Chapter 6
Hydrodynamic Damage to Animal Cells

Jeffrey J. Chalmers and Ningning Ma

Abstract Large scale, animal cell culture in stirred tank bioreactors, is responsible
for greater than $100 billion in sales of human biopharmaceuticals. This success
was achieved in spite of the concern of the “shear sensitivity” of animal cells. In this
contribution, a summary of the current state of this “shear sensitivity” concern will
be discussed, demonstrating that it is not in general a problem with current
bioprocess. Example of what is considered the current limits above which effects
of hydrodynamic and interfacial concerns begin to negatively impact bioprocesses
will also be presented.
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6.1 Introduction

The innate ability of animal cells to properly fold, post-translationally process, and
secrete proteins has made them the preferable host for producing a large number of
biological therapeutic and diagnostic products. These properties, combined with the
high current productivities (compared to what was achievable 30 year ago), has led
to a commercial, world market greater than 100 billion US dollars from more than
150 different products, which include viral vaccines, monoclonal antibodies
(MADbs), hormones, enzymes, growth and blood factors. Although the industrial
exploitation of animal cell cultures started over five decades ago, (an early example
is the production of the Salk polio virus vaccine in primary monkey kidney cells
(Griffiths (2000)), it has been during the last 30 year period that there has been a
rapid increase in the number of FDA approved products produced in mammalian
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cell culture, starting in 1986 with the production of recombinant tissue plasminogen
activator (tPA).

Despite reports showing that animal cell culture has been conducted for over a
100 years, (Harrison 1907) no rigorous methodology for scale-up of animal cell
culture exists. Diverse culture methodologies, typically with staring with small
scale static cultures (T-flask), to roller bottles, cultures on either microcarriers, or
freely suspended cells in batch, fed batch, or perfusion systems exist. While freely
suspended, fed-batch processes have emerged as the predominate approach, much
of this evolution has been guided by the particularities of the process, the cell line,
and most importantly, expertise of specific organizations. Despite examples of large
scale (1,000-2,000 1) airlift bioreactors (Birch et al. 1985; Varley and Birch 1999;
Hesse et al. 2003) virtually all of the licensed processes for recombinant proteins,
antibodies and vaccines use either freely suspended or microcarriers cultures in
traditional stirred tank bioreactors with reported capacities up to 20,000 L.

Despite the concern of the “shear sensitivity” of animal cells, traditional stirred
tank bioreactors, STB, is the preferred method of culture for a number of reasons,
not the least of which is the vast empirical knowledge accumulated for the design,
scale-up and operation of STB, in the chemical and biochemical industries over the
last century. Further STB are versatile and relatively simple to operate. This chapter
will discuss what is current know with respect to hydrodynamic forces and animal
cells of industrial importance. For a discussion of the engineering considerations of
animal cell bioreactors, see Chap. 5 of this volume.

6.2 Hydrodynamic Forces Acting on Cells

The perceived “shear sensitivity” of animal cells has been, and continues to be, a
source of significant concern and confusion. Given the original mechanical and
nutrient support of vascularized tissue, this concern is not unfounded. The relative
large size of animal cells, compared to microorganisms further contributes to this
concern. Finally, as will be discussed below, hydrodynamic forces, created as a
result of mixing, in some conditions can remove animal cells attached to
microcarriers.

At the most fundamental level, “shear stress” is only one of two types of
hydrodynamic stress, the other being normal stress. Both stresses are mathemati-
cally defined as a viscosity multiplied by a velocity gradient; when the gradient is
perpendicular to the flow it creates a shear stress, (i.e. du,/dy), when the gradient is
in the direction of the flow it creates a normal stress (i.e. du,/dx). To add further
complexity, in non-simple laminar flow, as well as in turbulent flow, the local flow
rate is changing with time.

