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A high cell density perfusion process of monoclonal antibody (MAb) producing Chinese hamster
ovary (CHO) cells was developed in disposable WAVE BioreactorTM using external hollow fiber
(HF) filter as cell separation device. Tangential flow filtration (TFF) and alternating tangential
flow (ATF) systems were compared and process applications of high cell density perfusion were
studied here: MAb production and cryopreservation. Operations by perfusion using microfiltration
(MF) or ultrafiltration (UF) with ATF or TFF and by fed-batch were compared. Cell densities
higher than 108 cells/mL were obtained using UF TFF or UF ATF. The cells produced compara-
ble amounts of MAb in perfusion by ATF or TFF, MF or UF. MAbs were partially retained by
the MF using ATF or TFF but more severely using TFF. Consequently, MAbs were lost when cell
broth was discarded from the bioreactor in the daily bleeds. The MAb cell-specific productivity
was comparable at cell densities up to 1.3 3 108 cells/mL in perfusion and was comparable or
lower in fed-batch. After 12 days, six times more MAbs were harvested using perfusion by ATF or
TFF with MF or UF, compared to fed-batch and 283 more in a 1-month perfusion at 108 cells/
mL density. Pumping at a recirculation rate up to 2.75 L/min did not damage the cells with the
present TFF settings with HF short circuited. Cell cryopreservation at 0.5 3 108 and 108 cells/mL
was performed using cells from a perfusion run at 108 cells/mL density. Cell resuscitation was
very successful, showing that this system was a reliable process for cell bank manufacturing.
VC 2013 American Institute of Chemical Engineers Biotechnol. Prog., 29:768–777, 2013
Keywords: wave bioreactor, ATF, TFF, ultrafiltration, comparison between perfusion and
fed-batch, MAb production, cryopreservation

Introduction

Fed-batch mode is widely used for the production of gly-
coprotein.1 This mode is typically based on the use of con-
centrated feeds and stoichiometric delivery of needed
components in particular amino acids.2,3 Often, a strategy of
minimizing the by-product production is used.4,5 Interest-
ingly, simulation models have shown that the cost of goods
per gram of produced antibody is the same for perfusion and
fed-batch.6,7 Lim et al.6 pointed out that perfusion was more
favorable economically owing to a lower initial investment
but that looking at the failure and contamination risk fed-
batch was preferred. Systematic and experimental compari-
sons of production by fed-batch and perfusion are difficult to

perform and can be irrelevant owing to the influence of
many parameters such as the cell-specific productivity, the
optimization level of the fed-batch, the perfusion length, the
scale, and so forth. However, they can be used for some
benchmarking: 6-, 7-, and 1.4-fold higher production in per-
fusion than in fed-batch for HeLa, SF-9 insect, and Chinese
hamster ovary (CHO) cells, respectively, has been
reported.8–10 Fed-batch process can result in higher level of
protease, lower cell viability, and higher accumulation of
lactate and ammonium, whereas perfusion provides a con-
stant environment more favorable for the health of the cells
and for the quality of the product of interest. This is particu-
larly true when a cell-specific perfusion rate is applied.11,12

Cell separation by filtration has an inherent drawback, which
is filter fouling. It was described for spin filter and crossflow fil-
tration that fouling is caused by deposition of nucleic acid and
dead cells.13,14 Filter fouling is accompanied by the retention of
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the product of interest inside the bioreactor. Hiller et al.15 in-
stalled a back-flush pump to prevent this phenomenon as they
observed that up to 20% of produced antibody were retained by
the hollow fiber (HF) filter cartridge in their hybridoma perfu-
sion process. Back-flushing is systematically obtained by alter-
nating tangential flow (ATF) system, which is described to
prevent fouling16; however, this effect has not been quantified.

The concept of continuous filtration to concentrate high-molecu-
lar-weight components, that is retaining the product of interest in
the bioreactor and eliminating low-molecular-weight components
(e.g., toxic by-products, lactate, and ammonium) was introduced
in continuous dialysis bioreactor.17–19 The same principle is now
used in industry using ultrafiltration (UF) HF perfusion, that is
XD Process Technology at DSM, achieving very high cell den-
sities20; however, experimental details have not been disclosed.
The advantage of this process is to retain the product of interest
inside the bioreactor so that harvesting of the bioreactor is per-
formed once instead of weekly/bi-weekly harvests of the perfused
permeate. This process cannot be as long as conventional perfu-
sion owing to the risk of degradation of the product of interest or
even the risk of aggregation from high-protein concentration.

Cell cryopreservation in amounts large enough to directly
inoculate a bioreactor has been described some years ago for
hybridoma cells.21 Cryopreservation in bags is widely used
for blood cell storage and has been studied for suspension of
CHO and BHK cells stored from shake flask or bioreactor cul-
ture at 20 3 106 cells/mL22,23 or transient expression of
HEK293 cells in suspension.24 Over the last decade, cell
banking of large cell amounts, achieved by high cell density
and large stored volume, has had an increasing interest in the
biopharmaceutical industry. It has the obvious advantage of a
gain of 2–3 weeks of time and labor compared to the classical
approach of small-volume cryovials at low cell density.

This article, performed with an IgG1 producing CHO cell
line, reports the results obtained together with Part I.25 The
cell growth and associated observation of broth viscosity
using microfiltration (MF) perfusion were presented in Part I
for two perfusion runs using MF tangential flow filtration
(TFF), TFF#6 and TFF#10, and four runs using MF ATF,
ATF#5, ATF#8, ATF#9, and ATF#15A-B. Part II of this
study focuses on the applications of perfusion by HF: the
monoclonal antibody (MAb) production using MF ATF or
MF TFF, the production obtained using the same perfusion
settings with an external hollow fiber ultrafilter cartridge (UF
HF), a comparison with fed-batch production, and cell bank
manufacturing from high-cell-density bioreactor.

