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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 pm 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 pm). 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. 1x107 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 wm in size) to large (200—400 pm) 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.

Eleftherios Terry Papoutsakis
Department of Chemical Engineering
& the Delaware Biotechnology Institute
University of Delaware

15 Innovation Way
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We show that when freely suspended hybridoma celis
are cultured in an agitated bioreactor, two fluid-
mechanical mechanisms can cause cell damage and
growth retardation. The first is present only when there
is a gas phase, and is associated with vortex formation
accompanied by bubble entrainment and breakup. In
the absence of a vortex and bubble entrainment, cells
can be damaged only at very high agitation rates, above
approximately 700 rpm, by stresses in the bulk turbulent
liquid. Cell damage then correlates with Kolmogorov
eddy sizes similar to or smaller than the cell size. In the
absence of a vortex, the entrainment and motion of very
fine bubbles cause no growth retardation even at agita-
tion rates as high as 600 rpm.

INTRODUCTION

The number of cell products, whole cells, or cell parts that
need to be produced by cell-culture technology is increas-
ing continuously. In fact, more difficult types of cells
(such as various fetal cells, malignant cells, hemopoietic
and blood cells, and various other human cells) will need
to be produced in the future to satisfy the needs for ad-
vanced therapies and transplantations, novel diagnostic and
testing methodologies, and new therapeutic proteins. Choos-
ing and scaling-up the appropriate bioreactor, depending on
the characteristics of the cell, demands that we understand
how the complex fluid-mechanical, nutritional, and physico-
chemical environment in bioreactors affects the cells.
Growth of anchorage-dependent and frecly-suspended
animal cells in mixed bioreactors has a variety of advan-
tages such as: scaleability, ease of controlling and monitor-
ing important bioreactor parameters, relatively uniform
bioreactor conditions, and use of existing industrial capac-
ity from other biological processes.'™ Since animal cells
are sensitive to fluid-mechanical forces, an understanding
of the damage mechanisms caused by such forces associ-
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ated with mixing and/or aeration is important for effective
bioreactor design.” Oxygen in animal-cell bioreactors is typi-
cally supplied by a combination of surface, forced, and/or
membrane aeration.

The biomedical-engineering literature contains a wealth
of information on how shear stresses affect the morphol-
ogy, metabolism and product formation of anchorage-
dependent and freely-suspended cells associated with the
circulatory system, including endothelial cells,™® erythro-
cytes,” platelets,® polymorphonuclear leukocytes,” and
T lymphocytes."” These studies have used devices which
produce well defined flows and measurable shear stresses
on the entire sample volume to characterize the response of
cells to various degrees of liquid shear stress. Damage to
freely suspended hybridoma cells by shear stresses gener-
ated in viscometric flows has also been examined by vari-
ous researchers.’' ™"

In a mixed bioreactor, cells are exposed not just to simple
shear stresses but rather to a complex fluid-mechanical
environment generated by turbulence. Croughan and co-
workers'>"® and Cherry and Papoutsakis'"'"® have applied
concepts from isotropic turbulence to correlate growth and
death rates of anchorage-dependent cells on microcarrier
beads with bioreactor parameters. Damage mechanisms of
freely suspended cells in agitated bioreactors, with or with-
out surface aeration and/or sparging, have not been
systematically examined, and no correlations have been
established yet. In an effort to simulate reactor turbulence
damage, McQueen and co-workers'" found that the proba-
bility of hybridoma cell lysis during intermittent exposure
to turbulent flow in a capillary tube increases with time of
exposure and intensity of turbulence. In a number of agitated
bioreactors,** and in spinner flasks,” cell damage be-
gins at agitation rates anywhere between 150 and 350 rpm.
It was recently reported that in bioreactor experiments in
which bubble entrainment was carefully avoided, agitation
rates up to 450 rpm did not aiter hybridoma cell growth.”



Use of gas sparging (forced aeration) or bubble entrain-
ment, when surface aeration is used, can further complicate
the fluid-mechanical environment and cause additional
damage to suspension cells.”* Tramper and co-workers®'
have shown that cell damage in a bubble-column reactor
may occur at the bubble disengagement at the top of the
column or in the area of air injection. Handa et al.” pre-
sented data to show that cell damage occurs only in the
bubble-disengagement region at the top of a bubble column.

