Chapter 14
Single-Use Bioreactors for Animal
and Human Cells
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Abstract Single-use (SU) bioreactors are being increasingly used in production
processes based on animal (i.e. mammalian and insect) and human cells. They are
particularly suitable for the production of high-value products on small and medium
scales, and in cases where fast and safe production is a requirement. Thus, it is not
surprising that SU bioreactors have established themselves for screening studies,
cell expansions, and product expressions where they are used for the production of
pre-clinical and clinical samples of therapeutic antibodies and preventive vaccines.
Furthermore, recent publications have revealed the potential of SU bioreactors for
the production of cell therapeutics using human mesenchymal stem cells (hMSCs).
This chapter provides a perspective on current developments in SU bioreactors
and their main applications. After briefly introducing the reader to the basics of SU
bioreactor technology (terminology, historical milestones and characteristics com-
pared to their reusable counterparts) an overview of the categories of currently
available SU bioreactor types is provided. SU bioreactor instrumentation is then
examined, before discussing well-established and novel applications of SU bio-
reactors for animal and human cells. This includes descriptions of the engineering
characteristics of often-used types of SU bioreactors, covering wave-mixed, stirred,
orbitally shaken systems and fixed-bed systems. In this context, the scaling-up of
geometrically and non-geometrically similar SU bioreactors is also addressed.
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Abbreviations

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

bDtBPP Bis(2,4-di-tert-butyl phenyl) phosphate
BEVS Baculovirus expression vector system
CFD Computational fluid dynamics

CHO Chinese Hamster Ovary (cells)

CMO Contract manufacturing organization
DoE Design of experiments

DO Dissolved oxygen

EDR Energy dissipation rate

EVA Ethylene vinyl acetate

hMSCs Human mesenchymal stem cells
hADSCs Human adipose-derived mesenchymal stem cells
hBM-hMSCs Human bone(marrow)-derived mesenchymal stem cells
HPTS Hydroxypyrene trisulfonate acid

LED Light-emitting diode

mAbs Monoclonal antibodies

MDCK Madin-Darby Canine Kidney (cells)
MEMS Micro-electro-mechanical systems

NK Natural killer (cells)

PE Polyethylene

PET Polyethylene terephthalate

PIV Particle image velocimetry

pO, Partial pressure of oxygen

pCO, Partial pressure of carbon dioxide
PTFE Polytetrafluoroethylene

pPvC Polyvinylchloride

QbD Quality by Design

RANS Reynolds averaged Navier-Stokes (equations)
RFID Radio-frequency identification

RT Ruston turbine

SBI Segment blade impeller

S£-9 Spodoptera frugiperda (subclone 9)
SU Single-use

TBPP Tris(2,4-di-tert-butylphenyl) phosphite
VLP Virus-like particle

WCB Working cell bank

WVB Working virus bank

WFI Water for injections
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Symbols

Latin symbols

Symbol Unit Description

a - Constant in Eq. 14.28

b - Constant in Eq. 14.28

B m Width of the culture bag

c - Constant in Eq. 14.28

C - Constant in Eq. 14.1

cy - Mixing number

Co,,L kg-m~> Dissolved oxygen concentration

Cs m Impeller distance

D m Vessel diameter

dy m Shaking diameter

dp 32 m Sauter diameter of gas bubbles

Do, m-s! Diffusion coefficient of oxygen

dg m Impeller diameter

Fg m’-s7! Gas flow rate

Fl., — Primary axial flow number

Fl, — Secondary axial flow number

g m-s2 Gravitational acceleration

Hc kg-m > Pa Henry coefficient

Hp m Liquid height

hp m Off-bottom clearance of the impeller
k s7! Rocking rate

kra 5! Specific (liquid-side) mass transfer coefficient
L¢ m Characteristic length

N s7! Shaking frequency

N¢ s7! Critical shaking frequency

Ne — Power number (Newton number)

Ng 5! Impeller rotational speed

P w Power input

Po, Pa Partial pressure of oxygen

Pco, Pa Partial pressure of carbon dioxide

r m Radius, radial coordinate

R, m Reverse point of axial flow

Re - Reynolds number (for stirrers)

Re s - Critical Reynolds number

Regg — Reynolds number for shaken reactors
Rewr — Reynolds number for wave-mixed reactors (rockers)
Oc vvm Aeration rate

t S Time

tn.95% S Mixing time (for 95 % homogeneity)
tr s Hydraulic residence time
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Uz, m-s! Tip speed

Vv m? Volume

Vg m-s! Superficial gas velocity
Ve m’ Gas volume

Ve m’ Liquid (working) volume
v, m-s~! Velocity in z-direction

Wo - Womersley number
Greek symbols

Symbol Unit Description

p Parameter in Eq. 14.3

YNT 5! Shear gradient (local velocity gradient normal to flow direction)
Ax m Maximum fluid element displacement
er m?-s > Turbulent dissipation rate

n Pa-s Liquid dynamic (molecular) viscosity
Ae m Kolmogoroff microscale of turbulence
u h! Specific growth rate

\73 m?-s! Kinematic viscosity

T - Circle number (= 3.14159265)

oL kg m > Liquid density

[0} 5! Angular velocity

14.1 Introduction

In contrast to their conventional counterparts made of glass and/or stainless steel,
SU bioreactors have a cultivation container fabricated from plastic materials.
Generally, the cultivation vessel is pre-assembled, beta- or gamma-irradiated for
sterilization and delivered by the vendor ready-to-use. After one use, it is
decontaminated and discarded (Eibl et al. 2010a). While the cultivation containers
in micro-, milliliter- and small liter scales are most often made of rigid poly-
carbonate plastics, larger systems consist of flexible two-dimensional (2D) or
three-dimensional (3D) bags whose contact layers are made of polyethylene
(PE) or ethylene vinyl acetate (EVA) films. In the case of cultivation bags, stainless
steel trays or customized support containers, incorporating heating blankets or
double jackets for temperature control, are required to shape and fix the bags.

The development of SU bioreactors was initiated by Fenwal Laboratories’
(today Fresenius Kabi) invention of plastic blood bags made of polyvinylchloride
(PVC) in 1953. Further milestones include the introduction of plastic flasks and
dishes for routine work in cell culture laboratories during the 1960s, the invention
of polystyrene multitray systems (Schwander and Rasmussen 2005) and hollow
fiber bioreactors (Knazek et al. 1972) during the 1970s. Due to the availability of
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different hollow fiber bioreactors (e.g. FiberCell, Amicon, Endotronics systems)
(Whitford and Cadwell 2009) and two-compartment dialysis membrane bioreactors
(e.g. CeLLine, MiniPerm) during the 1980s and 1990s, the production of diagnostic
and therapeutic antibodies in the one and two-digit mg-range became possible
(Hopkinson 1985; Falkenberg 1998; Marx 1998; Brecht 2010). The breakthrough
for SU bioreactors was marked by the introduction of wave-mixed systems, the first
model of which, the WAVE BIOREACTOR, was launched in the late 1990s. Its
superiority for the cultivation of animal cells was demonstrated in several compar-
ison studies (Eibl et al. 2010b), which led to the development of the WAVE
BIOREACTOR 1000 and further wave-mixed bag bioreactors from various sup-
pliers (see Sect. 14.3.1). Since the mid 2000s, different stirred bag bioreactors (see
Sect. 14.3.2) have become commercially available and today, together with stirred
rigid bioreactors (see Sect. 14.3.2), make the largest group of SU bioreactors.
Various types of bioreactors, which differ from the wave-mixed and stirred mixing
principle (see Sect. 14.2.1), are also currently available.

If SU bioreactors are selected properly and operated correctly, more flexible,
safer, greener, cheaper and faster production processes can be achieved compared
to reusable bioreactors (Aranha 2004; Ott 2011). In fact, steam sterilization prior to
inoculation and costly, time and labor intensive cleaning procedures become
obsolete, eliminating the need for aggressive, corrosive cleaning agents and water
for injections (WFI) used in final rinse cycles. Furthermore, the need to validate the
cleaning processes and the risks of cross contamination in multiproduct
manufacturing facilities are also reduced, which enables more flexible and quicker
product changes, as well as reducing costs.

However, cell growth and product quality/quantity can be affected by chemical,
biological and physical properties of SU cultivation containers. This has already
been demonstrated for bags made of PE films used for cultivations with serum-free,
protein-free and chemically defined culture media (Altaras et al. 2007; Kadarusman
et al. 2005). The strength of this effect depends on several factors, including the
sensitivity of the production cell line, the components contained in the culture
media, the initial cell density and storage time of the PE bags. As shown in
Fig. 14.1, the film of the bag consists of multiple layers.

Due to the absence of serum albumins as carrier molecules in serum-free culture
media, interactions between media components (e.g. cholesterol and fatty acids)
and the contact layer may occur, which can limit cell growth or inhibit product
secretion (Kadarusman et al. 2005). The most important concerns are related to
cytotoxic leachables, which migrate from the film material into the culture broth
and inhibit cell proliferation and product expression (Horvath et al. 2013; Wood
et al. 2013). Using Chinese Hamster Ovary (CHO) cell lines, Hammond
et al. (2013) identified bis(2,4-di-tert-butyl phenyl) phosphate (bDtBPP) as a
potential leachable that decreases mitochondrial membrane potential and sup-
presses cell growth at concentrations as low as 0.1 mg-L™". This compound is
generated during gamma irradiation (2545 kGy) by the degradation of tris(2,4-di-
tertbutylphenyl) phosphite (TBPP, often referred to by its trade name Irgafos 168),
an antioxidant stabilizer that is commonly added to PE resins. Consequently,
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Fig. 14.1 Typical composition of a multilayer bag used as a bioreactor container. The
functional layers in a multilayer film include (1) the contact layer, which provides an inert surface,
(2) the gas/vapor barrier layer, which limits the diffusion of gasses and vapors and is typically
made of Ethylene vinyl alcohol, (3) the external layer, which improves the mechanical perfor-
mance of the film, and (4) the tie layers between the previously mentioned layers, which bond them
together through physicochemical interactions

in-house performance studies, such as the recently published DECHEMA bag test
study (Eibl et al. 2014b), with cultivation bags and applied production cell lines /
cultivation systems are required to identify potential cytotoxic leaching if SU
bioreactors are to be implemented successfully. Consistent, complete and traceable
quality control of bag supplies helps to reduce the requirement for bag tests at
customers sites and improves the acceptance of commercially available SU systems
in production processes.

14.2 Overview of Current SU Bioreactors on the Market

Due to the rapid development of SU bioreactors in the last two decades, users can
now choose between a multitude of types which differ in the design of the
cultivation container, instrumentation and scale. Based on their design, SU bio-
reactors can be distinguished as follows: flexible bags, rigid dishes, tubes, cart-
ridges, flasks and vessels. Small scale systems mostly use either very little or no
instrumentation. But as size increases systems are equipped with sensors to monitor
and control key parameters (see Sect. 14.2.2). In general, these systems are
connected to a control unit and no external equipment, such as incubators, is
required to maintain optimal process conditions for the production organisms.
Currently SU bioreactors with working volumes of up to 2,000 L are commer-
cially available (Loffelholz et al. 2013a). Eibl and Eibl (2010) distinguish between
small-volume systems (screening scale), medium-volume systems (benchtop and
pilot scale) and large-volume systems (production scale). They presented an
approach for categorization based on power input and classified SU bioreactors
into static and dynamic systems. Static systems, such as t-flasks and multilayer
flasks, are exclusively used on small and medium scales, because mass transfer is
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limited, leading to lower cell densities and product titers compared to dynamic
systems.

14.2.1 Categories/Classes of SU Bioreactors

In Fig. 14.2, an approach to the categorization of dynamic SU bioreactors according
to their mixing and power input, which has been developed by the DECHEMA’s
temporary working group “single-use technology in biopharmaceutical manufac-
ture”, is presented below.

The largest group of SU bioreactors is mechanically driven which can be further
subdivided in stirred, oscillating and orbitally shaken systems. Stirred SU bio-
reactors (see Sects. 14.3.2 and 14.3.3) consist of cylindrical or cube-shaped vessels
and are mostly bubble aerated. Centrically mounted, rotating stirrers are predomi-
nantly used, hence baffling is desirable, in particular for larger scale implemen-
tations, in order to improve mixing. However, under the majority of operating
conditions baffles are not required. The stirrers are usually magnetically driven
and mechanically coupled to seal the shaft. Tumbling stirrers, as used in the Nucleo
Bioreactor from ATMI (max. 1,000 L culture volume), are less common, although
they provide thorough mixing at low specific power inputs (Zambeaux et al. 2007).
In oscillating systems, mixing is driven by horizontal oscillation (wave-mixed bag
bioreactors, max. 500 L culture volume, Sect. 14.3.1), by vertical oscillatory
rotation (BayShake bioreactor, max. 1,000 L culture volume (Kauling
et al. 2013)) or by vibrating perforated discs (Saltus Vibromix bioreactor, max.
1,000 L culture volume (Werner et al. 2010b)). Similar to the orbitally shaken SU
bioreactors (max. 200 L culture volume, Sect. 14.3.4), oscillating systems using
either bubble or surface aeration are available.

" Hydraulically driven
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Hollow fiber . Combination of air-lift |
doceactors I Fized bed bioreactors | I |

& stirring
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'

Fig. 14.2 Power input-based categorization of dynamic SU bioreactors for animal and
human cells. The classification, produced by the DECHEMA’s temporary working group “single-
use technology in biopharmaceutical manufacture”, distinguishes between mechanically driven,
pneumatically driven, hydraulically driven and hybrid driven SU bioreactors
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The mixing and aeration of pneumatically driven bioreactors is achieved by
direct gassing of the liquid with air or gas by an aeration device integrated into the
cultivation bag. An example is the PBS bioreactor series (max. 2,500 L culture
volume (Schultz and Giroux 2011)), which is agitated by Air-Wheel® technology
and aerated through a dual sparger (Kim et al. 2013; Lee et al. 2010). The hybrid
CellMaker Plus system (max. 50 L culture volume) from Cellexus combines the
principles of a bubble column and stirring (Shukla and Gottschalk 2013).