Materials and Methods

Perfusion culture processes

The experimental procedure for MF perfusion was described
in Part I. The same procedure was applied for UF perfusion
except for the following. The cells were continuously circu-
lated through the lumen side of the UF HF, using a flow rate
of 1.5 L/min (shear rate, 2,790 s21). In ATF and TFF systems,
the UF HFs were RTPUFP-50-C-5A (GE Healthcare) with 50
kDa pore size, 0.5 mm lumen, 520 polysulfone fibers, 30 cm
nominal flow path length, and 2,000 cm2 filter area.

Fed-batch cultures in CellbagTM

The cells were inoculated in the same CellbagTM as in per-
fusion process at a seeding cell density of 0.8 3 106 cells/mL

in 2 L animal component-free IS CHO CD XP medium with
hydrolysate (Irvine Scientific), supplemented with 2 mM glu-
tamine (Irvine Scientific) and Streptomycin/Penicillin G/
Amphotericin B (SAFC) as in perfusion process. The feeding
strategy consisted in adding 225, 150, and 75 mL feed me-
dium, 15/15%/% Efficient Feed A/B (Invitrogen) in IS CHO
CD XP medium, on days 1–7, 8, and 9-end, respectively.
Glucose and glutamine boost additions were performed daily
according to the cell need. The set points were 35% DO, pH
7, and 37�C temperature or 37�C decreased to 35.5�C on day
7. The pH and DO were controlled as in perfusion process.
The rocking rate, angle, and gas flow rate were 20–22 rpm,
5–6�, and 0.1 L/min with O2 concentration up to 30%.

Computational equations of the kinetics rates

For the fed-batch process, the apparent cell growth rate
(m), the cell-specific rates of glutamine consumption (qgln),
and ammonium production (qamm) were calculated as
follows:
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where Cv 5 cell density, V 5 bioreactor volume, DFB 5 dilu-
tion rate dV/(V dt), Gln 5 glutamine concentration,
Amm 5 ammonium concentration in the culture; subscripts
feed, stock, and shoot refer to daily added feed medium, stock
solution concentration used for shoots and daily added shot
volume of stock solution; DT 5 time interval between addi-
tions (DT 51 day); rdegr 5 degradation rate of glutamine,
measured to be 0.046 day21 in IS CHO CD XP medium at
37�C by recording the degradation during 7 days. Similar
equations were used for the cell-specific rates of glucose con-
sumption (qglc), lactate production (qlac), and MAb production
(qMAb) except that the degradation term was skipped.

For the perfusion process, the variable computation was
presented in Part I. The MAb cell-specific productivity and
the accumulated harvested MAb production (HTtot) were cal-
culated as follows:
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with MAbbrx 5 MAb concentration in the bioreactor,
MAbHT 5 MAb concentration in the harvest line, D 5 perfu-
sion rate, Vbleed 5 bleed volume, VHT 5 harvest volume in
perfusion or fed-batch runs.

Cryopreservation and cell thaw tests

Cells were frozen either at 108 or at 0.5 3 108 cell in 1
mL vial by taking the cell broth directly from the bioreactor:
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the cell broth was collected with a syringe and was put im-
mediately on ice. It was then either proceeded as such or
diluted at 1:2 with fresh Ex-Cell 302 (SAFC) (Ex-Cell 302
medium was selected for this operation for two reasons: the
cells could pass from IS CHO CD XP medium to Ex-Cell
302, and vice versa, without adaptation; and Ex-Cell 302
ACF medium had been used in the research cell bank and
cell expansion in shake flask for historical reasons). In both
cases, 10% dimethyl sulfoxide (DMSO) (SAFC) was added
before vial storage at 280�C in insulated box for 1 day, fol-
lowed by liquid N2 storage. The time between collecting the
cell broth from the bioreactor and the storage at 280�C was
�5 min. The cell thaw was performed in shake flasks at 106

cells/mL: a cryo-vial was thawed in 37�C water bath until
<20% of iced cell could still be observed; the cells were
then transferred in a shake flask and prewarmed Ex-Cell 302
with 4 mM glutamine (named “medium A” here) was added.
DMSO was eliminated on day 1 by centrifugation (5 min,
100g) and resuspension in fresh medium A at 106 cells/mL.
Afterward, the cells were passaged in medium A as
described in Part I. The productivity test consisted in pro-
longing the batch cultivation in shake flask and measuring
the MAb production.

Results and Discussion

Perfusion with UF HF

Two runs were performed to evaluate the perfused bioreac-
tor using UF either mounted with ATF (ATF#18) or mounted
with TFF (TFF#21). The same settings as MF HF perfusion
were used except the following items: (1) the HFs were 50
kDa UF with 2,000 cm2 filter area instead of MF, (2) the recir-
culation flow rate was increased compared to MF HF owing to
the larger filter area. The recirculation rate was the maximal
flow rate possible of the ATF-2, that is 1.5 L/min. This flow
resulted in shear rate of 2,790 s21, whereas 1 L/min in MF
HF resulted in shear rate of 3,400 s21 owing to MF’s smaller
fiber number, 50 instead of 520. Although the shear rate was
lower than using MF, the recirculation rate was higher and
hence a preliminary study to deem the pumping deleterious
effect on the cells was performed (see the next paragraphs).