Our research aims to investigate and establish the means
by which high cell densities of biologically functional cells
can be produced efficiently'in agitated or mixed bioreac-
tors. Some of the issues that need to be dealt with include
the mechanisms of cell damage or metabolic alterations

due to fluid-mechanical forces. Understanding of these

mechanisms will facilitate the establishment of the agita-
tion and/or sparging limits to which various cells can be
exposed. Here we address the problem of cell damage due
to agitation and/or bubble entrainment and breakup in the
turbulent environment of an agitated bioreactor with and
without surface aeration. As a model system to examine
this problem, we use a hybridoma cell line (ATCC CRL
8018) which, based on the few available literature data, we
have qualitatively judged to be of intermediate shear fragil-
ity. This line has been widely used and characterized in
our laboratory.'>***

MATERIALS AND METHODS

Cells and Medium

CRL-8018 hybridoma cells (ATCC), which produce an
IgM antibody directed against hepatitis B surface antigen,
were adapted to grow with 1% Nutridoma-NS or SP
{Boehringer, Indianapolis, IN) medium additive and 1%
fetal bavine serum (FBS). After adaptation, the cells were
routinely cultured in Dulbecco’s modified Eagle’s medium
(DME; Sigma, St. Louis, MO) supplemented with 1%
(v/v) FBS (Hyclone Laboratories, Logan, UT), 1% (v/v)
Nutridoma-NS or SP, 2 mM glutamine (Sigma), and
50 units/mL penicillin, 0.05 mg/mL streptomycin, and
0.1 mg/mL neomycin (PSN; Sigma) before filtering.

Bioreactor Cultures

Two Setric Genie 2C bioreactors (Setric Genie Industriel,
Toulouse, France) operated with variable (1-2L) working
volume were used in all bioreactor experiments. Tempera-
ture was controlled at 37°C, and the dissolved oxygen con-
centration was maintained above 65% saturation with an
air/O, mixture. The pH was maintained at 7.2 by addition
of either CO, into the aeration system or 0.5N NaOH to
the culture medium. The impeller used for agitation was
7 cm in diameter with four blades pitched at 57° to the
horizontal, each blade being 7 by 1.8 ¢m in dimension.
The bioreactors as well as non-agitated T-flasks were inocu-
lated by diluting spinner flask cultures 1:5 to provide an
initial cell concentration of 2~2.5 x 10° cells/mL. The

bioreactor agitation speed was kept at 60 rpm, a non-
damaging speed for the cells, until the cell concentration
reached 4-5 x 10° cells/mL; then, agitation was increascd
to the desired rate. Variations in the cell’s ability to with-
stand fluid-mechanical forces due to different inoculum
histories, length of lag phase, or culture age' were largely
overcome by this protocol.

For culture volumes below 2 L, the aeration system
within the reactors consisted of a gas headspace in contact
with the agitated liquid medium surface. When operated at
a volume of 2 L, without a gas headspace, aeration was
provided via 3 m of Silastic brand medical grade tub-
ing (Dow Corning, Midland, MI) with 1.47 mm i.d. and
1.97 mm o.d. The tubing was held in place near the vessel
wall by a stainless steel wire support.

Cell Counts and Growth Rates

Total cell concentrations were determined using a coulter
counter (Coulter Electronics, Hialeah, FL). Culture viabil-
ity of random samples was checked using trypan blue dye
exclusion in a hemacytometer. The viability was consis-
tently found to be above 95% during exponential growth.
Samples were taken every 3—5 h until at least 5 samples
within the exponential growth phase had been obtained.
The apparent growth rate, w,,,, was determined by linear
regression of the exponential phase of the growth curve,
which is a plot of the natural log of the cell concentration
versus time. Error bars for the growth rates represent the
95% confidence interval for a regression parameter.”