As shown in Sect. 14.4, microcarriers can be used in mechanically and pneu-
matically driven bioreactors if the applied cell lines require immobilization to
achieve desired product quantities and qualities. Alternatively, hydraulically driven
hollow fiber bioreactors (max. 2.1 m” growth surface) incorporating a pump or the
recently introduced fixed SU bed bioreactors (max. 500 m?® growth surface,
Sect. 14.3.5) can be used (Brecht 2010; Kilian 2013).

14.2.2 Instrumentation of SU Bioreactors

Instrumented bioreactors either operate with in-situ sensors, which are in direct
contact with the process fluid and therefore have to be sterilizable, or ex-situ sensors
which allow non-invasive control. Sterilizability of ex-situ sensors, such as optical
sensors that take measurements through a transparent window or classical sensors
that are fitted outside of the sterile barrier (Lindner et al. 2010) is not an issue.
Important parameters for process control and automation that can be monitored in
traditional cell culture bioreactors include primarily physical properties, such as
temperature, pH value, dissolved oxygen (DO) and carbon dioxide concentration,
stirrer or rocking speed, gas and liquid flow rates, pressure, foam/level and vessel
weight. Furthermore, advanced parameters such as power input, off-gas composi-
tion and biological parameters (including cell density, concentrations of substrates,
products and metabolites, redox potential, conductivity etc.) are monitored in
heavily instrumented systems, which are mostly found in R&D environments.
However, currently only a few SU solutions are commercially available for deter-
mining advanced parameters (see Table 14.1).

The first challenge to overcome when implementing SU sensors in bags or rigid
plastic vessels is related to the beta- or gamma-sterilization processes (Bernard
et al. 2009). The sensor has to be inserted into the bag and must withstand the
sterilization process without loss of functionality and sensitivity. Furthermore, the
sensors must be inexpensive, if they are to be disposable. Alternatively, traditional
probes can be used, but these have to be cleaned and sterilized externally and are
subsequently connected to the SU bioreactor via aseptic couplings. An example of
this concept can be seen in the stirred S.U.B. from Thermo Fisher, where
autoclavable probe assemblies using Kleenpak connectors are used.

The most important parameters to be measured in SU bioreactors are DO and
pH. Physically similar sensor designs and apparatus are used to measure both
parameters, although the optics, chemistry of the sensor patch and methodologies



14 Single-Use Bioreactors for Animal and Human Cells

453

Table 14.1 Selected available SU sensors and their specifications for the measurement of
biological and physical parameters

Parameter

Working principle

Manufacturer/
vendor

Specifications

Dissolved
oxygen

Optical (fiber optical)

PreSens®

Measurement range 0—100 %
O, (detection limit: 0.03 %
0,)

Resolution £0.1 % O, at
20.9 % O, (£0.01 % O, at
0.21 % O,)

Drift at 0 % O, <0.03 % O,
within 30 days (sampling
interval: 1 min)

Ocean Optics,
Inc.!

Measurement range 0—100 %
0,

Detection limit: 0.05 % O, in
gas and 0.02 ppm in liquid

Resolution +0.05 % at room
temperature

Optical (LED and large area
photodiode)

Finesse Solu-
tions, Inc.

Measurement range: ~ 0—
52.5 % O, (250 %
air-saturation)

Precision: 0.55 % or <3 %
(whichever is greater) of
reading at O, levels <21 %

Operating temperature: 4—
45°C

Accuracy at 20 °C: <=£1 % at
20.95 % O,

pH value

Potentiometric

Sartorius
Stedim Bio-
tech SA and
Metroglas

Measurement range: 0—11 pH

+0.1 pH units precision
(pH 2-9)

Response time: <60 s (until
drift <0.6 mV -min~!)

Optical (fiber optical)

PreSens

Measurement range: 5.5—
8.5 pH

Response time (too)®: <120's

Resolution at
pH=7+0.01 pH

Accuracy at pH=7+0.05
sensor spot calibration

Drift at pH =7 < 0.005 pH
per day (sampling interval of
60 s)

Ocean Optics,
Inc.

Measurement range: 5.0—
9.0 pH

(continued)
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Parameter

Working principle

Manufacturer/
vendor

Specifications

Dissolved
carbon
dioxide

Optical (LED and large area
photodiode)

Optical (fiber optical)

Finesse

Solutions,
Inc.

PreSens

Measuring range pH 5.5-8.5

Rel. accuracy +0.1 pH unit
over £0.5 pH range centered
at 1-point stand. pH value

Response time (tog, agitated):
<90 s

Drift: <0.05 pH units over
21 days (sampling rate: once
every 5 s)

Measurement range: 1-25 %
CO, at atmospheric pressure
(1,013.15 hPa)

Response time (tog) at 20 °C:
<3 min for changes from 2 %
to 5 % pCO,

Resolution at 20 °C: +0.06 %
at 2 % CO, and £0.15 % at
6 % CO,

Drift at 37 °C in a CO, incu-
bator with 100 % rel. hum.:
<5 % of reading per week

Pressure

Piezoresistive effect (electri-
cal resistance of a metal or
semiconductor caused by
mechanical strain)

PendoTECH

—0.48 to 5.2 bar measure-
ment range

1540 °C operating
temperature

<45 % measurement
accuracy

Sizes: Luer, %4"—1" hose barb

SciLog

—0.34 to 4.1 bar measure-
ment range

420 mbar measurement
accuracy

Sizes: Luer, 3/8"-1/2" hose
barb, ¥%"-1" tri-clover

Finesse Solu-
tions, Inc.

0-0.48 bar measurement
range

+1.4 mbar measurement
accuracy (at 25 °C, including
drift 21 days)

+1.4 mbar sensor drift over
21 days

RFID-tag-based transducer
with pressure-sensitive
membrane®

GE
Healthcare

—0.34 to 2.3 bar

+17 mbar measurement
accuracy

(continued)
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Parameter

Working principle

Manufacturer/
vendor

Specifications

Flow rate

Ultrasonic

Levitronix

Measurement range”: 0—
80 L-min~'

Accuracy of +0.188 L - min ™"
below 1 m-s™' and +1 %
above 1 m-s™!

Infra-red reflection

Equflow

Measurement ranged: 0.1-
20 L-min'

Accuracy: 1 % of reading

Coriolis

PendoTech

Measurement ranged: 5—
24,000 g min~"

Accuracy of =1 % of rate
+ zero offset stability (0.06—
20 g-min~")

Max. operating pressure: 80—
120 psig

Glucose,
Lactate,
Glutamine

Enzymatic oxidation and
electron transfer from analyte
to electrode (anode)

ClITsens Bio

Measurement range: 1—
60 mmol - L™

Resolution: 0.1 mmol -L ™!

Detection limit: 1 mmol L™

Precision: +1 mmol - L'

Conductivity

4-electrode conductivity cell

SciLog

Measurement range: 1—
200 mS - cm ™!

Accuracy: +2.5 mS-cm ™' of
full range

PendoTECH

Measurement range: 0.1—
50 mS-cm !

Temperature normalization to
25°C

Accuracy: 0.1 mS-cm™!

from 0.1 to 2 mS-cm ! and
+5 % of reading at 2—
50 mS-cm ™!

“Data depend on the sensor material
“Equilibrated sensor kept in well stirred solution at 37 °C
“Under development

“Different sensor sizes available

differ. The majority of SU sensors for measuring DO are based on the principle that
oxygen quenches the fluorescence of a fluorophore in a dynamic and well-defined
manner (see Fig. 14.3). The sensing patch is typically illuminated by one or more
properly filtered light sources (e.g. LEDs). The dye, commonly a ruthenium-based
or platinum-based fluorophore with a lifetime of longer than 10 ns that is incorpo-
rated into a silicone matrix, emits light that differs from the incident light in
wavelength, phase, and intensity. If oxygen is present near the fluorophore, the
oxygen molecule receives the excess energy via non-radiative transfer, resulting in
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Fig. 14.3 Schematic of the general setup of a fiber-optic sensor with a dichroic mirror. The
principle of fluorescence dependent pH and DO measurement are also provided (Adapted from
Lindner et al. (2010) and PreSens’ website www.presens.de)

a reduction or quenching of the fluorescent signal. The magnitude of the phase shift
and intensity difference depends on the DO level in the surrounding liquid. A
photomultiplier or photodiode is used to capture the emitted fluorescence after
separating it from the excitation light using a dichroic mirror (Glindkamp
et al. 2010). Because of possible errors caused by ambient light conditions, back-
ground noise and changes in incident intensity, fluorescent intensity is less desirable
than phase shift as the primary measurement variable. Despite the fact that phase
shift is preferred, it is more difficult to measure electronically (Qualitz 2009).

In contrast to oxygen-consuming Clark electrodes, optical sensors can be used in
diffusion limited zones where electrochemical probes would decrease the oxygen
concentration (Armstrong 1994). Furthermore, optical sensors can be miniaturized,
which enables measurements to be taken in small volumes of less than 1 mL (Rao
et al. 2009). Sensing electronics are extremely stable and only need to be calibrated
once a year (Qualitz 2009). Due to the more laborious calibration procedures
required for the proper use of conventional probes, the setup of optical sensors is
substantially less time-consuming than for conventional probes, since they arrive
pre-calibrated from the vendor. Commercially available optical oxygen sensors,
e.g. from PreSens (Germany), Ocean Optics, Inc. (USA) and Sartorius Stedim
(Germany), are irradiatable without loss of sensitivity. The measurement ranges
of these sensors are between 0 % and 100 % pO, (see Table 14.1).

Long-term stability is a key requirement of optical sensors and should be at least
guaranteed for the shelf-life of the cultivation bags. However, limited long-term
process stability, which is mainly affected by photobleaching, is the most pro-
nounced disadvantage of optical sensors. This can, however, be compensated for by
modifying the dye. According to Lai et al. (2004), the photostability of highly
electron-deficient, multiple fluorinated platinum porphyrins is significantly
enhanced compared to non-substituted fluorophore. As an alternative approach,
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optical filters are integrated into the large area photodiodes utilized in TruFluor™
sensors provided by Finesse Solutions, Inc. This reduces the light intensity required
and, therefore, minimizes photo-degradation of the active sensing element. The
sheaths of both TruFluor™ DO and TruFluor™ pH sensors can be pre-inserted into
SU bioreactor bag ports prior to gamma-sterilization (Paldus and Selker 2010).

Fiber-optic pH sensors contain either fluorescence- or absorption-based pH
indicators. The latter include phenol red and cresol red indicators (Mills
et al. 1992). Frequently used fluorescing dyes include fluorescein derivatives and
hydroxypyrene trisulfonate acid (HPTS) (Munkholm et al. 1988; Mills and Chang
1993; Fritzsche et al. 2007), which exhibit two excitation wavelengths
corresponding to the acid and its conjugate base. The pH can be determined from
the ratio of emission intensities using a pair of high intensity LEDs (one ultraviolet
and one blue) that excite the patch. While fiber-optic pH sensors can — like other
chemosensors — be miniaturized and offer short response times, disadvantages of
fluorescence-based pH sensors include cross-sensitivity to ionic strength and lim-
ited measurement ranges (about 3 pH units).

A wider pH range was obtained by Li et al. (2006), who immobilized modified
fluorescent aminophenylcorroles in a sol-gel matrix. A recently introduced SU pH
sensor, which was jointly developed by Sartorius Stedim Biotech SA and Metroglas
and utilizes a potentiometric pH measurement, offers a range of pH measurements
from pH 0-11 with £0.1 precision (Bernard et al. 2009). However, the pH sensor
must be kept in a wet environment during storage, before and after gamma
sterilization. For this purpose, a patented encapsulation device was developed
that enables the insertion into Flexel® 3D media bags without affecting sterility.
Specific gels were chosen for both the internal and external reference electrolytes,
which enable measurement in any orientation, while the short probe body simplifies
packaging and handling (Bernard et al. 2009).

Fiber-optic sensors can also be utilized for the measurement of dissolved carbon
dioxide (pCO,) (Uttamlal and Walt 1995). Based on the Severinghaus pCO,
electrode principle, the sensor consists of a pH sensitive dye (e.g. HPTS) in an
HCOj;™ buffer solution. This is encapsulated in an expanded polytetrafluoro-
ethylene (PTFE) support, which is held at the distal end of an optical fiber by a
gas permeable membrane. A pH change in the indicator solution, which is related to
the pCO, by the Henderson-Hasselbalch equation, is produced by CO, crossing the
membrane. PreSens pCO, sensors utilize the Dual Lifetime Referencing method as
an internal reference, where the signals of an analyte sensitive indicator and an inert
reference indicator with very different luminescence lifetimes are superimposed on
one another (Klimant 2003).

Pressure is another crucial, safety-related process parameter, since an overpres-
sure situation, e.g. resulting from a clogged vent filter, can easily rupture the
cultivation bags, resulting in batch loss. However, SU bioreactors are often not
compatible with traditional stainless steel pressure gauges. While the pressure in
some systems is controlled by a re-usable pressure sensor outside of the sterile
barrier, static and dynamic pressures of gases or liquids in SU bioreactors can be
accurately measured by low-cost micro-electro-mechanical systems (MEMS) that
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are based on piezoresistive pressure measurements. The sensor elements are typi-
cally integrated in a Wheatstone bridge circuit, through which an applied pressure
gives a proportional output voltage (Bink and Furey 2010). Pressure sensors from
PendoTech and SciLog® for measuring the pressure inside tubing are commercially
available and have similar measurement ranges of up to 5.2 bar. For small-scale
systems, sensors originally designed for medical applications can be integrated into
flexible tubing in a flow-through mode using Luer or hose barb adapters. Larger
diameters also have tri-clover connections. The repeatability, accuracy, and robust-
ness of the MEMS in these sensors were found to be satisfactory (Clark and Furey
2007). Sensors are accurate to 20 mbar for pressures up to 1 bar and 2.5 % of the
reading value for pressures between 1 and 1.51 bar. Since the signal from the
sensors is not a traditional field output signal, such as 0-20 mA or 0-10 V, an
intermediate device is required to display and transmit the sensor readings to a
process control system (Furey 2007).

To measure the pressure in the headspace of flexible bags, the TruTorr ™
provided by Finesse Solutions, Inc. can be used. Based on integrated, gamma
radiation-resistant memory chip technology, the sensor compensates for tempe-
rature and is self-calibrated for immediate use.

