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ABSTRACT: Biopharmaceutical production would benefit
from rapid methods to optimize production of therapeutic
proteins by screening host cell line/vector combination,
culture media, and operational parameters such as timing
of induction. Miniaturized bioreactors are an emerging
research area aiming at improving the development
speed. In this work, a 3 mm thick mini-bioreactor including
two 12 mm wide culture chambers connected by a 5 mm
wide channel is described. Active mixing is achieved by
pressure shuttling between the two chambers. Gas-liquid
phase exchange for oxygen and carbon dioxide is realized by
molecular diffusion through 50 wm thick polymethylpen-
tene membranes. With this unique design, a velocity dif-
ference between the middle area and the side areas at the
interfaces of the culture chambers and the connecting
channel is created, which enhances the mixing efficiency.
The observed mixing time is on the order of 100 s. The
combination of high permeability toward oxygen of poly-
methylpentene membranes and fluid movement during
active pressure shuttling enables higher volumetric oxygen
transfer coefficients, 5.7 + 0.4-14.8 + 0.6 h !, to be obtained
in the mini-bioreactors than the values found in traditional
50 mL spinner flasks, 2.0-2.5 h~'. Meanwhile, the calculated
volume averaged shear stress, in the range of 10°~10"" N/
m?, is within the typical tolerable range of animal cells. To
demonstrate the applicability of this mini-bioreactor to
culture suspended animal cells, the insect cell, Spodoptera
frugiperda, is cultured in mini-bioreactors operated under a
Kya value of 14.8 0.6 h~ ' and compared to the same cells
cultured in 50 mL spinner flasks operated under a Ky a value
of 2.2 h™'. Sf-21 cells cultured in the mini-bioreactors
present comparable length of lag phases and growth rates
to their counterparts cultured in 50 mL spinner flasks, but
achieve a higher maximum cell density of 5.340.9 x
10° cell/mL than the value of 3.4 = 0.4 x 10° cell/mL obtain-
ed by cells cultured in 50 mL spinner flasks. Sf-21 cells
infected with SEAP-baculovirus produce a maximum SEAP
concentration of 11.3+0.7 U/mL when cultured in the
mini-bioreactor. In contrast, infected Sf-21 cells cultured
in 50 mL spinner flasks produce a maximum SEAP
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concentration of 7.4 £ 0.9 U/mL and onset of production is
delayed from 18 h in minibioreactor to 40 h in spinner flasks.
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Background and Introduction

In modern biotechnology industries, cell culture plays a
critical role enabling the large-scale production of
biological products (Chu and Robinson, 2001; Flickinger
and Drew, 1999; Shuler and Kargi, 2002). Due to the
inherent complexity of animal cells, cellular physiological
responses are very sensitive to the local culture environment.
The number of genetic and process permutations needed to
screen for new products and to allow process optimization is
large; this drives a strong demand for obtaining accurate
bioprocess data over a short time-frame. Additionally, the
explosive recent development of high-throughput tools
obtaining information at genomic and proteomic level
(Henzel et al., 1993; Humphery-Smith et al., 1997; Klose and
Kobalz, 1995; Schena et al., 1995; Yates et al., 1993) leaves
information collection at cellular level the rate-limiting step
in bioprocess development. What is required is the ability to
perform a large number of cell culturing experiments under
controlled environments in parallel with the capability of
monitoring critical parameters in real-time. Such a
capability would open a new avenue to the development
of improved bioprocesses and a deeper understanding of the
underlying biology.

