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Abstract High cell density is an important factor in

achieving high bioreactor productivity. To meet the oxygen

demand with density at[100 9 106 cells/mL, a frit sparger

is often used. In this study, the impact of Pluronic� F68 on

a perfusion process using a frit sparger was studied. The

perfusion process was developed using an alternating tan-

gential flow device with a 0.2 lm PES hollow fiber filter.

Pluronic� F68 at 2 g/L was sufficient in preventing cell

damage at gas flow rate of *0.20 vvm from a drilled hole

sparger (0.5 mm) but inadequate at *0.025 vvm from a

frit sparger (20 lm). Increase of Pluronic� F68 concen-

tration to 5 g/L prevented cell death at up to *0.10 vvm

from the frit sparger and was able to maintain high cell

density at high viability in the range of 60–80 9 106 cells/

mL. Such positive effect was demonstrated in both 3- and

200-L bioreactors. Supplementing additional Pluronic�

F68 was also effective in restoring cell growth/viability

from low viability cultures. Increased Pluronic� F68 con-

centration had no adverse impact on target antibody, HCP,

and Pluronic� F68 transmissions.

Keywords Cell damage � Frit sparger � Product
transmission � High-density culture � Filter fouling

Introduction

High-density perfusion cultures using filtration-based cell

retention devices have attracted a great deal of interest for

continuous biomanufacturing [1–3]. Perfusion enables

continuous fresh media replenishment and waste product

removal, which supports high cell densities with high

viability. One of the challenges in maintaining high density

at 50 to[100 9 106 cells/mL is the high oxygen demand.

A frit sparger is frequently used to ensure sufficient oxygen

supply due to its superior oxygen kLa (volumetric

mass transfer coefficient) [4, 5]. However, using a frit

sparger is often associated with more cell damage from

hydrodynamic stress, especially bubble-bursting-associated

cell death due to the smaller bubbles generated [6–8]. Cell

culture medium additives have been widely used to protect

animal cells from agitation- and aeration-associated cell

damage [8–11]. Among a pool of options, Pluronic� F68 is

the most widely used (here referred to as PF68). PF68

is a poly(ethylene oxide)–poly(propylene oxide)–poly

(ethylene oxide) (PEO–PPO–PEO) triblock copolymer

with an average molecular weight of 8400 Da. It is com-

monly used as a nonionic surfactant, which is also known

under other brand names such as Lutrol� F68 or Kol-

liphor� P188. With the increase in cell density and high gas

flow rates through the frit sparger, the typical PF68 con-

centration at 1–2 g/L used in cell culture media may

become insufficient [12]. For example, we have shown that

gas flow rate at as low as 0.016 vvm could cause cell

damage when a 20 lm frit sparger was used in a fed-batch

culture [13]. Recently, PF68 concentration at up to 5 g/L
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has been investigated in high-density fed-batch cultures,

and no impact on cell growth and product quality was

found for such concentration, though the sparger type was

not specified [14]. Increasing PF68 concentration in the cell

culture media has also been discussed as a mitigation

approach for the observed PF68 lot-to-lot variation [15].

Increasing PF68 concentration could negatively impact

filtration performance [16, 17]. In perfusion cultures using

hollow fiber filters as the cell retention device, the

adsorption of media components, proteins, antifoam, and

cell debris on the filter surface could cause filter fouling

over time. As a result, product (e.g., proteins, antibodies)

transmission across the filter decreases [18, 19]. This leads

to product accumulation in the bioreactor and compromises

process yield since the product is collected from the per-

meate side of the filter. The extended product retention in

the bioreactor due to fouling could also potentially impact

product quality via proteolytic degradation. Replacement

of filters in the process is often required due to filter fouling

[20]. Though the use of high PF68 concentration has been

recently reported for hollow fiber-based perfusion cultures

[21], little understanding is available regarding the impact

of the increased PF68 concentration on filter performance

and product transmission.

