that results are reliable and not 
just a product of specific, unrepeatable conditions [14]. Standardizing cell culture 
conditions, including seeding density, media composition, and incubation time, can 
minimize variability and improve the consistency of results. Regular monitoring of 
cell health, morphology, and growth rates can help detect any deviations that might 
impact the outcomes of cytotoxicity assays [14].

A lack of standardization in cytotoxicity testing can lead to several negative 
consequences, affecting the reliability, reproducibility, and broader application of the 
results. Different labs may use varying methods, cell lines, and reagents, leading to 
inconsistent results even when testing the same compound. These inconsistencies can 
create uncertainty and make it difficult to compare studies across different research 
groups. Reproducibility is a cornerstone of scientific research. When testing protocols 
differ between studies, it becomes challenging to replicate findings accurately. This 
can lead to skepticism about the validity of the data and hinder scientific progress. For 
drug development and other biotechnological applications, regulatory bodies like the 
FDA or EMA require reliable and consistent data to evaluate the safety and efficacy 
of new compounds. Non-standardized tests may not meet regulatory guidelines, 
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delaying or complicating the approval process. Inconsistent methods can lead to 
repeated experiments and wasted resources, including time, money, and materials.

In scientific research, pitfalls are challenges or issues that can hinder progress, lead 
to inaccurate results, or create inefficiencies. The absence of standardized methods in 
cytotoxicity assays is one such pitfall, as it can result in unreliable data, poor reproduc-
ibility, and inconsistencies that affect both research quality and real-world applica-
tions, such as drug development and safety assessments. Addressing pitfalls through 
standardization efforts would help ensure more reliable, comparable, and translatable 
results across studies and industries. This chapter addresses common pitfalls in cyto-
toxicity testing and suggests potential approaches that can help in avoiding them.

2.  Potential pitfalls in cytotoxicity testing

Potential pitfalls in cytotoxicity testing can be placed into three identifiable cat-
egories, namely: (1) technical challenges, (2) biological factors, and (3) Interpretation 
of results.

2.1 Technical challenges

2.1.1 Cell culture assays

A study conducted to investigate the proliferative effect of green tea polyphenol 
showed results obtained from MTT and MTS are different compared to the results 
obtained from direct measures of ATP and DNA using luminescent cell viability 
assay kit and cell proliferation assay kit, respectively [15]. The difference is due to the 
presence of polyphenols that may interfere with the formation of formazan and may 
change the succinate dehydrogenase activity [15]. Different assays have varying levels 
of sensitivity and specificity, which can lead to inconsistent results. For example, 
some assays might detect only late-stage cytotoxicity, missing early signs of cell stress. 
It’s crucial to choose an assay that aligns with the specific objectives of the study and 
to be aware of its limitations.

2.1.2 Cell line selection

The choice of cell line can significantly influence the outcomes of cytotoxicity test-
ing because different cell lines may respond differently to the same compound due to 
variations in metabolism, receptor expression, and genetic background [16]. Different 
cell lines exhibit varying metabolic capacities and enzyme expressions, which can 
influence how they process or neutralize substances. These differences can affect the 
cytotoxicity observed. Some cell lines may more effectively convert a pro-drug into 
its active form, resulting in distinct cytotoxic effects. Relying on a single cell line for 
cytotoxicity testing may not provide a complete understanding of a substance’s overall 
impact. Various cell lines represent different tissue types and physiological conditions. 
For example, cancer cell lines like HeLa (cervical cancer) or MCF-7 (breast cancer) 
may respond differently to drugs compared to normal cell lines like fibroblasts or epi-
thelial cells [17]. The unique genetic profiles, including variations in gene expression, 
mutations, and signaling pathways can affect how cells respond to cytotoxic agents. 
For instance, a drug that targets a specific mutation or pathway may be effective in one 
cell line but not in another that lacks that mutation or pathway [18].
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2.1.3 Reagent stability and handling

The stability of reagents, such as dyes, antibodies, and culture media, can affect 
assay results. Improper storage, repeated freeze–thaw cycles, or contamination 
can introduce variability. Regular validation of reagent quality and adherence to 
proper storage and handling protocols are essential to minimize these issues. Dyes 
used in assays, such as those for viability or proliferation, can degrade over time or 
with improper storage. For example, a dye like MTT can lose its effectiveness if it is 
not stored properly [13]. Degradation can lead to inaccurate measurements of cell 
viability or metabolic activity. Antibodies used in assays, such as ELISA or immuno-
fluorescence, can lose their specificity or affinity if not stored according to manufac-
turer guidelines. Exposure to incorrect temperatures or repeated freeze–thaw cycles 
can reduce their effectiveness, leading to false negatives or positives in detection. The 
stability of culture media is essential for maintaining cell health and experimental 
consistency. Media components can degrade over time or through improper handling. 
For instance, the stability of antibiotics, growth factors, and nutrients can affect cell 
growth and response to treatments, impacting assay outcomes.

Contaminants like bacteria, fungi, or endotoxins can affect reagent performance 
and introduce variability in assays [19]. Contaminated reagents can lead to incon-
sistent results or affect cell behavior, skewing the interpretation of cytotoxicity or 
other tests. Reagents often have specific storage requirements, such as temperature 
ranges or protection from light. Deviating from these conditions can cause chemical 
degradation or loss of activity. For instance, some reagents need to be stored at −20°C 
or lower to prevent degradation. Repeated freeze-thaw cycles can degrade reagents, 
particularly those that are sensitive to temperature changes, like enzymes or antibod-
ies. It’s best to aliquot reagents into smaller portions to avoid repeated freeze-thaw 
cycles and minimize degradation.

Poor handling of cytotoxicity reagents (e.g., MTT, WST, or CCK-8) can affect their 
performance. For example, light-sensitive reagents might degrade if exposed to light, 
or improperly stored reagents can lose potency. In multi-well plates, the edge wells are 
more prone to evaporation, which can lead to higher concentration of compounds, 
nutrients, or reduced volume, causing artifacts in the results.

Test material added to the culture medium may adsorb medium components and 
interfere with nutrient absorption by cells. In a cytotoxicity study by Horie et al. [20], 
the influence of the adsorption capacity of metal oxide nanoparticles toward medium 
components was evaluated. The study showed that TiO2 and CeO2 nanoparticles 
adsorb proteins and Ca ions from the medium.

2.1.4 Concentration and exposure time

Inappropriate concentrations or exposure times can lead to misleading results. 
High concentrations may cause non-specific cytotoxicity, where the observed 
effect is due to general cell stress rather than a specific interaction, while too low 
concentrations might not reveal potential toxic effects. In addition, an excessively 
high concentration of a cytotoxic agent might kill cells too quickly, making it dif-
ficult to measure the true IC50 value, while a too-low concentration might not show 
any effect at all.

Exposure time is critical for assessing the kinetics of drug action or toxicity [11]. 
Too short an exposure might not allow enough time for the drug to exert its effects, 
while too long an exposure might lead to secondary effects or cellular adaptation or 
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resistance, altering the response compared to shorter exposures. This can impact 
the interpretation of the effectiveness or safety of a compound. The timing of the 
assay endpoint is critical. Cytotoxic effects can vary over time, and an inappropriate 
endpoint can either miss early toxic effects or fail to capture delayed toxicity. For 
instance, an early time point might miss cell death that occurs later, while a late time 
point could overlook reversible effects or adaptive responses.

2.2 Biological factors

2.2.1 Cell density and culture conditions

The density of cells in the culture can impact the results of cytotoxicity assays.
At higher cell densities, there may be increased competition for nutrients and 

oxygen, which can lead to changes in cell metabolism and behavior. This can affect 
the cell’s response to cytotoxic agents and the overall assay results. High cell densities 
can lead to more significant cell-cell interactions, which might influence how cells 
respond to treatments. Cells can adhere to each other through various adhesion mol-
ecules, such as cadherins, integrins, and selectins. These interactions can influence 
cell morphology, growth patterns, and responses to treatments [21]. Cells can secrete 
signaling molecules (such as cytokines, growth factors, or hormones) that act on 
nearby cells. This type of signaling can influence how cells respond to treatments and 
how they interact with each other in a culture. When cells reach a high density, they 
often experience contact inhibition, where cell growth and division are suppressed 
due to physical contact with neighboring cells. This can impact how cells respond to 
cytotoxic agents and affect the interpretation of cell proliferation or viability assays. 
In assays involving immune cells, interactions between immune cells and target cells 
can affect outcomes. For example, interactions between cytotoxic T cells and cancer 
cells can influence the effectiveness of immunotherapy or cytotoxic agents [22]. The 
sensitivity and accuracy of certain assays can be affected by cell density. For example, 
in assays measuring cell proliferation or viability, very high or very low cell densities 
can lead to inaccurate readings due to differences in background signal or cell cover-
age. At high cell densities, the diffusion of reagents (such as dyes or drugs) through 
the culture medium can be limited, which can impact the effectiveness and accuracy 
of the assay. For example, a drug might not diffuse effectively to all cells in a densely 
populated culture. High cell densities can increase the background signal in assays, 
such as those involving absorbance or fluorescence, which might mask or interfere 
with the detection of specific effects.

Inaccurate or inconsistent seeding of cells across wells can result in variability in 
cell density, leading to unreliable data. Many cytotoxic agents act differently depend-
ing on the density of cells in culture. For instance, densely packed cells can experience 
different nutrient access, waste accumulation, and drug exposure than sparsely 
seeded cells, potentially leading to cell-cell interactions. In high-density cultures, cells 
communicate through direct contact and secreted signaling molecules (like growth 
factors or cytokines), which may alter their response to drugs or treatments. High-
density cultures may have lower metabolic activity per cell due to limited nutrients or 
oxygen, affecting the results of assays that depend on measuring metabolic activity 
(like MTT or XTT assays). The ability of cytotoxic agents to penetrate dense clusters 
of cells may vary, which can lead to underestimation of a drug’s true potency in 
densely seeded wells. Might show exaggerated toxicity because fewer cells are exposed 
to the same amount of drug or stress, amplifying the observed effect. High-density 
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wells may show reduced toxicity because the larger cell population buffers the drug’s 
effect or because the assay’s readout becomes saturated.

2.2.2 Media composition

The availability of nutrients (e.g., glucose, amino acids, and vitamins) in the cul-
ture media affects cell growth, metabolism, and response to treatments. Inadequate 
nutrients can lead to poor cell health and alter experimental outcomes. The type of 
cultivation medium is usually dictated by the cell type used, as recommended by the 
cell depositor. There is a vast number of cultivation media that differ in the constitu-
tion and concentration of the components [23]. The variation in the composition 
of medium can have a pronounced influence on the cytotoxicity results. Besides, 
many authors do not specify the medium, for example, some claim only “Dulbecco’s 
Modified Eagle Medium (DMEM)” without further specification of glucose concen-
tration or additional buffer content.

Another imprecisely defined but critical factor that could lead to significant 
inconsistencies is the concentration of fetal bovine serum (FBS) in the medium. FBS 
contains growth factors, hormones, and nutrients essential for cell growth. Changes 
in FBS concentration can alter cell proliferation rates, potentially leading to discrep-
ancies in assay results related to cell viability, proliferation, or metabolic activity. FBS 
proteins can bind to drugs, dyes, or other assay reagents, affecting their bioavailabil-
ity and efficacy. Changes in FBS concentration can alter the extent of binding, poten-
tially skewing assay results. The concentration of serum proteins, such as albumin 
or globulins, varies with FBS concentration. These proteins can affect cell adhesion, 
signaling, and response to treatments, leading to variability in assay outcomes [16].

2.2.3 Acidity/alkalinity

The pH of the culture media affects cellular processes, including enzyme activity, 
nutrient uptake, and overall cell health. Deviations from the optimal pH range can 
lead to altered cell behavior and affect assay outcomes. Media often contain buffering 
agents (e.g., HEPES and bicarbonate) to maintain pH stability. Insufficient buffering 
can result in pH drift, particularly during prolonged culture periods.

2.2.4 Oxygen/carbon dioxide requirements

Cells require oxygen for aerobic metabolism, and oxygen levels in culture can 
impact cell growth and function. Low oxygen levels (hypoxia) can simulate tumor 
microenvironments and affect cell responses, whereas normoxic conditions are typi-
cally used for standard cell culture [24]. Hypoxia can influence gene expression and 
cellular responses, impacting experimental results. Most cell cultures are maintained 
in a 5% CO2 environment to regulate pH through bicarbonate buffering. Most cell 
culture media contain bicarbonate (HCO3

−) as a buffering agent. The CO2 in the incu-
bator helps maintain the pH of the culture medium by interacting with bicarbonate to 
form carbonic acid (H2CO3). This buffering system keeps the pH of the media stable, 
typically around 7.2 to 7.4, which is optimal for most mammalian cells. Without a 
controlled CO2 environment, the pH of the medium would drift due to the production 
of metabolic acids by the cells, leading to potential cell stress or death. The 5% CO2 
level helps maintain the pH within the desired range. CO2 is a byproduct of cellular 
respiration and metabolism. Maintaining an appropriate CO2 level in the incubator 
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ensures that the cell culture environment reflects the metabolic conditions that cells 
would encounter in vivo. A 5% CO2 environment creates conditions that closely mimic 
the physiological conditions of the human body, supporting optimal cell growth and 
function are recommended [25].

2.2.5 Variability due to cell cycle stages

Cells in different stages of the cell cycle may respond differently to toxic agents. 
For example, cells in the S phase (DNA synthesis) might be more susceptible to cer-
tain chemotherapeutics. Administering cytotoxic agents at times when target cells are 
in a specific cell cycle phase can enhance therapeutic outcomes. For instance, schedul-
ing treatments to coincide with phases where cells are more vulnerable can improve 
drug efficacy and reduce resistance [26].

2.2.6 Interpretation of results

Background noise from non-specific binding, autofluorescence, or chemical inter-
ference can complicate the interpretation of results. This is particularly problematic 
in assays relying on fluorescence or colorimetric readouts. For example, compounds 
with inherent color or fluorescence can interfere with colorimetric or fluorescent 
assays. Certain compounds may interfere with the reagents used in cytotoxicity 
assays. For example, some drugs might reduce the tetrazolium salt in the MTT assay 
without requiring cellular metabolism, leading to false-positive results. It’s important 
to include proper controls and to consider potential sources of interference when 
designing experiments and analyzing data. Relying on the results of a single assay 
without cross-validation can lead to erroneous conclusions. Different assays might 
yield conflicting results due to their varying mechanisms of action. Confirming find-
ings with multiple assays or using orthogonal approaches can provide a more robust 
assessment of cytotoxicity.

2.2.7 Defining the threshold for toxicity

Defining an appropriate threshold for what constitutes “toxic” can be 
subjective. For example, slight reductions in viability might not be considered toxic 
in some settings but could be significant in others. The threshold for toxicity refers 
to the point at which a compound or treatment begins to cause a harmful effect on 
cells in a cytotoxicity assay. Defining and interpreting this threshold is critical in 
toxicological research, drug discovery, and safety testing. The toxicity threshold is 
the concentration or dose of a compound at which there is a measurable decrease 
in cell viability or a significant toxic effect. Below this threshold, the compound is 
generally considered non-toxic or safe, while above this level, toxic effects become 
evident.

3.  Strategies to avoid pitfalls

Researchers should carefully select assays that are appropriate for their specific 
research goals. Assay validation, including testing for linearity, specificity, and 
reproducibility, is crucial before applying the assay to experimental samples. Pilot 
studies can help optimize assay conditions and ensure that the selected method will 
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yield reliable results. Positive and negative controls are essential for validating the 
performance of cytotoxicity assays. They help to distinguish true cytotoxic effects 
from experimental artifacts, including replicates (biological and technical), which is 
critical for ensuring the reproducibility and reliability of the data.

3.1 Cell culture selection

Cell lines that mimic the characteristics of the target tissue or disease provide 
a more biologically relevant environment for studying cellular processes, drug 
responses, or disease mechanisms [27]. Results obtained from such cell lines are 
more likely to translate to in vivo models or clinical settings, increasing the predictive 
value of the research. Using a cell line that accurately represents the target tissue can 
minimize experimental variability and improve the consistency of results.

Ensure the cell line is derived from the same tissue type as the target tissue. If 
studying a disease, choose a cell line that exhibits genetic or phenotypic characteris-
tics similar to the disease state. Consider the genetic profile of the cell line to ensure it 
maintains the essential features of the target tissue or disease. Look for well-charac-
terized cell lines with published data on their properties and behavior.

Choose a well-characterized and widely accepted cell line for cytotoxicity test-
ing. Use cells within a narrow passage range (e.g., between 5th and 20th passage) 
to avoid genetic drift and changes in cellular behavior that occur with prolonged 
culture [28]. Regularly authenticate cell lines to confirm their identity and purity, 
ensuring that they have not been contaminated or cross-contaminated with other 
cell lines.

Researchers must carefully select cell lines that are relevant to the target tissue 
or disease condition. Using multiple cell lines can help validate findings and get 
a broader view of cytotoxic effects. Selecting a cell line that closely resembles the 
target tissue or disease model can make the results more relevant to the intended 
application.

3.2 Cell culture conditions

Maintain a consistent incubation temperature, typically at 37°C, as cells are 
sensitive to temperature changes, which can affect their metabolic activity and 
response to toxicants [29]. Standardization of the CO2 concentration (usually 5%) 
in the incubator to maintain the correct pH in the culture medium, as fluctuations 
can affect cell viability is required. Confirmation of proper humidity levels in the 
incubator to prevent evaporation of the culture medium, which could concentrate 
the media components and alter the cells’ environment. Maintenance and consistent 
timing for all steps in the protocol, such as incubation periods, media changes, and 
time points for measuring cytotoxicity, should be adhered to. Variations in timing can 
lead to inconsistent results. Reduce the number of times cells are handled or exposed 
to different environments, as this can stress cells and introduce variability. Handle all 
samples similarly to ensure uniform exposure to test conditions.

3.3 Culture medium and reagents

Use the same type and batch of culture medium and supplements (e.g., FBS and 
antibiotics) throughout the experiment. Commonly, FBS concentrations typically 
range from 5 to 20%, depending on the cell line [16]. Changes in media composition 
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can lead to variations in cell behavior. Where possible, use reagents from the same 
lot or batch. If changing batches is unavoidable, pre-test the new batch to ensure it 
produces consistent results with previous ones. Store all media and reagents under 
appropriate conditions (e.g., refrigeration for serum and room temperature for some 
buffers) to maintain their stability and effectiveness.

Adherent cell lines require specific media conditions to support their attachment, 
growth, and proliferation on a surface. Dulbecco’s Modified Eagle Medium (DMEM) 
is a widely used medium for adherent cells and is available in various formulations 
(e.g., with high or low glucose). It is suitable for a broad range of cell types and 
supports cell attachment and growth. Eagle’s Minimum Essential Medium (MEM): 
another foundational medium used for adherent cells, with variations that include 
additional nutrients or vitamins to support specific cell lines, RPMI-1640 is often 
used for adherent cells, particularly lymphoid and cancer cell lines. It contains higher 
concentrations of amino acids and vitamins compared to DMEM. To prevent con-
tamination, media may include antibiotics like penicillin and streptomycin or anti-
mycotics like amphotericin B. However, overuse of antibiotics can affect cell behavior 
and should be minimized. Media for suspended cells, also known as suspension cells, 
are designed to support cell growth and proliferation in a floating environment rather 
than adhering to the surface of a culture vessel.

3.4 Seeding density and plate layout

Standardize the number of cells seeded per well. Inconsistent seeding densities 
can lead to variability in cell confluency and affect the cells’ response to toxicants. 
Ensure even distribution of cells in each well to prevent variations in cell density 
across the plate. Randomize the placement of samples and controls across the well 
plate to minimize edge effects or any systematic errors associated with plate position-
ing [30]. A hemocytometer or an automated cell counter may be used to determine 
the concentration of cell suspension. This involves taking a small aliquot of your cell 
suspension, staining it (if necessary), and counting the cells in a defined volume [31]. 
Regularly monitor the growth of cells in different wells to ensure that they are grow-
ing uniformly. Any variations in cell density or behavior might indicate issues with 
seeding or environmental conditions. Documentation is required for seeding density, 
volumes used, and any observations about cell behavior or growth including details 
on the medium used, any supplements added, and the duration of incubation.

