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1 | INTRODUCTION
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Abstract

Foam is generated in mammalian cell cultures by excessive agitation or gas sparging.
This occurs particularly in cultures that generate recombinant proteins at high cell con-
centrations. Three antifoam agents were tested for their compatibility with antibody-
producing Chinese hamster ovary (CHO) cells. One agent (antifoam 204) was
completely inhibitory to growth at a concentration of 10 ppm, one agent (antifoam C)
showed partial inhibition and a third (antifoam SE-15) showed no inhibition at this
concentration. A novel foam image analyzer (LabCam) was used to evaluate two anti-
foams (C and SE-15) for their ability to dissipate foam generated in cell culture media
by enhanced agitation. The presence of antifoam in the media reduced significantly
the foam layer that was generated and this was shown to be rapidly dissipated in the
presence of 10 ppm SE-15. The antifoams were also tested for foam dissipation in cul-
tures of CHO cells at >10° cells/mL. Supplementation of the cultures with SE-15
resulted in dissipation of foam generated by excessive gas sparging within 2 min.
Under equivalent conditions 75% of foam dissipated in the presence of antifoam C,
within 2 min but there was a residual foam layer up to 25 min. This study showed the
value of an optical monitoring system (LabCam) for measuring foam generation and
dissipation in a bioreactor to assess the efficiency of antifoam agents to reduce foam
in a bioreactor. This has the potential for use as a control system that could be

designed for continuous monitoring and foam control in a mammalian cell bioprocess.
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prevention of process collapse in the production of these biologics

from mammalian cells. Foam generation during these cultures can arise

Mammalian cells are routinely used in commercial bioprocesses for the
production of biologics including recombinant proteins such as mono-
clonal antibodies.*? To maintain efficient and consistent production
there are a number of critical process parameters such as temperature,
pH, dissolved oxygen (DO), agitation, and pressure.® The design, opti-

misation, and strict control of these parameters are critical to the

intermittently as a result of agitation and on demand gas sparging par-
ticularly in the presence of higher protein content in the medium. In
this study, we considered the detrimental effects of foam generation in
mammalian cultures and investigated a system for online monitoring.

In general, monoclonal antibodies are stable and able to withstand

slight variabilities in upstream processing such as harsh pH conditions
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and even shear during processing.* Although this may be the case, the
high costs and complexities in antibody production result in a demand
for highly efficient, economical production processes which consis-
tently deliver product with a high specificity.” It is widely understood
that advances in media and cell culture conditions, as well as
enhanced feeding strategies contribute significantly toward increases
in protein production.® Thus, in process optimisation the selection of
components which limit or exhibit no negative effects on cell growth
and production is of high importance. Although many factors can
exhibit detrimental effects on a bioprocess, foaming presents a unique
challenge because of the potential for catastrophic effects on the cul-
ture. Foam is generated through aeration/gassing or agitation in a pro-
cess reactor, where bubbles are formed and subsequently sustained
by proteins also present in the reactor.® Its composition comprises lig-
uid lamellas filled with gas. Foams with a higher liquid content are
unstable and subject to a natural collapse in a relatively short space of
time.” However, polyhedric foams, where lamellae and foam plateau
borders are curved and take the form of a polyhedron, are much more
stable and are a product of mechanical stresses.®

Some previously reported methods of monitoring foam have largely
involved imprecise measurements at selected time points or sampling to
determine the ability of liquids to generate foam.”"** None of these are
suitable for real time visual monitoring of foam during a mammalian cell
culture bioprocess. Sensing systems are available to monitor foam in bio-
processes that are typically based on sterile probes inserted into the inte-
rior of the bioreactor above the base line liquid surface. Detection in
these probes involves a switch that is triggered during the development
of foam. These probes can utilize a conductivity, ultrasonic or impedance
signal at a point when an electrical or acoustic impulse is transmitted
through a gap between electrodes or to a receiver. A major problem is
that the active probe tips are vulnerable to coating and fouling during a
bioprocess. That can often lead to false positive responses that direct the
delivery of excess antifouling agent into the bioreactor.*? This may in
turn result in reduced growth of the cells.

A noninvasive image processing strategy has been attempted at a
small-scale with single use bioreactors.® This detected foam as binary
(foam/no foam) and used machine learning to identify the foam in a four
scale fine-grain classification. The purpose of our study reported here
was to further investigate the use of an optical system that could moni-
tor foam generation in-real time and potentially be attached through a
feedback loop to the introduction of an antifoam agent to the culture.

