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Introduction

B ioprocessing is the development and manu-

facturing pipeline by which therapeutic agents 

such as engineered recombinant proteins, viral 

gene therapy vectors and other nanoparticle-based 

technologies are produced at levels required for com-

mercial distribution. To achieve this end, large-scale 

cultures using engineered cell lines are grown in bio-

reactors or through other scalable approaches. These 

are constantly being refined and evolved to increase 

volume, product yield and stability. The goal of this 

article collection is to present recent advances in the 

bioprocessing for biologics and gene therapy vectors. 

The process of growing large quantities of cells 
involves a precise balance between nutrient availabil-
ity, temperature control and oxygen/carbon dioxide 
balance, among other parameters which all must be 
closely monitored. Bioreactors have become an indus-
try backbone for growing vast amounts of cells to pro-
duce therapeutic agents. In Sharma et al. (2021), the 
authors review the currently existing bioreactor tech-
nologies and their use for the growth of mammalian 
cell lines. As part of the bioprocessing workflow the 
optimal condition for growth and maximal production 
for individual cell lines need to be determined, which 
can be a resource and time consuming process. The 
ability to test cell lines in a microscale system greatly 
increases the throughput of the process. Gopal et al. 
(2021) provide evidence that high-density cultures can 
be achieved using a microscale 96-well platform, with 
results comparable to larger volume platforms. Using 
this microscale system, optimization of conditions and 
biologic/viral production can be achieved rapidly and 
with reduced cost. To produce cell and gene therapy 
products, the processes utilized continue to evolve as 
new technologies and methodologies come online. 
There are many paths for this process refinement to 
follow. In Csaszar et al. (2021), the authors describe a 
framework for the continued evolution of the gene and 
cell therapy development, production and testing pro-
cess based on the concept of quality by design (QbD) 

which uses a multistage iterative process to gain insights 
as to the process and lead to further refinements. 

Vaccine development that focuses on the use of 
engineered virus-like particles (VLPs) has recently shown 
significant promise as a platform. These VLPs are typi-
cally grown in the insect cell baculovirus expression vec-
tor system, which has high capacity for recombinant 
protein production. However, information is lacking 
regarding the production quality and quantity of VLPs, 
as well as the stability of the expression system in the 
context of bioreactors. Puente-Massaguer et al. (2021) 
provide characterization of two different strategies for 
producing VLPs through large-scale bioreactors. Gene 
therapy vectors have a long history of use in the devel-
opment of therapeutics. Several different engineered 
viruses based on their wild-type sources have been 
used, but those derived from AAV vectors have had 
the most success thus far. El Andari and Grimm (2022) 
review the advances in downstream processing and 
characterization of synthetic and natural AAVs for gene 
therapy applications with examples of directed molecu-
lar evolution of capsid proteins. To augment this article 
collection, Eppendorf provides the readers with a appli-
cation note to inform readers regarding their  BioFlo® 
320 Bioprocess Controller with BioBLU® 3c Single- 
Use Bioreactors for suspension-adapted HEK293 cell 
lines at large scale to overcome the limitations normally 
associated with this line for bioprocessing.

In conclusion, we hope this article collection serves 
to educate the reader as to the current state of biopro-
cessing for biologics as well as cell and gene therapy 
approaches. Advances in the production and process-
ing of these agents stands to revolutionize the ability 
to create next generation therapies and personalized 
medicine, as well as vaccines for emerging infectious 
diseases on a rapid scale.

Jeremy Petravicz, PhD
Senior Editor, Current Protocols
Wiley
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Abstract

With the steady advancement of medicine and the
healthcare industry, the demand for recombinant
biotherapeutics drugs and vaccines has increased in
the last two decades. This has put substantial pres-
sure on the biopharma industry to meet the
increasing need for treatment of prevailing and new
diseases. Different technologies and bioreactor de-
signs have been developed over the years to ensure
safe and economical manufacturing of biopharma-
ceutical products by attaining high cell densities and

longevities for extended periods of time. Bioreactors
are the backbone of the bioprocessing industry
albeit each bioreactor design has its advantages and
disadvantages. A comprehensive design suitable for
wide varieties of cell lines to produce high-yielding
products with the lowest cost and risk in the short-
est span of time is sought. This paper focuses on
evaluating the engineering aspects of currently
available bioreactor designs and their suitability for
mammalian cell cultures.
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1 Introduction

Cell culture is a century-old science, pioneered by Ross Harri-
son in 1907 who grew frog nerve fibre on lymph fluid in vitro
for weeks on coverslips. These coverslips were placed inverted
in an empty hollow grounded glass slide, thoroughly sealed
with paraffin wax in a hanging drop method. The results
obtained through this experiment demonstrated that cells can
be grown in vitro, which then laid the foundation for modern
cell culture [1]. Further, developmental work with plasma clot
as a medium for the growth of chick embryo in 1910 led to the
gradual advancements in medium and feed development, cell
line engineering and process development of biologicals. These
breakthrough activities have further propelled the cell culture-
based activities with the discovery of antibiotics in the 1940s
and of monoclonal antibodies in the 1970s. In the 1970s,
advancements in recombinant DNA (rDNA) technology led to
the ability for expression of exogenous genes in microbial or
mammalian cells; and in more recent years, high-throughput
technologies and the advances in ‘‘omics’’ tools such as proteo-
mics, genomics, metabolomics further improved the produc-
tion yields and productivity [1–3].
The rise of new and emerging diseases has not only bur-

dened the world economy but also negatively impacted the
socio-economic set up of the society. Therefore, there is a need
to develop and manufacture new vaccine candidates quickly,
safely and at a low cost. The positive side of these emerging dis-
eases is that it has fast-tracked the development of new vaccine

technologies such as mRNA vaccines and vector-based vac-
cines. It is expected that increased investment towards the
development and manufacturing of new vaccines for the treat-
ment of emerging disease will drive the global vaccines market
in the near future. It is also expected that the global biophar-
maceutical market will grow at a CAGR of 10.1% in the next
decade, and the market may reach the mark of USD 459.81
billion by 2025 [4]. Mammalian cell lines such as Chinese ham-
ster ovary (CHO) cells, baby hamster kidney (BHK) cells, Vero
cells, human embryonic kidney (HEK) cells, mouse myeloma
cells, NS0 and SP2/0 cells are used for commercial manufactur-
ing of biologicals. For mammalian cell culture, bioreactors play
an important role in the economics of product manufacturing
owing to constraints on acceptable process conditions [5–7].
The key function of a bioreactor is to provide optimal cell

growth conditions for high cell density and prolonged longev-
ity of the cultures. Many bioreactor designs have been tested
for the growth of mammalian cells since the 1940s. These bio-
reactors fall under five categories; namely, (1) bioreactors with-
out control (e.g., tissue culture flasks, multi-tray cell factories,
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[1] Rajesh Sharma, Dr. Susan T. L. Harrison, Dr. Siew Leng Tai

Centre for Bioprocess Engineering Research (CeBER), Department
of Chemical Engineering, Faculty of Engineering and the Built
Environment, University of Cape Town, Private Bag, Rondebosch
7701, South Africa.
E-Mail: siew.tai@uct.ac.za



6   Advances in Bioprocessing for Biologics and Gene Therapy Vectors

roller bottles, spinner flasks), (2) reusable bioreactors (e.g., con-
ventional glass vessels, stainless steel stirred tank bioreactor,
packed bed, pneumatically-driven bioreactors), (3) single-use
bioreactors (e.g., disposable stirred tank, wave mixed, orbitally
shaken, pneumatically driven and fixed bed bioreactors),
(4) novel bioreactor designs with different operating principles
(e.g., CelCradle, travelling wave, nucleo bioreactor with tum-
bling impeller, Pad bioreactor, vertical wheel and rotating wall
bioreactor), and (5) membrane bioreactors (CELLine flask). In
this article, these different bioreactor systems are evaluated for
their suitability for process development, scale-up, and the
evaluation of their engineering design for industry-specific
applications and commercialization.

2 Bioreactors – The Industrial
Workhorses

A bioreactor plays a dominant role in the production of biolog-
icals, and it has been regarded as the central production wheel
for the biopharmaceutical industry. The growing knowledge of
the cellular behavior of different cell lines and their interaction
with the macroenvironment inside the bioreactor has led to the
improvement of the bioreactor design to satisfy the industry
requirements. Margaritis and Wallace [8] elaborated the basic
requirements for the bioreactor design as shown in Fig. 1. The
design criteria takes a comprehensive approach to integrating
old knowledge of bioreactor design to the new knowledge
which works in unison with different process analytical tools
(PAT). The PAT enables online real-time monitoring of the pro-
cesses and associated process improvements by controlling

parameters stringently and reducing the risk of batch failure
[9].
The first and most important aspect of bioreactor design is

its wider suitability for varieties of cell systems, e.g., animal,
insect, fish, plants, and human cell lines [10]. Cell lines from
these sources are currently being used to produce different bio-
logical products. With the widespread knowledge and under-
standing of the microbiology and cell behavior of the different
cell systems, one can define the nutritional requirements by a
thorough understanding of the metabolic pathways and the
precursors required to produce primary and secondary metab-
olites. This will help in achieving high cell densities and the tar-
get product concentration. Furthermore, this knowledge will
enhance the culture longevity by knowing the interaction of a
cell system with the surrounding macroenvironment and
which would further aid in stringently maintaining and con-
trolling the microenvironment inside the cell.
Hydrodynamic characteristics of the bioreactor play a key

role in the growth of different cell lines. It directly affects the
mass and heat transfer capability of the culture system. In vari-
ous bioreactor designs (horizontal, vertical, or bag type), the
aspect ratio of the vessel and the type of impeller used, play a
crucial role in defining the hydrodynamic state of the bioreac-
tor. The mixing profile of Newtonian fluids further affect the
mass and heat transfer capability of the system. The important
aspect of bioreactor design is to provide a high surface area for
mass and heat transfer, an efficient mixing regime without pH,
temperature, and nutritional gradient, and with low power
input.
Another area of interest in the development of bioreactor

design is to provide a conducive environment to the growing
cells by controlling the macroenvironment surrounding the
cells. This directly influences the growth kinetics and metabolic
activity of the cells. Macroenvironment would further affect the
microenvironment inside the cells, which would lead them to
either high productivity or apoptosis. Clonal stability also plays
an important role in the production of biotherapeutic proteins.
Based on the clone stability, researchers can decide on the
mode of operations such as batch, fed batch and continuous/
perfusion. With the advancement of cutting-edge technologies
in molecular level screening and cell line development,
researchers lay emphasis in the development of kinetic models
to predict the behavior of cell lines under investigation in a bio-
reactor system. With the help of kinetic models, the problem of
low productivity of biotherapeutics with high cell density for
prolonged viability and reduced programmed cell death can be
investigated [11]. Strategies to support this include minimizing
pH and temperature fluctuations using proper mixing and by
reducing hydrodynamic shear by choosing the appropriate aer-
ation-agitation regimen [12].
In addition to well-integrated bioreactor designs for the cell

growth, separation of cells from the cultured broth is an impor-
tant step in downstream processing (DSP). Spin filters, dialysis,
gravity settlers, acoustic filters, hydrocyclones, continuous cen-
trifuges, tangential flow filtration, and alternating tangential
flow filtration are options available for separating cells from
the medium [13]. Many companies have incorporated some of
these separation technologies during perfusion culture in
their facilities such as inclined settlers (Chiron), spin filters
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Figure 1. Basic requirements for bioreactor design – adapted
from [8].

(Centocor), and ultra-sound/acoustic devices (BioSep-Appli-
kon) [14]. Cell retention by immobilization of mammalian cells
has also proven to be successful in separating cells from the
culture broth without additional downstream steps, thus reduc-
ing the capital and operating/running cost of the system. Ulti-
mately, the success of the cell culture bioreactor design lies in
supporting high cell densities required for high productivities,
regardless of whether grown as adherent, suspension or immo-
bilized cultured cells [15–17].
The material of construction plays an important role in

designing bioreactors. The material should have regulatory
acceptance as outlined by the Food and Drug Administration
(FDA) in the Current Good Manufacturing Practice for Fin-
ished Pharmaceuticals guide under Subchapter C, subpart D,
21CFR211.65 [18] It is recommended that the material used
for all internal parts of the bioreactor in contact with product,
culture and/or media should be constructed from 316 L passi-
vated stainless steel. Other accessories used in the fabrication
of bioreactors should support low particle generation and ease
of cleanability [19]. Connectors on a bioreactor should be of
clean design, with tri-clover connections, diaphragm valves,
and sterilizable connections as standard features. For single-use
systems, low leachability and extractability of the materials of
construction are desirable, as these have negative effects on cell
growth, their viability and product purity [9, 20].
The last important aspect of the successful design of a bio-

reactor is its capability for economical scale-up of the processes
from the L to the m3 scale. It has been recommended that dur-
ing the process of designing prototype bioreactors, emphasis
should be given to the requirements for process development
and integration of accessories for large-scale manufacturing,
thus reduces the difficulties in scale up [21].
At present, various major pharmaceutical companies have

bioreactors with the maximum capacity in the range of 20 to
25m3 such as the large-scale cell culture bioreactors at Genen-
tech, Vacaville with a capacity of 25m3 and at Lonza, Singapore
with a capacity of 20m3 [22]. The advancement in control sys-
tems and instrumentation of these bioreactors have allowed for
an optimized macroenvironment leading to higher productiv-
ity, growth kinetics and metabolic activity of the cells [19].
The peculiar feature of the mammalian cells is that they have

semi-permeable outer cell membranes with the absence of a cell
wall. Due to this, these cells are shear-sensitive and fragile. The
fragility, large size, slow growth rates and low oxygen con-
sumption rates make mammalian cells difficult to grow [23].
Liquid shear forces from stirring, bubble formation and direct
sparging of the bioreactor have deleterious effects on the overall
growth of the shear-sensitive cell lines achieving optimum cell
density, viability, and productivity [13, 24, 25]. Therefore, there
is a need to develop strategies which could provide adequate
mass and heat transfer with low shear stress even at large scale.
Hence, several novel prototypes and bioreactor designs have

been developed for shear-sensitive mammalian cells. Different
designs extend different growth environments for optimal cell
growth and the expression of recombinant proteins. Therefore,
it is recommended to identify the critical process parameters
relevant for a particular application before designing or select-
ing the bioreactor. These parameters such as optimum cell den-
sity (cell growth), percentage viability, cellular oxygen demand

particularly at high cell density, viscosity, foaming, the cellular
settlement at the base or clumping, shear-stress sensitivity,
homogenous temperature, and scalability play an important
role in the selection of the bioreactor [26]. These designs com-
bine engineering aspects and biomimicry for efficient mass and
energy transfer [7, 23, 27]. These novel bioreactors, specifically
designed for mammalian cell culture have different geometrical
configurations and working principles; however, their design
must fulfil the basic requirements as shown in Fig. 1. The data
in Tab. 1 exhibits various types of bioreactor design available
for mammalian cells based on their engineering characteristics.
It is evident that older technology bioreactors like stirred tanks
have had years of research and utilization for process improve-
ment, while more novel bioreactors like membrane (not cov-
ered in this review) and micro bioreactors, while showing
strong potential to grow mammalian cells, require further de-
velopment.

3 Chronological Advancement of
Bioreactors for Mammalian Cell
Culture: Growth Wheel of the
Biologicals Industry

Cell culture was traditionally done in glass tissue culture flasks
(TC-flasks) and spinner flasks. Later, in the 1960s, disposable
culture flasks made their way to the market [28]. The first use
of stirred tank bioreactors for mammalian cell culture was
reported in 1965 when BHK cells were grown at 30 L scale in
suspension for the production of inactivated foot and mouth
disease vaccine [13].
The bioreactor systems for the propagation of mammalian

cells that have been developed over the last 60 or more years
can be categorized in several ways. A major categorization is
whether the bioreactors are reusable or single-use bioreactors
(SUBs). Reusable bioreactors are vessels with rigid walls consti-
tuted of glass and/or stainless-steel and are cleaned and re-
sterilized after use. Disposable reactors, on the other hand, are
poly-plastic vessels which normally constitute a collapsible bag
which is discarded after use. Reactors are also classified in
terms of the method by which energy is introduced for mixing.
Examples include mechanically agitated systems with internal
energy delivery such as the stirred tank bioreactor; reactors
with external pumping of liquids such as the fluidized bed bio-
reactor or packed bed reactor; reactors driven by external
energy input such as the wave or orbitally shaken reactors; and
aerated systems such as the airlift reactor or bubble column.
The details of the major reactor types and the development

of bioreactors from the 1940s to 2021 has been summarized in
Tab. 2 depicting the trends in the bioreactor development in-
clude single-use technology and impeller free systems with
non-invasive probes for effective process control.

4 Review of Mammalian Cell Bioreactors

Mammalian cells have low oxygen demand as compared to
microbial cultures, however, oxygen is still a limiting factor for
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roller bottles, spinner flasks), (2) reusable bioreactors (e.g., con-
ventional glass vessels, stainless steel stirred tank bioreactor,
packed bed, pneumatically-driven bioreactors), (3) single-use
bioreactors (e.g., disposable stirred tank, wave mixed, orbitally
shaken, pneumatically driven and fixed bed bioreactors),
(4) novel bioreactor designs with different operating principles
(e.g., CelCradle, travelling wave, nucleo bioreactor with tum-
bling impeller, Pad bioreactor, vertical wheel and rotating wall
bioreactor), and (5) membrane bioreactors (CELLine flask). In
this article, these different bioreactor systems are evaluated for
their suitability for process development, scale-up, and the
evaluation of their engineering design for industry-specific
applications and commercialization.

2 Bioreactors – The Industrial
Workhorses

A bioreactor plays a dominant role in the production of biolog-
icals, and it has been regarded as the central production wheel
for the biopharmaceutical industry. The growing knowledge of
the cellular behavior of different cell lines and their interaction
with the macroenvironment inside the bioreactor has led to the
improvement of the bioreactor design to satisfy the industry
requirements. Margaritis and Wallace [8] elaborated the basic
requirements for the bioreactor design as shown in Fig. 1. The
design criteria takes a comprehensive approach to integrating
old knowledge of bioreactor design to the new knowledge
which works in unison with different process analytical tools
(PAT). The PAT enables online real-time monitoring of the pro-
cesses and associated process improvements by controlling

parameters stringently and reducing the risk of batch failure
[9].
The first and most important aspect of bioreactor design is

its wider suitability for varieties of cell systems, e.g., animal,
insect, fish, plants, and human cell lines [10]. Cell lines from
these sources are currently being used to produce different bio-
logical products. With the widespread knowledge and under-
standing of the microbiology and cell behavior of the different
cell systems, one can define the nutritional requirements by a
thorough understanding of the metabolic pathways and the
precursors required to produce primary and secondary metab-
olites. This will help in achieving high cell densities and the tar-
get product concentration. Furthermore, this knowledge will
enhance the culture longevity by knowing the interaction of a
cell system with the surrounding macroenvironment and
which would further aid in stringently maintaining and con-
trolling the microenvironment inside the cell.
Hydrodynamic characteristics of the bioreactor play a key

role in the growth of different cell lines. It directly affects the
mass and heat transfer capability of the culture system. In vari-
ous bioreactor designs (horizontal, vertical, or bag type), the
aspect ratio of the vessel and the type of impeller used, play a
crucial role in defining the hydrodynamic state of the bioreac-
tor. The mixing profile of Newtonian fluids further affect the
mass and heat transfer capability of the system. The important
aspect of bioreactor design is to provide a high surface area for
mass and heat transfer, an efficient mixing regime without pH,
temperature, and nutritional gradient, and with low power
input.
Another area of interest in the development of bioreactor

design is to provide a conducive environment to the growing
cells by controlling the macroenvironment surrounding the
cells. This directly influences the growth kinetics and metabolic
activity of the cells. Macroenvironment would further affect the
microenvironment inside the cells, which would lead them to
either high productivity or apoptosis. Clonal stability also plays
an important role in the production of biotherapeutic proteins.
Based on the clone stability, researchers can decide on the
mode of operations such as batch, fed batch and continuous/
perfusion. With the advancement of cutting-edge technologies
in molecular level screening and cell line development,
researchers lay emphasis in the development of kinetic models
to predict the behavior of cell lines under investigation in a bio-
reactor system. With the help of kinetic models, the problem of
low productivity of biotherapeutics with high cell density for
prolonged viability and reduced programmed cell death can be
investigated [11]. Strategies to support this include minimizing
pH and temperature fluctuations using proper mixing and by
reducing hydrodynamic shear by choosing the appropriate aer-
ation-agitation regimen [12].
In addition to well-integrated bioreactor designs for the cell

growth, separation of cells from the cultured broth is an impor-
tant step in downstream processing (DSP). Spin filters, dialysis,
gravity settlers, acoustic filters, hydrocyclones, continuous cen-
trifuges, tangential flow filtration, and alternating tangential
flow filtration are options available for separating cells from
the medium [13]. Many companies have incorporated some of
these separation technologies during perfusion culture in
their facilities such as inclined settlers (Chiron), spin filters
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(Centocor), and ultra-sound/acoustic devices (BioSep-Appli-
kon) [14]. Cell retention by immobilization of mammalian cells
has also proven to be successful in separating cells from the
culture broth without additional downstream steps, thus reduc-
ing the capital and operating/running cost of the system. Ulti-
mately, the success of the cell culture bioreactor design lies in
supporting high cell densities required for high productivities,
regardless of whether grown as adherent, suspension or immo-
bilized cultured cells [15–17].
The material of construction plays an important role in

designing bioreactors. The material should have regulatory
acceptance as outlined by the Food and Drug Administration
(FDA) in the Current Good Manufacturing Practice for Fin-
ished Pharmaceuticals guide under Subchapter C, subpart D,
21CFR211.65 [18] It is recommended that the material used
for all internal parts of the bioreactor in contact with product,
culture and/or media should be constructed from 316 L passi-
vated stainless steel. Other accessories used in the fabrication
of bioreactors should support low particle generation and ease
of cleanability [19]. Connectors on a bioreactor should be of
clean design, with tri-clover connections, diaphragm valves,
and sterilizable connections as standard features. For single-use
systems, low leachability and extractability of the materials of
construction are desirable, as these have negative effects on cell
growth, their viability and product purity [9, 20].
The last important aspect of the successful design of a bio-

reactor is its capability for economical scale-up of the processes
from the L to the m3 scale. It has been recommended that dur-
ing the process of designing prototype bioreactors, emphasis
should be given to the requirements for process development
and integration of accessories for large-scale manufacturing,
thus reduces the difficulties in scale up [21].
At present, various major pharmaceutical companies have

bioreactors with the maximum capacity in the range of 20 to
25m3 such as the large-scale cell culture bioreactors at Genen-
tech, Vacaville with a capacity of 25m3 and at Lonza, Singapore
with a capacity of 20m3 [22]. The advancement in control sys-
tems and instrumentation of these bioreactors have allowed for
an optimized macroenvironment leading to higher productiv-
ity, growth kinetics and metabolic activity of the cells [19].
The peculiar feature of the mammalian cells is that they have

semi-permeable outer cell membranes with the absence of a cell
wall. Due to this, these cells are shear-sensitive and fragile. The
fragility, large size, slow growth rates and low oxygen con-
sumption rates make mammalian cells difficult to grow [23].
Liquid shear forces from stirring, bubble formation and direct
sparging of the bioreactor have deleterious effects on the overall
growth of the shear-sensitive cell lines achieving optimum cell
density, viability, and productivity [13, 24, 25]. Therefore, there
is a need to develop strategies which could provide adequate
mass and heat transfer with low shear stress even at large scale.
Hence, several novel prototypes and bioreactor designs have

been developed for shear-sensitive mammalian cells. Different
designs extend different growth environments for optimal cell
growth and the expression of recombinant proteins. Therefore,
it is recommended to identify the critical process parameters
relevant for a particular application before designing or select-
ing the bioreactor. These parameters such as optimum cell den-
sity (cell growth), percentage viability, cellular oxygen demand

particularly at high cell density, viscosity, foaming, the cellular
settlement at the base or clumping, shear-stress sensitivity,
homogenous temperature, and scalability play an important
role in the selection of the bioreactor [26]. These designs com-
bine engineering aspects and biomimicry for efficient mass and
energy transfer [7, 23, 27]. These novel bioreactors, specifically
designed for mammalian cell culture have different geometrical
configurations and working principles; however, their design
must fulfil the basic requirements as shown in Fig. 1. The data
in Tab. 1 exhibits various types of bioreactor design available
for mammalian cells based on their engineering characteristics.
It is evident that older technology bioreactors like stirred tanks
have had years of research and utilization for process improve-
ment, while more novel bioreactors like membrane (not cov-
ered in this review) and micro bioreactors, while showing
strong potential to grow mammalian cells, require further de-
velopment.

3 Chronological Advancement of
Bioreactors for Mammalian Cell
Culture: Growth Wheel of the
Biologicals Industry

Cell culture was traditionally done in glass tissue culture flasks
(TC-flasks) and spinner flasks. Later, in the 1960s, disposable
culture flasks made their way to the market [28]. The first use
of stirred tank bioreactors for mammalian cell culture was
reported in 1965 when BHK cells were grown at 30 L scale in
suspension for the production of inactivated foot and mouth
disease vaccine [13].
The bioreactor systems for the propagation of mammalian

cells that have been developed over the last 60 or more years
can be categorized in several ways. A major categorization is
whether the bioreactors are reusable or single-use bioreactors
(SUBs). Reusable bioreactors are vessels with rigid walls consti-
tuted of glass and/or stainless-steel and are cleaned and re-
sterilized after use. Disposable reactors, on the other hand, are
poly-plastic vessels which normally constitute a collapsible bag
which is discarded after use. Reactors are also classified in
terms of the method by which energy is introduced for mixing.
Examples include mechanically agitated systems with internal
energy delivery such as the stirred tank bioreactor; reactors
with external pumping of liquids such as the fluidized bed bio-
reactor or packed bed reactor; reactors driven by external
energy input such as the wave or orbitally shaken reactors; and
aerated systems such as the airlift reactor or bubble column.
The details of the major reactor types and the development

of bioreactors from the 1940s to 2021 has been summarized in
Tab. 2 depicting the trends in the bioreactor development in-
clude single-use technology and impeller free systems with
non-invasive probes for effective process control.

4 Review of Mammalian Cell Bioreactors

Mammalian cells have low oxygen demand as compared to
microbial cultures, however, oxygen is still a limiting factor for
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high-density cell cultures. The oxygen mass transfer coefficient
(kLa) value of sparged stirred tank bioreactor falls between
1–15 h–1 [13, 29]. Eibl et al. [28] also outlined that for a typical
mammalian cell culture processes, oxygen mass transfer of
6–10 h–1 is sufficient to cater the oxygen demand for middle to
high cell densities, with a mixing time below 1 min and power
input of 70–80Wm–3.
It is the new normal for the industrial batch to achieve the

cell density ranging from 5 · 106–10 · 106 cellsmL–1. Some sys-
tems have been reported to achieve even higher cell densities,
especially in perfusion cultures. Most of the industrially ac-
cepted cell lines operate at a wide range of oxygen concentra-
tions (15–90%), whereas primary cell lines prefer to grow at
low oxygen concentrations mimicking in vivo conditions [30].
The typical oxygen uptake rate (OUR) of mammalian cells are
in the range of 0.5 · 10–10–8.0 · 10–10mmol cell–1h–1 [31]. Based
on these above-mentioned OUR values, the kLa values for cell
densities ranging from 1 · 106–100 ·106 cellsmL–1 were esti-
mated to be sufficient when the dissolved oxygen concentration

was maintained at 20 to 50% of air saturation as shown in
Tab. 3. For example, the oxygen mass transfer coefficient (kLa)
required to prevent O2 limitationfor 10 · 106 cellsmL–1 at 40%
air saturation would fall in the range of 4.2 to 67 h–1. The per-
centage of air saturation is also known as percentage dissolved
oxygen (%DO) in the liquid phase which is given by Eq. (1).

%DO ¼ CL

C*

� �
· 100 ð1Þ

Where, CL is actual oxygen concentration in the liquid phase,
C* is oxygen saturation concentration at equilibrium with air
[30]. The oxygen mass balance is given as the rate of change of
oxygen concentration during the batch dc/dt equaling to the
rate of oxygen transfer into the culture medium (OTR) minus
the oxygen consumed (OUR) by the cell as shown in Eq. (2).

dc
dt

¼ OTR� OUR ·Cx ð2Þ
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Table 1. Comparison of bioreactor systems for the growth and expression of biopharmaceutical products in mammalian cells – adapted
from [26].

Parameters Bioreactor Types

Re-usable
stirred tank
bioreactor

Single-use
stirred tank
bioreactor

Wave type
bioreactor

Shaken
bioreactor

Vertical
wheel bio-
reactor

Rectangular
bioreactor

Bubble col-
umn/airlift
bioreactor

Fixed bed
bioreactor

Membrane
bioreactor

Micro
bioreactor

O2 mass
transfer
(kLa)

+++ ++/+++ ++ ++/+++ ++ ++ ++ + + ++

Mixing
time

+1 ++2 ++ ++ ++ ++ ++ +++/++ ++ ++

Shear by
agitation

+++3 ++ + + + + + + + +

Shear by
aeration

+++ ++ + + + + +++ + + +

Power con-
sumption

+++ ++ ++ ++ ++ ++ + ++ + +

Operational
difficulty

++ ++ ++ ++ ++ ++ + +++ ++ +

Operational
flexibility

+++ ++ ++ ++ ++ ++ +++ + + +

CIP/SIP Yes No No No No No Yes No No No

Max.
volume

25 000 L 4000 L 2000 L 1000 L 500 L 1000 L 2000 L 30 L Data not
available

15mL

Ease of
scale up

Medium Medium Complex Complex Medium Medium Easy Complex Complex Complex

Monitoring
and control

+++ +++ +++ +++ +++ +++ +++ + + ++

Ease of
GMP
compliance

+++ +++ +++ +++ +++ +++ +++ Difficult Difficult Data not
available

1 + Low, 2 ++ Medium, 3 +++High
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Where Cx is the total number of cells at a given time; the
oxygen transfer rate (OTR) is given by Eq. (3).

OTR ¼ kLa C*� CLð Þ ð3Þ

The mass transfer efficiencies of different culture systems
obtained through literature have been compared with respect

to their mode of aeration in Fig. 2. Mass transfer efficiency of a
culture system primarily depends on the mode of aeration,
mode of agitation, power input and the volume of the culture.
Fig. 2 represents the indicative values of kLa of different culture
system irrespective of their volumes. The cell density of
10 · 106 cellsmL–1 is considered as an industrial benchmark for
an optimized process, while 40% air saturation is considered as
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Figure 2. Indicative kLa values of different culture systems based on the methods of their aeration. Crossed columns
represent kLa values of the various culture systems. Black column represents the kLa range for 10 · 106 cellsmL–1

with varying air saturation and the striped column represent the kLa values required for different cell densities at
40% of air saturation – data taken from [13, 31, 65, 77, 83, 84, 99, 102, 122, 127–130] (supplementary dataset: DOI:
https://doi.org/10.25375/uct.12263141).

Table 3. Estimated kLa values for various cell density at 20–50% of air saturation (supplementary dataset: DOI 10.25375/uct.12263141).

kLa [h
–1] with air

Cell densities
[ cellsmL–1]

20% air saturation 30% air saturation 40% air saturation 50% air saturation

Low High Low High Low High Low High

100 · 106 31.3 500 35.7 571.4 41.7 666.7 50 800

10 · 106 3.1 50 3.6 57.1 4.2 66.7 5 80

5 · 106 1.6 25 1.8 28.6 2.1 33.3 2.5 40

1 · 106 0.3 5 0.4 5.7 0.4 6.7 0.5 8
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the median oxygen saturation concentration range for estab-
lished mammalian cell lines.

4.1 Bioreactors without the Control Unit

Preliminary cell culture work is performed in culture systems
without any integrated control systems. The physiological con-
dition of the growing cells is maintained by keeping the culture
system inside an incubator. Such culture systems are broadly
divided into the static system grown in tissue culture flasks,
multi-tray culture vessels and dynamic systems typically grown
in Erlenmeyer shake flasks, roller bottles and spinner flasks.
These systems are typically used for initial process develop-
ment such as the adaptation of cell lines, clonal selection,
media and feed screening, and developing proof of concept for
the processes [27].

4.1.1 Static Culture

All static cultures require a humidified CO2 incubator to main-
tain suitable physiochemical conditions for the growth of
mammalian cells [28]. The CO2 incubator would provide the
physiological temperature of 37 �C and around 60–80% rela-
tive humidity. CO2 is used for the maintenance of pH of the
culture media at 7.0+ 0.2. The percentage of the CO2 purged
into the incubator generally falls between 5–10% and is depen-
dent on the concentration of bicarbonate used in the growth
medium. Static cell culture work was initially carried out by us-
ing glass tissue culture flasks. In the 1960s and 70s, glass tissue
culture flasks were replaced by polystyrene which led to single-
use technology. These flasks provide high volume to surface
area ratio and are available from 25 to 225 cm2 in a single layer
or up to a 5-layer format. Multi-stacked cell culture systems
were then introduced for the growth of adherent cultures for
the vaccine development at large scale. CellSTACK� from
Corning and Cell FactoryTM from Nunc are available in 10 and
40 layered closed systems. They also provide a high volume to
area ratio similar to tissue culture flasks (T-flask) but are very
difficult to handle due to their large size and volume. The HY-
PER Flasks� system from Corning offers multi-layered culture
system with 1720 cm2 of surface area which is around 10 folds
higher than a T-175 cm2 TC-flask [32]. Since there is no mixing
involved in the tissue culture flasks (TC-flasks), oxygenation of
media occurs through diffusion from the headspace to the me-
dia layer. At high cell density, oxygenation is a limiting factor
and accumulation of metabolic wastes have negative effects on
cell growth [22]. To overcome the limitation of surface area for
mass transfer, Corning introduced the 100-layered cell cube
system, which provides a surface area of 85 000 cm2. The liquid
medium is continuously circulated through the multiple cham-
bers of the cell cube through a media circulation pump for
nutrient and oxygen supply through an inlet port at the lower
corner of the plate and the media flow-out of the system from
the outlet port at the top corner of the cell cube system [32].
However, it has been reported that due to the large surface area,
improper fluid flow across the different layers of the cell cube
can result in non-uniform cell growth and shear stress [33].

4.1.2 Dynamic Culture

Six decades ago, the polio vaccine became the first vaccine to
be produced commercially where monkey kidney cells were in-
fected with Salk poliovirus on adherent surfaces. Subsequently,
the success of adapting baby hamster kidney (BHK) cells into
suspension culture triggered the use of mammalian cells for the
production of vaccines in a stainless steel stirred vessel [1]. De-
velopment of spinner flasks further aided the growth of mam-
malian cells in suspension culture. Spinner flasks and roller
bottles provide the starting platform for the development of
seed cultures and are currently available as reusable and dis-
posable units. The spinner flasks consist of a culture vessel with
side arms; these sidearms are used for the addition of media
and cells and withdrawal of samples and for the harvesting of
the culture aseptically. These flasks are kept on the magnetic
stirrer inside a CO2 incubator to provide mass and heat trans-
fer. The oxygen mass transfer coefficient (kLa) in spinner flasks
is reported to be in the range of 0.1–4.0 h–1 [7]. Roller bottles,
on the other hand, provide a much larger surface area for ad-
herent cultures. The roller bottles are rotated horizontally such
that gas exchange occurs through the liquid thin layer formed
on the surface of the rotating roller bottles by diffusion [7, 22].
The new advanced culture systems developed in the first

decade of the 2000s by Sartorius, such as the Sensolux flask
and Super Spinner D1000 that incorporate the pre-calibrated
pH and dissolved oxygen (DO) sensors for real-time monitor-
ing of these critical process parameters. The Sensolux flasks
contain pre-calibrated pH and DO sensor patches on it which
would be placed on a shaker tray platform. This shaker-tray
platform has optical sensors which aid in actual measurement
optically and non-invasively through fluorescence. In the case
of the SuperSpinner D 1000, a magnetic stirrer covered with a
hollow fibrous membrane provides bubble-free aeration with
gentle mixing. It has been reported that these SuperSpinner
flasks support higher cell densities compared to the standard
spinner and can achieve a kLa of 1.9–3.5 h

–1 [34].

4.2 Cell Culture Systems and Accessories for
Microcarrier Culture

The initial concept of growing adherent cells on microcarriers
as suspension culture was demonstrated by van Wezel [16].
Microcarriers are small spheres with a 90–300 mm diameter in
different geometrical shapes like cylindrical (DE53, Whatman)
and disk-shaped (Fibra-Cel, Eppendorf). They provide a large
surface area to volume (cm2mL–1) ratio and enhance mass
transfer efficiency and deliver consistent product quality over
static culture systems [35, 36]. Microcarriers are used to grow
adherent cells for large-scale suspension culture in stirred tank
bioreactors. These microcarriers are divided into two subtypes,
macroporous and solid. Macroporous carriers provide a larger
surface area, hence support higher cell density than solid mi-
crocarrier but yield less product than solid carriers. This is
mainly due to poor mass transfer capabilities which include
limited diffusion of nutrients into the center of macroporous
carrier and difficulty in removing toxic metabolite, which nega-
tively impacts the cell density and longevity of the culture [16].
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4.3 Reusable Bioreactor Systems

Reusable systems are those in which culture vessels are made
up of stainless steel and/or glass with a fixed vessel design and
addition ports. At pilot and commercial scale, the requirements
for water for injection (WFI), piping for clean steam and plant
steam, cascade sparging, cooling system and cleaning-in-place/
sterilization-in-place (CIP/SIP) is mandatory for the smooth
operation of a large bioreactor. Reusable bioreactors typically
start from 1 L (benchtop) and extend to 25m3 in commercial
scale to produce biologicals from mammalian cells. Stirred
tank, bubble column, airlift, packed bed bioreactors are exam-
ples of reusable bioreactors.

4.3.1 Stirred Tank Bioreactors (STRs)

Stirred tank bioreactors are the most conventional bioreactors
in which energy for mass and heat transfer is introduced into
the reactor mainly through the impeller shaft, driving fluid mo-
tion, and partially by sparging of gases. STRs have been engi-
neered quite extensively. Most of the bioprocesses in the bio-
pharmaceutical industry use the stirred tank bioreactor because
of its proven and well-established track record for upstream
process development and scale-up. They are the preferred pro-
duction platform for the biopharmaceutical industry [37, 38].
Owing to the sensitivity of mammalian cells to shear stress

caused by bursting air bubbles [39, 40], many methodologies
have been developed to provide sufficient oxygen to the mitotic
cells through micro and macro spargers, microporous silicone
tubes and aeration through the headspace (surface aeration).
High-density cultures require a high amount of oxygen supply,
which often is not met by surface oxygenation methods alone.
Therefore, direct sparging at large scale has proven, conven-
tionally, to be the best suitable method of supplying oxygen to
the growing cells [41]. Ozturk [41] also reported that high cell
density in the bioreactor depends on the mode of aeration. Sur-
face aeration alone (headspace) is not adequate for catering the
high oxygen demand of the cells whereas membrane aeration is
the most suitable mode of aeration at high density. Oxygena-
tion of the culture media can be done internally or externally
with the help of a basket (silicone tubing coiled around a stain-
less-steel casing) and a gas exchanger, respectively. The rate of
oxygenation depends on the length of the tubing per volume.
The membrane aeration has the limitation that it can only be
manageable up to 200 L and support the cell density up to
10 · 106 cellsmL–1.
In the case of direct sparging, the type of sparger plays an

important role in delivering the desired mass transfer coeffi-
cient for high cell density culture without impacting on the
overall cell growth. A micro sparger provides a large surface
area and high mass transfer efficiency to the high-density cul-
ture. The downside of using the micro sparger is that it also
generates small bubbles (< 2mm), which create foaming and
bubble bursting at the surface of the liquid [42]. In the case of
macro sparger, it is reported that the high mass transfer effi-
ciency can be achieved by providing higher gas flow rates as
compared to the microsparger to achieve the same cell density.
The bubbles formed in case of macro sparger are around

6–8mm in size and do not take part in foam formation and cell
death, because they travel faster upwards toward the surface
and carry fewer cells attached to the bubble surface [30, 41].
The Oxygen Uptake Rate (OUR) of high cell density cultures

determines the required kLa or oxygen transfer threshold of a
system to support the growing cells, below which respiration
becomes growth limiting. To meet this oxygen demand, differ-
ent combinations of aeration-agitation regimen are tested to
meet the operating window while avoiding hydrodynamic
shear, bubble damage and foam formation as indicated in Fig. 3
The dotted lines in Fig. 3 represent the boundaries, that in a
given system, these boundary walls are flexible. The flexibility
of these boundaries depends on the type of bioreactor system
used, cell type, aeration-agitation regime, and process condi-
tions. Woodley and Titchener-Hooker [43] and Mersmann et al.
[44] explained this operating window for themicrobial system in
general andMarks [19] formammalian cells in particular.

Mixing is necessary to keep the cells in suspension, provide
homogeneity and to provide optimum mass and heat transfer.
The choice of the impeller type is important in designing bio-
reactors for different types of cell systems. The Rushton turbine
impellers exhibit radial flow which is used to maximize gas-
liquid mass transfer, but this creates dispersion and shear in
the reactor, hence negatively impacting the growth of shear-
sensitive mammalian cells. Usually, axial flow impellers (ma-
rine or pitched blade) are used for the cultivation of mammali-
an cells; these induce axial flow. The motion of the fluid moves
up and down along the shaft/axis assisting in effective mixing
from top to bottom with low shear conditions [45]. Inappropri-
ate mixing creates dead zones in bioreactors which would lead
to low cell density and accumulation of undesired by-products
which triggers necrosis and cell death by apoptosis. This would
result in inconsistent batches and poor overall productivity
[12]. The selection of the suitable impeller type and agitation
rate mainly depends on the cell type used, the aspect ratio of
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Figure 3. Sparging and agitation regimens for mammalian cells
in stirred tank bioreactors – adapted from [19, 43, 44].

the culture vessel, the scale of the bioreactor and more impor-
tantly, the oxygen demand of the cells and the stripping of the
carbon dioxide (CO2) at the same agitation rate without com-
promising the shear-sensitivity of the cells [12, 46]. The remov-
al of CO2 from the culture system is an important parameter
for the selection of the agitator while designing a bioreactor. It
has been reported that the specific production rate of CO2 for
CHO cells is 4–6 pmol cell–1day–1 and for the efficient removal
of CO2 from the system requires a CO2 mass transfer coeffi-
cient (kLaCO2) of 40–50 h

–1 for a cell density of 10 · 106 cells-
mL–1 [47].
An approach to the mitigating accumulation of undesired

by-products is continuous culture systems. Continuous biopro-
cessing generally requires more complex integration of multi-
ple unit operations, where the output of one unit is successfully
handled by other units downstream. Continuous bioprocessing
can be extended to perfusion systems. In this case, fresh media
(containing nutrients, non-essential amino acids, growth fac-
tors and trace elements) are continuously fed to the bioreactor
at a constant rate simultaneously with the withdrawal of the
product at a rate equal to medium addition to avoid nutrient
limitation and minimize metabolite accumulation but with cell
retention in the bioreactor [48, 49]. Perfusion culture has
gained attention from the biopharma industry to manufacture
various biologicals products such as monoclonal antibodies,
vaccines, and growth factors due to better process monitoring
and control, high productivity, and conducive environment to
the cell as compared to batch and fed-batch system [50]. The
other benefit of perfusion culture is achieving industrial-scale
productivity from the pilot-scale facility without using large
equipment [19, 51]. However, the considerable issue regarding
the use of perfusion system depends on the reliability of the cell
retention devices such as spin filters, crossflow membrane,
inclined settlers, continuous centrifuges, and ultrasonic separa-
tors which aid in easy product harvesting and down streaming
[7, 14, 52]. The efforts should be made to use these devices opti-
mally during the continuous operation by optimizing the per-
fusion rate and cell density to avoid clogging.

4.3.2 Airlift and Bubble Column Bioreactor
(Pneumatically Driven Bioreactors)

The airlift and bubble column bioreactors operate pneumati-
cally, where both oxygenation and mixing are done by rising
bubbles. The stochastic movement of rising bubbles results in
mass and heat transfer and mixing in these bioreactors. In air-
lift bioreactors, the air is sparged into only a compartment of
the reactor, ascending through a riser before disengaging such
that the unaerated liquid returns to the bottom of the reactor
via the downcomer as a result of the density gradient, driving
the recirculation of the cells and nutrient components in a cir-
cular fluid flow motion. Without impellers and a mechanical
seal, these bioreactors have lower chances of contamination
and facilitate easy cleaning [16]. Hydrodynamic properties of
these bioreactors mainly depend on the type of sparger, gas
flow rate, and liquid circulation velocity, rheology of the culture
broth and most importantly the aspect ratio of the bioreactor.
The typical aspect ratio of these bioreactors (height/diameter)

is in the range of 14 for small-scale and 6–7 with larger scales
[7]. Airlift bioreactors have been scaled up to 2m3 for the pro-
duction of monoclonal antibodies in fed-batch mode [16, 53].
Despite good mixing and mass transfer, the design faces some
limitation such as back mixing between gas and liquid phase,
high-pressure drop, foaming, dead zones, bursting bubbles and
bubble coalescence [21].
On the other hand, the bubble column systems represent a

column with a much larger height than the diameter of the col-
umn with an internal sparger to inject gas flow inside the col-
umn. The mixing is achieved by stochastic movement of bub-
bles inside the column and hydrodynamic conditions mainly
depend on the type of sparger, gas flow rate, column geometry
and the medium rheology [7]. The bubble column bioreactor
has been used to cultivate the shear-sensitive cell lines such as a
hybridoma, lymphoma, BHK 21 and insect cell line Sf 21. It was
concluded that in suspension culture, cell death is linked to the
bubble rupture at the surface of the liquid-gas interface and sig-
nificantly at the orifice of the sparger where the bubble is
formed [54, 55]. Due to poor mixing, as compared to a stirred
tank, the cultivation of mammalian cells in bubble column bio-
reactor has not been reported as yet at commercial scale [7, 56].

