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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

Cell culture is a cell cloning technology for large-scale clone cells by simulating 
in vivo environment conditions such as asepsis, appropriate temperature, and pH, as 
well as certain nutritional conditions, to enable cell survival, growth, reproduction, 
and function. It is an important and common technology in cell biology and bioengi-
neering research used to study cell signal transduction, cell anabolism, cell growth, 
and proliferation. Cell culture includes human, animal, plant, and microbial cell 
cultures according to cell origin. It can be classified as a primary culture, secondary 
culture, or cell co-culture per the experiment requirements. Each type of cell culture 
has its own characteristics and essential conditions. However, one must realize that 
cell culture is an in vitro method and thus it cannot replace in vivo animal experi-
ments and human trials. Generally, the results of a cell culture must be verified by in 
vivo animal experiments and further by human trials.

This book focuses on the advanced technology and applications of cell culture 
in the research and practice of medical and life sciences. Chapter 1 addresses the 
overall concept and the process of cell culture and its multiple applications and 
assessment parameters. Chapter 2 discusses the main features of primary cancer 
cell cultures, the different methods for their selection and management, and their 
extensive applications in prostate and bladder cancer preclinical treatment processes. 
Chapter 3 systematically addresses the concept and applications of two-dimensional 
(2D) and three-dimensional (3D) cell culture. Chapter 4 describes the isolation, 
expansion, and functional assays of mesenchymal stem/stromal cells, and long-term 
culture–associated alterations of cellular properties. Chapter 5 discusses stable isotope 
labeling with amino acids in cell culture (SILAC), and its application in studying 
ivermectin-mediated molecular pathway changes in human ovarian cancer cells. 
Chapter 6 discusses the nanotechnology application of mammalian cell culture and its 
intellectual property rights-related issues in the industrial and academics aspects.

This book presents new advances in the concepts, methodologies, and applications 
of cell culture. It is designed to stimulate and encourage researchers who develop and 
use cell culture in different fields in the service of human health.

Xianquan Zhan, MD, Ph.D., FRSM
Professor of Cancer Proteomics and PPPM,

Medical Science and Technology Innovation Center,
Shandong First Medical University,

Jinan, Shandong, China
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Chapter 1

A Brief Concept of Cell Culture: 
Challenges, Prospects and 
Applications
Md. Salauddin

Abstract

Cell culture is an in vitro technique in which cells, tissues, or organs (animal 
origin) are artificially grown with the support of an artificial environment that 
encompasses culture medium, CO2 level, pH indicator, temperature keeping tissues 
alive and growing appropriately. Organ culture, Primary explant culture, and Cell 
culture among them cell culture widely used for the understanding of cell growth, 
normal functions, identification of growth factors, viral vaccine development, 
recombinant DNA (rDNA) technology, and immunobiological research. Due to high 
feasibility, cell culture practices highly demandable in the pharmaceutical industry. 
As well as animal cell culture used in laboratory research to study the cytotoxicity 
of new drug metabolic studies, aging, therapeutic proteins, the effects of drugs and 
toxic compounds on the cells and mutagenesis and carcinogenesis. There are a lot of 
issues in cell culture, Mycoplasma is one of the major. During cell culture, a single 
antibiotic often cannot kill the mycoplasma. Besides, culture media, pH indicator, 
incubation, cryopreservation, thawing, passaging of cells, and trypsinization have a 
great impact on cell culture. This chapter will help the reader to understand the whole 
process of cell culture and its applications, which will take them one step forward in 
their virology and cell culture research along with inspiration. This chapter also aids 
in the concept of cell count, cell suspension, CCF measurement, MOI (Multiplicity of 
Infection), and cell infection. Eventually, the reader will get a crystal clear concept of 
cell culture.

Keywords: Chicken Embryo Fibroblast Culture, BHK-21, Cell maintenance,  
Culture media, Cell culture, Passaging of cells, Cell harvest, Antibiotics,  
Bulk antigen, Quality control, Vaccine candidate development

1. Introduction

Cell culture or Chicken embryo fibroblast cell culture is a fundamental laboratory 
technique that widely used in virology, vaccinology, molecular biology, microbiol-
ogy as well as in biotechnology field. In this in vitro study controlled environment 
like media, pH, CO2 level, temperature, humidity, O2 flow mimics in vivo condition 
for cell to grow. Within last past decades a few species have been considered in vitro 
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utilizing cell culture technique exposing essential data regarding their biology. The 
chicken or avian embryo gives an amazing model for the study embryology, devel-
opmental biology and production of pharmaceutical proteins in transgenic chickens 
moreover take part in virology, immunization advancement as well as vaccinology 
research. Chicken embryo fibroblast cell culture has great impact on veterinary 
vaccine and biochemical production research. Besides, chicken stem cells have given a 
perfect opportunity for producing cell-based transgenic birds and a powerful source 
of cells for vaccine production for poultry and human viral diseases. Besides, they 
give knowledge into fundamental science namely drug sensitivity testing, cell track-
ing and cytotoxicity testing [1]. However, various important virus or viral diseases 
have never been explored at a cellular level so that cell culture technology is still in 
an early stage of its potential progress. In this document, it is summarized the basic 
steps engaged in the establishment of primary cell culture and concept of cell culture 
technique to serve as a practical guide for current and future researcher to lever-
age the power of cell cultures. This approach has the potential to produce valuable 
outcomes and suggestions regarding CEF cell culture, cell metabolism, adaptation to 
different stresses and challenges. Although most published papers discussed on CEF 
cell culture, BHK-21 and other cell lines, here focused on basic concept and necessary 
measurement for primary cell culture that inevitably helpful for novice as well as 
experienced researchers or laboratory personnel of this field [2]. Physiological and 
physiochemical condition: Nature and impact of pH level, temperature, concentration 
of O2/CO2, and osmotic pressure (culture media) that can be altered the result of the 
study as well as their effects on the cell culture [3]. Cell culture technology has spread 
productively within a century; a variety of culture media has been designed. This 
chapter goes through the brief concept, challenges and current issues of cell culture or 
chicken embryo fibroblast cell culture technique. Current article does not substance 
to be a complete guide but rather helps the researcher to plan and make consonant 
decision to their research experimental or work.

2. Cell culture

General concept of cell culture is the propagation of cells or fibroblast or living 
tissues in a defined media that conducive their growth. Shortly, a growth of cell 
artificially known as cell culture. CEF (Chicken Embryo Fibroblast) cell culture is the 
culture of fibroblast cells obtained from embryo. Embryonated eggs commonly used 
in the production of bulk antigens, vaccines and other biochemical. SPF (Specific 
Pathogen Free) eggs obtained from SPF (Specific Pathogen Free) chicken flocks 
which have been intensively monitored for infectious agents and have not been vac-
cinated; or, where justified (e.g. for production of some inactivated vaccines) and in 
line with the marketing authorization, from healthy chicken flocks. For the propaga-
tion of virus laboratory personnel or researcher should have to choose specific route 
of inoculation of the SPF egg based on the study microorganisms (virus) that is being 
propagated [4].

Baby Hamster Kidney cells (BHK-21) are generally used in life science research 
work and the biopharmaceutical industry. Chinese hamster ovary (CHO) cells, 
baby hamster kidney (BHK) cells, mouse myeloma cells comprising NS0 and SP2/0, 
hybridomas, and human cell lines (HEK293, HT-1080) are the very commonly 
used mammalian cell lines at large scale [5]. Among these cell lines, BHK-21 has 
found applications at large scale in veterinary viral vaccines against foot and mouth 
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disease (FMD) and rabies virus, as well as heterologous protein production (Factor 
VIII) [6]. The BHK-21 cell line was established in 1961 from the kidneys of 5 Syrian 
hamsters from litter number 21. Since this time, this cell line has been considered as 
a research facility standard for the development of countless viruses and the study 
of numerous biological processes. Baby hamster kidney (BHK) cells are one of many 
different vertebrate cell types used for the propagation of viruses by infection and 
transfection [7]. Generally obtained from BHK cells can vary widely if not obtained 
from the ATCC. For the production of animal products (vaccine) baby hamster 
kidney (BHK) cells are generally used, the most important of which is the produc-
tion of a vaccine against FMD and rabies. Also, BHK was used in the production of 
recombinant proteins, such as blood coagulation factor VIII for the extraction of 
DNA from Pseudorabies virus and production of capture antigen enzyme-linked 
immunosorbent assay (ELISA) when diagnosing Japanese Encephalitis (JE) [8–10]. 
BHK-21 cells were grown and propagated in modified minimum essential media 
(MEM) by adding a set of proteins including Lactalbumin (2.50 g/l), yeast extract 
(1.00 g/l), peptone (2.50 g/l), New Zealand casein (1.00 g/l); Glutamine (0.50 g/l) 
and 2% sodium bicarbonate were also added to the culture medium. Also, 5–10% 
of the serum treated with polyethylene glycol 6000 was added to modified MEM. 
Penicillin G and streptomycin was added at the rate of 100 IU to control microbial 
load. After keeping the BHK cells in a liquid nitrogen tank and passing them through 
the preparation steps, the cells were transferred to CCF for subsequent cultivation. 
The flasks were kept in incubators at an operating temperature of 36°C or 36.5°C 
or 37°C and 5% carbon dioxide. Maintaining the starting pH of the culture ranged 
from 7.1 to 7.2 or 7.4 while carbon dioxide was used to control the pH. Common 
morphology of some cells are Fibroblastic (or fibroblast-like) cells: Shape- bipolar 
or sometimes multipolar, elongated, that attached to a substrate during growth 
and wrench commonly during culture. Epithelial-like cells: Shape-polygonal, 
Dimensions-regular, and which attached to a substrate in discrete patches. 
Lymphoblast-like cell: Shape-spherical, Commonly, grown in suspension and do not 
attach to the surface of flask.

3. Basic steps of cell culture technique

Cell culture or CEF cell culture is crucial laboratory work. During cell culture 
laboratory personnel or researchers have to maintain chronological workflow step by 
step. By maintaining the following steps cell culture should be done very smoothly. 
For CEF cell culture, SPF eggs were collected from authentic sources with a legal 
document. Then incubate for the recommended date. Afterward-

1. Personal hygiene and safety management

2. Sterilization and disinfection

3. Arrangement of instrument and appliances as well as power supply

4. Biosafety cabinet (BSC) management

5. Management of essential ingredients and chemicals like Media, FBS, Trypsin, 
Phosphate Buffer Saline (PBS), Tincture of iodine, Antibiotics, etc.
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6. Management of Pipettes, Burette, Tips, Waste disposal box, Aspirator, Tissue

7. Chopping, washing embryo, and filtering (for CEF cell culture)

8. Centrifugation

9. Cell suspension and stock management

10. Cell count and splitting of the cell

11. CCF, Media, and incubator management

12. Cell line development

13. Cell observation, harvest

14. Cell count, subculture, infection, and bulk antigen production

4. Fundamental parts of cell culture technology

4.1 Culture medium

Culture medium is a composition of nutrients and selected buffer that helps to 
grow an organism naturally. Media can be designed based on variety of cell, types of 
cells because it is necessary for cell survival, proliferations and growth. The influence 
of cell culture technology creates inevitable progress in molecular biology research. 
This technique widely utilized in different fields like the assessment of toxicity and 
efficacy of new drugs, development of various biopharmaceutical products and 
vaccines, and used in reproductive technology. No one probably would argue against 
the claim that a culture medium is the foremost essential measure in cell culture 
technique. Selection of suitable media for research goal is essential. Sometimes 
researchers should modify a properties or composition of medium in order to their 
experiment. There are mainly two types of media used by researcher such as natural 
media and synthetic media [3, 11, 12]. Natural media: The media that comprising of 
natural biological substances, e.g. embryo extract, plasma, and serum. Coagulant or 
clots i.e. plasma which is separated from heparinized blood, serum, and fibrinogen. 
Tissue extracts and Extracts of chicken embryos, liver, and spleen and bone marrow 
extract considered as a natural cell culture media. Biological fluids such as Plasma, 
serum, lymph, amniotic fluid, and pleural fluid also used as culture media. Synthetic 
media: The media comprising with basal medium and supplements, like-serum, 
growth factors, and different hormones. On the basis of type of supplements synthetic 
media can be classified into a few bunches such as: (1) Serum-containing media: In 
this media as a supplement bovine, human, equine, or other serum is used. This media 
causes less reproducibility and microbial contamination due to unknown and unclear 
media composition. (2) Serum-free media: This media has a high reproducibility due 
to presence of the supplements of bovine serum albumin or α-or β-globulin (crude 
protein fractions). (3) Xeno-free Media: Prepared based on human-source compo-
nents i.e. human serum albumin, are commonly used as supplements but there are no 
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animal components used as supplements. (4) Protein-free media: Prepared based on 
undefined components like- peptide fractions (protein hydrolysates) which are gener-
ally used as supplements, and (5) Chemically defined media: Undefined components 
are used as supplement. Crude protein fractions, tissue extracts, hydrolysates are 
not good supplements, but highly purified components (recombinant proteins) are 
appropriate supplements. Followings are some brand name of culture media com-
monly used in the laboratory: Eagle’s Minimum Essential Medium (EMEM) a simpler 
basal medium (BME) for culturing mouse L cells and HeLa cells. Dulbecco’s Modified 
Eagle’s Medium (DMEM) is a basal media (BME). Iscove’s Modified Dulbecco’s 
Medium (IMDM) used for growth of lymphocytes and hybridomas. Hybri-Care 
Medium is a combination and modification of DMEM considered for the propaga-
tion of hybridomas and other fastidious cell lines. Ham’s Nutrient Mixtures used 
for Chinese hamster ovary (CHO) cells. Kaighn’s modification of Ham’s F-12 (Ham’s 
F-12 K) was designed to develop and differentiation of primary cells with or without 
serum. DMEM/F12 Medium is a 1:1 mixture of Dulbecco’s modified EMEM and Ham’s 
F-12 for the growth of a wide range of cell types in both serum and serum-free formu-
lations. Leibovitz’s L-15 Medium for biopsy samples without CO2.

4.2 pH value

pH plays a vital role in cell culture. The cell growth rate is decline associated with 
Fluctuations in pH level. That’s why routine monitoring is essential. For the cells is 7 
the optimal pH, and decline or increase in pH can hinder the growth of cells. More 
decrease in pH level (usually in between 6.0–6.5), can stop the growth rate of the 
cells, and cells are start losing viability at low pH level. That’s why pH level should 
be maintained and monitored carefully for individual cell line. If pH level fall rate is 
less than 0.1 units/day, that indicates the cell condition is good and no need to hurry 
to change the culture medium immediately. If it is 0.4 units/day (pH drop rate), that 
indicates the culture medium need to be changed quickly [13]. Alkali (like- NaOH, 
KOH) or acid (HCl) solution helps to control pH level in culture medium. Besides, 
NaHCO3 (sodium bicarbonate) or natural buffer solution, and addition (need base) 
of CO2 gas to the bioreactor also helps to maintain optimum pH level in culture 
medium. Generally, pH electrode (silver chloride electrochemical-type) used within 
the bioreactor [14]. For the proliferation of cell in culture medium an optimum, stable 
as well as balanced pH is essential. Depending upon cell type and culturing process 
pH level may vary and specific. Generally, 5–10% CO2 required to grown cells using 
buffered media that contain NaHCO3 (sodium bicarbonate) and where maintained 
the range of pH 7.2 to 7.4 [15]. CO2 incubator, optimum pH level, ideal temperature, 
optimum moisture condition, sterile and clean working environment are essential to 
maintain and complete an experiment. In the cell culture medium, the carbonate buf-
fer helps to hold constant pH and take parts in releasing CO2 gas in the CO2 incubator. 
Color of the culture medium depending and changing with the pH level of culture 
medium. Color indicates altering the medium and CO2 levels [3]. Commonly, 4–10% 
of CO2 is practiced in the cell culture technique. By maintaining HCO3

−concentration 
and CO2 tension in culture medium one can easily achieved optimum pH and osmo-
lality [16]. By observing the color of the media can easily identify the pH condition 
like- Phenol red to yellow/ orange color indicates too acidic where pH 6.8 (bellow), 
Red to pink color indicates pH above 7.0 to 7.7 which is normal, and bright fuchsia 
color indicates pH 8.0 to 8.2 (too alkaline).
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4.3 Effect of temperature

Generally, cell culture need 37°C for incubation called control temperature. 
Proliferation and multiplication of cells are significantly decreased at more than 
40°C, like 41°C or 42°C temperature, and increased temperature may also cause high 
apoptotic rate of CEF cells. Cell viability, apoptosis, proliferation, and oxidative 
status of cells in culture medium can be altered with high temperature. ROS (reactive 
oxygen species) formation increased with increasing Temperature (Proportionally) 
[17]. During the transportation must be care full about temperature. Besides regular 
or routine inspection is recommended for better results. In cell culture technique 
one of the most challenging issues is to grow cell, that’s why an ideal temperature 
play a vital role in cell culture along with good supplementation of nutrients. For 
the cell division the optimum temperature should be vary on cell type that assist to 
maintain growth rate. Generally, at optimal temperature metabolic function of cell 
is optimum as well as good that helps to increase their size, and proliferation rate 
[18]. Temperature requirement varies based on cell type like- S. frugiperda (sf-21, 
Trichophusia ni (Tn-5), S. frugiperda (sf-9) (insect) need 27°C, Chinese Hamster 
Ovary (CHO) (Mammalian)-need 36–37°C, Human embryonic kidney (HEK- 293 T) 
(Human) need 37°C, HF 205 and HF 210 (plant) need 27°C.

4.4 Incubation

A device in which microbial culture or cell culture is grown and maintained with 
customized temperature, humidity (relative humidity 95%), oxygen, CO2 level, and 
other conditions. For virus cultivation, cell culture as well as cell infection, vaccine 
development incubation is a very much crucial and fundamental issue. The incuba-
tor is an essential instrument in cell biology research, Microbiology, Biotechnology, 
Molecular biology research. On the other hand, an egg incubator is one of the most 
important for embryonated egg production in the laboratory and large scale. BOD 
(Biological Oxygen Demand) incubator is popular in this regard. There are so many 
necessary points always bear in mind to maintain good incubation. Firstly, cleaning 
inside, cabinets, outside and handle that helpful to eradicate cross-contamination, 
also helps to hold a good quality of cell, media, SPF (Specific Pathogen Free) eggs, 
and other chemicals or ingredients. Logbook maintenance is another vital issue to 
maintain high-quality research work. Through logbooks, laboratory personnel can 
easily identify any issue related to the incubator. A dedicated power supply essential 
to maintain cell quality, growth, metabolism as well as important to maintain cell 
physiology. CO2 level and the supply are very much essential to maintain moisture and 
pH (normal range is 7.2 to 7.4). Generally, 5% CO2 with 37°C is used to maintain the 
cell. Eventually, inventory management will helpful for GMP (Good Manufacturing 
Practice) and proper cell culture as well as laboratory work.

4.5 Cryopreservation

Cryopreservation is the method in which intact living cells are conserved as intact 
in liquid nitrogen at cryogenic temperatures. On the other hand, in cryopreservation 
system using low temperature helps to protect living cells structurally intact. Freezing 
system keeps the living cells frequently for a long time (often for years). Freezing 
temperature ceased their typical metabolic activity that’s why cells are protected from 
damage caused by long time preservation, and chemical reactivity. Gently handle 
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cells because cell may be damaged and will get stress during the freeze–thaw process. 
Optimal cryopreservation of cells relies on proper freezing and thawing methods. 
A successful cryopreservation method calculating based on recovery rate of cells 
(frozen) from low temperature, percentage of alive cells, and rate of cells that func-
tion as normal after thawed [19]. Basically, for cryopreservation harvest the cells in 
exponential growth. Then gentle centrifugation done at 125 × g for 10 minutes. After 
that check and scree the media. The procedure starts with taking freezing medium 
(GM-which warm at room temperature for 30 minutes) that containing a cryopro-
tectant such as Dimethyl sulphoxide (DMSO) (e.g. 5–10% v/v DMSO), fetal bovine 
serum (FBS) (10–20% v/v) and at high cell density (1–5 × 106/ml) and sometimes 
added knock-out serum replacer (KoSR; 20% v/v final), bovine serum albumin (5% 
final) or human serum albumin. From some recent research [20–22] it is said that 
freezing rate has great impact on viability of cryopreserved cells. It is suggested that 
cells be slowly cooled (like 2°C, −20°C, −80°C for at least 24 hours and finally pre-
served in liquid nitrogen at −196°C) that gives better surviving rate of cell in the cryo-
preservation process. Record logs must maintain during all the steps. From the final 
cryovial (that contain cell at −196°C) remove one vial and restore the cells in culture 
medium to determine cell viability and sterility. Recovery rate of cryopreserved cells 
depends on the types of cultured cell. Some cell needs several days, some shows low 
viability on the day of culture, in some cases cell produce debris, some cells are shows 
normal viability after 24 hours’ post-thaw. Before retrieving of cryopreserved cells 
clean the biosafety cabinet, prepare the CCF, media, FBS and arrange all the instru-
ments and appliances (sterile). Then wash the cryovial with 70% ethanol and place 
it in a water bath for 2 to 5 min at 37°C to melt. Transfer the thawed cell in a tube and 
gentle centrifugation (10 minutes at 125 × g) needs to discard (supernatant) cryopro-
tectant in the meanwhile collect the cell pellet and suspend the cells in 1 mL or 2 mL 
of complete growth medium (GM) then proceed for cell count and subculture in new 
CCF for 24 hours’ observation. In the process of cryopreservation, significant rate of 
cell survival and maintenance of cell integrity (structural and morphological) can 
be achieved by using cryoprotective agents (CPAs). Excipient is an ingredient added 
intentionally to the drug substance which should not have pharmacological proper-
ties in the quantity used. Commercially available CPAs namely Dimethyl sulphoxide 
(DMSO) is commonly used as CPA. Factors behind the success of cell survival [23] 
are: (a) Type and concentration of cryoprotectants (an additive, such as glycerol or 
dimethyl sulphoxide, that can protect cells against freezing injury). (b) Cell density 
in cryopreservation solution at the time of freezing. (c) Cooling and thawing rates 
of cell suspension. (d) Dilution rate of thawed cell suspension. The main advantages 
[24] of cryopreservation are easily found original cell lines from the safety stocks, 
preserve the cells for year after year and lastly smoothly perform continuous research 
or experiments.

4.6 Thawing

Correctly thawing of cells is crucial to recover quickly, yielding the highest viability 
and functionality possible. Some cryoprotectants (e.g. DMSO) has toxic effect on 
cells, due to the possibility of toxicity cells should be thawed rapidly and not allowed 
to remain in the freezing medium no longer than required time. Firstly, retrieve the 
cryovial containing the frozen cells from liquid nitrogen (−80°C or − 196°C freezer) 
and immediately place it into a 37°C water bath (for 1 to 2 min) or place immediately 
in a pre-equilibrated thermo-conductive rack or tube module resting on dry ice to 
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minimize cell warming/thawing. Rapidly thaw the cells (< 1 minute) by carefully 
swirling the cryovial in the 37°C water bath up to there is a little bit of ice left within 
the cryovial. Then place the cryovial into a BSC. Gently wipe the outside of the 
cryovial with 70% IPA (Isopropyl Alcohol) prior to open the cryovial screw. Carefully 
add (dropwise) required amount of pre-warmed GM into the tube (centrifuge) that 
containing recently thawed cells. Place the cell suspension in centrifuge machine 
for centrifugation and set 200 × g for 5–10 minutes (it may vary based on cell type). 
Inspect the transparency of supernatant and visibility of a pellet at the bottom after 
completing the centrifugation. Discard the supernatant aseptically without break-
ing the pellet. Softly resuspend the cells by gently pipetting with GM and prepare 
required concentration, then transfer the cell suspension into the CCF, and place it in 
the suggested culture environment. Inspect the cells using an inverted microscope for 
morphology. Examine an aliquot of cells for the ability to exclude trypan blue. If cells 
pass both inspections, they are ready for culture [25].

4.7 Passaging of cells

Subculture of cell commonly known as passaging of cells and the ratio  
of subculture is 1:2. The main concept of passaging: cells are split into half in each 
subculture. Continuous cell lines should will be passaged with higher split ratio 
due to their higher replication rate. Usually the number of times the cells have 
been subcultured into a new CCF known as passage number. In the case of diploid 
cell cultures, the number cell passage is partially equal to the number of popula-
tion doubling level (PDL) since the culture was begun. On the other hand, PDL 
of continuous cell lines is not fixed like diploid cell culture. Mostly the PDL is an 
estimation or prediction. PDL may ups and down with cell stress and cell death 
(due to necrosis, apoptosis). Loss of proliferation capacity of cell, contamination 
of culture medium may also responsible. A common formula for the calculation of 
population doubling level: PDL = 3.32 (log Xe – log Xb) + S; where Xb is the cell 
number at the beginning of the incubation time, Xe is the cell number at the end 
of the incubation time, S is the starting PDL. Another common formula used to 
calculate the population doubling level is [26]: Log (N/N) x 3.33; Where N is the 
number of cells in the culture vessel at the end of a certain time interval, and N is 
the original number of cells plated in the vessel, Population doubling and pas-
sage number are often mixed up or thought to mean the same thing. The passage 
number describes the number of times that a culture has been subcultured The 
population doubling time is important to know when the number will be double 
and passaging will be required. According to ATCC [24] the population doubling 
time calculate with the formula: DT = T ln2/ln(Xe/Xb); where T is the incubation 
time in any units, Xb is the cell number at the beginning of the incubation time, 
Xe is the cell number at the end of the incubation time.

4.8 Trypsinization

Trypsin is an enzyme that is used to remove adherence proteins from a cell 
surface. Generally, trypsin-based disaggregation so-called trypsinization. 
Disaggregation of cells from the CCF commonly crude trypsin used, the effect of 
raw (crude) trypsin can easily be neutralized by commercially available serum 
(FBS) or trypsin inhibitor. On the other hand, pure trypsin is also used in the cell 
degradation process which is less toxic and very specific in action [27]. Commonly 
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0.05% trypsin used in laboratory work. Sometimes trypsinization causes cell dam-
age and sometimes may not effective for some cells thus other dissociation agents 
(enzyme) are recommended for the dissociation of cells. Warm and cold trypsiniza-
tion are the two common approaches. An extensively used method is warm tryp-
sinization. In which cells are washed with basal salt solution and then add warm 
trypsin (37°C) adequately and stirred properly. The supernatant dissociated, the 
cells are dispersing in the medium. In the case of cold trypsinization, cellular dam-
age is reduced, resulting in a high yield of viable cells also improved survival rate. 
For cold trypsinization cells are maintained in ice after washing with media or salt 
then treated with cold trypsin for 6–24 h. After that remove and discard the trypsin 
and incubate the CCF at 37°C (for 20–30 min). Dispersion of cells may start and 
fully dispersed cells counted using hemocytometer then dispersing in a medium for 
further use. The easiest way of trypsinization is a). Discard the media from CCF 
b). Wash the cell surface with PBS (4 ml for 75 cm2 CCF) c). Take trypsin (Room 
temperature) d). Rinse monolayer of cell with trypsin–EDTA (2 to 4 ml for 75 cm2 
CCF) e). Stay for 2 minutes then discard trypsin and Incubate the CCF at 37°C for 
5 minutes f). Tapping the CCF and collect the cells by scrapper stored in a tube g). 
Spin down the cells, resuspended by adding the growth medium or fresh medium, 
and Count the cells h). Split into a new flask and Incubate at 37°C.

4.9 CCF measurement

CCF denotes a Cell Culture Flask. It is also known as a tissue culture flask. CCF 
is important for culturing of cells, transportation of cells, and media. There are 
a lot of different volumes of CCF used for research work. Commonly, used flask 
volume are 25 cm2, 75 cm2, 175 cm2, 225 cm2, 300 cm2. Commonly 75 cm2 CCF 
preferable for laboratory work. Cell contamination generally appeared during 
cell culture laboratory. Proper knowledge of CCF handling can minimize cross-
contamination, which improves the quality and physiology of the cell. Rough 
handling of CCF during media transfer, passaging, scrapping will be responsible 
for the different vital issues. Mycoplasma contamination is one of them. Prompt 
and Improper pipetting during cell harvest and split from CCF may cause stressful 
conditions on cells and resulting in cell death. Scrapping of the cell for subculture 
or infection or cell count gently handles the CCF, corkscrew. Mild flame spark 
on corkscrew (CCF) by flame gun or gas burner helpful to safe the cell and flask 
environment. Covering the cork with Paraflim very much essential to save the cell. 
IPA (Isopropyl Alcohol) spray must be done before and after handling of CCF. 
After application of IPA, then CCF, media, FBS (Fetal Bovine Serum), tips, flame 
gun, trypsin other materials, and appliances allow entering into BCS (Biosafety 
Cabinet) for further processing. Some points should be bear in mind regarding 
CCF such as, is CCF allow pipettes, tissue scrapper, tissue spatula properly? Is CCF 
has marked on both sides? Is there any leakage? Is there any crake on cork? Is the 
bag of CCF tightly pack? Is the CCF clean (inside)? These points might be helpful 
for cell culture.

4.10 Cell suspension

The cell suspension is nothing but suspension culture. It’s another type of cell 
culture where a small amount/volume of cells is permitted to grow in growth media 
forming suspension called cell suspension. If the cells are derived from other cultures 
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or homogenized tissue, then use suspension culture. Both suspension culture and 
adherent culture are the same.

4.11 Cell count and cell infection

Cell counting was performed using a hemocytometer (Neubauer improved 
counting chamber, Precicolor HBG, Germany) or MacMaster slide and Trypan blue 
exclusion every 24 h (1,1 mixture of 0.2% Trypan blue in normal saline solution and 
sample). After placing the stock cell suspension on the hemocytometer and place a 
coverslip on it. Count cell of 4 (16 × 4) site, then the average of 4 sites of hemocy-
tometer and count the total cell as = Average (number of the cell) × 10,000 × 2. Cell 
culture flask such as 25 cm2 contain 5 to 10 ml culture media, 75 cm2 contain 10 to 
30 ml culture media, and 175 cm2 contain 40 to 150 ml culture media. One (1) cm2 
need 90,000 cells likewise 75 cm2 need 75 × 90000/5 = 13,50,000 cells minimum. 
Viable cells are considered as unstained ones and while stained cells are considered 
as dead under the inverted microscope. Cell counts are important for monitoring 
cell health and proliferation rate, assessing immortalization or transformation, 
seeding cells for subsequent experiments, transfection or infection, and preparing 
for cell based assays. Cell counts must be accurate, consistent, and fast, particularly 
for quantitative measurements of cellular responses. Cell infection is required for 
virus propagation, bulk antigen production. MOI rate is very much essential in cell 
infection. There are three types of MOI commonly used in the laboratory such as 
1 MOI, 0.1 MOI, 0.001 MOI where 1 MOI means one (1) virus can infect one (1) 
cell. 0.1 MOI denotes 10 cells infected by one (1) virus and one virus can infect 100 
cells in 0.001 MOI. Generally, practice 0.1 MOI means one virus is enough to infect 
10 cells.

4.12 PFU (PFU), ELD50, EID50, MOI, CCID50, TCID50

Plaque forming units (pfu) is an assessing of the total number of infectious virus 
particles. It is ascertained by a plaque-forming assay. In the field of virology study, a 
plaque-forming unit (PFU) is a measurement of the number of particles capable of 
forming plaques per unit volume i.e. virus particles. It is a functional measurement 
rather than a measurement of the absolute quantity of particles: viral particles that 
are defective or which fail to infect their target cell will not produce a plaque and thus 
will not be counted. For instance, a solution of virus with a concentration of 1,000 
PFU/μl indicates that 1 μl of the solution contains enough virus particles to produce 
1000 infectious plaques in a monolayer cell, but no inference can be made about the 
relationship of pfu to the number of virus particles.

