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Orbitally shaken cylindrical bioreactors [OrbShake bioreactors (OSRs)] without an impeller
or sparger are increasingly being used for the suspension cultivation of mammalian cells.
Among small volume OSRs, 50-mL tubes with a ventilated cap (OSR50), originally derived from
standard laboratory centrifuge tubes with a conical bottom, have found many applications
including high-throughput screening for the optimization of cell cultivation conditions. To better
understand the fluid dynamics and gas transfer rates at the liquid surface in OSR50, we estab-
lished a three-dimensional simulation model of the unsteady liquid forms (waves) in this vessel.
The studies verified that the operating conditions have a large effect on the interfacial surface.
The volumetric mass transfer coefficient (kra) was determined experimentally and from simula-
tions under various working conditions. We also determined the liquid-phase mass transfer coef-
ficient (K;) and the specific interfacial area (a) under different conditions to demonstrate that the
value of a affected the gas transfer rate more than did the value of k;. High oxygen transfer
rates, sufficient for supporting the high-density culture of mammalian cells, were found. Finally,
the average axial velocity of the liquid was identified to be an important parameter for maintain-
ing cells in suspension. Overall these studies provide valuable insights into the preferable oper-
ating conditions for the OSRS50, such as those needed for cell cultures requiring high oxygen
levels. © 2016 American Institute of Chemical Engineers Biotechnol. Prog., 33:192-200, 2017

Contract grant sponsor: China Scholarship Council (CSC) and EPFL;
Contract grant number: 201306120128.

Correspondence concerning this article should be addressed to Z.-L.
Wang at wangzl@hit.edu.cn and F. M. Wurm at florian.wurm@epfl.ch

192 © 2016 American Institute of Chemical Engineers



Biotechnol. Prog., 2017, Vol. 33, No. 1

193

Keywords: CHO cells, orbitally shaken bioreactors, computational fluid dynamics, cell sus-

pension, oxygen transfer rate

Introduction

Single-use cell culture technology is playing an important
role in biopharmaceutical manufacturing because of the com-
mercial availability of a wide variety of disposable bioreactors
and of the need for greater flexibility in production process-
es.) ™ Disposable orbitally shaken bioreactors (OSRs) with
working volumes from small (<2 L) to large scale
(<2000 L) have been used to cultivate animal cells in sus-
pension.s_10 In contrast to stirred-tank bioreactors (STRs)
that require the sparging of pure oxygen into the liquid
phase, it is possible with OSRs to adequately supply oxygen
for high-density animal cell cultures with air only, providing
the gas passively or actively into the head space over the lig-
uid phase without a sparger. Among the small-scale bioreac-
tors for animal cell culture, 50-mL ventilated centrifuge
tubes (OSRS50) have been used for the high-density cultiva-
tion of Chinese hamster ovary (CHO) cells, the predominant
mammalian cell host for commercial recombinant protein
production in suspension culture, as well as other mammali-
an and insect cells.''™?

Engineering principles such as the volumetric mass trans-
fer coefficient (ki a), the mixing time, and the volumetric
power consumption are crucial parameters for bioprocess
scale-up in all types of bioreactors.®'*'® For the OSRS50,
these engineering principles have not yet been fully charac-
terized. Computational fluid dynamics (CFD) is frequently
used as a tool for the modeling of the hydrodynamics and
parameters of mass transfer.'” For example, the volume aver-
aged k;a of STRs can be estimated under varying process
conditions using a CFD tool coupled with a population bal-
ance model (PBM).18 However, the results from studies with
STRs cannot be applied to OSRs. Here CFD tools were used
to determine the mass transfer coefficient (k) and the spe-
cific interface area (a) in the OSR50 under a variety of con-
ditions. By combining CFD with the cultivation of CHO
cells in suspension, the correlation between fluid axial veloc-
ity (u,) and the cell suspension state in the OSR50 was
investigated. To our knowledge this is the first study on gas
and liquid interactions in the OSRS50, providing valuable pre-
dictions on suitable operation conditions.