4.3.3 Fluidized Bed Bioreactor

The fluidized bed bioreactor is used for the cultivation of mam-
malian cells in suspension culture, where cells are immobilized
on porous microcarriers or beads. The working principle of
this type of bioreactor is that the beads with a higher density
than the culture medium will be kept in suspension by the
upward flow of the growth medium [16]. Fluidized bioreactors
are vessels with a high aspect ratio, where solid-fluid mixing is
vastly homogenous. It exhibits good mass and heat transfer
due to the large surface contact area between the gas and liquid
phases, hence showing good mixing and relatively low power
requirements. The unique feature of fluidization of the immo-
bilized cells depends on their settling velocity and density of
the cells per bead. Heavy cells would be retained in the biore-
actor due to gravity whereas free cells and debris will be washed
out if their settling velocity is less than the liquid velocity [57].
Due to the high aspect ratio, the formation of oxygen gradient
is a hindrance in scale-up. In an upward flow of the medium,
the concentration of oxygen decreases from the bottom of the
bed to the top [7]. Fluidized bioreactors exert low shear forces
on the growing cells, making them a good choice for the propa-
gation of animal and plant cells [8, 23]. Commercially available
fluidized bed bioreactor systems of, up to 400 L scale are avail-
able which can support the cell density of 2 · 108 cellsmL–1 but
there are yet licensed processes that use the fluidized bed as
their production platform [16].

4.3.4 Fixed or Packed Bed Bioreactor

Many cell lines are difficult to adapt to suspension cultures, for
example, Vero cells. Fixed bed bioreactors have been used for
the propagation of such adherent cells for the production of
monoclonal antibodies, vaccines, biotherapeutics proteins, ret-
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4.3 Reusable Bioreactor Systems

Reusable systems are those in which culture vessels are made
up of stainless steel and/or glass with a fixed vessel design and
addition ports. At pilot and commercial scale, the requirements
for water for injection (WFI), piping for clean steam and plant
steam, cascade sparging, cooling system and cleaning-in-place/
sterilization-in-place (CIP/SIP) is mandatory for the smooth
operation of a large bioreactor. Reusable bioreactors typically
start from 1 L (benchtop) and extend to 25m3 in commercial
scale to produce biologicals from mammalian cells. Stirred
tank, bubble column, airlift, packed bed bioreactors are exam-
ples of reusable bioreactors.

4.3.1 Stirred Tank Bioreactors (STRs)

Stirred tank bioreactors are the most conventional bioreactors
in which energy for mass and heat transfer is introduced into
the reactor mainly through the impeller shaft, driving fluid mo-
tion, and partially by sparging of gases. STRs have been engi-
neered quite extensively. Most of the bioprocesses in the bio-
pharmaceutical industry use the stirred tank bioreactor because
of its proven and well-established track record for upstream
process development and scale-up. They are the preferred pro-
duction platform for the biopharmaceutical industry [37, 38].
Owing to the sensitivity of mammalian cells to shear stress

caused by bursting air bubbles [39, 40], many methodologies
have been developed to provide sufficient oxygen to the mitotic
cells through micro and macro spargers, microporous silicone
tubes and aeration through the headspace (surface aeration).
High-density cultures require a high amount of oxygen supply,
which often is not met by surface oxygenation methods alone.
Therefore, direct sparging at large scale has proven, conven-
tionally, to be the best suitable method of supplying oxygen to
the growing cells [41]. Ozturk [41] also reported that high cell
density in the bioreactor depends on the mode of aeration. Sur-
face aeration alone (headspace) is not adequate for catering the
high oxygen demand of the cells whereas membrane aeration is
the most suitable mode of aeration at high density. Oxygena-
tion of the culture media can be done internally or externally
with the help of a basket (silicone tubing coiled around a stain-
less-steel casing) and a gas exchanger, respectively. The rate of
oxygenation depends on the length of the tubing per volume.
The membrane aeration has the limitation that it can only be
manageable up to 200 L and support the cell density up to
10 · 106 cellsmL–1.
In the case of direct sparging, the type of sparger plays an

important role in delivering the desired mass transfer coeffi-
cient for high cell density culture without impacting on the
overall cell growth. A micro sparger provides a large surface
area and high mass transfer efficiency to the high-density cul-
ture. The downside of using the micro sparger is that it also
generates small bubbles (< 2mm), which create foaming and
bubble bursting at the surface of the liquid [42]. In the case of
macro sparger, it is reported that the high mass transfer effi-
ciency can be achieved by providing higher gas flow rates as
compared to the microsparger to achieve the same cell density.
The bubbles formed in case of macro sparger are around

6–8mm in size and do not take part in foam formation and cell
death, because they travel faster upwards toward the surface
and carry fewer cells attached to the bubble surface [30, 41].
The Oxygen Uptake Rate (OUR) of high cell density cultures

determines the required kLa or oxygen transfer threshold of a
system to support the growing cells, below which respiration
becomes growth limiting. To meet this oxygen demand, differ-
ent combinations of aeration-agitation regimen are tested to
meet the operating window while avoiding hydrodynamic
shear, bubble damage and foam formation as indicated in Fig. 3
The dotted lines in Fig. 3 represent the boundaries, that in a
given system, these boundary walls are flexible. The flexibility
of these boundaries depends on the type of bioreactor system
used, cell type, aeration-agitation regime, and process condi-
tions. Woodley and Titchener-Hooker [43] and Mersmann et al.
[44] explained this operating window for themicrobial system in
general andMarks [19] formammalian cells in particular.

Mixing is necessary to keep the cells in suspension, provide
homogeneity and to provide optimum mass and heat transfer.
The choice of the impeller type is important in designing bio-
reactors for different types of cell systems. The Rushton turbine
impellers exhibit radial flow which is used to maximize gas-
liquid mass transfer, but this creates dispersion and shear in
the reactor, hence negatively impacting the growth of shear-
sensitive mammalian cells. Usually, axial flow impellers (ma-
rine or pitched blade) are used for the cultivation of mammali-
an cells; these induce axial flow. The motion of the fluid moves
up and down along the shaft/axis assisting in effective mixing
from top to bottom with low shear conditions [45]. Inappropri-
ate mixing creates dead zones in bioreactors which would lead
to low cell density and accumulation of undesired by-products
which triggers necrosis and cell death by apoptosis. This would
result in inconsistent batches and poor overall productivity
[12]. The selection of the suitable impeller type and agitation
rate mainly depends on the cell type used, the aspect ratio of
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Figure 3. Sparging and agitation regimens for mammalian cells
in stirred tank bioreactors – adapted from [19, 43, 44].

the culture vessel, the scale of the bioreactor and more impor-
tantly, the oxygen demand of the cells and the stripping of the
carbon dioxide (CO2) at the same agitation rate without com-
promising the shear-sensitivity of the cells [12, 46]. The remov-
al of CO2 from the culture system is an important parameter
for the selection of the agitator while designing a bioreactor. It
has been reported that the specific production rate of CO2 for
CHO cells is 4–6 pmol cell–1day–1 and for the efficient removal
of CO2 from the system requires a CO2 mass transfer coeffi-
cient (kLaCO2) of 40–50 h

–1 for a cell density of 10 · 106 cells-
mL–1 [47].
An approach to the mitigating accumulation of undesired

by-products is continuous culture systems. Continuous biopro-
cessing generally requires more complex integration of multi-
ple unit operations, where the output of one unit is successfully
handled by other units downstream. Continuous bioprocessing
can be extended to perfusion systems. In this case, fresh media
(containing nutrients, non-essential amino acids, growth fac-
tors and trace elements) are continuously fed to the bioreactor
at a constant rate simultaneously with the withdrawal of the
product at a rate equal to medium addition to avoid nutrient
limitation and minimize metabolite accumulation but with cell
retention in the bioreactor [48, 49]. Perfusion culture has
gained attention from the biopharma industry to manufacture
various biologicals products such as monoclonal antibodies,
vaccines, and growth factors due to better process monitoring
and control, high productivity, and conducive environment to
the cell as compared to batch and fed-batch system [50]. The
other benefit of perfusion culture is achieving industrial-scale
productivity from the pilot-scale facility without using large
equipment [19, 51]. However, the considerable issue regarding
the use of perfusion system depends on the reliability of the cell
retention devices such as spin filters, crossflow membrane,
inclined settlers, continuous centrifuges, and ultrasonic separa-
tors which aid in easy product harvesting and down streaming
[7, 14, 52]. The efforts should be made to use these devices opti-
mally during the continuous operation by optimizing the per-
fusion rate and cell density to avoid clogging.

4.3.2 Airlift and Bubble Column Bioreactor
(Pneumatically Driven Bioreactors)

The airlift and bubble column bioreactors operate pneumati-
cally, where both oxygenation and mixing are done by rising
bubbles. The stochastic movement of rising bubbles results in
mass and heat transfer and mixing in these bioreactors. In air-
lift bioreactors, the air is sparged into only a compartment of
the reactor, ascending through a riser before disengaging such
that the unaerated liquid returns to the bottom of the reactor
via the downcomer as a result of the density gradient, driving
the recirculation of the cells and nutrient components in a cir-
cular fluid flow motion. Without impellers and a mechanical
seal, these bioreactors have lower chances of contamination
and facilitate easy cleaning [16]. Hydrodynamic properties of
these bioreactors mainly depend on the type of sparger, gas
flow rate, and liquid circulation velocity, rheology of the culture
broth and most importantly the aspect ratio of the bioreactor.
The typical aspect ratio of these bioreactors (height/diameter)

is in the range of 14 for small-scale and 6–7 with larger scales
[7]. Airlift bioreactors have been scaled up to 2m3 for the pro-
duction of monoclonal antibodies in fed-batch mode [16, 53].
Despite good mixing and mass transfer, the design faces some
limitation such as back mixing between gas and liquid phase,
high-pressure drop, foaming, dead zones, bursting bubbles and
bubble coalescence [21].
On the other hand, the bubble column systems represent a

column with a much larger height than the diameter of the col-
umn with an internal sparger to inject gas flow inside the col-
umn. The mixing is achieved by stochastic movement of bub-
bles inside the column and hydrodynamic conditions mainly
depend on the type of sparger, gas flow rate, column geometry
and the medium rheology [7]. The bubble column bioreactor
has been used to cultivate the shear-sensitive cell lines such as a
hybridoma, lymphoma, BHK 21 and insect cell line Sf 21. It was
concluded that in suspension culture, cell death is linked to the
bubble rupture at the surface of the liquid-gas interface and sig-
nificantly at the orifice of the sparger where the bubble is
formed [54, 55]. Due to poor mixing, as compared to a stirred
tank, the cultivation of mammalian cells in bubble column bio-
reactor has not been reported as yet at commercial scale [7, 56].

4.3.3 Fluidized Bed Bioreactor

The fluidized bed bioreactor is used for the cultivation of mam-
malian cells in suspension culture, where cells are immobilized
on porous microcarriers or beads. The working principle of
this type of bioreactor is that the beads with a higher density
than the culture medium will be kept in suspension by the
upward flow of the growth medium [16]. Fluidized bioreactors
are vessels with a high aspect ratio, where solid-fluid mixing is
vastly homogenous. It exhibits good mass and heat transfer
due to the large surface contact area between the gas and liquid
phases, hence showing good mixing and relatively low power
requirements. The unique feature of fluidization of the immo-
bilized cells depends on their settling velocity and density of
the cells per bead. Heavy cells would be retained in the biore-
actor due to gravity whereas free cells and debris will be washed
out if their settling velocity is less than the liquid velocity [57].
Due to the high aspect ratio, the formation of oxygen gradient
is a hindrance in scale-up. In an upward flow of the medium,
the concentration of oxygen decreases from the bottom of the
bed to the top [7]. Fluidized bioreactors exert low shear forces
on the growing cells, making them a good choice for the propa-
gation of animal and plant cells [8, 23]. Commercially available
fluidized bed bioreactor systems of, up to 400 L scale are avail-
able which can support the cell density of 2 · 108 cellsmL–1 but
there are yet licensed processes that use the fluidized bed as
their production platform [16].

4.3.4 Fixed or Packed Bed Bioreactor

Many cell lines are difficult to adapt to suspension cultures, for
example, Vero cells. Fixed bed bioreactors have been used for
the propagation of such adherent cells for the production of
monoclonal antibodies, vaccines, biotherapeutics proteins, ret-
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roviral vectors and the propagation of tissues for artificial
organs [58–60]. Cells are immobilized or fixed either inside or
outside the carrier structure (microcarriers, macroporous
beads, fibrous bed) and the oxygenated medium is recirculated
from the reservoir to the vessel continues to feed the growing
cells There are two aspects of the packed bed bioreactor config-
uration, wherein one the packed beds are outside the reservoir
and the oxygenated medium is recirculated with a pump across
the external bed, whereas in the other configuration, the
packed bed is located inside the vessel and the oxygenated me-
dium is circulated continuously across the internal bed [61].
Due to low hydrodynamic shear, high cell densities are

attained in the packed bed bioreactor with few mammalian
cells in suspension compared to stirred tank bioreactor [62].
The disadvantage of packed bed bioreactors is their low mass
and heat transfer due to the low velocity of medium circula-
tion. This low availability of oxygen, nutrients, and the limited
removal of toxic metabolites limits cell growth [16, 60]. Portner
et al. [63] reported that in small scale fixed-bed bioreactor with
bed length up to 15 cm, media flow axially across the bed to
eliminate the issue of oxygen limitation. In the case of larger
fixed bed height, media was pumped radially to the bed width
to overcome the oxygen demand for the growing cells [60, 63].
This problem can also be overcome by enhancing intra-particle
convective flow where nutrients and oxygen are delivered to
growing cells immobilized in the porous beads. This fluid flow
is improved by applying pressure and controlling bulk fluid
flows to enhance convection and diffusion of nutrients and
oxygen into the porous bead [64]. Immobilized mammalian
cells have been carried out in fixed-bed bioreactors at cell den-
sities of 1 · 108 to 5 · 108 cellsmL–1 and these reactors support
kLa values of 8.0 [65] as shown in Fig. 2. The maximum scale
of fixed bed bioreactor reported to date is 30 L bed volume for
the biotransformation using immobilized enzyme and in
waste-water treatment [59]. Zhang et al. [17] introduced a nov-
el fixed bed cell tank bioreactor for CHO cells expressing IgG
monoclonal antibody developed by PerfuseCell, Denmark. The
peculiar feature of the cell tank bioreactor is that it can support
both adherent and suspension-adapted cell lines. The growing
cells are retained in a non-woven polyester matrix placed in a
chamber and immersed in a reservoir containing growth me-
dium. The growth medium is delivered to the growing cells in
the matrix with the help of a magnetic stirrer bead placed at
the bottom of the bioreactor. The bioreactor is placed on a
magnetic stirrer and the stirrer bead acts as a centrifugal pump
by force circulating liquid from the media reservoir into the
cassette where the matrix is suspended. The maximum cell
density achieved across different runs was 200 · 106 cellsmL–1

and the titer of the monoclonal antibody achieved was 1.42 g in
the matrix of 15mL volume [17].

4.4 Single-Use Technology (SUT) – Broadening
the Horizon of Biological Manufacturing

Disposable bioreactors use a culture bag or vessel made up of
flexible plastic material [66]. In the last decade, this technology
has emerged as an alternative cost-effective and flexible plat-
form for both laboratory-scale process development and com-

mercial-scale manufacturing of biologicals. It has been esti-
mated that setting up a new production facility based on
single-use systems could lower the capital cost by 40% as com-
pared to commissioning a conventional hard pipe facility and
it could also lower the operating cost by around 22% per batch
as compared to a batch taken in a conventional facility. The
savings are mainly because of the elimination of the CIP
(cleaning in place) and SIP (sterilization in place) steps, which
reduces the utilization of WFI and chemicals such as phos-
phoric acid and sodium hydroxide which are used in conven-
tional bioreactors. It has also been reported that the water us-
age in the single-use plant is 46% lower and the carbon foot-
print by 35% lower than in the traditional stainless-steel plant
[9, 67–70]. Single-use technology is not only confined to the re-
actor component through cultivation bags but also liquid me-
dia storage bags, sampling devices, and modular facility design
which includes downstream unit operation accessories like
depth filters, ultrafiltration and disposable chromatography
columns [9].
Disposable bioreactor systems work on a variety of operating

principles such as static culture systems which includes single
and multi-layered tissue culture flasks, multi-stack culture ves-
sels, CELLine bioreactor and dynamic culture systems which
includes wave-induced mixing, use of the tumbling impeller or
vibromixer to mimic stirring as in the case of STR, pneumati-
cally-driven mixing, and shaking vessel systems. Disposable
technology have many advantages over conventional bioreac-
tors as there are no requirements for CIP and SIP, low initial
capex investment, easy handling, reduced turnaround time
between batches, ability to take multiple products in the same
facility, minimum cross-contamination, reduced validation re-
quirements, minimum usage of WFI and have a low carbon
and energy footprint. Single-use technology, like hard piped
facilities, is also easily integrated with process analytical tools
(PAT) for the development of repeatable and robust processes
by implementing quality by design (QbD) approach. However,
compared to hard-piped stainless-steel facility which has lim-
ited scope for modularity, single-use facility can be fully modu-
lar and therefore allows for quick campaign changes, increased
flexibility and improved equipment utilization. which further
assist in easy validation and regulatory approvals [26, 71–73].
In pre-existing manufacturing plants with hard pipe struc-

tured facilities, there is scope for the transition to disposable
technologies even with the involvement of prior capital invest-
ments, facility design and facility approval from the competent
authorities. Companies carry out a step- by- step integration of
the permanent hard structured facility to disposable accessories
by incorporating the use of tubing, air vent capsules, TFF cas-
settes, preparation of seed inoculum in small bags and/or com-
plete disposable unit operations. It has been reported that if the
product has less than 50 batches annum–1, single-use technol-
ogy will prove economically beneficial otherwise reusable tech-
nology would still be the best option alongside hybrid facilities
where part of the unit operations are carried out with dispos-
ables. Small and start-up companies have a greater interest in
adopting single-use technology for a speedy pre-clinical and
clinical trial material generation without compromising the
sterility of the product and with a reduced product delivery
span [74]. Additionally, the use of disposable technology is
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roviral vectors and the propagation of tissues for artificial
organs [58–60]. Cells are immobilized or fixed either inside or
outside the carrier structure (microcarriers, macroporous
beads, fibrous bed) and the oxygenated medium is recirculated
from the reservoir to the vessel continues to feed the growing
cells There are two aspects of the packed bed bioreactor config-
uration, wherein one the packed beds are outside the reservoir
and the oxygenated medium is recirculated with a pump across
the external bed, whereas in the other configuration, the
packed bed is located inside the vessel and the oxygenated me-
dium is circulated continuously across the internal bed [61].
Due to low hydrodynamic shear, high cell densities are

attained in the packed bed bioreactor with few mammalian
cells in suspension compared to stirred tank bioreactor [62].
The disadvantage of packed bed bioreactors is their low mass
and heat transfer due to the low velocity of medium circula-
tion. This low availability of oxygen, nutrients, and the limited
removal of toxic metabolites limits cell growth [16, 60]. Portner
et al. [63] reported that in small scale fixed-bed bioreactor with
bed length up to 15 cm, media flow axially across the bed to
eliminate the issue of oxygen limitation. In the case of larger
fixed bed height, media was pumped radially to the bed width
to overcome the oxygen demand for the growing cells [60, 63].
This problem can also be overcome by enhancing intra-particle
convective flow where nutrients and oxygen are delivered to
growing cells immobilized in the porous beads. This fluid flow
is improved by applying pressure and controlling bulk fluid
flows to enhance convection and diffusion of nutrients and
oxygen into the porous bead [64]. Immobilized mammalian
cells have been carried out in fixed-bed bioreactors at cell den-
sities of 1 · 108 to 5 · 108 cellsmL–1 and these reactors support
kLa values of 8.0 [65] as shown in Fig. 2. The maximum scale
of fixed bed bioreactor reported to date is 30 L bed volume for
the biotransformation using immobilized enzyme and in
waste-water treatment [59]. Zhang et al. [17] introduced a nov-
el fixed bed cell tank bioreactor for CHO cells expressing IgG
monoclonal antibody developed by PerfuseCell, Denmark. The
peculiar feature of the cell tank bioreactor is that it can support
both adherent and suspension-adapted cell lines. The growing
cells are retained in a non-woven polyester matrix placed in a
chamber and immersed in a reservoir containing growth me-
dium. The growth medium is delivered to the growing cells in
the matrix with the help of a magnetic stirrer bead placed at
the bottom of the bioreactor. The bioreactor is placed on a
magnetic stirrer and the stirrer bead acts as a centrifugal pump
by force circulating liquid from the media reservoir into the
cassette where the matrix is suspended. The maximum cell
density achieved across different runs was 200 · 106 cellsmL–1

and the titer of the monoclonal antibody achieved was 1.42 g in
the matrix of 15mL volume [17].

4.4 Single-Use Technology (SUT) – Broadening
the Horizon of Biological Manufacturing

Disposable bioreactors use a culture bag or vessel made up of
flexible plastic material [66]. In the last decade, this technology
has emerged as an alternative cost-effective and flexible plat-
form for both laboratory-scale process development and com-

mercial-scale manufacturing of biologicals. It has been esti-
mated that setting up a new production facility based on
single-use systems could lower the capital cost by 40% as com-
pared to commissioning a conventional hard pipe facility and
it could also lower the operating cost by around 22% per batch
as compared to a batch taken in a conventional facility. The
savings are mainly because of the elimination of the CIP
(cleaning in place) and SIP (sterilization in place) steps, which
reduces the utilization of WFI and chemicals such as phos-
phoric acid and sodium hydroxide which are used in conven-
tional bioreactors. It has also been reported that the water us-
age in the single-use plant is 46% lower and the carbon foot-
print by 35% lower than in the traditional stainless-steel plant
[9, 67–70]. Single-use technology is not only confined to the re-
actor component through cultivation bags but also liquid me-
dia storage bags, sampling devices, and modular facility design
which includes downstream unit operation accessories like
depth filters, ultrafiltration and disposable chromatography
columns [9].
Disposable bioreactor systems work on a variety of operating

principles such as static culture systems which includes single
and multi-layered tissue culture flasks, multi-stack culture ves-
sels, CELLine bioreactor and dynamic culture systems which
includes wave-induced mixing, use of the tumbling impeller or
vibromixer to mimic stirring as in the case of STR, pneumati-
cally-driven mixing, and shaking vessel systems. Disposable
technology have many advantages over conventional bioreac-
tors as there are no requirements for CIP and SIP, low initial
capex investment, easy handling, reduced turnaround time
between batches, ability to take multiple products in the same
facility, minimum cross-contamination, reduced validation re-
quirements, minimum usage of WFI and have a low carbon
and energy footprint. Single-use technology, like hard piped
facilities, is also easily integrated with process analytical tools
(PAT) for the development of repeatable and robust processes
by implementing quality by design (QbD) approach. However,
compared to hard-piped stainless-steel facility which has lim-
ited scope for modularity, single-use facility can be fully modu-
lar and therefore allows for quick campaign changes, increased
flexibility and improved equipment utilization. which further
assist in easy validation and regulatory approvals [26, 71–73].
In pre-existing manufacturing plants with hard pipe struc-

tured facilities, there is scope for the transition to disposable
technologies even with the involvement of prior capital invest-
ments, facility design and facility approval from the competent
authorities. Companies carry out a step- by- step integration of
the permanent hard structured facility to disposable accessories
by incorporating the use of tubing, air vent capsules, TFF cas-
settes, preparation of seed inoculum in small bags and/or com-
plete disposable unit operations. It has been reported that if the
product has less than 50 batches annum–1, single-use technol-
ogy will prove economically beneficial otherwise reusable tech-
nology would still be the best option alongside hybrid facilities
where part of the unit operations are carried out with dispos-
ables. Small and start-up companies have a greater interest in
adopting single-use technology for a speedy pre-clinical and
clinical trial material generation without compromising the
sterility of the product and with a reduced product delivery
span [74]. Additionally, the use of disposable technology is
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50% more energy-efficient than reusable technology. With the
only energy-intensive operation on the disposal of used biohaz-
ardous bags with either incineration, chemical treatment, or
through autoclaving and inactivation [71].
Despite all the benefits of disposable technology, there are

concerns from industry leaders concerning the strength of the
plastic material for scaling up, the accuracy of disposable non-
invasive sensors, the integrity of bioreactor accessories such as
sampling devices and the increased probability of extractable
and leachable in the final product. Additionally, disposable
technology is not environmentally friendly as it generates a
large amount of non-biodegradable plastic waste [9]. Fig. 4
summarizes the holistic perspective around the use of dispos-
able bioreactor including advantages, disadvantages, scope of
improvement and the key driving factors.
Major companies dealing in single-use technology have

started addressing the various drawbacks to broaden the scope
of their usability. For example, Cytiva invested USD 5million
to set up a lab for the testing of extractable and leachable from
the single-use consumables for the on-going support to their
products [75].
The key driver for the expansion of single-use technology in

biomanufacturing is their ability to extend modularity in bio-
logicals manufacturing. Most of their components are simply
‘‘plug and play’’, which assists in manufacturing multiple prod-
ucts in the same facility by reducing the down time. Many big
companies have shifted their processes from traditional units
to single-use manufacturing units. In December 2014, Amgen
inaugurated its fully modular single-use technology-based bio-
manufacturing facility at Tuas, Singapore and Cytiva expanded

its single-use technology portfolio by acquiring Xcellerex, a
biotechnology company dealing in single-use bioreactors (XDR
series) and its accompanying Flexfactory technology for modu-
lar manufacturing platform manufacturing. Abzena has also
joint-ventured with Sartorius-Stedim Biotech to equip their
two integrated facilities based in Bristol, PA and San Diego, CA
with single-use biomanufacturing units [75, 76].
In the last decade, many companies have ventured into the

space of disposable bioreactors for the propagation of mamma-
lian cells by developing innovative new technologies using vari-
ous operating principles as shown in Tab. 4. Other designs have
also demonstrated their suitability for mammalian cell culture
based on various novel principles, e.g., pneumatically driven
PBS bioreactor, cell tumbler (CerCell), Pad reactor with cubical
design, and Bio-t bag with vibromixer technology [77]. The
main players in the space of disposable bioreactors are Sartor-
ius-Stedim (Biostat CultiBag STR), Cytiva (WAVE Bioreactor),
Xcellerex (XDR), Thermo Fisher (SUB-Single-use Bioreactor),
PBS Biotech (PBS Bioreactor), and Bayer Technology (Bay-
Shake) [7, 28, 77, 78].

4.4.1 Wave Bioreactors

The first wave-induced bioreactor was designed by Dr. Vijay
Singh in 1999; it demonstrated that wave-induced motion pro-
vides good mixing and mass transfer with minimum shear
stress to the growing mammalian cultures such as Sf 9, HEK
293, and NS0 cell lines [79]. Wave bioreactors are made up of a
culture bag, typically rectangular in shape, which is partially

filled with growth medium and cells and inflated
with a gas mixture or air. The bag is placed on a
rocking platform which moves at an optimized an-
gle and speed. The rocking movement of the plat-
form provides sufficient agitation, mixing, heat and
mass transfer. Wave and undertow bioreactors have
also been developed for the production of biologi-
cals that use different host cell systems like plant
cells [80]. Oxygen is transferred from headspace to
the cultured broth through entrainment of air by
wave motion. It has been reported that the wave-
induced culture bag has shown lower mass transfer
efficiency than a stirred tank with kLa falling in the
range of 4–20 h–1 [81]. However, in a micro algal
system, Jones et al. [82] demonstrated that the gas-
liquid mass transfer in the wave bioreactor exceeds
and is more energy efficient than the airlift biore-
actor, with kLa values in the range of 9–150 h–1.

4.4.2 Rotationally/Orbitally Shaken
Bioreactor

Orbitally shaken bioreactors work on the principle
of rotational motion of the culture vessel around a
central axial shaft. Mass transfer of oxygen happens
through surface aeration like shake flask culture
systems. Zhang et al. [83] used helical tracks to im-
prove the mass transfer efficiency of the bioreactor
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Figure 4. The advantages and disadvantages of single-use technology –
adapted from [9, 27].
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Table 4. Overview of companies dealing in a single-use bioreactor in alphabetical order – adapted from [77, 81, 121].

Companies deal in SUBs Commercial systems Total Volume Description

Applikon AppliFlex 10–50 L AppliFlex bags can use reusable, single-use and fluorophore
sensors for pH and dissolved oxygen measurements. It supports
CHO cells, Hybridoma cell lines and insect cells like Sf-9, Sf-21
cells. Suitable for propagating seed culture for large-scale
batches.

ABEC Custom single run 4300 L Stirred tank bioreactor product line can be customized to fit any
volume ranging from 50–3500 L .

Bayer Technology BayShake 1000 L Vertical orbital shaking cube-shaped bag bioreactor with the
pyramidal bottom for low starting volume and full drainage,
equipped with optical and fluorescence-based sensors for pH
and DO measurements.

CerCell Cell Tumbler 0.5–10 L A rocking platform cabinet which can accommodate any com-
mercially available wave-type bag up to 10/20 L with common
drive and independent heating unit with the manually operated
gas unit for air and CO2.

Cell Vessel 21 and 23 Series 2.1–75 L Single-use bioreactor with flexibility in design customization as
per the application, offering different types of impellers for
mixing and mass transfer.

CELLution Biotech CELL-tainer bag bioreactor 20–200 L Wave style rocking platform with a box or pillow-like a bag with
a pre-fixed pH and DO sensor.

Cellexus Cell Maker 8–50 L Airlift single-use bioreactor without agitator/rocker, suitable for
a variety of cell systems.

CatchMabs Tsunami bioreactor 6 · 160 L Series of wave mixed bioreactor with a multi-layer platform
with the same wave hydro dynamicity for cell growth.

Cytiva Wave bioreactor systems 0.2–500 L Well established wave systems suitable for various animal cell
lines.

Ready to process wave 25 0.3–25 L It provides the option of single or dual culture cultivation on a
single platform with different working volume. The pH, DO
and pump speed can be controlled independently.

Xcellerex XDR range 10–2000 L Modular stirred tank disposable bioreactor system with batch,
fed batch and perfusion applicability. Provide excellent mass
Transfer and mixing mimicking reusable system.

Eppendorf Celligen BLU Fixed Bed 3.75 L Single-use stirred tank with pre-loaded Fibre-cell disks, suitable
for adherent and suspension cells.

Celligen BLU 5–50 L Single-use bioreactor with pre-attached pitched blade impellers
and Microsparger with all the other accessories required to run
the batch.

Finesse Smart Glass Vessel 0.5–2.2 L The bioreactor provides axial and radial fluid flow by using
down pumping segmented blade and bottom-mounted Rushton
turbine.

Smart Rocker Bioreactor 10–50 L Wave platform support from gentle to vigorous rocking motion
based on cell lines. The system is coming with pre-loaded
SmartPuck sensors for monitoring and controlling of process
parameters, also have optional load cell for fill control.

Hangzhou Am protein
Bioengineering

Current bioreactor 5–300 L Orbitally shaken single-use bioreactor with bubble and sparger
free oxygen transfer from vessel surface which is made up of
EVA.

Kuhner Orb Shake Bioreactor 10–200 L Awell-established system for mammalian and plant cell
cultivation.

by placing these tracks inside the wall of the culture vessel and
with orbital motion, liquid media travels upwards along the
track, thus increasing surface area for enhanced gas to liquid
transfer. An increase of 5–10 fold of volumetric mass transfer
coefficient has been reported due to increased liquid-gas inter-
face, and at 1000 L scale with 39 rpm, the mass transfer coeffi-
cient of the orbitally shaken reactor with the helical track was
10 h–1 with air. The kLa value in orbitally/rotationally moving
bioreactor primarily depend on the shaking speed and fill vol-
ume, which increase the oxygen transfer rate. The mass trans-
fer coefficient (kLa) is inversely proportional to the working fill
volume [83, 84].

4.4.3 Disposable Stirred Tank Bioreactors

As stirred tank bioreactors have an established track record in
the biomanufacturing sector, the development of single-use
STR bioreactor systems is an inevitable progression. Here, a
plastic culture bag is mounted inside a cylindrical cabinet to
support the bag as a vessel for growth. Many companies have
ventured into the development of single-use stirred-tank
bioreactors with internal disposable impellers such as Thermo
fisher (SUB- Single-use Bioreactor), Xcellerex (XDR) and the
recently launched custom single run bioreactor from ABEC
which can be custom made in the range of 50 to 3500 L work-
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Companies deal in SUBs Commercial systems Total Volume Description

Merck Millipore Mobius Cell Ready Bioreac-
tor

3–2000 L Mobius CellReady 2000 L joins 3, 50, and 200 L bioreactor series
on June 15, 2015.

Meissner Filtration Inc. Saltus Bioreactor 2–2000 L The bioreactor has a vertical hollow, conical perforated disk on
the shaft which provides axial motion without vortex and pro-
vides mixing and mass transfer. Due to high power consump-
tion, it is not suitable for shear-sensitive cells.

Pall life Sciences Allegro XRS 20 0.1–20 L Rocker system with bi-axial motion provide shorter mixing and
high mass transfer, suitable for seed development to full GMP
production.

Allegro STR 60–200 L Squarely designed vertical bioreactor like Stainless steel
bioreactor.

Pad Reactor 10–1200 L Cubical design bag with paddle impeller and dynamic sparger
for shear-sensitive cells. Impeller and sparger is covered with
ULDPE membrane.

Xpansion multiplate 0.06–12.2m2 Plate system

Nucleo Bioreactor 1000 L It offers similar functionality as of stainless-steel bioreactor, in
addition to that it has paddle impeller and dynamic sparger
covered with ULDPE membrane.

PBS Biotech Vertical wheel Bioreactor 20mL–500 L Airlift bioreactor where bubble aerates the vessel thus provide
mixing and mass transfer. Agitation is provided by the buoy-
ancy of gas bubble in case of air drive and magnetically coupled
drive for MAG drive.

Sartorius-Stedim Biostat CultiBag RM 300 L Wave mixed bioreactor

Biostat CultiBag STR 25–2000 L Vertical stirred tank bioreactor similar to the reusable counter-
part, housed in a stainless-steel chamber.

CultiBag ORB 50–2500 L Orbitally shaken bioreactor with surface aeration and without
impeller and agitator, suitable for adherent and suspension cells.

UniVessel SU 0.6–2.0 L Single-use stirred tank with pre-loaded pH and DO probes,
ready to use, compatible with any bio-controller brand.

Thermo Scientific HyPerforma S.U.B. Range 25–2000 L 1st stirred tank bioreactor in the industry having the conven-
tional geometry of the vessel. The system is compatible with
other systems from Applikon, finesse etc.

Terumo BCT Quantum Cell Xpansion 2.1m2 culture sur-
face

Automated flask scale cell culture process development platform
based on hollow fibre system for adherent cells.

ZETA Holding Gmbh Bio-t Bag 3–1875 L Culture bag uses vibromixer technology for mixing and aseptic
handling of the process while maintaining the integrity of the
bag.

Table 4. Continued.
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Companies deal in SUBs Commercial systems Total Volume Description
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sensors for pH and dissolved oxygen measurements. It supports
CHO cells, Hybridoma cell lines and insect cells like Sf-9, Sf-21
cells. Suitable for propagating seed culture for large-scale
batches.

ABEC Custom single run 4300 L Stirred tank bioreactor product line can be customized to fit any
volume ranging from 50–3500 L .

Bayer Technology BayShake 1000 L Vertical orbital shaking cube-shaped bag bioreactor with the
pyramidal bottom for low starting volume and full drainage,
equipped with optical and fluorescence-based sensors for pH
and DO measurements.

CerCell Cell Tumbler 0.5–10 L A rocking platform cabinet which can accommodate any com-
mercially available wave-type bag up to 10/20 L with common
drive and independent heating unit with the manually operated
gas unit for air and CO2.

Cell Vessel 21 and 23 Series 2.1–75 L Single-use bioreactor with flexibility in design customization as
per the application, offering different types of impellers for
mixing and mass transfer.

CELLution Biotech CELL-tainer bag bioreactor 20–200 L Wave style rocking platform with a box or pillow-like a bag with
a pre-fixed pH and DO sensor.

Cellexus Cell Maker 8–50 L Airlift single-use bioreactor without agitator/rocker, suitable for
a variety of cell systems.

CatchMabs Tsunami bioreactor 6 · 160 L Series of wave mixed bioreactor with a multi-layer platform
with the same wave hydro dynamicity for cell growth.

Cytiva Wave bioreactor systems 0.2–500 L Well established wave systems suitable for various animal cell
lines.

Ready to process wave 25 0.3–25 L It provides the option of single or dual culture cultivation on a
single platform with different working volume. The pH, DO
and pump speed can be controlled independently.

Xcellerex XDR range 10–2000 L Modular stirred tank disposable bioreactor system with batch,
fed batch and perfusion applicability. Provide excellent mass
Transfer and mixing mimicking reusable system.

Eppendorf Celligen BLU Fixed Bed 3.75 L Single-use stirred tank with pre-loaded Fibre-cell disks, suitable
for adherent and suspension cells.

Celligen BLU 5–50 L Single-use bioreactor with pre-attached pitched blade impellers
and Microsparger with all the other accessories required to run
the batch.

Finesse Smart Glass Vessel 0.5–2.2 L The bioreactor provides axial and radial fluid flow by using
down pumping segmented blade and bottom-mounted Rushton
turbine.

Smart Rocker Bioreactor 10–50 L Wave platform support from gentle to vigorous rocking motion
based on cell lines. The system is coming with pre-loaded
SmartPuck sensors for monitoring and controlling of process
parameters, also have optional load cell for fill control.

Hangzhou Am protein
Bioengineering

Current bioreactor 5–300 L Orbitally shaken single-use bioreactor with bubble and sparger
free oxygen transfer from vessel surface which is made up of
EVA.

Kuhner Orb Shake Bioreactor 10–200 L Awell-established system for mammalian and plant cell
cultivation.

by placing these tracks inside the wall of the culture vessel and
with orbital motion, liquid media travels upwards along the
track, thus increasing surface area for enhanced gas to liquid
transfer. An increase of 5–10 fold of volumetric mass transfer
coefficient has been reported due to increased liquid-gas inter-
face, and at 1000 L scale with 39 rpm, the mass transfer coeffi-
cient of the orbitally shaken reactor with the helical track was
10 h–1 with air. The kLa value in orbitally/rotationally moving
bioreactor primarily depend on the shaking speed and fill vol-
ume, which increase the oxygen transfer rate. The mass trans-
fer coefficient (kLa) is inversely proportional to the working fill
volume [83, 84].

4.4.3 Disposable Stirred Tank Bioreactors

As stirred tank bioreactors have an established track record in
the biomanufacturing sector, the development of single-use
STR bioreactor systems is an inevitable progression. Here, a
plastic culture bag is mounted inside a cylindrical cabinet to
support the bag as a vessel for growth. Many companies have
ventured into the development of single-use stirred-tank
bioreactors with internal disposable impellers such as Thermo
fisher (SUB- Single-use Bioreactor), Xcellerex (XDR) and the
recently launched custom single run bioreactor from ABEC
which can be custom made in the range of 50 to 3500 L work-
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3–2000 L Mobius CellReady 2000 L joins 3, 50, and 200 L bioreactor series
on June 15, 2015.

Meissner Filtration Inc. Saltus Bioreactor 2–2000 L The bioreactor has a vertical hollow, conical perforated disk on
the shaft which provides axial motion without vortex and pro-
vides mixing and mass transfer. Due to high power consump-
tion, it is not suitable for shear-sensitive cells.

Pall life Sciences Allegro XRS 20 0.1–20 L Rocker system with bi-axial motion provide shorter mixing and
high mass transfer, suitable for seed development to full GMP
production.

Allegro STR 60–200 L Squarely designed vertical bioreactor like Stainless steel
bioreactor.

Pad Reactor 10–1200 L Cubical design bag with paddle impeller and dynamic sparger
for shear-sensitive cells. Impeller and sparger is covered with
ULDPE membrane.

Xpansion multiplate 0.06–12.2m2 Plate system

Nucleo Bioreactor 1000 L It offers similar functionality as of stainless-steel bioreactor, in
addition to that it has paddle impeller and dynamic sparger
covered with ULDPE membrane.

PBS Biotech Vertical wheel Bioreactor 20mL–500 L Airlift bioreactor where bubble aerates the vessel thus provide
mixing and mass transfer. Agitation is provided by the buoy-
ancy of gas bubble in case of air drive and magnetically coupled
drive for MAG drive.

Sartorius-Stedim Biostat CultiBag RM 300 L Wave mixed bioreactor

Biostat CultiBag STR 25–2000 L Vertical stirred tank bioreactor similar to the reusable counter-
part, housed in a stainless-steel chamber.

CultiBag ORB 50–2500 L Orbitally shaken bioreactor with surface aeration and without
impeller and agitator, suitable for adherent and suspension cells.

UniVessel SU 0.6–2.0 L Single-use stirred tank with pre-loaded pH and DO probes,
ready to use, compatible with any bio-controller brand.

Thermo Scientific HyPerforma S.U.B. Range 25–2000 L 1st stirred tank bioreactor in the industry having the conven-
tional geometry of the vessel. The system is compatible with
other systems from Applikon, finesse etc.

Terumo BCT Quantum Cell Xpansion 2.1m2 culture sur-
face

Automated flask scale cell culture process development platform
based on hollow fibre system for adherent cells.

ZETA Holding Gmbh Bio-t Bag 3–1875 L Culture bag uses vibromixer technology for mixing and aseptic
handling of the process while maintaining the integrity of the
bag.
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ing volume. Thermo fisher’s SUB bioreactor is equipped with a
motor on the top head plate for mixing and agitation whereas
XDR has a bottom driven impeller. Disposable STR bioreactors
have been tested for the propagation of CHO cells. A compara-
tive study of performance between SUB (Thermo fisher) and
stainless steel STR has been done by growing CHO and NS0
cell lines. It has been demonstrated that SUB systems) success-
fully reproduce similar metabolic growth and product quality
at production scale [85]. Disposable bioreactors have supported
20 · 106 cellsmL–1 in fed-batch operations with the enhanced
product titer of around 6.0 g L–1 at 1000 L scale [85].

4.4.4 Pneumatically Driven Single-use Bioreactor

A new addition on the canvas of single-use technology is pneu-
matically driven single-use bioreactors which primarily uses
gas buoyancy as a tool for mixing and mass transfer. PBS Bio-
tech� is the first to introduce a pneumatically driven vertical
air-wheel bioreactor where a vertical wheel moves inside the
liquid chamber mimicking a ‘‘merry-go-round’’ [86, 87]. An-
other addition in this class is the CellMaker series of bioreac-
tors from Cellexus Limited. These bioreactors use the princi-
ples of airlift and mechanical agitation in unison to achieve
high mixing and low shear conditions [9].

4.4.4.1 Vertical Wheel� Bioreactor

The vertical air wheel bioreactor is an airlift bioreactor made
up of single-use components. It is an impeller-less, pneumati-
cally mixed U-shaped bioreactor, which uses gas bubbles as a
mixing device by rotating the air-wheel like a ‘‘merry-go-
round’’ with the buoyant force of the bubbles [86, 88]. This
technology is patented by PBS Biotech, which uses the theory
of radial-axial tangential fluid flow around a vertical rotating
wheel during cell cultivation. The rotating wheel covers 85%
width of the U-shaped vessel which revolves in a vertical plane
on a horizontal shaft. It generates radial and axial fluid motion
in the bioreactor simultaneously; radial flow in a vertical plane
and the axial flow component along the horizontal axis which
further supports homogeneous mixing. The energy dissipation
rate (EDR) and maximum wall shear stress are reported to be
2 · 103Wm–3 and 1.7Nm–2 respectively, which is under the tol-
erance limit for mammalian cell growth [89]. The advantage of
the air wheel is that it requires lesser amount of air thus
increases the working volume of the batch while reducing com-
pressor requirements. This type of bioreactor is suitable for the
growth of shear sensitive mammalian and insect cell lines and
is available from 3 to 2500 L in working volume [9, 87].

4.4.4.2 Cellexus System

This is a pneumatically driven (airlift) bioreactor where rising
bubbles provide effective mixing, oxygen delivery and enhance
mass transfer to the growing cells without a mechanical agita-
tor. Cellexus Biosystems have introduced a novel bag geometry
which facilitates the mixing. CellMaker Regular (previously

CellMaker Lite) is an inverted ‘‘L’’ shaped bag, where air passes
through the long vertical stem and hits the deflector to provide
good oxygenation and mixing. Due to the design, Cellexus sys-
tems also allows the system to be pressurized above the culture
level (Overlay pressure), which in single-use systems is unique
for suppressing foaming [90]. Cellexus Biosystems offer sys-
tems which can be operated on the airlift principle alone or as
a hybrid system. In hybrid systems, internal impellers are fitted
to give similar mixing and aeration conditions as seen in stirred
tanks but with the benefits of low shear conditions similar to
an airlift bioreactor [27, 91]. It has been reported that this bio-
reactor can provide aeration more efficiently than a very vig-
orously shaken culture flask. The oxygen transfer rate (OTR) is
in the range of 15�30 mmolO2

L�1h�1 [91]. Cellexus bioreac-
tors are available in 3 to 50 L scale [81, 91].

4.5 Novel Cell Culture Systems

Novel bioreactor technologies are essential for the continual
improvement and innovation of the bioprocess platform. Many
novel bioreactors explore the concepts of biomimicry as a basis
for their design. In this respect, designs are moving away from
traditional air sparging which is energy-intensive and from
impellers which create high hydrodynamic shear.