ELD50- Embryo Lethal Dosage. ELD50 unit is the amount of virus that will kill 50 
percent of inoculated eggs.

EID50- Embryo Infective Dosage. EID50 unit is the amount of virus that will infect 
50 percent of inoculated eggs.

Multiplicity of infection (MOI) is the average number of virus particles infecting 
each cell. MOI is related to pfu by the following formula: Multiplicity of infection 
(moi) = Plaque forming units (pfu) of virus used for infection/number of cells. For 
example, if 2x106 cells is infected by 50 ml of the virus with a titer of 108 pfu/ml. The 
moi will be 0.05*108/2*106 = 2.5. The fraction of cells that are not infected is P(0) = 1 
- e−moi. To ensure 99% of cells are infected requires moi > 4.6. Assume the conditions 
used for plaque assay and TCID assay do not alter the expression of infectious virus. 
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TCID50/ml and pfu/ml are related by pfu/ml = 0.7 * TCID50. As a working estimate, 
one can use pfu/ml = 0.5 * TCID50 [28].

CCID50: Cell culture infectious dose which will infect 50% of the cell.
TCID50 is the tissue culture infectious dose that will infect 50% if the cell mono-

layers are challenged with the defined inoculum. Two methods commonly used to 
calculate TCID50 (can also be used to calculate other types of 50% endpoint such EC50, 
IC50, and LD50) are a). Spearman-Karber [29] b). Reed-Muench method.

4.13 Plaque assay

Plaque-based assays are the standard method used to determine virus concentra-
tion in terms of infectious dose. Viral plaque assays determine the number of plaque-
forming units (pfu) in a virus sample, which is one measure of virus quantity. This 
assay is based on a microbiological method conducted in Petri dishes or multi-well 
plates like 6 well or 24 well etc. Specifically, a confluent monolayer of host cells is 
infected with the virus at varying dilutions and covered with a semi-solid medium, 
such as agar or carboxymethyl cellulose, to prevent the virus infection from spread-
ing indiscriminately. A viral plaque is formed when a virus infects a cell within the 
fixed cell monolayer [30]. Virus quantification involves counting the number of 
viruses in a specific volume to determine the virus concentration. In research and 
development (R&D) based commercial and academic laboratories, the produc-
tion of viral vaccines, recombinant proteins using viral vectors, viral antigens and 
clone screening, multiplicity of infection (MOI) optimization, and adaptation of 
methods to cell culture all require virus quantification. For quantification of virus 
incubated after infection at 37°C in a 5% CO2 incubator at 6, 12, 24, 36, 48, 60, and 
72 h post-inoculation (hpi) based on the requirement to visualize plaques in wells [31, 
32]. To quantify virus there are a lot of other methods used such as Focus forming 
assay (FFA), Endpoint dilution assay, Protein assays, Hemagglutination assay (HA), 
Bicinchoninic acid assay, Single radial immunodiffusion assay, Transmission electron 
microscopy (TEM).

4.14 Cell harvest

Knowledge of splitting, media, trypsinization, cell handling is essential to harvest 
cells. Firstly, remove and discard the media from CCF. For 75 cm2 CCF, mild PBS wash 
is required before the application of warm trypsin or trypsinization process. Add 
trypsin (2–4 ml/75 cm2) then incubate as like trypsinization process. When detached 
cells appear then add 2–5 ml growth media (GM) to inactivate trypsin. Gently pipette 
to disperse the medium to ensure recovery of >95% of cells. Sometimes commercial 
trypsin inhibitor is added. Carefully centrifuge the collected cell suspension at 
300–1000 X g for 5–10 min. Discard the supernatant and add GM at the required 
amount for the preparation of cell count. Split the cells after counting or go for 
further processes that need. There is a lot of problems that may be appeared like 
detachment difficulty of cells from culture flasks, cell adherence difficulty, insuf-
ficient attachment of cells, low viability of cells, clumping after detachment, damage 
of cell membrane, and cell death. The possible solutions to the above problems will 
be careful during the following such as a). Check the quality, date, and concentration 
of trypsin before use b). Be careful during antibiotic application if any c). Splitting, 
media replacement required before harvesting if cells are in stress d). Avoid vigorous 
pipetting and long centrifugation.
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4.15 Antibiotics

Routine cell and tissue culture according to good cell culture practice (GCCP) [33] 
should not require the use of antibiotics as they can never be relied on as a substitute 
for effective aseptic techniques. However, its use is still widespread e.g., OECD TG 
432 [34] due to established routine procedures in many laboratories. Antibiotics are 
agents that may arrest or disrupt fundamental aspects of cell biology, and, while they 
are effective against prokaryotic cells (i.e. Bacteria), they are also capable of causing 
toxic effects in animal cells. Not surprisingly, antifungal agents, being directed at 
higher order, eukaryotic microorganisms, are likely to be more toxic to animal cell 
cultures. In addition, antibiotics often make it more difficult to detect microbial 
contamination. These obvious contraindications, the use of antibiotics in cell and 
tissue culture should be focused in two areas: a) Protection of materials at high risk 
of contamination such as tissues, organs, and primary cultures in cases where steril-
ity cannot be guaranteed, and b) The positive selection of recombinant cell clones 
based on the expression of antibiotic resistance genes [33]. If antibiotics are needed, a 
justification for the use of antibiotics in the procedure is suggested.

4.16 Laboratory management

Good laboratory setup is essential for cell culture as well as good laboratory 
practice is also essential for better and smooth work. The following discussion and 
points are very much important for a cell culture laboratory and are also supported by 
Maneesha et al. [35] and Coecke et al. [36].

Location and ideal layout with the purpose-built facility is the first priority. Room 
data sheet (RDS) in which available all the data of every facility, specification of the 
room define its location, a number of doors, windows, pass box, ventilator, light, air 
conditioner, fire alarm like everything present on that room permanently. Specification 
of instruments must be available at the working area that helps the laboratory person-
nel to operate it. Standard operating procedure (SOP) helps to do research/ labora-
tory work in a defined way to get a better outcome. Define the area of a room with a 
specific class and biosafety level by the standard of ISO, GMP. Define or specify works 
of laboratory personnel with defined working areas according to CDC, NIH-USA 
also beneficial for a good outcome. There are four biosafety levels based on hazard 
or pathogenicity or virulence of microorganism and toxicity of agents. The basic 
biosafety level known as biosafety level 1 (BSL-1). In this level generally very com-
mon research work done with easy protection. Normally in BSL-1 working with those 
organisms or agents which are not harmful to healthy person. In biosafety level 2 (BSL-
2) working with those organisms or agents which is known as moderate-risk agents, 
and known as a potential threat to human resulting produce disease (by ingestion or 
through percutaneous or mucous membrane exposure) of varying severity. Generally, 
cell culture should be performed at BSL-2 laboratory. Sometimes the biosafety level 
depends on the type of cell line and working style. In biosafety level-3 (BSL-3) 
working with that agents which have the capability to transmit through air (aerosol 
transmission). BSL-3 agents may be indigenous or exotic, having potential threat to 
human, may cause serious health issue, and may be potentially lethal. Biosafety level-4 
(BSL-4) deals with exotic agents that create life-threatening disease of an individual 
through infectious aerosols and for which no treatment is available. These organisms 
or exotic agents are restricted to high containment laboratories. The easily accessible 
facility of the emergency shower should be available in the laboratory area. Access 
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control in laboratories should be helpful to maintain unwanted occurrences. A separate 
logbook is very much helpful for liquid nitrogen and CO2 management. Ventilation and 
pressure control like negative and positive pressure controlled area must be defined, 
HEPA filtered providing positive pressure to clean areas, is recommended where space 
and resources allow. Electricity room (uninterrupted power supply (UPS) units should 
be provided for essential equipment (class II cabinets, incubators, air filtration) and 
to allow cell culture procedures to be completed. Accountability for all the staff will 
provide a smooth working environment. Documentation, Training (Fumigation, 5 s, 
SOP, etc.) and Monitoring of staffs, Emergency service provider contract with the 
third party are essential for good laboratory management. Before receive and entering 
all the reagents, chemicals, and supplier’s documents must be checked by maintaining 
a logbook. For the management of inventory and documents should be established 
hard copy or electronic form that stored the information of materials, cells, suppliers, 
overall all the possible information. Staff safety is a vital issue. The primary concerns 
regarding safe management of liquid nitrogen storage are frostbite burns from skin 
contact with liquid nitrogen and asphyxiation due to exposure to low oxygen levels 
when nitrogen gas is released from vessels. Finally, all service personnel entering the 
laboratory should receive instruction in special laboratory hazards and any necessary 
procedures for working in clean areas e.g. gowning, hand disinfection. All the person 
needs to use a separate biohazard bag/bin to ensure safe hazard management. Like- 
Infectious non-sharp waste (incineration/deep burial)-Yellow bag; Plastics and sharps 
(chemical treatment/autoclaving/shredding/microwaving)- Blue bag; Infectious non-
sharp waste (chemical treatment/autoclaving/microwaving)-Red bag; Incineration ash 
and solid chemical wastes (secure landfill)- Black bag.

4.17 Challenges during passage of cell

During cell culture, laboratory personnel and researcher should follow up the 
cell routinely. Splitting of the cell depends on cell doubling number, cell type, pH 
level, media, and so many cell culture-related issues. There is a lot of challenge 
situation faced by laboratory workers. The most common problems that cause major 
issues in the laboratory may also ruin the running works are misidentification of cell 
line, Contamination of culture and media, Rough handling, Poor cell growth, Poor 
cell attachment, Improper trypsinization during harvesting, Improper cell count, 
Improper split ratio during the passage, Clumping of cell, Cell death. Incubation 
time, temperature, and CO2 level also have a great impact on cell culture as well as on 
subculture.

4.18 Maintenance of cell

The routine follow-up of cell morphology is necessary. To maintain a good cell 
line routinely change of the medium is essential for the both proliferating or non-
proliferating cells. The culture medium should be changed repeatedly in the case of 
proliferating cells compared to the non-proliferating one. The rate of cell growth, 
cell morphology and metabolism of cell indicates the urgency and time interval of 
medium change. For example, HeLa cells are rapidly growing transformed cells, in 
the case of HeLa cell the culture medium should be changed twice within 7 days, 
whereas for slowly growing non-transformed cells (like IMR-90 cells) the culture 
medium may be changed once in a week. Continuous cell lines, Chicken embryo 
fibroblast cell (CEFC), Embryonic cells and transformed cells develop quickly that’s 
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why these cells need rapid sub-culture and altering the culture medium. While 
normal cells are grow slowly. Generally altering the medium depends on pH level. 
Immediately change whole medium when the pH level appeared 7.0, cells are stop 
proliferating at pH 6.5, and the cells may lose their durability and viability when 
the pH level drop in between 6.5 to 6.0. The drop rate of pH is commonly estimated 
for each and individual cell line with a selected culture medium. If the drop rate of 
pH is less than 0.1 units/day, that indicates no harm and no need to hurry to change 
the culture medium immediately. When the drop rate of pH is 0.4 units/day, that 
indicates the culture medium need to be changed immediately [13]. A laboratory 
person or a researcher can easily maintain cells by maintaining SOP of cell handling 
and culture procedure, by counting passaging time because 10–30% density of cell 
is standard but at 80–90% density cell should be split as well as cell count may be 
helpful in this regard. Must pay attention to media quality, color, clarity, foul smell 
results from infection of the cell. Cell health and cell concentration, appearance 
observed regular interval by bright field microscope with 20–60x magnification may 
help to maintain cells and eradicate clumping, detachment, apoptosis. Quality control 
(QC) documents, Certificate of Analysis (COA), Cell transportation SOP are crucial 
to maintaining cells. Logbook entry for all the daily activities like pH level daily 
basis, media condition, temperature, CO2 level, assigned peoples information, cell 
condition, passage number, all the information about the cell very much essential to 
maintain cell for either small or large scale work.

4.19 Mycoplasma: a issue

Mycoplasma contamination is a serious and widespread problem in cell cul-
ture. Mycoplasma is often passed from culture to culture and from lab to lab. 
Mycoplasma can ruin whole research if data collected from mycoplasma-infected 
cells or cultures. Among all the contaminants (biological) in the laboratory myco-
plasma have the capability to spread rapidly and causes detrimental effect on cells 
because of their detection rate is very low as well as their serious impact on cell 
lines. In spite of the fact that mycoplasmas are actually microscopic organisms (like 
bacteria) but they have some particular characteristics that make them identical. 
Mycoplasmas can easily survive and multiply at high densities without producing 
any noticeable signs. They are very harmful to any cell culture. Mycoplasmas can 
easily alter the host cells’ metabolism and morphology, cause chromosomal aberra-
tions and damage of cell that provoke cytopathic effects. Mycoplasma ought to be 
tested at least once a month is recommended in laboratory and research work. Two 
different testing methods, such as DAPI staining and PCR are helpful but a com-
mercially available mycoplasma kit is also recommended for the detection [37]. A 
routine screening process might be helpful to eradicate mycoplasma contamination 
from the lab. The following points are essential to prevent mycoplasma issues [38]. 
a). Wearing personal protective equipment (PPE) during cell culture that includes a 
dedicated, clean lab coat and gloves b). Checking the COA, QC pass of cells’ ori-
gins c). Ensure proper sterilization d). Always clean the working area e). To avoid 
cross-contamination work with only one cell at a time f). Always ensure cover-
ing the media bottles and CCF. Do not use the hood for storage and work always 
within biosafety cabinet g). Should be cautious in the use of antibiotics because it 
is reported that antibiotics have no impact on mycoplasmas h). Maintain logs for 
record-keeping that help to identify possible contamination sources if needed i). 
SOP develop for routine mycoplasma screening.
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4.20 Bulk antigen and vaccine candidate development

A large scale of virus production is known as bulk antigen production. A Proper 
culture of the cell, passaging, infection of cell-based on required MOI by a specific 
virus, harvesting, filtration of the virus, QC test, and COA gives the final confirma-
tion regarding the virus and the process. After formulation, dosing should be done 
with the help of bulk antigen that helps to develop proposed vaccine candidate based 
on reference manual, and guidelines.

5. Cell culture procedure

CEF cell culture is widely used by researchers in the biopharmaceutical industry 
and veterinary vaccine production. The following steps should be maintaining 
chronologically to develop primary cell culture from the chicken embryo.

1. SPF eggs are incubated and collect the embryonated egg at 8–11 days (need base).

2. Cleaning the outside of egg by tincture of iodine, Cracking the egg into BSC.

3. Collect the embryo by forceps, place it into a sterile Petri dish, and chopping the 
body parts (embryo) with scissors.

4. Cut off head, wings, legs, remove the visceral parts and wash (PBS) rest of the 
body in Petri dish until clean the blood.

5. Chopping the clean body with scissors and gently pipette and aspirate by syringe.

6. Collect the suspension into a sterile falcon tube and perform mild  
centrifugation at 300 rpm for 5 min.

7. Add 0.25% trypsin EDTA to suspend the pellet by gentle pipetting (Recommen-
dation: for 12 embryos add 10 ml trypsin and 10 ml PBS for suspension).

8. Centrifuge the suspension at 600 to 1000 rpm for 5 to 10 min (at 37°C).

9. Collect the supernatant into a new sterile falcon tube and filter it with double 
layer sterile gauze and collect it into a new tube and add 10 to 15 ml GM into it 
for 12 embryos. Generally, add GM two times (1:2) of collected cell/fluid.

10. Wash it by centrifugation at 10,000 rpm, 25°C for 10 min, and discard the super-
natant. Then add GM to reconstitute and gently pipette. Repeat this step 2 times 
and collect the pellet (Suspected that 12 embryos produce 2 ml pellet).

11. Add 13 ml GM with the collected pellet (2 ml) and gently mix 15 ml cell suspen-
sion consider as a stock cell suspension.

12. Count the cell based on the stock with the help of a hemocytometer then split the 
incorporation of the cell with growth media that contain 10% FBS based on CCF 
measurement.
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13. Observe the cell distribution within the CCF under an inverted microscope.

14. Place the CCF into a CO2 incubator at 5% level, pH 7.2 to 7.4, 37°C for overnight. 
Then observe the cell morphology under a microscope.

6. Application of cell culture

Nowadays application of cell culture is exceptionally essential in life science and 
medical science. Cell culture technique is an excellent tool its applications are [1, 
39, 40] as a). Production of pharmaceutical biochemicals b). Embryological study 
(CEF cell culture) c). Recombinant biomaterials (rDNA) and vaccine manufactur-
ing, testing of the drug, drug sensitivity, and cytotoxicity of cell d). Production of 
human and animal vaccines (primary chicken fibroblast cells e). Manufacturing of 
immunotherapy f). Production of different enzymes, hormones (synthetic), immu-
nobiological (like monoclonal antibodies, interleukins, lymphokines), and anticancer 
agents g). Cell culture is an excellent way to teach cell biology study h). Production of 
agricultural products like milk, (cultured) meat, fragrances i). In the microbiologi-
cal study (Virus propagation, virology) j). Genetic engineers and biotechnologist 
are utilizing it within their field of research k). The aging, toxic compound study, 
cell morphology, cell physiology, and the study of mutagenesis cell culture have 
great impact.

7. Cell handling, storage and challenges

There are a lot of measures that should be taken to handle cells smoothly. Smooth 
and gentle handling of the cell gives better outcomes. An SOP must be defined clearly 
in the handling procedure of a cell. Clean area, BSL, pressure control of the cell 
culture room, personal hygiene, general laboratory management, gowning, skilled 
manpower can play a vital role in this regard. Generally, cell incubate at 36–37°C in a 
5% CO2 sometimes CO2 level 4–10%, and time required based on cell types, research 
methodology. For the short preservation (few hours <2 hours) of the cell need normal 
freezing and for about day-long preservation required −20°C with growth media or 
cryoprotectant agent. Cryopreservation is required for the yearlong storage of cells. 
The temperature logbook is an essential document in the lab. Any fluctuation, prob-
lems in power supply, user entry of fridge/ cold room, and incubator are inevitably 
helpful to handle and maintain cells. Besides lock, access control or password system 
in laboratory, incubator, and fridge might be helpful in this regard. Resulting in easily 
identify the problems if any. Vigorous pipetting during cell harvesting, splitting 
cause cell damage sometimes causes cell death. A few toxic and harmful substances 
are eluted from the microfilters during sterilization. That’s why practicing the sterile 
technique strictly and selecting cultural instruments carefully. It is recommended that 
washing all the instruments with the culture medium immediately before perform-
ing cell culture. Nevertheless, other types of contamination happened from plastic 
instruments or trace elements, even in water that affects the cells in culture [11]. 
Viruses, bacteria, mycoplasma, and endotoxins contamination may appear due to 
rough handling and haphazard performance. Strict environmental control is necessary 
to check cross-contamination in cell culture [41].
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8. Quality control, GMP and cGMP

Quality control (QC) is known as maintaining the quality and authenticity of any-
thing related to the research or laboratory work like cell, media, PBS, Polymerase chain 
reaction (PCR), or RT-PCR report. That’s why the QC department, as well as personnel 
are important. Every life science researcher ought to know and aware of the current 
Good Manufacturing Practice (cGMP), QC process and system. QC, GMP, and cGMP 
have the same objectives and more or less same activities. In GMP and cGMP all are the 
followings clearly defined- Rules, regulations, and guidelines; good implementation; 
all aspects of the product’s lifecycle and manufacturing process; product develop-
ment and raw materials selection to the final production process; testing; storage, and 
shipment. The worlds policy maker organizations like FDA, Medicines & Healthcare 
Regulatory Agency (MHRA), WHO, European Union (EUDRALEX)-UK, approved 
all the guidelines of cGMP. Recently GMP is prescribed as “cGMP”. The “c” stands for 
“current” as a reminder that all the techniques, systems, all the processes must be kept 
up-to-date to consent to the most recent regulations. [42]. cGMP guidelines ensure 
excellent quality at each step of work. It acts as a safeguard for the quality, purity, 
strength and identity of cells and related products. This guideline helps to construct 
a consolidated quality control and management system, helps to hold raw materi-
als quality, helps to develop good SOPs, helps to a build a system of product quality 
investigation and deviation measurement, and take part in the building of reference 
laboratories for testing. The necessity of cGMPs are always keep in mind because it 
is very much important to establish QC. Numerous pharmaceutical companies are 
executing modern and comprehensive quality control systems and risk management 
system as a result they hold their quality above the average standards [43]. Quality 
control (QC) is employed in the GMP framework. Using a broad array of analytical 
techniques, the QA (Quality assurance) team will identify and quantify all the factors 
deemed critical for any specific product. Biological products require extensive analysis 
for characterization. There are some cations related to QC [44] such as-

• identity (confirms correct material);

• quantity (confirms dose parameter);

• purity (confirms material has correct purity);

• impurity (confirms product safety);

• potency (confirms activity);

• sterility including adventitious agents (confirms material is sterile).

9. Overall challenges: cell culture

Culturing techniques for CEF cells or BHK-21 or others is always challenging. The 
followings are the most important points by maintaining these points researchers or 
laboratory personnel easily can overcome any possible challenges. The points that 
need to pay attention such as a). Lab requirement is in the first, set up all the required 
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materials, chemicals, instruments before the work or research b). Novice personnel 
should be avoided c). Skilled manpower and staff should be appointed for the work 
and as a trainer for new one d). Interpretation of work daily e). Establish a strong QC 
department f). Store all the true data and metadata because it is important to identify 
problems and also help to design a research g). Calibration of pH meter regular basis 
is mandatory and pH level follow up because cell health depends on it h). Need to 
take necessary precautions during culture media preparation i). Maintain and check 
the required CO2 percentage based on cell j). Incubation time and temperature vary 
from cell to cell and it may be vary based on research work k). Transportation process, 
medium, time, precautions should be describing in transportation SOP l). Pay atten-
tion during thawing of the cell because it causes stress on the cell resulting cell might 
be death m). More careful and be cautious during preservation of cells, changing of 
media, passaging, trypsinization, harvesting of cells, mycoplasma contamination, and 
antibiotics treatment (for bacterial contamination) because these are the fundamental 
steps in cell culture technology. A non-technical or unskilled or novice personnel can 
easily ruin all the effective work at a time during the above points. That’s why need to be 
more cautious about this n). Certificate of Analysis (COA) is essential for all the work 
like media preparation, pH level check, cell morphology, cell count, splitting, transpor-
tation, cell purchase or sell, and so on. It reduces the risk O). Based on international ref-
erence lab or manual SOP should be developed, SOP of how to prepare a good SOP and 
working guideline can minimize problems and it will take part to handle challenges. 
Current Good Manufacturing Practice (cGMP), Documentation of lab work, Training 
facility both for researchers and staff, Validation of work, calibration of instruments 
regularly can eradicate the problems and smoothly handle all the challenges.

10. Effectiveness of maintaining logbook, training and SOPs

Knowing the difference between a laboratory logbook and a laboratory notebook is 
very much effective to proceed with laboratory work. Logbook keeps details, usually in 
a tabulated format on handling and use of equipment, users, time of use, the purpose 
of use, and watched comments in case any. Other than, the research facility notebook 
or diary contains whole experimental details (for investigation and analysis), all the 
readings, results of any calculation, eventually all the supplementary data (graphs, 
spectra, or chromatograms) preserved in note book. Every research facility action related 
to the utilization of testing equipment, laboratory environmental records (temperature, 
humidity, atmospheric pressure, and exposure to light), weighing balance logs (analyti-
cal balance is the foremost used device in any research facility), material consumption, 
chemicals, details of suppliers and supplies are conserved as a proof record. Depending 
on the work nature vary the types of logbooks. Both notebooks and logs play a vital role 
in decision making or identify the problems or take part to fix the false result. During 
an audit, a logbook helps to convince the auditor because it provides evidence-based 
data. Periodically maintenance, operated by trained staff, calibration, and servicing of 
instruments increase the shelf life of the instrument, and these logs are stored as a proof 
document for safe work. Standard operating procedures (SOPs) based work has the 
same impact on research. On the other hand, training is significant for the advancement 
of the skills and knowledge of laboratory staff. In a training log the topic of training, 
date and time, name of trainer and trainees, effectiveness, and also the performance of 
individuals is reserved [34, 45]. Does every detail clarify in SOP like how to operate an 
instrument, test, or a machine? How will be eligible to perform? How to monitor (lab, 
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work, test, etc.) and keep the record? How to calibrate and when? Who certifies and 
how? How to use chemicals? In a word SOP is fundamental. It is an ideal practice to have 
procedures for maintaining and controlling laboratory stocks which are clearly defined 
in specific SOP.

11. Conclusion

In recent years’ importance and the application of cell culture cannot explain in 
a word. Cell culture technology is an extensively accepted technique in the field of 
molecular biology study and life science research. Due to high feasibility, cell culture 
practices highly demandable in biopharmaceutical works. This document summa-
rizes the theoretical background, basic concepts regarding cell culture (animal cells, 
BHK-21, CEF cell culture). The above discussion gives an ideal concept to understand 
the whole process of cell culture technique, its applications and it helps to build 
constructive problem-solving confidence related to cell culture along with inspira-
tion. Conclusively, it is said that all the steps regarding cell culture give a fundamental 
idea of cell culture.
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Abbreviations

ATCC American Type Culture Collection
BHK Baby Hamster Kidney
BME Basal Medium
BOD Biological Oxygen Demand
BSC Biosafety Cabinet
BSL Biosafety Level
CCF Cell Culture Flask
CCID50 Cell Culture Infectious Dose 50
CDC Center for Disease Control and Prevention
CEF Chicken Embryo Fibroblast
cGMP Current Good Manufacturing Practice
CHO Chinese Hamster Ovary
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COA Certificate of Analysis
CPAs Cryoprotective Agents
DAPI 4′,6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl Sulphoxide
DT Doubling Time (Population)
EC50 Effective Concentration
EDTA Ethylenediaminetetraacetic Acid
EID50 Embryo Infective Dosage
ELD50 Embryo Lethal Dosage
ELISA Enzyme-Linked Immunosorbent Assay
EMEM Eagle’s Minimum Essential Medium
FBS Fetal Bovine Serum
FDA Food and Drug Administration
FFA Focus forming Assay
FMD Foot and Mouth Disease
GCCP Good Cell Culture Practice
GM Growth Media
GMP Good Manufacturing Practice
HA Hemagglutination Assay
hpi hours post-inoculation
IC50 Concentration of an Inhibitor
IMDM Iscove’s Modified Dulbecco’s Medium
IPA Isopropyl Alcohol
ISO International Organization for Standardization
LD50 Lethal Dose 50
MHRA Medicines & Healthcare Regulatory Agency
MOI Multiplicity of Infection
NIH National Institute of Health, USA
OECD TG Organization for Economic Co-Operation and Development Test 

Guide Line
PBS Phosphate Buffer Saline
PCR Polymerase Chain Reaction
PDL Population Doubling Level
PFU Plaque-Forming Unit
PPE Personal Protective Equipment
QA Quality Assurance
QC Quality Control
R&D Research and Development
rDNA Recombinant Deoxyribonucleic Acid
RDS Room Data Sheet
ROS Reactive Oxygen Species
rpm Rotation Per Minute
RT-PCR Reverse Transcription Polymerase Chain Reaction
SOP Standard Operating Procedures
SPF Specific Pathogen Free
TCID50 Tissue Culture Infectious Dose 50
TEM Transmission Electron Microscopy
UPS Uninterrupted Power Supply
WHO World Health Organization
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Abstract

The number of patients diagnosed with prostate and bladder cancer is increasing 
worldwide and one of the most important challenges remains the development of 
effective, safe and economically viable antitumor drugs. Clinical approval for drugs 
tested in preclinical studies enabling them to enter phase I clinical trials is essential. 
Cell lines are in vitro model systems that are widely used in different fields of medi-
cal research, especially basic cancer research and drug discovery. Their usefulness is 
primarily linked to their ability to provide an indefinite source of biological material 
for experimental purposes. Under the right conditions and with appropriate controls, 
authenticated cancer cell lines retain most of the genetic properties of the cancer of 
origin. Studies conducted during the initial development of drugs such as toxicity, 
corrosion and drug activity were carried out on animals; however, in the past two 
decades, alternatives have been sought due to the fact that animals do not effectively 
model to human in vivo conditions and unexpected responses are observed in the 
studies. Also, more than 100 million animals were used and billion dollars were spent 
for animal toxicity experiments. Cell culture studies made positive contributions to 
the initial development of drugs and is highly desirable, as it provides systems for 
ready, direct access and evaluation of tissues. Contrary to animal studies, less cost and 
the need for low drug and a short response time are the characteristics for in vitro cell 
culture methods. In vitro tumor models are a necessary tool, in not only the search 
for new substances showing antitumor activity but additionally for assessing their 
effectiveness. This chapter reviews the main features of primary cancer cell cultures, 
provides an overview of the different methods for their selection and manage-
ment, and summarizes the wide range of studies that can be performed with them 
to improve the understanding of prostate and bladder cancer preclinical treatment 
processes.

Keywords: Primary cell culture, preclinical studies, prostate and bladder cancer,  
in vitro model
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1. Introduction

Cancer is the one of the major death cause worldwide and accounted nearly 10 
million deaths in 2020 [1]. The rate of incidence in prostate cancer and bladder cancer 
are increasing worldwide too. According to GLOBOCON 2018, prostate cancer is the 
second most frequent cancer and in men, it is fifth leading cause of death. Bladder 
cancer is also common in men ranking on sixth position and ninth leading cause of 
cancer death [2]. There are so many treatments available like radiotherapy, chemo-
therapy, hormonal therapy but these treatments are associated with adverse side 
effects and poor quality of post treatment life. Hence there is need in development of 
effective, safe and economically viable antitumor drugs.

Prostate cancer and bladder cancer are heterogeneous diseases where many 
molecular, environmental and genetic factors are involved in its progression and 
understanding the mechanism of this progression is difficult [3]. In recent years the 
cancer research has made significant progress, but many challenges remain as it is [4]. 
Currently, only 7% of potential anticancer drugs are gaining approval which is much 
lower than drugs for other diseases [5]. Hence, to improve this percentage, it is essen-
tial to clinically approve drugs which are tested in preclinical studies and enabling 
them to enter phase I clinical trials [6].