Material and Methods

Orbitally shaken tube

The TubeSpin® bioreactor 50 (TPP, Trasadingen, Switzer-
land) is modified from a standard 50-mL conical bottom cen-
trifugation tube by substitution of the standard cap with a
vented one, featuring five ventilation holes with different
diameters. In this case all holes were kept open, since water
loss by evaporation was minimal due to the use of an incu-
bator shaker with a humidity setting of >80%. Sterility with-
in the tube was assured by a gas-permeable membrane with
a pore size of 0.2 pum fixed on the inside of the cap. The
tube is referred to here as the OSRS0.

Cell cultivation

Two clonal CHO-derived recombinant cell lines were used
for this work. A suspension-adapted, clonal cell line

(CHODG#44-IgG) producing a recombinant antibody was
derived from CHO DG44 cells as previously described. "’
The cells were grown in ProCHOS5 medium (Lonza, Verv-
iers, Belgium) in an ISF1-X incubator shaker (Kiihner AG,
Basel, Switzerland) at 37°C with 5% CO, and 85% humidi-
ty. The shaking diameter was set at 50 mm for all experi-
ments. For routine maintenance, cells were subcultivated
twice per week in OSR50s at a seeding density of 0.5 X 10°
cells mL ™! at a volume of 10 mL. The cell density and via-
bility were determined with a hemocytometer using the Try-
pan Blue exclusion method. A second recombinant CHO cell
line (CHOExpressTMRPl; ExcellGene, Monthey, Switzer-
land) was grown in an chemically-defined proprietary medi-
um (XLG CHO CDM; ExcellGene) under the same culture
conditions as indicated above. For fed-batch cell cultivation,
a commercially available feed (Hyclone Cell Boost 7a and
7b; GE Healthcare Life Sciences, Glattbrugg, Switzerland)
was added daily from day 3 to day 11 post-inoculation
according to the manufacture’s specifications.

Modeling of a two-phase flow

When used for cell cultivation there are two phases in the
OSR50: A water-like liquid phase (typically the cell culture
medium with suspended cells having a slightly higher density
than water) with defined values of density, viscosity, and sur-
face tension and a gaseous phase (head space) over the liquid.
In this study, a volume of fluid (VOF) model was employed
to track the free air-liquid interface between the head space
and the liquid phase.® This model was used to solve the
interface problem by defining a fractional volume function o
which specifies the fraction of a computational volume filled
with liquid. The shape and position of the interface were
tracked by solving the « transport equation (Eq. (1)):

% +u-Va=0 €))
where o =1 indicates a computational volume that is
completely full of liquid and o =0 represents a volume with
no liquid (therefore 0 < o < 1 defines the gas-liquid interface)
and u represents the linear velocity vector.

The continuity equation (Eq. (2)) and the momentum con-
servation equation (Eq. (3)) were solved as follows:
dp
5 V- (pu)=0 @)
I(pu)
ot

+V - (pun)=—Vp+V - (W(Vu+Vu'))+p-g+F (3)
where p is the pressure. The density (p) (Eq. (4)) and viscos-
ity (@) (Eq. (5)) were defined as:

p=a- pyt(1=a)-p @
p=ore pg+(1=a) - py )

where the subscripts g and [ represent the gas and liquid
phases, respectively.

F is the surface tension acting on the gas-liquid interface
as described in Eq. 6:
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where o is the surface tension coefficient, x is the surface
curvature, and n is the unit normal vector on the interface.

Turbulence modeling

To solve equations for the dynamics in the flow field dur-
ing orbital shaking, the Re-Normalization Group k-epsilon
(RNG x-¢) model was applied to re-normalize the Reynolds-
Average Navier-Stokes equation (RANS).?> The RNG k-¢
model is a suitable approach for calculating the large curva-
ture interface being produced by the orbital shaking
movement.*

A(pk)
ot
d(pe) ?

& &
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+V - (puk) =V - (oo V)] + G —pe &)

where k and ¢ are turbulent kinetic energy and turbulent dis-
sipation rate, respectively, C;,=1.42 and C,,=1.68 are
constants, o and o, are the inverse effective Prandtl numbers
for k and ¢, respectively, and both values are ~1.393. pes is
the effective viscosity as defined in Eq. (11):

k2
Keir=pCy . (11)

where the constant C, = 0.0845, and Gy represents the pro-
duction of turbulence kinetic energy and was calculated by
Eq. (12). R, is defined in Egs. (13) and (14).