After an exponential growth comparable in both systems,
maximal cell densities of 1.27 3 108 and 1.01 3 108 cells/
mL were reached in TFF#21 and ATF#18 runs, respectively,
after 11 and 12 days (Figure 1a). The growth rates were
comparable to those observed using MF HF with a fast
exponential growth until �30 3 106 cells/mL followed by a
slower rate (Figure 1b). On day 12, run TFF#21 suffered
from erroneous control settings, leading to too high DO
(�100%) and a subsequent viability drop to 88% (data fol-
lowing day 12 not shown). In ATF#18 run on day 10, pCO2

reached 30 kPa, a growth inhibitory level,26 (Figure 1c), and
hence the rocking rate and angle were increased from 22 to
26 rpm, 7� to 23–27 rpm, 7.2�, to improve CO2 removal; a
higher agitation being avoided to prevent air bubble occur-
rence in the dip tube (Part I). Increasing the agitation, and
thus the gas transfer, did not prevent pCO2 from further
increasing from 30 to 34 kPa on day 11, (Figure 1c), causing
interruption of cell growth. Furthermore, on day 11, the PRV
exhaust decreased to 20.75 bar (or 211 psi) and the ATF
motion stopped a few hours later owing to insufficient vac-
uum similar to that was observed using MF ATF (Part I).
During the TFF perfusion, the pCO2 was kept under 16 kPa

even at high cell density as the rocking rate and angle could
be increased with limited risk of damage from air occurrence
in the dip tube. This pCO2 level was comparable to the runs
using MF HF at similar cell densities (Part I). In ATF#18
run after day 9, at cell density �0.8 3 108 cells/mL, the
average cell diameter (ACD) significantly increased, reach-
ing 19.2 mm on day 11 (Figure 1c). A larger cell diameter is
typical for cell growth arrest. On the contrary, using the TFF
system, the ACD was constant (around 17.5 mm) after day 4.

Pressure in UF HF. Contrary to the cultures using MF
membrane, the permeate pressure (P2) in UF ATF run
(ATF#18) and UF TFF run (TFF#21) decreased linearly with
increasing cell density and perfusion rate for cell densities of
>20 3 106 cells/mL (Figures 2a,c). P2 reached 20.3 to
20.4 bar at 108 cells/mL density operated at D 5 5.5 RV/
day. As expected, the pore size of the UF HF required stron-
ger harvest suction than the MF HF. As shown in Figure 2b,
using UF HF in TFF#21 run the inlet pressure (P1) in func-
tion of the cell density was lower but had a trend compara-
ble to the one obtained using MF HF in TFF#10 run.

Figure 1. (a) Perfusion processes using UF ATF, run ATF#18
(triangle) or UF TFF, run TFF#21 (circle): viable
cell density (plain symbols), viability (open symbols),
and perfusion rate: ATF#18 (1), TFF#21 (x); (b)
logarithmic viable cell density of runs ATF#18 and
TFF#21 in comparison with MF HF perfusion in
ATF#15A-B (1) and TFF#10 (x); (c) pCO2 (plain
symbols) and average cell diameters (open symbols)
for ATF#18 (triangle) and TFF#21 (circle) runs.
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As observed in Part I, a high correlation could also be
observed between P1 and the cell broth viscosity, however,
with a smaller proportional factor owing to the different fil-
ter, resulting in a different hydrodynamic resistance. As
mentioned above, on day 12 at 1.17 3 108 cells/mL density,
the viability dropped owing to elevated DO; simultaneously
P1 increased to 0.47 bar. It continued to increase up to 0.8
bar the following 2 days, whereas the viability dropped to
82% and the cells did not grow anymore (data not shown).
The increased P1 can probably be attributed to the low cell
viability creating cell debris and DNA residue; but not to the
high cell density as it had been higher, 1.27 3 108 cells/mL
on day 11, whereas P1 was lower (0.26 bar).

Effect of recirculation pump on cells

In the TFF system, shear stress can be obtained from the
passage in the HF or in the tubing system, for example
edges, connections, and from the recirculation pump. An
experiment was performed to quantify this latter effect by
pumping the cell broth in the same settings as used in the

TFF system but with the HF short circuited. Different recir-
culation rates up to 2.75 L/min were applied every day,
showing no impact on the cell growth and viability, which
remained �95% (Table 1).

Fed-batch cultures

Three runs, FB#11, FB#16, and FB#22, were performed in
fed-batch mode for a comparison with perfusion in the iden-
tical bioreactor. The fed-batch runs were identical except
FB#16 run, which had a temperature shift (Materials and

Methods section). In all the fed-batch runs, the cells had a
growth with a maximal m5 0.7 d21, an exponential growth
until days 6–7 and a maximal viable cell density of 15–18 3

106 cells/mL (Figure 3a). This cell density pattern was typi-
cal for a fed-batch culture as described in studies reported in
previously published literature.3,27 The viability was high
(�95%) until day 11 and the mild hypothermia at 35.5�C
improved the viability (�97%). The concentrations of MAb,
glucose, glutamine, lactate, and ammonium, (Figures 3b–d)
were typical for a fed-batch process with MAb accumulating
over time, low glucose and glutamine concentrations (except

Figure 2. (a) Permeate pressure during UF TFF run, TFF#21 (circle) and MF TFF run TFF#10 (x) run; (b) inlet pressure during UF
TFF run, TFF#21 (circle) and MF TFF run, TFF#10 (x); (c) permeate pressure during UF ATF run, ATF#18 (triangle) and
MF ATF run, ATF#15A (plain squares) and ATF#15B (open square).
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glucose from day 7 in FB#11 owing to manipulation error),
low final lactate concentration and high final ammonium
concentration.28–30 The specific rates qglc and qlac were high
at the beginning of the fed-batch cultures and progressively
decreased with reduced cell growth as often reported for fed-
batch process (Figures 4a,b).31,32 The qgln and qamm data
were noisier but it was observed that after day 10 qamm

increased (Figures 4c,d). In comparison, these rates were
comparable between day 5 and the run-end during all the
perfusion runs using MF or UF, ATF or TFF, except for

higher qgln and lower qamm at cell density of >1.6 3 108

cells/mL (Part I).