Experimental models are important tools in the cancer research. The model 
should be reproducible, able to successfully reflect disease stage that is being studied 
and mimic the disease; how it behaves in humans [4]. Cell lines are in vitro model 
systems, a necessary tool, in not only the search for new substances showing antitu-
mor activity but additionally for assessing their effectiveness. They are widely used 
in different fields of medical research and pharmaceutical companies. Presently 
pharmaceutical industries mostly rely on in vitro models like two dimensional (2D), 
three dimensional (3D), boyden’s chamber (to study chemotaxis and assessment 
of cell motility) [7], micro fluidic systems (It is small devices that can provide a 
specific fluid flow, constant temperature, fresh medium, flow pressure and chemi-
cal gradients which is same as in vivo systems to study migration and invasion [8], 
3D bioprinting (mimics the processes that occurs in tumor micro environment) [9, 
10]. Main reason for accepting in vitro model is it’s physiological relevance, it helps 
in improving the understanding of prognosis and treatment, it provides accuracy 
and it is also a low cost screening tool for researchers [11]. The usefulness of in 
vitro models is primarily linked to their ability to provide an indefinite source of 
biological material for experimental purposes. The in vivo model involves animals 
which provide valuable information to understand many aspects in development 
of disease and initial development of drugs such as toxicity, corrosion and drug 
activity [12]. But from past two decades, alternatives have been sought due to the 
fact that animals do not effectively model humans in in vivo conditions, as it shows 
unexpected responses like anatomical variation and also difficulty in extracting 
quantitative mechanistic data in the studies. Mathematical models are also used in 
the cancer research to analyze tumor growth and progression, and helps in predict-
ing the effects of some therapies [13]. Different clinical setting, cancer resistance 
and switching to another treatment, existence of unknown biological details these 
issues can affect the mathematical models [14–16]. Computer simulation is another 
model in the cancer research, helps to test complex multi scale cancer progresses, it 
also accounts for drug pharmacokinetics and pharmacodynamics, but has drawback 
in less common cancers because of less data, therefore it lacks perspective validation 
and accuracy [17].
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All models involved in the cancer research have pros and cons hence the cost dura-
tion, experimental design and data analysis in developing the anticancer drug should 
be considered for the selection of the model. It is necessary to choose more effective pre-
clinical platforms to screen the antitumor compounds [18]. Practically in-vitro models 
of tumors will not only give primary screening of potential antitumor drugs but it also 
prevents drugs with insufficient antitumor activity from entering into preclinical ani-
mal testing [19]. This chapter reviews the main features of primary cancer cell cultures, 
provides an overview of the different methods for their selection and management, and 
summarizes the wide range of studies that can be performed with them to improve the 
understanding of prostate and bladder cancer preclinical treatment processes.

2. Primary cell culture

Primary cell culture is a gold standard testing platform for in-vitro research in 
oncology as they reflect the tumor state more accurately compare to most commonly 
employed cell lines [20]. It is a powerful tool commonly used by scientists to study cel-
lular properties and mechanisms of isolated cells in a controlled environment [21]. Cell 
culture studies have made positive contributions to the initialdevelopment of drugs. 
Contrary to animal studies in vitro method requires low drug dose and short response 
time, which is characteristic feature of in vitro cell culture methods [22]. Primary cell 
culture is also called as ex-vivo. Because primary cells are directly taken from tissue 
origin and cultured under favorable conditions hence it is more similar to the in-vivo 
state and exhibit normal physiology. It maintains the cross talk between malignant and 
healthy components [23]. This is the main reason why primary cell culture is called 
as excellent model system to carry studies in metabolic, aging, signaling studies and 
effects of drugs, toxic compounds in the cell.

Primary cells are non-immortalized and non-transformable as they imitate the 
appearance of living model and hence these can help to model 3D tissues. In this 
culture, cells will grow in 3D aggregates and presents interesting application [24]. It 
helps for detection, isolation, growth and developmental stages of viruses and helps 
to analyze the mode of infection. Drug candidate and its toxicity screening rely on 
results of early-stage in vitro cell based assays. Particularly in pharmaceutical industry 
primary cell culture is used to synthesize verity of biomolecules in high scale, vari-
ous research project on cell-based product are developed. It is alternative for animal 
model to test effect of drugs and cosmetics [25]. There are few technical hurdles asso-
ciate with primary cell culture. For instance, culturing might be difficult if the quality 
of the surgical material is poor. Also, due to early onset of cell senescence, difficulty 
arises to maintain sufficient number of cell passages but researchers have made many 
attempts to resolve this problem [26, 27].

Primary cell culture has been subdivided in to adherent cell culture and suspen-
sion cell culture. In the adherent cell culture, cells are arranged in monolayer and 
attach to the surface of the culture flask. Adherent cells are usually derived from tis-
sues of organs. Growth is limited to surface area and it needs to be detached from the 
surface before cells get sub-cultured. Viral vaccine, gene therapy and cell therapies 
depend only on adherent cell culture. Suspension cells are derived from the peripheral 
blood and do not require any attachment for growth. They do not get attached the 
surface area of the cultural flask. The cells are free floating and growth is limited to 
the concentration of cells. The steps involved in the primary cell culture are repre-
sented in (Figure 1).
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3. Isolation of cells

Before going to any further tissue processes, it is important to keep in mind that all 
tissue processing has to be carried out in a biosafety cabinet and all the sterilization 
protocols has to be maintained properly [28]. Now moving towards cell isolation, it is 
a process where one or more specific cells are isolated from heterogenous cell mixture. 
Isolation of primary cells from cancer cells is an important phenomenon of cell culture 
biology as they are more reliable sources to understand the human cell. There are 
many standard protocols available for culturing the normal andneoplastic cells [28]. 
Human prostate and bladder are composed of many cell types which can be isolated 
and cultured. Hierarchy of the epithelium has been reviewed most [29, 30].  

Figure 1. 
Flowchart showing the process of primary cell culture technique.
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There are 3 main epithelial lineages namely neuroendocrine, basal and luminal. 
Prostatic homeostasis is mainly depends upon the epithelial cells and stromal cells; 
stromal cells guides to the epithelium cell for their dedifferentiation, proliferation and 
also progression of carcinogenesis [31].

Now, how to understand which cell is cancerous and which cell is non- cancerous 
because cell does not contain tags on it. There are specific cell markers (Antigen) 
which will identify the difference between cancerous and non-cancerous for ex. 
ARA70 (Androgen receptor-associated protein 70) is a cell marker which was noted 
to be expressed at high levels in normal primary cultures compared with prostate 
cancer cell lines [32]. Many cell markers are available depending upon cell type which 
is listed in Table 1. Also in bladder cancer depending upon cell type there are differ-
ent CD (Cluster of Differentiation) cell markers which are depicted in Table 2 [38]. 
Identification of stem cell marker has uncovered a cellular hierarchy of epithelium 
during development and in response to injury [39]. Cell markers (Antigens) have 
specific antibodies and these have to be evaluated histochemically. These reactions are 
evaluated by specific kits which are available in market (Table 3). For isolation, first 
tissues will be collected from prostate cancer patients and bladder cancer patients 
who are undergoing biopsy. This collection of tissues needs to be well coordinated 
between urology, pathology and the investigator and it has to proceed for primary 
culture within 2 hours after collection of tissues [33–37, 39–41]. After collection, 
tissue should be placed in sterile container which has HBSS (Hanks’ balanced salt 

Cell marker Cell type

Cytokeratin 5 [33] Basal cell

CD59 [34] Basal cell

c-Met [35] Basal cell

CD95 [34] Basal cell

Cytokeratin 8 [36] luminal cell

CD9 [37] luminal cell

15-LOX-2 [36] luminal cell

CD24 [34] luminal cell

Table 1. 
Biomarkers for Prostate cell culture.

Cell marker Cell type

CD9 [38] Urothelial

CD104+ [38] Basal

CD13+ [38] Stromal cells of the lamina propria

CK5 [37] Basal

p63 [37] Basal

CK8 [37] Luminal

Table 2. 
Biomarkers for bladder cell culture.
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solution) with HEPES (Hydroxyethyl piperazineethanesulfonic acid) and store at 
4°C for 2 hours to increase cell viability. To asses tumor cells in the dissected mate-
rial Hematoxylin and Eosin (H&E) stain is used in the histopathology lab. To get a 
single cell suspension from tissue dissociation obtained after sugary, there are three 
mechanisms available for isolation: Chemical, Mechanical and Enzymatic method 
(Table 4).

Although this is first step in primary culture, there is still no standardized pro-
tocol for this. There is a variety of options available. Tissue has to be mechanically 
minced from autoclaved scalpel or scissor; if tissue is measuring from 1 to 20 grams 
semi-automated dissociator can be used. Manual method has to be done in ice cold 
PBS (Phosphate-buffered saline). Commercially available formulation showed 10% 
increased viability compare to collagenase I, II, IV. (Table 5) [33]. In another study 
mechanical and enzymatic method has been used. In mechanical method, they used 
lacerate and scalpels and in enzymatic method collagenase type I and hyaluronidase 
type I enzymes with medium agitation at 37°C for 18 hours was used [34]. EDTA 

Method Mechanism Advantages Disadvantages

Chemical 
Method

By using EDTA or EGTA 
it binds with cations and 
disrupt the intracellular 
bonds [42]

Easy and cost saving It does not adequately 
dissociate all types of tissue

Mechanical 
Method

Cutting, scratching, the 
tissues in to small pieces in 
order to separate the cells 
and wash it with gentle 
agitation [42]

It is a rapid technique 
works best for loosely 
associated tissue. 
Correct temperature 
should be maintained 
for enzyme.

Decreases in the surviving 
capacity of the cell, incision 
of scissor, scalpel for cutting, 
scratching can damage the cell.

Enzymatic 
Method

Enzymes to cut or digest 
tissue pieces in free cells. 
Combination of enzyme 
also can be used
Ex.- Collagenase, Trypsin, 
Hyluronidase [43].

It has great specificity 
with specific enzymes

Enzyme dissociation can 
modify proteins on cell surface

Table 4. 
Mechanisms for isolation of cells.

Antigen Antibodies Cell type

Cytokeratin 8/18 (Prostate) Mouse IgG1 Luminal cells and intermediate cells

High molecular weight cytokeratin 
(Prostate)

Mouse IgG1 Intermediate cells

Trop2-APC (Prostate) Mouse IgG2a Epithelial cells

CD49f-PE(Prostate) Rat IgG2a Epithelial cells

CD + 9 (Bladder) antibody clone 
M-L13

Urothelial

CD104 (Bladder) clone 439-9B Basal

Table 3. 
Primary antibodies for prostate and bladder epithelial cultures [38, 40].
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(Ethylenediaminetetraacetic acid)/Trypsin mixture used with 5 minutes of incu-
bation in 37°C degree for prostate tissue [35]. Both the mechanisms, mechanical 
disaggregation with disposable disaggregator and enzymatic by collagenase and 
trypsin used for prostate tissue [36, 37]. In some cases, trypsin/EDTA 1:5 solution and 
incubation for 15 minutes for bladder tissue was used. In some studies for dissociation 
of bladder tissue 1:1 collagenase II and dispase enzymes are used at 37°C for 12 hours 
[40–43]. Also there is a need to monitor tissue digestion process for every 2 hours 
by gently shaking the digestion mixture by checking the viability of cells under the 
microscope [50–53].

4. Tissue processing

After digestion, cells are strained by strainer to separate the debris from it. 
Then, cells micro clumps are washed with PBS or HBSS twice or tricefollowed by 
centrifugation [54]. Cell pellet collected from centrifugation is suspended in 2 ml of 
culture media. Count the viable cell by hemocytometer or by tryptophan dye exclu-
sion method [55]. Cell viability also can be measured by the intracellular adenosine 
triphosphate levels which are commercially available kit [56]. Immunohistochemistry 

Sl. No. Components Function

1 Buffering systems

1. Natural buffer system

2. Chemical buffers system

• CO2 balances the pH,5 to 10% Co2 incubation, non-toxic 
and cost effective [44]

• HEPES, buffering capacity7.2–7.4, in high concentration it 
is toxic, costly [45, 46]

2 Inorganic salt Maintains osmotic balance and membrane potential by 
providing sodium, potassium, and calcium ions [47]

3 Amino acids Require for proliferation of cells and provides nitrogen Ex. 
L-glutamine provides NAD,NADPH and serve as secondary 
source of energy in metabolism [48].

4 Carbohydrates Carbohydrates are major source of energy, most of the media 
use glucose and Galactose.

5 Proteins and peptides Major proteins and peptides in media are albumin, 
fibronectin and tranferrin. Albumin helps to remove toxic 
substances from cell culture media

6 Fatty acids and lipids Particularly added when serum free media is used [44].

7 Vitamins Important for cell growth and proliferation as cells cannot 
produce sufficient amount, need to provide through culture 
media [44].

8 Trace elements Copper, Zink, Selenium required in trace amount for proper 
growth and many biological process

9 Antibiotics Controls growth of bacteria and fungi ex.Penicillin, 
Streptomycin, fluconazole [49].

10 Serum in media Serum is a complex mixture provides all above elements. Ex. 
Fetal and Calf bovine serum [44].

Table 5. 
Basic components of media and their functions.
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and immunofluorescence techniques used to localize, identify and quantitate the cells 
based on cell surface marker [57].

5. Culture media

Cell pellets collected from centrifugation has to be placed in micro well plate or 
flask that contains culture media. It provides artificial environment for cell to grow. 
Basic requirement of culture media are controlled temperature, substrate to attach 
cell, growth medium and incubator to maintain pH [45]. Main step in culture is to 
choose culture media. It generally composed of amino acid, vitamins, inorganic salts, 
glucose, hormones, growth factor, and attachment factor which provides energy 
and helps to complete the cell cycle. Commercially available cell media for primary 
epithelialcancer cells are less effective compare to tissue specific primary cell media 
prepared in lab (Table 6) [46–49].

Choice of culture media is very important to get significant result in experiment. 
Selection of media completely depends upon type of cell, purpose and resource [62]. 

SL No. Cell type Components of media

1. Fibroblast cell 
culture [28]

DMEM media with 7.2 pH + Fetal calf serum(FCS) + 100 U/ml 
penicillin,100 μg/ml streptomycin +1% amphotericin B added in culture media.
culture plate incubated at 37°C a humidified chamber of 95% air and 5% CO2

2. Prostate 
cancer (Bone 
metastatic 
variant) [29]

DMEM Glutamax +4.5 g/L D-Glucose with pyruvate +10%FCII +1% penicillin–
streptomycin+37°C with 5% CO2.

3. Bladder cancer 
(Epithelial 
cells) [58]

EMEM (ATCC) +10% FCS +1% penicillin + streptomycin + humidified incubator at 
37°C with 5% CO2.

4. Prostate 
cancer 
(Epithelial 
cells) [59]

KSFM medium+ + 25 mM HEPES +1% penicillin + streptomycin +0.5 mg/mL 
fungizone +100 mg/mL gentamicin +37°C, 5% CO 2 humidified incubation.

5. Epithelial cells 
[40]

serum-free RPMI 1640 without phenol red+ penicillin 100 IU/mL+ streptomycin 
100 μg/mL+ metronidazole 1 μg/mL+ amphotericin B 2.5 μg/mL + gentamicin 
20 μg/mL + 37°C and 5% CO2 for 6 days.

6. Bladder cancer 
(Urothelial 
cells) [50]

Glutamine + insulin + Phosphoethanolamine+ ethanolamine + hydrocortisone+ 
transferrin + EGF + BPHE+5% FBS +5% CO2 at 37°C

7. Prostate 
cancer 
(Epithelial 
cells) [60]

DMEM + Glucose +100 U/ml penicillin +100 mg/ml streptomycin sulfate+0.29 mg/
ml glutamine + Euroclone

8. Prostate 
cancer 
(Epithelial 
cells) [61]

DEME /Ham’s (1:1) + BSA (0.01%) + FAS (2%) + Epidermal growth factor 
(10 ng/mL) + (insulin-transferring-selenium-1%) + hydrocortison (0.5 μg/
mL) + Tryiodotyronone(1 nM) + phosphpethenolamine(0.1 mM) + choleratoxin 
(50 ng/mL) + fibronectin(100 ng/mL) + futine(20 μg/mL) + penicillin/
streptomycin (100 U/mL,100 μg/mL) + R1881(0.1 nM).

Table 6. 
Components of media from different studies.
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As primary culture provides valuable research data, preparation of quality culture 
media is required, or to avoid limitation (cell number) of primary cell culture, com-
mercially produced medias are available (Table 7) [58–61].

It is very important to maintain cell viability after isolation process which is totally 
depends on skillful handling and culture conditions. The culture condition will 
differ depending on the cell type. Cell growth has to be observed till 11 or 12 days. 
Additional extra media, Fetal Bovine Serum (FBS) and antibiotics need to be pro-
vided to avoid contamination. Culture media has to be changed between 2 and 3 days 
[60]. Initially apoptosis is 5% from 0 to 1 day but as days will pass apoptosis rate will 
increases from 7 to 14 days. But functional validity of benign and prostate cancer cells 
was 5 days after confirming it with histochemically, biochemical and by immunohis-
tochemical assay [63]. Use of serum free culture media with low calcium condition 
increases the longevity of the cell. Cryopreservation (Preservation of structurally 
intact cells) can be achieved by adding 10% FBS (Fetal bovine serum) and 10% 
DMSO (Dimethyl sulfoxide) in 80% confluence primary cell culture [64].

Each day morphological changes have to benoted. Normal cells get counted every 
day and cancer cells get counted every 2 days [65]. Cell viability is determined by 
trypsin blue dye, equal volume of PBS and trypsin blue dye allowed to sit on cells for 
few minutes then to count the cells samples are loaded on hemocytometer, cells scored 
as leaving or dead based on uptake of tryptophan blue dye [66]. Once confluence 
reaches to 80 to 90% it has to get counted by Neubauer camera at 1:2 dilution with 
tryptophan dye exclusion, MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide) can be used to determine cell viability [67]. Cell growth curve 
can be plotted from the graph to check the time when the cell viability increases in the 
culture. Once cell get cultured properly depending upon need of investigator, cells 
can be passaged and characterization of the cells can be done.

6. Cancer cell lines

Most established prostate cancer cell lines namely PC-3, DU145 (Duke University 
145) and LNCaP (Lymph Node Carcinoma of the Prostate) developed in the 1970s 
and 1980s are in the majority of the published studies [68–70]. T24 cells (cell line 

Sl.No. Name of media Supplier

1. Human Endothelial-SFM Life Technologies

2. Endothelial Basal Media Sigma Aldrich

3. EndoGRO-LS Complete Media Kit MilliporeSigma

4. HUVEC Basal Medium CB HUVEC AllCells

5. Endothelial Cell Medium ScienCell

6. Epithelial cell medium ScienCell

7. EpiGRO primary epithelial cells MilliporeSigma

8. RPMI 1640 Sigma Aldrich

9. αMEM ThermoFischer

10. k- SFM ThermoFischer

Table 7. 
Commercially available media for epithelial cells [44, 63].



Cell Culture - Advanced Technology and Applications in Medical and Life Sciences

34

from transitional cell carcinoma of the bladder) are exemplified for bladder cancer 
research [71]. These immortalized cancer cell lines are not always predictive of the 
real cancer behavior for the preclinical studies as these cells are adapted to 2D mono-
layer culture conditions [72, 73].

7. Cell culture models

Traditionally animal models were commonly employed for carrying out study of 
different types of cancer for the past three decades [74]. These animal studies have many 
drawbacks including lack of high-throughput drug screening, longer time consumption 
to conduct tests and ethical controversies concerning animal testing. Cell culture is the 
most widely used alternative to animal studies and cell culture techniques can broadly be 
classified into 2D and 3D methods [75]. The potentialities of primary cancer cell models’ 
cultures in preclinical studies for cancer research and drug discovery has amplified over 
the past few years. Primary cell cultures provide a good model system to understand 
normal and malignant biological activities. Carcinogenesis-related behavior such as 
apoptosis, proliferation, adhesion, differentiation, migration, senescence, invasion, 
angiogenesis, and other metabolic pathways have been studied in recent years. One of 
the major advantages is that the heterogeneity of cell populations composing a primary 
culture mimics the tumor microenvironment, crosstalk, and interactions between 
malignant and healthy cells, neither of which is possible with cell lines [76].

Most studies have shown that the cellular responses to drug treatments in 3D cell 
culture are significant and more similar to that of in vivo architecture when compared 
to 2Dcell culture. One of the most improved successful assays using 3D culture for 
cell-based screening in the early phase of drug discovery is cancer cell viability assess-
ment. This assay is particularly useful to test the cytotoxic effects of compounds that 
may lead to cell death. It plays an essential role in checking how many cells are viable 
at the end of each experiment. Cell viability assay is closely followed by cell prolifera-
tion, cell migration and then cell signaling assays [77–79].

Currently a number of anticancer drugs belonging to different classes chemically 
are available. To be used as a potential anticancer agent, the testing compounds 
need to inhibit the growth and proliferation of cancer cell lines. This will further 
inhibit the signaling pathways by knocking in or knocking out a candidate gene 
thereby stopping the progression of tumor to fatal stages. For instance, antiprolifer-
ative investigations were performed on prostate cancer cell line DU-145 in vitro and 
in vivo using salvia miltiorrhizabunge [80]. Another example to justify this concept 
will be a study performed on PC-3 cell line. Generally, cancer cells express higher 
amount of Transferrin Receptors (TfR) for an increased uptake of iron in relative to 
normal cells. This higher amount of intracellular free iron is required for the growth 
and proliferation of cancer cells. Anhydrodihydroartemisinin (ADHA) was used to 
inhibit PC-3 cell lines through caspase-dependent pathway [81].

8. Applications: cell culture in drug discovery and screening

8.1 Drug candidate identification

Often the rate-limiting step in preclinical drug discovery is the target iden-
tification and validation step. 3D cell cultures have the potential to discover the 
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molecular perturbations governing carcinogenesis and to accelerate target identifi-
cation and validation, given that the gene expression patterns found in 3D models 
are relative to in vivo, when compared to 2D monolayer models [81]. For instance, a 
study reported that CXCR7 (C-X-C chemokine receptor type 7) and CXCR4 (C-X-C 
chemokine receptor type 4) were co-expressed in LNCaP, DU145 and PC3 cell lines 
in 2D culture. A marked up-regulation of both receptors was observed in PC3 cells 
when cultured in 3D using Matrigel suggesting that inhibition of CXCR7/CXCR4 
may assist in controlling prostate tumor growth and subsequent progression [82].

8.2 Toxicity profiling

Cultured cancer cells are powerful in assessing drug-induced toxicity and to 
determine suitable drugs and methods for selectively destroying different types of 
cancer. It is useful to investigate effects of drug responses on metabolic signaling 
pathways or candidate genes conceding drug screening practices with impressive 
progress in the last decade. A study investigated features such as vascularization and 
perfusion of antineoplastic drugs on human T24 bladder cancer [83]. It allowed in the 
understanding of basic paracrine signaling mechanisms that regulates tissue homeo-
stasis, development of new methods for urinary bladder reconstruction and tissue 

Figure 2. 
Assay-guided treatment choosing the best active drug for an individual patient.
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engineering, and generation of models of malignant and benign diseases. This study 
suggested that the use of 3D urinary bladder cultures could be a possible approach 
in clinical practice to select for the best antineoplastic drug for each patient and to 
investigate the effect of drug combinations or new antineoplastic drugs [84, 85]. The 
below (Figure 2) suggests how assay-guided treatment can be useful in choosing the 
best active drug for an individual patient.

8.3 Testing anticancer activities

By far the most useful in vitro model which is used to analyze the anticancer activity 
is Cell culture. Treatments including radiotherapy, chemotherapy, hormone therapy, 
novel and experimental therapies can be evaluated. Extracts of plants can also be 
utilized to check for anti-cancer behaviors such anti-inflammatory, destabilized mem-
branes through which invasion and migration can occur. For instance, leaf extracts of 
Leea indica were used to study in– vitro antioxidant and anticancer activity on DU-145 
and PC-3 human prostate cancer cell lines [86]. An example of drug combination is the 
synergistic effect of cisplatin and sunitnib malate – based chemotherapy on T24, 5637, 
and HT1376 human urinary bladder cancer cell lines [87].

9. Conclusion

Primary cell cultures have its application in various fields like toxicology,  
virology, drug screening, genetic engineering, gene therapy, genetic counseling, 
cancer research but main important application is model system. It provides best 
model system for studying basic cell biology and biochemistry, effects of disease-
causing agent and cell, effect of drugs on cell, process which triggers aging and 
apoptosis. Primary cell culture represents excellent model for transitional preclinical 
experiments to understand cancer in in-vitro system. Primary cell culture acts as gold 
standard for cell line experiments because it provides broader spectrum of cell types 
from greater number of patients to be studied without any induction of artificial 
genetic mutation and it also maintains same phenotype throughout the culture. It 
involves both, clinician and researcher in the culture, it helps in understanding the 
drawback of treatments and lack in laboratory methodology and hence it is possible to 
overcome from it.

There are many models in cancer research; each model has different potentiali-
ties and inadequacy. In primary cell culture, complexity arises due to poor tissue 
quality, collection and inappropriate culturing may decrease the cell viability. Hence 
management of primary cell culture is difficult. But to overcome from these difficul-
ties proper collection with the help of pathologist and selection of proper isolation 
method and culture media based on tissue type can help to increase the cell viability. 
Considering the current clinical system towards precision medicine, patient derived 
cancer models are powerful epitome in cancer research. Nowadays 3D model system 
is emerging system. Primary cell culture can help to model 3D culture, in future 
technological perspectives like 3D culture can replace the in vivo model system. In 
conclusion, this chapter reviews several aspects of primary cell culture, provides 
overview on selection of tissues, different methods of isolation, culturing media 
and management of cells after culture. It summarizes the wide range of studies to 
improve the understanding of prostate and bladder cancer preclinical treatment 
processes.
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ADHA Anhydrodihydroartemisinin
BPHE Brazed Plate Heat Exchangers
BSA Bovine Serum Albumin
CD cell markers Cluster of Differentiation cell markers
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide
DU145 Duke University 145
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol tetraacetic acid
EMEM Eagle’s Minimum Essential Medium
FBS Fetal Bovine Serum
FCS Fetal Calf Serum
FGF Fibroblast Growth Factors
HBBS Hanks’ balanced salt solution
HEPES Hydroxyethylpiperazineethanesulfonic acid
IgMI Imunoglobuline M Imunostain
KSFM Keratinocyte Serum Free Medium
LNCaP Lymph Node Carcinoma of the Prostate
PBS Phosphate buffer saline
RPMI 1640 Roswell Park Memorial Institute (RPMI) media
TfR Transferrin Receptors
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Abstract

Cell culture is one of the most important and commonly used in vitro tools to 
comprehend various aspects of cells or tissues of a living body such as cell biology, tis-
sue morphology, mechanism of diseases, cell signaling, drug action, cancer research 
and also finds its great importance in preclinical trials of various drugs. There are two 
major types of cell cultures that are most commonly used- two-dimensional (2D) and 
three-dimensional culture (3D). The former has been used since the 1900s, owing 
to its simplicity and low-cost maintenance as it forms a monolayer, while the latter 
being the advanced version and currently most worked upon. This chapter intends to 
provide the true meaning and significance to both cultures. It starts by making a clear 
distinction between the two and proceeds further to discuss their different applica-
tions in vitro. The significance of 2D culture is projected through different assays and 
therapeutic treatment to understand cell motility and treatment of diseases, whereas 
3D culture includes different models and spheroid structures consisting of multiple 
layers of cells, and puts a light on its use in drug discovery and development. The 
chapter is concluded with a detailed account of the production of therapeutic proteins 
by the use of cells.

Keywords: Cell culture, 2D culture, 3D culture, drug action, therapeutics

1. Introduction

The growth of cells in a controlled artificial environment isolated from their 
natural habitat is referred to as cell culture [1]. It is a significant tool used widely to 
study cell and molecular biology, screening drugs and toxicity analysis, the role of a 
particular gene in a disease, and cancer research. Due to their unique properties, they 
also have been tuned for screening and developing biopharmaceutical compounds 
such as vaccines and recombinant proteins. One of the major advantages of using cell 
culture is the homogenous and reproducible data generated [2].

Drug discovery is a lengthy and time-consuming process that undergoes several 
stages of testing and optimization. This encompasses identification of the target, lead 
discovery, pre-clinical validation, and clinical trials [3]. Therefore, it is very pertinent 
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to obtain information about the biological activity, biochemical mechanisms, toxic-
ity, and off-target interactions of drug molecules leading to the early stages of drug 
discovery. In vitro, cell-based assays prove futile to understand the effects of drugs on 
the cells at an early stage of drug discovery which attributes an increased chance of 
development of drugs with good efficacy and safety [4].

Two-dimensional (2D) cell culture was introduced many decades ago that has 
been the major type of cell culture technique in numerous fields. This traditional 
approach has been extensively used for drug screening due to its relatively inexpen-
sive feature and convenience to use. However, the issue of mimicking the in vivo envi-
ronment restricts its use [5]. The 2D cell cultures grow as a monolayer in controlled 
flat environments, such as a glass or polystyrene flask that comprises live proliferating 
cells because of the detachment of dead cells from the surface (Figure 1). As a result, 
this leads to uniformity in nutrients and growth factors present in the medium to 
which the cells get access and proliferate at a faster rate than they would in vivo [6]. 
Thus, the morphology of the cells is completely changed as they appear flattered 
and stretched as compared to the in vivo environment. Besides this, the cell–cell 
interactions and cell-extracellular interactions become different in comparison to the 
tumor [7].

Recently there has been an upsurge of interest towards three-dimensional (3D) 
cell culture in biomedical research and drug development processes due to its high-
throughput accuracy and refined in vitro models [8]. They have been broadly used in 
understanding the cell shape, cell–cell interaction, and the cellular environment that 
efficiently mimics the in vivo environment. 3D cultures grow as clusters or aggregates 
called spheroids either with a matrix or without a matrix [9] (Figure 1). There is a 
gradient of nutrients across these spheroids due to which the cells at the surface of 
spheroids proliferate more as compared to the cells that are present in the interior 
[10]. As a result of the difference in the proliferation rate, the cells in the spheroids are 
usually in different stages of the cell cycle such as proliferating, quiescent, hypoxic, 

Figure 1. 
Simplified sketch of 2D cell culture (a) and 3D cell culture (b).
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and necrotic cells. In the 3D culture, the cells have uniform access to nutrients as in the 
case of a tumor. Also, the shape of the cells, cell–cell interactions, and cell-environment 
interactions are well defined in 3D culture [7]. It has also been observed that 2D cell 
cultures are more sensitive to drugs as compared to 3D cells [11]. This chapter intends to 
provide the true meaning and significance of both cultures. It starts by making a clear 
distinction between the two and proceeds further to discuss their different applications 
in vitro. The significance of 2D culture is projected through different assays and thera-
peutic treatment to understand cell motility and treatment of diseases, while 3D culture 
includes different models and spheroid structures consisting of multiple layers of cells, 
and puts a light on its use in drug discovery and development. The chapter is concluded 
with a detailed account of the production of therapeutic proteins by the use of cells.

2. In vitro applications of 2D culture

2.1 In vitro cytotoxicity assays and tissue-engineered tissue models

Cytotoxicity assays are commonly used for in vitro toxicology and pharmacology 
studies for the screening the effect of chemicals and drugs on the cultured cells. There 
are different assays available for measuring cytotoxicity namely- the colony-forming 
assay and dye inclusion or exclusion such as neutral red and trypan blue assay is the 
most significantly used. Cytotoxicity assays can be broadly divided into the follow-
ing categories– (i) Assays based on metabolism, (ii) Adenosine triphosphate (ATP) 
Bioluminescence Assay and (iii) Assays based on the release of enzymes.

Assays based on metabolism generally include the 3-(4,5-dimethythiazol2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and its alternatives such as 
2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide 
(XTT),3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium(MTS) and sulforhodamine B (SRB) assay. Due to rapid, 
quantitative, versatile, and highly reproducibility of MTT, it is widely used in large-
scale, anti-tumor drug-screening program. MTT is a quantitative colorimetric assay 
that quantifies the reduction of yellow tetrazolium dye by mitochondrial succinate 
dehydrogenase to purple insoluble formazan crystals by the NADPH dependent 
cellular oxidoreductase enzymes [12]. The crystals are dissolved in an appropriate 
solvent. The absorbance is then recorded using a spectrophotometer to analyze the 
cell viability wherein the crystals get accumulated in the viable cells due to their 
impermeability to the cell membrane.

ATP Bioluminescence Assay is used to measure the ATP level that is well regulated 
in the metabolically active live eukaryotic cells as compared to the dead cells wherein 
the ATP level falls due to the activity of ATPases. This assay includes a luciferase 
enzyme that utilizes energy from ATP that converts luciferin into oxyluciferin and 
thus produces luminescence. Therefore, luminescence could be used to measure 
the ATP level. Assays based on the release of enzymes are more significant as they 
measure the products released by the dead cells [13].