Ge=w((Va+(Va)"))? (12
Cupon’(1=h e _
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Modeling of the orbital shaking movement

The orbital shaking movement was synthesized by the
superposition of two individual movements®*: the first was
the rotation with respect to the shaking diameter and the sec-
ond was the rotation around the center of the OSR50. The
absolute value of the two angular velocities was the same to
keep the OSR50’s spatial orientation in a specific direction.
This movement was modeled using a centrifugal force as a
source term in the Navier—Stokes equation of the liquid in
the OSRS50. The centrifugal force was as follows:

Fy=w’R; - cOs (w-1) (15)
Fy=wR; - sin (o - 1) (16)

where Rg is the shaking radius, F, and F, are the centrifugal
force components in the x and y directions, respectively,
is the angular shaking velocity, and ¢ is the time.
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Simulation conditions

Considering that large body forces (e.g., gravity and sur-
face tension forces) exist in multiphase flows, the implicit
body force treatment was used for a more robust solution to
achieve convergence. The pressure-implicit with splitting of
operators (PISO) scheme was employed to couple the pres-
sure and velocity in the control volume. No slip-wall bound-
ary conditions were applied for any boundaries of the
domain. For the transient simulation, the iteration process
was sensitive to the time step size. Normally, the size (Af)
was determined as follows (Eq. 17):

At < ALmin (17)

umax

where AL, ~ 0.00172 m is the minimum grid size and u,,,,
~ 0.471 m/s is the maximum linear velocity of the OSR50s.
Using Eq. (17), the time step At was expected to be smaller
than 0.00365 s. To guarantee the convergence of iterations, a
small time step size (about 0.0000001 s) was adopted at the
beginning and then steadily increased to 0.0001 s. The solver
processed at least 10 s of run time to ensure that the liquid
phase arrived at a steady state (~ 30 cycles at 180 rpm). All
of the calculations were executed on a 8G RAM 6 processor
Dell workstation (Dell, Round Rock, TX, USA) using the
CFD software package FLUENT in ANSYS 15.0 (ANSYS
Inc, Canonsburg, PA, USA). For each simulation case, a con-
vergence criteria of ~1 X 10~ was used to decide whether
to iterate or not within one time step. The mesh structure was
generated using Trelis CFD meshing software (Trelis 15,
Csimsoft, American Fork, UT). The mesh size of the three
dimensional structure was tested at three different sizes in
order to improve the computing. Three different sizes of
unstructured grid were used in the simulations of ORS50 with
a 10-mL filling volume at a shaking speed of 180 rpm. It was
found that the grid size of 1.0 X 10° was sufficient to gener-
ate stable simulation results (Table 1).

Prediction of kra

The oxygen transfer rate (OTR) is an important engineer-
ing parameter for cell culture that is directly linked to ka,
a product of the mass transfer coefficient (k) and the spe-
cific interfacial area (a). The latter can be determined
using:

:ﬁ: .sur.face area (18)
VL liquid volume

a
According to Higbie’s penetration theory, which is widely
accepted for gas-liquid transfer descriptions,25 the mass
transfer coefficient for a moving gas bubble in a liquid can
be obtained by Eq. (19):

2 DL

:\/_%Z

where Dy is the diffusion coefficient of gas in the liquid and
t. is the contact or exposure time for mass transfer. Danck-
werts improved this model and proposed the surface renewal
theory for estimating k; on the liquid side of a gas-liquid
interface?® Eq. (20):

kL 19)

kL:\/DL -8 (20)

where s is the surface renewal rate.
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Table 1. Grid Independence Data

Average Axial

Average Radical
Velocity (m s~ h

Case Grid Size Velocity (m sTh

1 1.0 X 10° 0.0726 0.0247
2 5.0 X 10° 0.0763 0.0283
3 1.0 X 10° 0.0782 0.0297

Based on the surface renewal model, the eddy number dis-
tribution for isotropic turbulent flows has been derived, and
an equation for predicting ki was obtained (Eq. (21)). This
equation has been applied to the calculation of the k; value
in shake flasks.?’

k=K VDLl @

where v is the kinematic viscosity of liquid, ¢ is the energy
dissipation rate, and K = 0.4 is the model constant.