In the future, an alternative to piezoresistive sensors may be provided by recently
developed passive radio-frequency identification (RFID) sensors (Surman
et al. 2011). They consist of a pressure sensitive flexible membrane, an RFID-
tag-based transducer and a layer that modulates the electromagnetic field generated
in the RFID sensor antenna. Multivariate analysis of the measured impedance of the
sensor provides temperature-independent pressure response. However, no commer-
cial solution for pressure measurements in SU equipment based on RFID is
currently available.

Further process parameters detectable by SU sensors include conductivity
(SciLog, PendoTECH), flow rates (LeviFlow), capacitance (Fogale Nanotech,
Aber Instruments) and total protein concentration (Schneditz et al. 1989). The
conductivity sensors provided by both SciLog and PendoTECH are pre-calibrated
according to pre-determined cell constants, which are stored on each sensor’s chip
for out-of-the-box, plug and play use. Flow rates are most commonly measured by
ultrasonic signals, where the ultrasonic wave is accelerated or decelerated
depending on the flow direction, thus providing a direct measure of the liquid
velocity, as in the LeviFlow® sensors provided by the Levitronix GmbH. In
contrast, Equflow flow sensors are based on infra-red reflection signals that are
monitored by an ultra-light-weight turbine rotor. PendoTech also offers a SU
Coriolis flow meter.

Information on biomass concentration can be obtained using turbidity. The use
of backscattering light can increase the range of linear correlation for higher
particle concentrations. However, while turbidity sensors only give a measure of
total biomass concentration, capacitance sensors can provide specific information
on viable cell mass. The latter are based on the fact that the non-conducting (intact)
cell membranes allow a build-up of charge in an alternating electrical field.
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Furthermore, the capacitance signal is not sensitive to gas bubbles, cell debris and
other particles in suspension (www.fogalebiotech.com).

To monitor metabolization of glucose, glutamate and/or lactate during culti-
vation, CITSens Bio sensors can be used, which are based on an enzymatic
oxidation process and electron transfer from the analytes to the anode (Spichiger
and Spichiger-Keller 2010). In contrast to a number of alternative sensors on the
market, where hydrogen peroxide production is measured and, therefore, sufficient
oxygen is required, the function of CITSens Bio sensors is not affected by oxygen
concentration. Furthermore, the by-products that are produced are of exceptionally
low concentrations. Depending on the bioreactor, the sensors are built into the
original cap of T-flasks, roller flasks, shake flasks or bag-reactors and are gamma-
sterilized before being delivered to the customer. However, storability is limited to
about 21 days (15 days for lactate) as a result of sensor instability (the specified
storage time at 5 °C is 6 month) (www.c-cit.ch).

A special feature for integrating SU and/or conventional sensors is the Mobius®
SensorReady technology, which is implemented in Mobius® CellReady 50 L and
250 L bioreactors (see Sect. 14.3.3). It consists of an external loop that enables
configurable and flexible mounting of sensors. The culture broth is pumped from
and to the vessel using a Levitronix® centrifugal-type pump, operated at 3 L - min "
(pump speed 2,000 rpm). CFD studies have revealed significantly lower energy
dissipation rates (EDRs) inside the pump (< 5 - 10° W - m ) than critical thresholds
responsible for lethal cell responses that have been reported in the literature (Mollet
et al. 2007; Godoy-Silva et al. 2009) and determined experimentally by the manu-
facturer for four different cell lines (Kittredge et al. 2011). Furthermore, the general
applicability for microcarrier based cultivations (MDCK cultivated with SoloHill®
Collagen microcarriers) has also been demonstrated (McGlothlen et al. 2013).

14.3 Often Used Instrumented Dynamic SU Bioreactors
and Their Engineering Characteristics

As described in Sect. 14.2.1, the most often used SU bioreactors are mechanically
driven versions, which are wave-mixed, stirred, or orbitally shaken. Furthermore,
new developments, such as fixed bed bioreactors, have more recently entered the
market. However, the size of SU bioreactors is still limited to approximately
2,000 L. The upper limits mainly result from manufacturing and bioengineering
limitations, in particular related to mixing and mass transfer. The following sections
describe selected bioreactors and their engineering characteristics that are relevant
for biopharmaceutical production processes.


http://www.fogalebiotech.com/
http://www.c-cit.ch/
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14.3.1 Wave-Mixed Bag Bioreactors

The first wave-mixed bioreactors that entered laboratories in the 1990s had rocker
platforms. The rocker platform had a periodic, 1D oscillatory motion that moved a
partially filled, pillow shaped bag (Singh 2001). The wave inside the bag is induced
by the platform motion, whereas the wave characteristics depend on the bag shape/
geometry (this differs according to scale), the rocking angle, the rocking rate, the
filling volume and the fluid properties, i.e. liquid density and viscosity (Eibl and
Eibl 2009a; Eibl et al. 2010b). Today, the 1D oscillatory concept is used in
commercially available wave-mixed systems, including the Wave Bioreactor
(GE Healthcare), the BIOSTAT® CultiBag RM (Sartorius Stedim Biotech), the
AppliFlex bioreactor (Applikon) and the SmartRocker™™ (Finesse Solutions, Inc.).
Major differences between these bioreactors are related to their culture bag designs
(i.e. shape, dimensions, scale, film material, installations), control units, rocker
platforms and instrumentation.

Both the BIOSTAT® CultiBag RM and the Wave Bioreactor Cellbags are
available with optionally integrated perfusion membranes for cell retention.
While the membrane in the BIOSTAT® CultiBag RM (1.2 pm and 1,070 or
1,275 cm? surface area) is fixed to the bottom of the bag, the Wave Bioreactor
incorporates a floating filter with a flat cell-retentive membrane (0.7 pm pore size
and 100 or 180 cm? surface area) (Tang et al. 2007). Hence, very high cell densities
are achievable with 1D motion wave-mixed systems (Tang et al. 2007; Adams
et al. 2011).

The fluid flow inside the 1D motion bags can be characterized by a modified
Reynolds Rewr number given by Eq. 14.1, which is determined using the working
volume (V71), the width of the culture bag (B), the liquid level (H), the rocking rate
(k), the kinematic viscosity of the liquid (vp), and an empirical constant that
depends on the bag type (C). According to the definition provided by channel
flows, turbulent conditions occur above a critical Re (Re.;) of 1,000 (Eibl
et al. 2010b).

V- k-C

T OE+E) (14.1)

RCWR =

In contrast, the non-dimensional Womersley number (Wo), a classical
non-dimensional number, and a parameter § were used to quantify the unsteady
nature of the flows (Onciil et al. 2009). Wo is expressed by Eq. 14.2, where L,
denotes the characteristic length scale of the flow (i.e. liquid level in the culture
bags) and w is the angular velocity of the oscillations.

(14.2)
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The parameter £ is obtained from Eq. 14.3, where Ax represents the maximum fluid
element displacement in the vessel during one rocking cycle, which is hard to
determine experimentally. It has been stated that turbulent conditions appear in
oscillating flows when f exceeds 700 for Wo greater than 8.5 (Onciil et al. 2009).

ﬂ:Ax.\/% (14.3)

The wave motion promotes bulk mixing, off-bottom suspension of cells and
particles, bubble-free surface aeration and reduces foaming and flotation compared
to stirred cell culture bioreactors (Eibl et al. 2010b). Reported k;a values are in the
range of 0.5 and 24.1 h™! (see Table 14.2), making them suitable for cultures with
low and medium oxygen demands (Eibl and Eibl 2009a). Detailed comparisons of
different cultivation bags is difficult because of non-comparable operational condi-
tions and measurement techniques. Furthermore, it should be emphasized that the
given data include limit values (k;a <5 h™'), which are not recommended for the
cultivation of human and animal cell lines.

In general, oxygen mass transfer in a given bag geometry has been found to
depend on the rocking rate, rocking angle and the filling level. Hence, Eq. 14.4 can
be determined from data obtained from a BIOSTAT® CultiBag 2 L (Imseng 2011).

kra oc Vi 27 (14.4)

It should be emphasized that this equation is only valid for this bag size. At a given
volume, small changes in the rocking rate and/or rocking angle can increase the k;a
more significantly than raising the aeration rate (Eibl et al. 2010b). Nevertheless,
contrary data have been reported with respect to aeration rate by using the gassing-
out method to determine the k;a (Singh 1999; Knevelman et al. 2002; Imseng 2011;
Fietz 2013). Following the conventional definition from submerse aeration, the
aeration rate is defined as the air flow rate related to the liquid volume (Fs/V}),
given in vvm (volume gas per volume liquid and minute). Air flow rate has been
found to have a strong influence on the k;a value, in the BIOSTAT® CultiBag 2 L
bioreactor working with different filling volumes of between 0.3 and 0.5 L up to a
critical flow rate of 0.15 L-min ™", corresponding to 0.3 vvm at 0.5 L, as indicated
by Eq. 14.5 (Imseng 2011).

kia o< Fg'*? (14.5)

This correlation is consistent with measurements provided by Singh (1999), who
found that the aeration rate had a significant influence in the Wave 2 L bag when
filled to its maximum working volume. The k; a at 30 rpm was increased from 2.0 to
2.7 h™' by increasing the aeration rate fivefold (0.01-0.05 vvm), even though this
results in a different exponent in Eq. 14.5. Furthermore, by correlating data reported
by Singh (1999) for Wave 20 L bags, an exponent of Fg of 1.29 can be obtained.
However, it should be emphasized that, following the traditional definition of the
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Table 14.2 Summary of reported kya values for selected operating conditions in 1D rocker-
type SU bioreactors. The given data include limit values (kya <5 h™'), which are not
recommended for the cultivation of human and animal cell lines

Working Rocking Aeration | kpa

volume rate Rocking | rate value

(L) (rpm) angle (°) | (vvm) ) Reference
Wave Bioreactor 2L |1 5 n.d. 0.05 2.0 Singh

1 10 n.d. 0.05 2.1 (1999)

1 20 n.d. 0.05 2.8

1 30 n.d. 0.05 2.7
Wave Bioreactor 10 5 n.d. 0.1 0.7 Singh
20L 10 10 n.d. 0.1 1.4 (1999)

10 20 n.d. 0.1 2.7

10 30 n.d. 0.1 3.9
BIOSTAT® 0.2 8 6 0.1 0.5 Imseng
CultiBag RM 2 L 0.2 8 6 0.2 14 (2011)
(basic) 0.2 8 6 0.4 34

0.35 8 6 0.4 5.2

0.5 8 6 0.4 4.1
BIOSTAT® 2 27 7 0.05 19.4 Fietz
CultiBag RM 20 L 2 27 7 0.075 17.4 (2013)
(optical) 2 27 7 0.1 18.9

10 6 10 0.02 1.1

10 6 10 0.25 1.1

10 30 5 0.25 15.3
AppliFlex 20 L 2.5 16 2 0.5 5.1 Miiller

5 16 7 0.5 10.2 (2010)

5 24 7 0.5 19.1

5 24 9 0.5 22

5 24 11 0.5 24.1

n.d. not defined

kra value (provided, for example, by Zlokarnik (1999)), the overall mass transfer
can be expected to be limited by the resistance at the liquid side of the gas-liquid
interface. It is unlikely that this resistance is influenced by the surface aeration
(as long as no significant surface turbulence is induced by the air flow).

In agreement with this assumption (but in contrast to previous findings), data
determined in BIOSTAT® CultiBags RM 20 L and 200 L revealed that the air flow
rate had a negligible influence on the k a value (Knevelman et al. 2002; Fietz
2013). This was demonstrated using the gassing-out method, with nitrogen, and the
sulfite method, as described by (Garcia-Ochoa and Gomez 2009). It has been
suggested that the apparent dependency on the air flow rate resulted from varying
oxygen partial pressures (pg,) in the bag head space, after eliminating the dissolved
oxygen by introducing nitrogen during the classical gassing-out method (Fietz
2013). According to Henry’s law both parameters are related by the Henry coeffi-
cient Hc (see Eq. 14.6).
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COZ,L = HC '1702 (146)

A time-depended DO saturation concentration (see Eq. 14.7) can be estimated,
assuming an ideally mixed bag head space. This was confirmed by measuring the
gas residence time distribution using a BlueInOne gas analyzer (BlueSens).

dcozii’:(t) = ka- (Hc - po, (1) — co,.1) (14.7)
It should be noted, that there is doubt about whether ideally mixed conditions occur
in the bag head space because of the close proximity of the gas inlets and outlets in
most wave-mixed cultivation bags. Nevertheless, very good agreement between
theoretical response profiles and experimental data was found for both the residence
time distribution and the mean residence time (Eq. 14.8) of the oxygen used as
tracer in the exhaust air.

=5 (14.8)

IR

This was tested for a wide range of aeration rates (0.01-0.1 vvm) and filling
volumes (2-10 L) in a BIOSTAT® CultiBag RM 20 L bag (Fietz 2013). In
conclusion, the experimental methods for k; a determination should be carefully
taken into account when comparing literature data. Based on our experience, when
using the classical gassing-out method, it is recommended, that the nitrogen in the
bag’s headspace, which influences the oxygen saturation concentration, should be
eliminated.

According to Singh (1999), mixing times in the Wave bioreactor determined by
injecting a fluorescent dye and videotaping the dispersion of the dye ranged from
5to 10 s for working volumes of 10 L (in 20 L bags) and were up to 60 s for volumes
of 100 L (in 200 L bags). These are satisfactory values for cell culture bioreactors.
Using 2.5 and 5 L working volumes in an AppliFlex® bioreactor (20 L total
volume), mixing times of between 4 and 14 s were determined (Miiller 2010). A
wider range was reported by Eibl and Eibl (2009b), where determined mixing times
were between 10 s and ~ 1,400 s in the Wave bioreactor for scales of up to 100 L
with filling levels of between 40 % and 50 %. Not entirely surprisingly, the most
ineffective mixing was observed at the lowest possible rocking rate, rocking angle
and maximum filling level of 50 %, while the mixing could be improved by
increasing the rocking rate and/or the rocking angle and by decreasing the filling
volume. The most ineffective mixing (40 s to ~ 1,400 s) was found in 20 L bags,
whereas the mixing times were surprisingly similar or even longer than those at the
100 L scale. In contrast, the most effective mixing (9-264 s) was achieved in 2 L.
bags (Eibl and Eibl 2009b).

