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Preface

Cells are the building blocks of all living things. The human body is composed of trillions of
cells. Cells contain the body’s genetic material and hold the secret to inherited diseases, such
as anemia, Alzheimer’s disease, and other complex diseases. Initially, scientists used tissue
fragments. Then, they developed methods to study the nature of single cells and changed
the name to “cell culture". A cell culture is a way to grow or maintain cells in vitro under
artificial conditions. Primary cell cultures refer to the culturing of cells that are cultured di‐
rectly from tissues and have a limited life span, whereas cell lines refer to immortal cells that
can be cultured indefinitely. Cell cultures are excellent models for studying the biochemical
and physiological aspects of cells, the effects of chemical/toxic compounds on cells, and mu‐
tagenesis or carcinogenesis. They are also used in drug screening and development and the
large-scale manufacturing of biological compounds. The book “New Insights into Cell Culture
Technology" focuses on many advanced methods and techniques concerned with cell culture.
This book is an original contribution by experts from different parts of the globe, and the in-
depth information will be a significant resource for students, scientists, and physicians who
are directly dealing with cells.

This book covers six chapters. The authors discuss the developments in cell culture meth‐
ods, from the invention of microscope to 3D cell culture technology, which led to tissue en‐
gineering and developments in regenerative medicine; the application of insect cells for the
efficient production of heterologous proteins, which include steps for the generation of ex‐
pression vectors and comprehensive optimization approaches; the expansion of human mes‐
enchymal stromal cells for various clinical applications; the development of a full system to
perform remote sensing of cell culture experiments from any access point with internet con‐
nections; process and control strategies as well as concepts for cell culture bioprocess devel‐
opment; the continuous production of retroviral pseudotype vectors in a retroviral
packaging cell line; and the production of oncolytic measles virus vectors for cancer therapy.

I appreciate the support of our higher authorities. I extend my gratitude toward my late
mother and late father and my brothers for introducing me to higher education. I am contin‐
uously indebted to my wife Anitha for her emotional and technical support throughout this
project. The smiles of my daughter, Humsiha, encouraged me to finish this task in an easy
way. I must acknowledge the interest and commitment from the InTech’s Publishing Proc‐
ess Manager, Ms. Dajana Pemac, whose patience and focus were a fantastic support in this
project. Finally, I express deep and sincere appreciation to all the authors for their valuable
contributions and scholarly cooperation for the timely completion of this book.

Dr. Sivakumar Joghi Thatha Gowder
Qassim University

Buraydah, Saudi Arabia
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History of Cell Culture

Magdalena Jedrzejczak-Silicka

Additional information is available at the end of the chapter

Abstract

From the ancient Romans, through the Middle Ages, to the late of the nineteenth cen‐
tury, the Aristotelian doctrine of spontaneous generation was one of the most basic laws. 
Even the invention of the microscope and investigations of Leeuwenhoek and Hook did 
not disprove the Aritostelian doctrine. Finally, in the eighteenth century, the spontane‐
ous generation doctrine was laid by Louis Pasteur. Moreover, in the first decade of the 
eighteenth century, nucleus was observed in plant and animal tissues, and Virchow and 
other scientists presented the view that cells are formed via scission of preexisting cells. 
In the first decade of the twentieth century, Ross Harrison developed the first techniques 
of cell culture in vitro, and Burrows and Carrel improved Harrison's cell cultures. In 
mid‐twentieth century, the basic principles for plant and animal cell cultures in vitro 
were developed, and human diploid cell lines were established. On the basis of knowl‐
edge about the cell cycle and gene expression regulation, the first therapeutic proteins 
were produced using mammalian cell cultures. The end of twentieth century and early 
twenty‐first century brought the progress in 3‐D cell culture technology and created the 
possibility of the tissue engineering and the regenerative medicine development.

Keywords: spontaneous generation, Harrison's hanging drop culture method, HeLa cell 
line, Hayflick limit, cell culture history

1. Introduction

At the present time, animal and human cell cultures are significant tools widely used in many 
branches of live science. Different variants of cell culture found application in modeling dis‐
eases, IVF technology, stem cell and cancer research, monoclonal antibody production, regen‐
erative medicine and therapeutic protein production. All those different scientific approaches 
would not be possible without some crucial discoveries that had been made over the centu‐
ries from Aristotelian spontaneous generation doctrine through Pasteur's experiments and 
Carrel's cell culture to large‐scale cultures for therapeutic proteins production and vision of 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the future of regenerative medicine and in situ bioprinting of wounds. The main milestones 
in cell cultures are presented in proposed chapter (see Figure 1).

Figure 1. Timeline: key milestone in cell cultures.
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2. Live under the microscope

The development of biological sciences would not have been possible without one of the 
greatest inventions—microscopes. In the sixteenth and seventeenth centuries—two coun‐
tries—the Netherlands and Italy played a crucial role in constructing and using microscopes 
and telescopes. In the Netherlands, around 1590, Hans Janssen and his son invented a com‐
pound microscope—constructed of two convex lenses. In the early 1600s (about 1610), the 
great Galileo Galilei (1564–1642) constructed several simple microscopes and telescopes, 
which he called as “occhialino.” The term “microscope” was used for the first time in 1625 by 
the Italian physician Giovanni Faber [1].

The first publication, in which Petrus Borellus described the use of microscope in medi‐
cine, was written in 1653. He presented 100 microscopic observations and applications (e.g., 
removing ingrowing eyelashes invisible with the naked eye). In 1646, Athanasius Kircher 
(1601–1680), a Jesuit priest, described that “in the blood of fever patients a number of things 
might be discovered.” Kicher showed later (in 1658) that maggots and other living crea‐
tures (some of them he called microscopic “worms”) occurred and developed in decaying 
tissues [1–3]. Two other microscopists—Swammerdam (1637–1680) in 1667 and Malpighi 
(1628–1694)‐characterized red blood cells [1,2]. In Bologna, another scientist, Joseph 
Campini, illustrated the first use of the microscope in the clinical examination of a wound 
on the leg of a patient [1, 4].

At the beginning of the seventeenth century, two inventors—Robert Hook (1635–1702) and 
Antonie van Leeuwenhoek (1632–1732)‐made an unusual discovery. Both of them made their 
first observations of life under the microscope and made the previously invisible microscopic 
world real [3].

The English physicist, Hooke, published in 1665 the first important work on microscope 
construction, its components and microscopic observations. In his Micrographia, he illus‐
trated microscopic structures of many biological samples (e.g., insects, plants, sponges, 
bryozoans, fossils), as observed through microscopes and described the microscopic units. 
The “cells” or “pores”, as he called small compartments of a slice of cork (thickened walls 
of dead cells) were chosen to refer to these microscopic units. Although Robert Hooke used 
the term “cell” differently compared to the later biologists, the today's term “cell” comes 
directly from Hooke's Micrographia [3, 5, 6].

In 1676, the Royal Society (RS) received a letter from Antonie van Leeuwenhoek, in which 
the microscopist had described his exciting discoveries—observations and records of small 
living particles. These microorganisms, which Leeuwenhoek called “animalcules,” were 
mainly protozoa and bacteria [3, 4]. Implementation of his scientific project was inspired 
by the Hooke's bestseller, Mircographia. He started by handcrafting lenses and constructing 
microscopes (he was known to make over 500 microscopes). The Leeuwenhoek's single lens 
microscopes were smaller than magnifying glasses (3–4 inches long) but were capable of 270× 
magnifications or even more (while the Hooke's microscopes could only achieve magnifica‐
tions of about 50×), with clear and bright images. The observed specimen was mounted in 
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front of the lens on a spiked screw [4]. Leeuwenhoek began his microscopic observations with 
insect samples (e.g., parts of bees) and continued with observations of spirogyra, vorticella, 
protozoa and motile bacteria (e.g., from the human mouth). He also examined many human 
and animal tissue samples, and he described blood cells (for the first time illustrated in his 
Arcana in 1695), sperm cells (he called semen “sperm animals”), skeletal muscle fibres, epithe‐
lial cells, teeth and circulatory system structures. He was the first to use histological staining 
(he stained muscle tissue with saffron) and described most of his observations (most of them 
involved microorganisms) in 560 letters to the Royal Society (RS) during his lifetime, and thus, 
he became the “Father of Microbiology” [1, 3, 4, 7].

Since Leeuwenhoek's invention microscopes have been one of the most fundamental tools, 
particularly, in the biological sciences, but also in clinical pathology and medical diagnosis 
[8]. In the twentieth century, many discoveries have been made in the field of life sciences, 
due to modern microscopy techniques. In 1941, Fritz Zernike constructed first phase con‐
trast microscope. Another invention was a microscopic differential interference contrast tech‐
nique (phase contrast) evolved by Georges Nomarski. Invention of fluorescence and confocal 
microscopy revolutionized life sciences. Confocal scanning microscopy gives possibility to 
examine fixed or alive biological specimens. This technique allows the selective and specific 
detection and visualization of molecules at small concentrations with good signal‐to‐back‐
ground ratio [8]. Technique of confocal microscopy was evolved by Marvin Minsky in 1957 
[9]. Confocal scanning microscopy technique is based on the restriction of photodetection to 
light originating from the focal point, whereas in fluorescence microscopy, the entire sample 
is excited indiscriminately, where the fluorescent photons arise from out‐of‐focus fluorofores. 
The optical sectioning gives three‐dimensional microscopic reconstruction of biological sam‐
ples. For photodamge and photobleaching reduction, the confocal microscopy was improved 
by the use of spinning disk scanners that were based on the disk invented by Nipkow (in 
1884). Use of many pinholes enhances detection of the fluorescence and reduces excitation [8].

The fluorescent microscopy was also revolutionized by the two‐photon microscopy inven‐
tion. In this technique, two‐photon excitation is applied, that means that using ultrafast laser 
(infrared) is possible to obtain locally very high photon concentration that occurs only at the 
focal point of the microscope. The two low‐energy photons excite together a chromophore 
(only at the scan plane) and generate fluorescence. Use of infrared results in lowering the light 
scattering cross section of living tissues, which gives possibility to examine fluorophores deep 
in living samples. In contrast to confocal microscopy, the two‐photon microscopy ensures 
that the problem of photodamage and photobleaching is reduced, but disadvantage of that 
method is worse spatial resolution in comparison with confocal microscopes [8]. In the 1990s, 
Stefan Hell developed super‐resolution fluorescence microscopy technique and gave the sci‐
entists possibility to examine structures of the size of a few nanometers.

Immunofluorescene techniques with the new fluorescence molecules (immunofluorescence 
reagents, organic dyes, quantum dots) and discovery of fluorescent proteins (e.g., GFP) and 
use of confocal microscopy made new possibilities to examine biological specimens [10, 11]. 
For example, confocal microscopy allows the live‐cell imaging (time‐laps microscopy) to 
monitor cell movements, cell and tissue structures in one (1‐D), two (2‐D), three (3‐D) spatial 
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dimensions or 4D—(3D × time) [12]. The variant of live‐cell imaging techniques—fluorescence 
loss in photobleaching (FLIP)‐utilizes repeated photobleaching that can be used to assess the 
continuity of membrane of endoplasmic reticulum or Goligi apparatus. Fluorescence reso‐
nance energy transfer (FRET) technique gives opportunity to display interactions between 
two molecular species. The energy transfer from fluorescent “donor” to fluorescent “accep‐
tor” is possible when fluorofores are in nanometer proximity [12].

Using fluorescent dyes, it is possible to label live or death cell nuclei, for example, SYTO59 
or SYTO61 for live cells, DAPI, popidium iodide (Figure 2), Sytox Green or T0‐Pro‐3 for the 
nuclei of death cells [12], and fluorescently labeled antibodies used for, for example, HeLa cell 
mitoses with anti‐tubulin staning [13], anti‐cytokeratin staining (Figure 2).

Cellular junction identification is based on detection of structural components and proteins 
that are associated with those components. For studying cell adhesion and cellular junctions 
monoclonal, polyclonal antibodies labeled with conjugates for visualization of the target cel‐
lular structures are used for gap junction‐Connexin‐40, CX40; Connexin‐43, CX43; pannaxin 
(1, 2) for synapses; for tight junctions (TJ)—claudins, occludins, JAMs (junctional adhesion 
molecules) and CRB1 (human Crumbs homolog 1); for adherents junctions—cadherin‐
catenin‐actin modules; for desmosomes and hemidesmosomes—cadherins (desmoglesins 
and desmocllins) and intergins [15–17].

Mentioned techniques can be used for determination of ion concentration, for example, pH, 
Ca2+, K+, Na+, O2, in biological systems (for example within cells) [18]. Many of fluorescence 
probes are ion indicators with a different fluorescence lifetime (τf) of the free form of probes 
and the form bound to ions. This property allows to selective and quantitative imaging of sev‐
eral different ions (pH, Ca2+, K+, Na+) in the same time. The intracellular pH determination is 
commonly analyzed using c‐SNAFL‐1 fluorescence probe. Different values of τf for bounded 
and unbounded form of fluorophore and different emission spectra are measured. The Ca2+ 
determination can be performed with the [Ca2+]‐sensitive probe Fluo‐3 or indo‐1. The Fluo‐3 

Figure 2. Bovine mammary epithelial cells immunostained against cytokeratins and DAPI‐stained nuclei (confocal laser 
scanning microscopy, 400×) (A). Dome structures stained with propidium iodide (confocal laser scanning microscopy; 
magnification, 600×) (B) [14].
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reacts on the presence of Ca2+ ions, the higher intensity of fluorescence, the higher Ca2+ con‐
centration [18], whereas the O2 concentration analysis is based on reduction of τf that can be 
also used for imaging purposes [18].

Using modern microscopy technique gives the possibility to study cell structures, motil‐
ity of cells and organelles, cell‐cell communication and membrane potential in single cells. 
Microscopic techniques found important application in biomedical field (e.g., confocal endo‐
microscopy, oftalmology) [19, 20].

The live cells in vitro and in vivo imaging techniques accelerate drug discovery. Real‐time 
imagine provides analysis of drug response upon target activity and pathophysiology and 
results in higher clinical predictivity [21]. Based on in vitro model, the monitoring of cellular 
phenotypes within complex samples such as co‐cultures, 3‐D culture models, is now possible. 
Cell attachment, migration (velocity, direction), vesicle formation, angiogenesis, stem cell dif‐
ferentiation can be recorded using automated imaging platforms [21, 22].

Some of them are based on the label‐free phase holographic microscopy. In this technique, 
the low‐power (635 nm) red diode laser divided into two beams—reference and an object 
beam—that passes through the unlabeled cell cultures on T‐flask surface merged together can 
be recorded as the hologram imagines (Figure 3) [23–25].

Another microscope—the atomic force microscopy (AFM)‐gives unique possibility to visual‐
ize structure, topography (Figure 4) and examine mechanical properties of cells (e.g., adhesion 
force distribution, cells stiffness—Young's modulus as a biomarker of the relative metastatic 
potential).This method is a variant of scanning probe microscopy that demonstrated better 
resolution, than the optical diffraction limit [26].

Figure 3. Cell cultures visualized using label‐free holographic microscopy. L929 fibroblast cell line, 200× (A). MCF‐7 
adenocarcinoma cell line, 200× (B) [unpublished, Luzny and Jedrzejczak‐Silicka].
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3. The end of spontaneous generation

From the ancient Romans, through the Middle Ages, to the late of the nineteenth century, the 
Aristotelian doctrine of spontaneous generation was one of the most basic laws in biological sci‐
ences [3]. This idea was presented for the first time by Aristotle in his History of Animals, where 
he described the generation of insects from animal flesh, mud, and other organic and inorganic 
matter [27]. According to this thesis, non‐living matter (water, land or hay) bears the potential 
to generate spontaneously different and complex organisms. For example, in the seventeenth 
century literature, recipes for mice were known—the mixture of old shirts and wheat placed in a 
jar for 21 days produced mice [28, 29]. Even the invention of the microscope and investigations of 
Leeuwenhoek and Hook did not refute the Aritostelian doctrine. The existence of micro‐organ‐
ism—protozoa, and unicellular living organisms was a specific link between the inanimate sub‐
stance and living organisms, and perversely, supported the spontaneous generation doctrine [3].

The first attempt to verify the idea of spontaneous generation was made by an Italian physician 
Francesco Redi (1626–1697). In 1668, Redi tested his hypothesis (described in the “Experiments 
on the Generation of Insects”) that maggots did not arise spontaneously in decaying tissues 

Figure 4. The peripheral MAC‐T—bovine mammary epithelial cell margin recorded using atomic‐force microscopy 
(AFM). AFM height image (A). AFM height image—3‐D image (B). MAC‐T cell height measurements (C and D) 
[unpublished, Jedrzejczak‐Silicka].
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(rotting meat) but developed from fly eggs. In his experiment, Redi prepared three variants 
of flasks with meat [27, 28]; some flasks were open to the air, some were completely sealed 
and the third variant was covered only with a gauze. According to his expectations, maggots 
appeared only in completely open flasks, in which the flies laid their eggs. Although Redi's 
experiment proved that maggots did not appear in meat if flies were kept away by the seal or 
gauze, the idea of spontaneous generation was still strongly believed. Even Redi believed that 
spontaneous generation was possible under some circumstances, for example, insects—gall 
flies—were generated by abnormal growths of plant (galls) itself [27–30].

This theory was disproved by the Italian naturalist Lazzaro Spallanzani (1729–1799) in the 
mid‐eighteenth century. In his masterful experiments, he showed that an organism was 
derived from another living organism(s), and he confirmed that there was a gap between 
inaminate matter and living organisms [3]. He repeated the experiments of English priest 
and biologist John Turberville Needham. In 1745, Needham started his experimentation after 
reading about Leewenhoek's animalcules in the letter to RS [31]. He observed the growth of 
microorganisms in chicken broth placed in the sealed flask and heated for 30 min [31]. This 
result seemed to validate the Aristotelian doctrine of spontaneous generation; Spallanzani 
was intrigued, but not convinced, and suggested that microorganisms had not appeared 
spontaneously after the boiling process but had entered the broth from the air before the flask 
was sealed [28]. He found significant errors in Needham's experiments and modified previ‐
ous technique on the basis of his own several hundred experiments. He placed the broth in 
the flask, sealed the flask, created a partial vacuum and then boiled the broth [28]. The results 
of the experiments clearly demonstrated that the infusoria (a class of aquatic microorgan‐
isms, including primarily the organisms which now are classify as Protista) did not generate 
spontaneously in sterilized flasks [27]. His assiduity earned him success in disproving the 
validity of the theory of spontaneous generation, but even supporters of empirical evidence of 
spontaneous generation argued that he had only proven that spontaneous generation could 
not occur without air [28, 31, 32].

Finally, the spontaneous generation doctrine was laid by Louis Pasteur (1822–1895) [3]. 
Between 1860 and 1862, the young French chemist performed a lengthy series of experiments 
that were a variation of Needham and Spallanzani methods. His experiments focused on the 
development of microbes in the previously boiled infusions. Pasteur’ s experiments were per‐
formed in a series of flasks with their necks heated in a flame and drawn out into a long “S” 
shape, like a “swan neck.” The “swan‐necked flasks” were prepared after flasks had being 
filled with the pre‐boiled infusion (liquid was heated to 100°C and boiled for several min‐
utes) [30, 33]. Air could enter to such a flask, but not micro‐organisms. When Pasteur tilted 
the flask, the broth reached the lowest point in the neck and airborne microorganisms could 
have settled by the gravity. In addition, when the neck was broken off, the dust particles 
entered the flasks [28, 30]. The effect of this action was rapidly visible—the yeast/sugar water 
infusion became cloudy with microbes. Based on the obtained results, Pasteur concluded 
that microbes and their germs were carried out with the dust particles. When the dust was 
excluded, the infusoria was not altered. This experiment not only refuted the theory of spon‐
taneous generation, and proved that the living matter can only arise from pre‐existing life, 
but also demonstrated that micro‐organisms are omnipresent—even in the air [28, 30]. Even 
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after the presentation of Pasteur's result, some of his opponents suggested that his experi‐
ment proved only that dust was necessary for spontaneous generation [30]. But what would 
have happened if Pauster had tried his famous experiment with the “swan‐necked flasks” 
and boiled hay infusion? About a decade later, it was found that the hay bacillus—Bacillus 
subtilis—produced heat‐resistant endospores; therefore, the result of the experiment could 
have been different, and the discussion about the theory of spontaneous generation might 
have not had ended [30].

The results obtained by Pauster were validated in practice by Lister (1827–1912). Pauster's 
conclusions about the prevalence of microorganisms in the air were taken into account in his 
pioneering antiseptic surgical procedures [34]. Lister suggested that microorganisms caused 
infection and gangrene similarly to Pasteur's fermentation process [36, 37]. He prevented 
wound infections in his patients using spray (Richardson's hand spray) and a solution of 
carbolic acid as an antibacterial agent. Lister later used in his aseptic methods a large hand‐
operated tripod to achieve germ‐free conditions [34, 35]. Thanks to this technique, the end of 
the nineteenth century was the beginning of aseptic surgery and also symbolically the end of 
the Aristotelian doctrine.

4. The cell theory

At the same time, when the great debate about the spontaneous generation was held, other 
observations were made focusing on cell components and organization of the living mat‐
ter. In the first decade of the eighteenth century, nucleus was probably observed in plant 
and animal tissues, but the first description of nuclei in epithelial cells was made by Felice 
Fontana (1730–1805) and published in 1781 in the Traitésur le Vénin de la Vipére [3, 37]. The 
term “nucleus” (literally “little nut” in Latin) was introduced 50 years later, in 1831, by the 
distinguished Scottish botanist Robert Brown (1773–1858). On the basis of his microscopic 
observations of orchid leaves, Brown found that this structure is essential in living cells. He 
described the nucleus as “a single circular areola generally somewhat more opaque than, the 
membrane of the cell, is observable…. This areola, or nucleus of the cell, as perhaps it might 
be termed, is not confined to the epidermis, being also found not only in the pubescence of 
surface, particularly when jointed, as in Cypripedium, but in many cases in the parenchyma or 
internal cells of the tissue” [3, 38–40]. In his publication (1827), Brown also described the first 
observation of Brownian Movements in Clarkia pulchella pollen [39, 41].

Technical improvements in microscope constructions helped in 1838 the botanist Matthias 
Schleiden (1804–1881) and in 1839 the zoologist Theodor Schwann (1810–1882) to formulate 
the “cell theory” [3, 42]. They suggested that every organism and every structural element of 
plant and animal tissues are formed of cells. Schleiden studied the structure of plant tissues and 
concluded that all plant structural elements are composed of cells or their products. He also 
properly noticed that the “increase in the size and number of cells is responsible for growth” 
[43]. Although his atomistic conclusion of the “cell theory” was proper, the reminiscence of the 
“spontaneous generation” doctrine influenced his theory of “free cell formation.” According 
to this theory, the formation of a nucleus of “crystallization” within the cytoblast was the first 
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phase of cell generation. Subsequent to nucleus formation was the enlargement of condensed 
material leading to the formation of a new cell [3]. This theory of “free cell formation” was 
rejected by scientists of that time—Robert Remark, Rudolf Virchow, Albert Kölliker [3].

A year later, Schwann examined animal tissues and also observed that “the elementary parts 
of all tissues are formed from cells” and that “there is one universal principle of development 
for the elementary parts of organisms…and this principle is in the formation of cells” [3, 44]. 
He argued that even “the highly differentiated organisms (plants and animals)…are the for‐
mation of cells.” In his Untersuchungen, he wrote that “the tissues of animals are formed of 
cells. The globules of lymph, pus and mucus are cells with their walls distinct and isolated 
from each other. Horny (squamous) tissues are cells with distinct walls, but united into coher‐
ent tissues; bone and cartilage are formed of cells whose walls have coalesced; fibrous tissue 
and tendon are cells which have split into fibres; and muscle, nerves and capillary vessels are 
cells of which both the walls and cavities have coalesced” [43, 44]. Schwann defined that a cell 
has three essential elements—nucleus, a fluid content and a wall (or membrane) [43, 45, 46]. 
Other fundamental principle formulated by Schwann (partially as a token of gratitude to his 
colleague Schleiden) determined that the “cells arise inside and near other cells by differen‐
tiation of a homogenous primary substance called the “cytoblastema” in a process analogous 
to crystallization” [47, 48]. After Schwann's conclusion pertaining to morphological units 
of tissues and organs, two histopathological atlas texts were published by Julius Vogel and 
Herman Lebert. Eventually, the formulation of the “cell theory” provoked the scientist in 
the nineteenth century to verify the Aristotelian doctrine and accepted the “cell theory” as a 
scientific fact [42].

Meanwhile, Virchow and other scientists presented the view that cells are formed via scission 
of preexisting cells. Virchow formulated (influenced by Remark) an aphorism—omnis cellula 
e cellula (published in 1855)—that became crucial in the theory of tissue formation and part of 
the biogenic law. He stated in 1858 that “where a cell exists, there must have been a preexist‐
ing cell, just as the animal arises only from an animal and a plant only from a plant” [3, 49, 
50]. The cell was described as the fundamental unit of life, but also the basal element of path‐
ological processes. In his publication—Cellularpathologie—he created a pathogenic concept 
that all diseases are the result of changes in normal cells [3, 49]. In the publication of Cellular 
Pathology (1863), Lecture III is titled “Physiological and Pathological Tissues” and in it Rudolf 
Virchow tried to explain problem of the pathological tissues, called by him “neoplasm.” In 
his work he stated that “…every pathological structure has a physiological prototype, and 
that no form of morbid growth arises which cannot in its elements be tracked back to some 
model which had previously maintained an independent state in the economy.” In that state‐
ment the physiological prototype is healthy or normal state. The diseases state as opposed 
to normal state was described as “…a physiological type can be found for every pathologi‐
cal formation, and it is just as possible to discover such types for the elements of cancer….” 
The transition from the healthy to the neoplastic state is the effect of mutation (now we use 
the term—somatic mutation). In his work, the term “histological substitution” was used to 
describe that can occur in diseased conditions—“…a given tissue is replace to another; but 
even when this new tissue is produced from the previously existing one, the new formation 
may deviate more or less from the original type. Therefore, there is a great chasm between 
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physiological and pathological substitutions, or at least between the physiological and cer‐
tain forms of the pathological ones.” In 1859, Virchow advanced his theory that abnormal 
changes in the cells derived by common descent from a “germ cell” could lead to a disease 
such as cancer. The “pathological substitution” and cancers Virchow indentified histologi‐
cally as lines of cells with “bad behaviour” and presented the human diseases as a result of 
“civil war between cells” [51].

On the contrary, Louis Pasteur developed the germ theory of diseases. Pasteur's theory was 
rejected in its entirety by Virchow who was convinced that the diseased tissue was caused by 
changes within healthy cells, but not from invasion of other organisms [49]. Virchow tried to 
understand the nature and origin of cancer, and some of his theories were correct; neverthe‐
less, Pasteur was also right about the causality of diseases [45, 49, 51].

5. Harrison's hanging drop technique and Dr. Carell's immortal cells

In the late nineteenth century, Wilhelm Roux (185–1924) demonstrated that it is possible to 
maintain living cells (of the neural plate of chick embryos) outside the body in saline buffer 
for a few days [52].

At the same time, Leo Loeb (1869–1959) evaluated a technique called “tissue culture within 
the body.” In this technique, Loeb was able to culture cells from inside and outside body tis‐
sues. For example, he placed skin fragments of guinea pig embryo in agar and coagulated 
serum, then grafted them into adult animals. Using this procedure, Loeb obtained reproduc‐
tion of mitotic epithelial cells. This technique was not strictly considered as a classical cell and 
tissue culture, due to grafting tissues and fluids in living animals [52, 53].

The American embryologist Ross Granville Harrison (1870–1959) developed the first tech‐
niques of cell culture in vitro in the first decade of the twentieth century [52–56]. In Harrison's 
experiments (1907–1910, at the Yale University), small pieces of living frog embryonic tis‐
sue were isolated and grew outside the body. He placed the tissue in a solution of lymph 
on a coverslip, inverted the material on a glass slide with a depression in it and maintained 
the explanted tissue in a hanging drop [54, 57]. Harrison's method, although adapted from 
microbiological technique and used for bacteria studies (invented by Robert Koch in the 1880s 
and first used for anthrax bacilli growth), was successfully applied to cell cultures [52, 54]. 
Harrison's experimentations made the cell life “visible.” In his research article “Observations 
on the Living Developing Nerve Fiber,” he described a method of maintaining nerve cells 
and was able to monitor fiber development [52, 58–60]. He noted “the development of the 
nerve fibers by independent growth from cells outside the body” [59]. The development of 
the nerve fiber was a continuous process from a single cell, in parts from chain of cells, or pro‐
gressed within plasmatic bridges that remained between embryonic cells after their division 
[54, 60]. The use of a clotted lymph and special technique helped Harrison in the presenta‐
tion of nerve outgrowth from tissue explants into the medium, but unfortunately, Harrison's 
observations were time‐limited by rapid bacterial contaminations. For that reason, Harrison 
introduced aseptic techniques in working with cell cultures. The glassware was flamed, 
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chirurgical equipment (e.g., needles, scissors and forceps) was boiled, and the cloths and filter 
papers were autoclaved. Aseptic technique made it possible to obtain sterile preparations that 
could be maintained in vitro for over five weeks. Due to changes in sterile tissue preparation, 
Harrison was able to report various stages of cell development in a continuous manner over 
time. Drawings of observed nerve fibers were made with a camera lucida [54]. Thanks to the 
development of his technique, Harrison shed light on enormous possibilities of cell and tissue 
culture application not only as a tool in bacteriology, embryology, physiology or histology 
studies, but also the production of monoclonal antibodies, vaccines and drugs [52].

In 1910, Montrose Burrows (1884–1947) visited Harrison at Yale and adapted the method of 
hanging drop cell culture to his experimental requirements [58, 59]. Burrows worked with 
warm blood tissues, in which the chicken plasma clot was used [54]. Plasma was much easier to 
obtain and was more homogenous in quality, and thus, the preparation process was more reli‐
able [52]. Then, together with Alexis Carrel (1873–1944) at the Rockefeller Institute for Medical 
Research in New York, they established cell cultures of embryonic and adult tissues (connec‐
tive, periosteum, cartilage, bone, bone marrow, skin, kidneys and thyroid gland) of many 
species (e.g., dog, cat, chicken, guinea pig, rat) that could be maintained in vitro, due to the 
“plasmatic media”—fresh plasma from the same source as the tissues [52, 61, 62]. Burrows and 
Carrel evaluated other culture media composed of diluted plasma with different salt and serum 
solutions [52, 63]. Using complex media, they were able to subculture and maintain cultures 
for several months. They worked not only with normal adult mammalian tissues, but also with 
cancerous tissues. Those changes distinguished Burrows and Carrel's cultures from Harrison's 
and gave them the possibility to introduce the idea of continuous culture—obtaining new cul‐
tures from the old ones, without establishing primary cultures from new tissue explants [54, 
64]. The results obtained by Carrel and Barrows were published in the Journal of the American 
Medical Association in 1910, and the term “tissue culture” was defined for the first time in 1911 
as “a plasmatic medium inoculated with small fragments of living tissues.” The introduced 
term “tissue culture” described also the growth and reproduction outside the body [54, 60].

In January, 1912, Carrel and his coworkers developed the first “cell line” derived from the 
fragments of explanted chicken embryo heart [52, 61]. This cell line was subcultured hun‐
dreds of times, and after the initial contamination outbreak, it was continued by Arthur 
Ebeling in Carrel's laboratory. This cell line was maintained by washing with Ringer's solu‐
tion and medium changes [65, 66]. Due to the rigorous aseptic techniques, this is one of the 
most famous cell lines (described in many articles, e.g., cell line birthday was celebrated annu‐
ally in the New York World Telegram); it was maintained until 1946 when the cell line culture 
was finally terminated, 2 years after Carrel's death [61]. Carrel's cell line was a phenomenon 
for scientists. Indefinite growth of Carrel's cells was evident, and it was defined that cells 
could live indefinitely except for some lethal circumstances [67, 68]. Problems with obtaining 
indefinite growth of cells were attributed to the inadequacies of the technique. In 1956, Haff 
and Swim described cell aging in vitro, but they stated that their failure to obtain an immortal 
cell line was caused by deficiencies in the culture medium [67, 69].

The success of Alexis Carrel and his laboratory was not only possible due to the rigorous asep‐
tic techniques, but also due to the development of first practical cell culture flasks (in 1923), 
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which were called “D flasks”. This culture flask (also called a D‐3.5 flask) had a diameter of 
3.5 cm and was made of PYREX glass. New cell culture flasks allowed to culture cells in a 
larger medium volume and made culture maintenance much easier [61].

In 1938, Carrel published the book “The culture of organs,” in which he presented the culti‐
vation techniques of whole organs. Carrel started a collaboration with Charles A. Lindbergh 
in 1930. They worked on the process of organ perfusion, such as whole heart perfusions of 
cats and kittens. Organ perfusion was carried out through the aorta with Tyrode's solution 
supplemented with 50% serum at 37°C [62, 65, 66].

6. Evaluation of cell culture techniques and establishing principles in cell 
culture maintaining

The early of twentieth century was the time when the basic principles for plant and animal cell 
cultures in vitro were developed [70]. Evaluation of cell culture knowledge was possible not 
only due to hanging drop culture technique. The significant impact on cell culture develop‐
ment had introduction of the aseptic techniques and Rous and Jones tissue trypsinization tech‐
nique [70–72]. Rous and his colleague found that use of trypsin solution results in obtaining 
single cell suspension and cells detachment for subculture. The 3% trypsin solution was used 
successfully for plasma digestion and did not damage most cells. When 5% trypsin solution 
was tested, obtained cells were dead [72]. Until then, cultures were obtained from the tissue 
explants, and use of trypsin facilitated procedure of obtaining homogenous cell strains [73].

6.1. Cell line cultures development

The first cell line—the “L” cell line—was established by Earle in 1948. This cell line was 
derived from subcutaneous mouse tissue [70, 71] and displayed quite different morphology 
from the origin of tissue [70].

In 50s and 60s, another diploid cell lines were developed—HeLa (by Gay, see subsection 
7) MRC‐5 (by Jacobs) and WI‐38 (by Hayflick and Moorhead) from human tissue and Vero 
(Verde—French for green and RenO—French for kidney) cell line obtained from simian tissue 
[70, 74]. The examples of the earliest derived cell lines are presented in Table 1.

The establishment of cell lines gives possibilities to determine differences between cell lines 
culture and the primary cell cultures. The primary cell cultures are obtained directly from the 
tissues or organs and are considered primary until the first passage (subculture). The primary 
cell cultures are mainly initiated from normal or malignant adult tissues and embryonic tis‐
sues. The population of cells in primary cultures prepared by tissue disruption (using enzy‐
matic or/and physical methods) is mixed and contains different cell types. This type of culture 
is used in many areas such as physiology and cellular metabolism, cytogenetics, pharmacol‐
ogy or tissue engineering [70, 76]. Subculture technique allowed researches to obtain cell lines 
by serial subculture cells from primary cell cultures. The cell lines established from normal 
tissues display finite growth (see Section 6.3—Hayflick phenomenon). In the contrary, cell 
lines obtained from cancerous tissues were able to indefinitely proliferation. The indefinitely 
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proliferation of cells from normal tissues was also described and was in general the result of 
spontaneous transformation (see Section 8). Different cell lines are commonly used in many 
valuable studies, but use of cell lines also has same disadvantages and limitations, especially 
in drug development. The main disadvantages and limitation of using cell lines are listed 
below:

• The genetic aberrations of cell lines related with increasing passage numbers,

• The genotypic and phenotypic drift in continuous cultures, especially deposited in cell 
banks for many years,

• The cell line response toward the tested drug might be different form patient response 
toward the same drugs,

• Different microenvironments of the original tumor and cancer cell cultures (2D and 3D),

• Cross‐contamination of cell cultures with HeLa cell line (it was reported that a large num‐
ber of cancer cell lines are cross‐contaminated),

• Culture conditions can change the morphology, the gene expression and several cellular 
pathways,

• Infections with mycoplasma that can change the culture properties,

• Difficulty in the establishment of long‐term cancer cell lines of certain types of tumors,

• Cell culture environment is different from that of the original tumor,

• Loss of the natural heterogeneity of the tumor or tissue [77, 78].

Name Species and tissue Morphology Author and year of origin

L929 Mouse connective tissue Fibroblast Earle, 1948

HeLa Human cervix Epithelial Gay, 1951

CHO Chinese Hamster ovary Epithelial‐like Puck, 1957

MDCK Canine kidney Epithelial Madin and Darby, 1958

WI‐38 Human lung Fibroblast Hayflick, 1961

BHK‐21 Syrian Hamster kidney Fibroblast Macpherson and Stoker,
1961

Vero African Green Monkey 
kidney

Epithelial Yasumura and Kawakita, 1962

NIH 3T3 Mouse embryo Fibroblast Todaro and Green, 1962

MCR‐5 Human lung Fibroblast Jacobs, 1966

SH‐SY5Y Human neuroblastoma Neuroblast Biedler, 1970

Table 1. Commonly used cell lines [75].
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6.2. Cell culture conditions

On the basis of different experiments on cell cultured in vitro, the conditions and physico‐
chemical properties of environment for the growth and maintenance of human and animal 
cell cultures were established (see Table 2).

In the 1920s, composition of salt solutions was formulated specifically for cell cultures, 
for example, Pannett and Compton (1924), Gay (1936), Earle (1943) or Hanks salts (1948). 
Establishing formulas of salt solutions was the first step to define cell cultures requirements. 
The scientists indentified the most needed components for cellular metabolism, such as amino 
acids, salts, vitamins, hormones and glucose. Between 1932 and 1962, about 60 chemically 
defined media were worked out [80], for example, Morgan, Morton and Parker develop 
media199, and Earle and his coworkers worked out protein free media for L cell culture. 
In that time, EM medium—Essential Medium, and DMEM—Dulbecco Modified Eagle's 
Medium, were also develop with essential and nonessential amino acids [71]. Media were 
also divided into two types of media that were worked out—media for long‐term and short‐
cultivation, for example, Trowell's medium T8 (1959) for organ culture [80, 81]. In 50s and 60s, 
different scales (small and large scale) of cell cultures were worked out. The large‐scale cell 
culture development has allowed the creation of Salk vaccine for polio infection. The polio 
virus was cultured in simian and human kidney cells [70].