Experimental method of determining kia

The sodium sulfite oxidation method was used to determine
kya values as previously described.”*™° The method is based
on the reaction of sodium sulfite, a reducing agent, with dis-
solved oxygen in the presence of a catalyst, usually a divalent
cation such as Cu®** or Co*™, to produce sulfate. The concen-
tration of sodium sulfite (Na,SO;, Tianjin Dingshengxin
Chemical Industry, Tianjin, China) in each tube was kept
higher than 0.04 M to guarantee that the oxygen concentration
in the liquid was zero.'* The experimental conditions were
kept the same as the CHO culture condition described above.
For each operating condition (filling volume and shaking
speed), five OSR50 tubes were run in parallel to eliminate the
influence of sampling on the measurement of kya. Every 10
min, a sample of 2 mL was removed from each tube and
mixed with 8 mL of 0.0384 M I, (Tianjin Fengchuan Chemi-
cal Industry). The mixture was titrated with 0.1 M sodium
thiosulfate (Na,S,03, Tianjin Dingshengxin Chemical Indus-
try). When the solution became pale yellow in color, 1 mL of
1% starch solution (Tianjin Zhiyuan Chemical Industry) was
added and the solution immediately turned a blue color. Drops
of 0.1 M sodium thiosulfate were added until the blue color
disappeared. This was considered the titration end-point. The
amount of sodium sulfite remaining in the liquid was deter-
mined by Eq. (22), based on the stoichiometric coefficients in
Eqgs. (23) and (24). Finally, the rate of oxygen transfer was
calculated with Eq. (25) and the k;a was calculated from Eq.
(22):

8mL*C1, —2 * VL " CNay$,0,

CNa2503 (ﬁnal): 2mL

(22)

whereCna,so; (final) is the concentration of the Na,SO; remain-
ing in solution, Cy, is the concerntration of I, (0.0384 M),
CnNa,$,0, 18 the concentration of Na,S,05 (0.1 M), and V7 is the
volume (mL) of 0.1 M Na,S,05 added for titration.

NaSO3+1(excess)+HyO=NaySO4+2HI (23)
INwyS>03+1 """ NayS,06+2Nal 24)
) (CNa3S03 (l}’llllal)d: CN(nSO; (fl}’l(ll)) _ % =kLaC* (25)

where Cyg,s0, (initial) is the initial concentration of Na,SOs
(0.2 M) and C* is the oxygen saturation concentration in the
bulk liquid.
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Results and Discussion

Liquid wave shape in the OSR50

While the simulated OSR50 was in orbital motion, the
shape of the liquid rotating along the wall at the air—liquid
interface was uniform and smooth (Figure 1). The shape of
the liquid can be described as a single-crested, symetric
wave that remained unchanged from the time that the shak-
ing speed reached a set value. A similar finding was made
for the air-liquid interface in an unbaffled Erlenmeyer-type
flask.’’ Tt should be mentioned that in cylindrical vessels
with geometries different from that of the OSRS50, we
observed other wave types, including double, triple, and qua-
druple waves.”> However, the simple, single-crested wave
with its uniform interfacial area (A) seen in our simulation
of the OSR50 was helpful in the evaluation of the specific
interfacial area (a). The A of the liquid wave at an agitation
speed of 180 rpm was 10.3 cm?, about 50% greater than that
of the liquid column at static state (7.0 cm?) (Figures 1A,B).
Likewise, the a value at 180 rpm was about 50% greater
than that of the static state (Figures 1A,B). Accordingly, the
wave height (H), which is the distance between the crest and
the lowest point of the gas-liquid interface, increased from
0 mm to 31.0 mm (Figures 1A,B).