Physical or chemical means can be employed to prevent or reduce
foam formation. Physical barriers range from mechanical foam brea-
kers to ultrasound disruption, whereas chemical means incorporate
the addition of chemical antifoam agents either during the bioprocess
or during media preparation.* Chemical means are primarily
employed in bioprocesses and are generally classified by formulation.
Antifoams are composed of hydrophobic solids in an oil dispersion,
aqueous emulsions/suspensions or liquid/solid components contain-
ing surfactants,” that is based on soluble or insoluble oils.*> Denkov’
reported significant time differences in foam dissipation between oil
drops deprived of solid particles versus those composed of oil-solid
compounds.” Some soluble oil antifoams may have a surfactant conju-
gated with a polyethylene oxide or propylene oxide moiety to enable

a lower surface tension than the media. This results in a viscous film,
lower in viscosity than a protein film, inhibiting protein foaming at the
liquid air interface.'® Insoluble oil-based formulations are typically
composed of mineral oils or polydimethyl siloxanes. The mode of
action here is based on hydrophobic interactions disrupting the foam
layer through the bridge-dewetting mechanism.>*> Optical observa-
tions by Denkov demonstrated a much more rapid dissipation of foam
with oil-solid based antifoams as these often enter the foam surface
rupturing the foam layer, whereas globular antifoam formulations
lacking solid hydrophobic particles require the compression of the pla-
teau border between the liquid and foam interface.”

It is important to consider the multitude of antifoams commer-
cially available. Previous studies have demonstrated negative impacts
of antifoams on the growth of not only mammalian cells but also bac-
terial cells and fungi, such as cell membrane leakage and cytotoxicity,
and indeed impacts on protein expression.*®'” Further downstream
considerations should also be assessed as studies have shown impacts
on the downstream filtration steps, for instance, certain silicone-based
antifoams have been shown to clog filtration apparatus during the
downstream processing.5 Antifoam 204, antifoam C, and antifoam SE-
15 are three examples of commercially available antifoaming agents.
Antifoam 204 is an organic antifoam mixture of non silicone
polypropylene-based polyether dispersions. On the other hand, anti-
foams C and SE-15 are silicone-based antifoams containing 10-
40 um diameter particles, and both are prepared with nonionic emul-
sifying agents. Although the removal or reduction of foaming in a bio-
process is critical, antifoam addition can lead to undesirable effects,
both upstream and downstream. Reducing the intrinsic and inherent
undesirable properties of antifoaming agents, provides a means of not
only reducing undesirable effects on cells and protein expression but
improving the efficacy of the process as a whole.2®

The LabCam system, investigated in this manuscript, presents a
novel means of tracking and logging changes in foam levels in real
time, allowing for early intervention. This capability allows for the
optimisation of antifoam agent dosage, thus reducing challenges pre-
sented in the downstream process. The camera measures foaming
events in situ beside the bioreactor vessel (1 L glass) and reports at
frame rates of 1 frame per second (1 fps). Data are presented in real
time and is accompanied by video recording for playback and review.
In this study, the suitability of the LabCam was explored for monitor-
ing the generation and dissipation of foam in media, for the cultivation
of Chinese hamster ovary (CHO) cells expressing a human-llama chi-
meric antibody. The determination of a suitable antifoam candidate
and dosage concentrations (antifoam SE-15, antifoam C or antifoam

204) was determined using the system.

2 | MATERIALS AND METHODS

21 | Materials

Cells were grown in a CHO serum free culture media (Biogro Technol-
ogies Inc. Winnipeg, Canada). Three antifoams were purchased from
Merck, lIreland: antifoam SE-15 (A8582; 10% aqueous silicone
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emulsion), antifoam C (A8011; 30% aqueous silicone emulsion) and
antifoam 204 (A8311; 100% non silicone polypropylene-based poly-
ether dispersion). Stock solutions of 10,000 ppm (1% v/v) of each
antifoam were prepared under sterile conditions in culture media. Try-
pan blue (0.4%) and anticlumping supplement were purchased from
Fuijifilm Irvine Scientific, Netherlands. L-glutamine (200 mM) was pur-

chased from Biosciences, Dublin, Ireland.