For these bags, the specific power inputs (P/V) were determined by calculating
the momentum achieved by both analytical and graphical determination of the point
of gravity of the culture bag and the surface area of the fluid (Eibl et al. 2010b).
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Using the recommended minimum filling levels (0.2 L), specific power inputs of up
to ~ 560 W -m > were determined at a rocking rate of 30 rpm and rocking angle of
10°. However, significantly lower power inputs of ~70 W - m > have been reported
at the maximum filling level (1 L at 30 rpm and 10°). For identical operational
conditions, somewhat higher values (= 150 W-m ) were predicted by Compu-
tational fluid dynamics (CFD) simulations, which, in contrast to the experimental
method, take the dynamic energy of the fluid into account (Loffelholz et al. 2010).
Nevertheless, both methods revealed that the power input for a given filling volume
is directly proportional to the rocking rate and rocking angle. It should be noted,
that operational parameters must be evaluated together. For example, by filling
BIOSTAT® CultiBag RM 200 L bags to 50 %, specific power inputs of
~ 150 W-m > can be achieved by either setting a rocking rate of 30 rpm and
rocking angle of 6.5° or a rocking rate of 20 rpm and a rocking angle of 9°
(Loffelholz et al. 2010). Interestingly, the power input levels out and may even
slightly decrease for certain operational conditions (Eibl et al. 2010b).

In contrast to the bag bioreactors mentioned above, the CELL-tainer® SU
bioreactor employs a 2D-motion that combines the vertical rocking motion with a
horizontal translation. Even though there are some doubts on the reliability of the
reported data, this combination may allow significantly higher oxygen mass transfer
rates to be achieved. Thus, k; a values of up to 600 h™' for 15 L working volume
have been reported. Even with a 150 L volume ky a values of up to 300 h™' have
been found (Oosterhuis et al. 2013). For these operational conditions, the specific
power input is about 3 kW -m >, which is comparable to standard stirred bio-
reactors that are used for microbial cultures (Oosterhuis and van der Heiden 2010).
Thus, the cultivation of fast-growing microorganisms with a high oxygen demand is
possible in 2D wave-mixed SU bioreactors, which is a limitation of the 1D-motion
rocker-type bag bioreactors. Nevertheless, it should be emphasized, that animal and
human cell cultures with low oxygen demands do not require such high oxygen
transfer rates (see also Sect. 14.5) and that the maximum power inputs may cause
cell damage to shear sensitive cells.

An even more complex motion is performed by the XRS 20 Bioreactor System,
which consists of a 3D culture bag with integrated optical SU sensors for pH and
DO measurement, offering a maximum working volume of 20 L. The system uses a
simultaneous bi-axial rocking motion (3D) and is designed to give the flow a
tumbling characteristic. According to the manufacturer, this results in almost
three-times lower mixing times (t;, <20 s) than the aforementioned 1D rockers
(50-98 s) at comparable maximum rocking rates of about 40 rpm. Consequently,
the k; a values that can be achieved are also higher. For example, 73 h~!is claimed
for 40 rpm and 15° on both axes (www.pall.com), however, no data can be found in
the scientific literature.


http://www.pall.com/
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14.3.2 Stirred Rigid Systems

Due to their free-standing, rigid plastic vessels, these liter scale systems (Mobius®
CellReady bioreactor, UniVessel® SU bioreactor, BioBLU, CellVessel) do not
require an outer support container. Furthermore, folding stress, which is likely to
occur in the plastic films of bag systems and may cause film layers to break, thus
leading to leaks under internal pressure from the medium, is eliminated (Gossain
et al. 2010). The first stirred SU bioreactor with a rigid cultivation container was the
Mobius® CellReady bioreactor (Merck Millipore). The cultivation container, with
a total volume of 3 L, provides a maximum working volume of 2.4 L and a
recommended minimum volume of 1.0 L (for geometrical details see Table 14.3).
The bioreactor is equipped with a single marine impeller and can be aerated by open
pipe and micro spargers (sintered polyethylene, 15-30 pm nominal pore size).
Measuring DO and pH values is performed by electrochemical probes, which
have to be pre-sterilized before being introduced into the bioreactor vessel via
12 mm screw ports in the vessel lid. This increases the risk of contaminations and
requires sensor polarization and calibration prior to use. Temperature is monitored
with a non-invasive Pt-100 probe that is inserted into a plastic sleeve and controlled
via heating blankets.

Due to the small bubbles produced by the microsparger, k;a values of up to
35 h™' can be achieved at aeration rates of 0.25 vvm and impeller speeds of
250 rpm, which corresponds to tip speeds of 1.0 m-s~" (Kaiser et al. 2011b). The
authors defined the correlation for the k;a (in h™') given in Eq. 14.9 as a function of
the aeration rate O (in vvm) and the impeller tip speed u,;, (in m- sH.

kpa = 4.249 — 10.61 - ugy + 60.0 - Qg + 4.606 - ug,® — 161.7 - Q>
+160.4 - ug, - Qg (14.9)

Using the decolorization method, mixing times in the Mobius® CellReady of
between 55 and 7 s were determined for a 2.0 L working volume and tip speeds
of 0.2 and 1.0 m-s ™, respectively. Due to the low amount of mixing in the upper
part of the vessel resulting from the single bottom-mounted impeller, the mixing
time increased significantly as the filling volume increased. Mixing times
(at u, =02 m- sfl) of up to 78.6 s were determined for a 2.5 L working volume
(Kaiser et al. 2011b). Good correlation of the mixing time (in s) with the specific
power input P/V (in W m™>) was established according to Eq. 14.10. It should be
noted that the exponent is similar to the third radical, which can be derived
theoretically, assuming fully-turbulent conditions (see Sect. 14.5).

o5, = 26.54 - (P/V) "% (14.10)
At tip speeds of upto 2 m s~ ', the specific power input of the marine impeller at the

maximum working volume was about 187 W-m >, based on a numerically
predicted power number Ne of 0.3 (see Sect. 14.5), and was confirmed by torque
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Table 14.3 Summary of geometrical details of commercially available stirred SU bioreactors
with cylindrical vessels

Total Min./max. Vessel Impeller
volume | liquid volume |diameter |diameter Geometric ratios (—)
Bioreactor Ve (L |V (L) D (mm) | d (mm) H/D* |H;/H® |dID®
BIOSTAT® 2.6 0.6/2.0 126¢ 55 192 0.74 0.44
UniVessel 2 L SU
BIOSTAT® 68 12.5/50 370 143 1.80 | 0.72 0.39
CultiBag STR 280 50/200 585 225 1.80 | 0.74 0.38
700 125/500 815 310 1.80 | 0.69 0.38
1,300 250/1,000 997 379 1.81 |0.76 0.38
Mobius® 3 1.0/2.4 137 76 1.82 1 0.80 0.55
CellReady 60 10/50 340 109 2.10 0.80 0.32
250 40/200 540 183 2.10 |0.69 0.34
CelliGEN® BLU |5 1.25/3.75 170 100 1.50 |0.75 0.59
14 3.5/10.5 214 100 2.00 |0.75 0.47
50 18/40 337 160 1.70 1 0.80 0.47
S.U.B. (Hyclone) |65.5 25/50 349 118 229 10.65 0.34
120 50/100 438 146 2.18 0.87 0.33
316 125/250 597 200 1.94 10.79 0.34
660 250/500 756 251 1.93 |0.78 0.33
1,320 500/1,000 959 321 2.09 |0.71 0.33
2,575 1,000/2,000 1,194 398 1.93 |0.78 0.33
XDR n.d. 4/10 200 135 1.50 |0.68 0.68
n.d. 10/50 305 203 2.50 |n.d. 0.67
260 40/200 559 203 1.50 |0.77 0.36
560 100/500 762 254 1.50 |0.89 0.33
1,100 200/1,000 965 305 1.50 |0.91 0.32
2,200 400/2,000 1,219 406 1.50 |0.91 0.33

“Vessel height-to-diameter ratio

"Normalized filling height (maximum)

“Impeller-vessel-diameter ratio

9The vessel has a slope of 1.2° resulting in a top-wards increase of the vessel diameter from
122 to 130 mm. n.d. — not defined

measurements (Loffelholz et al. 2010). This power input is within the range of
typical cell culture applications, as stated by Nienow (2006). However, such high
impeller speeds are neither advisable, due to vortex formation in the unbaffled
vessel, nor required for most cell culture applications.

Single impellers are also used in BioBLU bioreactors (Eppendorf/New Bruns-
wick), which are agitated by 3-blade pitched blade impellers (also referred to as
‘Elephant ear’ impellers). These impellers induce an upwards-directed axial flow
with a clockwise rotation. The impeller blades are mounted at 45° and the impeller-
to-vessel diameter ratio is 0.59 in the BioBLU 5c and 0.47 in the BioBLU 14c¢/50c
(see Table 14.3). The power number for the impellers is Ne = 1.3 (www.eppendorf.
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com), which is comparable to its conventional counterpart. Zhu et al. (2009)
reported a power number of Ne = 1.7 in a baffled glass vessel (d/D = 0.45). Similar
to the Mobius® CellReady 3 L bioreactor, a porous microsparger (7—12 pm pore
size) is used for aeration and, therefore, comparable k;a values can be assumed at
comparable specific power inputs. However, no data are available in the scientific
literature.

Small scale versions of the BioBLU bioreactor, called BioBLU 0.3c¢, can be used
in combination with a DASbox (DASGIP), representing a stackable modular
system with up to 32 or more parallel cultivation vessels. The cultivation containers
provide working volumes of 100-250 mL (www.dasgip.com) and are, therefore,
suitable for screening experiments and process development, allowing DoE
approaches and QbD compliant proceedings. Agitation is performed using
magnetically-coupled top-driven 3-blade 45° pitched blade impellers that are geo-
metrically similar to the impellers in the L-scale BioBLU bioreactors. The process
critical parameters (i.e. DO, pH and optical density) are measured by optical
sensors, following industry standards. Integrated dip tubes enable media addition,
sampling and aeration. A special feature of the DASbox system is the liquid-free
Peltier element, which controls the temperature and condensation in the exhaust air.
This can be used to reduce volume loss through evaporation, which is particularly
important in small scale bioreactors, where volume change may affect the process.
A case study describes the successful expansion of human pluripotent stems cells,
where cell yields of up to 2.3-10° cells-mL~" were obtained in a 7-day culture
(Olmer et al. 2013).

The rigid UniVessel® SU bioreactor (Sartorius Stedim Biotech) is the first
commercially available rigid SU cell culture bioreactor agitated by two-stage
impellers. The three elements of the segment blade impeller (SBI) are similar in
shape to the ‘Elephant ear’ impellers of the BioBLU, but they have a lower blade
angle of 30°, which results in lower power inputs. The power number above the
critical Reynolds number that is required to achieve fully turbulent conditions
Regi~2- 104) was determined by CFD to be Ne = 1.5, which was also confirmed
by torque measurements (Loffelholz 2013). The impellers have a diameter of
54 mm and the lower one is positioned at a distance of 47 mm (hg/D =0.39)
from the bottom of the vessel. The impeller distance is 70 mm (cy/dg =1.3),
which enables the individual impellers to form individual flow regions without
significant interactions between the impeller discharges (Liepe et al. 1998). This
was confirmed by our own CFD fluid flow analysis and predicted power inputs (data
unpublished). Because of the manufacturing process, the diameter of the cylindrical
vessel (D) increases towards the top (from 122 to 130 mm), but the mean vessel
diameter results in a common impeller-to-vessel diameter ratio of 0.43 (see
Table 14.3). Aeration is performed by a submerged L-shaped macro-sparger with
small holes (0.5 mm, 14 holes) and/or via the headspace.

Comprehensive engineering characterizations of the UniVessel® SU bioreactor
have been carried out in several studies (Kaiser et al. 201 1a; Loffelholz et al. 2013a,
b; Jossen et al. 2014). CFD simulations where the steady-state flow was predicted
using an approach based on Reynolds averaged Navier-Stokes (RANS) equations
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Fig. 14.4 CFD results for flow prediction in the UniVessel® SU. The fluid velocities are
normalized by the impeller tip speed u;p. For improved clarity the probes and part of the harvest
tube are not shown. (a) Front view; (b) Top view, upper impeller mid-plane; (c) Top view, lower
impeller mid-plane

with a multiple-reference-frame methodology were validated by Particle Image
velocimetry (PIV) measurements, which confirmed the expected axial flow pattern
of downward pumping discharges from the clockwise rotating SBIs (see Fig. 14.4).
Not entirely surprisingly, the maximum fluid velocities predicted at the tips of the
impellers agreed well with theoretical tip speeds (see Eq. 14.21). Considerably
lower velocities (v <0.1 ugp) were predicted near the vessel bottom, in particular
below the impeller shaft, and in the upper portion of the vessel, although the effect
of high filling levels was less pronounced than in the Mobius® CellReady because
of the upper SBI. The discharge from the lower impeller was inclined towards the
vessel wall, resulting in a separate flow loop with low axial fluid velocities near the
bottom. This effect could be explained by the relative low impeller blade angle
(30°) and the high off-bottom clearance (hg/d =0.41) (Jossen et al. 2014). Com-
paring the fluid flow pattern with the BIOSTAT® CultiBag STR pilot scale models,
it was possible to establish good qualitative and quantitative agreement, indicating
the scalability of the benchtop bioreactor (Kaiser et al. 2011a).