Nowadays, cell culture media are usually supplemented with the antibiotics, but first effect 
of antibiotics on cell cultured in vitro was established in the 1940s. Herrell and coworkers 
found that the different preparation of penicillin exhibited toxic action on mitosis due to some 
impurities in penicillin preparation. In the comparison with penicillin G, it was practically 
harmless for cells [82, 83]. Keilova presented in her work influence of streptomycin directly 
on the explants of heart, aorta and frontal bone of the chick embryo [84]. It was also found by 
Lawrence that in higher concentration, antibiotics (including penicillin, streptomycin, tetracy‐
cline and neomycin) affected not only migration of epithelium around skin explants, but also 
in some concentrations caused respiratory damage or necrotic changes [83]. In other study, 
Krueger analyzed effect of streptomycin on protein synthesis in mammalian cells and found 
that this antibiotic altered the in vitro synthesis of antibody to phage MS‐2 in spleen and 
lymph node cells from immunized rabbits [85].

For protection or for cleaning up the cell cultures, combining of antibiotics with specific antisera 
or chemical can be used [86]. For fungus or yeast antifungal agents, for example, Amphotericin 
B (Fungizone) and Nystatnin can help to prevent their growth but will not eliminate them [86]. 
Mycoplasmas are theoretically not susceptible to common antibiotics such as penicillin and 
its analogues. Some studies report that several bacteriostatic antimicrobial agents inhibit the 
growth of mycoplasmas, but not eradicate the contaminants. On the other hand, using of anti‐
biotics causes antibiotic‐resistant strains development [87]. The antibiotics such as aminoglyco‐
sides and lincosamides are highly effective in mycoplasma elimination. It was also found that 
tetracyclines and quinolones are highly effective against mycoplasmas. The quinolones—cipro‐
floxacin, enrofloxacin—are commercially available as mycoplasma removal agent (MRA). Other 
product—BM‐Cyclin—contains the macrolide tiamulin and the tetracyclineminocycline [88, 89].
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Factors Characteristic

Growth substrates The surface for cell adhesion, growth, proliferation that 
determine also cellular secretion activity of cells. Earlier the 
glass surface was widely used, now in most of laboratories 
plastic (usually polystyrene) labware is used for typical 
monolayer cultures. The surface of that cell culture vessels 
can be enhanced by coating with proteins, such as collagen, 
gelatin, laminin, fibronectin that are components of 
extracellular matrix. For that purpose also polymers can 
be used, for example, poly‐L‐lysine or other commercial 
matrices [52, 54, 79]

Media and other components

Media Are composed of two main components: a basal nutrient 
medium and supplements. The balanced salt solution, for 
example, DPBS, HBSS, EBSS, form basis of complex media. 
The supplements complete media with nutrients, proteins, 
amino acids, buffering system and vitamins. The most 
popular media are Dulbecco's Modified Eagle's Medium 
(DMEM), Eagle's Minimal Essential Medium (EMEM), 
Medium 199 (M199), Roswell Park Memorial Institute 
(RPMI–1640) or Lebovitz Medium (L‐15) [73]

Amino acids and vitamins The amino acids essential for growth and cell proliferation, 
for example, cysteine, L‐glutamine and tyrosine. For 
proper metabolism, cells require B vitamins (especially 
presence of B12 is essential), choline, folic acid, inositol, 
biotin [52, 73, 75]

Ions and trace elements The major ions—Na+, K+, Mg2+, Ca2+, Cl‐, PO4
3‐, SO4

2‐, 
HCO3

‐—affect osmolarity of culture media. Trace elements 
such as zinc, copper, selenium and tricarboxylic acids 
intermediates are used in cultures madia [52, 75]

Carbohydrates and organic supplements Glucose is mainly used as an energy source [33], but in 
some cell types galactose, mammose, fructose or maltose 
can be used [56, 59]. Other sources of carbon provide 
nucleosides. The culture media can be also supplemented 
with pyruvate, lipids (cholesterol, steroids, fatty acids), 
citric acids intermediates [52, 75, 79, 80]

Serum Serum is a complex mixture of proteins, source of minerals, 
lipids, hormones, and growth and adhesion factors. Fetal 
bovine serum (FBS) and newborn calf serum (NCS) are 
most common. For more specific cultures human, horse or 
rabbit sera are used [52, 73]

Antibiotics and antimycotic solutions Antibiotics and antifungal with laminar flow hoods 
reduced the frequency of contamination. In cell cultures 
most often penicillin streptomycin solutions are used. As 
the antimycotic agents the kanamycin or amphotericin B 
are applied [52, 73, 79]

Growth factors and hormones Hormones and growth factors are used especially in 
serum‐free media. Those factors are ensured cellular 
growth, division, and differentiation. The most popular are 
fibroblastic growth factor (FGF), insulin‐like growth factor 
(IGF), vascular endothelial growth factor (VEGF) or platelet 
derived growth factor (PDGF). In the group of hormones 
the most common are hydrocortisol and insulin [52, 73, 79]
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Besides, the culture media requirements, physiochemical conditions for cell cultures should 
be properly complied. Firstly, incubator was used by Robert Koch in his microbiological stud‐
ies in the second half of the nineteenth century. Incubators were also used by Virchow, Pasteur 
or Pettenkofer in their pioneering studies [90]. Use of incubators for cell cultures was recom‐
mended by Carrel and Burrows. Working with cell cultures of “warm‐blood” animals, they 
needed to maintain proper culture temperature [67]. Earlier, some of scientists use only warm 
media to work with in vitro cultures, but this method was very unsatisfactorily. The CO2 incu‐
bators became widely available commercially by the 1960s [91]. Today, cell culture is main‐
tained in automated incubators that ensure proper environmental conditions—temperature, 

Factors Characteristic

Physico‐chemical properties of cultures in vitro

Potential hydrogen (pH) For animal and human cells a pH was determined in 
the range of 7.0 ‐7.4. Some differences can be noticed for 
transformed cells (7.0–7.4), and in some cases cells require 
higher pH levels, for example, normal fibroblasts (7.4–7.7). 
In the range of 6.5–7.0 cells stop growing, and between 
pH 6.0–6.5 cells losing their viability. The pH level can be 
checked by presence of phenol red in culture medium [52, 
73, 79]

Oxygen The oxygen, as a part of the gas phase is required for 
adequate cell physiology, function, and differentiation. 
The oxygen requirements are depend on the type of cells. 
In general, low concentrations of oxygen are used and 
depend on the dissolved oxygen in culture media. The 
higher concentration of oxygen can inhibit cell growth 
and metabolism. In some cases transformed cells can be 
anaerobic [52, 73, 79]

Carbon dioxide and bicarbonate The buffering system is essential to maintain proper pH. 
For establishing physiological pH for cells CO2 is dissolved 
in the culture medium. Carbon dioxide establishes 
equilibrium with HCO3

‐ ions. The bicarbonate buffers 
not only show low toxicity, but also help in glucose 
metabolism. The other buffering system include use of 
HEPES buffer, but is was found that this system is toxic to 
some type of cells [52, 73, 79]

Temperature Generally most of cell lines are maintained at 37°C 
(earlier called “warm‐blood animal” temperature), but 
temperature is determined by origin of tissue, for example, 
lower temperature is usually used for skin and testicles cell 
cultures [52]

Osmolarity Cells exhibit rather wide tolerance to osmotic pressure. 
This factor can influence on growth and cell function. In 
general osmolatiry should be similar to the natural tissue 
environment. The osmolarites between 260 mOsm/kg and 
320 ± 10 mOsm/kg are applicable [52, 73, 79]

Viscosity The important factor for cell suspension cultured in stirred 
vessels or when cells are dissociated after trypsinization [52]

Table 2. The cell cultures environment [71, 73, 75, 79, 80].
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humidity and gaseous atmosphere (see Table 2). Most mammal cell cultures require tempera‐
ture of 37°C, CO2 in the range of 5–10% and relative humidity (RH) of 95% to minimize media 
evaporation and condensation [92, 93].

Development of the animal and human cell cultures would not be possible without combi‐
nation of techniques that prevent cell cultures form bacterial, fungal contaminations. The 
early safety cabinet dedicated to microbiological researches was, for the first time, presented 
in 1909 by the W. K. Mulford Pharmaceutical Co., Glenolden, Pa. The first safety cabined (a 
ventilated hood) was designed to prevent infection with Mycobacterium tuberculosis during 
the preparation of tuberculin. The earliest publication describing microbiological cabinets 
was released in 1943. Van den Ende built a safety cabinet using an electric furnace to create 
inward airflow and to incinerate the exhaust air. In the 1960s, the laminar flow clean room, 
with either horizontal or vertical airflow, was developed. The clean room environment was 
used in the pharmaceutical industry and hospitals. The clean rooms ensured the flow of fil‐
tered air over the technician and the work material. The particles present in air were trapped 
in the HEPA filter, although clean rooms that fulfilled their functions were very expensive 
and could not be relocated when it was needed. Thus, the class II safety cabinets were devel‐
oped. The principle purpose of the class II safety cabinet (laminar flow hoods, biology safety 
cabinets, BSCs) is the effective protection of personnel, the environment and the experiment 
[94, 95], for example, biological material during cell culture establishing, cells subculturing 
from micro‐organisms. Nowadays, the laminar flow hood is equipped with a HEPA (high‐
efficiency particle) filter that removes particles from air that blows into the hood. The cabinets 
are also equipped with ultraviolet light (UVC, with wavelengths between 290 and 200 nm) 
that sterilize work surface of the hood [92, 96]. The UV light is used due its physical proper‐
ties that are effective germicide and vircide. The UV light affects DNA by forming adducts 
of pyrimidine bases [96]. The main principles to avoid problems of contamination are as 
follows:

• Good aseptic technique—working with a biological safety cabinets (BSC), use of sterilized 
equipment, plasticware, glassware,

• To prevent cell cultures contamination, the copper CO2 incubators can be used, due to inhi‐
bition the growth of many different microorganisms (e.g., bacteria, fungi, algae, yeast). The 
copper ions disrupt key proteins and proteins essential to microbial life [97],

• Mycoplasma testing (monthly) using, for example, PCR‐based kits, DNA fluorochrome 
staining (Figure 5), autoradiography, ELISA, immunofluorescence, biochemical assays,

• Routine microscopic culture observations for microbial and yeast detection,

• Use of routine antibiotics should be avoided, and using antibiotics might cause selection of 
the resistant microbial strains,

• Regular filtering of culture media using 0.2 µm filters for protection against bacteria and 
fungi, and 0.1  µm filters to remove mycoplasma,

• Avoiding chemical contamination by testing all new lots of reagents—media, sera, trypsin, 
water,

New Insights into Cell Culture Technology18



humidity and gaseous atmosphere (see Table 2). Most mammal cell cultures require tempera‐
ture of 37°C, CO2 in the range of 5–10% and relative humidity (RH) of 95% to minimize media 
evaporation and condensation [92, 93].

Development of the animal and human cell cultures would not be possible without combi‐
nation of techniques that prevent cell cultures form bacterial, fungal contaminations. The 
early safety cabinet dedicated to microbiological researches was, for the first time, presented 
in 1909 by the W. K. Mulford Pharmaceutical Co., Glenolden, Pa. The first safety cabined (a 
ventilated hood) was designed to prevent infection with Mycobacterium tuberculosis during 
the preparation of tuberculin. The earliest publication describing microbiological cabinets 
was released in 1943. Van den Ende built a safety cabinet using an electric furnace to create 
inward airflow and to incinerate the exhaust air. In the 1960s, the laminar flow clean room, 
with either horizontal or vertical airflow, was developed. The clean room environment was 
used in the pharmaceutical industry and hospitals. The clean rooms ensured the flow of fil‐
tered air over the technician and the work material. The particles present in air were trapped 
in the HEPA filter, although clean rooms that fulfilled their functions were very expensive 
and could not be relocated when it was needed. Thus, the class II safety cabinets were devel‐
oped. The principle purpose of the class II safety cabinet (laminar flow hoods, biology safety 
cabinets, BSCs) is the effective protection of personnel, the environment and the experiment 
[94, 95], for example, biological material during cell culture establishing, cells subculturing 
from micro‐organisms. Nowadays, the laminar flow hood is equipped with a HEPA (high‐
efficiency particle) filter that removes particles from air that blows into the hood. The cabinets 
are also equipped with ultraviolet light (UVC, with wavelengths between 290 and 200 nm) 
that sterilize work surface of the hood [92, 96]. The UV light is used due its physical proper‐
ties that are effective germicide and vircide. The UV light affects DNA by forming adducts 
of pyrimidine bases [96]. The main principles to avoid problems of contamination are as 
follows:

• Good aseptic technique—working with a biological safety cabinets (BSC), use of sterilized 
equipment, plasticware, glassware,

• To prevent cell cultures contamination, the copper CO2 incubators can be used, due to inhi‐
bition the growth of many different microorganisms (e.g., bacteria, fungi, algae, yeast). The 
copper ions disrupt key proteins and proteins essential to microbial life [97],

• Mycoplasma testing (monthly) using, for example, PCR‐based kits, DNA fluorochrome 
staining (Figure 5), autoradiography, ELISA, immunofluorescence, biochemical assays,

• Routine microscopic culture observations for microbial and yeast detection,

• Use of routine antibiotics should be avoided, and using antibiotics might cause selection of 
the resistant microbial strains,

• Regular filtering of culture media using 0.2 µm filters for protection against bacteria and 
fungi, and 0.1  µm filters to remove mycoplasma,

• Avoiding chemical contamination by testing all new lots of reagents—media, sera, trypsin, 
water,

New Insights into Cell Culture Technology18

• Use of medical grade gases rather than industrial grade gas mixture that may contain toxic 
impurities, for example, carbon monoxide,

• To avoid cross‐contamination by other cell lines, monitoring cell culture program should 
be incorporated, for example, karyotyping, electrophoresis and isoenzyme analysis, detec‐
tion of markers using immunological or biochemical techniques, DNA fingerprinting [86, 
97, 98].

6.3. Hayflick phenomenon

In 1961, Leonard Hayflick (1928) and Paul Moorhead defined the finite life span of normal 
human cells. Hayflick inspired by Carrel's observations started research on the possible viral 
etiology of human cancer [99, 100]. Firstly (in 1958), normal human embryonic cells were 
exposed to cancer‐cell extracts. Hayflick expected that normal cells would change and dis‐
play cancer‐like properties, but normal cells did not grow any longer. Hayflick thought that 
he made a mistake in culture medium composition, glassware cleaning or other technical 
procedures. A few years later (in 1961), when working with the cytogenetist Paul Moorhead, 
he performed a series of experiments that validated Carrel's theory. In their work, they 
demonstrated that normal human fibroblasts doubled a finite number of times, stopped 
dividing and entered the phase III phenomenon. Hayflick divided the time of primary cell 
culture into three phases [99, 100]. Phase I—“or the primary cell culture that terminates 
with the formation of the first confluent sheet.” Phase II—“is characterized by luxuriant 
growth necessitating many subcultivations” [99]. This phase takes about ten months, and 
the cells in this phase are termed “cell strains” [99, 100]. Finally, the cell strain enters Phase 
III. In phase III, the cells stop dividing, and the cell strain is lost after a finite period of time. 
On the basis of these experiments, Hayflick argued that normal cells have a finite capacity 
to replicate as opposed to cancer cells (e.g., HeLa cell line) that are immortal and display 
indefinite growth [99, 100].

Hayflick and Moorhead findings revised Carrel's idea of cellular immortality. Due to evidence 
of defined life span of normal cells, Dr. Witkowski conducted his own private investigations 
to find the answer to the phenomenon of Dr. Carrel's immortal cells. In his publication, he 

Figure 5. Photomicrographs (400×) of bovine mammary epithelial cells stained with DAPI dye. The clean culture (A) [14] 
and the infected culture (B) [unpublished, Jedrzejczak‐Silicka].
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presented three theories to explain why the culture obtained by Carrel and his coworkers 
was maintained in vitro for 34 years. The first hypothesis presented the “cell transformation 
theory.” It is known that transformation can occur spontaneously and can also be induced by 
oncogenic viruses, but it is also established that spontaneous transformations occur particu‐
larly often in murine cell cultures and are extremely rare in chick cells. The transformed cells 
usually display changes in morphology and behavior, but Carrel's cells were described as 
being unchanged in appearance. Thus, Witkowski raised a question—“could the ‘immortal’ 
cells have been a spontaneously transformed cell line?” [67]. The second theory concerns cell 
contamination. The “immortal strain” was cultured using embryo extract, and Hayflick also 
noted that periods of intense cell growth corresponded to the occasions on which embryo 
extract was incorporated in the culture medium [67, 99]. Hayflick suggested that embryo 
extract contained living cells, and those cells grew and gave the impression that the original 
cells were stimulated by the extract. The question is Could Alexis Carrel replenish his cultures 
with “young” cells? [67]. The third theory was the “re‐stocking” theory. It was suggested that 
the “immortal cells” could originate from intentionally replenished cell culture population by 
Carrel's technicians [67]. The presented theories tried to explain the phenomenon of Carrel's 
culture.

7. Immortality of HeLa cell line

In 1951, Henrietta Lacks was diagnosed with aggressive adenocarcinoma of the cervix by Dr. 
Jones at Johns Hopkins Hospital in Baltimore. After cervical biopsy, the samples were send 
to Dr. George Gay (1917–1994)—director of the Tissue Culture Laboratory [52]. His assistant, 
Mary Kubicek, first noticed that the cells remained viable in a nutrient solution of chicken 
plasma [101, 102]. She placed Lacks’ specimen into the culture medium and cultured in roller 
tubes. Established cell cultures grew robustly, were durable and divided every 20 h. This cell 
line was called HeLa (derived from patient's name—Henrietta Lacks), but for years, HeLa 
cells were also interpreted as originating from Harriet Lane or Helen Larsen [71, 101, 102]. 
This situation was associated with confidential information about the originator of HeLa cells, 
and it was until the Obstetrics and Gynecology named Henrietta Lack as the HeLa cell source 
in 1971 [101–104].

In 1952, Dr. Gay and his coworkers published the results of 1‐year HeLa cultures. They stated 
that they had established and maintained “continuous roller‐tube cultures for almost a year” 
[105]. It was demonstrated that the cells of HeLa line grew in various media—in chicken 
plasma medium, bovine embryo extract and human placental cord serum [102, 105]. HeLa cell 
line established by Gay gave Jonas Salk and John Enders possibilities to develop poliovirus 
cultures in a non‐nervous tissue system [71, 101, 102]. The poliomyelitis virus was success‐
fully propagated in HeLa cell cultures by Dr. Gay [102]. HeLa cell line was cultured in almost 
all known culture media and was rapidly distributed to the laboratories in the United States 
and other countries to scientists who were interested in cancer studies. HeLa cell line was also 
distributed to pharmaceutical companies, and thus, HeLa cells became the most popular and 
valuable resource for cancer studies [96, 102].
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The most famous cell line was studied intensively, in particular the mechanisms that made it 
so aggressive. Currently, it is known that HeLa cells were infected with human papillomavi‐
rus 18 responsible for protein synthesis that degrades the protein of the p53 tumor suppres‐
sor gene [101]. HPV18‐positive HeLa cells displayed changes in microRNA expression [102]. 
It was also found that HeLa cells had a mutation within Lacks’ HLA supergene family on 
chromosome 6 [101]. In 2013, HeLa genome was fully sequenced and published without the 
knowledge of Lack's family (later, the family has endorsed restricted access to HeLa genome 
data) [103]. Groups from the European Molecular Biology Laboratory and the Institute of 
Human Genetics (Heidelberg, Germany) determined that the insertion of HPV18 was located 
on chromosome 8 [106, 107]. This result was consistent with previous studies, but addition‐
ally, nine putative viral integration sites were found. It was also discovered that four of the 
HeLa chromosomes had been shattered and reassembled into highly rearranged chromo‐
somes. The term “chromothripsis” was introduced to define the described phenomenon, and 
it was found to be associated with 2–3% of all cancers. The presence of chromothripsis was 
also confirmed especially in chromosome 11 [106, 107]. Other rearrangements were observed 
on chromosomes 5, 19 and X. The chromothripsis process is also manifested in a high number 
of CN (copy number along the genome) switches, high interconnectivity and alternations 
between a low number (2–3) of CN states [106–110]. The comparison of transcriptomes of 
HeLa with normalized gene expression levels of 16 tissues (from Illumina Human BodyMap 
2.0) showed that 1907 genes, of which 805 genes were protein‐coding, were more highly 
expressed in HeLa cells. Finally, 23,966 genes, of which 5593 were protein‐coding, were not 
found to expressed in HeLa cells [107].

In the light of the results presented by Landry and his coworkers, the suggestion of the biolo‐
gist Van Valen made in 1991 that HeLa cells have become new species—Helacyton gartleri—as 
a result of countless cell passages, viral infections or other cell line contaminants seem to take 
on a new importance [102, 111, 112].

8. Immortalization of cells and first monoclonal antibodies

In cell cultures, the transformation may occur spontaneously, and immortal cell populations 
were observed in many laboratories from the early 1940s to the early 1960s [113]. Immortal 
cells arise spontaneously from normal cells, and murine cell cultures are especially prone to 
that process [67, 117]. Cell cultures can be transformed by oncogenic viruses, for example, 
SV40 [115, 116] or by radiation (x irradiation) [114, 117] and chemical carcinogens, for exam‐
ple, methylocholanthracene [64, 118]. Hayflick defined the immortality term as a”life form 
capable of indefinite survival in conditions where no changes have occurred in molecular 
composition from some arbitrary beginning” [119].

Cell culture observations in the fifties brought the conclusions that cells derived from, for 
example, skin and muscle exhibit contact inhibition of growth. Other findings were made 
for cells infected with the Rous sarcoma virus. In that case, cell growth was not arrested, and 
it was the first evidence of cells’ transformation by oncogenic retroviruses. The dense focus 
assay was widely used to describe oncogenic activity and indicated that the transformed 
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cells displayed the ability to continue proliferate even after they reached confluence. In stud‐
ies focused on the transformed cells, it was also noted that those cells were able to form a 
multilayer on top of normal cells. It was also argued that the loss of contact inhibition was 
correlated with tumorigenicity. The transformed cells were able to anchorage‐independent 
growth and proliferate in the absence of serum in medium [120]. Working with SV40, sci‐
entists developed a model‐transforming virus. SV40 was used for transformations of many 
different animal and human cell cultures, for example, 3T3 cell line was established [117, 120, 
121]. The mechanisms that play a crucial role in immortalization and transformation are not 
very well defined, but several cell lines provide evidence that telomere maintenance, pRB and 
p53 tumor suppressor protein pathways are important in these processes [120].

The first hybrid mammalian cells were obtained via viral fusion in human and mouse cells 
in 1965 by Harris and Watkins. In their work, they demonstrated that fusion of cells of differ‐
ent species was possible [122]. Using a new technique of UV inactivation, Harris and Watkins 
obtained heterokaryons from human HeLa cells and Ehrlich ascites tumor cells from mice [123].

Firstly, monoclonal antibodies were produced by Georges Köhler and Cesar Milstein in 1984 
[52]. They described derivation of a number of culture cell lines that were able to secrete anti‐
sheep red blood cell (SRBC) antibodies. Cell fusions were obtained using mouse myeloma 
and mouse spleen cells from an immunized donor. For cell fusion, two myeloma cell lines 
derived from BALB/c mice were used. The P1Bu1 cell line was resistant to 5‐bromo‐2′‐deoxy‐
uridine and did not grow in the HAT selective medium. Thus, the cell line secreted a myeloma 
protein—IgG2A. The second cell line was P3‐X63Ag8, derived from P3 cells resistant to 8‐aza‐
guanine, and did not grow in HAT medium. The P3‐X63Ag8 secreted MOPC 21–IgG1 (κ). Cell 
fusion was performed using an inactivated Sendai virus. The karyotype of hybrid cells (after 
4 months) was lower than the sum of the two parental cell lines. After cell fusion by Sendai 
virus, the cells of P3‐X63Ag8 line were able to growth in HAT medium and secreted immuno‐
globulins that contained MOPC 21 protein [124, 125].

Through research conducted by Köhler and Milstein, medicine and science obtained mono‐
clonal antibodies as a very useful tool for research and diagnosis that can be used in the treat‐
ment of different diseases, for example, rheumatoid arthritis, cancer, cardiovascular diseases, 
transplantations or infectious diseases [126–128]. For this reason, in 1984, The Nobel Assembly 
of Karolinska Institutet decided to award the Nobel Prize in Physiology or Medicine to Niels 
K. Jerne, Georges J.F. Köhler and César Milstein for theories related to “the specificity in 
development and control of the immune system” and the discovery of “the principle for pro‐
duction of monoclonal antibodies” [128].

9. Production of therapeutic proteins in mammalian cell cultures

On the basis of knowledge about the cell cycle and gene expression regulation, in 1986, the 
first therapeutic protein—recombinant tissue‐type plasminogen activator (tPA, Activase; 
Genentech, San Francisco, CA, USA)—was obtained in the culture of immortalized Chinese 
hamster (Cricetulus griseus) ovary (CHO) cell line [129, 130]. In addition, many other recom‐
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binant protein pharmaceuticals are expressed in CHO cells and other cell lines, such as 
mouse myeloma (NS0), baby hamster kidney (BHK) or human embryo kidney (HEK‐293). 
It was estimated that about 60–70% of all recombinant proteins are produced in mamma‐
lian cells [129, 131, 132]. Cells used in the recombinant protein synthesis maintain a recom‐
binant gene (with key transcriptional regulatory elements) and a selection gene. The most 
popular genes for selection process are dihydrofolatereductase (DHFR), which encodes an 
enzyme involved in nucleotide metabolism and glutamine synthetase (GS) responsible for 
the expression of an enzyme that catalyzes the synthesis of glutamine from glutamate and 
ammonia [129].

The production of recombinant proteins in mammalian cells can be performed in two main 
forms: adherent cell cultures and suspension cell cultures [129]. The example of adherent 
cells widely used in protein production is the CHO cell line [133]. This immortalized cell line 
was established by Dr. Puck in his laboratory (at the Eleanor Roosevelt Institute for Cancer 
Research) in 1957. For establishing primary cell cultures, 0.1 g of ovary tissue of Chinese ham‐
ster was used. After the trypsinization process, cell culture was described as predominantly 
of fibroblast type, with a near diploid karyotype (only about 1% of the cell population had a 
different number of chromosomes, more or less than 2n = 22). This small difference in diploid 
character of primary cells is generally rare in primary cells of full diploid karyotype. After some 
time from establishing the culture, the morphology of cells changed, and it seemed that the cell 
culture underwent spontaneous immortalization. After further 10 months of the culture, other 
morphological changes were observed. Recloning of these cells with a modified morphology 
(from fibroblast‐like to more epitheloid) resulted in the cell line known as CHO (or CHO‐ori) 
[134]. The CHO cells were used for the first time in biotechnology after establishing the CHO‐
DXB11 cell line. This cell line established by Dr. Chasin carries a deletion of one DHFR locus 
and a missense mutation (T137R) of the second locus. Those changes made the cells totally 
incapable of the reduction of foliate to dihydrofolate (DHF). This cell line was a system for the 
production of human tPA in a roller bottle system. The cells are grown attached to the inner 
wall of the bottle filled with culture medium to 10–30% of its normal volume. The bottles are 
slowly rotated to assure oxygen supply and to wet the cells [129, 134]. Among other pharma‐
ceutical proteins produced using CHO cultures are Epogen (erythropoietin), ENBREL (a TNF 
inhibitor) or HERCEPTIN (an anti‐HER2 breast cancer antibody) (see Table 3) [129, 134, 135].

To scale‐up production bioprocesses, adherent cells can also be cultivated in stirred‐tank bio‐
reactors. For anchored‐dependent cells, (e.g., CHO) polymer microcarriers are used, and fol‐
licle‐stimulating hormone and virus vaccines were produced this way [129].

The second form of the production of recombinant proteins in mammalian cells is a suspen‐
sion culture. CHO cells are also capable of growing as a single‐cell suspension. Cell lines, 
such as NS0, BHK, HEK‐293 or PER‐C6 (human retina‐derived), are grown in suspension. 
Suspension cultures are optimized for a high‐density cell culture in the absence of serum or 
other animal‐derived components. In some procedures, the reduction of the temperature (to 
30–33°C) and increased osmolarity are used to enhance the production process [129, 136]. 
Production on a higher scale is possible by using bioreactors. The main types of mammalian 
cell cultures are batch, fed batch, repeated batch, continuous and perfusion cultures [137].
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Biotherapeutic 
product

Type Therapeutic use Manufacturer FDA approval

Activase Tissue plazminogen 
activator

Acute myocardial 
infraction

Genentech 1987

Epogen Erythropoietin Anemia Amgen 1989

Pulmozyme Deoxyribonuclease I Cystic fibrosis Genentech 1993

Cerezyme β‐Glucocerebrosidase Gaucher's disease Genzyme 1994

Avonex Interferon‐β Relapsing multiple 
sclerosis

Biogen Idec 1996

Rituxan Anti‐CD20 mAb Non‐Hodgkin's 
lymphoma

Genentech, Biogen Idec 1997

Follistim Follicle stimulating 
hormone (FSH)

Infertility Serono 1997

Benefix Factor IX Hemophilia B Wyeth 1997

Herceptin Anti‐HER2 mAb Metastatic Brest cancer Genentech 1998

Tenecteplase Tissue plazminogen 
activator (engineered)

Myocardial infraction Genentech 2000

ReFacto Factor VIII Hemophilia A Wyeth 2000

Aransp Erythropoietin 
(engineered)

Anemia Amgen 2001

Humira Anti‐TNFα mAb Rheumatoid arthritis Abbott 2002

Raptiva Anti‐CD11a mAb Chronic psoriasis Genentech 2003

Xolair Anti‐IgE mAb Moderate/severe asthma Genentech 2003

Avastin Anti‐VEGF mAb Metastatic colorectal 
cancer

Genentech 2004

Luveris Luteinizing hormone 
(LH)

Infertility Serono 2004

Aldurazyme Laronidase Mucopolysaccharidosis Genzyme 2006

Myozyme α‐Gluosidase Pompe disease Genzyme 2006

Vectibix Anti‐EGFR mAb Metastatic colorectal 
cancer

Amgen 2006

Denosumab Anti‐RANKL mAb Osteoporosis, giant cell 
tumor of bone

Amgen 2010

Ipilimumab Anti‐CTLA4 mAb Melanoma Bristol‐Myers Squibb 2011

Table 3. List of biotherapeutics approved by FDA produced in Chinese Hamster Ovary cell lines [131, 136].

Finally, mammalian cell culture ensures most often consistent glycosylation patterns and rela‐
tively homogeneous (in comparison with E. coli, yeast, baculovirus expression vector systems, 
but with minor differences between different species of cell host) [138]. The consistent gly‐
cosylation profile maintained between batches is crucial for the recombinant biotherapeutic 
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protein production, but the extent of glycosylation may decrease over time in a batch culture. 
The depletion of nutrients (e.g., glucose or glutamine) is the reason of limit for the glyco‐
sylation process, and thus, the fedbatch strategies should ensure proper concentrations of 
key nutrients to avoid their decrease to a critical level that could compromise protein glyco‐
sylation. Some studied presented that the pattern of protein glycosylation is dependent on 
the expression of various glycosyltransferase enzymes that occur in the Golgi of the cell and 
display different relative activity among species. Those differences can account for significant 
variations in structure. Complete glycosylation process is usually associated with maximiza‐
tion of two processes—galactosylation and sialylation that usually are incomplete and result 
in glycan structural variation. An alternative approach involves glycoengineering of the pro‐
teins in vitro [139].

10. Phenomenon of induced pluripotent stem cells (iPS)

In 2006, Shinya Yamanaka and his colleagues demonstrated that reprogramming of adult 
mouse tail‐tip fibroblasts toward embryo stem cells by simultaneously induced expression of 
four transcription factors—Oct3/4, Sox2, Klf4, and c‐Myc—was possible. Reprogrammed cells 
were selected by the presence of Fbx15 gene expression, which is characteristic of early devel‐
opment and embryo stem cells. The induced pluripotent stem cells (iPSCs) exhibited traits of 
mouse ES cells but also showed differences in gene expression and chromatin organization 
in comparison with ES cells [140, 141]. Later, researchers have shown that the selection for 
Nanog expression after transduction of four factors (Oct3/4, Sox2, Klf4 and c‐Myc) resulted in 
obtaining a more similar population of cells to ES cells. After that experiment, another discov‐
ery was made by Yamanaka and his coworkers. They introduced mouse retrovirus receptor 
into human cells to obtain higher transduction frequency by amphotropic retrovirus. With 
this procedure, 60% of cells exposed to the retrovirus expressed a reporter gene. Then, the 
same four genes were introduced into adult human dermal fibroblasts, and the first human 
iPS was created. The selection was based on morphology and growth characteristics of these 
cells. It was also found that each clone of iPS carried from three to six retroviral integrations 
for each of four factors. The very important trait of human iPS was the capacity to form tissues 
of all three germ layers in tissue cultures and transplantations (into immune‐deficient mice) 
[140]. The authors stated that the reprogramming process is unknown, but they suggested 
that Oct3/4 and Sox2 upregulated the expression of genes related to pluripotency. These two 
genes upregulate “stemness” genes in both human and mouse ES cells. On the other hand, c‐
Myc and KIf4 may alter chromatin structure modifications, thereby granting Oct3/4 and Sox2 
access to crucial target genes [140–142]. It has also been found that KIf4 interacts with p300 
histone acetyltransferase and plays a role in gene transcription regulation via histone acetyla‐
tion. The role of c‐Myc is the induction of differentiation and apoptosis of human ESC, but the 
same gene in mice plays a positive role in ES [142].

Other group of scientists—Thomson and his colleagues—demonstrated that pluripotency in 
human fibroblasts can be obtained by reprogramming of OCT4 and SOX2 with NANOG and 
LIN28 genes in human somatic cells of mesenchymal phenotype [140, 143]. Effective repro‐
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gramming was also evaluated in primary, genetically unmodified human fibroblasts—IMR90. 
The IMR90 cells were transduced with a combination of four genes (OCT4, SOX2, NANOG and 
LIN28), and after 12 days, the colonies of cells displayed human ESC morphology. The cells had 
normal karyotype and were verified by the presence of cell surface markers and genes typical 
for ESC. The induced cells were able to differentiate into embryoid bodies and teratomas [143].

Firstly noticed that the differences between iPSC and adult human cells were morphol‐
ogy and growth characteristic. Before 2009, the human iPS cells were described as highly 
similar to human embryonic stem cells (ES), and those similarities included morphology, 
proliferation, expression of cell‐surface markers, gene expression (with the telomerase 
expression) and chromatin organization [140]. In 2009, Chin and his colleges [144] pre‐
sented results obtained from the comparison of three human ESC lines and five iPSC lines. 
They reported differences in hundreds of genes expression. Deng et al. [145] and Doi et al. 
[146] reported differences in DNA methylation and indicated that epigenetic memories of 
donor cells in human iPSC [141].

Induced pluripotent stem cells (IPSCs) are genetically identical to the mature body cells from 
which they were derived. It was noticed that the same genes are chemically altered in stem cells 
derived from adult cells, when cells undergo differentiation, and also when the normal cells 
become cancer cells. The iPSCs display ability to self‐renew and differentiate to every type of 
cells. The difference between adult and iPSCs is subtle. The study that focused on fibroblasts and 
the pluripotent stem cells into which they were reprogrammed shows that difference was classi‐
fied as epigenetic (it was described as—what gets copied when the cell divides, although it is not 
the part of the DNA sequence). It is due chemical change—methylation that is associated with 
silencing genes. During that study, differentially methylated regions (DMRs) of genes whose 
expression was changed in the process of being reprogrammed from a parent cell to a stem cell 
were identified. The process of reprogramming an adult cell to a stem cell involves DMRs and 
genes. Studies based on cancer cell showed that differently methylated sites were located in can‐
cer cells which matching up with many of the methylated areas that had been implicated during 
differentiation processes of normal tissues [146]. It was stated that there is the high degree of 
overlap between the differently methylated regions and genes that are involved in reprogram‐
ming fibroblasts into stem cells and also reprogramming a normal cells into a cancer cells [146].

In 2012, the Nobel Prize in Physiology and Medicine was awarded to John B. Guordon (for 
the discoveries that proved reversible nature of cell specialization) and Shinya Yamanaka 
(for reprogramming mature mouse cells to immature cells) [147, 148]. Both discoveries are of 
great importance in many areas of medicine, for example, oncology and regenerative medi‐
cine. It was reported that ESC were successfully used in cartilage repair, peripheral nerve 
repair or cardiac regenerative therapy. Moreover, MSC were used in certain types of thera‐
pies, for example, autologous transplantations or hematopoietic disease therapies [148].

11. 3‐D bioprinting technology

ECM (extracellular matrix) development allows to obtain cell‐cell and ECM‐cell interactions 
in cultures [52]. Using 2‐D cell cultures, the researchers were not able to mimic in vivo state. 
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The classical monolayer cultures have various limitations, for example, loss of tissue spe‐
cific architecture, cell‐cell interactions [56, 57]. The new techniques development helped to 
improve cell cultures microenvironment, for example, three‐dimensional (3D) cell culture 
models. This technique gave possibility to achieve non‐adherent (anchorage‐independent) 
and adherent (anchorage‐dependent) cell cultures. For anchorage‐independent cultures, the 
cell aggregation can be achieved by using low‐attachment surface dishes and/or coated with 
agarose and poly‐hydroxyethyl methacrylate (pMEMA). The 3‐D cultures of the anchorage‐
dependent cells can be obtained by using porous materials for prefabricated scaffolds that 
support adherence of cells [52]. The 3‐D culture format gives unique possibility to analyze 
and to understand tumor cell growth, migration, therapy resistance. The culture of multi‐
cellular tumor spheroid (MCTS) for anticancer drug screening was developed. For this cell 
model, chitosan/collagen/alginate (CCA) fibrous scaffold was used, and such 3‐D model gave 
important information about metastatic spread of carcinoma cells [56, 149]. The 3‐D culture 
technique is based on the idea to mimic and has many advantages, but this relatively new and 
innovative technique displays some limitation and disadvantage that are summarized below:

The advantages are as follows:

• More representative in vitro model that exhibits biochemical and morphological features 
specific for the in vivo state,

• 3‐D culture ensure cell‐cell and cell‐ECM interactions (mechanical and biochemical sig‐
nals) that are essential for different processes such as differentiation and proliferation,

• This type of cultures ensure more accurate tissue‐specific architecture,

• More accurate for drug and cancer biology experiments [56],

• Different types of 3‐D cell culture systems, for example, 3‐D spheroids grown on matrix, 
3‐D spheroids grown within matrix (scaffold‐based 3‐D culture), 3‐D spheroids grown in 
suspension, scaffold‐free 3‐D culture [77, 150].