In this study, we evaluate a range of PF68 concentra-

tions (2–5 g/L) on hollow fiber filter-based perfusion cul-

ture performance at both 3- and 200-L scales. The impact

of PF68 concentration on target monoclonal antibody

(MAb) product and impurities (HCPs, host cell proteins)

transmission across a 0.2 lm polyether sulfone (PES) filter

is investigated. PF68 transmission across the filter is also

discussed.

Materials and methods

Cell line and inoculum expansion

A recombinant Chinese hamster ovary (CHO) cell line was

used. It was a glutamine synthetase (GS) cell line designed

to produce a monoclonal antibody. The inoculum train

started from vial thaw and expanded in shake flasks. Shake

flasks were maintained in an incubation shaker with a

25 mm throw (Multitron, Infors AG, Bottmingen,

Switzerland) operated at 5% CO2, 36.5 �C, and 100 rpm

shaking speed.

Perfusion bioreactors

Both 3-L glass bioreactors (Sartorius Stedim, Göttingen,

Germany) and 200-L single-use bioreactors (SUB)

(XDR200, GE Healthcare, Marlborough, MA, USA) were

used in the study. Their engineering information has been

reported previously [22]. For both 3- and 200-L biore-

actors, temperature was controlled at 36.5 �C; dissolved

oxygen (DO) was controlled at 30% of air saturation

using pure O2, and pH was controlled at [6.75. Biore-

actors were inoculated at a target cell density of 1 9 106

cells/mL. For 3-L bioreactors, a marine impeller and a

drilled hole sparger (DHS; 14 9 0.5 mm holes) or a frit

sparger (20 lm pore size) were used with a working

volume of 1.3 L. Agitation speed was controlled at

260 rpm (note no increase of agitation speed as previ-

ously reported was required [23]). For 200-L SUB, a

single pitched-blade impeller and a sparger disk with

different hole/pore sizes (10 9 1 mm holes and 20 lm
pores) were used with a working volume of 100 L.

Constant air (0.05–0.06 vvm) was supplied through the

1 mm holes for CO2 removal, and O2 was supplied

through the 20 lm pores as needed for DO control.

Agitation speed was controlled in the range of

90–140 rpm. EX-CELL� antifoam (1% Simethicone

Emulsion, Sigma-Aldrich, St. Louis, MO, USA) was

added continuously using a syringe pump (KDS-200, KD

Scientific, Holliston, MA, USA) at 0.2–0.3 mL/h for foam

control for all the 3-L bioreactor studies from day

6. Antifoam was added as needed for the 200-L SUBs.

An alternating tangential flow-2 (ATF-2) or alternating

tangential flow-6 (ATF-6) filtration system (Repligen

Corporation, Waltham, MA, USA) was used for the 3- or

200-L bioreactors, respectively. A 0.2 lm PES hollow

fiber filter was used, with different surface areas at different

scales (ATF-2 0.13 m3; ATF-6 2.5 m3). ATF-2 flow rate

used was 0.8 LPM, and ATF-6 flow rate used was 15 LPM.

Proprietary media were used for both batch growth and

perfusion. Medium exchange was typically started on day 2

and maximum exchange rate of 1 vvd (medium exchange

volume per bioreactor volume per day) was used. Medium

was continuously supplied to the bioreactor and liquid

stream containing antibody was continuously collected

from the permeate side of the filter. Cell bleed was started

on day 8 at 0.06 vvd.

Cell culture sample analysis

Samples were taken daily for offline analysis. Bioreactor

supernatant samples were collected from the supernatant

layer after centrifuging the cell culture samples at 2000 g

for 10 min, and permeate samples were collected directly

after the 0.2 lm PES filter. Viable cell density (VCD) and

viability were measured using the trypan blue exclusion

method on a Cedex Hi-Res cell counter (Roche Diagnostics

GmbH, Mannheim, Germany). Offline pH, pO2, and pCO2

were measured using an ABL80 blood gas analyzer (Ra-

diometer, Denmark). Glucose, lactate, glutamine, and

glutamate were measured using a YSI Model 2700
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analyzer (YSI Life Sciences, Yellow Springs, OH, USA).