3.5 Compound solubility and stability

Insoluble compounds can precipitate in the culture medium, leading to uneven 
exposure of cells to the compound. This can result in inconsistent cytotoxicity across 
wells and reduce the accuracy of dose-response data. Techniques such as sonication, 
the use of solvents, like DMSO, or the addition of surfactants might help, but these 
approaches can introduce additional variables [32]. Some compounds are unstable 
and may degrade into other products during the assay. These degradation products 
might have different cytotoxic profiles than the parent compound, leading to mis-
leading results. Therefore, it is important to confirm the stability of the compound 
in the culture conditions used and consider potential metabolites that might form. 
The solvents used to dissolve poorly water-soluble compounds, such as DMSO or 
ethanol, can themselves be cytotoxic at higher concentrations [33]. It is essential to 
include vehicle controls to differentiate between the effects of the solvent and the test 
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compound. Even low concentrations of vehicles can have subtle effects on cell physi-
ology that might influence cytotoxicity.

4.  Data analysis and interpretation

4.1 Data analysis

Researchers should be cautious when interpreting cytotoxicity data, particularly 
when dealing with borderline effects. When interpreting cytotoxicity data, particularly 
in the context of biomaterial testing, researchers must navigate several complexities to 
ensure that their conclusions are both statistically valid and biologically meaningful. 
Statistical analysis is essential to determine the significance of observed effects.

Statistical significance determines whether the differences observed between experi-
mental groups (e.g., cells exposed to biomaterial extracts) and control groups are likely 
to be real or due to random chance. Without statistical analysis, one cannot confidently 
claim that an observed effect is due to the biomaterial being tested [34]. Commonly used 
tests include t-tests, which are useful for comparing the means between two groups (e.g., 
treated vs. untreated cells). ANOVA (Analysis of Variance) is commonly applied when 
comparing more than two groups or conditions. It helps determine if there are any sta-
tistically significant differences among group means. Post-hoc tests are often used after 
ANOVA to identify specifically which groups differ from each other. A p-value <0.05 is 
commonly used as a threshold for statistical significance, but this is somewhat arbitrary, 
and the context of the data should be considered. A statistically significant result means 
that the observed effect is unlikely to have occurred by chance alone, but it does not 
confirm that the effect is biologically significant [34].

4.2 Interpretation

IC50 (half-maximal inhibitory concentration) and percentage growth inhibition 
are related concepts in the context of cytotoxicity and drug efficacy studies, but they 
provide different types of information. Percentage growth inhibition gives detailed 
insights into how a substance affects cells across different concentrations, while IC50 
provides a convenient summary of its overall potency.

4.2.1 Percentage growth inhibition

Percentage growth inhibition is a measure of how much a substance (e.g., drug 
and biomaterial) inhibits the growth of cells compared to a control group. It is usually 
calculated at specific concentrations of the test substance [35]. Interpretation: 0% 
Inhibition: Indicates no effect; the cells are growing as well as in the untreated control. 
One hundred percent inhibition: Indicates complete inhibition of cell growth; the 
treated cells have no detectable viability. This metric can be used to express the extent 
of cytotoxicity or the effect of a drug at specific concentrations, allowing for com-
parison across different doses.

4.2.2 IC50

IC50 is the concentration of a substance that is required to inhibit cell growth or 
viability by 50% relative to a control [36]. It is a specific value that represents the 
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potency of a substance in terms of its ability to inhibit biological or biochemical func-
tion. IC50 is determined by plotting the percentage growth inhibition against the loga-
rithm of the concentrations of the test substance and fitting a dose-response curve 
(often a sigmoidal curve). The IC50 is the point on this curve where the inhibition is 
50%. Low IC50 value: Indicates high potency; a smaller concentration of the substance 
is needed to inhibit growth by 50%. High IC50 Value: Indicates lower potency; a higher 
concentration is needed to achieve the same level of inhibition. IC50 is a key parameter 
in pharmacology, toxicology, and material science, often used to compare the potency 
of different substances. The IC50 value is essentially derived from a dose-response 
curve that plots percentage growth inhibition against various concentrations of a 
substance [37]. Thus, percentage growth inhibition at different concentrations is the 
underlying data used to calculate IC50.

4.2.3 Selectivity index

The Selectivity Index (SI) is a critical parameter in evaluating the potential 
of a compound, especially in the field of cancer research and drug development 
[38]. The therapeutic window is the range of doses at which a compound is effec-
tive against disease cells (e.g., cancer) while having minimal toxic effects on 
healthy cells. The SI is a numerical expression of this window. High SI: Indicates a 
wide therapeutic window, meaning the compound can be administered at a dose 
that effectively kills cancer cells while sparing normal cells. This is desirable in 
anticancer therapies, as it suggests that the compound can target the cancer more 
specifically without causing significant harm to the patient’s healthy tissues. Low 
SI: Suggests a narrow therapeutic window or poor selectivity, where the compound 
could be toxic to both cancer and normal cells at similar concentrations, potentially 
leading to harmful side effects. In drug discovery, SI is used to screen and priori-
tize compounds based on their selectivity. Compounds with higher SIs are more 
likely to be selected for further development. Hence, to determine the cytotoxic 
potential of a compound, Selectivity Index (SI) is used by measuring the ratio of 
50% of the inhibitory concentration (IC50) of normal cells to the 50% of cell death 
population in cancer cells (IC50). The greater the SI value, the more selective it is. 
If the SI value is >2, the compound is considered to have selective cytotoxic activ-
ity. However, if the SI value is <2, it is considered able to give general cytotoxicity 
toward the cells.

5.  Potential future techniques to consider in laboratory testing of 
cytotoxicity

5.1 Organoids and 3D cell cultures

Organoids and 3D cell cultures represent a significant advancement in cytotoxicity 
testing. These systems create miniature, self-organizing tissues that closely mimic the 
architecture and function of actual organs. They offer enhanced physiological rel-
evance, improving the predictive power for drug responses and toxicity. Additionally, 
organoids can model specific diseases more effectively than traditional 2D cultures 
and facilitate personalized medicine by using patient-derived cells [39, 40]. However, 
establishing and maintaining these cultures can be technically challenging and may 
lead to variability between batches.
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5.2 High-content screening (HCS)

High-content screening combines automated microscopy with advanced image 
analysis to assess multiple cellular parameters simultaneously. This technique allows 
for a comprehensive analysis of various endpoints, such as cell morphology, viability, 
and apoptosis, all within the same experiment [41]. HCS enables high-throughput 
screening of large compound libraries and provides rich datasets that can reveal the 
subtle effects of cytotoxic agents on cellular processes [42]. Nevertheless, it requires a 
significant investment in equipment and expertise in data analysis.

5.3 CRISPR/Cas9 gene editing

CRISPR/Cas9 gene editing is a powerful tool for investigating the role of specific 
genes in cytotoxicity and drug resistance. By allowing precise modifications to tar-
geted genes, researchers can explore the functional consequences of these alterations 
[43]. This technology facilitates the identification of molecular pathways associated 
with toxicity, making it invaluable for drug development. However, concerns about 
off-target effects and ethical implications, particularly regarding germline editing, 
present challenges that need to be addressed.

5.4 Label-free detection

Label-free detection techniques offer an innovative approach to assessing cytotox-
icity without the need for fluorescent or radioactive labels. Methods such as electrical 
impedance and optical biosensors enable real-time monitoring of cellular responses, 
providing continuous observation of cell behavior [44]. These techniques are non-
invasive and can lead to more accurate assessments of cytotoxicity, although they 
may be less sensitive than traditionally labeled assays and often require specialized 
instrumentation [45].

5.5 Single-cell analysis techniques

Single-cell analysis techniques, such as single-cell RNA sequencing, allow 
researchers to examine individual cell responses to cytotoxic agents. This approach 
reveals variations in drug responses at the single-cell level, which is critical for 
understanding the complexities of cellular populations [46]. It also provides insights 
into unique pathways activated during cytotoxic stress, aiding in biomarker discovery. 
However, the high costs and technical complexity of single-cell technologies can limit 
their accessibility.

5.6 Omics technologies

Omics Technologies (proteomics, metabolomics, and transcriptomics) provide 
comprehensive profiles of the entire set of proteins, metabolites, or RNA in cells, 
revealing global responses to cytotoxic agents [47, 48]. These technologies offer a 
holistic view of cellular responses, integrating multiple biological layers and identify-
ing key signaling pathways affected by cytotoxicity. Despite their strengths, omics 
technologies generate large amounts of data, necessitating advanced bioinformatics 
skills for interpretation and posing challenges related to standardization.
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5.7 Microfluidics

Microfluidics leverages tiny volumes of fluids to manipulate experimental condi-
tions precisely. This technique enables high-throughput screening with minimal 
sample volumes and allows for the fine-tuning of microenvironments, enhancing the 
study of cytotoxicity [49]. Microfluidic systems also facilitate single-cell analysis by 
isolating individual cells for detailed examination. However, designing and fabricat-
ing these devices can be complex, and issues such as clogging may complicate experi-
mental setups.

5.8 Artificial intelligence (AI)

Artificial Intelligence and Machine Learning are transforming data analysis in 
cytotoxicity studies by automating the interpretation of complex datasets [50, 51]. 
These technologies enhance the ability to predict cellular responses to various com-
pounds based on historical data and can integrate diverse sources of information, 
providing a comprehensive view of cytotoxicity. Nonetheless, the effectiveness of AI 
models heavily relies on the quality and quantity of input data, and the models can 
sometimes act as “black boxes,” making it difficult to understand the rationale behind 
their predictions.

6.  Conclusion

Accurate in vitro cytotoxicity determination is essential for the early identification 
of toxic agents, the development of safe drugs, and the advancement of biomedical 
research. However, the reliability of cytotoxicity assays can be compromised by a 
range of experimental pitfalls. Through this chapter, we have emphasized the impor-
tance of careful assay selection, appropriate control implementation, and the need 
to optimize experimental conditions to ensure reproducibility and validity of results. 
Key factors such as serum interference, cell density, solvent toxicity, and compound 
aggregation must be meticulously managed to avoid generating false-positive or 
false-negative data. By acknowledging and addressing these challenges, researchers 
can significantly improve the precision of their cytotoxicity assessments. Ultimately, 
a well-designed cytotoxicity assay contributes to a more accurate evaluation of a 
compound’s safety profile, paving the way for successful translational research and 
the development of safer therapeutic agents. Adhering to best practices in cytotoxic-
ity testing will also foster consistency across studies and laboratories, enhancing the 
reliability of in vitro methodologies in toxicological assessments.
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Abstract

Seaweeds can be found in either marine or brackish water and have the potential to 
be bioactive. Seaweeds are important ecological, biological, and regenerative compo-
nents of the maritime environment. Because of their high concentration of polysac-
charides and phytochemicals, they have sparked a lot of interest in the domains of 
cosmetics, biomass for fuels, and as a source material for nanoparticle synthesis. 
Phytochemicals found in seaweeds aid in the conversion of metal ions to nanopar-
ticles, which can easily overcome the tumor micro-environment barrier and cause 
damage in cancer cells. In addition, nanotechnology-based medicine has a promising 
therapeutic effect in cancer treatment. Functionalized nanoparticles improve the 
therapeutic effects of anticancer drugs while also delivering them to the tumor site 
over time. Metal nanoparticles have sparked a lot of attention in the scientific com-
munity for their use in biomedical nanotechnology. Drug-loaded metal nanoparticles 
were more hazardous to cancer cells than bare anticancer drugs.

Keywords: marine nanotechnology, cytotoxicity, apoptosis, nanoparticles,  
bioactive compounds, seaweeds, reducing agents

1.  Introduction

In the twenty-first century, nanotechnology is widely employed globally. 
Nanotechnology has benefited several areas, including medical (health) care, bio-
logical studies, safety, and nanoelectronics [1]. Macroalgae, known for their many 
biological roles, are believed to include numerous unexplored bioactive chemical 
compounds. Seaweeds are the most abundant multicellular marine macroalgae. 
Seaweeds have a high fiber and protein content [2]. A hydrocolloid layer recognizes 
a large number of polysaccharides, including structural polysaccharides in cell walls. 
Agar and alginate for brown algae. Storage polysaccharides such as laminarin are 
found in seaweeds [3]. Nanoparticles with inherent antibacterial and anticancer-
ous capabilities, such as silver and gold, have recently been employed in medicinal 
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treatment [4–6]. Zinc oxide (ZnO) nanoparticles (NPs) are valuable metal oxides due 
to their unique chemicals. Commercial utilization for ZnO-NPs include catalysis, solar 
power cells, biological science, and the beauty sector [7]. Nanoparticle production 
has negative environmental implications, time-consuming processes, and high costs. 
Physical and chemical approaches are often associated with undesirable results [6]. 
Conventional nanoparticle synthesis procedures often result in unstable particles 
because of their high reactive and surface energy properties. Green nanoparticle 
synthesis is an eco-friendly and cost-effective solution to alleviate environmental 
contaminants [7]. “Phyconanotechnology” (PhycoNTs) is an alternate approach 
for synthesizing nanoparticles. Phyconanotechnology is the process of synthesizing 
nanomaterials from algae biomass and proteins [8]. There are several advantages 
to using seaweed to synthesize nanoparticles. Seaweed is a renewable resource that 
functions as an environmentally friendly (natural) stabilizer and reductive agent, 
minimizing the necessity of chemicals that are harsh. This technique is ecologically 
friendly, cost-effective, and scalable, making it suitable for mass production. Seaweed 
extracts contain bioactive components that enhance the unique properties of pro-
duced nanoparticles, rendering them appropriate for use in medicine, agriculture, 
environmental remediation, etc. (Figure 1) [9–11].

Cancer is among the main causes of death on the globe [12]. WHO (World 
Health Organization) and IARC (International Agency for Research on Cancer) 
have issued the most recent worldwide cancer burden estimates for around 
115 countries. According to IARC projections, the cancer burden is increasing, 
vulnerable people are particularly susceptible, and there is an urgent need to 
address cancer disparities globally. In 2022, 20 million new cancer diagnoses 
occurred, with 9.7 million deaths. More than 35 million additional cancer cases 
are projected in 2050, a 77% increase over the estimated 20 million in 2022. The 
fast-increasing worldwide cancer burden reflects both population aging and 
expansion, exposure to potentially harmful factors, and social and economic 
progress [13–15]. Current cancer strategies include postoperative treatment 
and multimodal therapy such as chemotherapy, surgery, and radiotherapy [16]. 
Chemotherapeutic agents exhibit low efficiency due to the immunosuppressive 
mechanism of cancer cells, which is the major obstacle in the development of 
nanodrug strategy. The resistance of tumor cells can overcome the anticancer 
efficacy of commercial chemotherapeutics [17, 18]. Due to a lack of public under-
standing, insufficient healthcare facilities, and limited funds, the situation could 
potentially become worse. Seaweed compounds have recently received attention 
as an advantageous resource for the synthesis of nanostructures with enhanced 
anticancer capabilities [9, 19–23].

The present review offers a comprehensive summary of the latest progress in 
understanding the cytotoxicity, or anticancer properties, of three main catego-
ries of marine macroalgae (Seaweeds): green algae (Chlorophyta), brown algae 
(Phaeophyceae), and red algae (Rhodophyta). These macroalgae have been studied in 
relation to various types of cancers, including breast, lung, pancreatic, liver, cervical, 
colorectal, gastric, leukemia, melanoma, etc. Furthermore, this paper also addresses 
future prospects and constraints in this particular area of study. A cytotoxicity test is 
a biological evaluation and screening test that employs tissue cells in vitro to observe 
the cellular growth, reproduction, and morphological impacts caused by medical 
devices [24]. Cytotoxicity is one of the most essential approaches for biological 
evaluation since it has a number of advantages, including being preferred and neces-
sary. Nanoparticle (NP) cytotoxicity testing is regarded as a vital step toward their 
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effective use in the biomedical industry. However, traditional experimental methods 
for cytotoxicity measures are frequently costly, time-consuming, and necessitate 
extensive cell culture training. Generally, seaweeds and their bioactive components 
have a broad biological application. Because of the extreme environmental circum-
stances in the marine bionetwork, marine seaweed produces a variety of bioactive 
chemicals in order to survive.

2.  Green synthesis of nanoparticles using green, brown, and red seaweeds

Macroalgae (seaweeds) may synthesize metallic nanoparticles such as silver, gold, 
platinum, iron oxide, and copper oxide. Seaweeds are an ideal alternative for biogen-
esis of nanoparticles due to their ability to gather metals and reduce ions. These “bio-
nano factories” produce metallic nanoparticles using both living and dry biomass 
(Figure 2) [25]. Recent research shows that silver can be converted into nanoparticles 

Figure 1. 
A schematic overview of seaweed primary and secondary metabolites and their potential applications as bioactive 
substances in various fields.
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by Cymodocea serrulata, Enteromorpha compressa, Cystoseira myrica, Sargassum poly-
cystum, Sargassum vulgare, Turbinaria conoides, Turbinaria ornata, Champia parvula, 
etc. [26–31]. Gold nanoparticles were synthesized using Caulerpa racemosa, Codium 
tomentosum, Gracilaria edulis, Sargassum wightii, Turbinaria conoides, Acanthophora 
spicifera, Champia parvula, Corallina officinalis, Gracilaria verrucosa, Hypnea valen-
tiae, etc. [10, 32–37]. Caulerpa sertularioides is utilized for the biosynthesis of zinc 
nanoparticles [38]. The iron nanoparticles were synthesized by Sargassum muticum, 
Spatoglossum asperum, and Dictyota dicotoma [39–41]. Magnesium oxide nanoparticles 
were also synthesized using the aqueous extract of Sargassum wightii and Cystoseira 
crinita [42, 43].

3.  Mechanism for biosynthesis of nanoparticles utilizing seaweeds

Nanoparticles can be synthesized via numerous methods, including biological, 
physical, chemical, and hybrid processes. Chemical and physical procedures are 
extensively utilized for nanoparticle manufacturing; however, their applicability is 
limited due to the use of toxic materials [5]. All forms of seaweed (green, brown, and 
red) can absorb heavy metals in higher amounts and change morphology [25]. To 
reduce toxicity during nanoparticle manufacturing, eco-friendly green technologies 
are crucial [2]. Physical parameters like pH, temperature, incubation and reaction 
time, concentration of extract (precursor) affect the formation, development, 
and stability of nanomaterials and can be altered to control particle morphologi-
cal qualities (shape and size) and prevent agglomeration [44]. Seaweeds contain 

Figure 2. 
Biosynthesis of nanoparticles using seaweeds.
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phytochemicals that reduce metal ions and stabilize and cap them [5].  
Figure 2 depicts the process of producing nanoparticles using seaweed.

4.  Biosynthesis of metal and metal oxide nanoparticles using seaweeds

4.1 Extraction methods

The first stage in nanoparticle synthesis involves extracting algae components with 
solvents. Solvent extraction was done using boiling, rotational shaking, and Soxhlet 
extraction [5, 45]. Pugazhendhi et al. [43] found that boiling was the preferred extrac-
tion method for synthesizing silver nanoparticles from Sargassum wightii. In addition, 
Silver nanoparticles were synthesized from Padina pavonica extract via Soxhlet extrac-
tion. Padina pavonica dry biomass was crushed and combined with solvent in a Soxhlet 
extractor for 20 hours [46]. A recent study employed a rotary shaker to produce cop-
per nanoparticles from the algae Bifurcaria bifurcate. A recent study employed a rotary 
shaker to produce copper nanoparticles from the algae B. bifurcate [47].

4.2 Solvents utilized

Reaction mixtures typically contain 75% solvent. Metal ions must be reduced, 
transformed, and nucleated in the liquid phase during nanoparticle production. 
Solvents remove chemicals from algae, reducing their size. The solvents employed 
in the technique will influence the size, form, and stability of the nanoparticles 
(NPs). Water is widely used for brown seaweed-mediated nanoparticle production. 
Aqueous extract can be used to produce silver (Ag), gold (Au), copper oxide (CuO), 
and zinc oxide (ZnO) NPs in an environmentally acceptable manner, according to 
studies. Metal and metal oxide nanoparticles were synthesized using alcohols such as 
methanol and ethanol, along with other solvents. According to a recent study, Padina 
pavonica ethanol extract produced silver nanoparticles that had different shapes and 
sizes, including spheres, pyramids, hexagons, and rods, with sizes ranging from 1 to 
49.5 nm. In contrast, Padina pavonica with chloroform extract manufactured spheri-
cal silver nanoparticles with an average size of 0.8 nm [46]. The study found that 
solvents play a significant role in the creation of nanoparticles, with varying mor-
phologies depending on the solvent employed for extraction.