Beyond the biotechnology community, the very large field of chemical mixing is
also interested in these forces; in most cases it is desired to maximizing these forces
with the least energy input. Consequently, a great deal of research, both basic as
well as highly practical, has been conducted to attempt to understand and optimize
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mixing. Unfortunately, while ideally it is desirable to quantify and design mixing
systems from first principles, it is still not currently possible/practical. This limita-
tion has led to a number of semi-empirical equations and parameters to characterize
and estimate global and local fluid conditions in STB.

Energy Dissipation Rate, EDR One of these characterization parameters, used in
the mixing community for over 60 years, is the energy dissipation rate (Kresta
1998). Further, EDR was proposed by Blustein and Mackros (1969) to characterize
cell damage to blood cells. EDR can be expressed mathematically for a incom-
pressible Newtonian fluid as:

e=17:VU= ,u[VU + (VU)T] VU =y Y [VU + (VU)TLVUﬁ (6.1)

where ¢ is EDR (W/m?), 7 is the stress tensor (N/m?), u is the viscosity (Pa-s), U is
the velocity vector, VU is velocity gradient vector, and VU is the transpose of
VU. VU can be further defined as:
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VU = (6.2)

When the flow conditions, and system geometries is sufficiently understood/
defined, it is possible to obtain analytical solutions to Eq. 6.1 and determine both the
EDR and shear and normal stresses that a cell experiences can be known. Mollet
et al. (2004, 2007) provides solutions for a number of these situations.

Alternatively, for complex flow, and turbulent, or near-turbulent conditions,
such as in a typical STB, as stated above, first principles solutions are not possible.
In these cases, well known correlations, which have substantial experimental
validation, can be used. For example, the mean specific energy dissipation rate,
Emeans 1IN @ STB can be estimated from:

Emean = P/M = PopN>D® /M (6.3)

where P/M is the specific power, M is the mass of the fluid, Po is the power number
for the specifically used impeller, D is the impeller diameter, and p is the density of
the fluid.

A number of studies, including the extensive studies by Zhou and Kresta (1996a,
b) have experimentally demonstrated that the maximum EDR in a mixing vessel
(STB) can range from 10 to 200 times the mean value:
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Emax = ¢€mean (64)

Where ¢ can vary from 10 to 200. As will be discussed below, significant work has
been, and continues be conducted to relationship between EDR and lethal and
non-lethal effects on cells

Kolmogorov Microscale of Turbulence, A An alternative/complementary param-
eter to using EDR to characterize the hydrodynamic conditions in which an animal
cell is subjected, is the application of the Kolmogorov’s theory of turbulence to cell
culture (Kolmogorov 1941a, b) in STBs. Out of this theory, which assumes that the
turbulence is isotropic (uniform in all directions) a relationship/term is defined,
referred to as the Kolmogorov microscale, A:

A= (é) " (6.5)

where v is kinematic viscosity of the liquid (m?/s). Independently, Cherry and
Papoutsakis, (1986, 1988, 1989) and Croughan et al. (1987, 1989) suggested that
when the value of 1 is the same size as a single suspended cell, or a microcarrier
with cells attached, significant cell death occurs. However, as with EDR discussed
above, accurate, local estimates of EDR, ¢, is needed.

6.3 Experimental Studies Attempting to Quantify Cell
Damage

Over the last 50 years, a large number of studies have been conducted in an attempt
to quantify the damage, or lack thereof, of hydrodynamic forces on animal cells.
These studies can be simplistically divided into two categories: (1) studies that put
suspended animal cells in a variety of devices in which hydrodynamic forces can be
accurately determined on a scale compatible with a cell (i.e. rheological instru-
ments), or (2) studies in which attempts were made to determine/quantify the
hydrodynamic forces in typical bioprocess equipment (i.e. spinner flask, bioreactor,
centrifuge, etc.) and subsequently relate the cell cultures performance to the
conditions in the equipment.