Cell culture tools, such as T-flasks, microtiter plates, shake
flasks, spinner flasks and 1-10 L bioreactors, have remained
the standard bench-scale cell cultivation choices for decades
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(Kumar et al., 2004; Stanbury et al, 1995). Extensive
knowledge of these bioreactors and techniques of monitoring
and controlling them have been established. However,
considerable effort is required for pre-culture preparation
and post-culture cleaning. As the number of experiments
increases, the effort involved also scale up and quickly
exceeds the handling capacity of individual experimentalists.
Integrating steps that precede and follow cell cultivation
with conventional bench-scale bioreactors would require
building sophisticated mechanical systems. The complexity of
these systems makes them expensive and fragile. Alternative
technology to provide high-throughput, low cost, well
controlled, robust and automated processing is clearly
needed. Micro-bioreactor technology has been proposed as
a potential solution to the deficiencies of existing bench-scale
cell cultivation technology (Kostov et al., 2001; Lamping et al.,
2003; Maharbiz et al., 2003; Zanzotto et al., 2004).
Micro-bioreactor technology is essentially a group of
techniques including fabricating, operating, monitoring and
controlling bioreactors at the scale of microliters to
milliliters using parallel structures. Several micro-bioreactor
designs have been proposed and tested for bioprocess
development applications. Kostov et al. (2001) first adapted
a4 mL disposable polystyrene cuvette with a cross-sectional
dimensions of 1 cm x 1 cm into a micro-bioreactor with a
working volume of 2 mL. Oxygenation was achieved by
placing a micro-sparger in the reactor, while mixing was
realized by the action of a magnetic stirrer placed at the
bottom of the well. Initial data on the responses of pH,
dissolved oxygen and optical density using Escherichia coli
as a model system demonstrated that fermentation in
this micro-bioreactor was feasible. Lamping et al. (2003)
machined a cylindrical micro-bioreactor from plexiglas with
a diameter of 16 mm, a height of 48 mm and a working
volume of 6 mL. A three, 6-bladed, open flat-turbine
impeller was used to mix the medium, and an air sparger was
placed directly beneath the hub of the bottom impeller.
Using a Van’t Riet analysis, Lamping et al. demonstrated
that the oxygen transfer of their micro-bioreactor matched
standard 20 L bioreactors. E. coli cultured in this type of
micro-bioreactors showed comparable growth curves to
E. coli cultured in 20 L fermenters operated under the same
Kia value. Maharbiz et al. (2003) fabricated 250 pL
microbioreactors out of plastic microplates connected to
electrolysis chambers via 30 pm thick silicone membranes.
Oxygen and carbon dioxide generated electrochemically in
the electrolysis chambers penetrated through the silicone
membranes into the culture chambers. Small steel beads
were loaded into each culture chamber for stirring. Zanzotto
et al. (2004) fabricated 5-50 wL chip-shaped micro-
bioreactors (depth 300 wm) from poly (dimethylsiloxane)
(PDMS) and covered them with a 100 pm thick oxygen-
permeable PDMS membrane. The oxygen supply was
realized by molecular diffusion from the gas phase to the
liquid phase, and a Kya value up to 60 h™' was obtained.
Using E. coli as a model system, they presented dynamic
curves for cell density, dissolved oxygen, pH, glucose,

acetate, formate, and lactate that were similar to those
observed in a 500 mL standard bioreactor operated under
identical Kya values. Szita et al. (2005) and Zhang et al.
(2005) improved Zanzotto’s design by incorporating mini-
magnetic stir bars into 150 wL chip-shaped PDMS micro-
bioreactors (diameter 10 mm, depth 1 mm) for active
mixing. The obtained Kpa value was improved from
~20 h™' to ~90 h™' by increasing the rotation speed of
the mini-magnetic stir bar from ~200 rpm to ~850 rpm.
The dynamic cell growth curve and dissolved oxygen curve
of two model systems, E. coli and S. cerevisiae were both
improved as the value of Kya increased. Zhang et al. (2006)
further incorporated a pressure-driven flow injection unit
into the improved design and built a chemostat. Steady
states of E. coli at different dilution rates were demonstrated.
Following the similar chip-shape PDMS design, Lee et al.
(2006) developed an integrated 100 wL micro-bioreactor
arrays using embedded air actuation micro-channels for
mixing and oxygenating simultaneously. The obtained K;a
value was improved as mixing efficiency increased with a
maximum Kja of 360 h™'. E. coli cultured in these micro-
bioreactors presented maximum cell density comparable to
areference 4 L fermentation. Separately, Rao et al. pioneered
the application of optical chemical sensing technology to
monitor primary operational parameters including pH,
dissolved oxygen and carbon dioxide (Ge et al., 2003, 2005;
Kostov et al., 2001).

As reviewed above, existing mini-bioreactor prototypes
have successfully demonstrated the feasibility of culturing and
monitoring cells at micro-scale. However, their applications
have focused on bacterial and yeast fermentation. Yet, animal
cell cultivation plays an important role in modern bioprocess
engineering due, for example, to their unique capability of
adding complex glycans (Flickinger and Drew, 1999;
Mohamed, 2002; Shuler and Kargi, 2002). Animal cells are
notorious for their susceptibility to hydrodynamic stress due
to the lack of cell walls. Published documents indicate that a
shear stress above 1 N/m? is lethal to most animal cells and
results in cell lysis (Ma et al., 2002). Moderate level of shear
stress below 1 N/m” could trigger non-lethal, yet physio-
logically significant, changes in cells (Ma et al., 2002; Shuler
etal., 1995). Thus controlling hydrodynamic forces within the
tolerance of cell lines typically used in bioprocessing is a
critical concern for bioreactor design. Animal cells are also
very sensitive to osmotic pressure and evaporation of fluid
during cell culture can be highly detrimental. Gas transfer
must selectively favor oxygen and carbon dioxide while
minimizing water evaporation.