Assays based on the release of enzymes include Lactate dehydrogenase(LDH) 
leakage assay involving the formation of pyruvate from lactate in the presence of LDH 
with simultaneous reduction of NAD to NADH that alters the absorbance at 340 nm 
[14]. Research in cancer and cell biology is greatly dependent on in vitro assays and 
models. This help in understanding the various responses of the cultured cells when 
exposed to different conditions. Tissue-engineered in vitro tissue models serve as 
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an alternative to in vivo animal studies to study the physiology of various diseases. 
Example of tissue-engineered in vitro models includes Skeletal Muscle Models [15], 
blood–brain barrier model [16], aneurysm models [17] and the Pre-vascularized 
Human Vaginal Mucosa model [18].

2.2 Cell migration assay

Cell migration is well known for its significant role in embryonic morphogenesis, 
cancer invasion and metastasis, immune responses, tissue formation, and angiogen-
esis [19]. Mainly, cell migration is of two types; single-cell migration and collective 
cell migration. Single-cell migration is regulated by cytoskeletal activity without 
cell-to-cell interactions with neighboring cells. This type of migration is important for 
embryonic development, immune response, and in the early stages of metastasis. On 
the other hand in the collective cell migration, the group of cells retains their cell to 
cell interactions as well as collective polarity. Wound healing assay or scratch assay is 
a 2D in vitro technique used to study collective cell migration. In this assay, a scratch 
is made on the confluent cell monolayer resulting in the formation of a gap or wound 
which is monitored by taking pictures of the migrating cells at regular intervals of 
time. These pictures are then used to measure the speed of wound closure and thus 
quantify migration. Live-cell imaging using Time-lapse microscopy can be used for 
a more detailed study of cell migration behavior [20]. In order to reduce the effect of 
cell proliferation on gap filling, the readings are taken for a time period of 24 hours 
but this may vary depending on the cell line.

Another assay involving the response of single cells to various chemo-attractants 
is the transwell assay or the Boyden Chamber assay. This assay can be used for both 
adherent and non-adherent cells wherein the cells are placed in a serum-free medium 
on one side of a porous membrane and analyzed on the basis of the cell’s ability to 
migrate through the pores to the other side. Cell migration can be quantified by 
counting the cells that have traversed through the membrane towards the higher 
concentration of chemoattractant [21]. A drawback of this assay is visualizing the 
cells and their morphology while migrating through pores due to the transitive state 
of cells [22].

2.3 In vitro tumorigenicity assay

Cancer is one of the most frightful diseases in both developing and developed 
countries and imparts a major health burden to the society. Tumorigenicity is the ten-
dency of the cultured cells to form tumors. The two common in vitro tumorigenicity 
assays are - Colony-forming assay and Tumorsphere assay. The colony-forming assay 
is also referred to as clonogenic assay that analyzes the potentiality of a single cell to 
undergo a clonal expansion to form a colony composed of a minimum of 50 cells [23]. 
This assay is usually used to distinguish there productive viability of untreated cells 
from the cells that are treated with ionizing radiation or cytotoxic agents. It is also 
used to study the stemness and the clonogenicity of stem cells [24].

Colony forming assay is performed using the soft agar method. The basic steps 
involved in this assay are treating the cell monolayer in the flask, seeding the required 
number of cells on the agar and incubate for 1–3 weeks, fixing and staining the colo-
nies and finally observing the colonies under the stereomicroscope [23]. Another in 
vitro tumorigenicity assay is tumorsphere assay which analyzes the potential of cancer 
stem cells (CSCs), a major cause of tumor initiation, progression, and recurrence 
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after treatment. This assay is carried out under non-adherent conditions and serum-
free medium supplied with growth factors of choice leading to the proliferation of 
CSCs and formation of spheres whereas the non-CSCs undergo apoptosis due to loss 
of adherence and abundant nutrients [25].

2.4 Cell invasion assay

Cell migration is an important process in biology where the cells changes and reaches 
their destination within a proper environment, in order to execute their respective func-
tion. It is a normal physiological process that takes place in nearly all forms of organisms. 
However, changes or deregulation of any kind in the pattern of cell migration or invasion 
are an indication of pathological conditions including inflammatory diseases and cancer 
metastasis, with the latter being the most explored one [21]. There are various biological 
methods that are commonly employed in the scientific community to study the above-
mentioned events in depth namely, the cell culture wound-healing assay, the transwell 
migration, and invasion assay, individual cell-tracking assay, and spreading assay. These 
assays aim to provide relevant information pertaining to the pattern of cell migration or 
its response to chemoattractant(s).

2.4.1 The cell culture wound-closure assay

It is the simplest of all methods in determining the migration of whole-cell masses 
altogether. Going further in detail, it can be used to interpret individual cell’s mor-
phological characteristics and phenotypes during migration. Measuring the closed 
distance compared to the control over regular intervals of time shows specific migra-
tion changes or phenotype that was unknown in the past [26].

2.4.2 The transwell migration and invasion assay

The transwell migration and invasion assay are used to determine the capability of 
single cells to respond to various chemoattractant(s) including chemokines, growth 
factors, lipids, or nucleotides. It also contributes to assessing differential cell migra-
tion due to the over-expression of a receptor. It also identifies and characterizes the 
key regulators participating in cell migration [26].

2.4.3 Individual cell-tracking assay or single-cell tracking assay

Conducting single-cell tracking and its live imaging under appropriate conditions 
adds to the overall advantage of cell migration assay. The software includes a time-
lapse video-microscopy protocol comprising of post-processing tracks of the cell 
populations with single-cell resolution. It greatly helps to understand the cell biology 
and lineage progression of distinct cell populations [27].

2.4.4 Cell spreading assay

In this type of assay, the spreading process of individual cells is seen and recorded 
with the help of Differential Interference Contrast microscopy (DIC). The spreading 
state is recorded every 5 seconds with a Charge-Coupled Device (CCD) of the camera, 
producing high-quality grayscale images. The process of taking images could extend 
to several hours [28].
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2.5 Hybridoma technology and monoclonal antibodies

Antibodies, one of the major elements of the immune system are the glycopro-
teins produced by the immunoglobulins; B-cells provide protection against invading 
pathogens. The antibodies are highly specific and selective, thus have been used as 
an extraordinary tool in bioengineering and biomedical research for many years. The 
antibodies are majorly classified into two categories, Monoclonal Antibodies (mAbs) 
and Polyclonal Antibodies (pAbs) are based on their origin from the lymphocytes. 
mAbs are produced by only B lymphocyte or B cells and are monospecific. Due to 
this property, they possess high specificity and affinity towards a single epitope of an 
antigen whereas pAbs are produced by different B-cells and possess different affini-
ties for multiple epitopes of a specific antigen. Since mAbs are highly specific, they 
are produced on a large scale through culturing of antibodies-producing cells widely 
known as ‘Hybridomas’, which are commonly derived from mice, and the method is 
known as ‘Hybridoma Technology [29].

Hybridoma technology was discovered and developed by two eminent scientists, 
Georges Kohler and Cesar Milstein in 1975 and is considered to be one of the biggest 
breakthroughs. It has proved to be a robust, effective, and successful methodology 
employed in the field of biotechnology and biomedical research that solely deals with 
mAb isolation. The B cells go through the antibody maturation process in the germi-
nal centers of secondary lymphoid tissues (for example, lymph nodes, spleen, tonsils, 
and Peyer’s patches). Upon proliferation, certain mutations are experienced by the 
B cells, specifically in the genes encoding the variable region of the antibodies that 
helps in the selection for high-affinity tight binding to the corresponding antigen. The 
overall resulting antibodies by B cells consist of a natural pairing of the light chain 
and variable heavy chain genes with constant region genes. This region contains Class 
Switch Recombination (CSR) differentiates from the hybridoma technology in which 
CSR is absent [29].

Following are the steps employed for the production of monoclonal antibody by 
hybridoma technology.

2.5.1 Isolation of antibody-producing B lymphocyte

The mouse/mice is/are immunized every 2–3 weeks with red blood cells taken 
from sheep in order to produce the B cells. These antibodies are isolated from the 
spleen cells of mice.

2.5.2 Screening of mouse for production of antibody

After the process of immunization, the blood samples are taken from the mouse 
to determine the serum antibody titer. When the titer reaches the optimal level, 
the mouse is boosted by injecting antigen 3 days prior to fusion with myeloma 
cells [30].

2.5.3 Fusion of B cells with myeloma cells

Fusion of isolated spleen cells (limited life span) with tumor lymphocytes 
(immortal) with the help of PEG (Polyethylene Glycol) leads to the development of 
hybridomas with an unlimited life span.
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2.5.4 Culturing of hybridomas

Hybridomas are grown in a selective medium containing Hypoxanthine, 
Aminopterin and Thymidine (HAT). Aminopterin present in the media blocks path-
way for nucleotide synthesis, making the cells dependent on the alternative pathway 
which is not evident in myeloma cells.

2.5.5 Screening and selection of the desired colony

The cells are screened and chosen or selected for production of antibodies with the 
desired specificity.

2.5.6 Culturing of the selected hybridoma cells on large scale

The cells are cultured and used for the production of large quantities of 
 antibodies [31].

2.5.7 Storage for future use

The cells are frozen and stored for future use in therapeutics.

2.6 Gene therapy

Gene, the fundamental biological unit of heredity that constitutes an ordered 
sequence of nucleotides present in chromosomes. The functional aspect of a gene is to 
encode a protein or RNA molecule inherited from parents such as texture and color of the 
hair and eyes. Any kind of alterations/mutations in a gene sequence can lead to abnormal 
functionality of the genes. Gene therapy is a modern type of experimental technique 
in the medical field which involves rectifying the non-functional or malfunctioning of 
genes by replacing them with healthy and functional genes. Several approaches have 
been implemented by researchers in terms of correcting a mutated gene with a healthy 
copy of the gene or by inactivating the mutated gene causing disease. It has been widely 
studied for various diseases such as immune deficiency, blood disorders, eye problems, 
metabolic disorders, regeneration of nerve cells, and cancer [32]. The first case of gene 
therapy was discovered in the 1990s whereby a functional Adenosine Deaminase (ADA) 
gene was incorporated in the white blood cells of the patient, replacing the non-func-
tional ADA [33]. This application led to interesting results with the immune systems and 
hence, was considered the most reliable technique.

There are two main methods for gene therapy such as- Ex-vivo gene therapy and 
In-vivo gene therapy. The former is the transfer of genes into patient cells outside the 
body and the latter one is the transfer of genes directly to cells inside the body. To 
carry this, several techniques are used like- direct or liposome-mediated injection of 
DNA, calcium phosphate transfection, electroporation, dendrimers, hybrid methods, 
retrovirus, and other viral vectors. Clinical conditions on which gene therapy has been 
applied are as follows:

2.6.1 Parkinson’s disease (PD)

The strategy of gene therapy has been applied to this disease in order to improve 
the advanced symptoms of PD. Gene therapy was applied to transfer ‘Glutamic Acid 
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Decarboxylase (GAD), a chemical produced by a gene into the basal ganglia. GAD 
showed an increased amount of a neurotransmitter called as Gamma-Aminobutyric 
Acid (GABA), responsible for inhibiting brain signals and decreasing activity 
in the nervous system Decreased GABA activity leads to certain brain-related 
 disorders [34].

2.6.2 Alzheimer’s disease (AD)

AD and other frontotemporal dementias (FTDs) are caused by the accumula-
tion of amyloid-β peptide (Aβ) and protein tau in the brain. It is characterized 
by having memory loss, difficulty in learning and communicating along with the 
inability to organize things. The use of recombinant Adeno-Associated Viruses 
(rAAVs) has provided new ways for studying AD and other related neurological 
disorders [35]. Such strategies or approaches have added novel dimensions to 
medical treatments.

2.6.3 Cystic fibrosis

Cystic fibrosis is a disease known to affect the lungs primarily. Its symptoms include 
inflammation, airway obstruction leading to respiratory tract infection and deformity. 
Insertion of the Cystic Fibrosis Transmembrane Regulator (CFTR) gene directly into the 
epithelium cells of the respiratory tract bear the capability to lessen the symptoms but 
not totally cure the disease in patients suffering from cystic fibrosis [36].

2.7 Cell therapy

Cell-based therapy is one of the most important and well-known forms of all treat-
ments in the fields of modern science & medicine. It is not only a curative option for 
treating deadly or threatening diseases but is also making ‘Regenerative Medicine’ the 
most vital technique in health care with the specific goal of replacing diseased cells, 
tissues or organs and thereby restoring their normal function(s) [4]. Over the years, 
there has been a gush of interests and work done in understanding the potential of 
stem cells. They are the cells found naturally in the living bodies, characterized by two 
defining properties of eternal self-renewal and the propensity to differentiate into an 
adult cell type. There are three main types of stem cells: Totipotent (a cell developing 
into a healthy organism independent of the permissive environment), Pluripotent (a 
cell developing into any type of adult cell) and Multipotent (a cell developing into a 
limited type of cell) [37].

Following is the account of different stem cells used for the treatment of various 
diseases:-

2.7.1 Pluripotent stem cells

Reportedly, pluripotent cells have been used successfully to treat animals per 
se. Animals diagnosed with diabetes are incorporated with cells containing insulin 
responsive to glucose levels. Additionally, the treatment of the animals suffering from 
acute spinal cord injury and visual impairment is performed with myelinated neurons 
and retinal epithelial cells, respectively. Researchers are still conducting studies with 
the use of pluripotent stem cells to cure several disorders such as Parkinson’s disease, 
muscular dystrophy and heart failure.
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2.7.2 Induced pluripotent stem cells

The stem cells created artificially from normal adult somatic cells through co-
expression of genes and factors are known as Induced Pluripotent Stem Cells (iPSCs). 
These are important for maintaining the characteristic properties of Embryonic Stem 
(ES) cells. Some reports have stated the successful use of iPSCs in conditions like 
Parkinson’s disease, spinal muscular atrophy, cardiac diseases, blood disorders, diabe-
tes, amyotrophic lateral sclerosis, Huntington’s disease, and familial dysautonomia.

2.7.3 Multipotent stem cells

The multipotent stem cells derived from bone marrow (Hematopoietic stem cells) 
have been used in the 1960s to treat cancer conditions like leukemia, myeloma and 
lymphoma. Mesenchymal stem cells with the capability of forming whole joints in 
mouse models have been used regenerating bone and cartilages form. Curing heart 
ailments are still under clinical trial.

Approach Merits Demerits

3D 
Spheroids

• High reproducibility • Expensive to prepare

• Therapeutic inhibition to drug exposure can 
be easily evaluated through image analysis

• Optimization protocols for each cell 
line is required

• Constant perfusion • Difficult light matter interactions for 
large spheroids

• Lower consumption of reagents • Differences in spheroids’ diameters,

• Control of shear stress and pressure on cells • Low-throughput

• Capable of imbibing large amount of water or 
biological fluid

• Labour intensity

Hydrogels • Ease of maintenance • Low mechanical strength

• Amenable of controlling the micro-tissue size 
and large amount of micro-tissues per plate

• Difficult to handle

• Expensive

Organoids • Amenable to high-throughput screening • Absence of microenvironment

• Long lived organoid production from single 
cells

• Optimization protocols are not globally 
standardized.

• Organoid cultures rapidly die due to 
contamination

Cancer 
co-culture 
Models

• Easily evaluate cell–cell interactions of cancer 
microenvironment

• Microbial contamination

• Provide fluid flow • Static condition

• Easy to handle and quantify

• Relevant mechanical cues

Organ-on-
a-chip

• Enable stable co-culture of living human cells • Architectural complexity of developing 
human tissues and organs

• Good control over microenvironment • Difficulty in standardization and 
scale-up

Table 1. 
Merits and demerits of different 3D cell culture techniques.
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3. Applications of 3D cultures in vitro

Spurred by the recent advent in cell culture technologies, three-dimensional (3D) 
cell culture is paving the way in promoting tissue organization and cell differentia-
tion by triggering tissue-based diseased microenvironment. An ideal 3D cell culture 
system generally composed of tightly bound tissues that involve cell–cell fluent 
interaction almost mimicking the extracellular matrix (ECM) that is highly dynamic 
and includes scaffolds of cells in a fluid that enhances them to differentiate (Table 1). 
The key parameter of a 3D culture environment is the ability to organize the spatial 
arrangement of cells with other surrounding cells along with physical constraints [8]. 
This significant approach has gardened great focus on understanding complex cel-
lular biology and their responses by validating mammalian tissue studies via linking 
the gap between in vitro and in vivo environments. The two-dimensional (2D) cell 
cultures lack several features that 3D cultures impart such as tissue-specific archi-
tecture and complex cellular interactions that make them poor models for complex 
diseases. Based on the process of preparation, 3D techniques are categorized into (i) 
scaffold-based, (ii) scaffold-free culture systems. Scaffold-based technique efficiently 
is more responsive towards cell-to-ECM connection because of their potentiality of 
mimicking ECM whilst scaffold-free technique persuades physiological and cellular 
gradients. Scaffold or matrix is designed according to the tissue of interest, higher is 
the complexity of the scaffold, and the higher is the difficulty to extract the cells for 
analysis [9]. Majorly, the scaffolds manufactured are polymeric hard material-based 
support, microfluidic-based assembly, hydrophilic glass fiber, and organoids. In con-
trast, scaffold-free systems form cellular aggregates called spheroids that have evolved 
with improvement in their techniques such as magnetic levitation, liquid overlay (low 
adhesion plates), hanging drop microplates, and spheroid microplates yet the demand 
for 3D scaffolds preferentially increased due to their immense property of modulating 
the behavior of cultured cells according to the matrix in which they are cultured.

3.1 3D Spheroids

3Dspheroids or multi-cellular aggregates are spherical micro-sized cellular 
constructs that are produced from numerous gamuts of cell types, originally from 
scaffold-free systems. The most characteristic features of 3D spheroids are the ability 
to recapitulate a cell’s typical physiological behavior, cellular heterogeneity, gene 
expression, cell–cell signaling, and structural architecture with respect to cell–cell 
contact [10]. Various types of 3Dspheroids include embryonic bodies, tumor spher-
oids (spheres of different tumorcells), hepatospheres (spheres of hepatic cells), neu-
rospheres (spheres of different cell types of the central nervous system (CNS)) and 
mammospheres (spheres of mammary glands) [38]. An ideal 3D spheroid constitute 
ECM components such as proteoglycans, laminin, collagen, fibronectin, tenascin, and 
glycosaminoglycans [39] which tightens the spheroid density with close ECM-cell and 
cell–cell anchors eventually increase interstitial fluid pressure (IFP). Depending on 
the primary amount of cells seeded, the size of spheroid increases with an elevation 
in cell number, oxygen, and nutrient gradients equivalent to the tissue of interest [5]. 
Alongside, the different techniques enabling spheroid cultures are illustrated further.

Hanging drop technique is a non-scaffold method wherein a drop of media 
containing cells are suspended inversely on the lid of the culture dish (bottom-less 
and open) such that there is no surface provided for the cells and tend to hang. This 
attempt forms a cluster called spheroid at the tip of the droplet when cultured for a 
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longer period [40]. Spheroids formed through hanging drop cultures have fetched 
considerable stance in cell culture technology with 100% reproducibility owing to 
ubiquitous applications in cancer research [41], toxicity testing in hepatocytes [42], 
and constructing cardiac spheroids [43]. Another method involves the use of a liquid 
overlay that eases the formation of aggregates and commercially produced as low 
adhesion plates. These spheroid microplates contain either hydrophilic or hydropho-
bic coating with V-shaped bottom and allow mild attachment to the surface such that 
the cells tend to self-aggregate and form spheroid. Unlike the hanging drop technique, 
low adhesion plates generate one spheroid per plate that signifies its importance for 
multicellular culture. This ensures a medium-throughput screening that requires 
no modification in spheroid formation [44]. Spheroids can also be cultured with 
the use of magnetic nanoparticles with the application of the magnetic field. The 
process is called magnetic cell levitation that is highly applied to produce spheroids 
of mesenchymal stem cells and tissue engineering [45, 46]. An in vivo study showed 
that human glioblastoma cells levitated by a magnetic approach closely mimicked the 
protein expression of human glioblastoma tumor xenografts [47].

3.2 Organoids

Organoids refer to the primary cultures derived from cell aggregates through 
in vitro process that is grown in 3D gels containing ECM to produce organ-like buds 
with the application of either physical support (cell adherence) or biochemical 
cues (signaling pathway modulation). Various types of cells such as embryonic, 
adult, primary, and stem cells are utilized for the development of organoids. Based 
on organ-like structures formed, organoids are classified into tissue and stem cell 
organoids. The application of organoids has helped in producing numerous in vitro 
organoids such as rectal [48], gastric [49], lung [50], liver [51], pancreas [52], retina 
[53], thyroid [54], kidney [55] and intestine [56] that had successfully recapitulated 
the structural and functional motif of real organs. 3D organoids are extensively used 
by researchers to decipher the toxicity analysis, examine the genetic pathologies 
and investigate the local immune responses to infections. In addition to this, cur-
rent reports have suggested the promiscuous application of organoids in platforms 
like transcriptomics and proteomics technologies. One such example illustrates the 
interaction study between Zika virus and Toll-like receptor 3 is performed by the 
generation of cerebral organoids from embryonic stem cells [57]. They have been also 
used as models for distinct genetic diseases. For instance, a study applied the rectal 
organoid model of cystic fibrosis for the investigation of the potency of transmem-
brane regulator-modulating compounds [48]. Besides, the tubular organoids model 
of polycystic kidney disease was also used to unravel the cause for cyst formation [55]. 
Apart from this, organoids have been an excellent source of models to understand 
the depth of neurodegenerative diseases viz.; Alzheimer, Parkinson’s, HIV, diabetes, 
or cancer.

3.3 Cancer co-culture models

Cancer cell lines have emerged as an eminent tool for comprehending complex 
physiology of cancers. The cell cultures have eased the outlook in preclinical research 
to understand the process of disease, morphological changes occurring in tissue, gene 
function, cell biology and tissue engineering [58]. They have evolved with immense 
features of offering homogenous samples without any sort of modification and 
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variations. However, a big leap was noted when monolayer cell cultures (2D) obtained 
from solid tumors were incapable of mimicking the structural elements of tumor 
microenvironment. Thusly, 3D cancer cell culture models have placed an enduring 
platform recently whereby ECM in 3D construct is same as that of original cell culture 
and imparted knowledge of predicting tumor response to treatment [59]. The applica-
tion of 3D cell culture models of tumors have ought to manifest typical properties of 
tumor microenvironment such as gene and protein expressions, morphology, angiogen-
esis, malignancy and invasiveness. From this standpoint, 3D tumor cell culture models 
scintillate anticancer therapeutics and cancer drug discovery. To date, a vast content of 
literature owes the significance of these 3D co-cultures models in varying applications. 
In a study, tumor-associated macrophages (TAM) or cancer-associated fibroblasts 
(CAF) and gelatin hydrogel microspheres (GM) have been applied to produce cancer 
co-culture models from different cancer cells including HepG2 (liver), MCF-7 (breast) 
and WA-hT (lung) in order to inspect sustained release of drugs. They induced meta-
static proteins involved in epithelial-mesenchymal transition (EMT) with transforming 
growth factor-β1 (TGF-β1) and reported elevation in N-cadherin and Vimentin pro-
teins with deceleration in E-cadherin protein [58]. Recently, cancer co-culture models 
evinced interest in numerous approaches such as 3D breast cancer co-culture models 
obtained from MCF-7, MRC-5 and MDA-MB-231 tumor cells were used in investigating 
radiation-induced fibrosis [59], tumor-associated fibroblast differentiation [60] and 
development of immunotherapies [61], 3D lung cancer co-culture models derived lung 
squamous carcinoma and Non-Small Cell Lung Cancer Cells (NSCLC)fromTUM622, 
A549 and Colo699 tumor cells were utilized to explore tumor-stroma interactions [62, 
63], 3D renal cancer co-culture models formed from Caki 1 (skin metastasis derived) 
and ACHN (pleural effusion derived) were sought for determining the efficacy of 
produced 3D models in stem cell physiology research and drug toxicity screening [64]. 
3D colon cancer co-culture models acquired from LS 174 T, HCT 116, Colo205, MCF7, 
SW480, SW620, CCD-18Co, Caco-2, HT-29, and H446 have also been used to explore 
tumor-stroma interactions [65].

3.4 Tissue co-culture models

In vitro tissue models with the use of co-culture cells have emphasized greater 
applications to represent varying mechanisms of human body which is a daunting 
task. These models have served a vital role over several animal models that once were 
used to examine human physiology and pathophysiology. The major limitation of 
animal models was the failure of mimicking true human facets and their ethical con-
straints. This led to fetch insights into development of tissue models as a research tool 
from co-cultures such that the created models would possibly recapitulate the natural 
microenvironment of cells and examine the pathophysiological bases of diseases. 
Distinct in vitro 3D tissue models have been achieved with the approach of tissue engi-
neering comprising human characteristics with increased complexity as compared 
to the 2D monolayers. Some of the examples of 3D models constructed from tissue 
co-cultures include kidney [66], neuro-glia [67], lung [68], liver [69], ovary [70] and 
intestine [71] that have potentially predicted and represented physiological responses 
of the original culture of cells. Most probably, primary cells are used as they possess 
feasible in vivo features of not being immortal, incapable of getting transformed and 
consist of limited survival time in culture. Pertaining to these advantages, they have 
been applied to develop models that would combat various disease and physiological 
studies. Reportedly, tissue models have been revolutionized in terms of investigating 
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multiple changes in real-time processes. A pulmonary endothelium model was 
constructed to investigate massive inflammation in patients with acute respiratory 
disease syndrome (ARDS). The authors performed this study using lavage samples of 
the patients for determining the etiology of ARDS that took place during the process 
of disease [72]. In addition, endothelial cells have also played a key role in construct-
ing 3D tissue models with their fascinating physiological roles. For instance, in vitro 
gastrointestinal epithelial cell cultures derived from adult murine colon allowed the 
authors to analyze epithelial cell–cell interactions, microbiological infections and 
cellular signaling [73]. Another instance showed the potential of hepatocyte tissue 
cultures in maintaining the cancer cell hierarchy in human hepatocellular carci-
noma [74].

3.5 Organ-on-a-chip

Organ-on-a-chip is a biomimetic system that uses fabrication of computerized 
microchips and microfluids consisting of living cells, mimicking the natural environ-
ment of organs from which it is been created. There are several factors that made organ 
chips be listed in “Top Ten Emerging Technologies” in the World Economic Forum [75] 
such as shear force, tissue-boundaries, concentration gradients, tissue–organ interac-
tions and cell patterning. Organ chips have intensified in the field of drug therapeutics 
for their ability of high throughput screening. Table 2 summarizes the recent researches 
carried out using various organ chips. These organ chips use microtechnology that 
provides nutrients to the cells for their better growth and proliferation. Microfluids 
are one such component that has been used in various studies for efficient treatment in 
drug sensitivity testing [86]. Talking of this notion, a microfluidic chip was produced 
in order to monitor and document real-time impedimetric biosensor changes. Other 
organ-on-a-chip models such as blood–brain barrier chips have been developed to 
represent the in vivo architecture of brain involving micro blood vessels by using type 
1 collagen hydrogel. Another model entails the significance of human-on-a-chip that 
depicts the normal human physiology in combination with single organ chip within a 
microfluidic system that ultimately forms multi-organ chip [87]. One study dealt with 
an in vitro 3D-tumor-on-a-chip device that illustrated its importance in quorum sensing 
phenomenon in tumor cells activated by salmonella [88]. Hence, organ-on-a-chip 
has been diversified in many scientific platforms due to their efficient physiological 
bio-mimicry.

3.6 Patient-derived cells

Animal models used in laboratories have been greatly avoided due to the fact that 
they are costly and require a large number of laborers. This approach was replaced by 
the use of in vitro models wherein despite having several advantages; still, the applica-
tion is constrained due to poor cell-to-cell and cell-to-matrix interactions. In vitro cul-
ture of cells has been observed to acquire multiple genetic and epigenetic variations 
that eventually make the cells lose their originality. The above-listed models comprise 
their own merits and demerits in respect of cellular response, cellular composition, 
and structural features. The above-mentioned models consist of a few advantages 
and disadvantages with respect to cellular composition, mimicking the in vivo 
physiology of original tumor architecture, tumor microenvironment (TME) and the 
response to different exogenous stimuli. Therefore, patient-derived cells have come 
into the picture which is generally a co-culture-based technology that is grown in a 
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culture medium supplemented with all sorts of nutrients [89]. Different studies have 
exemplified the use of patient-derived cells as a preclinical model in drug discovery 
(screening and responses) in several types of cells. Patient-derived xenograft (PDX)
models are made of minute pieces of tumor tissue of the surgical patients, utilized 
for implantation into an immune-deficient mouse. In a study, Fong et al. used PDX 

Organ type Incorporated cell types Organ-specific properties Ref.

Lung Primary lung alveolar 
epithelial cells

• Breathing movements [76, 77]

Primary lung endothelial 
cells

• In vivo functionality array of tiny alveoli

• Human lung parenchyma (lung alveoli 
and ultrathin air–blood barrier)

• Recreates the native viscoelastic 
microenvironment of the cells

Human vascular 
endothelial cells

• Alveolar capillary barrier in the human 
lung

[78]

Human alveolar epithelial 
cells

Skin Peripheral perfusion fluid 
(PPF)

• Franz diffusion cell system [79]

• Drug absorption across the dermal 
barrier

• Microfluidic Diffusion Chamber (MDC)

Liver Hepatic cell lines • Hepatoprotective effect assessment [80]

• Hepatic activity (cell viability, albumin 
synthesis, urea secretion, and cyto-
chrome P450 enzyme activities)

• Drug Screening and Toxicity Testing

Kidney Human podocytes
Glomerular endothelial 
cells

• Human glomerular filtration barrier [81]

• Functions and structure of the 
glomerulus

Human-derived renal 
proximal tubule epithelial 
cells

• Cell Polarization-Dependent Cisplatin 
Toxicity

[82]

• Proximal tubule

Heart Cardiomyocytes • Contractile behavior (contraction force, 
frequency, and synchronization) of a 3D 
cardiac tissue construct

• Three-dimensional beating tissue from 
human cardiomyocytes

[83, 84]

Pancreas Human pancreatic beta-
cell line

• Human pseudo-islets in biomechanical 
flow conditions

[85]

Table 2. 
Summary of recent organ-on-a-chip models.
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models from prostate cancer to investigate tumor-stromal interactions via the use of 
a 3D hydrogel system [90]. Likewise, in another study, Liu et al. demonstrated the 
establishment of patient-derived cell cultures from colorectal cancer cells of biopsies 
of cancerous and non-cancerous tissue that could grow in in vitro culture indefinitely 
by recapitulating exactly the same phenotypic and genotypic features of the original 
tissue [91]. Some of the researchers have also elaborated patient-derived 3D culture 
using a scaffold-based organoid culture that is prepared to preserve the genomic 
features of the original tissue [92].

