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Aims and Scope of the Series
Biochemistry, the study of chemical transformations occurring within living 
organisms, impacts all of the life sciences, from molecular crystallography and 
genetics, to ecology, medicine and population biology. Biochemistry studies 
macromolecules - proteins, nucleic acids, carbohydrates and lipids –their building 
blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles 
in the life process. Biochemical experimentation, besides coopting the methods 
of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray 
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying 
and examining individual components of a biological system; in exemplary words 
of Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” 
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The 
‘big data’ metabolomics can define the complement of small molecules, e.g., in a 
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
serum; metagenomics can identify all the genes in a complex environment e.g., the 
bovine rumen.  
This Biochemistry Series will address both the current research on biomolecules, 
and the emerging trends with great promise.
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Preface

The process of growing cells outside their natural environment is called cell culture.
Besides established cell lines, the isolation and cultivation of primary cells is of
increasing interest and importance. In our days, isolating cells from their native
tissue and cultivating them in a controlled, artificial laboratory environment is the
basis for many applications and research topics. Cell culture is extensively used in
red and green biotechnology, e.g., molecular biology, tissue engineering, regenera-
tive medicine, vaccines, drug discovery, and cellular agriculture.

This book covers various aspects of cell culture technologies and provides an over-
view of using primary cells in medical, biomedical, and plant fields, while also
addressing key points in cryopreservation, recovery, and mycoplasma
contamination.

Chapter 1, “Cryopreservation and Recovery of Primary Cells: Best Practices and
Pitfalls”, addresses key issues during cryopreservation and provides guidelines for
fine-tuning protocols to maintain primary cells’ viability and functionality after
thawing. In Chapter 2, “Mycoplasma Contamination of Primary Cell Cultures”, the
serious problem of mycoplasma contamination is addressed. Various methods for
Mycoplama detection in primary cultures are discussed, and decontamination
methods are summarised. Several updated research findings follow these two general
chapters. First, Chapter 3 “Primary Cell Isolation from Solid Tissues and Current
Understanding for Their Application in Personalized Medicine and Drug
Development” provides a broad overview on how primary cells isolated from tissues
can provide more accurate and reliable information about the biology of a disease
and how this can direct personalised cancer therapy or can form the base for cell
therapies, new drug target identifications and drug developments. Then, Chapter 4
“Generation of Functional β Cells from Pluripotent Stem Cells: Advances and
Applications” provides an overview of the differentiation protocols that mimic
human embryonic pancreatic β-cell development, highlighting key signalling path-
ways and transcription factors involved as well as addressing critical challenges in
achieving full β-cell maturation, including strategies such as 3D culture, co-culture
systems, and environmental conditioning. In addition, methods for isolating and
enriching functional stem cell-derived β cells are discussed in detail. Finally, the use
of stem cell-derived β-cells in drug screening, disease modelling, and cell replace-
ment therapies for diabetes is discussed. Then, Chapter 5, “Tumor-on–a-Chip: From
Biomimetic Tumor-Immune Microenvironments to Therapeutic Insights”, discusses
one of the latest developments in cell culture: the use of organoids in combination
with microfluidic technology. The focus of this chapter is on recent advancements in
the development of tumour-on–a-chip systems and on the integration of the tumour-
immune microenvironment, with implications for cancer research and personalized
medicine. The challenges and future directions in optimizing these models to
enhance their predictive power for clinical outcomes include increasing the com-
plexity of tumour-immune interactions, improving the scalability and



reproducibility of the models, and addressing limitations in long-term culture and
physiological relevance for drug testing and personalised medicine.

Last but not least, the use of primary cells in green biotechnology is brought up. In
Chapter 6, “Isolation and Regeneration of Wheat Mesophyll Protoplasts: Using
a Short Protocol”, specific points in plant primary cell culture are addressed. Given
the importance of plant protoplasts as valuable tools for studying the fundamental
properties and functions of cells, it is of utmost importance to have a reproducible
and concise method for isolating wheat mesophyll protoplasts. This chapter provides
a method for isolating wheat mesophyll protoplasts from two spring varieties derived
from in vitro seedlings. It introduces methods to determine the concentration and
viability of freshly isolated wheat protoplasts.

In summary, this collection underscores the importance of primary cells across
different areas of research and is a valuable resource for anyone studying or
researching primary cell culture applications and techniques, offering valuable
insights into emerging trends and techniques.

Jens C. Hahne 
NIHR Biomedical Research Centre,

University of Leicester,
Leicester, UK
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Chapter 1

Cryopreservation and Recovery of 
Primary Cells: Best Practices and 
Pitfalls
Mohamed Hussein

Abstract

Preserving primary cells through cryopreservation has become an essential part 
of modern life sciences, allowing scientists to store these biologically meaningful cells 
for long periods and use them later without losing their functional value. What sets 
primary cells apart from immortalized cell lines is that they stay true to their original 
form, and they keep the same genetic makeup, physical characteristics, and biologi-
cal behavior as they had in the body. This makes them incredibly useful in areas like 
disease modeling, regenerative medicine, drug testing, and personalized treatment 
approaches. But because they have a limited ability to divide, vary from one donor 
to another, and are more fragile overall, freezing and thawing them without causing 
damage can be quite challenging. This chapter takes a closer look at how to freeze and 
store primary cells successfully. It explains why these cells matter, how cryoprotec-
tive agents (CPAs) work to shield them during freezing, and what happens inside 
the cells at the molecular level when they are exposed to ultra-low temperatures. Key 
issues like ice forming inside cells, changes in water movement, and stress from rapid 
temperature shifts are all discussed, along with how to fine-tune protocols to keep 
cells alive and functional after thawing. The chapter also touches on deeper problems, 
like damage to proteins, enzymes, and tissues, especially when working with complex 
or lab-grown structures. Overall, it offers both the science and hands-on guidance 
needed to preserve these sensitive cells effectively and reliably.

Keywords: primary cells, cryopreservation, cryoprotective agents (CPAs), intracellular 
ice formation (IIF), osmotic shock, vitrification, cell viability, cell-based therapies

1. Introduction

Cryopreservation is a technique used to preserve biological materials like cells,
tissues, or even whole organs, by cooling them to extremely low temperatures, 
typically around −196°C, using liquid nitrogen. At these temperatures, all biological 
activity comes to a complete stop, effectively putting cells into a suspended state 
[1, 2]. This allows them to be stored for extended periods without deteriorating, 
making cryopreservation a vital tool in research labs, fertility clinics, hospitals, and 
regenerative medicine programs around the world [3].

1
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Although freezing methods are well-developed for immortalized cell lines, those 
adapted to grow indefinitely in the lab, cryopreserving primary cells is far more 
complex [4]. Primary cells are directly taken from living tissues and retain the natural 
characteristics of their original environment [5]. That is exactly what makes them so 
valuable for studying human biology, disease processes, and personalized treatments. 
But because they are more fragile and have limited lifespans, they are also much 
harder to preserve without causing damage [6, 7].

A major concern when freezing primary cells is avoiding cryoinjury, damage that 
can occur during freezing or thawing [8].

This can happen in several ways: ice crystals may form inside the cell and rupture 
vital structures [9]; rapid water movement in or out of the cell can lead to osmotic 
stress or bursting [10, 11]; and the chemicals used to protect the cells during freezing, 
known as cryoprotective agents (CPAs) like DMSO, can be toxic if not used correctly 
[12, 13]. Even small mistakes, like freezing too quickly or skipping key post-thaw 
steps, can dramatically lower cell survival or impair their function [14].

To give primary cells the best chance of surviving and working as intended after 
thawing, it is crucial to follow well-established best practices [15]. This includes 
choosing the right CPA, using controlled freezing methods, thawing quickly but care-
fully, and managing cells gently after they are brought back to room temperature. Just 
as important is knowing what not to do; there are common pitfalls, such as using the 
wrong concentrations or skipping wash steps, that can undo all your efforts [16].

This chapter explores how to effectively freeze and recover primary cells, whether 
you are working in research, diagnostics, or clinical applications. It covers the basic 
science behind cryopreservation, practical steps for success, and common mistakes 
to avoid. The goal is to help scientists, lab technicians, and healthcare professionals 
preserve sensitive cells with confidence and improve the quality and consistency of 
their results.

2. What are primary cells and why do they matter?

Primary cells are freshly collected from living tissues, whether from humans, 
animals, or plants, and grown in a lab setting under carefully controlled condi-
tions. Unlike immortalized cell lines that are modified to keep dividing forever, 
primary cells remain unaltered and maintain their natural state [17, 18]. This means 
they look and behave almost exactly as they would inside the body, keeping their 
original shape, gene expression patterns, and metabolic activity. Because of this, 
they are extremely valuable in research, offering a more accurate picture of how 
real cells function in living organisms. The trade-off, however, is that primary cells 
are more fragile and do not survive as long in culture, so they need more attention 
and careful handling [19].

2.1 Primary cells: Defining features, benefits, and practical constraints

Primary cells are harvested directly from donor tissue with minimal ex-vivo 
manipulation, so they preserve their native genotype, phenotype, and functional 
markers, giving them unrivaled physiological relevance for translational and per-
sonalized studies. That same provenance imposes several practical constraints: their 
proliferative window is short (typically ~5–15 passages before senescence), every 
donor introduces inherent batch-to-batch variability, and strict ethical and biosafety 
2
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rules require documented consent and rigorous screening [20]. Because they divide 
slowly and cannot be expanded indefinitely, experimental throughput is lower and 
per-sample cost higher than with immortalized lines; yet their limited lifespan also 
curbs long-term genetic drift, ensuring a genomic profile that mirrors the in-vivo state 
[21]. Taken together, high physiological fidelity, finite lifespan, donor-dependent 
heterogeneity, ethical oversight, and higher cost, these features define primary cells as 
the gold standard whenever in-vivo-like responses matter more than the convenience 
of unlimited proliferation (Figure 1) [22].

2.2 �Cryopreservation: A foundational tool for biobanking, research, and 
regenerative therapy

Cryopreservation is a cornerstone technique in modern biological and medical 
sciences, enabling the long-term storage of living cells, tissues, and other biological 
materials at ultra-low temperatures, typically using liquid nitrogen at −196°C [23]. 
The fundamental objective of cryopreservation is to suspend all cellular metabolic 
and enzymatic activity without causing irreversible structural or functional damage 
[24]. This has become indispensable in various domains such as biobanking, clinical 
research, regenerative medicine, and personalized therapy. By preserving viable cells 
and tissues, researchers and clinicians can perform retrospective studies, maintain 
genetic consistency in longitudinal experiments, and develop new therapies with 
minimized resource constraints (Figure 2) [25].

2.3 The clinical and research utility of cryopreserved biological samples

i.	Cryopreservation plays a central role in biobanking, allowing biological sam-
ples like blood, tissue, DNA, RNA, and live cells to be stored for the long term. 
These collections are crucial for research that translates into clinical practice, 
large-scale epidemiological studies, and ongoing public health monitoring [26]. 
Cryopreservation is especially important in rare disease research, where every 
sample might represent a unique genetic or clinical profile that is nearly impos-
sible to replace [27].

Figure 1. 
Biological profile: cellular, physiological, phenotypic, and intrinsic characteristics.
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ii.	In personalized medicine, cryopreservation allows clinicians and researchers 
to save patient-specific samples for future use in tailored treatments [28]. For 
example, tumor biopsies, organoids, and immune cells can be frozen and later 
analyzed for things like drug response or immune system activity. Induced 
pluripotent stem cells (iPSCs), which are often used in precision therapies, need 
to be cryopreserved to ensure consistent results and enable large-scale produc-
tion. In cancer care, saving immune cells like tumor-infiltrating lymphocytes or 
CAR-T cells allows flexibility in scheduling treatments and supports centralized 
manufacturing of cell-based therapies [29].

iii.	In large, multi-site clinical trials, cryopreservation ensures consistency across all 
participating centers [30]. However, to ensure this level of consistency, all partici-
pating centers must adhere to an identical, validated protocol or standard operat-
ing procedure (SOP) for every step of the cryopreservation workflow, including 
sample handling, CPA preparation, freezing rates, and thawing procedures. 
Any deviation between sites can introduce confounding variability that under-
mines data integrity, particularly in biomarker analysis or longitudinal studies. 
Organizations such as the International Society for Biological and Environmental 
Repositories (ISBER) emphasize the harmonization of SOPs across centers as a 
fundamental principle for reproducibility in clinical research and biobanking [31].

iv.	Cryopreserving stem cells and engineered tissues is key in regenerative medicine. 
Whether it is mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), 
or iPSCs, these cells are stored for use in treatments ranging from cartilage and 
nerve repair to heart disease therapies [32]. One cutting-edge method called vit-
rification, which involves freezing cells rapidly enough to avoid forming damag-
ing ice crystals, is proving especially useful for delicate cell types and lab-grown 
tissues. Although preserving whole organs for transplants is still a major hurdle, 
advances in cryobiology may 1 day make this a reality [33].

Figure 2. 
Tissue-derived primary cell preservation: isolation to liquid nitrogen storage.
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2.4 �Thermodynamic and molecular mechanisms of cryopreservation in biological 
systems

2.4.1 �Cryopreservation-induced cellular damage: Ice, osmotic stress, and membrane 
integrity

2.4.1.1 Intracellular ice formation (IIF)

IIF is widely regarded as the most lethal form of cryoinjury. As temperature 
drops below freezing, ice begins to form extracellularly, creating a solute-rich 
environment outside the cell [34]. If cooling is too rapid, water inside the cell 
does not have sufficient time to move out, leading to the formation of intracellular 
ice crystals, which mechanically damage organelles, cytoskeletal structures, and 
membranes. Research shows that IIF is more prevalent in cells with low membrane 
permeability, such as oocytes and certain primary cells. Ice crystals cause physical 
rupture of cellular components and irreversible death upon thawing. This is why 
slow cooling methods are typically preferred for such cells, to allow water to efflux 
before freezing occurs inside the cytoplasm [35]. See Table 1 for a concise checklist 
of universal best-practice principles.

Principle Why it is essential Best-practice procedure Risks of non-compliance

Pre-freeze 
quality check

Damaged or infected cells 
accumulate solute stress and ice 
lesions more readily than healthy 
cells.

Confirm ≥90% viability 
(Trypan Blue or AO/PI) 
and mycoplasma-free status 
before adding CPA.

Lower starting quality 
cuts post-thaw recovery 
by 20–40%; contaminated 
stock seeds future flasks.

Cryoprotectant 
balance

A penetrating CPA (5–10% 
DMSO or propylene glycol) 
protects the cytoplasm, while a 
non-penetrating CPA (e.g., 2% 
HSA, 5% PEG, 0.2 M trehalose) 
controls extracellular ice and 
osmotic shock.

Prepare fresh, sterile 
CPA cocktail at 4°C; add 
dropwise to an equal 
volume of cell suspension 
while gently swirling. 
Equilibrate 5–10 minutes 
on ice.

Inadequate penetrating 
CPA → intracellular 
ice; no external 
additive → excessive shrink-
swell cycles.

Controlled-rate 
cooling

Cooling at ~−1°C minute−1 lets 
water leave the cell fast enough to 
prevent intracellular ice but slow 
enough to avoid lethal solute 
concentration outside.

From +4°C, cool 
−1°C minute−1 to −80°C, 
then transfer to LN₂ 
(≤−135°C vapor or −196°C 
liquid).

>2°C minute−1 → ice 
spicules inside cells; 
<0.5°C minute−1 → solution 
effects kill cells.

Rapid thaw and 
CPA washout

DMSO becomes cytotoxic above 
~4°C; rapid warming prevents 
ice recrystallization. Immediate 
dilution lowers DMSO from 10% 
to <1%.

Thaw vial in 37°C water 
bath ≤2 minutes. Transfer 
to ≥10× pre-warmed 
medium/serum, mix 
gently, centrifuge ≤300 g 
5 minutes, resuspend.

Slow thaw or small dilution 
prolongs DMSO exposure, 
causing membrane rupture 
and apoptosis.

Post-thaw 
recovery

Membrane-lipid flip-flops and 
cytoskeletal repair need time; 
some lymphocyte functions 
normalize only after resting.

Incubate cells 1–4 hours at 
37°C/5% CO₂ in complete 
medium (overnight for 
PBMCs before functional 
assays).

Direct use can give false-low 
viability, poor attachment, 
or skewed cytokine 
read-outs.

Table 1. 
Universal core principles for cryopreserving any primary cell [36–39].
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2.4.1.2 Osmotic shock

As extracellular water freezes, the remaining unfrozen solution becomes hypertonic, 
causing water to osmotically flow out of the cell [40]. This dehydration can lead to cell 
shrinkage, membrane distortion, and denaturation of proteins. Conversely, during rapid 
thawing, influx of water into still hyperosmotic cells can cause them to swell and rupture, 
termed hypotonic lysis. This dual-phase osmotic stress (dehydration during cooling and 
swelling during thawing) is a critical factor in designing cryopreservation protocols, 
particularly in primary cells, stem cells, and embryos [41].

2.4.1.3 Cryoprotectant toxicity

Cryoprotectants like dimethyl sulfoxide (DMSO) and glycerol are essential to 
mitigate freezing damage, but they are cytotoxic at high concentrations or prolonged 
exposure [42]. DMSO, for instance, disrupts lipid bilayers and protein structures 
if left at room temperature or physiological temperature for extended periods. 
Additionally, certain cell types, such as embryonic stem cells and neuronal progeni-
tors, are particularly sensitive to CPA-induced changes in gene expression, oxidative 
stress, and differentiation capacity. To mitigate toxicity, CPAs are added and removed 
gradually and always at low temperatures to reduce chemical reactivity [43].

2.4.2 �Balancing protection and toxicity: The role of CPAs in cryopreservation 
protocols

To protect cells during this process, scientists use (CPAs) such as DMSO, glycerol, 
ethylene glycol, or trehalose. These substances help prevent ice formation by lowering the 
freezing point of water inside the cells [44]. Instead of forming sharp, damaging crystals, 
the water becomes more like a smooth, glass-like solid, a process called vitrification. 
CPAs also help keep proteins and cell membranes stable by replacing water molecules and 
preserving important hydrogen bonds, which are essential for keeping cellular structures 
intact in the cold. However, CPAs are not without risks; they can be toxic if used in high 
doses or for too long. That is why cryopreservation protocols must be carefully designed 
[45]. For example, using a slow cooling rate (around 1°C minute−1) gives water inside the 
cell time to move out before it can freeze. On the other hand, vitrification, which is often 
used for more sensitive cells like stem cells or egg cells, needs to happen extremely fast and 
with high concentrations of CPAs to stop ice from forming altogether [46].

2.4.3 The thawing phase: Minimizing cellular damage post-cryopreservation

Thawing is just as delicate as freezing. If warming happens too slowly, tiny ice crystals 
that formed during freezing can grow larger, tearing through membranes and causing 
new damage [47]. Plus, when dehydrated cells suddenly take in water during thawing, 
they can swell and burst, a problem known as osmotic shock. That is why cells are often 
warmed quickly, and CPAs are gradually diluted out to reduce stress [48].

2.4.4 �Beyond the freeze: Ensuring molecular stability and tissue integrity in 
cryopreservation

On a molecular level, freezing and thawing can also lead to problems like protein dena-
turation, enzyme damage, and DNA fragmentation, especially if the freezing process is 
6
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not fine-tuned [49]. In larger tissues or lab-grown constructs, there are added challenges 
like protecting blood vessels, maintaining connections between cells and their surround-
ing matrix, and dealing with uneven water distribution, which can make freezing more 
complicated. In short, successful cryopreservation depends on understanding and balanc-
ing a wide range of factors, from physical freezing rates to cellular stress responses and 
biochemical stability. When done right, it lets scientists and doctors safely store cells and 
tissues for years without losing their function or structure [50, 51].

2.4.5 Ignoring cell-specific needs

One major issue in cryopreservation is using the same protocol for all types of 
primary cells. Primary cells, such as stem cells, hepatocytes (liver cells), and neu-
rons, are much more delicate than immortalized cell lines, which are designed to be 
strong and easy to grow [52]. These sensitive cells have unique features, including 
different membrane structures, water movement, and stress responses. For example, 
stem cells may die or start to change if freezing or thawing conditions are not care-
fully controlled. Hepatocytes require oxygen and nutrients shortly after thawing 
to function correctly, and neurons can be damaged easily by ice due to their fragile 
structure. Applying a general freezing protocol that works for robust cell lines often 
leads to poor results with primary cells [53]. Incorrect concentrations of cryopro-
tectants, inappropriate freezing or thawing speeds, or missing recovery steps can 
reduce survival and affect how the cells behave. For instance, a method suitable for 
fibroblasts may cause damage to neuronal cells, affecting their ability to send signals. 
This can negatively impact research, drug testing, or cell-based therapies. To achieve 
good outcomes, it is essential to tailor the cryopreservation protocol to each cell type. 
Preparing the cells properly, using suitable cryoprotectants, and managing the thaw-
ing process carefully help maintain cell health and function after storage [54].

2.4.6 �Optimizing post-thaw conditions for enhanced primary cell survival and function

Right after thawing is the most delicate time for primary cells [55]. They are under 
a lot of stress because of the sudden change in temperature, shifts in water movement, 
and leftover chemicals like DMSO that were used to protect them during freezing. If 
these chemicals are not quickly and carefully washed away, they can harm the cells by 
damaging their membranes, proteins, and internal parts [56]. On top of that, rough 
handling, like shaking the cells too hard, spinning them too fast in a centrifuge, or 
exposing them to more temperature changes, can physically damage cells that are 
still trying to recover. If the cells are not returned to the right conditions, such as 
warm, nutrient-rich culture media, soon after thawing, they may not survive, grow, 
or function as they should [57]. Even if the freezing process was done perfectly, poor 
handling after thawing can undo all that effort. To help cells recover and stay healthy, 
it is important to be gentle, remove harmful chemicals properly, and get them back 
into good growth conditions as quickly as possible [58, 59]. See Table 2 for optimized 
cryopreservation protocols tailored to various primary cell types.

3. Conclusion

Cryopreservation plays a crucial role in modern life sciences by allowing scientists 
to store primary cells long-term while keeping their natural functions intact. Since 
7
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Primary cell type Cryopreservation medium 
composition

Freezing protocol Thawing and recovery protocol Key considerations Reference

Human dermal 
fibroblasts

DMEM + 10% DMSO + 20% 
FBS

Slow freezing at 
−1°C minute−1 to −80°C, 
then transfer to LN₂

Thaw rapidly at 37°C in water 
bath; dilute DMSO gradually 
with pre-warmed DMEM + 10% 
FBS

Very resilient, tolerates mild 
DMSO exposure; minimal 
cryoinjury if thawed promptly

[60]

Mesenchymal stem 
cells (MSCs)

αMEM + 10% DMSO + 10% 
human serum albumin

Controlled-rate freezer 
preferred; or Mr. Frosty 
to −80°C overnight

Quick thaw at 37°C; dilute 
with culture medium over 
5–10 minutes; wash thoroughly

Highly sensitive to DMSO; 
prolonged exposure post-thaw 
reduces viability

[61]

Primary human 
hepatocytes

William’s E medium + 10% 
DMSO + 10% FBS

Isopropanol freezing 
container (Mr. Frosty) 
to −80°C, then LN₂

Rapid thaw; immediate transfer 
to oxygenated culture medium; 
add antioxidants if needed

Poor attachment post-thaw; 
requires optimized ECM and 
oxygen tension

[62]

Neurons (cortical/
iPSC-derived)

Neurobasal + B27 + 10% 
DMSO + 1% Glutamax

Slow cooling 
(−1°C minute−1); or 
vitrification for sensitive 
types

Gentle handling; pre-equilibrate 
with thaw medium; minimal 
centrifugation

Extremely fragile membranes, 
prone to osmotic lysis and 
differentiation drift

[63]

T cells/PBMCs RPMI-1640 + 10% 
DMSO + 10% human AB serum

Slow freezing to −80°C, 
then transfer to LN₂

Thaw quickly; dilute with 
RPMI + serum; rest overnight 
before stimulation

CPA removal is critical to avoid 
activation artifacts

[64]

Organoids (e.g., 
intestinal, hepatic)

90% FBS + 10% DMSO (no 
basal medium)

Directly to −80°C, or 
snap freeze in LN₂ if 
small volume

Rapid thaw; embed in Matrigel 
droplets; refresh medium after 
2–4 hours

Prefer serum-only 
cryopreservation; basal medium 
can reduce viability

[65]

Adipose-derived 
stem cells (ADSCs)

DMEM/F12 + 10% 
DMSO + 10% FBS

Controlled freezing at 
1°C minute−1

Thaw in 37°C bath; wash and 
seed on fibronectin-coated plates

Retain adipogenic potential 
post-thaw if washed well

[66]

Induced 
pluripotent stem 
cells (iPSCs)

mTeSR1 or E8 + 10% 
DMSO + ROCK inhibitor (e.g., 
Y-27632)

Vitrification or rapid 
freeze + ROCK inhibitor

Thaw in ROCKi-supplemented 
medium; gentle pipetting only

Require ROCKi to prevent 
apoptosis post-thaw

[67]

Table 2. 
Optimized cryopreservation protocols for selected primary cell types.
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these cells closely reflect how they behave in the human body, being able to freeze and 
later revive them is key for advancing personalized treatments, studying diseases, and 
developing regenerative therapies. Still, working with primary cells comes with its 
own set of challenges, they do not divide endlessly, vary between donors, and are more 
prone to damage from freezing and thawing. This chapter has walked through the sci-
ence behind freezing cells safely, including how to balance the protective benefits and 
potential toxicity of cryoprotectants, the effects of freezing and thawing at the cellular 
level, and the common mistakes that can hurt cell survival. Success depends on getting 
the details right, like how quickly to freeze, how much cryoprotectant to use, and how 
to carefully thaw and handle the cells afterward. New approaches, such as rapid freez-
ing techniques (vitrification) and more refined cryoprotectant mixes, are making it 
easier to preserve even the most sensitive cells. In the end, preserving primary cells is 
not just a technical skill, it is a vital step for producing consistent, scalable, and reliable 
results in research and clinical work. When researchers follow best practices and keep 
up with the latest developments in cryobiology, they set themselves up for success in 
using these valuable cells across a wide range of applications.
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Chapter 2

Mycoplasma Contamination of 
Primary Cell Cultures
Oksana A. Leonovich

Abstract

Contamination of cells with mycoplasmas is a serious problem in modern cell 
biology. The special biological properties of mycoplasmas – small size (0.3–0.8 µm), 
lack of a rigid cell wall, and high adaptability – are the reasons for their 
contamination of 10% to 90% of cell lines used in biotechnology and scientific 
research. Primary cell cultures are especially vulnerable to contamination. 
Mycoplasmas are capable of changing cell metabolism, affecting their morphology 
and functional properties. This can lead to serious distortions of research results and 
cause significant damage to the production of biotechnological drugs. Various 
methods are used to detect mycoplasmas in cell cultures: cultural, microscopic, 
molecular biological, and immunological. A combined approach, incorporating 
various methods, is considered the most effective. Decontamination of mycoplasma 
contaminants includes mechanical removal, physical methods, and antibiotic 
therapy. However, treatment is associated with the risk of damaging the cell cultures 
themselves. The key element of protection against mycoplasma contamination is 
prevention, including strict control of incoming materials, organization of the 
workspace, regular monitoring, and professional training of personnel. Modern 
trends in the fight against mycoplasma contamination are aimed at the introduction 
of innovative technologies using artificial intelligence, nanotechnology, automated 
diagnostic systems, and new pharmacological drugs.

Keywords: mycoplasma, cell cultures, contamination, diagnostics, decontamination

1. Introduction

Cell technologies play a key role in modern biomedicine. Cell cultures have
become an indispensable tool in various areas of pharmaceutical production. They 
are actively used in the creation of the most important medical immunobiological 
drugs, including vaccines against dangerous diseases such as measles, flu, and 
poliomyelitis, and also serve as a basis for obtaining a variety of biologically active 
compounds and drugs [1, 2]. Modern biotechnology allows the use of cell cultures to 
develop innovative genetically engineered drugs that open up new prospects for the 
treatment of various diseases [3]. Such a variety of applications makes the issue of cell 
culture purity critically important for ensuring the safety and effectiveness of the 
resulting biopreparations. Cell cultures obtained from human and animal tissues, 
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especially when used in the production of immunobiological drugs, must be sterile, 
viable, morphologically uniform, non-tumorigenic, and free of foreign agents.

In the mid-twentieth century, during an experiment on artificially infecting cell 
cultures with mycoplasmas to study their effect on eukaryotic cells, it was discovered 
that the culture under study already contained a mycoplasma infection [4]. This 
observation became the starting point in studying the problem of contamination of 
cell cultures and marked the beginning of systematic studies on the effect of 
mycoplasmas on cultured cells. This discovery served as the basis for the first official 
report on the problem of mycoplasma contamination in cell cultures [4].

Studies have shown that cell cultures obtained from a wide variety of eukaryotic 
organisms are at risk of contamination by these microorganisms [4, 5]. Such 
universality of pathogenic impact makes the problem of mycoplasma contamination 
especially important and most widespread in all areas of modern cell biology and 
biotechnology.

Specific biological characteristics of mycoplasmas, their wide prevalence in 
combination with a high reproduction rate and ability to effectively use components 
of the nutrient medium, allow them to easily penetrate cells, quickly and 
imperceptibly spread in laboratory conditions, avoiding detection by standard 
control methods used for other bacteria [6].

Mycoplasmas are capable of changing the metabolism of cells, affecting their 
morphology and functional properties, which can lead to serious distortions of 
research results and cause significant damage in the production of biotechnological 
drugs [6]. Primary cultures obtained directly from body tissues are especially 
vulnerable, since mycoplasma can be present in the body initially or may get into the 
primary cell culture during repeated manipulations with it [7].

This chapter examines a comprehensive study of the problem of mycoplasma 
contamination, including the biological characteristics of mycoplasmas, routes and 
sources of infection, diagnostic methods, and strategies for preventing this type of 
contamination. All data presented are based on modern scientific research and 
international standards.