Lactate dehydrogenase (LDH) was measured using a RX

Imola analyzer (Randox Laboratories, Ltd., Crumlin, UK).

Bioreactor supernatant and permeate antibody concentra-

tions were analyzed using an Agilent 1100 high-perfor-

mance liquid chromatography (HPLC, Agilent

Technologies, Santa Clara, CA, USA) with a reversed

phase column [24].

Host cell protein measurement

Host cell proteins from both bioreactor supernatant and

permeate samples were determined using an enzyme-

linked immunosorbent assay (ELISA). Test samples were

serially diluted in microtiter well plates for HCP quantifi-

cation, with HCP standards provided from the 3rd gener-

ation Cygnus kit (Cygnus Technologies, Inc., Southport,

NC, USA). Briefly, 100 lL of anti-CHO-HRP (Cygnus

#F551) and 50 lL of HCP standards, samples, and controls

were added to the anti-HCP antibody pre-coated assay

plate and incubated at room temperature for 2 h. After

incubation, the plate was washed four times with washing

buffer before adding 100 lL TMB (3,30,5,50-Tetramethyl-

benzidine) substrate. The colorimetric reaction was stopped

after 30 min with the addition of stop solution provided in

the kit and then the plate was read at 450/650 nm using a

SpectroMax� M5e microplate reader (Molecular Devices,

LLC., Sunnyvale, CA, USA) and results were analyzed by

using non-linear four-parameter regression analysis.

PF68 measurement

Both Pluronic� F68 (10% solution, Part no: 24040-032,

Life Technologies, Grand Island, NY, USA) and Kol-

liphor� P188 (Part no: K4894, Sigma-Aldrich, St. Louis,

MO, USA) were used to develop the PF68 assay with

comparable results. The P188 powder was dissolved in

purified water to prepare the 10% (100 g/L) solution. The

stock solution was 0.2 lm filtered (KLEENPAKTM Cap-

sules with Fluorodyne� II DFL membrane, Pall Corpora-

tion, Westborough, MA, USA) prior to usage.

For PF68 concentration determination, a high-through-

put method was adapted from the colorimetric method

described by Ghebeh et al. [25]. Briefly, 50 lL of PF68

standards at a concentration range from 0.2 to 4 g/L or

samples were mixed with 25 lL of cobalt thiocyanate

reagent, 50 lL of ethyl acetate, and 20 lL of absolute

ethanol in the wells of 96-well protein precipitation plate to

form blue precipitates. The liquids were then drained by

applying vacuum using a Vacuum Manifold Filtration

System for SPE Sample Filtration (Analytical Sales &

Services, Inc., Pompton Plains, NJ, USA). The precipitates

were washed three times with ethyl acetate before eluting

into a collection plate with acetone. The absorbance from

each was then read at 328 nm using a SpectraMax M2 plate

reader (Molecular Devices, LLC., Sunnyvale, CA, USA).

PF68 concentrations in the samples were calculated based

on a linear curve fitting of absorbance at 328 nm versus the

known standard concentration.

Determination of daily transmission and total

retention

Daily MAb, HCP, and PF68 transmission was calculated

using the following equation:

Transmission ð%Þ ¼ Concentration in permeate

Concentration in bioreactor
� 100%:

ð1Þ

The level of adsorption of analytes such as PF68 on the

filter is unknown in the study, and the transmission cal-

culation did not take the potential adsorption on the filter

into consideration.