4.3 Phytochemicals

Seaweed extract contains phytochemicals that effectively reduce metal to 
nanoparticles. Seaweed extracts contain phenols, flavonoids, alkaloids, terpenes, and 
polyphenolic derivatives like ascorbic acid and citric acid, which are effective reduc-
ing agents in NPs formation [36]. The phytochemical content in the extract varies 
between algae species, influencing nanoparticle formation, shape, size, and activity 
[48, 49]. Gracilaria edulis extract contains phenolic chemicals that reduce and synthe-
size silver nanoparticles [33]. Laminarin, a polysaccharide derived from Turbinaria 
ornata, was used to produce silver nanoparticles [31]. Sargassum muticum’s crude 
fucoidan can convert gold into nanoparticles [47]. Figure 2 shows the phytochemicals 
and extracts used to produce seaweed nanoparticles.
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5.  Factors affecting the synthesis of NPs

Factors like pH, temperature, reaction time, plant extract concentration, and 
metal ion concentration afect the seaweed-based biosynthesis of nanoparticles [27]. 
pH has an important role in the production of NPs. The pH levels of the reaction 
solution between seaweed extract and metal ions affect the production, shape, and 
stability of NPs. The formation of nucleation centers accelerates as the reaction mix-
ture’s pH rises. The creation of nucleation sites leads to increased metal transition to 
nanoparticles. Chandran et al. [39] discovered seaweed -Dictyota dichotoma produced 
iron (Fe) nanoparticles only at pH levels ranging from 7 to 10. In contrast, Namvar et 
al. [40] generated iron oxide nanoparticles using Sargassum muticum under normal 
pH conditions. Temperature is an important aspect to consider while synthesizing 
nanoparticles. Recent studies show that seaweed-assisted NPs could be generated 
at various temperatures. According to studies, nanoparticles develop more slowly 
at normal temperature than at high temperatures [29]. Ag-NPs from Sargassum 
polycystum and S. wightii formed after 24–48 hours at room temperature [29, 48]. 
Au-NPs were synthesized from Scytosiphon lomentaria under five different tempera-
ture conditions, with the greatest yield at 100°C [50]. The synthesis of seaweed NPs 
relies heavily on reaction time. Deepak et al. [48] found that Ag-NPs developed after 
24 hours of room temperature incubation in Sargassum wightii. In contrast, Sargassum 
polycystum found that silver nanoparticles can be formed over 24–48 hours [29]. 
Moreover, concentration of seaweed extract also affects the conversion of metal ions 
into NPs. A recent study found that Au-NPs could be biosynthesized with 0.5 mL 
of Lobophora variegate extract. In contrast, Dictyota dicotoma algae extract (10 mL) 
is used to manufacture FeO-NPs [39]. In addition, Salt content, that is, metal ions is 
the most crucial factor in nanoparticle production. Au-NPs were synthesized using 
Sargassum longifolium and Turbina conoides algae extracts at 20 and 10 mg/L of gold 
chloride solutions [51].

6.  Characterization of seaweed synthesized NPs

Nanoparticles are identified by their shape, size, and dispersion [41]. UV-visible 
spectroscopy was mostly used for the first confirmation of produced nanoparticles. 
The nanoparticles were analyzed using XRD to assess their crystalline structure and 
size. X-rays penetrate nanoparticles and confirm their structure by comparing the 
observed diffraction pattern to the standard (JCPDS number) [46]. FTIR was utilized 
to evaluate the available functional groups that contribute to nanoparticle formation. 
The extract and synthesized NPs were assessed independently at 4000 to 400 cm−1. 
FTIR data identifies functional chemical complexes in seaweed extract and confirms 
their role in biosynthesis for NPs [4]. FE-SEM and EDX were utilized to determine the 
elemental content and percentage of generated seaweed nanoparticles, as well as their 
surface shape [10].

7.  Anticancer activity of green synthesized nanoparticles

Nanoparticles are therapeutic compounds used to diagnose and cure cancer. 
Nanoparticles are more hazardous to cancer cells than bulk materials. Nanoparticles 
have been shown to block cancer cell progression through several signaling cascades, 
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which are crucial for cancer development and pathogenesis (Figure 3). Nanoparticles 
have no fatal effect on normal cells [34, 52].

7.1 Green seaweeds

Palaniappan et al. [34] synthesized gold nanoparticles (Au-NPs) using “sea 
grapes,” that is, Caulerpa racemosa extract, in a simple, quick, and ecologically benign 
biogenic approach. The Au-NPs demonstrated cytotoxicity against H460 (lung cancer 
cells) with an IC50 value of 25 μg/mL. Au-NPs produced from C. racemosa extract acti-
vate apoptosis through many routes, including extrinsic, intrinsic, and mitochondrial. 
Similarly, Ragunath et al. [53] generated Ag-NPs from Caulerpa racemosa and found 
dose-dependent cytotoxicity against MCF-7 (breast cancer cells), with an IC50 value 
of 38 μg/mL. Agena et al. [9] found that Caulerpa sertularioides (CSE) phytochemicals 
had a substantial impact on cell survival, apoptosis, cell cycle, and tumor invasion 
in the SKLU-1 (lung adenocarcinoma cell line), with an IC50 value of 80.28 μg/mL. 
Further, CSE reduced mitochondrial membrane potential, triggered apoptosis via 
extrinsic and intrinsic routes, elevated caspases-3 and -7, and dramatically reduced 
tumor invasion in SKLU-1 and induces biochemical and morphological alterations in 
the plasma membrane, as well as cell cycle arrest in the S, G2/M stages, etc. Nova et al. 
[52] reported the phytochemical components, antioxidant (DPPH), and anticancer 
capabilities of MCF-7 and MDA-MB-231 (breast cancer cell lines) of Chaetomorpha 
sp. Quach et al. [54] isolated sulfated galacton polysaccharides (SGP) from Codium 
geppiorum. The SGP showed substantial cytotoxic action on HT29, 8505c, and HeLa 
(colorectal adenocarcinoma, undifferentiated thyroid carcinomas, and cervical can-
cer cell lines) with IC50 values of 51.8, 89.3, and 72.2 μg/mL, respectively. Palaniappan 
et al. [28] synthesized bioactive Ag-NPs by Cymodocea serrulata. Higher temperatures 

Figure 3. 
Cytotoxicity and apoptosis processes of seaweed nanoparticles.
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resulted in maximum Ag-NPs compared to room temperature (37°C) and refrig-
erator conditions (−20°C). C. serrulata Ag-NPs exhibit significant cytotoxicity 
against A549 (human lung cancer) cells. Ramkumar et al. [30] used Enteromorpha 
compressa seaweed extract to produce biocompatible and functionalized Ag-NPs. 
The produced Ag-NPs exhibited positive cytotoxicity with EAC (Ehlrich Ascites 
Carcinoma) cells (IC50 = 95.3 μg/mL). Mohanta et al. [33] produced Ag-NPs using 
Gracilaria edulis (seaweed) and were nearly spherical in form. The DPPH, hydroxyl 
radical, ABTS, and nitric oxide radical-scavenging experiments demonstrated that 
the produced nanoparticles have substantial antioxidant capabilities. The G. edulis-
mediated Ag-NPs revealed dose-dependent cytotoxicity against MDA-MB-231 (IC50 
of 344.27 ± 2.56 μg/mL). Similarly, Akter et al. [55] previously demonstrated that 
Ag-NPs generated from G. edulis exhibited valuable cytotoxicity with MDA-MB-231 
cells (IC50 of 21.2 μg/mL). Husni et al. [56] investigated the cytotoxic activity of 
Halimeda tuna methanol crude extract against A549 cells (IC50 = 2771 μg/mL). Thanh 
et al. [45] used ultrasound to extract Ulva lactuca polysaccharides “Ulvan.” The ulvan 
has shown cytotoxic activity against five human cancer cell lines (human hepatocel-
lular carcinoma, breast cancer, cervical cancer, colorectal adenocarcinoma, and 
undifferentiated thyroid carcinoma). Furthermore, Alshehri and Panneerselvam [57] 
initially reported the manufacture of graphene oxide (GO) nanoparticles using Ulva 
lactuca. The test results reveal that the apoptotic behavior of graphene derivatives in 
the MCF-7 cell line increases with sample concentration. This research could provide 
new light on the antibacterial, antioxidant, and anticancer properties of green-
produced graphene-based compounds. Güler et al. [22] found that the ethanol extract 
of Ulva rigida had a considerable cytotoxic effect on human cervical adenocarcinoma 
(HeLa) cells (IC50 = 21 μg/mL) and modest anti-angiogenic activity (0.98 at 50 μM) 
(Table 1).

7.2 Brown seaweeds

Mohamed et al. [27] suggested an environmentally acceptable method of biosyn-
thesizing silver nanoparticles from Cystoseira myrica. Silver nanoparticles’ cytotoxicity 
against MCF-7 and HepG2 was tested at varied doses. The maximal percentage of 
viability against MCF-7 and HepG2 cell lines fell from 94.5 to 19.8 and from 78.5 to 
25.8 following time exposure, respectively. Namvar et al. [40] produced iron oxide 
(Fe3O4) nanoparticles using an aqueous extract of the brown seaweed Sargassum 
muticum. Fe3O4-NPs showed cytotoxic effects on chemotherapy-resistant ovarian 
cancer cells – A2780cp (IC50 values −250, 125, and 62.5 μg/mL for 24, 48, and 72 hours, 
respectively). In addition, Fe3O4-NPs had a substantial lethal effect on A2780cp cells 
by inducing caspase-3 and -9-dependent apoptosis (intrinsic route). Palanisamy et al. 
[29] reported that the phytochemistry profile of concentrated Sargassum polycystum 
extracts contained variable secondary metabolites (including steroid, tannin, alkaloid, 
triterpenoid, and glycoside), etc. S. polycystum extract displayed cytotoxicity against 
colon HCT-116 and lung-A549 cells (IC50 values from 21.3 to 33.4 μg/mL). Palanisamy 
et al. [29] studied the anticancer properties of fucoidan from Sargassum polycystum. S. 
polycystum “Fucoidan” inhibited MCF-7 cells at a greater rate (90.4% at 150 μg/mL and 
IC50 of 50 μg/mL). Hamouda et al. [26] found that Sargassum vulgare produced Ag-NPs. 
Ag-NPs at varying doses showed antioxidant and anticancer activity on HepG-2, HCT-
116, HeLa, and PC-3, with IC50 values of 50.4, 45.8, 78.4 and 100.3 μg/mL, respectively. 
Song et al. [59] isolated and purified 16 polysaccharide fractions (PF) from Sargassum 
horneri, Scytosiphon lomentaria, and Undaria pinnatifida. The antitumor activity of PF 
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was tested against five different tumor cell lines, including A549, B16, HeLa, HepG2, 
and SH-SY5Y; findings revealed that various PF has differential antitumor activi-
ties against tested cells. Further, PF has increased the expression of tumor signaling 
caspase-3, caspase-8, caspase-9, and Bax, while decreasing expression of Bcl-2 and 
CDK-2, according to qRT-RCR findings [59]. Pugazhendhi et al. [43] produced magne-
sium oxide nanoparticles (MgO-NPs) from the marine brown algae Sargassum wighitii. 
MgO-NPs demonstrated dose-dependent cytotoxicity against A549 cells (IC50 = 37.5 μg/
mL). Further, safety testing on peripheral blood mononuclear cells (PBMCs) revealed 
MgO-NPs to be non-toxic. Yunianta et al. [60] found that fucoidan isolated from S. 
echinocarpum was harmful to breast cancer cells (MCF-7) at 297 ppm. The extract 
caused apoptosis by 49.7, 72.0, and 89.3% after incubation for 24, 48, and 72 hours, 
respectively. Fucoidan raised MDA levels in MCF-7 cells, indicating anticancer activity 
via apoptosis-induced lipid peroxidation etc. Van Meerloo et al. [61] investigated the 
dose-dependent anticancer activity (MCF-7) of Au-NPs produced from Sargassum offi-
cinalis. Similarly, Wu et al. [62] found that fucoidans caused apoptosis in A549 cells by 
Sargassum crassifolium. Pal et al. [63] investigated the phytochemicals, antioxidants, and 
cytotoxic properties of Sargassum prismaticum in chloroform and methanol solvents. 
DPPH and ABTS assays were used to determine antioxidant activity; nevertheless, 
the methanolic extract outperformed the others. The methanolic extract showed the 
highest cell cytotoxicity (7.6 μg/mL), whereas the chloroform extract exhibited a higher 
cytotoxicity (9.6 μg/mL) against the U937 cell line. Kalaiselvi et al. [64] investigated the 
cytotoxicity of Stoechospermum marginatum ethanolic extract on HT-29 cells and found 
significant dose-dependent cytotoxicity, increased apoptotic cells, and decreased mito-
chondrial membrane potential. Further, Santhanam et al. [35] assessed the cytotoxicity 
of polysaccharides “fucoidan” isolated from Turbinaria conoides. The results revealed 
that fucoidan had a higher IC50 value for the MCF7 cell line (115.2 μg/mL) than the 
A549 cell line (396.46 μg/mL) after 24 hours of incubation. In contrast, fucoidan was 
discovered to be non-lethal to the L929 mouse fibroblast normal cell line. Similarly, 
Delma et al. [21] found that fucoidan from Turbinaria conoides reduced cell growth and 
promoted apoptosis in Mia PaCa-2 and PANC-1 human PC cell lines. At 100 g/mL, the 
extract inhibited the development of human aortic endothelial cell tubes, indicating 
substantial anti-angiogenic properties. Ermakova et al. [65] identified water-soluble 
polysaccharides from Turbinaria ornata, including laminaran, fucoidans, and ToF2. 
Polysaccharides and modified fucoidan derivatives (ToF2) were tested for anticancer 
efficacy against cancer cell lines including human colorectal, breast adenocarcinoma, 
and malignant melanoma. Fucoidan ToF2, an enzymatic hydrolysis derivative, inhib-
ited colony formation in all cancer cells examined (Table 2).

7.3 Red seaweeds

Babu et al. [10] described Au-NPs from Acanthophora spicifera. A. spicifera-Au-NPs 
showed high cytotoxicity on HT-29, with an IC50 of 21.8 μg/mL. Janani et al. [67] 
studied the liposomal formulation of aqueous extract from Amphiphora anceps, a red 
seaweed species. The anticancer efficacy was examined using A549 cells. The NHA 
suppressed the cancer cells dose-dependently, with the maximum killing rate of 92% at 
100 μg/mL. In vivo investigations in the zebrafish model revealed that Amphiroa anceps’ 
HA and NHA had no teratogenic effects. Our analysis identified NHA as a promising 
cancer inhibitor with good biocompatibility up to 100 μg/mL. Viswanathan et al. [36] 
produced silver nanoparticles from Champia parvula extract, which showed good anti-
cancer activity against A549 (IC50 = 21.5 μg/mL) and HT-29 cells (IC50 = 42.3 μg/mL). 
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El-Kassas and Mohamed [32] produced Au-NPs from the red algae Corallina officinalis. 
The Au-NPs had strong cytotoxic activity against MCF-7 cells, producing necrosis at 
high doses but having no effect at lower concentrations, as evidenced by a DNA frag-
mentation experiment. El-Rafie et al. [68] studied Digenea simplex, an Egyptian mari-
time red macroalgae, has a broad range of phytochemicals with distinct bioactivities. In 
antioxidant activity tests, D. simplex extract had IC50 values of 36.8 and 63.5% in DPPH 
and ABTS assays. This study suggests that D. simplex could enhance cytotoxic activity. 
Sudhakar et al. [69] isolated phycoerythrin pigment (PE) from Gracilaria corticata. 
PE showed significant antioxidant activity by DPPH scavenging (22.9%) and ferrous 
ion chelating capacity (26.0%). Additionally, the cytotoxicity of PE was investigated 
on SW620 and HCT-116 (colon cancer cells). The MTT experiment shows that adding 
4.8 μg of PE reduces percent cell viability (42%) after 48 hours, SW 620 cell line. In 
HCT 116 cell line, increasing the concentration of PE stimulates cell growth for 24 hours 
but results in a 39% reduction in cell growth after 48 hours with 4.8 μg of PE. Hoang et 
al. [11] studied the biomass of red algae (G. corticata, C. ocellatus, and P. perforate) from 
marine sources contains significant proximate characteristics and nutritionally relevant 
minerals (Fe, Cu, Mg, and Zn). In vitro cytotoxicity test (MTT assay) showed that red 
algae methanol extract was highly hazardous to HeLa and MCF7 cells, followed by the 
hexane extract. Sivakumar et al. [49] produced copper oxide nanoparticles (CuO-NPs) 
from Halymenia dilatata aqueous extract. The HeLa cell line demonstrated considerable 
anticancer activity (IC50 value of 147.5 μg/mL) after 48 hours of treatment. Vinosha 
et al. [70] studied the bioactive characteristics of sulfated galactan (SGP) polysaccha-
rides produced from the red macroalgae Halymenia dilatata. The isolated SGP showed 
significant cytotoxicity against MDA-MB-231 cells, with an IC50 of 75 μg/mL. Gomathy 
and Rushi [71] produced iron oxide nanoparticles (Fe3O4-NPs) from Hypnea valentiae 
and red seaweeds. Fe3O4-NPs are efficient enough against MDA-MB-231 (IC50 = 33.8 μg/
mL) and A549 cells (IC50 = 66.7 μg/mL). Further, H. valentiae-Fe3O4-NPs successfully 
cause apoptotic activity by increasing ROS (reactive oxygen species) levels. In addi-
tion, At 34 μg/mL, H. valentiae-Fe3O4-NPs demonstrated substantial anticancer action 
by downregulating AKT and PI3K expression while upregulating PTEN expression 
(RT-PCR gene expression analysis). Molecular docking of H. valentiae drugs targeting 
the AKT/PI3K pathway proteins in breast cancer with aberrant mutations yielded favor-
able binding scores. In a study by Cholaraj and Venkatachalam [20], fucoidan isolated 
from Padina boergesenii was evaluated for antioxidant and anticancer properties. The 
highest antioxidant activity was observed in DPPH (76.7%), Reducing power (66.5%), 
ABTS (70.5%), H2O2 (59.9%), Total antioxidant scavenging (TAC) 68.92% at 1000 μg/
mL with an IC50 value of 55.6, 59.7, 57.4, 64.4, 61.8 and 60.7, respectively. In addition, 
fucoidan – P. boergesenii inhibited HeLa cells by 54% at 40 μg/mL (IC50 = 38 μg/mL). 
Nikolova et al. [72] tested the anticancer potential of extracellular polysaccharide (ECP) 
obtained from Porphyridium sordidum using MCF-7 and MDA-MB231. Cell survival 
was dose and cell type dependent after 48 hours of administration. Ivanova et al. [73] 
separated extracellular polysaccharides (EPS) from Porphyridium aerugineum. P. aeru-
gineum polysaccharide showed significant ABTS radical-scavenging activity, up to 55%. 
MCF-7 cells treated with 1000 μg/mL EPS for 72 hours exhibited the strongest cytotoxic 
impact, inhibiting tumor cell multiplication by over 70%. Arsianti et al. [74] found 
triterpenoid and alkaloid metabolites in the ethanol extract of Eucheuma cottonii. In 
addition, antioxidant activity (IC50 = 559.76 μg/mL) against DPPH. While the cytotoxic-
ity test on A549 cells yielded (IC50 = 261.41 μg/mL). Kappaphycus alvarezii crude extract 
was evaluated on MCF-7 cells and administered to rats at a dose of 2000 mg/kg body 
weight for 60 days to assess chronic toxicity and heavy metal toxicity (Table 3) [19].
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8.  Conclusion

This review paper focuses on the diverse applications of metal and metal oxide 
nanoparticles generated from seaweeds. Seaweeds have attracted a lot of attention 
in nanoparticle synthesis research because of their potential applications in a variety 
of sectors, including medicine. Further, this article addresses nanoparticle forma-
tion, characterization, and application mechanisms. This report also discusses the 
extraction procedure, solvents used, phytochemicals involved, and variables affecting 
nanoparticle production. Bioactive nanoparticles derived from marine seaweeds offer 
a wide range of biological uses, the most prominent of which being drug delivery and 
cancer treatment.
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Abstract

Currently, a lot of new chemical compounds are registered in the world, some of 
them are used in various fields of medicine, pharmaceuticals or related fields. In this 
case, each of the introduced chemical compounds must be assessed toxicologically. In 
vitro cell models are used to elucidate the mechanisms of differentiation and prolifer-
ation, interaction of cells with the environment, adaptation, aging, biological activity, 
malignant transformation, for the diagnosis and treatment of hereditary diseases, and 
as test objects when testing new pharmacological substances. The review presents the 
advantages of using cell models, provides methods for studying the cytotoxic effects 
of target agents, and discusses the system for controlling the contamination of mate-
rials. In addition, the necessity to search for new cytostatics in the context of a steady 
trend of growth in new cases of cancer and the imperfections of existing anticancer 
drugs is discussed, and studies of the cytotoxicity of a number of promising tetrahy-
droisoquinolines, their structural-functional relationship, the type of triggering of 
cell death and the mechanism of manifestation of cytotoxicity are presented.