2. Biology of mycoplasmas: Main species causing contamination  
of cell cultures

Mycoplasmas belong to the Mycoplasmataceae family, class Mollicutes. They are 
the smallest (0.3 to 0.8 µm) of all free-living bacteria capable of independent 
reproduction [6]. Distinctive properties of mycoplasmas include the absence of 
a traditional cell wall and the presence of a flexible lipoprotein membrane [6]. This 
gives them unique properties [8, 9]: it allows mycoplasmas to easily penetrate many 
bacterial filters used for sterilization and makes them resistant to some classes of 
antibiotics, such as beta-lactams, which act on most bacteria.

Mycoplasmas have a limited genome, which makes them dependent on the host cell 
for the synthesis of vital substances and determines their parasitic lifestyle [10, 11].

Mycoplasmas can both attach to the surface of cells and penetrate inside, 
actively using the metabolic processes of the host [12]. The absence of a rigid cell 
wall facilitates the formation of close contact between the membranes of the 
parasite and the host, which sometimes leads to the fusion [4, 13] of mycoplasma 
with the host cell.
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Mycoplasmas are characterized by specific mechanisms of adaptation to 
unfavorable environmental factors, which significantly increase their virulence 
[14, 15]. The conditions for culturing eukaryotic cells provide a favorable 
environment for the reproduction of mycoplasmas in-vitro [4, 15, 16].

According to data obtained by various scientific groups, contamination of 
cultured cell lines with mycoplasmas varies from 10–15% to 45–90% [5, 6, 17, 18]. 
Studies of contaminated cell cultures have revealed more than two dozen different 
types of mycoplasmas [6, 17]. In most cases of infection (90–95%), mycoplasmas 
from humans, cattle, and pigs are detected in cell cultures [6, 19]. Mycoplasma orale, 
an opportunistic pathogen for humans [20], accounts for 20–40% of all mycoplasma 
infections in cell cultures [6]. A significant proportion (10–20%) is also made up of 
the species Mycoplasma fermentans and Mycoplasma hominis, which inhabit the 
urogenital tract and oropharynx of humans and have long been considered normal 
microflora of healthy people [21]. About a third of all isolated strains belong to the 
group of mycoplasmas associated with cattle: Mycoplasma arginini (20–30%) and 
Acholeplasma laidlawii (5–20%). A significant proportion (10–40%) of mycoplasmas 
detected in infected cell cultures are Mycoplasma hyorhinis, a common inhabitant of 
the porcine nasal cavity [6]. This diversity of mycoplasma species and potential 
interspecies contamination poses serious challenges in the prevention and control of 
cell culture purity.

3. Routes and sources of contamination

Mycoplasma infection in laboratory conditions occurs mainly through direct 
physical contact with contaminated surfaces, instruments, and consumables, as well 
as through contaminated serums and nutrient media [5]. Airborne spread of 
microorganisms in poorly ventilated rooms, as well as cross-infection during parallel 
work with different cell cultures, poses a significant risk [22].

Due to their microscopic size and ability to exist in a latent state, mycoplasmas 
can remain undetected for a long time, causing chronic contamination of cell 
populations [6, 13]. According to literature data, 10–15% of all cell lines used in the 
USA [23] and 15–35% of widely used cell lines in Germany are contaminated with 
mycoplasmas [24].

The main sources of contamination are biological media of animal origin used for 
cell cultivation. Cattle blood serum, trypsin, growth factors, and other biological 
preparations are especially dangerous [18, 25]. Studies show that up to 32% of cattle 
serum batches contain mycoplasma microorganisms [25].

Mycoplasmas often colonize the oral cavity and respiratory tract of humans, 
which facilitates their transmission through non-sterile hand surfaces or respiratory 
secretions during talking and coughing [20, 21]. Insufficient hygiene and 
carelessness when working with cultures increase the risk of contamination.

Aerosol particles formed during manipulations with cultures can contain 
a significant number of mycoplasmas (up to 0.5 × 10⁶ cells) and quickly settle on the 
surfaces of the workspace, dishes, and hands of personnel, which leads to large-scale 
contamination even after working with single infected cultures [26].

Primary cell cultures require special attention due to their increased susceptibility 
to mycoplasma contamination and the possibility of unimpeded reproduction of 
parasites in them [7]. Primary cell cultures are obtained directly from body tissues, 
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which determine their unique biological properties and requires special cultivation 
conditions. Their increased vulnerability is associated with several key factors:

3.1 Initial contamination of donor tissues

When preparing primary cultures, mycoplasmas can penetrate cell isolates and 
remain undetected until cultivation, becoming a source of internal infection.

3.2 Lack of adaptive defense mechanisms

Primary cells retain most of the characteristics of the donor tissue and do not have 
stable defense mechanisms or resistance, which are formed during long-term 
culture. This makes them more vulnerable to the effects of mycoplasmas and their 
toxins.

3.3 Multi-stage technological processes

Obtaining a primary culture involves many procedures: tissue dissociation, 
filtration, washing, transplantation, and the use of various solutions and 
preparations.

3.4 Features of the nutrient medium

Primary cultures require rich nutrient media with the addition of serums and 
growth factors, which can be potential sources of mycoplasmas. An enriched 
medium also promotes the rapid reproduction of mycoplasmas, which compete with 
cells for resources and alter their metabolism.

3.5 Heterogeneity of the cell population

Unlike continuous lines, primary cultures are mixed populations that include 
different types and states of cells, which complicate the detection and destruction of 
mycoplasmas and also complicate the diagnosis of infection.

4. The effect of mycoplasma infection on cell culture: Consequences for 
scientific research and pharmaceutical production

Mycoplasmas can remain latent for a long time, causing serious pathological 
changes in the structure and function of cells [6]. The pathological effect of 
mycoplasmas on cells is manifested in metabolic disorders, changes in cell 
morphology and growth, suppression or, conversely, stimulation of proliferation 
[27]. Mycoplasmas can change the pH of culture media, which leads to the gradual 
degeneration of the cell culture [28].

It has been found that mycoplasmas affect the synthesis of proteins, nucleic acids, 
angiogenesis, cell membranes, induction of tumor-forming potential, and also cause 
cytopathic effects and cell death [25]. A series of special studies devoted to 
elucidating the features of transcriptional profile modulation in cell cultures 
contaminated with mycoplasmas showed that mycoplasma infection causes 
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a disruption in the expression of some genes in the host cell [28–31]. Changes in 
expression can be significant within a few hours after infection [31], and long-term 
cultivation of infected cells (18 weeks) can lead to their irreversible transformation 
(Table 1 [29]).

A notable feature of mycoplasma infection is its ability to mask its presence even 
at significant concentrations of the pathogen (more than 107 CFU/ml) [32]. Obvious 
visual changes in the culture may be unnoticeable, while significant deviations are 
observed in the internal state of the cell culture. This can lead to false results in 
scientific studies, as well as negatively affect the production of biological products 
due to competition for nutrients in the environment or the release of toxic metabolic 
products [31]. Damage to the cell culture, up to its complete death, can be a serious 
consequence of contamination. Studies demonstrate serious consequences of 
contamination of cell lines for experimental work [32–34]. For example, when 
studying the metabolism of beta-amyloid peptide in Alzheimer’s disease in cell 
models, it was found that mycoplasmas contaminating cell cultures are capable of 
actively destroying extracellular protein structures, which leads to distortion of 
research data (Figure 1 [34]). Studies have shown such pathological effects of 
mycoplasma contamination of cells as the formation of vacuolated cells, disruption 
of the integrity and formation of a mesh structure of the monolayer, a decrease in 
proliferative activity, and possible death of the cell population (Figure 2 [32]).

Contamination of cell cultures with mycoplasmas for the scientific community 
leads to significant time costs for repeated experiments, unjustified expenditure of 
material resources, the obtaining of unreliable research data, and the distortion of 
laboratory research results.

Production losses for biotechnological production include significant costs of 
diagnostic studies, costs of decontamination procedures, possible loss of valuable cell 
lines, and investments in preventive measures. The problem of mycoplasma 
contamination is becoming especially relevant due to the widespread use of primary 
cell cultures in the development of innovative drugs, vaccine production, and in the 
practice of regenerative medicine. Contamination of therapeutic biopreparations 
and vaccines for various purposes, as well as other medical products, poses a serious 
danger to human health [5, 6]. To ensure the safety of products obtained from cell 
cultures, most countries have introduced strict requirements for viral vaccines 
against measles, rubella, polio, and some other drugs. Mandatory control for the 
absence of mycoplasma contamination is an integral part of the production process 
and a guarantee of the safety of the final product for human health. This approach 
allows us to minimize risks and ensure high quality of biotechnological products that 
meet modern international standards.

5. Mycoplasma detection methods

The most important aspect of modern biotechnology and scientific research is to 
ensure a high degree of purity in cell cultures. Therefore, the development of 
effective methods for detecting mycoplasmas remains a priority task in this area.

The main methods for detecting mycoplasma in cell cultures include cultural, 
cytochemical (cytofluorimetry), molecular biological methods (PCR, hybridization, 
sequencing), immunological, and biochemical technologies. Each method has its 
own advantages and limitations in sensitivity and specificity, which determine their 
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Figure 1. 
Degradation of extracellular Aβ protein by M. Hyorhinis contaminating HEK293 cells [34]. (A) PCR of 
mycoplasma-containing samples (Mycosensor kit, Stratagene); “control +” is M. orale. (B) Analysis of APP and 
Aβ levels by western blot. “DMEM control” is pure culture medium without mycoplasma; “mycoplasma +  
medium” is medium with mycoplasma; “mycoplasma + medium (filtered)” is filtered (pore size 0.2 μm) medium 
from mycoplasma-infected cells. No Aβ accumulation was observed in the growth medium of cells transfected 
with amyloid β precursor protein (APP) and infected with mycoplasma. Elimination of mycoplasma from cells 
restored extracellular Aβ accumulation.

Figure 2. 
Cultures of PK-13 and Vero cells contaminated with mycoplasma [32]. (A) Pronounced vacuolization of the 
cytoplasm in PK-13 cells; (B) Vacuolization of the nucleus of Vero cells. Romanowsky-Giemsa staining, x250.
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use depending on the specific objectives of the study and the requirements for 
diagnostic accuracy.

5.1 Classical microbiological method

Refers to the classical, direct method of detecting mycoplasmas [35, 36]. The 
essence of the method is to seed samples (medium or cell suspension) on selective 
media (PPLO broth, Sabouraud agar, etc.), incubate aerobically at 37°C, and then 
visually detect colonies. Hayflick and Kagan media are suitable for growing most 
mycoplasmas. When conducting the analysis, a liquid medium is used to accumulate 
mycoplasma, a semi-liquid medium for primary control (0.3% agar), and a solid 
medium (1.3% agar) to detect mycoplasma species. The composition of the basic 
liquid medium includes bovine heart hydrolyzate, meat extract or meat water, and 
yeast extract. Liquid and semi-liquid media are incubated in test tubes, and the solid 
medium is incubated on Petri dishes. The analysis time (incubation on selective 
media) is from 7 to 28 days, depending on the concentration of mycoplasma in the 
sample. On average, the final results are taken into account on the 21st day. Visual 
control is carried out on the 3rd, 7th, 10th, and 14th days by examining the test tubes 
in transmitted light (Figure 3). Mycoplasma growth in a semi-liquid medium is 
determined by characteristic turbidity and granularity; on a solid medium – by the 
formation of characteristic colonies on a dense medium. The analysis necessarily 

Figure 3. 
Detection of mycoplasma in the culture medium of Vero E6 cells. The analysis was carried out in semi-liquid 
Kagan medium in test tubes. On the seventh day, mycoplasma was clearly visible at the site of seeding.
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includes the use of a test strain as a positive control, a negative control, and testing 
the growth properties of each batch of media. There are no strict requirements for 
the selection of a mycoplasma strain to control the sensitivity of the media and 
identify the inhibitory effect of the sample. It is recommended to use M. orale, 
M. hominis, and M. fermentans approved by the European Pharmacopoeia [36].

The sensitivity of the culturing method is approximately ~ 100–1,000 CFU/ml 
(colony-forming units/ml). The advantages of this method include the ability to 
detect live, reproducing mycoplasmas with the possibility of further species 
identification. The obvious disadvantages include a long analysis time (up to 3  
weeks), possible false-negative results at low concentrations of mycoplasmas or the 
presence of antibiotics in the medium, and the inability to detect non-viable 
mycoplasmas. In addition, many mycoplasma species grow poorly on cell-free 
media, and some cannot be cultivated in-vitro at all. When performing this test, the 
medium may be contaminated with mycoplasmas from external sources, such as the 
researcher, medium components, and laboratory equipment.

5.2 Cytofluorometric method

Also refers to the standard for detecting mycoplasma, regulated by the main 
regulatory documents for detecting mycoplasmas [36]. The method involves treating 
cells with fluorescent dyes that bind DNA (DAPI, Hoechst, less often olivomycin), 
followed by visual detection of extranuclear mycoplasma signals using fluorescence 
microscopy. The cells to be examined are washed with saline, placed on glass slides, 
fixed (with ice-cold acetone, 96% ethanol), and stained according to the instructions 
for the dye. The samples are analyzed for mycoplasma contamination using 
a fluorescence microscope at a magnification of x40–100 (Figure 4 [37, 38]). The 
sensitivity of the method is about 1000 CFU/ml. The analysis time (cell staining, 
detection) is about 1–2 hours. The advantages of this method are its speed and the 
ability to detect mycoplasmas directly in cell cultures. Disadvantages include low 
sensitivity compared to other methods and dependence of the result on the personal 
experience of the operator (difficulty in visually distinguishing mycoplasmas from 

Figure 4. 
Cytochemical analysis using Hoechst 33,258 dye [37]. Vero cells: no mycoplasma (A), strong mycoplasma 
infection (B). Vero cell nuclei are visible as large spots, while mycoplasma appears as a web of fine granular 
spots. Image obtained using a fluorescence microscope with a 40x immersion objective.
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other bacteria or cellular debris). Nevertheless, this method is very popular due to its 
simplicity and the possibility of detecting non-culturable mycoplasmas or 
mycoplasmas that grow poorly in cell-free media in cell cultures [39]. In this case, the 
test is carried out using an indicator cell culture free of mycoplasmas. The test sample 
is added to the indicator culture and grown at 37 °C in a humid environment on slides 
in special chambers or Petri dishes for 3 to 7 days until a monolayer of 50–70% (no 
more) is achieved. Then the cell monolayer is washed, fixed, and stained with 
a fluorescent dye in a standard manner. However, the duration of the test in this case 
is significantly increased, which also increases the risk of contaminant spread in the 
laboratory.

5.3 DNA hybridization (PCR)

The PCR method has become increasingly widespread in recent years for 
diagnosing mycoplasma infection [40, 41]. The principle of analysis is based on 
multiple amplification of a portion of the genome, with subsequent detection of the 
reaction product by different methods. Oligonucleotides for amplification of variable 
regions of 16S rDNA or rRNA, as well as sequences of intergenic regions 16–23S, are 
usually used as primers. Amplification of specific fragments of mycoplasma DNA, 
with subsequent visualization using gel electrophoresis (Figure 5 [42, 43]) allows for 
the simultaneous detection of a wide range of mycoplasma species with high 
sensitivity of up to 1–10 CFU/ml (for real-time PCR) and specificity (>95%). The 
analysis time is 2–6 hours. The disadvantages of the method include the possibility of 
obtaining false positives (the method allows for the detection of not only living 
but also inactive or destroyed microorganisms) or false negatives (the results depend 
on the quality of the DNA samples)negatives. The method requires a highly skilled 
and qualified operator. The European Pharmacopoeia recommends the use of the 
method as a supplement to microbiological and cytochemical methods. However, the 

Figure 5. 
PCR analysis [42] with detection in 1% gel electrophoresis of DNA of different Mycoplasma strains using 
two universal and 11 species-specific Mycoplasma primers: (1) DNA size marker, 100 bp DNA ladder, Roche 
XIV, (2) U. urealyticum, (3) m. fermentans, (4) M. oral, (5) M. salivarium, (6) M. hominis, (7) 
A. laidlawii, (8) M. pirum, (9) M. pneumoniae, (10) M. genitalium, (11) M. hyorhinis, (12) M. arginini, 
(13) water without DNA – negative control. PCR reaction mixtures were prepared in a total volume of 25 μl 
containing 1 × PCR buffer, 50 μM of each dNTP, 15 pmol of each primer, 1 U Taq DNA polymerase, 1.5 mM 
MgCl2, and 0.1 μg of mycoplasma genomic DNA (or 1 μg of cell line sample DNA). PCR cycles were: initial 
denaturation at 94 °C for 3 min, 32 cycles consisting of denaturation at 94 °C for 60 s, annealing at  
60 °C for 30 s, and extension at 72 °C for 60 s, followed by a final extension at 72 °C for 5 min. The annealing 
temperature of the universal primers was 55 °C [43].
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PCR method is approved by international expert organizations [44]. Currently, there 
are a sufficient number of kits for testing cell cultures for mycoplasmas on the 
commercial market.

5.4 Enzyme-linked immunosorbent assay

The essence of the method is to detect mycoplasma antigens using specific 
antibodies [45]. The Mycoplasma Detection Kit from Roche, Germany, has proven 
itself well [45]. The kit contains four species-specific polyclonal antibodies to 
A. laidlawii, M. arginini, M. hyorhinis, and M. orale. The sensitivity of the method is 
approximately ~ 103–10³–10⁴ CFU/ml. The analysis time is 4–6 hours. The 
undoubted advantages of this method are the possibility of its automation and, as 
a result, the possibility of screening a large number of samples. The disadvantages 
include low specificity (reaction to partially destroyed or dead mycoplasmas), which 
requires validation taking into account the panel of antibodies used.

5.5 Bioluminescent (biochemical) test

The method is based on the detection of specific metabolites, such as substrate 
degradation by mycoplasma, followed by the recording of the light signal [46]. The 
MycoAlert Mycoplasma Detection Assay (Lonza), based on a biochemical test that 
utilizes mycoplasma enzyme activity, has proven effective [46]. During the test, 
viable mycoplasmas are lysed, and the released enzymes react with the MycoAlert 
substrate, catalyzing the conversion of ADP to ATP. The ATP level is measured using 
a bioluminescent reaction. By measuring the ATP level in the sample before and after 
adding the MycoAlert substrate, a ratio can be obtained, indicating the presence or 
absence of mycoplasma. The method has undoubted advantages: high sensitivity of  
~ 103 CFU/ml, due to the detection of low concentrations of ATP, linear dependence 
of the signal on concentration, and the ability to work with sample dilutions up to 
1:32. The advantages of biochemical tests are speed (no more than 3–5 hours), no 
need for complex expensive equipment and reagents, and the possibility of high- 
throughput screening (HTS). The disadvantages include the likelihood of host cell 
metabolism influencing the results.

In modern mycoplasmology, there is a wide range of methods for detecting 
contamination of cell cultures. However, a comprehensive study of the 
effectiveness of several diagnostic strategies [47] showed that none of the methods 
considered provided completely satisfactory diagnostic effectiveness, which is 
confirmed by the data of other research groups [48, 49]. The study analyzed 
methods of specific staining of samples, methods involving sowing on special 
media, methods of immunological diagnostics, and electron microscopy [47]. 
Modern trends in the development of detection methods are aimed at increasing 
the sensitivity and speed of analysis while maintaining high specificity in detecting 
contamination with mycoplasmas. The most effective approach at present is 
considered to be combined diagnostics, including PCR, culture methods, and 
enzyme immunoassay [50].

For regular monitoring, PCR and enzyme immunoassay are preferable, providing 
an optimal combination of high specificity and sensitivity with process efficiency. 
Classical seeding on nutrient media retains its importance for the species 
identification of mycoplasmas and confirmation of their viability. When choosing 
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a diagnostic method in modern biotechnological production, it is also necessary to 
correlate the financial capabilities of the enterprise, the time constraints of the 
process, and the required accuracy of the results.

6. Problems of decontamination

When creating and maintaining unique cell lines that are highly sensitive to 
various viruses, producing high titers of vaccine strains of viruses, or cell cultures 
producing recombinant drugs, the problem of freeing cells from mycoplasmas arises. 
The difficulties of eliminating mycoplasmas are associated with the high resistance of 
mycoplasmas and the possibility of developing resistance to antibiotics, the risk of 
damaging the cell cultures themselves during processing, the need for a complete 
replacement of media and materials, as well as the time spent on cleaning and 
verification. Antibiotics, chemical reagents, physical, and mechanical methods are 
used to decontaminate cell cultures [51, 52]:

6.1 Mechanical removal

The method is based on multiple cell passages with medium changes [53]. Its 
use, especially for the decontamination of primary cultures, is extremely limited 
[54]. This method is not the primary method for removing mycoplasma from cell 
cultures; it is most often used in combination with other methods 
(e.g., antibiotics).

6.2 Physical methods

These include exposure to elevated temperatures (up to 40–42°C) [55], 
photoinactivation [56], and filtration through special 0.1 µm filters. Filters with 
a size of 0.22 µm can partially stop mycoplasma cells (e.g., antibiotics), but are not 
suitable for all of its species [57]. Physical methods are well-suited for 
decontaminating liquid media from mycoplasmas- but are rarely applicable to cell 
cultures, as they can damage the cells themselves [56].

6.3 Antibiotic therapy

It is one of the main methods of decontaminating cell cultures from 
mycoplasmas. Of all the existing methods, antibiotic therapy remains the most 
widespread and relatively effective [52]. The main difficulties during elution are 
associated with the possibility of mycoplasmas developing resistance to antibiotics 
and significant risks of damage to the cell cultures themselves during processing. 
Since mycoplasmas, due to the absence of a cell wall, are resistant to many typical 
antibiotics, there is a need for specialized antibiotic therapy [58]. Antibiotic 
therapy requires a comprehensive approach, including fairly long courses (from 1  
week or more) and personalized selection of treatment regimens, taking into 
account the state of the cells and the genetic characteristics of the mycoplasma 
strains.

The main groups of antibiotics recognized as effective for the treatment of 
mycoplasma infection in cell cultures are:
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● Quinolones (e.g., ciprofloxacin, ofloxacin, enrofloxacin) have a broad spectrum 
of antimycoplasma action, but there are restrictions on their use depending on 
the type of cell culture [59–61].

● Tetracyclines (e.g., doxycycline, minocycline) are commonly used, but resis
tance may develop in some species of mycoplasma [16, 62, 63].

● Macrolides (e.g., tylosin, clarithromycin) are used as an alternative when other 
groups of antibiotics are ineffective and in polymicrobial infections [16, 63].

Recently, complex therapy, including the sequential use of various drugs and 
combinations of drugs from different pharmacological groups (example protocol: 
enrofloxacin therapy for 10–14 days followed by replacement with tylosin), has 
increasingly demonstrated the best results in practice [64]. This approach 
significantly increases the efficiency of cell decontamination and reduces the risk of 
mycoplasma resistance.

Commercial new-generation drugs have proven themselves as ready-made 
solutions for mycoplasma decontamination: MycoZap [65], Plasmocin [49, 50], 
mycoplasma removal agent [52, 66], which also contain mixtures of antibiotics and 
are often effective against most mycoplasmas [67].

When using individual antibiotics, it is necessary to take into account a number of 
factors, which are especially important when processing primary cell cultures:

● It is necessary to minimize stress and toxic effects on cells: give preference to 
mild antibiotics, use minimal doses, and be sure to conduct preliminary testing 
for cell sensitivity to antibiotics.

● It is necessary to take into account the possibility of re-infection, which can be 
extremely high; it is important to maintain sterility, use tested reagents, and 
consumables.

● For primary cultures, the duration of therapy should be minimal reagents, since 
the risk of cytotoxicity is high.

According to researchers, the therapeutic effect of antibiotics (or other agents) 
on contaminated cultures is associated with serious risks. The use of antibiotics and 
other chemical agents can lead to the disruption of natural biological processes and 
the formation of new characteristics in the cell culture [68]. It is important not only 
to understand the effectiveness of decontamination methods but also to take into 
account the possible changes in cell properties after treatment with drugs. Stem, 
progenitor, or poorly differentiated cells contaminated with mycoplasmas, used to 
study the differentiation and metabolism of various cell types or their potential use 
in regenerative medicine, are not subject to decontamination and are necessarily 
rejected.

Decontamination of cell cultures from mycoplasmas remains a key task in cell 
biology, as mycoplasmas disrupt metabolic processes, alter morphological 
characteristics, and affect the sensitivity of cells to external factors. This is especially 
critical for primary cultures, which exhibit increased sensitivity to therapy and low 
resistance to aggressive effects. For primary cultures, it is extremely important to 
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select a drug and treatment regimen that prevents the loss of a valuable cell culture. 
The optimal strategy remains prevention (strict asepsis), rapid identification 
(regular monitoring and timely detection of contamination), and specific antibiotic 
therapy (most often a combination of quinolones, tetracyclines, and macrolides in 
non-cytotoxic doses). Successful work with cell cultures requires an integrated 
approach, where prevention plays a key role, and treatment is considered a necessary 
measure, taking into account all potential risks and consequences for valuable cell 
lines.

7. Preventive measures against mycoplasma contamination

In the modern conditions of biotechnological production and scientific research, 
it is critical to create a reliable system of protection against mycoplasma 
contamination. Effective prevention is a multi-level structure of measures, where 
each element plays a significant role in the overall safety system [6, 69].

The basis for protection against mycoplasma contamination is careful control of 
incoming materials. All new cell lines and reagents are carefully tested for the 
absence of mycoplasmas. Particular attention is paid to the selection of suppliers, 
giving preference to companies providing certified serums and nutrient media with 
documented quality.

Organization of a sterile workspace when working with cell lines is the most 
important element of contamination prevention. In the laboratory, it is necessary to 
create zones with different levels of cleanliness to minimize the risk of cross- 
contamination. The use of a full set of protective clothing by personnel is mandatory, 
including disposable gowns, gloves, and masks. Regular treatment of equipment 
with specialized disinfectants, including those containing DNase, is required. 
Modern air purification technologies are implemented through a system of HEPA 
filters in laminar boxes. The premises of the boxes and all work surfaces are sterilized 
with ultraviolet radiation.

Constant monitoring of the state of the culture is required [70], carried out using 
various diagnostic methods, among which PCR diagnostics occupies a special place. 
It is necessary to track and analyze suspicious changes in cell growth are sterilized 
and keep a clear control log.

Each newly received cell line must undergo a mandatory quarantine period, 
during which all necessary tests for the absence of mycoplasmas are carried out [16].

Professional training of employees plays a key role in the prevention system. 
Regular training in biosafety and modern control methods ensures a high level of 
staff competence.

If signs of infection are detected, an isolation protocol for the affected culture 
must be immediately implemented. After confirming contamination by several 
independent methods, a decision is made on the future fate of the cell line [71]. 
Having a reserve stock of frozen, mycoplasma-free cultures is also an important part 
of the safety strategy.

The practical application of the described system shows impressive results. The 
introduction of a comprehensive approach to prevention allows us to reduce the level 
of contamination to minimum levels. Regular PCR diagnostics, combined with 
a clear separation of work areas, ensures a reduction in the percentage of infections 
from 12% to less than 1% within a year. The use of modern screening systems, such as 
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Lonza MycoAlert, allows us to identify hidden cases of infection at an early stage, 
preventing the spread of infection.

Thus, only a systematic approach to the prevention of mycoplasma 
contamination, combining technical, organizational, and educational measures, can 
provide reliable protection for both laboratory research and industrial production of 
biopreparations.

8. Modern approaches to detection and control of mycoplasma 
contamination in cell cultures

In recent years, there has been significant progress in the methods of detection 
and elimination of mycoplasma infections in cell cultures [72–85]. Traditional 
methods are supplemented by innovative technologies that open up new possibilities 
in diagnostics and treatment.

Artificial intelligence is actively being introduced into monitoring processes. 
Modern machine learning algorithms analyze autofluorescence patterns of 
individual cells, which allow for the detection of mycoplasma-infected cells with 
high accuracy (more than 70%) [72]. This approach opens up new prospects in the 
early diagnosis of contamination.

Nanotechnology is becoming an important area in the fight against mycoplasma 
infection. Nanosensors and nanobiotech chips provide highly sensitive detection of 
pathogens [73], and nanotherapy offers innovative ways to kill them [74]. A study of 
andrographolide poloxamer nanoparticles (AND-ALG-POL/NP), obtained by wet 
milling, revealed a therapeutic effect against M. pneumoniae infection [74]. AND- 
ALG-POL/NP demonstrated slow release in-vitro and significant inhibitory activity 
against mycoplasma, with an average drug load of 13.17 ± 0.54%. At the same time, 
the nanoparticles were not cytotoxic to normal cells, reduced apoptosis, and 
increased levels of inflammatory factors caused by mycoplasma infection.

Pharmacological innovations aim to develop new-generation multicomponent 
drugs. Modern broad-spectrum antibiotics can effectively combat various types of 
mycoplasmas while preserving valuable cell lines from destruction [75].

Molecular technologies open up new horizons in the fight against contamination. 
The possibilities of using antimicrobial peptides, silver nanoparticles, and CRISPR– 
Cas systems are being explored [76]. These methods allow for targeted action on 
mycoplasmas, minimizing the negative impact on cultured cells.

Automation of processes plays a key role in improving diagnostic accuracy. 
Robotic platforms, such as Tecan and Hamilton, provide automated sampling and 
testing, significantly reducing the likelihood of human error and increasing the 
reproducibility of results.

Experimental developments include the creation of genetically modified cell lines 
resistant to mycoplasma infection [77]. The method involves introducing an 
antibiotic resistance gene into cells. The resulting cell tolerance to high 
concentrations of antibiotics is sufficient to destroy the mycoplasma contaminating 
the cells without damaging the host cells themselves. After the removal of the 
vector, the cells recover and return to their original sensitivity. Successful curing of 
BHK-21 cells from A. laidlawii using the pUCSV-Neo vector for resistance to G418 
has been demonstrated [77].
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These innovative approaches together form a new level of control over 
mycoplasma contamination, allowing for more effective protection of valuable cell 
cultures and ensuring the reliability of biotechnological processes.

