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From CHO-Cell to Stem-Cell Biotechnology,
Oxygenation, and Mixing in Animal-Cell Culture:
Bioreactors, Bubbles, and Cell Injury
In the early 1980s, it became clear that employing animal
cells to produce human therapeutics would become an
increasingly important technology, although hardly anyone
quite anticipated the growth of the industry of animal-cell
culture based human therapeutics. At the time, animal cells
were cultured for producing viral vaccines and for basic
biological studies. Production of viral vaccines employed
exclusively normal-like diploid cells, which required attach-
ment to surfaces for growth (anchorage-dependent growth).
In the early 1980s, some of the first human therapeutics
(urokinase, interferon) were based on genetically unmodi-
fied cells cultured using traditional technologies, such as
roller bottles. The cost of the products and the need to move
to market quickly did not justify development of deep-tank,
submerged cell culture technologies at the time.

The hybridoma technology had been invented in 1975,
and in the 1980s several companies had started producing
monoclonal antibodies for research or diagnostic purposes
using small-animal ascites or, at best, small hollow-fiber
bioreactors. Yet, the need for submerged large-scale
cultivation was clearly identified. Monsanto pioneered the
development of the large-scale animal-cell culture technol-
ogy in the late 1970s and early 1980s (Tolbert et al., 1980,
1982). Several important scale-up issues were identified,
notably those of mixing and ‘‘aeration’’ (i.e., oxygenation)
due to the ‘‘shear sensitivity’’ of the animal cells. At that
time in the 1980s, the debate as to whether human protein
therapeutics could be possibly produced from transformed,
cancer-like cells raged on for almost a decade (eventually
it became a mute point). Thus, the prevailing assumption
at the time was that normal-like, anchorage-dependent
cells would have to be employed using microcarriers (200–
400 mm beads) for cells to grow on.

Although the issue of cell damage due to mixing in
microcarrier cultures had been examined in the 1970s, it was
the work of two academic groups that took up the issue of
mixing and scale up of animal-cell bioreactors in earnest in
the early 1980s. D.I.C. Wang’s group at MIT and my group
(at Rice University at the time) examined mixing and cell
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damage in microcarrier bioreactors, the underlying funda-
mental issues, as well as modeling with an eye to scale up.
These studies led to a series of articles (e.g., Cherry and
Papoutsakis, 1986, 1988; Croughan et al., 1987, 1989) now
recognized as seminal in the field. The fundamental
conclusion was that damage of cells on microcarriers
derives from the microcarrier interaction with turbulent
eddies of the smallest size, which are responsible for
micromixing. The goal is to keep these small eddies larger
than the microarriers, and this was accomplished by
identifying parameters that affect the size of these eddies,
notably viscosity. In these studies, surface oxygenation was
used rather than forced aeration, and scale-up anticipated
the use of membrane aeration. Yet, it was the issue of mixing
and aeration in submerged, directly aerated (sparged)
bioreactors of freely suspended (i.e., transformed cells, like
Chinese Hamster Ovary (CHO) and hybridoma cells) that
would become a limiting issue towards the goal of large-scale
cultivation of these cells. This technology is now firmly
established and the gold standard for producing human
protein therapeutics in large scale, but at the time, this was a
daunting task.

Kunas and I started looking at this problem in 1986. The
Biotechnology and Bioengineering article published in 1990
(Kunas and Papoutsakis, 1990) captures the essence of and
fundamental resolution of the issue of cell damage in
bubble-oxygenated bioreactors. In the absence of bubbles,
the agitation intensity in bioreactors of freely suspended
cells must reach extraordinarily high levels before cell
damage is observed, and in fact the level whereby the
smallest eddies of micromixing become similar in size to the
cell size (10–20 mm). Such high levels of mixing would not
be practically encountered. Practically, the cells are damaged
by the breakup of the bubbles used to oxygenate the
bioreactor, and breakup and cell damage take place almost
exclusively (Michaels et al., 1996) on the free liquid surface
of the bioreactor. This mechanism of bubble-breakup was
already reasonably understood (Macintyre, 1972) to allow
estimation of the forces experienced by cells attached to the
bubble (Papoutsakis, 1991a), but the detailed understanding
of these forces came 3 years later (Boultonstone and Blake,
1993). In addition to understanding the parameters that
affect the velocity of the collapsing bubble surface (Michaels
et al., 1995a), understanding the process of how cells attach
to bubble surfaces (Bavarian et al., 1991; Chalmers and
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Figure 6. Photographs showing the induction time measurement process. The following four photographs were taken from different contact events. (a) A 1.2-mm-diameter

bubble formed at the capillary tip just prior to coming into contact with a bed of CHO cells at the bottom of the sample cuvette (ca. 1�107 cells). (b) The bubble immediately after

coming into contact with the bed of cells. The motion of the bubble resulted in a resuspension of the settled cells. Methocel was the additive in this case and the contact time was

20 s. The cells in this photograph were not attached to the bubble, and eventually settled due to gravity. After allowing the cells to settle out. there were no cells attached to the

bubble. (c) Cells that have remain attached to bubble (minimal bubble-surface coverage) in serum-free medium with no additive. The contact time was 50 ms. For higher contact

times, there were more cells attached. (d) High bubble-surface coverage (attachment of more than 100 cells to the bubble) after 10-s contact time for 0.1% PVP in serum-free medium.
Bavarian, 1991; Michaels et al., 1995b) and how strongly was
most valuable. These studies brought significant under-
standing as to the mechanisms (Michaels et al., 1995a,b) by
which media additives (‘‘shear protectants’’) such as
Pluronic F68, serum, and polyvinyl alcohols (Papoutsakis,
1991b) protect animal cells from bubble-breakup induced
damage. The reproduced Figure 6 of Michaels et al. (1995b)
illustrates how cells attach to bubble surfaces and how the
process is affected by media additives and the contact time
between the bubble and the cells. These mechanisms of
protection by these additives are now widely accepted to be
physicochemical rather than biological in nature (Michaels
et al., 1991).

While the subject matter has now largely reached maturity
in the context of large-scale CHO cultures, the emergence of
stem-cell bioengineering will likely require revisiting the
issue, since both microcarrier (Abranches et al., 2007) and
free-suspension (Collins et al., 1998; Kirouac and Zandstra,
2008) bioreactors are now contemplated. Whether adult
or embryonic-stem cells, these cells are considerably more
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sensitive to process parameters, such as mixing, additives, or
oxidative damage. Furthermore, for the case of embryonic
stem cells, cell entities may range from small, single cells
(ca. 10 mm in size) to large (200–400 mm) embryoid bodies.
Significantly, these cells are cultured as products themselves,
which means that they must properly express the surface and
intracellular proteins characteristic of the desirable differ-
entiation state. It is now established that even sublethal
mechanical forces in bioreactors may trigger alterations in
the expression of surface proteins (McDowell and Papout-
sakis, 1998; McDowell et al., 1998), while small changes in
other process parameters affected by mixing, such as oxygen
tension and pH, may alter cell differentiation.
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