The disadvantages are as follows:

• Some matrices used for 3‐D cultures are animal‐derived or human‐derived and have com‐
ponents (often unwanted such as growth factors or viruses) from that reason implementa‐
tion for clinical work is difficult (risk the potential transmission of diseases),

• In some 3‐D cultures, detachment of cells is difficult,

• Some existing systems fail to mimic the biomechanical characteristics of tissue in vivo rep‐
resent a static condition [150],

• For scaffold‐based culture systems, reproducibility between different batches is 
unsatisfactory,

• In synthetic scaffolds PEG‐based, PEG is cell compatible but inert; cells that are embed‐
ded are not able to attach to the matrix without modifications (e.g., RGD‐sites covalently 
attached to PEG hydrogels),

History of Cell Culture
http://dx.doi.org/10.5772/66905

27



• Difficulties in encapsulated cells recovering (e.g., for isolation of nucleic acids or protein), 
screening and bioprocessing in 3‐D culture systems like imaging tools are difficult, for 
example, autofluorescence of collagenous scaffold [150].

Progress in 3‐D cell culture technology created the possibility of tissue engineering devel‐
opment and enhanced progress in the regenerative medicine [52]. Firstly, tissue‐engineered 
cartilage was developed in nineties, and in 2013, the ear was printed using a hydrogel to form 
an ear‐shaped scaffold and cells that formed cartilage [151]. The 3‐D bioprinting technology 
is one of most intriguing innovation, but the idea of 3D printing is not new. The first descrip‐
tion of 3‐D printing was made by Charles W. Hull that he called his method “sterolitography” 
[152–155]. The formation of 3‐D scaffolds for biological materials was the first step in the 
development of that technology. The next step was to evaluate technique that allows to print 
living cells layer‐by‐layer into special 3‐D scaffolds [153].

The 3‐D bioprinting technology depends on many elements such as inkjet, microextrusion 
and laser‐assisted printing. The first inkjets printers used for bioprinting were modified ver‐
sion of widely available 2‐D ink‐based printers. In the cartridge, the ink was replaced with 
a biological material, and the paper with a stage with controlled elevator to control of the 
xyz axis. Now, inkjet printers for bioprinting applications use thermal or acoustic methods 
to eject drops of bioink onto substrate. The other crucial element of bioprinting is the micro‐
extrusion that usually consists of a material‐handling system, dispensing system and the 
stage. The function of the microextrusion printers is to control extrusion of small bead of 
material, which is deposited onto substrate. The extrusion of material can be controlled by 
pneumatic or mechanical dispensing systems. The third important factor in organ or tissue 
printing process is laser‐assisted bioprinting (LAB). The LAB device consists of a pulsed laser 
beam, a focusing system, a “ribbon” that provides transport of material, and substrates for 
cell‐containing material. The materials used in regenerative medicine and 3‐D bioprinting are 
based on natural (e.g., alginate, collagen, chitosan, fibrin) or synthetic polymers (e.g., PEG). 
Materials should be characterized by good printability, high biocompatibility, known degra‐
dation kinetics and byproducts, material biomimicry and proper structural and mechanical 
attributes [153].

The successful bioprinting process depends on cells selection for tissue or organ printing. 
Printing organs or tissues requires multiple cell types, for example, the primary functional cells, 
embryonic and induced pluripotent stem cells. The cells chosen for bioprinting must be robust 
to survive the printing process, and thus, in many studies, cell lines are used. For example, 
fibroblast or transformed cell lines are robust enough to shear stress and pressure [153, 155].

The progress in bioprinting manifests in obtained 2‐D tissue such as skin, hollow tubes (e.g., 
blood vessels, trachea), organs as the bladder or solid organs such as the kidney [153].

The organ and tissue printing will not only solve problem of organ transplantation but will 
give possibilities to use those construct in drug discovery, chemical, biological or toxicologi‐
cal analysis, and cancer research [153, 156]. For example, the cancer 3‐D tissue model was 
obtained for human ovarian cancer (OVCAR‐5) cells and normal fibroblast [156].
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Materials should be characterized by good printability, high biocompatibility, known degra‐
dation kinetics and byproducts, material biomimicry and proper structural and mechanical 
attributes [153].

The successful bioprinting process depends on cells selection for tissue or organ printing. 
Printing organs or tissues requires multiple cell types, for example, the primary functional cells, 
embryonic and induced pluripotent stem cells. The cells chosen for bioprinting must be robust 
to survive the printing process, and thus, in many studies, cell lines are used. For example, 
fibroblast or transformed cell lines are robust enough to shear stress and pressure [153, 155].

The progress in bioprinting manifests in obtained 2‐D tissue such as skin, hollow tubes (e.g., 
blood vessels, trachea), organs as the bladder or solid organs such as the kidney [153].

The organ and tissue printing will not only solve problem of organ transplantation but will 
give possibilities to use those construct in drug discovery, chemical, biological or toxicologi‐
cal analysis, and cancer research [153, 156]. For example, the cancer 3‐D tissue model was 
obtained for human ovarian cancer (OVCAR‐5) cells and normal fibroblast [156].
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12. Future of cell cultures

The future of animal cell technology will enlarge its applications, for example, use of viral 
vectors for gene therapy, vaccine technology, recombinant protein production for therapeutic 
purposes. Moreover, human cell cultures can also be used for personal therapies—gene thera‐
pies, tissue engineering, transplantation of organs. In the future, more human diseases will be 
treated by new form of therapies based on organ and tissue cultures [74].

Since HeLa established, immoral cancer cell lines are intensively studied as a biological 
models to investigate cancers biology (e.g., cancer initiation, progression, metastasis, tumor 
microenvironment and cancer stem cells) and evolved anticancer drugs or alternative form 
of therapy, for example, hyperthermal therapy, use of nanoparticles. However, many results 
obtained from the examination of immortal cancer cell lines suggest that cancer cell lines 
are not representative, due to cancer heterogeneity and drug‐resistant tumors occurring in 
patients [157]. To solve the problems with the present standard therapy (“one treatment fits 
all”), two elements should be realized. The first one, that is based on the idea—“health is 
a molecular thing,” that focused on genome‐based studies and biomarkers analyses that 
will expand the range of diagnostic, and the cancer patients will be treated with the optimal 
targeted therapy [157, 158]. For example, form of personalized medicine was presented by 
Thomas Blankenstein and Wolfgang Uckert (Berlin Institute of Health) who are working on 
a T‐cell therapy (using genetically modified T cells) that specifically targets mutations (muta‐
tions that lead to errors in the mechanisms that control cell division) in the genome in order to 
fight tumors [159]. The second one includes the derivation and short‐term culture of primary 
cells from solid tumors to evaluate or improve personalized cancer therapy [157].

Studies with cancer cell lines give opportunity to understand of tumor biology and allow 
high‐throughput screening for drug development. Although many important investigations 
were performed using cancer cell lines, the results give limited information and present low 
clinical correlation. The genetic aberrations of cancer cell lines that are related with increasing 
passage numbers are one of the reasons why this type of study does not fully represent clini‐
cal situation. Thus, primary tumor cell cultures (e.g., 3‐D tumor culture derived from solid 
tumor specimens) can give more accurate information about individual cancer cases and sup‐
port establishment of clinical setting [157, 160].

Due to specify of cancer cells, different therapeutic strategies should be chosen, for example, 
monoclonal antibodies, radiotherapy, chemotherapy, small molecule inhibitors, targeted 
therapies or combinations of two, three forms of treatment. Information about the”specify of 
cancer cells” is complex and includes not only tumor microenvironment and signalling path‐
ways analyses, but also patient‐specific tumor cultures for drug profiling prior to adequate 
clinical treatment selection [157].

Future medicine will able to use widely stem cells [adult and as well human embryonic stem 
cells (HESC)] for damage tissue replacement [74]. The idea of Dr. Atala's of in situ bioprinting 
therapy and the results obtained in that area are promising. It was presented by Albanna and 
his colleagues that “the skin bioprinter is able to deliver two different types of skin cells and 
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biomaterials directly on target locations and cover skin wounds and defects.” It is possible 
that in the near future, use of skin bioprinters will be a useful tool in surgical reconstruction 
and a preferred form of therapy in wound and burns treatment [161].
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Abstract

Insect cells can be used for the efficient production of heterologous proteins. The
baculovirus expression vector system (BEVS) in Spodoptera frugiperda cells and the stable
transformation of Drosophila melanogaster S2 cells are widely used for this purpose.
Whereas BEVS is a transient expression system for rapid protein production, stable D.
melanogaster cell lines are compatible with more complex processes modes. This chapter
describes the setup of both systems, including steps for the generation of expression
vectors and comprehensive optimization approaches. The genetic elements available in
each system are described, as well as the use of different cloning and transfection
methods and advanced process monitoring to achieve robust protein expression in
larger-scale bioreactors.

Keywords: heterologous protein expression, BEVS, stably transformed Drosophila
melanogaster S2 cells, recombinant protein expression, insect cell

1. Introduction

The cultivation of recombinant insect cell lines has been the subject of intense research since the
1980s and also allows the industrial production of recombinant proteins, vaccines and insecti-
cides [1–4]. Since the first insect cell line was isolated in 1963, more than 500 different cell lines
have become available [5, 6]. The most common expression systems are based on cell lines
derived from Spodoptera frugiperda (Sf-9 and Sf-21), Trichoplusia ni (BTI-TN-5B1-4, marketed as
High Five™) andDrosophila melanogaster (S2). The S. frugiperda and T. ni cell lines are used with
the baculovirus expression vector system (BEVS) [7], which is the gold standard for protein
production in insect cells. More recently, stably transformed Drosophila S2 cell lines have been
used to express a wide variety of proteins [8]. In all cases, it is necessary to optimize protein
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expression as well as the bioprocess conditions to achieve a robust and efficient upstream
process. This includes the selection of suitable genetic elements, aspects of glyco-engineering,
comprehensive screening for highly productive cell lines, appropriate aeration and mixing
strategies and the selection of a robust process mode. Online analytical methods can be used
to gain fundamental insights into the physiological state of the cells during the production
process, with dielectric spectroscopy and online optical density measurements providing good
results. In this chapter, we provide comprehensive, interdisciplinary guidance for the optimi-
zation of each process step and the upstream process as a whole.

2. Optimizing protein expression at the cellular level

2.1. Engineering the glycosylation profiles of insect cells

Many therapeutic proteins require a specific glycosylation pattern, so this aspect is a major
issue when using insect cell lines for protein production. Generally, cell lines from S. frugiperda,
T. ni and D. melanogaster can synthesize N-linked glycans. However, insect cells form shorter
and less complex N-glycan structures than mammalian cells (Figure 1).

At least in some part, the alterations in the glycan patterns are of evolutionary origin. Studies
revealed mutations in some enzymes of the apparatus for the protein glycosylation (e.g. trans-
ferases), occurring during the evolutionary split of vertebrates from invertebrates, 500 million
years ago. This led to the future formation of distinct glycan patterns for the species [9].

In general, glyco-structures in insects thus formed in different patterns than in mammals.
However, the complexity of the glycans is altered over the developmental stages in the insect
[10], clearly hinting, that the glycans are involved in the development. The insect-derived cell
lines do not express the respective enzymes in quantity and show therefore less complex
glycosylation patterns [11].

The glycan structures of insect cells are mostly oligomannose or paucimannose forms with
core fucose structures but no terminal sialic acid residues [12, 13]. In addition to human-like
α1,6-linked fucose, insect-derived proteins may also carry a α1,3-linked fucose, which can
induce immunogenic and allergic responses in humans [14]. About 70% of therapeutic proteins
contain N-glycans and these structures can influence protein activity and tolerability, so the
inability of insect cells to synthesize human-like glycosylation profiles is a disadvantage [15].
Several strategies have therefore been developed to address the issue of incomplete or incom-
patible N-glycosylation in insect cell expression systems.

The truncated paucimannose structures in D. melanogaster S2 cells were found to originate
from an acetylglucosamidase (GlcNAcase) activity, which removes terminal N acetylglu-
cosamine (GlcNAc) residues. The GlcNAcase was suppressed [16] and the simultaneous
expression of a galactosyltransferase (GalT) resulted in more complex but still unsialylated
and heterogeneous glycans [17].

The BVES can be improved by using genetically engineered host cells and/or baculoviruses
(Figure 1). Cell lines have been modified to express recombinant glucosaminyltransferases,
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galactosyltransferases and sialyltransferases. In the presence of the sialic acid precursor acetyl-
D-mannosamine, human-like glycans can be synthesized in these cells [13, 18]. In order to
reduce the metabolic burden, the cells can also be equipped with inducible promoters so that
the mammalian glycosylation machinery can easily be switched on and off [19]. Initial
attempts to produce mammalian glycans in the BEVS required the co-infection of insect cells
with baculoviruses encoding the target protein and the enzymes required for glycosylation
[20]. The yields of protein were low due to the relatively small statistical likelihood of co-
infection, so alternative BEVSs have been developed such as the SweetBac® technique, in
which the glycan-generating enzymes are carried on a separate ‘glyco-module’. Although this
simultaneous expression reduces the yield compared to traditional insect expression systems,

Figure 1. N-glycan profiles in different expression hosts. Mammalian and insect glycans share a common precursor.
Mammalian cells (left branch) elaborate this precursor using N-acetylglucosaminyltransferase (I) and other enzymes. In
the middle branch, the native paucimannose glycans of insect cells are synthesized by N-acetylglucosaminidase. Insect
proteins typically contain both 1,3-linked and 1,6-linked core fucose. Genetically engineered insect cell lines (right branch)
can express α-1,6-mannosylglycoprotein 2-β-N-acetylglucosaminyltransferase (III), β-galactosyltrasferase 1 (VI) and β-
galactoside α-2,6-sialyltransferase. The symbols were used as previously defined [25]. The figure is based on earlier
publications [13, 18].
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the previously established cell line Tnao38 can achieve results comparable to transient expres-
sion in mammalian cells [21, 22]. Additionally, the synthesis of core fucose can be prevented by
using a baculovirus encoding an enzyme that diverts the precursor molecule into other path-
ways [23].

The ability of insect cells to synthesize O-linked glycan structures has not been explored in
detail. Insect O-glycosylation profiles are less diverse than those produced by mammals, but
the precise nature of these structures depends on the cell line and culture medium [24].

2.2. Transient expression using BEVS

2.2.1. General procedure for recombinant protein expression using BEVS

BEVS is based on the use of insect viruses known as baculoviruses (family baculoviridae) that
are rod-shaped dsDNA viruses that infect lepidopteran species. The best characterized
baculovirus is Autographa californica multiple nucleopolyhedrovirus (AcMNPV). Its life cycle
comprises two phases leading to different phenotypes [26]. Type 1 is known as a budded virus,
which is enveloped with parts of the host cell membrane. After its release from the host cell
between the early and late phases of the infection, the budded virus can spread and infect
neighbouring cells. Type 2 is known as the occlusion-derived virus and is produced in the very
late infection phase when the viral protein polyhedrin accumulates in the host cell and forms
so-called occlusion bodies. Polyhedrin expression is controlled by the strongest viral promoter,
the polh promoter. The promoters used for heterologous gene expression with BEVS are
usually viral promoters, and these can be classed as early, late and very late promoters
according to the timing of their activity post-infection. Early promoters are active directly after
infection because they only require the host cell RNA polymerase. Early promoters drive the
expression of genes encoding viral transcription factors and polymerases, which are in turn
necessary for the expression of late genes. Very late genes, like polyhedrin, are even more
active than the late genes, and are necessary for virus packaging. The polh promoter is the most
widely used in BEVS because of its very high activity and due to the fact that occlusion body
formation (and thus polyhedrin itself) is not necessary for baculovirus propagation in cell
culture.

Recombinant protein expression using BEVS involves five different states, which are summa-
rized in Figure 2 and explained in more detail in the following sections. Many different
products used in (veterinary) medicine have been produced using BEVS and selected exam-
ples are listed in Table 1.

2.2.1.1. Cloning the transfer vector

In the first step, the gene of interest (GOI) must be integrated into a transfer vector. This can be
achieved using classic insertion-ligation technology, or state-of-the-art techniques such as
golden gate cloning. Depending on which kit is used to generate the recombinant baculovirus,
different transfer vectors are provided by the manufacturers. The most important differences
among these vectors are the promoter system, the protein tag and the secretion signal. More
information about the different kits and genetic elements can be found in Section 2.2.2.
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Figure 2. The process chain for recombinant protein production using BEVS.

Application Product name Company Stage References

For human use

Cervical cancer CERVARIX® GSK Approved [27]

Prostate cancer PROVENGE® Dendreon Approved [28]

Influenza FluBlok® Protein Sciences Approved [29, 30]

Influenza A/H5N1 Virus-like particle Novavax Phase I (NCT01596725) [31]

For veterinary use

Procrine circovirus 2 (PCV2) Porcilis® PCV Merck Approved [32]

PCV2 CircoFLEX® Boehringer Ingelheim Approved [33]

Swine fever Porcilis Pesti® Merck Approved [34]

Table 1. Selected human and veterinary vaccines produced using BEVS.
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2.2.1.2. Generation of a recombinant bacmid

When the transfer vector is ready, the desired parts need to be integrated into the baculovirus
genome, resulting in a recombinant bacmid. Several commercial kits are available for this step,
including the Bac-to-Bac® Baculovirus Expression System (Thermo Fisher Scientific), flashBAC
(Oxford Expression Technologies), the BaculoDirect™ Baculovirus Expression System
(Thermo Fisher Scientific) and BaculoGold™ (BD Biosciences).

2.2.1.3. Virus production

The recombinant bacmid DNA is then transfected into insect cells (Sf9, Sf21 or HighFive™) for
virus production. The cells are usually transfected in a six-well plate (2 mL culture volume) to
prepare the initial virus stock (P1 stock), which typically has a titre of 103–105 plaque forming
units (pfu)/mL. Transfection can be achieved using the chemical and physical methods
described in the following sections.

2.2.1.3.1. Calcium phosphate–DNA co-precipitation

One of the oldest transfection methods is calcium phosphate-DNA co-precipitation [35] which
was adapted for insect cell lines in the 1980s [36]. Mixing calcium chloride with a phosphate-
buffered DNA-containing solution results in the formation of a fine calcium phosphate/DNA
co-precipitate that binds to the cell surface and penetrates the cells by endocytosis.

2.2.1.3.2. Lipid-mediated and polymer-mediated transfection

In the late 1980s, a transfection method was developed based on the synthetic positively charged
lipid N-[1-(2, 3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA). The cationic
head groups of DOTMA interact with the anionic phosphate backbone of DNA to form a
complex can bind to the cell membrane and probably taken up by endocytosis [37]. Many
different lipid formulations are available to achieve highly efficient transduction, including
BaculoPORTER (Biocat), Cellfectin, Cellfectin II and Lipofectin (all Thermo Fisher Scientific).

Various non-lipid transfection reagents can also form complexes with DNA, including
baculoFECTIN II and flashFECTIN (Oxford Expression Technologies), FuGENE 6 (Promega),
GeneJuice® (Merck Millipore) and TransIT®-Insect (Mirus Bioscience).

2.2.1.3.3. Electroporation

Electroporation is a convenient and efficient transfection method, but specialized equipment is
required [38]. It is based on a short electrical pulse at an optimal voltage (specific for each cell
line) to from transient pores in the plasma membrane. This in turn facilitates the intake of small
molecules such as DNA, RNA or proteins [39].

2.2.1.4. Amplification

Following the generation of the P1 virus stock, the virus needs to be amplified to increase the
titre and culture volume. The titre of the P2 stock is typically ≥108 pfu/mL. Insect cells are
cultivated in shaker flasks with a culture volume of 50 mL. For industrial applications, virus
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stocks with an even higher volume are necessary, so P3 stocks are generated using bioreactors.
In the authors’ laboratory, a low multiplicity of infection (MOI) of 0.01 pfu/mL and a cell
density of 1 · 106 cells/mL are used for virus amplification.

2.2.1.5. Virus titre determination

The titre of infectious virus particles must be determined before the viruses can be used for
protein expression. Two methods have been established for this purpose, namely the plaque
assay and end-point dilution.

2.2.1.5.1. Plaque assay

The plaque assay determines the number of plaque-forming units, each of which is equivalent
to a single infectious particle [40]. The infection of adherent insect cells with a highly diluted
virus solution leads to plaque formation in the cell monolayer due to cell lysis caused by one
infective virus particle. With an agarose overlay virus spreading is circumvented. Using neu-
tral red, viable cells can be stained and white plaques appear when a cell has been lysed due to
infection.

2.2.1.5.2. End-point dilution

End-point dilution is used to determine the infectious dose that leads to the infection of 50% of
the cells, known as the 50% tissue culture infective dose (TCID50) [40]. Cultured cells are
infected with different virus concentrations and the number of infected and non-infected
cultures is counted. For accurate titre determinations, 12 replicates of eight virus dilutions are
analysed in the authors’ laboratory. The readout can be conducted at 5 or 7 days post-infection.
To facilitate evaluation, every baculovirus constructed and prepared in the authors’ laboratory
carries a green fluorescent protein (GFP) marker cassette driven by the OpIE1 promoter.

2.2.1.5.3. Comparison of plaque assay and end-point dilution

When choosing a titration method, different points need to be considered. Generally, the
plaque assay is performed in six-well plates resulting in a high cell concentration needed to
seed the cells confluent. Due to the plate format, only a few virus dilutions can be analysed and
a low number of replicates are possible using one six-well plate resulting in the need of
experienced experimenters knowing the suitable virus dilutions. In comparison to that, the
end-point dilution method can be done in 96-well plates resulting in more virus dilutions and
replicates, which can be analysed using one plate. Moreover, the cells can be seeded sub-
confluent as they are not covered with agarose, which limits the cell growth. For the titre
evaluation using the end-point dilution, it is important to remember that genomic integrations
of marker proteins into the viral genome simplify the evaluation.

2.2.1.6. Protein expression

The protein expression step can be divided into two stages: cell expansion and infection. In the
first step, the bioreactor is inoculated with a low cell concentration, and at the desired time of
infection (TOI), the baculovirus stock is added to the cell suspension.
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Industrial baculovirus-based processes use a volume of 10–100 m3 [41]. Because of this size,
the MOI strongly influences the virus volume required for one production cycle. Ideally the
baculovirus stocks last for the whole process lifetime. A MOI > 1 statistically ensures the
infection of all insect cells immediately after virus addition (see chapter 2.2.3). Using a lower
MOI results in a two-stage infection process. In the first phase, only a proportion of cells are
infected. These cells start to produce the recombinant protein and also produce new virus
particles. In the second infection phase, these new virus particles infect further cells (Figure 3).
A second effect of a low MOI is that the uninfected of the first infection phase continue to
proliferate, resulting in a higher cell density at the start of the second infection phase.

2.2.1.7. Protein purification

The final step of the BEVS process is protein purification. Depending on the secretion signal
(see Section 2.2.2.4), tag and characteristics such as protein size and pI, different purification
methods can be used, many based on various forms of chromatography. Detailed coverage of
this topic is beyond the scope of this chapter and the reader is referred to previous review
articles [42, 43].

2.2.2. Historical overview and application of current BEVS kits

The BEVS patented by Max Summers and Gale Smith in 1983 (US Patent 4,745,051) used
homologous recombination to integrate the GOI into a polyhedrin locus of the baculovirus
genome. As stated above, polyhedrin is not essential for virus replication in cultured cells
because its function is to form the occlusion bodies that protect the virus against UV light and
high temperatures during the natural infection cycle. The original recombination-based
method required two crossovers to integrate the GOI, which occurred at a low frequency

Figure 3. A comparison of BEVS processes with low and high MOI, respectively. The lowMOI process is divided into two
phases, whereas the high MOI process has only one phase.
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(~0.1%). This drawback was addressed by inserting three BsuI36 restriction sites and a lacZ
cassette into the baculovirus genome [44]. Digestion with Bsu36I linearized the virus DNA
(called BacPAK6) and co-transfection of the linearized virus DNA and transfer plasmid was
followed by homologous recombination to restore the circularity of the virus DNA, leading to
the replication of recombinant viruses. BacPAK6 was optimized by deleting the chitinase gene
(chiA) that inhibits the secretory pathway in insects, resulting in higher protein concentrations
when the product is membrane targeted or secreted. This kit is marketed by Oxford Expression
Technologies as BacPAK6-Sec+.

To enable the replication of baculovirus DNA in bacteria, a bacterial artificial chromosome
(BAC) was integrated into BacPAK6 to produce a bacmid vector. This was initially marketed
by Oxford Expression Technologies as the flashBAC™ system (Patent no. EP1144666). After
homologous recombination with the transfer plasmid, the BAC is replaced by the GOI, the
essential ORF 1629 is restored and the GOI is expressed under the control of the polh promoter.
Variants of the flashBAC system are available in the flashBAC GOLD, flashBAC ULTRA and
flashBAC PRIME kits. If less protease activity is required, the flashBAC GOLD system is most
suitable because the v-cath gene is deleted in addition to chiA. The flashBAC ULTRA system
improves the protein yield and quality by deleting the p10, p26 and p74 genes in addition to v-
cath and chiA. The deletion of p10 increases the polh promoter activity, the function of p26 is
unknown but deletion does not inhibit viral replication and p74 is only required for virus
attachment and fusion in midgut cells in vivo so its deletion improves biosafety [45]. In contrast
to the kits described above, flashBAC PRIME does not carry any genetic modifications in the
viral backbone resulting in cell lysis due to infection, facilitating the release and subsequent
purification of more complex products such as virus-like particles (VLPs) or proteins formed in
the cytoplasm or nucleus.

BD Biosciences markets linearized baculovirus DNA kits as BaculoGold™ and BaculoGold™
Bright. The manual that comes with each kit states that an essential gene is deleted (the gene is
not specified), and BaculoGold™ Bright also carries a GFP marker gene allowing the detection
of infected insect cells by fluorescence analysis. Another variant is the vEHuni baculovirus
DNA, which features a D. melanogaster hsp70 promoter and a multiple cloning site with two
Bsu36I sites integrated into the non-essential ecdysteroid UDP-glucosyltransferase (egt) gene,
allowing the expression of diverse products and the production of baculovirus expression
libraries [46]. Similarly, the vECuni baculovirus DNA carries a hybrid promoter consisting of
PcapminXIV and polh elements.

Thermo Fisher Scientific distributes the BaculoDirect™ kit that incorporates Gateway® cloning
technology. Following the integration of the GOI into the Gateway® Entry Clone, in vitro LR
recombination leads to the integration of the GOI into the BaculoDirect™ DNA, replacing the
herpes simplex virus type 1 thymidine kinase negative selection marker. When insect cells are
transfected with the recombinant vector and cultivated in the presence of ganciclovir, only
recombinant baculoviruses are produced [47]. The BaculoDirect™ DNA can be combined
with C-terminal or N-terminal V5 and His6 tags. In the latter case, the tags are followed by a
tobacco etch virus (TEV) protease cleavage site. BaculoDirect™ DNA is also available with an
N-terminal glutathione-S-transferase (GST) fusion tag.
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Recombinant baculoviruses can also be generated using transposon activity which is marketed
as the Bac-to-Bac® system (Thermo Fisher Scientific). The baculovirus DNA in this kit also
contains an integrated BAC, an antibiotic resistance gene, a lacZ cassette and an attachment
site for the bacterial transposon Tn7. The cloning and amplification of recombinant viral DNA
is therefore carried out in Escherichia coli. The corresponding transfer plasmid consists of the
GOI flanked by two mini-transposon sites (Tn7R and Tn7L). The E. coli strain provided in the
kit (DH10Bac) carries a helper plasmid providing all necessary transposon system elements.
Following the transformation of the DH10Bac strain, clones carrying recombinant bacmid can
be identified by blue/white screening and PCR analysis (The different kits discussed (see also
Table 2) above are compatible…) [205].

The different kits discussed above are compatible with different transfer plasmids that are
available from the same suppliers. Because most baculovirus DNA modifications are integrated
at the polh locus by homologous recombination, common transfer plasmids facilitate gene
expression under polh promoter control. Some transfer plasmids designed by BD Biosciences
and Thermo Fisher Scientific also incorporate more than one promoter to allow multiple protein
expression from the same recombinant virus. It is also possible to integrate the promoter into the
transfer plasmid together with the GOI. Some of the commercially available transfer plasmids
also include protein tags (Section 2.2.2.2) to facilitate protein purification and detection. If the tag
is located upstream of the GOI, a protease cleavage site is integrated (Section 2.2.2.3). Secretion
signals may also be integrated into the transfer plasmids (Section 2.2.2.4).

2.2.2.1. Promoters suitable for BEVS

The AcMNPV-derived immediate early (IE-1) promoter is used in several commercially available
kits. The activity of this promoter is rather low but protein expression starts immediately after
infection, allowing more time for post-translational modifications that are necessary for the
function of many complex proteins. This promoter can also be used for transient expression
because it is active in the absence of other viral factors. To enhance recombinant protein expres-
sion, the IE-1 promoter can be combined with the homologous region 5 (hr5) enhancer [48].

The late protein p6.9, also known as basic protein, core protein or VP12 [40], is essential for the
production of infectious baculoviruses because it mediates viral DNA condensation and pack-
aging [49]. The expression of enhanced GFP under the control of the p6.9 promoter could be
detected as early as 6 hours post-infection, therefore also allowing more time for post-
translational modifications than the very-late promoters.

The very-late p10 and polh genes produce the very-late 10 kDa protein and polyhedrin, respec-
tively. These are highly active promoters and are used in many BEVS kits, but they depend on
proteins translated in earlier phases of the infection for their activity. The activity of the polh
promoter can be increased even further if p10 expression is abolished [50].

2.2.2.2. Purification tags used in BEVS

Protein tags can be used to simplify the detection and purification of recombinant proteins
produced using BEVS. Common tags include His6 and GST. The His6 tag comprises six
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Kit name Main component Integration
site

Special features Manufacturer

BacPAK6 Linearized
baculovirus DNA

polh locus Bsu36I restriction sites within ORF 603, ORF
1629 (essential gene) and lacZ cassette

Oxford Expression
Technologies

BacPAK6-Sec+ Linearized
baculovirus DNA

polh locus Deletion of chitinase gene (chiA) !
expression of membrane targeted and
secreted proteins

Oxford Expression
Technologies

flashBAC™ Linearized
baculovirus DNA

polh locus Deletion of chitinase gene (chiA), integration
of BAC

Oxford Expression
Technologies

flashBAC
GOLD™

Linearized
baculovirus DNA

polh locus Additional deletion of cathepsin protease
(v-cath) ! less protease activity

Oxford Expression
Technologies

flashBAC
ULTRA™

Linearized
baculovirus DNA

polh locus Deletion of chiA, v-cath, p10, p26 and p74 !
improved yield and quality, expression
difficult proteins

Oxford Expression
Technologies

flashBAC
PRIME™

Linearized
baculovirus DNA

polh locus No gene deletion in viral backbone Oxford Expression
Technologies

BaculoDirect Linearized
baculovirus DNA

polh locus Negative selection of non-recombinant
baculoviruses using thymidine kinase

Thermo Fisher
Scientific

BaculoDirect™ C
term linear DNA

polh locus C-terminal V5 and His6 tags Thermo Fisher
Scientific

BaculoDirect™ N
term linear DNA

polh locus Tobacco etch virus (TEV) cleavage site, N-
terminal V5 and His6 tags

Thermo Fisher
Scientific

BaculoDirect™
GST Gateway

Linearized
baculovirus DNA

polh locus N-terminal GST tag Thermo Fisher
Scientific

BaculoGold™ Linearized
baculovirus DNA

polh locus Positive survival selection for recombinant
baculovirus

BD Biosciences

BD BaculoGold
Bright linearized
baculovirus DNA

polh locus BD Biosciences

AcRP23.lacZ
linearized
baculovirus DNA

polh locus Intact lacZ gene after integration of GOI
behind polh promoter

BD Biosciences

AcUW1.lacZ
linearized
baculovirus DNA

p10 locus Intact lacZ gene after integration of GOI
behind p10 promoter

BD Biosciences

vEHuni baculovirus
DNA

egt locus hsp70 promoter BD Biosciences

vECuni Baculovirus
DNA

egt locus PcapminXIV hybrid late/very late polyhedrin
promoter

BD Biosciences

Bac-to-Bac® polh locus Site-specific transposition used to integrate
genes from transfer vector into bacmid DNA
using E. coli DH10Bac cells

Thermo Fisher
Scientific

Abbreviations: polh = polyhedrin; egt = ecdysteroid UDP-glucosyltransferase.

Table 2. Commercial kits for the production of recombinant baculoviruses.
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histidine residues and can be fused to either the N-terminus or C-terminus of proteins. This tag
facilitates protein purification using nickel or cobalt ions or anti-histidine antibodies
immobilized on a chromatography resin [51]. GST is a 26 kDa protein which is highly soluble
and folds rapidly after translation. The tag is often used to increase protein solubility in
prokaryotes. The affinity between this enzyme and its substrate means that immobilized
glutathione can also be used for protein purification by affinity chromatography.

2.2.2.3. Common cleavage sites in BEVS

The purification tag is often removed from the recombinant protein after purification because
its size and unique chemical properties can interfere with protein functions. For this purpose, a
TEV protease cleavage site is often placed between the tag and the mature recombinant
protein, allowing the tag to be released in vitro [52, 53]. Transfer vectors containing a TEV site
are marketed by Thermo Fisher Scientific. Alternatively, transfer plasmids with thrombin
cleavage sites are marketed by BD Biosciences and Oxford Expression Technologies.

2.2.2.4. Lead sequences to enhance protein secretion in BEVS

To improve the secretion of recombinant proteins produced in insect cells, secretion signals
consisting of 15–30 amino acids can be fused to the N-terminus. Common secretion signals
include those native to honeybee melittin (HBM) or the baculovirus envelope surface glyco-
protein 67 (gp67). Transfer plasmids containing these secretion signals are available from BD
Biosciences and LifeSensors. Further, signal peptides that enhance protein secretion have also
been described [54].

2.2.3. Enhancing protein yields by optimizing the time and multiplicity of infection

The yields of recombinant proteins produced using BEVS can be enhanced by optimizing
parameters such as the inoculum cell concentration, TOI, MOI and time of harvest. Both MOI
and TOI are related to the cell concentration and therefore show significant correlation. The
effect of low and high MOI on protein expression has been addressed in multiple experiments
[55–59] and simulations [60–63]. The infection of a cell by a virus particle can be modelled
using a Poisson distribution [61, 64]. The probability that a cell will absorb an infectious particle
is therefore given in Equation 1, with n representing the number of absorbed baculovirus
particles:

p ðn,MOIÞ ¼ MOIn � e�MOI

n!
ð1Þ

As shown in Equation 2, the proportion of uninfected cells can be estimated when n = 0. The
proportion of cells infected with at least one virus particle can then be estimated by subtracting
this value from 100% (Equation 3).

Funinf ected n¼0 ðMOIÞ ¼ e�MOI ð2Þ

Finf ected with n ≥ 1 ðMOIÞ ¼ 1� e�MOI ð3Þ
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The simplified Poisson approach shown in Figure 4 indicates that even with an MOI of 1,
approximately 37% of the cells remain uninfected. To guarantee the simultaneous infection of
all cells, the MOI should be 5 (99.326% infected cells) or 10 (99.995% infected cells).

As described in Section 2.2.1.6, the use of a low MOI for industrial processes has several
benefits. A low MOI is easier to achieve and requires smaller volumes of virus stock, which is
advantageous in large-scale cell cultures [56, 57]. Fewer virus amplification steps are required
thus limiting the negative effects of passaging, such as the increasing proportion of defective
viruses after each round of amplification [58]. Infection with a low MOI also results in the
proliferation of cells not infected during primary infection, increasing the number of cells
available for secondary infection and thus the number of cells producing the recombinant
protein [58, 65]. On the other hand, the need for secondary infection also prolongs the process,
but this drawback is outweighed by the advantages listed above. The final protein yield is not
necessarily lower when starting with a low MOI compared to a high MOI [41, 62, 63, 66]. The
early or mid-exponential phase is the optimal TOI when using a low MOI [56, 60, 61] because
infection during the late exponential phase can lead to substrate limitation [67].

2.2.4. Virus purification and concentration methods

For laboratory-scale processes, centrifugation as a clarification step can produce virus stocks of
sufficient purity and quantity. However, a virus concentration step is necessary for larger-scale
processes, or for processes featuring a high MOI or high cell density. Very pure virus stocks are
required for pharmaceutical applications such as the manufacture of vaccines [68] or the use of
baculovirus vectors for in vivo gene therapy [69, 70], and it is particularly important to reduce
host cell proteins and DNA to acceptable levels [71].

If the objective is to purify active virus particles with minimal loss, then the purification
method must consider the stability of the virus. Baculovirus stability/activity has been tested
against key parameters such as temperature, shear stress, ionic conductivity and pH. The virus
is sensitive to high temperatures, i.e. it can be stored at 4�C for several months but higher

Figure 4. a) The impact of MOI on the number of absorbed virus particles per cell, according to the Poission model. b) The
proportion of cells infected with at least one virus particle at different MOI values.
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temperatures (especially above 40�C) induce a rapid decline in activity. The virus is insensitive
to shear forces in a peristaltic pump and is stable over the pH range 6–8. The virus is also stable
within the conductivity range 8–15 mS/cm (Figure 5). However, its activity decreases rapidly
when the conductivity falls below 8 mS/cm and higher conductivities up to 80 mS/cm cause an
immediate 10-fold loss of infectivity rising to more than 1000-fold if the conditions are
prolonged, e.g. for 24 h [72, 73]. This suggests that the virus is sensitive to osmotic pressure
but shows that high-conductivity environments up to 80 mS/cm can be tolerated briefly
without total loss of activity.

The stability of the virus against shear forces allows it to be concentrated by tangential
filtration. Polyethersulfone membranes with cut-offs in the range 100-1,000 kDa can be used
to achieve a 20-fold concentration of virus particles at an average of 0.15 bar transmembrane
pressure and 25 �C, but there is a considerable loss of flux due to fouling [74]. For medical
applications, virus concentration alone does not meet the requirement to reduce the levels of
host cell protein and DNA. These contaminants can be removed using ion exchange mem-
branes, e.g. a polyethersulfone membrane with quaternary ammonium ligands achieved a
three-fold concentration of virus particles while simultaneously reducing host cell DNA levels
by nearly 90% and reducing host cell protein levels below the limit of detection [73]. Figure 6
shows the virus and protein concentrations at each step of the purification process: adsorption
of the viral particle to the column, washing and elution [73].

Another alternative method is monolithic anion exchange chromatography, which can achieve
a 50-fold virus concentration while reducing the amount of host cell protein and host cell DNA

Figure 5. Infectivity of baculovirus particles under conditions of differing conductivity [73].
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by 90 and 60%, respectively [75]. The most suitable method is therefore a matter of the required
purity, process duration and scale.