MAb production in UF ATF and UF TFF perfusion runs

The MAb concentration in the bioreactor (MAbbrx)
increased rapidly to 1,801 mg/L in ATF#18 (on day 11) and

Figure 3. (a) Viable cell density (continuous lines) and viability
(dotted lines) in duplicate fed-batch runs FB#11
(square), FB#22 (dash), and in fed-batch run FB#16
(diamond) with identical settings except for tempera-
ture decrease to 35.5�C applied at day 7; (b) concen-
trations of MAb; (c) concentrations of glucose
(continuous) and lactate (dotted) in the bioreactor;
(d) concentrations of glutamine (continuous) and am-
monium (dotted) in the bioreactor.

Table 1. Effect on the Cell Growth and Viability of Different Recirculation Speeds by Pumping Using a Watson Marlow 620S (Two Rollers)

Pump Speed (L/min) 1.5 1.8 2 2.25 2.5 2.75

Viable cell density (106 cells/mL) at initial time 3.5 2.1 2.4 1.8 1.8 1.8
Viable cell density (106 cells/mL) (after time [hours]) 4.5 (24) 4 (24) 4.2 (24) 2.6 (15) 4.2 (48) 7.1 (72)
Viability (%) at initial time 96.8 94.5 95.9 95.2 95.2 95.2
Viability (%) after 24 h 96.2 95.9 96.8 95.1 97.8 97.1

Figure 4. (a) Cell-specific consumption of glucose in perfusion
runs using UF ATF, ATF#18 (1), UF TFF TFF#21
(x), MF ATF ATF#15 (long dash), MF TFF#10 (short
dash), and in fed-batch runs FB#11 (triangle), FB#16
(square), and FB#21 (diamond); (b) cell-specific pro-
duction of lactate; (c) cell-specific consumption of glu-
tamine; (d) cell-specific production of ammonium.
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2,978 mg/L in TFF#21 (on day 12) and at similar rate,
whereas it stayed at the lower detection limit in the harvest
line (Figures 5a,c). A fast MAb accumulation was expected
owing to the increasing cell density and the 50-kDa mem-
brane completely retaining the MAbs in the bioreactor.

MAb production in MF ATF and MF TFF perfusion runs

A comparable pattern was observed in all the MF perfu-
sion runs except run ATF#8 and run TFF#10 after day 20:
MAbbrx and the MAb concentration in the harvest line
(MAbHT) increased rapidly during the first 6–7 days, then
MAbHT stabilized around 93–158 mg/L, whereas MAbbrx

stabilized around 176–243 mg/L on day 9–10, thus at a
higher level than MAbHT and with a 3-day delay (Figures
5a–c). A slow MAbHT decrease and MAbbrx increase with
time were even observed in some runs, for example TFF#10
on days 10–20. Run ATF#8, inoculated at 5.5 3 106 instead

of 0.45 3 106 cells/mL, generated a faster MAb production
with comparable MAbHT profile shifted 3 days upward.
Higher MAbbrx and MAbHT were observed in ATF#8 and
TFF#6 runs, probably owing to the transitory use of another
medium (Materials and Methods in Part I) and to D 5 1.3
RV/day instead of 1.5 RV/day in the other runs. This higher
production was confirmed by computing the volumetric pro-
duction (data not shown), and qMAb (see below). Notice that
MAbbrx above 400 mg/L on day 11 in ATF#15A-B was
owing to the interruption of ATF function (Part I) and
should not be taken into account here.

MAbHT and MAbbrx stabilization is typical for perfusion
run at different cell densities using constant CSPR,11,12 as
applied here: a larger MAb amount produced by a higher
cell density is more diluted when using a higher perfusion
rate. In case of complete MAb transfer from the bioreactor
to the harvest, MAbHT and MAbbrx are identical; however,
they were different here owing to a partial MAb retention by
the HF. Furthermore, the concurrent slow MAbbrx increase
and MAbHT decrease were owing to a MAb retention
increasing with time, for example in TFF#10 run, the 1st HF
lasted 30 days, during which time filter fouling increased.

Interestingly, a transitory period of higher MAbHT was
observed immediately subsequent to a significant increase of
the perfusion rate on day 21 in TFF#10 run. This was followed
by a transitory down slope. It is probable that the sudden
change of the flow rate through the MF HF pores temporarily
removed the cake fouling the membrane; however, it reformed
after a few days as can be seen from MAbHT decrease. This ob-
servation is in agreement with the use of back flush to prevent
fouling as in the ATF operation16 or HF TFF back-flush pump-
ing.15 After day 20, MAbHT was �154 mg/L and MAbbrx

became �1,000 mg/L with a slight continuous increase with
time, indicating an important MAb retention. MAbHT profile
showed several peaks, which were approximately mirrored by
reversed variations in MAbbrx, probably subsequently to transi-
tory property changes of the fouled HF. On day 41 and onward,
the perfusion rate was increased again. However, this time,
MAbHT stayed stable, whereas MAbbrx increased highly and
correlated with the cell density increase. At this stage, the HF
was probably irreversibly fouled so that the cake could not be
removed as observed day 21. In agreement with this, irreversi-
ble cake formation of this HF was confirmed 8 days later, that
is after run completion, following the method described by
Russotti et al.33 (data not shown).