The primary and secondary axial flow numbers defined by Eqs. 14.11 and 14.12,
which represent dimensionless volume flow rates through the impeller’s cross-
section and can be used to estimate the circulation time within bioreactors (Liepe
et al. 1998), were predicted to be 0.4 and 0.77 respectively. These values are within
the range of conventional stirrers, for which primary flow numbers between 0.17
and 1.27 have been reported (Patwardhan and Joshi 1999; Patwardhan 2001;
Kumaresan and Joshi 2006; Ayranci et al. 2012). Furthermore, a primary flow
number of 0.7 for the ‘Elephant ear’ impeller was obtained in a baffled tank, where
the axial flow is enhanced by the lower tangential circulation (Zhu et al. 2009).
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Similar to the Mobius® CellReady 3 L bioreactor, the mixing times in the
UniVessel® SU bioreactor were found to be in a range of between 2 and 40 s,
depending on the power input and filling volume (< 250 W -m™>; > 1 L). Again the
slopes of the regression functions of ¢, against P/V (i.e. —0.3) (Kaiser et al. 2011a;
Loffelholz et al. 2013b) were close to theoretical values valid for turbulent condi-
tions where

CH = tyosy - Ng = const. (14.13)

with ¢y representing the dimensionless mixing number that defines the number of
stirrer rotations required to achieve the desired homogeneity. In the case of the
UniVessel® SU bioreactor a mixing number of cy =18 was predicted, which
indicates that agitation is in the performance range of conventional impellers, as
reported by Liepe et al. (1998).

To characterize the gas distribution and the oxygen mass transfer inside the
UniVessel® SU bioreactor, CFD multiphase simulations with an Euler-Euler
extended RANS approach were performed (Kaiser et al. 201 1a; Loffelholz 2013)
and the k;a values for a wide range of operating conditions were determined using
the conventional gassing-out method (Loffelholz 2013). For the low gassing rates
typically used in cell culture applications, no profound effect on the shape of the
flow pattern could be identified (Kaiser et al. 2011a), which agreed qualitatively
with findings of Zhu et al. (2009). However, the rising gas lowers the velocities of
the downward directed fluid flow, which was also found in previous studies with
conventional cell culture bioreactors (Kaiser 2009). The bubble flow around the
impeller shaft resulted in lower fluid velocities and momentum exchange between
the pair of impellers, and two-phase flow. Surprisingly, the gassed power input
(P/V) was found to be higher than for ungassed conditions (P/V). This is in contrast
to expectations and measurements realized for the ‘Elephant ear’ impeller by Zhu
et al. (2009), who found that (P/V), decreased by up to ~ 30 % when the impeller
was in down-pumping mode. Nevertheless, it should be noted, that the CFD
predicted power number in the UniVessel® SU also decreased (by ~ 30 %) when
critical gas flow rates were exceeded (e.g. 0.5 vvm), which may be explained by low
gas dispersion (i.e. impeller flooding).

The experimentally determined k; a values for the UniVessel® SU (in h™') could
be correlated by Eq. 14.14, using the specific power input (in W-m™>) and the
superficial gas velocity (in m-s~'). The strong influence of the superficial gas
velocity is again indicated. For example, the k;a value was, depending on the
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specific power input (0.4 W-m > < P/V < 150 W -m ™), in the range of 10-50 h™"
for 001 vwm (vG=2.8-100* m-s™') and 20-83 h~' for 0.02 vvm
(vg=5.7-10"*m-s").

kpa =17.97-10> - (P/V)"% . y50%7 (14.14)

Other customized, rigid, L-scale SU stirred bioreactors with single or multi-stage
impellers are available from Creel (Denmark). The cultivation containers have
internal diameters and heights of up to 120 and 630 mm, depending on the desired
total working volume. For mL scale applications the ambr 250 bioreactor (TAP
biosystems) can be used. The baffled bioreactor vessels, which are equipped with
two Rushton turbines, mimic classic bioreactors and, therefore, may provide good
scale-down models for screening experiments. However, no engineering data have
been published at the time of writing.

14.3.3 Stirred Bag Systems

In contrast to the rigid systems, stirred bag SU bioreactors require a support
container to fix and shape the cultivation bag. This can either be heated electrically
by heating blankets or can incorporate water-filled double jackets for temperature
control. The cultivation bags need to fit perfectly into their holding devices for
optimum performance, in particular with regard to heat transfer (Weber et al. 2013).
Thus, cavities, pockets and folds, which can be attributed to the bag unfolding
during installation, need to be prevented.

In 2006, the Thermo Scientific Single Use Bioreactor (S.U.B.), which was
developed as a result of cooperation between Hyclone and Baxter (Eibl and Eibl
2011), was the first large-scale SU stirred bag bioreactor before Xcellerex launched
its XDR SU stirred-tank bioreactor. Both systems are agitated by pitched axial flow
impellers that are mounted off-center, eliminating the fluid vortex that is often
observed in unbaffled vessels. Thus, no baffles are required in these SU stirred
bioreactors. The Xcellerex bioreactor has a magnetically coupled, bottom-driven
impeller, whereas the HyClone system is top-driven (Shukla et al. 2012).

The Xcellerex’s XDR product family includes scales from 50 to 2,000 L and was
recently extended by the XDR-10, which can handle volumes from 4.5 to 10 L (see
Table 14.3). Unfortunately, only limited engineering data are available and none of
them have been published in the scientific literature. According to the manu-
facturer, k;a values of up to 9.5 h™' are achievable in the XDR-1000 using a
specific (ungassed) power input of 5.8 W-m > and an air flow rate of 15 L - min~
(single sparger configuration). It should be noted that, under those aeration rates,
the specific power input by aeration is about 3 W-m ™, assuming isothermal gas
expansion.



14 Single-Use Bioreactors for Animal and Human Cells 471

More comprehensive characterizations of the S.U.B. Hyclone bioreactors
(50 and 250 L scale) have been carried out in our own laboratories (Ries 2008;
Loffelholz et al. 2010; Loffelholz 2013). CFD models for the S.U.B. 50 L, which
were validated by PIV measurements (Loffelholz 2013), revealed that the pitched
blade impeller generated a downward pumping axial flow pattern, where the fluid
recirculated upwards along the outer walls. Below the impeller, two differently-
sized flow loops are induced due to the off-center position of the impeller
(Loffelholz 2013a; Loffelholz et al. 2013a). Based on the steady fluid flow pattern,
a constant power number of Ne =1.9 was predicted above a critical Reynolds
number of 4-10* (Loffelholz et al. 2010). This gives CFD predicted specific
power inputs of up to 19 W-m™* at 50 L (with a tip speed of 3.1 m-s~ '), which
is about 20 % lower than the experimentally measured 24 W-m > (Léffelholz
2013). Reported mixing times (9—155 s) and k; a values (2-25 h™') for typical cell
culture conditions are comparable to conventional and other SU stirred bioreactors
at pilot scale (see below) (Ries 2008; Loffelholz et al. 2010).

Other stirred bag bioreactors are the Mobius® CellReady 50 and 200, which are
agitated by bottom-mounted impellers with four blades pitched at 13°. Power
numbers were determined to be Ne = 3.2 (50 L) and Ne =4.0 (200 L), which results
in specific power inputs of up to 120 W-m > (50 L) and 33 W-m > (200 L) at
maximum tip speeds of 1.7 and 1.1 m-s™' respectively. Although the impellers are
mounted off-center, a single, top-mounted baffle is integrated into the bag in order
to prevent vortex formation. In contrast to the Hyclone and XDR bags, the
Mobius® systems have a round, rigid vessel base, which is intended to make
installation easier and prevent folds in the bag.

The mixing times of the 50-L and 200-L Mobius® CellReady bioreactor were
measured using conductivity probe responses at four locations (top, middle, bottom,
and inside the Mobius® SensorReady loop) after adding a tracer (Dekarski 2013).
Depending on the power input (= 1.5 to 30 W -m ) average mixing times in the
range of 25 and 38 s were determined at maximum filling levels. The measured k; a
values at the 50 L scale were in the range of 4 and 49 h™"', using power inputs of up
to 10 W-m > and aeration rates of between 0.0025 and 0.05 vvm. At the 200 L
scale, slightly higher k;a values of up to 60 h™' have been reported (Dekarski
2013), but the required power input was also higher (36 W -m ). Surprisingly, a
further increase in power input (to 51 W - m ) did not result in higher mass transfer
rates.

In contrast to the aforementioned stirred SU bag bioreactors, the BIOSTAT®
CultiBag STR family (Sartorius Stedim Biotech), which offer working volumes up
to 2,000 L, are agitated by two impellers mounted at a distance of c¢/dg ~ 1.3 on the
centered shaft (Noack et al. 2010). Two impeller configurations are available: two
three-bladed segment impellers (SBI-SBI) and a combination with a lower-
mounted six-blade Rushton turbine (disk impeller, SBI-RT). The latter is known
to improve gas dispersion (Liepe et al. 1998; Zlokarnik 1999; Noack et al. 2010).
The cultivation bags, which are designed very close to conventional stainless steel
bioreactors in terms of vessel geometry, agitation and aeration (Weber et al. 2013),
have a convex shaped bottom and have height/diameter ratios of about 1.8:1



472 S.C. Kaiser et al.

1.00
' 0.95
0.90
. 0.85

0.80
0.75
0.70
0.65
0.60
0.55

0.45
0.40
0.35
0.30
0.25
0.20

0.15
0.10
0.05
0.00

Fig. 14.5 CFD results for flow prediction in the BIOSTAT® CultiBag STR 50 L. The fluid
velocities are normalized by the impeller tip speed ugp. (a) Front view; (b) Top view, upper
impeller mid-plane; (¢) Top view, lower impeller mid-plane
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(see Table 14.3). Furthermore, the impeller/vessel diameter ratio is 0.38 and the
normalized off-bottom clearance iR/D of the lower impeller is 0.24, which are both
within typical ranges for cell culture applications. The cultivation bags are aerated by
either a classic ring sparger with 0.8 mm holes or a microsparger with 0.15 mm holes.

Comprehensive engineering characterization was carried out for fluid flow,
power input, mixing times, oxygen mass transfer and microcarrier suspension at
scales of up to 2,000 L for both animal and human cell cultures (Kaiser et al. 2011a;
Loffelholz 2013; Loffelholz et al. 2013a, b; Jossen et al. 2014). CFD simulations,
which were verified by PIV measurements, revealed the expected axial flow pattern
for the impeller configuration with two SBI’s, underlining the good scalability from
the UniVessel® 2 L SU (see Fig. 14.5; compare Sect. 14.5). The highest fluid
velocities were predicted at the blade tips and correlated well to the theoretical tip
speeds (i, = dg-Ng) for both impeller configurations. The fluid velocities
decreased along the impeller discharge, whereas relative velocities ranging between
0.03 and 0.15 u,;, were predicted in the bulk region. Interestingly, relatively strong
radial inclination of the impeller discharges of both the upper and the lower SBI
were predicted, which resulted in two comparably sized flow loops. As already
reported for conventional stirred vessels (Alcamo et al. 2005), the jet of the RT in
the SBI-RT configuration showed a slight downward inclination, which can be
explained by the absence of baffles. Nevertheless, the main body of the radial
discharge from the lower RT was pumped towards the outer wall, where it impinges
on the outer wall, splits, and moves up and down, forming two recirculating loops.
Due to the low bottom clearance and the round-shaped bottom, the lower loop is
significantly smaller than the upper. The latter reaches the liquid surface resulting in
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extensive mixing of the vessel contents, while a less pronounced swirl along the
bottom wall was found. In both configurations, the interaction of the two impellers
can be ignored due to the high ¢S/dR ratio, which was confirmed by PIV and power
input measurements (Loffelholz 2013).

The power input was predicted by CFD and experimentally determined by stirrer
torque measurements for both ungassed and gassed conditions (L&ffelholz 2013).
The total power input (P/V) is usually applied to make a comparison or to scale up
bioreactors, even though the effect of aeration is normally negligible, due to the low
gassing rates used for mammalian cell cultures (Nienow 2006; Garcia-Ochoa and
Gomez 2009). For ungassed conditions, maximum specific power inputs of approx-
imately 86 and 240 W-m > were achieved at a tip speed of 1.8 m-s™' for the
SBI-SBI configuration and the SBI-RT configuration in the BIOSTAT® CultiBag
STR 50 L, respectively. In contrast to expectations, an increase in the power input
of 15 % was reported for an aeration rate of 0.02 vvm. Only minor differences in
CFD-predicted power numbers were found for the different scales of the
BIOSTAT® CultiBag STR. This can be explained by minor differences in the
geometric ratios of the various size vessels and numerical uncertainties at larger
scales. Power numbers of between Ne=1.1 (SBI-SBI, 50 L) and Ne=3.1
(SBI-RT, 50 L) were obtained. Using a tip speed of 1.8 m-s™', power inputs of
up to 48 W - m3 (SBI-SBI) and 133 W - m? (SBI-RT) were achieved at the 200-L
scale. This decreased even further at the 1,000-L scale to 28 W - m > (SBI-SBI) and
73 W-m™ (SBI-RT).

In order to estimate potential cell damage as a result of agitation induced shear
forces, mean local shear gradients were estimated. The results can be correlated by
Eq. 14.15, where the P/V must be inserted in W -m ™~ and the geometric parameters
(dg, D and V) are given in m and m’, respectively. This equation is valid for
working volumes of up to 1,000 L and, interestingly, predicted shear stresses in the
Hyclone S.U.B. can also be described quite well by this correlation, even though the
impeller geometry of the Hyclone S.U.B. is significantly different.

P\3 g\ 27
7t = 0.05 - (v) (DR) Sy 0e (14.15)

Depending on the scale and applied power input, shear rates between 0.1 and 30 s~

were predicted in the BIOSTAT® STR bags, which corresponds to shear stresses of
10* Pa and 0.03 Pa, assuming water-like culture media (i.e. viscosity of
~ 1 mPa-s). Significantly higher critical values (in the order of 100-300 Pa) for
causing substantial cell damage have been reported (Chisti 2000). Nevertheless,
physiological effects, which do not necessarily result in physical breakage of the
cells, have also been observed at moderate levels of stress in the range of 0.5-5 Pa
(corresponding to 500-5,000 s~ ! in water-like culture broths) (Yim and Shamlou
2000). Even though maximum shear rates can be three to four orders of magnitudes
higher than the volume-averages, it was stated that no cell damage is expected
under typical cell culture conditions. This was confirmed by CHO cultivations,
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where cell densities between 6 and 7.5 - 10° cells - mL ™" with viabilities above 96 %
were achieved using chemically defined minimal medium (Loffelholz 2013).