Keywords: cell models, cytotoxic effects, tetrahydroisoquinolines,  
structural-functional relationship, cytostatics

1.  Introduction

Currently, about 700 thousand new chemical compounds are registered in the 
world. Among them, an average of 15% are used in various fields of medicine, 
pharmaceuticals or related fields. According to the current situation throughout the 
world, each of the introduced chemical compounds must be assessed toxicologically. 
Methods for studying substances in vitro make it possible to solve ethical problems 



Cytotoxicity – A Crucial Toxicity Test for In Vitro Experiments

72

associated with the massive use and death of experimental animals. Also, the time 
required for preliminary research of new chemical compounds and the costs at the 
stage of their preclinical testing are significantly reduced. The main advantage of 
in vitro models is their easy reproducibility, the ability to automate and conduct 
research directly on human cells, which allows the obtained results to be interpreted 
in terms of the whole organism [1]. Cell lines are used to solve such general biological 
problems as elucidating the mechanisms of differentiation and proliferation, interac-
tion of cells with the environment, adaptation, aging, biological activity, malignant 
transformation, etc. [2, 3]. Cell culture is an integral part of tissue culture and tissue 
engineering technology because it defines the basis for growing cells and maintaining 
them in a viable state ex vivo. Cell lines are used for the diagnosis and treatment of 
hereditary diseases, and as test objects when testing new pharmacological substances. 
It has now been revealed that the response of cells that are protective in nature and 
ensure adaptation of the body to the influence of various unfavorable factors (for 
example, toxic agents) occurs through a single fundamental mechanism, which in 
turn leads to similar changes at the morphological and molecular levels [4]. The 
response mechanism is damage to cell membranes, increased peroxidation of mem-
brane lipids, suppression of the activity of a number of cellular dehydrogenases and 
glutathione metabolism enzymes. The cellular response can occur regardless of the 
chemical structure of the toxic substance and the method of assessing cytotoxicity; 
depends little on the tissue and species origin of the cultured cells [5]. This universal 
nature of stress reactions makes the use of in vitro models very promising for assess-
ing the viability and metabolic changes of cells not only when exposed to chemical 
compounds, but also identifying the influence of physical and biological factors 
(electromagnetic fields, viruses, tissue fluids of patients).

2.  Cancer cell panels

The first panel of cancer cell lines was collected and tested in 1990 at the 
National Cancer Institute 60, USA (NCI-60). It consisted of 60 cancer cell lines 
representing nine major tumor types. A few years later, the Japan Cancer Research 
Foundation developed its own panel of 39 cancer cell lines, also based on nine types 
of tumors. Although the cell culture set replicated the 30 cell lines used in NCI-60, 
it also included six types of gastric cancer cells due to the prevalence of this type of 
cancer in the Japanese. The large number of cell lines has not only contributed to the 
accumulation of a large amount of information, but has also led to confusion about 
the origin of some cell lines and the development of new analytical methodologies 
for the integration of high-throughput data. In this regard, the American Standards 
Association ASN-0002 has developed a standardized protocol and database avail-
able for searching and authenticating human cell lines with the possibility of 
specific purposes [6].

Currently, in vitro testing systems are included in the screening program of Cancer 
Chemotherapy National Service Center, USA-CCNSC, as well as National Institutes 
of Health, USA-NIH, WHO Cancer Research Centers (Belgium); The European 
Partnership for Alternative Approaches to Animal Testing-EPAA; Japanese Center 
for the Validation of Alternative Methods-JaCVAM and other countries. Since 2007, 
the Office of the National Cancer Institute (NCI) of Complementary and Alternative 
Medicine (OCCAM) together with the Cancer Institute of the Chinese Academy 
of Chinese Medical Sciences (CICACMS), as well as the Institutes of the Chinese 
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Academy of Sciences and the Chinese Medical Academy of Sciences, conducts exten-
sive screening of antitumor compounds on various sarcoma cell lines in vitro [7].

Moreover, the requirements of the legislation of these countries require the 
conduct of such studies in accordance with Good Laboratory Practice (GLP) stan-
dards [8]. GLP are the principles on the basis of which the planning and conduct 
of preclinical studies, the preparation of protocols and the preparation of research 
reports are carried out. GLP standards were first used in practice by the US Federal 
Food and Drug Administration back in the late 70s of the twentieth century [8]. 
Compliance with GLP rules ensures the reliability of research results and their 
reproducibility.

3.  Assays for studying toxicity in vitro

To identify the cytotoxic effect of biologically active substances against cell lines, 
various research methods are used. These include microscopic equipment that allows 
visual detection of morphological changes under the influence of introduced agents, 
the use of special electronic devices—a particle counter or a cell counter with radioac-
tive substances previously included in them. In addition, methods for quantifying 
total protein with incorporated chromogenic dyes or by measuring the metabolic 
activity of cellular enzymes are being actively used.

Previously, the most common test for detecting cell activity was the method of 
incorporating 3H-thymidine into cellular DNA. However, this analysis, despite its 
high sensitivity, is very labor-intensive, since it requires removal of excess unincorpo-
rated label using a certain method of cell treatment before measurement.

Another simple and accessible method is cell counting in a Goryaev chamber 
using dyes. For example, trypan blue is a dye that practically does not penetrate the 
cell membrane of intact cells [9]. An increase in the permeability of the cell mem-
brane from damage by any toxicant leads to an increase in the amount of dye that 
enters the cell and binds to the components of the cytoplasm. As marker of lysosomal 
activity method for determining cell activity is the use of a neutral red dye. This test 
was first developed by Dr. Ellen Borenfreund in 1984. In this method, living cells 
incorporate neutral red into their lysosomes and Golgi apparatus. Dying cells are 
unable to turn on neutral red. Thus, loss of neutral red uptake corresponds to loss of 
cell viability [10].

Another intravital water-soluble stain is resazurin, which has been used since 
the 1950s to assess bacterial and yeast contamination of body fluids and milk. This 
detection method is based on the ability of living cells to reduce blue non-fluorescent 
resazurin to pink fluorescent resorufin, which can be determined colorimetrically 
or fluorimetrically. Resazurin is reduced by a wide range of enzymes: mitochondrial 
dehydrogenases, cytochromes and cell cytoplasmic dehydrogenases.

In 1956, the first paper was published on the use of tetrazolium salt as an indicator 
of cell viability. The method was based on the discovery that living cells are capable 
of reducing tetrazolium salts into intensely colored formazan derivatives. This 
conversion process requires the participation of mitochondria, which are inactivated 
within a few minutes after cell death. Therefore, this method is an excellent tool 
for identifying living and dead cells. However, the use of tetrazolium salts (MTT, 
MTS) irreversibly stopped cell proliferation, since it required cell destruction for dye 
release, and thus made it impossible to extend the incubation to increase sensitiv-
ity or continue cell cultivation. All this led to the appearance of tetrazolium salts 
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with soluble reduction products (XTT-2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide and WST-2-(2-methoxy-4-nitropentyl)-3-(4-
nitropentyl)-5-(2,4-disulfophenyl)-2H-tetrazolium), which eliminated the associated 
disadvantages [11].

The sulforhodamine B (SRB) assay is used for cell density determination, based 
on the measurement of cellular protein content. After an incubation period, cell 
monolayers are fixed with 10% (wt/vol) trichloroacetic acid and stained for 30 min, 
after which the excess dye is removed by washing repeatedly with 1% (vol/vol) 
acetic acid. The protein-bound dye is dissolved in Tris base solution for OD deter-
mination at 510 nm using a microplate reader. The results are linear over a 20-fold 
range of cell numbers and the sensitivity is comparable to those of fluorometric 
methods. The SRB assay is therefore an efficient and highly cost-effective method 
for screening [12].

Basic toxic effects can also be determined using a test with the enzyme lactate 
dehydrogenase, which is a marker of membrane integrity. It is a cytosolic enzyme that 
is involved in the reversible conversion of pyruvate to lactate and is found in most 
tissues of the body. Lactate dehydrogenase is released into the culture medium from 
damage to the cytoplasmic membrane of cells [13].

For studying cytotoxic objects, a method based on double fluorescent staining 
of cells with Annexin V Alexa Fluor 488 and propidium iodide (PI) is also used to 
assess the number of living, apoptotic and late apoptotic cells. Annexin V binds 
specifically and with high affinity to phosphatidylserine appearing on the surface of 
apoptotic cells. PI penetrates only into dead cells and binds to the minor groove of 
DNA. Cells that are at a late stage of apoptosis or have already died will be positive 
for both markers (AnnV+PI+). This occurs due to the fact that membrane asym-
metry is already disrupted, starting from the early stages of apoptosis, and in the 
later stages of apoptosis, the cellular and nuclear membranes become permeable to 
DNA-binding dyes.

Various research departments are working to develop methods for assessing cell 
proliferation that combine the study of several targets simultaneously. For example, 
BioMedica has created a dual-labeled assay with EZ4U and a radioactive nucleotide. 
The method combines the thymidine and MTT methods; it does not require removing 
the culture medium before or after adding a chromogenic substrate, dissolving or 
treating the cells. The chromophore used in the analysis is non-toxic [14].

Today, the main trends in gene-directed therapy for malignant diseases include 
strategies to suppress the overexpression of oncogenes and restore the expression of 
tumor suppressor genes, including compounds of plant origin and their synthetic 
derivatives. The possibility of inhibiting gene expression was first shown in [15–17] 
and was further developed within the framework of the idea of regulating the 
expression of genes involved in carcinogenesis under the influence of antisense [18] 
and gene-targeted oligonucleotides [19]. In vitro cell models of cancer cells make it 
possible to quickly, accurately and effectively identify the target for the manifestation 
of the cytotoxic effects of the studied cytostatics.

Thus, the large number of tests currently available for high-throughput screening 
of chemical compounds is certainly not limited to the methods listed above. To select 
a particular screening method, it is necessary to take into account the possibility of 
interaction of the test compounds with components of the test kit or with cells that 
can distort data on cell viability, the sensitivity of the method, the duration and cost 
of the test.
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4.  Detection of microbiological contamination in cell cultures

The active use of cell cultures in basic research and biotechnological production 
makes it necessary to develop a system for strict control of material contamination. 
There is always a risk of contamination of the cell lines with eukaryotic cells of other 
lines, as well as microorganisms, including fungi, viruses, and bacteria. Of particular 
importance is the contamination of cells with mycoplasmas, which does not manifest 
itself visually [20–22]. Cell cultures of all types, originating from various eukaryotic 
organisms (mammals, birds, reptiles, fish, insects and plants), are susceptible to 
contamination by mycoplasmas. Mycoplasmas are the collective name for the small-
est representatives of the Mollicutes class, lacking a bacterial cell wall and capable of 
independent reproduction [23]. Contamination with mycoplasma can remain unde-
tected for a long time; changes become visible only with a high multiplicity of infec-
tion [20, 22]. The most pronounced effect of contamination is the complete loss of the 
cell line due to the growth of microorganisms and, accordingly, irreversible deteriora-
tion of the cells. Depending on the type of mycoplasma, type of cell line and culture 
conditions, a variety of cytopathic reactions can be recorded. For example, chromatin 
condensation, the appearance of “leopard” cells, the occurrence of chromosomal 
aberrations, suppression of cell division, and inhibition of cell line growth may be 
observed [24, 25]. The main reason for these changes is the interference of myco-
plasma in cellular metabolism, competitive absorption of nutritional components and 
the release of bacterial toxins, protein, DNA, and RNA degradation enzymes [20, 25].

Currently, several methods are used to detect mycoplasma infection of cells. The 
most effective way to detect mycoplasma contamination today is considered to be 
the use of polymerase chain reaction (PCR) [26, 27]. PCR options allow the detec-
tion of DNA or RNA of mycoplasmas. Oligonucleotides are usually used as primers 
to amplify variable regions of 16S rDNA or rRNA, as well as sequences of 16-23S 
intergenic regions. In some cases, with a positive PCR test of a culture analyzed for 
mycoplasma contamination, amplicon sequencing is still required for a final conclu-
sion. However, the PCR test is approved by international expert organizations, and a 
sufficient number of kits for testing cell cultures for mycoplasma are available on the 
commercial market [28]. The primers used in commercial kits are ineffective for the 
detection of extracellular vesicles, but the discovery of specific sets of DNA nucleo-
tide sequences in mycoplasma vesicles [29] opens up prospects for the development of 
PCR diagnostics for the detection of corresponding infectious agents.

In addition to PCR analysis for the detection of mycoplasmas, there are other 
methods—immunological and hybridization tests using antisera, monoclonal anti-
bodies or DNA-RNA hybridization, involving the use of probes with a radioactive or 
fluorochrome label, as well as biochemical, microscopic and some other tests [30, 31].

These methods differ in sensitivity and are also not free from the disadvantages 
inherent in other methods for detecting mycoplasma contamination.

Thus, cultivating cell lines is a very labor-intensive process that requires cleanli-
ness, attentiveness and professionalism of the working team.

5.  The problems of malignant diseases and its treatment

There is a steady upward trend in new cases of cancer throughout the world. On 
the one hand, this is explained by more effective methods of early diagnosis, and on 
the other hand, by the aging of the population, environmental and economic reasons. 
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Mortality from cancer today is in second place after cardiovascular diseases, with a 
clear tendency to outstrip the latter. According to the World Health Organization, 
in 2022, there were an estimated 20 million new cancer cases and 9.7 million deaths, 
by 2030 the number of cancer cases reported annually worldwide will exceed 22.2 
million. The estimated number of people who were alive within 5 years following a 
cancer diagnosis was 53.5 million. About 1 in 5 people develop cancer in their lifetime, 
approximately 1 in 9 men and 1 in 12 women die from the disease [32]. For long-term 
remission, timely and early diagnosis of the disease and properly selected therapy are 
extremely important.

A promising direction in cancer treatment is still the search for antitumor agents 
among plant objects. Currently, antitumor drugs used in the clinic contain Vinca rosea 
alkaloids—vinblastine, vincristine—as active components; Taxus sp. (taxanes)—
paclitaxel, docetaxel; Cólchicum speciósum—colchamine, colchicine, as well as the  
podophyllotoxins etoposide and teniposide, isolated from Podophyllum peltatum. 
The antitumor effect of these alkaloids is due to their effect on cells in the M phase of 
the cell cycle (mitosis phase). Vinblastine and colchicine bind to microtubule tubulin 
molecules, due to their pronounced affinity, and prevent its polymerization, inhibit 
spindle formation (microtubule assembly) and stop mitosis at the metaphase stage 
[33]. Taxanes, on the contrary, increase the rate and degree of tubulin polymeriza-
tion, stimulate the assembly of microtubules and prevent the depolymerization of 
this protein and the disintegration of microtubules. This process ultimately leads to 
disruption of the mitotic spindle formation process and inhibition of the cell cycle 
in G2 and M phases [34]. Widely used in clinical practice, etoposide and teniposide, 
according to their mechanism of action, are inhibitors of topoisomerases, enzymes 
involved in the process of DNA replication [35]. Despite advances in studying the 
causes and characteristics of cancer, as well as the availability of a huge number of 
chemotherapy drugs, including targeted ones, the incidence and mortality from 
cancer continue to increase. The fact is that the fundamental disadvantage of many 
chemotherapy drugs is their inability to selectively affect a malignant cell without 
affecting healthy cells of the body. Such “indiscrimination,” as well as the mechanism 
of destruction of proliferating cells, lead to the high toxicity of chemotherapy. For 
example, treatment with vincristine in cancer patients with leukemia leads to neph-
rotoxicity due to its destabilization of microtubules of nervous tissue and subsequent 
activation of glycogen synthase kinase-3 [36]. Taxane causes muscle pain in patients 
with breast and lung cancer [37]. In connection with this, the relevance of further 
search for effective and safe cytostatics is only growing.

6.  Isoquinolines and their derivatives as examples of the use of cellular 
models in in vitro cytotoxicity studies

Isoquinoline alkaloids occupy a special place among natural compounds, which 
is due to their structural diversity, high physiological activity and wide possibili-
ties for obtaining biologically active substances based on them [38–41]. Simple 
isoquinolines have hemostatic activity, bis-benzylisoquinolines have analgesic [42], 
anti-inflammatory and anticonvulsant effects [43]. Among the 1,2,3,4-tetrahy-
droisoquinoline derivatives, compounds were found that exhibit the properties of 
central nervous system depressants [44], NMDA receptor blockers [45], antidiabetic 
activity [46]. There are also α-aminohydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor antagonists [47], selective orexin-2 receptor antagonists [48] and 
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histamine H3 antagonists [49], compounds that cause bradycardia [50], as well as 
inhibitors of nitric oxide (NO) [51], serotonin uptake [49], γ-secretase [52] and 
vascular endothelial growth factor receptors (KDR) [53]. Literature data indicate 
high antibacterial activity of some tetrahydroisoquinolines. Thus, tetrahydroiso-
quinoline derivatives are highly selective against Moraxella catarrhalis, Campylobacter 
jejuni with MBC/MIC ≤4 [54], Micobacter tuberculosis [55], S. pneumoniae [56], as 
well as Staphylococcus aureus (MIC = 0.5 μg/ml), including a mecitillin-resistant strain 
[57]. Scientists from Boston’s Northeastern University have synthesized a conjugate 
of the isoquinoline alkaloid berberine with a multidrug resistance inhibitor, which, 
being absolutely non-toxic to mammalian cells, exhibits high antimicrobial activity 
in a number of gram-positive bacteria with MIC = 1.8–3.7 μg/ml [57]. 2-Aryl-3,4-
dihydroisoquinolin-2-iums were evaluated for antifungal activities in vitro against 
Alternaria alternate, Curvularia lunata and Fusarium oxysporum sp. niveum at 50 μg/
ml. The structure–activity relationship indicated that the substituent in N-aromatic 
ring and its position had significant effect on the activity. The general trend was 
that halogen atoms and CF3 remarkably enhanced the activity while CH3 and OCH3 
decreased the activity. Generally, o-substituted isomers were more active than m- 
and p-substituted isomer [58].

Using in vitro methods, it was discovered that the target of tetrahydroisoquinolines 
in M. tuberculosis H37Rv was the ATP-dependent ligase MurE, a key enzyme involved 
in the early stage of cell wall peptidoglycan biosynthesis [55].

Several tetrahydroisoquinoline analogs containing lipid-like choline moiety were 
synthesized and evaluated for their antibacterial properties by Zablotskaya et al. [59]. 
These compounds also possessed inhibitory property against DNA gyrase, a vital 
enzyme that is involved in DNA topology.

FtsZ, a crucial protein in bacterial cell division has recently become of interest 
as target for the discovery of new antibacterial treatments. Tetrahydroisoquinoline 
ET770 showed antibacterial activities as shown by MIC and MBC values against S. 
aureus ATCC 25923, Bacillus subtilis ATCC 6633, MRSA DMST 20654, and Escherichia 
coli ATCC 25922. The elongation and filamentous forming of E. coli JW0093 cells 
were observed when treated with ET770 indicating the blockage of cell division 
process. It was indicated that tetrahydroisoquinoline ET770 had ability to inhibit 
bacterial FtsZ protein [60].

The wide range of biological activity of isoquinoline bases also includes antitumor 
properties. Thus, the macrolide isoquinoline alkaloids cyclepeltin, zephyranthine and 
methyltelobin-N have pronounced cytostatic activity and inhibit the growth of cervi-
cal carcinoma cells in low concentrations [61]. Isoquinoline 5-(2,6-difluorophenyl)-
3-{[1-(methylsulfonyl)piperidin-4-yl]amino}-1H-pyrazolo[4,3-c]
isoquinoline-7-carboxamide also showed a pronounced antitumor effect against these 
cancer cells with CE50 value 259 nM.