MAb Harvest

The accumulated harvested MAb production, one of the
most important parameters for the process, is shown in Figure
6a. In the MF runs stabilized at �25 3 106 cells/mL cell
density (ATF#5, ATF#8, ATF#9, TFF#6, and TFF#10 until
day 20), the slope of HTtot was comparable. This was also true
for ATF#8 run in which MAb accumulated earlier owing to the
higher initial cell density. Higher cell densities resulted in
steeper slope (ATF#15A-B or TFF#10 from day 20). In Figure
6b, HTtot in run TFF#10 is shown together with the total accu-
mulated MAb amount really produced by the cells, MAbtot

MAb tot 5HT tot 1

ðt

0

MAb brx Vbleed dt1VMAb brx (6)

MAbtot was higher than HTtot by a difference, sum of the
MAb loss in the cell bleeds and another smaller loss from

Figure 5. (a) MAb concentrations in bioreactor in UF ATF#18
(open circle), UF TFF#21 (plain circle), and MF
TFF#10 (plain triangle); (b) MAb concentrations in
bioreactor in MF runs ATF#15 (crossed square),
ATF#9 (black square), ATF#8 (plain square), ATF#5
(gray square), and TFF#6 (open triangle) (for other
legends, see (a)); (c) MAb concentrations in harvest
line (for other legends, see (b)).
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the residual MAb left in the bioreactor at the run completion.
An illustration is summarized in Table 2 where MAb loss in
bleeds and residual in bioreactor are presented for ATF #9
and TFF#10 runs for more than 17 days with a cell density
maintained at 25 3 106 cells/mL.

Analysis of the Yields. The concentration yield (Yconc),
ratio MAbHT/MAbbrx, was 100% during the first days and
then decreased rapidly with time, reflecting the partial
retention (Figure 7a). After the first days, the production
yield (Yprod), ratio HTtot/MAbtot, became significantly higher
than Yconc as expected owing to its integral character: for
instance, in MF ATF#15A-B performed without bleeds,
Yconc decreased to 50% or less after 10 days, whereas Yprod

increased to 86–92% (Figure 7b). In the runs stabilized at
25 3 106 cells/mL density, Yprod was between 54 and 71%
and between 46 and 56% when using ATF and TFF,
respectively, after the first days. It was concluded that there
was a MAb retention using both systems but using TFF
caused a larger retention and hence the ATF system was
more favorable for the MAb production than the TFF

system. This has been described theoretically16; however, to
our knowledge, this is the first time that data are published.
The yield difference was higher in the case of production
at stable cell density with cell bleeds as larger amounts of
MAbs were discarded. Another drawback of MAb retention
by the HF is an increase of the MAb residence time inside
the bioreactor, which is, of course, an issue for sensitive
glycoproteins.12

Yconc decreased with time and with increasing cell density,
probably owing to a higher amount of cell debris and nucleic
acid in a similar way as reported for the filter fouling in spin
filter.13 The debris and nucleic acids were not eliminated
from the bioreactor except in the cell bleeds.

Effect of Shear Rate. Recirculation rates of 0.3–1 L/min,
that is shear rate of 1,000–3,400 s21, were applied (Table 1
in Part I). Increasing the recirculation rate did not improved
Yconc, for example TFF#10 run had slightly lower yield than
TFF#6 run on days 9–19 for recirculation rates 1 and 0.3 L/
min, respectively (Figure 7b). These shear rates were prob-
ably not high enough to observe a favorable effect from
increasing the shear rate as in yeast MF harvest for shear
rates of �8,740 s21.33 However, a higher recirculation rate

Figure 6. (a) Accumulated harvested MAb production (for
legend, see Figures 5a,b). HT tot in run MF TFF#10
(plain triangle), only partly represented in (a) can
be seen completely in (b); (b) representation of
HTtot (plain triangle) in run MF TFF#10, the total
accumulated cellular production (square), sum of
the production in the harvest, the production loss in
the discarded cell bleeds and the residual amount in
the bioreactor, and the accumulated MAb amount
lost in the discarded cell bleeds (circle).

Table 2. MAb Loss in ATF#9 and TFF#10 for More Than 17 days

With Cell Densities Maintained at 25 3 106 cells/mL

Run
Harvest
HTtot

Loss of
MAb in
Bleeds

Loss of
residual
MAb in

Bioreactor

Cellular
Production

MAbtot

TFF#10 6,073 mg 3,771 mg 1,896 mg 11,740 mg
52% 32% 16% 100%

ATF#9 7,628 mg 2,311 mg 764 mg 10,702 mg
71% 22% 7% 100%

Figure 7. (a) Concentration yield, Yconc, ratio of the concentra-
tions in the harvest line and in the bioreactor (for
legend, see Figures 5a,b); (b) production yield, Yprod,
ratio of the accumulated harvested MAb production
and the total accumulated cellular production; (c)
cell-specific MAb production in perfusion runs, for
legend, see Figures 5a,b, and fed-batch runs FB#11
(short dash), FB#16 (1), FB#22 (long dash).
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was more favorable for ATF function, that is for reduced air
occurrence in the dip tube (Part I).