The total MAb retention was calculated using the fol-

lowing equation:

Results and discussion

Cell culture performance with different spargers

The same perfusion process was evaluated in the 3-L

bioreactors with a drilled hole sparger or a frit sparger

(20 lm) using media containing 2 g/L PF68 (Fig. 1). Sig-

nificant distinctions between the two spargers were

observed. When a DHS was used, oxygen flow at *0.20

vvm (gas volume flow per unit of liquid volume per min-

ute) was required to support cell density at 60–70 9 106

cells/mL due to the low oxygen kLa through the DHS

(kLa data in Ref. [22]). Cell viability was still maintained at

[95% on day 15 even at such high vvm (Fig. 1c). On the

other hand, cell viability declined from day 7 in the frit

sparger condition, when oxygen demand was increased and

pulsed oxygen supply at maximum of *0.05 vvm was

Total MAb retention ð%Þ ¼ MAb in bioreactor
P

MAb in permeateþ
P

MAb in bleed þMAb in bioreactor
� 100%: ð2Þ
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needed. Additionally, peak cell density reached was only

*65% of that in the DHS condition. Since sparger is the

only difference between the two conditions, it was

hypothesized that such cell culture performance difference

was caused by cell damage from using the frit sparger.

Much smaller bubbles are generated from the 20 lm
sparger compared with those generated by a DHS. Bubble

bursting at the air–liquid interface has been demonstrated

to be the primary cause of cell damage in sparged biore-

actors, where cell death increases with the decrease in

bubble radii due to the greatly increased energy dissipation

rate with smaller bubbles [6–8]. Considerable amount of

literature is available for the effectiveness and necessity of

PF68 in preventing cell damage in sparged bioreactors

[7, 8, 10, 26–35]. In our study, the level of oxygen flow

through the frit sparger was similar to the lethal level

reported in high-density CHO and BHK (Baby Hamster

Kidney) perfusion cultures at 20 9 106 cells/mL, where

sparge rates above 0.054 vvm using a 15 lm sparger, or

above 0.025 vvm using a 0.5 lm sparger were found to be

detrimental to cells, although the exact PF68 concentration

used was not specified [36].

To avoid cell damage, large bubbles from a DHS are

preferred. However, we anticipate that the oxygen kLa of

the DHS could be insufficient to support high cell density

in large-scale bioreactors. Additionally, high gas flow

rates may cause undesired bag pressure increase for

SUBs. To manage the total gas throughput while main-

taining desired oxygen kLa, a frit sparger is to be used.

Based on the frit sparger oxygen kLa characteristics [22]

and cell specific oxygen uptake rates (3–5 pmol/cell/day)

in our perfusion processes, it is estimated that *0.05 vvm

O2 could be required to support cell density at 100 9 106

cells/mL in a 200-L SUB with power input per volume

(P/V) at *50 W/m3. Further increase of impeller speed

could improve oxygen kLa and reduce the O2 vvm

required. However, it will be at the expense of increased

local energy dissipation rate, which could also cause cell

damage.

Increasing PF68 concentration may be required to

maintain cell viability when scaling up perfusion cultures

using a frit sparger for O2 supply. Although it has been

widely reported that 1–2 g/L PF68 in general provides

sufficient protection from shear damage, such concentra-

tion is inadequate with small bubbles at high gas flow

rates. Earlier study showed that 5 g/L PF68 was required

in an airlift bioreactor with only *0.003 vvm sparge rate

for Spodoptera frugiperda (SF-9) insect cell cultures for

cell density at \4 9 106 cells/mL when a 20 lm frit

sparger was used, while 2 g/L PF68 provided little pro-

tection [37]. Similarly, the protective effect of PF68 was

found to increase with its concentration in the range of

0–3 g/L for SF-9 cells at late exponential growth phase

under laminar shear stress [10]. Increasing PF68 con-

centration was found to be necessary to reduce cell

attachment to bubbles with the increase in cell concen-

tration [33]. Though no direct cell culture data were

shown, it provided critical information on the expected

PF68 concentration requirement with the increase in cell

density. Additionally, the uptake of PF68 by the cells may

also play a bigger role in high-density cultures. Average

uptake of PF68 for CHO cells was measured to be

11.7 ± 6.7 lg/106 cells [38], which translates to

0.25–0.92 g/L PF68 uptake at a cell density of 50 9 106

cells/mL. Such level of PF68 uptake can severely affect

its concentration in the culture if only 1–2 g/L PF68 was

used. For the CHO cell line studied here, PF68 concen-

tration at 2 g/L appears to be insufficient in preventing

cell damage at low sparge rates via the 20 lm frit

sparger.