22 | Cellline

CHO-EG2 cells which express a human-llama chimeric monoclonal
antibody (Mab) against epidermal growth factor receptor (EGFR) were
kindly provided by Yves Durocher of the NRC, Canada. The stock cul-
tures of suspension cells were maintained in shake flasks in Biogro
CHO media supplemented with 4 mM L-glutamine (Gibco) and 0.2%
anti-clumping agent (Irvine Scientific) under standard cell culture con-
ditions of 37°C, 5% CO,, 80% humidity and 120 rpm. Cells were pas-
saged three times from vial thaw before bioreactor inoculation
(working volume 1 L). Viable cell densities were measured by trypan
blue dye exclusion assay on a Luna Il automated cell counter (Logos

Biosystems). All assays were carried out in biological triplicate.

2.3 | Titer assay of IgG production

The production of IgG 1 was monitored via an immunosorbent IgG assay
conducted on a Roche Cedex Bio analyzer (I&L Biosystems, Dublin). The
assay reagent was calibrated using a Roche calibrator and quality control
standards were used to verify test calibration. Daily samples (0.3 mL) were
taken from flasks of CHO-EG2 cells in culture. Each sample was centri-
fuged at 1000 rpm for 5 min and the supernatant titer was collected for

analyses. Supernatants were frozen and stored at —20°C prior to analysis.

24 | Cell specific productivity
Qmab Was calculated in pg/(cellxday) using the equations below,
where N represents the viable cell density (cells/mL), t represents the

time point (h) and antibody titer (pg/mL).

 ((nN2—InN1) 19
Growth rate (u) = <7t2 H /24, (1)

titer2 — titerl) 1

Quis (pa/cellcay) = (15017

2.5 | Bioreactors

Applikon bioreactors (1 L) with “My-Control” controllers were used to
test foam generation and dissipation in culture media in the presence or
absence of cells. Sodium bicarbonate (0.5 M) and sterile filtered CO,

PROGRESS

were used for pH control of bioreactor cultures, DO was maintained at
30% using sterile compressed air. An agitation speed of 400 rpm was
maintained throughout by an agitator secured at 16 cm from the head-
plate. The temperature of 37°C was maintained with a heating jacket.
Aeration was enabled by compressed air through a 0.22 um sterile filter
and a sintered metal porous tip with pore sizes of 15 um. A single biore-
actor controller and agitator were used for all experiments with rinsing
with sterile water in between to prevent carryover of antifoam residues.

In the absence of cells, bioreactors were rinsed initially with sterile
deionized water (di H,O) and media (500 mL) added to each of three
bioreactors. For cell cultures, bioreactor assemblies were autoclaved
with calibrated pH probes and Lumisens optical DO probes in situ,
prior to aseptic media addition. A sterile hold was conducted for a
minimum period of 12 h before inoculation. Cells were inoculated at a
seeding density of 3 x 10° cells/mL into 1 L media via a sterile inocu-
lum bottle welded onto the media addition line, and L-glutamine

(4 mM) was supplemented into the media just before inoculation.

2.6 | Optical analyzer

Foam production and dissipation were monitored in each bioreactor
using an external optical analyzer (LabCam from JM Canty Inc., Buf-
falo, NY). The LabCam comprises a camera connected via ethernet to
a processing system (Canty VCM). The LabCam was set up beside a
benchtop bioreactor and positioned to visualize the liquid surface.
The LabCam was raised 10 cm off the bench to accommodate mea-
surements of the surface of the media at 500 mL. The camera was
positioned at a fixed distance of 35 cm from the vessel and was cali-
brated using the volumetric markings on the bioreactor vessel, where
each 100 mL marking represented an increment of 1.5 cm (Figure 2).

2.7 | LabCam data output and analysis

The LabCam used digital imagery to capture the lower and upper layers
of the foam that was generated in our experiments. This allowed the
associated software to track the rising and falling edges of the foam
layers over time and to determine the height of the foam layer above
the media surface in the bioreactor. Data points were collected by the
camera at a rate of 1 frame per second (fps). The dissipation of foam
was determined from the camera data which was normalized into per-
centages of the initial foam layer thickness. Data were processed and
graphed using GraphPad Prism, Version 9.3.1 (471).

3 | RESULTS

3.1 | Impact of antifoam on Viable Cell Density
and IgG production

The impact of three commercially available antifoams on the growth
of CHO-EG2 cells was determined at a range of concentrations.
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(a-c): The impact of antifoam C, SE-15, and 204 on the growth of CHO-EG2 cells (Biogro CHO media). The concentration range

tested was antifoam SE-15 (10-300 ppm), antifoam C (1-10 ppm), and antifoam 204 (1-50 ppm) and (d-f): the impact of antifoam C, SE-15, and
204 on the antibody production of CHO-EG2 cells in Biogro CHO media. Sample analysis was based on the mean of three biological replicates

(n = 3), +/— the standard error of the mean.