Vortex and Bubble Characterization

To obtain stationary images of the vortex and bubbles
within the reactor, high speed photographs were taken of
the reactors containing volumes of I or 1.8 L medium at
agitation speeds up to 220 rpm using a 35-mm camera and
T-MAX P3200 film (Eastman Kodak, Rochester, NY).
The approximate size of entrained bubbles could then be
estimated from the photographs. In the reactors operated
without a gas headspace, a sample was quickly withdrawn
from the agitated reactor via a headplate opening using a
5-mL pipet. Bubbles within the sampie rose to the surface
of the liquid within the pipet and formed a stable foam.
The volume of the foam layer as well as the total sample
volume could then be measured in the pipet to calculate
the percentage of volume occupied by the bubbles. Since
the 5-mL pipets used were marked with 0.1-mL incre-
ments, the volumes could be measured accurately to ap-
proximately +0.05 mL. To get an estimate of the bubble
size, the number of bubbles aligned linearly between divi-
sions of the pipet were counted. The distance between
divisions divided by number of bubbles gave a rough esti-
mate of bubble diameter. A more accurate measurement of
bubble size was obtained by placing a sample of bubbles
from the reactor in a hemacytometer and observing them
microscopically. Bubbles in the hemacytometer remained
stable for more than 10 min. Since the gap in the hemacy-
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tometer was 0.1 mm, only bubbles with diameters less
than 0.1 mm could be measured.

RESULTS

Cell Growth at Low Agitation Rates in the
Presence of a Vortex and Entrained Bubbles

The growth of CRL-8018 hybridoma cells in 1.0 or 1.2 L,
surface-aerated bioreactors was evaluated at various agita-
tion rates. The apparent growth rate, . was chosen as
the primary growth characteristic to be measured. To allow
consistent bioreactor behavior from batch to batch, we de-
veloped the following protocol. First, healthy, exponentially
growing cells were used to provide a consistent inoculum
(initial concentration of 2-2.5 X 10° cell/mL) for each run.
Second, each reactor culture was allowed to reach the
same stage of exponential growth (4-5 X 10° cells/mL)
under conditions of gentle agitation (60 rpm) before the de-
sired agitation level was imposed. Last, after the agitation
was increased in each run, at least 5-6 points representing
exponential growth were obtained to allow statistically
meaningful calculation of the growth rate.

When operated with a volume of 1.0 or 1.2 L, a large
vortex was formed around the impeller shaft. The liquid
surface at the bottom of this vortex was rapidly fluctuating
with bubbles detaching and entraining into the culture me-
dium. From high speed photographs taken of the reactor
containing 1.0 L culture medium at agitation rates up to
220 rpm, we observed that the bubbles had an average di-
ameter of 1-3 mm. In addition, the vortex did not come
into contact with the blades of the impeller, which means
that bubbles detached from the vortex solely as a result of
the instability of the gas—liquid interface. No bubble entrain-
ment was observed at agitation rates below 140-150 rpm.

Figure 1 shows the growth rates from batch runs with 1.0
or 1.2 L liquid volume as a function of agitation rate. From
Figure 1 the response of hybridoma cells to agitation as
well as the effectiveness of the experimental protocol can
be assessed. The results from the experiments with the
1 and 1.2 L reactor volumes have been grouped together
because the reactor hydrodynamics appear visually similar
at these two volumes. The response of the cells in both
volumes appears also similar at the agitation rates shown
in Figure 1. Up to approximately 190 rpm, u,,, decreased
slowly with increased agitation rate, as shown on the ex-
panded scale for the positive growth rates. At 190-220 rpm,
M4, dropped dramatically to well below zero. Net positive
growth in the 1.0 or 1.2 L reactor does not occur at agita-
tion rates greater than 220 rpm. The large data scatter seen
around 200 rpm suggests a delicate balance between cell
growth and cell death and/or possibly growth retardation
due to fluid-mechanical forces. Above 190-220 rpm, how-
ever, cell damage increases much more rapidly than the
cells” ability to reproduce, as demonstrated by the large
negative |1,y values. In previous work,” u,,,, was modeled
as the difference between an invariable “true” growth rate,
o, and a death rate, k, that changes in response to differ-
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Figure 1. Apparent growth rates in agitated bioreactors containing 1.0
or 1.2 L medium at various agitation rates. At the gas—liquid interface
and around the impeller shaft a vortex was formed accompanied by
bubble entrainment. Growth at zero agitation rate corresponds to T-flask
cultures. On the y-axis, the positive and negative values are shown on
different scales to emphasize the functional dependency of the positive
growth rates on agitation rate. Error bars represent the 95% confidence
interval for a regression parameter.

ent agitation rates. Parameter u, was taken to be constant
for simplicity because our data could not discriminate be-
tween the two possibilities of a changing versus an invari-
able u, with increasing agitation. With this model, the
datz of Figure ! can be interpreted to imply that cell death
due to fluid-mechanical forces increases very slowly up to
approximately 150 rpm, but rapidly above 190-220 rpm.