Various derivatives have also proven effective against breast cancer [62]. 3N-(4-
methylbenzoyl) and 3K-(4-methoxybenzoyl)–derivatives of 3-benzoylamino-
6,7-dimethoxy-1-methylisoquinoline are known in the literature, which exhibit high 
cytotoxic activity against CaOV ovarian carcinoma cells. The tetrahydroisoquinoline 
alkaloid renieramycin M, isolated from the blue sponge Xestospongia sp., is active 
against H460 lung cancer cells. This alkaloid shows high cytotoxicity and antimeta-
static activity with an IC50 value of 40 μM [63]. Tetrahydroisoquinolines are also 
active against glioblastoma, the most aggressive form of brain tumor, and carcinomas. 
The substance EDL-360 (12) serves as a powerful antiglioma agent against the LN18 
cell line (IC50: 5.42 ± 0.06 μM), in which the functional group is the carbon linker 
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between the biphenyl and the tetrahydroisoquinoline ring [64]. Japanese scientists, 
studying the tumor specificity of 1,2,3,4-tetrahydroisoquinolines on oral carcinoma 
cell lines, showed that the presence of a 3,4-dimethoxybenzoyl group at position C-2 
(R3), an ethoxycarbonyl substituent at C-1 (R2) and benzyloxycarbonyl radical at 
C-2 (R3) leads to the highest cytotoxicity and tumor specificity of the compounds 
[65]. The results obtained confirm earlier studies by another Japanese scientific 
group, where it was established that the presence of alkyl substituents 1-cyclobutyl-, 
1-cyclohexyl-, 1-phenyl or 1-benzylate at the C-1 position of the isoquinoline mol-
ecule causes significant death of pheochromocytoma of the adrenal medulla PC12 
by triggering apoptosis [66]. It is interesting to note that in the literature there is 
information about tetrahydroichoisoquinolines that overcome multidrug resistance of 
tumor cells [67, 68]. The experimental antitumor drug Pixantrone (Cell Therapeutics, 
USA), marketed under the brand name Pixuvri, contains the isoquinoline derivative 
6,9-bis(2-aminoethylamino)benzoisoquinoline-5,10-dione as an active base. The 
mechanism of cytotoxic action of pixantrone is inhibition of topoisomerase II and 
DNA intercalation. The cytotoxicity of the drug is not accompanied by oxidative 
stress [69]. A distinctive feature of this antitumor agent is its slight toxic effect on 
heart tissue.

Often, semi-industrial production of biologically active substances from natural 
sources of plant or other origin is difficult due to the difficulty of purifying them 
from impurities or due to their low content. In such cases, the attention of researchers 
is drawn to the synthetic preparation of both the compound itself and its chemical 
modification aimed at enhancing physiological activity and (or) reducing side effects. 
Tetrahydroisoquinolines, whose molecules have one or more reaction centers, contain 
wide synthetic possibilities and therefore have long attracted the attention of special-
ists in the field of organic chemistry.

Thus, in a number of experiments, the in vitro cytotoxicity of three types of 
tetrahydroisoquinoline was studied: monoderivatives - synthetic derivatives of 
the alkaloids cryptostyline and salsolidine, bimolecular tetrahydroisoquinolines-
1,4-bis(6,7-dimethoxy- and 1,4-bis(6,7-methylenedioxy-1,2,3,4-tetrahydroiso-
quinolin-1-yl) alkanes and conjugates of isoquinolines and the bioflavonoid 
dihydroquercetin (DHQ ) [70, 71]. It has been established that the chemical 
cross-linking of alkaloids and amines with dihydroquercetin entails the complete 
disappearance of the cytotoxic properties of the substances, and in some cases 
leads to high proliferative activity of cancer cells. At the same time, it was found 
that the synergistic effect of individual components does not cause either prolif-
eration or suppression of the growth of cancer cells, in contrast to their synthetic 
complexes. As it turned out, the necessary conditions for the manifestation of 
cytotoxicity in monoderivatives are the presence of 2 methoxy substituents in ring 
A, a free N atom, as well as the presence of a benzene ring with methylenedioxy 
groups and halogens or a hydrophobic group at the C-1 position of tetrahydroiso-
quinoline. Moreover, the amount of (∙CH2∙) at the C-1 position of the molecule is 
also a critical indicator for cytotoxicity. So, if the IC50 value for sample (∙CH2∙)7 
was 32–42 μM on the CCRF-CEM, HEp-2, HBL-100, HeLa lines, then for tetrahy-
droisoquinoline (∙CH2∙)13 this value was 3–10.2 μM at SI > 5. As for 1,4-bis(6,7-
dimethoxy- and 1,4-bis(6,7-methylenedioxy-1,2,3,4-tetrahydroisoquinolin-1-yl)
alkanes, it was found that the introduction into the isoquinoline structure of the 
second molecule retained the high cytostatic effect of the substance and reduced 
selectivity to cancer cell lines [71]. It was determined that the sequential addition 
of ∙CH2∙ groups between tetrahydroisoquinoline molecules increases both the 
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percentage of suppression of cell growth and reduces the specificity of substances 
to cell lines. Thus, the greatest cytotoxic effect was demonstrated by bimolecular 
tetrahydroisoquinolines with (∙CH2∙)8 and (∙CH2∙)11, showing an IC50 value of 
2–4 μM and SI > 8.

Studying the mechanism of cytotoxicity of these tetrahydroisoquinolines showed 
that the derivatives caused apoptosis in cancer cells by reducing the activity of the 
Bcl-2 gene and activating the Bax gene, as well as activation of caspases 3 and 7. At 
the same time, the cytotoxicity of isoquinolines with a hydrophobic group at the 
C-1 position was accompanied by oxidative stress, but only in cancer cells, and in 
healthy cells these compounds showed antioxidant effects. It is interesting to note that 
among monoderivatives with the presence of methylenedioxy groups and halogens, 
1,4-bis(6,7-dimethoxy- and 1,4-bis(6,7-methylenedioxy-1,2,3,4-tetrahydroisoquin-
oline-1-yl)alkanes and synthetic conjugates of isoquinolines and the bioflavonoid 
DHQ, cytotoxicity was not accompanied by oxidative stress.

It has been revealed that most isoquinoline compounds affect the DNA repair 
of cancer cells [72, 73]. Thus, the authors present a wide range of isoquinolines and 
dihydroisoquinolines that inhibit polyadenosine diphosphoribose polymerase—PARP 
[74]. Suppression of the activity of this enzyme leads to the lethal outcome of a 
number of cancer cells defective in the repair of double-strand DNA breaks, which 
depends on homologous recombination and inhibitors of tubulin polymerization [75]. 
Mitogen-activated protein kinases ERK1/2 and MEK1 were identified as molecular 
targets of some tetrahydroisoquinolines in mediating NSCLC apoptosis [76]. CDKs 
(cyclin-dependent kinases) are serine/threonine kinases enzymes that play a crucial 
role in regulating eukaryotic cell cycle, apoptosis, differentiation, and transcription. 
The enzyme dihydrofolate reductase (DHFR) catalyzes the reduction of dihydrofolate 
to tetrahydrofolate, essential for DNA synthesis, cell growth, and the production of 
raw materials for cell proliferation in cancer cells. So, 5,6,7,8-(tetrahydroisoquinolin 
3-yl)thio compounds and related 6,7,8,9-tetrahyrothieno[2,3-c]isoquinolines incorpo-
rating 4-(N,N-dimethylamino) phenyl moiety showed significant inhibition of CDK2 
and DHFR enzymes [77].

Recent evidence has suggested that the poor response to the current treatment 
drugs and the ability to undergo metastasis are driven by cancer stem cells (CSCs) 
within the tumor. 5-O-acetyl-renieramycin T (marine tetrahydroisoquinoline deriva-
tive) isolated from the blue sponge Xestospongia sp. mediated lung cancer cell death 
via the induction of p53-dependent apoptosis and induced the death of CSCs as 
represented by the CSC markers CD44 and CD133, while the stem cell transcription 
factor Nanog was also found to be dramatically decreased in 5-O-acetyl-renieramycin 
T-treated cells. CSC suppression was due to the ability of the compound to deplete the 
protein kinase B (AKT) signal [78].

7.  Conclusion

Thus, in vitro cell models make it possible to conduct full tests of biologically 
active substances, study their different biological effects, identify the mechanisms of 
their action, and select the most promising samples for future in vivo studies.
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Chapter 6

Addressing Challenges in Cell 
Lysis: Effective Strategies and 
Technologies
Pragya Prakash, Shoaib Haidar and Hare Ram Singh

Abstract

Cell lysis and disruption involve breaking down cells through natural processes 
or induced damage to the outer membrane. This process can occur during apoptosis, 
which helps detoxify and clear cells. However, when extracting valuable intracellular 
products from microbial or mammalian cells, controlled lysis techniques are essential. 
Lysis and cytotoxicity can lead to loss of desired products, toxin production, and 
complications from exopolysaccharides and endotoxins. While it may aid in detoxifi-
cation when regulated, uncontrolled cytotoxicity complicates product extraction. To 
address these issues, researchers are developing novel extraction strategies tailored to 
the type of cells and the stability of the target products. Methods for cell disruption 
include physical, biological, and chemical approaches, with physical techniques often 
favoured in biological applications to enhance product recovery. The current chapter 
will provide an insight into the recent developments in the field of cell disruption, 
analysis of cell toxicity, and challenges associated with the phenomena. This chapter 
explores the various obstacles encountered in the process of cell lysis, a critical step in 
bioprocessing. This chapter delves into the underlying principles of cell lysis, exam-
ines the most common issues faced by researchers, and presents innovative strategies 
and cutting-edge technologies designed to overcome these challenges.

Keywords: cell lysis, cell disruption, cytotoxicity, intracellular products, 
exopolysaccharides

1.  Introduction

Cell lysis and cell disruption refer to the breakdown of cells by self-induction or 
induced damage to the outer membrane. The cell lysis is carried out under various 
conditions, and with time multiple techniques have been developed for cell disrup-
tion. Naturally, cell lysis occurs with the cells entering apoptosis whenever there is a 
need for detoxification and clearance of cells. However, since a number of biologi-
cal products are being produced using microbial or mammalian cells, cell lysis is 
performed to get the intracellular product in its crude form [1]. There are numerous 
challenges researchers face when moving with lysis methods and one of them is 
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cytotoxicity. Cytotoxicity is the effect of internal or external stimuli/environment 
leading to cell death [2]. The result of cytotoxicity is loss of product, production of 
toxins, and availability of exopolysaccharides and endotoxins. The cytotoxicity leads 
to multiple complications because of cellular material on availability and stability 
of the desired product. While cytotoxicity leads to clearance of toxins and when in 
controlled form is good as a natural maintenance of cellular systems, its induction 
and uncontrolled nature may lead to serious complications while extracting a desired 
product [3].

Cytotoxicity is one issue related to cell lysis while the procedures performed for 
inducing cell lysis also creates many barriers to the extraction of the desired product. 
With the development of novel strategies for the extraction of intracellular products, 
the focus has been to develop strategies keeping in mind the recovery of the desired 
product. Depending on the type and class of cells and the sensitivity, and stability 
of the material, the strategy is decided. It can be physical methods, biological, and 
chemical methods. In terms of biological applications, the physical methods for cell 
disruption are usually used [4].

2.  What is cytotoxicity?

2.1 Cytotoxicity and its prediction

Cytotoxicity refers to the quality of being toxic to cells, which can result from 
various factors, including chemical exposure, radiation, and biological agents. The 
chapter highlights the significance of studying cytotoxicity, particularly in the con-
text of cancer treatment and environmental toxicology. Understanding how different 
substances affect cell viability is crucial for developing effective therapeutic strategies 
and assessing the safety of chemicals [5].

Cytotoxicity is the adverse effects observed from reactions with internal or 
external factors such as metal ions, chemicals, phytotoxins or microbial infections. 
Once the cytotoxicity is observed the immune system responds to it by inducing 
apoptosis and clearance from the system. Depending upon how the cells are impulsive 
for cytotoxic agents, it results in a variety of prognoses. While it may induce apopto-
sis, i.e., programmed cell death, it may also induce necrosis, and as a result, cell may 
undergo lysis. As cytotoxicity is important in biological and specifically physiological 
processes, it becomes important to measure the cytotoxicity to determine its extent 
and further plan its control if needed. Cytotoxicity is measured in multiple ways and 
one of the common strategies is ATP measurement. The basic mechanism behind 
the estimation of cytotoxicity is that, due to altered cellular membranes, the cellular 
material leaks out of the cell and hence allows space for the labeling dyes to penetrate 
through. This mechanism of uptake of dyes by cells, however, can lead to inaccurate 
estimation of cytotoxicity. To overcome this, modern non-radiolabeled methods have 
been developed which act on the specific class of molecules present in both proliferat-
ing and non-proliferating cells to determine cytotoxicity.

2.2 Analysis of cytotoxicity

The analysis of cytotoxicity can be divided into several types. Some are traditional, 
while others are newly developed and focus on the evolving needs of the future.
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2.2.1 Agar overlay test

The agar overlay test is a traditionally used method to determine the toxic effects 
of various materials on living cells. It is used to test toxicity toward bacterial cells or 
any particular bacterial strain. This involves careful preparation of an extract or puri-
fied material to be tested for cytotoxicity, as the purity of the material and external 
environmental conditions may lead to false results. Also, this method cannot be used 
to determine cytotoxicity in animal cell culture and hence has limited applications [6].

2.2.2 MTT assay

The MTT assay is the most common assay to study cytotoxicity in animal cell 
culture. The MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide) is a mono-tetrazolium salt that consists of a positively charged quaternary 
tetrazole ring core containing four nitrogen atoms surrounded by three aromatic 
rings including two phenyl moieties and one thiazolyl ring. The reaction leads to 
the reduction of MTT which results in disruption of the core tetrazole ring and the 
formation of a violet-blue water-insoluble molecule called formazan. The MTT assay 
has multiple applications in cancer research and drug development. It also helps in 
the development of new cell lines and is also used for the analysis of stable cell lines. 
Adapting to modern-day research this can also be used for high-throughput screening 
applications [7].

Despite the applications, this method has many limitations, and various fac-
tors contribute to its misinterpretation of results. One of the limitations is that the 
measurement of cellular toxicity is based on the metabolic activity and not on cell 
viability, which may lead to false interpretation as the low metabolic activity cell may 
be viable. Also, the non-viable cells can be metabolically active for some or longer 
duration of time [7]. Like the agar test the MTT test is also impacted by environmen-
tal factors such as temperature, pH, osmolarity, and other than that cell density.

Since the MTT assay is not always automated, hence, there are high chances of 
manual errors while handling the cell lines, storage and preparation of reagents, delay 
time, and mechanical errors. While these errors are tough to avoid, one of the com-
mon errors that happens is the designing of experiments and protocols. It is important 
to note here that for every cell line or treatment condition, the MTT assay protocol 
changes, and hence, it is difficult to avoid inaccuracy at certain levels. However, despite 
the limitations and vulnerability, MTT assay remains a popular test of cytotoxicity due 
to its replicability, ease of doing, and cost-effectiveness [8]. However, it is needed to put 
in controls so that the impact of external factors can be minimized. Also, the automa-
tion of the MTT assay could lead to a reduction in manual and mechanical errors.

2.2.3 Cytokinesis-block micronucleus-cytome assay

This is a comprehensive method which measures cytotoxicity based on DNA 
damage. Multiple events such as binucleated cells, presence of micronuclei, chromo-
some loss, and chromosome damage are counted as scores. A ratio of binucleated and 
multinucleated cells to the necrotic and/or apoptotic cells is taken into consideration. 
More information on the DNA damage is sought using centromere or telomere 
probes. The assay is applied for analysis of in-vivo genotoxin exposure and in-vitro 
 genotoxicity test [9].
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2.2.3.1 Methodology

1. Sample preparation: Whole blood is diluted and layered over Ficoll-Paque to 
separate leukocytes. After centrifugation, the leukocyte layer is collected and 
further processed to obtain a pure lymphocyte suspension.

2. Cell culture: The isolated lymphocytes are cultured in a suitable medium, typi-
cally supplemented with fetal bovine serum (FBS). The article corrects a previ-
ous error regarding the concentration of FBS required, emphasizing the need for 
a 100% solution.

3. Cytokinesis block: A key feature of the assay is the use of cytochalasin B, which 
inhibits cytokinesis, allowing for the formation of binucleated cells. This step is 
crucial for the accurate scoring of micronuclei.

4. Slide preparation: The article details the process of cytocentrifugation to pre-
pare slides for microscopic examination. Proper slide preparation is critical for 
obtaining clear and interpretable results.

5. Staining and scoring: After air-drying and fixing the slides, cells are stained 
to visualize the micronuclei. The scoring of micronuclei is performed under 
a microscope, where the number of micronuclei per 1000 binucleated cells is 
counted. The article emphasizes the importance of maintaining consistent scor-
ing criteria to ensure reproducibility.

2.2.3.2 Applications of the CBMN assay

The CBMN assay has a wide range of applications, including:

1. Genotoxicity testing: The assay is used to evaluate the genotoxic potential of 
various substances, including pharmaceuticals, environmental pollutants, and 
dietary components.

2. Cancer research: By assessing the frequency of micronuclei in lymphocytes, re-
searchers can identify individuals at higher risk for cancer due to genetic predis-
positions or environmental exposures.

3. Radiation sensitivity: The assay can help predict individual responses to radiation 
therapy, allowing for personalized treatment plans based on a patient’s cellular 
response to DNA damage.

4. Nutrigenomics: The CBMN assay is also applied in studies examining the effects 
of dietary components on DNA integrity and repair mechanisms.

2.2.3.3 Advantages of the CBMN assay

1. Sensitivity: The assay is highly sensitive and can detect low levels of DNA dam-
age, making it suitable for biomonitoring studies.
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2. Relevance: Since lymphocytes are easily accessible and reflect systemic exposure 
to genotoxic agents, the results are relevant to human health.

3. Comprehensive assessment: The assay provides a comprehensive assessment of 
cellular responses, including cytotoxicity, cell proliferation, and DNA damage.

2.2.3.4 Challenges and considerations

1. Technical variability: The assay requires careful attention to detail in each step to 
minimize variability. Factors such as cell density, culture conditions, and stain-
ing protocols can influence results.

2. Interpretation of results: The presence of micronuclei can be influenced by vari-
ous factors, including cell cycle stage and individual genetic differences. There-
fore, results should be interpreted in the context of other biological data.

3. Ethical considerations: The use of human lymphocytes necessitates ethical con-
siderations regarding sample collection and informed consent.

The cytokinesis-block micronucleus cytome assay is a valuable method for assess-
ing DNA damage and cellular responses to genotoxic agents. The detailed protocol 
provided in the article serves as a comprehensive guide for researchers looking to 
implement this assay in their studies. By understanding the methodology, applica-
tions, and implications of the CBMN assay, scientists can contribute to advancing 
knowledge in fields such as cancer research, environmental health, and personalized 
medicine.

As research continues to evolve, the CBMN assay remains a critical tool for 
understanding the complexities of DNA damage and repair, ultimately aiding in the 
development of strategies for cancer prevention and treatment.

Apart from these tests, number of other traditional cytotoxicity assays have been 
discovered and been in use such as the chromium release test, model cavity test, 
neutral red uptake assay, and Millipore filter test (Table 1).

2.3 Cytotoxicity and cell death

Cell death is an essential biological process that occurs in a multitude of contexts, 
ranging from the development of organisms to the maintenance of tissue homeosta-
sis. Cells can cease to function in various ways, and understanding these mechanisms 
is crucial to grasping how organisms regulate life and death at the cellular level. 
Below, we explore the primary types of cell death and their implications.

2.3.1 Apoptosis (type I cell death)

Apoptosis can be likened to a graceful ballet of cellular demise, representing a 
highly regulated form of programmed cell death (PCD). This process occurs in a 
controlled manner and is independent of external stimuli, emphasizing the intrinsic 
mechanisms of cellular regulation. The initiation of apoptosis is dictated by biochem-
ical signals encoded within the cell’s DNA, which orchestrate a well-defined pathway 
leading to self-destruction [19].
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2.3.1.1 Triggers of apoptosis

The onset of apoptosis can be triggered by a variety of factors, both internal and 
external to the cell. Internal triggers may include mild cellular injury or stress, while 
external cues could involve signals related to developmental processes or the with-
drawal of survival signals. These factors signal the cell to commence the apoptotic 
process, ensuring that cellular turnover is maintained [20].