Figure 1a-c shows the effect of antifoam SE-15, antifoam C, and anti-
foam 204 on the growth profiles determined by viable cell density.
Stock solutions of 10,000 ppm (1% v/v) of each antifoam were pre-
pared under sterile conditions in culture media at varying concentra-
tions based upon the manufacturer's guidance. Cultures (50 mL) were
seeded at 3 x 10° cells/mL on day O and cells grown for 96 h. A con-
trol flask (no antifoam) was cultured in parallel with test flasks supple-
mented with varying concentrations of each antifoam. The cultures
were maintained under standard conditions in shake flasks and sam-
ples (0.5 mL) were taken at daily intervals to determine viable cell den-
sities. All assays were carried out in biological triplicate. The
concentrations of the antifoams that were tested were based within
the manufacturers' recommended ranges. Our objective was to deter-
mine the maximum concentration of each that could be used without
affecting cell growth. Figure 1a shows that antifoam SE-15, up to a
concentration of 100 ppm, did not impact the growth of cells com-
pared with the control. However, at 300 ppm the growth rate and
maximum cell density decreased compared with the control. Antifoam
C also appeared to improve the growth of CHO-EG2 cells up to con-
centrations of 10 ppm compared with the control with no antifoam
added, although growth rates did not show a significant difference
overall, Figure 1b. In viability studies carried out for antifoam
204, 1 ppm of antifoam showed no impact on CHO-EG2 cell growth
over the 96 h compared with the control. However, at concentrations
>10 ppm, no cell growth was evident.

Concentrations of antifoam SE-15 up to 100 ppm showed no sig-

nificant reduction in anti EGFR 1gG1 production over 96 h, in fact

slightly higher levels of IgG were detected in cell titer at the 72 and
96 h time points (Figure 1d-f). Quap, calculations revealed cell specific
productivity were increased by 10 and 100 ppm SE15 at the 48 h
time point, but only appeared to be increased by 100 ppm SE-15 at
72 h. Although both SE-15 and C at 48 h increased cell specific pro-
ductivity, all antifoams tested showed negative impact on cell specific
productivity at 96 h. Antifoam 204 impacted the production of IgG
from 72 h at the lowest concentration tested (1 ppm) and showed no

production at concentrations of 10 and 50 ppm (Figure 1f).

3.2 | Foam formation and dissipation

In order to assess the ability of antifoam agents to dissipate foam,
media (500 mL) was added to each bioreactor with continuous agita-
tion at 400 rpm and at a temperature of 37°C. Foam was then artifi-
cially created by increasing the agitation to 2000 rpm for 30 s, after
which the agitation rate was reduced to 400 rpm. The appearance of
a foam layer at this stage is shown in Figure 2. Once the foam layer
(3.5 cm) had settled (5-8s), an antifoam agent (0.1-5.0 mL) was
injected via the sampling line into the media. In the absence of anti-
foam, the foam layer took 80 min to completely dissipate. Two of the
antifoam agents (antifoam C and SE-15) were chosen to evaluate their
ability to dissipate the foam layer by using the image analyzer
(LabCam). Figure 3 shows the decrease in the depth of the foam layer
over time. Antifoam SE-15, at 10 or 100 ppm completely dissipated
the foam layer in 3 min (Figure 3a). However, a higher concentration
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FIGURE 2 The photograph shows the camera image of the FIGURE 3  Foam dissipation in media. Media (500 mL) was

bioreactor after foam generation. The LabCam identifies the foam
edge line and the liquid edge line to enable a continuous
measurement of the depth of the foam head. The green and red
graduation markings are those superimposed by the camera software
as a measure of the liquid levels at the start and end of a time interval.
The vertical white line to the left is the volumetric graduation on the
bioreactor turned away from the camera so as not to interfere with
the liquid edge determinations.

(100 ppm) of antifoam C was required to dissipate the equivalent
amount of foam which took up to 6 min (Figure 3b). A lower concen-
trations of antifoam C (10 ppm) did not completely dissipate the foam
layer and only slightly reduced the rate of foam layer decrease com-
pared with the control.