Comparison of MAb production in perfusion using MF or
UF HF and fed-batch. Figure 6a shows HTtot for the differ-
ent runs performed at different cell densities and in the ab-
sence or presence of bleeds. Runs UF ATF#18, UF TFF#21,
and MF ATF#15A-B resulted in comparable HTtot. As dis-
cussed above, the cell bleeds caused a lower production for
MF TFF compared to MF ATF. The MAb production
obtained in the fed-batch runs was at the lower edge of the
perfusion runs. MAb harvested after 12 days in UF and MF,
ATF, and TFF perfusion runs as well as fed-batch were com-
pared based on data in the absence of cell bleed for UF
ATF#18, UF TFF#21, MF ATF#15B, MF TFF#10 (for which
a calculation was made based on the real data) and average of
FB#11, FB#16, and FB#22: the harvested MAb production
was comparable and �12 g for all the perfusion runs and was
2 g in fed-batch cultures, that is six times lower than in perfu-
sion. Yuk et al.34 reported a sevenfold higher titer of recombi-
nant oncolytic adenoviral vector in perfusion using ATF
compared to fed-batch in an infection process of HeLa. Jardin
et al.10 obtained a production of Secreted Alkaline Phospha-
tase eightfold higher in perfusion using acoustic settler than in
fed-batch mode in an SF-9-BEV insect cell culture. Meuwly
et al.9 converted a CHO perfusion process into fed-batch. The
productivity per bioreactor unit volume and year was �70%
in fed-batch compared to perfusion in packed-bed bioreactor.

Illustrating the potential MAb production in the perfusion
system used here, in run TFF#10, a total of 93 g of MAb was
harvested after 47 days although this run was a study run with
periods at cell density maintained at 25 3 106 cells/mL and
1.1 3 108 cells /mL before reaching 2 3 108 cells/mL. Fur-
thermore, it was calculated from the data of this run that 34 g
could be harvested over a 17-day period of culture including
cell expansion followed by cell density maintained at 108

cells/mL and that 22 g was harvested per week while main-
taining the cell density at 108 cells/mL. In other words, a 1-
month culture would generate 57 g MAb in this 4 L working
volume process using this model cell line with moderate cell-
specific productivity in view of today’s industrial standard.
The comparison of perfusion and fed-batch is, of course, very
difficult to make as it depends on the cell density and the per-
fusion culture length but other factors such as the scalability
and the total cost of goods covering upstream and downstream
processes should also be taken into account.6

qMAb was comparable in all the ATF and TFF runs, �9
pg/cell/day, except ATF#8 and TFF#6 runs partly performed
with another medium, �13 pg/cell/day (Figure 7c). It also
seems that qMAb decreased somewhat in TFF#10 run from
day 42 at a density of �1.31 3 108 cells/mL. This could
potentially be attributed to the high cell density as the cell
line was stable as shown by a productivity test performed
from cells frozen at 2 3 108 cells/mL on day 44 (data not
shown). qMAb in fed-batch was in average comparable or
lower than in the perfusion runs.

Cell banking and seed expansion

Cells taken from ATF#15B run at 108 cells/mL cell den-
sity on day 12 (i.e., day 30 of the whole ATF#15A-B run)
were cryopreserved in 1-mL vials. The cells were frozen at
cell concentrations of 108 and 0.5 3 108 cells/mL, either by
adding 10% DMSO to the cell broth or by diluting with
fresh medium before adding 10% DMSO. The cell

resuscitation and subsequent growth were excellent with via-
bility in average 90–91% on day 1 and higher after this day
and cell growth already observed from day 1 or 2 (Figures
8a,b). Duplicate productivity tests were performed from one
of the cell thaw cultures at passages 7 and 8 as well as a
productivity test at passage 8 with supplementary addition of
200 nM methotrexate (MTX) (Figure 8c). After 1 week,
average MAb concentrations and cell-specific MAb produc-
tivity of 138 mg/L and 7.1 pg/cell/day, respectively, were
reached as typical for productivity test with this cell line. No
effect of MTX addition was observed, indicating as well that
the cells were stable and that no cell subpopulation

Figure 8. Cell thaw (duplicate) from (a) 108 and (b) 0.5 3 108

cells/mL vials cryopreserved from 108 cells/mL cul-
ture ATF#15B day 12; (c) duplicate productivity test
performed from one of the cell thaw cultures pre-
sented in (a) (circle) and (b) (square) at passages 7
and 8: viable cell density (plain symbols) and MAb
concentration (open symbols); and productivity test
performed at passage 8 with supplementary addition
of 200 nM methotrexate (large symbols).
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insensitive to MTX had emerged during the 30 days of
ATF#15A-B total culture period.

This study clearly demonstrates that CHO cell cryopreser-
vation from a perfusion culture at high cell densities around
108 cells/mL is feasible, allowing high cell number with high
cell growth and viability at thaw. Ninomiya et al.21 reported
high cell density freezing at 1.5 3 108 cells/mL for hybrid-
oma cells in the presence of 20% serum, whereas this study
was performed without serum. Tao et al.35 developed a CHO
cell bank manufacturing process in which the cells were
expanded up to a cell density of 27 3 106 cells/mL in a wave-
induced bioreactor perfused with an interior filter separation
device. They increased the final cell density of their cell bank
at 0.9–1 3 108 cells/mL by centrifugation. It is probable that
a controlled bioreactor environment instead of shake flask
expansion is more beneficial for the cell health, the reproduci-
bility, and reliability of the cryopreservation process.