4. Three-dimensional cell culture in drug discovery and development

Drug discovery is a lengthy and time-consuming process that undergoes several 
stages of testing and optimization. This encompasses identification of the target, lead 
discovery, pre-clinical validation, and clinical trials [3]. Due to the constant failure of 
drugs in Phase II and Phase III clinical trials, there has been constant pressure on the 
pharmaceutical industry to seek more novel drugs with lower side effects and cost-
effectiveness. 3D cell culture has emerged as a significant high-throughput system 
that has uplifted the standards of cell culture [93]. Specifically, spheroids are con-
sidered the most reliable model for testing drugs in various diseases because of their 
capability of resembling the natural environment of original tissue [93]. The spatial 
organization of spheroids in different layers of cells leads to cellular death by forming 
reactive oxygen species [94]. In the case of investigating the effect in 3D spheroids, 
fluorescence microscopy plays a key role in determining pharmaceutical dispersion 
within spheroids (eg-doxorubicin and epirubicin) [95]. The capital importance of any 
drug testing involves cell-based assays that are efficient enough and easily reproduc-
ible compared to expensive animal models. Cell-based assays have shaped the physi-
ological relevance of 2D cultures [96]. While the reaction may vary from technique 
to technique such as cell viability, proliferation, signaling and migration and drug to 
drug for achieving better sensitivity. It is now broadly accepted that compared to 2D 
cultures, 3D models serve the resemblance of the natural environment of original 
tissue efficiently and differently in 3D environments. Research has nested stance on 
novel 3D culture technologies that impart functional basis of tissues such as spheroids 
and organoids [97]. A study used 3D hydrogel-based model for the determination of 
drug sensitivity in HepG2 cell lines by comparing cytotoxicity effect with cytotoxicity 
(CT50) and lethal dose (LD50) values [98]. Organoid 3D models also aid as a resource-
ful tool for modeling neurodevelopmental disorders [98]. Microfluidic chips have also 
been utilized in drug sensitivity testing whereby a study elaborated its efficacy in lung 
cancer which was in combination with stromal cell lines [98]. Evaluation of absorp-
tion, distribution, metabolism, excretion, and toxicity (ADMET) of the drug is 
primarily examined in in vitro cell culture experiments. 3D cell cultures have fostered 
drug pharmacokinetics in several studies with the implementation of various types of 
cell culture models.

5. Cell based manufacturing of therapeutic proteins

Therapeutic proteins production using human cell lines has greatly influenced 
different medical areas including biopharmaceutical research and vaccine produc-
tion. Mammalian cell lines prove futile in protein production due to their likelihood 
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of possessing post-translational modifications (PTMs) achieved from recombinant 
proteins that are in accordance with the endogenous human proteins. These cell 
lines show exquisite specificity to produce similar proteins to those in humans 
naturally synthesized, an advantage over mammalian expression systems [99]. One 
of the most routinely and high yields of proteins production is performed by using 
cell-based expression systems such as Chinese hamster ovary (CHO) a cell line that 
constitutes major advances such as accomplishment of gene amplification, specific 
productivity, better selection strategies, and devising greater expression units and 
advanced hosts. CHO cells have established their safety profile for 20 years from 
the production of its first recombinant biotherapeutic protein in 1986 [100]. Other 
human cell lines such as BHK-21 cells are used for the generation of few coagula-
tion factors such as factor VIII [101]. There are two vital human cell lines namely, 
HEK293 and HT-1080 that are used to manufacture licensed products of human 
PTMs. The advancement in protein-based drug development and technologies has 
driven more towards the therapeutic proteins market that comprises of sales of these 
therapeutic proteins. The methods that are involved in the production of these pro-
teins are pegylation, glycoengineering, albumin fusion, Fc-fusion, product purity, 
targeting, and functionality of therapeutic protein drugs. Few examples of therapeu-
tic protein drugs which has been produced using protein engineering technologies 
and approved by the Food and Drug Administration (FDA) from the past five years 
are imiglucerase, Belimumab, alfa, coagulation factor IX recombinant human and 
albiglutide [102]. A French pharmaceutical company named Sanofi accomplished 
a great achievement of strengthening its R&D strategy with the best proprietary 
therapeutic proteins production pharmaceutical company, Ablynx, for a nanobody 
technology platform.

6. Conclusion

In particular, a plethora of research studies have shed light on the fact that in spite of 
the availability of advanced organ-on-chip technologies and bioengineered 3D models, 
the application is limited by drug companies due to their relatively novel approach which 
is more likely requires to undergo further validation and characterization. Moreover, 3D 
cell culture models with high-throughput screening in combination with high-content 
leads to the identification of clinically relevant compounds. However, still many difficul-
ties are being faced as 3D cell cultures do not meet certain criteria in the drug discovery 
process with regard to size, morphology, complexity, and protocol for assaying. It 
requires ample standardization and optimization to extract successful specific pheno-
types for drug screening. Thus, there are few 3D models that are constrained for their 
restricted access due to limited permeability. Following the advances in protein thera-
peutics, more improvements in generating sophisticated therapeutic protein products 
will be developed for better futuristic research.
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Abbreviations

2D  Two-dimensional
3D  Three-dimensional culture
Aβ  Amyloid-β peptide
ADMET Absorption, distribution, metabolism, excretion and toxicity
ADA  Adenosine Deaminase
AD  Alzheimer’s disease
ARDS  Acute respiratory disease syndrome
CAF  Cancer-associated fibroblasts
CCD  Charge-Coupled Device
CFTR  Cystic fibrosis transmembrane regulator
CHO  Chinese hamster ovary
CNS  Central nervous system
CSCs  Cancer stem cells
CT50  Cytotoxicity 50 percent
CSR  Class Switch Recombination
DIC  Differential Interference Contrast microscopy
ECM  Extracellular matrix
ES  Embryonic Stem
EMT  Epithelial-mesenchymal transition
FTDs  Frontotemporal dementias
GABA  Gamma-Aminobutyric Acid
GAD  Glutamic Acid Decarboxylase
GM  Gelatin hydrogel microspheres
HAT  Hypoxanthine, Aminopterin, Thymidine
IFP  Interstitial fluid pressure
iPSCs  Induced pluripotent stem cells
LDH  Lactate dehydrogenase
LD50  Lethal dose 50 percent
MTT   3-(4,5-dimethythiazol2-yl)-2,5-diphenyl tetrazolium bromide
MTS   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 

(4-sulfophenyl)-2H-tetrazolium
MDC  Microfluidic Diffusion Chamber
mAbs  Monoclonal Antibodies
NAD  Nicotinamide adenine dinucleotide
NADH  Reduced nicotinamide adenine dinucleotide
NADPH  Nicotinamide adenine dinucleotide phosphate
NSCLC  Non-Small Cell Lung Cancer Cells
pAbs  Polyclonal Antibodies
PDX  Patient-derived xenograft
PD  Parkinson’s Disease
PPF  Peripheral perfusion fluid
PTMs  Post-translational modifications
rAAVs  Adeno-Associated Viruses
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SRB  Sulforhodamine B
TAM  Tumor-associated macrophages
TGF-β1  Transforming growth factor-β1
TME  Tumor microenvironment
XTT   2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-

Carboxanilide.
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Chapter 4

Isolation and Expansion of 
Mesenchymal Stem/Stromal Cells, 
Functional Assays and Long-Term 
Culture Associated Alterations of 
Cellular Properties
Chenghai Li

Abstract

Mesenchymal stem cell/stromal cells (MSCs) can differentiate into a variety of cell 
types, including osteocytes, adipocytes and chondrocytes. MSCs are present in the 
multiple types of adult tissue, such as bone marrow, adipose tissue, and various neo-
natal birth-associated tissues. Given their self-renewal and differentiation potential, 
immunomodulatory and paracrine properties, and lacking major histocompatibility 
complex (MHC) class II molecules, MSCs have attracted much attention for stem 
cell-based translational medicine research. Due to a very low frequency in different 
types of tissue, MSCs can be isolated and expanded in vitro to derive sufficient cell 
numbers prior to the clinical applications. In this chapter, the methodology to obtain 
primary bone marrow-derived MSCs as well as their in vitro culture expansion will 
be described. To assess the functional properties, differentiation assays, including 
osteogenesis, chondrogenesis and adipogenesis, 3-D culture of MSCs and co-culture 
of MSCs and tumor cells are also provided. Finally, the long-term culture associated 
alterations of MSCs, such as replicative senescence and spontaneous transformation, 
will be discussed for better understanding of the use of MSCs at the early stages for 
safe and effective cell-based therapy.

Keywords: Mesenchymal stem cell/stromal cells, primary culture, co-culture,  
3-D culture, replicative senescence, spontaneous transformation

1. Introduction

Mesenchymal stem/stromal cells (MSCs), a multipotent stem/progenitor cell type, 
were initially described in bone marrow by Friedenstein et al. as rapid adherence to 
tissue culture vessels and the discrete “fibroblast” colonies approximately 50 years 
ago [1, 2]. Julius Cohnheim, a German-Jewish pathologist, firstly proposed that a 
fibroblast-like cell population for nonhematopoietic cells in bone marrow were involved 
in wound repair over 150 years ago [3]. In the late 1980s, Caplan firstly coined the name 
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“mesenchymal stem cell (MSC)” [4]. Since then, MSCs have gained much attention 
over the last three decades. Many laboratories focusing on MSCs have developed diverse 
methods to isolate and expand MSCs from a variety of tissues. While the assessment 
of characteristics of MSCs is necessitated in different platforms/laboratories, most 
researchers come to acknowledge the lack of a universally accepted criteria to define 
MSCs. To address this question of cell equivalence, the Mesenchymal and Tissue Stem 
Cell Committee of the International Society for Cellular Therapy (ISCT) proposes three 
minimal criteria to define MSCs [5]: property of MSC plastic adherence, the expression 
of specific cellular surface antigen, and capacity for trilineage mesenchymal differentia-
tion (osteogenesis, chondrogenesis and adipogenesis).

Human MSCs from different tissues have the varied phenotypic features, the 
morphologic inconsistency, and heterogeneous functional behavior [6–8]. Indeed, 
the properties of stem cell have not been well established yet. Due to the unknown in 
vivo multipotent properties of MSCs, the issue of MSC nomenclature remains actively 
controversial. In 2019, ISCT MSC committee issued a position statement on nomen-
clature of MSCs clarifying the functional definition to emphasize the functional 
distinction of mesenchymal stem versus stromal cells [9].

MSCs have been considered as a promising therapeutic tool in tissue engineering 
and regenerative medicine. MSCs are well known to be present in almost every type of 
adult tissues, such as bone marrow [10–12], adipose tissue [10, 13, 14], lung [11, 15], 
synovial tissue [16, 17], dental pulp and periodontal ligament [18]. Notably, it has 
become apparent that MSCs are identified in the various human embryonic tissues, 
such as fetal bone marrow [19], fetal liver [20], aorta gonad-mesonephros and yolk 
sac [21], as well as multiple neonatal birth-associated tissues, such as placenta [10, 
22, 23], amniotic and chorionic membrane [23, 24], umbilical cord tissue [10, 23–25], 
and umbilical cord blood [26, 27]. Therefore, different platforms/laboratories may 
use different type of tissue sources and methodologies for isolation and expansion of 
MSCs. This chapter firstly outlines protocols for standardized isolation and expan-
sion of human bone marrow-derived MSCs (BM-MSCs), a major source of human 
MSCs, as well as BM-MSCs’ characteristics, cryopreservation and thawing. Protocols 
for the preparation of MSCs derived from the other tissue types are similar to that 
of BM-MSCs, except tissue sample processing differentially. Human BM-MSCs are 
estimated at a very low frequency at approximately 0.001–0.01% of total nucleated 
cells [28, 29], and, therefore, human BM-MSCs are likely to be kind of difficult to 
isolate and harvest. This chapter will then focuses on optimal functional assays and 
application on the basis of our previous studies, which would be useful for researchers 
working with MSCs in basic research and translational and clinical applications, such 
as osteogenesis, chondrogenesis, adipogenesis, colony forming unit-fibroblast (CFU-
F) assay, 3-D cellular co-culture, MSC homing and migration. Last but not least, the 
long-term culture associated alterations of MSCs’ properties will be also discussed in 
this chapter.

2.  Isolation, culture expansion, phenotypic analysis, freezing and thawing 
of human BM-MSCs

2.1 Materials

1. Growth medium (pH 7.1–7.5): Dulbecco’s modified Eagle’s medium (DMEM)-low 
glucose (Sigma-Aldrich, St Louis, MO), 10% fetal bovine serum (FBS,  
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heat-inactivated) (Atlanta Biologicals, Lawrenceville, GA), 0.37 g% sodium bi-
carbonate, and 1% penicillin–streptomycin. Adjust growth medium to pH 7.1–7.5.

2. Ficoll-Paque (Density gradient medium) (Stem Cell Technologies, 
 Cambridge, MA).

3. 1 × Phosphate buffered saline (PBS), pH 7.2.

4. 1 × PBS + 2% + 1 mM ethylenediaminetetraacetic acid (EDTA).

5. Trypan blue, 0.4%.

6. Freezing medium: 90% FBS and 10% (v/v) dimethyl sulphoxide (DMSO).

7. Trypsin–EDTA solution 0.25% (Sigma, St. Louis, MO).

8. RosetteSep™ Human Mesenchymal Stem Cell Enrichment Cocktail (Stem Cell 
Technologies, Cambridge, MA).

9. Nalgene® Cryo 1°C Freezing Container.

10. Cryogenic storage vials.

11. Suitable box for storage in liquid nitrogen.

12. Tissue culture ware: T25 flasks, T75 flasks, 100-mm tissue culture dishes, 
6-well plates.

13. Hemocytometer.

14. Water bath at 37°C.

15. Biological safety cabinet class II.

16. Bench centrifuge with swinging bucket rotor.

17. Inverted phase microscope.

18. Sterile conical centrifuge tubes (15 and 50 mL).

19. Sterile cell culture plastic pipettes (2, 5, 10, 25 mL).

20. Automatic pipettor.

21. 1.5 mL eppendorf tubes.

2.2 Isolation and culture expansion of human BM-MSCs

1. Make sure BM sample, 1 × PBS + 2% FBS + 1 mM EDTA, Ficoll-Paque and centri-
fuge are all at room temperature.
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2. Spray the sample tube with 70% ethanol and conduct the isolation of  
BM-MSCs in the Biological Safety cabinet.

3. For 10 mL size of BM, divide BM sample into two 50 mL conical tubes at room 
temperature. Add 50 μl RosetteSep Human Mesenchymal Stem Cell Enrichment 
Cocktail per mL of bone marrow and mix well.

4. Incubate for 20 minutes at room temperature.

5. Dilute sample with about same volume of 1 × PBS + 2% FBS + 1 mM EDTA solu-
tion; mix gently.

6. Prepare two 50 mL conical tubes with 10 mL Ficoll-Paque each tube. Layer 
the diluted sample on top of Ficoll-Paque. Be careful to minimize mixing of 
Ficoll-Paque and sample. Tilt the tube to 45 degree angle and slowly add the 
sample drop by drop to form a layer on top.

7. Centrifuge at 1200 × g for 10 minutes at room temperature in a swinging bucket 
rotor and set the centrifuge to brake on.

8. Remove the enriched cells from the Ficoll-Paque. Collect the interphase 
containing the mononuclear cells. Be sure not to touch the red pellet at the 
bottom. It is advisable to remove some of the Ficoll-Paque and a bit of upper 
plasma layer in order to endure complete recovery of the desired cells.

9. Wash enriched cells with the 5× volume of 1 × PBS + 2% FBS + 1 mM EDTA solu-
tion. Spin 300 × g for 10 minutes.

10. Carefully discard the supernatant and resuspend cells in 1 mL of MSC growth 
medium per tube. Perform a viable cell count with a hemocytometer using Try-
pan blue.

11. Seed cells into one T-75 flask finally for 10 mL size marrow (a final cell 
concentration of 0.5–1.5 × 106 cells/cm2). 12 mL of MSC growth medium is 
supplemented.

12. Put the flask in incubator at 37°C with 5% humidified CO2 for 48 hours to allow 
cells to attach.

13. After 48 hours, observe with phase contrast microscopy and then remove 
growth medium and non-adherent cells.

14. Wash cells twice with pre-warmed medium and add 13 mL of fresh MSC growth 
medium. Return the flask to the incubator.

15. Change growth medium every 3 days and observe the cellular colony forming.

16. CFU-F become in the next 3–5 days. Continue to culture until the cells reach 
80% confluence in the 2 weeks.
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17. Remove the medium and wash with PBS 2–3 times.

18. Add 3–4 mL pre-warmed trypsin–EDTA solution to cover cells in the flask. Re-
turn the flask to the incubator for 5 minutes.

19. Check with phase contrast microscopy. When most cells become detached, gen-
tly tap the side of the flask.

20. Add 5 mL growth medium to the flask to stop Trypsin–EDTA action. 
Resuspend cells by pipetting and transfer the entire cell suspension into a 15 mL 
conical tube.

21. Centrifuge at 400 × g for 5 minutes.

22. Remove the supernatant and resuspend the cells in 2–3 mL pre-warmed PBS. 
Centrifuge at 400 × g for 5 minutes.

23. Repeat step 22.

24. Harvest cells. This culture is considered as passage 0.

25. Count cells and reseed cells at an optimum density of 5000 cells/cm2 in the 
appropriate tissue culture ware.

26. After 24 hours, remove the growth medium and wash the cells attached to the 
plate once with PBS.

27. Add the appropriate volume of fresh culture medium and incubate the cells for 
2–3 days.

28. When the culture reaches 80–90% confluence, remove the culture medium and 
wash with PBS 2–3 times.

29. For trypsinization, add an appropriate volume of pre-warmed trypsin–EDTA 
solution to cover the entire cellular surface. Return the flask to the incubator for 
5 minutes.

30. Observe under a phase contrast microscope. When most cells become detached, 
gently tap the side of the flask.

31. Add the appropriate volume of growth medium to stop Trypsin–EDTA action. Mix 
and collect the mixture of the entire cell suspension into a 15 mL conical tube.

32. Centrifuge at 400 × g for 5 minutes at room temperature.

33. Remove the supernatant without disturbing the cell pellet and resuspend the 
cells with an appropriate volume of pre-warmed PBS.

34. Wash and centrifuge at 400 × g for 5 minutes again.
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35. Harvest cells. This culture is passage 1. MSCs at passage 1 can be frozen in liquid 
nitrogen (see the next) or continue to serially passage.

2.3 Characteristics of the expanded human BM-MSCs

The following antibodies are used in flow cytometry analysis of MSC characteriza-
tion, CD29-PE, CD34-PE, CD44-PE, CD73-PE, CD90-PE, CD45-FITC, CD147-FITC, 
HLA DR-FITC, IgG1-PE, and IgG1-FITC (BD Biosciences). IgG1 immunoglobulin is 
used as isotype negative controls and passage 3 MSCs are characterized using PE or 
FITC conjugated antibodies against the cellular surface markers.

1. Remove the growth medium and wash cells with pre-warmed PBS twice.

2. Add the pre-warmed trypsin–EDTA solution to the flask. Return the flask to the 
incubator for 5 minutes.

3. When most cells become detached, gently tap the side of the flask.

4. Add growth medium to the flask. Mix and transfer the entire cell suspension into 
a 15 mL conical tube.

5. Centrifuge at 400 × g for 5 minutes.

6. Remove the supernatant and resuspend the cells in the pre-warmed PBS.

7. Centrifuge at 400 × g for 5 minutes.

8. Carefully discard the supernatant and resuspend cells with pre-warmed PBS.

9. Centrifuge at 400 × g for 5 minutes.

10. Harvest cells.

11. Count cells and make it a single cell suspension at concentration of 1x106 cells/
mL in PBS.

12. Add 250 μL cellular suspension to the appropriate number of FACS tubes.

13. Add antibodies to the FACS tubes – 10 μL per antibody per tube.

14. Incubate the FACS tubes for 20–25 minutes at room temperature on a shaker to 
prevent aggregation.

15. Then spin down FACS tubes at 150 rpm for 5 minutes.

16. Wash twice with PBS.

17. Add 2 mL MSC growth media.

18. Centrifuge the tubes at 150 rpm for 5 minutes.

19. Pipette off the supernatant.
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20. Add 250 μL MSC growth media.

21. Run samples through the FACS machine.

2.4 Freezing of BM-MSCs

Of note, perform all following steps under sterile conditions.

1. Place freezing medium on ice.

2. Harvest the cultivated MSCs, as described above (steps 1–10 in Section 2.3).

3. Resuspend MSCs in freezing medium at a concentration of 5–10 × 105 cells/mL.

4. Transfer cells into appropriate cryogenic storage vials or tubes and close the lid.

5. Place the vials in the pre-cooled Cryo 1°C Freezing Container quickly and store at 
−80°C directly.

6. After 24 hours, transfer the cryogenic storage vials to the suitable boxes to liquid 
nitrogen for long-term storage.

2.5 Thawing of BM-MSCs

Perform all following steps under sterile conditions.

1. Place the frozen vial of MSCs rapidly into a 37°C water bath.

2. Gently swirl the cryovial until the ice in the vial has melted.

3. After thawing, transfer the entire content of the cryovial into a sterile 15 mL 
conical tube containing 5 mL of pre-warmed PBS.

4. Gently swirl and centrifuge at 400 × g for 5 minutes.

5. Aspirate supernatant completely.

6. Wash again.

7. Count and reseed cells at a density of 5000 cells/cm2 in the appropriate tissue 
culture ware.

3. Functional analysis of expanded human MSCs

3.1 In vitro osteogenesis of human BM-MSCs

Osteogenic medium: MSC growth medium supplemented with 50 μM ascorbic 
acid phosphate (AsAP) (Wako Chemicals USA, Richmond, VA), 0.1 μM dexametha-
sone (Sigma-Aldrich, St Louis, MO), and 10 mM β-glycerol phosphate (Sigma-
Aldrich, St Louis, MO).



Cell Culture - Advanced Technology and Applications in Medical and Life Sciences

80

Several osteogenic markers, such as alkaline phosphatase (ALP), leptin receptor, 
and cathepsin K, are used as the indicator of early osteogenesis [28], calcium deposi-
tion as the indicator of late-stage osteogenesis [28, 29]. ALP activity and calcium 
deposition are exemplified to assess osteogenic differentiation of human MSCs from 
passage 4 (Figure 1).

3.1.1 Colorimetric quantitative ALP activity

1. Collect cells from passage 4.

2. Prepare cellular suspension in growth medium.

3. Plate cellular suspension in 6-well plates at 1 × 105 cells/well in triplicate.

4. After 24 hours, remove the growth medium and wash cells with osteogenic me-
dium once.

5. Add 2 mL osteogenic medium in each well.

6. Culture cells in incubator at 37°C with 5% humidified CO2.

7. Change osteogenic medium every 3 days.

8. Measure ALP activity about 1–2 weeks after MSC osteogenetic culture [29, 30]. 
Aspirate medium and gently wash cells twice with PBS.

9. Add 600 μL of lysis buffer (0.5% Triton-X 100 in molecular grade ddH2O) to 
each well and then scrape the cells off the surface using the end of a pipette tip.

10. Transfer lysates to centrifuge tubes. Prepare 15 mL conical tubes equal to the 
number of tubes maintaining lysates.

11. Dissolve the contents of a 40 mg capsule of phosphatase substrate (Sigma) in 
10 mL ddH2O. Scale up if necessary.

Figure 1. 
Osteogenic culture of human BM-MSCs. Representative images (10×) of human BM-MSC osteogenesis on day 12 
(A), day 17 (B), and day 26 during osteogenic culture.



81

Isolation and Expansion of Mesenchymal Stem/Stromal Cells, Functional Assays and Long-Term…
DOI: http://dx.doi.org/10.5772/intechopen.100286

12. Add 500 μL of 1.5 M alkaline buffer solution (Sigma) to each tube. Add 500 μL of 
phosphatase substrate solution into each tube. Keep tubes in 37°C water bath.

13. Vortex samples and add 100 μL of each lysate to 15 mL tubes within 30 seconds. 
Fifteen minutes after the first sample is added, add 1 mL of 1 N NaOH to each 
tube in 30 second intervals removing tubes from water bath. The reaction 
will take place for 15 minutes at 37°C for each tube.

14. Prepare standard curve (Sigma) (Note: prepare 100 nmol/mL solution of  
p-nitrophenol by combining 100 μL of 10 mM p-nitrophenol standard  solution 
with 9.9 mL 0.02 N NaOH).

15. Add 300 μL of standards and samples in triplicate to a 96-well plate.

16. Measure the absorbance using excitation filter of 405 nm. One enzyme unit of 
ALP is defined as the quantity of enzyme which produces 1 nmol p-nitrophenol 
per 15 minutes [29].

3.1.2 Colorimetric quantitative calcium assay

1. Aspirate or pipette out all culture medium from each well of the 6-well culture 
plate that contains induced or control cells to be tested.

2. Rinse the cells twice with PBS. Add 200 μL of PBS to the side of each well, not to 
dislodge the cells. Aspirate off the PBS and re-rinse.

3. Add 125 μL of 0.5 N HCl to each well.

4. Scrape the cells off of the surface using a cell scraper and transfer the cells and 
HCl to a 1.5 mL polypropylene microcentrifuge tube with a tight fitting cap.

5. Add an additional 125 μL of 0.5 N HCl to each cell to recover any cells remaining 
in the well, and transfer this to the appropriate tube.

6. Samples may be capped tightly and stored at −20°C if they are not to be tested 
immediately.

7. Extract the calcium from the cells by shaking the tubes on an orbital shaker for 
4 hours at 4°C. If using frozen samples, allow extra time for samples to thaw.

8. Centrifuge the sample tubes at 500 g for 2 minutes.

9. Carefully collect the supernatant with extracted calcium, without disrupting the 
cell pellets, and transfer these to a new tube.

10. Prepare a standard curve with the calcium standard and determine the amount 
of calcium in each control and osteogenesis-induced samples. Follow the 
instructions provided in the Stanbio Total Calcium LiquiColor® Procedure No. 
0150 (Stanbio Laboratory).
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11. Three μL of sample vs. 297 μL of assay reagent (1:100 ratio for sample to reagent) 
for 96-well plate is used for each calcium determination. Assay reagent is mixed 
by equal volume of two solutions (Color Reagent and Base Reagent) provided 
in the kit. Distribute the assay reagent by multipipettor after adding samples. 
Absorbance is read at 550 nm.

12. Unused sample extract may be re-frozen for future re-assay. If the reading was 
out of range, the sample can be diluted with ddH2O in a total volume of 3 μL (e.g. 
1 μL of sample+2 μL of ddH2O) and re-assayed again.

3.1.3  3-D culture of human BM-MSCs and calcium deposition measured by von 
Kossa staining

PuraMatrix™ hydrogel (BD Biosciences) is a 16-amino acid synthetic peptide 
hydrogel composed of a repeating sequence of arginine, alanine, aspartate, and 
alanine (RADA16) [31], which is widely used for 3-D culture.

1. 3-D culture of human BM-MSCs on PuraMatrix hydrogel as follows.

2. The stock of 1% peptide solution can be sonicated for 30 minutes to decrease 
its viscosity and then diluted with sterile ddH2O to a final concentration of 
0.25% (w/v).

3. 300 μL of 0.25% gel solution is loaded into each well of the 24-well plate until it 
is uniformly spread.

4. The gelation is initiated by slowly dripping the medium along the wall of the 
well. 300 μL of medium is again added carefully on top and the plate is incubated 
at room temperature for one hour equilibration.

5. After the peptide has assembled into hydrogel, the medium is changed two times 
over one hour to equilibrate the growth environment to physiological pH.

6. The equilibrated samples are stored overnight at 37°C incubator and the cells are 
seeded the next day.

7. Prepare the total of 4 × 104 cells suspended in MSC growth medium and 4 × 104 
cells are seeded onto the hydrogel. The following day (Day 0), the medium will 
be replaced by osteogenic medium.

8. Von Kossa staining can be conducted at day 24 after differentiation [30]. MSCs 
are rinsed with the Tyrode’s balanced salt solution and fixed with 10% buffered 
formalin (Fisher Scientific) for 30 minutes.

9. Incubated with 2% silver nitrate solution for 10 minutes in the dark.

10. Rinse with ddH2O and expose to light for 15 minutes.

11. Bright-field images of stained samples are captured with an inverted 
microscope.
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3.1.4  3-D cellular culture conducted by encapsulation of human MSCs in 
PuraMatrix™ hydrogel

1. To generate a 0.25% final concentration of PuraMatrix™ hydrogel for cells en-
capsulation, one part of 1% PuraMatrix™ hydrogel is diluted with same volume 
of sterile 20% sucrose, to reach 0.5% PuraMatrix™ hydrogel in 10% sucrose, and 
then mix with one part of 2× concentration of cells resuspended in 10% sucrose.

2. For 24-well plates, 300 μL of PuraMatrix mixture is loaded into each well and 
300 μL of medium is layered on top of the gel. The gelation of the PuraMatrix is 
completed in an incubator for 60 minutes.

3. Change medium the next day.

4. Von Kossa staining can also be conducted, as described above, or collect cells as 
follows for other experiments.

5. Mechanically disrupt BD PureMatrix™ and cells in the well or cell culture insert 
by pipetting the media and gel up and down.

6. Transfer to a 15 mL conical tube.

7. Rinse out the well or cell culture insert using PBS.

8. Centrifuge at 150 × g for 5 minutes. Discard supernatant. The pellet at the 
bottom of the tube contains cells and BD PuraMatrix fragments.

9. Resuspend pellet in 2 mL of PBS. Spin and collect pellet again.

10. Resuspend pellet in 1 mL of trypsin–EDTA and incubate at 37°C for 
5–10 minutes. This will help separate cells that are still attached to each other.

11. Add 5 mL PBS to spin cell pellet again.

12. Aspirate the supernatant (do not disturb the gel). Resuspend pellet again in 1 mL 
of trypsin–EDTA and incubate at 37°C for 5–10 minutes.

13. Add 5 mL PBS to spin cell pellet again.

14. Aspirate the supernatant. Carefully take out one third of the gel pellet. Do not 
disturb the bottom (two-third) part of the gel.

15. Wash with PBS twice.

16. Add appropriate amount of lysis buffer to perform cell lysis and collect cell sample.

3.2 3-D cell pellet culture and chondrogenesis of human BM-MSCs

Chondrogenic medium: 95% DMEM high-glucose medium (Sigma-Aldrich, 
St Louis, MO), 1% 1 × ITS+1 solution (BD Biosciences, San Jose, CA), 1% Pen-Strep, 
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100 μg/mL sodium pyruvate (Invitrogen, Carlsbad, CA), 50 μg/mL AsAP, 40 μg/
mL L-proline (Sigma-Aldrich, St Louis, MO), 0.1 μM dexamethasone, and 10 ng/mL 
recombinant human TGF-β3 (Lonza, Walkersville, MD).

Passage 4 human BM-MSCs are used for chondrogenic differentiation. 
Chondrogenic differentiation is induced by chondrogenic medium (Figure 2).

1. In order to form a chondrogenic pellet, approximately 2.5 × 105 human BM-MSCs 
are centrifuged down in a 15 mL conical tube at 150 × g for 5 minutes at room 
temperature.

2. Five hundred μL of chondrogenic medium is used to resuspend the 2.5 × 105 cells 
to a final concentration of 0.5 × 106 cells/mL.

3. Cells are centrifuged down again. Place the 15 mL conical tube in the incubator 
at 37°C with 5% humidified CO2.

4. MSCs are shaped into the pellet after 24 hours incubation without disturbance.

5. The cell pellet is fed every 3 days for about 2–4 weeks and, after that, the chon-
drogenic pellet is harvested and sample processing is described as follows for 
immunohistochemistry analysis (e.g. examination of the expression levels of 
Collagen II, X and Aggrecan) [29, 32].