The velocity field is a fundamental fluid dynamics param-
eter which provides basic information of the flow field. The
velocity vector profile in a central vertical section of the
OSR50 is shown in Figure 1C. The magnitude of velocity
vector was larger near the gas-liquid interface than it was
near the bottom and along the wall of the tube. Generally,
the direction of the velocity vector was negative on the left
side and positive on the right side of the vertical section.
The magnitude of the velocity vector in the axial direction
(u,) was responsible for upward and downward liquid move-
ment on which the interfacial area (A) and particle suspen-
sion within the liquid phase depended.

To investigate the effect of the shaking speed and filling
volume on the liquid wave, various filling volumes (10 to
50 mL) were modeled at a single shaking speed
(180 rpm). In addition, a single filling volume (20 mL)
was modeled at various shaking speeds (90 to 300 rpm).
At a constant shaking speed of 180 rpm, H remained near-
ly constant as the filling volume increased from 10 to
40 mL (Figure 2A, Table 2). At a filling volume of
50 mL, the value of H decreased to 29.9 mm as the air—
liquid interface came into contact with the cap of the con-
tainer (Figure 2A, Table 2). The A was relatively constant
at filling volumes of 20 to 40 mL, matching previous
results from experiments performed in unbaffled shake
flasks.>* However, lower A values were observed at filling
volumes of 10 and 50 mL (Table 2) as the margin of the
air—liquid interface touched the conical bottom or the cap,
respectively (Figure 2A). At a constant filling volume of
20 mL, the shaking speed significantly influenced the liq-
uid wave behavior (Figure 2B). Both A and H increased
with the shaking speed (Table 3).

The Froude number (Fr), which is the ratio of centrifugal
force to gravitational force, is the main driving force of the orbit-
al shaking movement in OSRs,*? and is defined in Eq. (26):

Fr=N?.d/g (26)

where N represents the shaking speed, g represents the gravi-
tational force, and d represents the vessel diameter. For
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A=10.3cm?
a=103 1/m
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a,=701/m

T u Zoom g
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Figure 1. Liquid wave and velocity simulation in the OSR50 under static and dynamic conditions.

(A) Schematic diagram of the static state of the OSR50 with a filling volume of 10 mL. (B) The liquid wave of the OSR 50 under the dynamic con-
dition. White represents the air phase while blue and green represent the liquid phase and the air-liquid interface, respectively. To visualize the air-
liquid interfacial area and the velocity distribution under dynamic conditions, a simulation with a filling volume of 10 mL and a shaking speed of
180 rpm was used. The simulation was performed until the shape of the air-liquid interface remained unchanged. (C) The fundamental information
of the velocity vector in the central vertical section of the OSR50 is represented. To show the liquid velocity vector more clearly, an enlarged view
is provided. The velocity component in the axial direction (uy) is shown.

bioreactors having a fixed diameter and operated at a fixed
shaking speed, Fr is constant. This may be one reason why
the A and H remained similar when different filling volumes
were modeled at a single shaking speed (Table 2). In con-
trast, an increase in shaking speed at a fixed vessel diameter
will increase Fr. This may explain why both A and H
increased as the shaking speed increased at a constant filling
volume (Table 3).

Analysis of kya

Experiments in our group revealed that the OSR50 sup-
ported the cultivation of mammalian cells at high cell densi-
ties (>2 X 107 cells mL ™', data not shown), suggesting that
high gas transfer rates can be provided under certain operating
conditions. To determine the kya for the OSR50, the ¢ and &g
were calculated separately. The turbulence character ¢ was
calculated for the experiments shown in Figure 2. As the fill-
ing volume increased while the shaking speed was kept con-
stant, the value of & remained relatively constant (Table 2).
When the filling volume was constant and the shaking speed
was increased from 90 to 300 rpm, the value of ¢ increased
(Table 3). Turbulent properties of the flow are mainly depen-
dent on the Re number, which is defined by Eq. (27)

_ pNd*
I

Re @n

where 4 is the molecular viscosity of the liquid as previously
described for OSRs.** Thus, the shaking speed was expected

A

20 30 40 50
Filling volume [mL]
90 150 180

] 220 260 300
Shaking speed [rpm]

10

Figure 2. Liquid wave simulation in the OSRS50 at different
filling volumes and shaking speeds.