2.3.1.2 The process of apoptosis

During apoptosis, cells undergo a series of morphological changes. Initially, the 
cell will shrink and lose its characteristic shape, which is a hallmark of this process. 
The cell’s internal structure begins to break down, leading to distinct features such 
as chromatin condensation and the fragmentation of the nucleus. Ultimately, these 
changes result in the formation of apoptotic bodies, which are then phagocytosed by 
neighboring cells or immune cells, ensuring that the remnants of the dying cell are 
efficiently removed without eliciting an inflammatory response.

Method Advantages Limitations Application References

Development 
of oncolytic 
viruses

Can be used in 
immunotherapy for 
cancer treatment

Selection of oncolytic 
viruses, virus entry and 
selection

Treatment of 
cancer

[10, 11]

Foam separation Easy and simple 
downstream process

Can be used for specific 
proteins only, limits 
the use to certain 
concentrations of 
proteins

Separation of 
hydrophobic and 
thermostable 
enzymes

[12]

Ozone based 
method

Can be used for 
temperature-
sensitive proteins

Can only be used for 
bacterial and algae

Integrated process 
for detection and 
lysis of cells

[13]

Monolith 
columns

Can be used for 
large size proteins

Not suitable for small 
size proteins

Lysis of yeasts [14, 15]

Microwave Rapid and ease of 
scale-up

Not much cost effective, 
may lead to formation of 
free radicals

Can be widely 
utilized for algal 
cells

[16]

Nanoparticles 
based methods

Less toxic to the 
proteins and lipids

Specificity is higher 
as compared to 
other methods, 
and development 
and availability of 
nanoparticles is another 
issue.

Can be widely 
used in lysis of 
mammalian cells

[17]

Bacterial 
mediated

Specific and 
targeted cell lysis

Time-consuming and 
requires continuous 
monitoring of bacterial 
growth

Can be used for 
the extraction 
of temperature-
sensitive proteins

[18]

Table 1. 
Recent developments in the innovative approaches for cell lysis.
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2.3.1.3 Importance of apoptosis

Apoptosis plays a vital role in the development and maintenance of multicellular 
organisms. This process is crucial for controlled growth, proper development, and 
the ongoing turnover of cells within tissues. A classic example of apoptosis in action 
can be observed during embryonic development, where it facilitates the separation of 
digits in the developing hands and feet. By selectively eliminating cells, apoptosis con-
tributes to the formation of functional structures and helps to sculpt the organism.

2.3.1.4 Mechanisms of apoptosis

To date, two primary pathways have been identified in the process of apoptosis: 
the extrinsic pathway and the intrinsic pathway. The extrinsic pathway is activated by 
the engagement of death receptors on the cell surface, while the intrinsic pathway is 
governed by mitochondrial enzymes that play a pivotal role in the apoptotic process. 
These pathways highlight the complexity and precision with which cells regulate their 
own demise [21].

2.3.2 Autophagy (type II cell death)

Autophagy can be viewed as a form of cellular spring cleaning, where cells actively 
degrade and recycle their own components. This process involves the engulfment of 
organelles and cytoplasmic contents, which are then directed to lysosomes for deg-
radation. Depending on the context, autophagy can serve dual functions: promoting 
cell survival under nutrient-limited conditions or facilitating cell death when cellular 
damage is extensive.

2.3.2.1 The autophagic process

During autophagy, cells essentially take stock of their internal components, 
identifying worn-out organelles and misfolded proteins that require removal. This 
self-eating process not only cleans up cellular debris but also recycles essential compo-
nents to support cellular metabolism and energy production. Thus, autophagy plays a 
critical role in maintaining cellular health and homeostasis [22].

2.3.3 Necrosis (type III cell death)

Necrosis has historically been regarded as the chaotic and uncontrolled cousin of 
cell death, often resulting from acute cellular injury. However, recent research has 
illuminated specific pathways of regulated necrosis that add complexity to this pro-
cess. Unlike apoptosis, necrosis typically occurs in response to severe stress or injury, 
leading to cell swelling and eventual rupture [23].

2.3.3.1 Regulated necrosis pathways

Within the umbrella of necrosis, several distinct pathways have been identified:

• Necroptosis: This is a programmed form of necrosis that occurs when cells 
experience certain signals, often when apoptosis is inhibited. It involves 
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receptor-interacting protein kinases (RIPKs) that promote cell death in a regu-
lated manner.

• Pyroptosis: This is characterized by inflammatory cell death, primarily in 
response to infections. Pyroptosis leads to the release of pro-inflammatory 
cytokines, making it a crucial response in the immune system.

• Ferroptosis: This pathway involves iron-dependent lipid peroxidation, leading to 
cell death that is distinct from other forms of necrosis. Ferroptosis has garnered 
attention for its implications in various diseases, including cancer.

• NETosis: This is a unique form of cell death observed in neutrophils, where they 
release extracellular traps composed of DNA and antimicrobial proteins. This 
process helps to trap and eliminate pathogens but can also contribute to tissue 
damage if dysregulated.

3.  Challenges in cell lysis

3.1 Challenges in physical and chemical methods of cell lysis

Most of the bioproducts are needed to be extracted before proceeding toward 
purification. Since the products are mostly intracellular, the cell wall and/or cell 
membrane need to be ruptured for release of products in crude form. One of the 
basic methods for the rupturing of cells is physical and chemical-based methods. 
Depending upon the nature and properties of the product and its source of produc-
tion, cell lysis methods are decided. Many processes involve single-step procedures 
while others may involve a cascade of multiple procedures for efficient extraction. 
However, these methods often come with several limitations which one has to deal 
with while implying or integrating in the bioprocessing platforms.

The bead mill method is one of the oldest mechanical methods of cell disruption. 
It heavily depends on the cell type be it bacterial, yeast or plant, and the nature of 
the cell wall. It involves mild to heavy grinding of the cells. The grinding process is 
done by using microbeads, and its size and weight depend on the cell type and its 
vulnerability to disruption. One of the limitations is the heat generation process. 
As the bead size increases, the heat generation also increases which may affect the 
stability of the desired product. The limitation is backed up by poor recovery and 
poor scale-up [24].

Ultrasonication is another cell disruption method which is used for cell lysis. 
There are two ways to perform a cell lysis using sonication. One is the water bath 
method, and the other is the dip probe method. While water bath sonication is a very 
mild method of sonication, the dip probe method is a more efficient method for the 
recovery of biological products. These are mostly used for bacterial and yeast-based 
products. The method is used in combination with any other physical or chemical 
methods [1]. However, it also has serious limitations such as poor scale-up and high 
energy usage, another major limitation to this is that the process requires a separate 
area as the ultrasonic waves pose a health hazard [1].

Thermolysis and osmotic shock are the methods which do not involve mechani-
cal setup; however, these are also physical-based methods. Thermolysis involves 
the treatment of cells at high temperatures causing cell disruption. For effective 
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disruption, a cold cycle may be integrated, but this leads to limitations of poor 
recovery. One of the important things to note here is that temperature variation 
may change the properties of the desired biological product, especially in the case 
of enzymes which become highly critical. One of the lysis methods is osmotic shock 
which involves the treatment of cells with high and low-salt solutions in a disruptive 
manner. The disruption causes the development of osmotic pressure across the mem-
branes disrupting the cell membranes. This method is utilized in biopharmaceutical 
and biotechnological processes, but the yield and inefficiency serve as limitations of 
this method [25].

Chemical methods of cell lysis involve the use of detergents and enzymes for cel-
lular disruption. Chemicals such as Sodium dodecyl sulfate (SDS), TritonX-100, and 
Tween- 80, etc. are also used. The detergents interact with the receptors on the cell 
membrane and lead to membrane damage. They work by solubilizing the membrane 
proteins and thereby creating space for the release of cellular components. While the 
use of chemicals leads to issues with the recovery and stability of the desired com-
pounds, the enzymatic methods such as lysozymes and peptidases cause issues with 
the recovery of the biological products as their activity may lead to the inactivity of 
the biomolecules [26].

Another approach utilized for cell lysis is the use of solvents for extraction and cell 
disruption, while this approach is widely utilized in the case of natural products from 
plants as the cell wall has a significant resistance to the solvents. Organic solvents 
such as ether, methanol, chloroform, etc. are used. This method is accompanied by 
the limitations of product stability and additional downstream costs due to solvent 
removal and recovery steps [26].

4.  Development of innovative cell lysis approaches

To overcome the limitations of the traditional cell lysis methods, we need to focus 
on developing new roads to the development of lysis techniques.

1. Nanotechnology: The use of nanoparticles for cell lysis is a promising area of re-
search. For instance, Seo et al. [27] developed octahedral ZnFe2O4 nanoparticles 
that act as magnetic flocculants, enabling simultaneous harvesting and lysis of 
microalgal cells. These nanoparticles can be functionalized to enhance their lytic 
capabilities, allowing for targeted disruption of specific cell types.

2. Microfluidic devices: Advances in microfluidics have led to the development of 
devices that can achieve cell lysis through mechanical means. Yun et al. [28] cre-
ated a microfluidic device with ultra-sharp nano-blades that apply shear forces 
to disrupt cell membranes. This method allows for precise control over the lysis 
process and can be scaled for high-throughput applications, making it suitable 
for various research and clinical settings.

3. Molecular dynamics simulations: Capozza et al. [29] conducted in-silico studies 
to understand the behavior of cell membranes under mechanical stress. Their 
findings suggest that creating curvature in the membrane can significantly 
reduce the force required for lysis, paving the way for more efficient mechanical 
lysis techniques. This approach can inform the design of new lysis devices that 
optimize the mechanical forces applied to cells.
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4. Laser-based methods: Pulsed laser microbeam techniques have been explored 
for cell lysis, where focused laser beams induce localized heating and pressure 
changes, leading to cell disruption. This method allows for precise targeting of 
specific cells without affecting surrounding tissues, making it a valuable tool for 
applications in single-cell analysis and tissue engineering [30].

5. Acoustic lysis: This method utilizes ultrasonic waves to create cavitation bubbles 
in the surrounding medium, which collapse and generate shock waves that 
disrupt cell membranes. Acoustic lysis is effective for lysing various cell types, 
including bacteria, yeast, and mammalian cells.

Despite the advancements in cell lysis technologies, several challenges remain. 
The review identifies issues such as the need for methods that are gentle enough to 
preserve sensitive biomolecules while still being effective at lysing cells. Additionally, 
scalability and cost-effectiveness are critical factors that need to be addressed for 
widespread adoption of new technologies (Figure 1) [31].

Future research directions include:

1. Hybrid methods: The development of hybrid methods that combine physical, 
chemical, and biological approaches to achieve optimal lysis efficiency. For ex-
ample, combining enzymatic lysis with mechanical disruption could enhance the 
overall lysis process while minimizing damage to sensitive biomolecules.

2. Artificial intelligence and machine learning: There is a growing interest in ex-
ploring the use of artificial intelligence and machine learning to optimize lysis 
protocols based on specific cell types and applications. These technologies can 
analyze large datasets to identify the most effective lysis conditions, leading to 
more efficient and tailored lysis strategies.

3. Nanostructured materials: Continued research into nanostructured materials for 
cell lysis could lead to the development of new lysis agents that are more effec-
tive and selective. For instance, nanoparticles that can be targeted to specific 

Figure 1. 
Incidents that induce cell death and some of the cellular factors associated with it.
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cell types or that respond to external stimuli (e.g., light or temperature) could 
enhance the precision of lysis methods.

4. Integration with other techniques: Integrating cell lysis methods with downstream 
applications, such as nucleic acid extraction and analysis, could streamline 
workflows and improve overall efficiency. For example, developing lysis methods 
that are compatible with microfluidic platforms could facilitate the automation 
of sample processing.

Acknowledgements

We acknowledge the use of ChatGPT for language polishing of the manuscript.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Cytotoxicity – A Crucial Toxicity Test for In Vitro Experiments

98

References

[1] Gomes TA, Zanette CM, Spier MR. 
An overview of cell disruption methods 
for intracellular biomolecules recovery. 
Preparative Biochemistry and 
Biotechnology. 2020;50(7):635-654

[2] Minute L, Teijeira A, Sanchez- 
Paulete AR, Ochoa MC, Alvarez M, 
Otano I, et al. Cellular cytotoxicity 
is a form of immunogenic cell death. 
Journal for Immunotherapy of Cancer. 
2020;8(1):1-13

[3] Salih Istifli E, Basri Ila H, editors. 
Cytotoxicity - Definition, Identification, 
and Cytotoxic Compounds [Internet]. 
London, UK: IntechOpen; 2019

[4] Shehadul Islam M, Aryasomayajula A, 
Selvaganapathy PR. A review on 
macroscale and microscale cell lysis 
methods. Micromachines. 2017;8(3):83

[5] Çelik TA. Introductory chapter: 
Cytotoxicity. In: Cytotoxicity. London, 
UK: InTech; 2018

[6] Keech BH, McCaroll B, Farrow MG. 
Alternatives to polyvinyl chloride 
as the positive control material for 
tissue culture agar overlay assay. In: 
Transactions of the 9th Annual Meeting 
of the Society for Biomaterials. Vol. 69. 
Birmingham, Alabama; 1983

[7] Ghasemi M, Turnbull T, Sebastian S, 
Kempson I. The MTT assay: Utility, 
limitations, pitfalls, and interpretation 
in bulk and single-cell analysis. 
International Journal of Molecular 
Sciences. 2021;22(23):12827

[8] Carreño EA, Alberto AV, 
de Souza CA, de Mello HL, 
Henriques-Pons A, Anastacio AL. 
Considerations and technical pitfalls 
in the employment of the MTT assay 

to evaluate photosensitizers for 
photodynamic therapy. Applied Sciences. 
2021;11(6):2603

[9] Fenech M. Cytokinesis-block 
micronucleus cytome assay. Nature 
Protocols. 2007;2(5):1084-1104

[10] Hensten-Pettersen A. Comparison 
of the methods available for assessing 
cytotoxicity. International Endodontic 
Journal. 1988;21(2):89-99

[11] Abd-Aziz N, Poh CL.  
Development of oncolytic viruses for 
cancer therapy. Translational Research. 
Nov 2021;237:98-123

[12] Fang S, Huang W, Wu J, 
Han J, Wang L, Wang Y. Separation and 
purification of recombinant 
β-glucosidase with hydrophobicity and 
thermally responsive property from 
cell lysis solution by foam separation 
and further purification. Journal of 
Agricultural and Food Chemistry. 
2023;71(7):3362-3372

[13] Lee EH, Lim HJ, Son A, Chua B. 
A disposable bacterial lysis cartridge 
(BLC) suitable for an in situ water-borne 
pathogen detection system. The Analyst. 
2015;140(22):7776-7783

[14] Aly MA, Nguon O, Gauthier M, 
Yeow JT. Antibacterial porous polymeric 
monolith columns with amphiphilic 
and polycationic character on cross-
linked PMMA substrates for cell 
lysis applications. RSC Advances. 
2013;3(46):24177-24184

[15] Aly Saad Aly M, Gauthier M, Yeow J. 
On-chip cell lysis by antibacterial non-
leaching reusable quaternary ammonium 
monolithic column. Biomedical 
Microdevices. 2016;18:1-3



Addressing Challenges in Cell Lysis: Effective Strategies and Technologies
DOI: http://dx.doi.org/10.5772/intechopen.1008313

99

[16] Yun EJ, Kim HT, Cho KM, Yu S, 
Kim S, Choi IG, et al. Pretreatment and 
saccharification of red macroalgae to 
produce fermentable sugars. Bioresource 
Technology. Jan 2016;199:311-318

[17] Corredor C, Hou WC, Klein SA,  
Moghadam BY, Goryll M, Doudrick K,  
et al. Disruption of model cell 
membranes by carbon nanotubes. 
Carbon. 2013;60:67-75

[18] Wang M, Chen S, Zhou W, 
Yuan W, Wang D. Algal cell lysis by 
bacteria: A review and comparison to 
conventional methods. Algal Research. 
2020;46:101794

[19] Obeng E. Apoptosis (programmed 
cell death) and its signals—A 
review. Brazilian Journal of Biology. 
2020;81(4):1133-1143

[20] Li S, Ma Y, Ye S, Tang S, Liang N, 
Liang Y, et al. Polystyrene microplastics 
trigger hepatocyte apoptosis and 
abnormal glycolytic flux via ROS-driven 
calcium overload. Journal of Hazardous 
Materials. 2021;417:126025

[21] Ulukaya E, Acilan C, Yilmaz Y. 
Apoptosis: Why and how does it occur in 
biology? Cell Biochemistry and Function. 
2011;29(6):468-480

[22] Denton D, Kumar S. Autophagy-
dependent cell death. Cell Death and 
Differentiation. 2019;26(4):605-616

[23] Fink SL, Cookson BT. Apoptosis, 
pyroptosis, and necrosis: Mechanistic 
description of dead and dying eukaryotic 
cells. Infection and Immunity. 
2005;73(4):1907-1916

[24] Tanaka H, Ochii Y, Moroto Y,  
Hirata D, Ibaraki T, Ogawara KI. 
Optimization of milling parameters 
for low metal contamination in bead 
milling technology. BPB Reports. 
2022;5(3):45-49

[25] Koschorreck K, Wahrendorff F, 
Biemann S, Jesse A, Urlacher VB. Cell 
thermolysis—A simple and fast approach 
for isolation of bacterial laccases with 
potential to decolorize industrial dyes. 
Process Biochemistry. 2017;56:171-176

[26] Kakko N, Ivanona N, Rantasalo A. 
Cell disruption methods. In: 
CHEM-E3140 Bioprocess Technology II. 
2016. pp. 11-13

[27] Seo JY, Jeon HJ, Kim JW, 
Lee J, Oh YK, Ahn CW, et al. Simulated-
sunlight-driven cell lysis of 
magnetophoretically separated 
microalgae using ZnFe2O4 octahedrons. 
Industrial and Engineering Chemistry 
Research. 2018;57(5):1655-1661

[28] Yun SS, Yoon SY, Song MK, 
Im SH, Kim S, Lee JH, et al. Handheld 
mechanical cell lysis chip with ultra-
sharp silicon nano-blade arrays for rapid 
intracellular protein extraction. Lab on a 
Chip. 2010;10(11):1442-1446

[29] Capozza R, Caprettini V, Gonano CA, 
Bosca A, Moia F, Santoro F, et al. Cell 
membrane disruption by vertical 
micro-/nanopillars: Role of membrane 
bending and traction forces. ACS 
Applied Materials and Interfaces. 
2018;10(34):29107-29114

[30] Gazor M, Talesh SS, Kavianpour A,  
Khatami M, Javidanbardan A, 
Hosseini SN. A novel cell disruption 
approach: Effectiveness of laser-induced 
cell lysis of Pichia pastoris in the 
continuous system. Biotechnology and 
Bioprocess Engineering. 2018;23:49-54

[31] Mutafopulos K, Lu PJ, 
Garry R, Spink P, Weitz DA. Selective 
cell encapsulation, lysis, pico-injection 
and size-controlled droplet generation 
using traveling surface acoustic waves 
in a microfluidic device. Lab on a Chip. 
2020;20(21):3914-3921





101

Chapter 7

Comparative Analysis of 
Cytotoxicity Assays, from 
Traditional to Modern Approaches
Mitali Singhal, Sabita Shaha and Maria Katsikogianni

Abstract

This chapter will provide a comprehensive comparative analysis of various 
cytotoxicity assays, including traditional methods like the MTT assay and modern 
approaches such as the ATP assay and flow cytometry. Each method will be examined 
in detail, covering its principle, procedure, advantages, limitations, and specific 
applications in cytotoxicity testing. Additionally, the chapter will address the inter-
connectivity of different cell death pathways—apoptosis, autophagy, and necrosis—
and discuss how various assays can be used in combination to achieve a more accurate 
and holistic assessment of cell viability and death mechanisms. Practical guidelines 
will be provided to help researchers select the most appropriate assay based on their 
specific experimental requirements, cell types, and research objectives. By offering a 
comparative framework, this chapter aims to equip researchers with the knowledge 
needed to enhance the accuracy and reliability of their cytotoxicity assessments, 
ultimately advancing toxicological research and drug development.