In modern mycoplasmology, there is also a constant improvement in existing 
diagnostic methods, which significantly expands the possibilities for monitoring 
mycoplasma contamination, increasing the accuracy and speed of infection 
detection.

A significant breakthrough has occurred in the field of quantitative PCR 
diagnostics. Modern, next-generation test systems allow for the simultaneous 
detection of several mycoplasma species in cell cultures [78]. These detection 
systems are characterized by exceptional sensitivity – up to 10 colony-forming units 
per milliliter – and results are available in 1–2 hours. A wide range of solutions from 
leading manufacturers is available on the market, among which are the MycoSEQ 
(Life Technologies), the MycoTOOL real-time mycoplasma detection kit (Roche), 
the VenorGEM qOneStep kit (Minerva Biolabs), the ATCC universal mycoplasma 
detection kit, the Biofire mycoplasma assay (bioMérieux Industry), and the Minerva 
Biolabs Venor®GeM qEP kit [79].

Metagenomic studies open new horizons in contamination diagnostics [80]. NGS 
(next-generation sequencing) technologies allow not only the detection of 
mycoplasmas but also the identification of any foreign microorganisms in the 
culture. Large biotech companies and biobanks are actively implementing this 
method for regular monitoring of the purity of their collections.

Loop-mediated Isothermal Amplification (LAMP) technology is becoming 
a promising direction [81]. This innovative method is easy to implement and fast – 
results can be obtained in just 45 minutes. An important advantage is the lack of need 
for expensive equipment, which makes it ideal for rapid diagnostics both in 
production conditions and in field studies. Portable systems are being developed for 
on-site diagnostics [82].

Of considerable interest are developments in the field of mass spectrometry 
[83, 84]. Scientists are working on developing protocols that allow direct 
identification of mycoplasmas from a culture medium using MALDI-TOF MS, which 
opens up new possibilities for rapid and accurate diagnostics.

Of particular note is digital PCR, which allows for the detection of even minimal 
amounts of mycoplasmas. This method is especially valuable in the production of 
biopreparations, where an absolute guarantee of product purity is required. The high 
sensitivity of digital PCR makes it an indispensable tool in modern diagnostics of 
mycoplasma contamination [85].

The future of diagnostics and control of mycoplasma contamination is 
determined by several important areas of development. Automation of 
processes is becoming a priority vector for the development of the industry. The 
introduction of robotic control systems will significantly increase the efficiency 
of monitoring cell cultures and minimize the human factor in the diagnostic 
process. Comprehensive screening based on advanced technologies, especially 
NGS methods, opens up new opportunities for a comprehensive assessment of 
the purity of cell collections. This approach provides the most complete picture 
of the state of cultures and allows for identifying not only mycoplasmas for 
identifying but also other potential contaminants. In the field of contamination 
treatment, there is a shift toward innovative solutions [86]. Developers are 
increasingly turning to immunotherapy based on specific antibodies, actively 
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exploring the possibilities of genomic technologies using CRISPR systems, and 
creating new selective drugs. International standardization is becoming an 
important aspect of the industry’s development. The unification of approaches 
to quality control and diagnostic methodology will ensure a single high level of 
safety in all countries.

Mycoplasma contamination continues to be one of the most serious threats to 
modern cell technology. Solving this problem requires continuous improvement of 
prevention methods, development of new approaches to detection, and creation of 
effective strategies for eliminating contamination. Only an integrated approach 
that includes all stages of working with cell cultures – from receipt to storage – can 
provide reliable protection against mycoplasma contamination. This requires not 
only the use of modern technologies detection, but also strict adherence to 
protocols, continuous training of personnel, and the introduction of innovative 
solutions into work practices. Thus, the future of the fight against mycoplasma 
contamination lies in the integration of advanced technologies, standardization of 
processes, and the development of an interdisciplinary approach to solving this 
urgent problem.
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Chapter 3

Primary Cell Isolation from Solid 
Tissues and Current Understanding 
for Their Application in 
Personalized Medicine and Drug 
Development
Erika Berenyi

Abstract

Cells isolated from solid healthy or cancer tissues can provide more accurate and 
reliable information about the biology of the disease and thus can direct personalized 
cancer therapy. Cell cultures established from primary cells can model the in-vivo 
tissue biology, physiology and 3D structure. Nowadays, with the advancement of sci-
ence and technology and the recognition of the importance of personalized medicine, 
the use of primary cell lines is increasingly coming to the forefront. Primary cells 
isolated from patients can be used in personalized medicine to establish patients’ 
specific treatments in cancer, neurological disorders and other diseases. Also, these 
cells can form the base of cell therapies, new drug target identifications and drug 
developments.

Keywords: primary cells, primary cell isolation, personalized medicine, 
cancer treatment, drug development, cell therapy

1. Introduction

Since the maintenance of the first cells in a simple saline solution, cell lines have
played an important role in research and in regenerative medicine. In 1885, Wilhelm 
Roux was the first who successfully maintained chicken embryo cells in a simple 
saline solution, thus laying the foundation for cell culture technology [1, 2]. In 1907, 
R. G. Harrison successfully cultivated small pieces of frog nerve tissue in hanging 
drop cell culture [3]. After these first steps, the technology of cell culture experiences 
enormous development. Nowadays, numerous immortalized cell lines are available 
for research to help understanding the biology of the human body, to develop new 
therapies, to discover new drug targets in cancer therapy and other diseases.
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Primary cell culture is the ex-vivo culture of freshly isolated cells from malignant 
or healthy tissues. These cell cultures are more representative of in-vivo tissues than 
cell lines that poorly represent the heterogeneity, genotypic and phenotypic char-
acteristics of the in-vivo cells, and their genetic aberrations increasing with every 
passage. The advantage of the primary cell cultures is that they recapitulate the tissue 
biology they were isolated from. 3D or spheroid cultures of primary cells can preserve 
the physiology and the structure of the in-vivo tissue, the natural crosstalk between 
cell-cell and cell-extracellular matrix (ECM). No two tumors are the same, not even 
the same type of tumor in different patients, and this genetic variability cannot be 
detected and studied by using a limited number of cancer cell lines. And the patient’s 
reactions are also different to the same drug used to treat cancer [4]. For this reasons, 
isolation and short-term culture of primary cells gained from solid tumors or healthy 
tissues can form the basis of personalized cancer therapy, drug development and 
metabolism studies. In cell therapy, they can be used for the treatment of other non-
cancerous diseases, for example, liver, kidney and neurological disorders, to study 
developmental biology and disease mechanisms. However, it is still challenging to 
culture and maintain primary cells in-vitro in an environment that reflects the in-vivo 
microenvironment and preserves the cells’ genetic stability.

1.1 Primary cell isolation

The success of primary cell isolation is dependent on the used tissue digestion and 
enzymatic cell dissociation technique, which must preserve the viability of cells and 
the presence of specific cell surface receptors, membrane proteins and other mol-
ecules. Also, it is important to maintain the heterogeneity, phenotypic and genotypic 
characteristics of primary cells, which reflect the in-vivo features of the tissue they 
were isolated from. The length of storage, the temperature and the composition 
of storage media all affect the success of cell isolation and cell viability from both 
healthy and cancerous tissues. It is always best to use fresh tissue and media which do 
not contain any harmful agents or fixation chemicals [4].

To obtain cells from solid tissue and to disrupt cell-cell and cell-ECM adhesion, 
tissues are subject to a combination of mechanical and enzymatic digestion (Tables 1 
and 2). The enzymatic digestion protocol, the type and concentration of the enzyme 
used in the process and the donor age and gender can affect the yield, phenotype, 
viability and heterogeneity of isolated cells. The isolated cells can be used for the 
establishment of primary cell cultures, single-cell sequencing, translational research, 
to study the epigenetic regulatory mechanism, proteomics, drug screening and/
or drug validation. Optimization of cell isolation protocol, such as size of the tissue 
sample, enzyme concentration, length of digestion and temperature, the composition 
of used culture media and the culture conditions, is very important to preserve not 
just the cell viability but also the cell surface receptors, antigens and epitope struc-
tures for phenotypic characterization [15, 16].

There are tissues, for example, the skin, which is hard to digest and requires 
prolonged tissue dissociation. Lymphocyte isolation from human skin tissue using 
30 min collagenase D and DNase I digestion at 37°C resulted in high cell yield, 
retained the functional activity of the T-cells and preserved the epitopes important 
for further analysis with flow cytometry [39].

Isolation of cells from healthy human lung tissue using either dispase, collagenase 
D or collagenase P can affect the cellular yield and cell surface marker composition of 
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the isolated cells, which influence the further phenotypic, translational and func-
tional assays. Depending on the type of enzymes and protocol used, the composition 
of the cell yield and the phenotype of the isolated cells were different. Dispase in high 
concentration cleaved CD69, CD103 cell surface markers and CD4, CD8 markers 
in dose dose-dependent manner, increased the yield of TSPN8+ (tetraspanin8) and 
ITGA6+ (integrin alpha) epithelial cells and monocytes and decreased the number 
of CD66e + (carcinoembryonic antigen-related cell adhesion molecule 5) cells. The 
increase in TSPN8+ and ITGA6+ and decrease in CD66e + cells suggest the preferen-
tial deliberation of goblet and secretory cells at the expense of basal cells with dispase. 
Using collagenase D and P resulted in a higher number of endothelial cells compared 
to dispase [9, 40].

Dissociation method Advantages Issues

Mechanical •	 Quick

•	 No enzymes-no enzyme-induced damage

•	 Good for soft tissues (brain, spleen, liver, 
kidney) [5]

•	 Cells preserve the tissue heterogeneity [6]

•	 Inefficient for hard, collagenous 
tissues [7]

•	 Low cell viability [8]

•	 Low cell yield [8]

Enzymatic •	 Efficient breakdown of ECM and cell-cell 
junctions

•	 High yield of cells [9]

•	 High cell viability [9]

•	 Preserve membrane integrity, intracellular 
components, cell surface molecules and 
metabolic activity when used in the right 
concentration [10]

•	 Allows isolation of rare cell types, such as 
stem cells and immune cells [11]

•	 Faster than mechanical dissociation

•	 Ideal for single-cell preparation for FACS, 
single-cell RNA sequencing [8]

•	 Can be automated (GMP cell therapy) [12]

•	 Cells are better for culturing, transfection 
and functional assay

•	 Expensive

•	 Enzyme batch-to-batch variability 
[13]

•	 Difficult to reproduce and 
standardize [14]

•	 Altered cell surface markers and 
low cell viability when using high 
concentrations of enzyme or 
improper temperature [10]

•	 Digestion protocol (concentra-
tion, incubation time) must be 
optimized for different tissues and 
target cell types [15–17]

•	 Enzyme preparation can be 
contaminated with endotoxins

Microfluidic •	 All steps, such as digestion, disaggregation, 
filtration, staining and cell counting, can be 
done in one device [7, 18–20]

•	 Enzyme-free

•	 High cell viability and integrity [21]

•	 Preserve cell surface markers [19]

•	 Reproducible and standardizable

•	 Compatible with small tissue sample [22]

•	 Minimal reagents required

•	 Clogging and fouling [23]

•	 Non-cross-linked PDMS can leak 
to the media, which can affect cell 
viability and downstream processes

•	 Flow and fluid shear stress [23]

•	 Need for tissue-specific optimiza-
tion [7]

Table 1. 
Dissociation methods used for primary cell isolation from solid tissues.
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Enzyme Mechanical

Brain [5, 24–26] •	 Papain, trypsin, accutase: can lead to substantial artefacts

•	 Large temperature shifts can elicit transcriptional changes

•	 Can alter cell surface markers

•	 Collagenase: brain endothelial cell isolation

•	 Dounce, pipette: 
Preserve transcrip-
tome integrity, reduce 
viability of cells,

Heart [27] •	 Collagenase type II from Worthington: popular choice for 
cardiomyocyte isolation as it has greater clostripain activity

•	 Collagenase B and D

•	 Proteases, pancreatin

•	 Langendorff method: retrograde perfusion of the hearth with 
enzyme containing solution, reproducible but technically 
demanding

•	 Mincing, perfusion

•	 fewer and less pure 
cardiomycyte

•	 Altered cell 
morphology

Lung [28, 29] •	 Collagenase/dispase, DNase I

•	 The lung contains different cell populations which have dif-
ferent susceptibilities and resistance to the digestive enzymes. 
Therefore, isolation of different cells requires different enzymes 
and protocols.

•	 Mild trituration after 
enzymatic digestion

Liver [30–32] •	 Collagenase IV perfusion: The enzyme has lower tryptic activity, 
which limits its membrane protein and receptor-damaging 
properties. High cell viability, but technically demanding. The 
perfusion can cause tissue damage, which alters the gene expres-
sion profiles of isolated cells

•	 Collagenase H/P: using together with foetal calf serum allows 
mild digestion and results in high cell yield

•	 When perfusion is 
not possible

•	 Mincing, trituration

•	 Dounce homogenizer

•	 Low cell yield, exten-
sive cell membrane 
damage, loss of 
function of isolated 
hepatocytes.

Spleen [33, 34] •	 Collagenase D, Dispase, DNase MACS dissociator

Skin [35] •	 Dispase, trypsin

•	 Simultaneous digestion: DNase, Hyaluronidase, collagenase IV

•	 Sequential digestion: Dispase I, Liberase, Dnase—greatest cell 
yields and viability

•	 Overnight digestion: Collagenase IV, Dnase I,

Scraping, gentleMACS

Kidney [36–38] •	 The kidney contains anatomically different segments and 
specialized cells

•	 Collagenase, dispase, DNase, FCMase Tissue Digestive Enzyme

•	 Collagenase II: highest cell viability

•	 Combination of collagenases has a different effect on the final 
cell count

•	 DNase I reduced the cell debris formation

•	 Cold dissociation kit: improves cellular viability, reduces cellular 
aggregation, maintains RNA stability and reduces cell stress in 
comparison to warm enzymes.

•	 Mincing, pipetting

•	 Lower cell yield

•	 Preserve more cell 
types and epitopes

Table 2. 
Dissociation method used for different tissues with advantages and issues.
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1.2 Mechanical tissue dissociation

To obtain cells from solid tissues, the tissue samples are subject to mechanical and 
enzymatic dissociation. Before enzymatic digestion, the tissue should be minced to 
increase the surface area and the contact between enzymes and tissue, which leads 
to more efficient and faster digestion of the extracellular matrices. The mechanical 
disaggregation can be chopping, slicing, sieving, syringing or pipetting. Isolating cells 
from soft tissues such as brain, spleen, liver and soft tumors by slicing and sieving 
the dissected tissue through a progressively smaller mesh size of sieves can provide 
single cells. Harsh mechanical dissociation of the tissue may result in low cell viability 
and low yield of primary cells. The tissue digestion and enzymatic cell dissociation 
must preserve the viability of cells and the presence of specific cell surface recep-
tors, membrane proteins and other molecules. Avoiding the use of enzymes and heat 
during single-cell isolation preserves cell surface receptor expression and provides 
more representative cell populations, including sensitive cells. Furthermore, enzy-
matic digestion is most of the time not reproducible and time-consuming compared 
to traditional mechanical methods. Cells isolated with mechanical digestion are more 
heterogeny and provide more accurate information about the phenotypic composition 
of healthy or malignant tissue samples. Single-cell analysis data provided from these 
cells provide more accurate and reliable information for personalized therapeutic 
decisions [6].

1.3 Enzymatic tissue dissociation

The length of incubation time of enzymatic digestion and the type of enzyme used 
for the process depend on the type of tissue sample. The digestion protocol must be 
designed to consider the composition of the ECM and to preserve the viability and 
phenotype of the cells. Each tissue has a unique extracellular matrix composition and 
physiology that scaffold and support the cells within all tissues and organs and take 
part in tissue morphogenesis, differentiation and homeostasis. The composition and 
the mechanical properties of normal, aged and tumor tissue ECM are different, which 
can affect the success of their enzymatic dissociation [17].

There are different types of enzymes used for the digestion of the extracellular 
matrix, such as collagenase, dispase, Accutase, hyaluronidase, Liberase™, trypsin and 
DNase. Collagenase recognizes the Pro-X-Gly-Pro sequence and cleaves the peptide 
between the amino acid(X) and glycine (Gly). The type of collagenase used for 
digestion depends on the specific tissue type [41]. Because of their impurities, crude 
collagenase enzyme preparations have decreased stability compared to the purified 
enzymes [13]. Dispase, which is produced in Bacillus polymyxa, provides rapid and 
effective ECM digestion with mildness cell damage. Dispase is a neutral protease and 
cleaves the peptide chain at the N-terminus of non-polar amino acids, and mostly 
cleaves collagen type IV and fibronectin. Dispase cleaves the attachment between cells 
and ECM and is useful to dissociate tissue pieces into small clumps of cells [40, 42]. 
However, compared to the collagenase, which has only a minor effect on cell surface 
molecules, dispase is able to cleave specific surface molecules that affect further cell 
analysis assays [10]. The Liberase™ enzyme technology combines an optimal ratio 
of highly purified clostridial collagenases and dispase to increase the quality and 
reproducibility of tissue digestion and improve the viability of the isolated cells. This 
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mixture of enzymes provides increased cell yields, improved cell viability and greater 
cell functionality. Trypsin, a serine protease, is the most widely used in laboratories 
to resuspend cells adherent to the cell culture dish. Trypsin is well tolerated by 
most of the cell types, but long incubation with high concentrations of trypsin can 
damage and kill the cells, which leads to cell aggregation due to the DNA released 
from damaged cells. Also, trypsin can damage cell surface proteins. Adding EDTA 
(disodium ethylenediaminetetraacetic acid) to the trypsin increases its effectiveness 
by chelating with the divalent cations (Ca2+, Mg2+) needed to maintain the cell-cell 
and cell-ECM interactions [43]. Accutase enzyme has proteolytic, collagenolytic and 
DNase activity. Accutase mimics the action of trypsin and collagenase, but compared 
to those, it is gentler with cells, less toxic and can be used in lower concentration [14]. 
Hyaluronidases cleave the (1-4) linkages between N-acetylglucosamine and glucuro-
nate and catalyze the degradation of hyaluronic acid [44]. DNase degrades free DNA 
released from damaged cells and prevents cell aggregation [45].

1.4 Microfluidic cell dissociation

Single-cell isolation from solid tissues to further analysis or personalized treat-
ment requires many steps, which not just affect the number and quality of cells but 
can also introduce batch-to-batch differences. Lab-on-chip microfluidic platforms, 
as new technologies, can combine digestion, disaggregation and filtration steps to 
help avoid these problems, standardize the single-cell isolation methods and provide 
higher viability in a faster manner compared to the current methods. Using micro-
fluid devices, filtration, centrifugation, washing, pipetting, staining, cell counting 
and vortexing can be done in one uninterrupted process, which helps to eliminate 
operator and laboratory-dependent deviations [46].

These microfluidic devices are made from a mineral-organic polymer, PDMS 
(Polydimethylsiloxane). This polymer is inexpensive, deformable, transparent, 
features that facilitate the observation of contents visually or through a microscope, 
has low autofluorescence, bio-compatible and can be bound to glass or another 
PDMS layer with a single plasma treatment. Disadvantages of the PDMS are that it 
is permeable to water, absorbs hydrophobic molecules and can release non-cross-
linked PDMS molecules into the medium, which can be a problem for some biological 
studies. Generally, these devices are designed to have an inlet channel to upload the 
tissue sample which is excised into smaller fragments to match the chamber capac-
ity. The digestion happens in the tissue dissociation chamber by flushing the tissue 
with enzyme solution. Exposing the tissue sample to flow and increased fluid shear 
can enhance cell dissociation. After digestion, the cells pushed through a filter in a 
microchannel to capture tissue debris and connective tissue fibers. Cells trapped at 
the end of the device can be stained, imaged and counted [23].

2. Culture of primary cells

Primary cell cultures can be established from healthy and cancer cells derived 
from the patient’s tissue.

Removing cancerous or healthy tissue from patients requires morphological, histo-
logical classification and patients’ specific characterization. The tissue handling, the 
optimization of the isolation methods, the type of tissue digestion techniques (enzy-
matic, mechanical), the composition of culture media and the culture conditions 
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all affect the success of establishing primary cell cultures [16]. For primary cell line 
establishment, the genotypic, phenotypic and morphological characterization of 
the cells is indispensable to preserve the phenotypes and heterogeneity of the in-
vivo tissue. Primary cancer cell lines can preserve the stem-like phenotype, which is 
important for drug resistance assays [47]. Establishment of primary cell cultures from 
patient’s tissue is very difficult and has a very low success rate, and these cells often 
fail to grow in-vitro, and they have a finite lifespan [48, 49].

Primary cell cultures have many advantages compared to cancer cell lines, but they 
also have limitations. They have limited cell division before they enter senescence; 
they require specific culture conditions and supplements to maintain their in-vivo 
genotype and phenotype. But, despite their limited lifespan and short-term culture, 
these cell cultures gained significant importance in personalized cancer and other dis-
ease therapies, and in studying drug responsiveness and resistance [50]. Primary cells 
isolated from cancer tissue are very heterogeneous and contain different cell types, 
such as ECM components, immune cells and cancer-specific stem cells (CSCs). Before 
establishing a primary cell lines, the cells must be characterized using cell surface and 
intracellular markers. The most frequently used assays for the characterization are 
immunohistochemistry, western blot, PCR (polymerase chain reaction), sequencing 
and flow cytometry [51]. Many times, heterologous cell populations originated from 
solid tissue are cultured together in 3D or spheroid cell culture to mimic the tissue in-
vivo structure and microenvironment, cell-cell, cell-extracellular matrix interactions 
and to discover new genes and target molecules which have a role in tissue and cancer 
development, drug resistance, tumor recurrence and metastasis formation and can be 
new targets in drug development [52–54].

Primary cells isolated from healthy solid tissue have a slow growth rate and a 
finite lifespan. These cells are contact inhibited, which means when they reach each 
other during cell culture and cannot attach further to the culture plate, they die by 
anoikis [49].

The media used for primary cell culture must preserve the heterogeneity and 
genetic stability of the parental tissue and support the growth of cells. Primary cells 
can be cultured in 2D monolayer or 3D spheroid forms. While it is easier to work with 
monolayers, the spheroid culture preserves the structure of the tissue, the polariza-
tion of the cells and the cell-ECM, cell-cell interactions. These preserved in-vivo 
features provide more understanding of tissue/cancer biology, drug metabolism and 
sensitivity, which are very important to establish a specifically targeted personalized 
therapy [55].

2.1 2D cell culture

Most research in cancer biology still uses 2D cell culture for in-vitro research. The 
handling of these cultures is simple, and they have low-cost maintenance. As cells iso-
lated from solid tissue are anchorage-dependent, these culture flasks and plates must 
be coated with collagen, fibronectin or other components to facilitate cell attachment. 
The disadvantages of these cultures are that they do not simulate the architectural 
diversity of the tissue, the cell-ECM connections, the cell polarity and cell morphol-
ogy of the tissue they originated from. These connections are especially important 
in cancers where the tumor microenvironment impacts the tumor differentiation, 
epigenetics, immune invasion and their response to cancer treatments. Results 
obtained from using 2D cell culture must be interpreted carefully, as these results may 
not represent the same effect in in-vivo circumstances [55, 56]. For example, primary 
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oral cancer cells cultured in 2D, 3D and spheroid culture showed significantly differ-
ent metabolic activity, proliferation rate and drug chemosensitivity [57].

2.2 3D cell culture

The first 3D culture was made using soft agar by Hamburg and Salmon in the 
1970s [58]. There are three main types of 3D cell culture methods. In the first one, the 
cells are grown in non-adherent plates and form a spheroid-like structure after 3 days 
of culture. The second method using low melting soft agarose gel or Matrigel allows 
tumor cells to divide in an anchorage-dependent way and form a spheroid in about 
7 days after culture. The third type of 3D culture cells are cultured in a structured 
environment, or scaffold, which closely resembles the ECM. The material of the 
scaffold can be natural (e.g. collagen, gelatine, silk) or synthetic (e.g. Polylactic acid, 
polyglycolic acid). This structure reflects the physical and psychological features of 
the solid tissue or tumor mass. Moreover, 3D cell cultures are powerful tools in drug 
screening and development as these cell cultures closely mimic the physiological 
environment where cells have diverse phenotypes and polarity and can exist in differ-
ent cell physiology stages such as necrosis, quiescent and anoikis [59, 60]. Depending 
on where the cells are located within the spheroids, their metabolisms and genotypes 
may vary. Cells found on the surface of a tumor behave similarly to cells in 2D cell cul-
tures. These cells are more accessible to chemotherapeutic drugs, and their metabo-
lism is also ensured since these areas are well supplied with blood vessels. In contrast, 
the cells in the deeper layers of the tumor tissue do not receive adequate nutrients and 
oxygen due to inadequate blood supply, which leads to changes in both their pheno-
types and genotypes. These cells respond differently to treatments and are much more 
resistant to cancer therapies. Erlichman and colleagues demonstrated that the effect 
of Adriamycin is much stronger on those cells that are present on the surface of the 
spheroids, or which were cultured in 2D cell culture, compared to the cells located in 
the inner part of the spheroid, which showed resistance to the Adriamycin treatment. 
Fluorescence assay showed that Adriamycin did not penetrate into the deeper layer of 
the spheroid and was only detected in cells close to the surface of the spheroids. These 
results are consistent with the fact that Adriamycin is only effective on proliferating 
cells and its penetration to the deeper layers of the spheroids is inhibited [61].

2.3 Xenografts

The first patient-derived xenograft (PDX) model was documented in 1969 when 
malignant tumor tissue, originated from patients with colon adenocarcinoma, was 
implanted into 8-week-old “Nude”, highly immunodeficient mice [62]. These xeno-
grafts derived from patients excellently model the 3D structure of tumor tissue and 
the tumor microenvironment, preserving its heterogeneity, genotype, epigenetic, 
morphology, and provide very useful insight into the tumor progression, drug 
resistance, metastasis and intratumoural cell-cell and cell-ECM communications. 
These PDX models also enable the discovery and identification of various biomark-
ers, predict the outcomes of preclinical drug tests and show drug response patterns 
that closely resemble those seen in patients [63]. In personalized medicine, the PDX 
is called the “Avatar” model as they allow the patient’s own tumor to grow in-vivo in 
a mouse to establish a personalized, targeted cancer therapy [64]. The effectiveness 
of several anticancer drugs/drug cocktails can be tested with this method for per-
sonalized anticancer treatment. These “Avatars” also allow to study the tumor at the 
48



Primary Cell Isolation from Solid Tissues and Current Understanding for Their Application…
DOI: http://dx.doi.org/10.5772/intechopen.1011997

9

molecular level and determine the intracellular pathways responsible for the tumor 
growth, drug metabolism and resistance [64]. However, there are many disadvantages 
of these PDX models that limit their widespread adoption in translational research. 
For example, the metabolism of drugs may differ in mice from human metabolism, 
so there have been cases when the response of PDX for drug treatments was false 
negative/positive, and not all patient-derived human tissue is suitable for PDX assay. 
Also, they are very expensive, require specialized facilities and not all tumor types can 
engraft successfully, and their establishment takes weeks or months, which is very 
long for a patient with a fast-growing cancer [65, 66]. Organoids can be a faster and 
cheaper option to obtain an “Avatar” model [67].

3. Personalized cancer treatment

For effective personalized cancer treatment, identifying the somatic genetic 
alterations driving cancer development and drug resistance is essential. To match the 
right medicine to the right patient is impossible without understanding the biological 
relationship between cancer genotype and phenotype. Cancer cell lines still play an 
important role in understanding cancer and disease biology, as well as drug resis-
tance, as they are easy to handle, have limitless growth potential and their homoge-
neous character makes them a choice for many large high-throughput experiments. 
However, these cells are often lacking the complex heterogeneity of the in-vivo tissue, 
and with the increasing passage numbers, these cells lose their original genotype and 
phenotype and do not truly represent the biology, heterogeneity and drug resistance 
of the tissue they originated from, which limits their clinical use, especially in person-
alized medicine [68]. These established cell lines also evolve in culture; they are not 
stable genetically [69].

Malignant tumors are heterogeneous at genotypic and phenotypic levels, and even 
the same tumor from different patients shows differences and different responses to 
the same drug during cancer treatment [70]. In personalized cancer treatment, the 
aim is to find these specific molecular alterations that drive the cancer development 
and progression in each patient. Ex-vivo culture of primary cancer cells isolated from 
cancer patients can overcome these problems and help to establish a personalized 
treatment based on cancer genotype [4]. Furthermore, the establishment of primary 
cancer cell culture can provide a robust platform for preclinical drug testing and 
bench-to-bedside translational medicine.

Tumors form a very complex ecosystem and primary cancer cells isolated from 
patients’ tumor tissue are very heterogenic in karyotype, protein and biomarker 
expression. Also, they are surrounded by non-malignant stroma, the tumor microen-
vironment (TME), which includes immune cells, blood vessels, fibroblasts, exo-
somes and ECM. The communication between tumor cells and TME cells supports 
cancer cell survival, promotes angiogenesis to restore oxygen supply, supports cancer 
invasion and metastasis and influences the response of tumor cells to anticancer 
treatments [71].