The colors of the gas and liquid phases along with the air-lig-
uid interface are the same as in Figure 1. (A) Simulations with
different filling volumes at a shaking speed of 180 rpm are
shown. (B) Simulations with different shaking speeds at a filling
volume of 20 mL are shown. All simulations were performed
until the air-liquid interface shape remained unchanged.

to have a positive effect on the value of ¢. Indeed, this was
verified in our model. ¢ was sensitive to shaking speed
(Table 3) but not to the filling volume (Table 2).
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Table 2. Simulated Wave Pattern Properties of the OSR50 at Differ-
ent Filling Volumes*

Energy
Filling Wave Interface Dissipation
Volume Height Area Rate
(mL) (mm) (cm?) (m*s~?)
10 31.0 10.3 0.0149
20 31.5 10.4 0.0145
30 31.7 10.4 0.0163
40 31.8 10.4 0.0163
50 29.9 9.94 0.0161

*The shaking speed was maintained at 180 rpm for all filling
volumes.

Table 3. Simulated Wave Pattern Properties of the OSR50 at Differ-
ent Shaking Speeds*

Energy
Shaking Wave Interface Dissipation
Speeds Height Area Rate
(rpm) (mm) (em?) (m” s~
90 7.4 7.3 0.00604
150 22.3 8.7 0.00765
180 315 10.4 0.0146
220 46.8 13.6 0.0288
260 63.6 17.5 0.0536
300 80.6 21.2 0.0724

*The filling volume was maintained at 20 mL for all shaking speeds.

Under a constant shaking speed the value of the specific
interface area a was found to be reduced from 103 1/m to
52 1/m when the filling volume changed from 10 to 20 mL
(Figure 3A). As the filling volume increased from 20 to
50 mL, a decreased from 52 to 20 1/m, but k; remained rel-
atively constant (about 0.7 m h™') as the filling volume
increased from 10 to 50 mL (Figure 3A). The results indicat-
ed that it is possible to enhance the mass transfer capability
of the OSR50 by using smaller filling volumes.

Next, different shaking speeds ranging from 90 rpm to
300 rpm were used to investigate the influence of this
parameter on kpa at a constant filling volume of 20 mL.
Both ki, and the specific interface area a increased as the
shaking speed increased (Figure 3B). Correspondingly, the
kpa increased from 20 to 111.0 1/h over this range of shak-
ing speeds (Figure 3B). This meant that increasing the
shaking speed was an effective approach to enhancing the
mass transfer, as the shaking speed had a positive effect
both on @ and ki (Figure 3B). When the shaking speed
was kept constant, it was evident that k@ was more depen-
dent on a than on ki, (Figure 3A), which indicated that a
plays an important role in gas transfer in the OSR50 at a
given shaking speed. However, a and ki appeared to con-
tribute equally to k a for a given filling volume agitated
at different shaking speeds, as the results in Figure 3B
demonstrated.

For all the conditions described in Figure 3, the experi-
mental kpa values were determined by the sodium sulfite
oxidation method. The simulated and experimental ki a val-
ues were plotted in Figure 4. Generally, the experimental
kra values were higher than the simulated ones (Figure 4),
but the difference was not more than 20% for any condition.
We believe that the difference between experimental and
simulated values was caused by the reaction of oxygen with
sodium sulfite during experimental operations such as sam-
pling and titrating, resulting in an apparent increase in kpa
relative to the calculated value.
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Figure 3. Effect of filling volume and shaking speed on kja,
ki, and a.

The kpa, k, and @ were determined from simulations either
(A) at various filling volumes as indicated with a constant
shaking speed of 180 rpm or (B) at various shaking speeds as
indicated with a constant filling volume of 20 mL.

150 -

=y
o
o

Simulated kg a (1/h)
o
S

0 50 100 150
Experimental k a (1/h)

Figure 4. Correlation between simulated and experimental kya
values in the OSR50.

The simulated k a values were taken from Figure 3. The exper-
imental kpa values were determined by the sodium sulfite oxi-
dation method in an OSR50 under the same conditions as each
simulation described in Figure 3. Each point on the graph rep-
resents the comparison of simulated and experimental k a val-
ues for each cultivation condition tested. The diagonal line
represents the position of equal simulated and experimental ki a
values for any condition.