In this work, a mini-bioreactor for culturing suspended
animal cells was designed and fabricated from polyacrylic
acid with a polymethylpentene membrane. This new design
contained two elongated chambers connected by a channel
with significantly reduced cross-sectional dimension as
shown in Figure 1. The elongated chambers were enclosed by
polymethylpentene membranes to facilitate oxygen and CO,
exchange through molecular diffusion. These membranes
have low permeability for water vapor. Mixing was achieved
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Figure 1. Schematic diagrams of the mini-bioreactor. A: Anatomic 3D drawings
of the middle frame. The middle frame is composed of two vertical cut-through
openings, 12 mm wide, connected by a narrow U-channel, 5 mm wide and 2.5 mm deep.
The whole structure is 3 mm thick. A hole is opened at the bottom of the U-channel for
inserting of a micro oxygen probe. B: A 3D drawing of the assembled mini-bioreactor.
The two sides of the middle frame are covered by 50 wm thick polymethylpentene
membranes. Two holes are drilled through the top of the mini-bioreactor and
embedded with tubes to be connected with external tubing and filters. These holes
are used to seed cell culture, remove samples and control the internal pressure.
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by continuously shuttling the culture medium between two
chambers using an oscillatory regulating pressure. Shear
stress within this novel mini-bioreactor was approximated
using a numerical model. The mixing time and Kja of this
mini-bioreactor were also characterized under different
operational conditions. An insect Sf-21 cell line was used as a
model system to demonstrate the feasibility of this novel
mini-bioreactor for culturing suspended animal cells. Cell
growth and protein expression curves were compared with
those obtained from standard 50 mL spinner flasks.

Materials and Methods

Design, Fabrication, and Sterilization

The mini-bioreactor adopted a chip design. A pattern of
two parallel 12 mm wide channels connected by a 5 mm
wide U-channel was cut onto 3 mm thick polyacrylic
acid sheets as shown in Figure 1A. A hole was drilled
through the middle of the U-channel to plug into a micro
oxygen probe. Holes were also drilled through the top of
each 12 mm wide channel and nickel tubes were chiseled in
as gas outlets. The two sides of the frame were covered by
50 pm thick polymethylpentene membranes. Assembled
mini-bioreactors are shown in Figure 1B.

Layouts of the mini-bioreactors were drawn by Solid
Works (SolidWorks Co., Concord, MA) and milled onto
polyacrylic acid sheets (Cryo Industries, Chicago, IL) locally
by Kionix, Inc. (Ithaca, NY) using a standard mill machine
(OM2A, Haas Automation, Inc., Oxnard, CA). Fifty
microliters thick double-side adhesive sheets (ARclad®™
7876, Adhesives Research, Inc., Glen Rock, PA) were then
attached to both sides of the polyacrylic frame. The middle
of the attached adhesive sheets was removed along the
pattern of the milled frame using razors. Fifty microliters
thick polymethylpentene sheets (Curbell, Orchard Park,
NY) were attached to the exposed side of the adhesive sheets.

Assembled mini-bioreactors were sterilized by a standard
ethylene dioxide sterilization procedure. During cell culture,
the medium was loaded into mini-bioreactors using syringes
and needles in a sterilized laminar flow hood. Syringes were
overfilled with liquid medium to avoid injecting air into the
mini-bioreactors. Autoclaved 0.2 pwm filters (Sterile Syringe
Filter, w/0.2 wm cellulose acetate membrane, VWR, West
Chester, PA) were connected to the two gas outlets through
autoclaved tubing to prevent contamination.

Device Operation

During operation, assembled mini-bioreactors loaded with
cell culture were placed in a humid carbon dioxide incubator
which maintained constant temperature and humidity.
Figure 2 shows a schematic description of the whole
configuration. 2.5 mL of cell culture was loaded into each
assembled mini-bioreactor, which was placed upright on
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Figure 2. Schematic description of the configuration of the cell culturing
system. Multiple mini-bioreactors are placed in a CO, incubator maintaining constant
temperature. One outlet tube on top of each mini-bioreactor is connected with tubing
linked to an external pressure regulator regulating pressure. Micro oxygen probes and
accompanying oxygen meters are used to monitor dissolved oxygen.

holders. The two outlets at the top were connected to a
pressure regulator and ambient pressure via air filters and
tubing, respectively. At the beginning, the liquid—air
interfaces in the two parallel chambers were at the
same level. Once the pressure regulator were turned on,
the pressure in the headspace of the chamber connected
to the pressure regulator was regulated between a pre-set
pressure and a vacuum at a specified frequency. Liquid in the
mini-bioreactor was pushed by the net force of the pressure
differential and gravity force until the pressure differential
was equal to the gravity force. In this way, the pressure
differential between the two parallel chambers drove the
liquid in the mini-bioreactor to move back and forth
periodically.

Shear Stress Characterization

The shear stress generated in the mini-bioreactor was
calculated based on incompressible Navier-Stokes equations
using Femlab (Femlab version 3.1, Comsol, Burlinton, MA)
for the conditions considered in the experimental study. In
the present study, the numerical model was built with the
same dimensions as the physical model shown in Figure 3.
The reactor was filled with water at 20°C. The moving
velocity of the air—water interface was obtained experimen-
tally and used to define the boundary condition of the air—
water interface under the control of the external pressure
regulator. The boundary condition of the other air—water
interface where the chamber was connected to the ambient
pressure was set as outflow. The experimental procedure of
obtaining the moving velocity of the air—water interface is
described in the next paragraph.