Keywords: cytotoxicity assays, MTT assay, LDH assay, ATP assay, flow cytometry, cell 
viability

1.  Introduction

1.1  Overview of cytotoxicity and its importance

Cytotoxicity refers to the quality of being toxic to cells. It is a crucial parameter in 
various fields of biological research, particularly in toxicology, pharmacology, and 
biomedical sciences [1, 2]. The primary goal of cytotoxicity testing is to evaluate the 
extent to which substances such as chemicals, pharmaceutical compounds, or envi-
ronmental agents can harm or kill cells. For instance, cytotoxicity assays may produce 
variable results when applied to complex cell models like organoids, which are 
three-dimensional structures that mimic real tissue environments [3]. Cytotoxicity 
assays are used in basic research and drug discovery to identify toxic compounds on 
potential cancer therapeutics [4].
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1.2  Understanding cytotoxicity is essential for several reasons

1.2.1  Drug development and safety assessment

In the pharmaceutical industry, cytotoxicity assays are integral to the drug devel-
opment process. Assessing the cytotoxicity of potential drug candidates is a critical 
step in ensuring their safety and efficacy. They help identify potential toxic effects of 
new drug candidates early in the development pipeline, ensuring that only safe and 
effective compounds progress to clinical trials. This not only protects patients but also 
reduces the risk of costly late-stage failures.

1.2.2  Toxicological research

Cytotoxicity testing is a cornerstone of toxicological studies, which aim to 
understand the adverse effects of various substances on living organisms. By 
assessing the cytotoxic potential of chemicals, researchers can predict their impact 
on human health and the environment. This is particularly important for regula-
tory purposes, where safety standards must be met to prevent harm to humans and 
ecosystems.

1.2.3  Biomedical research and therapeutics

In the realm of biomedical research, cytotoxicity assays are used to investigate the 
mechanisms of cell death and survival. This is vital for understanding diseases char-
acterized by uncontrolled cell growth, such as cancer, or excessive cell death, as seen 
in neurodegenerative disorders. Moreover, cytotoxicity assessments are critical for 
developing and testing new therapeutic strategies, including chemotherapy, radiation 
therapy, and targeted therapies.

1.2.4  Product safety and quality control

Beyond pharmaceuticals, cytotoxicity testing is also relevant for the safety and 
quality control of various consumer products, including cosmetics, food additives, 
and household chemicals. Ensuring that these products are non-toxic to human cells 
is essential for protecting public health.

1.2.5  Environmental and occupational health

Cytotoxicity testing plays a key role in environmental and occupational health 
studies. By evaluating the toxic effects of environmental pollutants and workplace 
chemicals on cells, researchers can identify and mitigate potential health risks, lead-
ing to the implementation of safer practices and regulations.

In summary, cytotoxicity testing is a fundamental aspect of scientific research 
that bridges multiple disciplines. Its importance lies in safeguarding human health, 
advancing medical knowledge, ensuring the safety and efficacy of new drugs, and 
protecting the environment. This chapter aims to provide a comprehensive analy-
sis of various cytotoxicity assays, comparing traditional and modern approaches 
to offer researchers a robust framework for accurate and reliable cytotoxicity 
assessment.
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2.  Objective and scope of the chapter

The primary objective of this chapter is to provide a comprehensive comparative 
analysis of various cytotoxicity assays, highlighting both traditional methods and 
modern approaches. By examining the principles, procedures, advantages, limita-
tions, and specific applications of these assays, this chapter aims to equip researchers 
with the knowledge needed to select the most appropriate methods for their experi-
mental needs.

The scope of this chapter includes:

2.1  Detailed examination of cytotoxicity assays

A thorough review of traditional cytotoxicity assays includes the MTT assay, LDH 
release assay, and Trypan Blue exclusion assay. There is an exploration of modern 
cytotoxicity assays such as the ATP assay, flow cytometry, and caspase activity assays.

2.2  Comparative analysis

A comparative analysis of the different assays is carried out in terms of method-
ological differences, sensitivity, specificity, throughput, scalability, cost, resource 
requirements, data interpretation, and reproducibility.

2.3  Interconnectivity of cell death pathways

An in-depth discussion on the interconnected nature of cell death pathways 
includes apoptosis, autophagy, and necrosis. There is examination of how different 
assays can be used to assess these pathways and their interactions.

2.4  Combination of assays for enhanced accuracy

Strategies are for combining multiple assays to achieve a more comprehensive and 
accurate assessment of cell viability and death mechanisms. Case studies illustrate the 
benefits of using combined assay approaches.

2.5  Practical guidelines for researchers

Practical guidelines are to assist researchers in selecting the most appropriate 
cytotoxicity assays based on their specific experimental requirements, cell types, 
and research objectives. Best practices are carried out for assay implementation and 
troubleshooting common issues.

2.6  Future directions in cytotoxicity testing

There is an exploration of emerging technologies and innovations in cytotoxicity 
testing.

Discussion on the integration of cytotoxicity assays and their potential applica-
tions in personalized medicine. Identification of challenges and opportunities in the 
field of cytotoxicity testing.
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3.  Traditional cytotoxicity assays

(Principle, procedure, advantages, limitations, and applications in cytotoxicity 
testing).

3.1  MTT assay

The MTT assay is a colorimetric technique that measures cell metabolic activ-
ity, serving as an indicator of cell viability, proliferation, and cytotoxicity [5–7]. 
The assay is based on the reduction of the yellow tetrazolium salt (MTT) to purple 
formazan crystals by mitochondrial enzymes in viable cells, which occurs only in 
metabolically active cells. This makes the MTT assay a reliable method for assess-
ing cell viability. MTT assays play a major role to examine the cytotoxicity of a 
drug [8, 9].

The procedure involves several steps. First, cells are seeded in a 96-well plate 
and allowed to adhere overnight. They are then treated with the test substance for a 
specified period. Following this, MTT solution is added to each well and incubated, 
typically for 1–4 hours, allowing viable cells to reduce MTT to formazan. After incu-
bation, a solubilization solution, such as DMSO, is added to dissolve the formazan 
crystals. The absorbance of the resulting solution is then measured using a spec-
trophotometer at a wavelength of 570 nm, with a reference wavelength of 630 nm, 
correlating the absorbance with the number of viable cells.

The MTT assay has several advantages. It is simple and easy to perform, cost-
effective due to inexpensive materials and reagents, and provides quantitative data 
on cell viability. Its wide applicability makes it suitable for various cell types and 
conditions. However, there are some limitations. As an end-point assay, it provides 
only a single time-point measurement, limiting its use for dynamic monitoring of 
cell viability. Compounds that affect mitochondrial function can interfere with the 
results, and inefficient dissolution of formazan crystals can lead to variability in 
readings. Additionally, the MTT reagent can be toxic to cells, potentially affecting cell 
viability during long incubation periods.

Despite these limitations, the MTT assay is widely used in various applications. It 
is frequently employed in drug screening to evaluate the cytotoxic effects of new drug 
candidates on cancer and normal cell lines. Toxicological studies assess the toxicity 
of chemicals, environmental agents, and nanoparticles. In biomedical research, it is 
used to investigate cell proliferation, apoptosis, and the effects of various treatments 
on cell viability. The assay is also compatible with 96- and 384-well formats, making it 
suitable for high-throughput screening applications.

In summary, the MTT assay is a robust, reliable, and widely used method 
for assessing cell viability and cytotoxicity, despite its limitations and potential 
interferences.

3.2  LDH release assay

The LDH release assay is a widely used method for assessing cell viability and 
cytotoxicity by measuring the release of lactate dehydrogenase (LDH) from damaged 
or lysed cells [10]. LDH is a stable cytoplasmic enzyme present in all cell types, and its 
release into the culture medium is a marker of cell membrane integrity and cell death. 
The principle of the assay is based on the conversion of lactate to pyruvate by LDH, 
coupled with the reduction of a tetrazolium salt to a colored formazan product, which 
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can be quantified by measuring absorbance. It is used to assess the performance of the 
therapeutic efficacy of the ex vivo tumor models [11, 12].

The procedure involves first seeding cells in a culture plate and treating them with 
the test substance. After incubation, the supernatant containing released LDH is 
collected from each well. A reaction mixture containing lactate, NAD+, and a tetra-
zolium salt is added to the supernatant. The enzymatic reaction occurs, leading to the 
production of a colored formazan product, which is then measured using a spectro-
photometer at a wavelength of 490 nm. The intensity of the color is proportional to 
the amount of LDH released, indicating the extent of cell damage.

The LDH release assay offers several advantages. It is a simple and rapid method 
that does not require cell lysis for measurement, allowing for the assessment of cell 
viability in real time. The assay is highly sensitive and can detect low levels of cell 
damage. It is also versatile, suitable for a wide range of cell types and experimental 
conditions. However, there are some limitations to consider. The assay measures total 
LDH activity in the medium, which can be affected by factors such as serum com-
ponents and spontaneous LDH release from cells, potentially leading to background 
noise. Additionally, the assay is less specific for apoptosis compared to other methods 
that measure specific markers of cell death pathways.

Despite these limitations, the LDH release assay is extensively used in various 
applications. It is commonly employed in drug discovery and toxicology studies to 
evaluate the cytotoxic effects of compounds on different cell lines. In biomedical 
research, the assay is used to study mechanisms of cell injury and to assess the protec-
tive effects of potential therapeutic agents. The assay’s ability to provide quantitative 
and real-time data makes it a valuable tool for high-throughput screening of cytotox-
icity in a variety of experimental settings.

In summary, the LDH release assay is a reliable and efficient method for assess-
ing cell viability and cytotoxicity. Its simplicity, sensitivity, and versatility make it a 
popular choice for researchers in toxicology, pharmacology, and biomedical sciences.

3.3  Trypan Blue exclusion assay

The Trypan Blue exclusion assay is a straightforward and widely used method for 
assessing cell viability and cytotoxicity by differentiating between live and dead cells. 
The principle of this assay relies on the ability of viable cells to exclude the Trypan 
Blue dye, whereas dead or damaged cells with compromised membrane integrity take 
up the dye and appear blue under a microscope. This differential staining allows for a 
clear distinction between live (unstained) and dead (blue-stained) cells [13].

The procedure involves first seeding the cells and treating them with the test 
substance. After incubation, a small volume of cell suspension is mixed with an equal 
volume of Trypan Blue solution and incubated for a few minutes. The mixture is then 
loaded onto a hemocytometer, and the cells are observed under a light microscope. 
Viable cells exclude the dye and remain clear, while non-viable cells absorb the dye 
and appear blue. The number of stained and unstained cells is counted, and the 
percentage of viable cells is calculated [13].

The Trypan Blue exclusion assay offers several advantages. It is simple, quick, 
and inexpensive, requiring minimal specialized equipment. The procedure can be 
easily performed and interpreted, making it accessible to researchers at all levels. 
Additionally, it provides immediate results and can be used with a variety of cell 
types. However, the assay also has limitations. It is subjective and can be prone to 
operator error, as it relies on manual counting under a microscope. The assay provides 
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only a snapshot of cell viability at a single time point, and prolonged exposure to 
Trypan Blue can be toxic to cells, potentially affecting their viability.

Despite these limitations, the Trypan Blue exclusion assay is widely used in various 
applications. It is commonly employed in cell culture studies to assess cell viability 
after exposure to different treatments, such as drugs, toxins, or environmental 
stressors. The assay is also useful for routine monitoring of cell health and density 
in culture, ensuring optimal conditions for experiments. Furthermore, it serves as a 
rapid and cost-effective screening tool in preliminary cytotoxicity assessments before 
employing more sophisticated and quantitative methods.

In summary, the Trypan Blue exclusion assay is a practical and valuable method 
for evaluating cell viability and cytotoxicity. Its simplicity and ease of use make it a 
popular choice for researchers in cell biology, toxicology, and pharmacology, despite 
its inherent limitations.

4.  Modern cytotoxicity assays

4.1  ATP assay

The ATP assay is a modern and highly sensitive method for assessing cell viability 
and cytotoxicity by measuring the amount of adenosine triphosphate (ATP) present 
in metabolically active cells. The principle of this assay is based on the fact that ATP is 
a key indicator of cellular energy status and viability. When cells are alive and meta-
bolically active, they maintain high levels of ATP, whereas dead or dying cells show 
a significant reduction in ATP levels. The drop of ATP level in human blood cell is an 
indicative of high glucose [14]. The assay utilizes a luminescent reaction in which the 
enzyme luciferase catalyzes the conversion of luciferin to oxyluciferin in the presence 
of ATP, producing light. The intensity of the emitted light is directly proportional to 
the amount of ATP, and therefore, to the number of viable cells [15].

The procedure for the ATP assay involves several steps. First, cells are seeded in a 
multi-well plate and treated with the test substance. After the treatment period, an 
ATP-releasing reagent is added to lyse the cells and release their ATP content. Next, a 
luciferase-luciferin reagent is added, initiating the luminescent reaction. The plate is 
then read using a luminometer, which measures the light output. The luminescence 
data are analyzed to determine the viability of the cells, with higher luminescence 
indicating higher ATP levels and greater cell viability.

The ATP assay has several advantages. It is extremely sensitive and can detect very 
low levels of ATP, allowing for the detection of small changes in cell viability. The 
assay is also rapid and easy to perform, providing results within a short time frame. 
Additionally, it is suitable for high-throughput screening due to its compatibility 
with multi-well plate formats and automated luminometers. However, there are some 
limitations. The ATP assay can be affected by the presence of substances that interfere 
with the luciferase reaction or ATP stability. Additionally, the assay only measures 
ATP levels, which, while indicative of cell viability, do not provide information on the 
mechanisms of cell death.

Despite these limitations, the ATP assay is widely used in various applications. It is 
commonly employed in drug discovery and screening to evaluate the cytotoxic effects 
of new compounds on different cell lines. In toxicological studies, it is used to assess 
the impact of environmental toxins, chemicals, and other agents on cell viability. 
The assay is also valuable in biomedical research for investigating cellular responses 
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to different treatments and conditions. Furthermore, its high sensitivity and rapid 
results make it an excellent choice for high-throughput screening in large-scale 
studies [2].

In summary, the ATP assay is a modern, sensitive, and efficient method for assess-
ing cell viability and cytotoxicity. Its ease of use, rapid turnaround time, and compat-
ibility with high-throughput screening make it a popular choice for researchers in 
various fields, including toxicology, pharmacology, and biomedical sciences.

4.2  Flow cytometry

Flow cytometry is a sophisticated and versatile method used for assessing cell 
viability and cytotoxicity by analyzing the physical and chemical characteristics 
of cells. The principle of flow cytometry involves the suspension of cells in a fluid 
stream, which is then passed through a laser beam. As cells pass through the laser, 
they scatter light and emit fluorescence (if stained with fluorescent dyes). Detectors 
capture these signals, allowing for the measurement of various parameters such as cell 
size, granularity, and fluorescence intensity, which can indicate cell viability, apopto-
sis, and other cellular events [16].

The procedure begins with the preparation of a single-cell suspension from the 
sample, followed by staining the cells with fluorescent dyes or antibodies that target 
specific cellular components. These dyes can indicate viability, apoptosis, or necrosis 
by binding to specific markers or penetrating cells with compromised membranes. 
The stained cells are then introduced into the flow cytometer, where they pass 
through a laser beam in single file. The emitted fluorescence and scattered light are 
detected and analyzed by the flow cytometer’s software, generating data on the 
individual cells’ characteristics. Flow cytometry is widely recognized for its ability 
to distinguish cells in solutions and is most commonly used for assessing peripheral 
blood, bone marrow, and other body fluids making it a staple in clinical and research 
settings [17].

4.3  Mass cytometers

Time-of-flight mass spectrometry and flow cytometry are combined to create a 
mass cytometer. Time-of-flight mass spectrometry employs heavy metal ion-tagged 
antibodies as a substitute for fluorescently tagged antibodies for cell identification. 
Usually, these antibodies belong to the lanthanide class [18]. There are methods such 
as methods, such as cell barcoding, could be employed to do this [19]. Furthermore, 
correction is unnecessary because the chemicals used in mass cytometry do not have 
the emission spectral overlap connected to fluorescent labels and cellular autofluo-
resce signals. The sample is destroyed during analysis, making cell sorting impossible, 
and the acquisition rate is much slower than that of a typical flow cytometer (1000 
cells/second against 10,000 cells/second). Commercially available reagents currently 
cover 40 channels; however, this number will increase if more metal ions, such as 
platinum, are added for antibody conjugation [20].

4.4  Imaging flow cytometers (IFCs)

IFCs stand out by combining traditional flow cytometry with fluorescence micros-
copy. This unique blend allows for the rapid analysis of multi-parameter fluorescence 
and morphology at both the single-cell and population levels in a sample [18]. IFCs, 
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like flow cytometers, can handle large cell numbers. However, they also have the abil-
ity to monitor the distribution of proteins within individual cells, a feature akin to a 
confocal or fluorescence microscope. This unique combination of features makes IFCs 
ideal for applications such as cell signaling, co-localization studies, cell-cell interac-
tions, DNA damage and repair, and any other circumstance requiring the coordina-
tion of cellular location and fluorescence expression on a large number of cells [18].

Flow cytometry offers several advantages. It is highly sensitive and can analyze 
thousands of cells per second, providing statistically significant data from a single 
sample. The method is also capable of multi-parametric analysis, allowing researchers 
to assess multiple cellular characteristics simultaneously. Additionally, flow cytome-
try can distinguish between different cell populations within a heterogeneous sample, 
providing detailed insights into cell viability and death mechanisms. However, there 
are some limitations. The equipment is expensive and requires specialized training 
to operate. Sample preparation can be complex, and the assay requires a significant 
number of cells, which may not be available in all experiments.

Despite these limitations, flow cytometry is widely used in various applications. 
In drug discovery and toxicology, it is employed to evaluate the cytotoxic effects 
of compounds on different cell lines. The method is also valuable in immunology 
for characterizing immune cell subsets and their responses to treatments. In cancer 
research, flow cytometry is used to assess the efficacy of anticancer agents and to 
study tumor cell biology. Furthermore, it is used in clinical diagnostics to monitor 
disease progression and response to therapy in patients with conditions such as HIV 
and leukemia [21].

In summary, flow cytometry is a powerful and comprehensive method for assess-
ing cell viability and cytotoxicity. Its ability to provide detailed, multi-parametric 
data on individual cells makes it an indispensable tool for researchers in various fields, 
including toxicology, pharmacology, immunology, and clinical diagnostics.

4.5  Caspase activity assay

The caspase activity assay is a precise and sensitive method used to assess cell 
viability and cytotoxicity by measuring the activity of caspases, which are crucial 
enzymes involved in the process of apoptosis. The principle of this assay is based on 
the detection of caspase activity through specific substrates that release a fluorescent 
or colorimetric signal upon cleavage by active caspases. This signal directly correlates 
with the level of apoptosis occurring within the cell population [22]. Notably, the 
assay can involve time-resolved fluorescence based on energy transfer from euro-
pium cryptate as a donor to cross-linked allophycocyanin as an acceptor (XL665), as 
demonstrated in earlier studies [23, 24].

The procedure typically involves treating cells with the test substance to induce 
apoptosis. After treatment, cells are lysed to release intracellular components, 
including caspases. A caspase-specific substrate, which is tagged with a fluorescent 
or chromogenic group, is then added to the cell lysate. Active caspases cleave the 
substrate, releasing the fluorescent or colored signal. This signal is measured using a 
fluorometer or spectrophotometer, providing a quantitative readout of caspase activ-
ity and, consequently, the extent of apoptosis.

The caspase activity assay offers several advantages. It is highly specific and 
sensitive, allowing for the detection of low levels of apoptosis. The assay provides 
quantitative results, making it easy to compare the effects of different treatments. 
Additionally, it can distinguish between various caspases by using substrates specific 
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to individual caspase types, offering insights into the specific apoptotic pathways acti-
vated. However, the assay has limitations. It requires cell lysis, which means it cannot 
provide real-time monitoring of apoptosis in live cells. Also, the presence of inhibitors 
or interfering substances in the sample can affect the accuracy of the results.

Despite these limitations, the caspase activity assay is widely used in various 
applications. It is commonly employed in drug discovery and toxicology to evaluate 
the pro-apoptotic or anti-apoptotic effects of compounds on different cell lines. In 
cancer research, it is used to study the mechanisms of action of anticancer agents and 
to identify potential therapeutic targets. The assay is also valuable in neuroscience for 
investigating neuronal apoptosis in response to neurotoxic stimuli. Furthermore, it is 
used in immunology to study apoptosis in immune cells and understand the regula-
tion of immune responses.

In summary, the caspase activity assay is a powerful and specific method for 
assessing cell viability and cytotoxicity by measuring apoptosis. Its sensitivity, 
specificity, and quantitative nature make it an essential tool for researchers in various 
fields, including toxicology, pharmacology, cancer research, and immunology.