3.3 | Pre-addition of antifoam for foam prevention
In order to examine the effect of pre-addition of an antifoaming agent
to media prior to foam generation, culture media containing SE-15 or
C were subjected to the same conditions of a high agitation rate as in
Section 3.2. Bioreactors were set up containing the antifoam supple-
mented media at the preferred concentrations established in
Figure 3: 100 ppm of antifoam C and 10 ppm of antifoam SE-15. Each
bioreactor was agitated at 400 rpm for 1 h prior to an increase to
2000 rpm for 30 s, before reduction back to an agitation of 400 rpm
(Figure 4). In the absence of antifoam, there was a gradual decline in
the foam layer after the high agitation intervention but at least 50%
of the foam head remained after 30 min. The foam layer generated in

the presence of either antifoam agent was significantly less than

agitated at 400 rpm for 1 h, then exposed to 2000 rpm for 30 s and
subsequently returned to 400 rpm. Antifoam was added 5-8 s after
returning to 300 rpm. The shaded areas represent the standard error
of the mean and the lines the means (N = 3).

--10 ppm SE15 - 100ppm Antifoam C

100 — Control

N
il

Foam Remaining (%)
N [2.]
il s

0 5 10 15 20 25 30
Time (min)

FIGURE 4 Foam dissipation in media. Media (500 mL) containing
10 ppm antifoam SE-15 or 100 ppm antifoam C was agitated for

400 rpm for 1 h prior to exposure to increased agitation at 2000 rpm
for 30 s. The graphs show the decrease in the foam layer immediately
after exposure to high agitation. The control represents media with no
antifoam present, the data are based on an average of three
independent analyses (N = 3).

in the control and at around 0.5 cm height. Both antifoams greatly
increased the foam dissipation rate. The presence of antifoam SE-15
resulted in a rapid dissipation of the foam layer to about 25% within
the first minute with a gradual reduction to an undetectable level over
30 min. The presence of the antifoam C resulted in slower but more

erratic decline in the foam layer which was undetectable after 15 min.

85UB017 SUOWILIOD @A 81D 8|qeal|dde ay) Ag peusencb ale sopie YO ‘8sn Jo se|n Joj Aiq1aulu 8|1/ UO (SUONIPUOD-pUe-SLLB)/W0D A8 | IM ATeIq 1 jBUI|UO//SdNy) SUONIPUOD pue SWie 1 81 89S *[yZ0z/c0/6T] Uo Ariqiauluo Al ‘8oL A 0SpE 1d1g/200T 0T/10p/wWod A8 ImAkelq Ul Juo'aUde//SANY Wo.j papeojumoq ‘0 ‘€E0902ST



FLYNN ET AL.

6 of 10 BIOTECHNOLOGY
—I—I PROGRESS

-+-- 10 ppm Antifoam SE-15 -- 100 ppm Antifoam C
— Control

100

o ~
rd il

Foam Dissipation (%)
N
0

0 5 10 15 20 25 30
Time (min)

FIGURE 5 Foam dissipation in cell cultures. Cell culture (500 mL)
grown to 3 x 10° cells/mL with an agitation rate of 400 rpm was
sparged with an air flow of 20 mL/min for 60 s to generate a foam
layer before immediate addition of either 10 ppm antifoam SE-15 or
100 ppm antifoam C. The graphs show the dissipation of the foam
layer in the bioreactors. Control represents no antifoam
administration. The data are representative of a single bioreactor
culture.

34 |
culture

Antifoam screening in a CHO-EG2 bioreactor

In order to determine the effect of antifoam agents in the presence of
cells, an experiment was established in which cells were grown in cul-
ture (1L) to 3 x 10° cells/mL over 8 days in a bioreactor prior to
exposure to artificially generated foam. In this case it was decided
to use gas sparging rather than high agitation rates that would likely
damage the cells. Foam was generated by sparging the CHO cell cul-
ture with sterile compressed air at a high flow rate of 20 mL/min for
60 s through a sintered porous metal tip with pore sizes of 15 um. In
control cultures established in the absence of antifoaming agents, a
4.5 cm foam layer was generated, which was significantly greater than
the control in the absence of cells. This foam head took >30 min to
dissipate after the sparging was stopped. In the presence of either
antifoam the foam layer generated in the cultures by the high sparging
rate was approximately 0.5 cm and equivalent to that measured in the
absence of cells. Results showed that antifoam SE-15 completely
eradicated the foam layer 2.5 times faster than if the layer was
allowed to dissipate without chemical intervention and was 54 times
faster in reducing the foam layer by 75% compared with the control
(Figure 5). Antifoam C completely eradicated the foam layer five times
faster than that of the control (Figure 5). Both antifoam SE-15 and C
were equally effective in preventing the generation of a foam layer in
the CHO-EG?2 culture (Figure 6).