Using conductivity methods and CFD predictions, mixing times (#,,959) of
between 10 and 60 s, depending on the power input (0.86-86 W -m°), were
found at the maximum filling level for the 50-L bioreactor. Due to the larger liquid
volume, between 20 and 60 s were measured in the 200-L scale (1.5-49 W - m_3)
(Loffelholz 2013). Therefore, it can be stated that the level of mixing is sufficient
for cell culture applications, and the performance is comparable to conventional
stirrers (Kaiser et al. 2011a). Similar results have been reported for oxygen mass
transfer. In the BIOSTAT® CultiBag STR 50 L, a maximum kj a value of 35 h!
was determined at an aeration rate of 0.1 vvm (Loffelholz et al. 2013b), indicating
sufficient oxygen supply for cultures with a low to medium oxygen-demand. At
these aeration rates, the mean bubble diameter determined by the Shadowgraphy
technique was 5 mm. Not entirely surprisingly, detailed analysis indicated larger
bubbles near the impeller shaft, while larger volume fractions of smaller bubbles
(dp 32 = 1-4 mm) were observed near the vessel wall. This is an indication of the
low gas dispersion capacity of the SBI impellers used in typical cell culture
applications.

The Nucleo™ bioreactor and the ATMI Life Sciences’ Integrity™
PadReactor ™ have cube shaped bags with a paddle-shaped mixing element that
rotates in an elliptical motion. From an engineering view point both systems are
identical. Both the PadReactor™ and the Nulceo'™ system include a 20 pm
microsparger that is fixed to the mixing element, resulting in dynamic aeration
(Rodriguez et al. 2010). As demonstrated in computational simulations, mixing in
the Nucleo™ and PadReactor™ systems follow both radial and axial paths, while
the walls of the cubical vessel act as baffles, preventing vortex formation (Farouk
and Moncaubig 2011). Consequently, efficient mixing and solid suspension is
achieved and microcarriers can be brought into suspension at impeller speeds as
low as 30-50 rpm (tested with SoloHill collagen microcarriers, 125-212 pm)
(Rodriguez et al. 2010; Patel et al. 2012).

14.3.4 Orbitally Shaken Bioreactors

The most often used orbitally shaken bioreactors include shake flasks, TubeSpin®
bioreactors (Techno Plastic materials) and microwell plates. The latter provide
miniaturization, which is advantageous for the processing of a large number of
different cultivation experiments and for media optimization (Kensy et al. 2005).
TubeSpin® (also known as CultiFlask 50 disposable bioreactor from Sartorius
Stedim Biotech) technology was initially developed in an attempt to provide
‘bioreactor-equivalent’ conditions for screening experiments at 50 mL scale
(De Jesus et al. 2004; Werner et al. 2010a). The special centrifuge tubes with
frusto-conical bottoms have ventilation caps for gas exchange with the incubator.
Reported kpa values are up to 21 h™' when operating at 150-240 rpm with
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10-30 mL filling volume (Werner et al. 2010a). The experimental data could be
correlated by Eq. 14.16, where V; is the liquid volume (in L), Ny is the shaking
frequency (in rpm) and d, is the shaking diameter (in mm).

kpa = (1.196 +4.089 - 107 - Ng — 80.3 - V; — 0.021 - dy
+0.1663 - Ng - Vi, + 1.252-107* - Ng - do + 0317 -V, - dy)* (14.16)

During the last decade, engineering parameters for various small scale systems,
including power input, mixing time and oxygen mass transfer, have been widely
reported (Biichs et al. 2000; Micheletti et al. 2006; Peter et al. 2006; Zhang
et al. 2010; Tan et al. 2011; Wen et al. 2012). Furthermore, advanced parameters
concerning shear stress and turbulent energy were predicted in single wells of
microtiter plates (Zhang et al. 2008a), in TubeSpin® bioreactors (Werner
et al. 2013), shake flasks (Zhang et al. 2005), and shaken bottles (Tissot
et al. 2011b).

For unbaffled shake flasks, Eq. 14.17 was established to calculate the power
input (Biichs et al. 2000), while Eq. 14.18 was proposed to estimate the achievable
kpa for a wide range of operational conditions (Klockner et al. 2013). In both
equations, all parameters are to be inserted in SI units, as given in the symbol list.

P=194-V,'3.p, -N3.D* Reg 2 (14.17)
kLa — 05 . D2403 .N - VL70.89 . VL70.24 . D02045 . 870413 . dOO.ZS (1418)

A slightly different correlation was found for differently sized cylindrical, orbitally
shaken bioreactors (also valid for the 200 L scale OrbShake™, see Eq. 14.19),
which can be explained by the fact that the liquid motion is different (Klockner
et al. 2013). Again, all parameters must be inserted in SI units, as given in the
symbol list.

kLa — 1.06 . 10—3 . D443 .N2.12 . VL—IAZ . VL—OAZI _D020A12 . g—0,51 (14.19)

This is valid (with an accuracy of +30 %) for operating conditions above critical
circulation frequencies N that guarantee rotation of the liquid and can be calcu-
lated by Eq. 14.20.

N¢ = 2 028 V, -g (14.20)
While the scaling-up of shake flasks is limited to about 1 L total volume, since the
maximum working volume is only 20-30 % of the nominal volume, larger volume
shaken systems with cylindrical- or cube-shaped culture containers have been
developed (Muller et al. 2005; Stettler et al. 2010; Tissot et al. 2011a). Typical
scales were up to 30 L, even though, the nominal volumes of some prototypes
exceeded 1,000 L (Tissot et al. 2010). In addition, special constructions to improve
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mixing and mass transfer have been tested, including helical tracks on the inner
vessel wall. By driving the liquid onto these helical tracks, the gas-liquid interface
is significantly increased. Compared to non-modified vessels, five to tenfold higher
kia values (up to 55 h™') were achieved, while cell growth was comparable to small
scale TubeSpin® and 30 L stirred bioreactors (Zhang et al. 2008b).

Although none of these systems made it to market, they finally led to the
development of the SU 200 L orbitally shaken bioreactor system (trade name
OrbShake™ bioreactor) in 2009 (Hildinger et al. 2009). By eliminating the need
for internal mixing and sparging devices, the bags are considered to be an eco-
nomical alternative to stirred SU bioreactors. Furthermore, typical issues, such as
foam formation, are avoided. The cylindrical cultivation container with a nominal
volume of 330 L is equipped with pH and pO, sensors and operated using the
bioreactor control system. Based on measurements in cylindrical containers agi-
tated at ~ 75 rpm with a shaking diameter of 10 cm, achievable k; a values at the
maximum filling level are in the order of 8 h™' (Zhang et al. 2009). Significantly
higher values of up to 25 h™' are reported for 100 L working volume (Anderlei
et al. 2009). Under these conditions, mixing times are between 25 and 70 s,
depending on the shaking frequency (50-70 rpm).

14.3.5 Fixed Bed Bioreactors

Almost no engineering data for mixing time, oxygen mass transfer (k a) or power
input are available for fixed bed bioreactors in the literature. The iCELLis biore-
actor is based on a compact fixed-bed packed with macroporous, non-woven,
medical-grade polyethylene terephthalate (PET) microfibers, which offer a large
growth surface, depending on the fixed bed volume (Moncaubeig 2013). For all
scales, the bed height is fixed at 10 cm, which provides linear scalability between
the small scale iCELLis nano systems with cylindrical fixed beds and the produc-
tion scale iCELLis systems containing a donut-shaped basket (Lehmann
et al. 2013). In both systems, two carrier compaction levels with specific surface
areas of about 13,320 and 20,000 m?-m > are available, resulting in a total growth
surface area of up to 500 m? in only a 25 L fixed bed in the largest version (iCELLis
500/500; 660 m? announced).

The liquid inside the bioreactor is circulated by a built-in centrifugal-based flow
impeller, which pumps the culture medium through the fixed bed from the bottom to
the top. When flowing down the outer wall as a thin film, the intention is for the
culture medium to be effectively oxygenated in a waterfall-like flow. To date, no
k; a values or comparable data has been found in the literature. Due to the separation
of the pumping impeller, which runs at high rotational speeds of up to 1,500 rpm,
from the growth compartment, where linear velocities of only up to 0.05 m-s ™
were determined (Drugmand et al. 2013), the suitability of the iCELLis bioreactor
for the growth of shear-sensitive, adherent cultures has been confirmed (Lennaertz
et al. 2013).
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Similar to iCELLis fixed-bed bioreactors, the BioBLU SU packed-bed bioreactor
(BioBLU 5p, Eppendorf/New Brunswick) also employs internal recirculation. This
is driven by a packed-bed basket impeller that incorporates Fibra-Cel disks as the
cell attachment matrix. The two horizontally-positioned perforated screens holding
the bed disks are extended to the walls of the bioreactor vessel and discharge ports
positioned above the basket incorporate a central hollow tube. A low differential
pressure at the base of the impeller tube is generated by the rotation of these
discharge ports, which results in media circulation throughout the vessel.

The Fibra-Cel, which is fabricated according to cGMP guidelines, is composed
of two layers of non-woven polyester and polypropylene that are sonicated together
and electrostatically treated to attract cells and facilitate their attachment (Cino
et al. 2003). The high porosity of the polymer mesh of around 90 % reduces intra-
carrier diffusion limitations and provides efficient cell entrapment (Meuwly
et al. 2006, 2007), which reduces cell attachment time. According to Cino
et al. (2003), cells can attach within 15-60 min on the Fibra-Cel disks while it
normally takes about 6 h for cells to attach to microcarriers (with a normal
inoculum of 1-10° cells-mL™"). The BioBLU 5p packed-bed bioreactor is avail-
able with a vessel volume of 5 L (3.5 L working volume) and is pre-loaded with
150 g of Fibra-Cel® disks, which offer a specific surface area of 119 - 10°m?-m—3
corresponding to 0.12 m? of effective surface area per gram of disks. A similar
bioreactor concept is used in the CellTank™ bioreactor (CerCell), which provides
a non-woven polymer matrix with a surface area of about 3.6 m>. The liquid is
circulated by a centrifugal-type impeller.

An external medium recirculation system is employed in the AmProtein Current
bioreactor (AmProtein), which consists of a wide-body culture vessel with an
inverted frusto-conical bottom on an orbital shaker platform (Hui 2009; Jia
et al. 2008). The bag is fabricated from EVA plastics, which is suggested to play
amajor role in oxygen mass transfer within the system. It has been shown that small
bubbles are absorbed onto the plastic surface, significantly increasing the specific
surface area for oxygen mass transfer (Jia et al. 2008). The periodic orbital
movement repeatedly washes the exposed bubbles from the vessel wall, which is
further enhanced by the inverted conical bottom. Although the applied operating
conditions are difficult to compare, the shaking motion was found to provide higher
oxygen transfer rates than bubbling air directly into the medium (Hui 2009).

14.4 Established and New Applications for Dynamic SU
Bioreactors

Today, SU bioreactors dominate in processes based on continuous suspension cell
lines, where the cells are the final product (e.g. seed or inoculum train, see
Sect. 14.4.1) or high titer and high value products that are produced up to medium
scale. The last mentioned products include monoclonal antibodies (mAbs)
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(Sect. 14.4.2), viral vaccines (Sect. 14.4.3), virus-like particle (VLP) vaccines
(Sect. 14.4.4), and viral vectors for gene therapies (e.g. adeno-associated virus,
paramyxovirus, lentivirus) (Negrete and Kotin 2007). Commonly, wave-mixed
systems are used for the cell expansion, whereas stirred bioreactors are preferred
as production bioreactors for protein therapeutics.

However, production processes for vaccines are still often performed using
adherent production cells lines (e.g. African green monkey kidney-derived Vero
cells, Madin-Darby Canine Kidney cells or PBS-1 cells) (Josefsberg and Buckland
2012; Whitford and Fairbank 2011). Both stirred (Chaubard et al. 2010; George
et al. 2010) and wave-mixed (Genzel et al. 2010; Magnusson et al. 2011) SU
systems operated with microcarriers as well as fixed bed bioreactors with fiber
carriers (Moncaubeig 2013) have proven themselves.

As shown in the following, their development involved the establishment of
novel cultivation technologies, such as large-volume (Bogli et al. 2012) and high
density cell banking (Tao et al. 2011) and XD process technology (Zijlstra
et al. 2012). Furthermore, users became increasingly interested in perfusion techno-
logy (see Fig. 14.6) (Bonham-Carter and Shevitz 2011; Wang et al. 2012a). While
the product quality is maintained or even increased, 10- to 30-fold higher cell
densities and space-time yields of the products can be obtained in perfusion mode
compared to fed-batch processes. For example, the same product amounts may be
produced in 50 L SU perfusion bioreactors instead of using 1,000 L fed-batch
systems (Langer 2011).

Finally, the successful application of wave-mixed, stirred, hollow-fiber and fixed
bed SU bioreactors for the development of cell therapeutics has been demonstrated
(van den Bos et al. 2014). Section 14.4.3 provides an overview of cultivations
performed with primary human therapeutic cells in dynamic SU bioreactors and
focuses on the expansion of human mesenchymal stem cells (hMSCs).

14.4.1 Modern Seed Train Production with Continuous
Suspension Cell Lines

Wave-mixed bioreactors were originally designed as substitutes for spinner flasks
for seed train production of animal and human continuous suspension cells.
Although they were viewed skeptically in the beginning, wave-mixed bioreactors
are today well-established in seed train production. As shown in Fig. 14.7,
pre-cultures are commonly cultivated in shake flasks, which are inoculated from
pooled cells originating from the vial-based working cell bank (WCB). Detailed
descriptions of seed train production with recombinant CHO cells growingina 10 L
cultivation bag (max. working volume 5 L) to produce the inoculum for the
BIOSTAT® CultiBag RM 20 are provided elsewhere (Eibl et al. 2014a). Starting
with the thawing of the cells and the inoculation of the shake flasks, only 8 days are
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Fig. 14.6 Schematic of principal techniques applied to run SU bioreactors and devices in
perfusion mode. In addition to internal perfusion (where the cells are bound on capillary fibers,
membranes or microcarriers within the SU bioreactor) there is a growing interest in external
perfusion. In the case of external perfusion, the cells are retained by using external SU cross flow
filtration devices (e.g. Refine Technology’s ATF system) or SU centrifuges (e.g. Carr UniFuge
from Carr Centritech Separation Systems). If complete cell retention occurs in perfusion mode it is
sensible to remove 10-20 % additional medium in order to prevent aging of the cell population.
TFF tangential flow filtration, ATF alternating tangential flow

typically required to achieve medium cell densities of approximately 5-10°
cells-mL ™" in the cultivation bag.

