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Solving hydrodynamic issues in industrial
animal cell culture: cellular adaptation and

engineered systems

“Industrial animal cell culture for cell therapy is now roughly where it was for
recombinant protein production in the 1980s, but the path going forward will
be different, with a greater reliance on engineered systems.”
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Early history of hydrodynamic issues
regarding recombinant animal cells
In the early 1980s, recombinant animal cells
were first employed to make glycosylated
proteins for clinical trials [1]. At the same
time, many academics and biotechnology
firms started or expanded their research pro-
grams concerning hydrodynamic effects on
animal cells. Animal cells were considered
highly susceptible to lysis upon scale-up in
stirred-tank bioreactors, due to their rela-
tively large size and lack of cell wall. Many
in the biotechnology community were con-
cerned about the feasibility of large-scale
production of biopharmaceutical proteins
from recombinant animal cells. Although
a few established firms had successfully
scaled up cultures of nonrecombinant cells
for other products, such as veterinary vac-
cines [2], it was not widely known how they
had done it and whether it would translate to
recombinant cells.

To move forward quickly into the clinic
and also provide time for the hydrodynamic
issues to be addressed, biopharmaceutical
proteins from recombinant animal cells were
initially manufactured through scale-out
of a laboratory method, specifically growth
of cells in roller bottles. As efficacious dose
levels, patient numbers and initial required
manufacturing capacities were determined,
scale-out of roller bottles to large automated
plants was adequate for some products, such
as erythropoietin (3], but not others.

To address hydrodynamic issues, at least
three engineered system strategies were
employed, sometimes in combination: novel,
low-shear bioreactor designs [4]; cell immobi-

lization technologies wherein the cells were
protected from hydrodynamic forces by, for
instance, membranes or pore walls [5.6]; and
modifications to stirred tank or airlift biore-
actors to allow large-scale culture of animal
cells attached to microcarriers or as unat-
tached, free-floating cells in suspension (sus-
pension culture) [2.7-9]. At the time, many
did not know if recombinant Chinese Ham-
ster Ovary (CHO cells, usually grown in an
anchored format for transfection, could be
readily and reproducibly adapted to suspen-
sion culture, nor did they necessarily have the
luxury of delaying development timelines to
attempt those adaptations. Furthermore, it
was unclear if such transformed cells grown
in suspension (continuous cell substrates)
would be found acceptable for commercial
production of human pharmaceuticals, due
to concerns over residual contamination with
oncogenes, host cell proteins or transforming
virus [10]. Thus, work with anchored cells,
including growth on microcarriers, contin-
ued to receive substantial attention through

the early 1990s.

Cellular adaptation to suspension
culture

From the mid-1980s to early 1990s, many
firms successfully adapted their recombi-
nant CHO cell lines from an anchored for-
mat to suspension culture. Furthermore, it
became clear that downstream processing
could successfully be employed to remove
and/or inactivate virus and any oncogenic
DNA or host cell proteins down to safe
levels [11]. As such, rhu-tPA, the first clini-
cal biopharmaceutical protein made from
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recombinant CHO cells grown in suspension culture
in stirred tanks, was approved by the regulatory agen-
cies in 1987. Since that time, a few firms still use cells
grown on microcarriers for the production of recom-
binant proteins, while most use CHO, NSO or other
continuous cell lines grown in suspension culture.
With suspension cultures, passaging of cells can be
done through simple dilution or transfer and does not
require removal of attached cells from a surface. Fur-
thermore, cells in suspension are generally less sus-
ceptible to hydrodynamic death versus cells attached
to microcarriers [12].

When exposed to hydrodynamic forces, especially
from turbulent eddies somewhat smaller than micro-
carriers, cells attached to microcarriers cannot freely
rotate or move in response, and thus may suffer dam-
age or death. Hydrodynamic cell death has been noted
when turbulence leads to eddies of about 130 microns
or less, about two-thirds the size of a typical microcar-
rier [8]. Put simply, cells in suspension are much smaller
than such eddies and, when exposed to them, can often
just follow streamlines without damage [9.12].

Cellular adaptation to stirred-tank
bioreactors

Cellular adaptation to the hydrodynamic environment
in stirred-tank bioreactors is not well-documented in
the literature and its significance not well-understood,
particularly among those new to the field. This situa-
tion motivated this editorial, with an understanding
that not all key points can be supported by a published
reference.