4.5.1 Bello Cells/CelCradle

Cesco Bioengineering Co. (Hsinchu, Taiwan) developed Bello
cells which were later acquired by ESCO, Vaccixcell (Singa-
pore) and named CelCradle. These are benchtop disposable
bioreactors and come in a set of four bellow bottles with each
bottle operating to a volume of 500mL. Their working princi-
ple resembles the functionality of lungs. This bioreactor is im-
peller-free that works without air sparging thus provides a low
shear environment and reduced foam formation. The biore-
actor consists of two parts: lower hollow bellow and an upper
chamber with cells immobilised on BioNOC II� made of poly-
ester fibres. The operational mechanics of the system works in
such a way that it creates cyclic oscillations by compression
and release of the bellow. The oscillatory motion of the bellow
moves the medium upward and downward with minimum hy-
drodynamic shear which is ideal for the growth of shear sensi-
tive cell lines. One CelCradle system with 4 bellows equates to
the surface area of 80 roller bottles [92]. Increase in the head-
space on the upper chamber helps in gaseous exchange and
high oxygen mass transfer and have achieved cell densities of
4–6 · 109 cells bottle–1 [93]. Research has been published on
using these systems to grow Vero cells for the production of
Japanese encephalitis virus and swine virus as well insect cells
for the production of recombinant baculovirus [94–97].

4.5.2 Dynamic Membrane Aeration System
(DMA system)

Bayer Technology Services (BTS) developed a novel aeration
method, the dynamic membrane aeration method (DMA) as
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ing volume. Thermo fisher’s SUB bioreactor is equipped with a
motor on the top head plate for mixing and agitation whereas
XDR has a bottom driven impeller. Disposable STR bioreactors
have been tested for the propagation of CHO cells. A compara-
tive study of performance between SUB (Thermo fisher) and
stainless steel STR has been done by growing CHO and NS0
cell lines. It has been demonstrated that SUB systems) success-
fully reproduce similar metabolic growth and product quality
at production scale [85]. Disposable bioreactors have supported
20 · 106 cellsmL–1 in fed-batch operations with the enhanced
product titer of around 6.0 g L–1 at 1000 L scale [85].

4.4.4 Pneumatically Driven Single-use Bioreactor

A new addition on the canvas of single-use technology is pneu-
matically driven single-use bioreactors which primarily uses
gas buoyancy as a tool for mixing and mass transfer. PBS Bio-
tech� is the first to introduce a pneumatically driven vertical
air-wheel bioreactor where a vertical wheel moves inside the
liquid chamber mimicking a ‘‘merry-go-round’’ [86, 87]. An-
other addition in this class is the CellMaker series of bioreac-
tors from Cellexus Limited. These bioreactors use the princi-
ples of airlift and mechanical agitation in unison to achieve
high mixing and low shear conditions [9].

4.4.4.1 Vertical Wheel� Bioreactor

The vertical air wheel bioreactor is an airlift bioreactor made
up of single-use components. It is an impeller-less, pneumati-
cally mixed U-shaped bioreactor, which uses gas bubbles as a
mixing device by rotating the air-wheel like a ‘‘merry-go-
round’’ with the buoyant force of the bubbles [86, 88]. This
technology is patented by PBS Biotech, which uses the theory
of radial-axial tangential fluid flow around a vertical rotating
wheel during cell cultivation. The rotating wheel covers 85%
width of the U-shaped vessel which revolves in a vertical plane
on a horizontal shaft. It generates radial and axial fluid motion
in the bioreactor simultaneously; radial flow in a vertical plane
and the axial flow component along the horizontal axis which
further supports homogeneous mixing. The energy dissipation
rate (EDR) and maximum wall shear stress are reported to be
2 · 103Wm–3 and 1.7Nm–2 respectively, which is under the tol-
erance limit for mammalian cell growth [89]. The advantage of
the air wheel is that it requires lesser amount of air thus
increases the working volume of the batch while reducing com-
pressor requirements. This type of bioreactor is suitable for the
growth of shear sensitive mammalian and insect cell lines and
is available from 3 to 2500 L in working volume [9, 87].

4.4.4.2 Cellexus System

This is a pneumatically driven (airlift) bioreactor where rising
bubbles provide effective mixing, oxygen delivery and enhance
mass transfer to the growing cells without a mechanical agita-
tor. Cellexus Biosystems have introduced a novel bag geometry
which facilitates the mixing. CellMaker Regular (previously

CellMaker Lite) is an inverted ‘‘L’’ shaped bag, where air passes
through the long vertical stem and hits the deflector to provide
good oxygenation and mixing. Due to the design, Cellexus sys-
tems also allows the system to be pressurized above the culture
level (Overlay pressure), which in single-use systems is unique
for suppressing foaming [90]. Cellexus Biosystems offer sys-
tems which can be operated on the airlift principle alone or as
a hybrid system. In hybrid systems, internal impellers are fitted
to give similar mixing and aeration conditions as seen in stirred
tanks but with the benefits of low shear conditions similar to
an airlift bioreactor [27, 91]. It has been reported that this bio-
reactor can provide aeration more efficiently than a very vig-
orously shaken culture flask. The oxygen transfer rate (OTR) is
in the range of 15�30 mmolO2

L�1h�1 [91]. Cellexus bioreac-
tors are available in 3 to 50 L scale [81, 91].

4.5 Novel Cell Culture Systems

Novel bioreactor technologies are essential for the continual
improvement and innovation of the bioprocess platform. Many
novel bioreactors explore the concepts of biomimicry as a basis
for their design. In this respect, designs are moving away from
traditional air sparging which is energy-intensive and from
impellers which create high hydrodynamic shear.

4.5.1 Bello Cells/CelCradle

Cesco Bioengineering Co. (Hsinchu, Taiwan) developed Bello
cells which were later acquired by ESCO, Vaccixcell (Singa-
pore) and named CelCradle. These are benchtop disposable
bioreactors and come in a set of four bellow bottles with each
bottle operating to a volume of 500mL. Their working princi-
ple resembles the functionality of lungs. This bioreactor is im-
peller-free that works without air sparging thus provides a low
shear environment and reduced foam formation. The biore-
actor consists of two parts: lower hollow bellow and an upper
chamber with cells immobilised on BioNOC II� made of poly-
ester fibres. The operational mechanics of the system works in
such a way that it creates cyclic oscillations by compression
and release of the bellow. The oscillatory motion of the bellow
moves the medium upward and downward with minimum hy-
drodynamic shear which is ideal for the growth of shear sensi-
tive cell lines. One CelCradle system with 4 bellows equates to
the surface area of 80 roller bottles [92]. Increase in the head-
space on the upper chamber helps in gaseous exchange and
high oxygen mass transfer and have achieved cell densities of
4–6 · 109 cells bottle–1 [93]. Research has been published on
using these systems to grow Vero cells for the production of
Japanese encephalitis virus and swine virus as well insect cells
for the production of recombinant baculovirus [94–97].

4.5.2 Dynamic Membrane Aeration System
(DMA system)

Bayer Technology Services (BTS) developed a novel aeration
method, the dynamic membrane aeration method (DMA) as
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reported by Frahm et al. [98] using surface aeration for the cul-
tivation of shear sensitive cell lines with the use of microporous
silicone tubing wrapped around a centrally placed star-like os-
cillating/tumbling stirrer. They combined rotor and stator to
form a rotary oscillating stirring unit. Traditionally, the stator
is a cylindrical shaped unit fixed to the head plate, onto which
gas permeable silicone tubing is wrapped thoroughly. Biore-
actor stirrer is placed within the hollow cylindrical space. The
conventional rotor-stator combination has some limitations
such as poor mass transfer capacity at high cell densities and
poor scalability. These limitations have been overcome by
DMA technology where mixing is generated by rotating the
stator platform by 180o in a clockwise and anti-clockwise mo-
tion. This setup gives high mass transfer and a low shear condi-
tion, conducive for high cell density due to the high surface
area for gaseous exchange. This DMA technology has been
tested to produce blood coagulation factor VIII at 12, 20, 100
and 200 L scale. It has been reported that with the same power
input of 6Wm–3 at 100 L scale, which is typical for cell culture
applications, the mass transfer coefficient for DMA system is
35% higher than the conventional systems (stirred tank) and
the cell density achieved during continuous culture at 12 L was
around 15 to 20 · 109 cellsmL–1 [98, 99].

4.5.3 Travelling Wave Bioreactor (Doughnut/Annular
Shape/Toroidal Bioreactor)

Toroidal bioreactors work on the mechanism of the orbital mo-
tion of the bioreactor which creates travelling waves inside a
hollow toroidal shape vessel. This travelling wave bioreactor
(TWB) provides a high surface area and high surface renewal
rates for oxygen mass transfer and mixing [100]. A CFD model
of fluid flow has been developed with different geometries and
consideration of parameters like shaking frequency, filling vol-
ume and amplitude of the moving liquid. The outcome of the
computational studies has shown that travelling waves could
provide a high specific surface area, low hydrodynamic shear and
highmass transfer efficiency [101]. A study of growingCHOcells
in the TWB achieved a cell density of 5.4 · 106 cellsmL–1 with the
viability of 95.5%. The maximum oxygen mass transfer coeffi-
cient of 32 h–1 was reported, which is sufficient to cater to the
mean specific oxygen uptake rate of 2:5 · 10�12mgO2

cell�1s�1.
The maximum power input was reported to be 82.2Wm–3 for
unbaffled TWB and 86.0Wm–3 for baffled TWBwhereas oxygen
mass transfer coefficient was 10–12 h–1 for both baffled and
unbaffled bioreactor types [102].

4.5.4 Rotary Cell Culture System (RCCS)

RCCS was developed by Synthecon for the National Aeronau-
tics and Space Administration (NASA) for the growth of stem
cells and 3D cell culture [103]. This bioreactor consists of a
horizontal rotating vessel filled completely with culture media
and a central axis shaft covered with microporous silicone
tubes for gaseous exchange. The reactor has a zero headspace,
zero gravity condition for the growing cells thus exerting low
hydrodynamic shear. The continuous slow rotation of the ves-

sel keeps all cells in suspension in low shear conditions and aid
in forming small aggregates and cell clumps of sizes in the
range of centimeter in diameter [104]. This technology, how-
ever, has some limitations with cell aggregates which limits
mass transfer to cells in the inner core leading to necrosis and
eventually cell death [90, 105].

4.6 Mini- and Micro-scale Bioreactors

For developing a robust and repeatable process, multiple num-
bers of experiments have to be validated which is time-con-
suming and expensive [106]. The use of quality by design
(QbD) approach in the commercial manufacturing of biophar-
maceutical products is gaining industry acceptance. QbD
adapts scale-down or small-scale models by mimicking the
commercial manufacturing process conditions [107].
To qualify for the scale-down model, it is important to com-

pare the different scales of bioreactor operation in terms of cell
growth, culture conditions (pH, DO, pCO2, osmolality) pro-
ductivity, product quality and the level of metabolites (glucose
and glutamine consumption, lactate and ammonia formation)
[108]. This strategy will further test the various process condi-
tions simultaneously and provide a huge amount of data in the
shortest time interval [108, 109]. Cell line development, clonal
selection, microenvironment regulation, media and feed opti-
mization, process optimization, and process cost-effectiveness
led to the uncovering of miniaturized bioreactors in 2001 [110–
112]. These bioreactors provide a platform for simultaneous
multiple experiments, each independent of another, whilst uti-
lizing a minimum amount of time, chemical and consumables.
There are 4 main types of miniature systems (Tab. 5). The

smallest of these systems are the micro titer plate (MTP) type
bioreactors. These reactors range from 0.1 to about 7mL. With
systems of BioLector (M2P labs) and SimCell (Seahorse Bio-
sciences), aeration is mainly achieved by surface aeration while
pH and DO measurements are obtained via non-invasive
methods using sensors and light scattering [113, 114]. In the
10–500mL scale, miniature STRs type bioreactors feature as
prominent scale down approach bioreactors. These bioreactors
also utilize non-invasive DO and pH measurements, and mix-
ing is mainly achieved by a magnetic stirrer, e.g., Hexascreen
(Telstar) [115] in the 10–15mL STR bioreactor range to fixed
overhead stirrers as utilized by (Eppendorf) up to the 500mL
range. Flask type high throughput bioreactors as CultiFlask
50 made by Sartorius [116] operates up to the range of
35mL, has a centrifuge tube design and is placed in a shaker
incubator. At a larger scale, Sartorius designed the Super-
Spinner flask [34], which goes up to 1000mL. Similar to the
CultiFlask 50, they are disposable bioreactors, but the Super-
Spinner flask is pre-assembled with a membrane stirrer for a
bubble-free aeration environment. Another addition to small
scale disposable bioreactor is Tubespin (TPP, Trasadingen,
Switzerland), which is based on orbital shaking technology
which can deliver oxygen passively through surface aeration
[117]. Lastly, in the miniature bioreactor system family, are
the two compartment systems. Integra Biosciences developed
the CELLine bioreactor [118] where cells and medium are
separated by a 10 kDA membrane to allow for high density
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Table 5. Miniature systems available for high throughput process development.

Type of system Name of system Volume [mL] Suppliers Parallel units Description/application Ref.

MTP Micro 24 3–7 Pall corp. 24 Deep well MTP, mass transfer by
shaking and sparging.

[106, 122]

Appikon 24 5–6 Applikon 24 Non-invasive fluorescent sensors
for measurement of pH and DO,
sparging through 0.2 m membrane
shaking.

[119]

BioLector 0.1–0.2 M2P labs 48/96 Rosette shaped 48/96 well plate hav-
ing dot sensor on the bottom for pH
and DO, non-invasive measurement
by scattering and fluorescence.

[113]

SimCell 0.3–0.7 Seahorse
Biosciences

6 Cassettes on the rotor can accommo-
date 1500 cells in the incubator. Each
cell having patch sensor for pH, DO.
kLa obtained is 7 h–1 through surface
aeration.

[113, 114]

Miniature STR ambr 10–15 TAP Biosystems 24/48 24–48 independent automated
complete unit with impellers.

[114, 123]

Dasgip/DASbox 50–500 Eppendorf 16 Fully automated with precise control
of all process parameters.

[123, 124]

Cell station 35 Fluorometrix
Corp.

12 Uses optical technology for pH and
DO measurements. Agitation by
paddle types impeller. Each vessel is
attached to a rotating platform which
sampled from each vessel and moni-
tored sequentially.

[110]

Hexascreen 10–15 Telstar 6 Integrated system with inlet gases
and non-invasive measurement of
pH, DO and OD. Agitation by the
magnetic pendulum-like spinner.

[115]

Flasks CultiFlask 50 35 Sartorius multiple Centrifuge design with vented cap
and holes for gaseous exchange, used
for media screening. Each unit is
independent and placed inside
incubator-shaker.

[116]

SuperSspinner
flask

1000 Sartorius 1 Fully disposable and pre-assembled
having unique membrane stirrer for
bubble-free aeration.

[34, 121]

Tube Spin 15/50 TPP 1 Conical tapered bottom centrifuge
tubes (with vented cap) of 15, 50,
and 500mL volume with orbital
shaking providing enhanced mass
transfer and low shear stress

[125, 126]

Two compart-
ment system

CELLine 350–1000 Integra
Biosciences

1 Two-compartment system where
medium and cell surface aerated by
10 kDa membrane which facilitates
nutrients diffusion and concurrent
removal of the inhibitory waste
product.

[118]

cell cultures with continuous diffusion of nutrients and re-
moval of by-products.
Although miniaturized bioreactors have performed well in

developing robust processes, they have also certain shortcom-
ings. The data obtained from these miniaturized bioreactor
platforms have matched well in some cases across laboratory
scale and pilot scale stirred tank systems [119], but the stirring
system incorporated into the micro and mini-bioreactors are
usually magnetically driven. Due to this, the fluid flow profile
in these bioreactors are usually different from that of labora-
tory-scale bioreactors which result in different mixing patterns
and mass transfer efficiencies which leads in inconsistency and
non-reproducibility at larger scales [120]. The low volume also
makes sampling challenging and the lack of miniaturized
downstream tools also give rise to poor scalability in product
recovery for production scales.

5 Conclusions

Many bioreactor designs and process development strategies
have been applied to meet the continuously increasing de-
mand for biologicals by increasing yields and productivities
while reducing the batch run-time, and the cost of produc-
tion. It is evident that the challenge of the ever-increasing
demand for biological products has driven the quest for bet-
ter-performing bioreactors for the cultivation of mammalian
cells. For the last seven decades, various bioreactor designs
(culture systems) have evolved, each different in operating
principles and engineering characteristics, therefore exhibiting
different volumetric mass transfer efficiency, power/energy
input requirements, mixing time, hydrodynamic shear condi-
tions, and fluid flow profile to support optimum cell growth
and extended viability.
Most of the bioreactor designs can accommodate low to

middle cell density cultures (£ 10 · 106 cellsmL–1) with
20–50% of air/air enriched with oxygen to meet the desired
DO requirements. For the high cell density culture especially in
the case of perfusion culture (109 cellsmL–1), the oxygen de-
mand is high, the kLa required to maintain such a high cell
density falls in the range of 42–667 h–1. This could be achieved
by either carrying out of oxygenation of media externally or us-
ing macro sparger at high gas flow rates in combination with
controlled agitation with an appropriate shear sensitive impel-
ler. For adherent cultures, traditionally, packed bed bioreactors
are used, but due to low mass transfer efficiencies and difficul-
ties in media circulation across the bed, the maximum reported
capacity of the packed bed for mammalian cultures is 30 L.
These limitations were overcome by the Cell Tank bioreactor
which is equally good for adherent and suspension cultures
where a centrifugal pump aids in circulating fresh oxygenated
media to the growing cells with low shear.
Despite the hydrodynamic limitations associated with stirred

tank bioreactors, it is still a system of convenience for the culti-
vation of suspension culture to a scale of 25m3. The efficient
oxygen transfer rate and OD requirements at a large scale, are
met by using direct sparging and efficient gas dispersion by an
appropriate impeller. However, the increased mass transfer effi-
ciency comes with the detrimental effects of high shear and

leads to sub-optimal growth conditions in STR for the sensitive
mammalian cells.
This downfall has led to new bioreactor designs, many of

which are inspired by nature, through biomimicry. Engineers
conceptualize these designs from nature’s optimal structures
for growth and survival. This movement has seen the utiliza-
tion of mechanical stirring and gas sparging found in STR, to
airlift or fluidized bed reactors for more gentle modes of mix-
ing and mass transfer. Bioreactors utilizing fluid motion such
as the CelCradle, wave bioreactor, and travelling wave bioreac-
tors utilizes tidal wave movements to achieve sufficiently kLa
for cell growth.
However, reluctance from the majority of the industry to

invest in new technologies has hampered the implementation
of new developments into the manufacturing line. Owing to
the regulatory demands, industries are however slowly but
surely increasing interest towards single-use technology (partly
or fully), low energy, and low shear bioreactors. Various single-
use bioreactor systems of different scales have shown promis-
ing results in culturing different cell lines, particularly mamma-
lian cell lines. The essential pre-condition of single-use bioreac-
tors are to operate without compromising the integrity of the
system. To maintain sterility throughout the batch, irrespective
of the scale, advancement in the area of pre-calibrated and
non-invasive sensors have further ensured sterile conditions
thus further supporting the use of single-use culture systems.
The single-use bioreactors with different operating principles
have also been demonstrated to impart conducive conditions
for high cell density as well as improved product titer when
compared to reusable systems of the same scale. The growth of
single-use technologies in commercial production has already
proven its worth by reducing the overall cost of production
and the time for the product to reach the market, but scale-up
issues of the single-use bioreactor is still a hurdle for the bio-
logical industry. The maximum scale reported in disposable
bioreactor systems are 2m3 with wave-induced bioreactor and
5m3 in case of vertically agitated bioreactors.
Multiple experimentations are required to optimize a pro-

cess, which is time-consuming and costly, and has fueled the
urge to develop multiple parallel bioreactor systems which fur-
ther led to the development of miniaturized bioreactors. The
scale-down approach has become an essential tool for testing
productivity, quality, product safety and overall efficiency of
the process at a small scale (in mL-mL scale) whilst mimicking
the conditions similar to commercial-scale manufacturing by
critically managing and controlling the process parameters.
These bioreactors are useful in running many parallel experi-
ments at a time. The challenges encountered in applying mini-
aturized bioreactors in process development is their high cost
and their high failure rate in mimicking the real-time large-
scale culture conditions in reusable bioreactors.
Hence, there is a need to develop a comprehensive bioreactor

that can accommodate a variety of cell systems and provide
physiologically favorable conditions for cell growth. Through
an understanding of engineering aspects and incorporating pa-
rameters such as mass transfer, shear sensitivity, nutrient avail-
ability, and optimized process conditions either through experi-
mental studies or modelling, refinement to the bioreactor can
be done systematically. Further development of non-invasive
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Table 5. Miniature systems available for high throughput process development.

Type of system Name of system Volume [mL] Suppliers Parallel units Description/application Ref.

MTP Micro 24 3–7 Pall corp. 24 Deep well MTP, mass transfer by
shaking and sparging.

[106, 122]

Appikon 24 5–6 Applikon 24 Non-invasive fluorescent sensors
for measurement of pH and DO,
sparging through 0.2 m membrane
shaking.

[119]

BioLector 0.1–0.2 M2P labs 48/96 Rosette shaped 48/96 well plate hav-
ing dot sensor on the bottom for pH
and DO, non-invasive measurement
by scattering and fluorescence.

[113]

SimCell 0.3–0.7 Seahorse
Biosciences

6 Cassettes on the rotor can accommo-
date 1500 cells in the incubator. Each
cell having patch sensor for pH, DO.
kLa obtained is 7 h–1 through surface
aeration.

[113, 114]

Miniature STR ambr 10–15 TAP Biosystems 24/48 24–48 independent automated
complete unit with impellers.

[114, 123]

Dasgip/DASbox 50–500 Eppendorf 16 Fully automated with precise control
of all process parameters.

[123, 124]

Cell station 35 Fluorometrix
Corp.

12 Uses optical technology for pH and
DO measurements. Agitation by
paddle types impeller. Each vessel is
attached to a rotating platform which
sampled from each vessel and moni-
tored sequentially.

[110]

Hexascreen 10–15 Telstar 6 Integrated system with inlet gases
and non-invasive measurement of
pH, DO and OD. Agitation by the
magnetic pendulum-like spinner.

[115]

Flasks CultiFlask 50 35 Sartorius multiple Centrifuge design with vented cap
and holes for gaseous exchange, used
for media screening. Each unit is
independent and placed inside
incubator-shaker.

[116]

SuperSspinner
flask

1000 Sartorius 1 Fully disposable and pre-assembled
having unique membrane stirrer for
bubble-free aeration.

[34, 121]

Tube Spin 15/50 TPP 1 Conical tapered bottom centrifuge
tubes (with vented cap) of 15, 50,
and 500mL volume with orbital
shaking providing enhanced mass
transfer and low shear stress

[125, 126]

Two compart-
ment system

CELLine 350–1000 Integra
Biosciences

1 Two-compartment system where
medium and cell surface aerated by
10 kDa membrane which facilitates
nutrients diffusion and concurrent
removal of the inhibitory waste
product.

[118]

cell cultures with continuous diffusion of nutrients and re-
moval of by-products.
Although miniaturized bioreactors have performed well in

developing robust processes, they have also certain shortcom-
ings. The data obtained from these miniaturized bioreactor
platforms have matched well in some cases across laboratory
scale and pilot scale stirred tank systems [119], but the stirring
system incorporated into the micro and mini-bioreactors are
usually magnetically driven. Due to this, the fluid flow profile
in these bioreactors are usually different from that of labora-
tory-scale bioreactors which result in different mixing patterns
and mass transfer efficiencies which leads in inconsistency and
non-reproducibility at larger scales [120]. The low volume also
makes sampling challenging and the lack of miniaturized
downstream tools also give rise to poor scalability in product
recovery for production scales.

5 Conclusions

Many bioreactor designs and process development strategies
have been applied to meet the continuously increasing de-
mand for biologicals by increasing yields and productivities
while reducing the batch run-time, and the cost of produc-
tion. It is evident that the challenge of the ever-increasing
demand for biological products has driven the quest for bet-
ter-performing bioreactors for the cultivation of mammalian
cells. For the last seven decades, various bioreactor designs
(culture systems) have evolved, each different in operating
principles and engineering characteristics, therefore exhibiting
different volumetric mass transfer efficiency, power/energy
input requirements, mixing time, hydrodynamic shear condi-
tions, and fluid flow profile to support optimum cell growth
and extended viability.
Most of the bioreactor designs can accommodate low to

middle cell density cultures (£ 10 · 106 cellsmL–1) with
20–50% of air/air enriched with oxygen to meet the desired
DO requirements. For the high cell density culture especially in
the case of perfusion culture (109 cellsmL–1), the oxygen de-
mand is high, the kLa required to maintain such a high cell
density falls in the range of 42–667 h–1. This could be achieved
by either carrying out of oxygenation of media externally or us-
ing macro sparger at high gas flow rates in combination with
controlled agitation with an appropriate shear sensitive impel-
ler. For adherent cultures, traditionally, packed bed bioreactors
are used, but due to low mass transfer efficiencies and difficul-
ties in media circulation across the bed, the maximum reported
capacity of the packed bed for mammalian cultures is 30 L.
These limitations were overcome by the Cell Tank bioreactor
which is equally good for adherent and suspension cultures
where a centrifugal pump aids in circulating fresh oxygenated
media to the growing cells with low shear.
Despite the hydrodynamic limitations associated with stirred

tank bioreactors, it is still a system of convenience for the culti-
vation of suspension culture to a scale of 25m3. The efficient
oxygen transfer rate and OD requirements at a large scale, are
met by using direct sparging and efficient gas dispersion by an
appropriate impeller. However, the increased mass transfer effi-
ciency comes with the detrimental effects of high shear and

leads to sub-optimal growth conditions in STR for the sensitive
mammalian cells.
This downfall has led to new bioreactor designs, many of

which are inspired by nature, through biomimicry. Engineers
conceptualize these designs from nature’s optimal structures
for growth and survival. This movement has seen the utiliza-
tion of mechanical stirring and gas sparging found in STR, to
airlift or fluidized bed reactors for more gentle modes of mix-
ing and mass transfer. Bioreactors utilizing fluid motion such
as the CelCradle, wave bioreactor, and travelling wave bioreac-
tors utilizes tidal wave movements to achieve sufficiently kLa
for cell growth.
However, reluctance from the majority of the industry to

invest in new technologies has hampered the implementation
of new developments into the manufacturing line. Owing to
the regulatory demands, industries are however slowly but
surely increasing interest towards single-use technology (partly
or fully), low energy, and low shear bioreactors. Various single-
use bioreactor systems of different scales have shown promis-
ing results in culturing different cell lines, particularly mamma-
lian cell lines. The essential pre-condition of single-use bioreac-
tors are to operate without compromising the integrity of the
system. To maintain sterility throughout the batch, irrespective
of the scale, advancement in the area of pre-calibrated and
non-invasive sensors have further ensured sterile conditions
thus further supporting the use of single-use culture systems.
The single-use bioreactors with different operating principles
have also been demonstrated to impart conducive conditions
for high cell density as well as improved product titer when
compared to reusable systems of the same scale. The growth of
single-use technologies in commercial production has already
proven its worth by reducing the overall cost of production
and the time for the product to reach the market, but scale-up
issues of the single-use bioreactor is still a hurdle for the bio-
logical industry. The maximum scale reported in disposable
bioreactor systems are 2m3 with wave-induced bioreactor and
5m3 in case of vertically agitated bioreactors.
Multiple experimentations are required to optimize a pro-

cess, which is time-consuming and costly, and has fueled the
urge to develop multiple parallel bioreactor systems which fur-
ther led to the development of miniaturized bioreactors. The
scale-down approach has become an essential tool for testing
productivity, quality, product safety and overall efficiency of
the process at a small scale (in mL-mL scale) whilst mimicking
the conditions similar to commercial-scale manufacturing by
critically managing and controlling the process parameters.
These bioreactors are useful in running many parallel experi-
ments at a time. The challenges encountered in applying mini-
aturized bioreactors in process development is their high cost
and their high failure rate in mimicking the real-time large-
scale culture conditions in reusable bioreactors.
Hence, there is a need to develop a comprehensive bioreactor

that can accommodate a variety of cell systems and provide
physiologically favorable conditions for cell growth. Through
an understanding of engineering aspects and incorporating pa-
rameters such as mass transfer, shear sensitivity, nutrient avail-
ability, and optimized process conditions either through experi-
mental studies or modelling, refinement to the bioreactor can
be done systematically. Further development of non-invasive
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sensor technology and integration of process analytical tech-
nologies (PAT) in line with quality by design (QbD) principles
would aid in developing robust and repeatable processes while
minimizing errors (batch variability) during production.

Conflicts of Interest

The authors declare no conflict of interest.

Rajesh Sharma obtained his
Masters degree in 2003 from
Punjabi University, Patiala, In-
dia. Prior to joining the Chem-
ical Engineering Department
at UCT as a doctoral student
in 2014, he worked in India
and has more than 10 years of
industrial experience in up-
stream process development
for the production of biologi-
cals. His research area covers
mamalian cell culture, biore-
actor designing, biotherapeutic
protein, and vaccines.

Susan T. L. Harrison holds a
B.Sc. in Microbiology and
Chemistry and a B.Sc. (Hons)
degree in Microbiology from
the University of Cape Town
(UCT). Her Ph.D. in Chemical
Engineering is from Cam-
bridge University, U.K. She has
some 30 years’ experience in
bioprocess engineering, gained
in the industrial and academic
arenas. She has held the South
African research chair in Bio-
process Engineering and is

director of the Centre for Bioprocess Engineering Research
in the Chemical Engineering Department and DVC: Re-
search at UCT. Her research in bioprocess engineering
spans bacterial, fungal, archaeal, and algal bioprocesses,
focusing on biokinetics, maximal resource productivity,
mixed microbial communities and enabling bioprocess
design and bioreactor configuration.

Siew L. Tai holds a B.Eng.
Hons in Chemical Engineer-
ing, University of Manchester,
an M.Sc. (cum laude) in Bio-
chemical Engineering, and a
Ph.D. in Industrial Microbiol-
ogy from Delft University of
Technology. He carried out his
post-doctoral fellowship at the
University of Stellenbosch.
Following that, he joined the
Biovac Institute where he took
part in building a vaccine
manufacturing plant. His re-

search encompasses the intricate networking between
biotechnology and bioprocess engineering. His current
research at UCT concentrates on the fields of bioprocess de-
sign, techno-economics, and bioproduct formation.

Acknowledgements

The authors would like to thank the National Research Foun-
dation (NRF), South Africa for their financial support through
the CSUR grant (UID90305) and SARChI in Bioprocess Engi-
neering (UID64778). Further, we would also acknowledge the
guidance received from members of the Centre for Bioprocess
Engineering Research (CeBER), Department of Chemical Engi-
neering, University of Cape Town, South Africa.

Symbols used

C* [mmol L–1] oxygen saturation
concentration

CL [mmol L–1] actual oxygen
concentration in solution

CX [cells L–1] cell density
kLa [h–1] volumetric mass transfer
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OTR [mmolO2

L�1h�1] oxygen transfer rate
OUR [mmol cell–1h–1] oxygen uptake rate
qO2 [mmol cell–1h–1] specific oxygen
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Abbreviations

ATF alternating tangential flow
BHK baby hamster kidney
BTS Bayer Technology Services
CAGR compound annual growth rate
CFD computational fluid dynamics
CHO Chinese hamster ovary
CIP cleaning-in-place
DMA dynamic membrane aeration
DO dissolved oxygen
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concentration
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CX [cells L–1] cell density
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OTR [mmolO2

L�1h�1] oxygen transfer rate
OUR [mmol cell–1h–1] oxygen uptake rate
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Abbreviations

ATF alternating tangential flow
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BTS Bayer Technology Services
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CFD computational fluid dynamics
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FDA Food and Drug Administration
GMP good manufacturing practices
HEK human embryonic kidney
ICS intracapillary spaces
IgG immunoglobulin
MBR membrane bioreactor
MTP micro titer plate
NASA National Aeronautics and Space

Administration
PAHO Pan American Health Organization
PAT process analytical technology
PE polyester
QbD quality by design
RCCS rotary cell culture system
SARS-CoV-2 severe acute respiratory syndrome

coronavirus 2
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Abstract

Background: Lentiviral vectors (LVVs) hold great promise as delivery tools for gene

therapy and chimeric antigen receptor T cell (CAR-T) therapy. Their ability to target

difficult to transfect cells and deliver genetic payloads that integrate into the host

genome makes them ideal delivery candidates. However, several challenges remain to

be addressed before LVVs aremorewidely used as therapeutics including lowviral vec-

tor concentrations and the absence of suitable scale-up methods for large-scale pro-

duction. To address these challenges, we have developed a high throughputmicroscale

HEK293 suspension culture platform that enables rapid screening of conditions for

improving LVV productivity.

KeyResults:High density culture (40million cellsmL−1) of HEK293 suspension cells in

commercially available media was achieved in microscale 96-deep well plate platform

at liquid volumes of 200 µL. Comparable transfection and LVV production efficiencies

wereobservedat themicroscale, in conventional shake flasks anda1-Lbioreactor, indi-

cating that significant scale-down does not affect LVV concentrations and predictivity

of scale-up. Optimization of production step allowed for final yields of LVVs to reach

1.5× 107 TUmL−1.

Conclusions:The ability to test a large number of conditions simultaneouslywithmini-

mal reagentuseallows for the rapidoptimizationof LVVproduction inHEK293suspen-

sion cells. Therefore, such a systemmay serve as a valuable tool in early stage process

development and can be used as a screening tool to improve LVV concentrations for

both batch and perfusion based systems.

KEYWORDS

HEK293 suspension cells, High-throughput transfection, Lentiviral titers, Lentiviral vectors

1 INTRODUCTION

There is growing interest in developing new tools and technologies to

improve and expand the use of gene therapy as a potential treatment

Abbreviations: HEK293, Human Embryonic Kidney 293; LVV, Lentiviral Vectors; PEI-Max,

PolyethyleneimineMax

for several genetic and degenerative diseases. Gene therapy can serve

as a curative technology by replacing a defective or absent gene with a

functional gene or can be used ex vivo for engineering immune cells for

cancer therapy, for example, chimeric antigen receptor T (CAR-T) for

cancer treatment.[1,2] This requires several key steps, including iden-

tification of the critical gene of interest (GOI),[3] the delivery method
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as a curative technology by replacing a defective or absent gene with a

functional gene or can be used ex vivo for engineering immune cells for

cancer therapy, for example, chimeric antigen receptor T (CAR-T) for

cancer treatment.[1,2] This requires several key steps, including iden-

tification of the critical gene of interest (GOI),[3] the delivery method
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to introduce the GOI into specific cellular targets,[4] and the produc-

tion of a suitable vector.[5] Adenoviral vectors (AV), adeno-associated

viral vectors (AAV), and lentiviral vectors (LVV) have been evaluated as

delivery vectors to introduce a GOI into cellular targets.[6–8] In partic-

ular, lentiviral vectors (LVVs) are of interest because of their ability to

infect both dividing and non-dividing cells, as well as for their capacity

to carry a large genetic payload size.[9] This makes LVVs ideal delivery

candidates for gene and CAR-T therapies.[10–12]

LVVs for gene therapy applications are typically pseudotyped with

vesicular stomatitis virus G (VSV-G) envelope glycoprotein, which

grants these viral vectors a wider tropism.[13] The modified LVVs are

replication incompetent, which allows genetic material to integrate

into the host cell genome, but prevents them from propagating.[14]

LVVs are typically generated using a host cell line that is transfected

with all the components necessary for virus assembly. The most com-

monly used host cell is the Human Embryonic Kidney 293 (HEK293)

cell line. Three different LVV generation systems (1st, 2nd and 3rd

generation) have been developed that differ in the number of enve-

lope and packaging plasmids used (from 1 to 3, respectively) and

the way in which the packaging and envelope genes are split.[15]

The cells also receive a transfer vector that is packaged inside the

LVV.[16] Once the plasmids are transfected into the cell, viral assem-

bly ensues.[17] Subsequently, the packaged vector carrying the trans-

fer gene is released from the cells into the medium and the super-

natant is then harvested and used to transduce other cell types with

the GOI.[18]

In the current study, we used the third generation LVV system,

which consists of twopackagingplasmids (pMDLg/RREandpRSV/Rev),

one envelope plasmid (pMD2.g), and one transfer plasmid (pLV-EGFP).

Despite the apparent relative simplicity of producing LVVs, a core

challenge in LVV scale-up is the poor yield of virus present in the

harvest supernatant post-collection.[19] This could be due to sev-

eral factors including the amount of plasmid DNA delivered to the

cells, the transfection reagent, the ratio of DNA to cells for trans-

fection, the HEK293 cell density, and the ratio of the four plas-

mids. Myriad variables can be optimized, including DNA:cell ratio,

DNA:transfection reagent ratio, and cell density for transfection, all

with minimal use of reagents. Studies to date have used 6-, 12-, 24-

, and 96-well plate cultures for screening HEK293 suspension cells

with cell densities typically less than 5 × 106 cells mL−1.[20–24] Com-

pared to adherent-dependent HEK cells, suspension-adapted HEK293

cells allow for simpler scale-up in bioreactors where large volumes

of LVV supernatant can be harvested from cells grown to high cell

densities.[25]

Herein, we employed microscale, 96-deep well plates with com-

mercial media for cell growth and transfection. The platform used

in the current work is one of the first to report high cell density

growth (4 × 107 cells mL−1) in a microscale platform that predicts LVV

productivity in shake flasks and small bioreactors. As a result, we have

developed a rapid screening tool that can be used to optimize LVV

production, which may accelerate its use in gene therapy and CAR-T

therapies.

2 MATERIALS AND METHODS

2.1 Cell lines and high-density growth in shake
flasks and 96-deep well plates

A clonal line of Human Embryonic Kidney 293 (HEK293) suspension

cells (derived at MassBiologics) was maintained in BalanCD HEK293

medium (Irvine Scientific), supplemented with 4 mM Glutamax, and

agitated at 140 rpm in an Innova 2000 orbital shaker (Eppendorf),

19.5 mm, 37◦C with 5% CO2. Cells were seeded at 3 × 105 cells

mL−1 and passaged when they reached 3–5 × 106 cells mL−1. HT1080
fibrosarcoma cells (CCL-121, ATCC) were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific) supple-

mented with 10% Fetal Bovine Serum (FBS) (ThermoFisher Scientific)

and 1% Penicillin Streptomycin (PenStrep, ThermoFisher Scientific),

at 37◦C and 5% CO2. Commercially available viral vector producer

cells (LV-Max) were obtained from Thermo Fisher Scientific and also

maintained in BalanCD HEK293 supplemented with 4 mM Glutamax

as indicated above.

For high-density growth of HEK293 suspension suspension cells in

shake flasks, the cells were seeded at 3 × 105 cells mL−1 in 30 mL of

medium. On day 3 post-seeding, when cell density reached approxi-

mately 2–4× 106 cells mL−1, the culture volumewas reduced to 10mL

per 125 mL shake flask and media exchange was performed daily until

cells reachedmaximum density. For 96-deepwell plates, the cells were

incubated in 500 µL/well in 2 mL Axygen well plates (Corning) with

square walls and sealed with a gas-permeable sealing membrane. The

plates were maintained in an orbital shaker (3 mm diameter) and agi-

tated at up to 1000 rpm. For high-density growth in 96-deep well

plates, the total culture volumewas reduced to 200 µL/well.

2.2 Transfection

Third-generation packaging and envelope plasmids included pRSV-Rev

(Addgene plasmid #12253), pMDLg-RRE (Addgene plasmid #12251)

and pMD2.g (Addgene plasmid #12259), respectively, and were a

gift from Didier Trono (Ecole Polytechnique Fédérale de Lausanne).

The transfer plasmid pLV-EGFP (Addgene plasmid #36083) was a gift

from Pantelis Tsoulfas (University of Miami). Transfections were per-

formed with DNA solution added to OptiPro Serum-Free medium

at a ratio of total starting culture volume to medium volume of 15.

Polyethyleneimine-Max (PEI-Max, Polyscience), 40 kD, a commonly

used linear polymer that is cost-effective and scalable for HEK293

transfections,[26,27] was added to an equal volume of OptiPro Serum-

Free medium at various ratios. The two mixtures were combined and

allowed to complex for 15 min. The resulting mixture was then added

to the cells.

HEK293 suspension cells were seeded in all wells of a 96-deep

well plate at 3 × 105 cells mL−1 excluding the 36 edge wells to avoid

a higher rate of evaporation. The cells were grown to the desired

cell density and then transfected with a single pLV-EGFP plasmid at



28   Advances in Bioprocessing for Biologics and Gene Therapy Vectors

GOPAL ET AL.

0.5–7.0 pgDNA/cell and at PEI:DNA ratios of 2:1, 3.5:1, and 5:1. Trans-

fections were run in duplicate. The cells were harvested after 48 h,

washed with Dulbecco’s Phosphate Buffered Saline (DPBS), and resus-

pended in DPBS. The transfection efficiency was then measured using

BD LSR II flow cytometer (Becton-Dickinson).

2.3 Lentiviral production in 96-deep well plates
and scaled-up bioreactor system

For LVV production at low cell density, cells were seeded at

5 × 105 cells mL−1 at day 0. At day 1, the packaging, envelope

and transfer plasmids (Cell Biolabs) were transfected into HEK293

suspension cells using PEI-Max (1 mg mL−1) at a mass ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g). Medium exchange was per-

formed 24 h post-transfection followed by the addition of 5 mM

sodium butyrate. The LVV supernatant was then collected 48 h

post-media exchange, filtered through a 0.45 µm polyethersulfone

(PES) filter (Millipore Sigma) and frozen for titration. A 1-L DasGip

bioreactor (Eppendorf), working volume of 0.8 L, was inoculated with

5 × 105 cells mL−1 24 h prior to transfection. Cells were cultured

in BalanCD medium supplemented with 4 mM L-glutamine (Gibco

Life Technologies) at pH 7.3, 40% dissolved O2, 36.5
◦C, 120 rpm,

and 0.5 L h−1 air flow. Transfection was performed using 1.9 pg/cell

plasmid DNA at the aforementioned ratio, complexed with 4 mg mL−1

PEI at a ratio of 1:3.5 DNA:PEI. Complexation of plasmid DNA was

performed for 15 min before being injected into the bioreactor by

syringe. Sodium butyrate (5 mM final concentration) was added 24 h

post-transfection. A sample was also taken to establish the efficiency

of transfection by GFP fluorescence, and the culture was harvested

72 h post-transfection. The cells were pelleted at 200 x g for 7 min in a

swinging bucket centrifuge. The clarified media was frozen at -80◦C or

used for the titration infectivity assay.

2.4 Titration of lentiviral supernatant with
HT1080 cells

Lentiviral vector titrationwith an infectivity assaywasperformedusing

two methods—flow cytometry and high content imaging. For the for-

mer, HT1080 cells were seeded at 5 × 104 cells/well in a 12-well

plate. After 24 h, the harvested LVV supernatant was serially diluted

in DMEM + 10% FBS + 1% PenStrep and added to the cells with 8 µg
mL−1 of polybrene. The cells were assayed for EGFP expression using a
BDLSRII flow cytometer 48hpost-transduction. A threshold transduc-

tion efficiency was set at 30% to discard multiple infections and LVV

concentration was calculated according to Equation 1.

LVV Concentration

= %GFP Positive ∗ Number of Cells Transduced ∗ Dilution Factor
Culture Volume

(1)

For high content imaging, HT1080 cells were seeded at

2 × 104 cells/well in 96-well plates. After 24 h, the harvested

supernatant was serially diluted in DMEM + 10% FBS + 1% PenStrep,

and added to cells with 8 µg mL−1 of polybrene. After 48 h, cell nuclei

were stained with 5 µg mL−1 of Hoechst 33342 (Thermo Fisher

Scientific) and imaged using a Cellomics ArrayScan XTI (Thermo Fisher

Scientific). Transduction efficiency was calculated using the Target

Activation Bioapplication feature.

2.5 RT-qPCR and p24 sandwich ELISA

Viral RNA was extracted from harvest supernatant using the Pure-

Link Viral RNA/DNA Extraction Kit (Thermo Fisher Scientific) accord-

ing to the manufacturer’s instructions (see Supporting Information for

details). A p24 sandwich ELISA assay was performed using a com-

mercially available DuoSet p24 sandwich ELISA kit (R&D Systems) as

detailed in Supporting Information.

2.6 Statistical analysis

A parametric unpaired student’s t-test was used to determine statis-

tical significance (p < 0.05) of transfection efficiency between shake

flasks and 96-deepwell plates, and among differentmedia. All analyses

were performed using GraphPad Prism 9.

3 RESULTS

3.1 Growth and transfection of HEK293
suspension cells in commercial media

Cell growth (30mL culture volume)was evaluated in four commercially

available media—CDM4HEK293, CDM4Permab, BalanCD HEK293

and HyCell TransfX—to identify an optimal medium for HEK293 sus-

pension cells (Figure 1A). These cells were previously identified to

be high producing clones for AAVs, and were considered to be a

useful starting cell line for this study. The maximum growth rates

were all within a factor of 2; 0.013–0.026 h–1 (Table S1). While

CDM4Permab exhibited the highest maximum growth rate with a

relatively high cell density, neither it nor CDM4HEK293 supported

transfection with PEI-Max as no EGFP fluorescence was observed

48 h post-transfection (Figure S1, Figure S3). BalanCD, however,

did support transfection with PEI-Max (Figure S1, Figure S3) and

CDM4Permab supported transfection with non-PEI reagents (Figure

S2). Clearly, interactions among media composition and the chemical

nature of cationic polymers and cationic lipid transfection reagents

impact transfection efficiency.[28,29] However, we chose BalanCD for

further experiments, since PEI-Max is a highly scalable transfection

reagent.
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0.5–7.0 pgDNA/cell and at PEI:DNA ratios of 2:1, 3.5:1, and 5:1. Trans-

fections were run in duplicate. The cells were harvested after 48 h,

washed with Dulbecco’s Phosphate Buffered Saline (DPBS), and resus-

pended in DPBS. The transfection efficiency was then measured using

BD LSR II flow cytometer (Becton-Dickinson).