3.5 | Antifoam longevity studies

The longevity of the antifoam agent efficacy in culture media was
evaluated up to 8 days using the LabCam system. Antifoam SE-15

-+- 10 ppm Antifoam SE-15 -- 100 ppm Antifoam C
— Control

1007~

(34 ~
(=] a

Foam Dissipation (%)
N
(3,

0 5 10 15 20 25 30
Time (min)

FIGURE 6 Foam dissipation in cell cultures supplemented with
10 ppm antifoam SE-15 or 100 ppm antifoam C. Cells were grown in
cultures (500 mL) to 3 x 10° cells/mL in the presence of either
antifoam agent before exposure to an enhanced air flow of 20 mL/
min for 60 s to generate a foam layer. The graphs show the
dissipation of the foam layer in the bioreactors. Control represents no
antifoam administration. The data are representative of a single
bioreactor culture.

(10 ppm) or antifoam C (100 ppm) was pre-dosed into a volume of 1 L
CHO media under sterile conditions in Applikon bioreactors. Foam
was generated using high-speed agitation (2000 rpm, 30's) on day
0 and every subsequent day up to 8 days. The LabCam was used to
monitor the generation of foam in the media with and without (con-
trol) either antifoam SE-15 or antifoam C. Any foam that generated
dissipated rapidly in the presence of antifoam each day up to day
8. Figure 7 shows the surface of the culture media at day 8 after high-
speed agitation in the presence and absence of antifoam SE-15 or
antifoam C. A sizeable foam layer (3.5 cm) was observed in the
absence of antifoam but minimal (<0.5 cm) or no foam layer in the
presence of antifoam SE-15 (10 ppm) or antifoam C (100 ppm). This
indicates the efficiency of the antifoams to prevent foam generation
over a period of at least 8 days.

4 | DISCUSSION

The purpose of the present work was to evaluate a novel, optical
method for monitoring foam generation and dissipation in mamma-
lian cell cultures. The LabCam system monitors digital images that
recognize the edges between the lower foam layer above the cul-
ture media and the upper foam layer edge with the headspace of
the bioreactor. The system facilitates noncontact foam detection in
a glass bioreactor vessel and allows the depth of any foam layer to
be monitored continuously. The system was used to evaluate differ-
ences in the performance of commercially available antifoaming
agents under various conditions. In the experiments described in
this paper, the antifoam was added manually following a measure-
ment by the LabCam of the foam generated in the bioreactor. How-

ever, there is of course a potential for developing an interface
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FIGURE 7 Longevity of the
antifoaming capacity. The photographs
shown were taken by the LabCam of
the surface of the cultures in the
bioreactors at day 8 after a high
agitation rate (2000 rpm, 30 s) was
applied. (a) Control culture without
antifoam, (b) with 10 ppm antifoam
SE-15, and (c) with 100 ppm

antifoam C.

Control

connection to enable a feedback loop and automated delivery of
the antifoam.

Foaming in bioprocessing has been described as typically being
non coalescing, in the form of a stable foam separated by thin liquid
walls.?° It has been documented that antifoam additions can vyield
both positive and negative effects on mammalian cell growth. Thus
before use it is important to elucidate the effect of an antifoam agent
on the growth and production of a specific cell line.?! Foaminess, as
explained in a paper from Junker in 2007, is classified as the “equilib-
rium volume”, where the foam height may depend upon the volumet-
ric flowrate of gas in a typical cylindrical bioreactor. It is typically
monitored by foam sensors such as conductive probes or admittance
probes, which all act on the liquid holding properties of the foam in
question and provide an indication of the presence of a foam layer.2°
Traditional modes of foam monitoring/detection in bioreactors, pro-
vide a simple “yes” or “no” indication of foam presence, with a lack of
any information on the properties or dynamics of the foam layer in
question.?? Importantly, it is critical to the design of a successful pro-
cess and indeed a successful product, that foaming be controlled or
eliminated to prevent drastic impacts on the process or product in
question.*®

Foam presents a major technological challenge because of the
consequences of its uncontrolled and potentially intermittent genera-
tion in a production process. The formation of foam can result in (1) a
breakdown of cell structural integrity, cell death at the foam liquid
interface and damage to proteins as a result of bubbles bursting,®”
(2) breaches in process sterility should a foaming out event occur, and
(3) the blockage of exit filters causing pressure related damage.” Many
studies have probed the impact of foaming on the production of bio-
logics and the devastating effects these foaming events have on mam-
malian cells, with impacts not limited to just serum containing
media.?®

Four main assays are currently employed to investigate antifoam-

ing and to characterize the stability and durability of foam layers.