2.3. Stable protein expression in D. melanogaster S2 cells

Although the BEVS platform is highly versatile and probably the most popular insect-based
expression system, it is not the best choice for all products. Factors such as protein complexity,
post-translational modifications and process mode must be considered during process devel-
opment [70]. Recent studies show that recombinant D. melanogaster S2 cells (rS2 cells) can be
used as an alternative and equally powerful expression platform [76, 77]. This system is based
on an embryonic D. melanogaster cell line derived in 1972 [78]. Stable transformation of S2 cells
with plasmid vectors facilitates the production of heterologous proteins. Since the 1980s, this
system has been steadily refined and is now incorporated into commercial packages such as
the DES® system (Thermo Fisher Scientific) and the ExpreS2 platform (ExpreS2ion Biotechnol-
ogies). The general procedure used to generate stable rS2 cell lines is the same for all packages
and is summarized in Figure 7. A plasmid carrying the GOI is used to transfect S2 cells, and
stable transformants that have integrated the expression construct are propagated under selec-
tion to yield a stable cell line. This line can be used for the isolation of a highly productive clone.
Depending on the amount of protein required and the time available, several starting points
can be used for protein production. For high-throughput screening or when small amounts of

Figure 6. Steps in the purification of AcMNPV using membrane chromatography, showing the virus titer and host cell
protein concentration [73].
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protein are sufficient, transient expression may produce enough and the selection of cell lines is
unnecessary [79]. If higher protein yields are required, stable cell lines can be established [80]
and even single cell cloning may be necessary [81]. Although protein production in stable cell
lines usually takes longer than the BEVS platform, the rS2 system retains some flexibility.

Figure 7. Overview of the general procedure to produce stably transformed D. melanogaster S2 cell lines for recombinant
protein expression. Protein expression can be initiated at different points, starting with transient expression immediately
after transfection followed by stable expression in a polyclonal cell line and finally the selection of a highly productive
monoclonal cell line.
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monoclonal cell line.
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Stable rS2 cell lines are recommended for protein expression when the following aspects are
important for the production process [76, 82]:

• Both, stable rS2 cells and BEVS share the advantage of minimal risk of contamination with
human viruses because most human viruses cannot replicate in insect cells. This is partic-
ularly important for the production of pharmaceutical proteins intended for administra-
tion to humans.

• Stable rS2 cells are ideal when bacterial expression systems yield an inactive protein
[83, 84] and where even BEVS is not efficient [84–86].

• Because of the non-lytic and stable nature of protein production, different bioprocessing
modes such as batch or fed-batch cultures [87], chemostat cultures [88] and perfusion
cultures [81] can be used. Perfusion mode in particularly achieves high protein yields [81]1.

• Stable rS2 cells can grow to considerably higher cell densities than other insect cell lines
(20–70 · 106 cells/mL) and are robust concerning their hydrodynamic environment due to
their small size (6–10 μm).

• No cell lysis occurs, so less host cell protein is released and the recombinant target protein
is protected from proteolytic degradation. Therefore process-integrated product recovery
is also conceivable.

• Stable rS2 cells also achieve high batch-to batch reproducibility between manufacturing
runs, and generate a homogeneous glycan profile.

Several rS2-derived products have already entered clinical development, confirming that rS2
cells are not only used routinely in research but also for the commercial production of high
value pharmaceutical proteins (Table 3).

2.3.1. Plasmids used to generate stable cell lines for recombinant protein expression

Stable rS2 cell lines are produced by transformation with suitable plasmid vectors carrying the
GOI in an expression cassette and a selectable marker. Five general strategies have been
developed, as summarized in Figure 8.

Classically, separate expression and selection cassettes with their own promoters can be com-
bined in a single plasmid [97, 98] (Figure 8b). Alternatively, both features can be placed in one
expression cassette, separated by an internal ribosome entry site (IRES) or a 2A-like sequence
(T2A), resulting in bicistronic vectors with heterologous protein production and antibiotic

1Definitions: A batch process is cell growth and protein production in a fix amount of growth medium. The fed-batch
operation augments a batch processes by continuous or intermittent addition of growth medium to prevent nutrient
depletion and to increase cell density and productivity. Chemostat processes involve the continuous replacement of
culture medium including a withdrawal of medium with cells and product. This mode of operation is more suitable for
kinetic studies rather than protein production. Perfusion is the continuous replacement of culture medium with an
additional cell retention system. This mode of operation prevents nutrient depletion and cell drainage while maintaining
a constant reaction volume. It allows high cell densities and product titers.
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resistance under the control of the same (constitutive) promoter [99, 100] (Figure 8c). However,
the most common approach is the use of two separate plasmids, the first containing the
expression cassette and the second containing the selectable marker (Figure 8a). This exploits
the ability of dipteran cell lines to recombine different plasmids in long tandem arrays
[82, 101]. The transfection or co-transfection of S2 cells with such plasmids followed by
selection generally leads to the integration of multiple plasmid copies into the genome
[102, 82]. The co-transfection of two plasmids using the calcium phosphate precipitation
method (Section 2.2.1) can result in the integration of up to 4000 copies per S2 cell [82, 102].
The ratio of integrated plasmid sequences is similar to their proportions in the transfection
mixture. When using two separate plasmids, it is therefore advisable to increase the initial ratio
in favor of the expression plasmid. The commercial DES® system recommends a 1:19 ratio of
selection plasmid to expression plasmid, but ratios ranging from 1:1 to 1:100 have been

Figure 8. The different plasmid sets that can be used to generate stable rS2 cell lines.

Proteins in clinical development

Recombinant placental malaria vaccine Phase I [76, 89, 90]

West Nile virus vaccine Phase I [76, 91]

HER-2 protein AutoVac™ (breast cancer) Phase II [76]

Proteins for research and process development

HIV-1 VLP and soluble HIV gp120 VLP [92]

Arabidopsis thaliana sterol glycosyltransferase Enzyme [93]

Psalmotoxin 1 Small peptide toxin [83]

M2 muscarinic and glucagon receptor G-protein-coupled receptor [94]

Atlantic salmon serum C-type lectin Lectin [95]

Monoclonal antibody against H5N1 influenza hemagglutinin Antibody [81]

Enhanced green fluorescent protein (eGFP) Fluorescent marker protein [96]

Table 3. A selection of proteins produced in rS2 cells.
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successful [82, 103, 104]. The random integration of multiple plasmids generates heteroge-
neous cell populations and it is possible that rearrangements occur within the integrated array
[102]. Nevertheless, this system can achieve high protein yields of 5–100 mg/L.

In contrast to the random transgene arrays described above, transposable elements can be
used to insert a single copy of the GOI and selectable marker into the S2 cell genome
(Figure 8d) [105, 106]. For this purpose, the expression construct and selectable marker are
flanked by transposase recognition sites, i.e. Minos inverted repeats [107] or P element terminal
repeats [108, 109]. Co transfection together with a helper plasmid encoding the corresponding
transposase causes the GOI and marker to be inserted at a more or less random site.
Transposition-mediated insertion events can occur more than once in the same genome, but
the mutagenic nature of each insertion generally limits the number of integration events to
between one and 10 copies [82]. This method is cumbersome because it is necessary to map the
transposon insertion site and identify clones with single-copy insertions, and the low copy
number limits the yield of recombinant protein. This method is more suitable when the goal is
functional analysis rather than protein production, and can be very useful when combined
with the technique of recombinase mediated cassette exchange (RMCE) as shown in Figure 8e.
Two recent reports describe an RMCE system for D. melanogaster cell-lines based on integrase
ϕC31 and its recognition sites attP and attB [108–110]. In this system, a single docking cassette
flanked by the first recognition site (attP) is stably integrated into the genome by transposition.
A second helper plasmid is then used to transiently express the integrase. The subsequent
introduction of a plasmid with an expression cassette flanked by the corresponding recogni-
tion site (attB) promotes cassette exchange. Based on one parental cell line containing the
docking cassette, different comparable clones can easily be generated, which is particular
helpful in comparative studies (e.g. for promoter screening).

Although the classification of different plasmid types can simplify the principles underlying
the generation of rS2 cells, it is not a fixed dogma. For example, the bicistronic system can be
used to express two different proteins of interest, while co-transfection with a second plasmid
provides the selection cassette [100]. Furthermore, co-transfection is not restricted to two
plasmids. Indeed, up to four different proteins have been expressed simultaneously by co
transfecting S2 cells with multiple vectors [111]. Finally, rS2 cells can be even combined with
BEVS. Although baculoviruses cannot replicate in S2 cells, infection achieves successful pro-
tein production from the non-replicating vector [112–115]. Accordingly, rS2 cells appear to be a
powerful and versatile tool for protein expression. Detailed protocols and more background
information on the different techniques have been published [116–118, 82].

2.3.1.1. Genetic elements in the expression cassette

As described above, the expression plasmid contains various features required for protein
production and the best combinations must be assessed for each process.

2.3.1.1.1. Promoter systems for rS2 cells

Several constitutive and inducible promoters have been used for the production of recombi-
nant proteins in rS2 cells (Table 4). Strong constitutive promoters are generally favored for
transient expression, because the protein must be expressed immediately after transfection.
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Inducible promoters can be more suitable in stable rS2 cell lines, particularly if the overexpressed
protein is toxic to the host cell. Inducible promoters allow the decoupling of cell proliferation
and protein expression, which can be appropriate for advanced process designs (i.e. two-step
processes). The most widely used promoters in rS2 cells are the constitutive actin 5C (Ac5)
promoter [119] and the copper-inducible metallothionein (Mt) promoter [120]. Other constitu-
tive promoters, such as the copia long terminal repeat (LTR) promoter, can be used for the GOI
but are usually paired with the resistance marker gene. The inducible hsp70 promoter can also
be used, but unlike the preferred Mt promoter it has a relatively high basal activity, and the
heat shock required for induction can also induce endogenous heat-shock genes causing
changes in gene expression and cell behavior that inhibit protein production [121]. Even so,
the Mt promoter is usually induced with CuSO4 or CdCl2, both of which are cytotoxic at high
concentrations [122] and Cd2+ also activates endogenous heat-shock promoters. Efficient pro-
tein production therefore requires a balance between promoter induction and toxicity, which

Promoter Comments Example plasmids
(source)

References

D. melanogaster actin 5C (Ac5) Strong constitutive pAc5.1/V5-His
(Thermo Fisher Scientific)
pUC-actGFP
(DGRC 1219)

[119]

D. melanogaster
metallothionein (Mt)

Strong inducible, induced by divalent
metal ions such as Cu2+ and Cd2+

pMT/Bip/V5-His
(Thermo Fisher Scientific)
pJACKS
(-)

[120]
[125]

D. melanogaster heat shock
protein 70 (hsp70)

Strong inducible with some basal
activity, induced by heat shock (i.e. 30
min at 37�C) and also by Cd2+

pHSPCat1
(-)
pHFHW
(i.e. DGRC 1121)

[126]

D. melanogaster copia LTR Strong constitutive, from copia
retrotransposon; used in many
selection cassettes

pCoBlast
(Thermo Fisher Scientific)
copia-CAT1
(-)

[127]
[126]

D. melanogaster DS47 Moderate constitutive pDS47/V5-His
(Thermo Fisher Scientific)

[128]

OpIE1 or OpIE2 Constitutive, derived from Orgyia
pseudotsugata multiple
nucleopolyhedrovirus OpMNPV

PIZT/V5-His
(Thermo Fisher Scientific)

[48, 129, 130]

D. melanogaster adh; α1-
tubulin; PGK; CMV; EF1A;
UBC; CAGG

Promoters with (lower) activity, not
used routinely

[127, 131]

SV40 early; fibroin; herpes
simplex virus thymidine
kinase; Rous sarcoma virus
LTR

These promoters are inactive in D.
melanogaster cell lines

[106, 117, 127, 132]

Table 4. Promoter systems used in D. melanogaster S2 cells.
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varies according to the exact experimental conditions between 200 and 1000 μM for CuSO4

[95, 96, 123] and between 1 and 10 μM for CdCl2 [95, 92, 85]. The addition of other divalent
ions such as Zn2+ can improve protein production [85]. To rationalize all the different factors
that affect protein expression (inducer concentration, time of induction, culture medium), a
structured approach such as statistically designed experiments (DoE) may yield valuable
information. As a future prospect, the doxycycline-inducible TRE promoter may also be useful
because it can achieve good yields inD. melanogaster rS2 cells, although it has not yet been used
widely [124].

2.3.1.1.2. Kozak sequence

The Kozak consensus sequence is required for the efficient initiation of translation. It is impor-
tant to note that D. melanogaster has a different Kozak consensus sequence (cAAaATG) com-
pared to vertebrates [133].

2.3.1.1.3. Signal peptides

Signal peptides are used to mediate protein trafficking, initiate proper folding or to ensure
protein secretion to the supernatant. The signal peptides are cleaved off during or after
translation. The most common signal peptide used in S2 cells is D. melanogaster BIP (homolo-
gous to the mammalian immunoglobulin heavy chain chaperone binding protein), which
causes proteins to be secreted into the supernatant [134]. Signal peptides from human tissue
plasminogen activator (tPa) [135] and from Galleria mellonella gloverin (GmGlv) also work in
rS2 cells [136]. The proper folding of a dopamine receptor and its insertion into the cell
membrane has been achieved using an influenza virus hemagglutinin signal sequence [125].

2.3.1.1.4. Fusions tags for protein detection and purification

As discussed above, fusion tags for protein detection and purification can be attached to either
the C-terminus or N-terminus of a protein, with or without an additional protease cleavage site
(e.g. enterokinase or thrombin). DES® plasmids usually contain a His6 tag and a V5 epitope tag
[93, 96, 100, 137]. The His6 tag can be detected with an antibody, and purification can be
achieved with the same antibody or by immobilized metal ion affinity chromatography
(IMAC) [138, 136]. Other frequently used tags in the rS2 system include the BioEase™ tag
(Thermo Fisher Scientific), the FLAG® and hemagglutinin epitope tags [139], the Myc tag
[111)] and the S-tag™ [125].

2.3.1.1.5. Polyadenylation signals

As usual for eukaryotic organisms, mRNA must be polyadenylated in rS2 cells to maintain
stability and support efficient protein synthesis [120, 132]. The late SV40 polyA signal (from
simian virus 40) achieved the best performance, indicating that the polyadenylation mecha-
nism is conserved between mammalian and insect cells. The early SV40 polyA signal and the
polyA signals from D. melanogaster metallothionein (Mt) and alcohol dehydrogenase (adh)
were also functional in rS2 cells.
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2.3.1.2. Antibiotic selection markers

Several selection systems have been tested in rS2 cells as summarized in Table 5. Each system
comprises a cytotoxic agent and a corresponding marker that confers resistance. The marker
may encode an enzyme that catalyses the transformation of a selective agent into a harmless
product, e.g. blasticidin and hygromycin resistance. Alternatively, the marker may encode a
mutated enzyme that replaces an endogenous enzyme inhibited by the cytotoxic agent, e.g. α-
amanitin and methotrexate resistance. Only cells that have integrated the selection cassette can
survive and proliferate in the presence of the selective agent. The most appropriate selection
system depends on time, cost and risk. For example, α-amanitin is fast and efficient but
expensive and highly toxic to humans, making it less suitable for large-scale processes and
pharmaceutical products. Blasticidin and puromycin are more expensive than hygromycin but
also work faster. A high rate of spontaneous resistance has been reported for G418. It is always
advisable to generate a kill curve in order to determine the 50% lethal dose (LD50) as a starting
point for the optimization of the selection protocol, because factors such as the presence of fetal

Selective agent (resistance marker) Working concentration of the
antibiotic

Plasmids (source) References

Blasticidin S*
(blasticidin-S deaminase - bsd)

25 μg/mL, range: 5–100 μg/mL pCoBlasta

(Thermo Fisher Scientific)
[140]

Hygromycin B*
(hygromycin-B-phosphotransferase -hph)

300 μg/mL, range: 100–1000 μg/mL pCoHygroa

(Thermo Fisher Scientific)
pUC-HygroMTb

(DGRC 1059)

[103]
[141]

Puromycin
(puromycin N-acetyltransferase)

15–30 μg/mL, range: 2–30 μg/mL pCoPuroa

(RDB 08531)
pMT-PUROb

(RDB 08532)

[142]
[97]

Methotrexate
(resistant dihydrofolate reductase DHFR)

0.1 μg/ml, range 0.1–4 μg/mL p8HCOa

(DGRC 1003)
pHGCOa

(-)

[143]
[144]

α-Amanitin
(mutated RNA polymerase II)

5–10 μg/mL pPC4d

(DGRC 1217)
[145]

Geneticin (G418)
(neo-aminoglycoside phosphotransferase
type II)

1000 μg/ml pUChsneoa,d

(-)
pAc5-STABLE1-Neoc

(Addgene 32425)

[106]
[99]

Zeocin™
(Streptoalloteichus hindustanus ble)

75 μg/mL PIZT/V5-Hisb

(Thermo Fisher Scientific)
[129]

Commonly used selective agents are indicated with an asterisk. Plasmids are available from the Drosophila Genomics
Resource Center (DGRC), Riken Bioresource Center DNA Bank (RDB), Addgene and Thermo Fisher Scientific. Lower case
letters indicate delivery methods: aco-transfection, btransfection with a single plasmid containing selection and expression
cassettes, ctransfection with a single bicistronic plasmid, dP-mediated transformation.

Table 5. Selection systems used for the development of rS2 cell.
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bovine serum (FBS) and the overall medium composition can influence the potency of these
selective agents.

2.3.1.3. Transfection methods for S2 cell lines

Several strategies for the transfection of insect cells were described in Section 2.2.1.3. All of
these methods are appropriate for the production of stable rS2 cell lines, but it is important to
consider that transfection causes stress to the cells and a recovery period may be necessary
before selection commences.

2.3.1.3.1. Calcium phosphate–DNA co-precipitation

As described above for Sf cells, calcium phosphate-DNA co-precipitation was also one of the
first methods used to generate rS2 cells [117] and was used extensively in the past [83].
However, the limitations of this technique include the need of a fixed amount of ~20 μg DNA
per mL precipitate [38]. Calcium phosphate-DNA co-precipitation has therefore been largely
replaced by more flexible techniques that achieve greater reproducibility [102].

2.3.1.3.2. Electroporation

Electroporation is a convenient method for the transfection of S2 cells [38] that can achieve
efficiencies comparable to calcium phosphate–DNA co-precipitation [102]. This method also
allows the uptake of DNA over a very large concentration range, making it useful for the
transposon-mediated generation of cells with single-copy inserts [102].

2.3.1.3.3. Lipid-based systems

Several cationic lipid reagents achieve the efficient transfection of S2 cells, including the
Thermo Fisher Scientific products Cellfectin [96, 146], Cellfectin II [147] and Lipofectin [148],
as well as DOTAP-Liposomes [149] and DDAB [150].

2.3.1.3.4. Other transfection reagents

Specialized proprietary formulations for S2 cells have recently been introduced, including the
TransIT®-Insect transfection reagent (Mirus Bioscience), which is used routinely in the authors’
laboratory. Other non-lipid transfection reagents have been used successfully with rS2 cells
including FuGene 6 (Roche Molecular Biochemical) [38], Effectene (Qiagen) [99] JetPEI
(PolyPlus-transfection) [151] and DEAE dextran [117].

2.3.1.4. Case study for the development of a polyclonal rS2 cell line

To illustrate the generation of a stable rS2 cell line, this section describes the expression of the
reporter protein GFP and its time resolved detection during cell line establishment.
TransIT®-Insect-based transfection was carried out using a single plasmid with an expression
cassette containing intracellular GFP under the control of the Ac5 promoter and a selection
cassette containing hygromycin phosphotransferase driven by the copia LTR promoter. After
transfection, the cells were allowed to recover for 3 days before 300 μg/mL hygromycin was
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added to the medium and renewed at each sub-culture interval. Figure 9 shows the GFP
expression profile monitored by flow cytometry. Within the first 10 days, most of the non-
transfected cells died and only low levels of GFP were detected. After 20 days under selection,
the cell population became increasingly GFP-positive, and a population producing high levels
of GFP was established within 30 days. Further sub-culturing revealed the existence of differ-
ent sub-populations with varying GFP expression profiles and different growth properties. By
day 77, a population characterized by moderate levels of GFP became prevalent, suggesting
that polyclonality is detrimental for long-term protein production. This can be overcome by
single cell cloning, as discussed in the next section.

2.3.2. Single cell cloning for enhanced protein yields

Once a stable cell line is established, it can be used as a straightforward basis for subsequent
up-scaling and protein expression even at the bioreactor scale. However, the expression profile
within the polyclonal cell population is heterogeneous. Furthermore, high-copy-number trans-
genic loci confer an additional metabolic burden that may inhibit cell growth. Long-term
subculturing therefore enriches subpopulations that have lost copies of the transgene, and
protein expression declines [152] as illustrated with eGFP in Figure 9. As well as maintaining
the cells under selection pressure, single cell cloning is necessary to minimize these effects and
should commence before the highly-productive cells become overpopulated by their less-
productive peers [118, 152]. However, the productive cells should only be chosen once they

Figure 9. Time course showing the establishment of a stable rS2 cell line expressing GFP under the control of the
constitutive Ac5 promoter. GFP activity was recorded by flow cytometry. The transfected cell population maintained
under selection pressure with 300 μg/mL hygromycin (green) was compared to a non-transfected control (gray).
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Figure 9. Time course showing the establishment of a stable rS2 cell line expressing GFP under the control of the
constitutive Ac5 promoter. GFP activity was recorded by flow cytometry. The transfected cell population maintained
under selection pressure with 300 μg/mL hygromycin (green) was compared to a non-transfected control (gray).
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have recovered from the stress of transfection because the success of a single cell cloning is
highly dependent on clones that proliferate well.

Another important consideration is that rS2 cells grow very slowly at low densities and may
arrest completely if seeded at less than 5 · 105 cells/mL [77, 116]. This reflects the demand for
autocrine growth factors, which accumulate to sufficient levels only at high cell densities [77].
For example, the adenosine deaminase-related growth factor (ADGF) family is known to
promote the growth of S2 cells [153, 154] but no studies have yet shown that ADGF alone can
stimulate growth at very low cell densities. Augmenting the culture with conditioned medium
or heat inactivated FBS can improve proliferation, but is also not sufficient to stimulate prop-
agation of single cells. Feeder cells are therefore required to facilitate the proliferation of a
single rS2 cell. There are two traditional cloning methods: cloning in soft agar and cloning by
dilution. Both make use of non-transfected feeder cells, which are exposed to a γ or X ray
source (e.g. 24 kR per 50 cm² T-flask) before co-culture [82]. Irradiated feeder cells do not
divide, but remain able to secrete growth-promoting substances and provide an additional
source of nutrients when they die [116]. Cloning in soft agar requires the mixing of concen-
trated feeder cells (1–2 · 106 cells/mL) with much more dilute selected transformants (~25
cells/mL) in soft agar, which is then poured into a Petri dish. The cells grow in this semi-solid
support and form colonies in the agar within 2 weeks. Cloning by dilution requires the mixing
of feeder cells and transformants in such a way that approximately one clone per well can be
seeded in a microtiter plate. The corresponding protocols have been described in detail
[82, 38, 117, 118]. Both methods have been used successfully with rS2 cells for a long time, but
their major drawback is the need for X-ray or γ sources which are not readily available
routinely in cell culture laboratories. It is also necessary to ensure that the feeder cells are
permanently unable to divide yet still survive at least 1 week post-irradiation to condition the
medium during the early growth of the clones [117]. Robustness against ionizing radiation is
cell line-dependent, so parameters such as radiation dose and distance from source must be
empirically standardized to achieve the requirements described above. As an alternative to
irradiation, feeder cells can be treated with mitomycin C to chemically block mitosis, but this
method must fulfil the same requirements and empirical testing is still necessary [117].

A modified version of the limiting dilution protocol was recently reported that does not use
radiation and therefore simplifies the cloning workflow [81, 95]. The method is based on the
co-cultivation of single transformants with living, non-transfected feeder cells followed by
antibiotic selection of the clones. Because the procedure is not yet well established, the steps
in the protocol are summarized below:

• Seeding of approximately one transformant per well in 100 μL medium, containing 5 ·
105 non-transfected, living feeder cells/mL.

• Co-cultivation for 1–3 days allows all cells to proliferate and ensures proper conditioning
of the medium.

• Adding the antibiotic (e.g. 15–25 μg/mL blasticidin or 100–1000 μg/mL hygromycin) to
initiate the selection phase. Feeder cells will slowly decay, while colonies from antibiotic
resistant clones will expand during the next 2 weeks. If necessary, medium can be added
to renew the antibiotic and avoid desiccation.
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• Checking colony growth using a microscope: wells with multiple colonies should be
discarded because they are not monoclonal (Figure 10).

• Picking colonies and successively expanding them in 48-, 24-, 12- and 6-well plates,
followed by cultivation in T-flasks or shake flasks until cryopreservation in freezing
medium containing 50% spent medium and 7.5–10% dimethylsulfoxide (DSMO).

For all methods, a negative control that only contains feeder cells is advisable. Feeder cells that
have been irradiated, blocked with mitomycin C or treated with other antibiotics should show
no evidence of proliferation after 2 weeks, otherwise the inactivation will not be successful and
contamination of the single cell pool with less productive cells will remain possible (The
method is based on the co-cultivation of single transformants with living, non-transfected
feeder cells followed by antibiotic selection of the clones (Figure 11)).

To avoid extensive work during scale up, producer screening should be started soon after
picking the single clones. The screening method depends on the expression strategy. If the
recombinant protein is expressed constitutively then the cell lines can be screened directly,

Figure 10. Phase contrast image of wells used for single cell cloning. Multiple colonies (left) and a single cell colony (right)
on a decaying layer of feeder cells.

Figure 11. Time course for the establishment of a monoclonal population using the limiting dilution method and co-
cultivation with non-transfected feeder cells under selection with 15 μg/mL blasticidin S.
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whereas inducible cell lines must first be sub-cultured in a medium containing the inducer. The
location of the target protein should also be considered, i.e. whether the protein accumulates in
the cell or is secreted to the medium. Methods to screen for specific proteins include flow
cytometry, fluorescence microscopy, western blot analysis, the enzyme linked immunosorbent
assay (ELISA) and specific functional assays, e.g. enzyme assays. For example, Figure 12
shows the comparison of an eGFP expressing parental polyclonal cell line and a highly pro-
ductive monoclonal cell line by fluorescence microscopy. Note that the polyclonal cell line only
contains a few highly productive cells, whereas the GFP fluorescence in the monoclonal cell
line is much higher because all the cells produce large amount of the product. This indicates
that a highly-productive cell line has been selected successfully. Although some authors report
that single cell cloning does not always achieve enhanced protein production [116], others
claim that the considerable effort is worthwhile [81, 95, 118, 155]. It is true that most clones do
not show enhanced protein expression, but this is unsurprising because the frequency of
highly-productive cells in the parental cell pool is usually low (Figure 12). Consequently, the
likelihood of selecting a highly-productive cell reflects this initial ratio, and at least 500–1000
wells (i.e. 5–10 96-well plates) should be used for cloning and subsequent screening.

3. Scale up of insect cell cultivation processes

3.1. Assessment of the cost-effectiveness

In order to produce recombinant proteins cost effectively, a satisfactory expression level has to
be achieved in one of several species available for recombinant protein expression. Suitable
hosts include bacteria (Escherichia coli), yeasts (such as Pichia pastoris) and cell lines of mamma-
lian or insect origin. These expression systems differ in terms of complexity, space-time-yield
and the ability to support protein folding and posttranslational modification [156]. The system
of choice depends on the properties of the protein that is to be produced and insect cell lines

Figure 12. Fluorescence microscopy images of a parental polyclonal cell line (left) and a highly productive monoclonal
rS2 cell line (right), expressing an eGFP fusion protein under the control of the Mt promoter (induced with 900 μM CuSO4

at 1 · 106 cells/mL with viability > 97%). The images were captured using the same instrument settings 24 h post-
induction.
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are usually employed for the production of virus like particles and proteins that require
folding and posttranslational modification [1, 156]. Generally the competitiveness of insect cell
lines is demonstrated by the availability of different high value commercial products, such as
the vaccines FluBlok®, CERVARIX® and PROVENGE® (se chapters 2.2.1 and 2.3), which are
produced using baculovirus based systems. Furthermore a recent study showed that also
stable rS2 cells can compete with established systems. Concretely rS2 cells were more suitable
for the production of human coagulation factor IX than CHO cells [157] and also suitable to
produce high titers of a monoclonal antibody [81].

3.2. General considerations on process design

Insect and mammalian cell lines both originate from tissues of multi-cellular organisms and
therefore have comparable growth requirements, but insect cells offer some advantages in
terms of process design [1]. They grow rapidly at lower temperatures (doubling time of
approximately 24 h at 22–28�C) and tolerate higher levels of free amino acids and glucose
without switching to overflow metabolism [158–160]. This allows the use of rich media,
incorporating the nutrients for complete batch processes. Although first-generation media
(e.g. Grace insect medium, TMH-FH and TC100) required complex additives such as FBS or
insect hemolymph [160], optimized protein-free media are now available, including Sf-900TM II
SFM (Thermo Fisher Scientific), ExCell® 420 (Sigma Aldrich) and Insect-XPressTM (Lonza).
Defined media offer better lot-to-lot reproducibility, as well as simplified qualification and
validation, and even contribute to higher protein titers. The optimal pH for insect cell lines is
slightly acidic (6.2–6.9) and is usually maintained by a phosphate buffer. Therefore no CO2

supply is required, unlike mammalian cell culture media which rely on the open bicarbonate
buffer system. For industrial scale up, insect cells can be adapted to grow in suspension
cultures, allowing the use of standard bioreactors resembling those typical for mammalian cell
culture [158]. Beyond research, where more diverse culture devices are used [3, 161], stirred
tank reactors (STRs) [87, 161] or wave bag reactors (e.g. GE Wave, AppliFlex or CultiBag)
[81, 162, 163] are more suitable for the large-scale cultivation of insect cells. Both systems are
scalable and are well established in the industry. Short reactor set-up times are important in
particular for high-turnover baculovirus-based processes, which last 4–7 days. These processes
are usually carried out in batch or fed-batch mode, because the virus-mediated lysis of the cells
imposes a time limit on each production cycle. In contrast, continuous or perfusion mode is
also compatible with stable rS2 cell lines. In each case, the main task of the bioreactor is to
provide optimal growth and production conditions. The main challenge is therefore to ensure
an adequate oxygen supply without generating destructive shear forces [164, 165].

3.3. Oxygen requirements of Sf and S2 cell lines

The essential nutrient oxygen must be delivered continuously because it is only sparingly
soluble in cell culture medium. During scale up, it is not possible to achieve the high ratio of
surface area to reaction volume, and in turn the high oxygen mass transfer through the
headspace, which are characteristics of small-scale cell culture systems. It is therefore neces-
sary to understand the oxygen requirements of the cultured cell line in detail in order to choose
an appropriate oxygenation strategy. The cell-specific oxygen consumption rate _qO2

is a key
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parameter for the physiological state of the cells, which provides useful information for scale
up. It can be estimated by placing cells from a growing culture in a tightly sealed measurement
chamber containing air-saturated medium. Given that oxygen transfer is negligible under
these conditions, the saturation declines and a corresponding oxygen time course can be

recorded (Figure 13). From the known cell concentration X and the slope of the curve ΔcO2
Δt ,

the specific oxygen consumption rate _qO2
can be calculated according to Eq. (4). This method

can also be adapted to determine _qO2
directly in a bioreactor. In order to do this, the oxygen

supply must be closed and a sample must be withdrawn to determine the current cell concen-
tration.

_qO2
¼ � 1

X
� ΔcO2

Δt
ð4Þ

Table 6 summarizes specific oxygen consumption rates for the cell lines discussed in this
chapter. The data show that, _qO2

does not remain constant but is strongly dependent on the
physiological state of the cells. For example, the infection of Sf cells with baculovirus increases
the oxygen demand [166]. Furthermore, a wide range of _qO2

values has been reported for
different stable rS2 cell lines, indicating that the expressed recombinant protein also affects

Figure 13. Time courses showing the declining oxygen saturation in a measurement chamber containing different
concentrations of Sf 21 suspension cells in ExCell420 serum-free insect cell medium.
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the oxygen demand. In conclusion, _qO2
seems to be a function of cell status, overall medium

composition and the reactor set up. Therefore, it is advisable to verify the values reported in
the literature in each new experimental setting.

Knowing _qO2
and the current cell concentration X, the oxygen uptake rate (OUR) of the culture

can be calculated according to Eq. (5):

OUR ¼ _qO2
� X ð5Þ

Similarly, the ability of a bioreactor to supply oxygen is characterized by its oxygen transfer
rate (OTR), which is calculated according to Eq. (6):

OTR ¼ kLa � ðcO2
� � cO2Þ ð6Þ

The volumetric mass-transfer coefficient kLa is a reactor-specific constant that describes the
efficiency with which oxygen is transported to the medium under a given set of operating
parameters [174]. The values cO2

� and cO2 are the maximum and actual oxygen concentration

Cell line _q [10�12

mmol∙Z�1∙min�1]
Growth
phase

Cultivation
system

Infected Medium FCS % References

Sf 9 2.58 exp. Chamber no IPL-41 10 [167]

Sf 9 3.66 - STR yes IPL-41 10 [168]

Sf 9 6.50 - STR yes ICSF-WB 0 [168]

Sf 9 1.20–3.00 exp. STR no Sf-900 II 0 [169]

Sf 9 1.50–2.70 - STR yes Sf-900 II 0 [169]

Sf 9 5.50 exp. STR no Excell 401 0 [170]

Sf 9 10.0 - STR yes Excell 401 0 [170]

Sf 9 3.13–3.35 exp. Airlift no IPL-41 10 [171]

Sf 9 1.33 stat. Airlift no IPL-41 10 [171]

Sf 9 4.44 exp. STR no Sf-900II [172]

Sf 21 10.5 exp. Chamber no Excell 420 0 *

Sf 21 2.33 exp. Perfusion no IPL-41 5 [171]

S2 wt 1.5 exp. STR - ExCell
420

0 *

S2 wt 0.45 exp. STR - Sf-900 II 0 [172]

S2AcGPV 0.82 exp. STR - Sf-900 II 0 [172]

S2AcGPV 0.6–1.2 exp. Spinner - IPL 41 [173]

S2MtEGFP 0.8–1.5 exp. STR - Sf-900 II 0 [172]

*Authors’ own data. Abbreviations: exp. = exponential growth phase; stat. = stationary phase.

Table 6. Specific oxygen consumption rates for different insect cell lines and cultivation conditions.
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in the medium, respectively. To ensure a sufficient oxygen supply, the OTR must be equivalent
to the OUR at the maximum cell density Xmax and the required kLa value of the cultivation
system can thus be calculated according to Eq. (7):

kLa required ¼ _qO2
� Xmax

cO2
� � cO2

set ð7Þ

Eq. (7) also reveals why oxygen supply is a major concern for both expression systems.
Whereas Sf cells show high specific oxygen consumption rates, S2 cells consume less oxygen
per cell, but grow to higher densities. Both situations lead to a considerable oxygen demand.
As a rule of thumb, the oxygen saturation in the medium cO2

set should not fall below 30% air
saturation during cultivation [175, 158]. In order to avoid limitations at late process stages, the
rate of oxygen transfer can be increased either by using highly efficient micro-porous spargers
[165] or by using pure oxygen for aeration. Even with pure oxygen, sufficient gas flow must be
maintained in order to strip out CO2 that inhibits cell growth at higher concentrations. Increas-
ing the stirrer speed and gas flow are a second option for STRs, but caution should be exercised
because insect cells (especially infected and swollen Sf cells) are susceptible to shear damage.
To encounter the danger of shear related cell damage, insect media usually contain up to 0.1%
of the non-ionic block co-polymer Pluronic F68 as a shear force protecting agent [176]. Pluronic
F68 adheres to the cell surface and thus stabilizes the membrane. A detailed discussion on the
assessment of stirring and bubble related shear damage with its consequences for animal cell
culture process design has been published [164].

3.4. Characterization of STR oxygenation capabilities for insect cell culture

The kLa value for each reactor setup must be determined and compared with the calculated
value required to achieve sufficient oxygen transfer. The kLa can easily be determined using
standard methods such as the dynamic method or the sulphate method [177]. In combination
with a structured experimental design, appropriate settings for different cell lines are easy to
find. One way to structure the experiments is to use the response surface method (RSM). This
statistical method explores the relationship between a response variable (i.e. the kLa value) and
different input variables (e.g. stirrer speed and aeration rate). Based on a set of designed
experiments, the RSM approximates the coherences between the variables using a polynomial
model [178]. The resulting model can then be used to predict the kLa value for each factor
combination so that further experiments are not required. Once a suitable model is established
and verified, optimal settings for new reactor set-ups can be deduced from a simple readout.

As an example, a respective model was determined for a water-filled 2-L bioreactor system
(working volume 1000 mL) equipped with a drilled pipe ring sparger and a pitched blade
impeller (3 · 45�, d/D = 0.57). According to the typical cultivation conditions for insect cells,
the temperature was set to 28�C. For RSM, the kLa values were determined by the dynamic
method using a central composite design (CCD) for aeration rate _vð0:01–0:09Þ and stirrer speed
n ð80–260Þ. The resulting data were used to fit the significant terms of the general interaction
model as shown in Eq. (8):
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kLa ¼ β0 þ β1 _v þ β2nþ β12 _vn ð8Þ

The results can be visualized as a contour plot (Figure 14) that describes the kLa value as a
function of both input variables and thus provides a straightforward way to define the most
suitable bioreactor settings. However, information about homogenization is also important, so
it is advisable to use the same experimental design to establish models for mixing time.
Combining both models provides a comprehensive overview of the potential operating win-
dow for each process. The workflow described in this chapter is not limited to STRs but can
also be adapted for wave reactors easily, where kLa and mixing time are functions of the
shaking frequency and angle.

4 Process monitoring

4.1. Process analytical technology as driving force for online monitoring

Complex recombinant proteins and vaccines are high-value products that are often intended
for medical use. Such products must comply with high quality standards and recently the
US Food and Drug Administration (FDA) released a guideline on process analytical technol-
ogy (PAT), thus encouraging manufacturers to ensure product quality by improving their
process understanding [179, 180]. This requires the measurement and control of critical process
parameters, such as cell growth in the case of insect cells producing recombinant proteins. The

Figure 14. Relationship between kLa, aeration rate and stirrer speed for a 2-L autoclaveable bioreactor filled with water
and operated under standard conditions for the cultivation of insect cells (28�C, 0.01–0.09 vvm, 80–260 rpm).
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dependency between cell growth and recombinant protein production exists because both pro-
cesses require efficient protein synthesis machinery [181]. Optimal cell viability and comparable
growth conditions during cultivation will therefore improve batch-to-batch reproducibility. Table 7
lists online techniques that have been developed to estimate cell biomass, among which optical
probing and dielectric spectroscopy have proven to be robust and easy to use. The following
section therefore summarizes the principles of these two techniques and their application in insect
cell cultures.