Immune cells either promote or suppress cancer development. Presence of cyto-
toxic T-cells (CD8+) and NK cells is often associated with good prognosis, while B cells 
and macrophages can have a protumour effect and support the cancer aggression by 
IL-10 and IL-4 cytokine production, respectively [71]. The presence of a large num-
ber of CD8+ cells in rectal cancer before neoadjuvant chemoradiotherapy is a posi-
tive sign of successful treatment and cancer regression [72]. Using patient-derived 
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cancer tumoroids to test and evaluate the tumor infiltration lymphocyte’s (TILs) 
function can predict the patient’s response to cancer therapy [73]. In many cases, 
cancer cells evade the immune surveillance either by downregulating the expression 
of their cell surface antigens, what makes them invisible for the immune cells, or 
by expressing immune checkpoint inhibitors such as PD-1 (programmed cell death 
protein-1), PD-L1 (programmed cell death protein ligand-1) and CTLA4 (cytotoxic 
T-lymphocyte-associated protein 4) to suppress the immune response [74]. With the 
discovery of CATL-4 and PD-1/PD-1 L by James Alison and Tasuku Honjo, immuno-
therapy rapidly developed in cancer treatment. Targeting and inhibiting these check-
point proteins by monoclonal antibodies prevent cancer cells to “turn off” T-cells, 
and the cancer cells can be destroyed by the immune system [75]. Immune checkpoint 
inhibitor therapies (ICI) revolutionized the strategy for cancer treatment. Clinical 
studies prove the effectiveness of this treatment in hematological and solid tumor 
cases and in tumors with a high mutational burden, but unfortunately, only a small 
percentage of patients can achieve a long-lasting response. Co-culturing patients-
derived primary tumor organoids with T-cells can help to understand the mechanism 
behind ICI and drug resistance, the role of immune cells in tumor progression and 
metastasis and why some patients’ cancer does not respond to the treatment [54]. 
Many types of co-culture systems exist, and they all have their benefits and limita-
tions. Establishing a co-culture system in 2D does not fully represent the complexity 
and structure of the TME. 3D co-cultures better represent the TME structure, but 
they are difficult to handle, and with the increase in the size of the spheroids, the dif-
fusion of drugs becomes increasingly difficult, leading to the formation of a concen-
tration gradient through the tumor tissue [54].

In the tumor environment, endothelial cells support angiogenesis, and the trans-
formation of endothelial cells to mesenchymal cells and the formation of cancer-
associated fibroblasts (CAFs) during tumor progression support the migration and 
metastasis formation of cancerous cells [72]. Exosomes, by carrying oncogenic mol-
ecules, microRNAs and other small molecules, can contribute to cancer progression, 
but on the other hand, they can be used for drug delivery specifically to cancer cells 
[76]. The cancer cells are continuously in contact with the TME, and this dynamic 
relationship heavily influences the cancer progression, growth, prognosis and treat-
ment options. Hypoxia, oxidative stress and acidosis modulate the TME and ECM 
composition and stiffness, which promotes cancer cell proliferation and resistance to 
treatment via activating the STAT3 pathway [77].

Cancer cells can be obtained with core biopsies, fine-needle aspirates, resections 
and autopsy specimens [70]. Computed tomography-guided biopsies from malignant 
tissues can provide samples free from normal epithelial cells [70]. The success of 
isolation of cancer cells and establishing a cancer cell monoculture is affected by 
the digestion methods, the number of cells collected, the presence of fibroblast and 
tumor stromal cells, tissue viability, the presence of microbial contamination and 
the biology of the cancer [4, 78]. Establishment of primary cancer cell lines is chal-
lenging; they often fail to adhere to the cell culture dish and lose the proliferative 
capability after a few passages. Non-tumor cells, stromal cells, can overgrow the 
slow-growing tumor cells. Resection from necrotic tissue may provide only a few 
viable cells, which can cause complications during cell culture [4, 78]. In case of treat-
ing cancer patients, time is an important factor. In most cases to establish a primary 
cancer cell culture originating from the patient’s tissue can take weeks and months, 
and the success rate of the process is different and depends on the cancer type. When 
establishing primary cancer cell culture, it is important to maintain the phenotypic 
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and genotypic features of the primary tumor and grow them indefinitely without 
genetic manipulation [78].

Culturing isolated NSCLC (non-small cell lung cancer) and patient-derived 
colorectal tumor cells by using irradiated fibroblast feeder cells in the presence of 
Rho-associated kinase (ROCK) inhibitor (Y27632), which disrupts the actin cytoskel-
eton and inactivates Rho, resulted in successful primary cancer cell line establishment 
[79–81]. This conditional reprogramming technology (CR) works well for all types 
of human epithelial cells, such as human cervical cells, human bronchial cells and 
human prostate cells, and also can be used for other animal species such as mouse, 
rat, pig, horse, rabbit, dog, fish and others [82]. Although these cells have characteris-
tics of adult stem cells, they do not express stem cell factors, e.g. SOX2, Oct4, Nanog, 
Klf4 [70]. These cells can later be cultured without feeder cells, can be cryopreserved, 
thawed and re-grown, and most importantly, these cells maintain genetic stability 
that features the initial tissue [69]. The effect of the Y27632 can be completely revers-
ible by removing it from the media. With this method, cancer primary cells can be 
grown and tested for drug sensitivity within weeks from the biopsy and can be used 
for personalized cancer therapies and biobanking [78, 79].

When co-culturing primary cancer cells with feeder cells, it is important that the 
feeder cells do not affect cell viability assessment and do not mediate the resistance 
to targeted therapies. During drug sensitivity testing, the assay conditions and the 
composition of the culture media must be considered and tested, as some additives 
can change the sensitivity of cancer cells to treatment. Growth factors such as insulin 
and exogenous EGF, for example, can reduce the sensitivity of ALK translocated and 
EGFR mutant lung cancer cells to EGFR and ALK tyrosine kinase inhibitors [69].

Tumors contain a heterogeneous population of different cell types; the largest 
portion of cells are non-tumorigenic, differentiated cells, benign cancer-associated 
fibroblast, tumor-associated macrophages and stromal cells [72]. The cancer has 
its own CSCs population that is capable of unlimited proliferation, disseminates 
the cancer, remodels the tumor microenvironment, drives tumor progression and 
self-renewal and is responsible for the resistance mechanism developed for cytotoxic 
drugs and radiotherapies. Identification and understanding of the biology of CSCs are 
promising targets for cancer therapies [83].

Traditional culture systems mostly support the proliferation of benign cells, 
stromal cells or differentiated, non-tumorigenic cells, leading to the loss of the CSCs 
population. To establish a pure CSCs population by depleting benign cells from the 
culture takes several weeks and specific culture media, which are commercially 
available [84]. Clonal expansion of tumor cells as well as intra- and intertumoural 
heterogeneity of the malignant tissue, differences among patients in disease progres-
sion, clinical response and sensitivity for anticancer treatment make the cancer 
treatment more challenging [85]. Intertumoural heterogeneity refers to the hetero-
geneity of the same histological tumor type between patients. Intratumoural hetero-
geneities can be observed as the presence of different tumor cell subpopulations in 
the same patients or even in the same site of the disease [80, 86, 87]. Intratumoural 
heterogeneity can be spatial, when genetically different tumor subpopulations are 
unevenly distributed in different or in the same disease site, or can manifest as tem-
poral heterogeneity when there is a dynamic variation in the different developmental 
stages of tumor cells in the single lesion over time [80, 82, 85, 86]. This heterogene-
ity can also emerge from the dynamic development of the tumor and the disease 
progression. With the increasing heterogeneity, the resistance is also increasing 
and these cancer cells with different molecular signatures have different sensitivity 
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to anticancer treatments. Heterogeneity is present not only within the tumor but 
also between the tumor and its metastasis, as well as among metastases. There is a 
growing demand for detecting these heterogeneities, to identify new cancer-specific 
target molecules and to understand the underlying pathological mechanisms for 
personalized cancer treatment [86].

Cells, healthy or malignant, isolated from a multicellular organism are hetero-
geneous. These cells are characterized with cell-to-cell variations in morphology, 
function and gene expression profile. No matter the size of the tissue, analyzing 
the pool of cells gives a weighted average information of that population’s cellular, 
functional and physiological features. This heterogeneity is especially significant in 
tumor tissues, where malignant and non-malignant cells form a cellular ecosystem 
and their interaction affects the tumor progression and response to treatment. The 
heterogeneity of these tumour tissues makes the establishment of a primary cancer 
culture difficult. Classical media formulations support the growth of non-malignant 
cells, stromal cells, which can lead to the loss of original cancer cells, especially the 
slow-growing tumor cells [88].

2D primary cancer cell cultures do not reflect the in-vivo cancer environment, the 
cell-cell and cell-tumor microenvironment connections and communications. These 
disadvantages of the 2D cell culture can be addressed by co-culturing the tumor cells 
with fibroblast or myoepithelial cells. However, co-culture can influence the growth 
of cancer cells and their response to anticancer drug treatment [89]. Also, it was 
shown that normal fibroblasts and fibroblasts originated from TME (tumor matrix 
environment) have different effects on cancer cells. Normal fibroblasts can inhibit 
cancer cell proliferation and metastasis during early cancer development [90].

3D cell culture models of primary cells increase the efficiency and accuracy of 
drug screening and development, as these cell cultures have the ability to remodel 
the in-vivo 3D structure, heterogeneity of the tissues and reduce the use of labora-
tory animals. Tumor cells growing in solid tumors often outgrow the blood supply 
and grow under hypoxic conditions, which change the metabolism, gene expression 
and sensitivity for anticancer treatment [91]. Dormant cells in the hypoxic tumor 
environment can survive the anticancer treatments aimed at proliferating cells and 
are responsible for the resistance of anticancer drugs. Also, penetration of anticancer 
drugs to the inner part of the tumor is not always efficient. Using spheroid cell cul-
tures from cell lines and primary colon cancer cell lines, Wenzel et al. identified drugs 
that specifically target these dormant cells in the inner part of tumor spheroids. These 
drug targets would not have been identified using 2D cell culture [92].

Liver cancer is a major cause of death in many countries, and in 2020, an estimated 
830,200 people died from liver cancer, and the number is increasing globally [93]. 
Broutier et al. developed an organoid culture of primary liver cancer cells originated 
from patients with primary liver cancer [94]. During the isolation of primary cancer 
cells, the samples can be contaminated with non-tumor cells, which can outgrow the 
cancer cells. To prevent this, the primary cell isolation conditions must be modified 
such as increasing the time of digestion, modifying the composition of the culture 
media and monitoring the development of the organoid. The cells in the organoid 
maintained the histological architecture of the tumor they originated from, resem-
bled the in-vivo cancer genetic complexity and structure and retained the differences 
between patients and tumor subtypes even after ~1-year expansion. Compared the 
gene expression pattern between cancerous and healthy liver cells, they identified 11 
genes that had never been associated with PLC [15].
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A successful 3D Organoids model must

•	 present the patient-specific heterogeneity of the tumor tissue;

•	 maintain tumor-specific morphology;

•	 express differentiation markers regardless of the developmental stage of the 
tumor;

•	 retain histological characteristics and diagnostic marker expression;

•	 retain the gene expression profile present in the original tissue; and

•	 preserve tumor-initiating capability.

The TME and its components, such as T and B lymphocytes, tumor-associated 
macrophages (TAMs), natural killer cells (NK), mesenchymal cells, cancer-associated 
fibroblast (CAFs) and other non-cellular components, play a critical role in cancer 
development, proliferation, metastasis formation and influence the cancer sensitivity 
and resistance to the different anticancer therapies. The cancer cells are continuously 
in contact with the TME, and this dynamic relationship heavily influences the cancer 
progression, growth, prognosis and treatment options [77].

3.1 Role of CSCs in cancer resistance and therapy failures

The current cancer therapies are intended to target rapidly dividing, mature 
cancer cells and are not effective against the small number of resistant CSCs subpopu-
lation residing within the tumor tissue. The CSCs were discovered in 1997 by Bonnet 
and Dick in acute myeloid leukemia [95]. The presence and variability of CSCs are 
different not just between tumor types but also between tumors in the same origin 
[96, 97]. The CSCs have unique properties, such as contributing to tumor progression, 
metastasis formation, responsible for the resistance to chemo and radiotherapy and 
tumor recurrence after cancer treatment. These cells are pluripotent, and this feature 
contributes to the maintenance of tumor heterogeneity by generating different lin-
eages of cancer cells [98, 99]. CSCs are responsible for the resistance of cancer to com-
mon therapeutic agents and failure of the cancer therapies and clinical improvements. 
CSCs can overexpress genes with role in DNA repair during chemotherapy [100], 
multidrug efflux pumps such as ATP binding cassette (ABC) transporters [101] and 
overexpress ALDH, which involved in detoxification of aldehydes, reactive oxygen 
species and chemotherapeutic agents [102]. Taken together, isolation and culture of 
patients-specific CSCs can help to understand the biology of the cancer, the disrupted 
intracellular pathways driving the CSCs behavior and the resistance mechanisms of 
CSCs. Detecting and selectively targeting those pathways and resistance mechanisms 
responsible for the CSCs proliferation, stemness potential, invasion and metastasis 
formation, chemo and radiotherapy resistance, immune evasion and angiogenesis and 
targeting these routes in patient-specific manner hold great promise to improve the 
efficiency of cancer treatment and reduce the risk of cancer recurrence.

CSCs exist in almost every tumor, and unlike the normal stem cells, they carry 
multiple genetic mutations and have a strong resistance mechanism to survive cancer 
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therapies, which leads to disease relapse [98, 103, 104]. CSCs can be identified by 
their sphere-forming and tumor-initiating property, expression of cancer-specific 
transcription factors and signaling molecules. Their isolation and identification 
are difficult, regardless of their very low presence in the cancer tissue. CSCs are of 
great interest for designing personalized treatments and establishing drug therapies 
specially targeting CSCs surviving initial cancer therapy. For CSCs identification, 
flow cytometry is the most widely used technology where the cells are identified 
and selected using antibodies specific for cell surface CD (cluster of differentiation) 
molecules [105, 106].

Isolation and enrichment of CSCs from patients’ cancer tissues, along with 
identification and therapeutic targeting of genes and proteins responsible for the 
CSCs resistance mechanism against anticancer treatment, can lead to a successful 
elimination of tumor and help prevent the recurrence of cancer [83]. However, 
culture of CSCs is difficult and time-consuming due to the low viability of cells, low 
cell number, necrosis of the tumor sample and the overgrowth of non-tumorigenic 
cells in the culture [4].

Expression and co-expression of CSCs surface molecules determine the cell’s 
phenotype and tumorgenicity, and inhibition of their signaling pathway with specific 
antibodies may help eradicate cancer. Stem cell-specific immunotherapy is compli-
cated by the fact that these cell surface markers are also present on healthy stem cells. 
Expression of these markers is different among cancer types. CD133, also known as 
prominin-1, is one of the most studied CSCs cell surface antigens [107]. Presence of 
CD133 positive CSCs in hepatocellular, prostate, colon and ovarian cancers indicates 
resistance to chemotherapeutic agents and poor prognosis. In these cells, the activa-
tion of antiapoptotic Bcl-2 and Akt/PKB pathways leads to the survival of anticancer 
treatment [108]. For identification of other CSCs from breast, gastric, pancreatic, 
prostate and head and neck cancer, mainly the CD44 cell surface marker is used, 
combined with other markers to identify subpopulations of CSCs. Many other CD 
markers are under investigation and identification [109].

3.2 Isolation of CSCs and primary cells based on cell surface markers

There are different methods for identification, isolation and enrichment of CSCs 
and primary cells such as using cell surface-specific markers, side population analysis, 
spheroid formation assay, ALDH activity, hypoxia and chemo resistance assay [110].

Isolation and enrichment of CSCs and primary cells based on their cell surface 
markers are mainly done by FACS (fluorescence-activated cell sorting) or MACS 
(magnetic-associated cell sorting) methods.

3.2.1 FACS

FACS is a specialized type of flow cytometry and the most sophisticated and 
user-friendly technique to characterizing cell types in a heterogeneous cell popula-
tion. During FACS analysis, primary cells can be separated from other cell types by 
the presence or lack of specific cell surface markers detected by fluorescent antibody 
ligands [111]. This is similar to the isolation of stem cells from other tissues by using 
cell-specific cell surface cluster of differentiation (CD) markers.

To obtain high-quality flow cytometric data, the dissection, dissociation and 
enzymatic digestion of the solid tissue sample must be well controlled and quick. 
Processing the sample less than 30 min after removal gives the best result. ECM 
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composition, origin and type of tissue must be considered when designing protocols 
to maintain high cell viability, preserve cell surface molecules and relevant antigens. 
Protocols may also be modified regardless of the tumor type [112].

For the preparation of single cells for flow cytometric analysis, dispase, trypsin 
and papain should be avoided [10, 113]. Trypsin and papain have a harsh effect on 
the cell membrane and can induce cell lysis and cell aggregation due to the free DNA 
released from damaged cells. There are commercially developed enzyme cocktails 
such as Accutase and TrypLE, which provide higher cell yield, improved antigen 
preservation and cell viability [14]. Freezing the tissue, using forceful mechanical 
dissociation, such as tissue homogenizer and vortexing, must be avoided to prevent 
cell degradation and increase cell viability. During centrifugation, high speed should 
be avoided. In general, 300–900 RCF (relative centrifugal force) is suitable to sepa-
rate cells from debris. High speed of centrifugation can damage cell membrane, while 
too low a speed does not provide successful separation, and cells will be lost during 
the supernatant aspiration. High concentration of enzyme and long incubation time 
during enzymatic digestion decrease cell viability, increase cell debris formation and 
damage cell surface markers important for FACS analysis. DNase and EDTA (ethyl-
enediaminetetraacetic acid) should be used in the buffers during the digestion. DNase 
helps to prevent cell aggregation via digestion of free DNA, while EDTA, as a chelat-
ing agent, sequesters divalent cations important for integrin-mediated cell-ECM 
adhesion [8]. During FACS analysis, it is also possible to measure many biological 
parameters such as cell size, granularity, DNA, RNA, membrane potential, enzymatic 
activities, intra- and extracellular receptors and protein phosphorylation, and can 
detect multiple targets using different antibodies at the same time [111, 114].

3.2.2 MACS

MACS is a routine methodology for the separation of key cell populations for 
biomedical use, diagnostic and regenerative medicine by using magnetic beads conju-
gated monoclonal antibodies corresponding to cell surface antigens. These monoclo-
nal antibodies bind to the cell surface molecules and are then attracted to a magnet, 
while the other, non-marked cells will wash out from the system. The disadvantage 
of this system compared to the FACS is that it can only use one parameter, the cell 
surface antigens, to select and separate cells [115].

3.2.3 Culture of CSCs

CSCs reside in niches, in a specialized microenvironment that supports their 
survival, protects the CSCs from the immune system and preserves their phenotypic 
plasticity. Niches also support the normal adult stem cell fate, for example, in the 
intestine, neural, epidermal and hematopoietic systems. Guo et al. cultured ALDH+ 
liver CSCs on mouse embryonic fibroblast (MEF) feeder cells and serum-free suspen-
sion culture. The two different culture conditions affected the size of the spheroids, 
the rate of the ALDH+ cells after 7 days of culture and the expression of stemness-
associated genes. Cells cultured in suspension culture formed different sizes and 
shapes of spheroids compared to the MEF, where the spheroids were more uniform. 
This and the gene expression results indicate that CSCs cultured on MEF had more 
stem cell characteristics compared to the cells cultured in suspension, and the pres-
ence of MEF feeder cells in this case provided a niche to the CSCs to help maintain 
their stemness potential [116].
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3.3 Primary cells in cancer precision medicine

Despite the groundbreaking discoveries in cancer genetics, the inter- and 
intratumor heterogeneity and the presence of genetically different cell populations 
complicate cancer therapy, and many patients have minimal or no response to the 
same treatment. Single-cell transcriptomics can provide detailed information about 
the complexity of the tumor, identify genes driving oncogenesis and drug resistance 
and can predict the effectiveness of the anticancer treatment. Identifying the specific 
molecular features of the patient’s tumor and tailoring the treatment based on this 
information are the basis of cancer precision medicine. Molecular technologies such 
as genomics, transcriptomics, epigenetics and immunophenotyping together improve 
the precision, clinical effectiveness and utility of personalized cancer treatment.

Single-cell RNA (scRNA) sequencing can reveal more information about devel-
opmental processes, transcriptional differences, cell lineage segregation, clonal 
evolution of tumor cells, tumor microenvironment, disease progression and drug 
resistance compared to bulk transcriptomes [117]. Identification of genetic mutations 
in cancer cells with single-cell RNA sequencing helps to understand cancer hetero-
geneity, drug sensitivity, tumor microenvironment, tumor immune cell interactions 
and provides a more successful personalized cancer treatment [118].

Primary single-cell isolation for RNA sequencing (scRNA-seq) can be assessed 
for transcriptome analysis to gain information about cellular traits and cellular state, 
and permits the comparison of the transcriptome of individual cells. For example, 
single cells isolated from liver tissue provide more accurate information about drug 
metabolism compared to immortalized liver cell lines. Single cancer cell drug sensi-
tivity testing (SCC-DST) together with scRNA-seq, epigenetic and omics data gives 
more detailed information about the drug sensitivity and resistance of the patient’s 
tumor and provides more accurate therapeutic decisions for personalized cancer 
treatment [119].

In the tumor, the various cells communicate by ligand-receptor interactions, which 
implicate the mechanism of tumor progression and resistance to cancer therapy. For 
example, immune checkpoint inhibitors target these interactions, but most of the 
patients do not respond to these treatments. Identification and understanding of 
these cell-cell, receptor-ligand interactions by scRNA-seq can provide information 
about patient outcome and help to discover new molecules that can be targeted in 
immune therapies [120].

The success of the scRNA sequencing is affected by the period between tissue 
acquisition variability and processing, the applied mechanical and enzymatic diges-
tion protocol, the type of tumor, the composition of its extracellular environment, 
sample processing steps, the quality of mRNA, sequencing depth and pipetting 
accuracy. Also, different tumor samples require different protocols for single-cell 
isolation, depending on their ECM composition and stiffness. Prolonged enzymatic 
digestion time and mechanical stress can negatively affect the native expression 
profile and transcriptome analysis [12]. These technical variables are the sources of 
batch effect during single-cell preparations, which make the analysis particularly 
challenging. Each step should be carefully optimized to avoid these variables and 
artefacts [121].

Recently, scRNA-seq is the most widely used technology for classifying tumors 
and identifying biomarkers for precision medicine. However, in the future, this 
technology can be used to match therapies in personalized cancer therapies and moni-
tor resistance. Researchers and computational biologists, working together to develop 
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computational programs, are able to analyze scRNA-seq data and identify the patients 
who will respond and who will be resistant to the treatment [122]. Implementing 
precision medicine in personal cancer treatment is challenging and puts pressure for 
the healthcare system to adapt its infrastructure. Despite the rapidly growing number 
of new biomarker-based drug developments, many of the cancer patients still do not 
receive treatment based on genetic testing [123].

4. Primary cells in drug development

Drug development is a multiple and time-consuming process involving target 
identification, screening, optimization and clinical trials. Before a drug is marketed, 
it undergoes numerous tests that examine possible side effects and liver toxicity. 
These tests often still use animal models, even though the expression and activity of 
enzymes involved in drug metabolism can vary significantly between humans and 
animals, which can lead to termination of drug during clinical development using 
results based on animal models [124].

Many protocols in drug development and screening still use immortalized and 
genetically engineered cells to detect drug efficiency and potential drug target pro-
teins. However, these cells physiologically and clinically are less relevant to primary 
cells which endogenously express the target molecule, and because of it, these assays 
many times give false positive/negative results. With the development of technology, 
many drug discovery programs utilize primary cells, normal or cancerous, isolated 
from patients, which phenotypically more closely resemble the cells found in-vivo and 
more closely reflect the human cell physiology [125].

Drug absorption, distribution, metabolism and toxicology (ADMET) assays are 
essential for drug developmental studies [126]. Hepatic CYP450s enzymes have main 
role in drug metabolism and hepatic clearance, and many drug toxicity assays use 
hepatocytes [127]. Most of the ADMET assays use primary hepatocytes instead of 
immortalized cell lines, which can predict the drug toxicity and metabolism before 
entering clinical stages [128] Hepatotoxicity is still one of the most frequent causes 
for late-stage failure in drug development [129]. Results obtained from EDMA assay 
using animal models are limited due to the interspecies differences in the expression 
and activity of enzymes with a role in drug metabolism. Using primary human hepa-
tocytes (PHH) can overcome these problems and represent a gold standard model for 
HT testing [130].

Using primary cells as complex biological systems for ADMET and drug-induced 
liver injury assays can provide more accurate information about the drug-cell interac-
tion, drug metabolism and the overall cellular response in-vivo than immortalized 
cell lines, single enzyme or subcellular fractions [131]. However, in-vitro culture of 
primary hepatocytes for drug screening, tissue engineering and cell therapies is still 
challenging. 2D culture of primary hepatocytes does not reflect the in-vivo pheno-
types of cells and does not give reliable information about the liver biology and drug 
metabolism [132, 133].

Isolation and in-vitro culture of primary hepatocytes for drug screening, tissue 
engineering and cell therapies is still challenging. Variations in the isolation tech-
niques and differences in the sample types all affect the culture process. PHH cultured 
in suspension or 2D monolayers dedifferentiate and lose their hepatic function, and 
there is a high drop in phase I and II enzyme activity within hours; however, cultur-
ing PHH in 3D spheroid culture can prevent this process and maintain the molecular 
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phenotype of the hepatocytes. These 3D spheroid models can be established by 
using either a synthetic scaffold that mimics the ECM or inhibits the attachment 
of the hepatocyte to the cell culture flask surface [55]. There are many techniques 
to establish scaffold-based cell cultures, such as electrospinning, Solvent-casting 
Particle-leaching or using polyhydroxybutyrate for scaffold fabrication [134–136]. 
Using hydrogel scaffold extracted from murine Engelbreth-Holm-Swarm tumor 
affects the cell morphology, gene expression pattern, migration and cell proliferation. 
When using this scaffold for human cell culture, the results must be interpreted care-
fully. Among these materials, polyhydroxybutyrate is the best choice as it is a natural 
material found in bacteria, highly flexible, biocompatible and biodegradable [137]. 
Fontoura et al. compared 2D and 3d cell culture models, and it has been shown that 
the physiology and gene expression pattern of cells grown in a 3D model resembled 
the original tissue much more closely than that of a 2D model [138]. Proteome 
analysis data revealed differences in the expression of genes that play role in phase I 
and II reactions (CYP1A2, CYP2C8, CYP29C, CYP2D6 and CYP3A4) and hepatocyte 
metabolism between 2D sandwich and 3D culture of primary hepatocytes origi-
nated from the same donor [139]. In a toxicology study, PHH in 3D spheroid culture 
maintained the high level of expression of proteins with a role in drug metabolism, 
and their protein expression was stable over the 14-day culture compared to the 2D 
cultures. These spheroid cultures enable the evaluation and study of drug toxicity 
and metabolism for drug development and personalized medicine, as it considers the 
differences between patients [140].

Hepatocyte spheroids can be formed by culturing the cells in hanging drops, in 
bioreactors or in culture flasks where their attachment is inhibited [141, 142]. Tostöes 
et al. successfully cultured primary hepatocyte spheroids for 3–4 weeks without 
serum in a perfusion bioreactor, and the cells maintained the expression of drug 
metabolizing phase I and II enzymes such as CYP450, GSTA1 and UGT2B7 [143].

In a new methodology, Wei et al. used self-assembling nucleic acid nanostructures 
to decorate living cells (NACs) and generate designer spheroids. This technology 
allows the positioning of multiple cell types in the spheroids to mimic natural tissue 
anatomy. Generation of heterogenic NAC spheroids using millions of human primary 
hepatocytes, stromal cells and immune cells provides a detailed, standardizable 
modeling of liver diseases and improves drug screening and development efficiency. 
This technology may open the way to establish spheroids from primary cells in per-
sonalized medicine, which completely mimic the in-vivo structure and environment 
of tissues. Also, assembling these spheroids, we can generate functional organs for 
disease treatments, drug screening and the study of the molecular basis of different 
diseases [144].

These models unfortunately cannot yet be used for testing drugs that target 
immune cells, because these tumoroid systems do not support the proliferation 
of immune and stromal cells. Another method to establish 3D cell culture, which 
preserves the structure of the original tissue, is the in-vitro culture of patient-derived 
tumor slices. These 3D tumoroid models can be used for evaluating the immune 
cell populations infiltrating the tumor, to study the efficiency of new drugs and 
chemotherapy treatments in a heterogeneous environment, which contains not just 
the tumor cells but also cells from the TME. Finnberg et al. developed a 3D culture 
system using colon, lung, pancreas, rectum and liver cancer tissues, which enabled 
maintenance of the complex tumor tissue for 44 days. These 3D cultures retain tumor 
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markers, CSCs, stromal and immune cells and the vasculature of the in-vivo tumor. 
This model, along with the sequencing data, can provide information about how these 
tumors respond to individual drug treatments and can predict drug resistance, which 
information can help clinicians to decide which is the most effective treatment for the 
patient in personalized therapies [145]. Stromal cells, recruited from the bone mar-
row, are also important to the tumor development, as they are responsible for several 
biological processes that contribute to the survival of cancer cells: the formation of 
metastases, evasion of immune system, angiogenesis, resistance to apoptosis, mainte-
nance of proliferative signals and evasion of growth suppressors [146].

Using primary cells for genome, transcriptome, epigenome, proteome and 
metabolome analysis provides more precise, cell-specific data and helps to validate 
and identify new drug targets in cancer, neurological disease, infectious disease, 
cardiovascular disease and immunological disorders and to improve the effectiveness 
and safety of drugs [147].

The heterogeneity of tumor and normal tissue and the different sensitivity of 
individual cells for drugs make the drug development and personalized cancer 
treatment challenging. These models, whether 2D, 3D, or tumoroid, must preserve 
the original tissue’s genotype and phenotype, and they also need to reflect the in-
vitro environment, which not only influences the tumor development but also the 
response to chemo- and radiotherapy, the treatment outcome and the emergence of 
resistance mechanisms. Also, this culture must maintain the tumor markers and CSCs 
and support the proliferation of immune and stromal cells. Using tumor cells and 
tissues from patients, we can consider the differences between patients, as well as the 
intra- and intertumor heterogeneity and based on these, these culture systems enable 
the development of personalized therapy. For this method to become available to all 
patients in clinical practice, it still requires a lot of development. In the treatment of 
cancer patients, time is a very important factor, and the creation of these primary cell 
cultures often takes weeks. Furthermore, the development of such synthetic culture 
media becomes necessary, which maintain and preserve the in-vivo biological and 
physiological features of the original cells and tissues.