3.2.1 Sample processing for immunohistochemistry analysis

Day 1: Fixation and dehydration

1. Rinse specimen in PBS.

2. Fix samples for 45 minutes in acid-formalin at 4°C.

3. Rinse specimen in PBS twice.

Figure 2. 
Chondrogenic culture of human BM-MSCs. Representative images (10×) of immunohistochemical staining of 
collage II (A) and aggrecan (B) in pellet culture samples at day 17 during chondrogenesis [29].
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4. Embed specimen in 2% agarose.

5. Transfer to vial and treat with 50% absolute ethanol for 1 hour at room 
temperature.

6. Transfer to 70% Absolute ethanol for 1 hour at room temperature.

7. Transfer to 95% Absolute ethanol for 1 hour at room temperature.

8. Repeat the step 7.

9. Transfer to 100% absolute ethanol for 1 hour at room temperature.

10. Leave specimen at 4°C overnight.

Day 2: Clearing and infiltration

1. Transfer to 100% CitriSolv (Fisher Scientific, catlog 22-143-975) for 1 hour at 
room temperature.

2. Transfer to 100% CitriSolv for 1 hour at 55°C.

3. Transfer to 1:1 mixture of CitriSolv/Micro-cut paraffin for 1 hour at 55°C.

4. Repeat the step 3.

5. Transfer to 100% Micro-cut paraffin for 1 hour at 55°C.

6. Repeat the step 5.

Day 3: Embedding

1. Transfer to 100% Micro-cut paraffin for 1–2 hours at 55°C.

2. Position specimen in Peel-Away mold with 100% paraffin.

3. Allow specimen to harden overnight.

4. Specimen may be sectioned the following day.

5. Conduct immunohistochemistry.

3.3 In vitro adipogenesis of human MSCs

Adipogenic medium: DMEM (1 g/L glucose), 10% FBS, 1% penicillin/streptomy-
cin, 10 mg/mL insulin, 1 mM dexamethasone, 0.5 mM methylxanthine, and 200 mM 
indomethacin.

Passage 4 human BM-MSCs are used for adipogenic differentiation. Adipogenic 
differentiation is induced by adipogenic medium.



Cell Culture - Advanced Technology and Applications in Medical and Life Sciences

86

1. Harvest cells from passage 4, as described in the previous section.

2. Resuspend cells in adipogenic medium carefully.

3. Transfer the single cell suspension in triplicate to 6-well plates (1 × 105 cells/well).

4. Culture cells in the incubator at 37°C with 5% humidified CO2 for 3 weeks.

5. Change medium every 2–3 days.

6. After 3 weeks, aspirate adipogenic medium and wash cells twice with PBS.

7. Cells are fixed in ice-cold methanol for 10 minutes.

8. Aspirate methanol completely and wash cells twice with ddH2O.

9. Add Oil Red O staining reagent to the wells to stain lipid vacuoles at room 
temperature and mix slowly about 20 minutes on a shaker plate.

10. Aspirate Oil Red O staining reagent and wash cells twice with ddH2O.

11. Observe and check the stained cells with phase contrast microscopy.

3.4 CFU-F assay

CFU-F assay can be used in vitro to evaluate the proliferation potential of MSCs. 
CFU-F assay is a well-established method for the quality control of MSCs’ prepara-
tion. This section describes a traditional assay for CFU-F to evaluate the colony 
forming ability of human MSCs.

1. Collect cells from passage 4.

2. Prepare the single cell suspension in growth medium and seed cells in the 6-well 
plates in triplicate at three different densities, 1.5 × 105, 2.5 × 105, and 5 × 105 
cells/well, in 2 mL growth medium, respectively.

3. Culture cells in the incubator at 37°C with 5% humidified CO2 for two weeks.

4. Change medium twice each week and check with phase contrast microscopy daily 
to prevent overgrowth. Stop cell culture as soon as colonies are forming visibly and 
proceed with the Giemsa staining of CFU-F colonies on a benchtop as follows.

5. Wash the culture dishes twice with PBS.

6. Fix cells by adding 2 mL methanol to each well for 5 minutes at room temperature.

7. Gently remove the methanol and discard into the bio-hazardous waste.

8. Air dry the culture vessels and add the diluted Giemsa staining solution for 
5–10 minute at room temperature.
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9. Remove Giemsa staining solution and wash twice with ddH2O.

10. Count visible colonies manually with a diameter greater than 5 mm.

3.5 Co-culture of MSCs with cancer cell line

There are various 2-D or 3-D, dyeing or not dyeing, co-culture models of human MSCs 
and other cell sources to study cell–cell interaction, cell proliferation, MSCs’ immuno-
modulatory capacity, and the cellular contribution of each cell type. These methods mak-
ing co-cultures of MSCs and other cells are well-established, such as co-cultures of MSCs 
and human peripheral blood mononuclear cells [33, 34], MSCs and T cells [35], MSCs 
and human hematopoietic stem cells [36], MSCs and umbilical vein endothelial cells [37]. 
MSC-cancer cell (PC-9) co-culture will be described in this section (Figure 3).

3.5.1  Preparation of MSCs with CellTracker™ Red dye (CellTracker™ CM-DiI, 
C7000)

1. Culture MSCs in an appropriate tissue culture ware (e.g. a 6-well plate)

2. Remove culture medium and wash with PBS twice.

3. Prepare CellTracker™ working solution in MSC growth medium. Make stock 
solution of lipophilic tracers in DMSO at 2 mM. Dilute the stock solution in MSC 
growth medium at 2 μM.

4. Add the working solution in the tissue culture vessel to cover the entire cell surface.

5. Incubate for 5 minutes or less in incubator at 37°C with 5% humidified CO2.

6. Remove the CellTracker™ working solution.

Figure 3. 
Human BM-MSCs-PC-9 co-culture. Representative images ((A) 5×; (B) 20×) of co-cultures of human BM-MSCs 
labeled with CellTracker™ red dye and PC-9 cells transfected with copGFP, nuclei counterstained with DAPI.
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7. Wash with MSC growth medium once.

8. Add MSC growth medium and return the tissue culture vessel to the incubator.

3.5.2 Preparation of PC-9 cells labeling with GFP

1. PC-9 cells labeling with copGFP (Santa Cruz, sc-108083) is performed using 
the lentiviral technique. Lentivirus is produced by using Lipofectamine™ 2000 
(Invitrogen), according to the manufacturer’s instructions. After transfec-
tion, PC-9 cells expressing copGFP may be isolated via puromycin (2 μg/mL) 
selection.

2. Continue to serially passage.

3. Collect PC-9 cells for cell co-culture.

3.5.3 MSC-PC-9 cell co-culture

1. Harvest MSCs with CellTrcker™ red dye and wash with PBS once.

2. Prepare the single cell suspension in growth medium at an appropriate cell con-
centration and transfer the cell suspension in a 6-well plate or a special chamber.

3. Culture cells in the incubator at 37°C with 5% humidified CO2 for about 3 hours 
to allow cells to attach.

4. Change fresh growth medium slowly.

5. Add PC-9 cells in the 6-well plate (the same cell number of MSCs). Gently tap 
the side of the flask.

6. Return the 6-well plate to the incubator and culture cell overnight.

7. Check the cell co-culture under the contrast microscope and image under mi-
croscopy.

3.6 In vitro migration assay

The intercellular communication can be executed through a direct cell–cell 
interaction or through paracrine signaling mediated by a combination of active 
molecules. The major signaling molecules include cytokines, growth factors, 
chemokines, which can be generated and expressed in a wide variety of cell types 
including tumor cells and MSCs in response to multiple signals such as inflamma-
tory or tumor microenvironment. Circulating MSCs are driven by such signaling 
molecules to home and subsequently migrate into the sites of tissue injury or disease. 
It is critical for the ability of MSCs to migrate and identify the injury sites for tissue 
repair and regeneration. Clinical data are still lacking for MSCs’ homing and distri-
bution of transplanted MSCs in the body, albeit a large number of in vivo studies are 
conducted on homing and migration pathways of MSCs for targeted stem cell-based 
therapies.
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There are different approaches for improvement of MSC homing and migration. 
In this section, in vitro migration capacity of human BM-MSCs is evaluated by using 
an 8 μm-pore transwell chamber inserts (Corning).

1. Harvest MSCs and prepare cell suspension in the serum-free medium.

2. Transfer the cell suspension to the upper layer of a transwell insert at a density 
of 4 × 104 cells/cm2 and allow cells to migrate to the lower compartment contain-
ing MSC growth medium overnight in the incubator at 37°C with 5% humidi-
fies CO2.

3. Cells from the upper chamber of transwell are migrated. Gently scrape the MSCs 
using the cotton swab at the upper layer of the membrane.

4. The migrated MSCs at the lower layer are stained with 0.1% crystal violet.

5. Check the cells and image under a light microscope.

6. Count the number of stained MSCs manually.

4. In vitro long-term culture associated alterations of MSCs

4.1 Morphological and immunophenotypic alterations of MSCs

It is well known that MSCs demonstrate biological alterations in the course of in 
vitro long-term culture. Different tissue derived MSCs may present different morpho-
logical and immunophenotypic characteristics in the expansion culture. At present, 
there is lack of a unifying definition for the “passage” of MSCs. Morphological 
changes are continuous during the long-term culture and expansion of BM-MSCs 
[38–40], which display a fibroblast-like appearance at early passages while the 
flattened and larger morphology as well as a visible increase of cellular granularity 
in late passages. For example, one previous study showed that human BM-MSCs 
were consistent with a morphological appearance from passage 1 to passage 6–8 and 
beyond that period such cells became large and flat [40].

During further cultivation, MSCs demonstrate the altered common immunologi-
cal surface markers. Comparison of the early and late passages of BM-MSCs reveals 
that no differences are observed between passage 2 and 6 MSCs in expression of 
CD44, CD90, CD105, HLA-ABC, and HLA-DR, while CD106 is downregulated in 
MSCs of passage 6 [41]. Research has also reported that the expression pattern of 
the common surface markers maintains consistently with consecutive passaging 
up to passage 8 of BM-MSCs [40]. In contrast, the positive expression of the com-
mon surface markers such as CD73, CD90 and CD105 presents at the passage 30 of 
human adipose-derived MSCs (AD-MSCs) [42] and human umbilical cord MSCs 
(UC-MSCs) [43].

4.2 Alterations of proliferation and differentiation of MSCs

MSCs exhibit a high proliferation rare at lower passage and, however, the 
rapid growth kinetics decrease gradually with consecutive cell passaging. A linear 
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correlation is observed between cumulative population doubling and days in culture 
up to passage 6–8 of human BM-MSCs and the passage-dependent decrease in the 
proliferation rate is also observed beyond that period [40]. A reduction in the prolif-
eration in the course of long-term cultivation has been reported in human dental pulp 
tissue-derived MSCs [44] and human tonsil-derived MSCs [45].

The differentiation ability of human BM-MSCs vary in long-term culture mani-
fested by the significant reduction in expression levels of the osteogenic markers, such 
as ALP and osteocalcin, and adipogenic markers, such as fatty acid binding protein-4 
and lipoprotein lipase at the late passages [45]. It has been reported that 25% samples 
of BM-MSCs from different donors in the 8th passage and the 20% in the 10th passage 
lost their osteogenic differentiation potential [46]. Similarly, 10% BM-MSC samples 
in the 6th passage, the 50% in the 8th passage, and the 60% in the 10th passage also 
lost their adipogenic differentiation [46]. In contrast, an in vitro differentiation study 
has also reported that the potential of adipogenesis decreases in higher passages (from 
the 5th passage) whereas the propensity for osteogenesis increases in the long-term 
culture [39].

4.3 Replicative senescence during long-term culture expansion of MSCs

Replicative senescence is known as the irreversible growth arrest of the mitotic cells 
and is induced by telomere shortening. The expression of senescence markers such 
as senescence-associated β-galactosidase, heterochromatin protein-1, and p16INK4a 
increase during aging [47, 48]. Molecular damage and epigenetic alterations occur in 
aging stem cells [49], which can result in the impairment of stem cell function.

There are various signaling pathways involved in the senescence of MSCs, includ-
ing oxidative damage [50, 51], age-related defects [52], and senescence associated 
up-regulation of microRNAs [53]. MSC senescence can be observed with long-term 
in vitro cultivation [54, 55], thus suggesting that a certain proportion of MSCs may 
undergo senescence during culture expansion. In vitro long-term culture of MSCs 
can induce continuous changes in gene expression [39, 56]. The expression levels of 
the senescence related genes, such as p16, p21 and p53, increase gradually in MSCs 
in the course of in vitro culture expansion [57]. DNA-methylation changes in MSCs 
during long-term culture have been investigated as an important epigenomic feature 
of replicative senescence of MSCs [58–60]. DNA-methylation changes may affect 
the proliferation and differentiation of MSCs. Differential methylation patterns of 
gene and miRNAs show between early-passage (passage 5) and late-passage (passage 
15) MSCs [60]. Some genes that are hypermethylated at passage 5 present the lower 
mRNA expression than does these hypermethylated at passage 15 and vise versa [60].

Senescent cells secrete a complex combination of interleukins, chemokines, 
growth factors, proinflammatory/inflammatory cytokines, which compose the 
senescence-associated secretory phenotype (SASP) [61, 62]. One previous report has 
shown that conditioned medium (CM) collected from senescent BM-MSC culture at 
passage 10 is able to trigger senescence in young cells [63]. The key factors of senes-
cent MSC CM needed for triggering senescence in the young MSCs have been char-
acterized as insulin-like growth factor binding proteins 4 and 7, which are linked to 
cellular senescence and apoptosis [63]. Similarly, monocyte chemoattractant proten-1 
(MCP-1), as a dominant component of the SASP, is markedly increased in the condi-
tioned medium of the late-phase MSCs and MCP-1 treatment significantly increase 
the senescence phenotypes of umbilical cord blood-derived MSCs via its cognate 
receptor chemokine receptor 2 signaling cascade [64]. Senescence-associated changes 
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are observed in the metabolome of MSCs during replicative senescence, including 
down-regulation of nicotinamide ribonucleotide and up-regulation of orotic acid, 
which may be used to monitor the cellular senescent state during culture expansion of 
MSCs [65].

4.4 In vitro long-term culture associated spontaneous transformation of MSCs

Sarcoma represents a very heterogeneous group of relatively rare tumors and a 
variety of different studies have investigated to support the MSC origin of sarcoma. 
There are a number of cellular and molecular mechanisms of MSC transformation 
for better understanding of MSCs’ contribution to sarcomagenesis [66]. The majority 
of published research articles indicate that various sarcoma types have been shown 
MSCs’ origin. Several group have reported spontaneous transformation in human and 
murine MSCs after long term culture [67–70]. For example, one study has reported 
that murine BM-MSCs are spontaneously transformed at passage 29 under standard 
conditions and that these transformed MSCs are able to generate fibrosarcoma in 
immunocompromised mice [70]. Accumulated chromosomal abnormalities, such as 
chromosome instability, chromosomal imbalances and aneuploidy, are suggested to 
be associated with the transformation of BM MSCs [70]. Indeed, chromosomal aber-
rations (chromosomal level) in in vitro cultures of human MSCs have been reported in 
previous studies, including human BM-MSCs after passage 4 [71], human AD-MSCs 
from passage 5 [72], and UC-MSCs from passage 5 [73].

There are also studies that have not detected the transformation of MSCs in 
long-term culture [74–76]. One previous study reports that human BM-MSCs do not 
undergo malignant transformation after long-term in vitro culture for up to 44 weeks 
and these cells maintain a normal karyotype [75]. In agree with the previous report 
[75], another study has described the occurrence of aneuploidy in cultivated human 
MSCs without evidence of transformation either in vitro or in vivo [76]. In addition, 
Røsland G.V. et al have reported that human BM-MSC spontaneous transformation 
phenomenon occurred in consequence of the cross-contamination between the trans-
formed human MSCs and human cancer cells [77]. To date, there is no solid evidence 
for the transformation of different sarcoma subtypes from MSCs and it leaves an 
uncertainty for MSCs with the ability to spontaneously transform.

5. Conclusion and perspective

MSCs provide huge opportunities in translational medicine for treatment of a 
range of diseases or medical conditions. MSCs are multipotent stem cells and such cells 
can be isolated from various tissues including bone marrow, a major source of human 
MSCs. Given that a large number of MSCs are required for the clinical application, in 
vitro expansion of MSCs is critical. However, MSCs at higher passage could lead to the 
culture-associated alterations, such as cellular morphology, immunological surface 
markers, proliferation, differentiation, and cell genetics. Due to in vitro long-term 
culture associated spontaneous transformation of MSCs, the safety of MSC therapy 
remains the major concerns. Human MSCs from various tissues present the varies 
biological properties. At present, consensus is lacking regarding materials and culture 
protocols, culture conditions, supplement of growth factors, freezing and thawing (e.g. 
media), and functional assays. Therefore, standardizing the procedures for preparation 
of MSCs would be needed for pre-clinical studies and clinical application of MSCs.
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Chapter 5

The Use of Stable Isotope Labeling 
with Amino Acids in Cell  
Culture (SILAC) to Study  
Ivermectin-Mediated Molecular 
Pathway Changes in Human 
Ovarian Cancer Cells
Na Li and Xianquan Zhan

Abstract

Stable isotope labeling with amino acids in cell culture (SILAC) was to use iso-
topic essential amino acids to replace the original amino acids for cell culture and 
passage for 8–10 generations, followed by mass spectrometry to identify proteins 
and the isotopic abundance difference to quantify proteins. SILAC can be used to 
characterize proteomic changes, and analyze protein turnover, protein interac-
tions, and dynamic changes with quantitative accuracy, and high reproducibility. 
For this study, SILAC “light” (L-Lysine-2HCl [12C6, 14N2], L-Arginine-HCl [12C6, 
14N4])- or “heavy” (L-Lysine-2HCl [13C6, 15N2], L-Arginine-HCl [13C6, 15N4])-
labeling RPMI 1640 medium was used to culture human ovarian cancer TOV-21G 
cells for 10 passages, followed by the treatment of 0.1% dimethylsulfoxide for 24 h 
and 20 µM ivermectin for 24 h, respectively. The light- and heavy-isotope-labeled 
proteins were equally mixed (1:1) for digestion with trypsin. The tryptic peptide 
mixture was fractionated with liquid chromatography and analyzed with tandem 
mass spectrometry. In total, 4,447 proteins were identified in ivermectin-treated 
TOV-21G cells in relation to controls. Those proteins were enriched in 89 statisti-
cally significant signaling pathways and 62 statistically significant biological pro-
cesses. These findings clearly demonstrated that SILAC quantitative proteomics 
was a useful and reliable method to study ivermectin-related proteomic changes in 
cancer cells, which in combination with molecular pathway networks and biologi-
cal processes enrichments provided more comprehensive insights into molecular 
mechanisms of ivermectin in inhibiting TOV-21G cells.

Keywords: stable isotope labeling with amino acids in cell culture (SILAC),  
ovarian cancer, ivermectin, quantitative proteomics, bioinformatics analysis, molecular 
pathway, network, biological processes, biomarkers
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1. Introduction

Stable isotope labeling with amino acids in cell culture (SILAC) is a polypeptide-
labeling technology developed by the Thermo Fisher company of the United States 
in 2002 [1]. Heavy isotopes (13C or 15N) and light isotopes (12C or 14N) are used to 
label two essential amino acids (L-lysine and L-arginine) that are contained in a 
cell-cultured medium, respectively. After the cells were cultured with essential amino 
acids for 6–10 generations, all proteins were labeled with heavy isotopes or light 
isotopes. The cellular proteins stimulated by different treatment factors are analyzed 
by mass spectrometry (MS) to obtain the qualitative and quantitative proteome data 
[2]. SILAC generally allows heavy and light isotopes-labeled sample cells at the early 
stage of the experimental workflow, so the variability caused by the sample handling 
process was minimized [3]. SILAC was widely used in quantitative proteomics to 
study pathogenesis, drug target, protein modification and dynamics, protein-mol-
ecule interaction, and screen special functional proteins [4]. SILAC showed out-
standing performance for quantification and dynamics of phosphosites in colorectal 
cancer with the treatment of the epidermal growth factor receptor (EGFR)-blocking 
antibody cetuximab, rendering it the effective method for cellular signaling study 
in cell culture models [5]. In terms of identification of protein-molecule interaction, 
SILAC combined with various affinity purifications of protein experimental setups 
could be used to distinguish specific complexes from nonspecific ones [6]. One study 
performed SILAC to overcome the most challenging problem in defining specific 
partners in protein complexes. The cells containing an affinity tagged protein were 
cultured in a light isotopic medium, while wild-type cells were grown in a heavy iso-
topic medium. The results of MS showed that specific partners appear as isotopically 
light [7]. SILAC also offers numerous opportunities to discover potential biomarkers 
and therapeutic targets for some drugs [8]. SILAC in combination with other devel-
oped approaches made SILAC more popular; for example, these SILAC labels in pulse 
or pulse-chase scenarios could be used to measure macromolecular dynamics on time 
scales of several hours [9]. An MS-based approach combining dynamic-SILAC label-
ing with isobaric mass tagging was well used to understand protein degradation and 
synthesis in cellular systems [10]. SILAC provided an effective scheme to comprehen-
sively and systematically qualify and quantify complex mammalian cell proteome, 
which would promote progress in the medical field.

Ivermectin, marketed in 1981, was commonly used as a broad-spectrum anti-
parasitic compound. It was approved to treat onchocerciasis (150–200 μg kg−1 body 
weight), scabies (200 μg kg−1 body weight), lymphatic filariasis (150–200 μg kg−1 
body weight), demodicosis (200 μg kg−1 body weight), strongyloidiasis (200 μg kg−1 
body weight), pediculosis (400 μg kg−1 body weight), and filariasis (due to 
Mansonella ozzardi, 6 mg as a single dose) [11].

Because ivermectin mainly targets chloride-dependent channels (γ-aminobutyric 
acid and glutamate), its safety could be fine in higher animals. In humans, especially 
the blood-brain barrier can reduce ivermectin delivery to the central nervous system 
[12]. The safety of ivermectin has been proved with clinical studies on children, 
infants, and pregnant women. A study including 170 infants and children with the 
treatment of oral ivermectin (mean dose = 223 μg kg−1) showed good tolerance, and 
only seven subjects occurred mild adverse events [13]. A study including 893 preg-
nant women with the oral treatment of ivermectin also showed good tolerance, and 
no patients were reported to generate serious events (stillbirths, neonatal death, low 
birth weight, spontaneous abortions, preterm births, and congenital anomalies) [14]. 
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Those studies proved that ivermectin was safe enough to be used in human diseases, 
but there was still insufficient evidence to prove no adverse side effects. The highest 
ivermectin dose was 200 μg/kg, which was approved by FDA. However, some patients 
without serious events have used 10 times more than the FDA-approved dose [15]. 
All those made ivermectin more likely to achieve success in clinical application. In 
recent days, studies found that ivermectin was effective in a completely new range of 
diseases, such as neurological disorders, antiviral (e.g., dengue, HIV, and encepha-
litis), antibacterial (e.g., Buruli ulcer and tuberculosis), anticancer (melanoma, 
lymphoid leukemia, lung cancer, glioblastoma, and breast cancer) [11]. The functions 
and mechanisms of ivermectin on anticancer generated interest and excitement in 
the scientific community. Ivermectin suppresses breast cancer by disrupting cellular 
signaling in the process and activating cytostatic autophagy through mediating PAK1 
expression [16]. Ivermectin showed a synergistic effect with the chemotherapy agents 
by increasing cell death in leukemia cells. Some researchers, who aimed at overcom-
ing cancer, claimed that ivermectin could be rapidly advanced into clinical trials [17]. 
Further study on molecular network, signaling pathway, and key biological processes 
of ivermectin would provide more useful information about this multifaceted “won-
der” drug.

This chapter describes that SILAC identifies differentially expressed proteins 
(DEGs) in ivermectin-treated ovarian cancer cells in the following aspects:  
(i) ovarian cancer cell culture—TOV21G and labeled with heavy and light SILAC 
reagents; (ii) ivermectin treatment of SILAC-labeled TOV21G cells and protein 
preparation; (iii) the quality of SILAC-labeled protein samples with 1D SDS-PAGE; 
(iv) trypsin-digestion of SILAC-labeled proteins; (v) each fraction was subjected 
to LC-MS/MS analysis; and (vi) bioinformatics analysis (signaling pathway and 
biological process). SILAC can be a useful and effective method to detect protein 
alterations and dynamic changes in living cells, and the results would provide scien-
tific data to further clarify molecular mechanisms of ivermectin in ovarian cancer.

2. Methods

2.1 Ovarian cancer cell culture

The human ovarian cell line (TOV-21G) was cultured in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS) and 5% CO2 at 37°C. (i) Ovarian 
cell line used here was TOV-21G, which was obtained from Keibai Academy of Science 
(Nanjing, China) [18]. (ii) RPMI 1640 was used without glutamine, lysine, and 
arginine. (iii) FBS was brought from Gibco® Certified Thermo Fisher Scientific. 
(iv) The growing states of TOV-21G were observed, and the medium was changed in 
every 2 days.

2.2 SILAC medium preparation and labeling

SILAC “light” or “heavy” labeling growing medium (Thermo Fisher Scientific, 
US) was used to culture TOV-21G cells for 10 passages, to ensure a high level of 
stable isotope replacing original amino acids [8]. (i) “Light” labeled amino acids: 
50 mg L-arginine HCl (Arg0), 50 mg L-lysine HCl (Lys0). “Heavy” labeled amino 
acids: 50 mg L-arginine-13C6,15N4 HCl (Arg10), 50 mg L-lysine-13C6,15N2 HCl 
(Lys8). (ii) A total of 1 L RPMI 1640 without glutamine, lysine, and arginine. (iii) 
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For SILAC experiments, 50 mg Arg0 and 50 mg Lys0 (“light” labeling reagent) 
were added into 500 mL RPMI 1640 medium to form SILAC “light” labeling grow-
ing medium. A total of 50 mg Arg10 and 50 mg Lys8 (“heavy” labeling reagent) 
were added to 500 mL RPMI 1640 medium to form SILAC “heavy” labeling grow-
ing medium. (iv) The growing states of TOV-21G were observed, and the medium 
was changed in every 2 days. TOV-21G cells were cultured and passaged for 10 
generations in 10-cm culture flasks.

2.3 Ivermectin treatment of SILAC-labeled TOV21G cells

When SILAC-labeled TOV21G cells achieved 80% cell density in 10-cm culture 
flasks, 20 μM ivermectin was added to TOV-21G cells in SILAC “heavy” labeling 
growing medium, and 0.1% DMSO was added to TOV-21G cells in SILAC “light” 
labeling growing medium for 24 h [19]. (i) Ivermectin (C48H74O14, purity ≥ 95%): 
The drug was brought from Solarbio (http://www.solarbio.com/goods-3911.html). 
(ii) TOV-21G cells were counted, and 8000 cells/well were seeded in 96-well plates. 
Ivermectin was added into each well in different drug concentrations (0 μM, 10 μM, 
20 μM, 30 μM, 40 μM, and 50 μM) for 24 h. CCK8 (10 μL) was added into each well 
for 1 h to measure absorbance values (OD) at a wavelength of 450 nm. Lethal con-
centration 50 (IC50) was calculated according to OD values of each well in different 
ivermectin concentrations. (iii) Ivermectin treatment group: 20 μM ivermectin was 
added to TOV-21G cells in SILAC “heavy” labeling growing medium for 24 h. Control 
group: 0.1% DMSO was added to TOV-21G cells in SILAC “light” labeling growing 
medium for 24 h.

2.4 Cell lysis and protein preparation

Ivermectin treatment and 0.1% DMSO treatment TOV-21G cells were collected and 
lysed by protein isolation buffer, respectively. (i) TOV-21G cells collection: A total of 
500 μL trypsin was added to each 10-cm culture flasks for several minutes and col-
lected with centrifugation (800 × g, 5 min). TOV-21G cells were washed with ice-cold 
phosphate buffer solution (PBS) for three times. (ii) Protein isolation buffer: 2 mM 
thiourea, 4% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio] -1-propane), 
7 M urea, 100 mM dithiothreitol (DTT), and 2% ampholyte. (iii) TOV-21G cells lysis: 
A total of 200 μL protein isolation buffer was added to each 10-cm culture flasks for 
30 min (ice-cold) and then oscillated with five vortex cycles. (iv) SILAC-labeled pro-
tein collection: Protein isolation buffer was centrifuged (13,000 × g, 20 min, 4°C), and 
the SILAC-labeled protein samples were collected from the supernatants in new tubes. 
(v) Protein concentrations measurement: Protein concentrations of the SILAC-labeled 
protein samples were measured with the 2-D quant protein assay kit (Bio-Rad, US).

2.5 The preliminary experiment of SILAC-labeled protein samples

The “heavy”- and “light”-SILAC-labeled proteins were mixed and loaded onto 1X 
SDS-PAGE to check the quality. SDS-PAGE-separated proteins were further analyzed 
with MS/MS as a preliminary experiment to check the labeling efficiency. (i) The loading 
sample preparation: According to the 1:1 ratio, the “heavy”- and “light”-SILAC-labeled 
proteins were mixed in a 5X loading buffer. (ii) Electrophoresis: The mixed SILAC-
labeled proteins were loaded onto SDS-PAGE gel (gel concentration: 12.5%) with the 
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amount of 20 μg/lane by constant current (14 mA, 90 min). (iii) Coomassie brilliant 
blue staining: Prepare Coomassie brilliant blue stain and destain solutions. Filter the stain 
solution through Whatman 1 filter paper. (iv) MS/MS: Proteins were separated from 
SDS-PAGE bands, and then were reduced, alkylated, and trypsin-digested. The tryptic 
peptides were analyzed with MS/MS.

2.6 Trypsin-digestion of SILAC-labeled proteins

The main reagents and methods included: (i) Reducing agent: 100 mM DTT 
was added to SILAC-labeled protein sample. (ii) Uranyl acetate (UA) buffer: The 
UA buffer contained 8 M urea and 0.1 M Tris/HCL. The SILAC-labeled protein 
sample with DTT was filtered by a 10-kD ultrafiltration centrifuge tube for two 
times. (iii) Isolation mixture reacted: A total of 100 μL of 0.05 M iodoacetamide 
was added to the isolation mixture following centrifugalization (14,000 × g, 
15 min). A total of 25 mM ammonium bicarbonate (NH4HCO3) was added to the 
mixture following centrifugalization (14,000 × g, 15 min). (iv) Trypsin buffer: 
2 μg trypsin in 40 μL 100-mM NH4HCO3. (v) Tryptic peptide content: A volume 
of trypsin buffer (40 μL) was added to the mixture from last step and shaken by 
600 rpm for 1 min. Enzymatic hydrolysis of the mixture was done for 16–18 h at 
37°C. A volume (40 μL) of 25 mM NH4HCO3 was added to the mixture and that 
mixture was centrifuged (14,000 × g, 15 min); the filtrate was collected.

2.7 LC-MS/MS analysis

The instrument and materials are as follows: (i) MS instrument, for example, Q 
Exactive mass spectrometer (Thermo Fisher Scientific); (ii) Easy nLC system, for 
example, Proxeon Biosystems (Thermo Fisher Scientific); (iii) Thermo scientific EASY 
column: Acclaim PepMap, 100 μm × 2 cm, nanoViper, 5 μm-C18; (iv) analytical column: 
Thermo scientific EASY column (75 μm * 100 mm 3 μm-C18); (v) solvent A: 0.1% formic 
acid in H2O; and (vi) solvent B: 0.1% formic acid, 84% acetonitrile in H2O.