If the WCB is established using larger volumes in cryogenic bags instead of vials
(Heidemann et al. 2002; Bogli et al. 2012) or using very high cell densities of
approximately 1-10° cells-mL™~' in traditional vials (Alahari 2009; Tao
et al. 2011), the intermediate step of shake flak expansion can be omitted. The
cells of both large volume and high cell density WCBs can be generated by
continuous perfusion processes in wave-mixed bioreactors (1 L working volume).
Special perfusion bags with integrated, fixed or floating micro filtration membranes
(see also Sect. 14.3.1) are commercially available and easy to operate (see also
Fig. 14.6). By shortening the seed train production, the upstream processing of the
antibody production process shown in Fig. 14.7 can be made more efficient. For
example, Bogli et al. (2012) reported that it is possible to inoculate 50 L medium
with a total of 5.5-10' with cabbage looper cells (Trichioplusia ni; Hi-5) after
5 days. Normally, this takes at least 10 days. The suspension cells, stored in a
120 mL cryogenic bag at —196 °C, were previously expanded in a BIOSTAT®
CultiBag RM (10 L total volume) operated in repeated fed-batch mode.
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Fig. 14.7 Typical seed inoculum production and antibody expression carried out in SU
bioreactors of up to 1 m* production scale. For the inoculum train production the user can
choose between a wave-mixed and a stirred SU bioreactor system. Due to the predominance of
stirred SU bioreactors in product expressions, many users switch from wave-mixed benchtop
systems to stirred SU bioreactors to deliver the inoculum for the production bioreactor

14.4.2 CHO Cell-Based Production of Monoclonal
Antibodies (mAbs) up to Medium Volume Scale

The great demand for therapeutic mAbs and the advantages of SU bioreactors, as
described in Sect. 14.1, explain their broad usage in preclinical and clinical
production processes. Meanwhile, SU bioreactors are used by many contract
manufacturing organizations (CMOs) due to their scalability up to working vol-
umes of 2,000 L. This development is supported by identical results from several
comparison studies with respect to living cell density, viability profiles, expression
profiles and product quality when compared to standard stainless steel vessels
(Cameau et al. 2010; Diekmann et al. 2011; Smelko et al. 2011).

Continuous cell lines preferred for mAb production are nowadays genetically
stable and include CHO cells, lymphoma (NSO, SP2/0) cells, human embryogenic
kidney cells (HEK293), hybridomas and human embryonic retinoblast derived
Per.C6 cells (Ho et al. 2013). Antibody production, which is generally carried out
in fed batch mode (e.g. cells are supplemented with a concentrated nutrient solution)
by using serum-/protein-free or chemically defined culture media, is often enhanced
by temperature shifts (to between 28 °C and 31 °C). After 8-21 days of cultivation,
the product is harvested batch wise, which leads to typical antibody titers of between
2and 5 g-L~' (Yang and Liu 2013).

To further increase the space-time yield of antibody production processes, SU
stirred bioreactors with working volumes of up to 1 m® have been combined with
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recently developed external SU cross flow microfiltration systems, such as the ATF
module from Refine Technology. Fresh medium is continuously supplied while
exhausted medium containing the product is harvested and the cells are retained
inside the bioreactor. Nevertheless, the large volumes of the diluted product may
complicate downstream processing.

XD technology was developed by DSM in the Netherlands in order to guarantee
both high cell densities and high product titers in stirred SU bioreactors. In the case
of XD technology, a cross flow filtration system is applied, which has a pore size or
molecular weight cut-off that is two- to threefold smaller than the target product.
Hence, not only the cells but also the product is retained in the bioreactor, which
makes antibody concentrations of between 10 and 27 g-L ™" at cell densities of 10
cells - mL ! realistic (Zouwenga et al. 2010).

14.4.3 Viral Vaccine and Virus-Like Particle Production

Production processes for viral human and animal vaccines differ from those of
antibodies, since the production expression of viral vaccines is mostly lytic. The
non-infected WCB cells are infected at the end of the growth phase by the amplified
virus stock from the working virus bank (WVB). The viruses are replicated inside
the cells, which leads to an increase in the cell diameter. The released viruses are
processed into solutions for injections containing live (attenuated) or inactivated
viruses. Because clinical doses of viral vaccines are typically smaller than those of
mAbs, the production scale (100-2,500 L) is also smaller (Ball et al. 2009). How-
ever, many virus production processes require higher biosafety demands (often
biosafety level 3 environments). As already mentioned, the use of animal products
and in particular serum in the commercial production of viral vaccines is still
relevant (Whitford and Fairbank 2011). Furthermore, there are more adherently
cultivated production cell lines than in antibody production processes, including the
African green monkey kidney-derived Vero cells, Madin-Darby Canine Kidney
(MDCK) cells or Chick Embryo Fibroblast (CEF) cells (Chaubard et al. 2010; Hu
et al. 2008). Therefore, bioreactors are used which allow 2D cell growth, such as
roller bottles and multitray systems, or which operate with hollow fibers (Hirschel
2011) or microcarriers (Moncaubeig 2013). Many vaccine producers (e.g. GSK,
IDT Biologica, MedImmune, Sanofi-Aventis, Virbac) have replaced roller bottles
and multitray systems with microcarrier based (see overview about common
microcarrier types given by Whitford and Fairbank (2011)) wave-mixed
(Sect. 14.3.1) and stirred (Sects. 14.3.2 and 14.3.3) SU bioreactors. Different
studies, where MDCK and Vero cells were grown on microcarriers, revealed that
tenfold higher cell densities and virus titers can easily be achieved when using
wave-mixed and stirred bioreactors for virus production (e.g. Influenza, Polio, mink
enteritis virus) (Genzel et al. 2004, 2006; Hundt et al. 2007; George et al. 2010;
Schouwenberg et al. 2010; Thomassen et al. 2012).
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As an alternative to stirred and wave-mixed SU bioreactors operating with
microcarriers, SU fixed bed bioreactors (Sect. 14.3.5) are used for viral vaccine
production. Moncaubeig (2013) described two virus production processes based on
Vero cells in an iCELLis™ system (0.53, 1, 13.2, 132, 660 m” fixed bed made of
medical-grade polyester microfibers). Moreover, scale-up from the smallest to
660 m? fixed bed (prototype, no yet commercially available) was successful for a
human vaccine production process. The cell growth and virus productivity were
equivalent to those found in a reusable, stirred 600 L bioreactor with 6 g~L71
Cytodex microcarriers. Using an iCELLis™ with 2.7 m? fixed bed and serum free
medium, up to 11-fold higher productivity of paramyxovirus was achieved com-
pared to T-flasks. Comparability of the small-scale iCELLis'™ nano bioreactor
0.53 m2, 40 mL fixed-bed) with a CellSTACK® for the production of recombinant
adeno-associated viruses was also proven by Lennaertz et al. (2013). Maximum
viral yields of up to 4.5 10® vector particles per-cm” were achieved using HEK
cells. Peak cell densities of 40-10° cells-mL~" were achieved with Vero cells
producing an undisclosed enveloped virus in serum-free conditions in a 500 mL
iCELLis™ fixed-bed bioreactor (Drugmand et al. 2009).

A benchtop scale alternative is the 5 L BioBLU SU packed-bed bioreactor (see
Sect. 14.3.5). It is close in design to its re-usable counterpart, which became very
popular for vaccine production at laboratory scale. For example, cell densities of up
to 12.4-10° cells- mL ™" were achieved in a 14 day culture of the TE Fly retroviral
vector producer cell line, resulting in a maximum titer of 107 viral particles - cm >
(Merten et al. 2001). At the time of writing, no results from vaccine production
processes executed in the SU version model have been published in scientific
journals, but the general applicability in CHO based protein expression has been
demonstrated (Hatton et al. 2012).

Using the AmProtein Current Perfusion bioreactor fixed bed system, a total of
3.2-10" MDCK cells have been measured after 6 days and influenza virus pro-
duction (H;N;) was induced with a multiplicity of infection of 0.05. The peak virus
titer of about 7.68 - 10° hemagglutinin units per liter, which corresponds to 7.8 - 107
50 % tissue culture infectious doses per mL, was obtained 3 days post infection
(Sun et al. 2013). Furthermore, analysis of the cell density at different positions
suggested a stable and even distribution pattern throughout the perfusion column.

Interestingly, the importance of insect suspension cells used as production
organisms for vaccines has increased during recent years (Cox 2012; de Jongh
et al. 2013). This concerns lytic product expressions with the baculovirus expres-
sion vector system (BEVS), which have been characterized and optimized by
several authors (Kamen et al. 1996; Schmid 1996; Palomares and Ramirez 2009;
Vicente et al. 2011). Fall army worm cell lines (Spodoptera frugiperda; Sf-9) as
well as the cabbage looper (Hi-5) and its derivatives have become well established.
The main advantages of insect cell and BEVS based vaccine production processes
include short process time (about 5-6 days) and the inability of BEVs to infect
humans (Weber and Fussenegger 2009). Thus, a biosafety level environment 1 is
sufficient for the production of VLP vaccines (since they are non-replicating and
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non-pathogenic due to their complete lack of DNA or RNA, but provoke high
protective immunity) using insect cells and BEVS.

With respect to the quick availability of preclinical and clinical samples for
seasonal and pandemic vaccine candidates, the usage of wave-mixed and stirred SU
bioreactors is advantageous (Eibl et al. 2013; Hahn 2013). Currently, upstream
concepts, which are entirely based on SU devices, are being realized. Eibl
et al. (2013) developed an upstream concept, which is based on the wave-mixed
BIOSTAT® CultiBag RM 20/50 and provided preclinical Influenza A/H;N,/Puerto
Rico8/34 VLPs for animal studies in the single-digit mg-L ™' range. The authors
used the BIOSTAT® CultiBag RM 20/50 for (1) the production of a large volume
WCB of Sf-9 cells stored in cryogenic bags at —196 °C, (2) the generation of
working seed virus at —80 °C, (3) cell expansion (bag-to-bag inoculation and
repeated fed batch expansion) and (4) influenza VLP stock production at 1 and
10 L scale. Due to the omission of intermediate cultivation steps in shake flaks and
the increase of the scale-up rate to > 1.5 steps, time savings of about 35 % are
achievable in upstream processing (USP).

14.4.4 Expansion of Human Primary Cells for Production
of Cell Therapeutics

Compared to the production of vaccines and antibodies, the production of human
primary cells uses small batch production processes that still take place in serum-
containing media. The final products are the therapeutically relevant cells them-
selves, which are injected or implanted into the patient in order to treat serious
disorders (e.g. cancer, myocardial, metabolic and orthopedic disorders). A distinc-
tion is made between autologous and allogeneic transplantations.

Mostly T-cells, natural killer (NK) cells, dendritic cells and hematopoietic stem
cells are used for autologous transplantations, where the donors receive their own
cells after biopsy, manipulation (e.g. cell activation, genetic manipulation) and cell
expansion. As described by van den Bos et al. (2014), the cell amounts required for
a patient’s treatment can be generated in commercially available 2D SU cultivation
systems, such as gas permeable bags or planar cultures (CellFactories,
CellSTACK®, HyperFlask etc.). Furthermore, different published studies have
revealed that clinically relevant doses of activated T-cells (mean 1.7-10'C T
cells) and NK-cells (mean 9.8 - 10° NK cells) can be produced in wave-mixed SU
bioreactors (Wave Bioreactor) (Tran et al. 2007; Hollyman et al. 2009; Sutlu
et al. 2010).

Allogeneic transplantation is characterized by the fact that the donor and the
receiver of the cells are different. For clinical allogeneic therapies, the growing
interest in hMSCs is obvious (Trounson et al. 2011; van den Bos et al. 2014). This
can be explained by less ethical concerns and the higher safety of the hMSCs
compared to human embryonic and induced pluripotent stem cells (Wang
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et al. 2012b). However, the required number of therapeutic hMSCs for a single
patient (70 kg) in clinical trials is in the order of 3-107 to 5-10® cells (Rafig
et al. 2013). According to Rowley et al. (2012) and van den Bos et al. (2014),
clinical indications require trillions of hMSCs per year. Due to the high cell
amounts, alternatives to the aforementioned 2D SU systems are still required for
allogeneic therapies. Although 3D SU systems, such as SU hollow fiber bioreactors
(Quantum cell-expansion system (Kilian 2013)), or SU fixed bed bioreactors
(ACELLIs (Rowley et al. 2012)), offer controllable and efficient hMSC expansion,
they have limited scalability. For this reason, several research groups are working
on the development of scalable platforms for the expansion of hMSCs, where they
are cultivated as aggregates or on microcarriers in instrumented and automated SU
bioreactors. The largest working volumes have been achieved in hMSC expansions
with microcarriers (cyclical perfusion or feeding mode) when stirred and wave-
mixed systems have been used. After an attachment phase without agitation, mixing
should be performed under low shear stress conditions in order to prevent cell
damage or loss of stem cell characteristics, to achieve viable cell densities of about
1-10° cells- mL~". Timmins et al. (2012) succeeded in the expansion of human
placental mesenchymal stem cells in 2 L wave-mixed bioreactors (0.5 L culture
volume) using CultiSpher-S microcarriers over a 7 day cultivation period. Similar
expansion factors were achieved for bone marrow-derived (hBM-MSCs) and adi-
pose tissue derived mesenchymal stem cells (hADSCs), where expansion factors of
between 16 and 18 (cell densities between 1.4 and 2.5 10° cells-mL™!) were
reported for 14 days of cultivation in glass spinners (Santos et al. 2011).

In a 12-day cultivation in the stirred Mobius® CellReady 3 L bioreactor using
serum-supplemented culture medium (10 %) and microcarriers, cell densities of
between 2.5 and 2.7-10° hBM-MSCs-mL~' have been achieved (Cierpka
et al. 2013; Jing et al. 2013). The course of a typical cultivation of hADSCs in
the Mobius® CellReady 3 L (2 L culture volume), as performed in our laboratories,
is delineated in Fig. 14.8a. After 6 days of cultivation, about 5.5- 10°
hADSCs-mL~" were grown. Using ProNectin-F COATED microcarriers and
serum-reduced Lonza medium (5 % serum), cell growth comparable to small
reference scale spinner flasks was achieved. In the stirred bag bioreactor
BIOSTAT® CultiBag STR 50 L we produced a total cell quantity of 1-10'
hADSCs in a 35 L culture volume (2.9 10° hADSCs-mL™") with the same
microcarrier-medium combination. This number of cells is sufficient for allogeneic
therapies (20 doses of 5 - 10® cells) for 20 patients (Schirmaier et al. 2014).