Impact of PF68 concentration on perfusion culture

and MAb transmission

Cell growth and viability at different PF68 concentrations

(2, 3, 5, and 10 g/L) were first evaluated in shake flasks. No

negative impact on cell doubling time and viability was

observed for PF68 concentration at up to 5 g/L (Supple-

mentary Materials Figure S1). This is similar to previous

reports where no adverse impact was noted from PF68

concentration at 5 g/L or higher for industrial CHO cell

lines [14, 15]. A control with 0 g/L F68 was not pursued

since a large number of prior studies already showed that

most cells do not grow well in sparged bioreactors without

Fig. 1 Comparison of culture

performance from a frit sparger

and a drilled hole sparger (DHS)

in the 3-L bioreactors. a VCD,

b viability, c representative

oxygen flow rate. The media

used contain 2 g/L PF68. Error

bar stands for one standard

deviation (n = 3 for DHS,

n = 2 for frit)
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PF68 or other similar shear protectants [26–29, 37, 39], and

the results in the previous section showed that cell growth

and viability was suboptimal at 2 g/L PF68.

To understand the level of PF68 required to prevent cell

damage when a 20 lm frit sparger was used at the target

density of 60–80 9 106 cells/mL, the same perfusion

medium with PF68 at 2, 3, 5 g/L was used (Fig. 2). Cell

growth profiles were similar for all conditions up to day 6

with cell density reached 25.4–30.6 9 106 cells/mL. Rapid

increase in pCO2 to *100 mmHg was observed, largely

due to the poor CO2 stripping with a frit sparger. A con-

stant air flow at 0.025 vvm was started on day 6 and

maintained until end of the culture to reduce CO2 accu-

mulation and test the impact of continuous gas sparge rate

on cell damage (Fig. 3). The continuous air flow caused

immediate divergence in cell culture performance. In the

control condition with 2 g/L PF68, cell growth was

inhibited and cell viability declined rapidly (18.5% drop in

24 h). Similar decline in cell viability was observed in the

3 g/L PF68 condition (15.8% drop). Correlating to the

viability decline, significant LDH increase was also

observed in both conditions from day 6 to day 7. The 5 g/L

PF68 condition prevented cell damage considerably, with

only 3% viability decline and modest LDH increase. Due

to the continuous air sparging, the pCO2 level decreased to

*45 mmHg for all conditions. Cell viability kept declining

in the 2 g/L PF68 condition to 45.7%, with VCD slowly

increased to 43.7 9 106 cells/mL on day 14. In the same

duration, cell viability declined to 66.7% with a VCD of

61.4 9 106 cells/mL in the 3 g/L PF68 condition. In con-

trast, viability was maintained at 97.1% with a VCD of

74.3 9 106 cells/mL in the 5 g/L condition. It is clear that

PF68 concentration at 2 g/L was not sufficient in

preventing cell damage at as low as 0.025 vvm continuous

gas flow from a frit sparger, and 3 g/L PF68 only mar-

ginally improved that. The additional oxygen sparging

required for maintaining DO posed additional stress on the

system. On the other hand, PF68 concentration at 5 g/L

was able to prevent cell damage at the maximum total gas

flow of*0.10 vvm (Fig. 3). Increasing PF68 concentration

was found to be necessary to reduce cell damage, and the

protection effectiveness was concentration dependent in

the range of 2–5 g/L [10, 33, 37].