Typically, error bars have been used in the literature to
represent the standard deviation of the mean of several
measurements.® Here, the error bars represent the 95%
confidence level for a regression parameter, and are smaller
than the scatter between the data points.

Cell Growth as a Function of Reactor Volume

One method we used to minimize the vortex and gas en-
trainment in the reactor was to increase the reactor vol-
ume. Increasing the reactor volume reduced the depth of
the vortex. As the data of Table I indicate, at both 200 and
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Table 1. Effect of liquid working volume on the growth of hybridoma
cells in agitated bioreactors of 2 L total velume. Error estimates represent
the 95% confidence interval for a regression parameter.

Apparent
Volume growth rate
L) ()
200 rpm:
1.0 —0.0243 *+0.0175°
1.2 —0.0575 £0.0085
1.7 0.0469 +0.0019
220 rpnx;
1.2 —0.0795 +0.0082°
1.5 0.0280 =0.0034
1.8 0.0424 +0.0025

* Mean rate from 5 batch runs.
® Mean rate from 6 batch runs.

220 rpm, an increase in volume above 1.0-1.2 L did result
in a positive rather than negative apparent growth rate.
Some values in Table I represent the mean growth rate
from several batch runs at the same volume and agitation
speed. The error interval for a mean growth rate reported
in Table I is the square root of the sum of the squares of
the error intervals for each individual growth rate used to
calculate the mean, divided by the number of growth rates
used to calculate the mean. As expected, high speed pho-
tographs of the reactors revealed a smaller vortex in reac-
tors containing 1.8 L medium than in the reactors with
only 1.0 L medium.

Cell Growth in the Absence of a Gas Headspace
but in the Presence Small Entrained Bubbles

In order to investigate if cell damage is due to fluid forces
in the bulk of the liquid phase, or to stresses resulting from
vortex instabilities and the associated bubble entrainment,
we modified the reactors to operate without a gas head-
space. In the modified system the volume was increased to
2 L, which completely filled the reactor and brought the
fluid level in contact with the reactor headplate. Without
any gas headspace, a vortex could not form regardiess of
the agitation rate. For oxygenation and pH control, each re-
actor was equipped with 6 m of thin-walled silicone tubing
wrapped around a stainless steel support cage. Because the
support cage held the tubing within 1 cm of the reactor wall,
the fluid region around the impeller remained unimpeded.

While the filled reactors eliminated the formation of a
vortex, as samples were periodically removed from an
opening in the headplate, small amounts of air were intro-
duced into the reactors. At the high agitation speeds used
in the filled reactors, any air within the reactor was quickly
entrained into the liquid to form very small bubbles. As
the run progressed, and more samples were taken, the con-
centration of bubbles within the reactor increased. During
a typical run the bubbles accounted for approximately
1-3% of the fluid volume and ranged in size from approxi-
mately 300 to 50 pm in diameter. Using these values, the

concentration of bubbles in the reactor was calculated to be
on the order of 5000 bubbles/mL. Under such conditions,
the medium in the agitated reactor has the appearance of a
whitish emulsion which is typical of high-agitation micro-
bial fermentations.