The moving velocity of the air-water interface was
obtained by dividing the moving distance of the interface

Boundary 2

Boundary 1

v [, Width of the connecting channel: 5 mm
Thickness of the chamber: 3 mm

Figure 3. A schematic drawing of the numerical model. The dimensions of the
numerical model are the same as the physical model shown in Figure 1. The inflow
velocity at Boundary 1 was set equal to the experimentally measured moving velocity
of the air-water interface. Boundary 2 was set as outflow.

over the time under the regulating pressure. The moving
distance of the interface was monitored by eye using a ruler.
The time was recorded using a stopwatch.

Mixing Time Characterization

The mixing capability of the new mini-bioreactor was
quantified using a conventional colorimetric method
for determining mixing time based on acid—base reactions
(Paul et al., 2004). In this method, mixing time was defined
as the time required to observe a color change from pink
to clear during an acid-base neutralization reaction. Fifty
microliters of a 0.1 M NaOH solution and 50 pL of a
1% phenolphthalein solution were mixed and diluted into
50 mL of distilled water. A certain volume of the pre-mixed
base solution specified in each experiment was added to the
mini-bioreactors. At time zero, 0.1 M HCI solution with a
volume of 1% of pre-loaded base solution was injected into
the bioreactor quickly using a 200 pL pipetman. The
disappearance of the pink color was observed by eye, and the
time was recorded using a stopwatch. The pipetman was
always placed at the same position in the micro-bioreactor
in all of the experiments undertaken here.

K, a Characterization

The “unsteady” method (Shuler and Kargi, 2002) was used
to evaluate the Kya value obtained in 3 mm thick mini-
bioreactors filled with Ex-Cell 400 serum-free medium
(JRH Biosciences, Lenexa, KS). During measurement, a
mini-bioreactor was placed in a closed chamber within an
incubator. The chamber has specific openings for delivery of
desired gas mixtures and ports for the exhaust of gas. Tubing
delivering nitrogen and air were attached to this chamber.
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A micro-oxygen probe (MI-730 Oxygen Electrode, Micro-
electrodes, Inc., Bedford, NH) was inserted into the reactor.
At beginning, the chamber was flushed with nitrogen until
the residual dissolved oxygen (DO) in the medium was zero.
Subsequently, the nitrogen flow was turned off and an air
flow was pumped into the chamber. The DO recovery was
recorded by a micro-oxygen probe. The Kra values were
obtained from the following expression:

In(C* - C;,) —In(C" = Cy,)
h—1h

KLa: — (1)

where ¢ is time (h), C is the DO concentration in the liquid
phase (mg/L), and C* is the saturated DO concentration
(mg/L).

Insect Sf-21 Culture Medium and Maintenance

Spodoptera frugiperda (IPL-Sf21AE) cells were obtained
from Dr. Robert Granados at the Boyce Thompson
Institute for Plant Research (Ithaca, NY). The Sf-21 cells
were adapted to Ex-Cell 400 serum-free medium from a
TNM-FH medium (containing 10% Fetal Bovine Serum) in
a suspension culture. Adaptation was accomplished by
slowly weaning the cells from the serum-containing
medium. The Sf-21 cells were grown at 28°C in a suspension
culture using 50 mL spinner flasks (Bellco Glass, Vineland,
NJ) with a working volume of 40 mL agitated at 100 rpm.
The normal caps were replaced with foam closures (Bellco
Glass) to facilitate better oxygen transfer. Frozen cells were
revived and maintained in 25 mL T-flasks for three passages,
then transferred to 50 mL spinner flasks and maintained for
at least three passages before they were used in any spinner
flask and mini-bioreactor experiments. Cells were routinely
subcultured every 2-3 days.

SEAP Baculovirus Stock Preparation and Titer
Measurement

Baculovirus containing the gene for secreted alkaline
phosphatase (SEAP) was produced using the 1A strain of
Autographa californica nucleopolyhedrovirus (AcMNPV)
and a secreted form of the gene for human placental alkaline
phosphatase in the pAc YM1 vector and was obtained from
Dr. Alan Wood at the Boyce Thompson Institute for Plant
Research. Virus was amplified by infecting actively growing
Sf-21 cells at 2 x 10° cells/mL (corresponding to a mid-
exponential phase) at a multiplicity of infection (MOI) of
two. A low MOI reduced the production of defective
interfering particles. The virus was harvested 2 days post
infection.

The virus was titrated using a modified end-point dilution
assay (Dee and Shuler, 1997). For the modified end-point
dilution assay, each well of a 96-well-plate was seeded with
50 wL of Sf-21 broth. Ten microliters of diluted virus was
added per well and the plate was spun at 1,000¢ for 1 h in a
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centrifuge (Allegra™ X-12 Centrifuge, Beckman Coulter,
Fullerton, CA). After incubation at 28°C for 7 days, 25 pL
of 1 mg/mL 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
(Sigma, St. Louis, MO) were added to each well. The
proportion of wells that turned blue was determined 4-6 h
after the addition of the substrate.