Conclusions

Applications of high-cell-density perfusion process of
MAb producing CHO cells in disposable WAVE Bioreac-
tor

TM

using TFF or ATF were studied here using MF or UF.
Cell densities higher than 108 cells/mL were obtained using
UF TFF or UF ATF. Comparable amounts of MAb were
produced by the cells in perfusion by ATF or TFF, MF or
UF; however, the MAbs were partially retained by the MF.
The retention was higher using the TFF than the ATF sys-
tem. The main MAb loss caused by this retention was prod-
uct discarded from the bioreactor in the daily bleeds to
maintain a constant cell density. The MF TFF was thus less
favorable for the production of MAb in comparison with MF
ATF. From this point of view, the UF TFF and UF ATF had
a major advantage compared with the MF HF as these were
aimed at retaining completely the product. They also allowed
a reduction of the MAb dilution, harvest from the bioreactor
culture, 4 L, instead of from the accumulated harvests (�100
L in the present cases). As expected, the perfusion process
generated a higher MAb production than the fed-batch by a
factor of 6 after 12 days and a factor of 28 in a 1-month per-
fusion at a constant cell density of 108 cells/mL. Together
with Part I, our study showed that perfusion up to 1.3 3 108

cells/mL had no influence on the cell metabolism and MAb
production when applying a constant cell-specific perfusion
rate. The equipment, that is the WAVE Bioreactor

TM

, the
ATF and the TFF, was robust. The operational experience
from this study indicated no difference concerning the HF
capacity using ATF or TFF. Recirculation rates of 1 L/min
(shear rate, 3,400 s21) using MF HF and 1.5 L/min (2,790
s21) using UF HF were well tolerated by CHO cells using
ATF or TFF systems. The effect of pumping by the TFF sys-
tem in the absence of HF was studied. It indicated that the
pumping used in the present perfusion setting had no detri-
mental effect on the cells. Cell cryopreservation from high-
cell-density bioreactor culture was very successful. This sys-
tem was more reliable and robust for cell bank manufactur-
ing than the classical approach of shake flask expansion as
the cells were manufactured in a controlled bioreactor in the
presence of a stable environment generated by the perfusion.

Acknowledgments

GE Healthcare financed this study. Many thanks to Chris-
tian Kaisermayer and Craig Robinson (GE Healthcare), The

Swedish Governmental Agency for Innovation Systems
(VINNOVA), for supporting the lab activities, IMED (Swe-
den) for giving permission to use their research cell line and
Refine Technology (USA) for inputs.

Literature Cited

1. Xie L, Zhou W. Fed-batch cultivation of mammalian cells for
the production of recombinant proteins. In: Ozturk SS, Hu W-
S, editors. Cell Culture Technology for Pharmaceutical and
Cell-Based Therapies. Newyork: Taylor & Francis; 2005:349–
388.

2. Bibila TA, Robinson DK. In pursuit of the optimal fed-batch
process for monoclonal antibody production. Biotechnol. Prog.
1995;11:1–13.

3. Xie L, Wang DI. Fed-batch cultivation of animal cells using
different medium design concepts and feeding strategies. Bio-
technol. Bioeng. 1994;43:1175–1189.

4. Ljunggren J, Haggstrom L. Catabolic control of hybridoma cells
by glucose and glutamine limited fed batch cultures. Biotechnol.
Bioeng. 1994;44:808–818.

5. Kurokawa H, Park YS, Iijima S, Kobayashi T. Growth charac-
teristics in fed-batch culture of hybridoma cells with control of
glucose and glutamine concentrations. Biotechnol. Bioeng.
1994;44:95–103.

6. Lim AC, Washbrook J, Titchener-Hooker NJ, Farid SS. A com-
puter-aided approach to compare the production economics of
fed-batch and perfusion culture under uncertainty. Biotechnol.
Bioeng. 2006;93:687–697.

7. Farid SS. Process economics of industrial monoclonal antibody
manufacture. J. Chromatogr. B Analyt. Technol. Biomed. Life
Sci. 2007;848:8–18.

8. Yuk IH, Olsen MM, Geyer S, Forestell SP. Perfusion cultures
of human tumor cells: a scalable production platform for onco-
lytic adenoviral vectors. Biotechnol. Bioeng. 2004;86:637–642.

9. Meuwly F, Weber U, Ziegler T, Gervais A, Mastrangeli R,
Crisci C, Rossi M, Bernard A, von Stockar U, Kadouri A.
Conversion of a CHO cell culture process from perfusion to
fed-batch technology without altering product quality. J. Bio-
technol. 2006;123:106–116.

10. Jardin BA, Montes J, Lanthier S, Tran R, Elias C. High cell
density fed batch and perfusion processes for stable non-viral
expression of secreted alkaline phosphatase (SEAP) using insect
cells: comparison to a batch Sf-9-BEV system. Biotechnol.
Bioeng. 2007;97:332–345.

11. Ozturk SS. Engineering challenges in high density cell culture
systems. Cytotechnology 1996;22:3–16.

12. Konstantinov K, Goudar C, Ng M, Meneses R, Thrift J,
Chuppa S, Matanguihan C, Michaels J, Naveh D. The “push-
to-low” approach for optimization of high-density perfusion
cultures of animal cells. Adv. Biochem. Eng. Biotechnol.
2006;101:75–98.