2.8 Search protein database with MaxQuant software

The main parameters are following [20]: Main search ppm: 6; missed cleavage: 
2; MS/MS tolerance ppm: 20; de-isotopic: TRUE; enzyme: trypsin/P; database: 
uniprot_Homo_sapiens_169753_20190313; fixed modification: carbamidomethyl 
(C); lables: Lys(8), Arg(10); variable modification: oxidation (M), acetyl (pro-
tein N-term) decoy database; pattern: reverse; peptide FDR: 0.01; and protein 
FDR: 0.01.

2.9 Bioinformatics analysis

Several bioinformatics analyses were used, which are as follows: (i) The enrich-
ment of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was performed 
with R package clusterProfiler-KEGG (https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html). (ii) The enrichment of biological processes (BPs) 
was analyzed with Cytoscape ClueGO. (iii) The level of statistical significance was set 
as p < 0.05 and adjusted p value < 0.05. For KEGG and BPs enrichment analyses, a 
Benjamini-Hochberg multiple text was used to adjust p value.
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3. Results and discussion

3.1 Proteomic profile based on SILAC in ivermectin-treated TOV-21G cells

The flow chart of SILAC quantitative proteomics was shown to summarize the overall 
analysis process for the identification of ivermectin-related proteins (Figure 1).

In total, 4447 proteins were identified with SILAC quantitative proteomics in 
human ovarian cancer cells treated with ivermectin. The ratio of “heavy”/“light” 

Figure 1. 
The flow chart of SILAC quantitative proteomics analysis of ovarian cancer cells treated with and without 
ivermectin.
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labeling samples was obtained, including 97.91% proteins with ratio < 1, and 2.09% 
proteins with ratio > 1. The MS/MS spectra of tryptic peptides EYQDLLNVK 
(Figure 2A) and VVQGSLDSLPQAVR (Figure 2B) are taken as examples. For 
peptide EYQDLLNVK (gene name = NEFM), the excellent b-ion and y-ion 
series were obtained with high signal-to-noise (S/N) (Figure 2A). For peptide 
VVQGSLDSLPQAVR (gene name = PKC1), the excellent b-ion and y-ion series were 
also obtained with high signal-to-noise (S/N) (Figure 2B).

The fold-changes of some identified proteins were very striking; for example, 
those upregulated proteins (ratio > 2), including histone H2A, progranulin, cathep-
sin Z, SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 
subfamily A-like protein 1, beta-mannosidase, GRAM domain-containing 1C, BMP-
2-inducible protein kinase, ribosomal protein L3, ubiquitin-conjugating enzyme E2, 
PIK3R1, LIM domain-containing protein 1, retinal guanylyl cyclase 1, telomerase-
binding protein EST1A, and COX7A2L protein. Some of them have been reported in 
ovarian cancers. For example, recent studies demonstrated that PI3K/AKT/mTOR 
and ERK1/2 signaling pathways were involved in this chemoresistance. Progranulin 
was upregulated in epithelial ovarian cancer cell lines and associated with cisplatin 
resistance through regulating AKT/mTOR and ERK1/2 signaling pathways [21]. 
Progranulin is also involved in the process of cartilage development, progression, 
wound healing, and inflammation in ovarian cancer [22]. Additionally, one study 
showed that progranulin could directly activate cancer-associated fibroblasts to 

Figure 2. 
The MS/MS spectra of tryptic peptides with SILAC labeling. (A) MS/MS spectrum of tryptic peptide 
EYQDLLNVK (gene name = NEFM). (B) MS/MS spectrum of tryptic peptide VVQGSLDSLPQAVR  
(gene name = PKC1).
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induce the epithelial-mesenchymal transition process of epithelial ovarian cancer 
cells [23]. Copy number loss of PIK3R1 most commonly occurs in ovarian cancer, 
which would activate AKT and p110-independent JAK2/STAT3 signaling and renders 
ovarian cancer cells vulnerable to AKT inhibitors [24]. CD97 can activate NF-κB-
dependent JAK2/STAT3 pathway, consequently playing an important role in migra-
tory, invasive capacity, and drug-resistant in ovarian cancer cells [25].

Some downregulated proteins (ratio < 0.1) were also very striking; for example, 
anion exchange protein, Rho guanine nucleotide exchange factor 16, dynein assembly 
factor 1, glucoside xylosyltransferase 1, glutamine synthetase, insulin-like growth 
factor-binding protein 2, microtubule-associated protein RP/EB family member 3, 
myelin proteolipid protein, neurochondrin, neurofilament medium polypeptide, 
phosphoenolpyruvate carboxykinase, ANKUB1, and TASOR 2. Some of them play an 
important role in the pathogenesis of ovarian cancer. For example, the most promi-
nent effects of insulin-like growth factor-binding protein 2 in ovarian cancer include 
promoting driving invasion, proliferation, and suppressing apoptosis. The area under 
the ROC curve of insulin-like growth factor-binding protein 2 in detecting ovarian 
cancer was 0.815 (95% CI: 0.721–0.910, P < 0.001), further studies are needed to 
confirm its diagnostic performance at an early stage of ovarian cancer [26].

The glutamine metabolism could be a novel therapeutic target against cisplatin 
resistance in various cancers. Glutamine synthetase can take part in the reprogram-
ming of glutamine metabolism to induce cisplatin resistance in A2780 ovarian cancer 
cells [27]. Anion exchanger 2 is a sodium-independent chloride/bicarbonate trans-
porter, which is implicated in the regulation of membrane potential and intracellular 
potential of hydrogen (pH value). Anion exchanger 2 was highly expressed in ovarian 
cancer tissues compared to adjacent non-tumor lesions with quantitative proteomics 
analysis [28]. Those identified proteins in ovarian cancer cells treated with and with-
out ivermectin with SILAC quantitative proteomics discovered reliable and effective 
biomarkers and drug targets for the anticancer process of ivermectin [8].

3.2 Ivermectin-mediated molecular pathway in human ovarian cancer cells

In total, 89 statistically significant molecular pathways were enriched based on 
those 4447 ivermectin-related proteins with KEGG pathway analysis (Table 1).

These molecular pathways demonstrated that ivermectin was involved in multiple 
cancer-related molecular pathways, such as mismatch repair process, ErbB signal-
ing pathway, HIF-1 signaling pathway, cell-cycle regulation, ubiquitin-mediated 
proteolysis, AMPK signaling pathway, apoptosis, ferroptosis, proteoglycans, and 
central carbon metabolism in cancer. These molecular pathways also indicated that 
ivermectin was involved in multiple cancer pathogenesis, such as energy metabolism 
pathways, immunity-related pathways, stromal element-related pathways, RNA 
regulation pathways, hormone signaling pathways, and biosynthesis of substances. 
Different pathways enriched different proteins, whereas some pathways shared the 
same proteins. These data showed that ivermectin has a complex influence on vari-
ous signaling pathways. The results were consistent with many studies previously. 
Ivermectin induced PAK1-mediated cytostatic autophagy both in vitro and in vivo, 
which might be one of the PAK1 inhibitors and inhibits the growth of ovarian cancer, 
glioblastoma, breast cancer, and NF2 tumors [29]. Another investigation found that 
ivermectin induced apoptosis in HeLa cells by upregulating Bax and p53 expressions, 
enhancing cytochrome c release, decreasing the levels of CDK2, CDK6, cyclin E, and 
cyclin D1 [30]. The primary immunogenic features—immunogenic cell death (ICD) 



109

The Use of Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) to Study…
DOI: http://dx.doi.org/10.5772/intechopen.102092

Pathway ID Pathway name p value

hsa00010 Glycolysis/gluconeogenesis 2.03E−03

hsa00020 Citrate cycle (TCA cycle) 7.38E−11

hsa00030 Pentose phosphate pathway 3.51E−04

hsa00052 Galactose metabolism 6.04E−03

hsa00062 Fatty acid elongation 1.09E−02

hsa00071 Fatty acid degradation 1.39E−05

hsa00190 Oxidative phosphorylation 3.47E−12

hsa00230 Purine metabolism 1.08E−02

hsa00240 Pyrimidine metabolism 2.55E−03

hsa00270 Cysteine and methionine metabolism 8.93E−07

hsa00280 Valine, leucine and isoleucine degradation 2.06E−08

hsa00480 Glutathione metabolism 1.05E−03

hsa00510 N-Glycan biosynthesis 4.31E−03

hsa00513 Various types of N-glycan biosynthesis 5.15E−03

hsa00520 Amino sugar and nucleotide sugar metabolism 1.04E−07

hsa00620 Pyruvate metabolism 1.11E−07

hsa00630 Glyoxylate and dicarboxylate metabolism 4.09E−03

hsa00640 Propanoate metabolism 1.16E−05

hsa00920 Sulfur metabolism 4.45E−03

hsa01040 Biosynthesis of unsaturated fatty acids 1.09E−02

hsa01200 Carbon metabolism 3.96E−16

hsa01212 Fatty acid metabolism 1.74E−08

hsa01230 Biosynthesis of amino acids 3.09E−08

hsa03008 Ribosome biogenesis in eukaryotes 3.34E−04

hsa03010 Ribosome 7.07E−22

hsa03013 RNA transport 8.04E−20

hsa03015 mRNA surveillance pathway 4.28E−08

hsa03018 RNA degradation 2.24E−07

hsa03030 DNA replication 8.18E−09

hsa03040 Spliceosome 5.79E−24

hsa03050 Proteasome 1.50E−14

hsa03410 Base excision repair 1.22E−02

hsa03420 Nucleotide excision repair 4.72E−06

hsa03430 Mismatch repair 4.33E−04

hsa04012 ErbB signaling pathway 6.27E−03

hsa04066 HIF-1 signaling pathway 1.31E−05

hsa04071 Sphingolipid signaling pathway 9.01E−03

hsa04110 Cell cycle 4.03E−03

hsa04120 Ubiquitin mediated proteolysis 1.82E−06
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Pathway ID Pathway name p value

hsa04130 SNARE interactions in vesicular transport 1.18E−04

hsa04137 Mitophagy—animal 9.07E−03

hsa04141 Protein processing in the endoplasmic reticulum 1.07E−13

hsa04142 Lysosome 3.81E−06

hsa04144 Endocytosis 9.24E−15

hsa04145 Phagosome 8.66E−07

hsa04152 AMPK signaling pathway 3.49E−03

hsa04210 Apoptosis 1.07E−03

hsa04213 Longevity regulating pathway—multiple species 4.46E−03

hsa04216 Ferroptosis 4.75E−04

hsa04510 Focal adhesion 2.57E−05

hsa04520 Adherens junction 2.04E−05

hsa04530 Tight junction 6.21E−05

hsa04540 Gap junction 3.14E−03

hsa04611 Platelet activation 4.03E−03

hsa04666 Fc gamma R-mediated phagocytosis 2.41E−03

hsa04714 Thermogenesis 1.08E−09

hsa04720 Long-term potentiation 7.22E−03

hsa04721 Synaptic vesicle cycle 2.29E−04

hsa04810 Regulation of actin cytoskeleton 4.94E−06

hsa04910 Insulin signaling pathway 2.90E−04

hsa04919 Thyroid hormone signaling pathway 5.20E−03

hsa04922 Glucagon signaling pathway 3.38E−04

hsa04931 Insulin resistance 1.26E−02

hsa04932 Nonalcoholic fatty liver disease (NAFLD) 1.44E−07

hsa04961 Endocrine and other factor-regulated calcium 
reabsorption

1.83E−03

hsa04962 Vasopressin-regulated water reabsorption 9.81E−03

hsa05010 Alzheimer disease 3.09E−07

hsa05012 Parkinson disease 5.32E−23

hsa05014 Amyotrophic lateral sclerosis (ALS) 2.55E−03

hsa05016 Huntington disease 7.93E−13

hsa05100 Bacterial invasion of epithelial cells 5.95E−10

hsa05110 Vibrio cholerae infection 6.22E−06

hsa05120 Epithelial cell signaling in Helicobacter pylori infection 1.07E−04

hsa05130 Pathogenic Escherichia coli infection 6.13E−09

hsa05131 Shigellosis 2.10E−07

hsa05132 Salmonella infection 7.10E−14

hsa05134 Legionellosis 1.05E−03
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included the release of high-mobility-group protein B1, secreted ATP, and surface-
exposed calreticulin. Recent data supported that ivermectin could kill human triple-
negative breast cancer cells through mechanisms of ICD, which induced pannexin-1 
channel opening and cell death [31]. Ivermectin was also reported as an RNA helicase 
inhibitor, which reduced precursor and mature microRNAs potentially inhibiting cell 
invasion and proliferation [32]. Additionally, ivermectin effectively targets angiogen-
esis through decreasing membrane potential, mitochondrial respiration, ATP levels, 
and increasing mitochondrial superoxide, and the effects proliferation, capillary 
network formation, and survival in human brain microvascular endothelial cell [33]. 
According to the cross-talking between different signaling pathways, more favorable 
evidence indicated that ivermectin in combination with other drugs exhibited more 
powerful anticancer effects, including daunorubicin, anti-BRAF V600 inhibitors, 
cytarabine, paclitaxel, and tamoxifen [34]. Obviously, the detailed mechanisms of 
ivermectin remain unclear. However, the application of new drugs brought ones to 
better health.

3.3 Ivermectin-mediated biological processes in human ovarian cancer cells

A total of 61 statistically significant biological processes were enriched based on 
those 4447 ivermectin-related proteins with GO analysis (Figure 3). These biological 
processes indicated that ivermectin was involved in multiple cancer-related biological 
processes, such as negative/positive regulation of canonical Wnt signaling pathway, 
cysteine-type endopeptidase activity involved in the apoptotic process, innate 
immune response-activating signal transduction, protein targeting to membrane, 
T-cell receptor signaling pathway, regulation of protein ubiquitination, activation of 
protein kinase activity, regulation of transcription by RNA polymerase II, and DNA-
binding transcription factor activity. These results were consistent with many studies 
previously. For example, CTNNB1 (catenin beta 1, IMPβ1) in the biological process 
of protein polyubiquitination, was responsible for the nuclear entry of cargoes. 

Pathway ID Pathway name p value

hsa05135 Yersinia infection 4.64E−06

hsa05163 Human cytomegalovirus infection 5.57E−05

hsa05165 Human papillomavirus infection 4.68E−03

hsa05169 Epstein-Barr virus infection 2.03E−05

hsa05170 Human immunodeficiency virus 1 infection 4.59E−08

hsa05203 Viral carcinogenesis 6.98E−05

hsa05205 Proteoglycans in cancer 2.44E−05

hsa05211 Renal cell carcinoma 2.65E−03

hsa05212 Pancreatic cancer 6.79E−03

hsa05220 Chronic myeloid leukemia 1.31E−02

hsa05230 Central carbon metabolism in cancer 1.18E−03

hsa03060 Protein export 8.73E−05

Table 1. 
Statistically significant pathways identified with ivermectin-related proteins with KEGG pathway enrichment 
analysis.
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Ivermectin can impact thermal stability and α-helicity of IMPα and IMPβ1 by binding 
to the IMPα armadillo repeat domain [35]. CASP3 in the biological process of protein 
kinase regulator activity is a member of the cysteine-aspartic acid protease (caspase) 
family. SK-MEL-28 cells were treated with different concentrations of ivermectin 
(2.5 μM, 5 μM, and 10 μM). Ivermectin enhanced the apoptosis effect by the upregu-
lation of caspase-3 activity [36]. Also, PAK1 in the biological process of protein 
kinase regulator activity binds to and inhibits the activity of cyclin-cyclin-dependent 
kinase 2 or -cyclin-dependent kinase 4 complexes, and thus functions as a regulator 
of cell-cycle progression at G1. Ivermectin inhibited cancer stem cells formation by 
regulating the binding of PAK1/Stat3 complex and the IL-6 promoter [37]. YAP1 in 
the biological process of positive regulation of canonical Wnt signaling pathway was 
involved in the development, growth, repair, and homeostasis of multiple cancers. 
Ivermectin inhibited YAP1 nuclear expression and nuclear accumulation in gastric 
cancer cells. Moreover, in xenografts of gastric cancer cells, ivermectin suppressed 
tumor growth by regulating YAP1 nuclear expression [38]. Those identified proteins 
in ovarian cancer cells treated with and without ivermectin based on the SILAC 
method play important roles in multiple cellular signaling pathways and have broad 

Figure 3. 
Statistically significant biological processes (BPs) identified with ivermectin-related proteins with GO enrichment 
analysis.
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biological activities. Those findings provide basic data for further study of ivermectin 
in ovarian cancer.

4. Conclusions

Stable isotope labeling with amino acids in cell culture (SILAC) was an effective 
quantitative proteomics method to identify differentially expressed proteins or 
differentially modified proteins in cultured cells between two different conditions. 
In this study, ovarian cancer cells TOV-21 under two different conditions were 
cultured with the “heavy” labeling medium that contained 50 mg L-lysine-2HCl 
[13C6, 15N2] and 50 mg L-arginine-HCl [13C6, 15N4] in 500 mL RPMI 1640 medium, 
and the “light” labeling medium that contained 50 mg L-lysine-2HCl [12C6, 14N2] 
and 50 mg L-arginine-HCl [12C6, 14N4] in 500 mL RPMI 1640 medium for 10 
passages, respectively. Then TOV-21G cells with SILAC “heavy” or “light” labeling 
were treated with or without 20 μM ivermectin for 24 h. The heavy- and light-
stable isotope-labeled proteins were equally mixed (1:1), digested with trypsin, and 
analyzed with LC-MS/MS. A total of 4447 proteins were identified in ivermectin-
treated TOV-21G cells relative to controls, and these proteins were significantly 
enriched in 89 molecular pathways, and 62 biological processes. These findings 
offer important data to study ivermectin-mediated molecular pathway network 
changes and discover effective ivermectin-related biomarkers and therapeutic 
targets for ivermectin treatment of ovarian cancer.
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Abstract

The significant challenges faced by modern-day medicine include designing a 
target-specific drug delivery system with a controlled release mechanism, having the 
potential to avoid opsonization and reduce bio-toxicity. Nanoparticles are materials 
with nanoscale dimensions and maybe natural and synthetic in origin. Engineered 
nano-sized materials are playing an indispensable role in the field of nanomedicine 
and nanobiotechnology. Besides, engineered nano-sized particles impart therapeutic 
applications with enhanced specificity because of their unique bespoke properties. 
Moreover, such application-customized nanoparticles offer an enormous possibil-
ity for their compatibility with different biological molecules like proteins, genetic 
materials, cell membranes, and organelles at the nano-bio frame. Besides, surface 
functionalization with targeting moieties such as small molecule ligands, monoclonal 
antibodies, aptamers, cell-penetrating peptides, and proteins facilitate nanoparticle-
based specific tissue targeting. This review summarizes some of the advances 
in nanoparticle-based therapeutics and theranostics. A better understanding of 
idealistic preparation methods, physicochemical attributes, surface functionaliza-
tion, biocompatibility can empower the potential translation of nanomaterials from 
the ‘bench-to-bedside’. In modern-day medicine, engineered nanoparticles have a 
wide range of demands ranging from bio-imaging, theranostics, tissue engineering, 
sensors, drug and nucleic acid delivery, and other pharmaceuticals applications. 
2D and 3D mammalian cell-based assays are widely used to model diseases, screen-
ing of drugs, drug discovery, and toxicity analyses. Recent advances in cell culture 
technology and associated progress in nanotechnology have enabled researchers to 
study a wide variety of physiologically relevant questions. This chapter explores the 
properties of nanoparticles, different targeted delivery methods, biological analysis, 
and theranostics. Moreover, this chapter also emphasizes biosafety and bioethics 
associated with mammalian cell culture and discusses the significance of intellectual 
property rights from an industrial and academic perspective.
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1. Introduction

Nanomaterials (NMs) are engineered chemical substances or materials with 
a particle size of 1–100 nm in diameter. Today NMs are extensively explored and 
engaged for commercial purposes in different fields, and many sophisticated NMs 
have shown great promise in biotechnology and biomedicine [1]. NMs display 
inimitable physicochemical attributes due to their size range in nanometers, high 
surface area, tunable surface charge, unique composition, various morphologies, and 
surface composition. Due to their remarkable physicochemical attributes, NMs are 
significantly different from their bulk materials of a similar symphony, allowing them 
to perform remarkably well with improved functionality, sensitivity, competence, 
and selectivity towards developing biomedicines. Various NMs are evaluated to get 
desired biomedical efficacy for nanomedicine-related applications, including differ-
ent metal nanoparticles, liposomes, quantum dots, polymeric micelles, dendrimers, 
and carbon-based nanoparticles. Two critical mechanisms for delivering drug-loaded 
NMs to the diseased sites are passive targeting and active targeting. A passive target-
ing mechanism happens via enhanced permeability and retention (EPR) [2]. Inactive 
targeting mechanism relies on surface functionalized NMs with various biomarkers 
that bind with receptors over-expressed at the pathological tissue [3].

The importance of cell culture advances in the medical sector has long been 
recognized. Mammalian cell culture (MCC) entails first isolating cells from a 
specific organ tissue and then creating a culture in a suitable artificial setting. 
Disaggregation using different methods may be used to obtain preliminary sepa-
ration of cells from the identified organ tissues. The isolated primary cells are 
typically obtained from an in vivo setting, although some cells come as established 
cell lines. MCCs are widely used in the biomedical field to investigate numerous 
applications [4]. Since cell culture-based studies provide highly stable and repeat-
able results, researchers consider this technique as an essential model system in 
cellular and molecular biology. MCC needs an ideal environment for development, 
which can be divided into nutritional and physicochemical requirements.

Nutritional necessities comprise an adherent substrate or growing medium that 
offers conditions like essential amino acids, sugars, vitamins, minerals, growth 
factors, hormones, and gases (O2, CO2). All these features regulate physicochemical 
factors such as pH, osmotic pressure, and temperature. Many cell lines need solid or 
semi-solid support in the form of a substrate, while others can be grown in a suspen-
sion culture medium. These technologies have evolved as a means of assessing the 
efficacy and side effects of novel active pharmaceutical ingredients (APIs), immu-
notherapeutic, and biopharmaceuticals [5]. Animal, plant, and bacterial cells are 
regularly cultured in fixed culture medium under precise laboratory circumstances; 
among this, animal-based cell cultures are more complex than others due to their 
genetic complexity. Directed differentiation of adult stem cells and pluripotent stem 
cell culture is another challenging aspect. Recent advances in stem cell culture tech-
nology have provided significant input for the successful culture of tissue-mimicking 
3D organoids [4, 6].

In recent years, nanotechnology (NT) and associated disciplines have gained rapid 
escalation in biomedical implementations such as diagnosis, testing, tracking, drug 
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delivery, nanomedicine, medical implants, and electronics due to their camaraderie 
with biological entities. Biomedicine embraces the design and synthesis of NMs, 
along with other nanoparticles (NPs) and nano-devices [7]. Once properly formu-
lated, NMs show their natural aptitude to traverse with the blood flow via various 
routes based on their attributes and eventually get access to all the organs. Due to 
their intrinsic biocompatible interactions, the NPs exhibit unique physicochemi-
cal attributes associated with lesser immunogenicity and non-toxicity. There are 
numerous advantages of using NMs for various biological applications: i) it increases 
the concentration of drug in the pathological tissues and control the slow release of 
the drug; ii) it solves issues connected to the low solubility and bioavailability of the 
drug; and iii) enhanced biodegradability and biocompatibility iv) drugs/genes/imag-
ing agents can be easily loaded due to their tunable surface functionalities [1, 7, 8]. 
Imaging agents could endow in vivo drug tracking ability to determine drug delivery 
efficacy during treatment. In recent years, various nanoparticles such as liposomes, 
polymers, metal nanoparticles, inorganic nanoparticles have been developed for 
selectively targeting tumor cells and other pathological tissues without causing any 
destruction to healthy cells or organs. In this chapter, the application of nanotechnol-
ogy and Intellectual property rights (IPR) prospects of mammalian cell culture will 
be discussed in the subsequent sections.

2. Compatibility of nanomaterials towards biological interactions

NMs attract considerable interest due to their unique, tunable, versatile physi-
cochemical properties, easy preparation methods, biocompatibility, and surface 
functionalization [1]. Nonetheless, the compatibility of the nanoparticles with 
biological entities constitutes the most fundamental phenomenon and highlights 
the importance of basic research [9]. Most bio-applications, including drug delivery, 
bioimaging, and treatment, start from the attachment of nanoparticles onto the target 
cells. The biocompatibility of nanoparticles depends on the physical and chemical 
attributes like diameter, shape, composition, concentration, functionalized moieties, 
and surface potential (Figure 1) [10]. Among the various NMs, Quantum dots have 
risen as an innovative bio-imaging tool due to their unique tunable physicochemi-
cal attributes. Existing research has guided the development of versatile quantum 
dots that are highly fluorescent and stable under diverse biological circumstances. 
Moreover, quantum dots with enclosed amphipathic polymers have been developed 
and surface-functionalized with receptor targeting ligands for bio-imaging and drug-
delivery in animal models. Fascinatingly, these materials were found to be compatible 
with the cells. However, their complete chronic in vivo genotoxicity, blood, and organ 
compatibility need to be assessed [1, 7, 11].

Polymeric nanoparticles have drawn considerable attention in drug and gene 
delivery, tissue engineering, and many biomedical applications due to their non-toxic 
nature and high compatibility to biological systems. They are colloidal in nature and 
composed of natural or synthetic, or semi-synthetic polymers. In this perspective, 
biodegradable nanoparticles of the highly compatible triblock copolymer are used for 
non-viral gene transfections [3].

Liposomes are another popular nanomaterial drug delivery system that is best 
documented and adapted owing to their bio-congenial physicochemical properties 
[12]. Liposomes consist of unilamellar/ multilamellar lipid bilayers having an aque-
ous core inside. The nanoscale carrier system offers substantial advantages such as 
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Figure 1. 
Precision of targeted drug delivery using nanocarriers and bio-compatibility. Nanoparticle based drug delivery 
platform depends on surface functionality, size and shape and surface charge and composition.
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biodegradability, biocompatibility, ease of synthesis, less toxicity, sustained drug 
release, and the ability to incorporate hydrophilic and hydrophobic drugs. Liposomal-
surface modification is a crucial strategy for targeted therapy and especially for 
cancer treatment [13]. Seventeen liposomal formulations are clinically approved for 
cancer, inflammation, infectious diseases, antibiotic drugs, and anesthetics, while 
several liposomal formulations are under various phases of clinical trials [12, 13].

Despite several encouraging biomedical implementations of nanoparticles, the 
biocompatible assessments including, complete acute and chronic toxicological 
evaluation of NMs, are inadequately comprehended. Additionally, the toxicity of the 
nanoparticle design aims to find out favorable physicochemical attributes of differ-
ent materials. Hence, the active bio-molecule with biological entities must be highly 
allied to the nanoparticles approaching direct contact with biological objects rather 
than its transient initial distribution. Much to our intrigue, various nanoparticles 
- liposomes, lipoplexes, polymeric nanoparticles, polyplexes, metal nanoparticles, 
metal oxides, dendrimers, and quantum dots are wisely engineered for their medical 
application like diagnosis, drug and gene delivery, tissue engineering, and biosensing 
[8, 13, 14]. Moreover, it is unavoidable to thoroughly assess and investigate compat-
ibility/unwanted toxicity with nanoparticles to bring clinical success. The subsequent 
section will relate to how the physicochemical properties of engineered nanoparticles 
can be persuaded towards accomplishing the desired biological aspiration lacking any 
toxicological impact.

2.1  Tunable physicochemical attributes of nanomaterials compatible with 
biomedical applications

Nanoparticles exhibit outstanding physicochemical attributes which can be 
manipulated to harness the best possible benefits out of them - their tunable diam-
eter, high surface area, various morphologies, different concentrations and composi-
tions, surface functionalization, etc. [15] (Figure 1). Interactions of NMs to the cell 
surface, their internalization, and subcellular localization, communication with 
the cells eventually contribute to therapeutic or adverse effects. Understanding the 
physicochemical attributes of NMs and their interactions with biological entities can 
help design superior NMs for further applications. We are jotting down the relevant 
physicochemical attributes of nanoparticles, which may modulate their function in 
therapeutic or toxicity aspects; thus, they need to be engineered wisely [16].

2.1.1 Nanomaterials size

For engineered nanoparticles, the primary crucial feature is their dimensions/size, 
which partially governs other physicochemical characteristics. The reduced diameter 
of the nanoparticles, provide possibilities for high cellular localization making them 
interact with cellular tissues, especially pathological tissue to a greater extent to attain 
specific biological outcome for the remedial purpose. Size-dependent bio-distribution 
studies were performed using three different sizes containing (20, 50, and 200 nm) 
drug conjugated silica nanoparticles. It revealed that nanoparticles having 50 nm 
diameter had the highest tumor localization, enhanced cancer tissue retention, and 
slower clearance [16]. Moreover, nano-sized particles preside over their pharmaco-
kinetics, are predictable to traverse biological barriers, which is not possible for bulk 
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particles. Besides, ~50 nm diameter particles showed higher efficacy because of active 
engagement to the biological tissues, modulating pathways, and cellular activities [17].

2.1.2 Nanomaterials surface charge

The surface charge is a unique character of NMs to manage its therapeutic and 
toxicological effects and plays a significant role in electrostatic interactions of NMs 
and living entities (Figure 1) [10]. Besides, the cellular localization pathways and tis-
sue interactions are regulated by the surface charge of the nanoparticles, thus playing 
a significant role in the compatibility and cellular toxicity. Several reports suggest that 
nanoparticles with a positive charge highly interact with the negatively charged cell 
membranes and provoke genotoxicity [18]. Positively charged cationic liposomal drug 
and gene delivery systems have been extensively studied for the last decade. It was 
recently shown that cationic lipoplexes are not showing any genotoxicological aberra-
tions in the Swiss albino mice. Typically, cell membranes are anionic in nature; thus, 
negatively charged NMs have very slow cellular internalization compared to neutral 
and positive nanoparticles [14]. Surface potentials of metal particles in regulating 
different tumorous and non-tumorous tissue types are also established. Several 
studies have suggested the role of the surface potential of different nanoparticles 
and their interactions with the biological entities and how surface charge modulates 
their biological functions, which shed light to design and engineer nanoparticles for a 
selective cellular target for various diseases with minimal toxicity [16, 18].

2.1.3 Surface functionalization

Nanoparticles play a vital role in promoting intracellular delivery of encapsulated 
therapeutic agents and increase their retention in pathological tissues compared to 
healthy tissues [1]. Surface functionalization with suitable receptor-targeted ligands 
using different methods results in the formation of targeted nanoparticles with 
improved therapeutic response and minimized off-target side effects by prolonging 
their circulation time in blood, increasing target specificity, cellular uptake, and 
drug accumulation in the tumors (escaping lysosomal degradation and enhancing 
stimuli-responsive drug release) (Figure 1) [17, 19]. Depending on their application, 
nanoparticles are functionalized with different targeting ligands either by directly 
conjugating ligands to PEGylated nanoparticles through post-insertion technique or 
by covalent grafting on the surface of the nanoparticles. In this context, surface func-
tionalization of nanoparticles with antibodies, peptides, folic acid, aptamers has been 
extensively studied. This prompts scientists to design and engineer nanoparticles for 
selective targeting and high retention in the tumor tissue rendering minimal toxicity 
to the vital organs [19, 20].