To further confirm the protection effectiveness of PF68,

additional 2 g/L PF68 was supplemented to the 2 g/L PF68

condition from day 14, making the final PF68

Fig. 2 Culture performance with different PF68 concentrations using

a frit sparger in the 3-L bioreactors. a VCD, b viability, c LDH–

bioreactor, d pCO2, e MAb titer–bioreactor, f MAb titer–permeate,

g MAb transmission, h total MAb retention. Perfusion started from

day 2 and maintained at 1 vvd throughout the culture duration from

day 4. To avoid cell bleed variation, the same bleed rate at 0.06 vvd

was applied for all the conditions starting from day 8. For the 2 g/L

PF68 condition, additional 2 g/L PF68 was supplemented to the

perfusion media on day 14; thus, day 14–29 media contain 4 g/L

PF68

Fig. 3 Gas flow rate profiles in the 3-L bioreactors. Continuous air

flow at 0.025 vvm was started on day 6 and maintained until day 29.

O2 was supplied as needed for DO control. Both air and O2 were

supplied through the frit sparger. The oxygen flow rates corresponded

to the cell growth profiles shown in Fig. 2. For the 2 g/L PF68

condition, supplementing additional 2 g/L PF68 from day 14 led to

immediate increase in O2 flow
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concentration at 4 g/L. Cell viability started recovering

within the next day, together with the increase in cell

growth/O2 demand and fast decrease in LDH (Figs. 2, 3).

Such immediate protection from PF68 addition and

restoration of cell growth is in agreement with previous

reports [39, 40]. Cell viability recovered to an average of

83.3% with peak cell density reached[80 9 106 cells/mL.

The recovery of cell growth/viability with the additional

PF68 supplementation supports the hypothesis that insuf-

ficient PF68 led to the viability decline shown in Fig. 1.

The effect of PF68 on restoring cell viability was further

evaluated in other perfusion processes using the same frit

sparger, and the same viability recovery was achieved

(Supplementary Materials Figure S2), which shows that

such viability restoration is highly reproducible. One notes

that the negative impact of low viability on MAb trans-

mission across the 0.2 lm PES filter was not reversed, even

though cell culture performance was recovered through

PF68 supplementation (Fig. 2e–h). Daily MAb transmis-

sion declined rapidly in the 2 g/L PF68 condition, and kept

declining while cell growth and viability recovered after

day 14 with the additional 2 g/L PF68 supplementation.

Such decline is understandable since cell debris and par-

ticles in the bioreactor are difficult to remove if their sizes

are[0.2 lm. Additionally, adsorption of host cell residuals

(HCP, DNA) and antifoam to membrane could also con-

tribute to filter fouling and reduction in transmission effi-

ciency. As a result, the compromised filter performance

was difficult to reverse, which was different than the cell

culture performance.

Though 5 g/L PF68 was found to be beneficial in

maintaining high cell viability when a 20 lm frit sparger

was used, it is desired to understand whether this increase

had any real impact on product transmission. The poor

antibody transmission in the 2–3 g/L PF68 conditions

appears to largely relate to early viability decline. A good

baseline for comparison is to have similar cell density and

viability profiles maintained. To create such baseline, the

same process was performed with a DHS using perfusion

media containing either 2 or 5 g/L PF68. As shown in

Fig. 1, PF68 concentration at 2 g/L was sufficient in pre-

venting cell damage at high gas flow rates through the

DHS, and similar cell density and viability could be

achieved in both 2 and 5 g/L PF68 conditions. For all the

conditions tested, MAb transmission within the same cul-

ture duration has no statistical difference (one-way analysis

of variance (ANOVA), P = 0.8693) (Table 1). This con-

firms that there was no negative impact of increased PF68

concentration at up to 5 g/L on filter performance,

regardless of the sparger used.