Insect Sf-21 Cell Growth Experiments

Cells were maintained in spinner flasks and used when they
reached a density of about 2-3 x 10° cells/mL (correspond-
ing to a mid-exponential phase) with a viability >95%. For
the mini-bioreactor experiments, Sf-21 cells were seeded
at 5 x 10° cells/mL into mini-bioreactors shuttled under a
pressure differential of 548.0 Pa and a shuttling frequency of
2.14 Hz with a working volume of 2.5 mL. The cell number
was determined every 24 h using a hemocytometer (Brialit
Live™, Reichert, Buffalo, NY). Cell viabilities were
measured using trypan blue dye exclusion. For spinner
flasks, Sf-21 cells were seeded into spinner flasks agitated at
100 rpm. with a working volume of 40 mL at 5 x 10° cells/
mL. Cell numbers and viability were determined in the
same way for the mini-bioreactors. The results presented
here involved an average of three replicate devices at each
time point.

Insect Sf-21 Infection Experiments

Cells were maintained in spinner flasks. When the cells
had reached 2-3 x 10° cells/mL with a viability of >95%
(corresponding to a mid-exponential phase), the cells were
harvested by centrifugation at 100g for 10 min in a
centrifuge (Allegra™ X-12 Centrifuge, Beckman Coulter),
pooled and resuspended in fresh medium at 5-6 x 10° viable
cells/mL in spinner flasks. Virus was added to give a MOI of
10. Cells were incubated with the virus for 3.5 h in spinner
flasks agitated at 100 rpm. The cells were then centrifuged
and resuspended at 3 x 10° cells/mL in fresh medium in
both mini-bioreactors and spinner flasks. SEAP expression
was quantified by the SEAP assay every 24 h post placement
in the reactors.

Secreted Alkaline Phosphatase Determination

Extracellular SEAP activity was measured every 24 h up to a
total time of 7 days. A 0.1 mL aliquot of medium was
removed from bioreactors and centrifuged to pellet the cells
(Allegra™ X-12 Centrifuge, Beckman Coulter). The sample
was heated at 65°C for 5 min to eliminate endogenous
phosphatase activity and then microcentrifuged for 2 min
(Micro-Centrifuge Model 235C, Fisher Scientific, Hampton,
NH). Five microliters of sample was added to 1 mL of assay
buffer (1.0 M diethanolamine pH 9.8, 0.5 mM MgCl, and
10 mM r-homoarginine) (Sigma) and 100 pL of 120 mM
p-nitrophenyl phosphate (Sigma) (in assay buffer) and



allowed to incubate at 28°C. The absorbance at 405 nm was
monitored for 45 s. The slope was used to calculate the SEAP
activity.

Results and Discussion

Shear Stress Characterization

Extensive previous work (Ma et al., 2002; McQueen et al.,
1987; Shuler et al., 1995) shows that shear stress has
significant impact on animal cells’ performance. A modest
level of shear stress is important to emulate shear-induced
physiological changes in a scale-up reactor and static
cultures might not provide good prediction of performance
under shear. However, high levels of shear stress, >1 N/m?,
will also be detrimental to most animal cells. Figure 4 shows
the volume-average shear stress corresponding to the
shuttling speed generated in a 3 mm thick mini-bioreactor
calculated using Femlab. It can be seen that, within the tested
range of shuttling speed, 0.1-2 cm/s, the volume-average
shear stress is well below the typical lethal threshold value for
suspended animal cells, I N/m?* (Ma et al., 2002; Shuler et al.,
1995). Figure 5 shows the detailed shear stress profiles in the
X, ¥, z directions when a 3 mm thick mini-bioreactor is
shuttled under 1 cm/s. The shear stress mainly occurs in the
narrow connecting channel and the interface between the
connecting channel and the vertical chamber. The max-
imum shear stress is 0.18 N/m?, which is also far below the
typical lethal threshold value for suspended animal cells,
1 N/m”. Collectively, these approximate estimations suggest
that the shear stress generated in the 3 mm thick mini-
bioreactor will not be severe enough to cause significant
death of animal cells. Yet, it may have physiologically
relevant effects on the cultured cells.