2.3 Lentiviral production in 96-deep well plates
and scaled-up bioreactor system

For LVV production at low cell density, cells were seeded at

5 × 105 cells mL−1 at day 0. At day 1, the packaging, envelope

and transfer plasmids (Cell Biolabs) were transfected into HEK293

suspension cells using PEI-Max (1 mg mL−1) at a mass ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g). Medium exchange was per-

formed 24 h post-transfection followed by the addition of 5 mM

sodium butyrate. The LVV supernatant was then collected 48 h

post-media exchange, filtered through a 0.45 µm polyethersulfone

(PES) filter (Millipore Sigma) and frozen for titration. A 1-L DasGip

bioreactor (Eppendorf), working volume of 0.8 L, was inoculated with

5 × 105 cells mL−1 24 h prior to transfection. Cells were cultured

in BalanCD medium supplemented with 4 mM L-glutamine (Gibco

Life Technologies) at pH 7.3, 40% dissolved O2, 36.5
◦C, 120 rpm,

and 0.5 L h−1 air flow. Transfection was performed using 1.9 pg/cell

plasmid DNA at the aforementioned ratio, complexed with 4 mg mL−1

PEI at a ratio of 1:3.5 DNA:PEI. Complexation of plasmid DNA was

performed for 15 min before being injected into the bioreactor by

syringe. Sodium butyrate (5 mM final concentration) was added 24 h

post-transfection. A sample was also taken to establish the efficiency

of transfection by GFP fluorescence, and the culture was harvested

72 h post-transfection. The cells were pelleted at 200 x g for 7 min in a

swinging bucket centrifuge. The clarified media was frozen at -80◦C or

used for the titration infectivity assay.

2.4 Titration of lentiviral supernatant with
HT1080 cells

Lentiviral vector titrationwith an infectivity assaywasperformedusing

two methods—flow cytometry and high content imaging. For the for-

mer, HT1080 cells were seeded at 5 × 104 cells/well in a 12-well

plate. After 24 h, the harvested LVV supernatant was serially diluted

in DMEM + 10% FBS + 1% PenStrep and added to the cells with 8 µg
mL−1 of polybrene. The cells were assayed for EGFP expression using a
BDLSRII flow cytometer 48hpost-transduction. A threshold transduc-

tion efficiency was set at 30% to discard multiple infections and LVV

concentration was calculated according to Equation 1.

LVV Concentration

= %GFP Positive ∗ Number of Cells Transduced ∗ Dilution Factor
Culture Volume

(1)

For high content imaging, HT1080 cells were seeded at

2 × 104 cells/well in 96-well plates. After 24 h, the harvested

supernatant was serially diluted in DMEM + 10% FBS + 1% PenStrep,

and added to cells with 8 µg mL−1 of polybrene. After 48 h, cell nuclei

were stained with 5 µg mL−1 of Hoechst 33342 (Thermo Fisher

Scientific) and imaged using a Cellomics ArrayScan XTI (Thermo Fisher

Scientific). Transduction efficiency was calculated using the Target

Activation Bioapplication feature.

2.5 RT-qPCR and p24 sandwich ELISA

Viral RNA was extracted from harvest supernatant using the Pure-

Link Viral RNA/DNA Extraction Kit (Thermo Fisher Scientific) accord-

ing to the manufacturer’s instructions (see Supporting Information for

details). A p24 sandwich ELISA assay was performed using a com-

mercially available DuoSet p24 sandwich ELISA kit (R&D Systems) as

detailed in Supporting Information.

2.6 Statistical analysis

A parametric unpaired student’s t-test was used to determine statis-

tical significance (p < 0.05) of transfection efficiency between shake

flasks and 96-deepwell plates, and among differentmedia. All analyses

were performed using GraphPad Prism 9.

3 RESULTS

3.1 Growth and transfection of HEK293
suspension cells in commercial media

Cell growth (30mL culture volume)was evaluated in four commercially

available media—CDM4HEK293, CDM4Permab, BalanCD HEK293

and HyCell TransfX—to identify an optimal medium for HEK293 sus-

pension cells (Figure 1A). These cells were previously identified to

be high producing clones for AAVs, and were considered to be a

useful starting cell line for this study. The maximum growth rates

were all within a factor of 2; 0.013–0.026 h–1 (Table S1). While

CDM4Permab exhibited the highest maximum growth rate with a

relatively high cell density, neither it nor CDM4HEK293 supported

transfection with PEI-Max as no EGFP fluorescence was observed

48 h post-transfection (Figure S1, Figure S3). BalanCD, however,

did support transfection with PEI-Max (Figure S1, Figure S3) and

CDM4Permab supported transfection with non-PEI reagents (Figure

S2). Clearly, interactions among media composition and the chemical

nature of cationic polymers and cationic lipid transfection reagents

impact transfection efficiency.[28,29] However, we chose BalanCD for

further experiments, since PEI-Max is a highly scalable transfection

reagent.
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F IGURE 1 Influence of culturemedia on HEK293 suspension cell growth. (A) Cell growth in 125mL shake flasks (30mL liquid volume) by
seeding 3× 105 cells mL−1 on day 0. Cell growthwas evaluated in four different commercially available media: : CDM4HEK293 (□),
CDM4Permab (●), BalanCDHEK293 (▲), and HyCell TransfX (♦). A logistic growth curvemodel was fit through the data points. Error bars
represent standard deviation across replicates. High Density HEK293 suspension cell growth in BalanCDHEK293. (B) Cells were grown in
BalanCDHEK293 to high densities in 125mL shake flasks (10mL liquid volume). Medium exchange occurred daily after three days. A logistic
growth line of best fit was drawn through the points. Each run of six replicates is shown. (C) Exponential growth for high-density (◼) and
low-density (●) cultures of HEK293 suspension cells in 125mL shake flasks (10mL liquid volume). The slopes represent the growth rate (µ) of
HEK293 suspension cells. (D) Exponential growth for high density cultures in 96-deepwell plates at 500 µL (●) and 200 µL (◼). (E) Growth of
HEK293 suspension cells in 96-deepwell plates at 500 µL (●) and 200 µL (◼).A logistic growth line of best fit was drawn through the points. The
error bars represent standard deviation across three replicates (N= 3). (F) HEK293 suspension cells cultured in BalanCDHEK293were
transfected with a single pLV-EGFP plasmid at 3× 105 cells mL−1 and 1× 106 cells mL−1 in shake flasks (filled bars) and 96-deepwell plates
(dotted bars). The transfection efficiency of the cells wasmeasured after 48 h using a flow cytometer. A Students t-test was used to compare the
transfection between shake flasks and 96-deepwell plates at each density (* p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns (not significant
p> 0.05). Error bars represent standard deviation across three replicates (N= 3)

3.2 High-density growth and transfection of
HEK293 suspension cells in BalanCD in shake flasks
and deep well plates

In the absence of medium exchange, the maximum cell density in Bal-

anCDwas approximately 2.5× 106 cells mL−1 (Figure 1A), likely due to
glucose limitations.[30,31] Thus, HEK293 suspension cells were seeded

at 3 × 105 cells mL−1 in 30 mL of BalanCD medium (in 125 mL shake

flasks) supplemented with 4 mM Glutamax. A “mock” perfusion was

then initiated on day 3 when the cells were collected, spun down, and

resuspended daily to replace depleted nutrients. We also reduced the

liquid culture volume to 10 mL per 125 mL shake flask to provide

increased headspace for higher oxygen transfer.[32] This methodology

led to improved cell densities of up to 4.0 (±6.9) x 107 cells mL−1 (error
based on standard deviation) across six independent runs (Figure 1B).

The average maximum growth rate was 0.018 h–1 for high cell density

(Figure 1C), which is very similar to the maximum growth rate at lower

cell densities.

We then performed nearly 100-fold scale-down to 96-deep well

plates for optimization studies. Two culture volumes, 500 and

200 µL/well, were used in square-walled 96-deep well plates create a

baffling effect known to enhance oxygen transfer in the wells.[20] Cells

were seeded at 3 × 105 cells mL−1 and medium was exchanged daily

startingonday3.Growth rates (Figure1D) and cell numberswere com-

parable in both volumes up to approximately 5 days (Figure 1E). How-

ever, the maximum cell density attained at 500 µL was ∼1.5 × 107 cells

mL−1, whilewith 200µL/well, cell densities up to at least 4.0×107 cells

mL−1 were achieved (Figure 1E).
The oxygen transfer rate (OTR) is affected by the oxygenmass trans-

fer coefficient, the area of mass transfer and the concentration gradi-

ent for oxygen between the culture medium and air as shown by Equa-

tion 2 [33]

OTR = kLa (C∗ − C) (2)

Where kL is the oxygen mass transfer coefficient, a is the surface

area of the air-medium interface, C* is the saturation oxygen concen-

tration in the medium,[34] and C is the concentration of oxygen in the

medium. The maximum oxygen transfer rate (OTRmax) occurs when

C is zero. The kLa can be experimentally modified since it is strongly
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TABLE 1 Lentiviral titers in 96-deepwell plates

LVV production at 1× 106 cells mL−1 in 96-deepwell plates

Method used Replicate 1 Replicate 2 Replicate 3 Mean± SD

p24 sandwich ELISA [pgmL−1] 1.3× 103 1.1× 103 1.4× 103 1.3× 103 ± 17

RT-qPCR [copies mL−1] 5.8× 107 2.8× 107 6.4× 107 5.0× 107±
1.9× 107

Infectivity titer [TUmL−1] 2.4× 105 1.8× 105 1.4× 105 1.9× 105 ±
5.0× 104

affected by the liquid culture volume, the agitation rate and the shape

of the culture vessel.[20,35] Using kLa correlations for deep-well plates

and shake flasks (see Supporting Information), calculated kLa values

obtained in 125 mL shake flasks agitated at 140 rpm and maintained

at 37◦C were ∼ 55 and ∼30 h–1 for liquid volumes of 10 and 30 mL,

respectively. For 96-deep well plates, the closest approximation to our

system was developed for liquid volumes of 600–1000 µL using sulfite
oxidation in the absence of cells and cell culturemedium.[20] Using this

correlation,we calculated kLa values of∼150and∼120h–1 for 200and
500 µL culture volumes, respectively.

Theoxygenuptake rate (OUR)of aHEK293 suspension cell has been

estimated to be 335 µmol (gDCW–1h–1).[36] At the start of “mock per-

fusion,” the cell density is approximately 2 × 106 cells mL−1 and the

maximum density obtained is 4 × 107 cells mL−1, or 1.0 and 21 g L−1

for the starting and maximum cell densities, respectively. This further

corresponds to calculated OURs of 335 and 7035 µM h−1, respec-
tively. Based on this calculation for shake flask cultures, the OTR is not

limiting at the cell concentration at the start of mock perfusion, but

becomes limiting at the maximum cell density for 30 mL liquid volume

(Table S2). This is not the case with 10 mL shake flask liquid volume.

Oxygen transfer is not limiting in either liquid volumes of 96-deep well

plates. These results indicate that HEK293 suspension cultures can be

scaled down approximately 150-fold and reach cell densities similar to

those in shake flasks. Indeed, the maximum cell growth rate, 0.020 h–1

for 200 µL/well, was similar to that obtained in shake flasks.

We then compared transfection efficiency of HEK293 suspension

cells in shake flasks and 96-deep well plates for single plasmid trans-

fection of pLV-EGFP. HEK293 suspension cells were transfected at

3 × 105 and 1 × 106 cells mL−1 in shake flasks and 96-deep well

plates, respectively, using PEI-Max. The transfection efficiency at 48

h post-transfection was determined using flow cytometry. No signifi-

cant difference in transfection efficiency was observed between shake

flasks and 96-deep well plates at both densities (Figure 1F and Figure

S3-S4). This indicates that culture scale-downdid not alter transfection

behavior.

3.3 Comparison of LVV production between
96-deep well plates and scaled-up batch systems

We transfected the four lentiviral plasmids at a ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g) into HEK293 suspension cells

with PEI-Max at a cell density of 1 × 106 cells mL−1. This plasmid

ratio was chosen based on a previous protocol, but was modified

slightly to ensure that the amount of the envelope plasmid (pMD2g)

was set as the lowest amount due to potential toxicity associated with

VSV glycoprotein.[37,38] Transfectionswere first performed in 96-deep

well plates. LVV concentrations were analyzed by RT-qPCR, infectiv-

ity assays using HT1080 cells (via flow cytometry) and p24 sandwich

ELISA (Table 1). Multiple wells were transfected for each replicate and

pooled to ensure that sufficient sample was available to be analyzed

by the three methods. Highly reproducible LVV particle concentra-

tions were observed for three replicates across each of the three assay

types.LVVs in a 1-L bioreactor using the aforementioned plasmid ratio

and transfection condition, but using both infectivity and RT-qPCR

measurements,which resulted in 6.9×104 TUmL−1 and2×108 copies
mL−1, respectively. Both infectivity and RT-qPCR values were similar

to those obtained with the 96-deep well plate; the ratio of infectivity

in the 96-deep well plate to 1-L bioreactor was only 2.75 despite the

1600-fold scale-up performed. Since we were able to show that LVV

concentrations obtained after a reduction of scale was similar to the

concentrations obtained in bioreactors, we proceeded to conduct mul-

tiple screens with HEK293 suspension cells at the microscale to opti-

mize viral vector production.

3.4 Identification of optimal PEI:DNA and
DNA/cell density for transfection

A combinatorial screen was performed to identify optimal transfec-

tion conditions of HEK293 suspension cells across a wide range of cell

densities. The cells were seeded at 3 × 105 cells mL−1 and allowed

to grow to 4 × 107 cells mL−1. When the cells reached discrete

cell densities they were transfected with pLV-EGFP over a range of

DNA amount/cell and PEI/DNA ratios. Three heat maps were gener-

ated at PEI/DNA ratios of 2:1, 3.5:1, and 5:1 (Figure 2). The trans-

fection efficiencies could be divided into two regimes; a low cell den-

sity regime (<5 × 106 cells mL−1) and a high cell density regime

(≥5× 106 cells mL−1).
The behavior of the cells at low cell density can be further sub-

divided into three regions, each corresponding to low (Figure 2A),

medium (Figure 2B) and high (Figure 2C) PEI/DNA ratios. At low

PEI/DNA ratios (Figure 2A), increasing the amount of DNA per

cell increased the transfection efficiency. Higher concentrations of
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TABLE 1 Lentiviral titers in 96-deepwell plates

LVV production at 1× 106 cells mL−1 in 96-deepwell plates

Method used Replicate 1 Replicate 2 Replicate 3 Mean± SD

p24 sandwich ELISA [pgmL−1] 1.3× 103 1.1× 103 1.4× 103 1.3× 103 ± 17

RT-qPCR [copies mL−1] 5.8× 107 2.8× 107 6.4× 107 5.0× 107±
1.9× 107

Infectivity titer [TUmL−1] 2.4× 105 1.8× 105 1.4× 105 1.9× 105 ±
5.0× 104

affected by the liquid culture volume, the agitation rate and the shape

of the culture vessel.[20,35] Using kLa correlations for deep-well plates

and shake flasks (see Supporting Information), calculated kLa values

obtained in 125 mL shake flasks agitated at 140 rpm and maintained

at 37◦C were ∼ 55 and ∼30 h–1 for liquid volumes of 10 and 30 mL,

respectively. For 96-deep well plates, the closest approximation to our

system was developed for liquid volumes of 600–1000 µL using sulfite
oxidation in the absence of cells and cell culturemedium.[20] Using this

correlation,we calculated kLa values of∼150and∼120h–1 for 200and
500 µL culture volumes, respectively.

Theoxygenuptake rate (OUR)of aHEK293 suspension cell has been

estimated to be 335 µmol (gDCW–1h–1).[36] At the start of “mock per-

fusion,” the cell density is approximately 2 × 106 cells mL−1 and the

maximum density obtained is 4 × 107 cells mL−1, or 1.0 and 21 g L−1

for the starting and maximum cell densities, respectively. This further

corresponds to calculated OURs of 335 and 7035 µM h−1, respec-
tively. Based on this calculation for shake flask cultures, the OTR is not

limiting at the cell concentration at the start of mock perfusion, but

becomes limiting at the maximum cell density for 30 mL liquid volume

(Table S2). This is not the case with 10 mL shake flask liquid volume.

Oxygen transfer is not limiting in either liquid volumes of 96-deep well

plates. These results indicate that HEK293 suspension cultures can be

scaled down approximately 150-fold and reach cell densities similar to

those in shake flasks. Indeed, the maximum cell growth rate, 0.020 h–1

for 200 µL/well, was similar to that obtained in shake flasks.

We then compared transfection efficiency of HEK293 suspension

cells in shake flasks and 96-deep well plates for single plasmid trans-

fection of pLV-EGFP. HEK293 suspension cells were transfected at

3 × 105 and 1 × 106 cells mL−1 in shake flasks and 96-deep well

plates, respectively, using PEI-Max. The transfection efficiency at 48

h post-transfection was determined using flow cytometry. No signifi-

cant difference in transfection efficiency was observed between shake

flasks and 96-deep well plates at both densities (Figure 1F and Figure

S3-S4). This indicates that culture scale-downdid not alter transfection

behavior.

3.3 Comparison of LVV production between
96-deep well plates and scaled-up batch systems

We transfected the four lentiviral plasmids at a ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g) into HEK293 suspension cells

with PEI-Max at a cell density of 1 × 106 cells mL−1. This plasmid

ratio was chosen based on a previous protocol, but was modified

slightly to ensure that the amount of the envelope plasmid (pMD2g)

was set as the lowest amount due to potential toxicity associated with

VSV glycoprotein.[37,38] Transfectionswere first performed in 96-deep

well plates. LVV concentrations were analyzed by RT-qPCR, infectiv-

ity assays using HT1080 cells (via flow cytometry) and p24 sandwich

ELISA (Table 1). Multiple wells were transfected for each replicate and

pooled to ensure that sufficient sample was available to be analyzed

by the three methods. Highly reproducible LVV particle concentra-

tions were observed for three replicates across each of the three assay

types.LVVs in a 1-L bioreactor using the aforementioned plasmid ratio

and transfection condition, but using both infectivity and RT-qPCR

measurements,which resulted in 6.9×104 TUmL−1 and2×108 copies
mL−1, respectively. Both infectivity and RT-qPCR values were similar

to those obtained with the 96-deep well plate; the ratio of infectivity

in the 96-deep well plate to 1-L bioreactor was only 2.75 despite the

1600-fold scale-up performed. Since we were able to show that LVV

concentrations obtained after a reduction of scale was similar to the

concentrations obtained in bioreactors, we proceeded to conduct mul-

tiple screens with HEK293 suspension cells at the microscale to opti-

mize viral vector production.

3.4 Identification of optimal PEI:DNA and
DNA/cell density for transfection

A combinatorial screen was performed to identify optimal transfec-

tion conditions of HEK293 suspension cells across a wide range of cell

densities. The cells were seeded at 3 × 105 cells mL−1 and allowed

to grow to 4 × 107 cells mL−1. When the cells reached discrete

cell densities they were transfected with pLV-EGFP over a range of

DNA amount/cell and PEI/DNA ratios. Three heat maps were gener-

ated at PEI/DNA ratios of 2:1, 3.5:1, and 5:1 (Figure 2). The trans-

fection efficiencies could be divided into two regimes; a low cell den-

sity regime (<5 × 106 cells mL−1) and a high cell density regime

(≥5× 106 cells mL−1).
The behavior of the cells at low cell density can be further sub-

divided into three regions, each corresponding to low (Figure 2A),

medium (Figure 2B) and high (Figure 2C) PEI/DNA ratios. At low

PEI/DNA ratios (Figure 2A), increasing the amount of DNA per

cell increased the transfection efficiency. Higher concentrations of
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F IGURE 2 Transfection and LVV production optimization in HEK293 suspension cells performed in 96-deepwell plates in duplicate. The three
different PEI:DNA ratios of (A) 2:1, (B) 3.5:1 and (C) 5:1 are plotted as three separate heat maps. The redder the square the higher the transfection
efficiency. X indicates conditions where no significant events were recorded due to cell death resulting from PEI toxicity. (D) Screen to identify
optimal DNA amount/cell and PEI/DNA for lentivirus production at 2× 107 cells mL−1. Both p24 concentration in pg/mL (gray bars) and infectivity
in TUmL−1 (black bars) weremeasured. (E) Screen to identify optimal plasmid ratio (pRSVRev:pMDL:pLVEGFP:pMD2g) for lentivirus production
at 2× 107 cells mL−1. The conditions tested are shown below the figures. The error bars represent standard deviation across three replicates

PEI:DNA complex increased the chances of a cell taking up the com-

plex, becoming transfected to express GFP, and this led to higher

measured transfection efficiency. At high PEI/DNA ratios (Figure 2C),

increasing the amount of DNA per cell reduced the transfection effi-

ciency, possibly due to cytotoxicity associated with excess PEI. Cyto-

toxicity was most evident at higher cell densities when no transfec-

tion events were recorded (marked by X in Figure 2) corresponding

to very high concentrations of PEI. In addition, at a specific DNA con-

centration and cell density, an increase in the PEI/DNA ratio from

2:1 to 5:1 increased the transfection efficiency with up to 3.5 pg

DNA/cell.

Increased PEI:DNA ratio is known to increase the N/P ratio (the

moles of amine groups in PEI to moles of phosphate groups in DNA)

in a transfection complex.[39] The increase in transfection efficiency

up to 3.5 pg DNA/cell is consistent with a higher N/P ratio causing

higher transfection efficiency.[40] Above 3.5 pg DNA/cell, cytotoxi-

city impacted transfection efficiency. However, for an intermediate

PEI/DNA ratio of 3.5:1 (Figure 2B), there was a range of DNA
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concentrations between 0.5 and 3.5 pg/cell where transfection effi-

ciency was optimal. This indicates that a combination of specific

DNA content, N/P ratio, and reduced cytotoxicity, results in optimal

transfection efficiency. For low cell density transfections, a PEI/DNA

ratio of 3.5:1 is optimal with 0.5 to 3.5 pg DNA/cell, while at high cell

densities, higher transfection efficiencies occured with lower DNA

amounts at all PEI/DNA ratios as a result of lower concentration of PEI

and lower cytotoxicity.

3.5 Identification of optimal 4-plasmid ratio

A second screen was performedwith four plasmids at a ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g) in 96-deep well plates to identify

optimal DNA/cell and PEI/DNA ratios using HEK293 suspension cells

at 2 × 107 cells mL−1. Final LVV concentration was determined using

the infectivity assay inHT1080 cells (via high content imaging) and p24

sandwich ELISA (Figure 2D). Infectivity is a more accurate measure of

LVV concentration than p24 sandwich ELISA, since it relates directly to

functional LVV concentration. The concentration of p24 protein, how-

ever, does not necessarily correlate to the concentration of infective

particles. This can be seen best at Condition 3 where despite exhibit-

ing one of the highest p24 concentrations (∼1500 pg/cell), infectivity

was nearly two-thirds lower that in Condition 2. Thismay be due to the

presence of free p24 aswell as p24 associatedwith non-functional viral

vector. Hence, our screening assays were primarily focused on func-

tional viral vector concentration. Based on the results depicted in Fig-

ure 2D, the highest functional LVV concentrations were observed with

Conditions – 2 and 7, corresponding to 0.5 pg DNA/cell, 2:1 PEI/DNA

and 0.2 pg DNA/cell, 3:5:1 PEI/DNA, respectively. For all conditions

tested, higher functional LVV concentration was obtained at the 2:1

PEI/DNA ratio. However, as the PEI content is increased, the amount

of DNA that is needed can be reduced. This is seen with Condition 7,

where it was possible to reduce the ratio of DNA/cell while maintain-

ing the higher PEI/DNA ratio. This is likely due to the presence of more

PEI/DNA complexes allowing formore efficient transfection. Nonethe-

less, the two top conditions still generated only ∼2–3 × 105 TU mL−1.
Hence we proceeded to evaluate the effect of changing the ratio of the

four plasmids for LVV production.

To this end,HEK293 suspension cells at a cell density of 2×107 cells

mL−1 were transfected in 96-deep well plates with all four plasmids.

Fifteen conditions were tested (Figure 2E). Based on the previous

screen (Condition 7), the total DNA amount was fixed at 0.2 pg/cell

and a PEI/DNA ratio of 3.5:1 was used. The resulting concentration

of LVV particles was measured using both infectivity (via high content

imaging) and p24 sandwich ELISA. Condition L exhibited the highest

concentration of viral particles at 6.7 × 105 TUmL−1. However, rather
surprisingly, there was only an approx. two-fold increase from lowest

functional titer (Condition A) to highest (Condition L). Moreover,

comparison of Condition B, which is identical in the 4-plasmid ratio

to that used for lower cell densities (106 cells mL−1; Table 1), the

functional LVV concentration increased only 3.6-fold, yet there was

F IGURE 3 Lentivirus vector production optimization in LV-Max
Cells. Both p24 concentration in pg/mL (gray bars) and infectivity in
TUmL−1 (black bars) weremeasured. (A) Screen to identify optimal
DNA amount/cell and PEI/DNA for lentivirus production at
2× 107 cells mL−1. (B) Screen to identify optimal plasmid ratio
(pRSVRev:pMDL:pLVEGFP:pMD2g) for lentivirus production at
2× 107 cells mL−1. The conditions tested are shown in Figure 2D,E.
The error bars represent standard deviation across three replicates

a 20-fold increase in cell density. This drop in specific productivity at

high cell density could be due to the chosen cell clone.

3.6 Evaluation of commercially available LV-Max
cell line

To establish generality and to increase LVV concentrations, we transi-

tioned to the LV-Max cell line. The same two screens were performed

aswith theHEK293 suspension cells. The harvest supernatantwas col-

lected at 48 h and used to measure the functional LVV concentration

with both infectivity (high content imaging) and p24 sandwich ELISA

assays (Figure 3A). Unlike with HEK293 suspension cells, there was a

clear peak at 1.9 pg DNA/cell and PEI/DNA of 3.5:1 where the func-

tional LVV concentration was maximized. In addition, there was a sig-

nificant increase in the yield of the LVV particles from ∼105 TU mL−1

to ∼8 × 106 TU mL−1 (Figure 3A). Therefore, we used Condition 10

(1.9 pg/cell at PEI/DNA of 3.5:1) in the 4-plasmid, 15-Condition screen

with LV-Max cells (Figure 3B). By modifying the concentration of plas-

mids during transfection, functional yields reached approx. 2 × 107 TU

mL−1 (Condition K). Clearly, the cell clone used for viral vector produc-
tion significantly impacted LVV productivity.
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concentrations between 0.5 and 3.5 pg/cell where transfection effi-

ciency was optimal. This indicates that a combination of specific

DNA content, N/P ratio, and reduced cytotoxicity, results in optimal

transfection efficiency. For low cell density transfections, a PEI/DNA

ratio of 3.5:1 is optimal with 0.5 to 3.5 pg DNA/cell, while at high cell

densities, higher transfection efficiencies occured with lower DNA

amounts at all PEI/DNA ratios as a result of lower concentration of PEI

and lower cytotoxicity.

3.5 Identification of optimal 4-plasmid ratio

A second screen was performedwith four plasmids at a ratio of 6:4:6:1

(pRSVRev:pMDL:pLVEGFP:pMD2g) in 96-deep well plates to identify

optimal DNA/cell and PEI/DNA ratios using HEK293 suspension cells

at 2 × 107 cells mL−1. Final LVV concentration was determined using

the infectivity assay inHT1080 cells (via high content imaging) and p24

sandwich ELISA (Figure 2D). Infectivity is a more accurate measure of

LVV concentration than p24 sandwich ELISA, since it relates directly to

functional LVV concentration. The concentration of p24 protein, how-

ever, does not necessarily correlate to the concentration of infective

particles. This can be seen best at Condition 3 where despite exhibit-

ing one of the highest p24 concentrations (∼1500 pg/cell), infectivity

was nearly two-thirds lower that in Condition 2. Thismay be due to the

presence of free p24 aswell as p24 associatedwith non-functional viral

vector. Hence, our screening assays were primarily focused on func-

tional viral vector concentration. Based on the results depicted in Fig-

ure 2D, the highest functional LVV concentrations were observed with

Conditions – 2 and 7, corresponding to 0.5 pg DNA/cell, 2:1 PEI/DNA

and 0.2 pg DNA/cell, 3:5:1 PEI/DNA, respectively. For all conditions

tested, higher functional LVV concentration was obtained at the 2:1

PEI/DNA ratio. However, as the PEI content is increased, the amount

of DNA that is needed can be reduced. This is seen with Condition 7,

where it was possible to reduce the ratio of DNA/cell while maintain-

ing the higher PEI/DNA ratio. This is likely due to the presence of more

PEI/DNA complexes allowing formore efficient transfection. Nonethe-

less, the two top conditions still generated only ∼2–3 × 105 TU mL−1.
Hence we proceeded to evaluate the effect of changing the ratio of the

four plasmids for LVV production.

To this end,HEK293 suspension cells at a cell density of 2×107 cells

mL−1 were transfected in 96-deep well plates with all four plasmids.

Fifteen conditions were tested (Figure 2E). Based on the previous

screen (Condition 7), the total DNA amount was fixed at 0.2 pg/cell

and a PEI/DNA ratio of 3.5:1 was used. The resulting concentration

of LVV particles was measured using both infectivity (via high content

imaging) and p24 sandwich ELISA. Condition L exhibited the highest

concentration of viral particles at 6.7 × 105 TUmL−1. However, rather
surprisingly, there was only an approx. two-fold increase from lowest

functional titer (Condition A) to highest (Condition L). Moreover,

comparison of Condition B, which is identical in the 4-plasmid ratio

to that used for lower cell densities (106 cells mL−1; Table 1), the

functional LVV concentration increased only 3.6-fold, yet there was

F IGURE 3 Lentivirus vector production optimization in LV-Max
Cells. Both p24 concentration in pg/mL (gray bars) and infectivity in
TUmL−1 (black bars) weremeasured. (A) Screen to identify optimal
DNA amount/cell and PEI/DNA for lentivirus production at
2× 107 cells mL−1. (B) Screen to identify optimal plasmid ratio
(pRSVRev:pMDL:pLVEGFP:pMD2g) for lentivirus production at
2× 107 cells mL−1. The conditions tested are shown in Figure 2D,E.
The error bars represent standard deviation across three replicates

a 20-fold increase in cell density. This drop in specific productivity at

high cell density could be due to the chosen cell clone.

3.6 Evaluation of commercially available LV-Max
cell line

To establish generality and to increase LVV concentrations, we transi-

tioned to the LV-Max cell line. The same two screens were performed

aswith theHEK293 suspension cells. The harvest supernatantwas col-

lected at 48 h and used to measure the functional LVV concentration

with both infectivity (high content imaging) and p24 sandwich ELISA

assays (Figure 3A). Unlike with HEK293 suspension cells, there was a

clear peak at 1.9 pg DNA/cell and PEI/DNA of 3.5:1 where the func-

tional LVV concentration was maximized. In addition, there was a sig-

nificant increase in the yield of the LVV particles from ∼105 TU mL−1

to ∼8 × 106 TU mL−1 (Figure 3A). Therefore, we used Condition 10

(1.9 pg/cell at PEI/DNA of 3.5:1) in the 4-plasmid, 15-Condition screen

with LV-Max cells (Figure 3B). By modifying the concentration of plas-

mids during transfection, functional yields reached approx. 2 × 107 TU

mL−1 (Condition K). Clearly, the cell clone used for viral vector produc-
tion significantly impacted LVV productivity.
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As a final validation step, we scaled up LV-Max Condition K for

use in 125 mL shake flasks to confirm whether similar scalabil-

ity from 96-deep well plates as observed with the HEK 293 sus-

pension cells would translate to LV-Max cells. The LV-Max cells

were transfected with all four plasmids at a ratio of 3.5:2.5:6:1

(pRSVRev:PMDL:pLVEGFP:pMD2g) and the harvest supernatant was

collected 48 h post-transfection. The LVV concentration was then

measured using both the infectivity and p24 assays. Infectivity values

across all three replicates in shake flasks were similar to the values in

96-deep well plates (Table S3). Therefore, the 96-deep well plate plat-

form could serve as a useful tool to screen conditions for production of

LVVs at high cell density.

4 DISCUSSION

Both gene therapy and CAR-T applications are emerging tools to help

treat several degenerative diseases and cancer, and both rely on effi-

cient and targeted delivery of therapeutic genes to cells of interest.

LVVs are a promising delivery vehicle due to their large tropism and

their ability to cause genomic integration of a gene of interest. How-

ever, low viral amounts and lack of scalability have largely prevented

their more widespread use for gene therapy and CAR-T applications.

Several factors canbeaddressed furtherduring themanufacturingpro-

cess to improve the yield and scalability of LVVs. These include cul-

ture format of host cells (e.g., suspension vs. adherent), medium for cell

growth and transfection, transfection reagent, and quantity and num-

berofplasmids.However, amajorbottleneck remains a lackof through-

put to test thesemyriad conditions. Toaddress this challenge,wedevel-

oped a screening platform using conventional square-walled 96-deep

well plates that enable high cell density using commercially available

media. This platform can be used to screen a wide range of conditions

without the need for large amounts of reagents and plasmids.

BalanCD supported high density cell growth in shake flasks and and

in 96-deep well plates with cells reaching a maximum density of up

to 4 × 107 cells mL−1 in both formats with comparable growth rates

and transfection efficiencies with a single Egfp gene-containing plas-

mid. While our transfection experiments were focused primarily on

using PEI-Max due to its scalability, similar transfection experiments

canbeperformedwithother reagents. Furthermore, novel transfection

reagents can be testedwith relative ease over awide range of densities

without consuming large reagent amounts. To this end, we performed

two proof-of-concept screening studies to highlight the range of con-

ditions that can be evaluated with the 96-deep well plate platform

for suspension adapted cells. The first screen identified optimal DNA

amount/cell and PEI/DNA ratio, while the second screen identified the

optimal four-plasmid ratio. A schematic of how these two screenswere

used to guide LVVproduction in scale-up systems is shown in Figure S5.

Three methods are commonly used to measure LVV concentration

obtained in the harvest supernatant—p24 sandwich ELISA, RT-qPCR

and infectivity assays,[41] Of the three, the infectivity assay allows for

direct quantification of functional viral particles.[42] In the presence of

a fluorescent transfer plasmid (i.e., pLV EGFP), the percentage of cells

that are transduced by the LVV (carrying the EGFP construct) can be

measured using flow cytometry. Since LVVs are often introduced to

target cells at different dilutions, the starting viral concentration can

be determined by using Equation (1). Both p24 sandwich ELISA and

RT-qPCR, however, are metrics of physical viral vector concentration

and often overestimate the number of viral particles.[43] On the other

hand, infectivity assays are a more useful metric as they allow for the

measurement of truly functional particles. Hence, vector copy number

measurements are also used, wherein transduced cells are maintained

in culture long-term and the percentage of cells that have integrated

a copy of the target gene can be measured using PCR. In future work,

a longer-term infectivity study would be beneficial to demonstrate the

influence of LVV production conditions on the infective properties of

the LVVs. Nonetheless, for the current study, we focused only on a

short-term fluorescent reporter-based infectivity assay, since wewere

primarily interested in performing a rapid screen to identify an optimal

condition for LVVproduction froma libraryof conditions.Wewereable

to show that the same LVV productivity was obtained in shake flasks

and 1-L bioreactor after short-term culture. A long-term stable trans-

duction experiment should reveal similar trends, since both 96-deep

well plates and shake flasks, as well as bioreactors, start with the same

concentration of LVV in the harvest.

The relatively low infective concentration obtained with the

HEK293 suspension cell line is clearly a function of the cell clone used.

This was demonstrated by transitioning to an LV-Max cell line, which

increased functional LVV concentrations nearly 100-fold. Importantly,

in both cell lines, the ratios of DNA/cell and PEI/DNA dominate over

the ratios of the four plasmids. The approach taken in the current study

supports the ability of a simple, microscale 96-deepwell plate platform

to predict scale-up to shake flask scale and possibly increased bioreac-

tor scales.

In summary, the methodology developed herein may help guide

LVV and other viral vector manufacturing in bioreactor scale-up

models that can then be used for different therapeutic applications.

Importantly, the high cell densities and high oxygen transfer rates in

microwell systems mimic conditions in larger-scale bioreactors. This

will accelerate bioprocess optimization of viral vector production

for therapeutic applications. Moreover, even smaller systems may

be envisioned, including microarrays that can mimic high oxygen

transfer due to very small diffusion path lengths.[44] As a result, very

high-throughput optimization of LVV production, as well as other viral

vectors produced in HEK293 or other cell lines, may be envisioned.
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1. Introduction

Since the dawn of the era of human gene
therapy research in the 1970s, hardly any
vehicle for therapeutic gene transfer has
attracted more attention than the Adeno-
associated virus (AAV). As a non-pathogenic
member of the Parvoviridae family, AAV
is composed of a single-stranded DNA
genome encapsidated in a 23–28 nm, T = 1,
non-enveloped capsid. Arguably, the great-
est and perhaps also a unique asset of
AAV is its extreme amenability to genetic
engineering and repurposing of the viral
genome and capsid. This flexibility enables
not only the construction of recombinant
vectors encoding an assortment of thera-
peutic cargos, but it also facilitates the ratio-
nal design or molecular evolution of novel
capsids with enhanced organ or cell speci-
ficity, transduction efficiency and/or lower
reactivity with anti-AAV immunity.[1–3] To
this end, a vast collection of technologies for
capsid engineering have been invented and
applied over the years, ranging from site-
directed mutagenesis of individual amino

acids in the capsid, or insertion of retargeting peptides or larger
moieties, to the creation of chimeric capsids composed of mul-
tiple parental subunits derived from natural viruses or designed
in silico.
As these techniques have been reviewed extensively by others

and us before,[2–7] and as a more detailed discussion is outside
our current scope, we will merely highlight two specific strate-
gies and prototypes of synthetic AAV capsids that assume an
exemplary role in this article. The first strategy harnesses the
principle of DNA family shuffling to create chimeric AAV cap-
sids that are built from blocks derived from a set of two or more
input viruses with different properties. Therefore, the parental
cap(sid) genes of ≈2.2 kilobases (kb) are first fragmented into
≈100 to 800-base pair (bp) long pieces using a controlled DNaseI
digest. Next, these are forced to recombine in a primer-less PCR
reaction, in which the individual fragments self-prime enabled
by the typically greater than 70% DNA homology of most AAV
isolates. A subsequent second PCR is then used to amplify the
pool of chimeric cap genes for subcloning into a replication- and
packaging-competent AAV plasmid. The latter also contains the
AAV rep gene and inverted terminal repeats (ITRs), which are re-
quired for encapsidation of the chimeric sequences. The ensuing
plasmid library of usually more than a million different capsid
variants is used to produce a corresponding viral library, which

Biotechnol. J. 2021, 16, 2000025 © 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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Figure 1. Evolution of synthetic AAV capsids AAV-DJ (right) and Anc (left). Shown in the box are the six AAV wild-types that form the basis for all
synthetic capsids depicted in this figure and discussed in the text. AAV-DJ was derived by DNA family shuffling of AAV serotypes 2, 8, and 9, that is,
through forward-directed molecular evolution. The Anc family (Anc80-82, 127) was in silico designed using ancestral reconstruction, that is, through
backwards-directed molecular evolution starting with all shown six wild-types. Note that this is not a genuine phylogenetic tree and that evolutionary
relationships have been simplified. The actual phylogeny is depicted in the original work by Zinn et al.[20]

is finally interrogated in cultured cells or animal tissues in vivo
through two to five iterative cycles of infection, the rescue of cap
sequences from the on-target cells, re-cloning, and production of
a secondary library for the next round.
In the 2008 study from the Kay lab that pioneered the use of

this technique for AAV capsid evolution[8] and that was quickly
succeeded by similar work from the Samulski[9] and Schaffer[10]

labs, a chimeric AAV capsid called AAV-DJ was molecularly
evolved in cultured human liver cells in the presence of

neutralizing anti-AAV antibodies. From the eight distinct AAV
serotypes that formed the initial capsid library, five were elimi-
nated during the iterative selection, leaving fragments of AAV2,
8, and 9 that had recombined to yield AAV-DJ (Figure 1, right).
As shown in this work and many follow-up studies,[11–13] AAV-DJ
mediates highly efficient and specific gene transfer to the mouse
liver following peripheral administration, as initially hoped for.
Interestingly, it also turned out to be an excellent candidate for
gene transfer into other cell types in vitro and in vivo, explaining

Biotechnol. J. 2021, 16, 2000025 © 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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is finally interrogated in cultured cells or animal tissues in vivo
through two to five iterative cycles of infection, the rescue of cap
sequences from the on-target cells, re-cloning, and production of
a secondary library for the next round.
In the 2008 study from the Kay lab that pioneered the use of

this technique for AAV capsid evolution[8] and that was quickly
succeeded by similar work from the Samulski[9] and Schaffer[10]

labs, a chimeric AAV capsid called AAV-DJ was molecularly
evolved in cultured human liver cells in the presence of

neutralizing anti-AAV antibodies. From the eight distinct AAV
serotypes that formed the initial capsid library, five were elimi-
nated during the iterative selection, leaving fragments of AAV2,
8, and 9 that had recombined to yield AAV-DJ (Figure 1, right).
As shown in this work and many follow-up studies,[11–13] AAV-DJ
mediates highly efficient and specific gene transfer to the mouse
liver following peripheral administration, as initially hoped for.
Interestingly, it also turned out to be an excellent candidate for
gene transfer into other cell types in vitro and in vivo, explaining
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why AAV-DJ has been widely used to date for numerous appli-
cations and in various models of human gene therapy.[11,14–17]

Moreover, its structure was resolved by cryo-electron microscopy
at 4.5 Å resolution,[18] or, more recently, even at 2.8 Å resolution
in complex with a heparan sulfate analog.[19] Because of its in-
teresting properties, its broad use and the advanced knowledge
of its structure and biology, we will use AAV-DJ as the prototype
of a synthetic AAV capsid in this article that was created by
forward-directed molecular evolution.
Complementing this strategy is another powerful and origi-

nal technology that was pioneered by Luk Vandenberghe and his
team in 2015 and that is called "ancestral reconstruction".[20] As
the name implies, in contrast to AAV DNA family shuffling, this
methodology goes back in natural evolution by computationally
predicting and then experimentally recreating ancestors of con-
temporary AAV capsids that may or may not have existed, but
when developed as vectors can display unique and interesting
properties. The best-known example in the field is Anc80L65,
which is a specific variant of a node called Anc80 that repre-
sents the ancestor of a variety of present AAV serotypes including
AAV1, 2, 8, and 9 (Figure 1, left). Akin to AAV-DJ, Anc80L65 also
excels in many clinically relevant cells and tissues in comparison
to widely used other capsids such as AAV8, comprising the liver
of mice and monkeys, or hair cells in the murine cochlea.[5,20–23]

Thus, for the same rationale that applies to AAV-DJ, Anc80L65
and some of its closely related siblings that were also derived
by backwards-directed molecular evolution will be used as a
second class of prototypes of synthetic AAV capsids in the
following.
Notably, while these capsids were evolved with two opposed

technologies, they can be produced as recombinant gene ther-
apy vectors using the identical protocol. This is due to one of the
many strengths of the AAV vector system, which is the fact that
the only component that requires adaptation for the production
of a new viral capsid variant is the cap gene itself. In contrast,
all other pivotal factors such as the AAV rep gene (typically de-
rived from AAV2) as well as adenoviral helper functions remain
unchanged. Consequently, irrespective of the origin—natural or
synthetic—of a new capsid type, of its sequence and structure,
and of the technology that was employed for its creation, the pro-
tocol for AAV vector production only requires a marginal amend-
ment in the form of the cloning of the desired cap gene into the
AAV helper construct.[24] This is strikingly different, however, for
all subsequent steps in the protocol that follow downstream of
the initial vector production scheme, that is, viral particle pu-
rification and characterization. One reason is that a significant
proportion of the respective technologies that have been devel-
oped and reported over the last decadeswere specifically designed
for a subset of AAV isolates. This includes purification meth-
ods that are based on virus affinity for a given receptor, such
as AAV2 purification via heparin affinity chromatography[25] or
protocols for AAV particle characterization that harness serotype-
specific monoclonal antibodies, such as capsid ELISAs for se-
lected serotypes.[26,27] Moreover, the often limited understanding
of the biology of new capsids and their biophysical properties
hampers the rational selection of a suited protocol for purification
and/or characterization from the arsenal of conventional strate-
gies, thus requiring trial-and-error or necessitating the establish-
ment of the novel, capsid-tailored methodologies.

Here, we will use the aforementioned AAV-DJ and Anc family
as representative examples to illustrate the flurry of recent activ-
ities that aim to expand our options for downstream processing
and characterization of synthetic AAV capsid variants, while
remaining compatible with (pre-) clinical demands including
high yield, purity, quality, and consistency. Thereby, this article
intends to complement a collection of excellent previous reviews
by our colleagues who have comprehensively discussed more
traditional technologies for AAV manufacturing. In particu-
lar, for further reading, we recommend the overview articles
by Ayuso, Mingozzi, and Bosch,[28] Clement and Grieger,[29]

or Aponte-Ubillus et al.,[30] among others.[31–33] Also, we will
start by briefly highlighting interesting recent progress in the
upscaling of the upstream AAV production process as it goes
hand in hand with downstream optimization. Finally, we will
exemplify other technological advances that are related to the
progress in AAV downstream processing, comprising latest im-
provements in AAV characterization through mass spectrometry
or thermostability measurement, or in detection and removal
of contaminants. An overview of the different methodologies
discussed in this article including a selection of pros and cons
and representative examples from the literature is given in
Table 1.