HCP and PF68 transmissions

Though the molecular weight of HCPs varies, they are still

able to easily pass through a 0.2 lm filter. Similar to the

MAb retention profiles, higher HCP retention was observed

for the conditions with low viabilities (Fig. 4). Overall

HCP transmission was the highest in the 5 g/L PF68 con-

dition. Different than MAb transmission, there was an

initial HCP transmission increase, correlating to the advent

Table 1 Summary of cell culture performance at different PF68 concentrations

PF68 (g/L) Sparger Average VCDDay11-29 (9 106 cells/mL) Day 29 viability (%) Day 29 MAb

transmission (%)

2 DHS 68.5 ± 3.5 91.5 ± 2.3 88.7 ± 3.0

5 DHS 69.3 ± 6.5 90.7 ± 4.0 89.7 ± 3.9

5 Frit 71.1 ± 3.1 89.9 ± 2.6 87.8 ± 6.1

Data presented as average ± one standard deviation (n = 3)

DHS drilled hole sparger

Fig. 4 HCP transmission across

the PES hollow fiber filter at

different PF68 concentrations

(2, 3, 5 g/L)
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of significant cell damage caused by continuous air

sparging from day 6 (especially in the 2 and 3 g/L PF68

conditions). It was speculated that HCPs were rapidly

generated, thus creating high HCP levels in the bioreactor

and a low apparent transmission value since it would take

3 days for 95% of the bioreactor volume to be replaced at 1

vvd medium exchange rate. With the HCPs being

exchanged out over time, the transmission values gradually

increased. On the other hand, there was no sudden impact

of sparging on antibody production, and MAb transmission

followed a typical filter fouling characteristic with gradual

transmission decline. It is to note that the HCP transmission

trends observed here were due to the specific experiments

performed in which large amount of HCPs were generated

from cell damage. Overall, the HCP transmission profiles

confirmed that increasing PF68 concentration actually

improved protein transmission due to better-sustained cell

viability. This implies that cell viability could be the crit-

ical parameter impacting protein transmission across the

PES filter, especially with the accumulated loading on the

filter over time (e.g., [200 L/m2 after 30 days in

perfusion).

PF68 was also transmitted through the 0.2 lm filter

freely at the concentration of 5 g/L (Fig. 5). The molecular

weight of PF68 is 8400 Da, which theoretically should be

able to pass through the 0.2 lm filter unless it is adsorbed

to the filter surface. In contrast, PF68 transmission was

lower when its concentration was maintained at 2 g/L and

viability was low. The membrane fouling due to low cell

viability may have also caused the lower PF68 transmis-

sion in the 2 g/L condition.

Pilot scale comparison

The effectiveness of different PF68 concentrations (2 vs.

5 g/L) in perfusion cultures was also evaluated at pilot

scale (200 L SUB) with an ATF-6 (Fig. 6). The cell culture

performance was similar to those in Figs. 1 and 2, where

viability declined quickly with the 2 g/L PF68 condition

when O2 flow increased to *0.02 vvm and high viability

was maintained in the 5 g/L PF68 condition at a similar

vvm. For the 2 g/L PF68 condition, one noticeable differ-

ence is that MAb transmission through the hollow fiber

filter declined rapidly in the 200-L SUB, at a rate much

faster than that in the 3-L bioreactors. The membrane flux

was 0.42 LMH (L/m2/h) for ATF-2, and was 1.67 LMH for

ATF-6. This difference might potentially cause filter per-

formance difference as the total filter capacity used was

four times higher in ATF-6 within the same duration. In a

mock study, HCCFs (harvested cell culture fluids) con-

taining 5 g/L PF68 were used to challenge the PES filter at

different fluxes in ATF-2. The HCCFs used were from

previous perfusion experiments, thus containing compara-

ble levels of MAb and HCPs as shown in Figs. 2 and 4,

though the antifoam level in the HCCFs was unknown.

Two different media exchange rates, 1 and 4 vvd, were

used to mimic the flux of 0.42 and 1.67 LMH, respectively.

Little to no protein retention was observed in 12 days at

both exchange rates (Fig. 7). Additionally, PF68 was not

retained in the bioreactor. This serves as an indirect evi-

dence that PF68 likely has very little adsorption to the filter

surface, if any. It also confirms that PF68 at up to 5 g/L

should have little impact on filter performance in large-

scale perfusion cultures when high viability is maintained.