Mixing Time Characterization

Figure 6 shows the mixing times for a 3 mm thick mini-
bioreactor shuttled under different conditions and various
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Figure 4. The volume-average shear stress generated in a 3 mm thick mini-
bioreactor corresponding to the shuttling speed.

working volumes. The mixing time ranges between 12 and
120 s when 3 mm thick mini-bioreactors are operated with a
1.5-2.5 mL working volume, a pressure differential of 174.4—
548.0 Pa and a 5.00-2.14 Hz shuttling frequency. The
influence of regulating pressure to the mixing time is
nonlinear: the mixing time increases to a larger extent at low
regulating pressure regions and large working volume, but
to a smaller extent at high regulating pressure regions and
low working volume. Shuttling frequency, in general, has
less influence on the mixing time than the values of the
regulating pressure and working volume within the tested
range. Comparing the measured mixing time range to the
typical time scales of substrate consumption (5.5 x 10* s),
cell growth (1.2 x 10* 5), and heat production (350 s)
(Shuler and Kargi, 2002) for large scale reactors, it can be
seen that the mixing time scale generated in a 3 mm thick
mini-bioreactor is much shorter than these kinetic time
scales. It is concluded that the above three reactions
are kinetically limited rather than transport limited and
there should be little or no cell density and glucose
concentration heterogeneity and heat accumulation.

X Shear Stress

Y Shear Stress

Z Shear Stress

Figure B. The shear stress profiles in the x, y, z directions generated in a 3 mm thick mini-bioreactor shuttled at 1 cm/s.
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Figure 6. Mixing time obtained in a 3 mm thick mini-bioreactor operated under
various conditions. (4) Working volume 2.5 mL and shuttling frequency 5 Hz;
(M) Working volume 2.0 mL and shuttling frequency 5 Hz; (A) Working volume
1.5 mL and shuttling frequency 5 Hz; (<>) Working volume 2.5 mL and shuttling
frequency 3.75 Hz; (1) Working volume 2.0 mL and shuttling frequency 3.75 Hz;
(A) Working volume 1.5 mL and shuttling frequency 3.75 Hz; () Working volume 2.5 mL
and shuttling frequency 3 Hz; (Jll) Working volume 2.0 mL and shuttling frequency 3 Hz;
(4) Working volume 1.5 mL and shuttling frequency 3 Hz; (<) Working volume 2.5 mL
and shuttling frequency 2.5 Hz; () Working volume 2.0 mL and shuttling frequency
2.5 Hz; (/) Working volume 1.5 mL and shuttling frequency 2.5 Hz.

Oxygen Transportation Characterization

In the present design, oxygen transfer is mainly achieved by
diffusion through the polymethylpentene membranes
covering two sides of the mini-bioreactors. Polymethylpen-
tene has selectively large permeabilities of oxygen and
carbon dioxide and a low permeability of water vapor
(Brandrup and Immergut, 1975). Figure 7 presents the
volumetric oxygen transfer coefficients, Ky a, of a 3 mm thick
mini-bioreactor covered by 50 wm thick polymethylpentene
membranes operated under various regulating pressures and

18

2 5
B>00
@
19}

Ie> &>

BE-CO O

gw- A
3
28
O
stg H E E =
a b
P
0
2 3 4 5

Shuttling Frequency (Hz)

Figure 7. Volumetric oxygen transfer coefficients, K a, of a 3 mm thick mini-
bioreactor operated under various conditions. ([J) Shuttling pressure 199.3 Pa; (A)
Shuttling pressure 373.7 Pa; (O) Shuttling pressure 548.0 Pa.
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shuttling frequencies. The ranges of these values lie between
5.740.4 and 14.8 £0.6 h™' as the regulating pressure and
shuttling frequency increase. These values are larger than
reported Kpa values for 50 mL spinner flasks filled with
40 mL of the same culture medium operated between 60 and
100 rpm, which have been found to be between 2.0 and
25h7! (Taticek, 1995). Additionally, it is notable that there
is a large increase of Kya values as the regulating pressure
increases from a pressure differential of 199.3 Pa to a
pressure differential of 373.7 Pa, while there is no significant
increase of Kpa values as the regulating pressure increases
from a pressure differential of 373.7 Pa to a pressure
differential of 548.0 Pa.

The plateau of Kya at high regulating pressure can be
explained by the fact that the oxygen supply from the air to
the culture medium is realized by the oxygen diffusion from
the air to culture medium through the polymethylpentene
membrane. Therefore, the overall oxygen mass-transfer
resistance, 1/kir, is the sum of the oxygen diffusion
resistance through the polymethylpentene membrane,
1/kmembranes the oxygen mass-transfer resistance in the
culture medium, 1/kc, and the oxygen mass-transfer re-
sistance in the gas phase, 1/kg, as shown in Equation (2)
(Cussler, 1997):

L
ktota] kg

1 " 1
kmembrane kC

(2)

and the 1/kpemprane can be derived from Equation (3)
(Cussler, 1997):

1 _ t (3)

DpolymethylpemeneH

kmembrane

where ¢ is the thickness of the membrane (um), D is the
diffusivity of oxygen in polymethylpentene (cm?®/s), and
the Henry’s constant H, is the solubility ratio of oxygen in
polymethylpentene and water. Increase of regulating
pressure enhances the mixing and distribution of dissolved
oxygen in the culture medium, therefore, reduces the oxygen
mass-transfer resistance in the culture medium, 1/kc, and
the overall oxygen mass-transfer resistance, 1/k,,. Because
the oxygen-liquid interfacial area (cm?/cm’), a, stays
constant during the operation of the mini-bioreactor, the
above results further lead to increased Kia, which is the
multiple of ki and a. The plateau of the Kpa at high
regulating pressure suggests that the 1/kc has reached its
minimum. Any further reduction in 1/ky,, depends on
reducing the values of 1/kmembrane and 1/kg.