2. Manufacturing of Synthetic AAV Vectors

As noted above, AAV production can easily be adapted to newly
discovered wild-type isolates or synthetically engineered capsids,
by simply replacing the cap gene in the preferred AAV helper con-
struct. This is particularly straightforward in the case of proto-
cols based on transient plasmid transfection,[34] in which cap is
encoded on an AAV helper plasmid and typically co-transfected
with the AAV vector and another plasmid providing all adenovi-
ral helper functions; the latter can also be combined with the
AAV rep and cap genes on a single construct.[24,35–37] It is more
labor- and time-intensive in the case of stable AAV producer cell
lines or scalable systems based on heterologous viruses such
as baculoviruses,[38] yet the overall principle remains identical.
Nonetheless, we note that, to our best knowledge, these alterna-
tive systems remain to be harnessed for the production of syn-
thetic AAV capsids. In particular, in the case of the baculovirus
system, this may then require additional optimization of the AAV
expression cassettes including promoters to maintain a correct
stoichiometry and splicing of all capsid mRNAs and proteins as
well as other biological AAV properties.[28,39]

Of note, stable lines or helpervirus infection are not the only
means of up-scaling AAV production; instead, numerous groups
have succeeded at adapting HEK293 cells (a human embryonic
kidney cell line that is typically used for AAV manufacturing) to
growth in suspension. One example has recently been provided
by Blessing and colleagues who cultured an adaptedHEK293 sus-
pension cell clone called HEKExpress under serum-free condi-
tions in orbitally shaken bioreactors (OSRs). The latter combine
efficient gas transfer with high cell viability and can be scaled up
to 1000 liters.[40,41] Using transient transfection with polyethylen-
imine (PEI) and POROS CaptureSelect resins for AAV purifica-
tion via immunoaffinity chromatography, the authors managed
to achieve AAV8 and AAV9 production with a significant recov-
ery (>35%).[40] While not demonstrated in the original report,
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why AAV-DJ has been widely used to date for numerous appli-
cations and in various models of human gene therapy.[11,14–17]

Moreover, its structure was resolved by cryo-electron microscopy
at 4.5 Å resolution,[18] or, more recently, even at 2.8 Å resolution
in complex with a heparan sulfate analog.[19] Because of its in-
teresting properties, its broad use and the advanced knowledge
of its structure and biology, we will use AAV-DJ as the prototype
of a synthetic AAV capsid in this article that was created by
forward-directed molecular evolution.
Complementing this strategy is another powerful and origi-

nal technology that was pioneered by Luk Vandenberghe and his
team in 2015 and that is called "ancestral reconstruction".[20] As
the name implies, in contrast to AAV DNA family shuffling, this
methodology goes back in natural evolution by computationally
predicting and then experimentally recreating ancestors of con-
temporary AAV capsids that may or may not have existed, but
when developed as vectors can display unique and interesting
properties. The best-known example in the field is Anc80L65,
which is a specific variant of a node called Anc80 that repre-
sents the ancestor of a variety of present AAV serotypes including
AAV1, 2, 8, and 9 (Figure 1, left). Akin to AAV-DJ, Anc80L65 also
excels in many clinically relevant cells and tissues in comparison
to widely used other capsids such as AAV8, comprising the liver
of mice and monkeys, or hair cells in the murine cochlea.[5,20–23]

Thus, for the same rationale that applies to AAV-DJ, Anc80L65
and some of its closely related siblings that were also derived
by backwards-directed molecular evolution will be used as a
second class of prototypes of synthetic AAV capsids in the
following.
Notably, while these capsids were evolved with two opposed

technologies, they can be produced as recombinant gene ther-
apy vectors using the identical protocol. This is due to one of the
many strengths of the AAV vector system, which is the fact that
the only component that requires adaptation for the production
of a new viral capsid variant is the cap gene itself. In contrast,
all other pivotal factors such as the AAV rep gene (typically de-
rived from AAV2) as well as adenoviral helper functions remain
unchanged. Consequently, irrespective of the origin—natural or
synthetic—of a new capsid type, of its sequence and structure,
and of the technology that was employed for its creation, the pro-
tocol for AAV vector production only requires a marginal amend-
ment in the form of the cloning of the desired cap gene into the
AAV helper construct.[24] This is strikingly different, however, for
all subsequent steps in the protocol that follow downstream of
the initial vector production scheme, that is, viral particle pu-
rification and characterization. One reason is that a significant
proportion of the respective technologies that have been devel-
oped and reported over the last decadeswere specifically designed
for a subset of AAV isolates. This includes purification meth-
ods that are based on virus affinity for a given receptor, such
as AAV2 purification via heparin affinity chromatography[25] or
protocols for AAV particle characterization that harness serotype-
specific monoclonal antibodies, such as capsid ELISAs for se-
lected serotypes.[26,27] Moreover, the often limited understanding
of the biology of new capsids and their biophysical properties
hampers the rational selection of a suited protocol for purification
and/or characterization from the arsenal of conventional strate-
gies, thus requiring trial-and-error or necessitating the establish-
ment of the novel, capsid-tailored methodologies.

Here, we will use the aforementioned AAV-DJ and Anc family
as representative examples to illustrate the flurry of recent activ-
ities that aim to expand our options for downstream processing
and characterization of synthetic AAV capsid variants, while
remaining compatible with (pre-) clinical demands including
high yield, purity, quality, and consistency. Thereby, this article
intends to complement a collection of excellent previous reviews
by our colleagues who have comprehensively discussed more
traditional technologies for AAV manufacturing. In particu-
lar, for further reading, we recommend the overview articles
by Ayuso, Mingozzi, and Bosch,[28] Clement and Grieger,[29]

or Aponte-Ubillus et al.,[30] among others.[31–33] Also, we will
start by briefly highlighting interesting recent progress in the
upscaling of the upstream AAV production process as it goes
hand in hand with downstream optimization. Finally, we will
exemplify other technological advances that are related to the
progress in AAV downstream processing, comprising latest im-
provements in AAV characterization through mass spectrometry
or thermostability measurement, or in detection and removal
of contaminants. An overview of the different methodologies
discussed in this article including a selection of pros and cons
and representative examples from the literature is given in
Table 1.

2. Manufacturing of Synthetic AAV Vectors

As noted above, AAV production can easily be adapted to newly
discovered wild-type isolates or synthetically engineered capsids,
by simply replacing the cap gene in the preferred AAV helper con-
struct. This is particularly straightforward in the case of proto-
cols based on transient plasmid transfection,[34] in which cap is
encoded on an AAV helper plasmid and typically co-transfected
with the AAV vector and another plasmid providing all adenovi-
ral helper functions; the latter can also be combined with the
AAV rep and cap genes on a single construct.[24,35–37] It is more
labor- and time-intensive in the case of stable AAV producer cell
lines or scalable systems based on heterologous viruses such
as baculoviruses,[38] yet the overall principle remains identical.
Nonetheless, we note that, to our best knowledge, these alterna-
tive systems remain to be harnessed for the production of syn-
thetic AAV capsids. In particular, in the case of the baculovirus
system, this may then require additional optimization of the AAV
expression cassettes including promoters to maintain a correct
stoichiometry and splicing of all capsid mRNAs and proteins as
well as other biological AAV properties.[28,39]

Of note, stable lines or helpervirus infection are not the only
means of up-scaling AAV production; instead, numerous groups
have succeeded at adapting HEK293 cells (a human embryonic
kidney cell line that is typically used for AAV manufacturing) to
growth in suspension. One example has recently been provided
by Blessing and colleagues who cultured an adaptedHEK293 sus-
pension cell clone called HEKExpress under serum-free condi-
tions in orbitally shaken bioreactors (OSRs). The latter combine
efficient gas transfer with high cell viability and can be scaled up
to 1000 liters.[40,41] Using transient transfection with polyethylen-
imine (PEI) and POROS CaptureSelect resins for AAV purifica-
tion via immunoaffinity chromatography, the authors managed
to achieve AAV8 and AAV9 production with a significant recov-
ery (>35%).[40] While not demonstrated in the original report,
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Table 1.Methodologies for production, purification, and characterization of synthetic AAV capsids.

Step Technology Pros Cons AAV-DJ Anc

Production Transient plasmid DNA
transfection

• easy and cheap to adapt to new AAVs
• possible in each lab
• high particle yields

• difficult to scale up
• vast plasmid DNA amounts needed

for larger vector batches

8 20

Stable cell lines • reproducible
• scalable up to clinical manufacturing

• hard to customize
• potential cellular instability over time
• may require helper virus

Not yet reported Not yet reported

Helper viruses • scalable (especially with baculoviruses
and suspension insect cells)

• high particle yields

• contaminating virus
• instability of helper virus
• biological AAV properties may be

altered

Not yet reported Not yet reported

Purification Crude lysates • quick, cheap and easy to generate
• compatible with any AAV capsid

variant

• various contaminants
• stocks usually not titrated
• unclear ratios of full:empty capsids

103 20

CsCl (cesium chloride)
density gradients

• good separation of full:empty capsids
• high purity
• versatile

• cumbersome
• hard to scale up
• open system prone to contaminations
• time-consuming
• toxicity

8 Not yet reported

Iodixanol density gradients • versatile
• decent purity
• enrichment of full capsids
• less toxic than CsCl

• difficult to scale up
• open system prone to contaminations
• time-consuming

11 84

IEC (ion-exchange
chromatography)

• ability to separate full and empty
capsids in large scale

• easily scalable
• versatile

different physicochemical AAV properties
require adaptation

80 Not yet reported

IAC (immunoaffinity
chromatography)

• very specific
• easily scalable
• high yields and purity

• serotype-selective (lesser concern with
AAVX)

• antibody leaching
• no removal of empty capsids

13 84

Characterization MS • enables detection of post-translational
capsid modifications

• useful for lot-to-lot control
• can distinguish AAV serotypes and

genomes

• requires special, expensive equipment
as well as experience

• often demands large sample volumes
• yields no data on capsid structure

Not yet reported Not yet reported

Thermostability • simple, cheap, robust and fast
• can distinguish serotypes
• independent of specific

instrumentation

• not all serotypes can be segregated
• sensitive to changes in buffer and pH

Not yet reported 20

Note that this tablemerely summarizes the subset of technologies that are discussed in this article and that only one representative example (numbers are literature references)
is always listed for the use of these techniques in the context of AAV-DJ and/or Anc capsids. For more comprehensive overviews of these and other methodologies including
additional pros and cons, we refer the reader to excellent previous reviews and original articles as referenced in the text. The numbers indicated are related to the corresponding
references.

this scalable production and purification system can likely be har-
nessed for synthetic AAV capsids as well.
The latter was shown in a similar study by Grieger and

colleagues[42] in which the authors managed to adapt adherent
HEK293 cells to grow in suspension under animal component-
and antibiotic-free conditions in shaker flasks and WAVE biore-
actors. On top, a pipeline was established and optimized that
involves triple-transfection of these cells using PEI Max, fol-
lowed by a combination of discontinuous iodixanol gradient
purification and ion-exchange chromatography (IEC). Remark-
ably, tweaking of the chromatography conditions enabled the

removal of frequently observed contamination in parvoviral vec-
tors stocks, namely, ferritin. Further notable is the successful up-
scaling of the transfection and culturing conditions into WAVE
bioreactors of up to 20 liters, frequently resulting in the pro-
duction of around 1×105 vector particles per cell and a total of
greater than 1×1014 highly pure and >90% full vector particles of
various serotypes (AAV1–6, 8, 9). Important to the current arti-
cle, this method is fully compatible with synthetic AAV capsids,
as demonstrated with AAV variants 2i8[43] and 2.5.[44] Finally, it
was shown that vector yields can be increased through continu-
ous harvest from the medium over 120 hours. As a whole, this
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technology is very encouraging owing to its universal nature and
its ensuing compatibility with synthetic capsids, as well as be-
cause virus yields per cell match or surpass those obtained with
other HEK293 cell-based systems[42,45–47] or those using herpes
simplex viruses[48] or baculoviruses.[49]

Also, we note further interesting studies by, for instance,
Emmerling et al. who managed to adapt HEK293T cells to
growth in fully-controlled, single-use iCELLis Nano bioreactors
and who obtained substantial AAV2 yields that approximated
those achieved in more conventional cell factories.[50] Finally,
we highlight comprehensive recent work by the Mingozzi lab
in which Collaud et al. harnessed a 10–200 L suspension cell-
based production system to scale up AAV8 vector manufacturing
for good laboratory practice toxicology-biodistribution studies.[51]

While these and other similar reports used wild-type AAV vari-
ants, there is a high chance that these new and optimized AAV
production systems are compatible with synthetic capsid vari-
ants as well and can thus ideally synergize with large-scale down-
stream processing.

3. Methods for AAV Vector Purification

Today, the AAV field has a plethora of methodologies at its
disposal for the harvesting of vector particles from producer cells
and/or the culture media and for their subsequent purification,
whose description would be beyond the scope of this article;
rather, we again refer the reader to seminal previous reviews
for details.[28–33] Here, we will briefly recapitulate two of the
oldest and most conventional technologies for AAV purification,
that is, by cesium chloride (CsCl) or iodixanol density gradient
centrifugation.[52] These protocols are used abundantly because
they allow, at least to some extent, for the separation of full (i.e.,
vector DNA-containing) and empty particles, and because they
are largely independent of the capsid. In direct comparison,
CsCl-based purification requires more time and work,[53–55] but
a major benefit is a significantly lower proportion of remaining
empty particles (<2%) in contrast to iodixanol (≈20%).[33,53]
Vice versa, CsCl is more toxic than iodixanol and can induce
adverse effects in animals, thus raising a need for dialysis with
physiological buffers before use in in vivo studies. Toxicity is a
lesser concern with iodixanol owing to its inert and non-ionic
nature, permitting the immediate use of iodixanol-purified AAV
vectors in vivo,[56,57] although the safety in patients with compro-
mised kidney functions is unclear.[58] Either way, rebuffering of
iodixanol-purified AAV particles for in vivo studies may be indi-
cated because of the relatively high viscosity of the 40% iodixanol
phase in which the full particles accumulate and which may
hamper vector injection. To this end, a variety of techniques have
been tried, including ultrafiltration/concentration with Amicon
Ultra-15, 100 kDa MWCO centrifugation tubes, size-exclusion
chromatography with desalting columns, hollow-fiber tangential
flow ultrafiltration, or polyethylene glycol (PEG)-8000 precip-
itation and concentration. Based on data by Strobel et al.,[53]

ultrafiltration may be most efficient and least time-consuming,
and it also yielded highest particle recovery and was most ef-
fective at removing iodixanol traces.[53] Still, it remains debated
controversially whether CsCl or iodixanol purification results in
higher AAV vector bioactivity and product quality. For example,
while Zolotukhin et al. reported higher transduction with vectors

purified with iodixanol,[52] Strobel et al. found slightly higher po-
tency of AAV vectors that were purified with CsCl.[53] In general,
multiple factors may govern transduction efficiency comprising
cellular impurities such as ferritin,[42,55,59,60] prolonged exposure
to CsCl that can reduce infectivity,[61] the proportion of full and
empty particles,[62] repetitive freezing and thawing of vector
stocks,[63] or precipitation methods,[53] which all require further
characterization and standardization.
Next to density gradient centrifugation, column-based chro-

matography has become a popular technology for downstream
AAV purification, as it can effectively discriminate AAV particles
from impurities including host cell proteins, nucleases, deter-
gents and residual DNA, and can concurrently be used to re-
buffer AAV vector samples. Importantly, while AAV purification
via chromatography offers less flexibility than themore universal
gradient centrifugation technology, it is easily tailored for large-
scale production and is compatible with other purification meth-
ods, explaining the wide use and frequent commercialization of
these techniques.[28–32,64–70]

A first important category is IEC, in which AAVs interact with
the column matrix by electrostatic interactions of net surface
charges on the viral particle and ion resins in the IEC column.
As this interaction depends on the isoelectric point (pI) of the
capsids and the pH of the buffers, increasing ion strength via
higher salt concentrations in elution buffers enables the effi-
cient recovery of column-bound vector particles. A pivotal as-
set of IEC is its capacity to remove empty capsids at large scale
and under optimized elution conditions, based on the small
but significant differences in pI between empty (6.3) and full
(5.9) capsids.[71–73] To date, a variety of different anion- or cation-
exchange chromatography resins have been developed, many of
which are already commercially available. For instance, anion
and cation exchangers such as POROS HQ and SP sepharose,
respectively, were used for the purification of multiple wild-type
AAV serotypes.[32,71,74,75] Additional benefits of using IEC technol-
ogy for AAV purification comprise its reproducibility and com-
patibility with automation and upscaling, the independence from
chemical reagents (that could represent unwanted impurities in
the final product), and the lack of leaching (i.e., detaching of
capturing reagents such as anti-AAV antibodies, which is often
observed in affinity-based AAV purification methods). Notably,
though, IEC cannot discriminate assembled capsids from pro-
tein impurities that show a similar pI and thus usually requires
a subsequent step using an alternative matrix with distinct pH
and salt conditions.[31] Furthermore, the effectiveness of IEC is
readily influenced by the characteristics of the input material,
and the method cannot be standardized for all AAV capsids in-
cluding synthetic variants due to their different physicochemical
properties.
A second category is affinity chromatography, which exploits

either specific AAV substrates that mimic cellular receptors, or
which—in immunoaffinity chromatography (IAC)—harnesses
monoclonal antibodies or nanobodies that recognize AAV outer
shell proteins. Either way, this technique is typically capable of
differentiating assembled capsids from free viral proteins and
impurities.[35] One of the earliest examples in this category is
heparin-based affinity column chromatography, which was estab-
lished soon after the AAV2membrane-associated heparan sulfate
proteoglycan receptor had been identified.[25,76] Although this
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technology is very encouraging owing to its universal nature and
its ensuing compatibility with synthetic capsids, as well as be-
cause virus yields per cell match or surpass those obtained with
other HEK293 cell-based systems[42,45–47] or those using herpes
simplex viruses[48] or baculoviruses.[49]

Also, we note further interesting studies by, for instance,
Emmerling et al. who managed to adapt HEK293T cells to
growth in fully-controlled, single-use iCELLis Nano bioreactors
and who obtained substantial AAV2 yields that approximated
those achieved in more conventional cell factories.[50] Finally,
we highlight comprehensive recent work by the Mingozzi lab
in which Collaud et al. harnessed a 10–200 L suspension cell-
based production system to scale up AAV8 vector manufacturing
for good laboratory practice toxicology-biodistribution studies.[51]

While these and other similar reports used wild-type AAV vari-
ants, there is a high chance that these new and optimized AAV
production systems are compatible with synthetic capsid vari-
ants as well and can thus ideally synergize with large-scale down-
stream processing.

3. Methods for AAV Vector Purification

Today, the AAV field has a plethora of methodologies at its
disposal for the harvesting of vector particles from producer cells
and/or the culture media and for their subsequent purification,
whose description would be beyond the scope of this article;
rather, we again refer the reader to seminal previous reviews
for details.[28–33] Here, we will briefly recapitulate two of the
oldest and most conventional technologies for AAV purification,
that is, by cesium chloride (CsCl) or iodixanol density gradient
centrifugation.[52] These protocols are used abundantly because
they allow, at least to some extent, for the separation of full (i.e.,
vector DNA-containing) and empty particles, and because they
are largely independent of the capsid. In direct comparison,
CsCl-based purification requires more time and work,[53–55] but
a major benefit is a significantly lower proportion of remaining
empty particles (<2%) in contrast to iodixanol (≈20%).[33,53]
Vice versa, CsCl is more toxic than iodixanol and can induce
adverse effects in animals, thus raising a need for dialysis with
physiological buffers before use in in vivo studies. Toxicity is a
lesser concern with iodixanol owing to its inert and non-ionic
nature, permitting the immediate use of iodixanol-purified AAV
vectors in vivo,[56,57] although the safety in patients with compro-
mised kidney functions is unclear.[58] Either way, rebuffering of
iodixanol-purified AAV particles for in vivo studies may be indi-
cated because of the relatively high viscosity of the 40% iodixanol
phase in which the full particles accumulate and which may
hamper vector injection. To this end, a variety of techniques have
been tried, including ultrafiltration/concentration with Amicon
Ultra-15, 100 kDa MWCO centrifugation tubes, size-exclusion
chromatography with desalting columns, hollow-fiber tangential
flow ultrafiltration, or polyethylene glycol (PEG)-8000 precip-
itation and concentration. Based on data by Strobel et al.,[53]

ultrafiltration may be most efficient and least time-consuming,
and it also yielded highest particle recovery and was most ef-
fective at removing iodixanol traces.[53] Still, it remains debated
controversially whether CsCl or iodixanol purification results in
higher AAV vector bioactivity and product quality. For example,
while Zolotukhin et al. reported higher transduction with vectors

purified with iodixanol,[52] Strobel et al. found slightly higher po-
tency of AAV vectors that were purified with CsCl.[53] In general,
multiple factors may govern transduction efficiency comprising
cellular impurities such as ferritin,[42,55,59,60] prolonged exposure
to CsCl that can reduce infectivity,[61] the proportion of full and
empty particles,[62] repetitive freezing and thawing of vector
stocks,[63] or precipitation methods,[53] which all require further
characterization and standardization.
Next to density gradient centrifugation, column-based chro-

matography has become a popular technology for downstream
AAV purification, as it can effectively discriminate AAV particles
from impurities including host cell proteins, nucleases, deter-
gents and residual DNA, and can concurrently be used to re-
buffer AAV vector samples. Importantly, while AAV purification
via chromatography offers less flexibility than themore universal
gradient centrifugation technology, it is easily tailored for large-
scale production and is compatible with other purification meth-
ods, explaining the wide use and frequent commercialization of
these techniques.[28–32,64–70]

A first important category is IEC, in which AAVs interact with
the column matrix by electrostatic interactions of net surface
charges on the viral particle and ion resins in the IEC column.
As this interaction depends on the isoelectric point (pI) of the
capsids and the pH of the buffers, increasing ion strength via
higher salt concentrations in elution buffers enables the effi-
cient recovery of column-bound vector particles. A pivotal as-
set of IEC is its capacity to remove empty capsids at large scale
and under optimized elution conditions, based on the small
but significant differences in pI between empty (6.3) and full
(5.9) capsids.[71–73] To date, a variety of different anion- or cation-
exchange chromatography resins have been developed, many of
which are already commercially available. For instance, anion
and cation exchangers such as POROS HQ and SP sepharose,
respectively, were used for the purification of multiple wild-type
AAV serotypes.[32,71,74,75] Additional benefits of using IEC technol-
ogy for AAV purification comprise its reproducibility and com-
patibility with automation and upscaling, the independence from
chemical reagents (that could represent unwanted impurities in
the final product), and the lack of leaching (i.e., detaching of
capturing reagents such as anti-AAV antibodies, which is often
observed in affinity-based AAV purification methods). Notably,
though, IEC cannot discriminate assembled capsids from pro-
tein impurities that show a similar pI and thus usually requires
a subsequent step using an alternative matrix with distinct pH
and salt conditions.[31] Furthermore, the effectiveness of IEC is
readily influenced by the characteristics of the input material,
and the method cannot be standardized for all AAV capsids in-
cluding synthetic variants due to their different physicochemical
properties.
A second category is affinity chromatography, which exploits

either specific AAV substrates that mimic cellular receptors, or
which—in immunoaffinity chromatography (IAC)—harnesses
monoclonal antibodies or nanobodies that recognize AAV outer
shell proteins. Either way, this technique is typically capable of
differentiating assembled capsids from free viral proteins and
impurities.[35] One of the earliest examples in this category is
heparin-based affinity column chromatography, which was estab-
lished soon after the AAV2membrane-associated heparan sulfate
proteoglycan receptor had been identified.[25,76] Although this
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method is, in principle, also compatible with AAV6 or AAV1 (af-
ter a single amino acid change),[77] it is mainly used to purify the
AAV2 serotype.[29] Moreover, it is feasible to engineer heparin-
binding domains into other AAV capsid variants, but this may
interfere with their transduction potency or titers as found with
multiple capsids and in various cells.[8,78] Similarly, AAV2 affinity
chromatography purification based on the monoclonal antibody
A20 has been reported,[26] which specifically recognizes assem-
bled AAV2 capsids and can thus be used for concurrent capsid
purification and depletion of free capsid proteins. However, due
to the restriction to AAV2 (and AAV3, which is also recognized
by A20) and the dependency on a purified monoclonal antibody
that is rate-limiting, this technology was not developed further.
Instead, another notable example of an affinity chromatog-

raphy medium that has already been used extensively for over
a decade and that is commercially available is AVB Sepharose
High Performance. The ligands in this resin are highly stable,
single-domain antibody fragments from the family Camelidae,
which were isolated from llamas that were naturally infected
with AAVs and which are fused toN-hydroxysuccinimide (NHS)-
activated Sepharose High Performance.[28] This approach has
gained popularity and is relevant for this article since it enables
the purification of multiple AAV variants including synthetic
capsids (e.g., AAV1-8, AAVrh8R, AAVrh10, AAV12, and AAV6.2)
and since it is characterized by a large vector binding capacity,
acceptable levels of concentration and recovery, as well as a
moderate linear flow-rate.[51,62,69,79,80] At least one AVB-binding
epitope (amino acid sequence SPAKFA) was identified in the
AAV capsid, and its transfer from AAV3B (where it was dis-
covered initially) into other serotypes such as AAV8, rh.64R1,
AAV9[81] or into the synthetic AAV-DJ or AAV-DJ/8[80] improved
binding of the ensuing modified capsids to the AVB resin
without compromising transduction efficiency. Interestingly,
the O’Riordan lab reported preliminary evidence that the AAV-
DJ-SPAFKA mutant not only binds to AVB but also tends to
produce more genome-containing particles and to yield better
transduction than AAV-DJ in cultured Huh7 cells.[80]

The discovery of this AVB-binding epitope and the conserva-
tion of its function after transfer into multiple AAV capsid vari-
ants is critical for at least two reasons. First, it may allow us to
predict the suitability of the AVB resin for purification of other
AAV capsid variants, natural, or synthetic, purely based on the
primary amino acid sequence. This would greatly facilitate the
selection of capsid variants in cases where the ease and/or scale
of purification are crucial factors. Second, capsids lacking this
epitope may be engineered and transformed into AVB binders
upon grafting of the epitope, as demonstrated by Wang et al.[81]

or Nass et al.,[80] highlighting the potential of AVB technology for
purification of increasingly diverse AAV capsid variants.
Conversely, a disadvantage of AVB that may hamper its wider

use especially for clinical-grade AAV vector purification is the
immense costs of the resin material that can rapidly become
rate-limiting, in particular when contemplating the purification
of multi-liter, bioreactor-derived vector stocks. Moreover, as
noted, the AVB resin fails to capture some of the widely used
AAV variants such as wild-type AAV9 or the synthetic AAV-DJ
capsid (in its unmodified form, see above).[80,81] Another general
drawback of affinity chromatography over IEC[75,82,83] is its
inability to separate full and empty capsids, which is not surpris-

ing considering their identical amino acid composition.[28,29,80]

Importantly, Qu et al. were able to discriminate between the
two populations of AAV2 capsids based on slight differences in
charge using IEC.[71] Similarly, the O’Riordan lab has recently
shown that combining affinity chromatography and subsequent
IEC can result in a significant reduction in empty capsids,
enabling the enrichment of up to 80% full, genome-containing
capsids depending on the AAV serotype.[80]

In addition to AVB affinity columns, other commercially
available immunoaffinity resins have recently gained increas-
ing attention and are capable of purifying synthetic AAV cap-
sids, such as POROS AAV9 and AAV8 CaptureSelect Affinity
matrices. Here, the ligand is covalently bound to Polystyrene-
Divinylbenzene (POROS) beads that have a high capacity of AAV
particle binding (≈1014 vector genomes perml of resin).[31] More-
over, POROS resins can effectively reduce impurities within a
single run and can resist mechanical pressure of up to 10 Mpa,
which in combination with AKTA devices allows for the pro-
cessing of large volumes of AAV vectors.[40] Their potential was
comprehensively demonstrated by Nass et al., who reported that
AAV8 (80%) and AAV9 (73%) were efficiently recovered from
their respective specific resins.[80] Interestingly, sequence simi-
larity may not be a strong predictor of compatibility with a par-
ticular POROS resin, as demonstrated with AAVrh8R that was
successfully purified with POROS AAV8 but not POROS AAV9,
despite its higher similarity to AAV9. Similarly, albeit AAV-DJ
is largely homologous to AAV8, it could not be purified via the
POROS AAV8 resin (and also not AVB, see above). Accordingly,
until the specific epitopes that are recognized by the POROS sys-
tems have been identified, the compatibility of a given AAV vari-
ant has to be tested and rational epitope grafting strategies such
as reported for the AVB resin remain impossible. Nonetheless,
the experience with isolates such as AAVrh8R implies that the in-
creasing collection of off-the-shelf serotype-specific affinity resins
may offer sufficient variety to enable the purification of a wealth
of AAV capsid variants. Along these lines, the recent release of yet
another commercially available resin, POROS AAVX CaptureSe-
lect, is encouraging as it is supposed to display a broad affinity
towards numerous AAV serotypes and synthetic capsids.[84]

Noteworthy, chromatography technologies are also useful for
quality control (QC) of vector stocks as they allow to determine
the ratio of full and empty (F:E) capsids,[62] partially packaged
capsids, and other protein contaminants.[42,85] Knowledge of
this ratio is critical given the accumulating and controversially
discussed[86–88] evidence that, on the one hand, the presence
of empty capsids may impair transduction efficiencies and
exacerbate adverse side effects.[89] On the other hand, it was
proposed that empty capsids may be beneficial by acting as
decoys for anti-AAV antibodies and by thus helping to overcome
preexisting humoral immunity to AAV.[90] For these reasons,
a large body of techniques has been devised in the past to
measure the F:E ratio, comprising analytical ultracentrifugation
(AUC), cryo-electron microscopy, UV spectrophotometry, anion-
exchange high-performance liquid chromatography (AEX), or
charge detection mass spectrometry (CDMS). We also note other
technologies such ELISA combined with PCR, or transmission
electron microscopy (TEM), but point out that use of TEM alone
is insufficient to determine F:E ratios, and that both, ELISA
and qPCR, possess an inherent degree of variability which may
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be exacerbated during their combination and result in a sig-
nificant over- or underrepresentation of packaging efficiencies.
Particularly notable in the context of the present review is recent
work by Wang et al., who demonstrated the power of AEX using
POROS 50 HQ and CIMac columns to separate full and empty
capsids of the synthetic variant AAV6.2.[62] Impressively, follow-
ing the optimization of various experimental parameters such
as salts and buffering agents, the final method was shown to be
accurate, linear, reproducible and sensitive, permitting the de-
tection of low proportions (2.9%) of empty AAV6.2 capsids using
relative UV measurements at 260/280 nm. Compared to AUC,
one of the most commonly used approaches to determine F:E
ratios based on sedimentation velocity, AEX gave a slightly lower
resolution and failed to detect a peak of partially packaged AAV
capsids. Still, this may be outweighed by the benefits of AEX, es-
pecially its compatibility with automization and its ease-of-use.[62]

Finally, we note a recent study by Arden and Metzger, who
reported a simple, cost-effective, and serotype-independent AAV
purification protocol that is merely based on PEG precipitation
and two centrifugation steps.[91] Proof-of-concept comprised its
application for purification of the AAV variant AAVM41, that is, a
myocardium-tropic, synthetic AAV created by DNA family shuf-
fling of serotypes 1, 6, 7, and 8.[92] Albeit raw data were only
shown for another AAV serotype, AAV6, AAVM41 yields and pu-
rity obtained with this streamlined protocol were reported to be
high, and in vivo bioactivity in mice was preserved. This implies
that this inexpensive methodology is well suited to complement
existing AAV purification technology based on gradient centrifu-
gation or affinity column purification, albeit it may not be easily
scalable.

4. Purification of AAV-DJ

A good example of a synthetic AAV capsid that has been success-
fully purified using a number of the technologies highlighted
above and others is AAV-DJ, the prototype of a capsid gener-
ated by DNA family shuffling, that is, the forced recombination
of capsid DNA fragments from multiple parental AAV isolates
(here, AAV2, 8, and 9).[8] Therefore, in this chapter, we will har-
ness this specific capsid to exemplify the diversity of technologies
that exists and that has already been exploited for purification of
synthetic AAV capsids. Importantly, in Table 1, this will be com-
plemented by an overview of the use of the same technologies
for Anc capsids, that is, the family of synthetic capsids created
through ancestral reconstruction including Anc80L65.
In the initial report of AAV-DJ,[8] CsCl density gradient cen-

trifugation was used for purification, followed by later studies
that used the same protocol[14,16,19,93] or iodixanol density gradient
centrifugation.[11,15,94–97] Notably, AAV-DJ contains the heparin-
binding domain from one of its parents, AAV2, which tempted
Liu and Moon to try and purify AAV-DJ via heparin affinity col-
umn chromatography.[13] Indeed, a relatively small, 5 mL hep-
arin column in combination with FPLC was sufficient to enable
the purification of 3 × 1013 particles from 150 15 cm dishes of
triple-transfected HEK293 cells. However, this method was in-
compatible with the purification of vector particles that had been
secreted into the media during production due to column con-
tamination with proteins in the cell culture medium, resulting
in a loss of ≈40% of produced particles. The utility of heparin

affinity columns for AAV-DJ purification was also independently
verified by Xie et al.,[19] who combined this with three rounds
of CsCl density gradient centrifugation in order to purify empty
virus-like particles of AAV-DJ and to resolve their structure bound
by a heparinoid pentasaccharide. Also, Candelas et al. used hep-
arin column-purified AAV-DJ to investigate the role of the T-type
calcium channel Cav3.2 in lamina II neurons of the spinal cord
in mice.[98]

In another study,[99] Hashimoto and colleagues compared all
four combinations of two plasmid transfection (calcium phos-
phate co-precipitation and lipofectamine) and two purification
methodologies (CsCl and iodixanol density gradient centrifuga-
tion), to produce a derivative of AAV-DJ calledAAV-DJ/8, inwhich
the aforementioned heparin-binding domain from AAV2 was re-
placed with the corresponding sequence of AAV8.[8] This showed
that the combination of lipofectamine and iodixanol purifica-
tion may be best suited to obtain high titers of AAV-DJ/8, albeit
questions about the scalability of lipofectamine transfection re-
mained. In line with work by Strobel and colleagues who inde-
pendently also compared the two purification technologies,[53]

the choice of method did not affect in vitro or in vivo vector
bioactivity.
Both synthetic AAV capsids, AAV-DJ and its derivative AAV-

DJ/8, were also studied by Kimura et al. who implemented
an original purification protocol based on PEG precipitation,
aqueous two-phase partitioning (previously also reported by
Guo et al.[100]) and iodixanol density gradient centrifugation.[101]

To this end, vector particles were produced using a likewise
optimized triple-transfection protocol whose hallmarks were a
reduction inmedium glucose and a pH stabilization, resulting in
overall titers of up 1 × 1014 highly pure AAV vector particles per
ml. As in the work of Hashimoto et al.,[99] in vivo mouse studies
served to confirm that the bioactivity of vectors purified with this
improved, rapid and economical protocol was maintained.
Similarly, Yu et al. reported a protocol for AAV purification

based on three-phase partitioning (TPP) combined with CsCl
density gradient centrifugation,[102] which is capable of separat-
ing full from empty particles and of removing 90% of cellular
proteins, while concurrently increasing the capacity of ultracen-
trifugation by up to 10-fold, depending on the AAV serotype.
TPP is a non-chromatographic methodology that is based on the
separation of tertiary butanol into two phases upon mixing with
ammonium sulfate, and the additional separation of target pro-
teins such as AAV particles into a third phase between the other
two. The impressive proof-of-concept data included purification
of synthetic AAV-DJ particles from a 25 L production run, result-
ing in a total of ≈5 × 1015 vector genomes and an ≈80% recovery
rate. The fact that next to AAV-DJ, the method was also validated
with numerous wild-type AAVs suggests that it is widely applica-
ble and, based on the authors’ calculation, useful for stocks in the
1017 vector genome-scale.
A special variation of a protocol for AAV-DJ purification was

reported by Kukisi and colleagues,[103] who used this vector to
selectively and artificially activate specific neural circuits in the
medial amygdala of mice, to study the role of olfactory signals
for sexual behavior. To this end, cells transfected with the AAV
helper and vector plasmids were collected, suspended in arti-
ficial cerebrospinal fluid and subjected to four freeze-thaw cy-
cles. Subsequently, the cell lysate was treated with benzonase and
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centrifuged twice at 16.000 × g for 10 min, yielding a supernatant
that was directly used for the in vivo experiments.
Finally, we note a study by Lakhan and colleagues who used

AAV-DJ vectors to deliver the COX2 gene to fracture sites in a
mouse femoral fracture model, where it effectively transduced
mesenchymal stem cells.[17] For vector purification, the authors
harnessed the AAV Purification Kit from Cell Biolabs Inc., which
is based on an affinitymatrix that is not further specified but suit-
able for AAV2 and AAV-DJ, and which claims to yield >60% re-
covery and >95% purity following a 3 h protocol (https://www.
cellbiolabs.com/aav-purification-standard-kit). The same kit was
also used by Yoo et al. in a study where they harnessed AAV-DJ
to express a cocktail of heart reprogramming and regeneration
factors in vitro and in vivo.[104]

5. Methods for AAV Vector Characterization

Akin to the arsenal of technologies for AAV vector purification,
there is a wealth of reported strategies for the subsequent char-
acterization of vector particles, whose comprehensive discussion
would be beyond our present scope. Therefore, in the follow-
ing, we will restrict ourselves to a selection of methodologies
that we deem particularly interesting and promising for their (fu-
ture) application to synthetic AAV capsids, and that, to the best
of our knowledge, have not been reviewed extensively before.
We apologize to all other authors who have developed an alter-
native, sensitive and powerful techniques that we cannot review
in great detail here for space reasons, such as SDS capillary gel
electrophoresis.[105]

5.1. Mass Spectrometry

Over the last 1.5 decades, mass spectrometry (MS) has been
used to characterize AAV capsid protein integrity and post-
translational modifications, as well as to identify contaminating
cellular proteins in AAV vector preparations (see next chapter).
Concurrently, it has also been recognized as a versatile and pow-
erful technology to confirmAAV serotype identity and as an assay
for lot release testing. Among the first to apply MS for the study
of AAV capsid biology were Salganik et al., who harnessed MS
to identify proteolytic cleavage sites in the AAV1 capsid.[106] Cap-
sid modifications were also studied by Murray and colleagues,
who specifically assessed the glycosylation of AAV2 capsids and
reported evidence that this particular post-translational modifica-
tion may not occur;[107] a conclusion that was later confirmed by
Jin et al.[85]

However, the general view of AAV as a non-glycosylated virus
changed with more recent studies, for example, a 2018 report
by the Xiao group who used MALDI-time-of-flight (TOF) and
high-resolution LC/MS to identifyN-glycosylation on amino acid
N499 of the AAV8 capsid, at least in a fraction of the stock
they investigated.[108] Interestingly, the same amino acid was also
among the numerous asparagine residues on the AAV8 capsid
that Giles et al. discovered to be deaminated by LC tandem-mass
MS, and it was the one showing the greatest stock-to-stock varia-
tion in terms of deamidation level, for reasons unknown.[109] As
shown in the same study, the phenomenon of deamidation is not
unique to AAV8 but was also observed for seven other isolates,

that is, AAV1, AAV3 to 5, AAV7, AAVrh32.33 and AAV9, and may
negatively affect capsid assembly, transduction efficiency, tissue
tropism and immunoreactivity. An interesting concept with rele-
vance for AAVmanufacturing that emerged from this work is that
of a "deamidation clock", according to which progressing deami-
dation correlates with losses in vector activity, thus providing
an advantage to freshly translated virions for transduction.[109]

Hence, MS-based analysis of capsid deamidationmay become an
important part of future workflows to quantify consistency and
lot-to-lot reproducibility during AAV vector manufacturing.
Likewise, Mary et al. used MALDI-TOF/TOF analysis as well

as a combination of nanoUPLC and Triple-TOF MS analysis to
identify post-translational modifications in ten AAV serotypes,
AAV1 through 9 and AAVrh10, and detected a variety of such
events including glycosylation, phosphorylation, acetylation,
ubiquitination and SUMOylation.[110] Interestingly, while some
of these occurred at evolutionarily largely conserved residues
in multiple serotypes, others were specific for one or more
viral isolates, implying their potential for identification or con-
firmation of particular capsids during vector manufacturing.
The fact that LC/MS but not MALDI-TOF analysis revealed
N- and O-glycosylation in AAV2 adds to the controversy about
this specific post-translational modification in AAV2 and con-
currently highlights the importance of using utmost sensitive
detection technology. Similar to the deamidation events reported
by the Wilson group,[109] the broad spectrum of modifications
detected here could affect immune recognition of the capsid
as well as its stability, cellular entry and trafficking, or other
aspects of its intracellular fate.[110] Of note, using LC-MS, Jin
et al. also independently detected acetylation on the VP1 and
VP3 N-termini of six different AAV serotypes, that is, AAV1,
2, 5, 7, 9, and rh10, and speculated on a link to capsid protein
degradation or ubiquitination.[85] The second conclusion of this
work with relevance for the topic of the present article was that
the unanimous determination of VP1, VP2, and VP3 masses
could serve as a generic but highly specific and rapid method
for capsid serotype identity testing and to ensure product con-
sistency during AAV manufacturing, even though its usefulness
for synthetic AAV variants remains to be demonstrated to date.
Until then, the great potential of MS technology for confirma-

tion of AAV serotype identity and batch release testing has al-
ready been exemplified in 2009 in a comprehensive study by Van
Vliet et al., who developed a protocol involving VP protein sep-
aration by gel electrophoresis, band excision, trypsin digestion,
and LC/MS/MS.[111] As demonstrated in various proof-of-concept
experiments, this workflow was capable of separating closely re-
lated serotypes AAV1, 2, and 8 from each other as well as from the
more distinct AAV4 and 5. Moreover, it also enabled the recog-
nition of a point mutation in the AAV4 capsid at VP1 position
544 (K544E) that had previously been detected by conventional
Sanger sequencing, even though the two AAV4 variants were in-
distinguishable in vivo in the mouse retina.
The usefulness of MS techniques for identification and quan-

tification of AAV capsids and their components was further vali-
dated in three later studies, including work by Snijder et al. who
illustrated the power of high-resolutionOrbitrapMS for the study
of VP protein stoichiometry in assembled AAV1 capsids.[112]

Intriguingly, their data suggest that AAV1 exists in a total of eight
stoichiometries, composed of 0-2 copies of VP1, 8-11 of VP2, and
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be exacerbated during their combination and result in a sig-
nificant over- or underrepresentation of packaging efficiencies.
Particularly notable in the context of the present review is recent
work by Wang et al., who demonstrated the power of AEX using
POROS 50 HQ and CIMac columns to separate full and empty
capsids of the synthetic variant AAV6.2.[62] Impressively, follow-
ing the optimization of various experimental parameters such
as salts and buffering agents, the final method was shown to be
accurate, linear, reproducible and sensitive, permitting the de-
tection of low proportions (2.9%) of empty AAV6.2 capsids using
relative UV measurements at 260/280 nm. Compared to AUC,
one of the most commonly used approaches to determine F:E
ratios based on sedimentation velocity, AEX gave a slightly lower
resolution and failed to detect a peak of partially packaged AAV
capsids. Still, this may be outweighed by the benefits of AEX, es-
pecially its compatibility with automization and its ease-of-use.[62]

Finally, we note a recent study by Arden and Metzger, who
reported a simple, cost-effective, and serotype-independent AAV
purification protocol that is merely based on PEG precipitation
and two centrifugation steps.[91] Proof-of-concept comprised its
application for purification of the AAV variant AAVM41, that is, a
myocardium-tropic, synthetic AAV created by DNA family shuf-
fling of serotypes 1, 6, 7, and 8.[92] Albeit raw data were only
shown for another AAV serotype, AAV6, AAVM41 yields and pu-
rity obtained with this streamlined protocol were reported to be
high, and in vivo bioactivity in mice was preserved. This implies
that this inexpensive methodology is well suited to complement
existing AAV purification technology based on gradient centrifu-
gation or affinity column purification, albeit it may not be easily
scalable.