As in any comprehensive comparison of studies from many laboratories over
many decades, challenges exist in providing a basis by which this comparison can
be made quantitatively. Never-the-less, Fig. 6.1 attempts to create such a compar-
ison of some of the more relevant studies using EDR as point of comparison. While
at the most fundamental level, EDR does not take into consideration all of the
complexities of the flow, especially in turbulent systems, it does provide a “high-
level” comparison. Figure 6.1 uses a linear line to represent the scalar value of EDR,
with specific arrows representing specific EDR values grouped into (1) reported
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Sub-lethal Physiological Responses Critical to Bioprocesses
Symbol Cell Mode of growth Mode of test Response Reference
- Recombinant protein Godoy-Silva et al.
1 CHO Suspended 10 days repetitive exposure Glycosylation profile change 2009b
n LnCap Attached Time exposure to well defined Membra_ne integrity failure, McCoy et al. 2010
shear stress change in receptor number
1} CHO suspended 2 L Applicon bioreactor Recombinant protein rate Sieck et al. 2013

of production and
glycosylation effect

Lethal Responses (necrosis including LDH rel )
Symbol Cell Mode of growth Reference
a CHO-K1 Anchorage for growth and test Gregoriades et al. (2000)
b PER.C6 Suspended _(nalve or adenovirus Ma (2002)
infected)
c CHO (GS) Suspended Godoy-Silva et al. (2009b)
d Hybridoma Suspended Thomas et al. (1994); Zhang and Thomas (1993)
e MCF-7 Suspended Ma et al. (2002)
f Mouse myeloma Suspended McQueen and Bailey (1989)
g Hela S3, mouse L929 Suspended Augenstein et al. (1971)
h CHO-K1, Hgirldoma HB- Suspended Ma et al. (2002)
i CHO-K1, apoptosis Anchorage for growth, suspended Mollet et al. (2007)
during test
i CHOK1 Suspended (wild type and bcl2 Mollet et al. (2007)
transfected)
Hydrodynamic Conditions
Symbol Process Description Reference
1 Agitation Volume average energy dlssu_)atlon rate in typical Varley and Birch (1999)
animal cell culture bioreactors
Lo Volume average energy dissipation rate in a 10L mixing
2 Agitation vessel (Rushton Turbine impeller, 700 RPM) Zhou and Kresta (19896a)
L Maximum local energy dissipation rate in a 10L mixing
8 Agitation vessel (Rushton Turbine impeller, 700 RPM) Zhou and Kresta (1996a)
- Volume average energy dissipation rate in a 22,000L i
4 Agitation fermentor (Rushton Turbine impeller, 140 RPM) Wermersson and Tragardh (1999)
- Maximum local energy dissipation rate in a 22,000L —
5 Agitation fermentor (Rushton Turbine impeller, 140 RPM) Wemersson and Tragardh (1999)
6 Agitation Maximum local energyvglssssé;lnatlon rate in a spinner Venkat et al. (1996)
7 Bubble . . . .
rupture Pure water (bubble diameter: 6.32 mm) Garcia-Briones et al. (1994)
Bubble . . Boulton-Stone and Blake (1993)
8 rupture Pure water (bubble diameter: 1.7 mm) Garcia-Briones et al. (1994)
Membrane CHO suspension pumped through Millipore .
9 filtration Membrane and capillary tubes Vickroy et al. (2007)
10 FACS CHO cell damage sorted through a FACS Mollet et al. (2008)
. . . N Boychyn et al. 2001; Neal et al. 2003;
1 centrifugation Bowl and disk centrifuge Hutchinson et al. 2006
12 Capillary Scale-down of industrial continuous centrifuge Westoby et al. 2011