To further understand the significance of the contribution
of the 1/kmembrane and 17k, to 1/kiora1, the minimum 1/keoral
that can be obtained in the 3 mm thick 3 mL mini-bioreactor
covered with 50 pm thick polymethylpentene membranes
was calculated as 1,313 s/cm, given that the maximum Kia
obtained experimentally is, 14.24+ 1.3 h™', and the a,
determined by the present design, is 5.2 cm?*/cm’.
Additionally, using Equation (3) and the values of
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Figure 8. cel growth curves of Sf-21 cultured in 50 mL spinner flasks and 3 mL
mini-bioreactors. (O) Total cell density obtained in 3 mL mini-bioreactor (3 mm thick,
2.5 mL working volume, 548.0 Pa regulating pressure and 2.14 Hz shuttling frequency);
(4p) Viable cell density obtained in 3 mL mini-bioreactor; ([]) Total cell density obtained
in 50 mL spinner flask (40 mL working volume and 100 rpm agitation speed); () Viable
cell density obtained in 50 mL spinner flask. The results are the average of three
replicates.

Spolymethylpentene a5 0.243 cm?(STP) cm > atm ™! (Brandrup
and Immergut, 1975), Syawer as 7.36 mg Lt (Perry and
Green, 1984), and Dpolymethylpentene a8 1.01 X 107% ecm?s™!
(Brandrup and Immergut, 1975), the 1/knemprane Of 50 pm
thick polymethylpentene membrane was calculated as 500 s/
cm according to its definition. Compared with the 1/koa), it
can be seen that the 1/kyemprane contributes about 38% of
the 1/ky. This result suggests that designing a custom
incubator for the mini-bioreactors to reduce 1/k; would be
equally important as trying alternative membranes with high
oxygen diffusivity and solubility to obtain better overall
oxygen supply. To mimic the response of larger scale
bioreactors, it is unlikely that increased Kja will be needed.

Insect Sf-21 Growth and SEAP Production Kinetics

As a model cell-line, inset cell Sf-21 was cultured in mini-
bioreactors and spinner flasks to compare the cell growth
and recombinant protein production kinetics. Under the
culture conditions specified in the method section, no
bubbles were formed through the culture process. No
significant cell attachment was observed until the end of
culture. There was also no observable loss of liquid in the
mini-bioreactor during the period of operation.

Figure 8 presents the growth curve of Sf-21 cultured in
mini-bioreactors and in spinner flasks. Sf-21 cells grown in
3 mL 3 mm thick mini-bioreactors shuttled under a pressure
differential of 548.0 Pa at 2.1 Hz exhibit high viability,
approximately 100%, up to the middle-late exponential
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Figure 9. Time curves of SEAP expression and secretion by SEAP-baculovirus
infected Sf-21 cultured in Ex-400 medium. (@) Infected Sf-21 cultured in 3 mL mini-
bioreactors (3 mm thick, 2.5 mL working volume, 548.0 Pa regulating pressure and
2.14 Hz shuttling frequency); (M) Infected Sf-21 cultured in 50 mL spinner flasks (40 mL
working volume and 100 rpm agitation speed). The results are the average of three
replicates.

phase. The viability drops significantly thereafter. The length
of lag phase, ~15 h, and specific growth rate, 0.035 h™", are
essentially the same as Sf-21 cells grown in 50 mL spinner
flasks agitate at 100 rpm. Previous work (Taticek et al., 2001)
has shown that 100 rpm was an optimal agitation speed to
obtain high specific growth rate of Sf-21 cultured in 50 mL
spinner flasks and reported a similar specific growth rate of
0.034 h~!. However, cells grown in mini-bioreactors reach a
higher total density of 5.340.9 x 10° cell/mL at the
stationary phase than cells grown in spinner flasks with
the maximum cell density of 3.44 0.4 x 10° cell/mL.
Figure 9 presents the SEAP production kinetics of Sf-21
after infection by SEAP-baculovirus. Infected Sf-21 cells
cultured in 3 mL 3 mm thick mini-bioreactors shuttled
under a pressure differential of 548.0 Pa at 2.1 Hz show an
18 h long lag phase, with a maximum secreted SEAP
concentration at about 72 h post-infection. The obtained
maximum SEAP concentration is about 11.3 0.7 U/mL in
the mini-bioreactor. In contrast, infected Sf-21 cells cultured
in 50 mL spinner flasks and agitated at 100 rpm show a
significant lag phase of, ~40 h, and reach a maximum SEAP
concentration at about 120 h post-infection. The maximum
SEAP concentration is about 7.4 £ 0.9 U/mL.