Figure 2 shows the results of experiments using the
filled reactors in which many fine bubbles were formed.
To find the range of agitation rates which would result in
slower apparent cell growth, the agitation rate was in-
creased several times during each batch run. After an in-
crease in agitation, 2 or 3 points were taken to determine if
the cell concentration was increasing or decreasing. The
agitation rate was then increased again. Thus, several agi-
tation conditions could be tested during each batch run,
although the measurement of the growth rate at each agita-
tion rate was somewhat less accurate. However, accurate
growth rate measurements were obtained at select agitation
rates using additional experiments at a single speed. As
Figure 2 shows, even in the presence of small bubbles en-
trained in the liquid, good net cell growth was observed at
agitation rates up to 700 rpm. In Figures 2(a) and 2(b), the
cells continued exponential growth at apparent rates of
0.0511 +0.0042h™" up to 450 rpm and 0.0417 +0.0035 h™"'
up to 600 rpm. These growth rates were calculated using
points from several agitation speeds, since the increases in
agitation speeds did not affect the apparent exponential
growth of the cells. The apparent growth rates at 600 and
400 rpm were statistically indistinguishable, and, in fact,
no different from the rates under mild agitation conditions
(Fig. 1). We conclude that up to 600 rpm, in the absence of
a vortex and a gas phase, but even in the presence of very
fast moving small bubbles, agitation is not detrimental to
cell growth. The apparent growth rates of cells at 800 and
900 rpm were calculated from data taken at a single speed
only as shown in Figures 2(c) and 2(d) and were found to
be 0.0015 £0.0047 h™' and —0.0187 +0.0084 h', re-
spectively. In all runs [Figs. 2(a)-2(d) and 3], a large
jump in cell concentration occurred immediately following
the initial increase in agitation from the gentle rate of
60 rpm. We found that cells grow loosely attached in the
interstices between the rows of silicone tubing and are dis-
lodged and become suspended at the onset of higher agita-
tion rates.

Cell Growth in the Absence of a Gas Headspace
and Entrained Bubbles

In further experiments we again modified the reactors to
completely eliminate vortex formation and bubble entrain-
ment and isolate the damaging effects of bulk-liquid fluid
forces from those associated with bubble entrainment, mo-
tion, and breakup. In addition to completely filling the re-
actor, a sampling device was connected which allowed
culture medium to be withdrawn from the reactor without
opening a port on the headplate. A reservoir was attached
so that fresh medium could flow into the reactor as sample
medium was removed. This reactor system, which also in-
cluded aeration via silicone tubing, successfully eliminated
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Figure 2. Batch growth curves for hybridoma cultures grown in the 2 L agitated
bioreactor without a gas headspace. Oxygenation and pH control was accom-
plished via silicone tubing. Cultures were stirred at an agitation rate of 60 rpm
until a cell concentration of 4-5 X 10° cells/mL was obtained. The agitation was
increased to the given values at the points indicated by the arrows. During the
course of each run, large amounts of bubbles ranging in size from 50 to 300 um
were entrained into the culture medium, although a vortex was absent. The filled
symbols represent the points of exponential cell growth used to calculate apparent
growth rates of (a) 0.0511 =0.0042 h™', (b) 0.0417 %0.0035 h™', (c) 0.0015
+0.0047 h™', and (d) —0.0187 +0.0084 h™'. The error estimates represent the
95% confidence limit for a regression parameter.

bubble entrainment in the reactor, even at an agitation
speed of 800 rpm.

Figure 3 shows the results of a batch reactor run at
800 rpm in which no bubbles were present in the reactor
medium. The cells grew with an apparent growth rate of
0.0155 +0.0055 h™' compared to the much lower rate of
0.0015 =0.0047 h™' obtained in the presence of entrained
bubbles at 800 rpm [Fig. 2(c)]. The growth rate at 800 rpm
was significantly lower than typical growth rates under
conditions of no agitation or gentle agitation (an average of
0.045 h™"). This suggests that, at agitation rates above ap-
proximately 600 rpm, some cell damage is due to stresses
within the bulk turbulent liquid phase in addition to stresses
associated with the motion, coalescence and breakup of
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gas bubbles within the liquid. The results of Figure 3
demonstrate that cells can grow at agitation speeds up to at
least 800 rpm, as long as a vortex and bubble entrainment
can be eliminated. Such agitation rates are more typical of
microbial bioreactors and have not been previously accom-
plished in cell culture reactors. Aithough of possibly little
practical significance, it is not unlikely that, at larger
scales and with different impeller design, cell growth at
even higher agitation rates may be feasible.