Fig. 6.1 Comparison of some of the more relevant studies using EDR as point of comparison.
Above the logarithmic line EDR (w/m3) a number of sub-lethal and lethal effects of hydrodynamic
forces on cells is presented while below the line various levels of EDR, created in various types of
bioprocess equipment is presented

non-lethal effects on cells (arrows above the line), (2) lethal effects on cells, (arrows
above the line) and (3) estimates of EDR values in a variety of situations/equipment
(arrows below the line).
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A number of significant points should be noted in Fig. 6.1. First, the mean and
maximum EDR values (10'=10° W/m?) in typically operated STB are orders of
magnitude lower than what has been shown by many studies (10’—10%) to kill
suspended animal cells. Second, animal cells attached to microcarriers are dam-
aged/removed from microcarriers at EDR values that are in the range of typically
operated STB. While Fig. 6.1 indicates that typical STB operated at levels that are
orders of magnitude lower than what has been shown to damage cells, that is not
case for many post STB bioprocessing equipment, such as membrane filtration and
centrifugation systems. Figure 6.1 also includes reported non-lethal effects of EDR
on cells which will be discussed further below.

6.4 Cell Damage from Sparging

Sparing related cell damage has long been a threat to suspended cell culture and
process scale-up. It has been well accepted that cell-bubble interactions, rather than
agitation, play a major role in physical cell damage in bioreactors (Oh et al. 1989;
Kunas and Papoutsakis 1990; Chalmers and Bavarian 1991; Trinh et al. 1994;
Nienow 1996; Michaels et al. 1991; Ma et al. 2002). Potential cell damage zones
in sparged bioreactors include the bubble formation, rising, and disengaging
regions. The impeller region is also a possible damage zone should bubble coalesce
or breakup occur as a result of agitation.

Various theoretical and experimental studies have demonstrated that the bubble
disengagement region can be a major source of cell damage (Handa et al. 1987,
Bavarian et al. 1991; Chalmers and Bavarian 1991; Orton and Wang 1991; Trinh
et al. 1994). When a bubble sitting at the top media-air interface ruptures, a highly
energetic event occurs, resulting in a rapid upward and downward jet of fluid.

A combination of high speed video photograph and computer simulations
elucidated the rupture process (Boulton-Stone and Blake (1993); Garcia-Briones
et al. (1994)). After a bubble rises above the liquid surface, the upper liquid film
thins until a hole forms in the dome, surface tension subsequently pulls the film
away from the hole, resulting in a toroidal ring retreating rapidly toward the bulk
liquid, and down into the bubble cavity within the liquid. The collision of this flow
of liquid results in an upward and a downward jet of fluid (Fig. 6.2a). The most
intensive energy dissipation occurs during the collision at the bottom of the bubbles
(Fig. 6.2b). Simulation also indicated that smaller bubbles are more damaging as
the EDR associated with the bubble rupture increases with decreasing bubble size.
The maximum local EDR during bubble rupture is several orders of magnitude
higher than that generated by agitation (Fig. 6.1). As an alternative to the computer
simulation approach, Christi (2000) using the Kolmogoroff microscale/eddy length
correlation, also argued that rupturing bubbles are sufficient to damage cells.

Experimentally, Trinh et al. (1994) quantitatively studied the detrimental effect
of bubble rupture on insect cells using a specially designed bubble column which
allowed a large number of 3.5 mm bubbles to be generated and ruptured, with and
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Fig. 6.2 Bubble rupture
process (a) (Macintyre
1972) and local energy
dissipation distribution
when retreating film
collides at the bottom of the
bubble (Boulton-Stone and
Blake 1993)

without the presence of the commonly used protective additive, Pluronic F-68. On
average, 1,050 cells were killed by each bubble rupture; conversely, when 0.1 %
Pluronic F-68 was present, no statistically significant cell death could be detected.
To further confirm the damage mechanism, Trinh et al. also collected samples of the
upward jet (flying liquid drops) from some of the rupturing bubbles. While virtually
all of the cells in the bulk were viably, nearly all of the cells in the upward jet, which
were at a concentration over twice that in the bulk, were dead.