4.1 Single-cell RNA-seq in drug development

Using scRNA-seq and public bulk RNA sequencing data, Zhang et al. identified 
10 overexpressed genes in malignant type 2 alveolar (AT2) cells originated from lung 
adenocarcinoma (LUAD) tissue sample. AT2 cells, as secretory and regenerative cells, 
play a role in maintaining the homeostasis in the alveolus of the lung and may be the 
cells of origin of LUAD. Among these genes, AQP5 and KPNA2 can potentially serve 
as a drug target and early diagnostic marker of lung cancer [148]. Identification of 
epithelial club cells population in prostate cancer, which are characterized by lower 
expression SCGB3A1 and LCN2 and higher androgen responsiveness, may play a role 
in supporting cancer development [149]. ScRNA-seq helped to identify proximal 
tubule (PT) cells as the cell-of-origin of cancer in one of the most heterogeneous 
and extremely difficult to treat papillary renal cell carcinoma (pRCC). In tumors, 
the same genetic mutation in different cell lineages can lead to different phenotypes, 
morphology and malignancy. Identifying the cell-of-origin of heterogeneous tumors 
helps to understand the progress of the tumor development, response to treatments 
and can provide new targets for drug development [150].
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5. Primary cells in regenerative medicine

In the last years, cell therapy has undergone significant development in terms of 
both safety and efficiency. The market analysis report predicts a 22.66% increase in 
the global cell therapy market size by 2030 compared to 2024 [151]. Regenerative 
medicine relies on primary cells isolated from different tissues, for example, liver, 
kidney, neural tissues, skin and cartilage. The high demand for available organs and 
the low number of organ donations result in a long waiting list in transplantation 
medicine, and many patients do not receive the necessary organs in time, and many of 
them die before a suitable organ becomes available for them.

5.1 Cell therapy for kidney disorders

Treatment of kidney failure by kidney transplantation is very successful, with 
5-year survival of >80% for recipients, but the patients require lifelong immunosup-
pression [152]. In Europe, 10,002 patients waited for a kidney transplant in 2024 
[153]. Kim et al. isolated primary renal epithelial cells from a cadaveric kidney not 
suitable for transplant to prepare a bioartificial kidney to mimic human nephron 
physiology. The primary kidney cells were cultured in a mini-bioreactor system in 
such a way, which allowed the gas and nutrient transport but protected the cells 
from the host immune system to prevent rejection. This implantable bioartificial 
kidney (iBAK) was implanted into a porcine model, where the cells survived 7 days 
without any hyperacute immune reaction against the human kidney cells. However, 
still much research is required for the further development of these mini bioreactor 
systems. This technology, using primary cells, is very promising not only for kidney 
but also for the treatment of other organ system failures until suitable donor tissue is 
available [154].

5.2 Cell therapy for liver disorders

Like the kidney, liver also has many vital functions, and liver failure has life-
threatening consequences. Liver diseases can be classified into three groups: acute 
livers disease, chronic liver disease and inherited metabolic disorders [155–157].

In case of liver failure, the only available treatment is the liver transplant. In 
Europe, 1497 patients waited for liver transplant in 2024 [154]. After acute liver 
disease, the hepatocytes retain their ability to proliferate, and the liver can regenerate 
itself. But the loss of liver function during the disease causes serious systemic compli-
cations. To overcome these complications and help the liver to regenerate, Dhawan et 
al. microencapsulated primary hepatocytes into alginate beads and transplanted them 
into pediatric patients with acute liver failure and with an average age of 14,5 days. 
With this technique, hepatocytes isolated from one donor could be transplanted 
intraperitoneally into many children, as the alginate capsulation protected the 
hepatocytes from the donor immune system while allowing protein and substrate 
transport. This procedure helped the children to recover from acute liver failure or 
to survive until a suitable organ becomes available. The treatment was successful in 
seven out of eight infants. One child who died was not suitable for liver transplant, 
and his care was electively withdrawn [158].

Isolation and culture of primary hepatocytes are still challenging. Variations in the 
isolation techniques and differences in the sample types all affect the culture process. 
PHH cultured in suspension or 2D monolayers dedifferentiate and lose their hepatic 
60



Primary Cell Isolation from Solid Tissues and Current Understanding for Their Application…
DOI: http://dx.doi.org/10.5772/intechopen.1011997

21

function, and there is a high drop in phase I and II enzyme activity within hours; 
however, culturing PHH in 3D spheroid culture can prevent this process. In a toxicol-
ogy study, PHH in 3D spheroid culture maintained the high level of expression of 
proteins with a role in drug metabolism, and their protein expression was stable over 
the 14-day culture compared to the 2D cultures [140].

5.3 Cell therapy for neurological disorders

Neurological disorders, for example, Alzheimer’s disease (AD), stroke, 
Huntington’s disease (HD), Parkinson’s disease (PD), motoneuron diseases, multiple 
sclerosis and brain and spinal cord injuries, are leading causes of disability and 
second leading causes of death worldwide [159]. There are two methods that can be 
applied to treat neurological disorders: in the first one, cells such as mesenchymal cells 
are injected into the patient’s tissue to aid its regeneration, while in the other method, 
the so-called cell replacement therapy (CRT), the patient’s diseased cells are replaced 
with healthy cells. This second approach can provide long-term benefits and recovery 
for the patients [159].

In Parkinson’s and Huntington’s diseases, the core pathologies are well defined, loss 
of dopaminergic nigrostriatal tract and loss of the GABAergic striatal output neurons, 
respectively. Primary and multipotent progenitor cells derived from embryos may 
be suitable for replacing the function of diseased cells. Neural cell lines differ greatly 
from primary nerve cells, and because they possess oncogenic properties, they cannot 
be used for cell therapy. Currently, the only source for primary, non-transformed 
nerve extraction is embryonic tissue [160]. The disadvantage of these cell cultures 
is that they cannot be maintained in-vitro for long, and in the case of cell therapy, 
the patient requires immunosuppressive treatment, and, in some countries, the use 
of embryonic tissues raises ethical questions. The solution may be to reprogram 
patient-derived cells, such as fibroblast cells, into pluripotent cells capable of dif-
ferentiating into neuronal cells [161, 162]. This autologous transplantation no longer 
requires immunosuppressive treatment. In the case of Parkinson’s disease, the goal is 
to replace dopamine-producing cells [163]. The production of these dopamine (DA) 
progenitor cells can be achieved in three ways. In the first step, cells are isolated from 
a donor with the same HLA type as the patient, and these cells are differentiated into 
DA progenitors using iPS technology. In the second method, they use the same iPS 
technology but with cells originated from the patients [164]. In the third method, 
embryonic stem cells isolated from blastocyst are differentiated into DA progenitors. 
In iPS technology, the pluripotent stem cells are generated from somatic cells, such 
as fibroblasts, using specific transcription factors, and these pluripotent stem cells 
can be later differentiated into any type of cell. This technology holds big promise in 
regenerative medicine [165].

In the case of Huntington’s disease, the mutation of the Huntington gene leads to 
the loss of GABA-producing cells. In the treatment of this disease, they also attempt 
cell therapy derived from foetal tissue, but clinical studies do not demonstrate long-
term effects. Park et al. successfully transplanted iPSC-derived neural precursor cells 
into mouse HD model (YAC128), where these cells differentiated mainly astrocytes 
and showed neuroprotective effects [166]. These animals have higher expression of 
DARPP-32 (dopamine and cAMP-regulated phosphoprotein Mr. 32 kDa) and showed 
improved motor and cognitive function [166].

Unlike PD and HD, AD affects all the entire area of the brain, which is associated 
with the loss of nerve cells and a decrease in their number [163, 167]. In AD, the 
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accumulation of amyloid plaques and neurofibrillary tangles interferes with normal 
cell function, which leads to irreversible neuron degeneration [168]. Therefore, this 
disease cannot be localized to a specific area of the brain or neuron type. In the treat-
ment of this disease, stem cell therapy has also been attempted, some of which have 
proven promising as they reduced neurological symptoms in mouse experiments. 
Although the brain is immune-privileged due to the blood-brain barrier, there is con-
siderable evidence that immune cells are present in the brain. By using the patient’s 
own cells, the development of an immune response against the transplanted cells can 
be eliminated [169].

6. Primary cells is biotechnology

Bioreactors are widely used essential tools for expansion and cultivation of cell 
lines for gene and cell therapy and stem cell treatment. In bioreactors, cells are main-
tained in well-controlled microenvironment to regulate cell growth, differentiation 
and tissue development. Bioreactors can be customized to fit the requirements of the 
cells cultured to support their maximal growth and metabolism under well-controlled 
conditions. Bioreactors can be found in almost every size, from small microfluidic 
systems to hundreds of liters, adjusted to the size of the cell culture [170]. In regen-
erative medicine and cell therapy, bioreactors are essential tools to provide a repro-
ducible, standardized technology to establish a physiological environment for cell 
growth and tissue formation. In personalized cell therapy, the cells are very different; 
the viability and quality of the cells are influenced not only by the patient’s genetics 
but also by the type of disease they have and what treatments they have received. 
This means that the culture conditions must also be tailored to meet the needs of the 
patients’ cells [171]. Bioreactors also have the advantages of 3D tissue culture, which 
can closely mimic the in-vivo tissue development, provide more reliable results for 
individual drug testing, drug development and may help to reduce the use of labora-
tory animals. There are microbioreactor systems that are capable of maintaining 
heterogeneous primary cells in 3D or spheroid culture and provide a more biologically 
relevant environment. However, cell therapy and tissue engineering require a large 
number of patient cells that are difficult to obtain from a small tissue sample. Culture 
of primary cells requires optimized growth conditions, specific cytokines and growth 
factors. In bioreactors, the pH, temperature and oxygen concentration can be well 
controlled. Using a perfusion system, it is possible to remove the metabolic waste and 
provide fresh media for the cells [172]. Expansion of cells using a multistep conven-
tional method can cause batch variability, a decrease in cell quality and viability and 
changes in the cell identity and gene expression [173]. There are certain types of cells, 
whose physiology can also be regulated by mechanical stress, such as osteocytes, 
chondrocytes, cardiomyocytes and skeletal muscle cells [174]. For example, culturing 
chondrocytes together is a scaffold polymer in a static, mixed flask or a rotating vessel 
can affect the size and the mechanical properties of the tissue. Compared to the static 
and mixed flask culture, the rotating method resulted in cartilage tissue with the best 
mechanical properties and the highest fraction of glycosaminoglycan and collagen 
[174]. It occurs in many cases that the donor lung intended for transplantation is not 
suitable. Since there are still very few transplantable donor lungs, these unsuitable 
lungs can be saved using genetic methods. By removing the cells from the donor lung, 
the remaining scaffold can be repopulated with new, functional lung cells [175]. 
Bioreactor technology can provide a suitable physical and biochemical environment 
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for the developing lung. Culture together the lung scaffold and the healthy epithelial 
and endothelial cells in a bioreactor, which provides well-controlled culture condi-
tions, recapitulates the need for lung physiological development and will lead to the 
reepithelization of the scaffold and development of a functioning lung together with 
its vasculature [175].

Serra et al. used computer-controlled stirred bioreactors to expand CSCs isolated 
from patients with non-small cell lung cancer (NSCLC) and colorectal cancer (CRC). 
Their results showed that the growth and the ability of aggregate formation of NSCLC 
stem cells were not affected by the presence or lack of serum in the culture media, 
however, culturing the CRC cells in serum-free media resulted in a higher number of 
aldehyde dehydrogenase positive (ALDH+) cell populations. ALDH is a cancer prog-
nostic and cancer stem cell marker [176]. Both cell lines were successfully grown in 
microcarriers; however, NSCLC cells showed higher expansion ratios when compared 
to aggregate culture. On the other hand, the vessel design and the impeller geometry 
influenced the growth kinetics and the size of aggregates. The size of aggregates limits 
the O2 diffusion to the inner cells detected by the presence of hypoxic regions in the 
inner part of the aggregates. These aggregated structures well represent the in-vivo 
conditions of the solid tumor, where outside of the central necrotic area, there is a 
middle layer with quiescent cells and an outer layer with highly proliferating cells 
[177]. Harvesting, enzymatic dissociation of these aggregates resulted in 7–15% cell 
viability and 74–83% ALDH positivity. Among the used digestion enzymes, the tryp-
sin 0,05% and the A + C + D (Accutase+Collagenase III + DNase) showed the highest 
ALDH positivity compared to TrypLE [176].

© 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. 
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Chapter 4

Generation of Functional β Cells 
from Pluripotent Stem Cells: 
Advances and Applications
Zenith Khashim and Quinn P. Peterson

Abstract

The generation of functional pancreatic β-cells from pluripotent stem cells 
(PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs), offers transformative opportunities in diabetes research and regenerative 
medicine, as primary human pancreatic β-cells are scarce and difficult to maintain 
in vitro. Stem cell-based differentiation has emerged as a scalable and renewable 
strategy to produce insulin-secreting β-like cells. This chapter provides an overview 
of the stepwise differentiation protocols that mimic human embryonic pancreatic 
β-cell development, highlighting the key signaling pathways and transcription factors 
involved at each stage. It also addresses critical challenges in achieving full β-cell 
maturation, including strategies such as 3D culture, co-culture systems, and environ-
mental conditioning. Methods for isolating and enriching functional stem cell-
derived β cells (SC-β), such as surface marker-based sorting, metabolic assays like 
glucose-stimulated insulin secretion (GSIS), and reaggregation into islet-like clusters, 
are discussed in detail. Functional validation techniques, including immunostain-
ing, GSIS, and mitochondrial assessments, are emphasized to confirm SC-β cells 
identity and physiological function. Finally, this chapter highlights the use of SC-β 
cells in drug screening, disease modeling, and cell replacement therapies for diabetes. 
Continued advancements in differentiation protocols are positioning SC-β cells as 
vital resources for deepening our knowledge of diabetes and driving the development 
of effective cell replacement therapies.

Keywords: pluripotent stem cells induced pluripotent stem cells, pancreatic β-cells, 
insulin, differentiation, definitive endoderm, glucose-stimulated insulin secretion, 
diabetes, cell replacement therapy, regenerative medicine

1. �Introduction

Primary cells play a crucial role in both basic and translational research by offer-
ing physiologically relevant models to investigate tissue-specific functions, disease 
pathways, and responses to therapies. In diabetes research, the pancreas plays a vital 
role in maintaining glucose balance, primarily through the secretion of hormones 
by the [1, 2]. Among these hormones, insulin, secreted by pancreatic β-cells, plays 
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a crucial role in lowering blood glucose levels. In human islets, β-cell account for 
roughly 55–70% of the total cell population and release insulin in response to rising 
glucose concentrations [3–5]. Although functional human β-cells are essential for both 
research and therapy, their acquisition remains a major challenging. Harvesting islet 
from pancreatic tissue is limited by scarce donor availability, poor cell viability during 
culture process, and difficulties in expanding cell numbers to meet experimental or 
clinical demands. These constraints have impeded progress in developing cell replace-
ment therapies, a promising strategy to restore insulin production in individuals with 
diabetes by transplanting functional β-cells [6, 7]. The discovery of pluripotent stem 
cells, like embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), 
offers a renewable and scalable source for generating stem cell-derived β (SC-β) cells 
in vitro [8]. Using stepwise differentiation protocols that recapitulate embryonic pan-
creatic development, ESCs and iPSCs can be directed to form insulin producing β-like 
cells with both physiological relevance and therapeutic potential. These advances 
not only accelerate the development of cell replacement therapies but also expand 
opportunities for disease modeling, drug screening, and personalized regenerative 
medicine. This chapter examines the evolution from traditional islet isolation methods 
to the generation of SC-β cells from ECS/iPSC, emphasizing recent progress in dif-
ferentiation techniques, functional assessment, and the growing utility of SC-β cells 
in both diabetes research and therapeutic applications. It also discusses current chal-
lenges, technological innovations, and future perspectives aimed at improving SC-β 
cell maturation, scalability, and clinical translation for effective diabetes treatment.

2. �Islet isolation: Overview and limitations

The isolation of pancreatic islets has long served as a critical technique for study-
ing β-cell biology, diabetes pathophysiology, and potential therapeutic interventions. 
Traditionally, human and animal islets are isolated from donor pancreata using enzy-
matic and mechanical methods that separate the islets from the surrounding exocrine 
tissue. The most employed protocol involves collagenase digestion, which enzymati-
cally disrupts the extracellular matrix, followed by density gradient centrifugation to 
enrich islet populations based on their buoyant density. After centrifugation, islets are 
typically handpicked under a microscope to ensure purity for downstream applications 
[9–11]. Islet isolation remains technically challenging despite decades of optimization, 
with extracting viable islets from donor pancreases particularly difficult. As a result, 
only about 50% of processed pancreata yield enough islets suitable for transplantation 
[12, 13]. The limited availability of donor organs continues to severely constrain the 
supply of primary islets for both clinical use and research. Even when donor tissue is 
obtainable, isolated β-cells experience rapid declines in viability and function due to 
physical stress, restricting their application in long-term cultures and functional assays 
[14, 15]. In addition, this approach lacks the scalability needed to meet the demands of 
widespread therapeutic use, especially since each clinical transplant requires millions 
of functional β-cells [16, 17]. These limitations highlight the urgent need for alterna-
tive, renewable sources capable of producing high-quality β-cells at a scale suitable 
for clinical applications. In this context, the development of pluripotent stem cell 
technologies, including ESCs and iPSCs, offers a promising solution. These platforms 
allow the in vitro generation of SC-β cells through directed differentiation protocols 
that mimic developmental cues, thereby providing an expandable, donor-independent 
source of insulin-producing cells [8, 18, 19]. As a result, stem cell-based methods are 
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gaining popularity as a more effective alternative to overcome the challenges of isolat-
ing primary islets. They offer new opportunities for studying disease, testing drugs, 
and developing cell replacement therapies to treat diabetes.

3. �Pluripotent stem cells as sources for pancreatic β-cell generation

The discovery of human pluripotent stem cells (hPSCs) has transformed 
regenerative medicine and drug development by enabling the in vitro generation of 
replacement cells and tissues for therapeutic use [8]. Owing to their unique ability to 
differentiate into any cell type in the human body, pluripotent stem cells offer signifi-
cant promise for advancing diabetes research. Importantly, these pluripotent stem 
cells can be directed to generate functional pancreatic β-cells, which are essential for 
insulin production and maintaining blood glucose homeostasis [8, 20]. They broadly 
fall into two categories: those derived from early-stage embryos (ESCs) and those 
reprogrammed from adult somatic cells (iPSC). ESCs are derived from an inner cell 
mass (ICM) of the human blastocyst, a hollow structure that forms approximately 
5–6 days after fertilization. At this stage, the human embryo contains about 70–100 
cells and is composed of two main components: ICM, which gives rise to the embryo 
proper and serves as the source of ESCs, and the trophoblast, which develops into the 
placenta [21, 22]. ESCs are naturally pluripotent and were the first human stem cells 
to be studied extensively in research. They have the remarkable ability to self-renew 
indefinitely and to differentiate into all three germ layers: ectoderm, mesoderm, and 
endoderm [21, 23, 24]. Importantly, since the endoderm gives rise to pancreatic tissue, 
ESCs serve as an ideal source for generating insulin-producing β-like cells in vitro [8] 
for diabetes research and potential therapy (Figure 1).

iPSCs are generated by reprogramming adult somatic cells, such as skin fibroblasts 
or blood cells, back into a pluripotent state. This is typically achieved by introducing 

Figure 1. 
Derivation of embryonic stem cells (ESCs) from early human embryo development. The image illustrates the 
sequential stages of preimplantation embryonic development, starting from the 2-cell zygote (Day 1), progressing 
through the 8-cell stage (Day 3) and morula (Day 4), and culminating in the formation of the blastocyst (Day 5). 
The blastocyst’s inner cell mass (ICM) gives rise to ESCs when isolated and cultured in vitro. ESCs derived from 
the ICM are pluripotent and capable of differentiating into all three germ layers.
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a set of transcription factors, most commonly Oct4 (Octamer-binding transcription 
factor 4), Sox2 (SRY-box transcription factor 2), Klf4 (Kruppel-like factor 4), and 
c-Myc (cellular Myc proto-oncogene), which reset the cell’s gene expression and 
epigenetic profile [25, 26]. This technology offers several important advantages.

iPSCs present a key ethical advantage by circumventing the use of human 
embryos, thus enhancing their acceptance in both clinical and research contexts. 
Moreover, iPSCs enable the generation of patient specific cell lines, which are valuable 
in the field of personalized medicine [27]. In the context of diabetes, somatic cells 
from affected individuals can be reprogrammed into iPSCs and differentiated into 
pancreatic SC-β cells [28, 29]. These personalized cells provide a powerful platform 
for uncovering disease mechanisms, evaluating individual drug responses, and serv-
ing as autologous grafts for transplantation markedly reducing the risk of immune 
rejection (Figure 2).

PSCs hold immense promise in regenerative medicine, especially for developing 
personalized therapies aimed at chronic diseases such as diabetes, cardiovascular 
disorders, and neurodegenerative conditions. Progress in reprogramming techniques, 
gene editing technologies like CRISPR-Cas9, and optimized differentiation protocols 
has expanded the clinical and research utility of iPSC-based systems [30, 31]. Like 
ESCs, iPSCs exhibit self-renewal and pluripotency, enabling unlimited expansion and 
differentiation into cells of all three germ layers ectoderm, mesoderm, and endoderm 
[21, 25, 32]. These distinctive characteristics make PSCs invaluable for studying 
early human development, modeling diseases, testing drugs, screening therapeutics, 
and advancing regenerative medicine. One of their most promising applications is 
the generation of insulin-producing SC-β cells. Through stepwise differentiation 
protocols that recapitulate embryonic pancreatic development, ESCs and iPSCs can 
be guided to produce functional SC-β cells capable of glucose-stimulated insulin 
secretion [8]. This scalable platform addresses the critical limitations associated with 
donor-derived β-cells and opens new avenues for innovative diabetes therapies.

4. �Pluripotent stem cells directed differentiation toward β cells

The generation of functional pancreatic β-cells from hPSCs, including ESCs and 
iPSCs, relies on directed differentiation protocols that closely mimic the sequential 

Figure 2. 
Generation of induced pluripotent stem cells (iPSCs) from adult somatic cells. This schematic illustrates the 
reprogramming of an adult somatic cell, such as a skin fibroblast or blood cell, into an iPSC. The reprogramming 
is achieved by adding transcription factors that revert the somatic cell to a pluripotent state. The resulting iPSCs 
can differentiate into different cell types.

82



Generation of Functional β Cells from Pluripotent Stem Cells: Advances and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1011979

5

developmental stages of pancreas formation during embryogenesis. This approach, 
pioneered by researchers such as Melton and colleagues [8] has become a founda-
tional strategy in the production of insulin-producing β-cells for use in diabetes 
research, drug screening, and potential cell replacement therapies. During the 
embryonic development process, the pancreas arises from the definitive endoderm, a 
germ layer formed early in gastrulation. To emulate this developmental trajectory in 
vitro, differentiation protocols employ stage-specific combinations of growth factors 
and small molecules that activate or inhibit key signaling pathways such as Nodal/
Activin, BMP (Bone morphogenetic protein), FGF (Fibroblast growth factor), Notch, 
and retinoic acid (RA) to guide cells through precise lineage transitions. Each stage is 
marked by the expression of defined transcription factors that reflect cellular identity 
and maturation status. Based on current knowledge and widely adopted methods, the 
differentiation process typically involves a six-stage progression, designed to replicate 
the embryological sequence leading to β-cell development [8, 18, 20, 33, 34].

4.1 Stage 1: Definitive endoderm induction

The initial step in guiding pluripotent stem cells toward the pancreatic β-cell lin-
eage involves the induction of definitive endoderm (DE). This embryonic germ layer 
gives rise to key organs such as the pancreas, liver, lungs, and gastrointestinal tract. 
In vivo, DE arises from the primitive streak during gastrulation, where cells undergo 
epithelial to mesenchymal transition (EMT) under the control of tightly regulated 
signaling pathways, particularly Nodal/TGF-β and Wnt. In vitro, this process is 
replicated by exposing pluripotent stem cells to cues that activate these same path-
ways. For example, Activin A a TGF-β family ligand activates the Smad2/3 signaling 
pathway, effectively mimicking Nodal function to initiate endodermal differentiation. 
Concurrent activation of the Wnt/β-catenin pathway further enhances the efficiency 
of DE induction. The success of this stage is evaluated by the expression of key DE 
markers, most notably SRY-box transcription factor 17 (SOX17), a master regulator of 
endoderm fate, and Forkhead box protein A2 (FOXA2), which is essential for pattern-
ing and later organ-specific differentiation. Under optimized conditions, more than 
80% of cells typically adopt a SOX17+/FOXA2+ phenotype within 2–3 days [8, 35–37]. 
Precise signal timing, concentration, and duration control are essential for consistent 
DE formation.

4.2 Stage 2: Primitive gut tube and posterior foregut formation

Following DE induction, the next key step in β-cell differentiation is directing 
the cells to form the primitive gut tube and progress into the posterior foregut, the 
developmental region that gives rise to the pancreas. This stage mimics the third 
and fourth weeks of human embryogenesis and requires precise modulation of key 
signaling pathways, particularly FGF, BMP, and retinoic acid (RA). Growth factors 
like FGF10 and FGF7 support the expansion and maintenance of foregut progeni-
tors [37]. BMP signaling is carefully balanced, neither overly activated nor strongly 
inhibited, to prevent misdirection toward intestinal fates. Meanwhile, RA plays a 
vital role by repressing anterior endoderm identities (such as lung and thyroid) and 
promoting pancreatic gene programs. As cells undergo morphogenesis into a 3D 
tube-like structure, they begin expressing transcription factors such as hepatocyte 
nuclear factor-1 beta (HNF1B), hepatocyte nuclear factor-4 alpha (HNF4A), SOX9, 
and FOXA2, which mark successful posterior foregut patterning. This stage typically 
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spans 2–3 days and represents a developmental decision point. Proper signaling 
ensures that cells are primed to initiate PDX1 expression in the next stage, committing 
to the pancreatic lineage [8].

4.3 Stage 3: Pancreatic progenitor 1 (PP1) specification

During this stage, gut tube cells are directed toward an early pancreatic progenitor 
fate, marked by the upregulation of pancreatic duodenal homeobox 1 (PDX1). This 
transition is guided by a defined set of signaling cues, including retinoic acid (RA), 
which plays a key role in promoting posterior foregut identity and initiating pancreatic 
lineage specification. The culture conditions at this stage are optimized to suppress non-
pancreatic fates and support the emergence of pancreatic-committed cells [38, 39].

4.4 Stage 4: Pancreatic progenitor 2 (PP2) maturation

Following the PP1 stage, cells continue to mature and begin to co-express PDX1 
along with a subset expressing NKX homeobox 1 (NKX6.1), indicating progression 
toward a committed pancreatic progenitor state. Although the overall signaling 
conditions remain similar, the concentration of retinoic acid (RA) is reduced to fine-
tune pathway activity and improve lineage specificity. This adjustment facilitates the 
expansion of a bipotent progenitor population that is more precisely directed toward 
endocrine lineages in the next stage [8].

4.5 Stage 5: Endocrine progenitor differentiation

Following the establishment of pancreatic progenitor identity, the next critical 
step involves directing these cells toward the endocrine lineage, which gives rise to 
hormone-producing islet cells, including insulin-secreting β-cells. This transition 
is initiated by the upregulation of Neurogenin-3 (NGN3), a Basic helix-loop-helix 
(bHLH) transcription factor that serves as the master regulator of endocrine dif-
ferentiation. Transient expression of NGN3 is essential, as it triggers a cascade of gene 
expression changes leading to islet cell specification. The emergence of endocrine 
progenitors is confirmed by the co-expression of NGN3, Chromogranin A (CHGA), 
a general marker of neuroendocrine cells, alongside PDX1 and NKX6.1, which are 
retained from the pancreatic progenitor stage [40, 41].

Notch signaling is actively inhibited to promote this transition, commonly using 
γ-secretase inhibitors, since active Notch signaling maintains cells in an undifferen-
tiated progenitor state. Inhibition of this pathway permits NGN3 upregulation and 
endocrine lineage commitment [42]. Precise control of timing and dosage of dif-
ferentiation cues at this stage is critical; premature endocrine induction can com-
promise subsequent β-cell maturation and function. This stage lays the groundwork 
for the final maturation phase, where committed endocrine progenitors acquire the 
specialized features of glucose-responsive β-cells. This transition is driven by the 
transient upregulation of NGN3, a master regulator of endocrine specification [43, 
44]. The induction of NGN3 initiates a transcriptional cascade that commits cells 
to the endocrine fate, with emerging progenitors typically co-expressing NGN3, 
CHGA, and retained markers PDX1 and NKX6.1. To promote this transition, Notch 
signaling is actively suppressed often through γ-secretase inhibition as sustained 
Notch activity preserves cells in an undifferentiated state [45–47]. The differentia-
tion medium at this stage is supplemented with factors that support endocrine 
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induction, including modulators of TGF-β (Transforming growth factors), SHH 
(Sonic Hedgehog), and thyroid hormone pathways, along with reduced retinoic acid 
levels. The combination of these cues facilitates efficient NGN3 expression while 
maintaining lineage specificity [48].

4.6 Stage 6: SC-β cell maturation

The final stage of differentiation focuses on transforming endocrine progeni-
tors into functionally mature, glucose-responsive β-cells that can secrete insulin in 
a regulated manner, mimicking the physiological behavior of native human islet 
β-cells. During this phase, cells begin to express key β-cell markers such as INS 
(insulin), C-peptide, NKX6.1, and most notably, MAF bZIP transcription factor A 
(MAFA), a transcription factor strongly associated with β-cell functional maturity 
and responsiveness to glucose stimulation. The co-expression of INS, MAFA, and 
NKX6.1, along with C-peptide, a byproduct of proinsulin processing, indicates 
successful acquisition of β-cell identity [8, 18]. At this stage, the derived β-cells 
acquire the ability to respond to GSIS, a critical functional hallmark of matured 
pancreatic β-cells (Figure 3).