4. Purification of AAV-DJ

A good example of a synthetic AAV capsid that has been success-
fully purified using a number of the technologies highlighted
above and others is AAV-DJ, the prototype of a capsid gener-
ated by DNA family shuffling, that is, the forced recombination
of capsid DNA fragments from multiple parental AAV isolates
(here, AAV2, 8, and 9).[8] Therefore, in this chapter, we will har-
ness this specific capsid to exemplify the diversity of technologies
that exists and that has already been exploited for purification of
synthetic AAV capsids. Importantly, in Table 1, this will be com-
plemented by an overview of the use of the same technologies
for Anc capsids, that is, the family of synthetic capsids created
through ancestral reconstruction including Anc80L65.
In the initial report of AAV-DJ,[8] CsCl density gradient cen-

trifugation was used for purification, followed by later studies
that used the same protocol[14,16,19,93] or iodixanol density gradient
centrifugation.[11,15,94–97] Notably, AAV-DJ contains the heparin-
binding domain from one of its parents, AAV2, which tempted
Liu and Moon to try and purify AAV-DJ via heparin affinity col-
umn chromatography.[13] Indeed, a relatively small, 5 mL hep-
arin column in combination with FPLC was sufficient to enable
the purification of 3 × 1013 particles from 150 15 cm dishes of
triple-transfected HEK293 cells. However, this method was in-
compatible with the purification of vector particles that had been
secreted into the media during production due to column con-
tamination with proteins in the cell culture medium, resulting
in a loss of ≈40% of produced particles. The utility of heparin

affinity columns for AAV-DJ purification was also independently
verified by Xie et al.,[19] who combined this with three rounds
of CsCl density gradient centrifugation in order to purify empty
virus-like particles of AAV-DJ and to resolve their structure bound
by a heparinoid pentasaccharide. Also, Candelas et al. used hep-
arin column-purified AAV-DJ to investigate the role of the T-type
calcium channel Cav3.2 in lamina II neurons of the spinal cord
in mice.[98]

In another study,[99] Hashimoto and colleagues compared all
four combinations of two plasmid transfection (calcium phos-
phate co-precipitation and lipofectamine) and two purification
methodologies (CsCl and iodixanol density gradient centrifuga-
tion), to produce a derivative of AAV-DJ calledAAV-DJ/8, inwhich
the aforementioned heparin-binding domain from AAV2 was re-
placed with the corresponding sequence of AAV8.[8] This showed
that the combination of lipofectamine and iodixanol purifica-
tion may be best suited to obtain high titers of AAV-DJ/8, albeit
questions about the scalability of lipofectamine transfection re-
mained. In line with work by Strobel and colleagues who inde-
pendently also compared the two purification technologies,[53]

the choice of method did not affect in vitro or in vivo vector
bioactivity.
Both synthetic AAV capsids, AAV-DJ and its derivative AAV-

DJ/8, were also studied by Kimura et al. who implemented
an original purification protocol based on PEG precipitation,
aqueous two-phase partitioning (previously also reported by
Guo et al.[100]) and iodixanol density gradient centrifugation.[101]

To this end, vector particles were produced using a likewise
optimized triple-transfection protocol whose hallmarks were a
reduction inmedium glucose and a pH stabilization, resulting in
overall titers of up 1 × 1014 highly pure AAV vector particles per
ml. As in the work of Hashimoto et al.,[99] in vivo mouse studies
served to confirm that the bioactivity of vectors purified with this
improved, rapid and economical protocol was maintained.
Similarly, Yu et al. reported a protocol for AAV purification

based on three-phase partitioning (TPP) combined with CsCl
density gradient centrifugation,[102] which is capable of separat-
ing full from empty particles and of removing 90% of cellular
proteins, while concurrently increasing the capacity of ultracen-
trifugation by up to 10-fold, depending on the AAV serotype.
TPP is a non-chromatographic methodology that is based on the
separation of tertiary butanol into two phases upon mixing with
ammonium sulfate, and the additional separation of target pro-
teins such as AAV particles into a third phase between the other
two. The impressive proof-of-concept data included purification
of synthetic AAV-DJ particles from a 25 L production run, result-
ing in a total of ≈5 × 1015 vector genomes and an ≈80% recovery
rate. The fact that next to AAV-DJ, the method was also validated
with numerous wild-type AAVs suggests that it is widely applica-
ble and, based on the authors’ calculation, useful for stocks in the
1017 vector genome-scale.
A special variation of a protocol for AAV-DJ purification was

reported by Kukisi and colleagues,[103] who used this vector to
selectively and artificially activate specific neural circuits in the
medial amygdala of mice, to study the role of olfactory signals
for sexual behavior. To this end, cells transfected with the AAV
helper and vector plasmids were collected, suspended in arti-
ficial cerebrospinal fluid and subjected to four freeze-thaw cy-
cles. Subsequently, the cell lysate was treated with benzonase and
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centrifuged twice at 16.000 × g for 10 min, yielding a supernatant
that was directly used for the in vivo experiments.
Finally, we note a study by Lakhan and colleagues who used

AAV-DJ vectors to deliver the COX2 gene to fracture sites in a
mouse femoral fracture model, where it effectively transduced
mesenchymal stem cells.[17] For vector purification, the authors
harnessed the AAV Purification Kit from Cell Biolabs Inc., which
is based on an affinitymatrix that is not further specified but suit-
able for AAV2 and AAV-DJ, and which claims to yield >60% re-
covery and >95% purity following a 3 h protocol (https://www.
cellbiolabs.com/aav-purification-standard-kit). The same kit was
also used by Yoo et al. in a study where they harnessed AAV-DJ
to express a cocktail of heart reprogramming and regeneration
factors in vitro and in vivo.[104]

5. Methods for AAV Vector Characterization

Akin to the arsenal of technologies for AAV vector purification,
there is a wealth of reported strategies for the subsequent char-
acterization of vector particles, whose comprehensive discussion
would be beyond our present scope. Therefore, in the follow-
ing, we will restrict ourselves to a selection of methodologies
that we deem particularly interesting and promising for their (fu-
ture) application to synthetic AAV capsids, and that, to the best
of our knowledge, have not been reviewed extensively before.
We apologize to all other authors who have developed an alter-
native, sensitive and powerful techniques that we cannot review
in great detail here for space reasons, such as SDS capillary gel
electrophoresis.[105]

5.1. Mass Spectrometry

Over the last 1.5 decades, mass spectrometry (MS) has been
used to characterize AAV capsid protein integrity and post-
translational modifications, as well as to identify contaminating
cellular proteins in AAV vector preparations (see next chapter).
Concurrently, it has also been recognized as a versatile and pow-
erful technology to confirmAAV serotype identity and as an assay
for lot release testing. Among the first to apply MS for the study
of AAV capsid biology were Salganik et al., who harnessed MS
to identify proteolytic cleavage sites in the AAV1 capsid.[106] Cap-
sid modifications were also studied by Murray and colleagues,
who specifically assessed the glycosylation of AAV2 capsids and
reported evidence that this particular post-translational modifica-
tion may not occur;[107] a conclusion that was later confirmed by
Jin et al.[85]

However, the general view of AAV as a non-glycosylated virus
changed with more recent studies, for example, a 2018 report
by the Xiao group who used MALDI-time-of-flight (TOF) and
high-resolution LC/MS to identifyN-glycosylation on amino acid
N499 of the AAV8 capsid, at least in a fraction of the stock
they investigated.[108] Interestingly, the same amino acid was also
among the numerous asparagine residues on the AAV8 capsid
that Giles et al. discovered to be deaminated by LC tandem-mass
MS, and it was the one showing the greatest stock-to-stock varia-
tion in terms of deamidation level, for reasons unknown.[109] As
shown in the same study, the phenomenon of deamidation is not
unique to AAV8 but was also observed for seven other isolates,

that is, AAV1, AAV3 to 5, AAV7, AAVrh32.33 and AAV9, and may
negatively affect capsid assembly, transduction efficiency, tissue
tropism and immunoreactivity. An interesting concept with rele-
vance for AAVmanufacturing that emerged from this work is that
of a "deamidation clock", according to which progressing deami-
dation correlates with losses in vector activity, thus providing
an advantage to freshly translated virions for transduction.[109]

Hence, MS-based analysis of capsid deamidationmay become an
important part of future workflows to quantify consistency and
lot-to-lot reproducibility during AAV vector manufacturing.
Likewise, Mary et al. used MALDI-TOF/TOF analysis as well

as a combination of nanoUPLC and Triple-TOF MS analysis to
identify post-translational modifications in ten AAV serotypes,
AAV1 through 9 and AAVrh10, and detected a variety of such
events including glycosylation, phosphorylation, acetylation,
ubiquitination and SUMOylation.[110] Interestingly, while some
of these occurred at evolutionarily largely conserved residues
in multiple serotypes, others were specific for one or more
viral isolates, implying their potential for identification or con-
firmation of particular capsids during vector manufacturing.
The fact that LC/MS but not MALDI-TOF analysis revealed
N- and O-glycosylation in AAV2 adds to the controversy about
this specific post-translational modification in AAV2 and con-
currently highlights the importance of using utmost sensitive
detection technology. Similar to the deamidation events reported
by the Wilson group,[109] the broad spectrum of modifications
detected here could affect immune recognition of the capsid
as well as its stability, cellular entry and trafficking, or other
aspects of its intracellular fate.[110] Of note, using LC-MS, Jin
et al. also independently detected acetylation on the VP1 and
VP3 N-termini of six different AAV serotypes, that is, AAV1,
2, 5, 7, 9, and rh10, and speculated on a link to capsid protein
degradation or ubiquitination.[85] The second conclusion of this
work with relevance for the topic of the present article was that
the unanimous determination of VP1, VP2, and VP3 masses
could serve as a generic but highly specific and rapid method
for capsid serotype identity testing and to ensure product con-
sistency during AAV manufacturing, even though its usefulness
for synthetic AAV variants remains to be demonstrated to date.
Until then, the great potential of MS technology for confirma-

tion of AAV serotype identity and batch release testing has al-
ready been exemplified in 2009 in a comprehensive study by Van
Vliet et al., who developed a protocol involving VP protein sep-
aration by gel electrophoresis, band excision, trypsin digestion,
and LC/MS/MS.[111] As demonstrated in various proof-of-concept
experiments, this workflow was capable of separating closely re-
lated serotypes AAV1, 2, and 8 from each other as well as from the
more distinct AAV4 and 5. Moreover, it also enabled the recog-
nition of a point mutation in the AAV4 capsid at VP1 position
544 (K544E) that had previously been detected by conventional
Sanger sequencing, even though the two AAV4 variants were in-
distinguishable in vivo in the mouse retina.
The usefulness of MS techniques for identification and quan-

tification of AAV capsids and their components was further vali-
dated in three later studies, including work by Snijder et al. who
illustrated the power of high-resolutionOrbitrapMS for the study
of VP protein stoichiometry in assembled AAV1 capsids.[112]

Intriguingly, their data suggest that AAV1 exists in a total of eight
stoichiometries, composed of 0-2 copies of VP1, 8-11 of VP2, and

Biotechnol. J. 2021, 16, 2000025 © 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH



44   Advances in Bioprocessing for Biologics and Gene Therapy Vectors

www.advancedsciencenews.com www.biotechnology-journal.com

48-51 of the major capsid protein VP3. In turn, this implies that
AAV(1) capsid assembly is a stochastic rather than a predefined
process whose outcome depends on the expression levels of
each capsid protein. This idea of inherent variability between
individual particles is an appealing hypothesis that could readily
explain the inability of even atomic-level crystallography ap-
proaches to precisely resolve the unique regions of VP1 and VP2.
Subsequently, Pierson and colleagues harnessed charge detec-

tion (CD)MS to dissect the DNA content of AAV8 vectors con-
taining single- or double-stranded genomes, permitting them to
demonstrate its power to quantitatively and rapidly characterize
various subpopulations comprising particles with a full or partial
genome, empty capsids as well as impurities.[113] With this res-
olution and these features, CDMS seems well suited to comple-
ment the other technologies, especially since it allows to monitor
not only capsid but also genome integrity.
Finally, another useful addition has more recently been

reported by Zhang et al. who applied a novel, automated, mi-
crofluidic ZipChip CE/MS methodology to identify AAV2 capsid
proteins within a very short period (4 min) and from a minimal
sample volume of 5 nL.[114] To illustrate the resolution of this
technology, the authors successfully distinguished wild-type
AAV2 from a triple point mutant of the same serotype, remi-
niscent of the data by Van Vliet et al.[111] but achieved in much
shorter processing time. Notably, this study also again confirmed
the single N-terminal acetylation on VP1 and VP3 that has been
reported previously.[85,109]

5.2. Capsid Thermostability

The MS-based technologies highlighted above allow to dis-
tinguish capsid serotypes including variants with minimal
sequence divergence, and are thus, in principle, useful to val-
idate proper labeling and batch-to-batch consistency of AAV
vector stocks for clinical use. However, most of the reported
protocols may have limited applicability for a variety of reasons,
including the requirement for large substrate volumes or for
special instrumentation, and their inability to yield higher-level
structural information beyond primary capsid protein sequence.
These and other gaps can potentially be filled by another

technology that was introduced into the AAV field in 2013 by
Rayaprolu et al.[115] and then extensively and independently val-
idated in two publications by the groups of Luk Vandenberghe,
EduardAyuso, andMavis Agbandje-McKenna in 2017.[116,117] The
hallmark of this powerful biophysical technique, called differen-
tial scanning fluorimetry (DSF) or AAV-ID,[117] is its ability to
rapidly, easily, and accurately measure AAV capsid thermostabil-
ity (melting temperature, Tm), bymonitoring capsid unfolding in
real-time in response to temperature gradients in the presence
of SYPRO Orange. The latter is a hydrophobic dye whose fluo-
rescence at 570 nm is quenched by solvent molecules but which
starts to fluoresce once it binds to hydrophobic pockets, such as
those that are normally located inside the AAV capsid and be-
come exposed during heat-induced denaturing. Already in 2013,
theMcKenna andBothner labs recognized the potential of DSF to
determine AAV capsid Tm and to then use these values to unani-
mously identify divergent serotypes, as exemplified using AAV1,
2, 5, and 8.[115] Intriguingly, recording of thermal denaturation

curves usingDSF revealed distinct and narrow transition temper-
atures that were characteristic for each serotype, with the lowest
observed for AAV2 (≈70 °C) and the highest for AAV5 (≈90 °C).
Further analysis showed that these Tm are neither determined
by capsid protein VP1 nor by the presence of an AAV genome
inside the capsid, which was later confirmed in the aforemen-
tioned follow-up studies.[116,117] Importantly, the authors also per-
formed a first mixing experiment in which AAV2 and AAV5, the
two serotypes with the greatest difference in Tm, were pooled and
analyzed by DSF. This yielded two distinct and serotype-specific
peaks, and thus illustrated the power of this technique to concur-
rently identify and resolve at least two different capsid variants.
The latter was subsequently extended and much more pro-

foundly demonstrated by Pacouret et al., who used DSF to an-
alyze a collection of 67 AAV stocks and who convincingly showed
its ability to discriminate six different serotypes by their Tm fin-
gerprint, namely, AAV1, 2, 5, 6.2, 8, and 9.[117] In line with the
data from Rayaprolu et al.,[115] Tm were largely independent of
the presence or size of an encapsidated genome, as well as of pro-
duction (mammalian versus insect cells) or purification protocols
(iodixanol versus POROS). Moreover, the methodology—called
AAV-ID here—is highly robust, as illustrated via its reproducible
application in two different labs. Also interesting is that the signal
amplitude at the apex of the Tm peak correlated with vector dose
in a linear fashion over at least one order of magnitude, illustrat-
ing the ability of AAV-ID to provide information on particle con-
centration. Furthermore, Pacouret and colleagues showed that
the thermostability measure is strongly affected by the pH of the
AAV vector formulation buffer in a serotype-dependent manner,
providing clues about a link between capsid stability and cellular
mechanisms affecting AAV genome release, including acidifica-
tion in the endosome. However, the finding that in some cases,
fluorescence transition was obscured by contaminants, implied
that AAV-ID may be limited to AAV stocks above a certain pu-
rity threshold. Finally, reminiscent of the MS data by Van Vliet
et al.,[111] AAV-ID was shown to be able to distinguish various
pairs of AAVs that differ in a few residues, such as AAV1 and 6.2.
These conclusions were essentially mirrored in the work by

Bennett et al.,[116] who studied ten different AAV serotypes (AAV1
through 9, AAVrh.10) and who showed that most of them can
be distinguished by their unique Tm, except AAV7, 9, and rh.10
whose Tm was in a very similar range around 77 °C. Also in this
work, melting temperatures were affected by buffer formulation
and pH in a serotype-specific manner, but not by the presence
or absence of a genome inside the particles. Notably, the method
proved to be very sensitive and capable of detecting as little as
5 × 1011 purified AAV5 (the most stable serotype) particles in
25 µL. Extending the previous studies,[115,117] Bennett and col-
leagues demonstrated that the VP3 capsid protein is the sole de-
terminant of thermostability (and sufficient to assemble capsids).
Finally, akin to Pacouret et al.,[117] it was shown that DSF can dis-
tinguish a pair of AAV serotypes differing in single amino acid, by
swapping residue E/K531 between AAV1 and AAV6, respectively.
Of interest for this article, the same lab has applied various

techniques including DSF to also assess the thermostability of
synthetic AAV capsids, especially variants that were designed in
silico through ancestral reconstruction.[20] Specifically, Zinn et al.
determined the Tm of their lead AAV candidate, Anc80L65, to be
≈92 °C and thus 15–30 °C higher than that of AAV2 or AAV8. This
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48-51 of the major capsid protein VP3. In turn, this implies that
AAV(1) capsid assembly is a stochastic rather than a predefined
process whose outcome depends on the expression levels of
each capsid protein. This idea of inherent variability between
individual particles is an appealing hypothesis that could readily
explain the inability of even atomic-level crystallography ap-
proaches to precisely resolve the unique regions of VP1 and VP2.
Subsequently, Pierson and colleagues harnessed charge detec-

tion (CD)MS to dissect the DNA content of AAV8 vectors con-
taining single- or double-stranded genomes, permitting them to
demonstrate its power to quantitatively and rapidly characterize
various subpopulations comprising particles with a full or partial
genome, empty capsids as well as impurities.[113] With this res-
olution and these features, CDMS seems well suited to comple-
ment the other technologies, especially since it allows to monitor
not only capsid but also genome integrity.
Finally, another useful addition has more recently been

reported by Zhang et al. who applied a novel, automated, mi-
crofluidic ZipChip CE/MS methodology to identify AAV2 capsid
proteins within a very short period (4 min) and from a minimal
sample volume of 5 nL.[114] To illustrate the resolution of this
technology, the authors successfully distinguished wild-type
AAV2 from a triple point mutant of the same serotype, remi-
niscent of the data by Van Vliet et al.[111] but achieved in much
shorter processing time. Notably, this study also again confirmed
the single N-terminal acetylation on VP1 and VP3 that has been
reported previously.[85,109]

5.2. Capsid Thermostability

The MS-based technologies highlighted above allow to dis-
tinguish capsid serotypes including variants with minimal
sequence divergence, and are thus, in principle, useful to val-
idate proper labeling and batch-to-batch consistency of AAV
vector stocks for clinical use. However, most of the reported
protocols may have limited applicability for a variety of reasons,
including the requirement for large substrate volumes or for
special instrumentation, and their inability to yield higher-level
structural information beyond primary capsid protein sequence.
These and other gaps can potentially be filled by another

technology that was introduced into the AAV field in 2013 by
Rayaprolu et al.[115] and then extensively and independently val-
idated in two publications by the groups of Luk Vandenberghe,
EduardAyuso, andMavis Agbandje-McKenna in 2017.[116,117] The
hallmark of this powerful biophysical technique, called differen-
tial scanning fluorimetry (DSF) or AAV-ID,[117] is its ability to
rapidly, easily, and accurately measure AAV capsid thermostabil-
ity (melting temperature, Tm), bymonitoring capsid unfolding in
real-time in response to temperature gradients in the presence
of SYPRO Orange. The latter is a hydrophobic dye whose fluo-
rescence at 570 nm is quenched by solvent molecules but which
starts to fluoresce once it binds to hydrophobic pockets, such as
those that are normally located inside the AAV capsid and be-
come exposed during heat-induced denaturing. Already in 2013,
theMcKenna andBothner labs recognized the potential of DSF to
determine AAV capsid Tm and to then use these values to unani-
mously identify divergent serotypes, as exemplified using AAV1,
2, 5, and 8.[115] Intriguingly, recording of thermal denaturation

curves usingDSF revealed distinct and narrow transition temper-
atures that were characteristic for each serotype, with the lowest
observed for AAV2 (≈70 °C) and the highest for AAV5 (≈90 °C).
Further analysis showed that these Tm are neither determined
by capsid protein VP1 nor by the presence of an AAV genome
inside the capsid, which was later confirmed in the aforemen-
tioned follow-up studies.[116,117] Importantly, the authors also per-
formed a first mixing experiment in which AAV2 and AAV5, the
two serotypes with the greatest difference in Tm, were pooled and
analyzed by DSF. This yielded two distinct and serotype-specific
peaks, and thus illustrated the power of this technique to concur-
rently identify and resolve at least two different capsid variants.
The latter was subsequently extended and much more pro-

foundly demonstrated by Pacouret et al., who used DSF to an-
alyze a collection of 67 AAV stocks and who convincingly showed
its ability to discriminate six different serotypes by their Tm fin-
gerprint, namely, AAV1, 2, 5, 6.2, 8, and 9.[117] In line with the
data from Rayaprolu et al.,[115] Tm were largely independent of
the presence or size of an encapsidated genome, as well as of pro-
duction (mammalian versus insect cells) or purification protocols
(iodixanol versus POROS). Moreover, the methodology—called
AAV-ID here—is highly robust, as illustrated via its reproducible
application in two different labs. Also interesting is that the signal
amplitude at the apex of the Tm peak correlated with vector dose
in a linear fashion over at least one order of magnitude, illustrat-
ing the ability of AAV-ID to provide information on particle con-
centration. Furthermore, Pacouret and colleagues showed that
the thermostability measure is strongly affected by the pH of the
AAV vector formulation buffer in a serotype-dependent manner,
providing clues about a link between capsid stability and cellular
mechanisms affecting AAV genome release, including acidifica-
tion in the endosome. However, the finding that in some cases,
fluorescence transition was obscured by contaminants, implied
that AAV-ID may be limited to AAV stocks above a certain pu-
rity threshold. Finally, reminiscent of the MS data by Van Vliet
et al.,[111] AAV-ID was shown to be able to distinguish various
pairs of AAVs that differ in a few residues, such as AAV1 and 6.2.
These conclusions were essentially mirrored in the work by

Bennett et al.,[116] who studied ten different AAV serotypes (AAV1
through 9, AAVrh.10) and who showed that most of them can
be distinguished by their unique Tm, except AAV7, 9, and rh.10
whose Tm was in a very similar range around 77 °C. Also in this
work, melting temperatures were affected by buffer formulation
and pH in a serotype-specific manner, but not by the presence
or absence of a genome inside the particles. Notably, the method
proved to be very sensitive and capable of detecting as little as
5 × 1011 purified AAV5 (the most stable serotype) particles in
25 µL. Extending the previous studies,[115,117] Bennett and col-
leagues demonstrated that the VP3 capsid protein is the sole de-
terminant of thermostability (and sufficient to assemble capsids).
Finally, akin to Pacouret et al.,[117] it was shown that DSF can dis-
tinguish a pair of AAV serotypes differing in single amino acid, by
swapping residue E/K531 between AAV1 and AAV6, respectively.
Of interest for this article, the same lab has applied various

techniques including DSF to also assess the thermostability of
synthetic AAV capsids, especially variants that were designed in
silico through ancestral reconstruction.[20] Specifically, Zinn et al.
determined the Tm of their lead AAV candidate, Anc80L65, to be
≈92 °C and thus 15–30 °C higher than that of AAV2 or AAV8. This
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came as a surprise considering the relatively poor vector yields
that were obtained with Anc80L65 as compared to AAV8, but it
may imply that higher activation energy is required not only to
disassemble but also to assemble Anc80L65 capsids, albeit this
needs to be validated. An even further increase was noted for
another reconstructed capsid from the AAV1-3 lineage, Anc127,
whereas two others, Anc81 and Anc82 (Figure 1), had a lower Tm
than Anc80. The fact that the latter two are evolutionary interme-
diates between Anc80 and extant serotypes illustrates the power
of DSF to not only distinguish synthetic AAV variants based on
Tm, but to also gain insights into natural virus evolution.
Last but not least, we highlight a recently reported alterna-

tive technology dubbed intrinsic (i)DSF, which provides remark-
able precision and sensitivity (down to 2 × 1011 AAV particles)
in the absence of external dyes such as SYPRO Orange.[118]

Briefly, this approach relies on the inherent red-shift of trypto-
phan residues under UV light when exposed to a hydrophilic
rather than a hydrophobic environment, as is the case during
AAV capsid disassembly. Similar to the preceding studies using
SYPRO Orange-dependent DSF, also iDSF was shown to enable
the discrimination of various natural serotypes (albeit not all; e.g.,
the AAV3/AAV8 pair could not be distinguished) and to yield sim-
ilar Tm values. Notably, iDSF is relatively simple, fast and inex-
pensive, making it attractive for high-throughput screening and
samplemonitoring during the purification process. Finally, albeit
not demonstrated in the pilot study by Rieser and colleagues, the
fact that tryptophan residues within AAV capsids are largely con-
served across serotypes implies great usefulness of this method
also for synthetic AAV capsid variants in the future.

5.3. Bacterial and Cellular Contaminants

Frequent and usually adverse contamination of AAV vector stocks
is endotoxin, that is, a lipopolysaccharide (LPS) found in the outer
membrane of Gram-negative bacteria. Particularly concerning is
that even minute amounts of LPS can trigger severe adaptive im-
mune responses in intravenously injected mammals including
humans and potentially lead to an inflammatory response, sep-
sis, multi-organ failure and, ultimately, death. Exacerbating this
concern is that bacteria are found almost everywhere in a labora-
tory setting, including in buffers, on lab-ware and surfaces as well
as in the plasmid DNA that is produced and used for AAV vec-
tor production. Moreover, proteins such as the AAV capsid shell
tend to readily interact with LPS over a broad range of isoelectric
points, implying that AAV serotypes and natural or engineered
capsid variants may all display at least some degree of affinity to-
ward endotoxin.
Therefore, we consider a recent study by Kondratova and col-

leagues from the Zolotukhin lab that tackled this particular AAV
contaminant as important, timely and worth highlighting.[119]

In this work, the authors succeeded at establishing a new,
rather simple but very effective protocol that permits to reduce
the endotoxin content of AAV stocks to virtually undetectable
levels of <2.5 endotoxin units [EU] mL−1, which complies well
with the FDA-recommended upper limit of 5 EU kg−1 body
weight for intravenously injected biopharmaceuticals.[119,120]

Briefly, the hallmarks of this protocol are the initial treatment of
AAV stocks with mild detergent, followed by a series of buffer

exchange and concentration steps under experimental condi-
tions that prevent adverse AAV particle aggregation. Importantly,
a thorough analysis of the final products yielded no evidence for
perturbations of transduction efficiency, capsid thermostability,
protein composition or capsidmorphology. Evenmore important
in the context of the present article is that the authors success-
fully validated their new technology with eight different AAV
capsid variants, including wild-types AAV2, AAV5, AAV8, AAV9,
and AAVrh10 as well as synthetic capsids, such as AAV-DJ[8] and
AAV-TT.[121] Also very encouraging are the high recovery rates
of between 50% and 96% of starting material, which surpass
the low yields of typically <10% that are often observed with
commercial LPS removal kits.
Collectively, these advantageous properties make this new pro-

tocol highly attractive especially for academic laboratories who
work with different AAV capsid variants and who will thus ben-
efit most from the combination of inexpensive, off-the-shelf
reagents, quick turn-around time, high recovery, versatility and
effectiveness at LPS removal. However, its scalability to large(r)
volumes has remained unclear to date and should be established
in future work.
Of note, bacterial endotoxins are not the only contami-

nants that have been detected in AAV preparations, but others
have likewise reported the presence of cellular proteins. In
one notable 2014 study, Dong and colleagues used a com-
bination of two proteomics approaches, gel electrophoresis
liquid chromatography-mass spectrometry (GeLC-MS) and
two-dimensional gel electrophoresis, to assess the purity of
cesium chloride gradient-purified AAV2 vectors and detected 13
co-purifying cellular proteins, including known AAV host factors
such as nucleolin and nucleophosmin.[87] One of them, protein
SET, was also found in stocks of serotypes AAV5, 6, 8, and 9
that were purified with the same method. Interestingly, though,
it was absent from AAV2 stocks that were purified using IEC,
and it seemed to specifically co-purify with full, DNA-containing
AAV2 capsids, but not with the excess of empty particles, for
reasons unclear. This work and related other studies (see below)
are intriguing because the data have multiple implications for
AAV biology and vector manufacturing. First, such identification
of contaminating or co-purifying (under specific conditions) host
cell proteins is highly informative as it expands our still limited
understanding of natural AAV biology, which may ultimately
allow to rationally engineer better vectors and/or to improve
manufacturing protocols. There is evidence that cellular con-
taminants may actually enhance AAV vector transduction[55,122]

(unpublished own observations), and there are also numerous
reports of mammalian serum proteins that interact with AAV
capsids and affect their properties (Fakhiri et al., submitted).
Accordingly, it may not necessarily be desirable to comprehen-
sively eliminate all cellular factors from AAV vector preparations
during purification, in particular not those that could act as
transduction enhancers. Secondly, considering the speed of
many proteomics technologies, the rapid and robust detection
of contaminating proteins by these methodologies could well be
implemented as a routine procedure for AAV quality control.
Similar findings and conclusions were also reached by Strobel

et al. in a 2015 study where they compared two methodologies
for AAV purification by density gradient centrifugation (see
also above) and used nanoscale liquid chromatography-tandem
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mass spectrometry (nanoLC-MS/MS) analysis to investigate
the identity of 13 additional protein bands in purified AAV8
vector preparations.[53] Notably, these authors identified several
proteins that overlapped with those from the Dong et al. study,[87]

including SET, nucleolin, mitochondrial single-stranded DNA-
binding protein and nucleophosmin, and the latter two were
independently also detected as proteins that co-purified with
AAV8 by Aloor et al.,[108] which emphasizes their role in the AAV
life cycle. Also noteworthy is that some of the contaminants in
the work by Strobel and colleagues,[53] such as nucleolin and
nucleophosmin, were specifically detected in the CsCl-purified
samples but absent from the iodixanol-purified batches, which
could inform future purification protocols
Finally, in another noteworthy example, the Samulski lab uti-

lized mass spectrometry to identify a small contaminating pro-
tein of around 20 kDa, that is, ferritin, which they observed in
AAV stocks of multiple serotypes that were purified by iodixanol
density gradient chromatography followed by IEC.[42] In neg-
atively stained transmission electron microscopy pictures, this
protein formed small, circular structures of up to 10 microns,
which were independently detected in an AAV5 stock in a more
recent study from the Zolotukhin lab.[59] Ferritin was also among
the contaminating proteins in AAV8 stocks that were investigated
earlier by the Lamla lab.[53] Besides, our lab has recently observed
the presence of ferritin protein and structures in various recombi-
nant AAV and bocaviral vector preparations (Fakhiri and Grimm,
manuscript in preparation). As noted above, unlike endotoxins,
the presence of ferritin will most likely not interfere with AAV (or
bocaviral) functionality and is thus a lesser concern. Moreover, if
desired, it can be removed by tweaking the IEC conditions, as
illustrated by Grieger et al.[42]

6. Conclusions

It may seem ironic that the smallest of all viruses that are being
developed and evaluated as vectors for human gene therapy,
AAV, has rapidly become the biggest and undisputed star that
continues to enjoy the limelight. The reasons for this astounding
success are manifold but are largely based on the ever-expanding
portfolio of ingenious, versatile and powerful techniques for
AAV vector manufacturing, ranging from methodologies for
high-throughput capsid diversification and large-scale vector
production, to tailored and innovative concepts for AAV particle
purification, characterization and quality control for lot releases.
Not surprisingly, most of the technologies for downstream AAV
vector processing had originally been developed for and vali-
dated with wild-type AAV serotypes due to their long availability
and our advanced understanding of their biology. Importantly,
though, their development has also paved the way for the imple-
mentation of new manufacturing technology that is compatible
with the many rapidly emerging, non-natural viral variants, too.
Concurrently, this process is fostered by our steadily increasing
knowledge of the function and properties of natural versus
synthetic AAV capsids, which will ideally allow the adaptation of
existing technology to future capsids once their structural and
biophysical characteristics have been unraveled. These aspects
were in the center of the present article, but we acknowledge
that owing to the sheer complexity of this research field and
the flurry of activities by academic and industrial entities, we

could only offer a glimpse into the relevant advances, and we,
unfortunately, had to omit important and informative work by
other colleagues for reasons of space and clarity. Nonetheless,
we at least want to mention that the strategies highlighted in the
present article synergize with, and are perfectly complemented
by, a wealth of other, equally important and informative ap-
proaches. Examples of such work that we could not discuss here
despite its relevance for synthetic AAV capsids include the inves-
tigation of methodologies for cell harvest and lysate clarification,
comprising a large variety of chemical or physical approaches
such as freeze-thawing and low-speed centrifugation, which is
particularly suitable for small-scale preparations and has thus
been used preferably in our recent comparison of libraries of
synthetic AAV capsid variants in cultured cells.[123] In contrast,
other technologies such as microfluidization or lysis with de-
tergents such as Triton X-100 are better suited for large-scale
manufacturing of natural or synthetic AAV capsids, albeit the
use of chemicals necessitates their subsequent monitoring in
the final product as potential impurities.[28,33] Moreover, we note
the emerging use of deep sequencing techniques for analyses of
the contents of AAV vector particles (plasmid backbones, cellular
DNAs, fragmented genomes).[124] This comprises non-selective
but sensitive single-stranded DNA virus sequencing (SSV-Seq)
technology for detection of illegitimate residual cellular or
plasmid DNA as reported by the Ayuso lab[125] or Fast-Seq
methodology from the Paulk lab.[126] Techniques such as the lat-
ter are becoming increasingly important as more and more AAV
gene therapies including synthetic capsid-based stratagems are
being tested in patients, raising a need for new and robust pro-
cesses to detect, quantify, and eliminate product impurities, as
comprehensively reviewed by Penaud-Budloo and colleagues[33]

as well as Ayuso, Mingozzi, and Bosch.[28] Along the same
lines, we note exciting new insights into the role of primary or
secondary sequence elements in the vector genome that govern
replication and/or encapsidation as well as AAV vector DNA
integrity.[127] Combined with the advanced technologies that
were summarized here and with further ongoing innovations in
the field of AAV capsid evolution, including rational design[128]

and machine learning,[129] this offers plenty of reason to be
optimistic about the future of AAV vector biomanufacturing and
its continued contribution to the success story of human gene
therapy.
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mass spectrometry (nanoLC-MS/MS) analysis to investigate
the identity of 13 additional protein bands in purified AAV8
vector preparations.[53] Notably, these authors identified several
proteins that overlapped with those from the Dong et al. study,[87]

including SET, nucleolin, mitochondrial single-stranded DNA-
binding protein and nucleophosmin, and the latter two were
independently also detected as proteins that co-purified with
AAV8 by Aloor et al.,[108] which emphasizes their role in the AAV
life cycle. Also noteworthy is that some of the contaminants in
the work by Strobel and colleagues,[53] such as nucleolin and
nucleophosmin, were specifically detected in the CsCl-purified
samples but absent from the iodixanol-purified batches, which
could inform future purification protocols
Finally, in another noteworthy example, the Samulski lab uti-

lized mass spectrometry to identify a small contaminating pro-
tein of around 20 kDa, that is, ferritin, which they observed in
AAV stocks of multiple serotypes that were purified by iodixanol
density gradient chromatography followed by IEC.[42] In neg-
atively stained transmission electron microscopy pictures, this
protein formed small, circular structures of up to 10 microns,
which were independently detected in an AAV5 stock in a more
recent study from the Zolotukhin lab.[59] Ferritin was also among
the contaminating proteins in AAV8 stocks that were investigated
earlier by the Lamla lab.[53] Besides, our lab has recently observed
the presence of ferritin protein and structures in various recombi-
nant AAV and bocaviral vector preparations (Fakhiri and Grimm,
manuscript in preparation). As noted above, unlike endotoxins,
the presence of ferritin will most likely not interfere with AAV (or
bocaviral) functionality and is thus a lesser concern. Moreover, if
desired, it can be removed by tweaking the IEC conditions, as
illustrated by Grieger et al.[42]

6. Conclusions

It may seem ironic that the smallest of all viruses that are being
developed and evaluated as vectors for human gene therapy,
AAV, has rapidly become the biggest and undisputed star that
continues to enjoy the limelight. The reasons for this astounding
success are manifold but are largely based on the ever-expanding
portfolio of ingenious, versatile and powerful techniques for
AAV vector manufacturing, ranging from methodologies for
high-throughput capsid diversification and large-scale vector
production, to tailored and innovative concepts for AAV particle
purification, characterization and quality control for lot releases.
Not surprisingly, most of the technologies for downstream AAV
vector processing had originally been developed for and vali-
dated with wild-type AAV serotypes due to their long availability
and our advanced understanding of their biology. Importantly,
though, their development has also paved the way for the imple-
mentation of new manufacturing technology that is compatible
with the many rapidly emerging, non-natural viral variants, too.
Concurrently, this process is fostered by our steadily increasing
knowledge of the function and properties of natural versus
synthetic AAV capsids, which will ideally allow the adaptation of
existing technology to future capsids once their structural and
biophysical characteristics have been unraveled. These aspects
were in the center of the present article, but we acknowledge
that owing to the sheer complexity of this research field and
the flurry of activities by academic and industrial entities, we

could only offer a glimpse into the relevant advances, and we,
unfortunately, had to omit important and informative work by
other colleagues for reasons of space and clarity. Nonetheless,
we at least want to mention that the strategies highlighted in the
present article synergize with, and are perfectly complemented
by, a wealth of other, equally important and informative ap-
proaches. Examples of such work that we could not discuss here
despite its relevance for synthetic AAV capsids include the inves-
tigation of methodologies for cell harvest and lysate clarification,
comprising a large variety of chemical or physical approaches
such as freeze-thawing and low-speed centrifugation, which is
particularly suitable for small-scale preparations and has thus
been used preferably in our recent comparison of libraries of
synthetic AAV capsid variants in cultured cells.[123] In contrast,
other technologies such as microfluidization or lysis with de-
tergents such as Triton X-100 are better suited for large-scale
manufacturing of natural or synthetic AAV capsids, albeit the
use of chemicals necessitates their subsequent monitoring in
the final product as potential impurities.[28,33] Moreover, we note
the emerging use of deep sequencing techniques for analyses of
the contents of AAV vector particles (plasmid backbones, cellular
DNAs, fragmented genomes).[124] This comprises non-selective
but sensitive single-stranded DNA virus sequencing (SSV-Seq)
technology for detection of illegitimate residual cellular or
plasmid DNA as reported by the Ayuso lab[125] or Fast-Seq
methodology from the Paulk lab.[126] Techniques such as the lat-
ter are becoming increasingly important as more and more AAV
gene therapies including synthetic capsid-based stratagems are
being tested in patients, raising a need for new and robust pro-
cesses to detect, quantify, and eliminate product impurities, as
comprehensively reviewed by Penaud-Budloo and colleagues[33]

as well as Ayuso, Mingozzi, and Bosch.[28] Along the same
lines, we note exciting new insights into the role of primary or
secondary sequence elements in the vector genome that govern
replication and/or encapsidation as well as AAV vector DNA
integrity.[127] Combined with the advanced technologies that
were summarized here and with further ongoing innovations in
the field of AAV capsid evolution, including rational design[128]

and machine learning,[129] this offers plenty of reason to be
optimistic about the future of AAV vector biomanufacturing and
its continued contribution to the success story of human gene
therapy.
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Abstract

The field of cell and gene therapy (CGT) is maturing at a rapid rate.

Manufacturing remains a major challenge and manufacturing failures and limi-

tations are a notable source of CGT products not meeting specification or being

held back from regulatory approvals. To ensure that products remain compliant

and competitive throughout their lifecycle, CGT process development requires

both ongoing advancement of fit-for-purpose technologies to allow for and sup-

port well-designed development studies, and a methodology that enables these

studies to occur effectively during focused product development campaigns. We

describe a framework for ongoing innovation in CGT process development,

manufacturing, and clinical testing, based on the quality by design (QbD)

approach. We propose use of the concepts of process discovery, process charac-

terization, and process development in an iterative way to refine the design

space as a product matures. This strategy is enabled by the early implementation

of broad and robust analytics, and a modular approach to accelerate optimiza-

tion. With these strategies, CGT developers can prospectively plan for compara-

bility studies and develop in a stage-appropriate manner, to allow for ongoing

innovation and improvements from discovery through to commercialization.

KEYWORD S

cell analytics, cell therapy, manufacturing, process development, quality by design

1 | MANUFACTURING OF CELL
AND GENE THERAPY PRODUCTS
REQUIRES A FRAMEWORK TO
SUPPORT CONTINUING
INNOVATION

The field of cell and gene therapy (CGT) encompasses
advanced therapeutics including living cells, tissues, viral
vectors, and non-viral gene modifying components. The
CGT industry is growing at a rapid rate. As of 2020, there
were reported to be more than 1000 active CGT clinical
trials[1] and revenue in the CGT market is predicted to
grow at a compound annual growth rate (CAGR) of more
than 30% between 2019–2025.[2] Much of this recent

growth comes from gene therapies targeting monogenic
disorders, and gene modified cell therapies in the
immune-oncology field, particularly chimeric antigen
receptor T-cell (CAR-T cell) therapies. Through the past
5–10 years, positive clinical results and interest from
investors and the pharmaceutical industry have led to an
accelerated pace of activity as companies work to achieve
aggressive milestones. A key challenge that has been cre-
ated by this rapid growth is the need to manufacture
CGT products in a robust and stage-appropriate manner
throughout the product development lifecycle, while still
allowing for the incorporation of innovation.

Manufacturing failures are a notable source of CGT
products not meeting specification and not being
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delivered to patients, and chemistry, manufacturing, and
controls (CMC) concerns are a major reason for CGT
products being held back from regulatory approvals.
Several companies have publicly acknowledged recent
CMC-related challenges in late-stage interactions with
regulators,[3] including the refusal to file that Bristol Myers
Squibb received on their Biologics License Application (BLA)
for their ide-cel CAR-T product in 2020.[4] For autologous or
patient specific products, a manufacturing failure can mean
that the patient is unable to receive the therapeutic, or
out-of-specification products may be administered without
companies being reimbursed.[5] Novartis has reported that
their on-market CAR-T product, Kymriah, has an approxi-
mately 10% rate of products not shipping to patients,
due to manufacturing failures or products being out-of-
specification,[6] with additional out-of-specification prod-
ucts being administered without reimbursement. For
allogeneic CGT products, where large batches of products
are produced to treat many patients, a manufacturing
failure may not have immediate clinical repercussions, but
it can have a large financial impact.[7] Manufacturing
innovations and the incorporation of new technology
solutions during product development and clinical studies
are important to ensure that when a product reaches
market approval it remains compliant, competitive, and
cost efficient.

Manufacturing solutions for CGT products are non-
standard. They are still emerging and typically evolve
with industry offerings and clinical stage. Further inno-
vations around manufacturing are a focus area for aca-
demic and tool and reagent company research and
development (R&D) and are an important differentiator
amongst products and a core part of companies’ pipeline
and IP strategies. Several categories of manufacturing
challenges are common across CGT products. CGT prod-
ucts often have a complex composition that is highly spe-
cific to the individual, some being comprised of a
patient’s own cells or a precisely matched donor. These
living drugs are often made from highly variable cell-
based raw materials and the manufacturing steps may
require skilled manual manipulations and a strategy to
address inherent biological variability in cell growth and
characterization. The final cell or gene products are typi-
cally fragile, may have short shelf lives, and require a
carefully controlled supply chain. The biological mecha-
nisms of these products are also very complex and highly
dependent on in vivo interactions upon delivery to the
patient,[8,9] making relevant manufacturing release
criteria challenging to define.

As the field of CGT matures, approaches are being
developed to reduce manufacturing complexity and vari-
ability in several ways. One example is the increased
focus on allogeneic cell therapy products as a step

towards producing off-the-shelf products.[10,11] These
have the potential to simplify manufacturing by stan-
dardizing input material and reducing supply chain com-
plexities. Raw material suppliers are evolving to focus on
chemically defined and animal-component free products
to improve consistency and ensure a sufficient standard
of quality,[12,13] and supply chain solutions are supporting
wide-reaching distribution with appropriate traceabil-
ity.[14,15] Industrial bioprocess strategies adapted
from more mature biologics fields are starting to be
implemented in CGT manufacturing.[16,17] The incor-
poration of these strategies with increased rigour are
critical for the evolution of CGT to a more mature and
robust field.

To complement the maturation of CGT manufactur-
ing, the approach to process development must also
mature. This will require both ongoing advancement of
fit-for-purpose technologies to allow for and support
well-designed development studies, and a methodology
that enables these studies to occur effectively during
focused product development campaigns. Here, we
propose a framework for ongoing stage-appropriate
innovation in CGT process development and manufactur-
ing, based on the quality by design (QbD) approach
and its inherent iterative nature to better allow for incor-
poration of both technology-based improvements and
discovery biology-based insights throughout the product
development and commercialization lifecycle.

2 | THE QbD STRUCTURE GUIDES
ITERATIVE REFINEMENT OF
PROCESS DESIGN SPACE THROUGH
THE PRODUCT DEVELOPMENT
LIFECYCLE

In the early development stages of CGT products, there is
incomplete or limited knowledge of the mode of action
(MoA) and the target product profile (TPP). Early clinical
data is used to refine the TPP, allowing for ongoing
enhancement of understanding of the product, and the
ability to identify and hone the critical quality attributes
(CQAs) of the manufacturing process. However, much of
this knowledge does not come until quite late in the
product’s development cycle. In order to guide pre-
clinical development, an initial early draft of the TPP and
associated CQAs should be defined. However, the TPP
and CQAs are not fixed from early development, but
instead should undergo an iterative refinement where the
initially very broad TPP1 is refined and narrowed through
iterative cycles, leading to TPP2, TPP3,… TPPfinal as more
data is collected and the understanding of the cell prod-
uct increases (Figure 1A).
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QbD is a useful framework to guide CGT develop-
ment and manufacturing.[18,19] Developers use the identi-
fied TPP and CQAs to establish the process design space.
This refers to the parameter space over which a process
can be optimized to achieve the CQAs. At the beginning
of the product development cycle, this design space can
be very large as specifics of the CQAs may be unknown
or poorly understood. For example, developers may be
exploring large ranges of cell densities, numerous media
and additive compositions, and various feeding regimes
for a cell culture process. In this initial phase, data should
be collected to better understand how these process
parameters impact cell yields, viabilities, phenotypes,
gene expression profiles, and functional outputs. At this
stage, the criteria for a minimally acceptable TPP are
quite broad. As these correlations between process inputs
and cell outputs are developed, critical process parame-
ters (CPPs) can be identified (typically the parameters
whose sensitivities most significantly impact the TPPs)
and CQAs are further refined through a feedback cycle.
This in turn reduces the size of the design space and the
next iteration of process optimization can focus on refine-
ment of a smaller number of parameters. Mirroring the
refinement of the TPP, the design space also becomes
more focused over time, although never narrowing so
much as to leave no room for minor adjustments even in
advanced manufacturing stages (Figure 1B). Although
beyond the scope of this commentary, statistical frame-
works for the design space optimization exist in other
fields and may be applicable to CGT.[20,21]

To support this approach of an evolving design space
framework, three iterative CGT product development
stages can be considered: (1) process discovery, (2) process

characterization, and (3) process development (Table 1).
Process discovery refers to identifying key process param-
eters that impact the fundamental biology of the system.
Process characterization includes building datasets of
inputs and outputs of each unit operation and their sensi-
tivity to process parameters. Finally, process development
involves using the outcomes of process characterization to
optimize a component of the manufacturing process such
that CQAs are more robustly achieved (or conversely, that
the process is made more efficient, more consistent, or
more cost effective while maintaining current status of
CQAs). In doing so, process knowledge is gained, and the
design space becomes better defined and aligned with the
TPP and CQAs. These steps can then be iterated on, begin-
ning with this more refined design space and continuing
to move through this cycle.