Within the scope of a collaboration project between the Zurich University of
Applied Sciences, Lonza Cologne and Sartorius Stedim Biotech, the design of the
stirred BIOSTAT® UniVessel SU 2 L was optimized with respect to stem cell
based microcarrier suspension, in order to guarantee homogenous microcarrier-
cell-aggregates and cell amounts of up to 1-10° hADSCs at high microcarrier
concentrations (> 8 g~L7') (Jossen et al. 2014). Furthermore, it has been shown
that direct scale-up from spinner flasks to the pilot scale BIOSTAT® CultiBag STR
50 L is possible, based on screening experiments to establish the optimal combi-
nation for the culture medium, the microcarrier type, the operational conditions and
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Fig. 14.8 hADSC expansion in the Mobius® CellReady 3 L (2 L culture volume). (a): Typical
growth course (batch mode) observed in a Mobius® CellReady bioreactor compared to a control
spinner flask (100 mL culture volume). (b): Photo of the bioreactor vessel used, which was
equipped with marine impeller, microsparger and standard sensors (not shown). (¢): DAPI colored
hADSCs grown on microcarriers cultivation day 7 (metering bar = 1,000 pm). (d): Photo of the
microcarrier-cell-suspension in the Mobius® CellReady on cultivation day 7

the most suitable engineering tools (i.e. CFD and suspension studies). Cell growth
of the hBM-MSCs used was similar in the different cultivations systems (results
being prepared for publishing).

14.5 Scale-Up of Processes Based on SU Bioreactors

Published case studies report the scalability of SU systems from micro- to
production-scale bioreactors (Fernald et al. 2009; Legmann et al. 2009). Since
scale-up principles for stirred bioreactors are generally better characterized than
those for other bioreactor types, such as rocker-type wave bioreactors (Gossain
et al. 2010), the main focus of this section is on stirred SU bioreactors. However,
comparability with conventional bioreactors may become difficult because of
factors which include eccentrically or non-vertically installed stirrers
(e.g. Thermo Fisher’s S.U.B., Mobius® CellReady 250), and deviation from stan-
dard impeller and sparger types used in SU bioreactors (Gossain and Mirro 2010).
Not all bioreactor manufacturers meet the requirements for geometrical similarity
between the scales (see Table 14.3). Nevertheless, typical height-to-diameter H/D
ratios of stirred SU bioreactors are between 1:1 and 2:1, where the maximum
working volume is around 70-80 % of the total volume. The impeller-to-vessel
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diameter ratio is typically between 0.33 and 0.6, whereas large impellers provide
efficient mixing at low impeller speeds.

The impeller diameter dr and speed N determine the impeller tip speed u,
defined by Eq. 14.21, which correlates well with the maximum fluid velocities and
consequently the maximum shear rates within many SU bioreactors (in fact only
valid for unaerated conditions) (Kaiser et al. 2011a; Loffelholz 2013).

”tip = ﬂ'dR'NR (1421)

Although the tip speed is often used for scaling-up in biopharmaceutical appli-
cations (Kunas and Papoutsakis 1990; Smith and Greenfield 1992; Shiragami
1997), it does not consider the actual shape of the impeller, and volume changes
in fed-batch processes. Furthermore, scaling-up to larger bioreactors using a con-
stant tip speed decreases the specific power input, as the relationship in Eq. 14.22
confirms, a relationship that was also shown for the UniVessel® SU and the
BIOSTAT® CultiBag STR 50 L (Kaiser et al. 2011a).

P/VCXML”3 (14.22)
" .

The most often applied scale-up approaches are based on similar specific power
inputs P/V (Smith and Greenfield 1992; Al-Rubeai et al. 1995; Platas Barradas
et al. 2012; Dekarski 2013), which can be predicted by Eq. 14.23 if the power
number (also called Newton number, Ne) is known.

_ Ne-p,-Ng* - dg®

P/V
/ v

(14.23)

However, Ne is a function of the impeller type, the Reynolds number Re, the
diameter ratio d/D, the bottom clearance hg, the number of baffles etc. (Liepe
et al. 1998). Reported Ne numbers for stirred SU bioreactors range from 0.3
(Mobius® CellReady, (Kaiser et al. 2011b)) to 4.2 (Mobius® CellReady). Using
a constant (ungassed) specific power input as the primary scale-up criterion for
three scales of the Mobius® CellReady bioreactor family (3, 50, 250 L), compara-
ble values for cell growth (with p = 0.0398—p ~0.0428 h™ '), viability, and nutrient
metabolism of the CHO cell line were obtained at each scale (Dekarski 2013). In
addition, comparable maximum growth rates were found (0.04-0.046 h™') for
VPMS8 hybridoma cells cultivated in microwell plates and shake flasks at matched
power consumptions (=40 W-m ) (Micheletti et al. 2006). This suggests that
constant specific power input is, at least initially, a good basis for scale translation,
even in geometrically dissimilar cultivation systems. However, it should be men-
tioned that almost identical growth rates (0.048 hfl) and similar peak cell densities
were even found in a 3.5 L stirred bioreactor in the same study, although the specific
power input (= 3.64 W - m—>) was lower by a factor of 10 (Micheletti et al. 2006).
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While no scaling-up study has been found in the literature for SU stirred systems
based on mixing time, successful process transfer from the 1D rocker-type
BIOSTAT® CultiBag RM to the 2D moving CELL-tainer® based on mixing
time has been described for Vero cell based polio virus production (Thomassen
et al. 2012). Nevertheless, based on turbulence theory, it has been suggested that
mixing times in stirred systems is independent of the impeller type and inversely
proportional to turbulent diffusion, as defined by Eq. 14.24:

e\ 13
tm’gs% X <L2) (1424)

where e7 and L. represent the local energy dissipation rate and the integral scale of
turbulence respectively. Assuming that the integral scale is proportional to the
vessel diameter, a correlation was established between mixing time and the third
radical of the specific power input and the geometrical parameters (Nienow 1997):
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tm 95% X (—) . (_R> . (_L> . D2/3 (1425)
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Loftelholz et al. (2013b) found that CFD predicted mixing times in different bio-
reactors from the Sartorius Stedim BIOSTAT® STR family follow the same trend
(see Fig. 14.9a). However, it should be emphasized that the specific power input at
larger scales increases significantly when the mixing time is kept constant during
scaling-up (Junker 2004; Xing et al. 2009), which may result in unfavorable
impeller speeds. Comparing different geometrically dissimilar SU bioreactors at
200 L scale (including cylindrical and cube-shaped vessels with one or two
impellers), Chaubard et al. (2010) examined mixing times at constant tip speeds
of between 44 and 86 s for 0.5 m s~ decreasing to 16 and 58 s for 1 m-s™'. In this
study the BIOSTAT® CultiBag STR and the XCellerex XDR had the shortest and
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Fig. 14.9 Considerations on scale up. (a) Correlation of mixing times in selected stirred SU
bioreactors given by Eq. 14.25 (Adopted from Loffelholz (2013)); (b) Specific power inputs at Ng;
criteria for different stirred SU bioreactors
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longest mixing times respectively, but there is still a lack of systematic comparisons
of mixing in the SU bioreactors that consider geometrical parameters.

For microcarrier based processes, the use of mixing and suspension criteria as
scale-up factors have been proposed for animal (Vorlop and Lehmann 1988;
Thomassen et al. 2012) and human (Duvar et al. 1996; Hewitt et al. 2011; Kaiser
et al. 2013) cells. The microcarriers have to be kept in suspension, at least for most
of the batch time, if the available area is to be used effectively. The “just-fully”
suspended criterion Ng; represents the impeller speed, where no microcarriers are
located at the vessel bottom for longer than 1 s, but it does not necessarily mean that
the microcarriers are homogenously dispersed throughout the bioreactor (Hewitt
et al. 2011). The less common criterion Ng;, represents the lower limit of Ng,,
meaning that some particles are still located on the bioreactor bottom, but none of
them are at rest (Liepe et al. 1998). Although the Nggy, which represents the
impeller speed required to lift particles up to 90 % of the filling height, is easier
to determine experimentally (Zlokarnik 1999), it is not recommended for
microcarrier-based processes (Kaiser et al. 2013). For several stirred SU bioreactors
it was found that the Ng;, criterion was achieved at approximately 20 % lower
impeller speeds than Ng; (Kaiser et al. 2013; Schirmaier et al. 2014). Typical
impeller speeds for Ng; were between 50 and 145 rpm (corresponding to tip speeds
up to 0.82 m-s~ ") at benchtop scales. However, between 50 and 62 rpm were
required for a microcarrier suspension in the BIOSTAT® CultiBag STR 50 L. This
corresponds to specific power inputs of up to ~1.8 W-m™>, depending on the
microcarrier concentration (see Fig. 14.9b). Thus, Ng; and Ng;,, are very sensitive to
the vessel configuration, the agitator type and the microcarrier type used
(i-e. density and size). As a result, these criteria have to be determined individually
for every microcarrier-bioreactor combination.

Another typically applied scale-up criteria related to oxygen mass transfer is the
specific liquid mass transfer coefficient, k;a. It was, for example, used as a
secondary scale-up criterion in Dekarski’s study (2013) to identify suitable aeration
rates at larger scales. For a given bioreactor geometry and culture medium
(i.e. viscosity, density, surface tension), the k;a in stirred bioreactors is mainly
influenced by the specific power input and the aeration rate (see also Eq. 14.28).
The latter is quantified by either the superficial gas velocity vg (Eq. 14.26; for
cylindrical vessels) or the volume-related gas flow rate Qs (Eq. 14.27).
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Obviously from Eqgs. 14.26 and 14.27, the gas flow rate Fg has to be further
increased at larger scales if the constant Qg is applied (vg o D72;QG x D73).
Typical ka values in animal cell cultures are in the range of 1 and 10 h~" (Henzler
and Kauling 1993; Langheinrich et al. 2002). For several stirred SU bioreactors the
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correlation given by Eq. 14.28 can be applied, where a, b and ¢ are empirical
constants.

kra=c-(P/V)" v’ (14.28)

These not only depend on the bioreactor geometry but also on the media properties
(i.e. viscosity, surface tension, antifoam concentration etc.). Interestingly, the
constant b (0.6-0.9) was found to be larger than a (0.25-0.45) in most SU bio-
reactors operated under typical cell culture conditions (e.g. Mobius® CellReady
3 L, as reported by Kaiser et al. (2011b)). This means that the influence of the gas
flow rates on the &, a is more pronounced than that of the specific power input. This
is in contrast to correlations obtained by van’t Riet (1979) and Nienow (2006), but
can be explained by the low agitation and resulting low gas dispersion of the
primarily axially pumping cell culture impellers.

Nevertheless, k@ was used as a key parameter for scaling-up between geomet-
rically dissimilar small scale (35 mL working volume) stirred and wave-mixed
(2 and 3.5 L working volume) bioreactors (Hanson et al. 2009). Based on identi-
fication of achievable k;a values as a function of impeller speed and rocking rate in
both systems, similar trends were observed for the DO in Immunoglobulin G
producing hybridoma cultures. This implies comparable oxygen delivery rates,
assuming approximately equal oxygen uptake rates, which resulted in similar
culture performance based on peak viable cell density (1.28/1.18 - 10° cells - mL ™),
maximum antibody concentrations (93/92 mg-L~') and average growth rate
(0.026/0.029 h™ ') (Hanson et al. 2009).

Concluding Remarks

Nowadays, SU bioreactors are used by developers as well as CMOs for the
production of preclinical and clinical samples. This can be explained by their
high flexibility and the reduction in time and expenses if the systems are
correctly implemented (Whitford 2010). Although customers can choose
between several different kinds of SU bioreactors, SU stirred bioreactors
operated in fed-batch mode are preferred for animal and human cell based
processes. One exception is inoculum production, where wave-mixed sys-
tems have become the standard.

The broad acceptance of stirred SU bioreactors can be explained by their
scalability, the similarity of their design compared to their conventional
counterparts, and the availability of engineering parameters (Loffelholz
et al. 2013). Furthermore, scale-up can be achieved using classical criteria,
such as the specific power input (Minow et al. 2013), or by using modern
technologies (Venkat and Chalmers 1996; Letellier et al. 2002), such as PIV
and CFD. By performing integrated processes, such as the combination of
stirred SU bioreactors with SU cross flow filtration systems, tenfold or even

(continued)
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higher increases in product titers are possible. Therefore, production pro-
cesses with scales between 500 and 2,000 L are regarded as sufficient.

However, three issues associated with SU bioreactors still exist: the low
degree of instrumentation and automation, the lack of standardization, and the
problem of leachables/extractables. Since, the cultivation vessels are only
used once, SU sensors which come into direct contact with the medium are
inexpensive, but do not need a long life-time (Glindkamp et al. 2010). Fur-
thermore, sensors that are pre-configured and integrated into the cultivation
system have to withstand gamma irradiation used for sterilization. Only if this
is guaranteed, critical process parameters that may influence critical attributes
can be determined, as required by the Process Analytical Technology initia-
tive of the US Food and Drug Administration. Solutions for the improved
standardization and reduction of leachables/extractables are under develop-
ment, which will lead to further increases in the implementation of SU
bioreactors in commercial GMP production processes (Langer 2012).

There are nine fields in which the future application of SU bioreactors for
animal and human cell based cultivations show clear promise: (1) large-
volume and high density cell banking, (2) inoculum production, (3) produc-
tion of mAbs at medium-volume scales, (4) production of personalized mAbs
at small-volume scale, (5) production of viral and VLP vaccines, (6) produc-
tion of viral vectors for gene therapies, (7) expansion and/or differentiation of
human autologous cells for cell therapeutics at small scales and (8) expansion
and/or differentiation of human allogeneic cells for cell therapeutics at
medium scales.
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