13. Esclade LRJ, Carrel S, Peringer P. Influence of the screen mate-
rial on the fouling of spin filters. Biotechnol. Bioeng.
1991;38:159–168.

14. Mercille S, Johnson M, Lemieux R, Massie B. Filtration-based
perfusion of hybridoma cultures in protein-free medium: reduc-
tion of membrane fouling by medium supplementation with
DNase I. Biotechnol. Bioeng. 1994;43:833–846.

15. Hiller GW, Clark DS, Blanch HW. Cell retention-chemostat
studies of hybridoma cells-analysis of hybridoma growth and
metabolism in continuous suspension culture in serum-free me-
dium. Biotechnol. Bioeng. 1993;42:185–195.

16. Furey J. Scale-up of a cell culture perfusion process—a low-
shear filtration system that inhibits filter-membrane fouling.
Genet. Eng. News. 2002;22:62.

17. Adamson SR, Fitzpatrick SL, Behie LA, Gaucher GM, Lesser
BH. In vitro production of high titer monoclonal-antibody by
hybridoma cells in dialysis culture. Biotechnol. Lett.
1983;5:573–578.

18. Kurosawa H, Markl H, Niebuhrredder C, Matsumura M. Dialy-
sis bioreactor with radial-flow fixed-bed for animal-cell culture.
J. Ferment. Bioeng. 1991;72:41–45.

776 Biotechnol. Prog., 2013, Vol. 29, No. 3



19. Linardos TI, Kalogerakis N, Behie LA, Lamontagne, LR. Mono-
clonal-antibody production in dialyzed continuous suspension-
culture. Biotechnol. Bioeng. 1992;39:504–510.

20. Zijlstra G, Hof R, Schilder J. Improved Process for the Cultur-
ing of Cells WO 2008/006494 A1, January 17, 2008.

21. Ninomiya N, Shirahata S, Murakami H, Sugahara T. Large-
scale, high-density freezing of hybridomas and its application to
high-density culture. Biotechnol. Bioeng. 1991;38:1110–1113.

22. Heidemann R, Lunse S, Tran D, Zhang C. Characterization of
cell-banking parameters for the cryopreservation of mammalian
cell lines in 100-mL cryobags. Biotechnol. Prog. 2010;26:1154–
1163.

23. Heidemann R, Mered M, Wang DQ, Gardner B, Zhang C,
Michaels J, Henzler HJ, Abbas N, Konstantinov K. A new seed-
train expansion method for recombinant mammalian cell lines.
Cytotechnology 2002;38:99–108.

24. Kleman MI, Oellers K, Lullau E. Optimal conditions for freez-
ing CHO-S and HEK293-EBNA cell lines: influence of Me2SO,
freeze density, and PEI-mediated transfection on revitalization
and growth of cells, and expression of recombinant protein. Bio-
technol. Bioeng. 2008;100:911–922.

25. Clincke MF, Molleryd C, Zhang Y, Lindskog E, Walsh K,
Chotteau V. Very High density of CHO cells in perfusion by
ATF or TFF in WAVE BioreactorTM—Part I. Effect of the cell
density on the process. Biotechnol. Prog. In press. 2013.

26. deZengotita VM, Schmelzer AE, Miller WM. Characterization
of hybridoma cell responses to elevated pCO(2) and osmolality:
intracellular pH, cell size, apoptosis, and metabolism. Biotech-
nol. Bioeng. 2002;77:369–380.

27. Wurm FM. Production of recombinant protein therapeutics in
cultivated mammalian cells. Nat. Biotechnol. 2004;22:1393–
1398.

28. Brown ME, Renner G, Field RP, Hassell T. Process develop-
ment for the production of recombinant antibodies using the
glutamine synthetase (GS) system. Cytotechnology 1992;9:231–
236.

29. Hayter PM, Curling EM, Baines AJ, Jenkins N, Salmon I,
Strange PG, Bull AT. Chinese hamster ovary cell growth and
interferon production kinetics in stirred batch culture. Appl.
Microbiol. Biotechnol. 1991;34:559–564.

30. Zhou W, Chen CC, Buckland B, Aunins J. Fed-batch culture of
recombinant NS0 myeloma cells with high monoclonal antibody
production. Biotechnol. Bioeng. 1997;55:783–792.

31. Miller WM, Blanch HW, Wilke CR. A kinetic analysis of
hybridoma growth and metabolism in batch and continuous
suspension culture: effect of nutrient concentration, dilution rate,
and pH. Biotechnol. Bioeng. 1988;32:947–965.

32. Spens E, Haggstrom L. Defined protein and animal component-
free NS0 fed-batch culture. Biotechnol. Bioeng. 2007;98:1183–
1194.

33. Russotti G, Osawa AE, Sitrin RD, Buckland BC, Adams WR,
Lee SS. Pilot-scale harvest of recombinant yeast employing
microfiltration: a case study. J. Biotechnol. 1995;42:235–246.

34. Yuk IH, Olsen MM, Geyer S, Forestell SP. Perfusion cultures
of human tumor cells: a scalable production platform for onco-
lytic adenoviral vectors. Biotechnol. Bioeng. 2004;86:637–642.

35. Tao Y, Shih J, Sinacore M, Ryll T. Yusuf-Makagiansar H.
Development and implementation of a perfusion-based high cell
density cell banking process. Biotechnol. Prog. 2011;27:
824–829.

Manuscript received Aug. 20, 2012, and revision received Feb. 11,

2013.

Biotechnol. Prog., 2013, Vol. 29, No. 3 777


	l
	l