3 | BROAD AND HIGH-
RESOLUTION ANALYTICS ARE THE
CORNERSTONE TO ENABLE
ITERATIVE DEVELOPMENT

Analytics are essential for process discovery, process
characterization, and process development. Therapeutic
developers are well served to put substantial effort into
building cell and molecular analytics for all stages of
their manufacturing process early in development. In ini-
tial stages, characterization assays need to be broad
enough to span a large, multi-dimensional design space.
It is useful to characterize on- and off-target cells, capture
run-to-run variability and general system robustness, and
explore all characteristics of cells that may impact

FIGURE 1 Iterative refinement of target product profile, critical quality attributes (CQAs), and process design space. (A) The target

product profile (TPP) undergoes a series of refinements through the stages of process and product development. As clinical data is collected,

understanding of the cell product increases and the TPP becomes more focused and directly tied to clinical efficacy (TPP1 à TPP à 2 à

TPP3). (B) As the TPP and associated CQAs are refined, the process design space also narrows, allowing for the next iteration of more

focused development
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potency. Critical assays should be put in place and stan-
dardized to the greatest extent possible prior to process
development activities so that assays are not evolving at
the same time as process changes are being explored.
Although assays used early in the R&D cycle are typically
not qualified, it is important that they are sufficiently
robust and consistent to ensure the ability to determine
whether differences measured between process condi-
tions are relevant and significant.

Cell characterization in the CGT field is often per-
formed at quite a low throughput and low-resolution man-
ner where bulk cell populations are tracked with a small
number of parameters, such as surface marker expression
by flow cytometry, without a good understanding of which
parameters are responsive to process variability and pro-
cess quality. In order to explore the design space more
broadly in a detailed way, more sophisticated high resolu-
tion and single cell based analytic techniques, such as sin-
gle cell RNA-Seq, and proteomic and metabolomic
analysis of cells and culture components should be more
routinely used by the CGT field.[22–24] Using a broad range
of analytics for characterization enables the discovery of
the most relevant CQAs that can then be routinely moni-
tored and serve as the basis of process development.

In addition to a diverse set of analytics, a robust testing
panel should also be multi-dimensional in nature, leverag-
ing multiple methods to assess the same CQAs. This
orthogonal approach (i.e., using more than one indepen-
dent method to measure similar attributes) is even more
critical when developing an understanding and definition
of drug product potency.

Robust analytics create the ability to implement
tracking and trending of the process, in order to monitor
CQAs through development and identify both intentional
changes and unintentional drifts. These datasets form
the basis of early process characterization and help to
define the process optimization strategy. CGT developers
may tend to defer process characterization to later
stages of clinical development, but it is a valuable tool to
implement early to build a development strategy. In
pre-clinical development stages, simple studies and addi-
tional data collection can be incorporated to begin to
build process understanding. By making this a focus in
early process development work, it will be easier to make
risk-based decisions on process changes and integrate
technology solutions over time. During later product
development, a very focused subset of these broad analyt-
ics will form the foundation of a minimal set of clinical

TABLE 1 Concepts to guide an iterative approach to development using QbD

Term Definition

Example of this strategy being used in the
development of a multi-stage differentiation process
for a cell therapy product

Process discovery Exploratory science to identify key
process parameters that impact the
fundamental biology of the system

Perform RNA-Seq on cell samples from many timepoints
during a lengthy multi-stage differentiation process to
identify the genomic signature of intermediate cell
populations, and to trace product developmental
lineage. Use computational tools to relate this data to
developmental biology to inform strategies for new
signalling pathways to modulate with the aim of
improving differentiation efficiencies and identifying
key intermediate developmental stages for modularity.

Process characterization Generation of data of inputs and
outputs of each unit operation or
modular unit and their sensitivity to
process parameters

Collect targeted PCR, flow cytometry data or similar
during development studies to build datasets describing
ranges of cell parameters responsive to process
conditions and to determine run-to-run variability,
process sensitivities, and impact on final cell output and
function. Use this data in a risk-based approach to
identify process parameters that require improved
control.

Process development Optimize a component of the
manufacturing process such that
CQAs are more robustly achieved, or
the process is made more efficient,
consistent, or cost effective while
maintaining CQAs

Perform well-defined studies to evaluate and optimize
process parameters, such as cell seeding densities,
feeding regimes, or cytokine additions, to achieve the
desired cell characteristics known to be important for
cell function. Incorporate automation or new process
technology using the quantitative framework developed.

Abbreviations: CQA, critical quality attribute; PCR, polymerase chain reaction; QbD, quality by design; RNA-Seq, RNA sequencing.
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release assays. Additionally, if the product format allows,
developers should retain samples from critical early
development lots (e.g., those used in investigational new
drug [IND]-enabling nonclinical and early clinical stud-
ies) to allow for retrospective analysis in the future, as
product understanding and the quality and robustness of
product analytical characterization improves during
development.

Cell characterization data can also feed into process
simulations as a complementary tool to explore and refine
the design space.[25–27] Outputs from computational
models will help to identify key parameters more effec-
tively and rapidly for experimentation and optimization by
highlighting the sensitivity of the process to different
parameters. For example, modelling of a differentiation
process based on initial experimental conditions may lead
to a hypothesis that maintaining a specific cell intermedi-
ate phenotype within upper and lower bounds is impor-
tant for efficient subsequent differentiation and mature
cell function. This then guides next experimental steps
and constrains the design space around this refined target.
Computational tools provide a way to move from multi-
parameter high resolution data sets generated in the pro-
cess discovery stage to a reduced number of specific
parameters to be evaluated during experimental process
development. Further formalization of how analytical and
computational approaches can support design space
refinement is an important area of ongoing strategic devel-
opment for CGT.

4 | PROCESS MODULARITY
ALLOWS FOR MORE RAPID
ITERATIVE OPTIMIZATION

CGT manufacturing processes are often multistage pro-
cesses with many unit operations, spanning several days
to several months. In some cases, cells must pass through
very specific intermediate stages, whether it be through a
differentiation process, an activation step, or a selection
or depletion of specific cell types. With increasing interest
in off-the-shelf cell products, manufacturing process may
include additional gene modification steps and lengthy
cell expansion phases. Having a manufacturing process
that is modular with well defined intermediates and pro-
cess pause points is important to allow for innovation.

In a highly modular process, a complex manufactur-
ing scheme can be thought of as a set of simplified build-
ing blocks which can each be independently optimized
(Figure 2). To achieve this, each modular block must be
clearly defined with CQAs governing its inputs and out-
puts. This allows for the improvements made to a single
stage to be slotted into the full process with confidence

that re-optimization of subsequent stages is not likely to
be required. Some process steps are easily suited to this
modular consideration, such as a cryopreservation step or
a magnetic cell enrichment. Multi-stage cell differentiation
processes also benefit greatly from a modular optimization
strategy. Enabling this approach requires sufficient knowl-
edge of cell identity at each stage, and this requires high
quality analytics (potentially including techniques like
developmental lineage tracing[28]) implemented early in a
development program. The modular units can each be
thought of as having a defined intermediate cell popula-
tion as the output of the module, for which a target cell
profile can be developed. This then enables the same itera-
tive framework of design space refinement to be applied to
these smaller process modules.

The process complexity of many CGT products also
limits early R&D activities as research teams are limited
in the quantity and consistency of material available for
functional testing and detailed characterization. Modu-
larity, and built-in in process pause points, provide a
strategy for internal supply-chain optimization via the
generation of consistent product or intermediates to be
produced at greater quantity and/or robustness. Cell
materials can be produced to feed into optimization stud-
ies at multiple points of the process such that input mate-
rial supply does not limit discovery efforts.

5 | A STAGE-APPROPRIATE
DEVELOPMENT STRATEGY
MAINTAINS AGILITY WHILE
CONTEMPLATING COMMERCIAL
MANUFACTURING AND
COMPARABILITY REQUIREMENTS

As CGT products progress through development stages, dis-
covery teams generate new biological insights and learnings
to enhance, modify, and improve therapies in development.
The generation of pre-clinical and clinical data refines the
understanding of the MoA and TPP of the drug product, all-
owing CGT developers to further innovate to improve the
efficacy, safety, and/or consistency of their products. How-
ever, the benefits of iterative discovery biology can be hard
to reconcile with the required structure and standardization
of process development and manufacturing.

Due to the importance and challenges of developing
robust manufacturing strategies for CGT products, the
field has tended to promote a view that manufacturing
solutions must be developed, implemented, and finalized
as early as possible in the product development timeline.
If substantial process changes are made, developers must
be able to justify how these process changes will impact or
alter the safety and efficacy profiles that were established
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tant for efficient subsequent differentiation and mature
cell function. This then guides next experimental steps
and constrains the design space around this refined target.
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In a highly modular process, a complex manufactur-
ing scheme can be thought of as a set of simplified build-
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(Figure 2). To achieve this, each modular block must be
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puts. This allows for the improvements made to a single
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thought of as having a defined intermediate cell popula-
tion as the output of the module, for which a target cell
profile can be developed. This then enables the same itera-
tive framework of design space refinement to be applied to
these smaller process modules.

The process complexity of many CGT products also
limits early R&D activities as research teams are limited
in the quantity and consistency of material available for
functional testing and detailed characterization. Modu-
larity, and built-in in process pause points, provide a
strategy for internal supply-chain optimization via the
generation of consistent product or intermediates to be
produced at greater quantity and/or robustness. Cell
materials can be produced to feed into optimization stud-
ies at multiple points of the process such that input mate-
rial supply does not limit discovery efforts.
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to enhance, modify, and improve therapies in development.
The generation of pre-clinical and clinical data refines the
understanding of the MoA and TPP of the drug product, all-
owing CGT developers to further innovate to improve the
efficacy, safety, and/or consistency of their products. How-
ever, the benefits of iterative discovery biology can be hard
to reconcile with the required structure and standardization
of process development and manufacturing.

Due to the importance and challenges of developing
robust manufacturing strategies for CGT products, the
field has tended to promote a view that manufacturing
solutions must be developed, implemented, and finalized
as early as possible in the product development timeline.
If substantial process changes are made, developers must
be able to justify how these process changes will impact or
alter the safety and efficacy profiles that were established
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using the earlier process, and when the TPP and CQAs are
still in development it can be difficult to identify the
appropriate indicators by which to assess this impact. This
burden to justify process changes becomes more onerous
later into clinical development. As a result, CGT devel-
opers often avoid making substantial manufacturing
changes or improvements.

However, this strategy of focusing on locking in
manufacturing solutions creates notable limitations. CGT
products often enter the market using manufacturing strate-
gies that are suboptimal for the quantity, quality, and logis-
tical needs to serve the intended patients, market size, and
distribution, possibly limiting the potential clinical efficacy
of the product. Newer manufacturing technologies that
may introduce process consistencies through automation,
enhanced monitoring and control, and improved data gen-
eration are not made use of even when they may provide
an obvious benefit because of the onus of making the pro-
cess change. New biological insights and discoveries may
not be integrated into the product development because in
typical process development approaches there is not a
streamlined method to do so.

We propose that, in alignment with the ICH Guide-
line on Pharmaceutical Development,[29] the CGT field
should shift its thinking away from the idea that a final
manufacturing process needs to be established as early as
possible and instead use the iterative QbD framework of
refining the process design space and CQAs through pro-
cess discovery, process characterization, and process
development. It is not necessary to design the product’s
commercial manufacturing process in early development.
Instead, stage appropriate processes should be designed
and then refined with a view towards later stage develop-
ment and commercialization.

Rather than attempting to avoid the inevitable
requirement to assess and determine comparability, the
CGT field would benefit from planning the transition
between stage-appropriate processes by prospectively
designing their comparability study. Comparability does
not require a piecewise approach and multiple changes
may be addressed simultaneously if the proper study
design is assembled.[30] The two most common miscon-
ceptions about comparability studies are that comparable
should also be defined as identical and that setting

FIGURE 2 Modularity is beneficial

for process development. In complex

manufacturing processes, the process

can be broken into modular units

consisting of sets of unit operations for

which a distinct intermediate input and

output population can be defined. For

each intermediate, a target cell profile

can be determined that captures critical

characteristics of the intermediate

population’s purity and identity. By

aligning these intermediate populations

with process pause points, each module

can be independently and concurrently

optimized
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acceptance criteria for comparability on release specifica-
tions alone will be sufficient. The value of a diverse panel
of orthogonal analytics is again highlighted when
attempting to demonstrate comparability. This holds
especially true with respect to the value of a matrices of
analytics when building a narrative to describe potency
(and MoA). The greater the knowledge of the design
space gained from broad and high-resolution analytical
characterization, the greater the confidence in product
comparability. Furthermore, well understood in-process
analytics will allow for real-time tracing of comparability
throughout a modular process.

Planning a successful comparability study typically
includes prospective communication with the regulatory
authorities in order to gain early support of the proposed
study design and statistical analysis plan. Obtaining such
prospective concurrence will greatly mitigate the risk that
the final data package is found to be insufficient to sup-
port a proposed process change. A final key consideration
in planning for future comparability studies is mainte-
nance of a robust retain program during early develop-
ment. Retain samples will prove themselves invaluable in
allowing for comparison of new process material to a
larger number of old process lots, ideally including the
specific lots used to gather critical nonclinical and early
clinical data. Additionally, when introducing new or
improved analytics, retain samples can be used to bridge
data between two different test methods.

While the burden of comparability does increase with
the stage of development, magnitude and anticipated
impact of a particular change or change(s) and the
strength of the available analytical package can make a
significant impact on the nature (and magnitude) of
a required comparability study. Process changes in early
clinical development are quite common and generally
addressable leveraging a paper-based and data driven jus-
tification. As clinical development progresses and a prod-
uct enters phase 3 or pivotal trial, these changes can be
much more challenging.

With the view that ongoing innovation in manufacturing
development is beneficial and value adding, the costs and
time to run well-staged comparability studies should be part
of prospective planning. The QbD framework by which the
TPP, CQAs, and design space are iteratively refined means
that as the product matures and burden of comparability
increases, the increased knowledge of the process enables a
tightly controlled and focused comparability study guided by
robust CQAs. Using these approaches, developers have a
path to incorporate new technologies and new biological
insights learned from current studies into the development
and refinement of their process and CGT manufacturing can
be open to allowing for ongoing innovation and improve-
ments from discovery through to commercialization.
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tions alone will be sufficient. The value of a diverse panel
of orthogonal analytics is again highlighted when
attempting to demonstrate comparability. This holds
especially true with respect to the value of a matrices of
analytics when building a narrative to describe potency
(and MoA). The greater the knowledge of the design
space gained from broad and high-resolution analytical
characterization, the greater the confidence in product
comparability. Furthermore, well understood in-process
analytics will allow for real-time tracing of comparability
throughout a modular process.

Planning a successful comparability study typically
includes prospective communication with the regulatory
authorities in order to gain early support of the proposed
study design and statistical analysis plan. Obtaining such
prospective concurrence will greatly mitigate the risk that
the final data package is found to be insufficient to sup-
port a proposed process change. A final key consideration
in planning for future comparability studies is mainte-
nance of a robust retain program during early develop-
ment. Retain samples will prove themselves invaluable in
allowing for comparison of new process material to a
larger number of old process lots, ideally including the
specific lots used to gather critical nonclinical and early
clinical data. Additionally, when introducing new or
improved analytics, retain samples can be used to bridge
data between two different test methods.

While the burden of comparability does increase with
the stage of development, magnitude and anticipated
impact of a particular change or change(s) and the
strength of the available analytical package can make a
significant impact on the nature (and magnitude) of
a required comparability study. Process changes in early
clinical development are quite common and generally
addressable leveraging a paper-based and data driven jus-
tification. As clinical development progresses and a prod-
uct enters phase 3 or pivotal trial, these changes can be
much more challenging.

With the view that ongoing innovation in manufacturing
development is beneficial and value adding, the costs and
time to run well-staged comparability studies should be part
of prospective planning. The QbD framework by which the
TPP, CQAs, and design space are iteratively refined means
that as the product matures and burden of comparability
increases, the increased knowledge of the process enables a
tightly controlled and focused comparability study guided by
robust CQAs. Using these approaches, developers have a
path to incorporate new technologies and new biological
insights learned from current studies into the development
and refinement of their process and CGT manufacturing can
be open to allowing for ongoing innovation and improve-
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Abstract

Background. Virus-like particles (VLPs) are amultivalent platform showing great promise for the development of vaccines, gene
therapy, diagnostic, and drug delivery approaches. Particularly, HIV-1 Gag VLPs provide a robust and flexible scaffold for the
presentation of a variety of antigens. The insect cell baculovirus expression vector system (BEVS) is nowadays one of the refer-
ence systems to produce these complex nanoparticles, but information about VLP quality, quantity, stability, as well as cell per-
formance is scarce, especially at bioreactor scale. Results. VLPs produced in the reference High Five and Sf9 insect cell lines
share similar physicochemical properties, with VLPs produced in Sf9 cells showing lower levels of double stranded DNA and
protein contaminants, and a higher degree of VLP assembly. Besides VLPs, other nanoparticle populations are divergently
encountered in each cell line. Hi5 supernatants contain a higher load of extracellular vesicles, while Sf9 supernatants exhibit
higher concentrations of baculovirus particles. Similar titers are achieved when comparing Gag to Gag-eGFP VLP production,
with the size of most of the nanoparticles produced comprised at the 150–250 nm range. Eventually, Gag VLP production in
a 2 L stirred tank bioreactor is successfully demonstrated, validating bioprocess transference to the final product candidate.
Conclusions. This work provides two potentially valuable strategies for the production of HIV-1 Gag VLPs and a detailed anal-
ysis of the different nanoparticle populations produced.
© 2022 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
The baculovirus expression vector system (BEVS) has become one
of the gold standards for recombinant protein production. Since
its development in the early 1980s, the BEVS has experienced an
unprecedented evolution1 and is nowadays considered a robust
technology to produce high levels of recombinant proteins in
short times.2 A variety of products have been produced with this
system, ranging from very simple recombinant proteins3 to more
complex products including adeno-associated virus vectors4 and
virus-like particles (VLPs).5

VLPs are self-assembling nanoparticles made of one or several
structural proteins of the native virus. These nanoparticles closely
resemble the original virus structure but, unlike wild-type viruses,
are devoid of viral genetic material.6 The main field of application
of VLPs is in vaccine development since they have shown to elicit
robust and broad immune responses that are capable
of engaging B and T cells.7 Currently, several prophylactic VLP-
based vaccines are commercially available for Hepatitis B, E,
human papillomavirus, and malaria.8 The versatility of VLPs is

not restricted to vaccines, with successful results reported in gene
therapy,9,10 drug delivery,11,12 theragnostic,13 and in vitro diag-
nostic approaches.14 Among the different VLP candidates avail-
able, Gag-based VLPs have shown great promise in a variety of
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Abstract

Background. Virus-like particles (VLPs) are amultivalent platform showing great promise for the development of vaccines, gene
therapy, diagnostic, and drug delivery approaches. Particularly, HIV-1 Gag VLPs provide a robust and flexible scaffold for the
presentation of a variety of antigens. The insect cell baculovirus expression vector system (BEVS) is nowadays one of the refer-
ence systems to produce these complex nanoparticles, but information about VLP quality, quantity, stability, as well as cell per-
formance is scarce, especially at bioreactor scale. Results. VLPs produced in the reference High Five and Sf9 insect cell lines
share similar physicochemical properties, with VLPs produced in Sf9 cells showing lower levels of double stranded DNA and
protein contaminants, and a higher degree of VLP assembly. Besides VLPs, other nanoparticle populations are divergently
encountered in each cell line. Hi5 supernatants contain a higher load of extracellular vesicles, while Sf9 supernatants exhibit
higher concentrations of baculovirus particles. Similar titers are achieved when comparing Gag to Gag-eGFP VLP production,
with the size of most of the nanoparticles produced comprised at the 150–250 nm range. Eventually, Gag VLP production in
a 2 L stirred tank bioreactor is successfully demonstrated, validating bioprocess transference to the final product candidate.
Conclusions. This work provides two potentially valuable strategies for the production of HIV-1 Gag VLPs and a detailed anal-
ysis of the different nanoparticle populations produced.
© 2022 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
The baculovirus expression vector system (BEVS) has become one
of the gold standards for recombinant protein production. Since
its development in the early 1980s, the BEVS has experienced an
unprecedented evolution1 and is nowadays considered a robust
technology to produce high levels of recombinant proteins in
short times.2 A variety of products have been produced with this
system, ranging from very simple recombinant proteins3 to more
complex products including adeno-associated virus vectors4 and
virus-like particles (VLPs).5

VLPs are self-assembling nanoparticles made of one or several
structural proteins of the native virus. These nanoparticles closely
resemble the original virus structure but, unlike wild-type viruses,
are devoid of viral genetic material.6 The main field of application
of VLPs is in vaccine development since they have shown to elicit
robust and broad immune responses that are capable
of engaging B and T cells.7 Currently, several prophylactic VLP-
based vaccines are commercially available for Hepatitis B, E,
human papillomavirus, and malaria.8 The versatility of VLPs is

not restricted to vaccines, with successful results reported in gene
therapy,9,10 drug delivery,11,12 theragnostic,13 and in vitro diag-
nostic approaches.14 Among the different VLP candidates avail-
able, Gag-based VLPs have shown great promise in a variety of
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applications by providing a stable scaffold for membrane protein
presentation against infectious diseases,15 as an active cancer
immunotherapy,16 and for protein delivery.17

The production of enveloped VLPs is generally accomplished in
mammalian or insect cell lines18 and through different expression
systems,19,20 with the insect cell/BEVS being generally unri-
valled.21 Sf9, a clonal isolate derived from the parental Spodoptera
frugiperda cell line IPLB-Sf-21-AE, and High Five (Hi5, BTI-TN-
5B1-4) insect cells are generally the choice to produce recombi-
nant products with this system. Sf9 cells are known to achieve
higher baculovirus (BV) titers, whereas Hi5 cells are typically used
for recombinant protein production. Advances in the field of
nanoparticle characterization and quantification have opened
the opportunity to characterize the production of complex prod-
ucts at nanoparticle level. Moreover, progress made in the field
of cell culture media development in recent years has put the
basis for the intensification and standardization of recombinant
protein production with the BEVS. In this sense, we recently
assessed and optimized the production of Gag-eGFP VLPs with
the BEVS in both insect cell lines cultured in shake flasks.22,23 Bio-
process validation using the final candidate product, its stability,
and the transference to larger volumes are key aspects for the suc-
cess of any given bioprocess. It has been a long time since the last
attempts to transfer Gag VLP production with the BEVS to bioreac-
tor scale,24 and advances made in the field provide an excellent
opportunity to explore the production and quality of these
nanoparticles.
In this work, the physicochemical properties and stability of

HIV-1 VLPs produced in insect cells is initially addressed. Next,
the quantity and quality of the Gag-eGFP VLPs produced in Hi5
and Sf9 cells, and its comparison to Gag VLP production is ana-
lyzed at nanoparticle level. Finally, aiming to establish an insect
cell platform for the rapid production of Gag VLPs, a proof of con-
cept in bioreactor is conducted.

MATERIALS AND METHODS
Insect cell lines and culture conditions
Hi5 cells (cat. no. B85502, Thermo Fisher Scientific, Grand Island,
NY, USA) and Sf9 cells (cat. no. 71104, Merck, Darmstadt,
Germany) were grown in the low-hydrolysate animal
component-free Sf900III medium (Thermo Fisher Scientific). Hi5
and Sf9 cells were subcultured three times a week at a cell density
of 2–4 × 105 cells mL−125 and 4–6 × 105 cells mL−126 in 125 mL
disposable polycarbonate Erlenmeyer shake flasks (Corning, Steu-
ben, NY, USA), respectively. All cultures were grown in an orbital
shaker at 130 rpm (Stuart, Stone, UK) andmaintained at 27 °C. Cell
count and viability were measured with the Nucleocounter NC-
3000 (Chemometec, Allerød, Denmark) using acridine orange for
cell detection and 40,6-diamidino-2-phenylindole (DAPI)
(Chemometec) to quantify non-viable cells.

Recombinant BVs and infection conditions
The recombinant Autographa californica multicapsid nucleopoly-
hedrovirus (AcMNPV) encoding a Rev-independent full-length
HIV-1 gag gene fused in frame to eGFP (Gag-eGFP)27 was con-
structed using the BaculoGold BV expression system
(BD Biosciences, San Jose, CA, USA). The recombinant AcMNPV
encoding the full-length HIV-1 gag gene (GenBank accession
no. K03455.1) codon-optimized for insect cell expression was
developed with the Bac-to-Bac BV expression system (Thermo

Fisher Scientific).28 Both genes were under the control of the poly-
hedrin (polh) promoter.
Sf9 cells were used for BV amplification by infection at 3 × 106

cells mL−1 and a multiplicity of infection (MOI) of 0.1. BV contain-
ing supernatants were harvested at 96 h post infection (hpi) at
1000 × g for 5 min. The number of infectious BV particles/mL
was measured in Sf9 cells by the plaque assay method in 6-well
plates (Nunc, Thermo Fisher Scientific).22

Production of Gag-eGFP and Gag VLPs in shake flasks
Hi5 and Sf9 cells were infected with BV-Gag or BV-Gag-eGFP in
125 mL Erlenmeyer shake flasks with 15 mL of Sf900III medium
at conditions previously optimized. Briefly, exponentially growing
Hi5 cells were infected with a MOI of 2.5 at 2 × 106 cells mL−1, and
Gag or Gag-eGFP VLPs produced harvested at 69 hpi by centrifu-
gation at 1000 × g for 5 min.22 For Sf9 cells, BV infection was per-
formed with a MOI of 0.01 at 3.7 × 106 cells mL−1, with VLPs
harvested at 80 hpi.23

Production of Gag VLPs in bioreactor
A 2 L DASGIP® Bioblock glass bioreactor (Eppendorf, Hamburg,
Germany) equipped with three Rushton impellers was used for
Hi5 and Sf9 cell cultivation in 0.6 L working volume. Aeration
was performed through a sparger to maintain the dissolved
oxygen (DO) at 30% oxygen of air saturation. The air flow rate
was set at 1 L h−1 and temperature at 27 °C. Initial agitation
conditions were set at 150 rpm for Hi5 cells and 100 rpm for
Sf9 cells. Agitation conditions were automatically adjusted in
cascade control to aeration by the DASware control software
(Eppendorf ) to maintain the DO setpoint at 30% oxygen of air
saturation. The pH was fixed at 6.4 for Hi5 cells and 6.2 for Sf9
cells and controlled with 20% w/w H3PO4 and 7.5% w/w
NaHCO3. Antifoam C (Sigma Aldrich, Saint Louis, MO, USA)
was added to the cell culture by pulses to prevent foam
formation.
Hi5 and Sf9 cells previously grown in 1 L Erlenmeyer shake flasks

(Corning) were inoculated in the bioreactor at a final concentra-
tion of 1 × 106 cells mL−1. Hi5 and Sf9 cells were infected with
BV-Gag at the same MOI used for shake flasks, when a viable cell
concentration of 2 × 106 and 3.7 × 106 cell mL−1 was attained
respectively. Gag-VLPs were harvested by centrifugation at
1000 × g for 5 min at the same conditions used in shake flasks.

Flow cytometry analysis of BV infection
The percentage of Gag-eGFP expressing cells was assessed using
a BD FACS Canto II flow cytometer equipped with a 488 and
635 nm laser configuration (BD Biosciences, San Jose, CA, USA).
For Gag expressing cells, a specific staining protocol was imple-
mented. Shortly, cells were harvested at different times, washed,
and fixed in 4% p-formaldehyde (Sigma) for 10min at 4 °C. After-
wards, cells were washed and permeabilized using 0.1% (v/v)
tween-20 (Sigma) for 15 min at room temperature (RT). Cells
were washed again and blocked with 10% fetal bovine serum.
After three washing cycles, cells were incubated with a rabbit
anti-HIV-1 p24 primary antibody (EnoGene, New York, NY, USA)
under mild rotation conditions for 1 h. Cells were then washed
and incubated with a chicken anti-rabbit IgG secondary conju-
gated to Alexa Fluor 467 (Thermo Fisher Scientific) under contin-
uous rotation for 2 h at RT in the dark. Cells were finally washed,
resuspended in ice-cold phosphate buffered saline (PBS) solu-
tion and analyzed in the APC PMT detector of the flow cyt-
ometer. A total of 2 × 104 cells were analyzed per sample at a
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flow rate of 10 μL min−1. Single cells were gated according to
side scatter (SSC-H) versus forward scatter (FSC-A) dot plots and
Gag-eGFP (FITC-A) or Gag (APC-A) positive cells in comparison
to a non-transfected control depending on their mean FITC-A
or APC-A fluorescence intensity, respectively. Data acquisition
and analysis was performed with the BD FACSDIVA software
v.5.0 (BD Biosciences).

Gag-eGFP VLP characterization by ion exchange
chromatography
An ÄKTA pure 25 M2 with an S9 sample pump and fraction collec-
tor F9-C (Cytiva, Marlborough, MA, USA) was used. Fifty milliliters
and 43 mL of clarified cell culture supernatants containing Gag-
eGFP VLPs produced in Hi5 and Sf9 cells, respectively, were fil-
tered using a 0.8 μmMillex AA syringe filter (MilliporeSigma, Bed-
ford, MA, USA) and loaded into 1 mL radial flow monolith column
(CIMmultus™ QA, Sartorius, Göttingen, Germany).
Mobile phase A and B consisted in 50 mM HEPES, pH 7.2, and

50 mM HEPES, 2 M NaCl, pH 7.2, respectively. The column was
equilibrated with 50 mM HEPES, 100 mM NaCl, pH 7.2 (5% v/v of
buffer B) before loading. After column loading, a washing step
with 15 column volumes (CV) of equilibration buffer (5% v/v of
buffer B) was conducted. A 100–1000 mM NaCl (5–50% of buffer
B) linear gradient at a flow rate of 1 mL min−1 was used to assess
the VLP elution profile (50 CV). Samples were loaded into the col-
umn using the sample pump. Conductivity and ultraviolet
(UV) absorbance at wavelengths of 280 and 260 nm were moni-
tored using the software Unicorn (Cytiva).29 Total protein concen-
tration and double stranded DNA (dsDNA) quantification were
conducted by the Bradford assay (BioRad Laboratories, Hercules,
CA, USA) and QuantiTTM PicoGreen® dsDNA kit (Thermo Fisher
Scientific) according to manufacturer's instructions.29

Nanoparticle quantification and characterization
Nanoparticle tracking analysis
VLP and total nanoparticle concentrations were measured by
nanoparticle tracking analysis (NTA) using a NanoSight NS300
(Malvern Panalytical, Malvern, UK). Fluorescent particles mea-
sured were considered as VLPs, whereas all light-scattered parti-
cles were considered as total nanoparticles. Shortly, samples
from harvested supernatants at 3000 × g for 5 min were diluted
in 0.22 μm-filtered DPBS and continuously injected into the
device chamber through a syringe pump at an average concen-
tration of 108 particles mL−1 (20–60 particles frame−1). Videos of
60 s from independent triplicate measurements were analyzed
with the NanoSight NTA 3.2 software (Malvern Panalytical).

Flow virometry
VLP and total nanoparticle concentrations were assessed by flow
cytometry using a CytoFlex LX (Beckman Coulter, Brea, CA, USA).
Gating of the different populations was made according to
SSC-A versus FITC-A dot plots and using fresh DPBS and Sf900III
medium samples as negative controls. Samples from superna-
tants harvested at 3000 × g for 5 min were diluted in 0.22 μm-
filtered DPBS and triplicate measurements from independent
samples were analyzed with the CytExpert 2.3 software
(Beckman Coulter).

Super-resolution fluorescence microscopy
The different nanoparticle populations in Gag and Gag-eGFP
supernatants were analyzed with a TCS SP8 confocal microscope
equipped with the Huygens deconvolution and LAS X software

and GPU array (Leica Microsystems, Wetzlar, Germany) at Servei
d'Anatomia Patològica from Hospital Sant Joan de Déu.30 Briefly,
nanoparticles were stained with 0.1% v/v of CellMask™ and 0.1%
v/v of Hoechst 33342 or 0.05% v/v for Sf9-derived nanoparticles.
Stained preparations were loaded onto a microscope slide and
adsorbed to the surface of the cover glass (Linea LAB, Barcelona,
Spain) for 30 min at RT. Analysis was conducted with 100×magni-
fication (zoom 5) and a line average of 3 and 496× 496 pixels with
a HC PL APO CS2 100 X/1.40 OIL objective in the HyVolution2
mode (Leica). Five fields of 13 sections per each biological tripli-
cate were analyzed. Deconvolution was performed with the SVI
Huygens Professional program and the best resolution strategy
(Scientific Volume Imaging B.V., Hilversum, the Netherlands). Par-
ticle size distribution (PSD) analyses were performed with the 3D
module package in Imaris 8.2.1 (Bitplane, Oxford Instruments,
Zurich, Switzerland) at Servei deMicroscòpia from Institut de Neu-
rociències (Universitat Autònoma de Barcelona).20 PSD histo-
grams were created with Microsoft Excel 2016 (Redmond,
WA, USA).

Gag-eGFP quantification
The supernatants of insect cells infected with the BV-Gag-eGFP
were recovered by centrifugation at 3000 × g for 5 min. Green
fluorescence wasmeasured with a Cary Eclipse fluorescence spec-
trophotometer (Agilent Technologies, Santa Clara, CA, USA) at RT
as follows: ⊗ex = 488 nm (5 nm slit), ⊗em = 500–530 nm (10 nm slit).
Relative fluorescence units were calculated by subtracting fluores-
cence unit values of fresh Sf900III medium.

Gag quantification
An HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) kit
(Sino Biological, Wayne, NJ, USA) was used to quantify the con-
centration of Gag polyprotein. Supernatants were harvested by
centrifugation at 3000 × g for 5 min. Samples were incubated in
SNCR buffer for 10 min at 70 °C, and in 1.5% Triton X-100 for
10 min at 100 °C. The substrate solution was prepared by dissol-
ving a SIGMAFAST OPD substrate tablet and one urea hydrogen
peroxide tablet (MilliporeSigma) at a final concentration of
0.4 mg mL−1 in deionized water. An HIV-1 p24 protein standard
of known concentration was also included for absolute Gag quan-
tification. The reaction was stopped by adding a 625 mM H2SO4

solution after 10 min incubation. The absorbance was measured
at 492 nm with a reference wavelength at 630 nm in a Tecan Infi-
nite 200 Pro reader (Tecan, Männedorf, Switzerland). p24 concen-
tration values were corrected according to HIV-1 Gag molecular
weight (55 kDa).

SDS-PAGE and western blot
Gag and Gag-eGFP VLP containing supernatants were examined
by SDS-PAGE and western blot for HIV-1 p24 (A2-851-100, Icosa-
gen, Tartu, Estonia) and GP64 (A2980, Abcam, Cambridge, UK)
detection.31

Cryo-transmission electron microscopy
BV-Gag infected Sf9 and Hi5 cell supernatants at 80 and 69 hpi,
respectively, were visualized with a cryo-transmission electron
microscope. Two to three microliters of sample were blotted onto
400 mesh Holey carbon grids (Micro to Nano, Wateringweg, the
Netherlands) previously subjected to glow discharge in a PELCO
easiGlow discharge unit (Ted Pella Inc., Redding, CA, USA). Sam-
ples were subsequently plunged into liquid ethane at −180 °C
using a Leica EM GP cryo workstation (Leica) and observed in a
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flow rate of 10 μL min−1. Single cells were gated according to
side scatter (SSC-H) versus forward scatter (FSC-A) dot plots and
Gag-eGFP (FITC-A) or Gag (APC-A) positive cells in comparison
to a non-transfected control depending on their mean FITC-A
or APC-A fluorescence intensity, respectively. Data acquisition
and analysis was performed with the BD FACSDIVA software
v.5.0 (BD Biosciences).

Gag-eGFP VLP characterization by ion exchange
chromatography
An ÄKTA pure 25 M2 with an S9 sample pump and fraction collec-
tor F9-C (Cytiva, Marlborough, MA, USA) was used. Fifty milliliters
and 43 mL of clarified cell culture supernatants containing Gag-
eGFP VLPs produced in Hi5 and Sf9 cells, respectively, were fil-
tered using a 0.8 μmMillex AA syringe filter (MilliporeSigma, Bed-
ford, MA, USA) and loaded into 1 mL radial flow monolith column
(CIMmultus™ QA, Sartorius, Göttingen, Germany).
Mobile phase A and B consisted in 50 mM HEPES, pH 7.2, and

50 mM HEPES, 2 M NaCl, pH 7.2, respectively. The column was
equilibrated with 50 mM HEPES, 100 mM NaCl, pH 7.2 (5% v/v of
buffer B) before loading. After column loading, a washing step
with 15 column volumes (CV) of equilibration buffer (5% v/v of
buffer B) was conducted. A 100–1000 mM NaCl (5–50% of buffer
B) linear gradient at a flow rate of 1 mL min−1 was used to assess
the VLP elution profile (50 CV). Samples were loaded into the col-
umn using the sample pump. Conductivity and ultraviolet
(UV) absorbance at wavelengths of 280 and 260 nm were moni-
tored using the software Unicorn (Cytiva).29 Total protein concen-
tration and double stranded DNA (dsDNA) quantification were
conducted by the Bradford assay (BioRad Laboratories, Hercules,
CA, USA) and QuantiTTM PicoGreen® dsDNA kit (Thermo Fisher
Scientific) according to manufacturer's instructions.29

Nanoparticle quantification and characterization
Nanoparticle tracking analysis
VLP and total nanoparticle concentrations were measured by
nanoparticle tracking analysis (NTA) using a NanoSight NS300
(Malvern Panalytical, Malvern, UK). Fluorescent particles mea-
sured were considered as VLPs, whereas all light-scattered parti-
cles were considered as total nanoparticles. Shortly, samples
from harvested supernatants at 3000 × g for 5 min were diluted
in 0.22 μm-filtered DPBS and continuously injected into the
device chamber through a syringe pump at an average concen-
tration of 108 particles mL−1 (20–60 particles frame−1). Videos of
60 s from independent triplicate measurements were analyzed
with the NanoSight NTA 3.2 software (Malvern Panalytical).

Flow virometry
VLP and total nanoparticle concentrations were assessed by flow
cytometry using a CytoFlex LX (Beckman Coulter, Brea, CA, USA).
Gating of the different populations was made according to
SSC-A versus FITC-A dot plots and using fresh DPBS and Sf900III
medium samples as negative controls. Samples from superna-
tants harvested at 3000 × g for 5 min were diluted in 0.22 μm-
filtered DPBS and triplicate measurements from independent
samples were analyzed with the CytExpert 2.3 software
(Beckman Coulter).

Super-resolution fluorescence microscopy
The different nanoparticle populations in Gag and Gag-eGFP
supernatants were analyzed with a TCS SP8 confocal microscope
equipped with the Huygens deconvolution and LAS X software

and GPU array (Leica Microsystems, Wetzlar, Germany) at Servei
d'Anatomia Patològica from Hospital Sant Joan de Déu.30 Briefly,
nanoparticles were stained with 0.1% v/v of CellMask™ and 0.1%
v/v of Hoechst 33342 or 0.05% v/v for Sf9-derived nanoparticles.
Stained preparations were loaded onto a microscope slide and
adsorbed to the surface of the cover glass (Linea LAB, Barcelona,
Spain) for 30 min at RT. Analysis was conducted with 100×magni-
fication (zoom 5) and a line average of 3 and 496× 496 pixels with
a HC PL APO CS2 100 X/1.40 OIL objective in the HyVolution2
mode (Leica). Five fields of 13 sections per each biological tripli-
cate were analyzed. Deconvolution was performed with the SVI
Huygens Professional program and the best resolution strategy
(Scientific Volume Imaging B.V., Hilversum, the Netherlands). Par-
ticle size distribution (PSD) analyses were performed with the 3D
module package in Imaris 8.2.1 (Bitplane, Oxford Instruments,
Zurich, Switzerland) at Servei deMicroscòpia from Institut de Neu-
rociències (Universitat Autònoma de Barcelona).20 PSD histo-
grams were created with Microsoft Excel 2016 (Redmond,
WA, USA).

Gag-eGFP quantification
The supernatants of insect cells infected with the BV-Gag-eGFP
were recovered by centrifugation at 3000 × g for 5 min. Green
fluorescence wasmeasured with a Cary Eclipse fluorescence spec-
trophotometer (Agilent Technologies, Santa Clara, CA, USA) at RT
as follows: ⊗ex = 488 nm (5 nm slit), ⊗em = 500–530 nm (10 nm slit).
Relative fluorescence units were calculated by subtracting fluores-
cence unit values of fresh Sf900III medium.

Gag quantification
An HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) kit
(Sino Biological, Wayne, NJ, USA) was used to quantify the con-
centration of Gag polyprotein. Supernatants were harvested by
centrifugation at 3000 × g for 5 min. Samples were incubated in
SNCR buffer for 10 min at 70 °C, and in 1.5% Triton X-100 for
10 min at 100 °C. The substrate solution was prepared by dissol-
ving a SIGMAFAST OPD substrate tablet and one urea hydrogen
peroxide tablet (MilliporeSigma) at a final concentration of
0.4 mg mL−1 in deionized water. An HIV-1 p24 protein standard
of known concentration was also included for absolute Gag quan-
tification. The reaction was stopped by adding a 625 mM H2SO4

solution after 10 min incubation. The absorbance was measured
at 492 nm with a reference wavelength at 630 nm in a Tecan Infi-
nite 200 Pro reader (Tecan, Männedorf, Switzerland). p24 concen-
tration values were corrected according to HIV-1 Gag molecular
weight (55 kDa).

SDS-PAGE and western blot
Gag and Gag-eGFP VLP containing supernatants were examined
by SDS-PAGE and western blot for HIV-1 p24 (A2-851-100, Icosa-
gen, Tartu, Estonia) and GP64 (A2980, Abcam, Cambridge, UK)
detection.31

Cryo-transmission electron microscopy
BV-Gag infected Sf9 and Hi5 cell supernatants at 80 and 69 hpi,
respectively, were visualized with a cryo-transmission electron
microscope. Two to three microliters of sample were blotted onto
400 mesh Holey carbon grids (Micro to Nano, Wateringweg, the
Netherlands) previously subjected to glow discharge in a PELCO
easiGlow discharge unit (Ted Pella Inc., Redding, CA, USA). Sam-
ples were subsequently plunged into liquid ethane at −180 °C
using a Leica EM GP cryo workstation (Leica) and observed in a
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Figure 1. Characterization of Gag-eGFP VLPs produced in shake flasks. Elution profiles of infected Hi5 (A) and Sf9 cell (B) supernatants using a monolithic
ion exchange column. The black dotted line in the chromatogram indicates conductivity, whereas blue and red lines refer to ultraviolate (UV) absorbance
at 280 and 260 nm, respectively. Fluorescence (C), protein (D), and dsDNA distribution (E) in P1, P2, and P3 elution fractions. SDS-PAGE (F) and HIV-1 p24
western blot (G) analysis of P1, P2, and P3 elution fractions. The P1 fraction was diluted 1:2 before loading the SDS-PAGE andwestern blot. The black arrow
corresponds to the band of the full-length Gag-eGFP polyprotein. Conc, concentration; FU, fluorescence units; dsDNA: double-stranded DNA.

Figure 2. Stability profiles of Gag-eGFP VLPs in harvested supernatants stored at 27, 4, −20 and −80 °C. (A) Analysis of Gag-eGFP fluorescence by spec-
trofluorometry. (B) Analysis of VLP concentration by NTA. The first measurement in each condition was used as the reference to calculate relative percent-
ages in subsequent readouts. (C) Size distribution of VLPs measured at day 56 post-freezing of the study [shown as a dashed square in Fig. 1(b)].
Fluorescent nanoparticles measured were considered as VLPs, whereas light-scattered particles were considered as total nanoparticles. NTA, nanoparticle
tracking analysis; VLP, virus-like particle.
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Jeol JEM-2011 TEM electron microscope operating at 200 kV (Jeol
Ltd., Akishima, Tokyo, Japan). During imaging, samples were
maintained at −173 °C and pictures were taken using a CCD mul-
tiscan camera model no. 895 (Gatan Inc., Pleasanton, CA, USA).

Analysis of insect cell metabolism
Glucose, lactate, and phosphate concentrations were measured
by ion-exclusion chromatography using a sulfonated polystyrene
divinyl benzene column (Aminex HPX-87H, Bio-Rad, Hercules, CA,
USA) in an Agilent 1200 series HPLC system (Agilent). A 0.01 N
H2SO4 solution was used as the mobile phase with a flow rate of
0.45 mL min−1. All measurements were performed in an AZURA
UV/VIS detector (Knauer, Berlin, Germany) with a refractive index
detector temperature of 35 °C. The standard deviation of the
technique was determined as 0.31% for glucose, 0.26% for lactate,
and 1.01% for phosphate measurement. The phosphate uptake
rate was calculated taking into consideration the amount of phos-
phate present in the medium and also the volume of H3PO4

added for pH control.