3. Mechanism of targeted drug delivery using nano-carrier

Nanoparticles play a vital role in promoting intracellular delivery of enclosed 
therapeutic agents and increase their retention in the different pathological tissues 
compared to other therapies [21]. Like normal tissues, tumors need nourishments by 
means of food and oxygen and a capacity to remove metabolic excretes and carbon 
dioxide. Diverse patterns of tumor-associated neovascularization, obtained by 
angiogenesis, cope with these demands. Primary conservative treatment modalities 
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involved in cancer treatment are surgery, radiotherapy, and chemotherapy, while 
additional therapies such as immune therapy, targeted therapy, and hormone therapy 
are chosen depending on the type of tumor [22]. On the other hand, the failure of 
chemotherapeutic drugs to specifically target cancer tissue hinders many treatment 
modalities. It is habitually faster and economically cheaper to design an existing 
drug to encapsulate in a delivery system a more effective way to superior targeting 
of tissues than to invent a completely new one. The drug delivery mechanism can be 
classified into passive and active, respectively.

3.1 Nanoparticle drug delivery by passive targeting

Passive targeted drug delivery mainly depends on the physicochemical attributes 
of the NMs, such as shape, diameter, surface potentials, and pathophysiological 
conditions of the disease microenvironment. Intravenously injected drug encapsu-
lated NMs tend to disperse throughout the body evenly [23]. However, unlike normal 
tissues, tumor cells tend to take up particles of a definite diameter to a greater extent 
than healthy cells due to the arrangement of capillary endothelial cells, accumulating 
extravasated molecules in the interstitial spaces poor lymphatic drainage increases the 
permeation and accumulation of drug-mediated NMs. This type of NMs accumula-
tion in the tumor region is known as the EPR effect [1, 2]. The EPR effect is influ-
enced by physicochemical attributes of NM including particle diameter, shape, and 
surface potentials greatly influence the circulation time, penetration speed, tumor 
localization, and intracellular internalization.

Particle diameter plays a critical role in achieving effective drug delivery as it 
enhances permeation and circulation time and reduces renal clearance. For example, 
phagocyte cells facilitate larger particle uptake, while non-phagocytic cells favor the 
uptake of smaller particles. PEGylated NPs reduced plasma protein adsorption on 
their surface and reduced hepatic filtration when their size is smaller than 100 nm 
[24]. Particle diameter with 20–200 nm effectively enhances the permeation in both 
hyper-permeable and poorly permeable tumors, and particles with less than 6 nm 
avoid renal clearance. The NPs surface potentials could play a vital role in circulation 
and cellular localization [24, 25]. NPs with positive surface potentials such as cationic 
liposomes induce non-specific interactions with blood components and aggrega-
tion of liposomes results in a reduction of EPR effect and increased renal clearance. 
However, positively charged NPs are more readily taken up by cancer cells. Whereas 
anionic and neutral surface potential-bearing NPs circulate longer in the blood 
circulation [1, 2, 24].

Besides, Polyethylene glycol (PEG) polymer is used as a stabilizer (stealth lipo-
somes) that increases the circulation time in blood up to 24–48 hours and improves 
in vivo stability [26]. PEG-coated liposomes induce the ‘steric stabilization effect’ 
by creating hydrophilicity on the surface of liposomes that shield surface charge 
and increases the repulsive forces between liposomes and blood components. Thus, 
it prevents aggregation of liposomes and opsonization by the reticuloendothelial 
system, macrophages, mononuclear phagocytic cells and prolongs their systemic 
circulation. On the other hand, PEG-coated liposomes induce PEG-specific IgM 
antibodies, enhancing hepatic uptake and rapid clearance of liposomes from 
systemic circulation on subsequent administration. PEG corona produces steric 
hindrance with tumor cells that prevent effective internalization, which could be 
minimized by using short PEG chains with molecular weight less than 1000 Da or by 
designing PEG with enzyme-cleavable bound or tumor-targeting ligands [20, 26]. 
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To investigate the influence of shape on the cellular localization of NPs, Li et al. 
conducted large-scale molecular simulations to evaluate different NP geometries 
with identical surface area, ligand-receptor interaction strength, and PEG grafting 
density. They observed that spheres exhibited the fastest internalization rate, fol-
lowed by cubes, while rods and disks were the slowest. Many liposomal formulations 
have received clinical approval, like Doxil, Abraxane, etc. However, nanoparticles 
grafted with PEG prolong the systemic circulation of the particles and induces 
the EPR effect in tumor cells, but lack of target specificity often results in reduced 
therapeutic efficacy [27]. Because of that, more than 95% of passively targeted 
formulations fail to go bench to bedside.

3.2 Nanoparticle-based drug delivery by active targeting

An ideal nanoparticle delivery system should be proficient at reaching, 
recognizing, and delivering its payload to determined morbid tissues and avoid drug-
induced toxicity to healthy tissues [7]. Therefore, functionalizing specific targeting 
moieties on the surface of nanoparticles is the most usual plan. Nanoparticles are 
functionalized on their outer surface by targeting moieties such as small molecule 
ligands, monoclonal antibodies, aptamers, cell-penetrating peptides, and proteins 
that are internalized into morbid cells by interacting with cell surface receptors like 
folate receptors, transferrin receptors, tyrosine kinases like EGFR, and so on [28] 
(Figure 1). Cell surface receptors that are significantly overexpressed in diseased 
cells, compared to normal healthy cells, provide a potential target for the design and 
development of actively targeted drug delivery and help to reduce off-target effects 
[7, 17]. These ligand moieties can interact with target-specific diseased cells and 
protect nanoparticles from enzymatic demolition.

Targeted drug delivery significantly minimizes the toxicity and induces patient 
compliance with less frequent dosing. Active targeting depends on ligands bound 
to the NP surface to improve their uptake selectivity and protect NPS from enzy-
matic destruction. The main principle of active targeting involves functionalizing 
an NP with a ligand that binds to a molecule overexpressed on cells. Ligands with a 
high binding affinity to a specific cell type exhibit higher delivery efficiency. One 
important thing to consider is that healthy cells still express the same molecule, and 
as healthy cells greatly outnumber, the chances of NPs missing their target will also 
increase. An intelligent selection and functionalization with multiple ligands can 
effectively mitigate the problem. Apart from this, active targeting mainly determined 
the kind of nanoparticle carrier, ligand targeting specific receptors, functional agents 
used for linking a ligand to the nanoparticles, hydrophilic polymers, and encapsulated 
active ingredients [28, 29].

Targeting tumor cell surface receptors is a common approach in active target-
ing. Nanoparticles were linked with targeted ligands for targeting specific cell 
receptors and thus upregulated the intracellular localization and therapeutic 
efficiency. Liposomes are conjugated with antibodies, a Y-shaped glycoprotein, 
or its fragments often termed as immunoliposomes, increasing the specificity of 
liposomes by targeting antigen-presenting cancer cells, which undergo endocytosis 
and destroy cancer cells followed by immune system clearance [28]. Folate recep-
tors are membrane proteins overexpressed by various tumor cells. Folic acid is a 
ligand for targeting folate receptors, which pose high affinity, stability, and con-
jugation capacity [30]. It is conjugated with nanoparticles and a PEG spacer that 
inhibits steric hindrance between the cells and liposomes, which helps to increase 
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cellular uptake and drug delivery of folate-targeted anticancer drugs. Targeting 
folate receptors with folic acid ligands helps deliver therapeutic and imaging agents 
effectively to the requisite site. Endothelial growth factor receptors (EGFR) over-
expressed in solid tumors like non-small cell lung cancer, colorectal, squamous cell 
carcinoma of the ovary, kidney, head, neck, pancreas, prostate, and breast cancers 
can help in designing EGFR targeted drug delivery system. Antibody fragments 
used for targeting EGFR are functionalized on nanoparticle surfaces in order to 
acquire high targeting specificity [31]. Fibroblast growth factor receptors are over-
expressed in cancers like lung, prostate, bladder, etc. Several groups have reported 
remarkable interaction of FGFs conjugated liposome with FGFR and discussed 
in detail [32, 33]. Overexpression of CD44 is observed in cancers like leukemia, 
ovarian, colon, gastric, pancreatic, and epithelial cancers. Hyaluronic acid acts as 
a ligand for CD44 and is used to deliver gemcitabine and DOX encapsulated within 
the liposomes [34].

Targeting the tumor microenvironment is another approach in active target-
ing, and one aspect is targeting the tumor vasculature instead of the tumor. This 
approach helps in the targeted destruction of neo-angiogenic blood vessels essential 
for tumor growth and metastasis [29, 35]. Vascular endothelial growth factor recep-
tors (VEGFR) play a significant role in tumor angiogenesis and vascular permeability 
and regulate other aspects of tumorigenesis. Bevacizumab, a monoclonal antibody 
approved by USFDA, is used as an anti-human VEGF for targeting VEGFRs and 
FGFRs tyrosine receptors for active targeting [29]. Vascular cell adhesion molecules 
(VCAM-1) are cell adhesion molecules (CAMs) present on the endothelial cells 
responsible for inflammation. VCAM-1 is overexpressed in cancers like non-small 
cell lung cancer and tumor vasculature. Anti-VCAM and Fab-conjugated liposomes 
have high cellular uptake into Human Umbilical Vein and Endothelial Cells (HUVEC) 
compared to conventional liposomes [36].

Matrix metalloproteases (MMPs) are calcium-dependent endopeptidases involved 
in remodeling extracellular matrix, tumor invasiveness, and metastasis by modulat-
ing the formation of new blood vessels [37]. Conjugating MMP-2 cleavable peptides 
to liposomes loaded with cell-penetrating peptides increase the tumor selectivity. 
αβ-integrins are the heterodimeric transmembrane glycoproteins that facilitate the 
adhesion of endothelial cells with adjacent tissue and blood vessels. A tripeptide 
Arg-Gly-Asp (RGD) exhibited high specificity for αvβ3 integrin helps in developing 
integrin targeted liposomes, which inhibits adhesion and angiogenesis in the tumor 
microenvironment (TME) [38]. Active targeting amends the intuitive patterns of a 
nanocarrier, directing to the specificity of the pathological tissue. In contrast, passive 
targeting delivery depends on the natural distribution of the therapeutic motifs and 
the EPR effect. Both the targeting mechanisms depend on blood circulation and the 
location of initial drug delivery. However, rare commercial advances are made using 
actively targeted NPs [39].

4. Nanomaterial and their application from biological analysis

4.1 Nanomaterial-driven faster and more accurate cell analysis

Early detection and diagnosis can play a pivotal role in the battle against many 
diseases. Scientists harness the unique attributes of nanomaterials to generate novel 
molecular contrast agents for in vivo imaging, sensing, measuring response to therapy, 
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and liquid biopsy to study disease initiation, progression, and therapeutic response. 
Nanotechnology has a spacious range of accurate cell analyses. As described above, 
nanotechnology facilitates the development of desired formulations for individual cell 
analysis and their specific treatment applications, developing only one of its kind of 
applications for cell sensing/sensors, imaging, delivery, and diagnosis [39]. Since the 
importance of accurate cell analysis for nanoparticles is the latest approach, there is a 
big void for more discoveries and optimizations in various bio-applications.

4.2 Nanomaterial and in vivo imaging

The main lacunae in cancer treatment are a late diagnosis. The resolution of 
current imaging methods is low and can detect cancers at the late/ advanced stage 
or metastasized. A tissue biopsy can only help physicians to ascertain the tumor 
type and characteristics. Detection becomes even more challenging when metastatic 
modules and micrometastasis need to be identified. In vivo imaging enables us to non 
or minimally-invasively delve deep into the patient’s tissue and is becoming increas-
ingly popular for basic research and clinical applications. In vivo, molecular imaging 
focuses on obtaining spatiotemporal information about molecules of medical interest 
or biomarkers within a living body in real-time. Molecular in vivo imaging relies 
on contrast agents or medium that increases the contrast of physiological structure 
and enhances the sensitivity of detection. Different contrast agents are used for 
different in vivo imaging techniques including, radiocontrast, magnetic resonance 
imaging (MRI) contrast, ultrasound contrast, and optical contrast agents [40]. 
Precision diagnostics is dependent on high-resolution and high-contrast images. 
Nanomaterials are critical players in the generation of advanced contrast agents 
or media. Imageable nanoparticles can be classified based on their applications in 
nuclear, magnetic, optical, and acoustic imaging modalities. Moreover, NP-based 
contrast agents may be designed to integrate multiple detection modules and 
target specific cells. The advantages of nanoparticle-based contrast agents include 
enhanced specificity, increased photo and chemical stability, longer circulation 
time, engineered clearance pathways, and multimodal applications. The main in 
vivo imaging modalities include MRI, computed tomography (CT), positron emis-
sion tomography (PET), single-photon emission computed tomography (SPECT), 
ultrasonography (US), near-infrared fluorescence (NIRF), and two-photon intravi-
tal microscopy [41–43].

4.3 Nanoparticles as bio-sensors

By virtue of their unique properties, NPs make them ideal for their use for nano 
bio-sensing applications with enhanced sensitivity. Nanoparticles are widely used 
for detecting cells and pathogens, separating pathogens, recognize different biologi-
cal substances, and detecting molecular and cellular functions [41, 42]. Accurate and 
professional separation of desired cells from the composite of various cell mixtures is 
essential for numerous biological applications. Nanoparticles have been investigated as 
a promising and very sensitive tool for the specific identification of cells. Identification 
and incarceration of metastatic cancer cells in the circulation can help understand 
and a strong analytical biomarker for various metastatic cancers, which can change 
the patient’s prognosis. Nanoparticle-based methods are more frequently used for 
the identification and capture of metastatic circulating cancer cells. In this technique, 
magnetic nanoparticles were used to specifically track and separate the cells by using a 
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ligand-receptor-based mechanism [42]. These techniques can also be used for the white 
blood cells with an anti-CD45-APC as a nanoparticle targeting ligand [44].

Additionally, various nanoparticle-based technologies have been investigated as a 
sensor for the identification and selection of various pathogens. The most frequently 
used method for finding bacteria is magnetic biosensors that involve immunological 
mechanisms using magnetic nanoparticles functionalized with antibodies against sur-
face antigens. Many researchers have been utilizing small molecule tethered nanopar-
ticles to analyze the bacteria successfully. Magnetic glyco-nanoparticles mediated 
particles could detect bacteria within 5 minutes, including subtraction from the sample 
by the bacterial interaction with carbohydrates on mammalian cell surfaces [41].

4.4 Nanoparticles as imaging agents

Nanoparticles have been investigated as imaging agents due to their exceptional 
physicochemical attributes for various biomedical applications such as cancers and 
cardiovascular diseases. Fluorescent labels can be easily conjugated to the surfaces 
of the nanoparticles by various chemical methods to design a wide range of imaging 
agents for dynamic in vitro and in vivo cellular imaging [45, 46]. Due to their passive 
and active targeting nature, nanoparticles can easily identify their specific biomark-
ers and accumulate at high concentrations in the targeted tissue. The high capability 
for nanoparticle modification and retention properties in the specific tissue region 
empowers their utilization as imaging amplifiers. Quantum dots are the most promis-
ing fluorescent labels for cellular imaging among all nanoparticles due to their inherent 
near infra region light emitting nature, reducing autofluorescence [47].

RGD peptide conjugated self-emitting quantum dots can be used for specific inte-
grins highly expressed in tumors. The targeted nanoparticle has been examined for 
complex imaging competence, like imaging various molecular targets using different 
spectral emissions specific nanoparticles. Recently, nanotechnology has been used for 
imaging metastatic tumor cells in circulation, tumor cells, and their vasculature, stem 
cells, and lymph nodes [48]. Che et al. designed shortwave infrared window (SWIR)-
responsive QDs for bone-specific real-time in vivo and ex vivo imaging and could 
visualize the significant bone structures Balb/C nude and Balb/C mouse [49]. The use 
of specific nanoparticles can help accurately decipher and image the gram-negative 
and gram-positive bacteria. Due to their fluorescence characteristics and specific 
bacterial cell wall interactions, they can be used in a wash-free fashion in bacterial 
imaging, which is significant for health care, food processing, and medical hygiene.

4.5 Application of nanoparticles in theranostics

Theranostic NMs are designed by the consolidation of diagnostic and therapeutic 
abilities in one biodegradable nanoparticle [50]. Novel theranostic materials should 
have the following properties; i) highly compatible with biological entities, ii) 
proficiently and precisely accumulate in desired morbid tissue, iii) describe the bio-
chemical and morphological attributes of maladies, iv) exhibit minimal toxicological 
effects, v) and deliver a sufficient amount of therapeutic agent. Several techniques 
have been used to functionalize the surface of nanoparticles for theranostics use. 
Surface functionalization may include imaging agents, drugs, therapeutic cargo, 
nucleic acid, and contrast agents by either chemical functionalization or by biofunc-
tionalization. Chemical functionalization depends on chemical cross-linking, while 
biofunctionalization of nanoparticles relies on bioinspired ligands obtained from 
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natural phytochemicals). The use of nanotechnology offers a promising alternative 
for the diagnosis of various cancers. Various investigations convey that nanoparticles 
could be engineered for advanced diagnostic agents to detect cancers [51]. Double 
drug encapsulated liposomes can be functionalized to enhance theranostic efficacy 
[51, 52]. Multifunctional Metal nanoparticles can serve as a unique platform for 
cancer theranostics. The range of use of metal nanoparticles includes MRI imaging, 
biological catalysis, magnetic hyperthermia, magnetic drug delivery, photo-respon-
sive drug delivery, and cell separation. Metal nanoparticles, including, Polymer-NP 
constructs containing Gd3+ complexes, Fe3 + − terpyridine complexes, and poly-
meric shell-based contrast agents, are widely studied for their theranostic use as MRI 
contrast. Magnetic particle imaging (MPI), a novel imaging technique, is based on the 
analysis of iron oxide NPs in response to a magnetic field.

Cheng et al. used GE11, a novel peptide with EGFR binding affinity and com-
plexed with doxorubicin-loaded liposomes, and observed higher liposomal uptake 
and accumulation than, unconjugated liposomes using NIRF [53]. In another study 
Song et al. designed a multifunctional targeting liposome for targeting lung cancer. 
Octreotide (OCT), a synthetic 8-peptide analog of somatostatin, was used to surface 
coat the liposome for enhanced binding with the somatostatin receptors overex-
pressed in a subset of tumors. Double anti-cancer drug (Honokiol and epirubicin) 
co-encapsulated liposomes showed enhanced OCT- somatostatin receptor binding 
and in vivo response [54]. Cittadino et al. designed a theranostic long-circulating 
liposome with co-loaded prednisolone phosphate and an amphiphilic paramagnetic 
gadolinium contrast agent [Gd-DOTAMA(C18)(2)] for MRI monitoring of mela-
noma. The theranostically engineered liposomes showed long-term MRI-based 
detection without a loss in drug action [51]. The theranostic nanoparticle could assist 
in the patient’s pre-selection, a prediction for responding to nanomedicine therapy. 
Moreover, nanomedicine-treated patients could be monitored throughout treatment 
duration while using nanomedicine  formulations [39].

5. Biosafety and bioethics issues in handling mammalian cells

Biosafety is a notion that requires protecting human health and the surround-
ings of pathogenic and genetically modified mammalian cells or organisms used in 
the research. Mammalian cell culture is identified as a shelter for infectious etiologic 
substances, and it should change the compliance with containment measures recom-
mended for the etiologic agent itself. The utility of cell cultures comes under the 
preview of a range of regulatory provisions that consider the estimation of biological 
risks. Genetically modified mammalian cell cultures were used in different continents; 
in that case, a bio-safety assessment should be regulated. The major guidelines issued 
to mitigate the biological risks for the users and environment are mainly by the World 
Health Organization; the Centers for Disease Control and Prevention, and the Swiss 
Expert Committee for Biosafety. Several countries or geographical zones have differ-
ent directives; for example, in Europe, genetically modified research was brought into 
the regulatory provision (Directive 2009/41/EC). Mammalian cell culturing activities 
focusing on developing pharmaceutical drugs are covered by the Regulation (EC) No 
726/2004 and its amendment laying down actions for the authorization and direc-
tion of medicinal goods for human and animal use. 3D cultures, especially organoid 
culture systems, are regularly used for disease modeling and studying nanomaterial-
based physiological effects. Human Pluripotent stem cell-derived organoids are being 
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generated from various human cell types and need better bio-safety and bioethics 
assessment. It must be ascertained that rules focusing on extenuating the biological 
risks for laboratory researchers, public health, and the environment falls under the 
preview one or several regulatory provisions based on biological risk assessment. Here, 
we are going to address the bio-safety issues involving mammalian cell cultures.

5.1 Bio-safety assessments of mammalian cell cultures

Biosafety refers to the way of protecting scientists, the health of other humans, 
and the environment from the probable side effects of microorganism, pathogenic, 
and genetically modified organisms and cells from human and mouse backgrounds. 
Laboratory biosafety uses safety principles and techniques to minimize the health hazard 
from accidental exposure or unplanned spillage while using infectious agents, toxins and 
other biological hazards in the laboratory setting. The bio-safety assessments applied 
to mammalian cells depend on a systematic assessment of the intrinsic attributes of the 
mammalian cultures like genetically modified cells and contaminated or intentionally 
infected with pathogens. Figure 2 shows a summary of the biosafety assessment and 
management process that is followed while handling cell culture-based experiments. 
This also considers an exposure analysis, which means that type of exploitation carried 
out with the cultures should be considered. The risk analysis of cell cultures that carry 
the pathogens follows the same methods for analyzing pathogens themselves. Primarily, 
the inclusive depiction of major pathogens is measured by the subsequent guidelines (i) 
pathogenicity and the infectious dose (ii) mode of transmission, (iii) host range, (iv) the 
epidemiology, potential reservoir and vectors, and the ability to zoonosis (v) the stability 
and the resilience of the pathogens in the surroundings.

Moreover, information related to the physicochemical properties of the patho-
genic organism is considered, such as (i) susceptibility to disinfectants, (ii) physical 

Figure 2. 
Flow diagram illustrating the summarizing the biosafety assessment and management process while handling cell 
culture-based experiments. Flow chart is inspired by reference [55].
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inactivation, and (iii) drug susceptibility (e.g., sensitivity and known resistance to 
antibiotics or antiviral compounds). Lastly, aspects related to the disease caused by 
the pathogen are also to be taken into consideration. This includes (i) the availability 
of effective prophylaxis, (ii) the availability of efficient therapy, and (iii) any reported 
case of laboratory-acquired infections (LAIs). Even though underemphasized, several 
LAIs of mammalian cell cultures (or having virus suspension) has appeared. Among all, 
the exposure to vaccinia viruses amplified in mammalian cell cultures causes infections 
to laboratory researchers. Guidelines have been developed recently to work cautiously 
with vaccinia viruses and take a count of LAIs relating to this virus [55].

Understanding and having a complete analysis of the intrinsic infections of cell 
cultures help to perform well and safe mammalian cell culture. To assess biological 
risks connected with the mammalian cell cultures, three intrinsic properties related to 
cell cultures should be considered: the species of origin, the cell type or type of tissue 
(the organ of origin of the cell line), and the status of the culture. Correspondingly, 
mammalian cells other than human cells render less risk; still, some infectious agents 
are proficient at crossing one species to another species, leading to zoonosis. Highly 
reported infections of viruses comprise hantavirus, hemorrhagic fever viruses, bird 
Influenza virus, and severe acute respiratory syndrome (SARS) associated virus. 
Primary cell cultures are created from organ tissues. Highly characterized mammalian 
cells give the lowest risks compared to primary cultures or less characterized cell 
lines. Mammalian cells originating from different laboratories without having any 
proof of identity may cause cross-contamination and pathogen spreading problems, 
and thereby proper risk assessment and cell characterization are warranted [55, 56]. 
Several techniques are available for the bio-safety assessment, like RT-PCR, flow 
cytometry, cytogenetic analysis, DNA fingerprinting, and iso-enzyme analysis. 
Adventitious contagions of mammalian cell cultures are a vital problem for any activ-
ity that involves cell culturing. Contamination agents for cell cultures are bacteria, 
fungi, mycoplasms, parasites, viruses, prions, and even other animal cells. Modulated 
experimental results suggest that they spoil the cell cultures. Bio-safety point of view 
modified mammalian cell cultures for laboratory research, production purposes, or 
diagnosis purposes they may give support for contaminating materials that cause 
harm to human health.

5.2 Bioethics and mammalian cell culture

The futuristic technologies in bio-medicine are changing the current concepts and 
opening up new dimensions. Interestingly as new optimistic channels are opening and 
expanding, the issues of bioethics are becoming accurate and pertinent. Bioethics is the 
use of ethical principles in the field of medicine and healthcare. The rational application 
of ethics in evaluating mammalian cell culture-based experiments is highly warranted, 
especially during the emerging waves of change in biomedicine. Increased International 
cross-connection to facilitate open discussion in bioethics and related fields across 
cross-cultural aspects in bioethics is vital [57]. Several relevant questions arise regard-
ing the private and sensitive use of source data for cells, moral concerns regarding 
the uses of embryonic and fetal tissue, genetic manipulation, gene therapy, mixing of 
animal and human cells, tissue banking, legal and intellectual properties associated 
with ex vivo tissue-engineered cell-based products, an extension of human-ness, etc.

Regarding the humane use of animals, the National Institutes of Health has 
issued policies as mentioned in the Public Health Service Policy on Humane Care 
and Use of Laboratory Animals. FDA Human Tissue Task Force and the Center for 
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Biologics Evaluation and Research (CBER) regulates the use of human cells or tissue 
for implantation, transplantation, infusion, or transfer into a human recipient. The 
International Society for Stem Cell Research (ISSCR) has also released guidelines 
for stem cell research and clinical translation. The United States Congress and state 
legislatures are instrumental in creating laws concerning bioethics. Several profes-
sional bioethics organizations, including the American Society for Bioethics and 
Humanities, American Society for Law, Medicine, and Ethics, Canadian Bioethics 
Society, provide a platform for discussion over bioethics [57]. Several public institu-
tions supported by academicians and researcher-based initiative for propagating 
public dialog plays a vital role in educating the masses.

6. Significance of IPR on industrial and academic scale

Intellectual property rights (IPR) prevail in any primitive design of the human 
brain, such as methodical design. IPR mentions the lawful rights agreed to the 
designer for guarding his innovation for a definite period. These lawful rights grant 
special rights to the originator or his lender to exploit his idea for a specific period. It 
is well established that IPR participates in the financial system. It is furthermore over-
whelmingly recognized that the intellectualism linked with the originality must be 
agreed due to value so that products come out of intelligence. The importance of the 
producer of the technology has turn into lofty and consequently guard the informa-
tion against unauthorized persons, the use has become a measure, at least sometimes, 
that would make sure revitalization of the research, investments in developing the 
technology. IPR helps to look after funds, time, capital, endeavor invested by the 
producer of an intellectual idea; as a result, IPR, in this way, encourages the profitable 
encouragement of a realm by encouraging positive competition and heartening trade 
and industry [58].

The industries have reputations in discussions about IPR strategies, and they are 
in the face line for controversies about the association among IPRs, R&D incentives, 
cost, and right to use to supplies [59]. Although, some discussions on the critical issue 
are relatively little practical proof to support developing IPR policy. This experimen-
tal evidence on IP and products inspect practical issues are the primary sources of 
the data. The industrial sector is composite and much synchronized in the majority 
of economies. Looking cross-nationally, the contrast among the countries in their 
perspective on these essential policy affairs generates some additional provocations. 
In a cosmopolitan industry having control over research and development conve-
niences in many countries, anticipating a successful transnational technology, goods 
are raised and developed internationally and are commercialized worldwide. Still, 
retails are nationalized, with no considerable uniformity across the nations in IPR 
authorities and various public health care organizations. IPRs may shore up signifi-
cant discrepancies to price across the nations in returns and demand to prices. These 
discrepancies in the prices may potentially develop new local and global disagree-
ments. Prominently, for any nation, the essential exchange in IPR regulation options 
is incredibly dependent on the organizations and function of its health care system.

While having a commendable collaboration, the complete fulfillment of a 
patent portfolio is to give equal rights for industry and academic institutions. In 
many countries, research organizations pursuing research in academic institu-
tions, despite their most important work in society as a generator of the intellectual 
idea, the main concern is to be to deal with IP in a proficient mode. All academic 
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institutions must become accustomed to this development to successfully fulfill the 
responsibility entrusted to a national or regional innovation ecosystem.

On the supply side, goods safety, supervision of manufacturing, and legal frame-
works leading technology transfer among public-funded academic institutions and 
money-making industries playing an equal role in determining competition. Providing 
IPR policy to academic institutions has a favorable outcome and various settlements 
for shareholders. The most significant overarching advantage of these IPR policies was 
pronounced increases involvement in improving the global innovation performance, 
i.e., ultimately leading to improving the marketable products and processes. The 
development of spin-out companies from universities is also growing at a faster rate. 
The critical part is that the university should own the background IP. Then a resource 
of external financial support is necessary to finance the start-up company. IPR affairs 
at academic institutions glow enormous meandering return impending for the national 
economy. Publishing articles regarding innovations play an essential role in the 
profession of academic scientists. Participating in knowledge transfer from academia 
to manufacturing industries can promote academic entrepreneurship. Moreover, these 
patents have precious information than other publishing articles. Thus, utilizing and 
increasing patent writing might be beneficial in scientific research. Appropriate IPR 
policies and tractable technology transfer professionals play a pivotal role in streamlin-
ing the necessary work-frame. Published patents improve the economy and reputation 
of the academic institutions as well as the researchers.

7. Conclusion

Nanomaterials, due to their nano-size and unique physicochemical proper-
ties, have contributed significantly to the advance of biomedicine. The scope of 
nanomedicine also relies on the intelligent engineering of different nanoparticles 
with tunable attributes to modulate their nano-bio communications for biomedical 
applications. Elucidation of nanoparticle interactions with biological systems will 
help find favorable physicochemical properties to enhance biocompatibility and 
therapeutic efficacy with no adverse effects. A complete toxicological evaluation of 
engineered nanomaterials is still inadequately understood, restraining the success-
ful translation of nanomedicine. Nanoparticle surface functionalization with spe-
cific targeting moieties can effectively develop ideal nanoparticle delivery systems 
for various biomedical applications and targeted therapeutics. Hence, in vitro 2D 
and 3D cell culture systems can accelerate biocompatibility and biotoxicity studies 
to drive the disease-specific application of nanoparticles [60]. Nanoparticles are 
progressively used in a wide variety of cell and tissue-specific biological analyses, 
including cell analysis, in vivo imaging, biosensors, and theranostics. Hence the 
issue of biosafety and bioethics has become a vital issue while using mammalian 
cell cultures. This chapter summarizes the critical aspects of biosafety and bioeth-
ics associated with nanomaterial-associated studies.

In conclusion, MCC is an essential tool in modern-day biomedicine, and its 
applications are countless in the diagnosis and therapy of human diseases. Cell 
culture procedures are reliable, reproducible, and unbiased, but culturing the cells 
is complex at times. The vast opportunities to employ MCC procedures to address 
rudimentary and translational research queries have elucidated the essential atten-
tions for setting up a cell culture laboratory. Especially 3D organoid culture meth-
ods have created a cellular environment that mimics the in vivo environment.
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Genome sequencing, mapping, and annotating its genetic code have become a pri-
ority in biotechnology, especially intending to understand the interaction of nanopar-
ticles and mammalian cells. Reporting and cataloging the identified gene sequences 
can be critical for the progress of science and also for disease-specific therapeutics. 
Nanotechnology-based research has contributed significantly to many scientific fields 
and associated industries. Hence nanotechnology, combined with the mammalian cell 
culture system, can result in a research solution and can deliver considerable benefits 
to society at large. Hence the importance of intellectual property rights for protecting 
the innovator’s right over the discovery. A good understanding of the IPR policies and 
technology transfer protocol is vital. Academic institutions and government organiza-
tions can assist in creating a congenial platform for efficient policy management. A 
deeper understanding of nanoparticle-cell interaction and the design of futuristic 
nanocarriers can open up an era of next-generation therapeutics and theranostics.
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