5. �Maturation of stem cell derived β-cells

The maturation of SC-β cells is a critical step in the development of functionally 
competent insulin-producing cells for use in regenerative therapies and diabetes 
research. While current differentiation protocols can generate cells expressing 
key β-cell markers such as INS, NKX6.1, and C-peptide, these cells often remain 
functionally immature. Specifically, they frequently exhibit impaired GSIS and 
lack the dynamic insulin release patterns characteristic of native adult β-cells. To 
enhance functional maturation, SC-β cells are typically transitioned from two-
dimensional (2D) monolayer cultures to three-dimensional (3D) systems that more 
closely mimic the native islet microenvironment. Among these, 3D spinner flask 
cultures are widely used due to their scalability and ability to support the formation 

Figure 3. 
Directed differentiation of hPSCs into SC-β cells. Schematic representation of the six-stage protocol used to 
generate insulin-producing SC-β-cells from hPSCs. Each stage mimics sequential steps of pancreatic development, 
guiding cells through definitive endoderm (DE), gut tube (GT), early and late pancreatic progenitors (PP1 and 
PP2), and endocrine (EN) stages to produce functional SC-β cells.

85



Cell Culture Technologies – Primary Cell Isolation, Growth and Analysis

8

of uniform islet-like clusters. These dynamic 3D environments improve nutrient 
diffusion, promote cell-cell and cell-matrix interactions, and provide mechanical 
cues that contribute to SC β-cell maturation. In addition to spinner flasks, spheroid 
plates, and other microwell-based platforms are also employed to facilitate reag-
gregation after stage 6 differentiation, allowing precise control over cluster size and 
density [8, 18, 19].

The 3D culture environment supports critical aspects of SC-β cell maturation, 
including the establishment of apical-basal polarity, enhanced mitochondrial activity, 
increased insulin granule density, and improved GSIS. Despite these advances, SC-β 
cell populations often remain heterogeneous, with subsets of cells displaying imma-
ture, fetal-like transcriptional profiles. To address this, ongoing studies are exploring 
strategies to further optimize the in vitro maturation process. These include modulat-
ing culture media composition by introducing dynamic glucose cycling, fatty acids, 
and thyroid hormone (e.g., T3), as well as adjusting oxygen tension to better replicate 
in vivo conditions. Co-culture with endothelial cells, mesenchymal stromal cells, or 
other islet cell types is also under investigation to provide supportive paracrine signals 
that enhance maturation [49–53]. In vivo transplantation remains the gold standard 
for evaluating the functional maturity of SC-β cells. Transplanted cells consistently 
exhibit enhanced maturation and insulin secretion compared to their in vitro counter-
parts, underscoring the critical influence of host-derived systemic and tissue-specific 
cues. Insights from these in vivo models are now being applied to optimize in vitro 
differentiation protocols, to produce uniformly mature, glucose-responsive SC-β cells 
suitable for both clinical and research applications.

6. �Isolation and enrichment of β-cells

Given the heterogeneity that arises from in vitro differentiation, isolation and 
enrichment of functional β-cells is essential to enhance the purity, safety, and 
performance of these cells in both experimental and therapeutic settings. Post-
differentiation, cultures often contain a mix of SC-β cells, other endocrine and non-
endocrine cell types, and residual progenitors or off-target populations. To address 
this, several enrichment strategies have been developed. One widely used approach 
is surface marker-based sorting. For example, β-cell-specific markers such as CD49a 
(integrin α1) enable selective isolation using fluorescence-activated cell sorting 
(FACS) or magnetic-activated cell sorting (MACS) [54, 55]. In addition, functional 
selection techniques such as GSIS assays are employed to identify and retain cells 
with proper stimulus-secretion coupling, ensuring functional relevance [56, 57]. 
Reporter-based enrichment is another effective method, wherein gene reporters 
(e.g., GFP) driven by insulin promoters are introduced into pluripotent stem cells 
to visually track and sort insulin-producing cells [58]. Moreover, reaggregation of 
sorted cells into islet-like clusters has been shown to enhance cell-cell interactions, 
restore structural integrity, and improve functional properties such as insulin granule 
formation, synchronized calcium signaling, and glucose responsiveness features that 
closely mimic the native islet microenvironment. Implementing these enrichment 
strategies enhances the consistency and reliability of SC-β cell products, reduces the 
risk of undesired differentiation or teratoma formation, and improves the precision of 
disease modeling and drug screening [59–61]. These approaches are vital for advanc-
ing the clinical translation of SC-β cells and ensuring their therapeutic efficacy in 
diabetes treatment.
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7. �Functional validation of β-cells

The maturation of the SC-β cells must be evaluated to confirm their identity and 
functional maturity. Immunostaining and flowcytometry is typically performed to 
detect β cell-specific markers such as insulin, C-peptide, PDX1, NKX6.1, and MAFA, 
indicating proper lineage commitment and maturity. However, the expression of these 
transcription factors alone does not guarantee physiological function. Therefore, 
functional validation is critical, and GSIS remains the gold standard assay for assess-
ing β cell activity. In a typical GSIS assay, β cells are sequentially exposed to low (e.g., 
3.3 mM) and high (e.g., 16.7 mM) glucose concentrations, and insulin or C-peptide 
levels in the culture supernatant are measured, usually by human insulin ELISA [8] . 
Mature SC-β cells exhibit a low basal insulin release at low glucose, followed by a sharp 
increase in secretion when stimulated with high glucose [8, 62]. This biphasic insulin 
response reflects proper metabolic coupling, where glucose metabolism increases ATP 
production, closes ATP-sensitive potassium (K+) channels and leads to membrane 
depolarization, calcium influx, and insulin granule exocytosis. In some cases, KCl 
or arginine may be used as depolarizing controls to test stimulus-secretion coupling 
independently of glucose metabolism (Figure 4A and B). To further assess SC-β cell 
potency, mitochondrial assays such as oxygen consumption rate (OCR) and ATP 
production are used to confirm that the cells have an intact oxidative metabolism, 
which is essential for ATP-sensitive insulin release [56]. In addition, calcium imaging 
or dynamic perifusion assays can be used to examine the kinetics and robustness of 
the insulin response, providing deeper insight into SC-β cell function at single-cell or 
population levels [63].

Moreover, the downregulation of progenitor markers like NGN3 and the upregu-
lation of genes related to β-cell maturity (e.g., MAFA) further confirm functional 
differentiation. For translational relevance, in vivo validation, such as transplanta-
tion into streptozotocin (STZ)-induced diabetic mice, can demonstrate the ability 
of SC-β cells to restore normoglycemia and maintain glucose homeostasis over time 
[8, 18, 64]. Collectively, these multidimensional assessments evaluate whether SC-β 

Figure 4. 
Schematic overview of GSIS in β cells. (A) High glucose levels are metabolized by β-cells, increasing ATP 
production, which closes KATP channels, triggers calcium influx, and stimulates insulin exocytosis. (B) A typical 
GSIS profile shows an increased insulin release at high glucose compared to basal levels.
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cells are phenotypically authentic and metabolically competent. The main objective 
is to confirm the ability of the cell to perform GSIS, which is a hallmark of functional 
β-cells. Establishing this capability is critical for their use in drug discovery for disease 
and diabetes, and the development of future clinical therapies for diabetes.

8. �Applications for SC-β cells in regenerative research

SC-β cells have broad applications in regenerative medicine, particularly in diabe-
tes treatment and disease modeling. Their ability to restore insulin secretion through 
cell replacement therapy makes them a valuable tool in translational research. 
Building on this potential, SC-β cells are being used in disease modeling using genetic 
engineering, high-throughput drug screening, and in the development of immune 
evasion and encapsulation strategies to enhance graft survival and functio.

8.1 Translational and therapeutic applications

SC-β cells have emerged as a powerful platform for both basic research and transla-
tional applications in diabetes. Using patient-specific iPSCs, researchers can generate 
SC-β cells that reflect the genetic and metabolic diversity observed in individuals with 
diabetes. These in vitro models provide critical insights into the molecular mechanisms 
of β-cell dysfunction and disease progression in a patient-relevant context [8, 18].

Several ongoing clinical trials (e.g., NCT03163511, NCT04786262) are evaluat-
ing the safety, efficacy, and long-term viability of SC-β cell transplantation. Many 
of these studies incorporate micro or macro encapsulation technologies to protect 
transplanted cells from immune rejection, with the goal of reducing or eliminating 
the need for lifelong immunosuppressive therapy. Recent advances in generating SC-β 
cells from stem cells have strengthened their potential to improve our understanding 
of diabetes, support the discovery of more effective therapies, and contribute to the 
development of regenerative treatments that may offer a long-term cure [8]. Beyond 
disease modeling, SC-β cells enable high-throughput drug screening to identify 
compounds that preserve β-cell identity, enhance insulin secretion, or promote regen-
eration. This capability also enables the design of personalized therapies based on 
individual disease characteristics. Creating functional, glucose-responsive SC-β cells 
is a promising step toward cell-based therapy for diabetes. These cells can help restore 
the body’s ability to produce insulin and keep blood sugar levels in check, which may 
reduce or even eliminate the need for insulin injections.

8.2 Genetic engineering and disease modeling

Genetic engineering tools, especially CRISPR-Cas9, have transformed the ability 
to precisely modify the genome of hPSCs, allowing detailed studies of gene function 
and disease mechanisms in pancreatic β-cell biology. Through targeted correction of 
mutations in ESCs or iPSCs, researchers can effectively model both monogenic and 
polygenic forms of diabetes in vitro. This approach has proven especially powerful 
in studying condition like neonatal diabetes, maturity-onset diabetes of the young 
(MODY), and syndromic forms of the disease that arise from single-gene defects [65].

Patient-derived iPSCs carrying disease-relevant mutations can be differentiated 
into SC-β cells, which then serve as platforms to examine how these mutations affect 
β-cell development, insulin secretion, and metabolic regulation. For example, iPSC 
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models of MODY caused by mutations in genes such as HNF1A, GCK (Glucokinase), 
and INS have revealed disease-specific phenotypes such as altered insulin gene expres-
sion, impaired glucose sensing, and increased susceptibility to cellular stress. Gene 
correction using CRISPR-Cas9 in these same lines has been shown to restore normal 
function, providing a valuable system to test personalized therapeutic approaches 
[66–68]. In addition to nuclear gene disorders, iPSC models are now being used to 
study mitochondrial diseases that affect β-cell function. One prominent example is 
MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like epi-
sodes), a disorder commonly caused by the m.3243A > G mutation in mitochondrial 
tRNA^Leu (UUR). This mutation is strongly associated with mitochondrial diabetes. 
iPSCs derived from MELAS patients, which often harbor different levels of hetero-
plasmy, can be differentiated into SC-β cells to study how mitochondrial dysfunction 
impairs β-cell bioenergetics, insulin secretion, and stress responses. These models 
offer valuable insights into heteroplasmy-dependent phenotypes and allow for testing 
metabolic interventions, such as mitochondrial antioxidants, NAD+ (nicotinamide 
adenine dinucleotide) boosters, or even mitochondrial transfer strategies, to rescue 
β-cell function [69, 70]. Furthermore, engineered hPSCs have also been used to gener-
ate reporter cell lines, where fluorescent or luminescent reporters are placed under 
the control of SC-β cells specific promoters (e.g., INS or MAFA). These reporter lines 
facilitate real-time monitoring of differentiation efficiency, β-cell identity, and func-
tional status and are especially useful in high-throughput drug screening and lineage 
tracing studies [71, 72]. The combination of genome editing and stem cell technolo-
gies provides a powerful tool for modeling diverse forms of diabetes like exploring 
β-cell pathophysiology, developing targeted and creating patient-specific therapies. 
These models bridge the gap between genotype and cellular phenotype, offering 
insights that are not easily obtainable from animal models or primary human tissue.

8.3 Immune evasion and encapsulation strategies

A major challenge in translating SC-β cells therapies into clinical treatments is 
immune rejection. Transplanted SC-β cells are recognized as foreign by the recipient’s 
immune system, leading to graft destruction unless immunosuppressive drugs are 
administered. However, long-term use of immunosuppressive drugs carries signifi-
cant risk, including infections, increased cancer risk, and organ damage [73, 74]. As 
a result, developing strategies to protect transplanted SC-β cells without systemic 
immunosuppression has become a central goal in regenerative medicine.

One promising approach is genetic engineering to generate hypoimmunogenic 
SC-β cells. Deletion of major histocompatibility complex (MHC) class I and II 
molecules reduce antigen presentation and limits recognition by cytotoxic and helper 
T cells. However, the absence of MHC class I molecules can trigger natural killer (NK) 
cell mediated cytotoxicity. To counteract this, immune-inhibitory ligands such as 
HLA-E or CD47 have been introduced to suppress NK cell activation. These combina-
torial gene-editing strategies show considerable potential for enabling transplanta-
tion across MHC barriers with reduced risk of immune rejection [75, 76]. Another 
strategy to protect transplanted β-cells from immune attack is biomaterial-based 
encapsulation, which forms a physical barrier that prevents immune cell infiltration 
while allowing the diffusion of oxygen, nutrients, glucose, and insulin [64, 77]. 
Encapsulation technologies are generally categorized into microencapsulation and 
macroencapsulation. Microencapsulation involves embedding individual cells or 
small clusters within semi-permeable hydrogels, often alginate-based, which are 
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chemically modified to reduce fibrosis and immune activation. In contrast, macroen-
capsulation devices enclose larger cell aggregates within implantable and retrievable 
chambers made from advanced polymers or membranes engineered with defined 
porosity. These devices support molecular exchange while shielding the enclosed cells 
from immune surveillance [78, 79].

Several clinical trials are investigating encapsulation technologies. For example, 
ViaCyte has developed encapsulation devices such as the Encaptra™ system to 
protect stem cell-derived β-cells from immune rejection (NCT03163511), while 
Vertex Pharmaceuticals is evaluating VX-880 (NCT04786262), a stem cell-derived 
β-cell therapy, both with and without systemic immunosuppression. Additionally, 
emerging platforms are exploring co-encapsulation with immunomodulatory agents, 
such as cytokine blockers or immune checkpoint inhibitors, to locally suppress 
immune responses and reduce the need for systemic immunosuppressive drugs 
(NCT05210530). Despite promising progress, significant challenges remain. SC-β 
cell therapies still face major hurdles, including fibrotic overgrowth, hypoxia within 
encapsulation devices, and incomplete immune protection. Overcoming these bar-
riers will be critical for achieving durable and widespread clinical success in diabetes 
therapy.

9. �Challenges in clinical translation

SC-β cell technologies hold great promise for treating diabetes; several key chal-
lenges must be addressed before these therapies can be widely adopted in clinical 
practice. One of the foremost challenges is functional heterogeneity within differen-
tiated cell populations. Despite significant improvements in directed differentiation 
protocols, SC-β cell preparations often contain a mixture of mature SC-β cells, other 
endocrine and non-endocrine cells, and residual progenitor off-target populations 
[8, 18]. This variability poses risks for inconsistent therapeutic outcomes and compli-
cates product standardization.

Immature or non-functional cells within the graft can lead to failure of transplant 
or trigger adverse host responses. A major safety concern is the risk of tumorigenicity, 
as pluripotent stem cells have the potential for unlimited proliferation. If differentia-
tion is incomplete, residual undifferentiated or misdirected cells may persist in the 
graft and form teratomas or other tumors [59–61, 80]. Minimizing this risk requires 
complete differentiation of pluripotent cells and the use of robust purification tech-
niques, such as surface marker-based sorting, to eliminate undifferentiated or aber-
rant cells. At the same time, immune rejection remains a major challenge, especially 
in allogeneic settings. While strategies like encapsulation and immune-evasive genetic 
engineering are under active investigation, reliably achieving long-term graft survival 
without systemic immunosuppression is still difficult. In addition, for patients with 
type 1 diabetes, autoimmune responses may re-emerge and attack even autologous 
SC-β cells, underscoring the need for therapies that also address the root causes of 
immune dysregulation [64].

From a manufacturing and regulatory perspective, clinical-grade SC-β cells must 
be produced under good manufacturing practice (GMP) conditions, which require 
rigorous quality control, reproducibility, and compliance with safety standards 
[81, 82]. This includes the validation of reagents, scalability of production platforms 
(e.g., bioreactors, suspension culture), and the establishment of release criteria for 
clinical batches based on potency assays such as GSIS. Furthermore, complicated 
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translations are the challenges of long-term engraftment and vascularization. SC-β 
cells require a supportive microenvironment and stable vascular integration to 
function effectively in vivo as poor oxygenation, nutrient limitations, and inadequate 
innervation can impair graft performance over time. Ongoing efforts to optimize 
transplantation sites, co-deliver supporting cell types (e.g., endothelial cells, mes-
enchymal stromal cells), and engineer pro-vascular niches are critical to improving 
long-term outcomes [83]. Personalized autologous therapies, while offering patient-
specific benefits, are hindered by high costs and prolonged manufacturing times. In 
contrast, universal allogeneic approaches offer broader applicability but encounter 
significant hurdles related to immune compatibility and regulatory approval. To 
ensure widespread accessibility, it is essential to develop platforms that are not only 
scalable and cost-effective but also ethically sustainable.

10. �Ethical and societal considerations

As SC-β cell therapies move toward clinical use, it’s important to think carefully 
about the ethical and social questions raised. These include the source of stem cells, 
how informed consent is handled, who gets access to treatment, concerns about long-
term safety, the moral debate around embryo use, and the risk of conflicts of interest in 
both research and commercial development. While human ESCs have been instrumen-
tal in SC-β research, their derivation from early-stage embryos raises ethical concerns 
for many who view embryos as possessing moral status. In contrast, iPSCs, generated 
by reprogramming adult somatic cells, avoid embryo-related concerns. However, 
iPSCs introduce their own challenges, including donor consent, ownership and use of 
biological material, variability in differentiation efficiency, and the ethical implications 
of genetic modifications [84, 85]. Additional concerns include donor anonymity, the 
long-term traceability of transplanted cells, and the protection of patient data. The high 
cost of SC-β therapies may also limit accessibility due to affordability and the potential 
to exacerbate existing health disparities. Ensuring that clinical trials and future thera-
peutic access reflect population diversity will be critical for equity and inclusion [86].

Safety remains a major priority. Risks such as tumorigenicity, immune rejec-
tion, off-target effects from gene editing, and unintended cellular behavior must be 
carefully assessed through long-term preclinical and clinical evaluation. Regulatory 
frameworks must also evolve to address advancements in encapsulation technologies, 
genome editing, and engineered transplant platforms. Public perception is equally 
important. Misleading claims, lack of poor communication can erode trust and delay 
the adoption of otherwise transformative therapies. Fostering public confidence will 
require clear, accurate, and inclusive dialog among researchers, clinicians, policymak-
ers, and the broader community [87, 88]. Strong ethical oversight and responsible 
communication are essential to ensure the safe, effective, and equitable integration of 
SC-β therapies into clinical practice.

11. �Future directions and emerging technologies

As SC-β cell therapies continue to evolve, a new generation of technologies is 
emerging to address current limitations and drive clinical translation forward. A 
significant area of focus is improving differentiation protocols to increase the yield, 
purity, and functional maturation of SC-β cells. Researchers are refining these 
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processes by mimicking in vivo developmental cues through dynamic signaling 
pathways, the precise timing of transcription factor activation, and advanced cul-
ture systems. Integration of single-cell transcriptomics and spatial multi-omics has 
enabled the identification of rare subpopulations, maturation bottlenecks, and new 
biomarkers that can be targeted to enhance SC-β cell function [89].

Artificial intelligence (AI) and machine learning are also being used to analyze 
large-scale omics data, predict differentiation outcomes, and optimize protocols with 
greater efficiency and consistency [90, 91]. In parallel, organoid and islet-on-a-chip 
platforms are offering more physiologically relevant in vitro models that replicate the 
3D architecture, cellular diversity, and microvascular features of native human islets. 
These systems facilitate real-time analysis of insulin secretion, immune interactions, 
and drug responses under dynamic glucose conditions [92]. Bioprinting and tissue 
engineering are advancing the generation of vascularized, transplantable islet-like 
constructs by integrating SC-β cells with endothelial and stromal support cells in 
controlled architectures. Genetic engineering enables the design of SC-β cells with 
enhanced glucose responsiveness, immune evasion capabilities, and safety features 
such as programmable gene circuits and biosensors [93, 94]. Meanwhile, personalized 
regenerative therapies using patient-derived iPSCs are making it possible to tailor 
SC-β cell therapies to individual patients, particularly for monogenic and select forms 
of type 1 and type 2 diabetes. Future approaches may also involve integrating SC-β 
cells with implantable biosensors or closed-loop insulin delivery systems to improve 
therapeutic precision and real-time metabolic control. Collectively, these advances 
underscore the integration of stem cell science, engineering innovations, artificial 
intelligence, and personalized medicine paving the way for SC-β cell therapy to 
emerge as a scalable and potentially transformative treatment for diabetes.

12. �Conclusions

The generation of functional pancreatic SC-β cells from pluripotent stem cells 
marks a major milestone in both diabetes research and therapy. Over the past two 
decades, substantial progress has been achieved in mimicking embryonic pancre-
atic development using stepwise differentiation protocols. These advances have 
enabled the production of insulin-secreting β-like cells that closely resemble in vivo 
counterparts in phenotype and, to a growing extent, in function. Despite these 
achievements, several challenges remain. Current SC-β cell populations often exhibit 
functional immaturity and cellular heterogeneity, which can limit their utility in 
both translational research and clinical applications. Efforts to address these issues 
through 3D culture systems, co-culture strategies, dynamic nutrient conditions, and 
in vivo validation continue to improve the physiological performance of SC-β cells. 
Furthermore, the integration of emerging technologies such as CRISPR-based disease 
modeling, biomaterial-driven encapsulation systems, and patient-specific iPSC plat-
forms is expanding the applications of SC-β cells in disease modeling, drug screening, 
and personalized cell therapy. At the same time, ethical, immunological, and regula-
tory considerations must be carefully addressed to enable safe and equitable clinical 
translation. As differentiation protocols continue to improve and become more 
standardized, SC-β cells are increasingly positioned to become a foundational element 
of regenerative medicine for diabetes, with the ability to restore endogenous insulin 
production. These cells hold the promise to significantly reshape diabetes treatment 
and represent one of the most promising frontiers in biomedical research today.
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Chapter 5

Tumor-on-a-Chip: From 
Biomimetic Tumor-Immune 
Microenvironments to Therapeutic 
Insights
Cetin Yuksel

Abstract

Cancer remains a leading cause of mortality worldwide, despite significant 
advancements in understanding its biology and developing therapeutic strategies. A 
major obstacle in cancer research lies in replicating a physiologically relevant tumor 
microenvironment (TME) in-vitro and identifying effective methods for anticancer 
drug screening. Tumor-on-a-chip (Toc) models are a rapidly emerging class of 
microfluidic platforms that replicate key aspects of the TME, offering unprecedented 
control over cellular interactions and enabling more accurate in-vitro simulations of 
cancer progression. These models integrate both tumor cells and various components 
of the TME, including stromal cells, endothelial cells, and immune cells, providing 
a more physiologically relevant system for studying tumor biology and therapeutic 
responses. The TIME plays a critical role in regulating tumor growth, metastasis, 
and response to immunotherapy, yet traditional 2D and animal models often fail to 
fully capture the dynamic and complex interplay between tumor cells and immune 
components. This chapter highlights recent advancements in the development of 
Toc systems, focusing on the integration of the tumor-immune microenvironment 
and its implications for cancer research and personalized medicine. The challenges 
and future directions in optimizing these models to enhance their predictive power 
for clinical outcomes include improving the complexity of tumor-immune interac-
tions, better mimicking the heterogeneity of patient-specific tumors, refining the 
integration of immune cells and stromal components, enhancing the scalability and 
reproducibility of the models, and addressing the limitations in long-term culture and 
physiological relevance for drug testing and personalized medicine applications.

Keywords: tumor-on-a-chip, tumor microenvironment, microfluidic devices, 3D 
organoids, cancer research

1. �Introduction

The substantial rates of cancer-related mortality and morbidity continue to pose 
a serious global health challenge, emphasizing the urgent demand for more efficient 
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and targeted anticancer treatments. Although numerous promising therapeutic 
agents have been discovered over the past five decades, the clinical success rate 
remains regrettably low. More than 80% of anticancer drug candidates fail in clini-
cal trials, primarily due to insufficient therapeutic efficacy or adverse side effects 
[1, 2]. Furthermore, the cost associated with bringing a new drug to market has risen 
significantly, making the preclinical evaluation of efficacy and toxicity increasingly 
expensive and time-consuming [3, 4]. Even after regulatory approval, certain drugs 
may later be recalled due to previously undetected adverse effects, such as severe 
damage to the heart, liver, or kidneys—posing significant health risks to patients [5]. 
A major contributor to these challenges is the limited predictive power of current pre-
clinical models. Due to fundamental species differences, results from animal studies 
often fail to accurately forecast human responses, including toxicity and side effects 
[6, 7]. These limitations underscore the need for more predictive and physiologically 
relevant models that can closely mimic human tumor biology [7].

In response to this need, organ-on-a-chip technologies have emerged as powerful 
tools capable of replicating the three-dimensional structure and functional dynamics 
of human organs [7–11]. These microengineered platforms merge the advantages of 
microfluidics and 3D cell culture to mimic the complexity and characteristics native 
tissue environments more precisely than traditional models [12, 13]. Organ-on-a-chip 
systems have good performance, including improved physiological relevance, reduced 
costs, enhanced experimental reproducibility, and fewer ethical concerns, while also 
enabling high-throughput testing [14, 15]. Through intricate microfluidic architec-
ture, these devices can mimic dynamic in-vivo tissue conditions such as fluid shear 
stress, nutrient gradients, and drug exposure in a controlled environment. This level 
of biomimicry supports realistic cell culture conditions, allowing researchers to study 
organ-specific physiology or evaluate tissue responses in-vitro [16–18]. Furthermore, 
by linking multiple organ-on-a-chip modules, researchers can begin to simulate inter-
organ interactions and study drug pharmacokinetics and metabolism at a systemic 
level [12, 19].

Within this context, Toc platforms have garnered significant attention as a promis-
ing approach for investigating cancer development and therapeutic strategies. These 
systems utilize microfluidic designs and advanced cell culture methods to replicate 
key features of the TME, including the extracellular matrix (ECM), irregular vascu-
lature, infiltrating immune and stromal cells, cancer stem cells, and nutrient diffu-
sion limitations [20]. Such complex components of the TME are known to influence 
cancer cell proliferation, invasion, and metastasis through both biochemical signals 
and mechanical forces [21, 22]. To better understand cancer biology, it is essential 
to move beyond the study of isolated tumor cells and instead consider the intricate 
interactions between tumor cells, surrounding stromal and immune cells, and ECM 
remodeling. Tumor-on-a-chip devices are capable of replicating many of these core 
elements of the TME, offering an innovative and powerful tool for studying tumor 
progression, drug responses, and personalized medicine strategies [8, 23–25]. Recent 
research has explored various applications of Toc platforms. Ex-vivo Toc models 
were reported for analyzing intercellular communication within the TME [24]. Toc 
was specifically designed for evaluating nanoparticle-based cancer treatments [26]. 
Significant advancements have been reviewed in mimicking the mechanical and 
chemical properties of the TME, along with proposals for future directions in the 
field [27]. Despite these advances, much of the literature has primarily focused on the 
applications of Toc systems, with relatively little attention given to the technological 
aspects of their fabrication.
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This review aims to bridge that gap by not only discussing recent innovations 
in microfluidic tumor models for cancer research and drug screening but also by 
highlighting the fabrication techniques, biomaterials, and tissue engineering strate-
gies used to recreate physiologically relevant tumor environments. The design and 
material considerations involved in constructing Toc platforms were outlined. Next, 
various organ-specific tumor chips, such as those modeling lung, breast, brain, and 
melanoma tumors, as well as metastasis, to illustrate how these systems replicate the 
3D architecture and function of human tissues, were discussed. Following this, their 
applications in drug discovery, with particular emphasis on multiorgan chip systems 
that integrate complex cell co-cultures to assess therapeutic efficacy and toxicity, 
were explored. Last, the current limitations, remaining challenges, and emerging 
opportunities for advancing Toc technologies were discussed. This review provides 
a comprehensive overview of the evolving field of Toc systems, emphasizing their 
potential to revolutionize cancer research and therapy development through biomi-
metic modeling and precision medicine.

2. �Tumor-on-a-chip

Tumor-on-a-chip platforms offer the ability to replicate various stages of tumor 
development, including tumor growth, angiogenesis, and progression from early 
neoplastic changes to advanced malignancies. These stages often involve processes 
such as epithelial-mesenchymal transition (EMT), cancer cell invasion, and metas-
tasis [28]. Several fabrication techniques have been utilized to construct Toc devices. 
Among the most common employed technologies are photolithography, replica 
molding, soft lithography, microcontact printing, and bioprinting [25, 29]. In devices 
fabricated using soft lithography, the process typically begins with the creation of a 
microchannel mold on a silicon wafer via photolithography. A liquid polymer, most 
often polydimethylsiloxane (PDMS) is then cast over the mold to produce a transpar-
ent, flexible stamp with embedded microstructures. These stamps are used to transfer 
the pattern onto various polymer surfaces, resulting in intricate 3D microchannel 
system [30, 31].