4.2. Dielectric spectroscopy to determine viable cell density

Dielectric or impedance spectroscopy is a noninvasive technique that is widely used to charac-
terize materials in different research fields, including material testing, corrosion research and
biological engineering [188, 189]. Historically, the application of dielectric spectroscopy for the
characterization of cell suspension cultures dates back more than 150 years [190] and is now
well established as a routine method [191, 192] even in industrial-scale processes [193].
Comprehensive reviews of the theory and application of this method have been published
[194–199, 200].

The method involves exposing cell suspensions to an alternating current of low magnitude.
This stimulus results in a phase-shifted, frequency-dependent voltage response, which in turn
is recorded and used to calculate the dielectric properties of the material (Figure 15a). The
measurement is not that simple and modern devices make use of special bridge circuits,
network analysers and other advanced methods to calculate the real and imaginary part of

Method Measured bioprocess variable Direct or indirect
biomass quanti-
fication

Representative
commercial systems

References

Dielectric
spectroscopy

Permittivity and conductivity Direct viable cell density Aber Futura
Hamilton Incyte

[182]

Optical probing Turbidity or backscattered light Direct whole cell density
and particles

Exner ExCell 230

Hamilton Dencyte
Optek ASD
Mettler InPro8100
Finesse TrueCell
Cerexinc
Wedgewood BT65

[183]

2D Fluorescence
spectroscopy

Cellular fluorophores (NAD(P)H,
flavins and aromatic amino acids)

Indirect from metabolic
activity

Delta Light and
Optics BioView

[184]

Biocalorimetry Heat production from metabolic
activity

Indirect from metabolic
activity

Mettler Toledo eRC1 [185]

Off gas analysis Respiratory activity (OUR and CER) Indirect from respiratory
activity

Blue Sens CellinOne [186]

Soft sensors Different process parameters Indirect from
correlation/models

[187]

Table 7. Summary of online biomass monitoring techniques.
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the complex impedance Z or admittance Y. Nevertheless, these measurements yield the two
passive electrical properties of capacitance C and conductance G as function of the applied
alternating current frequency. The capacitance C describes the ability of the material to store
electrical charge, whereas the conductance G describes its ability to pass an electrical charge.
Because these values depend on the electrode geometry, the relative permittivity ε and the
conductivity κ are generally used to describe these electrical properties in an electrode-
independent manner. The relationships are described in Eqs. (9) and (10), where C is the
capacitance, ε is the relative permittivity, ε0 is the permittivity of the vacuum (8.854 pF/m), G
is the conductance, κ is the conductivity and z is the specific electrode constant (i.e. area/plate
distance for a parallel plate capacitor):

C ¼ ε � ε0 � z ð9Þ
G ¼ κ � z ð10Þ

To simplify the explanation of the observed dielectric phenomena when ε is plotted against the
applied frequency f, the cell suspension can be modelled as being composed of two parts [196].
The first part is the conducting aqueous cell culture medium that surrounds the second part
(the cells), which are in turn composed of an insulating cell membrane and the conducting
cytoplasm. Whereas the medium and cytoplasm are simple electrolytes with a certain resis-
tance, the lipid cell membranes act as dielectric barriers and cells can therefore be regarded as
small spherical capacitors. Electrically charged ions accumulate at the membranes of living
cells in an alternating electric field, whereas leaking cells, cell debris, evolved gas bubbles,
micro-carriers and other media components are essentially invisible to this method [195]. Only
very high volume fractions of non-biomass materials close to the sensor may influence the
measurement as the cells are replaced by non-reactive materials [198]. The build-up of electri-
cal charge across the membranes is known as polarization and this occurs when the frequency
of the excitation field is in the range 0.1–10 MHz (the radio frequency band). At low frequen-
cies, the ions have sufficient time to reach the cell membrane, complete polarization takes place
and a high permittivity signal is produced. At high frequencies, ions do not have enough time
to move and they do not accumulate at the membranes before the electric field changes
direction thus forcing them in the opposite direction. In this case, only a low permittivity is
detected. This behaviour results in a sigmoid shaped ε� logðf Þ relationship, the so called β-
dispersion (Figure 15b). The plateau value of the permittivity εmax depends on the quantity of
polarizable cell membranes in the system. Hence, Δε, the difference between εmax and the
residual permittivity ε∞ (resulting from the medium), is a good measure of cell density. In
1957, Schwan derived Equation 11 predicts Δε for suspensions of ideal spherical cells [199].
The validity of the equation has been confirmed experimentally [189, 193].

Δε ¼ 9 � P � r � Cm

4 � ε0 with P ¼ 4 � π � r3
3

�N ð11Þ

Here, P denotes the cell volume fraction (dimensionless), N denotes the cell density per unit
volume, r is the cell radius and Cm is the capacitance per membrane area. It is clear that Δε is
actually measuring the cell volume fraction instead of cell density, because it depends on the
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cell radius. However, if the radius does not change throughout cultivation, Δε is directly
proportional to the viable cell density. Technically, the value of Δε can be determined either
by scanning the whole frequency range or by measuring at two distinct frequencies. Recording
a full β-dispersion spectrum is advantageous because it provides additional information. First,
the so-called critical frequency fc (Eq. (12)) represents the frequency at which one half of the
potential polarization is achieved. It reflects changes in the cell radius as well as the conduc-
tivity of the cytoplasm σc and the surrounding medium σm (Figure 15c).

f c ¼
1

2 � π � r � Cm � 1
σc
þ 1

2�σm

� � ð12Þ

Second, another variable known as the Cole-Cole α factor can be obtained by fitting the Cole-
Cole model to the measured spectrum [197, 201]. The α factor has a value between 0 and 1 and

Figure 15. (a) Schematic illustration of a capacitive sensor: only cells with intact plasma membranes are polarized,
whereas cell debris, gas bubbles and non-polarizable solid particles do not influence the measurement. (b) Schematic
illustration of the β-dispersion spectrum of the observed permittivity: at low frequencies, the duration of the shift in the
excitation field is sufficient to fully polarize the cells, whereas at high frequencies the rapid shift allows little polarization.
Increasing the cell number increases the number of polarizable cell membranes and consequently leads to an overall
increase in Δε. (c) Theoretical comparison of three cell suspension cultures with equal biovolumes and conductivities, but
composed of cells with different cell sizes. With decreasing cell size, the critical frequency fc increases. (d) Theoretical
comparison of two cell suspension cultures with equal biovolumes and average cell size, but different cell size distribu-
tions. Awider distribution leads to a flattened β-distribution. Panels (b) and (c) are modified from Ref. [202].
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describes the steepness of the characteristic drop in β-dispersion. The α factor is assumed to
reflect the homogeneity of the cell population [194, 201] as shown in Figure 15d.

Dielectric spectroscopy has proven to be a valuable tool for the online monitoring of insect cell
cultures [195, 196, 203]. It is particularly useful for BEVS because the arrest of cell growth after
infection and the swelling and lysis of infected cells can be monitored in real-time. In the
context of insect cell cultures, dielectric spectroscopy was first used to monitor the growth of
uninfected and infected Sf9 cells [204]. This study revealed a linear correlation between relative
permittivity and viable cell density during the growth phase. However synchronous infection
with a recombinant baculovirus encoding β-galactosidase at a MOI of 10 resulted in growth
arrest, but permittivity increased further, indicating the successful detection of the infection-
related cell swelling. During the late process stages, cell lysis associated with a decrease in cell
viability and size was detected as a drop in the permittivity signal. In terms of process
intensification by the optimization of feeding and infection strategies, the same authors
reported the use of dielectric spectroscopy to monitor Sf9 and High FiveTM cells [205, 206]. In
both studies, physiological parameters correlated with the impedance signal. Interestingly a
peak in the CO2 evolution rate (CER) observed at high MOI correlated with a temporary
plateau in the permittivity signal. This was interpreted to represent the initial release of virus
particles into the medium. In contrast, no permittivity plateau was detected for infections with
a lower MOI (0.001). This behavior can be attributed to the fact that a lower MOI does not
cause the simultaneous infection of all cells, hence there is no steep response in the cellular
events caused by the infection, which are instead distributed throughout the cultivation pro-
cess resulting in the delayed CER response (205). Dielectric spectroscopy has also been used for
the optimization of a baculovirus-based production process for recombinant adeno-associated
virus (rAAV) vectors at the 40-L scale [207]. The permittivity signal was used to pinpoint the
optimal time of infection. An optimal time of harvest was also determined, because an increase
in cell diameter was correlated to the yield of rAAV.Well-established off line methods (Vi-Cell®

and CASY®) have been used to correlate the permittivity signal with the viable and total cell
culture volume [208]. The authors observed an increase in the critical frequency fc which
coincided with the cell swelling after infection, but the influence of dynamic cell properties on
fc was not investigated.

Although there are only a few reports demonstrating the use of dielectric spectroscopy to
monitor stable insect cell lines, this method is used routinely with a wide variety of mammalian
cell lines [192, 195] and was proven to work with rS2 cells. In the production of an antimicrobial
protein with rS cells under control of the Mt promoter, the dielectric spectroscopy was used to
pinpoint the key transitional events of the process (induction and harvest) [209].

4.3. Optical density as a tool to determine absolute cell density

One of the most established methods for the online monitoring of cell suspension cultures is the
measurement of optical density (OD) and its popularity is already reflected by the widespread
availability of different commercial sensors (Table 7) [210]. Optical density probes exploit the
ability of suspended particles (in this case cells) to scatter light in all directions. As shown in
Figure 16, the scattering can be used in twomain ways to derive information about cell density.
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Sensors of the first type (e.g. ExCell 230, Exner Process Equipment) measure the reduction in
light intensity during its transmission through the medium. The availability of different optical
path lengths for this type of sensor allows the analysis of samples containing a low density of
particles. Sensors of the second type (e.g. InPro8100, Mettler Toledo) instead detect light that is
backscattered at an angle of 180�. Both sensor types use near infrared (NIR) light in the range
780–1100 nm to avoid the signal being affected by changes in the medium colour [183].

In addition to their traditional use with microbial cells, online OD sensors have already been
used to monitor mammalian and insect cells [175]. Accordingly, the density of uninfected,
actively growing Sf9 cells has been shown to correlate well with the OD response, and the
correlation persists until 24 h post-infection with a recombinant Baculovirus [202]. However,
the OD signal becomes static or increases during cell lysis even though the viable cell number
declines [202] This is because cell debris and dead cells contribute to light scattering to the
same extent as viable cells, which is the major drawback of OD measurements: the method
determines the overall abundance of light-scattering particles but cannot distinguish between
cells and non-cellular particles nor between living and dead cells. Nevertheless, the method is
highly robust for the quantification of viable cells and is therefore especially suitable for
monitoring non-lytic expression systems such as rS2 cells [209]. Furthermore, some devices
allow the simultaneous determination of dielectric properties and OD (e.g. the combined
Hamilton Decyte and Incyte system). Combining both methods may improve process under-
standing because the ratio of OD and permittivity is an additional real-time parameter that can
be used for process monitoring and control.
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Figure 16. (a) Schematic illustration of an OD probe measuring light transmission. (b) Schematic illustration of an OD
probe based on the measurement of 180� backscattered light.
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Abstract

In the field of cell therapy, allogenic human mesenchymal stromal cells (hMSCs) are 
often used in clinical trials, creating a demand for cell mass production using efficient 
dynamic bioreactor systems. As an advanced therapy medicinal product (ATMP), such 
cells should meet certain special requirements, including product specifications requir-
ing a production process compatible with good manufacturing practice (GMP). The 
development of processes in which the cells are the product therefore remains a signifi-
cant challenge. This chapter describes the requirements at different steps in the upstream 
and downstream phases of such dynamic processes. Potential solutions are presented 
and future prospects are discussed, including the selection of media and carriers for 
the strictly adherent growing cells, allowing efficient cell adhesion and detachment. 
Strategies for dynamic cultivation in bioreactors are described in detail for fixed‐bed and 
stirred‐tank reactors based on GMP requirements and the integration of process analyti-
cal technology (PAT). Following cell harvest, separation and purification, the formulation 
and storage of the product are also described. Finally, the chapter covers important cell 
quality characteristics necessary for the approval of ATMPs.

Keywords: hMSC, cell expansion, stirred‐tank reactor, microcarrier, fixed‐bed reactor, 
PAT, GMP, ATMP, cell harvest, formulation, storage, quality approval

1. Introduction

Intensive research in the field of regenerative medicine has resulted in a large number of 
clinical trials over the last few years. The unique characteristics and differentiation pathways 
of human mesenchymal stem/stromal cells (hMSCs) make them promising candidates for 
future therapeutic strategies. There is a great interest in these cells because they can migrate 
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to injured tissues following implantation or intravenous injection, and they have anti‐inflam-
matory and regenerative capacity due to the release of cytokines, specific growth factors and 
other bioactive molecules. In addition to non‐differentiated cells, the differentiation of hMSCs 
into osteocytes, chondrocytes, adipocytes, tenocytes and muscle cells [1, 2] may allow the 
treatment of patients with bone and cartilage diseases, gastrointestinal diseases, diabetes, 
graft‐versus‐host diseases and limbal stem‐cell deficiency [3–6]. The application of immu-
nomodulatory hMSCs may involve autologous cells (isolated from the patient and used in 
personalized therapy) or allogenic cells (isolated from another individual, then expanded and 
used in the patient). Allogenic cells allow off‐the‐shelf treatment for indications affecting a 
large number of patients. In addition to primary hMSCs, which can be isolated from bone 
marrow, adipose tissue and the umbilical cord, the genetically modified and immortalized 
cell line hMSC‐TERT achieves higher passaging numbers while retaining the differentiation 
potential of primary cells [7, 8]. ClinicalTrials.gov currently lists 51 clinical trials specifically 
involving autologous hMSCs, 32 of which are ongoing, whereas 67 studies are listed for allo-
genic hMSCs, 56 of which are ongoing (accessed May 9, 2016). Since 2005, the number of 
clinical trials has increased continuously, the majority using allogenic cells [9]. These trials 
have shown that cell‐dose‐dependent efficacy requires a minimum of 1.5–6 × 107 cells per 
dose, depending on the indication [10, 11]. Human cells are classed as advanced therapy 
medicinal products (ATMPs). Only four ATMPs are currently authorized, which may reflect 
the lack of suitable production processes [12]. This reveals the need for robust and efficient 
biomass expansion processes for adherent growing hMSCs that yield a high‐quality product. 
The development of dynamic processes for sensitive, adherent growing cells is challenging 
because several requirements discussed in this chapter must be fulfilled to mimic in vivo con-
ditions. This article focuses on dynamic processes for primary bone marrow‐derived hMSCs 
and the hMSC‐TERT cell line for allogenic applications of non‐differentiated cells.

2. Requirements for stem cell expansion

2.1. Cells as a product

In contrast to biopharmaceutical production processes in which the cell synthesizes the prod-
uct, in the field of cell therapy, the cells are the product. Like any other medical product, cells 
must be approved by the competent authorities, i.e., the European Medicines Agency (EMA) 
in Europe or the Food and Drug Administration (FDA) in the USA. Medicines based on genes, 
cells or tissues are usually defined as ATMPs, a category that includes both hMSCs and the 
hMSC‐TERT cell line. ATMPs are subject to special guidelines in addition to the standard 
good manufacturing practice (GMP) requirements. In the EU, such products must be compli-
ant with Regulation 1394/2007, guideline EMEA/CHMP/410869/2006, Directives 2004/23/EC, 
2006/17/EC, 2006/86/EC and the revised guideline EMA/CAT/600280/2010. In the USA, such 
products must be compliant with the FDA Code of Federal Regulations (CFRs) covering inves-
tigational new drug (IND) applications (21 CFR 312), biological regulations (21 CFR 600) and 
GMP (21 CFR 211) [13–15]. The International Society for Stem Cell Research (ISSCR) published 
its updated “Guidelines for Stem Cell Research and Clinical Translation” in May 2016 [16]  
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with commentaries on manufacturing, safety and efficacy to provide standard guidelines and 
recommendations.

In addition to the regulatory framework, different societies and institutes have listed prod-
uct characteristics that must be fulfilled [17]. One definition of hMSCs is provided by the 
International Society for Cell Therapy (ISCT) in their “minimal criteria for defining multipotent 
mesenchymal stromal cells” [18]. These criteria include the identity of cells, which is character-
ized by the following cell surface markers: positive expression (>95%) of CD105, CD73 and 
CD90, and no expression (<2%) of CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA class 
II. Also included in the ISCT definition is the adherence to plastic surfaces and the differentia-
tion capacity in vitro into osteoblasts, adipocytes and chondroblasts. These characteristics must 
be defined and extended specifically for each cell line depending on its source [19].

To meet these regulatory demands and retain the defined cell characteristics, extreme care 
must be taken during process development in a dynamic system to achieve the highest final 
product quality. Only a few aspects can be covered in this chapter, showing the complexity 
of the issue. Figure 1 shows the steps in a general production process including the various 
aspects that must be addressed.

Different aspects during each step determine the final product quality and process efficiency 
by affecting cell viability, potency, identity and safety. Each aspect summarized in Figure 1 
must also be regarded in the context of GMP, which provides general guidance rather than 

Figure 1. General overview of a dynamic production process for hMSCs including various aspects that influence the 
final product quality.
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detailed instruction. Briefly, the processes must ensure the quality of the product at each step 
and part of the system, as well as the final product. The basic materials should be chemically 
defined and proven to be within specifications. The quality and purity of all substances must 
be ensured. Robustness, reproducibility and efficiency must be shown using closed control 
systems to confirm quality, safety and efficacy throughout the process. The documentation 
required for each quality‐relevant step is usually completed using standard operating proce-
dures [20]. Process analytical technology (PAT) is one tool that can be used to ensure process 
quality based on the online and offline monitoring of different parameters [21]. Further exam-
ples of GMP include the requirement of animal‐free materials, closed production systems and 
system validation that confirms the separation of different production processes, favoring 
disposable equipment. The biological source is one of the major factors that determine process 
success. The age and health of the human donor as well as the tissue of origin affect cell qual-
ity attributes. For both primary hMSCs and hMSC‐TERT cells, the number of passages has a 
major influence on the final product quality and must be as low as possible [22].

2.2. Process requirements—upstream

2.2.1. Stem cell media

The maintenance of proliferating hMSCs requires special growth media, typically a basal 
medium comprising salts, glucose, amino acids and a buffer system supplemented with 
serum. The latter is routinely used because it contains proteins, adhesion factors, vitamins, 
growth factors, hormones, fatty acids and lipids that promote cell adhesion and attachment 
(e.g., to collagen, fibronectin, laminin and vitronectin), which is required for in vitro cell 
proliferation [23]. Important variables include the concentration of each ingredient, and the 
osmolality, buffering capacity, conductivity, substrate availability and stability (especially 
thermostability) of the medium. Serum constitutes a risk when hMSCs are produced for clini-
cal applications under GMP and also increases the complexity of downstream processing. 
Serum should be avoided because it is derived from animals, thus increasing the risk of con-
tamination (e.g., with viruses) and immunogenicity, and its complexity introduces unknown 
variables that make process standardization difficult to achieve.

To eliminate serum from stem cell production processes, several defined serum‐free formula-
tions have been developed. According to one classification system [24], a “defined medium” 
can be further divided into the following categories:

 – Serum‐free medium (SFM) containing a broad range of supplementary hormones, growth 
factors, proteins and polyamines, derived from bovine or human sources

 – Protein‐free medium (PFM) containing peptide fragments from enzymatic or acid hydro-
lysis of animal or plant source proteins

 ° PFM variant A containing human serum albumin, human transferrin, human insulin 
and animal‐derived lipids

 ° PFM variant B, also known as xeno‐free medium (XFM) containing human serum albu-
min, human transferrin, human insulin and chemically defined lipids
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 – Recombinant xeno‐free medium (recXFM) containing either recombinant proteins, hor-
mones and compounds or chemically defined lipids

 – Chemically defined medium (CDM)—a protein‐free basal medium containing low‐
molecular‐weight components, synthetic peptides or hormones, and a few recombinant 
or synthetic versions of proteins.

In‐house serum‐free media for hMSCs have been reported in several studies, often contain-
ing additional factors such as bovine/human serum albumin, insulin, transferrin, hormones 
(e.g., progesterone, hydrocortisone and estradiol), growth factors (e.g., bFGF, TGFβ, EGF or 
PDGF) or heparin [25–28]. The list of commercially available chemically defined, protein‐free, 
xeno‐free and serum‐free is constantly increasing [29] as discussed in recent reviews [30, 31].

2.2.2. Growth surfaces

The characteristics of the growth surface have a major impact on the cultivation of hMSCs, 
especially in the context of production processes. The attachment, spreading and proliferation 
of these adherent cells are strongly influenced by the growth surface and the corresponding 
cell‐surface interactions. These interactions can induce signaling pathways that are involved 
in regulating important cellular processes including cell migration, gene expression, cell sur-
vival, tissue organization and differentiation [32–34].

In dynamic bioreactor systems for adherent cells, microcarriers provide the growth surface in 
suspension or as a bed. The choice of an appropriate microcarrier, which not only supports 
attachment and growth but also allows efficient detachment without losing viability, is one 
of the key design aspects of an hMSC production process. For large‐scale processes, bead‐to‐
bead transfer strategies are necessary and should be promoted by the microcarrier. Several 
microcarrier types are commercially available, and a suitable microcarrier must be selected 
for each application by considering a combination of factors based on the following list of 
properties:

 – geometry, size and size distribution, porosity, physical density

 – GMP compliance

 – mechanical stability, autoclavable or sterile delivery

 – core and surface material (glass, polystyrene, gelatin, dextran, protein or synthetic protein 
fragments), source, surface characteristics (charge, stability, transparency, attachment and 
harvest, thermosensitivity)

 – compatibility with downstream processing

Some commercially available microcarriers have been developed to improve cell attachment 
using new synthetic or natural materials, whereas others are optimized for the specific harvest 
requirements of hMSCs [35]. Nonporous microcarriers are most suitable for hMSC expansion 
and harvest because successful detachment with high viability is difficult to achieve using 
porous microcarriers [36].
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2.2.3. Cell expansion in bioreactors

The reproducible, cost‐efficient, scalable and automated production of hMSCs in a dynamic, 
three‐dimensional system is best achieved using microcarriers because they allow controlled 
inoculation, expansion and cell harvest with the system remaining closed [37]. According to 
PAT requirements, control loops should include for example pH, temperature, stirrer speed or 
flow rate, aeration and feeding rate. Online process monitoring is necessary to ensure quality 
throughout the process, e.g., cell density, media properties (pH, temperature, pO2 and pCO2) 
and the concentration of metabolites such as glucose, lactate, ammonia and glutamine. The 
number of parallel systems should be minimized, aiming to achieve a high surface‐volume 
ratio, which can be realized using systems compatible with microcarrier cultivation. Sterility 
must be guaranteed by minimizing the contamination risk, and single‐use equipment is an 
option to achieve this. The system must allow low‐shear oxygenation by internal or external 
aeration, and a homogeneous nutrient supply, which are also required for PAT. Well‐char-
acterized systems are favorable because they facilitate process validation. Furthermore, the 
systems should be as simple as possible to avoid errors during system handling.

Several bioreactor types have been described for the expansion of hMSC and hMSC‐TERT cells. 
The most common are spinner flasks, stirred tank reactors (STRs), wave systems [38], fixed‐bed 
reactors (FBRs), fluidized bed and wall‐rotating systems [22, 39–41] as well as the application 
of Vertical‐Wheel™ technology [42]. Most published studies describe cell expansion in spinner 
flasks, but these are difficult to scale up and automate, and the only process control options are 
pH and oxygen concentration monitoring. Similar drawbacks are associated with wave reac-
tors. The most promising systems are STRs and FBRs. STRs are well‐characterized, scalable and 
controllable systems that are suitable for automation, whereas FBRs avoid the need for media 
replacement and also offer the opportunity to combine inoculation, expansion and harvest in 
one system [43–45].

Once the bioreactor system is chosen, the cultivation procedure and process parameters must 
be defined. The choice of the process mode strongly influences the process parameters, which 
must be adapted to achieve the defined product specifications [39]. Batch processes are often 
successful, but fed‐batch processes in STRs are more efficient and can be achieved by the par-
tial addition of media and microcarrier [40, 46]. The microcarrier concentration or bed volume 
must be chosen in combination with the seeding density, followed by the appropriate inocula-
tion strategy. The seeding density affects cell proliferation, and lower densities (100 cells/cm2) 
are more suitable than higher densities (5000 cells/cm2) [47], suggesting that a ratio of five cells 
per bead is optimal [48]. The dispersal of cells on the microcarrier follows a Poisson distribu-
tion [49]. Initial seeding densities of 1–3 × 104 cells/cm2 are nearly independent from the avail-
able growth surface area. The inoculation strategy is often based on intermittent agitation or 
flow depending on the system [50, 51].

The rotation speed of a STR is a critical process parameter because the culture should be 
homogeneous but a low shear stress is necessary to avoid changes to the cell characteristics 
while at the same time avoiding the formation of bridges between microcarriers by over-
growth [40]. This topic has been reviewed in detail [22, 52]. One solution is to increase the 
agitation rate during cultivation [53]. The application of a suspension criterion [54] may also 
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facilitate process development and scale‐up, using theoretical process analysis based on 
power input, microcarrier type and cell growth. Three‐phase systems, such as aerated micro-
carrier‐based stirred‐tank cultures, show the complex effects of the working volume, carrier 
concentration and aeration on the power input. Understanding the mixing characteristics of 
such a system is required to optimize hMSC cultivation [55]. Similarly, for hollow fiber or 
FBR systems, the flow rate must be defined according to the cell line, microcarrier and sys-
tem volume [43]. Media exchange is often necessary to avoid nutrient limitation and critical 
metabolite concentrations [49], but only partial replacement is possible [56] and this increases 
the risk of contamination.

2.2.4. Cell harvest

Because the cells are the product, adherent hMSCs must be detached and separated from 
their growth surface. Unlike standard processes, where the cells do not need to be detached, 
harvest is a very sensitive process step but must still remain cost‐effective and GMP compli-
ant. In static cultures, cell detachment is often achieved using peptidases, usually trypsin (EC 
3.4.21.4), which cleaves peptide chains after most basic amino acids [57]. Cell detachment in 
dynamic systems is more complex, especially in terms of shear forces. Therefore, the enzyme 
used to detach cells grown on carriers in dynamic systems must be both gentle and efficient. 
The molecular basis of cell attachment depends on the microcarrier, so the choice of enzyme 
for detachment must take this into account. Furthermore, animal‐derived enzymes such as 
pancreatic trypsin should be avoided [58, 59]. Further aspects that must be addressed include 
the commercial availability of the enzyme, the final cell density, the incubation time and the 
temperature. The aim is to maximize the harvest yield and cell viability while maintaining the 
characteristics of the cells after harvest, processing and formulation.

2.3. Process requirements—downstream

2.3.1. Cell separation, clarification and concentration

After cell detachment, the carrier must be separated from the cells, followed by cell clarifica-
tion, washing and cell concentration (volume reduction) [60, 61]. For this part of the pro-
cess, large‐scale applications are still in their infancy. Appropriate methods, such as filtration, 
must ensure minimal processing time and must be based on inert, single‐use materials. Cell 
recovery must achieve clarification and volume reduction while preserving cell viability and 
retaining cell characteristics. Thus, low shear processes are necessary. Impurities must be 
reduced to levels below 1 ppm. The system should be closed, automated and scalable [62].

For standard biopharmaceutical processes, tangential flow filtration (TFF) [63] is often used 
for the initial clarification of therapeutic proteins produced in mammalian, bacterial or yeast 
cell cultures [64]. For the production of ATMPs, TFF processes must be redesigned to meet 
product quality demands. The filter material, pore size and initial cell concentration, as well 
as operating parameters such as shear rate and permeate flux, may influence the recovery of 
viable, high‐quality cells [63]. The impact of shear rate and shear stress on the viability and 
differentiation potential of hMSCs is well‐characterized [65, 66]. High shear rates are known 
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to reduce membrane fouling during microfiltration [67], so a trade‐off between fouling and 
cell damage is necessary to achieve a satisfactory hMSC concentration.

2.3.2. Formulation and storage

Allogenic stromal cells should be off‐the‐shelf products available on demand, and appropri-
ate formulation strategies are therefore required allowing the cells to be stored for a specific 
period of time under defined conditions. Often, allogenic cells are formulated as cell suspen-
sions. Alternative formulations, which prevent immune responses in recipient patients, are 
cell encapsulation. Inert and biocompatible materials, capsule size and a gentle encapsula-
tion process must ensure that cells retain their viability, identity, purity and differentiation 
capacity.

The same requirements are relevant to the storage method, including the physical storage 
form, long‐term product stability/availability and the eventual application of the stored cells 
to the patient, ideally without prior treatments. The storage form must also fulfill GMP and 
especially ATMP requirements. One common way to store cell culture and ensure long‐term 
availability is cryopreservation in liquid nitrogen. Post‐thaw cell survival is sensitive to the 
freezing and thawing processes, which require cryoprotective agents (CPAs) to prevent the 
formation of intracellular and extracellular ice crystals that would otherwise expand and 
destroy cell and organelle membranes [68, 69]. CPAs also minimize osmotic effects that would 
promote the denaturation of proteins [70]. The nature of the freezing and thawing cycle and 
the most appropriate CPA must be determined on a case‐by‐case basis for each cell line [71]. 
A detailed description of the development of cell line‐dependent cryopreservation protocols 
has been published [72] and the topic has been recently reviewed [73].

A storage system in a GMP environment features a constant temperature in a controlled and 
monitored environment with a barcode‐based vial‐labelling system. Frequent thawing of the 
frozen vials and testing according the above‐mentioned aspects are essential to ensure long‐
term stability.

3. Stem cell production in dynamic bioreactors

3.1. Media choice

As stated above, animal‐derived raw materials should be avoided and SFM, XFM or prefer-
ably CDM should be used for hMSC expansion. Appropriate media are available from several 
commercial sources (Table 1) and studies published between 2011 and 2015 using these dif-
ferent media for the cultivation of hMSCs have recently been reviewed [74].

Human platelet lysate has been used as an alternative for bovine serum by several groups, e.g., 
for umbilical cord‐derived hMSCs [75, 76]. XFM containing a mixture of proteins including 
human serum albumin and recombinant growth factors was used to expand hMSCs derived 
from bone marrow (bm‐hMSCs) and adipose tissue on microcarriers [77] and a similar approach 
with a XFM containing components from human plasma has also been described [78].
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Product name Company Classification and comments

(if information available by manufacturer)

The literature

and website

CellGro® MSC Medium CellGenix SFM: albumin (human‐plasma‐derived)
insulin (human recombinant, yeast‐derived),
synthetic lipid contains chicken egg‐derived lecithin 
(licensed medicinal product for human use)

Not cited
Web: [136]

CTS™ StemPro® MSC SFM Gibco by 
Thermo 
Scientific

SFM: coating with CELLstart™ CTS™ necessary [77, 137, 138]
Web: [139]

hMSC High Performance 
Media Kit XF

RoosterBio XFM: standardized, “enriched” basal medium Not cited
Web: [140]

Human MSC medium, 
chemically‐defined

AmCell 
Biosciences

recXFM: components are either chemically synthesized 
or recombinant produced and purified, none of its 
ingredients are directly derived from nonhuman animals

Not cited
Web: [141]

Mesenchymal Stem Cell 
Growth Medium DXF 
(Defined Xeno Free)

PromoCell XFM
fibronectin‐coated plates are necessary

[142]
Web: [143]

Mesenchymal Stem 
Cell Medium—animal 
component free (MSCM‐acf)

ScienCell 
Research 
Laboratories

XFM: no animal‐ or human‐origin materials.
Contains (quantitatively and qualitatively formulated) 
growth factors, hormones and proteins

Not cited
Web: [144]

MesenCult™‐XF Medium STEMCELL 
Technologies

SFM used in conjunction with the MesenCult™‐SF 
Attachment Substrate

Not cited
Web: [145]

MesenGro® Human MSC 
Medium

System 
Biosciences/
StemRD

recXFM: does not contain animal‐derived components, 
components are either chemically synthesized or 
recombinantly produced and purified

Not cited
Web: [146]

MSC NutriStem® XF 
Medium

Biological 
Industries

XFM, defined formulation. Use of fibronectin coating is 
recommended. Drug Master File available

[11, 147]
Web: [148]

MSC‐GRO™ Serum‐Free/
Xeno‐Free, Complete Media

Vitro 
Biopharma

XFM Not cited
Web: [149]

PowerStem MSC1 PAN‐Biotech XFM: free of animal or human serum, without animal 
derived components, no undefined peptones or 
hydrolysates, contains hormones, growth factors and 
enriched human proteins and lipids

Not cited
Web: [150]

PRIME‐XV® MSC Expansion 
SFM

Irvine 
Scientific

SFM: pre‐coated with PRIME‐XV MatrIS F necessary [100, 151]
Web: [152]

SPE‐IV Media ABCell‐Bio SFM: animal protein‐free, contains human albumin, 
synthetic iron carrier, rh‐insulin, nucleosides, α‐
monothioglycerol, synthetic lipids, rh‐IGF‐1 and rh‐b‐
FGF. Requires the addition of pre‐adhesion molecules 
such as fibronectin and collagen

Not cited
Web: [153]

Stem Cell 1 Cell Culture 
Technologies

CDM: chemically defined, protein/peptide‐free [35]
Web: [154]

StemMACS MSC Expansion 
Media Kit XF

Miltenyi 
Biotec

XFM Not cited
Web: [155]

StemXVivo Xeno‐Free Human 
MSC Expansion Media

R&D Systems XFM
coating with recombinant human fibronectin necessary

[138]
Web: [156]

The Challenge of Human Mesenchymal Stromal Cell Expansion: Current and Prospective Answers
http://dx.doi.org/10.5772/66901

107



A new CDM for hMSC expansion has been described in which each component has a 
Chemical Abstracts Service (CAS) registration number and none of the components  frequently 
used in XFM formulations are present, such as serum albumin, insulin, transferrin, proges-
terone, hydrocortisone or estradiol [35]. The absence of attachment‐promoting factors limits 
the attachment behavior of the hMSCs and the growth surface must therefore be coated with 
attachment‐promoting substances. To our knowledge, this stem cell 1 medium (Cell Culture 
Technologies, Switzerland) is the only protein/peptide‐free CDM for hMSC expansion, mainly 
comprising defined concentrations of low‐molecular weight compounds (50–250 Da, with 
only one component larger than 1000 Da). The addition of recombinant growth factors in 
combination with surface coatings makes this medium suitable for the attachment, spreading, 
growth and detachment of hMSCs derived from different tissues [35].

3.2. Microcarrier choice

Several commercial microcarrier products are available that are suitable for hMSC expansion, 
as recently reviewed [34]. Microcarriers with surfaces comparable to static tissue culture plas-
tic simplify the transfer of cells from static to dynamic cultivation environments. They have 
been used successfully for bm‐hMSCs in a 5 L STR [79]. Microcarriers 2–5 mm in diameter are 
often used for FBR processes, whereas those used in fluidized bed reactors are typically 1 mm 
in diameter and those used in STRs are generally 100–300 µm in diameter [80]. Glass has been 
used as a cell culture growth surface for decades [81], and low‐density microcarriers with a 
copolymer plastic core and a high‐silica glass coating were used for the expansion of hMSC‐
TERT in serum‐containing medium [51, 82]. These results are based on a microcarrier choice 
for the hMSC‐TERT cell line resulting in strong proliferation and a good yield of detached 
cells for glass and polystyrene microcarriers [36].

Microcarriers should be selected on a case‐by‐case basis. For example, glass‐coated and plastic 
microcarriers both achieved comparable maximum cell densities (0.91 × 104 and 1.08 × 104 cells/
cm2, respectively) for umbilical cord‐derived MSCs expanded in XFM [75] but only the plastic 
microcarrier achieved an even distribution of cells (75% of carriers occupied after 72 h), which 
is essential for successful process scale‐up.

Microcarriers coated with extracellular matrix proteins (ECMs) such as collagen can also be 
used for hMSC expansion [83]. The ECM components encourage cell attachment and growth 
by providing adhesion ligands on the surface. As discussed above, animal‐derived proteins 

Product name Company Classification and comments

(if information available by manufacturer)

The literature

and website

TheraPEAK™ MSCGM‐
CD™ Mesenchymal Stem 
Cell Medium, Chemically 
Defined

Lonza XFM: contains only constituents of known molecular 
structure, contains human albumin, recombinant human 
insulin, pasteurized human transferrin

[25, 157, 158]
Web: [159]

Table 1. Overview of commercially available, SFM and XFM for the cultivation of hMSCs (as of July 2016).
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for the hMSC‐TERT cell line resulting in strong proliferation and a good yield of detached 
cells for glass and polystyrene microcarriers [36].

Microcarriers should be selected on a case‐by‐case basis. For example, glass‐coated and plastic 
microcarriers both achieved comparable maximum cell densities (0.91 × 104 and 1.08 × 104 cells/
cm2, respectively) for umbilical cord‐derived MSCs expanded in XFM [75] but only the plastic 
microcarrier achieved an even distribution of cells (75% of carriers occupied after 72 h), which 
is essential for successful process scale‐up.

Microcarriers coated with extracellular matrix proteins (ECMs) such as collagen can also be 
used for hMSC expansion [83]. The ECM components encourage cell attachment and growth 
by providing adhesion ligands on the surface. As discussed above, animal‐derived proteins 

Product name Company Classification and comments

(if information available by manufacturer)

The literature

and website

TheraPEAK™ MSCGM‐
CD™ Mesenchymal Stem 
Cell Medium, Chemically 
Defined

Lonza XFM: contains only constituents of known molecular 
structure, contains human albumin, recombinant human 
insulin, pasteurized human transferrin

[25, 157, 158]
Web: [159]

Table 1. Overview of commercially available, SFM and XFM for the cultivation of hMSCs (as of July 2016).
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are discouraged because they increase the risk of contamination and the composition is 
unpredictable, causing a lack of reproducibility. Microcarriers are therefore coated with syn-
thetic protein fragments. For example, Synthemax microcarriers (Corning) achieved yields 
and metabolite profiles in bm‐hMSC cultures that were comparable to collagen‐coated micro-
carriers [84]. They are suitable for XFM applications [78], as are microcarriers with plasma‐
treated plastic surfaces that show improved hydrophilicity and wettability to encourage cell 
attachment [85].

3.3. Stem cell expansion

The following sections focus on the expansion of hMSCs and hMSC‐TERT cells using STR and 
FBR systems due to the limitations of the other systems described above. We consider PAT 
applied in STR and FBR systems and the use of disposable bioreactors.