Cell damage in turbulent microcarrier bioreactors has
been associated and correlated with the relative size of
Kolmogorov-scale turbulent eddies to the microcarrier
size.”"® Cell damage due to direct interaction between the
cells on the microcarriers and the surrounding fluid or due
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Figure 3. Batch growth curve for hybridoma cells growing in the 2 L
agitatcd bioreactor without a gas headspace and without the presence of
entrained bubbles. Agitation was increased from 60 to 800 rpm at the
point indicated by the arrow. The points represented by the filled symbols
were used to calculate an apparent growth rate of 0.0155 £0.0055 h™'.
The error estimate represents the 95% confidence limit for a regression
parameter.

to bead to bead interactions becomes severe when the
Kolmogorov-scale eddy size, i, becomes similar to or
smaller than the microcarrier size."™™ Damage to freely
suspended cells during intermittent turbulent flow through
a capillary tube has been shown to occur when the
Kolmogorov-scale eddies are similar in size to the cell
size.” An analogous possibility for freely suspended cells
has not been examined in agitated reactors, since, up to
now, cell damage in agitated reactors was observed at agi-
tation rates below 300—450 rpm, whereby 7 is still consid-
erably larger than the free cell size (10-15 um diameter).
As we have shown here, at these lower agitation rates, agi-
tation damage is due to bubble entrainment and breakup,
and that only at rates above approximately 600-700 rpm
does cell damage due to fluid forces in the absence of bub-
bles become important. This is the only case where the
eddy-size correlation might be valid. 7 is calculated from
the equation"*;

n = (/&) 1)

where v is the kinematic viscosity and ¢ is the specific tur-
bulent power dissipation rate:

e = N,n'd}/V, 2

d; is the impeller diameter (here 7 cm); N, is the dimen-
sionless power number; n is the agitation rate in rev/s; and
V, is the power dissipation volume. However, several am-
biguities exist when calculating the eddy size in a stirred
bioreactor. First, the volume in which energy is dissipated
may be taken as the entire reactor volume or merely the
volume in the vicinity of the impeller, roughly the impeller
diameter cubed; the latter is a better choice.” Second, the
impellers used in our reactors are not standard marine pro-

pellers or flat-bladed, Rushton turbines, thus making the
estimation of an impeller power number from existing cor-
relations somewhat ambiguous. Using a reasonable range
of power numbers and both the total reactor volume and
volume in the vicinity of the impeller, d;, the Kolmogorov-
scale eddy size for the completely filled bioreactor at an
agitation rate of 800 rpm is tabulated in Table II. One may
therefore conclude that, indeed, when the eddy size be-
comes similar to the cell size, cell damage due to fluid
forces occurs even in the absence of a gas phase.

DISCUSSION

In the 1.0 and 1.2 L reactors at 190-220 rpm, bubbles rap-
idly detach from the bottom of a fluctuating vortex, are en-
trained, swirl throughout the liquid volume, then rise and
disengage at the liquid surface. These conditions result in a
rapid decline in cell concentration as a result of irreparable
cell damage. By increasing the reactor volume and de-
creasing the size of the vortex, cell damage can be con-
trolled even at very high agitation rates. For the volume
increases used in the present work, it is not valid to argue
that the reduced cell damage may be attributed to a larger
volume available for energy dissipation; i.e. to a lower &
and thus larger n {eqs. (1) and (2)]. This is because ¢ is in-
versely proportional to V, while it increases with the third
power of the agitation rate, n. Thus, even if one assumes
that the agitation power is dissipated in the entire liquid
volume, V, increases only by 67-100% (from 1-1.2 to
2 L), while n increases by at least 300% (from 200 to 600—
700 rpm) without observing significant cell damage. In-
deed, in the completely filled reactors, cell growth was
observed at agitation rates up to 700 rpm, even in the pres-
ence of very small bubbles.

Thus, our results show that cell damage in an agitated
bioreactor, at rates above approximately 150 rpm, is asso-
ciated with the presence of a gas—liquid interface within
the reactor. In the absence of a vortex, the presence of a
gas—liquid interface in the form of entrained bubbles down
to 50 um ip size does not necessarily cause cell damage,

Table II. Range of eddy sizcs calculated for a single agitation rate of
800 rpm for the completely filled reactor (2000 cm®) depending upon the
value used for the power number and the volume available for power dis-
sipation, V,, in the reactor.