More recently, bioprinting based on layer-by-layer deposition has gained traction 
in constructing Toc production [32, 33]. This technique allows for the simultane-
ous printing of different cell types and biofunctional materials onto biocompatible 
substrates, enabling the creation of complex 3D constructs with high spatial precision 
and reproducibility [34, 35]. Bioprinting encompasses multiple methods, including 
fused deposition modeling (FDM), stereolithography (SLA), inkjet, and laser-
assisted bioprinting. The advantage of bioprinting technology used to produce Toc 
is to facilitate the replication of the heterogeneous TME and intricate 3D ECM like 
architectures, which have been difficult to reproduce using traditional approaches 
[36]. Using bioinks, researchers can fabricate multicellular structures that include 
cancer-associated fibroblasts, immune cells, and endothelial cells, allowing the for-
mation of vascular networks [37, 38]. Additionally, bioprinting enables the spatially 
controlled deposition of biologically active molecules, such as proteins and growth 
factors, which are critical for regulating tumor cell behavior, including signaling, 
proliferation, and migration [39]. Another important feature of bioprinting is its 
ability to directly pattern and integrate living cells within microfluidic channels, 
which is essential for modeling vascular structures and physiological barriers [40, 41]. 
Vascularization is vital for maintaining tissue viability and supporting nutrient 
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exchange, and it also plays a key role in segregating different tissue compartments. 
In tumors, the vascular network is markedly different from blood vessels, exhibiting 
heterogeneity, high permeability, multidirectional flow of blood, and disordered 
organization [42]. Achieving functional vascularization remains one of the major 
challenges in designing in-vitro tumor models [43]. Therefore, bioprinting holds great 
promise for the development of miniaturized and biomimetic multiorgan tumor 
models, which can accelerate biomedical research and broaden the scope of applica-
tions in clinical and pharmaceutical fields.

2.1 Biomaterials for tumor-on-a-chip

Microfluidic Toc platforms have found extensive applications in pharmaceuti-
cal research and toxicity testing. Among the materials for fabricating Toc devices, 
polydimethylsiloxane (PDMS) is the most commonly used one due to its several 
advantages, such as optical transparency, gas permeability, biocompatibility, and 
mechanical flexibility, which collectively support real-time imaging and continu-
ous monitoring of cellular behaviors and therapeutic responses within the device. 
Compared to traditional materials like glass or rigid plastics, PDMS provides a 
mechanical environment more akin to soft tissues, featuring a porous and less rigid 
structure that supports cell viability and function. However, one of the limitations 
of PDMS lies in its inherent hydrophobic nature, which can result in the absorption 
or nonspecific binding of hydrophobic compounds. This property restricts its effec-
tiveness in chemical and drug screening applications [44]. To address this issue, an 
alternative microfluidic platform was developed using poly(methyl methacrylate) 
(PMMA), which is chemically bonded to a porous, orbitally etched polyethylene 
terephthalate (PETE) membrane [45]. This design prevents the diffusion of small 
lipophilic compounds and enhances drug screening accuracy. Their studies showed 
that human lung adenocarcinoma cells cultured in PMMA-based microfluidic devices 
provided more consistent and reliable data on the cytotoxic effects of vincristine 
compared to those cultured in PDMS devices. The PMMA setup also allowed the 
formation of 3D microstructures that better reflect in-vivo organ-level conditions. 
Another widely used biomaterial in Toc systems is gelatin, a naturally derived poly-
mer from collagen. Due to its excellent cell adhesion properties and capacity to deliver 
bioactive compounds, gelatin is frequently employed in drug delivery models and 
tissue engineering applications [46]. It supports not only cell proliferation but also 
complex formation with proteins, nucleotides, polysaccharides, and other charged 
molecules, enabling targeted or sustained release of therapeutic agents. Furthermore, 
photocrosslinkable gelatin methacrylate (GelMA) hydrogels have been effectively 
utilized in various regenerative applications, including corneal repair, nerve regenera-
tion, and cartilage engineering [47]. An additional emerging material is bacterial 
cellulose paper, which combines nanostructured cellulose properties with the benefits 
of natural origin, offering excellent biocompatibility and cost-effectiveness for bioen-
gineering applications. Basement membrane extract (BME), also known as Matrigel, 
is another important biomaterial used in tumor modeling. Mimicking the structure of 
the native basement membrane, BME is composed primarily of laminin-111, collagen 
IV, entactin, and heparan sulfate proteoglycan [48]. These components contribute to 
both the structural framework and signaling environment needed for tissue organiza-
tion. Tumor cells grown in BME often exhibit high proliferative capacity and invasive 
behavior, making it a useful tool for studying tumor aggressiveness and evaluating 
potential treatment strategies [48].
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2.2 Fabrication technology for tumor-on-a-chip

Advancements in materials science and fabrication technologies, such as micro-
fluidics and microprinting, in conjunction with stem cell research, have led to the 
development of three-dimensional, tissue-like models known as organoids and 
spheroids [49]. These 3D models are powerful tools for investigating human develop-
ment, disease mechanisms, and therapeutic responses, and they also hold promise 
for advancing personalized medicine (Figure 1). Organoids are typically derived 
from various types of stem cells, including embryonic stem cells (ESCs), induced 
pluripotent stem cells (iPSCs), and adult stem cells [50]. When incorporated into 
Toc platforms, organoids enhance the physiological relevance of the model by more 
accurately replicating organ-specific architecture and gene expression profiles found 
in-vivo, achieving better biomimicry than either system alone [51]. Among 3D culture 

Figure 1. 
A schematic summary of 3D in-vitro models and their applications in tumor immunology research. With the 
continuous development and innovation of in-vitro culture techniques, more and more 3D in-vitro tumor models 
containing more immune cells are being designed. The direct addition of exogenous immune cells to a conventional 
organoid culture system can mimic the interaction between tumor cells and a specific kind of immune cells. The 
air liquid interface (ALI) culture method can preserve the original immune cells in tumor tissues. 3D microfluidic 
technology can also preserve tumor-infiltrating lymphocytes while adding exogenous immune cells, with the 
advantage of high-throughput integration. 3D bioprinting uses tissue engineering techniques to reconstruct the 
tumor-immune microenvironment more flexibly. These models have important applications in the study of 
tumor microenvironment-related mechanisms, prediction of patient immunotherapy efficacy, screening of novel 
immunotherapeutic agents, and the study of adoptive cell therapy. (BioRender).
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models, tumor spheroids are one of the most widely studied and characterized for 
improving predictive reliability in preclinical drug testing. For instance, a microflu-
idic chip was used to perform drug screening and flow cytometry analysis on a large 
population of uniformly sized tumor spheroids, demonstrating the effectiveness of 
3D spheroid models in evaluating drug responses (Figure 1) [52].

The microvascular network plays a critical role in human physiology, facilitat-
ing nutrient delivery and waste removal throughout the circulatory system [53]. 
Leveraging organ-on-a-chip technologies, researchers have engineered microvascular 
systems that replicate the selective permeability and barrier functions of natural 
vasculature. These models more accurately mimic the microarchitecture and physi-
ological behaviors of human organs, enabling more precise characterization of organ-
level functions [53]. Traditional Toc systems often involve cells from a single organ 
source, which limits their ability to reflect systemic physiological interactions. To 
overcome this limitation, researchers have developed multiorgan-on-a-chip platforms 
to evaluate the therapeutic efficacy and off-target toxicity of anticancer agents in a 
more integrated biological context. These platforms are constructed by interconnect-
ing mature organ-on-a-chip modules, each optimized for a specific function, into a 
cohesive system [54]. For example, the absorption, metabolism, and toxicity of the 
bioactive compound ginsenoside compound K were investigated using a multiorgan 
chip system composed of vascular, intestinal, kidney, and liver models [55]. Similarly, 
a pumpless multiorgan-on-a-chip platform incorporating a pharmacokinetic-phar-
macodynamic (PK–PD) mathematical model was created to study drug mechanisms 
involving inter-organ interactions [56].

2.3 Different types of tumor-on-a-chip models

A diverse range of human-derived in-vitro Toc models has been established to 
investigate critical aspects of tumor development, including proliferation, angiogen-
esis, metastatic behavior, and therapeutic response. These models integrate state-of-
the-art microfabrication methods, such as photolithography, soft lithography, and 
bioprinting with microfluidic systems and tissue engineering technologies to recreate 
essential features of the TME. These include biochemical gradients, microenviron-
mental cues, dynamic interactions between cells and the ECM, and multicellular 
architectures involving both tumor and stromal components. In this section, Toc 
models designed for cancers with particularly high prevalence and mortality, such as 
those mimicking the lung, liver, brain, colorectal, breast, and pancreatic tumors were 
emphasized (Table 1).

Metastasis remains one of the most critical obstacles in cancer therapy today. 
It significantly contributes to cancer lethality, accounting for more than 90% of 
cancer-related deaths [73]. Although most existing Toc systems are designed to model 
primary (in-situ) tumors, our understanding of the processes underlying cancer 
metastasis, particularly the early events that initiate metastatic behavior, such as 
specific signaling pathways and microenvironmental influences, remains limited. As 
a result, there is a pressing need for experimental systems capable of replicating and 
characterizing the metastatic microenvironment in detail [23, 74]. A notable example 
addressing this need is the metastasis-on-a-chip (MOC) platform developed [75]. 
In this model, organoid cultures are integrated into a microfluidic system, allowing 
simulated circulating flow between tissues. Tumor cells originating from colorectal 
cancer (CRC) organoids were observed to detach, enter the simulated circulation, and 
subsequently colonize liver organoids downstream. This setup was among the first 
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Tumor-on-a-
hip models

Cell types Applications Ref.

Lung tumor 
chip

Human non-small cell lung 
cancer (NSCLC) cell line

Establish robust experimental models to 
investigate the underlying causes of therapy 
resistance commonly observed in lung cancer 
patients

[57]

Human alveolar epithelial 
cells and human pulmonary 
microvascular endothelial cells

Recreate the essential alveolar-capillary interface 
of the human lung in-vitro to study host responses 
to microbial agents and inflammatory cytokines 
delivered to the alveolar compartment

[29]

Liver tumor 
chip

HepG2/C3A, MEG-01, MES-SA, 
MES-SA/DX-5

Propose a dual-action therapeutic approach that 
selectively inhibits the proliferation of MESSA/
DX-5 cells, offering potential in-vivo benefits by 
targeting multidrug-resistant (MDR) cancers 
with low adverse effects

[58]

iPS C2a, Functional endothelial 
cells, cardiomyocytes, and 
hepatocytes

Optimize engineered microtissues and modular 
multiorgan platforms to explore pharmacological 
responses in interconnected cardiac, hepatic, and 
vascular systems

[59]

Brain tumor 
chip

Brain tumor stem-like cells Examine the function of primary patient-derived 
BTSCs

[60]

Glioblastoma cells (U87) Develop a 3D brain cancer chip for drug screening [61]

C6 glioma cells Study the cellular response to different 
concentrations of colchicine

[62]

Colorectal-
tumor chip

CRC cell line HCT-116 Evaluate precision nanomedicine delivery [63]

Breast tumor 
chip

MDA-MB-453, MDA-MB-231, 
and HCC1937

Develop a microfluidic device for a 3D breast 
cancer screening platform

[64]

Pancreatic 
tumor chip

MIA PaCa-2, BxPC3, HT-29 Replicate cellular morphologies and reflect the 
death of endothelial cells during the metastasis 
process

[65]

HepG2, MSC, HUVEC Provide a suitable platform for pancreatic 
cancer cell growth for studying the metastasis of 
pancreatic cancer

[66]

Patient-derived PDAC 
organoids, PSCs, and 
macrophages

Anti-stromal compounds enhance PDAC 
chemotherapy response in a tumor chip

[67]

Renal tumor 
chip

RCC cell lines A498 and RCC4, 
CAR-T cells directed to ROR1

Increased stiffness of the collagen matrix limits 
CAR-T-cell infiltration

[68]

Ovarian tumor 
chip

HUVECs, platelets, A2780, 
HOMECs, OVCAR3

Influence on vascular luminal microenvironment 
and platelet extravasation

[69]

HOMECs, platelets, A2780/
OVCAR3

Interaction through GPVI and galectin-3, 
impacting metastatic potential

[70]

Prostate tumor 
chip

Benign human prostate stromal 
cells, EMP or C4-2 or 22Rv1 
tumor cells, primary human 
prostate basal epithelial cells

Prostate tumor cells drive the conversion of 
normal fibroblasts into CAFs, which promote 
tumor invasion via the secretion of TGF-β

[71]

HUVECs, osteoblasts, PC3 
spheroids

Co-culture of PC3, osteoblasts, and endothelial 
cells turned PC3-based spheroids toward a more 
quiescent state

[72]

Table 1. 
Different types of tumor-on-a-chip.
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in-vitro models to replicate the full process of metastasis from a three-dimensional 
primary tumor site to a three-dimensional target organ site, effectively mimicking 
physiological patterns of cancer spread. In further research, a multisite metastasis-
on-a-chip system was designed to evaluate the organ-specific preferences of meta-
static cancer cells [23]. Utilizing 3D photopatterning, they engineered a chip with a 
central CRC organoid chamber connected to multiple downstream chambers contain-
ing liver, lung, and endothelial structures. Under continuous fluid flow, fluorescent 
imaging revealed that HCT-116 CRC cells preferentially migrated to the liver and lung 
compartments, organs that are also primary metastatic targets in CRC patients. This 
model not only provides insights into the mechanisms of organotropism in metastasis 
but also offers a promising platform for identifying potential therapeutic targets 
[23]. Similarly, another multiorgan-on-a-chip system was developed to study lung 
cancer metastasis [76]. Their device included one upstream lung module and three 
downstream modules representing the brain, bone, and liver. The model successfully 
mimicked the metastasis mechanism of lung cancer cells from the primary lung site to 
these secondary organs, reflecting clinically observed metastatic routes. Such systems 
represent a major advancement in understanding tumor spread and assessing organ-
specific metastatic behavior under controlled conditions.

2.3.1 Lung tumor-on-a-chip

Lung cancer remains one of the most prevalent and lethal forms of cancer world-
wide [77]. Developing a lung Toc model is therefore essential for elucidating disease 
mechanisms and advancing treatment strategies [57, 77]. A typical lung-on-a-chip 
device features two microfluidic channels separated by a porous ECM membrane. One 
side of the membrane is lined with human lung epithelial cells, while the opposite side 
contains pulmonary microvascular endothelial cells, allowing the device to replicate 
key physiological functions of the lung. By introducing lung tumor cells into the 
epithelial layer, researchers transform this system into a lung tumor chip. Following 
electroplating, the culture medium is withdrawn from the upper channel to form a 
gas-liquid interface, while nutrients are delivered via the microvascular channel. This 
setup enables optical monitoring of tumor growth and invasion. Using this model, 
it was discovered that simulated breathing motions restricted tumor cell expansion, 
while the absence of mechanical movement allowed the cells to spread more freely 
[29]. Later, they developed a microfluidic platform that mimicked orthotopic non-
small-cell lung cancer, enabling in-vitro assessment of tumor progression, therapeutic 
response, and tumor dormancy [57]. Their findings indicated that tumor growth 
compromises alveolar movement, forming a feedback loop that promotes further 
tumor expansion. Co-culture studies also revealed that interactions between tumor 
and alveolar epithelial cells increase cellular communication, while endothelial cells 
act to suppress these effects [57].

A lung-on-a-chip was designed using human bronchial epithelial cells at the 
air-liquid interface, which they integrated with a liver-on-a-chip module composed 
of hepatocytes, forming a dual-organ platform. This configuration allowed for the 
evaluation of cellular viability through adenosine 5’-triphosphate (ATP) quantifica-
tion and assessment of apoptotic and necrotic cell populations [77].

In early efforts, the alveolar-capillary interface was recreated using a bioinspired 
microdevice, enabling the study of lung responses to pathogens and inflammatory 
cytokines [29]. Similarly, a nanofiber-based alveolar model was developed using 
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polylactic acid-glycolic acid (PLGA) membranes with favorable porosity and bio-
compatibility, mimicking the alveolar respiratory membrane [78]. These lung tumor 
models often utilize non-small-cell lung cancer cells (A549), lung fibroblasts (HFL1), 
and targeted epidermal growth factor receptor (EGFR)-targeted treatments to 
explore resistance mechanisms. In co-culture with HUVECs, A549 cells were shown 
to induce endothelial apoptosis, facilitating tumor invasion. These lung-on-a-chip 
platforms offer accessible and effective tools for personalized medicine and therapeu-
tic screening.

2.3.2 Liver tumor-on-a-chip

As the primary metabolic organ, the liver performs critical functions such as 
glucose and ammonia regulation, hormone synthesis, and detoxification [79]. Its 
complex structure comprises mainly hepatocytes (parenchymal cells), which repre-
sent around 80% of total liver cells [80]. Liver cancer affects nearly 850,000 individu-
als annually, making liver tumor chips vital for investigating tumor behavior and drug 
metabolism [79].

Hepatocytes play a central role in drug metabolism studies on-chip, par-
ticularly in identifying liver toxicity. For example, the prodrug thymopeptide 
TF5 is converted into 5-fluorouracil (5-FU), which can cause hepatotoxicity; 
similarly, doxorubicin metabolism has been linked to cardio- and myelotoxicity 
[80]. Therefore, hepatocytes are integrated into microscale cell culture analogs 
(μCCAs) to simulate drug metabolism in cancer therapy. A multiorgan chip model 
was developed incorporating liver, intestine, and breast tissue to evaluate combi-
nation drug therapies for potential efficacy in treating multidrug-resistant can-
cers [58]. A cardiac-liver-vascular microphysiological system was created using 
tissues derived from human pluripotent stem cells for drug safety testing [59]. 
Other platforms combine liver with breast, cervical [81], prostate, kidney [82], 
and lung-fat [83] systems. Overall, liver-integrated μCCA models are promising 
tools for studying cancer metastasis and therapeutic resistance.

2.3.3 Brain tumor-on-a-chip

Glioma is the most prevalent and lethal form of brain tumor [84]. A widely 
used method for studying cellular migration and interactions in glioma research is 
the transwell-based co-culture system, which supports cell cultivation in minimal 
fluid volumes [84]. To more accurately replicate in-vivo conditions, researchers 
have utilized microfluidic platforms to recreate the perivascular niche (PVN), 
which is an essential microenvironment for brain tumor stem-like cells (BTSCs) 
[60]. These systems demonstrated that BTSCs tend to localize in PVNs, and that 
microvascular channels can act as conduits for tumor cell dissemination. Such 
models offer valuable insight into the dynamic behavior and heterogeneity of 
tumor cells, providing a robust framework for studying glioma biology [60]. A 
3D brain Toc system was developed using polyethylene glycol diacrylate (PEGDA) 
hydrogel, enabling both drug delivery and biological evaluation [61]. By introduc-
ing mepitastatin and irinotecan into the model, they validated its use for glioma 
drug screening and controlled drug release testing. Similarly, a microfluidic 
platform was engineered consisting of four parallel chambers to analyze the 
responses of rat C6 glioma cells to colchicine [62]. Their observations revealed 
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significant morphological alterations and increased cell death with higher drug 
concentrations or prolonged exposure. This result may aid in the development of 
novel glioma therapies and glial-cell-based biosensors for glioma diagnostics [62].

2.3.4 Colorectal tumor-on-a-chip

Colorectal cancer (CRC) ranks as the second-deadliest cancer, primarily due 
to metastasis and limited chemotherapy efficacy [85]. Endothelial cells lining 
colonic microvasculature (HCoMECs) are critical for maintaining vascular 
integrity and are often included in microfluidic CRC models [85]. Drugs like 
gemcitabine (GEM), although commonly used, suffer from rapid degradation 
and poor tumor targeting [86–88]. Key factors, like MMP-1, involved in ECM 
degradation, and VEGF, a driver of angiogenesis, are important markers in CRC 
progression and have been modeled on-chip [89–91]. A 3D microfluidic model 
was designed with a central hydrogel chamber containing HCT-116 cells and two 
perfusion channels on either side [63]. VEGF-induced sprouting and targeted 
drug delivery could be observed through fluorescence imaging [63]. Building 
on this concept, a two-chamber 3D microscale perfusion tissue culture model 
(3D-mPTC) was created to evaluate liver metabolism-mediated cytotoxicity of 
anticancer compounds [92]. This approach was further advanced by designing a 
dual-organ chip that included liver and tumor compartments [93]. They showed 
that capecitabine (CAP) and its metabolite, 5-fluorouracil (5-FU), could sup-
press the proliferation of HCT-116 colorectal cancer cells, and they extended this 
analysis to other drug precursors, like tegafur, across various organ systems.

2.3.5 Breast tumor-on-a-chip

Breast tumor cells display significantly different morphologies in 2D versus 3D 
cultures. While nonmalignant and malignant cells appear similar in 2D, 3D cultures 
reveal polarized structures in nonmalignant cells and spherical masses in malignant 
ones [64]. Researchers observed that tumor cells in 3D cultures responded less 
effectively to anticancer drugs like paclitaxel, olaparib, and cisplatin [64, 94], indicat-
ing that 3D breast tumor chips could improve drug response predictions. Given that 
approximately 70% of breast cancer patients develop bone metastases, modeling 
bone colonization is also essential [95]. A 3D bone chip featuring mineralized col-
lagen was used to create a breast cancer bone metastasis model, allowing analysis of 
interactions between tumor cells and osteoblasts [95]. A key requirement for effective 
anticancer drug discovery is the ability of Toc models to faithfully replicate in-vivo 
tumor characteristics. In 2014, a breast-on-a-chip model was developed in which a 
monolayer of luminal breast epithelial cells was cultured on a semicircular acrylic 
scaffold, mimicking the architecture of mammary ducts [96]. Tumor cells grown 
within the microchannels of this platform exhibited distinct morphologies and 
varied drug sensitivities compared to those in standard 2D monolayer cultures. These 
differences underline the potential of 3D microenvironments for more accurate drug 
screening. Researchers have also developed TME-on-a-chip models tailored for breast 
cancer, incorporating either healthy or cancerous liver tissue to investigate nanopar-
ticle transport and molecular diffusion. Compared to normal liver vasculature, breast 
cancer cells in this system exhibited elevated vascular porosity and increased perme-
ability within TME [96]. Such platforms enable detailed exploration of how different 

110



Tumor-on-a-Chip: From Biomimetic Tumor-Immune Microenvironments to Therapeutic Insights
DOI: http://dx.doi.org/10.5772/intechopen.1012047

11

tissues and tumors influence drug/nanoparticle behavior, specifically their transport, 
effectiveness, and selectivity, and support high-throughput screening for optimized 
therapeutic regimens.

2.3.6 Pancreatic tumor-on-a-chip

Pancreatic tumors are particularly challenging due to their invasive nature, poor 
vascularization, and dense fibrotic stroma [97]. Developing Toc platforms helps bridge 
preclinical and clinical drug testing by better replicating the native TME. Compared 
to 2D monolayer cultures, spheroid-based 3D models of pancreatic cancer display 
higher drug resistance and mimic in-vivo conditions more closely [98]. A vascularized 
pancreatic tumor chip was developed to examine cellular morphologies and endothelial 
cell death during metastasis [65]. Later, a layer-by-layer 3D modeling technique was 
introduced to reconstruct the TME and study metastatic mechanisms [66]. This system 
simulated the hematogenous spread of MIA PaCa-2, human pancreatic carcinomas and 
cell lines and the lymphatic dissemination of BxPC3 pancreatic cells. Two organ systems 
were cultured within a vascular biomimetic environment to study pancreatic cancer cell 
growth, establishing a platform supportive of metastasis and drug screening [66].

Pancreatic Ductal Adenocarcinoma (PDAC) is anticipated to become the second 
most common cause of cancer-related mortality by 2030, marked by its aggressive 
nature, limited treatment success, and poor prognosis. Median survival is less than 
6 months, and the five-year survival rate remains under 4% [99]. The TME plays a 
pivotal role in PDAC progression, particularly in its immune evasion and resistance 
to therapy [100]. To better understand PDAC’s complex biology, researchers have 
developed humanized microfluidic models that replicate key elements of the disease 
environment. One such model utilized a co-culture of pancreatic stellate cells (PSCs) 
and ductal adenocarcinoma cells within collagen I and hyaluronic acid matrixes, 
enabling real-time visualization of cellular interactions with the ECM [101]. This 
system proved effective in investigating the intricate relationships between cancer 
cells and the stroma, as well as in evaluating therapeutic interventions. In another 
approach, a multi-compartmental PDAC-on-a-chip device was created to culture 
PDAC cells, PSCs, and fibroblasts separately [102]. Results indicated that fibroblasts 
adopted a myofibroblast-like phenotype and secreted elevated levels of IL-6 in the 
presence of cancer cells, providing a model that reflects early PDAC pathogenesis 
[102]. Vascularization remains a critical component of accurate tumor modeling, 
especially in PDAC, where high interstitial fluid pressure leads to vessel collapse and 
inadequate perfusion. A perfusable 3D organoid-on-a-chip system was developed 
for co-culturing patient-derived PDAC organoids with stromal fibroblasts. This 
model effectively replicated desmoplasia and reduced responsiveness to standard 
chemotherapy, highlighting its utility for drug screening and personalized therapy 
development [103]. Similarly, a biomimetic 3D organotypic model was developed that 
revealed how pancreatic tumor cells induce endothelial damage, leading to hypoxic 
conditions. The study identified activin-ALK7 signaling as a driver of endothelial 
ablation, suggesting it as a potential therapeutic target [104].

Despite the advances in modeling stromal dynamics, most PDAC-on-a-chip sys-
tems have yet to fully capture the complexity of immune interactions within the TME. 
However, recent progress in immuno-oncology has led to the creation of platforms 
designed to mimic these immune-tumor dynamics and biophysical properties more 
precisely [105]. One example is a polyethylene glycol (PEG)-based hydrogel that 
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recapitulates the desmoplastic stroma of PDAC. This platform revealed that laminin-
integrin α3/α6 signaling is essential for pancreatic organoid viability, particularly 
when primary fibroblasts and macrophages are incorporated to simulate a more 
realistic TME [105]. This field was further advanced by developing a dual-chamber 
microfluidic chip with continuous perfusion, integrating patient-derived organoids 
along with human PSCs and macrophages. Their findings highlighted mutual interac-
tions between tumor organoids and stromal cells that facilitated tumor progression. 
Notably, the chip allowed assessment of combined chemotherapy and anti-stromal 
therapies, which showed greater efficacy than chemotherapy alone. This underscores 
the promise of Toc systems for identifying synergistic treatment strategies that target 
both cancer cells and their surrounding microenvironment in PDAC [67].

2.3.7 Renal tumor-on-a-chip

Kidney cancer is the eighth most prevalent malignancy in the United States, with a 
notably poor prognosis for metastatic cases, less than 12% of patients survive beyond 
5 years post-diagnosis [106]. The vast majority (85–90%) of these cancers originate 
from the epithelial cells of the proximal tubules in the renal cortex and are classified 
as renal cell carcinoma (RCC). Among RCC subtypes, clear cell renal cell carcinoma 
(ccRCC) is the most common, comprising roughly 75% of cases. It is characterized 
histologically by clusters of malignant epithelial cells with transparent cytoplasm, 
surrounded by a complex and branching vascular network [106].

Microfluidic platforms have emerged as valuable tools in mimicking the highly 
vascularized and structurally abnormal tumor environment found in RCC. These 
systems effectively replicate critical features, such as disorganized vasculature, 
excessive angiogenic activity, and enhanced vascular permeability. In an advanced 
study, a three-dimensional in-vitro co-culture model was established using vascular 
endothelial cells derived from induced pluripotent stem cells (iECs), alongside ccRCC 
epithelial cell lines (A498 or Caki-2). This model accurately recreated the TME of 
ccRCC, including hypoxic conditions, angiogenesis, and metabolic alterations, facili-
tating investigation of tumor-vascular dynamics. As a proof of concept, the model 
demonstrated the efficacy of cabozantinib in suppressing tumor proliferation and 
metastasis, highlighting its potential for personalized therapy, particularly in screen-
ing antiangiogenic and immune-modulating drugs using patient-specific iPSCs [107].

Another innovative approach involved the integration of primary human ccRCC 
cells from six donors with renal cortical cells and human endothelial cells, HUVECs, 
in a perfused, vascularized 3D system named “ccRCC-on-a-chip.” This co-culture 
setup effectively reproduced angiogenic features typical of ccRCC tumors, including 
vascular network formation and endothelial sprouting. Elevated levels of angiogen-
esis-related factors, VEGFA, PGF, and ANGPTL4, were observed in ccRCC tumors. 
Targeting ANGPTL4 using a neutralizing antibody led to reduced angiogenesis, 
suggesting its functional role in tumor vascularization. The model is a promising tool 
for studying tumor-vascular interactions, drug screening, and future investigations 
into immune responses within the RCC microenvironment [108].

In a follow-up study, a simplified, non-vascularized version of the chip was devel-
oped to evaluate tumor migration, invasion, and responses to conventional and cell-
based therapies. The chip consists of three interconnected regions: A central matrix 
compartment for collagen injection, flanked by two lateral channels for perfusion of 
drugs or immune cells, such as T lymphocytes [68]. This 3D system allowed real-
time monitoring of spheroid behavior, including migration and cytotoxic response 
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to drugs in a collagen ECM. Importantly, gene expression analysis revealed that 
RCC cells cultured in 3D conditions more closely resembled primary tumor profiles 
compared to 2D cultures. Gene set enrichment analysis identified pathways related to 
hypoxia and tumor progression. Among the upregulated genes in 3D culture, VEGFA, 
ANGPTL4, and PGF were consistently elevated, supporting their role in angiogenesis. 
Furthermore, bortezomib, a chemotherapeutic agent, showed increased cytotoxicity 
at lower concentrations in 3D models. The study also demonstrated the challenges of 
T-cell infiltration within dense extracellular matrixes, a phenomenon not captured by 
conventional 2D cytotoxicity assays, underscoring the added value of the 3D model in 
evaluating immunotherapeutic strategies [68].