PROGRESS

These include (1) the Ross-Miles test, (2) the Bartsch method, (3) the
automated shake test (AST), and (4) the Bikerman test.” The Ross-
Miles test has been adopted as the American Society for Testing and
Materials (ASTM) standard method for foam analysis (D1173-07
(2015)). In this test a fixed solution volume is passed through a stan-
dard orifice onto a bed of the same standard solution in a cylinder
located a defined distance from the orifice. The height of foam is mea-
sured thereafter.!! The Bartsch method characterizes the millisecond
differences allowed for surface adsorption preceding new bubble col-
lisions. The basis of this test is a shaking cylinder, where foam is typi-
cally formed at the moment where the solution hits the top and
bottom ends of the cylinder when the direction of motion changes.'®
It is controlled by the coverage of bubble surface by surfactant and by
the surfactant changes which induce electrostatic repulsions between
the ionic surfactant and the entrapped bubble.?* The AST is based on
a similar principle to the Ross-Miles test where a solution is subjected
to cycles of shaking followed by quiescent periods where the defoam-
ing time is measured. The foam durability is determined by the num-
ber of cycles taken before “antifoam exhaustion”. In this assay, the
period where foam has completely dissipated is determined visually
by the appearance of a clear air-liquid interface.” Unlike the afore-
mentioned tests, the Bikerman test utilizes a monodisperse array of
gas bubbles generated by sparging via capillaries or porous glass; here,
fast acting antifoams are investigated with continuous bubbling, and
slow acting antifoams are investigated with alternating cycles of bub-
bling and quiescence. The steady state height scales of the formed
foam align linearly with the flow rate allowing for the calculation of X,
“the unit of foaminess”.2> These commonly used methods only pro-
vide crude quantitative measurements of foam generation. There
remains a need for an improved method of foam detection and moni-
toring during a bioprocess.

Although foaming contributes to decreased hydrodynamic and
oxygen mass transfer mechanisms in bioreactors, these effects can be

mitigated by the addition of antifoams. However, antifoam agents can
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also exhibit detrimental effects with regards to cell viability, growth
and protein production.2® We examined the impact of three commer-
cially available antifoams on cultures of antibody-producing CHO
cells. Antifoam 204 (a polyether) exhibited a high degree of toxicity
when tested at a concentration as low as 10 ppm in cell culture. In
another study, antifoam, 204 showed toxicity and reduced growth of
an IgG1-producing CHO DG44 cell line at concentrations of 30 ppm.®
Interestingly, it was observed that while 1 ppm antifoam 204 did not
impact cell growth it did impact protein expression as noted by IgG
analysis. Although IgG titer analysis did not show strong evidence to
suggest negative impacts of antifoam SE-15 and C down to concen-
trations of 100 ppm and 10 ppm, respectively, data indicated a
reduced cell specific productivity in the presence of all antifoams at
the concentrations tested. These results highlight the importance of a
degree of control over antifoam dosage. It was decided that further
investigation of the antifoaming effects of antifoam 204 be discontin-
ued, and the antifoaming potential of only antifoam SE-15 and anti-
foam C became the focus of our work with bioreactor cultures. The
subsequent foam dissipation studies were designed with the LabCam
system to investigate (1) dosing of antifoam agents into a bioprocess
post foaming, (2) antifoam addition to media to prevent foaming, and
(3) the longevity of antifoam efficacy in CHO media up to 8 days.