3.3.1. PAT applications

In basic processes, the pH, temperature and oxygen partial pressure are monitored to ensure 
quality throughout the process. In more advanced processes, the concentrations of cells, sub-
strates and metabolites can also be measured. Online monitoring tools are ideal, but offline 
data analysis is needed for correlation. The cell density on a microcarrier is often determined 
offline by cell lysis followed by counting the released nuclei, but this is rather imprecise [86]. 
Alternatively, an intercalating fluorescent dye such as SybrGreen I can be used to estimate 
DNA levels, which are linearly related to the cell density, and this can be achieved without 
cell detachment [86]. Dielectric spectroscopy is a promising tool for the online measurement 
of cell density [21, 86, 87]. At a frequency of 300 kHz, there is a linear correlation between the 
permittivity and the cell density up to 5 × 104 cells/cm2 (∼80% confluence). This is sufficient 
because cell confluence should not be reached. The cell adhesion process can be monitored 
analyzing the critical frequency. As the cell volume changes during adhesion, the critical 
frequency declines and remains almost constant throughout the exponential growth phase. 
When monitoring a process limitation such as oxygen depletion, the permittivity of the cells 
changes and this is clearly shown in the signal [39, 86]. If the introduction of a probe is not 
possible (e.g., in FBR processes), the cell density can be determined indirectly, e.g., by calcu-
lation from the oxygen or substrate consumption. Mid‐infrared spectroscopy combined with 
multivariate data analysis is another promising online tool to optimize process monitoring 
for spinner cultures, particularly in the context of process prediction, contamination risks, 
speed and economic modeling. An optimized partial least squares regression model has 
been used to estimate glucose, lactate and ammonia concentrations [88].

3.3.2. Fixed‐bed reactor

FBR systems can be automated, but it is not possible to take samples, so the cell density 
is determined indirectly by measuring glucose or oxygen consumption. The homogeneity 
and scalability of FBR systems remain challenging despite intensive development work by 
Weber and colleagues [43, 44, 89, 90] and by Elseberg [39]. In bed volumes of 14–300 mL, 
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2 mm diameter solid glass carriers [91] were successfully used to cultivate hMSC‐TERT 
cells in Eagle's minimal essential medium (EMEM) with serum. The inoculation strategy 
was 4 × 30 min for each 7 min with 2 × 104 cells/cm2 at a superficial velocity of 0.48 cm/min, 
achieving an inoculation rate of 50%. During expansion, the superficial velocity was 1.6 cm/
min. Process monitoring involved online oxygen measurement (>60%) as well as pH (7.4) 
and temperature (37°C) control in the conditioning vessel. The system was integrated into a 
process control system (Figure 2).

Offline measurements of glucose and lactate concentrations were used to determine the cell 
density. Partial media replacement was carried out at glucose concentrations below 0.4 g/L. 
Expansion was defined as complete at a cell density of 5–5.5 × 104 cells/cm2. Analysis of resi-
dence time in the 300 mL reactor during cultivation clearly showed an inhomogeneous cell 
distribution, which caused an altered flow profile [39]. Shear stress (1.74 × 10-6 N/cm2) was 
below the critical value of 1.5 × 10‐4 N/cm2 [66]. In summary (Figure 3), cultivation for 8 days, 
starting with 1.2 × 104 cells/cm2, achieved a final cell density of 6.3 ± 0.86 × 104 cells/cm2 (total 
per batch of approximately 3.16 × 108 cells for 5500 cm2) at an average growth rate of 0.27 d-1 
[39]. Complex models and scale‐up considerations have been published [44]. Monod‐based 
models showed that the glucose uptake rate, and therefore the cell density calculation, 

Figure 2. Schematic drawing of the expansion and harvest process for hMSC‐TERT cells in a 300 mL bed. Peristaltic 
pumps and hose‐crushing valves ensured process flow and switching. Single‐use oxygen sensors were introduced 
before and after the packed bed. To avoid carrier settling below the bed, a sieve with a mesh size of 100 µm was inserted 
at the bottom socket. D1: heating blanket, G1: harvest vessel, G2: buffer vessel, G3: waste vessel, G4: enzyme vessel, 
G5: reservoir, I1: pH‐probe, I2: pO2‐probe, I3: temperature probe, I4‐I5: pO2‐probe, I6: temperature probe, I7: dielectric 
spectroscopy, I8: mass determination, K1: measurement chamber, M: motor, P1‐P2: pump, R1: packed‐bed reactor, R2: 
conditioning vessel, T: water bath for constant temperature, V.1‐V.8: valves, W: balance [39].
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depends on the number of passages and the scale. The system could potentially be improved 
to achieve a more homogeneous cell distribution by optimizing the inoculation strategy.

Placenta‐derived hMSCs have been cultivated in a scalable packed‐bed reactor in which the 
13 mL bed was encased within a gas‐permeable shell for indirect aeration and nutrient sup-
ply [92]. This achieved a low shear of 9.5 × 10‐5 Pa at a flow rate of 5 mL/d. The growth sur-
face (160 cm2) was provided by air plasma‐treated polystyrene pellets endowed with a surface 
chemistry similar to tissue culture plastic. A 10‐fold expansion of initially 1 × 104 cells/cm2 in 
Dulbecco's modified Eagle's medium (DMEM) with serum was achieved after 1 week in cul-
ture, and the cells retained their differentiation capacity. Even so, cell growth in the packed bed 
culture was slower than growth in static two‐dimensional cultures. Inoculation was performed 
by rolling the column at 5 rpm for 5 min then resting for a period of 3 h. The cell density was 
determined by AlamarBlue staining, which caused cell disruption. The system was shown to 
be scalable and suitable for the automated cultivation of murine MSCs to a volume of 235 mL 
and a growth surface of 2800 cm2 and therefore appears suitable for hMSC expansion [92].

3.3.3. Stirred tank reactor

Intensive work on the development of a hMSC‐TERT batch process in a 3 L glass STR 
with a working volume of 1.65 L was described by Elseberg and colleagues, and the cell 
 characteristics were retained [39, 51]. The sterilized bioreactor (Figure 4) was filled with 
the sterile glass‐surface microcarrier RapidCell [36] at 25 g/L suspended in high‐glucose 
DMEM supplemented with 10% serum [51]. Cell suspensions were introduced by a syringe 
at a density of 7 × 103 cells/cm2 in four cycles, comprising 45 min without stirring and 2 min 

Figure 3. Cell and substrate concentration during hMSC‐TERT expansion in a 300 mL fixed‐bed bioreactor [39]. Model 
data are based on an initial cell concentration of 1.45 × 107 cell/mL and 0.9 g/L initial glucose concentration using the 
Euler‐method for first order kinetics.
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with stirring at 120 rpm [51]. The process parameters pH (7.4), temperature (37°C) and pO2 
(<60%) were monitored online, the cell density determined by dielectric spectroscopy. The 
fluorescence‐based assay described above was used offline to determine cell density, com-
bined with microscopy. During  expansion, the rotation speed was increased stepwise from 
120 to 160 rpm at 10‐rpm intervals for every 1.2 × 104 cells/cm2 [51]. The cultivation data con-
firmed that the cell density, substrate consumption and metabolite production were repro-
ducible, and critical values of lactate and ammonia concentrations were not observed. In 
summary (Figure 5), after 6 days of cultivation, starting at 7 × 103 cells/cm2, a final cell density 
of 4.5 × 104 cells/cm2 was achieved (equivalent to ∼6.84 × 108 cells for a surface of ∼13,600 cm2) 
with an average growth rate of 0.32 d-1 in three replicate cultivations [39]. The detailed proto-
col has been published [93]. Optimization studies should consider bead‐to‐bead transfer as a 
stepwise fed‐batch process to reduce costs. Furthermore, the online analysis of glucose and 
lactate would be beneficial. The detailed analysis of each step may also allow the process to 
be adapted for primary cells.

One of the larger‐scale processes for hMSC production (2.5 L in a 5 L STR) [79] required a 
cultivation time of 12 days to achieve a cell density of 1.7 × 105 cells/mL. The culture conditions 
were pH 7.2–6.7 at 37°C and pO2 >45%. This allowed a sixfold expansion while retaining cell 
characteristics. Oxygenation only occurred during 50% media exchange every second day after 
day 3. The inoculation density was 6 × 103 cells/cm2 on plastic‐surface microcarriers (P102L by 
Solohill), which is equivalent to ∼5 cells/bead. The static culture with a down‐pumping impel-
ler was run in static mode for 18 h at 75 rpm to ensure that all microcarriers were distributed 

Figure 4. Schematic drawing of the expansion process for hMSC‐TERT cells in a 3 L glass STR including a picture of 
SybrGreen‐stained hMSC‐TERT cells on RapidCell microcarriers; D1: heating blanket, I1: pH probe, I2: pO2 probe, I3: 
temperature probe, I4: dielectric spectroscopy, M: motor, R: glass stirred tank reactor, V1: valve [39].
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evenly throughout the reactor, resulting in better cell growth compared to spinner cultures. 
The authors found that homogeneity could be achieved with less power input compared to 
the spinner cultures. Optimization was required in terms of pH and oxygen control, as well as 
monitoring the cell density to determine the point of confluence during the process.

A further process has been described for hMSCs in a 1.3 L working volume STR [94]. The 
expansion processes differed according to the source of the hMSCs, such as umbilical cord 
matrix‐derived hMSCs (UCM‐hMSCs), highlighting the need for tailored process develop-
ment. The cultivation of UCM‐hMSCs was recently demonstrated using gelatin‐based micro-
carriers and XFM in a controlled STR culture with a working volume of 800 mL [41]. To 
increase process efficiency, an automated continuous process (e.g., without  intervention for 
media replacement) was developed based on continuous perfusion in a STR and the cells 
retained their differentiation capacity [95]. Starting with 0.25 × 105 cells/mL in 400 mL at 
40–60 rpm in Mesencult™‐XF media, continuous perfusion was carried out including a cell 
retention device, such as the ATF‐System for microcarriers by Repligen Corporation, with 
dilution rates of 0.2 d-1 starting on day 5, or a dip‐tube adapter attached to the bioreactor cap. 
Inoculation was achieved by intermitted stirring on Synthemax II microcarriers at 16 g/L. This 
resulted in higher cell densities of 3.7 × 105 cell/mL (expansion ratio = 14.6) and growth rates 
of 0.016 h-1. No media depletion was observed, and inhibitory substances such as lactate and 
ammonia remained below critical values of (<6 and <1 mM, respectively [50]). Bead‐to‐bead 
transfer was further shown to increase process efficiency by the addition of empty microcar-
riers on day 6 [78].

Single‐use technology is appropriate for economic reasons and to meet GMP requirements 
because this eliminates the risk of cross‐contamination and facilitates the validation and 

Figure 5. Cell density and substrate concentration during hMSC‐TERT expansion in a 3 L glass STR [39]. Model data are 
based on an initial cell density of 4.24 × 107cell/mL, and 3.5 g/L initial glucose concentration using the Euler method for 
first order kinetics.
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 qualification of the system. The first disposable STR used for the expansion of hMSCs on 
microcarriers was the Mobius® 3 L bioreactor by Merck‐Millipore with 2.4 L working vol-
ume, which yielded ∼600 million hMSCs on collagen‐coated polystyrene microcarriers [83, 
96]. The cells retained their basic defining characteristics, i.e., cell surface marker expression 
and differentiation potential. The cultivation of hMSCs over 12 days in this system was com-
patible with bead‐to‐bead transfer. This increased the expansion factor to 62‐fold, six time 
higher than a normal batch process, achieving a yield of 49,750 cells/cm2. Starting with a 
growth surface of 5400 cm2, the addition of media and microcarrier after 7 days increased 
this to 10,800 cm2 (+1 L) and 12,960 cm2 on day 11 (+0.4 L) until the end of the process. This 
process involved non‐cycling inoculation at 35 rpm. During cultivation, the stirrer speed was 
increased from 55 to 75 rpm and minimal aggregate formation was observed [46]. The mixing 
characteristics of this three‐phase system showed a certain degree of inhomogeneity, but this 
was beneficial because the cells were allowed rest phases of low shear stress [55].

The transfer of a process for hMSC‐TERT cells from a geometrically similar glass STR to the 
single‐use Mobius® 3 L bioreactor has also been described [51]. All parameters were kept 
constant except the stirrer speed, which was reduced to 60–90 rpm, achieving a 6.9‐fold 
expansion and comparable growth rates to the glass STR. Even so, carrier aggregation was 
observed, indicating nonoptimal culture conditions [46]. Other systems include the 1.3 L 
Bioflo® by Eppendorf for the production of 1.4 × 105 cells/mL, which is also available as a 
single‐use device [77]. The UniVessel® by Sartorius for hMSC cultivation can produce up to 
1.8 × 105 cells/mL in a maximum volume of 2 L [22]. The cell density can be increased by up 
to three‐fold by reducing shear forces, which can be achieved by changing the impeller blade 
angle from 30° to 45°, reducing the off‐bottom clearance from 0.411 to 0.26 and increasing the 
microcarrier density. To our knowledge, the largest volume for hMSC expansion used the 
BIOSTAT® CultiBag STR 50 L with 5% serum‐supplemented stem cell media by Lonza [22, 
54]. Inoculation was implemented during a 4‐h cell attachment phase in 20 L of medium‐con-
taining equilibrated gelatin microcarriers, and the bag was then transferred to the CultiBag 
STR 50 L starting with a 35 L working volume. The process conditions were 37°C, pO2 >20%, 
maximum air flow rate of 0.03 vvm, pH 7.2–7.3 and the impeller speed was set to 50–66 rpm. 
The peak viable cell density was 7.2 × 105 cells/mL, with an expansion factor of 51.5 ± 4.9.

3.4. Cell detachment

As described in Section 2.2, enzymatic cell detachment is often a crucial step for the successful 
production of hMSCs. Researchers often use recombinant trypsin for process development, 
but there is an intensive ongoing search for alternatives, mostly studied using static cultures 
[82]. Here, we discuss the harvesting procedure for the dynamic systems described above and 
then consider alternatives based on studies using static cultures.

Studies reported by Weber [89] and Salzig and colleagues [82] have shown how cells can be 
harvested from a FBR system. Success depends on the combination of enzyme choice, incuba-
tion time and temperature, and the effects of downstream processing and formulation [82]. 
After flushing the reactor twice with phosphate buffered saline (PBS), harvesting was carried 
out by incubating the cells with TrypZean for 15 min at 21°C and cells were flushed out of 
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the reactor with media (37°C) at a superficial velocity of 19 cm/s. The yields were not repro-
ducible due to the inhomogeneous cell and enzyme distribution, and the highest yield was 
82.1 ± 2.3%. The final cell density had a strong impact the cell harvest yield. Based on transport 
limitations, higher cell densities reduced the viability of the cells from 80–90% to 50% [39].

In a glass STR process [39, 46, 51, 93], a partial cell harvest of 300 mL was achieved using a 
sieve with a mesh size of 100 µm to separate the carriers with the cells from the media. The 
carriers were then rinsed with PBS and the entire sieve was transferred into a dish containing 
trypsin solution for incubation at room temperature for 10 min. Detached cells were rinsed 
off with serum‐containing media. This method achieved a consistent high harvest yield with 
>95% cell viability. The viability, metabolic activity (determined with water‐soluble tetrazo-
lium salt) and adipogenic differentiation capacity of the cells were comparable to cells from 
static cultures in T‐flasks, whereas cell growth of re‐cultured cells was slightly slower.

A potentially scalable harvesting method has been developed to recover hMSCs from a 5 L 
STR with a working volume of 2.5 L, based on studies in spinner flasks with plastic‐surface 
microcarriers [97]. The duration of the incubation step in trypsin‐EDTA was limited to 7 min 
and combined with agitation (150 rpm) so that Eddy sizes exceeded the cell size. The harvest 
efficiency was >95% with a viability of 98%, and cells retained their characteristics [18]. Cell 
harvest from a 5 L STR would normally require 8–9 min incubation with the enzyme and 
agitation at 120 rpm. Further studies are required to optimize the incubation time, taking 
into account carrier‐carrier effects, carrier density and the cell density prior to the harvest 
[97]. Other groups use the nonmammalian trypsin TrypLE for the detachment of hMSCs [94, 
97–100] on cationic polystyrene charged microcarriers, which achieves high cell quality even 
in cultures based on SFM [63, 100].

A promising and safer alternative to trypsin is the prolyl‐specific peptidase (PsP) expressed 
natively and isolated from the fungus Wolfiporia cocos [58]. Allogenic hMSC‐TERT cells were 
detached more rapidly with 1.6 U/mL PsP than trypsin, and the new enzyme also showed less 
severe effects on the growth and metabolism of re‐cultivated cells. The optimal harvest yield 
was achieved by incubating the cells in PsP for 20 min.

Studies using static cultures have shown that the choice of the enzyme must be considered 
in combination with the growth surface coating and the type of medium for each cell type on 
a case‐by‐case basis [35]. The authors compared the detachment of hMSCs and hMSC‐TERT 
cells with trypsin, Accutase, collagenase and PsP when the cells were grown on untreated 
surfaces, or surfaces coated with collagen or fibronectin, combined with CDM or serum‐con-
taining media (SCM). These different conditions had a significant impact on the detachment 
of hMSC‐TERT cells but little impact on primary hMSCs, although the detachment of hMSCs 
was slightly less in the absence of coatings (Figure 6). All detached cells remained highly 
viable [35].

For gelatin‐based microcarriers, the total digestion of the microcarrier is possible using tryp-
sin, yielding a single‐cell suspension. Although this removes the need for cell‐carrier separa-
tion, a longer incubation time is necessary which can change the immunophenotype of the 
cells, but this can be reverted during re‐cultivation in static cultures [41].

The Challenge of Human Mesenchymal Stromal Cell Expansion: Current and Prospective Answers
http://dx.doi.org/10.5772/66901

115



A promising alternative is the use of thermosensitive microcarriers to avoid the need for enzy-
matic cell detachment. Various materials have been tested, i.e., poly‐N‐isopropylacrylamide, 
and recently, a successful application has been reported in dynamic systems [101–103]. 
Although proteolytic enzyme treatment is not necessary, mechanical forces are still required 
to achieve a single cell suspension, as cell‐cell‐contact is not dissociated due to the tempera-
ture shift [104]. Future research in this area could offer a replacement for the gold standard of 
cell detachment with trypsin or its derivatives, particularly if combinations of enzymes and 
functional surfaces are considered.

Figure 6. Detachment of hMSC‐TERT cells using different enzymes for n = 3 measurements each. The cells were grown 
to confluence in coated or uncoated wells and were detached enzymatically. Cell detachment was analyzed by counting 
the cells in suspension [35].
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3.5. Separation, clarification and concentration

Until recently, the scalable harvesting of hMSCs has received little attention [63, 97]. The sepa-
ration of single cells from the carrier in STR systems can be achieved by dead‐end filtration 
[63, 97, 100]. The pore size of the polystyrene filters must be >75 µm to maintain cell viability 
and quality because hMSCs fall within the size range 15–20 µm, whereas the microcarriers 
are 125–212 µm [63]. Cells could also be harvested directly from a disposable STR by inserting 
a sieve [46]. Commercially available systems for cell‐carrier separation in general have been 
reviewed, and the authors also suggest the option of continuous flow centrifugation, which 
is available as a closed, single‐use device that can handle approximately 250 L of culture with 
15 g/L of microcarrier, but will require modifications for compatibility with ATMPs [40].

For FBRs and the glass STRs described above [39, 51, 89], cell‐carrier separation is achieved 
by flushing the cells from the bioreactor when enzymatic detachment is complete. The shear 
forces during this process transiently exceed the critical value of 1.5 × 10‐4 N/cm2, which may 
explain the loss of cell viability. The integration of a measurement chamber including a dielec-
tric spectroscopy probe allowed the definition of parameters that maximized the harvest yield 
while minimizing the volume. Concentration was achieved by centrifugation and resuspen-
sion in a smaller volume [39]. For cells harvested from the FBR process described above, cells 
retained their capacity for adipogenic differentiation and their metabolic activity was only 
slightly lower than cells cultured in parallel using T‐flasks. Cells harvested from the STR 
process after centrifugation consistently showed >90% viability, comparable to cells in static 
cultures in the same medium [39].

Clarification and volume reduction can be achieved not only by centrifugation [100] or dead‐
end filtration [105] but also by TFF to achieve better product purity [63, 106]. Many fully auto-
mated, disposable and integrated (concentration and washing) TFF systems are available that 
are compatible with ATMP processes. TFF systems have linear scalability and operate with 
low shear forces and pressures. A TFF system with hollow‐fiber modules and polysulfone 
membranes (24 cm2 surface, pore size >45 µm, sterilized with NaOH) was recently used for the 
downstream processing of hMSC suspension cultures [63]. The authors showed that 10‐fold 
concentration in a 0.25 L volume is possible, removing 98% protein and maintaining >95% via-
bility as well as cell identity and potency, at a shear rate of 3000 s-1. The permeate flux was con-
trolled at 250 L m-2 h-1 and cell recovery was more than 80% at densities >2 × 105 cells/mL. The 
cell density, shear rate and permeate flux were shown to affect yield, viability and quality of 
the cells [63]. The incorporation of an expanded bed chromatography step using a multimodal 
prototype resin based on core‐shell bead technology achieved a further 10‐fold increase in effi-
ciency, with a process recovery of 70% in negative mode. The best trade‐off between cell recov-
ery (89%) and protein clearance (67%) was achieved using an intermediate expansion bed rate 
(1.4) which also retained the cell characteristics. A further diafiltration step can be introduced 
using a CPA solution for formulation, fill and finish [95]. This reduces the overall diafiltration 
volumes and achieves a product purity sufficient for clinical applications. TFF combined with 
negative mode chromatography may therefore represent the beginning of a new generation of 
downstream processes for hMSCs that can be improved further by the investigation of novel 
adsorbents [106]. The cost of large‐scale separation, clarification and concentration could be 
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reduced fluidized bed centrifugation [62], whereas TFF would be more appropriate for smaller 
lots. The raw materials and detailed process parameters must always be chosen according to 
the cell line, media, microcarrier and expansion process.

3.6. Formulation and storage of stem cells

As discussed above, cryopreservation is the standard storage mode for single‐cell suspen-
sions, and this is also the case for allogenic hMSCs [107]. The standard is a slow freezing rate 
of 1°C/min down to ‐80°C and a quick thawing rate (2 min at 37°C for 2 mL vials) using 5–20% 
dimethylsulfoxide (DMSO) in serum as a CPA [72]. Neither DMSO nor serum are suitable for 
ATMPs [69, 108]. For other stem cells, successful cryopreservation has been achieved using 5% 
DMSO in 5% human albumin [109]. A recently published study discussing the long‐term cell 
banking (up to 8 years) of allogenic hMSC used a cryopreservation method with 20% DMSO, 
and the cells were suitable for clinical studies within 1 h after thawing and dilution in PBS 
[110]. Sodium pentaborate pentahydrate combined with low concentrations DMSO is benefi-
cial for tooth germ stem cells [111]. SFM and XFM combined with 5–10% DMSO is suitable for 
different human progenitor cells [112]. Research is underway to find appropriate alternatives 
CPAs to avoid the need to remove DMSO (e.g., by diafiltration) before their use in the clinic.

Based on promising preliminary studies [69], ectoin and proline have been investigated as 
alternative CPAs for hMSC‐TERT cells [108]. They were compared to commercially avail-
able Biofreeze SFM lacking DMSO (Biochrom, Germany [113]) combined with methylcellu-
lose supplemented PBS. The cells were stored at ‐150°C and thawed quickly at 37°C. The 
highest cell survival rates after 48 h re‐cultivation (89 ± 2%) without DMSO and serum were 
achieved by supplementing the medium with 1%/10% (w/v) proline/ectoin for 60 min before 
freezing, and then reducing the temperature by 1°C/min which was shown to be beneficial 
for other stem cells [108]. The best results (∼99% survival rate) were achieved with Biofreeze 
SFM in all approaches. Regardless of whether Biofreeze or 1%/10% proline/ectoin was used, 
the cells retained their adipogenic differentiation capacity. The impact of the duration of pre‐
freeze incubation and the cooling rate depended on the CPA combination. To improve out-
come of cryopreservation, the authors suggested nucleation temperature control during the 
freezing process [108]. Another recent report described the formulation of hMSCs using the 
FDA‐approved commercial serum‐free and xeno‐free CPA known as STEM‐CELLBANKER™ 
(Amsbio, UK) [29]. The cell viability was >90% (better than DMSO) and no morphological dif-
ferences were observed, but cell growth was slower. The mesodermal differentiation capacity 
was not regardless of which CPA was used [29]. The cryopreservation of hMSCs has also been 
tested using Prime‐XV MSC FreezIS DMSO‐Free (Irvine Scientific, USA) with 30 min incuba-
tion at room temperature before cooling to 4°C for 5 min followed by further cooling at 1°C/
min down to ‐80°C for storage in liquid nitrogen vapor. The cells were thawed quickly at 37°C 
[100]. Other CPAs such as sucrose and high‐molecular‐weight polymers like polyvinylpyrolli-
done [114] should be investigated as well as studies in larger volumes or geometries (such as 
syringes) that might be more appropriate for therapeutic approaches [108].

In addition to single‐cell formulations, the encapsulation of cells may be beneficial to pre-
vent allogenic cells triggering an immune response in the patient [115–117]. A semi‐perme-
able membrane allows the diffusion of molecules (e.g., nutrients and therapeutic proteins) 
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but  protects the cells from the host immune system and mechanical forces, thus potentially 
enhancing the therapeutic benefits of hMSCs [118]. Various production methods have been 
tested to generate small beads (200–400 µm) with a narrow size distribution [119]. The for-
mation of core capsules is often suggested [120] and this can be used to induce line‐specific 
differentiation [22] even when cells are cultivated in a FBR [90]. Biopolymers such as agarose, 
Pluronic F‐127 [121] and clinical‐grade alginate are used for this purpose, the latter forming 
three‐dimensional structures in the presence of multivalent cations.

Cells harvested from FBRs or glass STRs can be encapsulated by suspending 5 × 106 cen-
trifuged cells in 500 µL sodium histamine solution then adding 4.5 mL sterile 1.5% algi-
nate solution. After incubation for 2.5 h, the suspension was dropped into a BaCl2 solution 
and incubated for 2 h. Finally, the capsules were washed at least three times with PBS, 
and twice with EMEM and cultured in six‐well plates for further analysis. Encapsulated 
cells from the FBR showed adipogenic differentiation capacity and high viability (80–90% 
decreasing after 48 h). Cells encapsulated from T‐flasks consistently showed vitalities 
>95% [39, 91].

The cryopreservation of encapsulated cells is useful for the long‐term storage and off‐the‐
shelf availability of many cell types, including hMSCs [122]. A three‐step slow cooling pro-
cess [123] with induced ice nucleation using 10% DMSO (also suggested elsewhere [124]) has 
been shown to maximize cell viability, and the cells retain their metabolic and differentiation 
capacity. Cell encapsulation may also be beneficial for short‐term storage, such as for trans-
port [125]. The hypothermic (4–23°C) preservation of human adipose‐derived cells encapsu-
lated in 1.2% alginate in XFM/SFM has been discussed [126].

4. Quality approval

Prior to the product release, intensive quality control is required to confirm cell identity and 
safety according to validated protocols that comply with GMP, the International Conference 
on Harmonization (ICH) Guidelines and/or the European Pharmacopoeia [17].

4.1. Identity

Cell identity must to be approved, including viability, differentiation capacity and the surface 
marker profile demanded by the ISCT [18]. Cell viability, metabolic activity and growth rates 
can be monitored during the production process after every step (after isolation, after expan-
sion, after harvest and clarification, after final formulation). Viability testing and cell counting 
are achieved using methods such as flow cytometry, including dye exclusion. Different dyes 
make it possible to detect viable and dead cells even in encapsulated formulations [82].

Immunophenotyping by flow cytometry is used to detect surface markers. Antibodies that 
bind to specific antigens expressed by the cell are coupled to fluorophores. A repertoire of cell 
markers can be identified and quantified simultaneously using different dyes. Many of the 
antigens used to distinguish human cell populations are cluster of differentiation (CD) mol-
ecules (www.hcdm.org). Immunophenotyping by flow cytometry has become the method of 
choice to identify and sort cells, e.g., in bone marrow aspirates.
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The differentiation of hMSCs into osteoblasts, adipocytes or chondroblasts can be induced 
using established methods [127–129]. Several differentiation media are commercially avail-
able, although the ingredients are often not fully disclosed (e.g., StemPro® Differentiation Kits 
for hMSCs by Gibco). The multi‐step process of adipocyte development involves a cascade 
of transcription factors and cell‐cycle proteins that regulate gene expression. Adipogenesis is 
induced by insulin, dexamethasone, 3‐isobutyl‐1‐methylxanthine (IBMX) and indomethacin 
[130]. Differentiation towards the adipogenic lineage can be confirmed by Oil Red O staining 
of lipid vacuoles in the adipocytes. MSCs undergoing chondrogenic differentiation produce 
large amounts of ECM when cultured in pellet form, primarily composed of cartilage‐specific 
molecules such as collagen type II and aggrecan [129]. The latter can be used as evidence for 
the chondrogenic differentiation of hMSCs and can be stained with Alcian blue, or by the 
immunostaining of collagen type II. Osteogenic cells show changes in cell morphology, from 
spindle shaped to cuboidal, and the cells accumulate extracellular calcium deposits (mineral-
ization). Osteoblast mineralization is therefore indicative of the formation of bone mass and 
can be detected using the dye Alizarin Red S [127].

The successful differentiation of hMSCs and the expression of corresponding CD markers can 
also be verified by quantitative reverse transcription PCR (qRT‐PCR), which requires the extrac-
tion of RNA. Different protocols for RNA extraction from tissues are available, and commercial 
kits can be used to capture RNA on silica membranes in spin columns or isolate the RNA by 
phenol/chloroform extraction, followed by precipitation. A recently published study compares 
different single‐step RNA extraction methods focusing on embedded stem cells [131].

Lineage differentiation capacity needs to be approved only once for a validated process, if 
no further changes occur. A single‐cell preparation does not need to be re‐evaluated because 
the differentiation of cells in vitro takes 10–30 days, resulting in ethical discussions for on‐
demand product applications. Generally, the benefit‐risk ratio of clinical applications must 
also be considered [16].

4.2. Safety

The sterility of therapeutic hMSC products must be guaranteed because any contamination 
(bacteria, bacterial endotoxins, mycoplasma and viruses) present a high risk to the patient. 
Protocols for tests are provided in the European Pharmacopoeia (EuPh) chapters 2.6.27, 2.6.14 
and 2.6.2. The chapter on microbiological examination was revised in September 2016 [132]. 
This covers a selection of alternative tests because classical microbiological methods are often 
not suitable for products with a shelf‐life of only a few hours or a few days.

The potential tumorigenicity of therapeutic hMSC products is also relevant [133] but chromo-
somal abnormalities are rarely observed in freshly‐isolated primary hMSCs [134]. However, 
primary hMSC populations are heterogeneous, comprising cells of different ages that have 
undergone different numbers of divisions. The presence of abnormalities is dependent on 
both the donor and the in vitro culture method. In 2014, an investigation of 92 clinical‐grade 
bm‐hMSCs showed clonal mutations in only 3 of 86 cases, and none of these showed evi-
dence of a malignant transformation or a change in phenotype [135]. To exclude products 
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containing cells with cytogenetic abnormalities, G‐band karyotyping and fluorescence in situ 
hybridization (FISH) is necessary, as proposed by the EMA Cell Products Working Party 
(CPWP) and the Committee for Advanced Therapies (CAT) [133]. The cytogenetic testing 
of each batch as a release criterion is unnecessary if chromosomal abnormalities are not 
observed. The cryopreservation of batch samples during manufacturing is useful for later 
testing if needed.

5. Conclusion

The production of allogenic hMSCs is challenging, and there is intensive research focusing 
on the different steps in the process. Research institutes and industry have only recently 
published various reviews on this topic, and to our knowledge, there are still no large‐
scale processes with detailed protocols for every process development step, from cell line 
and media selection through to the final formulation and storage, focusing on the special 
demands of ATMP production. This chapter has summarized the major issues affecting 
such a process and has discussed potential future options. Further research is required to 
develop closed, continuous and efficient processes that meet regulatory demands for high 
product quality.
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Abstract

This chapter describes a full system developed to perform the remote sensing of cell-
culture experiments from any access point with internet connection. The proposed 
system allows the real-time monitoring of cell assays thanks to bioimpedance measure-
ment circuits developed to count the number of cell present in a culture. Cell-culture 
characterization is performed through the measurement of the increasing bioimpedance 
parameter over time. The circuit implementation is based on the oscillation-based test 
(OBT) methodology. Bioimpedance of cell cultures is measured in terms of the oscilla-
tion parameters (frequency, amplitude, phase, etc.) and used as empirical markers to 
carry out an appropriate interpretation in terms of cell size identification, cell counting, 
cell growth, growth rhythm, etc. The device is capable of managing the whole sensing 
task and performs wireless communication through a Bluetooth module. Data are inter-
preted and displayed on a computer or a mobile phone through a web application. The 
system has its practical application in drug development processes, offering a label-free, 
high-throughput, and high-content screening method for cellular research, avoiding the 
classical end-point techniques and a significant workload and cost material reduction.

Keywords: bioimpedance, ECIS, cell-culture assay, microelectrode, OBT

1. Introduction and motivation

The electrical impedance of a biological material reflects the actual physical properties of a 
biosample. In frequency-dependent analysis, the β-dispersion ranging from kilohertz to hun-
dreds of megahertz [1–3] is mainly affected by the shape of the cells, the structure of the 
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cell membranes, the amount of intra- and extracellular water, etc., enabling the possibility to 
be used as biomarker in cell-culture test. From this basis, the electrical bioimpedance (BI) is 
employed to assess properties of biological materials, such as cancer cells [4, 5]; since healthy 
and cancer cells are different in shape, size, and performance, cancer cells could be detected 
by using their impedance as marker. Among impedance spectroscopy (IS) techniques, elec-
trical cell impedance spectroscopy (ECIS) [6, 7], based on two electrode setups, allows the 
measurement of cell-culture impedances, the definition of the biological nature—material, 
internal activity, and size—of a cell line, and its relationship with the environment (transfer 
flow through the cell membrane) [8]. In addition, ECIS technique can be used in other cell-
culture assays such as toxicology [9, 10], motility [11], cell growth, and cell line identification 
[12], based on their bioimpedance test.

ECIS technique relies on appropriate electrical models to decode the electrical response pro-
duced by the stimuli. To manage proficiently bioimpedance data, confident electrical models 
of the full system composed by the electrodes and cells are required. Several works have been 
developed in this area [7, 13–17]. These models are the key for matching electrical simulations 
to real system performance and hence decoding correctly the results obtained from experi-
ments. This problem is usually referred to as a reconstruction problem.

Furthermore, accurate measurement techniques and circuits are compulsory for bioimped-
ance tests. In these techniques, different measurement configurations are described varying 
between two and four electrode setups. Such configuration depends on the specifications of 
the problem to be solved [18, 19]. Good electrical modeling of electrodes and biosamples is 
mandatory for a correct circuit design and the data measurement decoding [9].

Finally, the technique enables biomedical researchers and lab technicians to real-time moni-
tor cell-culture assays [20]. This fact represents not only the possibility of continuously 
performed cell-culture assay supervision, avoiding the classical end-point techniques, but 
also a significant workload and cost material reduction. The ECIS method only requires one 
culture to perform the full assay and not many samples, as commonly, for time supervi-
sion and characterization of the assays. Even more, it enables a real-time remote sensing 
option for the biomedical assays, in the context of the so-called topic of internet of things 
(IoT), by using wireless communication protocols and electronic devices for internet access, 
as laptops and cellular phones. This approach to new concept of cell-culture assays allows 
biomedical researchers to supervise a culture in any time from any place, making it easy and 
efficient for lab protocol implementation.

This chapter presents, at first, a full system for bioimpedance measurements of cell-culture 
experiments [21], useful at biomedical labs, that our team has developed for remote monitoring 
of assays. Our objectives are, firstly, to reduce the work task at biomedical labs; secondly, to look 
forward to derive accurate algorithms and techniques for bioimpedance tests, applied to cell-
culture assays; and, finally, to make the test easy by delivering the possibility of remote sens-
ing of experiments through wireless communication. The conceptual diagram of the proposed 
system is shown in Figure 1(a). The circuits for test are introduced into the incubator chamber, 
together with the cell culture. Once the test has been performed and the electrical relevant infor-
mation about required biomarkers is acquired, the measurement data from assay evolution are 
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sent from μP circuit to external wireless emitter (Linux-based system on a chip (SoC)), which 
is responsible to store this information over the internet. Data are managed and packed on a 
database in a data server, from which are available to researches, from the laptop or phone in 

Figure 1. Proposed system for cell-culture test: (a) Block diagram. Bioimpedance data are measured at the incubator 
chamber by the proposed circuits and then sent to a computer server. (b) Frequency and voltage amplitude, parameters 
expected from test, as a function of the cell-culture evolution. Increasing time means more cells at the culture and 
increasing impedance values. Frequency and voltage amplitude will change with the bioimpedance evolution.
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real time. Figure 1(b) shows a typical graphic obtained for a typical cell-culture test example, 
in which the electrical variables (oscillation frequency or amplitude1) are displayed in time, 15 
min each, giving information of how the cells in the culture are evolving. In this case, increasing 
values of frequency mean increasing cell population. To know exactly the number of cells, this 
information must be adequately decoded, by employing electrical models for the cell-electrode 
system, such as we will explain in the chapter.

2. Electronic system description

The full system presented for remote sensing of cell-culture assays has four functional parts: 
(1) the bioimpedance (BI) sensor to evaluate the electrical response. It is possible to connect 
that response with the current cell number and even use it as a biomarker for characterization 
of different cell lines, (2) the BI algorithm employed to obtain the magnitude and/or phase of 
the BI under test, (3) the measurement circuits that physically will implement the algorithm 
to electrical signals, and (4) the communication system and server functionality for remote 
system access for users.

2.1. Sensor and cell-electrode model

To implement the ECIS technique, two electrodes are needed, the sensing and the GND elec-
trodes, which are excited by an AC current source (ix) at several frequencies. The impedance 
Zx (magnitude and phase) is obtained by measuring the voltage response (vx) in the signal 
path, from one electrode to the other through the cell-culture system, for each frequency of 
interest. Figure 2 shows an example of ECIS electrode employed for the experiments from 
Applied Biophysics (www.biophysics.com). Cell adhesion to the bottom surface will derive 
on impedance changes, which value will increase with the number of cells attached to such 
the bottom surface of the electrodes. To characterize these impedance measurements, the 
electrode material and geometry, the electrical cell-electrode model [9], and the working fre-
quency must be known.