The differences presented by Sf-21 cultured in mini-
bioreactors and spinner flasks reflect critical design
uniqueness of the mini-bioreactor. The comparable specific
growth rate and higher maximal cell density achieved in
mini-bioreactors in the cell growth stage indicates a more
sustainable environment for cells to grow to higher extent.
This could be from slower consumption of certain nutrients
in the medium or slower accumulation of toxins. Whatever
factors they may be, they must be the results of different
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cellular metabolism. In published databases, oxygen supply
is repetitively discussed as a major engineering factor
affecting cell performance. Insect cells are known for their
high oxygen uptake rate (Maiorella et al., 1988; Weiss et al.,
1982). When no other limiting factors exist, higher oxygen
supply leads to faster growth and higher maximal cell
density. Cells growing under oxygen deficiency produce an
inhibitory factor, lactate, significantly (Bhatia et al., 1997).
Under the culture conditions in this study, mini-bioreactors
do have a higher Kia of 14.8 £ 0.6 h™' than spinner flasks
with a Ky a of 2.5 h™'. The higher K; a might also explain the
earlier onset of SEAP production and higher maximal SEAP
concentration in mini-bioreactors in the post-infection
stage. Several separate studies indicate that the oxygen uptake
rate increase dramatically soon after infection (Kamen et al.,
1991; Maiorella et al., 1988; Reuveny et al., 1993; Schopf
et al., 1990; Weiss et al., 1982). Earlier expression of
recombinant proteins and higher protein concentration
were observed under higher oxygen supply (Taticek and
Shuler, 1997). Other than oxygen supply, shear stress is also
indicated playing important roles on affecting the perfor-
mance of insect cells cultured in reactors. Shear stress above
1 N/m? is reported leading to observed cell death (Tramper
et al., 1986) while stress below this value might still trigger
faster consumption of energy resources to repair the induced
damage (Cowger et al., 1999). It follows that at converse, a
reduction of shear stress would account for higher maximal
cell density. This is also consistent with the shorter lag phase
and higher SEAP expression rate obtained in mini-
bioreactors, since it is known that the size of Sf-21 cells
infected with baculovirus increases and they are more
sensitive to shear stress than uninfected cells (Taticek, 1995).
Unlike oxygen supply and shear stress whose effects are
extensively studied, few reports exist on the effects of carbon
dioxide accumulation in insect cells. Yet limited published
data show that carbon dioxide accumulation did limit the
cell growth and protein expression (Garnier et al., 1996;
Mitchell-Logean and Murhammer, 1997). Collectively,
the higher maximal cell density, earlier onset of protein
expression and higher protein concentration achieved
in mini-bioreactors all suggest a favorable environment in
mini-bioreactors, that is, efficient oxygen supply, carbon
dioxide removal and low shear stress. Certainly, more work
needs to be done to systematically characterize this novel
mini-bioreactor and understand it capability. Knowledge
from these studies will enable future design improvement to
optimize performance.

Conclusions

In the present work, a pressure-mixed and chip-shaped
mini-bioreactor was developed. The application of pressure-
mixing mechanism eliminates the need for a complicated
fabrication process that incorporates an internal mechanical
bar. The thin chip-design using a narrow channel
connecting two wider chambers creates a velocity difference
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between the middle area and the side areas at the interfaces
of the wide culture chambers and the connecting channel,
enhancing the mixing efficiency. The mixing time obtained
by this design is sufficiently short to minimize any mass
transfer limitation. The usage of polymethylpentene
membranes as the covering material enables high transpor-
tation of oxygen while minimizing water loss. Meanwhile
the volume averaged shear stress is within the physiologi-
cally tolerable range for animal cells. Additionally, due to the
simple nature of this design, simple standard milling
techniques are sufficient to fabricate the desired structures.
With its ability to use inexpensive plastic materials such as
polyacrylic acid, the cost of fabrication is much lower than
other processes which require sophisticated fabrication
techniques.

S£-21 cells cultured in mini-bioreactors exhibited com-
parable lag phases and growth rates, but a higher maximum
cell density than cells cultured in 50 mL spinner flasks
operated at a lower Kya. SEAP-baculovirus infected Sf-21
cells cultured in mini-bioreactors operated at a Kya value of
14.8 + 0.6 h™ ' exhibited an 18-h lag phase and a maximum
SEAP concentration of 11.3 +0.7 U/mL. While, the values
obtained by the same infected cells cultured in 50 mL
spinner flasks operated at a Kja value of 2.5 h™' showed a
40-h lag phase and a maximum SEAP concentration of
7.440.9 U/mL. These initial data suggest that this thin
polymethylpentene membrane-covered and pressure-
shuttled mini-bioreactor provides a favorable environment
to culture and study suspended animal cells producing
proteins.
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