Suspension cell culture in the OSR50

The calculated k;a values of the OSR50 were found to be
surprisingly high under certain conditions for a non-baffled
container (Figure 3). The kLa was 72.8 1/h at a shaking
speed of 180 rpm and a filling volume of 10 mL (Figure
3A). From a cell growth perspective, the higher the cell
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20

Time [day]

Figure 5. Cell growth kinetics of CHOExpress"™™RP1 in the
OSR50 under batch and fed-batch culture condi-
tions.

For the batch (gray lines) and fed-batch cultures (black lines),
the cell density (solid lines) and cell viability (stippled lines)
were measured at the times indicated. The shaking speed
(180 rpm) and the filling volume (10 mL) were kept the same
in the two cultures to obtain the same kya value for each.
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Figure 6. Cell cultivation and CFD simulations in the OSR50
at different filling volumes.

(A) CHO-IgG cells were cultivated in different volumes as
indicated in OSR50s at a shaking speed of 180 rpm. Cultures
were inoculated at 0.5 X 10° cells mL~'. The cell density
(solid lines) and viability (dashed lines) were determined by
the Trypan blue exclusion method at various times post-
inoculation as indicated. Each experiment was performed in
duplicate. (B) CFD simulations were performed with OSR50s
having different filling volumes as indicated. Agitation was at
180 rpm. The average axial velocity (u#,) at different filling
volumes was calculated. The dotted line represents a #, value
of 0.04 ms™".

density, the more oxygen needs to be supplied to the culture.
Therefore, a relatively high &y a value is required in order to
achieve this. To check whether the kpa of the OSR50 was
sufficient for supporting very high cell density cultures, an
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Figure 7. CFD simulations in the OSRS0 at different shaking
speeds and filling volumes.

The u, was calculated at filling volumes of (A) 20 mL and (B)

40 mL over a range of shaking speeds as indicated. The hori-

zontal dotted line represents the u, value of 0.04 m s L

antibody-producing CHO cell line (CHOExpress' VRP1) was
cultured at a shaking speed of 180 rpm with a filling volume
of 10 mL under batch and fed-batch conditions using a pro-
prietary medium developed for this cell line prior to the pre-
sent work. Maximum cell densities of about 12 X10° cells/
mL and 24 X10° cells/mL were found under batch and fed-
batch culture conditions, respectively (Figure 5). Even higher
cell densitities (up to 30 X 10° cells/mL) have been seen in
the laboratories of the authors on many occasions when
applying further enriched media and feeds with a diversity
of clonal and non-clonal CHO cell lines (data not shown).
Thus, the high kpa of the OSR50 appeared to be a favorable
factor to support the high cell densities we observed under
certain conditions.

In separate experiments, another clonal cell line (CHO-
IgG) was cultured in OSR50s over a range of filling vol-
umes from 5 mL to 40 mL with a fixed shaking speed of
180 rpm. The cell growth and viability were found to be
very similar for the cultures with filling volumes of 5, 10,
and 20 mL but the results differed at volumes of 30 and
40 mL (Figure 6A). Some cell sedimentation was observed
for the 30-mL culture, while cell sedimentation was more
pronounced for the 40-mL culture. These results can
explain, at least in part, the reduced cell growth at these
two filling volumes.

Forces of gravity, buoyancy, inertia (caused by velocity),
and adhesion (cell—cell interaction) act on mammalian cells
in suspension.34’35 Gravity and adhesion are resistance
forces, whereas buoyancy (depending on the liquid density)
and inertia are driving forces. Because the axial velocity
(Figure 1C) is the most important factor to be considered for
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Figure 8. Cell growth in the OSR50 at different filling volumes
and shaking speeds.