The faster decline of MAb transmission with the decrease

in cell viability in the 200-L SUB is yet to be understood

better, such as the impact of flux difference. Still, superior

MAb transmission at 5 g/L PF68 concentration was

achieved at 200-L scale, similar to that at 3-L scale.Fig. 5 PF68 transmission across the PES filter (2, 3, 5 g/L PF68)

Fig. 6 Cell culture performance in the 200-L single-use bioreactors

with ATF-6 using the same media containing 2 or 5 g/L PF68.

a VCD, b viability, c MAb transmission, d oxygen flow rates through

the 20 lm sparger and agitation speeds used. Slightly higher O2 vvm

was observed in the 2 g/L PF68 condition due to the lower agitation

speed used
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Even the higher flux tested here is still far lower than the

typical flux experienced in media filtration and downstream

processing. The maximum filter capacity utilized in the

study was also modest, at\600 L/m2. Though no negative

impact of 5 g/L PF68 on the PES hollow fiber filter was

observed, the impact of such PF68 increase (compared to

the typical 1–2 g/L PF68 used) on high flux filtration

operations deserves further studies [16, 17].

Maintaining appropriate PF68 levels to prevent cell

death

The appropriate PF68 concentration should be determined

by a few factors including cell density, gas sparge rate,

and bubble size. With the advancement of cell line and

media, current perfusion cultures cell density routinely

reaches 50–100 9 106 cells/mL, which is accompanied by

increased O2 demand. Increased cell damage is expected

with the increase in cell density, as cell attachment per

bubble increases with the increase in cell density [33].

Additionally, the protective effectiveness of PF68 is

directly linked to bubble size and gas sparge rate, when

the same PF68 concentration was used (Fig. 1). Signifi-

cant decrease of cell-bubble interaction with the increase

in PF68 concentration has been noted for large bubbles,

while such decrease was less for microbubbles [11].

Based on the results shown here, it is desired to adjust the

PF68 concentration based on the target cell density and

the expected gas flow rates via a particular sparger design.

For example, the same PF68 concentration works well for

a DHS, but not sufficient for a frit sparger as shown in

this study. Assuming the number of bubbles increase

proportionally with the increase in vvm and the mean

bubble diameter does not change significantly, and cel-

lular PF68 uptake is similar on a per cell basis, one could

estimate the available PF68/bubble at a particular vvm

(Supplementary Materials Figure S3). Maintaining similar

PF68/bubble is expected to ensure sufficient protection at

different vvm and cell densities. Such approach could

benefit process design and media optimization when

developing high-density perfusion cultures with target

operational attributes.

Conclusion

Little is known about the impact of PF68 concentration on

the hollow fiber filter performance in perfusion cultures,

though the protective effect of PF68 on cells has been well

characterized. In this study, we showed that increased PF68

concentration (4–5 g/L) was necessary to avoid cell dam-

age when using a 20 lm frit sparger for oxygen supply in

high-density perfusion cultures at both 3- and 200-L scales.

PF68 concentration at 2–3 g/L was insufficient in pre-

venting cell damage at as low as 0.025 vvm gas sparge rate

through the frit sparger for the cell line studied here.

Increasing PF68 concentration to 5 g/L had no adverse

effect on protein (both MAb and HCPs) transmission

across the 0.2 lm PES hollow fiber filter in the 3-L

bioreactors. The transmissions actually were the highest

with 5 g/L PF68, due to the minimized cell damage from

gas sparging leading to filter fouling. Such positive impact

of high PF68 concentration on MAb transmission was also

shown in the 200-L bioreactors. The results here confirmed

that cell viability and cell lysis played a dominating role in

filter fouling and protein retention. Preventing cell damage

and maintaining a highly viable culture are critical in

maintaining high product transmission in hollow fiber fil-

ter-based perfusion cultures.
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