Kolmogorov
Power eddy size
number (pem)
V, = 2000 cm®
1.5 22.2
2.0 20.7
2.5 19.6
V, =d} =343 e’
1.5 14.3
2.0 13.3
2.5 12.6

Note: Parameter 4, is the impeller diameter (cm).
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as it was observed at agitation rates below 600 rpm. Only
when entrained bubbles interact with a freely moving gas—
liquid interface, such as that present between the culture
medium and gas headspace, does significant cell damage
occur. Unlike what is often tacitly assumed, neither the
small size nor the large concentration of bubbles appear by
themselves detrimental to cells. Indeed, under the present
conditions, the rapidly moving (with respect to a stationary
frame of reference), very small bubbles (50-300 wm) cause
no reduction of cell growth at agitation rates up to at least
600 rpm. On the contrary, at lower agitation rates (150 rpm
and higher), much fewer, much larger (1-3 mm), slower
moving bubbles cause a large amount of cell damage when
a gas phase is present. This is a useful observation of po-
tentially practical significance because it may imply that,
with proper reactor design, direct sparging at high agita-
tion rates may be feasible without causing cell damage.
What design would make this feasible is not yet clear be-
cause we have no quantitative understanding, or any pos-
sible correlations, of how bubble entrainment and breakup
damage cells.

At 800 rpm, which corresponds to a Kolmogorov eddy
size comparable to the cell size of 12—15 um, cells grow at
a very low apparent growth rate when large amounts of
small bubbles are entrained in the reactor liquid. In the ab-
sence of any entrained gas, growth at 800 rpm is positive
but slower than growth under gentle agitation conditions.
Therefore, at agitation rates above 600-700 rpm, some
damage to cells can be attributed to stresses from the tur-
bulent liquid even in the absence of a gas phase. In the
presence of large numbers of small, entrained bubbles, and
at agitation rates above 600—700 rpm, both mechanisms
apparently contribute to cell damage. As with other sys-
tems of suspended cell “particles”, which include 150-
180 wm microcarrier beads, 80 um protozoa cells,”™"***
and the present 12—15 um cells, cell damage due to in-
teractions in the turbulent bulk liquid correlates with a
Kolmogorov eddy size, 7, similar to the “particle” size.
Although the ratio of % to the cell size may be used as a
predictor of cell damage, it provides no details as to how
cells are damaged by their interaction with these eddies,
or even a proof that there is indeed a direct cell to eddy
interaction.

We have presented some of the data from Figure 1 in an
earlier article® as a function of the Kolmogorov-scale
shear stress, 7 = p(ev)"?, that corresponds to the eddy size
7. Since no foam formation and no gas entrainment was
visible with the naked eye, we had thought that cell dam-
age was due to stresses within the bulk liquid alone. We
argued then that since the eddy size n was much larger
than the cells, damage was the result of stresses within
these eddies. However, as the later experiments reported
here show, the Kolmogorov-scale eddies and the associ-
ated shear stresses resulting from agitation in the range
shown in Figure 1 were not the cause of cell damage. In-
terestingly, the correlation with 7 is still valid, but we have
no explanation for it.

Handa et al.” reported that cell damage in a bubble col-
umn reactor is caused in the area of bubble disengagement

482

Biotechnology and Bioengineering, Vol. 102, No. 4, March 1, 2009

at the surface of the reactor. They proposed two possible
damage mechanisms —rapid oscillations due to bursting
bubbles and shear forces in draining films in foams. For
insect cells grown in a bubble column, Tramper and Vlak*"*'
suggested that cell damage may occur at the area of injec-
tion or surface disengagement of the bubble. They also
suggested that shear forces caused by rising bubbles are
not a cause of cell damage. These mechanism of cell dam-
age in bubble-column reactors are consistent with our find-
ings that cell damage at agitation rates above 150 rpm (but
below 600-700 rpm) occurs only when bubbles are burst-
ing at the liquid surface. In addition, cells do grow in the
presence of suspended bubbles that do not disengage at an
interface, even at high agitation rates (up to 700 rpm).

This research was supported in part by the U.S. National Science
Foundation under grant EET-8896100 and matching grants from
the Monsanto Corporation and the Eastman-Kodak Company.
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