5.  Comparative analysis of cytotoxicity assays

Comparative analysis of cytotoxicity assays involves examining the various 
methodologies, sensitivity, specificity, throughput, scalability, cost, resource require-
ments, data interpretation, and reproducibility of different assays. Each cytotoxicity 
assay employs unique methodologies to measure cell viability and death. For instance, 
the MTT assay relies on the reduction of tetrazolium salts to formazan by metaboli-
cally active cells, while the ATP assay measures the presence of ATP as an indicator of 
viable cells. Flow cytometry analyses multiple cellular characteristics simultaneously 
by detecting light scattering and fluorescence from stained cells, and the caspase 
activity assay specifically measures apoptosis by detecting caspase enzyme activity. 
These diverse methodologies cater to different experimental needs and provide varied 
insights into cell viability and death mechanisms.

In terms of sensitivity and specificity, modern assays such as the ATP and caspase 
activity assays tend to be more sensitive and specific compared to traditional methods 
like the Trypan Blue exclusion assay. The ATP assay can detect minute changes in ATP 
levels, providing highly sensitive measurements of cell viability. The caspase activity 
assay offers high specificity by targeting specific caspase enzymes involved in apopto-
sis. Traditional assays, while reliable, may lack the sensitivity and specificity needed 
for certain applications, making modern assays more suitable for detecting subtle 
cytotoxic effects.

Throughput and scalability are crucial factors in selecting an assay, particularly 
for high-throughput screening. Modern assays such as the ATP assay and flow cytom-
etry are well-suited for high-throughput applications due to their ability to process 
numerous samples quickly and efficiently. Flow cytometry, for example, can analyze 
thousands of cells per second, making it highly scalable. In contrast, traditional 
assays such as the Trypan Blue exclusion assay and MTT assay, while straightforward 
and cost-effective, may not be as scalable for large-scale studies due to the need for 
manual counting or longer incubation times.

Cost and resource requirements vary among the assays. Traditional assays such 
as Trypan Blue and MTT are generally more cost-effective, requiring less expensive 
reagents and equipment. Modern assays, while offering higher sensitivity and 
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throughput, often require more sophisticated equipment and reagents, increasing 
the overall cost. Flow cytometry, for instance, involves high initial investment in flow 
cytometers and requires specialized training to operate. The ATP and caspase activity 
assays, though more expensive than traditional methods, provide valuable data that 
justify the higher cost in many research settings.

Data interpretation and reproducibility are essential for reliable cytotoxicity test-
ing. The simplicity of traditional assays such as the Trypan Blue exclusion assay allows 
for straightforward data interpretation, though they may be prone to operator vari-
ability. Modern assays like the ATP assay provide quantitative and easily interpretable 
results with higher reproducibility. Flow cytometry offers detailed, multi-parametric 
data, though it requires expertise in data analysis. The caspase activity assay provides 
specific insights into apoptosis, with reproducible results if performed correctly.

In summary, a comparative analysis of cytotoxicity assays highlights the strengths 
and limitations of each method. Modern assays, while more costly and complex, 
offer higher sensitivity, specificity, throughput, and scalability. Traditional assays, 
on the other hand, remain valuable for their simplicity, cost-effectiveness, and ease 
of interpretation. Researchers must consider these factors when choosing the most 
appropriate assay for their specific experimental needs.

6.  Interconnectivity of cell death pathways

6.1  Apoptosis

Apoptosis is a programmed cell death mechanism that plays a crucial role in 
maintaining tissue homeostasis and eliminating damaged or unwanted cells. The 
disappearance of crucial cells within healthy tissues gives rise to the growth, progres-
sion, and treatment outcomes of many human disorders, including neurological and 
infectious diseases as well as environmental and medical toxicities [25]. The process 
is characterized by specific morphological and biochemical changes, including cell 
shrinkage, chromatin condensation, DNA fragmentation, and membrane blebbing. 
Apoptosis is regulated by two main pathways: the intrinsic (mitochondrial) pathway 
and the extrinsic (death receptor) pathway. The intrinsic pathway is triggered by 
internal signals such as DNA damage and involves the release of cytochrome c from 
mitochondria, leading to the activation of caspase-9. The extrinsic pathway is initi-
ated by external signals binding to death receptors on the cell surface, resulting in 
the activation of caspase-8. Both pathways converge on the activation of executioner 
caspases, such as caspase-3, which carry out the dismantling of cellular components.

Key markers of apoptosis include the externalization of phosphatidylserine 
(detected by Annexin V staining), activation of caspases (measured by caspase 
activity assays), and the presence of DNA fragmentation (assessed by TUNEL assay 
or DNA laddering). Various assay methods are used to detect and quantify apopto-
sis, each targeting different aspects of the apoptotic process. Flow cytometry, for 
instance, can detect Annexin V binding and caspase activity, allowing for the analysis 
of large cell populations. The caspase activity assay specifically measures the enzy-
matic activity of caspases involved in apoptosis, providing quantitative data on the 
extent of cell death. Fluorescent and colorimetric assays, such as the TUNEL assay, 
identify DNA fragmentation, another hallmark of apoptosis.

In summary, apoptosis is a vital and tightly regulated process of programmed cell 
death with distinct mechanisms and markers. Assay methods targeting these markers 
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are essential for studying apoptosis and understanding its role in various physiologi-
cal and pathological conditions.

6.2  Autophagy

Autophagy is a catabolic process that plays a vital role in cellular homeostasis by 
degrading and recycling damaged organelles, misfolded proteins, and other intracel-
lular components. Autophagy has a wide range of physiological and pathophysiologi-
cal roles that are sometimes complex [26]. The mechanism of autophagy involves the 
formation of a double-membrane vesicle called the autophagosome, which engulfs the 
targeted cellular material. The autophagosome then fuses with a lysosome to form an 
autolysosome, where the contents are degraded by lysosomal enzymes. This process is 
regulated by a series of autophagy-related genes (ATGs) and key signaling pathways, 
such as the mTOR pathway, which inhibits autophagy in nutrient-rich conditions. 
Autophagy functionally transforms into various autophagy-mediated cell-killing 
mechanisms. For example, it can improve autophagy in disease therapy and offer a 
new perspective on tumor therapeutic treatment [27].

Key markers of autophagy include the conversion of the cytosolic protein LC3-I 
to the membrane-bound form LC3-II, which is associated with autophagosome 
formation. Another important marker is p62/SQSTM1, a protein that is selectively 
degraded during autophagy. The accumulation or reduction of these markers can be 
detected using Western blotting or immunofluorescence techniques. Additionally, the 
formation of autophagic vesicles can be visualized using electron microscopy, which 
provides detailed structural insights into the autophagic process [28, 29].

Various assay methods are employed to study autophagy. Fluorescence micros-
copy using GFP-LC3 or mCherry-LC3 fusion proteins allows for the visualization of 
autophagosome formation and dynamics in live cells. Flow cytometry can be used to 
quantify the level of autophagy by measuring the fluorescence intensity of autophagy 
markers. The use of specific inhibitors and activators of autophagy, combined with 
these detection methods, enables researchers to dissect the regulatory mechanisms 
and functional roles of autophagy in different cellular contexts.

In summary, autophagy is a crucial cellular process for maintaining homeostasis 
through the degradation and recycling of intracellular components. Key markers like 
LC3-II and p62, along with various assay methods, provide valuable tools for studying 
the mechanisms and regulation of autophagy, enhancing our understanding of its role 
in health and disease.

6.3  Necrosis

Necrosis is a form of cell death characterized by uncontrolled and detrimental 
cellular damage, often resulting from acute injury or severe stress [30, 31]. Unlike 
apoptosis, which is a programmed and regulated process, necrosis is typically associ-
ated with cellular swelling, loss of membrane integrity, and the subsequent release of 
intracellular contents into the extracellular space [32]. This uncontrolled release can 
trigger inflammatory responses and damage surrounding tissues. The mechanisms 
underlying necrosis often involve disruptions in cellular ion homeostasis, mitochon-
drial dysfunction, and oxidative stress [33].

Key markers of necrosis include the loss of plasma membrane integrity, which can 
be detected using vital dyes like Trypan blue or propidium iodide, which penetrate 
damaged cells and stain their contents. Additionally, the release of intracellular 
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enzymes, such as lactate dehydrogenase (LDH), into the extracellular medium is a 
common indicator of necrosis. LDH release assays are widely used to quantify cell 
membrane damage and assess the extent of necrotic cell death [34].

Assay methods for studying necrosis typically focus on detecting cell membrane 
integrity and measuring the release of intracellular components. The LDH release 
assay measures the activity of LDH in the culture supernatant, providing a quantitative 
assessment of necrotic cell death. Trypan Blue exclusion and propidium iodide staining 
are employed to visualize and quantify necrotic cells under a microscope. Additionally, 
assays that measure the release of other intracellular molecules, such as high mobility 
group box 1 protein (HMGB1), can provide further insights into necrotic processes.

In summary, necrosis is an uncontrolled form of cell death associated with signifi-
cant cellular and tissue damage. Key markers such as loss of membrane integrity and 
LDH release, along with various assay methods, are essential for understanding the 
mechanisms and consequences of necrosis, thereby advancing research into its role in 
disease and potential therapeutic interventions.

6.4  Cross-talk between pathways

The cross-talk between cell death pathways—apoptosis, autophagy, and necro-
sis—reveals a complex network of interactions that significantly influence cellular 
responses to stress and damage. These pathways do not operate in isolation; rather, 
they can exhibit synergistic or antagonistic interactions that impact the overall 
outcome of cytotoxicity testing. For instance, during cellular stress, apoptosis and 
autophagy can be interconnected, with autophagic activity sometimes preceding or 
facilitating apoptosis. Conversely, excessive autophagy can lead to a type of cell death 
that shares characteristics with necrosis, especially when cellular damage is severe and 
exceeds the cell’s ability to repair.

In terms of synergy, autophagy can act as a protective mechanism by removing 
damaged organelles and proteins, thereby delaying apoptosis and preventing necro-
sis. However, if the stress continues or escalates, this initially protective role can shift 
to become a contributor to cell death. On the other hand, certain conditions might 
promote necrosis when apoptosis is impaired or overwhelmed, leading to a more 
inflammatory response.

Antagonistic interactions are also evident; for example, anti-apoptotic signals can 
inhibit apoptotic pathways while simultaneously affecting autophagy. This cross-talk 
complicates the interpretation of cytotoxicity tests, as the presence of multiple cell 
death pathways and their interactions can influence the outcomes of assays and the 
effectiveness of therapeutic interventions. Understanding these interactions is crucial 
for accurate cytotoxicity testing, as it helps in predicting how cells might respond to 
various treatments and in designing more effective strategies for targeting specific 
cell death pathways in disease contexts.

Overall, the interplay between different cell death pathways underscores the 
importance of a comprehensive approach in cytotoxicity testing, considering how 
these pathways influence each other and contribute to the overall cell fate.

7.  Combining assays for enhanced assessment

Combining multiple cytotoxicity assays can provide a more comprehensive and 
nuanced understanding of cell viability and death mechanisms, overcoming the 
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limitations inherent in any single method. The rationale for using a combination of assays 
lies in the diverse nature of cell death processes and the varying insights each assay offers. 
For example, while the MTT assay measures metabolic activity, it does not distinguish 
between apoptosis and necrosis. In contrast, the caspase activity assay specifically targets 
apoptotic pathways, and the LDH release assay provides insights into membrane integrity 
and necrosis. By integrating these assays, researchers can capture a fuller picture of the 
cytotoxic effects of a compound, including its impact on different cell death pathways.

Several case studies illustrate the effectiveness of combined assay approaches. For 
instance, combining the ATP assay with flow cytometry can simultaneously provide 
quantitative data on cell viability and detailed insights into cell populations and death 
mechanisms. Another example includes using the Trypan Blue exclusion assay in 
conjunction with the LDH release assay to cross-validate results and gain a clearer 
understanding of both membrane integrity and overall cell viability. These combined 
approaches enhance the accuracy of cytotoxicity assessments and can reveal subtle 
effects that might be missed with a single assay.

When selecting assays, researchers should consider several factors to tailor their 
choice to specific experimental needs. Optimal assay selection involves evaluating the 
specific research objectives, the type of cell death being studied, and the experimental 
context. For example, if the focus is on understanding apoptotic pathways, combining 
caspase activity assays with Annexin V staining may be appropriate. If the goal is to 
assess broad cytotoxic effects and differentiate between multiple forms of cell death, 
using a combination of MTT, LDH, and flow cytometry might be more suitable.

Practical guidelines for assay selection should consider factors such as assay 
sensitivity, specificity, cost, and resource requirements. Researchers should also take 
into account the scale of their study, whether high-throughput screening is needed, 
and the type of cells being used. Customizing assay choices based on these parameters 
ensures that the selected assays align with the experimental goals and provide the 
most relevant and reliable data for interpreting cytotoxicity.

In summary, combining multiple assays offers a more comprehensive assessment 
of cytotoxicity by integrating various perspectives on cell viability and death mecha-
nisms. Effective assay selection involves careful consideration of research needs, assay 
characteristics, and practical constraints, enabling researchers to achieve accurate and 
meaningful results in their cytotoxicity studies.

8.  Best practices for assay implementation

Implementing cytotoxicity assays effectively requires adherence to best practices 
to ensure reliable and reproducible results. First and foremost, proper experimental 
design is crucial, including the use of appropriate controls, replication, and random-
ization to account for variability and minimize bias. Researchers should carefully 
select and calibrate equipment to maintain accuracy and consistency in measure-
ments. Additionally, the choice of assays should be tailored to the specific research 
objectives, considering the type of cell death being investigated and the sensitivity 
required for detection.

Standardizing sample preparation and handling procedures is another key aspect 
of best practices. Cells should be cultured under consistent conditions, and treat-
ments should be applied uniformly to avoid variability. For assays involving staining 
or labeling, it is important to follow established protocols and optimize reagent 
concentrations to achieve reliable and interpretable results.



Cytotoxicity – A Crucial Toxicity Test for In Vitro Experiments

114

Data analysis also plays a critical role in assay implementation. Employing appro-
priate statistical methods to analyze the data helps ensure that the results are statisti-
cally valid and meaningful. Researchers should also be mindful of potential sources 
of error, such as interference from assay reagents or contaminants, and take steps to 
mitigate these issues.

Finally, documenting and reporting experimental procedures and results trans-
parently is essential for reproducibility and comparison across studies. Providing 
detailed methodology and acknowledging any limitations allows for more accurate 
interpretation and facilitates the validation of findings by other researchers.

In summary, best practices for conducting cytotoxicity assays include rigorous 
experimental design, standardized procedures, accurate data analysis, and transpar-
ent reporting. Adhering to these practices enhances the reliability and reproducibility 
of results, ultimately advancing the quality and impact of cytotoxicity research.

8.1  Troubleshooting common issues

Troubleshooting common issues in cytotoxicity testing is essential for obtaining 
accurate and reliable results. One frequent problem is inconsistent or unexpected 
assay results, which can often be traced back to issues with sample preparation or 
assay execution. Ensuring that cells are cultured under optimal conditions and that 
treatments are applied uniformly can help mitigate variability. Additionally, check-
ing the expiration dates and proper storage of reagents can prevent issues related to 
reagent degradation, which may affect assay performance.

Another common issue is interference from assay reagents or contamination. To 
address this, researchers should include appropriate controls and verify that reagents 
do not interact with the assay components in unintended ways. For assays requiring 
cell staining or labeling, ensuring that the staining protocols are followed accurately 
and that cells are properly fixed or permeabilized is crucial for obtaining reliable data.

Inconsistent results can also arise from equipment malfunctions or calibration 
errors. Regular maintenance and calibration of equipment, such as spectrophotom-
eters or flow cytometers, are essential to maintain accuracy. If equipment issues are 
suspected, recalibrating or replacing faulty components may be necessary.

Additionally, troubleshooting should involve revisiting the statistical analysis 
of data. Outliers or anomalies in results might indicate issues with data handling or 
interpretation. Using appropriate statistical methods and reviewing data for consis-
tency can help identify and address these problems.

In summary, addressing common issues in cytotoxicity testing involves careful 
attention to sample preparation, reagent quality, equipment maintenance, and data 
analysis. By systematically troubleshooting these aspects, researchers can enhance 
the reliability of their cytotoxicity assessments and ensure that their findings are both 
accurate and reproducible.

9.  Future directions in cytotoxicity testing

Future directions in cytotoxicity testing are poised to be shaped by emerging 
technologies, integration with omics approaches, and advancements in personalized 
medicine. Innovations in assay technologies are continually enhancing our ability to 
evaluate cell viability and toxicity with greater precision and efficiency. New method-
ologies, such as high-content screening and organ-on-a-chip models, offer advanced 
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capabilities for assessing complex cellular responses in more physiologically relevant 
environments. These technologies enable researchers to simulate more accurately how 
cells react to various compounds, providing deeper insights into cytotoxic mecha-
nisms and improving the predictive power of assays.

The integration of cytotoxicity assays with omics approaches—such as genomics, 
proteomics, and metabolomics—holds significant promise for advancing our under-
standing of cell responses to toxic substances. By combining high-throughput omics 
data with traditional cytotoxicity assays, researchers can gain a comprehensive view 
of the molecular changes and pathways affected by toxic compounds. This integration 
can reveal novel biomarkers for toxicity, uncover new mechanisms of action, and 
facilitate more accurate risk assessments, ultimately leading to more targeted and 
effective therapeutic interventions [35].

Personalized medicine stands to benefit greatly from advancements in cytotoxicity 
testing. By tailoring cytotoxicity assays to individual patient profiles—such as genetic, 
proteomic, or metabolic characteristics—researchers can develop more personal-
ized therapeutic strategies. This approach allows for the identification of individuals 
who are most likely to respond to specific treatments or who may be at higher risk of 
adverse effects, thereby optimizing treatment efficacy and minimizing harm.

However, several challenges and opportunities lie ahead in the field of cytotoxicity 
testing. One challenge is the need for standardization and validation of new technolo-
gies to ensure their reliability and reproducibility. As assays become more sophisti-
cated, integrating them into existing regulatory frameworks and ensuring they meet 
rigorous standards will be crucial. Additionally, there is a need for interdisciplinary 
collaboration to fully realize the potential of emerging technologies and omics 
integration. Opportunities exist to leverage advancements in computational tools and 
data analytics to enhance the interpretation of complex cytotoxicity data and to drive 
innovation in assay development.

In summary, the future of cytotoxicity testing is marked by exciting advancements 
in technology and methodology, promising greater precision and relevance in toxicity 
assessments. Integrating these innovations with omics data and personalized medi-
cine approaches offers the potential for more effective and individualized therapeutic 
strategies. Addressing the challenges of standardization and validation while seizing 
opportunities for interdisciplinary collaboration will be key to advancing the field and 
improving the impact of cytotoxicity testing on health and medicine [36].

10.  Conclusions

In conclusion, this chapter has provided a thorough examination of various 
cytotoxicity assays, ranging from traditional methods like the MTT assay to modern 
approaches such as the ATP assay and flow cytometry. We explored the principles, 
procedures, advantages, limitations, and applications of each assay, highlighting 
their individual contributions to understanding cell viability and death mechanisms. 
Additionally, we addressed the interconnectivity between different cell death path-
ways and discussed how combining assays can offer a more comprehensive assess-
ment of cytotoxicity. This approach not only enhances the accuracy of results but also 
provides a more nuanced understanding of cellular responses to toxic compounds.

Accurate cytotoxicity assessment is crucial for advancing research and develop-
ment, particularly in drug discovery, toxicological evaluation, and therapeutic 
development. By employing a range of assays and integrating new technologies with 
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omics approaches, researchers can obtain a holistic view of how cells respond to 
various treatments. This comprehensive assessment is vital for identifying potential 
risks, optimizing therapeutic strategies, and ensuring the safety and efficacy of new 
compounds.

For researchers, implementing effective cytotoxicity testing strategies involves 
careful consideration of assay selection based on experimental goals, resources, and 
cell types. Combining different assays, staying abreast of emerging technologies, 
and adhering to best practices in assay implementation will significantly enhance the 
reliability and relevance of cytotoxicity assessments. It is also important to remain 
adaptable and open to integrating new methodologies and technologies that can 
provide deeper insights into cell death mechanisms and improve the overall quality of 
research outcomes.

In summary, a rigorous and multi-faceted approach to cytotoxicity testing is 
essential for advancing scientific knowledge and ensuring the safety and efficacy of 
new treatments. By leveraging a diverse array of assays and embracing emerging inno-
vations, researchers can achieve more accurate and meaningful results, ultimately 
contributing to better health outcomes and more effective therapeutic interventions.
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