Even though cells in suspension are usually much
smaller than the smallest turbulent eddies at typical
agitation rates, certain suspension cell lines have none-
theless been found to be susceptible to lysis upon scale-
up in stirred tanks. This has most often been observed
for cells derived from static flask cultures in molecu-
lar biology labs, and rarely seen for cells passaged for
extended periods in laboratory-scale or pilot-scale
stirred tanks.

In 1989, Petersen [13] found that hybridomas could
be gradually adapted, over several months, to approxi-
mately 25% increase in impeller rotation speed, up
to 235 rpm. In 1991, Kramer ¢t al. 14] found that
recombinant CHO cells were initially killed (down to
approximately 20% viability) in a bioreactor run at 793
rpm with a Rushton impeller, but after several weeks of
such exposure, eventually grew as well as control cul-
tures at low revolutions per minute (rpm). In 1992,
Schmid et al. (15] found that hybridoma cells could be
gradually adapted to high agitation, but that immedi-
ate exposure of unadapted cells to the same conditions

(720 rpm) resulted in rapid cell death.

By the early to mid-1990s, it became apparent that
prior adaptation of production cells to the hydrody-
namic environment in stirred tanks was a common
feature of every successful scale-up story, whether or
not it was understood or had been done intentionally.
Accordingly, prior adaptation of all production lines, as
well as even some host cell lines, to the hydrodynamic
environment in stirred tanks was soon employed by
industry leaders to partly enable subsequent, successful
scale-up of each line.

Hydrodynamic death in stirred tank bioreactors can
occur not only through turbulence from the impeller,
but also from forces generated by sparging air/oxygen
bubbles [7.9.12]. To avoid cell death from sparging, Plu-
ronic F-68 or other protective agents are added as sup-
plements to the culture medium [12]. A few industrial
processes are run without such protective agents. This
puts greater demands on bioreactor engineering design
and/or cellular adaptation.

Current hydrodynamic issues for
recombinant animal cells

As discussed above for the production of proteins from
recombinant animal cells, the impact of hydrodynamic
forces upon scale-up was partly resolved through cel-
lular adaptation, first to suspension culture, then to the
hydrodynamic environment in stirred tanks. This was
done in parallel with engineered system approaches,
such as research and design of stirred tanks for suspen-
sion culture, as well as engineering design of other pro-
cessing equipment, such as cross-flow filtration units
and centrifuges for medium exchange or harvest. For
the last 20 years or so, there have still been occasional
issues with hydrodynamics, such as cell lysis in harvest
units leading to antibody reduction [16].

Recently, there is a drive to greater process intensifi-
cation, to provide for clinical and eventual commercial
production in single-use bioreactors, at scales of 2000
L or less. Maximum cell densities are being pushed to
levels of 100 million cells per ml or greater. Mixing and
mass transfer requirements are increasing while cultures
are getting thicker. Cross-flow filtration and/or centri-
fuge systems are used more frequently, for longer peri-
ods, to enable perfusion and higher cell densities. Thus,
there is greater demand for design of engineering sys-
tems [12]. More cellular adaptation is also likely coming.

Hydrodynamic issues regarding therapeutic
cells

When used for recombinant protein production, cells
may undergo changes upon adaptation to, for exam-
ple, serum-free culture medium, suspension culture, a
high-shear growth environment, exposure to high lev-
els of waste products and other commercial production
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conditions. Nonetheless, the adapted cells often still
make the same quality biopharmaceutical protein, as
readily assessed through methods developed over the
last 30+ years.

When the cells themselves are the product, adapta-
tion of the cells is not necessarily desirable and may
in fact be problematic, with impacts more difficult
to assess. Cells are more difficult to characterize than
proteins. Immortal, transformed cells are now well
accepted as hosts for recombinant protein production
but would rarely if ever be acceptable for cell therapy.
There were likely unknown changes to such cells as
they were adapted to commercial conditions. The
changes often had little or no impact regarding recom-
binant protein production, but may well impact cells
destined for therapy. If normal primary cells are moved
from a static flask to a stirred vessel, changes may occur
to the population in general as well as to individual
cells. Fluid dynamics is known to impact cellular dif-
ferentiation (17] and could possibly impact transforma-
tion to a tumorigenic state.

In summary, for cell therapy applications, it is
unlikely that cellular adaptation will play a major role
to resolve the impact of hydrodynamic forces upon
scale-up. Engineered system strategies will need to
make up the difference and play a larger role than for
recombinant protein production. If protective agents
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