The concept described here employs 8W10E electrodes, each one containing 8 wells. Our aim 
is to reduce the required circuitry for impedance measurements [18], avoiding the need of 
any input stimuli from the outside [22]. Here, we apply the so-called oscillation-based (OB) 
method [23, 24] to improve and simplify the test, by transforming the cell-culture under test 
(CCUT) into an oscillator. For that, only a few extra external components to force the “biologi-
cal circuit” to oscillate are required. All variations inside the cell-culture under test in time 
(increasing number of cell) will provoke modifications on the frequency/amplitude of the 
voltage oscillations and consequently being these alterations observable. As the main advan-
tages of this technique, the need of complex resources for stimuli generation is avoided and 
means a simplification in the number of circuits for test [25, 26].

1In this case instead of oscillation amplitude, the variable being displayed is the automatic gain controller (AGC). See 
Section 2.3 for further detail.
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The cell-electrode sensor: The impedance under test of a two-electrode system like [27] has 
several circuit elements for each electrode. For an electrode in saline solution, we have to 
consider the double-layer capacitance (Cdl) and the transfer resistance (Rp) in parallel. The 
parallel connection of Cdl and Rp is called Z(ω) in Figure 3(b). Also, there is the spreading resis-
tance (Rs) for electrodes non-covered by cells, which is in series with Z(ω). All these four cir-
cuit elements are described in Figure 3(b). The parameter A represents the sensing electrode 
surface where the cell-culture growths. Cells are usually attached to the electrode surface, 

Figure 2. The 8E10W system. Each system has 8 separated wells for cell culture and 10 electrodes of 250 μm diameter 
by well (www.biophysics.com). On the right side, an electrode with the Chinese hamster ovary fibroblast cell line, AA8 
(American Type Culture Collection), cultured over the surface of one circular electrode can be seen.

Figure 3. (a) Circuit proposed for cell-electrode impedance testing. (b) Circuit model for a bare electrode of area A. (c) 
Circuit model for an electrode of area A, partially covered with cells with an area Ac. Estimated values for a 50 × 50 μm2 
gold electrode: Rs = 5.4 kΩ, Z(ω) = Cdl||Rp, with Cdl = 0.37 nF and Rp = 25 MΩ. Rgap = 75 kΩ.
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covering a given area Ac. More cells mean increasing values of Ac parameter. A new circuit ele-
ment appears the gap resistance (Rgap), to model this cell attachment effect [13, 14]. Our work 
employs circular gold microelectrodes of 250 μm diameter, which can be totally or partially 
covered by cells in the culture. The fill factor (ff) parameter as the percent of the electrode area 
(A) covered by cells (Ac), being always less than one, has been defined.

The setup shown in Figure 3 proposes an experimental circuit, including the circuit model 
for the electrode, to study the sensor impedance for a given electrode in which part of its 
surface, is covered by cells, Zcell-electrode(s). The purpose of the Rin resistor is to limit the current 
flowing across the cell-electrode in adequate signal levels (below 20 μA for cell protection). 
In fact, circuit in Figure 3(a) works as an inverting voltage amplifier, converting the input 
voltage in an amplified version at the output voltage, which must be below to 50–100 mV for 
electrode modeling constrains [14]. The Bode plot (magnitude and phase) for this bioelec-
tronic system Hz(s) in Figure 4 shows curves for several cell occupation areas, ff. Let us notice 
that, in this case, when frequencies around 8 kHz are considered, the system has optimum 
ff sensitivity. This means that both, magnitude and phase response, can be correlated to the 
fill factor parameter or cell-to-electrode area overlap, Ac. Most ECIS techniques search for 
the best frequency response for optimum impedance characterization and then perform the 
measurements knowing the ff dependence. Absolute magnitudes (Figure 4) or normalized 
magnitudes of cell index (CI) can be used as sensitivity curves for this impedance sensors and 
assays. We will use the ff-dependent magnitude and phase curves of the bioelectrical model 
for Hz(s) = −Zcell-electrode(s)/Rin, in Figures 3 and 4, to be employed as part of a more complex cir-
cuit to force an oscillatory behavior, directly correlated with the cell-to-electrode area overlap.

In order to test our sensor sensitivity, we have proposed a set of experiments using the 8W10E 
electrode system and the cell line U2OS (isolated from a mild osteosarcoma in 1964). At the 

Figure 4. Bioelectronic system Bode curves for Hz(s) = −Zcell-electrode/Rin using several cell-culture occupation areas (ff).
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chromosomal level, its karyotype is greatly altered, with a ploidy in the range of hypertriploid. 
These cells, in culture, grow as an adherent monolayer and, when seeded at low density, have 
a tendency to grow forming discrete colonies. The objective of these assays was to evaluate 
the sensitivity of the ECIS sensor. For that, the eight wells were seeded with (a) only medium 
(2 wells), (b) 500 cells (2 wells), (c) 1000 cells (2 wells), and (d) 2000 cells (2 wells). Figure 5 
shows the image of the cell cultures after a 5-day growth. The experimental transfer function 
Hz(s) (Figure 3) was measured (magnitude and phase) using a network analyzer. The phase 
response is shown in Figure 6, illustrating how at 8 kHz, the number of cells (fill-factor) can 
be estimated by measuring that parameter (the phase response) at Vout (see Figure 3). Table 1 
summarizes the experimental data at 8 kHz, achieving a sensor sensitivity as expected, show-
ing that the magnitude and phase correlate with the cell population.

We are currently also considering the possibility of employing an electrode as reference at the 
inverter amplifier, as it is represented at Figure 7. This configuration employs the reference 
electrode to normalize the output voltage of the impedance converter, in such a way that 
inverter amplifier voltage gain (Vout/Vout2) will have to gain 1, when both wells are emptied, 
and will increase its absolute value for increasing values when cells are seeded at sensing 
electrode and then start to grow. This performance is represented in Figure 7(b).

2.2. Bioimpedance technique

Previously in this chapter, the idea of the proposed measurement system was presented. This 
system requires the conversion of the cell-culture under test into a robust oscillator, by add-
ing some extra components. Figure 8 shows the block components to perform the proposed 
transformation. In order to force oscillations, a positive feedback loop has to be added. For OB 
application, the accurate prediction of the oscillation parameters (frequency and amplitude), 
by means of theoretical analysis or programming the suitable simulations, is mandatory [28]. 

Figure 5. Cell-culture images showing four wells with (a) only medium, (b) 500 initial cells, (c) 1000 initial cells, and (d) 
2000 initial cells, at different zooms.
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Figure 6. Experimental phase response obtained for (a) medium, (b) 500 cells assay, (c) 1000 cells assays, and (d) 2000 
cells assays, after 5 days of growth.

Cells at time = 0 Magnitude Phase (deg.)

Medium (no cells) −68 dB 90

Low (500 cells) −67 dB 93

Int (1000 cells) −66 dB 108

High (2000 cells) −61 dB 140

Table 1. Magnitude and phase response at 8 kHz (5 days of growth).

Figure 7. (a) Block diagram proposed system setup with a reference electrode. (b) Bode graphics for the magnitude and 
phase frequency response of the electrode and cell-culture model using the reference electrode Zreference and Vout/Vout2 in 
Figure 3. Both curves can be considered as sensitivity curves for the bioimpedance sensor, being the magnitude one 
similar to the so-called cell index in cell-culture assays.
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A nonlinear element (a simple comparator) within the feedback loop in Figure 7 is added to 
avoid the saturation of the active elements and then to keep sustained oscillations [29]. The 
oscillation amplitudes are controlled with precision thanks to this element. A set of oscilla-
tion conditions can be fulfilled to guarantee that the oscillations are alive. One of the simplest 
ways to implement the oscillator includes a band-pass filter (BPF) in the loop, as proposed in 
Figure 7.

In this work, the abovementioned scheme (Figure 8) to implement the oscillator is proposed. 
The nonlinear feedback element and the “biological filter” are connected to implement the 
oscillator. In this way, only the input and output of such a “biological filter” are manipulated 
to perform the test allowing a low intrusion in the structure.

Let us now consider the case of a comparator with saturation levels ±Vref and a second-order 
band-pass filter (BPF). This closed-loop system verifies the required properties: the system 
is autonomous, the linear transfer function contains enough low-pass filtering to neglect the 
higher harmonics at the comparator output, and the nonlinearity is separable and frequency 
independent.

An oscillatory solution for the first-order describing function (DF) equation of the nonlin-
ear block in the closed-loop system in Figure 8, N(a) + 1/H(s) = 0, can be forced by choosing 
adequately the BPF. In the solution, the oscillatory parameters are (ωosc, aosc), being ωosc and 
aosc, the frequency and amplitude of the oscillation, respectively. The DF function in this case 
is N(a), whereas H(s) is the closed-loop system transfer function. For modeling the system, the 
characteristic equation can be set as

  1 + N (a)  . H (s)  = 0  (1)

where N(a) is the comparator DF and H(s) the modified system: the band-pass filter plus the 
bioimpedance transfer function. The general BPF transfer function is given by

Figure 8. Block diagram of the proposed OB implementation. Oscillations (aosc, fosc) will be measured at Vout2 signal.
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And the corresponding bioimpedance sensor transfer function, Hz(s), is
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being the constant parameters (ωo; Q; and ko, k1, and k2) directly related to the electrode size, 
technology, and biological material (ff). Then, the global function expression will be given by

  H (s)  =  H  BP   (s)  ⋅  H  Z   (s)   (4)

To force the oscillations, a pair of complex poles of the overall system has to be placed on the 
imaginary axes. The way to determine the oscillation conditions (gain, frequency, and ampli-
tude) is solving Eq. (1). This is equivalent to find the solution of this equation set:

  1 + N (a) H (s)  =  ( s   2  +  w  osc  2  )  ( s   2  + Bs + A)  = 0  (5)

where the coefficients are obtained from the equation system:
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    (6)

The output of the biological filter (the input to the nonlinear element) is approximately sinu-
soidal due to the band-pass characteristics of the global structure. This fact allows us to use 
the linear approximation stated in the describing function method [29] for the mathematical 
treatment of the nonlinear element. As a result, the transfer function of this nonlinear element 
can be approximated as N(aosc) = 4Vref/π aosc, where Vref is the comparator voltage reference and 
aosc is the amplitude of the voltage oscillation.

We can find an oscillatory solution for each fill factor, ff, which directly correlates the main 
oscillation parameters with the occupied cell-culture area and the number of cell in the cul-
ture. For the case described in Figure 3, Figure 9 illustrates the frequency and amplitude of 
the predicted oscillations. For every application, the sensitivity of the oscillation parameters 
with regard to the filter and the comparator has to be determined in order to maximize both 
the oscillation frequency and the dynamic range. Let us remark how the oscillation frequency 
increases monotonically in the range [7560, 7920] Hz (0.16 Hz/μm2 of electrode area occupied 
by cells) and the oscillation amplitude also increases monotonically in the interval [0, 500] mV 
(0.2 mV/μm2 of electrode area occupied by cells), when the cell-electrode area overlap (Ac) is 
increasing from 0 to 1. Since the signal level in Vout (see Figure 8) is very small, due to electrode 
modeling constraints, the secondary output (Vout2 in Figure 8) is considered as the potential 
output voltage, thus improving the dynamic range.
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2.3. Measurement circuits

A discrete component OPAMP-based prototype was implemented in the laboratory as a proof 
of concept, following the scheme proposed in Figure 8 [24]. The circuit is composed upon the 
following block, depicted in Figure 10:

• A second-order active band-pass filter (BPF). The cutoff frequency that can be tuned in the 
range of 6.6–13 kHz, depending on system sensitivity. Also, Q and K (gain) filter param-
eters are configurable.

• A voltage comparator with a hysteresis block for noise reduction (COMP).

• A noise reduction block formed by a low-pass filter (LPF) and a high-pass filter (HPF).

• An automated gain control (AGC), required for limiting the voltage amplitude applied to 
the electrodes. Alternatively, the AGC system can be used to easily extract useful informa-
tion from the sample values. This block assures that non-harmful voltage level will pass 
through the sample cells, thus avoiding risk of sample degradation.

• An analog multiplexer circuit controlled by the digital microcontroller, for channel selec-
tion. This enables several cell-culture measurements in real time. Our prototype is capable 

Figure 9. Oscillation parameters obtained from cell-to-electrode area overlap defined by ff = A/Acff in [0,0.9]. The 
approximated sensitivities are 0.16 Hz/μm2 for fosc and 0.2 mV/μm2 for Vout2, using a gold microelectrode of 2500 μm2 
surface.
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of performing measurements in up to 16 cell cultures simultaneously. A digital block con-
taining a microcontroller capable of driving control signals, measuring signals using an 
integrated ADC, and responsible for communication management of a Bluetooth link. This 
block also contains some environmental sensor device for sampling additional experiment 
variables like temperature, humidity, and CO2 concentration.

A more extensive explanation of the circuit design employed can be found at [24]. An image 
of the prototype implemented is shown in Figure 11. Electronic circuits for BI measurements 
are inside a specific designed box to be protected for humidity in the incubator.

2.4. Data processing and wireless communication

The system functionality relies on several digital devices. As it was depicted in the previous 
section, our sensor device constrains several blocks, including a digital section based on an 
ARM Cortex-M7 device. This device has a rich set of several peripheral devices. In our project 
we will use analog-to-digital converter (ADC) for sampling data and real-time clock (RTC) for 
synchronization. Cortex-M7 devices implement a floating-point unit (FPU), enabling them for 
executing signal processing algorithms.

This device is capable of managing the whole sensing task and performs communication 
through a Bluetooth module, acquiring the signal from the measurement circuit presented. 
These data are obtained by an ADC integrated in the microcontroller. Further processing is 
required in order to obtain valuable information from the sampled signals.

As it was already presented in the previous section, the information from which cell-culture 
monitoring is performed is the signal produced in a oscillator having the cell culture in the 
signal path. Signals can be observed from the perspective of the time domain and the fre-
quency domain. Fast Fourier transform (FFT) algorithm computes the conversion of data to 
the frequency domain, providing us with the necessary analysis which will enable the deter-

Figure 10. Main circuit blocks for bioimpedance measurement.
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mination of the main frequency in the biological oscillator. The algorithm implementation for 
this analysis can serve to obtain accurate information. Data derived from this analysis assure 
less than 1% deviation from the original signal.

A complete view of the system architecture using the sensor devices was depicted before. 
The commercial system-on-a-chip (SoC) and the PC dataserver are shown on the scheme at  
Figure 1.

The whole prototype system is composed of three devices: a PC server installed in the engi-
neering laboratory, a system-on-a-chip (SoC) device in the biomedical laboratory, and the 
data acquisition system (sensor) inside the cell-culture reactor, for managing the whole exper-
iment. A Bluetooth link exists between the μP and the SoC. The SoC will communicate with 
the data server by the internet.

The external device is using an Intel Edison platform. This SoC provides a Linux core 
with Bluetooth and Wi-Fi links. This device is in charge of managing the multiple sensors 
(S01, S02, S03, S04, etc.) that might be analyzing cell cultures in the biomedical laboratory 
within Bluetooth range. The system is driving such experiments with a direct communica-
tion with the data server over the internet. The experiment configuration is defined in the 
remote database, and data are stored there after acquisition.

The SoC connects with the remote server which will act as a database storage system and 
will serve data in a comprehensive manner using a web application directly implemented 
on it. The experiment control variables (e.g., sample time), can be can defined and modified 
from the web application. This interface also shows that the data are being gathered from the 
experiment in real time. The data being depicted in the web application are frequency and 
amplitude obtained from microelectrodes. The interface is live and online and can be checked 
in http://jarvis.dte.us.es/mixcell. None of the physical, chemical, or biological factors in the 

Figure 11. Photograph of the full measurement system including the electrodes for cell culture.
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experiments are affected by the wireless communication, as it is shown in Section 3. A snap-
shot showing data obtained from simulation models is on Figure 12.

This system architecture design is optimized for data integrity and power consumption. The 
μP system inside the cell-culture incubator chamber is in standby mode most of the time. 
When the RTC reactivates the whole system, a connection between the μP and the external 
SoC is established using the Bluetooth link. The μP then samples the amplitude value and 
calculates the frequency by the means provided by the fast Fourier transform (FFT). After 
processing the raw data, the device sends the valuable information to the external SoC which 
will decide according to the experiment parameters stored on the database which will be the 
next step for the experiment; take another measurement, measure another channel, read addi-
tional sensor data, or send the system to standby mode for a while (measurement period). All 
data recovered by the SoC are stored both, locally and in the remote database in the server. An 
important point from this architecture is that it can be implemented to support further func-
tionalities (multiple experiments being carried out by the biomedical researcher at the same 
time using multiple digital acquisition systems inside the reactor). Further improvements 
would include notifications based on researcher experiment definitions and programming 
different alarms according to different experiment statuses.

3. Cell-culture experiments

Considering the system described in Section 2, Section 3 finally describes how a cell-culture 
assay test is performed. Specifically, some facilities for testing available from the control web 

Figure 12. Front end developed for cell-culture control, supervising, and data processing.
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page are illustrated in an initial experiment. The access to this front end can be done through 
the web page www.jarvis.dte.us.es/mixcell.. The validation of the technique and cost-effec-
tiveness of the method are finally presented.

3.1. Web page functionalities

Laptops and phone mobiles are expected to be the devices for remote monitoring the cell-
culture experiments in real time. The current version of the web page is shown in Figure 12. 
This web page can be used for reporting data of cell-culture evolution, visualization of many 
experiments (as it works as an experiment database), modification of the test conditions, 
optimization of the system performance, etc. In particular, some facilities implemented are:

 - Creating and defining new experiments

 - Checking experiment status

 - Modifying active experiments (sampling time, ending time, etc.)

 - Checking environment variables (temperature, humidity, CO2 concentration)

 - Viewing eight measures (one per well) simultaneously or selecting one or various wells of 
interest

 - Viewing oscillation frequency and amplitude for the bio-oscillator

 - Performing different statistical measurements over data

 - Exporting data to several formats (.xls, .mat, csv)

 - Configuring alerts for the biomedical researchers

 - Checking system variables (battery level, control variables)

3.2. Data assays

The eight 8W10E wells were seeded with cells and medium to test our system. In this way, 
culture assays with only medium (2 wells), plus 500 cells (2 wells), 1000 cells (2 wells), and 
2000 cells (2 wells) were programmed. Observation times were defined at 5 (P1) and 7 (P2) 
days. The frequency (fosc) and amplitude (aosc) of the oscillations measured are summarized 
in Table 2. Figure 13 illustrates the waveforms measured at 5 days for Vout2 and the com-
parator output at the 500 cells case. Vout2 oscillation amplitude and frequency are 1.30 V and 
7912 Hz, respectively. These values are increased to 1.54 V and 7922 Hz at the 2000 cells 
case (Figure 14). The frequency variation is small in these experimental measurements, 
due mainly to the inclusion of an AGC, employed to improve the output voltage dynamic 
range at Vout (Figure 8), to be consistent with the modeling constraints. This block lim-
its the sensibility of the frequency measurements. However, it should be noticed that just 
amplitude measurements are enough to validate the proposed OB technique. Finally, the 
amplitude and oscillation frequencies at P1 are represented in Figures 15 and 16, respec-
tively. The direct linear dependence of both signals with the fill factor, validating our sys-
tem approach, can be observed.
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Comparing these results with previous works [21, 23], none of the physical, chemical, or 
biological factors in the experiments are affected by the wireless communication, as it was 
expected. Wireless signals emitted by the reported equipment are similar to those emitted by 
Wi-Fi servers and cellular phones present at biomedical labs.

3.3. Cost-effectiveness of the method and implementation possibilities

The reported technique enables biomedical researchers and lab technicians to continuously 
perform cell-culture assay supervision, offering a label-free, high-throughput, and high-con-
tent screening device for cellular research, avoiding the classical end-point techniques, but 
also a significant workload and cost material reduction.

This ECIS method can result in massive saving for pharmaceutical and biotechnology compa-
nies involved in drug development process. Due to its label-free nature and its fast detection 
potential, the system can avoid false-positive and exclude dead-end drug candidates from devel-

Well—ncells P1: 5 days of growth P2: 7 days of growth

ff (%) aosc [V] fosc[kHz] ff (%) aosc[V] fosc[kHz]

1—Med 0 0.76 7.862 0 0.76 7.860

2—500 58 1.30 7.911 79.5 1.42 7.918

3—1000 72 1.62 7.924 90.5 1.66 7.937

4—2000 51 1.10 7.899 Death c. - -

5—Med 0 0.76 7.874 0 0.74 7.860

6—500 62 1.38 7.911 95 1.54 7.930

7—1000 48 1.18 7.899 56 1.22 7.911

8—2000 80 1.54 7.924 100 1.66 7.937

Table 2. Electrode surface occupation (ff) in %, amplitude (aosc), and frequency (fosc) of oscillations obtained from test with 
living cells.

Figure 13. Voltage waveforms of Vout2 (CH2) and comparator output (CH1). 500 cell case, at P1.
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Figure 14. Voltage waveforms of Vout2 (CH2) and comparator output (CH1). 2000 cells case, at P1.

Figure 15. Amplitude versus fill factor (data from 5 days).

Figure 16. Frequency versus fill factor (data from 5 days).
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opment at an early stage. The ECIS method only requires one culture to perform the full assay, 
and not many samples, as commonly, for time supervision and characterization of the assays, 
minimizing the statistical dispersion at growing tests. In spite the higher cost of disposable 
microelectrodes, in comparison with traditional cell-culture plates, the aforementioned advan-
tages in the automation of the process enable the reduction of the overall costs in laboratories.

Furthermore, the system enables a real-time remote sensing option for the biomedical assays, 
by using wireless communication protocols and electronic devices for internet access, such 
as laptops and cellular phones. This facility (remote sensing) is easily implemented once the 
ECIS signal is acquired and can be easily set in all types of labs, proposing a new concept of 
cell-culture assays, allowing biomedical researchers to supervise a culture in any time from 
any place, and making it easy and efficient for lab protocols implementation.

4. Conclusions

In this work, we present a system that allows, simultaneously, to measure the status of cell-
culture assays in real time, and its remote sensing thanks to internet access from laptops or 
mobile phones. The reported technique offers a label-free, high-throughput, and high-content 
screening device for cellular research, avoiding the classical end-point techniques, but also a 
significant workload and cost material reduction. It provides an easy way to analyze current 
status of cell-culture samples without opening cell-culture oven or performing direct mea-
surements which may affect sample integrity. This measurement process is innocuous for the 
living cell sample in the culture medium.

To perform the measurements, the work presents a system for cell-culture monitoring using the 
oscillation-based concept. A simple topology based on a nonlinear element embedded in a feed-
back loop is employed to convert the cell-culture under test (CCUT) into a suitable bio-oscil-
lator. The technique does not avoid any excitation signal as the standard ECIS technique. The 
proposed method eliminates the need to carry out a statistical evaluation of multiple samples 
as it is usual in most ECIS techniques, delivering a deterministic and robust test method for cell-
culture test characterization. Commercial circuit components have been employed in a practical 
implementation proposed to prove the concept. Both simulation and experimental results vali-
date the predictions. Actually, the test performance with cell cultures has been demonstrated, 
deriving on calibration curves for the fill factor parameter that allows a not end-point real-time, 
low-cost technique for monitoring cell-culture assays. This facility (remote sensing) is easily 
implemented once the ECIS signal is acquired and can be easily set in all types of laboratories.
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Abstract

Production processes for biopharmaceuticals with mammalian cells have to provide a 
nearly optimal environment to promote cell growth and product formation. Design and 
operation of a bioreactor are complex tasks, not only with respect to reactor configuration 
and size but also with respect to the mode of operation. New concepts for the design and 
layout of process strategies are required to meet regulatory demands and to guarantee 
efficient, safe, and reproducible biopharmaceutical production. Key elements are criti-
cal process parameters (CPPs), which affect critical quality attributes (CQAs), quality by 
design (QbD), process analytical tools (PAT), and design of experiment (DoE). In this 
chapter, some fundamentals including process and control strategies as well as concepts 
for process development are discussed. Examples for novel model-based concepts for the 
design of experiments to identify suitable fed-batch-feeding strategies are shown.

Keywords: cell culture, bioreactor, process strategy, design of experiment (DoE), kinetic 
model, quality by design

1. Introduction

The increasing demand for biopharmaceuticals in recent decades has led to diverse meth-
ods of process development and process establishment [1, 2]. Besides small molecules, bio-
pharmaceuticals are used for the medication of former untreatable diseases and provide a 
novel class of therapeutics. At the same time, applications such as personalized medicine are 
coming up [3]. The approvals of biopharmaceuticals produced with mammalian cells have 
increased from 33% in 1989 to 60% from 2010 to 2014. As shown in Figure 1, 30% of the 
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approved products in the USA were novel therapeutic antibodies, followed by hormones and 
blood-related medications.

The global biopharmaceuticals market was valued at approx. 160 US$ billion in 2014, and it 
is expected to grow with a compound annual growth rate of 9.6% from 2015 to 2020 [4]. In 
2013, 63 US$ billion sales were only generated from the three tumor necrosis factor (TNF)-
binding antibodies Humira® (adalimumab), Enbrel® (etanercept), and Remicade® (infliximab) 
[1]. According to BioPlan Association, 36% of the top 1000 biopharma companies are in North 
America followed by Europe with 24.3%. Seventeen percent are in Japan, China, and other 
Asian regions. Indian companies account for 7.6% and all unlisted regions (e.g., Russia and 
Latin-America) are under 4% each [5].

Trends for the future indicate a growing market of share up to 50% of the top 100 pharmaceu-
ticals to be bio-based [6]. At the same time, the costs for the development of biopharmaceutical 
drugs increased rapidly from 413 US$ billion (1980, year 2013 dollars) to 2558 US$ billion in 
2013 [7]. Reasons are the increasing regulatory restrictions due to a lack of transparency of 
pharma companies as well as cost-intensive drug development, preclinical, and clinical trials. 
The majority (approx. 70%) of recombinant protein therapeutics are produced nowadays in 
suspension Chinese hamster ovary (CHO) cell cultures. More than two decades of experience 
in the biopharmaceutical industry have demonstrated that CHO-cells do not only possess 
characteristics required for reproducible and efficient large-scale production of these drugs 
but can be regarded as safe for expressing drugs for human use [8, 9]. To ensure the safety of 
biological therapeutics, regulatory guidance requires adventitious agent testing of the bulk 
harvest [10].

Even if a novel pharmaceutical enters the market, selling prices in cost-conscious health-care 
systems are relatively low [11]. Due to variations in the quality of products in former times, 
the Food and Drug Administration (FDA) has moved from an end-product-based quality 
control (quality by inspection) with low restrictions concerning the production process to a 

Figure 1. Product approvals of biopharmaceuticals in the USA 2010–2014, data adapted from [1], others consists of 
miscellaneous products (e.g., bone morphogenetic proteins and fusion proteins).
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more defined process [quality by design (QbD)] with the incorporation of knowledge. In this 
chapter, fundamentals including process and control strategies as well as concepts for process 
development in the field of quality by design are discussed. Examples for novel model-based 
concepts for the design of experiments (DoEs) are shown.

2. The regulatory prospective: quality by design

Process harmonization for the production of biopharmaceuticals is driven forward by 
regulatory authorities and industrial companies. Therefore, the International Conference 
of Harmonization (ICH) was founded by regulatory authorities and industry associations 
of Japan, Europe, and the US. The World Health Organization (WHO) acts as a stand-
ing observer and helps to connect the regulatory authorities within the United Nations. 
Harmonization of regulatory requirements enables industry to reduce development times 
by removing the duplication of studies that was previously required to gain market approval 
for a new drug in each of the three regions. This directly affects the bottom line through 
reduced development times and regulatory review times. Therefore, these activities shall 
not only ensure the highest level of safety for production but also enhance the competitive 
position of those companies that choose to operate using its standards [12].

Reasons for the harmonization of biopharmaceuticals are the globalization of companies 
and the former diverse regulatory requirements to produce and sell biopharmaceuticals. 
Besides this, the development of robust bioprocesses to manufacture active, stable, and 
high-quality medicine with predefined quality attributes is still challenging. To harmo-
nize the requirements for biopharmaceutical production, the ICH quality guidelines ICH 
Q8 (R2), ICH Q9, and ICH Q10 introduced the concept of quality by design. This con-
cept includes quality-risk management systems and the implementation of Pharmaceutical 
Quality Systems [13–15].

The aim of quality by design is to guarantee a production process with high operational and 
process stability, in view of the product quality. Key elements are critical process parameters 
(CPP), which affect critical quality attributes (CQAs), and design of experiment (DoE). By 
combining these techniques, an efficient, safe, and reproducible biopharmaceutical produc-
tion process can be designed and will be approved from the regulatory authorities. Besides 
the implementation of good manufacturing practice (GMP) and environmental regulations, 
rigorous safety constraints need to be fulfilled. In addition, process analytical technologies 
(PAT) should be implemented to measure critical process parameters online and enhance a 
knowledge-based process design.

ICH Q8 describes the basic concepts for science and risk-based pharmaceutical manufactur-
ing process development and defines their minimal requirements. It is necessary to keep in 
mind that

“In all cases, the product should be designed to meet patients’ needs and the intended product 
performance.” [13].
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At first, the properties of the pharmaceutical with respect to quality need to be defined in 
the Quality Target Product Profile (QTPP). It contains all characteristics needed to guaran-
tee the quality, safety, and efficiency of the drug and taking, for example, the dosage form, 
dosage strengths, route of administration, dissolution, and different quality measures into 
account. It is the fundamental definition of the drug and essential for the process develop-
ment. Therefore, it should include all sources of prior knowledge, for example, literature, 
knowledge achieved during drug development, and experience within the companies. As 
an example, Goetze et al. [16] used attribute studies with clinical trial samples for a mAb 
treatment and described how information can be used to define the QTPP. After the QTPP 
of the drug is defined, quality attributes that have an effect on the product quality should be 
identified.

These properties, or critical quality attributes (CQAs), can be of “physical, chemical, biolog-
ical or microbiological” [13] origin and can change if the product and process knowledge 
increases. The CQAs should include the whole characteristic of the drug and is the basis 
of a robust manufacturing process development. Established quality attributes are the cell 
concentration during the cell culture production process, the product titer, aggregation, gly-
cosylation, and the sialylation grade [17, 18]. Afterwards, the production process is designed 
by using prior knowledge, initial experimental data, and quality-risk management methods 
(ICH Q9). In contrast to business and government areas, only few examples for the implemen-
tation of quality-risk management in the pharmaceutical industry were known in the past. 
The implementation of these methods, for example, failure mode effects analysis (FMEA), 
hazard operability analysis (HAZOP), and fault tree analysis (FTA), is described in the ICH 9 
Guideline to guarantee, that

“[…] product quality should be maintained throughout the product lifecycle such that the 
attributes that are important to the quality of the drug (medicinal) product remain consistent 
with those used in the clinical studies.” [14].

Quality-risk management methods offer a systematic approach to risk assessment, control, 
communication, and review during the product lifecycle. The aim is to iteratively increase the 
knowledge about the potential CQAs and the impact of variations on the quality of the drug 
product. After the identification of CQAs, process parameters and material attributes should 
be linked to each other to increase the process understanding. This should be done by using 
design of experiment methods and/or mathematical models and leads to the definition of the 
Design Space. The Design Space is the linkage of process parameters and input variables to 
the CQAs and their ranges, which do not affect the drug quality during manufacturing. The 
Design Space is defined in the regulatory approval and variations within the Design Space are 
not considered as a change in view of the regulators. Variations outside the Design Space are 
changes that need new regulatory approval. The main advantage of the Design Space is the 
flexibility of the manufacturing process in predefined ranges. Due to the deeper knowledge 
obtained during the risk assessment, the influence of variations is identified and evaluated. 
Afterwards, a control strategy is designed, based on the identification of CQAs and the defi-
nition of the Design Space. It should include how critical process parameters and material 
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tation of quality-risk management in the pharmaceutical industry were known in the past. 
The implementation of these methods, for example, failure mode effects analysis (FMEA), 
hazard operability analysis (HAZOP), and fault tree analysis (FTA), is described in the ICH 9 
Guideline to guarantee, that

“[…] product quality should be maintained throughout the product lifecycle such that the 
attributes that are important to the quality of the drug (medicinal) product remain consistent 
with those used in the clinical studies.” [14].

Quality-risk management methods offer a systematic approach to risk assessment, control, 
communication, and review during the product lifecycle. The aim is to iteratively increase the 
knowledge about the potential CQAs and the impact of variations on the quality of the drug 
product. After the identification of CQAs, process parameters and material attributes should 
be linked to each other to increase the process understanding. This should be done by using 
design of experiment methods and/or mathematical models and leads to the definition of the 
Design Space. The Design Space is the linkage of process parameters and input variables to 
the CQAs and their ranges, which do not affect the drug quality during manufacturing. The 
Design Space is defined in the regulatory approval and variations within the Design Space are 
not considered as a change in view of the regulators. Variations outside the Design Space are 
changes that need new regulatory approval. The main advantage of the Design Space is the 
flexibility of the manufacturing process in predefined ranges. Due to the deeper knowledge 
obtained during the risk assessment, the influence of variations is identified and evaluated. 
Afterwards, a control strategy is designed, based on the identification of CQAs and the defi-
nition of the Design Space. It should include how critical process parameters and material 
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attributes are controlled to ensure the product quality. Therefore, it can describe and evaluate 
how, for example, input materials, product specifications, unit operations in downstreaming, 
in-process testing, container closure systems, and/or intermediates can be controlled. This can 
result in less effort for end-product testing and real-time release of the drug. After a process 
is approved by the regulatory agencies, continuous improvement and product lifecycle man-
agement is recommended. Therefore, the ICH Q10 Guideline describes the implementation of 
pharmaceutical quality systems to

“[…] enhance the quality and availability of medicines around the world in the interest of 
public health.” [15].

It defines knowledge management, quality-risk management, and responsibilities of the com-
pany management to implement continuous improvement of the manufacturing process, 
product quality, and pharmaceutical quality system.

3. Requirements for process development

There is a rising demand for accelerated process development and increased efficiency and 
economics of production processes. Especially for the development of processes for biophar-
maceutical products, requirements for increased process understanding have evolved from 
the PAT and quality by design philosophy. Processes become more complex and sophisti-
cated, for example, by switching from simple batch to more complex fed-batch or continuous 
perfusion processes. The number of process variables that have to be monitored and their 
complexity has increased. Furthermore, the demands related to quality management and 
documentation (GMP) increased dramatically. A benefit of these higher efforts for develop-
ment is the increasing process knowledge. This can speed up technical transfer from devel-
opment into manufacturing, deliver a more optimized, robust process with higher titers and 
better reproducibility, and aid in troubleshooting and root-cause analysis of deviations dur-
ing production. In the following, this is described for the development of process and control 
strategies.

3.1. Process and control strategies

Batch and fed-batch-operated processes are predominantly used in the industry, although 
perfusion processes have been proven for certain applications to be of higher advantage, for 
example, when fragile and highly glycosylated products are involved [19–21]. In principle, the 
reactor content is supplemented with nutrients during fed-batch cultivations. The following 
challenges occur during the fed-batch cultivation of mammalian cell cultures [22]:

• Due to the exponential growth, the demand of nutrients and oxygen increases exponen-
tially, which can be challenging for the feed-control strategy.

• Changes in the metabolism of mammalian cells commonly occur during the course of a 
cultivation or between different cultivations.
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• Fed-batch-operated processes typically use feed(s) with high substrate concentrations, 
which lead to an increase of the production. Hence, inhibiting metabolites accumulate, 
especially when medium with high substrate concentrations is used.

• Only few cultivation parameters can be measured online during the process, making the 
design of the control strategy an even more challenging task.

• Process control at low substrate concentrations causes low levels of specific substrate 
uptake and metabolite production rates. This causes a decrease in cell growth and 
programmed cell death, that is, apoptosis due to substrate limitation or metabolite 
inhibition.

The main advantage of fed-batch operation, compared to batch mode, is the extension of the 
growth phase as well as the stationary phase, resulting in a higher cell and product concen-
tration and product yield. At the same time, choosing this operation mode leads to increased 
effort for the equipment and control. The optimization of fed-batch processes requires com-
plex knowledge regarding the composition of the feed and the operation of the feed flow. 
The latter commonly occurs without the use of additional data from the process (repeated 
fed-batch, constant feed, linear and exponential increase of feed flow). The determination of 
an adequate feed flow is mainly realized experimentally [22, 23]. Feeding strategies that use 
additional data from the process include bolus-feeding, that is, the substitution of substrate 
that was consumed in a given time interval, and proportional feeding, which is based on the 
oxygen uptake rate (OUR) [22, 24, 25].

4. Design of experiment as a powerful tool for process optimization

The development of complex biotechnological production processes in combination with ICH 
Guidelines is mostly done with approved design of experiment (DoE) methods. After a brief 
introduction, advantages and limitations of these methods will be discussed in the following 
part.

4.1. History of DoE

The concept for design of experiment was first introduced in 1926 by the statistician Ronald 
Fisher in the article “Field Experiments: How They Are Made and What They Are.” He pro-
posed the statistical planning and evaluation of field experiments in agriculture to determine 
the effect of treatments [26]. Therefore, he introduced randomization, replication, and block-
ing. The basic concept for using statistical methods is that the observations are normally dis-
tributed and drawn independently. The application of this assumption to real experimental 
settings was still limited in the 1920s. Therefore, Fisher proposed in 1923 the randomization 
of experiments in order to simulate independent-drawn sampling [27]. The main advantages 
are the elimination of influences from the experimenter to the experiment (selection bias) and 
the neglecting of external factors (accidental bias) [28].
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Replication is defined as the repetition of experiments with the same conditions to estimate 
the errors and variability. Although replication was known in the 1920s, Fisher demonstrated 
the need for it in the book “Statistical Methods for Research Workers,” which was published 
in 1925 [29]. He evaluated the treatment of 12 potato varieties with basal dressing and addi-
tional dressing of sulfur and chloride.

To test the significance, he split the field into two parts and took the standard deviations of the 
yield into account. The responses were not significant and no effect of additional sulfur and 
chloride was found [29]. Fisher arranged different lands in blocks with the same experimental 
conditions. By comparing the blocked experiments, he could reduce the error and increase the 
precision. After Fisher introduced the need for randomization, replication, and blocking, they 
were implemented by various authors and became state-of-the-art practice in experimental 
design [30–32].

In 1951, Box and Wilson adapted these techniques in the field of optimization of industrial 
settings and developed the response surface methodology (RSM) [33]. In contrast to Fishers 
field experiments, the response of a given technical setting can be determined quickly. By 
evaluating the response of the experiments, subsequent experiments can be designed. In par-
ticular, response surface methods are widely used because of their simple structure, inde-
pendence from underlying relationships, and the opportunities for optimization of factors in 
order to maximize a response [31, 34]. In the following years, these concepts were adapted by 
researches if less information about the underlying mechanisms are known.