2.3.8 Ovarian tumor-on-a-chip

Ovarian cancer (OC) is recognized as the most lethal gynecologic malignancy glob-
ally and stands as the fifth leading cause of cancer-related deaths among women in the 
United States [109]. According to recent projections by the American Cancer Society, 
approximately 20,000 women are expected to be newly diagnosed with OC in 2024, 
with over 12,000 anticipated deaths attributed to the disease [110]. The persistently 
high mortality rate is largely due to the lack of effective early detection methods, the 
late-stage diagnosis in most patients, and the diverse histological subtypes that compli-
cate treatment strategies [111]. Beyond tumor biology, platelets have emerged as active 
players in cancer progression [112]. They interact with both primary and circulating 
tumor cells, enhancing metastatic spread. In ovarian cancer, platelets are capable of 
migrating into tumor tissue, where they contribute to cancer cell proliferation and 
resistance to chemotherapy [112]. However, the precise mechanisms governing platelet 
infiltration into tumors remain unclear. To address this, a microfluidic chip was 
developed to simulate platelet extravasation. Their platform included a tissue compart-
ment lined with A2780 ovarian cancer cells and connected to a three-dimensional 
endothelial lumen, which was perfused with human platelets. The model successfully 
replicated in-vivo phenomena, showing platelet adhesion to tumor-exposed endothe-
lial cells, subsequent migration into the tumor tissue and colonization [69].

Further investigation revealed that cytokines secreted by ovarian cancer cells such 
as IL-6, IL-8, MCP-1, and TNF-α contributed to the disruption of endothelial junc-
tions, formation of intercellular gaps, and impaired endotelial barrier integrity. These 
changes were associated with the activation of the Src/ERK/FAK signaling cascade 
and decreased expression of key vascular barrier regulators, including VE-cadherin 
and VE-PTP [69]. Notably, treatment with atorvastatin reversed these effects by 
suppressing cytokine overexpression, normalizing pathway activity, and enhanc-
ing endothelial barrier stability. These results were validated across five high-grade 
serous ovarian cancer (HGSOC) patient samples, supporting atorvastatin’s potential 
as a vasculature-stabilizing agent that may impede platelet infiltration and reduce 
metastasis risk. In a follow-up study, their chip was refined by integrating a more 
physiologically relevant ECM and evaluating the role of glycoprotein VI (GPVI), a 
key platelet receptor, in mediating platelet-tumor interactions. Their findings demon-
strated that GPVI interacts with galectin-3, a tumor-associated protein overexpressed 
in advanced ovarian cancer, facilitating platelet extravasation. Inhibition of GPVI not 
only reduced platelet infiltration but also led to decreased tumor cell proliferation, 
invasiveness, and chemotherapy resistance. This underscores the therapeutic poten-
tial of targeting platelet-tumor interactions in OC and provides a strong rationale for 
further exploration of platelet-modulating strategies in the TME [70].
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2.3.9 Prostate tumor-on-a-chip

Prostate cancer (PCa) is the second most common cause of cancer-related mortal-
ity among men in the United States, with over 35,000 projected deaths in 2024 [110]. 
The incidence and death rates increase significantly with age, with approximately 
60% of diagnoses occurring in individuals over the age of 65 [110]. Early PCa devel-
opment and progression are largely dependent on androgen signaling, particularly the 
activation of the androgen receptor (AR) by testosterone, which governs the expres-
sion of numerous genes involved in cellular proliferation and survival [113]. Although 
androgen deprivation therapy (ADT) is the primary treatment modality, nearly 
10–20% of patients develop castration-resistant prostate cancer (CRPC), which no 
longer responds to ADT and is associated with a poor prognosis, with median survival 
ranging from 9 to 13 months in metastatic cases [113]. Alterations within the TME are 
central to PCa progression and therapy resistance [114]. To address these challenges, 
a simplified microfluidic model of prostate cancer was designed that replicates key 
features such as epithelial characteristics and secretion of prostate-specific antigen 
(PSA) and miRNAs. The system consists of two culture chambers subjected to pulsa-
tile flow, causing cyclical ECM hydrogel contraction. This environment enabled the 
formation of androgen-sensitive human prostate adenocarcinoma cell line (LNCaP) 
spheroids (androgen-sensitive) and supported the proliferation of PC3 cells (andro-
gen-insensitive). Under dynamic flow, both cell types exhibited enhanced polarity 
and increased expression of epidermal growth factor receptor (EGFR) compared 
to traditional 2D cultures. Additionally, LNCaP cells demonstrated upregulation of 
adhesion-related molecules such as epithelial cell adhesion molecule (EPCAM) and 
cytokeratins (CK5 and CK19), which may help withstand mechanical stress [115]. 
The microfluidic model also revealed altered expression of specific microRNAs such 
as miR-3687 and miR-205, which have been proposed as potential CRPC biomark-
ers [116, 117]. These findings highlight how biomechanical stimuli, like flow, can 
significantly influence prostate cancer cell behavior and gene expression. However, 
future improvements are necessary to incorporate more elements of the TME to better 
understand the role of microRNAs in early disease detection and progression.

Seeking to replicate the complex stromal-epithelial interactions of the prostate, 
the benign human prostate epithelial (BHPrE) and the stromal (BHPrS) cells were 
embedded into a two-channel vertical microfluidic chip, separated by a porous 
polyester membrane. This configuration supported long-term co-culture, enabling 
both paracrine and endocrine signaling, which induced basal epithelial cell dif-
ferentiation into luminal secretory cells [118]. Building on this model, the team 
later developed a prostate cancer-on-a-chip by co-culturing human PCa cell lines 
(EMP, C4-2, or 22Rv1) with fibroblasts on opposite sides of the membrane under 
flow conditions [71]. Tumor cells were shown to convert normal fibroblasts into 
cancer-associated fibroblasts (CAFs), marked by increased αSMA and COL1A1 
expression, reduced AR levels, and elongated morphology. Additionally, a modi-
fied chip design allowed assessment of tumor cell invasion across the membrane. 
Both PCa cells and CAFs migrated into adjacent compartments, suggesting a TGF-
β-mediated role of the stroma in promoting tumor invasiveness. While this model 
provides valuable insights into tumor-stroma crosstalk and PCa progression, it lacks 
immune system components and does not explore how stromal interactions impact 
chemotherapeutic response or resistance. To investigate PCa interactions with bone 
and vasculature, a tri-cellular microfluidic chip was engineered to co-culture PC3 
prostate cancer cells with osteoblasts and endothelial cells (ECs). This configuration 
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led to reduced proliferation of PC3 spheroids compared to traditional 2D triculture 
and induced a more quiescent cell state, though viability remained intact, indicating 
the chip closely mimics in-vivo metastatic PCa behavior [72]. Future work should 
aim to dissect the distinct roles of osteoblast and EC signaling in shaping PCa cell 
fate, to identify potential therapeutic targets that might mitigate bone or systemic 
metastasis. Moreover, since the prostate TME is populated with immune cells, such as 
macrophages and mast cells, there is a critical need to develop advanced models that 
integrate these immune components to better understand their influence on disease 
progression and treatment outcomes.

3. �Conclusions and future perspectives

This review has explored the current landscape of Toc technologies and their 
emerging roles in advancing cancer research and therapeutic development. Compared 
to traditional two-dimensional in-vitro cultures and in-vivo animal models, Toc 
platforms offer the ability to replicate the complex architecture and dynamic features 
of tumor tissues found within the human body. These microengineered systems 
provide a more physiologically relevant environment, making them valuable tools 
for the development and evaluation of anticancer treatments. To enhance scalability 
and functionality, microfluidic technologies have been integrated into these systems, 
enabling modular and high-throughput designs that better recapitulate in-vivo condi-
tions. Toc devices are capable of mimicking key characteristics of the TME, offering 
a more precise and realistic model for studying tumor progression, invasion, thera-
peutic response, and drug-induced toxicity. As a result, these platforms have garnered 
increasing attention as potential alternatives to conventional preclinical models, 
leading to significant scientific advancements. Numerous Toc models have been suc-
cessfully engineered to simulate tumors in various organs, including the lung, liver, 
breast, brain, colorectal, ovarian, and prostate. These systems are widely employed 
for drug screening and for gaining mechanistic insights into cancer metastasis and 
tumor biology. As a complement or substitute to standard preclinical testing mod-
els, they hold promise for enhancing basic research, improving drug development 
pipelines, and ultimately contributing to more effective cancer therapies.

This review provides a comprehensive examination of the microfabrication 
techniques, classification, and applications of Toc systems, offering a more detailed 
overview to support wider implementation of this technology. Despite notable prog-
ress, several obstacles remain before these platforms can be fully adopted in phar-
maceutical and clinical settings: i) Modeling complex signaling pathways: Although 
Toc devices can replicate key aspects of the TME and be integrated into multiorgan 
systems (e.g., body-on-a-chip models), it remains difficult to emulate the intricate 
signaling cascades involving distant organs—particularly those governed by the 
endocrine and immune systems. ii) Scalable fabrication and standardization: These 
systems rely heavily on advanced microfabrication processes, presenting challenges 
in consistent manufacturing and data reproducibility. Many researchers may lack the 
specialized skills needed to operate or design such devices. Therefore, the develop-
ment of user-friendly interfaces and standardized protocols is critical to ensure that 
nonexpert users can effectively utilize these platforms and generate reliable, trans-
latable data for clinical translation. iii) Material limitations: Polydimethylsiloxane 
(PDMS) is the most commonly used material in the fabrication of Toc devices. 
However, its tendency to absorb hydrophobic molecules—including drugs and 
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proteins—can compromise experimental accuracy by altering drug availability and 
activity. While alternative materials are under development, they must meet specific 
criteria: Optical transparency, biocompatibility, structural flexibility, chemical inert-
ness, and cost-effectiveness—all of which limit material choices.

In conclusion, although Toc technology is still evolving and faces technical and 
translational challenges, it offers great potential to revolutionize cancer research and 
therapy. Achieving this will require strong interdisciplinary collaboration among 
experts in materials science, biomedical engineering, cancer biology, biophysics, 
and clinical oncology. By working together, researchers can refine and optimize Toc 
systems, paving the way for their integration into personalized medicine and clinical 
practice.
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Chapter 6

Isolation and Regeneration of 
Wheat Mesophyll Protoplasts: 
Using a Short Protocol
Beata Dedičová, Niklas Olsson, Emelie Ivarson 
and Per Hofvander

Abstract

Plant protoplasts serve as valuable tools for studying the fundamental properties 
and functions of cells. For example, protoplasts have been used to analyze cell 
organelles, the cell cycle, and cell wall deposition. Another application involves 
protoplast fusion to create somaclonal hybrids and facilitate genetic modifications. 
Additionally, plant protoplasts are successfully utilized in experiments aimed at miti-
gating heavy metal toxicity, plant stress, and perception responses, as well as robust 
expression screening systems for recalcitrant species. Protoplasts from various plant 
species have become essential in genome editing technologies, with their application 
established in numerous laboratories today. Here, we present a reproducible and 
concise method for isolating wheat mesophyll protoplasts from two spring varieties, 
Canon and Alderon, derived from in vitro seedlings. A cell counter and fluorescent 
staining were employed to determine the concentration and viability of freshly iso-
lated wheat protoplasts. A modified culture medium initiated the first cell divisions 
of one wheat genotype within 8 days after the protoplasts were placed in the culture.

Keywords: in vitro seedlings, isolation, purification, potato dextrose broth, fluorescent 
staining, cell division

1. �Introduction

Genome editing technology has been established for various monocotyledonous 
species, such as rice, wheat, and maize [1–4]. Recently, several advanced technologies 
have emerged that can alter genetic material in plants without using DNA [5, 6]; these 
technologies are referred to as RNPs (ribonucleoproteins), in which a complex of the 
Cas9 protein and guide RNAs is delivered to the cells or protoplast cultures, result-
ing in no integration of recombinant DNA into the genome [7]. These techniques 
are revolutionizing plant research by enabling gene manipulation or stacking and 
will accelerate plant breeding and germplasm development [8] in ways previously 
thought impossible. Many genome editing protocols utilize plant protoplasts [9, 10]. 
Therefore, a simple and reproducible protocol for isolation and regeneration, inde-
pendent of genotype, is critical for successful experimentation.
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Even though protoplast cultures have been the focus of the scientific community 
for over 50 years [11–13], the problem of having a functional isolation and regenera-
tion protocol available remains relevant.

Cereals, such as wheat and oats, along with the most commercially essential 
genotypes, still primarily face the challenge of plant regeneration from protoplast 
cultures (personal observation). Often, the protocols are not reproducible for other 
varieties or may fail in different laboratories. Small details frequently determine the 
success or failure of these experiments, as the protoplast isolation process involves 
numerous steps and parameters that must be carefully executed and considered [14, 
15]. Enzymatic solutions, purification steps, and culture media can sometimes be 
quite complex [16]. These intricate protocols and procedures must be continuously 
modified and fine-tuned in-house for the specific plant species, even for the particu-
lar variety of interest [17]. Several critical factors must be considered, including the 
cellular dedifferentiation of somatic cells and epigenetic modifications, which begin 
with the use of different sources of plant material for protoplast isolation and persist 
throughout their growth conditions [18].

Successful plant regeneration from protoplast cultures requires the de novo 
synthesis of cell walls, allowing cell division to occur. The removal of cell walls can be 
defined as a stress condition, where the mechanical properties of the cells are altered, 
leading to stress-related expression of various genes [19] and transcription factors 
[20–23], which occurs alongside structural changes in plant chromatin [18, 24].

Our research aimed to simplify the protocol for isolating and culturing hexaploid 
spring wheat protoplasts, using in vitro seedlings as the starting material and a suit-
able culture medium. This method enables the resynthesis of cell walls and promotes 
cell division.

2. �Materials and methods

2.1 Plant material

Seeds of Spring hexaploid wheat cv. Canon (Lantmannen, Svalöv, Sweden) and 
Alderon (KWS, Einbeck, Germany) were surface-sterilized with 70% ethanol for 
30 seconds and then treated with 100% commercial bleach, Klorine Original (con-
taining 2.7% active chlorine, Colgate – Palmolive AB, Sweden), along with 20 μl of 
Tween-20 (Thermo Fisher Sci., Stockholm, Sweden), while shaking at 30 rpm for 
20 minutes on a table shaker. Afterward, three rinses with sterile, deionized, distilled 
water were performed. Seeds were then placed on MS-20 medium (MS complete 
medium as described by Murashige and Skoog in 1962 [25], supplemented with 
2% sucrose and 3% gelrite) in a 9 cm deep Petri dish. The seeds were incubated in a 
Percival growth chamber (CLF Plant Climatics, Wertlingem, Germany) at 23°C in 
darkness for 2 weeks, followed by third week with seedlings growing under a light 
intensity of 40 μmol·m−2 s−1 and a 16-hour photoperiod. All plant material manipula-
tion was conducted in a sterile flow cabinet.

We also utilized leaves from in vitro tobacco plants (Nicotiana benthamiana L.) 
growing on hormone-free MS medium supplemented with 20 g/L sucrose and 3 g/L 
gelrite. The pH was adjusted to a range of 5.6–5.8. Tobacco in vitro plants were culti-
vated at 23°C with a 16-hour photoperiod and a light intensity of 60 μmol·m−2·s−1 in a 
Percival growth cabinet (CLF Plant Climatics, Germany). Experiments with tobacco 
leaves served as a control for all wheat protoplast isolation and purification steps.
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2.2 Protoplast isolation and purification

The middle part of green wheat seedling leaves (approximately 5–7 cm long, 1.5 g 
of fresh weight) was cut into small pieces (2–5 mm) using sterile scissors, directly 
into 10 ml of plasmolysis solution (0.5 M D-sorbitol stored at room temperature; 
523 mOsm/L) in a deep Petri dish. The original solution was removed and replaced 
with a fresh one. The osmolarity of all solutions was measured using a freeze-point 
automatic micro osmometer (Type 13/12DR auto col., Roebling, Germany). The 
cut leaf tissue was incubated in a flow cabinet for 30 minutes at room temperature, 
covered with aluminum foil to prevent exposure to light. The plasmolysis solution 
was pipetted off and replaced with 15–20 ml of enzyme solution (1.5% cellulase 
R10, 0.75% macerozyme R10, 0.6 M D-mannitol, 10 mM MES monohydrate, 10 mM 
CaCl2·2H2O, and 0.1% bovine serum albumin, Sigma-Aldrich, Stockholm, Sweden). 
Before use, the pH of the enzyme solution was adjusted to 5.7 with KOH and then 
filter-sterilized. The solution was incubated for 10 minutes at 55°C in a water bath, 
after which 10 mM CaCl2·2H2O was added upon cooling to room temperature. A 
0.45 μm syringe filter was used for filter sterilization, and the osmolarity of the 
enzyme solution ranged between 730 and 750 mOsm/L. The Petri dish was covered 
with aluminum foil and incubated at 23°C overnight without shaking.

All tools were sterilized through autoclaving, and all solutions and culture media 
used during the protoplast isolation procedure and cultivation were sterilized by 
filtration (using a 0.2 μm syringe filter) and maintained on ice.

The next day, the Petri dish (containing the enzyme solution with leaf tissues) was 
removed from the incubator and gently agitated for 15–30 minutes at 5 rpm on a small 
table shaker at room temperature, still covered with aluminum foil. Gentle shaking 
(5 rpm) facilitated the release of mesophyll protoplasts into the enzymatic solution. 
To stop tissue maceration, we added the same volume of cold, sterile W5 washing 
solution (154 mM NaCl, 125 mM CaCl2.2 H2O, 5 mM KCl, and 2 mM MES monohy-
drate), supplemented with 5 mM L-glucose [26] and 10 mM L-arginine [27] (pH 5.7; 
650 mOsm/L), before filtering the mixture. Then, 10 ml of cold W5 washing solution 
containing 5 mM L-glucose was added to each of four empty, autoclaved glass round-
bottom tubes. Another 10 to 15 ml of protoplast filtrate was directly filtered into each 
tube through a double strainer (70 and 40 μm; Sarstedt, Stockholm, Sweden) or a 
conical 50 ml Falcon tube (Sarstedt, Stockholm, Sweden). The tubes were sealed, and 
the protoplasts were spun in a precooled centrifuge at 7°C and 50 g for 6–7 minutes.

The supernatant containing tissue debris was removed by gentle pipetting, and 
the pellet contained isolated mesophyll protoplasts, which were visible at the bottom 
of the round glass tubes or a 50 mL Falcon tube. This pellet of freshly isolated meso-
phyll protoplasts was directly resuspended in a culture medium or another solution, 
depending on the experiment’s purpose and continuation.

2.3 Protoplast culture media

We used both plant species immediately after protoplast isolation in a liquid 
culture medium composed of Kao and Michayluk’s macro- and microelements [16], 
supplemented with 2.5 mg/L 2,4-D (dichlorophenoxyacetic acid), 6 mM CaCl2·H2O, 
20 g/L sucrose, 10 g/L maltose, 0.5 M D-mannitol, and 10 mM L-arginine. The pH 
of the medium was adjusted to 5.7 with 0.1 M NaOH, resulting in an osmolarity 
of 720 mOsm/L. Protoplast cultures were grown in the dark at 23 or 25°C. Several 
wheat experiments used a modified culture medium with 1% potato dextrose broth 
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(PDB; Sigma-Aldrich, Stockholm, Sweden) added to the original formula. All 
components for seed germination medium, tobacco in vitro cultures, protoplast 
washing solution, culture medium, and enzymes were sourced from Duchefa, the 
Netherlands.

2.4 Fluorescent staining of wheat and tobacco protoplasts

The concentration and viability of isolated wheat and tobacco protoplasts were 
measured using a DeNovix Cell Counter, DropFL (DeNovix, Wilmington, Texas, 
USA). The fluorescein diacetate (FDA stock solution 0.5 mg/ml, dissolved in acetone) 
stained live protoplasts, while propidium iodide (PI stock solution 100 mg/ml, dis-
solved in 0.4 M D-mannitol) stained dead protoplasts (both dyes from Sigma-Aldrich, 
Stockholm, Sweden). About 10 microliters of each dye from the stock solution were 
mixed separately with 0.5 mL of 0.4 M D-mannitol. We added 5 μl of freshly isolated 
mesophyll protoplasts, resuspended in a washing solution (W5 supplemented with 
5 mM L-glucose), to each dye sample. Subsequently, 10 μl of each stained protoplast 
mixture was loaded into the cell counter and analyzed.

3. �Results

The technology for isolating mesophilic protoplasts involves several consecutive 
steps, as illustrated in Figure 1. Each stage involves several key experimental parame-
ters that must be tested to develop a reproducible protocol for a specific plant species.

Figure 1. 
A schematic procedure for protoplast isolation and regeneration, comprising the following steps: cutting in vitro 
seedling leaves, enzymatic maceration, filtration, washing following centrifugation, protoplast plating, callus 
formation, and regeneration of a new shoot.
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We trimmed the central part of the wheat leaves with scissors (Figure 2a), and 
the tissue was sliced into smaller pieces in a deep Petri dish filled with 15 ml of 0.5 M 
D-sorbitol (Figure 2b). An overnight enzymatic inoculation (Figure 2c), followed by 
slow shaking (5 rpm) at room temperature the next morning, facilitated the release of 
protoplasts into the solution (Figure 2d).

Filtration of the protoplast suspension using two filters with pore sizes of 70 and 
40 μm removed most of the tissue debris. Following washing in a large volume of cold 
[28] W5 supplemented with 5 mM L-glucose, low-speed centrifugation (50 rpm) for 
5–7 min at 7°C, the protoplasts were sedimented in the pellet. At the same time, the 
remaining tissue debris tended to float in the supernatant solution. Additional sucrose 
gradient cleaning was unnecessary, and we also omitted the following washing step 
needed after the sucrose gradient.

Using a glass round-bottom tube instead of plastic conical Falcon tubes enhanced 
the quality of the protoplasts in the pellet after centrifugation (Figure 2e). In round-
bottom tubes, the pellet was looser and much easier to resuspend in the subsequent 
solution or culture medium, which can be crucial for protoplast viability.

Figure 2. 
Wheat protoplast isolation: (a) in vitro seedlings of cv. Canon, (b) cv. Alderon in D-sorbitol for tissue 
plasmolysis, (c) cv. Alderon is undergoing enzymatic digestion overnight, (d) tissue remains after brief, slow 
shaking (5 rpm), with arrows indicating empty tissues, (e) filtered protoplasts in glass round-bottom tubes, (f) 
freshly isolated protoplasts of cv. Canon at 20x magnification, (g) the first cell division of cv. Canon, marked by 
the arrow, (h) cv. Canon in culture medium with PDB showing the first cell division, (i) cv. Canon in culture 
medium with PDB demonstrating the second cell division at 40x magnification, size bar 10 mm.
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For both plant species, protoplasts were cultivated directly after washing and 
spinning in a liquid culture medium containing Kao and Michayluk macro and micro-
elements [16] supplemented with 2.5 mg/L 2,4-D, dichlorophenoxyacetic acid, 6 mM 
CaCl2 H2O, 2% sucrose, 1% maltose, 0.5 M D-mannitol, and 10 mM L-arginine. The 
medium pH was adjusted to 5.7 with 0.1 M NaOH, and its osmolarity was 720 mOsm/L.

Our experimentation and results with wheat showed that several key factors affect 
the successful isolation of viable wheat protoplasts. Some of them are handling the 
experiments under dark conditions whenever possible, using cold washing solutions 
and pre-cooled centrifugation. The serum bovine albumin in the enzymatic solution 
and L-arginine in the culture medium are essential, as they cause less movement of the 
chloroplasts toward the plasma membrane and help stabilize the isolated protoplasts [27]. 
Additionally, the brief protocol described here omits the purification step using a sucrose 
gradient [9], followed by another washing and centrifugation step, which can be detri-
mental to the vitality of protoplasts from specific cereal genotypes (data not shown).

Protoplast cultures were cultivated in the dark at 23°C or 25°C (Figure 2f and 3d).  
The first cell division of wheat cells was observed 20 days after isolation, unlike in tobacco 
protoplast cultures, where the first cell division occurred after 10 days (Figure 3e). 
Multicellular structures were formed 2 weeks after the protoplasts were isolated 
(Figure 3f, g). Experiments with tobacco cultures were conducted as controls to test 
different handling steps in the protoplast isolation process.

Several wheat experiments were performed using a modified culture medium, 
where 1% potato Dextrose broth (PDB) was added to the original formula. This modi-
fication was significantly beneficial. It shortened the time to the first cell divisions, 

Figure 3. 
Isolation of tobacco protoplasts: (a) enzymatic tissue maceration; (b) protoplast pellet in a round glass tube; (c) 
protoplast pellet in a conical tube; (d) freshly isolated protoplasts at 20x magnification; (e) the first cell division 
at 20x magnification; (f) the second cell division; (g) multicellular structure at 40x magnification, with a scale 
bar of 10 mm.
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when wheat protoplasts started to divide after 8 days in culture (Figure 2h), and con-
tinued to divide (Figure 2i). All these small technical steps, as tested and described 
here, improved the wheat protoplast isolation and cultivation protocol.

3.1 Staining of PRP

Fluorescein diacetate is a monopolar ester that passes through the protoplast 
membrane and is hydrolyzed in the cytoplasm by intracellular esterases. During this 
reaction, fluorescein is released, accumulating in the protoplast’s cytoplasm as a green 
fluorescent stain. This reaction occurs only in living cells or protoplasts [28, 29]. In 
contrast, propidium iodide passes through damaged membranes, reacts with DNA 
or RNA, and forms a bright red complex that emits red fluorescence in the nucleus of 
dead cells or protoplasts [30].

In our experiments, the viability of isolated wheat and tobacco protoplasts was 
assessed by fluorescent staining with a 5 mg/ml dye mixture of Fluorescein diacetate and 
Propidium iodide using the DeNovix CellDrop Counter. In several independent experi-
ments, the percentage of viable mesophyll protoplasts from wheat and tobacco fluctuated 
between 30% and 80% in both plant species (Figure 4). Generally, leaf segments from 7 to 
10 in vitro wheat seedlings can produce approximately 6.105 protoplasts in a 1 ml volume, a 
suitable concentration for further culturing experiments or protoplast transfection [31].

4. �Discussion

Although the technology of isolating and regenerating plant protoplasts has been 
known for several decades [32, 33], reliable and reproducible protocols remain elusive 

Figure 4. 
Freshly isolated wheat (a, b) and tobacco (c) protoplasts stained with FDA (a,b) and PI (c). Light picture of 
isolated wheat protoplasts (d).
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for particular plant species. Cereals like oats and wheat are still problematic species, and 
a fast, consistent isolation and regeneration protocol must be established [9, 34, 35].

This study developed a robust and user-friendly method for isolating mesophyll 
protoplasts. The technique was found to work well for wheat and tobacco and to 
be genotype-independent in the respective crop, which is very valuable for further 
experimentation.

Cereal protoplast cultures are typically isolated from cell suspension cultures 
[36–39]. The advantage of using this starting material for protoplast isolation is that 
these cultures are already aseptic and conditioned for growth in culture. The protoplast 
yield from this material is generally high. However, maintaining suspension cultures 
over the long term is time-consuming and labor-intensive, presenting challenges regard-
ing genetic stability [40, 41]. Additionally, they often lose their regeneration capacity 
over time [42], making it necessary to establish a new cell line regularly.

Unlike suspension cultures, the protoplast yield from the meristematic cells is 
lower. They are also fusogenic and sometimes challenging to handle, given the new 
insights into plant cell regeneration [21, 43] and the broad study of de novo cell 
reprogramming triggers [18, 44–48], which play a vital role in understanding this 
phenomenon.

The composition of culture media for protoplast cultures resembles that com-
monly used in tissue cultures. Since protoplasts lack a cell wall, they efficiently absorb 
nutrients from the liquid medium during the initial stages of culturing. As a result, 
their nutrient levels are typically adjusted to lower the concentration of inorganic 
substances, such as ammonium [49].

Our initial experiments tested several plant tissue culture media widely used for 
in vitro cultures, including Murashige and Skoog, NLN medium, and Imbrie-Milligan 
medium [25, 50, 51], as well as their various modifications. We observed no early 
stages of de novo synthesis of the cell walls in any of these media tested (data not 
shown), as indicated by the increased size of the protoplasts and the formation of 
cytoplasmic strands, as described by Vasil and Vasil [52].

Kao and Michayluk developed and described a highly complex medium for 
protoplast cultures of Vicia hajastan [16]. Their medium includes standard inorganic 
components such as fourteen vitamins, various organic acids, ten sugars and sugar 
alcohols, twenty-one amino acids, six nucleic acid bases, three growth regulators, 
casein hydrolysate, and coconut water.

In our hands, only the liquid medium containing macro- and microelements 
from Kao and Michayluk demonstrated de novo cell wall synthesis and cell division 
(Figure 2g), typically after 20 days of dark culture at 23°C with wheat protoplasts. 
When we supplemented this culture medium with potato dextrose broth, we observed 
the first cell divisions of the wheat protoplasts 8 days after isolation (Figure 2h and 
i). This modification of the medium significantly reduced the lag phase of wheat 
protoplasts. The potato dextrose broth is not a typical component of plant tissue 
culture media; however, it is more commonly used in microbiology for growing fungi 
and bacteria [53]. It remains unclear whether the presence of dextrose, potato, or the 
combination of both compounds results in the early cell divisions of wheat protoplasts.

5. �Conclusions

This study developed a robust, user-friendly method for isolating wheat meso-
phyll protoplasts. The technique was effective for both wheat and oats (data not 
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Edited by Jens Hahne

This book covers cell culture technologies, providing an overview of isolating cells 
from their native tissue and cultivating them in a controlled, artificial laboratory 

environment. This process is a fundamental technique in red and green biotechnology 
and life science research. Essential considerations regarding cryopreservation, recovery, 
and mycoplasma contamination, along with how to prevent and treat them in primary 
cell cultures, are discussed. This book presents updated research findings on primary 
cell isolation from tissues, the generation of differentiated cells from pluripotent stem 
cells, their in vitro growth in 2-D or 3-D, and their analysis using modern technologies. 
Furthermore, the use of organoids in a complex tumour-on-a-chip model is discussed. 
In addition to the medical application of cell cultures, plant cell culture-specific points 
are also addressed. This book is a valuable resource for anyone studying or researching 

primary cell culture applications and techniques, offering invaluable insights into 
emerging trends and techniques.

Andrei Surguchov, Biochemistry Series Editor
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