Amino acid concentrations were determined by HPLC after
derivatization in a reversed-phase Eclipse Plus C18 column
(Agilent) at 40 °C according to manufacturer's instructions
(Agilent). The flow rate was adjusted to 0.64 mL min−1 and two
solvents (solution A and B) were used in the mobile phase. Solu-
tion A consisted of 10 mM K2HPO4 and 10 mM K2B4O7, and solu-
tion B of a 45/45/10% v/v/v mix of acetonitrile, methanol and
water, respectively. Amino acids were detected at 266/305 nm
for fluorenylmethoxycarbonyl derivates and at 450 nm for o-
phthalaldehyde derivates. The final amino acid concentration
was quantified using an internal standard calibration. The stan-
dard deviation associated with the measurement of amino acid
concentrations was 4 ± 1%.

RESULTS AND DISCUSSION
Physicochemical properties and quality assessment
of HIV-1 VLPs
We have recently proven that the BV infection conditions of Hi522

and Sf9 cells23 can be successfully optimized to produce high

Figure 3. Analysis of Gag and Gag-eGFP VLPs. Imaging and assessment of size distribution by SRFM of the different nanoparticle populations in Hi5
(A) and Sf9 (B) supernatants infected with BV-Gag-eGFP. Nanoparticle lipid membranes were stained with CellMask™ (red) and nucleic acids with Hoechst
(blue). Imaging and evaluation of size distribution by SRFM of the different nanoparticle populations in Hi5 (C) and Sf9 (D) supernatants infected with BV-
Gag. (E) HIV-1 p24 (upper) and GP64 (lower) western blot analysis of Gag-eGFP and Gag VLP productions. The green mark indicates the Gag-eGFP band,
the black mark shows the Gag band, and the white mark illustrates the GP64 band. Cryo-TEM micrographs of Gag VLPs produced in Hi5 (F) and Sf9 cells
(G). NA, nucleic acid; NP, nanoparticle; SRFM, super-resolution fluorescence microscopy; VLP, virus-like particle.
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Jeol JEM-2011 TEM electron microscope operating at 200 kV (Jeol
Ltd., Akishima, Tokyo, Japan). During imaging, samples were
maintained at −173 °C and pictures were taken using a CCD mul-
tiscan camera model no. 895 (Gatan Inc., Pleasanton, CA, USA).

Analysis of insect cell metabolism
Glucose, lactate, and phosphate concentrations were measured
by ion-exclusion chromatography using a sulfonated polystyrene
divinyl benzene column (Aminex HPX-87H, Bio-Rad, Hercules, CA,
USA) in an Agilent 1200 series HPLC system (Agilent). A 0.01 N
H2SO4 solution was used as the mobile phase with a flow rate of
0.45 mL min−1. All measurements were performed in an AZURA
UV/VIS detector (Knauer, Berlin, Germany) with a refractive index
detector temperature of 35 °C. The standard deviation of the
technique was determined as 0.31% for glucose, 0.26% for lactate,
and 1.01% for phosphate measurement. The phosphate uptake
rate was calculated taking into consideration the amount of phos-
phate present in the medium and also the volume of H3PO4

added for pH control.

Amino acid concentrations were determined by HPLC after
derivatization in a reversed-phase Eclipse Plus C18 column
(Agilent) at 40 °C according to manufacturer's instructions
(Agilent). The flow rate was adjusted to 0.64 mL min−1 and two
solvents (solution A and B) were used in the mobile phase. Solu-
tion A consisted of 10 mM K2HPO4 and 10 mM K2B4O7, and solu-
tion B of a 45/45/10% v/v/v mix of acetonitrile, methanol and
water, respectively. Amino acids were detected at 266/305 nm
for fluorenylmethoxycarbonyl derivates and at 450 nm for o-
phthalaldehyde derivates. The final amino acid concentration
was quantified using an internal standard calibration. The stan-
dard deviation associated with the measurement of amino acid
concentrations was 4 ± 1%.

RESULTS AND DISCUSSION
Physicochemical properties and quality assessment
of HIV-1 VLPs
We have recently proven that the BV infection conditions of Hi522

and Sf9 cells23 can be successfully optimized to produce high

Figure 3. Analysis of Gag and Gag-eGFP VLPs. Imaging and assessment of size distribution by SRFM of the different nanoparticle populations in Hi5
(A) and Sf9 (B) supernatants infected with BV-Gag-eGFP. Nanoparticle lipid membranes were stained with CellMask™ (red) and nucleic acids with Hoechst
(blue). Imaging and evaluation of size distribution by SRFM of the different nanoparticle populations in Hi5 (C) and Sf9 (D) supernatants infected with BV-
Gag. (E) HIV-1 p24 (upper) and GP64 (lower) western blot analysis of Gag-eGFP and Gag VLP productions. The green mark indicates the Gag-eGFP band,
the black mark shows the Gag band, and the white mark illustrates the GP64 band. Cryo-TEM micrographs of Gag VLPs produced in Hi5 (F) and Sf9 cells
(G). NA, nucleic acid; NP, nanoparticle; SRFM, super-resolution fluorescence microscopy; VLP, virus-like particle.
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HIV-1 VLP titers. However, the physicochemical properties and
quality of these nanoparticles produced in both insect cell lines
is still to be characterized. To this purpose, fluorescently tagged
VLPs (Gag-eGFP VLPs) were used for an easier sample monitoring.
Different parameters were assessed by ion exchange chromatog-
raphy (IEX) in the unprocessed supernatant samples, including
Gag-eGFP polyprotein (fluorescence units, FU), total protein con-
centration (μg mL−1), and dsDNA concentration (ng mL−1). A
five-fold increase in FU was measured in Hi5 compared to Sf9
supernatants, with Sf9 supernatant samples exhibiting lower
levels of contaminating protein and dsDNA (Fig. 1). The low Hi5
cell viability at harvest might explain the high amounts of dsDNA
and proteins encountered in the supernatant. After IEX, there was
no presence of VLPs in the flowthrough, supporting the complete
capture of these nanoparticle by the monolith column (data not
shown). Three different fractions, P1–P3, were pooled in each
run according to UV 260 and 280 nm chromatograms. The three
elution peaks were obtained at conductivities of 22, 38, and
51mS cm−1 in the Hi5 supernatant [Fig. 1(A)], with similar conduc-
tivity values of 25, 31 and 51 mS cm−1 for P1–P3 in the Sf9 super-
natant [Fig. 1(B)]. Most of the protein present in both Hi5 (80%)
and Sf9 supernatants (50%) eluted at lower salt concentrations
[Fig. 1(C)], whereas dsDNA eluted in P1 in the Hi5 and in P3 in
the Sf9 supernatant, respectively [Fig. 1(D)]. The dsDNA elution
profile of the Hi5 supernatant sample was comparable to that
observed in Tnms42 cells,32 while it was similar to the elution pro-
file measured in CHO cells for the Sf9 supernatant.33 Considering
the different level of contaminants in each unpurified superna-
tant, as well as the strong positive charge of the quaternary amine
monolithic column, a competition for binding between negative
charged dsDNA and VLPs could be the reason behind the differ-
ences in dsDNA elution profiles.
The presence of Gag-eGFP VLPs was analyzed by spectrofluo-

rometry (FU), SDS-PAGE, and HIV-1 p24 western blot in each
pooled fraction [Fig. 1(E)–(G)]. The Gag-eGFP polyprotein was
detected in all fractions analyzed, most of it eluting at a low con-
ductivity in the Hi5 supernatant (93%), and at a low-intermediate
salt concentration in the Sf9 supernatant (60%). Differences in the

fluorescence elution pattern between cell lines could be attrib-
uted to the high ratio of unassembled Gag-eGFP monomer versus
Gag-eGFP VLPs in the Hi5 supernatant,22 since free monomer has
been reported to elute earlier than VLPs.29 Apart from the differ-
ent content of unassembled Gag-eGFP monomer between both
cells, similar HIV-1 VLP elution profiles inmonolithic columns were
observed in this work compared to other production platforms,
with HIV-1 VLPs produced in HEK 293, Tnms42 and CHO cells elut-
ing at conductivities of 27–49, ∼20–45, and 45–90 mS cm−1,
respectively.29,32,33

Stability of HIV-1 VLPs
Product stability is an important parameter to consider towards
extending the shelf-life of the product of interest. This is especially
relevant when it comes to enveloped particulate products such as
VLPs. To this purpose, the supernatant of VLPs produced with the
BEVS was split, aliquoted, and maintained at four different condi-
tions (27, 4, −20 and −80 °C) for 2 months. Gag-eGFP VLPs were
used with the aim to discriminate VLPs from other nanoparticle
populations co-expressed with the BEVS.27 Different analytical
techniques, including spectrofluorometry and NTA were
employed (Fig. 2). VLP fluorescence was generally maintained
over the 2-month period independently of the storage conditions
used [Fig. 2(A)]. However, VLP characterization in native condi-
tions by NTA revealed that the structural integrity of VLPs was
only preserved at 4 and −80 °C [Fig. 2(B)], suggesting that VLPs
stored at 27 and −20 °C were probably disassembling. Enhanced
protease activity could explain the instability of VLPs stored at
27 °C, while particle disruption due to external and internal ice
formation around the VLP envelope might explain the low stabil-
ity at −20 °C.34,35 Additionally, changes in the morphology were
detected in all conditions except −80 °C [Fig. 2(C)]. So far, it is still
not well known whether variations in VLP morphology can alter
their immunogenicity profile. In any case, this data indicates that
Gag VLPs produced with the BEVS can be safely stored at 4 and
−80 °C for mid to long term purposes without the need of further
purification.

Table 1. Quantification of Gag and Gag-eGFP VLP production titers and baculovirus particles in Hi5 and Sf9 cells infected with the BEVS in shake
flasks. Nanoparticle quantification was performed by NTA and flow virometry, and i baculovirus particles were measured by the plaque assay method

Condition Quantification method Product Fluorescent particles (109 particles mL−1) Total particles (109 particles mL−1)

Hi5 NTA Gag n.a. 495 ± 60
Gag-eGFP 34 ± 2 426 ± 61

Flow virometry Gag n.a. 5.9 ± 0.5
Gag-eGFP 2.2 ± 0.1 9.5 ± 0.3

Sf9 NTA Gag n.a. 128 ± 24
Gag-eGFP 37 ± 9 181 ± 15

Flow virometry Gag n.a. 5.9 ± 0.3
Gag-eGFP 3.3 ± 0.3 8.2 ± 0.9

Sf900III medium NTA n.a. n.a. 44.8 ± 1.9
Flow virometry 0.1 ± 0.0

Condition Product IBV particles (107 pfu mL−1)

Hi5 Gag 10.0 ± 2.7
Gag-eGFP 6.0 ± 1.4

Sf9 Gag 31.0 ± 13.5
Gag-eGFP 76.7 ± 51.3

IBV, infectious baculovirus particle; n.a., not available.
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Comparison of Gag-eGFP and Gag VLPs
Gag tagging with the fluorescent reporter protein eGFP is a useful
strategy in bioprocess development since discrimination
between other nanoparticle populations and VLPs is possible. This
allows a better control and understanding of nanoparticle-based
production platforms such as VLP expression with the BEVS. Nev-
ertheless, once the bioprocess has been defined, the production
of the final candidate without the fluorescent tag has to be
assessed. Super-resolution fluorescencemicroscopy, a novel tech-
nique to characterize different nanoparticle populations
simultaneously,20 was applied to characterize Gag-eGFP and
Gag VLP productions. Most of the Gag-eGFP VLPs produced in
both insect cell lines were detected at the 150–250 nm range, as
expected [Fig. 3(A) and (B)]. However, Sf9-derived Gag-eGFP VLPs
proved to be more heterogeneous with a fraction of these VLPs
with sizes in the 300–400 nm range. A higher number of nanopar-
ticles was also measured at the 300–500 nm range in Sf9 superna-
tants. This could be related to the three to ten-fold higher

concentration of BV particles in Sf9 over Hi5 supernatants
(Table 1) given that these cells generally produce higher amounts
of BVs. This is in agreement with the higher frequency of nucleic
acid detection in the 300–500 nm range since BVs contain large
genomes up to 180 kb.36

A similar size distribution was observed in Hi5 Gag VLP superna-
tants, with most of the nanoparticles located in the 150–250 nm
size range [Fig. 3(C) and (D)]. Specific detection of Gag-eGFP and
Gag in Hi5 and Sf9 supernatants was also confirmed by western
blot, while the presence of the GP64 BV-associated protein also
indicated the co-expression of BVs [Fig. 3(E)]. As Gag VLPs were
not tagged, VLPs could not be differentiated from other nanopar-
ticles, specifically extracellular vesicles (EVs), which fall in the same
size range and have been described to be co-expressed with VLPs
in animal cell lines.30 These nanoparticles are generally produced
at higher levels than VLPs, representing from 4 to 13-fold in Hi5
supernatants and from 2 to 5-fold in Sf9 supernatants,26 with var-
iability attributed to the quantification methodology employed

Figure 4. Transference of HIV-1 VLP production from shake flasks to bioreactor. Cell growth and viability profiles of Hi5 (A) and Sf9 cells (B). The black
arrow indicates the time of recombinant baculovirus infection. Evolution of Gag and Gag-eGFP expression in Hi5 (C) and Sf9 cells (D) by flow cytometry
after infection with recombinant baculoviruses. (E) Quantification of Gag production by enzyme-linked immunosorbent assay in the supernatant of
infected insect cells cultured in bioreactor at the time of harvest. The HIV-1 p24 protein was included as standard of known concentration.
(F) Measurement of total nanoparticles by NTA in the supernatant of infected insect cells cultured in bioreactor at the time of harvest. The concentration
of infectious baculovirus particles in these conditions was also determined by the plaque assay method. IBV, infectious baculovirus; NTA, nanoparticle
tracking analysis; R, bioreactor; SF, shake flask.
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Comparison of Gag-eGFP and Gag VLPs
Gag tagging with the fluorescent reporter protein eGFP is a useful
strategy in bioprocess development since discrimination
between other nanoparticle populations and VLPs is possible. This
allows a better control and understanding of nanoparticle-based
production platforms such as VLP expression with the BEVS. Nev-
ertheless, once the bioprocess has been defined, the production
of the final candidate without the fluorescent tag has to be
assessed. Super-resolution fluorescencemicroscopy, a novel tech-
nique to characterize different nanoparticle populations
simultaneously,20 was applied to characterize Gag-eGFP and
Gag VLP productions. Most of the Gag-eGFP VLPs produced in
both insect cell lines were detected at the 150–250 nm range, as
expected [Fig. 3(A) and (B)]. However, Sf9-derived Gag-eGFP VLPs
proved to be more heterogeneous with a fraction of these VLPs
with sizes in the 300–400 nm range. A higher number of nanopar-
ticles was also measured at the 300–500 nm range in Sf9 superna-
tants. This could be related to the three to ten-fold higher

concentration of BV particles in Sf9 over Hi5 supernatants
(Table 1) given that these cells generally produce higher amounts
of BVs. This is in agreement with the higher frequency of nucleic
acid detection in the 300–500 nm range since BVs contain large
genomes up to 180 kb.36

A similar size distribution was observed in Hi5 Gag VLP superna-
tants, with most of the nanoparticles located in the 150–250 nm
size range [Fig. 3(C) and (D)]. Specific detection of Gag-eGFP and
Gag in Hi5 and Sf9 supernatants was also confirmed by western
blot, while the presence of the GP64 BV-associated protein also
indicated the co-expression of BVs [Fig. 3(E)]. As Gag VLPs were
not tagged, VLPs could not be differentiated from other nanopar-
ticles, specifically extracellular vesicles (EVs), which fall in the same
size range and have been described to be co-expressed with VLPs
in animal cell lines.30 These nanoparticles are generally produced
at higher levels than VLPs, representing from 4 to 13-fold in Hi5
supernatants and from 2 to 5-fold in Sf9 supernatants,26 with var-
iability attributed to the quantification methodology employed

Figure 4. Transference of HIV-1 VLP production from shake flasks to bioreactor. Cell growth and viability profiles of Hi5 (A) and Sf9 cells (B). The black
arrow indicates the time of recombinant baculovirus infection. Evolution of Gag and Gag-eGFP expression in Hi5 (C) and Sf9 cells (D) by flow cytometry
after infection with recombinant baculoviruses. (E) Quantification of Gag production by enzyme-linked immunosorbent assay in the supernatant of
infected insect cells cultured in bioreactor at the time of harvest. The HIV-1 p24 protein was included as standard of known concentration.
(F) Measurement of total nanoparticles by NTA in the supernatant of infected insect cells cultured in bioreactor at the time of harvest. The concentration
of infectious baculovirus particles in these conditions was also determined by the plaque assay method. IBV, infectious baculovirus; NTA, nanoparticle
tracking analysis; R, bioreactor; SF, shake flask.
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(Table 1). The higher load of BV particles in the Sf9 supernatant
was also appreciated in Gag VLP preparations [Fig. 3(D)], with a
larger nanoparticle population frequency in the 300–500 nm
range compared to the Hi5 supernatant. Of note, it is possible that
the concentration of BV particles was higher than the titers
obtained by the plaque assay method due to the existence of
defective BV particles.37 The presence of nucleic acids in particles
of similar sizes to VLPs was detected in Gag and Gag-eGFP prepa-
rations, possibly indicating that nanoparticles within this size
range, VLPs, EVs or both, might contain or be associated with
nucleotide molecules.38,39 Further studies are needed to discrim-
inate which nanoparticle populations are subjected to incorpo-
rate or associate to nucleic acids.
Gag VLP supernatants from both insect cell lines were analyzed

by cryo-transmission electron microscopy (cryo-TEM). The native
structure of Gag VLPs could be observed but differentiation
of VLPs from EVs was more difficult in the Hi5 supernatant
[Fig. 3(F) and (G)]. This is possibly due to the higher load of EVs
co-expressed in Hi5 cells and also to the larger amounts of
proteins (Fig. 2), which increase the background signal and reduce
the quality of the imaging. Compared to previous studies with Gag-
eGFP VLPs, Gag VLPs proved to be less heterogenous and with a
higher degree of internal arrangement.30 The absence of the eGFP
fusion protein might result in the formation of more structured
nanoparticles closely resembling immature HIV-1 virions.

Gag VLP production in bioreactor
The production of Gag VLPs with the insect cell/BEVS was assessed
in a stirred tank bioreactor to test the feasibility of this platform for
large scale VLP manufacture. Similar cell growth and infection
kinetics were measured between shake flasks and bioreactors for
Gag as well as Gag-eGFP production, indicating the successful
transference of the conditions optimized in shake flasks to bioreac-
tor scale [Fig. 4(A)–(D)]. The higher MOI used in Hi5 cells completely
arrested cell growth after infection, whereas Sf9 cells continued to
grow for the next 48 hpi. The same reason applies to the earlier
decrease in cell viability and also the faster infection kinetics

observed in Hi5 cells. After infection, an increase in stirring speed
was observed in Hi5 cells, peaking at ∼24 hpi, which could be
related to a higher oxygen demand owing to the BV infection pro-
cess since cell growth was completely arrested.40 As for Sf9 cells,
the maximum oxygen demand was recorded at ∼40 hpi [Fig. 5
(A) and (B)], coinciding with the peak in viable cell concentration
and complete infection. In these conditions, Hi5 and Sf9 cells
yielded 1.86 and 1.28 mg L−1 of Gag polyprotein, with a higher
amount of contaminant BV particles in the latter [Fig. 4(E) and
(F)]. VLP titers in both platforms were higher than those achieved
in insect cells by stable gene expression,41-43 and transient transfec-
tion of plasmid DNA.44,45 On the other hand, a larger load of con-
taminant EVs in the same size range as VLPs was observed in Hi5
cell cultures. Despite several advances to separate these contami-
nant species from Gag VLPs have been accomplished in the last
years,32,46 further research is still required. Moreover, it is not well
known how these specimens might impact the final application
of Gag VLPs, either by boosting their immunogenicity47 or by
reducing it.48 If BV particles negatively impact the final application
of Gag VLPs as a pharmaceutical product, Hi5 cells might be a bet-
ter option for VLP production. If this is not the case, Sf9 cells might
have an advantage since the presence of contaminating nucleic
acids, host cell proteins and unassembled Gag, and EVs is lower,
simplifying their purification. In any case, both platforms achieve
superior Gag VLP yields in comparison to other systems employed
to produce these nanoparticles at bioreactor scale,49-51 and a three-
to four-fold increase with respect to the most recent optimization
study for Gag VLP productionwith the insect cell/BEVS.52 Assuming
a mouse is immunized with two doses of 5 μg of Gag VLPs in a
prime-boost regimen16 and not considering losses in process puri-
fication, a 1 L bioreactor culture of Sf9 or Hi5 cells would enable to
immunize around 100–200 mice, respectively.
The analysis of cell metabolism is an important aspect to consider

in bioprocess development since strategies for process intensifica-
tion can be implemented. To this end, the metabolism of both
insect cell lines cultured at bioreactor scale after BV infection was
analyzed. Hi5 cells consumed larger levels of all the different

Figure 5. Analysis of bioreactor parameters with the insect cell/BEVS. Stirring speed, dissolved oxygen concentration, pH, and volume of acid/base
added in Hi5 (A,C) and Sf9 cell (B,D) cultures. Black arrows indicate the time point of recombinant baculovirus infection. Profiles of glucose, lactate, phos-
phate (E,F) and main amino acids produced/consumed (G,H) in Hi5 and Sf9 cultures, respectively. Ala, alanine; Asn, asparagine; Asp, aspartic acid; DO, dis-
solved oxygen; Gln, glutamine; Glu, glutamic acid; RPM, revolutions per minute; Ser, serine.
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metabolites assessed in comparison to Sf9 cells [Fig. 5(E)–(H)], with
glucose, asparagine, and glutamine as the most highly consumed
(Supporting Information, Fig. S1). Asparagine is reported as the
principal nitrogen source for Hi5 cells and its uptake rate can be
even higher than glucose.53 After BV infection, asparagine was
not consumed as rapid as previously observed,41 possibly due to
the low concentration in the medium at the time of infection,
resulting in complete asparagine exhaustion between 24–48 hpi
and coinciding with the decline in cell viability. Sf9 cells exhibited
amore balancedmetabolismwith reduced uptake fluxes of the dif-
ferent metabolites analyzed (Supporting Information, Fig. S1). Glu-
cose, the principal carbon source, and glutamine, an important
nitrogen source in insect cell cultures, were the main compounds
consumed by Sf9 cells. None of them was limiting by the end of
the production phase, though the low concentration of glutamine
in the medium (∼1 mM) could have possibly influenced its uptake
by Sf9 cells. Interestingly, serine was depleted at 48 hpi, coinciding
with the peak of maximum viable cell concentration and complete
BV infection. Thus, asparagine and serine supplementation at the
time of infection could be an option to extend the productive time
of Hi5 and Sf9 cells, respectively, and further increase VLP yields.
The control of bioprocess parameters in the bioreactor was suc-

cessfully achieved in both insect cell lines. However, differences in
the behavior of Hi5 and Sf9 cells were observed [Fig. 5(C) and (D)].
The addition of sodium bicarbonate to the Sf9 cell culture by the
software control loop at the beginning of the bioreactor opera-
tion indicated the acidification of the culture medium. The accu-
mulation of organic acids derived from cell metabolism such as
glutamic and aspartic acid, both with pKa values below the cell
culture pH, and CO2 production from cell respiration could be
the reasons behind medium acidification. On the contrary, the
addition of phosphoric acid to the Hi5 cell culture was detected.
Ammonia formation, a by-product of insect cell metabolism,
could explain medium basification since significantly higher
asparagine and glutamine uptake rates were measured in this cell
line.54 Alanine was also produced in both bioreactor cultures
peaking in the 15–20 mM range. The formation of this amino acid
is a feature observed in animal cell metabolism under glucose
excess conditions.55 Lactate, another by-product of insect cell
metabolism, was not produced after BV infection, which is proba-
bly associated to pH and dissolved oxygen concentration mainte-
nance along the culture.56

CONCLUSIONS
This study provides a detailed analysis of the insect cell/BEVS
and shows the versatility of this system to produce HIV-1 VLPs.
VLPs produced in the reference Hi5 and Sf9 insect cell lines
exhibit similar physicochemical properties and are stable when
stored at −80 °C for 2 months with little impact on their mor-
phology. Gag VLP titers are similar to those obtained for Gag-
eGFP VLPs, with nanoparticle sizes in the 150–250 nm range
closely resembling immature HIV-1 virions. A high degree of
heterogeneity and complexity is detected in VLP productions,
with large concentrations of EVs, dsDNA and total protein con-
tent in Hi5 supernatants, whereas high loads of BV particles are
encountered in Sf9 supernatants. The successful transference
of Gag VLP production from shake flasks to stirred tank bioreac-
tor is demonstrated, providing two different strategies to pro-
duce these complex nanoparticles in large volumes with
controlled operational conditions.
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metabolites assessed in comparison to Sf9 cells [Fig. 5(E)–(H)], with
glucose, asparagine, and glutamine as the most highly consumed
(Supporting Information, Fig. S1). Asparagine is reported as the
principal nitrogen source for Hi5 cells and its uptake rate can be
even higher than glucose.53 After BV infection, asparagine was
not consumed as rapid as previously observed,41 possibly due to
the low concentration in the medium at the time of infection,
resulting in complete asparagine exhaustion between 24–48 hpi
and coinciding with the decline in cell viability. Sf9 cells exhibited
amore balancedmetabolismwith reduced uptake fluxes of the dif-
ferent metabolites analyzed (Supporting Information, Fig. S1). Glu-
cose, the principal carbon source, and glutamine, an important
nitrogen source in insect cell cultures, were the main compounds
consumed by Sf9 cells. None of them was limiting by the end of
the production phase, though the low concentration of glutamine
in the medium (∼1 mM) could have possibly influenced its uptake
by Sf9 cells. Interestingly, serine was depleted at 48 hpi, coinciding
with the peak of maximum viable cell concentration and complete
BV infection. Thus, asparagine and serine supplementation at the
time of infection could be an option to extend the productive time
of Hi5 and Sf9 cells, respectively, and further increase VLP yields.
The control of bioprocess parameters in the bioreactor was suc-

cessfully achieved in both insect cell lines. However, differences in
the behavior of Hi5 and Sf9 cells were observed [Fig. 5(C) and (D)].
The addition of sodium bicarbonate to the Sf9 cell culture by the
software control loop at the beginning of the bioreactor opera-
tion indicated the acidification of the culture medium. The accu-
mulation of organic acids derived from cell metabolism such as
glutamic and aspartic acid, both with pKa values below the cell
culture pH, and CO2 production from cell respiration could be
the reasons behind medium acidification. On the contrary, the
addition of phosphoric acid to the Hi5 cell culture was detected.
Ammonia formation, a by-product of insect cell metabolism,
could explain medium basification since significantly higher
asparagine and glutamine uptake rates were measured in this cell
line.54 Alanine was also produced in both bioreactor cultures
peaking in the 15–20 mM range. The formation of this amino acid
is a feature observed in animal cell metabolism under glucose
excess conditions.55 Lactate, another by-product of insect cell
metabolism, was not produced after BV infection, which is proba-
bly associated to pH and dissolved oxygen concentration mainte-
nance along the culture.56

CONCLUSIONS
This study provides a detailed analysis of the insect cell/BEVS
and shows the versatility of this system to produce HIV-1 VLPs.
VLPs produced in the reference Hi5 and Sf9 insect cell lines
exhibit similar physicochemical properties and are stable when
stored at −80 °C for 2 months with little impact on their mor-
phology. Gag VLP titers are similar to those obtained for Gag-
eGFP VLPs, with nanoparticle sizes in the 150–250 nm range
closely resembling immature HIV-1 virions. A high degree of
heterogeneity and complexity is detected in VLP productions,
with large concentrations of EVs, dsDNA and total protein con-
tent in Hi5 supernatants, whereas high loads of BV particles are
encountered in Sf9 supernatants. The successful transference
of Gag VLP production from shake flasks to stirred tank bioreac-
tor is demonstrated, providing two different strategies to pro-
duce these complex nanoparticles in large volumes with
controlled operational conditions.
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Abstract

Mammalian cells cultivated in vitro represent one of the 
most important manufacturing platforms for vaccine and 
gene therapy developers. Especially, human embryonic 
kidney 293 (HEK293) cells are an attractive and reliable 
host for numerous biotherapeutic platforms. HEK293 cells 
have a wide variety of advantages including low-main-
tenance, rapid proliferation, and convenient application to 
both, transient and stable expression. Furthermore, they 
are easy to transfect and can produce large amounts of 
recombinant proteins and virus particles. 
However, a major limitation of the cell line is its tendency 
to clump when converted to suspension format and there-

fore has been limited to adherent cell culture. To achieve 
large scale protein production, a new suspension-adapted 
HEK293 cell line, Expi293F™, was developed by Thermo 
Fisher. The new HEK293 cell line appears to be a robust 
suspension cell line capable of achieving greater per cell 
productivity in high density culture without clumping. 
In this study, we evaluated the cell line using bioreactor 
batch culture. We used a BioFlo® 320 bioprocess control 
system and a BioBLU® 3c Single-Use Bioreactor to carry 
out Expi293F batch culture in 2 L scale. In addition we 
monitored and analyzed the metabolites as well as cell 
density and viability during 11 days of culture.
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Introduction
Developing innovative preventive solutions through new 
vaccine technologies or gene therapy platforms that respond 
to new diseases is an important challenge in present day bio-
technology. The gene therapy market is projected to reach 
more than $ 3 billion by 2023 and the global vaccine market 
is expected to reach $46 billion by 2022, pushing them to 
the apex of the biotechnology food chain [1-3]. To produce 
high-quality biotherapeutics, process development involves 
several demanding components including cost, cell line 
development, small scale exploration, effective scaling, and 
optimization of upstream/downstream processes. 

The selection of the host cell is a key factor based on its 
capabilities and properties, including its ability to grow in 
suspension or adhere to a substrate. HEK293 is one of the 
most versatile mammalian cell lines with a wide range of 
applications including expression of recombinant proteins, 
antibodies and viruses. The HEK293 cell line was immortal-
ized in 1973 by the integration of a ~4.3 kbp adenoviral 5 
(Ad5) genome fragment containing the E1A and E1B genes, 
located on chromosome 19 [4,5]. E1A and E1B are essential 
helper factors for adeno-associated virus (AAV) manufacture, 
making these cells a popular host platform for AAV particles 
production [6]. Our goal in this project was to evaluate the 
suspension culture of Expi293F cell line using Eppendorf 
bioprocess equipment and assess its suitability in virus pro-
duction.  

HEK293 in gene therapy 
Gene therapy involves the transfer of functional genes into 
cells to replace absent genes or correct defective ones. In a 
typical protocol, the cells are extracted from the donor and 
genetically modified by introducing a new or modified gene 
to inactivate or to replace a disease-causing gene. These 
modified cells are then reimplanted in the subject (ex vivo 
strategy). In addition, a well-established cell culture platform, 
such as HEK293, can be used to produce viral or non-viral 
delivery vehicles to introduce the gene of interest (GOI). 

A well-established method (transient transfection) is fre-
quently employed to produce different vectors using adher-
ent human HEK293 cells cultivated in T-flasks or bioreactors. 
Prominent examples include lentivirus [7, 8], adenovirus 
[9,10], non-viral vectors [11], and AAV [12,13]. AAV repre-
sents one of the leading platforms for gene therapy due to its 
ability to provide in vivo long-term gene expression. Nearly 
200 AAV clinical trials and biotherapeutic protocols are in 
different stages of FDA review, in which the transient trans-
fection of adherent HEK293 cells has been the predominant 

platform [14,15]. We believe that the Expi293F cell line is a 
significant improvement over traditional HEK293 cell lines 
due to its robust growth under suspension culture conditions 
as well as its property of stable expression in addition to 
transient expression. 

HEK293 in vaccine production
During the last century, vaccines saved billions of lives 
throughout the world. Vaccine technology has distinguished 
itself as the most important development in the history of 
medicine. This unparalleled success has driven research-
ers to explore new and more efficient platforms to meet the 
constantly expanding demands of the industry. 

Conventional vaccines usually contain whole weakened or 
inactivated viruses or protein subunits made by the pathogen 
to trigger an immune response. The cell-based vaccine plat-
form is a well-established technology [16], offering several 
notable advantages: 
> cell lines are well characterized and may be easily stored

for future applications,
> their use avoids dependence on embryonated chicken eggs

(ECE), whose quality is highly and unpredictably variable,
despite their being the most common method used to
develop vaccines,

> some viruses grow better in cells reducing the time to
achieve high growth profiles [17],

> compared to ECE, viruses propagated in mammalian cells
have shown an antigenic profile similar or identical to that
of the field virus [18], and

> scalability is superior to the ECE production platform [19].
Although numerous mammalian cell lines have been

evaluated for vaccine production [20-24], and performance 
in gene therapy protocols, the HEK293 cell line is one of the 
most widely used cell platforms for these demands. Specifi-
cally, high yield adenoviral vectors (~4 x 1015 viral particles) 
have been obtained in stirred-tank bioreactor systems using 
microcarriers [25,26]. Adherent HEK293 cells are easy to 
cultivate at laboratory scale, and require less expert bioen-
gineering know-how, but when biotherapeutics production 
increases, suspension cell lines offer advantages in terms of 
scalability and robustness, using established stirred-tank bio-
reactor platforms. Eppendorf bioprocess systems, including 
BioFlo 320, are not medical devices and cannot be directly 
used for Gene Therapy and Vaccine production without spe-
cial approval process. However, it can be used for effective 
HEK293 suspension cell culture and virus  
production research including research in the Gene Therapy 
and Vaccine production field at R&D level. To this end, 
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Expi293F cells (a suspension adapted HEK293 cell line) can 
accelerate the therapeutics development by enabling rapid, 
high yield and scalable production of proteins, viral antigens 
and AAV particles. 

In this study, we used a BioBLU 3c Single-Use Bioreactor 
for Expi293F cell expansion and a BioFlo 320 as the biopro-
cess control system (Figure 1). We analyzed the cell growth, 
the viability as well as the metabolic activity (levels of glu-
cose, ammonia and lactate in the medium).

Material and Methods
Cell line and medium
We cultured the suspension Expi293F cell line (Thermo Fish-
er Scientific, USA) in Expi293 Expression Medium (Thermo 
Fisher Scientific, USA) formulated with GlutaMAX-I reagent. 
Expi293 Expression Medium is a chemically defined, serum 
and protein-free medium, ready to use without need for ad-
ditional supplements.

Inoculum preparation 
We rapidly thawed the cryovial containing 1 mL of Expi293F 
cells (Thermo Fisher Scientific, A14527) at 1 x 107 cells/mL, 
from a previously prepared cell bank, using a ThawSTAR® 
CFT2 instrument (MedCision®, USA). Just before the cells 

were completely thawed we decontaminated the vial wiping 
it with 70% alcohol before opening it in a laminar flow hood. 
We transferred the entire content of the cryovial into a 125 
mL disposable, sterile and vented shaker flask containing 
30 mL (24 % of the total volume) of pre-warmed Expi293 
Expression Medium (Thermo Fisher Scientific, A1435101). 
We cultured the cells in a New BrunswickTM S41i CO2 incuba-
tor Shaker (Eppendorf, Germany) at 37 °C, 8 % CO2 and at 
agitation speed of 125 rpm. We cultured the cells for 4 days 
after thawing and then determined the cell viability and total 
viable cells using a Vi-CELL XR cell viability analyzer (Beck-
man Coulter). We then performed the subsequent passages 
when the viable cell density reached around 3 x 106 cells/
mL (typically 4 days after shaker flask inoculation) reaching 
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Expi293F cells (a suspension adapted HEK293 cell line) can 
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and AAV particles. 

In this study, we used a BioBLU 3c Single-Use Bioreactor 
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cess control system (Figure 1). We analyzed the cell growth, 
the viability as well as the metabolic activity (levels of glu-
cose, ammonia and lactate in the medium).

Material and Methods
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We cultured the suspension Expi293F cell line (Thermo Fish-
er Scientific, USA) in Expi293 Expression Medium (Thermo 
Fisher Scientific, USA) formulated with GlutaMAX-I reagent. 
Expi293 Expression Medium is a chemically defined, serum 
and protein-free medium, ready to use without need for ad-
ditional supplements.
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cells (Thermo Fisher Scientific, A14527) at 1 x 107 cells/mL, 
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CFT2 instrument (MedCision®, USA). Just before the cells 

were completely thawed we decontaminated the vial wiping 
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Bioreactor control 
We used a BioFlo 320 bioprocess control station to perform 
two batch cultures using BioBLU 3c Single-Use Bioreactors 
equipped with a single pitched-blade impeller. The bioreac-
tor unit is equipped with two universal port connectors for 
pH (port 1) and DO (port 2) sensors, an heat blanket connec-
tion providing precise temperature control, agitation control 
and a gas module that includes 3 TMFC, high-flow sparge 
drawer with a gas flow range of 0.04 – 20 SLPM.

Sensor calibration
Prior to the preparation of the BioBLU 3c Single-Use Biore-
actors, we connected the gel-filled pH sensor to the  
BioFlo 320 bioprocess controller. The software automatically 
detects the connected sensors to support an efficient work-
flow. We performed the calibration process according to the 
operation’s manual using buffer solutions of pH 7 and pH 4 
as “zero” and “span” respectively. Then, we disconnected 
the pH sensor and sterilized it in an autoclavable pouch.

BioBLU 3c Single-Use Bioreactor preparation and process 
parameters
We equipped the BioBLU 3c with a magnetic drive, the previ-
ously sterilized pH sensor, inserted in a spare PG 13.5 port 
under aseptic conditions in the Biosafety Cabinet, a polaro-
graphic DO sensor (Mettler Toledo®), an exhaust condenser, 
a 3-gas mixing line connected to the gas sparge port, and 3 
liquid addition ports (one for inoculation/glucose addition, 
one for base addition and another for the addition of 0.1 % 
of antifoam (Pluronic®-F68 surfactant, Life Technologies®, 
24040-032). Then, we controlled the temperature using a 
heat blanket. Finally, we introduced the 1.8 L of Expi293F 
Expression Medium into each bioreactor and conditioned for 
at least 24 hours under the parameters and setpoints listed in 
Table 1.

Expi293FTM cells culture on BioBLU 3c Single-Use Biore-
actor
We inoculated the BioBLU 3c Single-Use Bioreactors with 
the inoculum described above (see section “Inoculum prepa-
ration”) reaching 2 L as working volume with a cell density 
around 0.4 x 106 cell/mL and more than 95 % of cell viabili-
ty. We monitored the temperature at 37 °C and controlled the 
dissolved oxygen (DO) at 40 % using the 3-Gas Auto mode. 
In addition, we limited the oxygen flow to 0 – 1 SLPM and 
the air flow to 0.04 – 1 SLPM in the controller setup screen 
to avoid high gas flow that can cause DO fluctuation and 
excessive foaming in the beginning stage of the cells culture. 
In addition to the gas flow limit, we added Pluronic-F68 sur-
factant as needed. We used a gel-filled pH sensor to control 
the pH during the cell culture run at 7.0 (deadband = 0.2), 
using a cascade to CO2 (acid) and 0.45 M sodium bicarbon-
ate (base). We took a sample from the bioreactor daily and 
measured the pH, the cell viability and density as well as the 
concentration of various metabolites offline. 

Cell viability and metabolic activity
We collected samples on a daily basis from the BioBLU 3c 
Single-Use Bioreactors to determine the cell viability, cel-
lular density, and the concentration of metabolites (glucose, 
ammonia (NH3) and lactate), by connecting a sterile 5 ml 
syringe to the Luer Lock sample port. Then, we discarded 
5 mL of dead volume and collected again 3 mL (using a new 
5 mL sterile syringe) as a viable sample for analysis. We used 
1 mL to measure the metabolite levels employing a Cedex® 
Bio Analyzer (Roche, USA), 1 mL to measure the cell viability 
and density using a Vi-Cell® XR Viability Analyzer (Beckman 
Coulter®, USA) and 1 mL to check the pH offline using an 
Orion Star A211 pH meter (Thermo Fisher Scientific, USA), 
which we calibrate daily using standard pH buffers. 

Results and Discussion 
To evaluate the Expi293F suspension culture robustness, 
we performed two bioreactor batch culture runs using 
BioBLU 3c Single-Use Bioreactors controlled by BioFlo 320 
bioprocess controller. We used Expi293 Expression Me-
dium with additional glucose supplementation to extend 
the growth phase and increase the peak cell density. The 
inoculum was ready after the cell expansion in the New 
Brunswick S41i CO2 incubator Shaker at 37 °C and 8 % CO2 
and agitation speed of 125 rpm. We then inoculated the 
BioBLU 3c Single-Use Bioreactor with an initial cell density 
of 0.4 x 106 cells/mL under a controlled environment (see 
Table 1).  

Table 1: Process parameters and setpoints of the first and second 
experiments.

Parameters Setpoints
Starting volume 1.8 L

Ending volume 2 L

Initial agitation 120 rpm (0.4 m/s tip speed)

Temperature 37 °C

Inoculation density 0.4 x 106 cell/mL

Cell culture medium Expi293™ Expression Medium

DO Setpoint 40% (P=0.1; I=0.001)

pH Setpoint 7.0 (deadband = 0.2), cascade to CO2 (acid) 
and cascade to 0.45 M sodium bicarbonate 
(base)

Gassing range Air flow: 0.04 SLPM -1 SLPM 
O2 flow: 0 SLPM -1 SLPM
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In addition, we added Pluronic-F68 surfactant (0.1 %) to the 
medium in the bioreactor to decrease foaming produced by 
the gas introduced through the sparger. 

As shown in Figure 3A, we observed a rapid increase of 
cell growth between days 1 and 9 of culture, reaching a peak 
in viable cells density at 13 x 106 cells/mL, followed by a 
decrease in cell density and viability as anticipated. Fur-
thermore, we determined the consumption of glucose and 
production of lactate and NH3 while at the same time main-
taining the concentration of lactate and NH3 below 2 g/L and 
2 mmol/L respectively during the whole run (See Figure 3B). 
We performed bolus glucose supplementation (to maintain 
target concentration > 2 g/L in both runs) at days 3 and 5 to 
extend the growth phase. The ammonia concentration gradu-
ally increased every day up to 2.2 mmol/L on day 11. We 
believe the depletion of glucose and other nutrients  
contributed to the decrease of the cell density, starting from 
day 9. Overall, cell growth increased around 32-fold.

Conclusions
Using the BioFlo 320 bioprocess control system and  
BioBLU 3c Single-Use Bioreactors, we demonstrated the 
feasibility of applying glucose-enhanced batch culture 
technique to expand Expi293F cells rapidly up to 13 million 
cells/mL within 9 days. The efficient and straightforward 
configuration of the BioFlo 320 allows precise control of the 
cell culture environment, leading to reliable cell expansion. 
Although the experiments were conducted as feasibility 
studies and no optimization of conditions was attempted, we 
observed vigorous growth of Expi293F in suspension culture 
at a pace and simplicity close to Chinese hamster ovary 
(CHO) cells, the accepted industry standard. We believe that 
the Expi293F cell line has great potential in both vaccine and 
gene therapy method development when used in conjunction 
with Eppendorf’s advanced stirred-tank bioreactors. 

Fig. 3 : Expi293F growth profile in BioBLU 3c Single-Use Bioreactor in Expi293 Expression Medium. 
A: Expi293F cell density and viability. B: Metabolic profile.

0

20

40

60

80

100

0

4

8

12

16

20

C
ell viability (%

)

C
el

l D
en

si
ty

/m
L 

(x
10

6)
 

Time (days) Cell density
Batch 1 Batch 1
Batch 2 Batch 2

Cell viability

1

1

1

121110987

7

6

6

5

5

4

4

4

3

3

3

2

2

2

0

a

 

0 0
1 121110987654320

Time (days)

G
lu

co
se

 (
g/

L)

Lactate (g/L), N
H

3 (m
m

ol/L)

Glucose  Lactate NH3

b



Advances in Bioprocessing for Biologics and Gene Therapy Vectors   73

APPLICATION NOTE | No. 447

In addition, we added Pluronic-F68 surfactant (0.1 %) to the 
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decrease in cell density and viability as anticipated. Fur-
thermore, we determined the consumption of glucose and 
production of lactate and NH3 while at the same time main-
taining the concentration of lactate and NH3 below 2 g/L and 
2 mmol/L respectively during the whole run (See Figure 3B). 
We performed bolus glucose supplementation (to maintain 
target concentration > 2 g/L in both runs) at days 3 and 5 to 
extend the growth phase. The ammonia concentration gradu-
ally increased every day up to 2.2 mmol/L on day 11. We 
believe the depletion of glucose and other nutrients  
contributed to the decrease of the cell density, starting from 
day 9. Overall, cell growth increased around 32-fold.

Conclusions
Using the BioFlo 320 bioprocess control system and  
BioBLU 3c Single-Use Bioreactors, we demonstrated the 
feasibility of applying glucose-enhanced batch culture 
technique to expand Expi293F cells rapidly up to 13 million 
cells/mL within 9 days. The efficient and straightforward 
configuration of the BioFlo 320 allows precise control of the 
cell culture environment, leading to reliable cell expansion. 
Although the experiments were conducted as feasibility 
studies and no optimization of conditions was attempted, we 
observed vigorous growth of Expi293F in suspension culture 
at a pace and simplicity close to Chinese hamster ovary 
(CHO) cells, the accepted industry standard. We believe that 
the Expi293F cell line has great potential in both vaccine and 
gene therapy method development when used in conjunction 
with Eppendorf’s advanced stirred-tank bioreactors. 

Fig. 3 : Expi293F growth profile in BioBLU 3c Single-Use Bioreactor in Expi293 Expression Medium. 
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