4.2. DoE applied to QbD

In contrast to trial-and-error, or one-factor-at-a-time methods, statistical design of experiment (e.g., 
response surface) methods are widely used to develop biopharmaceutical processes [35–37]. They 
offer a tool to increase the process understanding and to identify the effect of process parameters 
to quality attributes. The main advantage of DoE methods is the systematic planning of efficient 
experiments in order to find relationships between factors and responses. Factors (e.g., medium 
components, feeding rates, and temperature) are the variables in the experimental design, which 
were defined previously by the experimenter and will be the input to a bioprocess.

The definition of boundary conditions for the factors is mainly based on heuristics and informa-
tion from literature. Subsequently, experiments are planned by DoE software algorithms and per-
formed in the laboratory. Then, the response (product titer and quality attributes) is determined 
and evaluated. Due to the high number of factors involved during bioprocesses, the identification 
of significant factors is performed by applying screening designs at first [38, 39]. In the context of 
designing biopharmaceutical production processes, they were used in the upstream as well as in 
the downstream part. As an example for the design of a bioprocess, Tai et al. [40] implemented 
a definite screening design in combination with an automated bioreactor system (250 mL) to 
identify the effect of 10 process parameters on the production of recombinant protein produced 
in Escherichia coli. Afterwards, the process parameters were optimized and recommendations for 
the Design Space of a pilot-scale plant (450 L) were given. As an example for the part of product 
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purification, Horvath et al. [41] used a screening design with eight experiments to determine the 
effect of different process parameters on the isoelectric point of a therapeutic antibody expressed 
in CHO cell culture. The pH, temperature, and the time of the temperature shift were significant. 
These factors were evaluated on three levels in a concluding response surface design to optimize 
the isoelectric point [41].

Due to the high number of parameters affecting the processes and the product quality, a variety 
of high-throughput platform technologies such as the Ambr (Sartorius), Ramos (Kuhner), and 
DASGIP (Eppendorf) were developed [42]. The advantage of DoE methods is the possibility 
to identify the effect of different factors by a reduced number of experiments. Based on the 
method used, even interactions between factors can be identified [31, 43]. Limitations occur 
with respect to the high number of experiments during process development and the reduction 
of complex relationships into simple linear correlations.

5. Modeling

The modeling of cell culture processes has been extensively discussed and summarized in the 
literature [43–46]. Mathematical models are used for the design, optimization, and control of 
cell culture processes. Established and simple model structures, like unstructured, unsegre-
gated, and empirical kinetic models, are state of the art [46, 47].

With the development of novel analytical methods, structured, segregated, and mechanistic 
models that allow a deeper comprehension on the mechanism of growth and production of 
mammalian cells proceed to take on greater significance [46]. It has been stressed by [48–50] 
that mathematical modeling is a substantial part of QbD since the model contributes to a 
scientific understanding on the product formation and the process control and monitoring. 
However, the performance of a model structure is highly dependent on the identification of 
key parameters. The main objective of a model is to find solutions by analyzing the model 
instead of performing various experiments. The model mainly works as an initial starting 
point to the obtainment of deeper process understanding that is required for process opti-
mization. Models are convenient if the reality can be described with sufficient accuracy of 
the real phenomena. For this purpose, the model structure should be kept as simple as pos-
sible with no unnecessary terms. According to Ref. [51], a model should be able to describe 
all phases of a cultivation with respect to the different operation modes (batch, fed-batch, 
etc.). At the same time, the parameters considered should have physical significance and 
should be determinable by simple experiments. Furthermore, it is favorable if models used 
for process optimization are applicable for a broad range of bioreactor scales [52, 53].

Due to the complexity of biological processes, simple models might be unsuitable for repre-
senting real phenomena. But even with complex models, the behavior of cells may change and 
predictions can differ from observed behavior. Reasons are the inadequate precision of the 
approximated model coefficients and the complexity during the determination of the model 
parameters. Therefore, a compromise between the accuracy of the model and the required 
experimental effort for the determination of the parameters needs to be agreed on for each 
application [54].
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6. Model-based design of experiment

The combination of model-based simulations with DoE methods for the development of cell 
culture processes is a novel tool for process development in context with QbD. As shown in 
Section 4, DoE methods are well established and state of the art for the optimization of process 
development, feeding, and media optimization. However, they can result in a high number of 
time-consuming and cost-intensive experiments. Even if high-throughput systems can handle 
these number of experiments in parallel, the heuristic restriction of boundaries and the high 
number of factors result in stepwise iterations with multiple runs.

The use of DoE methods for the optimization of feeding strategies is still limited, due to 
their complexity. Furthermore, narrowing the Design Space using only experimental meth-
ods requires plenty of time and experimental effort, especially in cases where a high num-
ber of relevant factors are targeted. Even if the experiments are planned and performed 
with much experience, several experimental runs can be expected [39]. In contrast to the 
chemical industry, process design based on mathematical models is not established in cell 
culture processes [50]. Reasons are the challenges of an appropriate application of models 
on complex metabolic pathways of mammalian cells regarding cell growth and product for-
mation. In addition, models targeting the metabolism of cell cultures demand more effort 
than those applied in chemical or microbial processes. Even if mathematical models are 
a promising tool for the development of stable processes that comply with the principles 
of QbD, examples have so far only been published in the field of product purification and 
polishing. In this way, Siegfried et al. [55] designed a blending unit using a discrete ele-
ment model. The flow characteristics of the blender used in production were predicted 
without performing lab-scale experiments. Rácz et al. [56] used model predictions to form 
a prognosis on the deviation of 12 chromatography columns that came from different lots 
of the same manufacturer. In Ref. [57], critical quality characteristics of a wet-granulation 
process were determined by population balance modeling and compared to experimental 
results. Even though the prediction of the resin’s porosity was of insufficient accuracy, the 
simulation allowed deeper understanding of the process, which leads to a more efficient 
determination of the Design Space. In the general procedure of process development, the 
use of complex, demanding, and time-consuming methods based on DoE tools has become 
common practice, although mathematical models are already used in the operation, con-
trol, and optimization of existing production processes [47, 58, 59]. Novel tools for pro-
cess development and optimization combine DoE tools with a growth model. As shown in 
Figure 2, their main objective is to increase the efficiency of DoE methods in context with 
QbD principles to identify critical process parameters, for example, fed-batch strategies or 
medium compositions [60, 61].

These methods are used to reduce the number of experiments during model-based DoE 
(mDoE) and the needed time for the development of more knowledge-based cell culture 
processes. In contrast to purely experimental or purely model-based methods, mathemati-
cal methods could be used to identify significant process variables in silico, which are later 
experimentally verified. In this way, a reduced number of experiments are planned by 
mDoE. The key element of an mDoE is the model, which compromise between the modeling 
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approach, the identification of the kinetic parameters, and the quality of the model regard-
ing the process. In contrast to process designs that are purely simulation-based and that 
involve highly complex models, which can deliver high-quality results, mDoE allows pro-
cess optimization with lower-model complexity. In this way, Sercinoglu et al. [60] developed 
a tool for the evaluation of feeding strategies during fed-batch cultivation of AGE1.hn cells. 
Therefore, a simple unstructured and unsegregated model was used to plan four fed-batch 
experiments.

Möller et al. [61] used a model to describe the dynamics of cell metabolism of CHO-XM-111 
cells in a two-step growth process with medium exchange followed by a fed-batch. Model 
parameters were fitted to averaged data from three parallel shake-flask cultivations, and 
model predictions were used to decrease the experimental space and the number of cultiva-
tion parameters in silico. To increase the total cell number (N) in a fed-batch, the l-glutamine 
concentration and constant feed rate were optimized by simulated DoE. Simulations were 
used to estimate the boundary conditions of the experimental DoE, starting with widely 
distributed data points. As shown in Figure 3, experiments were designed with the statistic 
software Design-Expert 9 (I optimality, five lack-of-fit, five replicate points). Each combina-
tion of the experimental design was simulated (MATLAB), and the maximum cell number 
(N) was calculated as a response and exported to generate response surface plots (Design-
Expert 9). The simulated data were treated in the same way as data from experiments. For 
this purpose, after transformation (power-transformation, lambda = −1) and analysis of 

Figure 2. Interaction of modeling, DoE, and experiments in mDoE.
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variance (ANOVA), an internal polynomial model was set up as a response surface for each 
iteration step (i) with a significance value α of 0.05.

Instead of performing multiple experiments to generate data for response surface plots, 
simulated data were used. In this way, a reduced experimental space for a concluding opti-
mization based on experiments was determined. One set of cultivation parameters in the 
range of the reduced experimental design was experimentally tested to evaluate the behav-
ior of CHO-XM-111 cells during medium exchange and fed-batch. As shown in Figure 4, 
the total cell number was predicted successfully during fed-batch and medium exchange.

The combination of model-based simulations with DoE is suitable for the generation of deeper 
understanding of processes, for example, the linkage of different process parameters to qual-
ity attributes. Furthermore, cultivation strategies for mammalian cell lines can be compared 
and evaluated before experiments have to be performed in the laboratory. This results in a 
significant reduction of the number of experiments required during process development 
and process establishment. The strategy is especially intended for the use in multi-single-use-
devices to speed up process development.

Figure 3. Workflow to decrease experimental space by model predictions (mDoE).
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Abstract

The industrial-scale manufacturing of viruses or virus-like particles in cell culture is nec-
essary for gene therapy and the treatment of cancer with oncolytic viruses. Complex 
multistep processes are required in both cases, but the low virus titers in batch cultures 
and the temperature sensitivity of the virus particles limit the production scale. To meet 
commercial and regulatory requirements, each process must be scalable and reproduc-
ible and must yield high virus titers. These requirements are met by establishing a cell 
culture process that matches the properties of the virus/host-cell system and by using 
serum-free cell culture medium. This chapter focuses on two case studies to consider 
the different aspects of process design, such as the reactor configuration and operational 
mode: the continuous production of retroviral pseudotype vectors in a retroviral pack-
aging cell line and the production of oncolytic measles virus vectors for cancer therapy.

Keywords: virus production, cultivation systems, online monitoring, measles, 
retrovirus

1. Introduction

Virus production techniques were originally developed for the manufacture of vaccines, but 
they are now becoming more important in other areas of the biopharmaceutical industry 
[1]. The scope for therapeutic strategies has broadened and now encompasses vectors for 
replacement protein expression, gene therapy and the treatment of cancer [2, 3]. Viruses for in 
vivo applications show a limited affinity for their target cells, they are generally unstable and 
large doses of infective virus particles (up to 1012 active virus particles per dose) are needed to 
achieve a therapeutic effect. Effective upstream production must therefore be combined with 
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optimized downstream processing. The production of viruses with clinical applications also 
raises important product safety requirements [4]. Bioprocess design for virus or virus vector 
production therefore depends strongly on the virus/host cell interactions and the kinetics of 
virus particle synthesis and virus release. There is no overall optimal process for virus pro-
duction, and each system must be optimized on a case-by-case basis.

In this chapter, we introduce two virus production processes as case studies, emphasizing 
the differences in process design. The first case involves the murine leukemia virus (MLV) 
carrying the human immunodeficiency virus (HIV-1) envelope protein, produced using the 
retroviral packaging cell line TELCeB6/pTr712-K52S (K52S). The second case involves the 
production of oncolytic measles virus and considers process design options for lytic viruses.

1.1. Vectors for gene therapy

Somatic gene therapy involves the transfer genes into an organism with the aim of replacing 
and repairing genes in somatic cells, thus curing the disease without affecting healthy cells 
rather than providing symptomatic relief [5, 6]. Efficient, non-toxic vectors have to be devel-
oped for delivering foreign genetic materials into specific cells. Ideally, viral vectors harness 
the viral infection pathway without the expression of viral genes, which leads to replication, 
triggerring the disease [7]. Stable vectors are required because of the long residence times in 
vivo. These treatments typically involve doses of 100–1000 mL with a virus density of at least 
106–107 infective units per mL.

Gene therapy is currently used in ongoing clinical trials for the treatment of cancer [8], heredi-
tary diseases [9], infectious diseases such as HIV infection [10, 11] and tissue engineering 
[12]. The replication of the virus particle must be inactivated to ensure that the vector itself 
does not cause a disease. Furthermore, all pathogenic virus genes must also be removed. The 
most effective way to do this is to generate virus-like particles (VLPs) that do not contain any 
viral genetic material. However, pseudotyping is an alternative approach in which the normal 
virus envelope proteins are replaced with those from another virus, either to improve stability 
or to favor interactions with particular host cells.

Non-replicating viral vectors for gene therapy are typically expressed in packaging cell lines 
containing only the essential structural virus genes [13]. This results in a virus construct that 
contains therapeutic RNA and regulatory elements to activate gene expression. The packag-
ing cell lines thus continuously release RNA-containing vector particles into the medium. 
Established packaging cell lines can produce retroviral particles over a long period depend-
ing on their growth characteristics and are suitable for pilot-scale processes with a bioreactor 
volume of up to 50 L [14, 15].

This chapter describes the cultivation of the retroviral packaging cell line TELCeB6/pTr712-
K52S (K52S). The cell line in this case study was derived from the env-negative MLV pack-
aging cell line TELCeB6 by transfecting the HIV-1 env gene using plasmid pTr712 [16–18]. 
This results in the production of MLV(HIV-1) vector particles containing the transfer vec-
tor MFGlnslacZ. MLV/HIV-pseudotyped retroviral vectors can transduce human primary T 
lymphocytes [19] and are therefore suitable for the treatment of cutaneous T-cell lymphomas 
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[20], making them an effective tool for gene therapy. An efficient production process is neces-
sary because one therapeutic dose typically requires 1010–1011 colony-forming units (cfu) per 
dose [17].

1.2. Oncolytic viruses

Over 60% of all ongoing clinical gene therapy trials worldwide deal with cancer. For this 
reason, cancer is by far the most common disease treated by viral vectors [21]. A promising 
approach is the inactivation of oncogenes or the activation of tumor suppressor genes. While 
oncogenes enhance cell proliferation, tumor suppressor genes induce apoptosis. The combi-
nation of chemotherapy and gene therapy will especially result in an effective suicide gene 
strategy [22]. Oncolytic viruses have a special status in the field of therapeutic viruses. Such 
viral particles kill tumor cells via two major mechanisms: (a) killing selective “degenerated” 
cells and (b) inducing a systemic anti-tumor immunity response [23]. Several research groups 
have attempted to increase the natural oncolytic effect of these viruses by genetic modification. 
For example, the immune response can be increased by modifying the expression of proteins 
such as granulocyte-macrophage colony–stimulating factor (GM-CSF) [24, 25] or by display-
ing the human carcinoembryonic antigen (CEA) [26–28]. Another strategy is the insertion of 
a tumor-specific promoter, which restricts viral expression to tumor cells [29]. Viral tropism 
can be engineered by displaying ligands that bind to cell surface receptors unique to cancer 
cells [10, 30–32]. Several genetically modified viruses have been adapted as potent oncolytic 
agents for clinical trials, including herpesvirus [33], adenovirus [34], poxvirus [35], coxsacki-
evirus [36], polyovirus [37], Newcastle disease virus [38] and reovirus [39]. In October 2015, 
the US Food and Drug Administration (FDA) granted approval for the first oncolytic virus 
(talimogene laherparepvec or T-VEC, brand name IMLYGIC) indicated for cutaneous and 
nodal melanoma. In January 2016, this product was also approved in the European Union.

Another oncolytic virus candidate is the measles virus. Attenuated measles virus vaccines 
have been used for several decades [40] with an excellent safety profile following the adminis-
tration of millions of doses. Measles virus particles have a high natural affinity for tumor cells 
because they favorably interact with certain tumor surface receptors such as nectin-4 [41]. The 
therapeutic concept takes advantage of both the specificity of the virus for tumor cells and of 
the lytic nature of a measles virus infection. Derivatives of measles virus vaccine strains are 
currently undergoing clinical testing for their efficacy in oncolytic virotherapy [42]. However, 
the broad application of measles virus in cancer therapy can only be successful if high titers 
of pure infectious virus particles can be manufactured. As discussed above for gene therapy 
vectors, oncolytic measles virus doses of 109–1012 particles are required per person and appli-
cation [42].

The production of oncolytic measles virus was initially based on the process used to produce 
measles vaccines, but the requirements are quite different. First, animal-derived medium com-
ponents are suitable for vaccine production but are not suitable for the manufacture of onco-
lytic vectors. Second, significantly higher titers of active, non-attenuated virus are required 
[43, 44]. This is by far the biggest issue in the field of oncolytic measles virus therapy because 
the therapeutic dose is 104–107 greater than the dose required for vaccination.
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2. Bioprocess design

2.1. Product inactivation

Bioprocess design for the manufacturing of viral particles is strongly determined by the 
characteristics of the virus product. One major problem is the inactivation kinetics and the 
resulting negative effect on virus yield. In general, enveloped viruses are less stable against 
physicochemical stress than non-enveloped viruses [45]. Viruses suitable for gene therapy, 
e.g. herpesvirus particles, are sensitive towards heat [46, 47], low pH and low osmolality [48, 
49]. The stability of some enveloped viruses against inactivation due to temperature or osmo-
lality effects can be increased by adding stabilizer to the culture medium such as sucrose, 
glycerol, trehalose or a compatible solute [50–52].

In both of the case studies, thermal inactivation is a crucial factor that leads to the substantial 
loss of virus particles during cultivation. Typically, animal cell lines show the highest growth 
rate at a process temperature of 37°C. However, at 37°C, measles virus and retroviruses 
have half-lives of approximately 1 h and 6–7 h, respectively [46, 53]. There are two realistic 
options to avoid thermal inactivation: (a) reducing the process temperature or (b) harvest-
ing the virus continuously, thereby achieving the rapid and efficient cooling of the product 
stream. However, a lower process temperature slows down host cell metabolism, which in 
turn reduces the virus titer. Therefore, the objective is to find an optimal temperature at which 
the virus production rate is higher than the inactivation rate. The former is dependent on the 
host cell and the latter on the virus. Retroviral vectors are known to be more stable if they 
are produced at 37°C. Vectors produced at 32°C are more rigid because of higher cholesterol 
content. This higher cholesterol content leads to a lower stability [54, 55]. In contrast, measles 
viruses showed a higher stability produced at 32°C [53]. The bioreactor system must eliminate 
as many factors as possible that reduce virus yields and should provide a suitable environ-
ment for the cells, avoiding additional stress caused by shear forces or nutrient limitation.

2.2. Bioreactor selection

The type of bioreactor system is primary defined by the growth characteristics of the host 
cells. Animal cells grow either in suspension or as adherent cells, and several bioreactor sys-
tems have been established to meet their requirements. Subject to this distinction, bioreactor 
systems can be divided into three classes: static systems, semi-dynamic systems and dynamic 
systems (Figure 1).

Static cultivation systems are the simplest to handle, but the lack of power input (aeration 
or agitation) limits their use to screening studies rather than production. Semi-dynamic sys-
tems retain the cells while supplying them with fresh medium. This power input and con-
vective mass transfer achieves a better nutrient supply at reasonable shear stress levels, but 
cell growth is heterogeneous and there is a lack of effective online/inline monitoring sys-
tems. Therefore, the most frequently used and well-characterized bioreactors are dynamic 
cultivation systems. These have a controlled power input, ensuring the homogeneous mix-
ing of suspension cells and anchorage-dependent adherent cells growing on microcarriers. 
However, dynamic  cultivation systems are a double-edged sword because the homogeneity 
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of cell growth comes at the expense of high shear stress [56, 57]. Adherent cell lines can be 
shielded from shear forces by using porous carriers, and macroporous carriers are advanta-
geous despite mass transfer limitations.

There is no optimal bioreactor for all virus production processes and the most suitable system 
must be chosen for each combination of virus and host cell, based on cell growth characteris-
tics and virus infection kinetics. We will consider the most important parameters for our two 
case studies, seeking a balance between the advantages and disadvantages of the different 
systems.

2.2.1. Bioreactor selection for continuous retrovirus production

The MLV(HIV-1)-pseudotyped vector is released continuously by the adherent retroviral 
packaging cell line as discussed above. The harvesting strategy has a significant influence on 
the virus particle yield, so the bioreactor system must achieve the rapid and continuous col-
lection of virus particles while ensuring total host cell retention. The best systems for this pur-
pose are fixed-bed or hollow fiber bioreactors [17, 58]. Both systems immobilize cells to ensure 
complete cell retention. However, a fixed-bed bioreactor containing macroporous carriers can 
support a larger number of cells than a hollow fiber bioreactor because of the greater growth 
surface area, a key determinant of the product yield (Figure 2). Continuous virus production 
in fixed-bed bioreactors can maintain high performance over a production time of longer than 
3 weeks. Virus purification and concentration were achieved using an integrated filtration 
system based on ceramic membranes [16–18]. Advantages of ceramic membranes are physi-
cal and chemical stability, durability (high expected lifetime), a narrow pore size distribution 
and a low potential for irreversible fouling. In addition, ceramic membranes are suitable for 

Figure 1. Overview of typical bioreactor systems for virus production.
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sterilization in place (by, e.g., steam) [59]. However, the major advantage compared to organic 
membranes is the lack of organic extractables and leachables. For the use of a separation sys-
tem in a continuous production process with a process time of several weeks, this fact is very 
important for the safety of the product [59, 60].

This process setup is superior to standard processes for the continuous production of degrad-
able bioactive products because the product can be transferred from the culture medium to 
more suitable conditions (e.g. low temperature) and less handling is required compared to 
cultivation in standard culture flasks.

2.2.2. Bioreactor selection for measles virus production

In contrast to pseudotype vector production using a continuously infected packaging cell line, 
measles virus infection causes the total lysis of the host cells. The production cycle is therefore 
much shorter and the supernatant contains a high content of host cell proteins and other cell 
debris. Measles virus particles are typically produced using adherent Vero, HeLa or MRC-5 
cells [43, 61, 62], so the cultivation system must provide a large growth surface area. The 
need to separate lysed cells from the supernatant overcomes the advantage of host cell reten-
tion in a fixed-bed bioreactor, so hollow fiber bioreactors or dynamic systems are preferable. 
However, this means that the other limitations of each bioreactor must be considered. Hollow 
fiber bioreactors require an external oxygenation system and a high circulation rate to achieve 
an adequate oxygen supply [63]. These demands on process design together with the large 
titers required for oncolytic therapy make the scale up of hollow fiber bioreactors unfeasible. 
To meet the necessary production scale and the power per dose, microcarrier-based dynamic 
cultivation systems are more effective than semi-dynamic systems. A stirred tank bioreactor is 
therefore preferable for the production of oncolytic measles virus particles (Figure 3).

One major drawback of stirred tank bioreactors is the shear force applied to the cells, 
which places limits on the maximum power input. Even so, the efficient suspension of the 

Figure 2. Continuous production process for MLV pseudotyped with the HIV-1 envelope protein in retroviral packaging 
cell line TELCeB6/pTr712-K52S (K52S).
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 microcarrier must be ensured to maintain homogeneous culture conditions. Proof of feasibil-
ity has been demonstrated by the cultivation of human mesenchymal stem cells at the 50 L 
scale without any deterioration in quality [64]. Because measles virus is characterized by a 
high rate of inactivation, the harvesting step must be carefully optimized. The continuous har-
vesting of lytic viruses produces large volumes of supernatant containing low concentrations 
of virus particles. Therefore, discontinuous harvesting strategies adapted to the lytic virus 
infection cycle can achieve better results. The best time for harvest has to be determined for 
each virus and host cell combination, and the optimal process mode depends on the kinetics 
of virus release.

2.3. Selection of the process mode

Process mode selection is one of the most challenging aspects of process design because all the 
advantages and drawbacks must be evaluated correctly. Virus production typically involves 
a two-step process: host cell expansion followed by the production phase (Figure 4). A deep 
understanding of the interaction between the host cell and virus is essential. Several critical 
parameters have been identified, including the host cell concentration at the time of infection 
(CCI) and the multiplicity of infection (MOI). These factors can be used to develop optimal 
strategies for process control.

2.3.1. Cell concentration at infection

The host cell is clearly a key factor in any virus production process, and for a wide range of 
processes, the mass of virus particles is linearly related to the number of host cells producing 
them. This is true for continuous production using packaging cell lines, but in other cases, 
increasing the cell density eventually causes the density-dependent inhibition of mitosis and 

Figure 3. Bioreactor system for the production of oncolytic measles virus particles in perfusion mode.
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therefore reduces the virus yields [65]. The survival and growth of each cell line, as well as 
the production of viruses, are also dependent on a specific and individual minimum cell con-
centration [66]. This interdependency becomes more complex when additional factors such 
as virus infection kinetics, cytopathic effects are considered. Generally, a high virus yield 
requires an optimal CCI, although the CCI has only a minor effect on the yield of measles virus 
[44]. This is because a continuous supply of fresh uninfected host cells is required for the pro-
duction of measles virus, to replenish the cells that are lost through lysis. Furthermore, several 
viruses (including measles virus) inhibit the cell cycle and thus affect cell growth [67, 68]. This 
can also influence the product yield, e.g., in the baculovirus-infected insect cell system the 
production of VLPs decreases when cells are infected during the late growth phase [69].

2.3.2. Multiplicity of infection

The MOI is the ratio of infective virus particles to host cell number and this can also influence 
the infection process. In the context of continuous production, the MOI is only of interest 
when generating a new packaging cell line [70]. In contrast, the MOI is a critical parame-
ter when optimizing the production of lytic viruses used for the synthesis of recombinant 
proteins. Theoretically, in the best-case scenario, the termination of protein synthesis would 
coincide with medium depletion just prior to cell lysis [71]. This is also necessary during the 
production of lytic therapeutic viruses in order to recover active virus particles. Two infection 
strategies can be used for process optimization depending on the particular virus/host cell 
system. If the objective is a synchronous infection, then a large number of infective virus par-
ticles should be used (MOI >> 1). A lower titer of infective viruses (MOI < 1) would result in 
a multiple-step virus amplification due to secondary infection of cells [72, 73]. Both strategies 
can amplify the virus yield by several hundred-fold when appropriately deployed. Aggarwal 
et al. [74] were able to increase the virus yield simply by using a lower MOI, but the character-
istics of the virus strain should always be kept in mind because the outcome strongly depends 
on the biological system [75]. For the production of measles virus, a higher MOI can reduce 
the yield of active virus particles [44]. However, the behavior of each host cell/virus combina-
tion must always be studied in the context of the cultivation system. The MOI was shown to 
have a significant impact on virus yields in a static cultivation experiment in T-flasks, whereas 
in a stirred tank bioreactor the titer stayed within the same order of magnitude even if the 
MOI varied substantially (0.0005, 0.001 and 0.02) [44].

Figure 4. Substrate cascade during a virus production process. Initially, a sufficient supply of nutrients to the host cells 
must be ensured, but then the host cells become the substrate for virus production.
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2.4. Process control

Reproducible, high-titer processes require appropriate measurement and control systems, 
including the established parameters of pH, temperature and oxygen concentration. However, 
real-time or online/inline monitoring and control systems for virus quantification are lacking, 
especially for the dynamic infection processes that characterize lytic virus production. Offline 
measurement methods are established and validated for several decades, but there are two 
major disadvantages. On the one hand, intervention in an operational system bears the risk 
of contaminations and on the other hand the lack of real-time data. Thus, it appears that 
online or inline measurement method should be preferred. The FDA has addressed this issue 
by launching the process analytical technology (PAT) initiative [76], whereas the European 
Medicines Agency (EMA) has implemented the similar concept of continuous process verifi-
cation [77]. To fulfil these demanding requirements, bioreactor systems have been fitted with 
diverse monitoring systems including near infrared spectroscopy, and in situ microscopy 
[78–80]. Multivariate data analysis is then applied to determine a benchmark known as the 
“golden batch”. Subsequent batches are evaluated against this standard, and if the signals 
do not fall within certain tolerances then the process is aborted. This strategy usually lacks 
process control opportunities and large numbers of failed batches are generated. The in-line 
measurement of important media components, and parameters for the online evaluation of 
process reproducibility and stability, thus remain among the unsolved problems of industrial 
biotechnology [81, 82].

One example of the above is the measurement of cell numbers in static or semi-dynamic 
cultivation systems. Offline, cell number could be determined, e.g., by membrane leakage 
assays (e.g. Trypan blue staining) or mitochondrial activity assays (e.g. WST-1 assay). In 
small scale, microscopy-based cell counting devices for static cultivation systems are also 
available [83]. Typically online, these data are collected by indirect inline measurement, e.g. 
by estimating the cell number based on the oxygen demand or glucose consumption rate 
of adherent cells growing in semi-dynamic cultivation systems [58, 84, 85]. In a fixed-bed 
bioreactor, this is realized by the simultaneous measurement of oxygen concentrations at 
the inlet and outlet. Oxygen demand is tightly coupled to cellular metabolism and strongly 
affected by virus infection, so the estimates are often inaccurate. Dielectric spectroscopy 
is a promising alternative approach for the inline quantification of host cells because the 
measurement is decoupled from metabolism and is based on the passive dielectric proper-
ties of cells in a conductive medium. When an alternating electric field is applied to the 
cell suspension culture, the cell membranes act as small capacitors leading to a buildup of 
electrical charge (polarization). The overall capacitance is thereby dependent on the fre-
quency of the alternating electric field (usually in the range 0.1–10 MHz), as well as the cell 
size, morphology and cell concentration [86]. For suspension cultures with a uniform cell 
size, this technique is appropriate for host cell quantification because there is a correlation 
between the recorded permittivity and cell number. Dielectric spectroscopy can also be 
used for the online quantitation of adherent cells, which usually requires cell detachment 
and offline cell counting. Dielectric spectroscopy can thus be used for the online monitor-
ing of cell attachment and growth as shown during measles virus production (Figure 5A 
and B).
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However, the permittivity signal is disrupted almost as soon as cells are infected. Dielectric 
spectroscopy readings are therefore strongly influenced by the cytopathic effect of the mea-
sles virus on the host cell (e.g. the formation of syncytia) and subsequent virus release. These 
changes in morphology also influence the permittivity signal (Figure 5C). Because the online 
quantification of virus particles is not possible, such morphological changes can be used for 
process control by calculating the Cole-Cole exponent parameter α. This is a dimensionless 
number with a value between 0 and 1 that nominally describes the distribution of relaxation 
times in the suspension, or the homogeneity of the cell population. In a homogenous cell sus-
pension culture, the initial release of virus particles can be detected because the α parameter 
declines 24 h post-infection (Figure 6).

The value of α is also influenced by changes in cell morphology. This can be shown by com-
paring homogenous cell suspension cultures and adherent cells growing on microcarriers 
when both are infected with measles virus (Figure 7). The signal corresponding to virus 
release is superimposed on signals representing changes in cell morphology (e.g. the forma-
tion of syncytia), which makes data interpretation and process control more challenging. For 
the production of the lytic measles virus, dielectric spectroscopy can be used to ensure that 
cells are infected at the same point in the growth phase and to determine when virus particles 
are released, making it an ideal tool for process control in dynamic cultivation systems.

Figure 5. Impedance spectrometer readings during the production of measles virus using Vero cells growing on Cytodex 
1 microcarriers in a 1-L stirred tank bioreactor. A: Cell adhesion to the microcarrier at a very high initial cell concentration 
of 80,000 cells per cm2. B: Cell growth in the bioreactor. C: Addition of 0.5-L fresh culture medium with simultaneous 
virus infection.
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Figure 6. Virus release from a Burkitt’s lymphoma cell line infected with measles virus.

Figure 7. Distribution of relaxation times in the suspension (Cole-Cole exponent parameter α) of adherent cells (■) and 
cell suspension cultures (○).
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3. Conclusion

Different production processes were established in each of our case studies by taking into 
account the requirements of the host cells and products, and the benefits and limitations of 
each type of bioreactor. The system of choice for the continuous production of pseudotype 
vector MLV(HIV-1) using the retroviral packaging cell line TELCeB6/pTr712-K52S (K52S) was 
the fixed-bed bioreactor (Figure 2). The cells were cultivated in a vessel packed with FibraCell 
macroporous carriers, with a working volume of 200 mL and an inner diameter of 56 mm. 
Perfusion of the immobilized cells was achieved using an additional vessel (working volume 
2 L) for medium conditioning, and process parameters such as dissolved oxygen and pH were 
monitored and controlled in this vessel. Cell growth in the fixed-bed bioreactor could not be 
monitored using dielectric spectroscopy because of the small measuring volume, reflecting 
the fixed positions of the probe and the carrier. Cell concentration was therefore estimated 
based on the oxygen consumption rate, determined by the simultaneous measurement of 
oxygen concentrations at the inlet and outlet.

The perfused medium was preheated to 37°C, and the viral vectors were harvested contin-
uously to improve vector stability and host cell productivity using an integrated filtration 
system [17]. To ensure optimal substrate consumption and yield, a portion of the virus-free 
filtrate was recycled to the conditioning vessel of the fixed-bed bioreactor [16, 18]. The tubu-
lar filtration unit comprised an Al2O3 support coated with asymmetric layers of ZrO2 and 
TiO2. The tubular membrane had an outer diameter of 25 mm and 19 inner tubes each with a 
diameter of 3 mm, with a molecular weight cut-off of 20 kDa (Innovations GmbH, Gladbeck, 
Germany). Filtration was performed at a flow rate of 2 L min−1 and a transmembrane pressure 
of 0.4 bar. This combination of membrane type and operational mode allowed continuous 
filtration for more than 400 h. Virus production was tested in batch mode to confirm the effi-
ciency of the reactor setup. The maximum virus titer of 2.76 × 109 cfu was achieved in perfu-
sion mode, whereas the maximum yield in batch mode was only 1.4 × 106 cfu [16–18]. This 
probably reflects the higher volumetric throughput of perfusion mode and the low stability 
of the virus particles at the production temperature.

The design of a continuous production process for measles virus is more challenging because 
virus release depends on the lysis of the adherent, growing host cells. In contrast to packaging 
cell lines, the host cells are consumed during the production of lytic viruses, which limits the 
length of the production cycle and also the yields. A microcarrier based cultivation system 
was established to ensure the continuous supply of fresh host cells in a scalable system. Cells 
growing on Cytodex 1 microcarriers in a stirred tank bioreactor were detached by incubation 
for 10 min in PBS containing 0.025% TrypZean and 0.01% EDTA, thus enabling bead-to-bead 
transfer. This provided a seed train from T-flasks to a large-scale stirred tank bioreactor and 
the addition of up to 75% fresh microcarrier [87, 88]. As discussed above for the pseudotyped 
vector, the process temperature was the most critical process parameter for the production 
of measles virus. Process temperature optimization in different cultivation systems led to 
contradictory results [44]: in a static cultivation system (T-flasks) and in a stirred tank bio-
reactor, the highest virus titers were achieved at a cultivation temperature of 32°C, but in 
small-scale dynamic cultivation systems (spinner flasks) the highest titers were achieved at 
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3. Conclusion
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2 L) for medium conditioning, and process parameters such as dissolved oxygen and pH were 
monitored and controlled in this vessel. Cell growth in the fixed-bed bioreactor could not be 
monitored using dielectric spectroscopy because of the small measuring volume, reflecting 
the fixed positions of the probe and the carrier. Cell concentration was therefore estimated 
based on the oxygen consumption rate, determined by the simultaneous measurement of 
oxygen concentrations at the inlet and outlet.

The perfused medium was preheated to 37°C, and the viral vectors were harvested contin-
uously to improve vector stability and host cell productivity using an integrated filtration 
system [17]. To ensure optimal substrate consumption and yield, a portion of the virus-free 
filtrate was recycled to the conditioning vessel of the fixed-bed bioreactor [16, 18]. The tubu-
lar filtration unit comprised an Al2O3 support coated with asymmetric layers of ZrO2 and 
TiO2. The tubular membrane had an outer diameter of 25 mm and 19 inner tubes each with a 
diameter of 3 mm, with a molecular weight cut-off of 20 kDa (Innovations GmbH, Gladbeck, 
Germany). Filtration was performed at a flow rate of 2 L min−1 and a transmembrane pressure 
of 0.4 bar. This combination of membrane type and operational mode allowed continuous 
filtration for more than 400 h. Virus production was tested in batch mode to confirm the effi-
ciency of the reactor setup. The maximum virus titer of 2.76 × 109 cfu was achieved in perfu-
sion mode, whereas the maximum yield in batch mode was only 1.4 × 106 cfu [16–18]. This 
probably reflects the higher volumetric throughput of perfusion mode and the low stability 
of the virus particles at the production temperature.

The design of a continuous production process for measles virus is more challenging because 
virus release depends on the lysis of the adherent, growing host cells. In contrast to packaging 
cell lines, the host cells are consumed during the production of lytic viruses, which limits the 
length of the production cycle and also the yields. A microcarrier based cultivation system 
was established to ensure the continuous supply of fresh host cells in a scalable system. Cells 
growing on Cytodex 1 microcarriers in a stirred tank bioreactor were detached by incubation 
for 10 min in PBS containing 0.025% TrypZean and 0.01% EDTA, thus enabling bead-to-bead 
transfer. This provided a seed train from T-flasks to a large-scale stirred tank bioreactor and 
the addition of up to 75% fresh microcarrier [87, 88]. As discussed above for the pseudotyped 
vector, the process temperature was the most critical process parameter for the production 
of measles virus. Process temperature optimization in different cultivation systems led to 
contradictory results [44]: in a static cultivation system (T-flasks) and in a stirred tank bio-
reactor, the highest virus titers were achieved at a cultivation temperature of 32°C, but in 
small-scale dynamic cultivation systems (spinner flasks) the highest titers were achieved at 
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37°C. However, both cultivation temperatures resulted in severe thermal virus inactivation 
and continuous harvesting was therefore necessary. Filtration during cultivation is challeng-
ing due to the rapid accumulation of host cell proteins (including proteases) and cell debris in 
the surrounding medium caused by cell lysis, resulting in the blocking of membrane pores. 
Furthermore, measles virus particles range in size from 300 nm to 1 μm [89]. The blocking of 
filter pores by debris and the particle size range of the virus make discontinuous filtration 
more appropriate. Regardless of the cultivation system, the best process mode was repeated 
batch mode with a daily virus harvest [44]. Using this setup (Figure 3), virus titers of up to 
7.4 × 109 median tissue culture infective dose (TCID50) can be managed in a working volume 
of 500 mL containing 3 g L−1 Cytodex 1.

The analysis of these two representative processes provides insight into the challenges of pro-
cess design when using sensitive viral production systems. As stated above, there is no perfect 
process, but the best process for each combination of host cell and product can be determined 
by considering as many parameters as possible in order to maximize the product yield. Many 
investigations are still required to satisfy the demands of large-scale virus production, for 
both the pseudotype vector and the oncolytic measles virus. The virus/host cell system must 
be understood in detail to facilitate the development of an appropriate production process 
which reproducibly produces sufficient yields of high-quality virus particles.
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