The studies were conducted in Biogro culture media, which has
been reported extensively for growing CHO cells. It was decided to
maintain the presence of the difunctional block copolymer Pluronic
F-68 in the Biogro CHO media, as this is routinely utilized in mamma-
lian cell culture as a media additive. The surfactant is employed for its
protectant properties against mechanical stress caused by the bursting
of foam bubbles at the surface interface of cultures on cells.?”
Although this addition has been documented to reduce foaming by up
to 30%, it has been shown that CHO cells can internalize this compo-
nent degrading it in lysosomes, resulting in a need for additional anti-
foaming agents.2® Our experiments were designed in batch cultures
with cells growing to 3 to 4 x 10° cells/mL in a relatively low protein
media. Nevertheless, these cultures were susceptible to foam genera-
tion with excessive agitation or aeration. Under manufacturing condi-
tions CHO cells may be grown to 20 to 50 x 10° cells/mL with
protein concentrations ranging to 10 g/L or above through a combina-
tion of Mab titers and host cell proteins. Under these conditions, the
susceptibility for foam generation would be even greater and there-
fore the monitoring and control of foam becomes even more
important.

In order to determine the suitability of the LabCam system in
bioprocessing, it was critical to develop a robust means of generating
a model for bioreactor foam. Here, the foam layer was generated by
means of high-speed agitation in cell culture media, in the absence
of cells. Although agitation can contribute to the generation of foam
in a bioprocess, it is important to note that this harsh means of gen-
erating foam was used for demonstrative purposes rather than pro-
cess imitation. The LabCam software required measurement
calibration, achieved by fixing the bioreactor in place, and using the
volumetric markings on the bioreactor vessel to calibrate the dis-

tances. Next, lines of detection are drawn over a freeze frame image

from the LabCam software. The “lines” correspond to two parame-
ters, (1) the liquid line, which measures the fall of the meniscus upon
foam generation, and (2) the foam line, which measures the rising
line of the top of the foam layer (Figure 2). From this point, the bio-
reactor frame and LabCam remained in the same position on the
bench for consistency.

The LabCam software successfully tracked, recorded, and
reported the generation and dissipation of the foam from changes in
the distance between the detected edges of the foam layer. The initial
suitability studies were based on foam dissipation of Biogro CHO
media, in the absence of cells. From the results obtained, it was shown
that a concentration of antifoam SE-15, up to 10 times lower than
that of the manufacturers recommended starting concentration
(100 ppm) was sufficient for the dissipation of artificially generated
foam. The SE-15 appeared to dissipate foam almost seven times faster
than antifoam C at the same concentration. However, both antifoams
were equally as effective at preventing the formation of a foam layer,
even after high-speed agitation, compared with the control
(no antifoam). Our data showed that a supplementation in culture
media of SE-15 or antifoam C at 10 ppm and 100 ppm, respectively,
was able to dissipate generated foam for at least 8 days. Quantitative
data, generated by the LabCam system provided powerful insight into
antifoam concentration versus foam dissipation rates. The purpose of
investigating antifoam longevity was to explore different strategies
of preventing foam generation. One could add antifoam (manually or
automatically) once foam has developed at some point in the bioreac-
tor run. Alternatively, one could add antifoam at time O at a pre-
determined concentration that would not inhibit cell growth but
knowing that the level of antifoam would be sufficient to reduce foam
generating at some later time point in the bioreactor run. We showed
that the antifoam added at the beginning of the bioprocess was still
effective at day 8.

The present article has described experiments associated with
foam monitoring in mammalian cell cultures, specifically Mab-
producing CHO cells. However, the requirement for monitoring and
control of foam is applicable to all types of aerated bioprocessing. In a
recent paper dealing mainly with beer production Tiso et al.?®
highlighted the need for advanced online sensors and an imaging
techniques in beer fermentation, in which the control of foam is a
massive challenge. It is hoped that the optical system described in our
research may contribute to ongoing developments in this area of foam

monitoring.

5 | CONCLUSION

Three antifoaming agents were evaluated in CHO cell media and cul-
tures by the LabCam image analyzer. Of these, antifoam SE-15 proved
the most suitable in dissipating foam generated by either excessive
agitation or gas sparging. In our experiments, we determined that the
antifoam agent was able to completely dissipate a foam layer in
around 3 min in the presence or absence of cells. This effect was pro-

duced at a relatively low concentration of 10 ppm, which was shown
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to be a concentration that did not inhibit cell growth when added to
CHO cultures. The LabCam system provides a novel optical method
that was used at-line to monitor the dissipation of foam in a bioreac-
tor. This technology has significant potential as an added tool in the
development of bioprocesses particularly in situations where foam
generation could occur, for example at high cell densities or high pro-
tein concentrations where there might be a demand for enhanced gas

sparging or culture agitation.
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