A number of additives have been advocated to reduce cell damage in sparged
and agitated animal cell cultures. The removal of serum (as a result of regulatory
issues), which has some protective effect, further necessitated the use of protective
additives. Additives that have been evaluated include: Pluronic F-68, polyvinyl
alcohol (PVA), polyethylene glycol (PEG), dextran, and methylcellulose
(Murhammer and Goochee 1990; Goldblum et al. 1990; Michaels et al 1991;
Michaels et al. 1992; van der Pol et al. 1995; Hu et al. 2008). Of all of these,
Pluronic F-68 was demonstrated to be the most effective, and has been widely used
in virtually all large-scale, mammalian cell culture media. PF-68 is a nonionic
surfactant, belonging to a family of triblock copolymers consisting of a hydropho-
bic center, poly(propylene oxide), and two hydrophilic tails composed of poly
(ethylene oxide). The average molecular weight is 8,400. The protective effect of
PF-68 is, to some extent, concentration dependent. The typical concentration ranges
used is 0.3-3 g/L (Chisti 2000; Murhammer and Goochee 1990).

Three protective mechanisms for PF-68 and other protective additives had been
proposed: (1) nutritive effects, (2) the physical strengthening of the cell mem-
branes, and (3) the suppression of bubble-cell attachments. Because experimental
results demonstrated that the time required to achieve measurable protective effects
was short after the addition of the supplements, it has been generally assumed that
the primary mechanism of protection was not nutritive (Kunas and Papoutsakis
1990; Goldblum et al. 1990; Michaels et al. 1991). Three independent laboratories
have over the years demonstrated that physical properties/strength of the cell
increased when PF-68 was present: Goldblum et al. (1990) in constant shear stress
instrument, Ramirez and Mutharasan (1990) demonstrated decreased plasma mem-
brane fluidity, and Zhang et al. (1992) demonstrated increased membrane bursting
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tension of hybridoma cells when PF-68 was present. However, Zhang et al. (1992)
recognized that the strengthened membrane alone was not enough for the protection
observed in bioreactors.

PF-68 is a surfactant, one of a large family of surfactants made by BASF, all of
which have clear surface tension/surface active effects (Mizrahi (1983) and Jordan
et al. (1994)). Chattopadhyay et al. (1995) and Micheals et al. (1995) investigating
the relationship of these surface active compounds and cell protection found that
the most effective (with respect to cell protection) surface active, protective com-
pounds not only significantly reduce air-medium interfacial tension, but also
achieve it rapidly. Therefore, they suggested that the lowering of dynamic surface
tension was more important than lowering the equilibrium surface tension. As
PF-68 lowers dynamic surface tension, it could out compete cells absorbing to
the air-liquid interface, hence preventing cell-bubble attachment. As a result, when
a bubble ruptures, there is no or only limited number of cells in the impact region.
Chalmers and Bavarian (1991) visually demonstrated that a large number of cells
are present on the bubble surface when no PF-68 was present (Fig. 6.3a); con-
versely, the presence of 1 g/L. PF-68 prevented nearly all of the cells from being
attached to the bubble film (Fig. 6.3b)tached attached. Ma et al. (2004) collected
foam from a bubble column and compared cell concentration in the foam liquid to
that in the main liquid. They found that the ratio of cells in the foam liquid to that in
the main body (defined as enrichment factor) could be 10 times higher when no
PF-68 was presented (Fig. 6.4). The enrichment factor decreased with rising PF-68
concentration, reaching 1 at 0.1 g/ PF-68 and stabilized at 0.5 after PF-68
concentration reached 0.3 g/L. An enrichment factor of 0.5 at high PF-68 concen-
trations indicates that although PF-68 could significantly reduce cell-bubble attach-
ment, there are still cells trapped in the foam. This is not surprising as the bubble
film is thicker than cells’ diameter, so that cells could be floating in the foam liquid
without attaching to the air-liquid interface. As foam is always present on top of
sparged cell culture, PF-68 could not completely removed cell from the vicinity of
bursting bubbles. At a cell density of 107 cells/mL and PF-68 concentration of 1 g/
L, there was about 10 cells around each bubble (Ma et al. 2004; Fig. 6.5).