Cells were inoculated at 0.5 X 10° cells mL~" in OSR50s at
filling volumes of (A) 20 and (B) 40 mL and agitated at vari-
ous shaking speeds as indicated. The viable cell density (solid
lines) and viability (dashed lines) were determined at various
times post-inoculation as indicated. Each experiment was per-
formed in duplicate.

inertia, the average axial-velocity i, of the whole liquid field
was studied within cylindrical coordinates for filling volumes
from 5 to 40 mL at a shaking speed of 180 rpm. Values of
0.04 m s~ ' or lower were found at filling volumes of 30 and
40 mL (Figure 6B), the two conditions in which cell sedi-
mentation was seen (Figure 6A). We concluded that a i,
value greater than 0.04 m s s necessary to maintain mam-
malian cells in suspension in the OSR50. Subsequently, CFD
simulations at filling volumes of both 20 and 40 mL and at
various shaking speeds were performed. At a filling volume
of 20 mL, i, increased with shaking speed, but it was below
0.04 m s~ ' at shaking speeds of 90 and 150 rpm (Figure
7A). At a filling volume of 40 mL, an &, value >0.04 m g1
was obtained at shaking speeds of 220 and 300 rpm but not
at 180 rpm (Figure 7B). Thus, we expected cell sedimenta-
tion under cultivation conditions in which #, was 0.04
m s~ or less.

To check the validity of the prediction, CHO-IgG cells
were grown in OSR50s at either 20 or 40 mL and agitated at
various shaking speeds. At a filling volume of 20 mL, cells
were able to grow to a maximum cell density of 7 X 10°
cells mL~" at shaking speeds of 180 rpm or more, but little
or no cell growth was observed in cultures which were agi-
tated at 90 or 150 rpm (Figure 8A). Furthermore, the cell
viability of cultures shaken at 90 or 150 rpm decreased rap-
idly after inoculation (Figure 8A), and cell sedimentation
was observed (data not shown). For a filling volume of
40 mL, cells grew to a maximal cell density of 6-7 X 10°
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cells mL~! at shaking speeds of 220 and 300 rpm (Figure
8B). At 180 rpm, the maximum cell density was only 3 X
10 cells mL™" (Figure 8B), and cell sedimentation was
observed (data not shown). Thus, the results from the cell
culture experiments validated our predictions from the CFD
simulations.

Conclusions

Using CFD and cell culture experiments, we investigated
the characteristics of flow fields in the OSRS50 tubes at dif-
ferent filling volumes and shaking speeds. The A and H of
the liquid waves were found to be dependent on the shaking
speed rather than the filling volume. For the ki a, the specific
interface value ¢ was found to be more important for oxygen
transfer than was the k. value. Thus, increasing the shaking
speed was found to be an effective way to enhance the oxy-
gen supply in the OSR50. We also found a crucial parameter
i, to predict the shaking speed necessary to maintain cells
in suspension at any filling volume. Overall, under certain
conditions, surprisingly high kpa values of > 100 1/h were
found. This seems to be a reason why the OSR50 can sup-
port cell densities of 20 X 10° cells mL~"' or more by pas-
sive aeration with air. The CFD methods described here can
be extended to other OSRs and have the potential to be of
value for predicting volumetric scale-up in OSRs.
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Notation

A = interfacial area (m?)
a = specific interfacial area (1/m)
C{ = oxygen saturation concentration in liquid (mg/L)
d = vessel diameter (m)
D, = diffusion coefficient of gas in liquid (m?/h)
F = surface tension (kg/mz-sz)
F. = Froude number
g = gravity acceleration (m/s?)
H = wave height (m)
k = turbulent kinetic energy (m?/s%)
ki = mass transfer coefficient (m/h)
n = unit normal vector on the interface
N = shaking speed (rpm)
p = pressure (Pa)
R. = Reynolds number
Rs = shaking radius (m)
s = surface renewal rate (1/s)
t = time (s)
t. = exposure time (s)
u = vector of velocity (m/s)
it, = average velocity on z direction (m/s)
VL = filling volume (m®)
Greek letters

o = volume fraction
o = the Prandtl number for turbulent kinetic energy
o, = the Prandtl number for turbulent dissipation rate
¢ = turbulent dissipation rate (m2/53)
K = surface curvature (1/m)
1= dynamic viscosity (kg/m-s)
Uegr = turbulent viscosity (pa-s)
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p = density (kg/s®)
o = surface tension coefficient (N/m)

v = kinematic viscosity (m?/s)

o = shaking angular velocity (rad/s)
Subscripts

g = gas phase
[ = liquid phase

10.

11.

12.

13.

14.
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