With a molecular weight on the order of 8,400, the polymer PF-68 has the
potential to interfere with downstream filters and purification resins. A potential

Fig. 6.3 Air bubble without (a) or with 1 g/L. PF-68(b)
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Fig. 6.4 The effect of 100 ¢
PF-68 concentration on the [
enrichment factor, defined
as the ratio of cell
concentration in the film
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by the concentration of
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alternative is a small molecule surfactants that could be more easily removed during
down-stream purification process. Hu et al. (2008) screened various small-molecule
ionic or non-ionic surfactants. Of a number of similarly structured molecules,
n-Nonyl-b-D-Maltopyranoside showed the best properties of rapidly lowering the
dynamic surface tension and low cytotoxicity. While a potential candidate to
augment and or replace the protective effect of PF-68, a thorough evaluation of
its impact on cell metabolism, product quality, and potentially patients is still
needed.

In addition to the bubble rupture zone, and or the foam layer, cell damage at
bubble formation site (sparger) has been reported (Murhammer and Goochee 1990;
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Zhu et al. 2008). Zhu et al. (2008) found damage of NSO cells at the sparger site at
high linear air flow rates of 30 m/s, and the damage followed first-order kinetics. A
similar phenomenon had been reported for microalgae culture where the critical
gas-entrance velocity for cell damage was around 30-50 m/s (Barbosa et al. 2004).
None of the additives was reported to be able to alleviate this damage. However,
increasing the bore and size could minimize the sparger site cell damage. Extending
these observations at gas spargers, Liu et al. (2014) has developed a new hydrody-
namic correlation, stress induced turbulent energy production, STEP, which they
suggest correlates well with experimental data indicating that increased gas flow
rate at spargers increases cell damage. Unlike EDR, the authors suggest that STEP
is a more complete and representative of the actual process by considering energy
transfers associated with the two phase flow aspect of the bubble generation. Unlike
EDR, or other purely hydrodynamic calculations which indicated that the highest
EDR is away from the bubble generation area, STEP calculations are highest right
at the bubble generation site, and STEP values increase as gas entrance velocities
increase. It should also be noted that STEP values are vector with units the same
as EDR.

6.5 Experimental Sublethal Effect of Hydrodynamic Stress

Compared to other forms of stimulation/assault, investigations on the physiological
impacts of hydrodynamic forces on mammalian cells are limited. Further, the
majority of studies on the effect of hydrodynamic and or physical forces on cells
are on anchorage dependent cells of medical interest, not bioprocess interest/
applications.

Nevertheless, these limited number of studies have revealed that it requires
much lower hydrodynamic forces to elicit sublethal effects (in all but a few studies)
than to cause catastrophic cell death. As summarized above, EDR values of
1 x 10°-1 x 10° W/m?>, which correspond to shear stresses on the order of 1.0—
10 N/m?, can illicit non-lethal effects on suspended CHO cells. This is significantly
lower than the level required to lyse similar cell lines. Using CHO cells grown
attached to surface, Ranjan et al. (1995) reported that CHO cells up-regulated
transcriptional activator c-fos when subjected to 2.5 N/m? (6.2 x 10° W/m?) shear
force for 1 h. Al-Rubeai et al. (1995) reported that hybridoma cells underwent
apoptosis at EDR of 1.87 x 10> W/m>. Motobu et al. (1998) observed that after 24 h
exposure to 0.02 and 0.082 N/m? shear stress (EDR of 0.4 and 6.5 W/m?>),
nonconfluent CHO cells were arrested at Go/G; phase and mRNA level for the
recombinant product was increased; conversely, confluent CHO cells were found
not sensitive to the shear forces tested. Keane et al. (2003) found that long-term
exposure of attached CHO cells to high level shear stress led to reduced produc-
tivity and altered glucose metabolism. Compared to cells exposed to low shear
stress of 0.005 N/m? (0.02 W/m?), cells exposed to high shear stress of 0.80 N/m?
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(6.4 x 10> W/m?) for 32 h showed 51 % lower recombinant protein production,
42 % higher glucose uptake, and 50 % lower lactate production.

In addition to the single pass studies conducted in which levels of EDR were
used which will disrupt cells (Fig. 6.1), using this same specifically designed flow
contraction device, Godoy-Silva et al. (2009a) placed the system in a recycle stream
with a typical bench scale bioreactor. The repetitive exposure, and significantly
lower levels of EDR, was an initial attempt to simulate the fluid dynamic environ-
ment in large-scale bioreactors where cells circulate between high shear and low
shear regions.

With this repetitive, recycle system, the potential, physiological impact of
hydrodynamic stress on CHO and NSO cells was considered, using variables of
cell growth rate, product productivity, metabolism, and mAb product quality. At a
EDR of 6.0 x 104 W/m?, which is approximately two orders of magnitude lower
than the single pass EDR where physical cell damage occurs, no significant
physiological effects were observed; however, it was observed that mAb glycosyl-
ation pattern was shifted. The shift led to reduced GO population, with a
corresponding increase in Gl and G2 populations of the N-linked glycan on
Fc. This shift of glycosylation pattern was confirmed with a second CHO cell line
expressing a different mAb product. Conversely, a low EDR of 0.9 x 10> W/m® had
no effect on the glycosylation pattern (Fig. 6.6). Sieck et al. (2013) observed a
similar glycosylation pattern shift estimated to be a EDR value of 4 x 10> W/m? for
a CHO cell line in an agitated bench-scale bioreactor where hydrodynamic stress
was generated by the impellers. Seick et al. (2013) also observed reduced cell
specific productivity at constant or periodic exposure to EDR of 4 x 10> W/m®

100.0 —m—= * m Control, Bioreactor (n=3)
.\. @ Control, recycle, no TC, (n=4)

90.0 —& SN @EDR = 1.2 x 10~ W/mA3
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Fig. 6.6 Comparison of glycosylation profiles of mAbs produced in 2 L bioreactors under
different level of hydrodynamic stress. Two sets of control results are included. One is the average
of the four recirculating control bioreactors and the other one is the average of three historical
non-recirculating bioreactors. The error bar indicates one standard deviation. (A) galactose, (M)
N-acetylglucosamine, (®) mannose, and (x) fucose
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although neither cell growth nor glucose/glutamine metabolism was affected.
Contrary to these detectable effects, Nienow et al. (2013) using similar systems to
the study of Godoy-Silva et al., found no change in glycosylation for two CHO cell
lines at EDR similar to that of Godoy-Silva et al. Further, in the Godoy-Silva
et al. (2009b) study, it was reported that the NSO cell line showed no change in
glycosylation under high EDR. This contradiction appears to follow one of the
common “rules of thumb” that specific effects can be cell line/clone dependent.
However, all of these non-lethal effects are still above typical operating conditions
in commercial STB and at this point have more “academic” than “industrial”
significance.

Conclusion and Future Directions

We suggest that we have highlighted that traditional, animal cells used for
recombinant protein production are robust in typical bioprocessing, with the
only current possible areas of concerns occurring in some downstream
processing equipment. That being said, the field has “selected” cell lines/
types that have proven to be robust, and extending this to other cell lines is not
as certain. Initial studies of several human blood cancer cell lines demon-
strated surprising more sensitivity (several orders of magnitude) than typical
CHO lines.

However, in one assumes that the rate of increase in the routinely achiev-
able, final cell concentrations and product titers continues, it is highly likely
that in the near future conditions in bioreactors will necessitate significantly
higher levels of mixing and improved cell protective additives. At that time,
the field could begin to push the limits of hydrodynamic conditions that can
cause cell damage and a renewed interest in better understanding these
effects, and prevent undesirable ones, will be needed.
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