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Continuous Solids-Discharging
Centrifugation

A Solution to the Challenges of Clarifying

High-Cell-Density Mammalian Cell Cultures

Ardarion Richardson and Joshua Walker

larification is typically the first

unit operation in the

purification of monoclonal

antibodies (MAbs) and other
proteins from mammalian cell
cultures. This process removes cells
and cellular debris from the culture
fluid to produce a clarified cell culture
supernatant that will be suitable for
further purification (1).

Before 2000, depth and tangential-
flow microfiltration were standard
clarification technologies in the
biopharmaceutical industry. Process-
scale centrifugation was considered to
be a significant capital investment, and
bioprocessors had limited ability to
control (minimizing) the effects of
shear on mammalian cells. The
following decade saw an industry-wide
adoption of centrifugation with
traditional periodic discharge of solids
for primary clarification of mammalian
cell cultures. That shift to
centrifugation was facilitated by the
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need to scale processes up to handle
10,000-L to 15,000-L bioreactors,
with increasing harvest cell culture
densities and titers. Significant
technological advances in
centrifugation design and operating
conditions minimized shear effects on
mammalian cells (2).

Centrifugation is used in a number
of bioprocess applications, including
clarification of solutions from hormone,
vaccine, and enzyme production;
bacterial culture harvest; and
concentration and separation of blood
fractions (3). Typical centrifuges used
for such applications are tubular-bowl
designs used in low volume processes,
decanters used when feed-solids
concentrations are high (e.g., in sewage
water separations), and disc-stack
centrifuges.

The latter are commonly used for
clarification in the biopharmaceutical
industry. Disc-stack centrifuges are
fed continuously but discharge solids
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either periodically or continuously (3).
A feed stream is fed into the
centrifuge bowl while it rotates at a
high g-force. Differences in density
force cells to the periphery of the
bowl, where they accumulate in the
solids space, while cell-free centrate
tlows up the stacked discs through a
centripetal pump and is collected for
further processing. Centrate back-
pressure is applied to ensure
hydrohermetic operation and that the
centrifuge bowl remains full.

Over the past 20 years, cell culture
densities and titers have increased
significantly, leading to improved batch
productivities (2). That increase creates
a burden on centrifugation processes
when solids-discharge intervals become
too short and unmanageable. Thus,
centrifuge process robustness can be
compromised by higher turbidities in
clarified supernatant and associated
product losses. The challenge of higher
cell densities and titers requires a more
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Table 1: Cell culture statistics

Unadjusted Low-pH
Batch Harvest Viability = Harvest PCV
1 85% 14%
2 81% 1%
3 89% 12%
4 89% 13%
5 89% 13%

Figure 1: GEA disc-stack centrifuge for
periodic solids discharge
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robust solids-discharge method that
also minimizes capital investment and
facility footprint.

Continuous solids-discharge disc
stack centrifugation has been used in
other industries such as brewing for
robust removal of solids from process
streams (4). Continuous-discharge
centrifugation differs from periodic-
discharge centrifugation (Figures 1
and 2) in that rather than solids being
discharged periodically, they travel
upward through channels above the
disc stack for continuous discharge
through nozzles into a chamber that
has its own centripetal pump (larger
than that for centrate collection). It
pumps a highly concentrated solids
stream out through discharge piping.
The percentage of solids in that
concentrate stream is relative to its
flow rate, which is controlled by a
valve.

Here we compare Biogen’s
clarification performance for a high-
titer/high—cell-density IgG1 M Ab
using periodic-discharge
centrifugation and continuous solids-
discharging centrifugation. We
elaborate on how the implementation
of this novel technology (continuous
solids-discharging centrifugation) in
the protein therapeutics industry
provided a robust clarification process.
We transitioned from periodic-
discharge centrifugation to continuous
APRIL 2018
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Equations 1-4
Equation 1
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Equation 2
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Equation 3
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Equation 4
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solids-discharging centrifugation
within the same production system
(centrifugation skid) by changing out
the bowl and performing minor piping
modifications.

MATERIALS AND METHODS

We used a Chinese hamster ovary
(CHO) cell line to supply IgG1 MAb
culture material for all studies. The
cell culture process consists of a high-
density working cell bank vial thaw
followed by inoculum expansion steps
and scale-up through multiple
upstream bioreactor stages (60 L,
235L,950L, 3,750 L, and 15,000 L).
Before the harvest unit operation is
initiated, the production bioreactor
(15,000 L) is cooled to 2—8 °C, which
improves product stability and reduces
the risk of microbial contamination.
Next, the culture pH is lowered rom
pH 7.0 to pH 4.8 using 25% acetic
acid to induce cell and cell debris
flocculation into larger particles and
precipitate host-cell impurities
(leading to host-cell DNA and
host-cell protein reduction with no
adverse effect on product quality).
That facilitates downstream
separations by reducing the impurity
burden on the downstream
purification process (5).

Just before starting the harvest unit
operation, we take samples and mix
them to ensure homogeneous
dispersion of cells. Those are pipetted
into three centrifuge tubes, then spun
down using a Beckman Allegra X-14
benchtop centrifuge to determine the
packed cell volume (PCV, expressed as
a percentage of solids) of the low-pH
harvest feed stream. We spin down the

samples at 2,750 rpm for six minutes,
then place the tubes into a slide ruler
to measure each sample’s solids
contents. We enter the PCV values
into the centrifuge’s distributed control
system (DCS), and the automation
averages those values and calculates
either a solids discharge interval (for
periodic-discharge centrifugation) or a
concentrate stream flow rate (for
continuous-discharge centrifugation)
— using equations detailed below.

Robust centrifugation processes
need to be developed with
consideration for centrifuge feed-
stream properties in addition to scaling
parameters. Table 1 shows the
unadjusted harvest viability percentages
across five batches evaluated (clinical
batches 1-3, validation batches 4 and
5), as well as the low-pH harvest
(centrifuge feed) percentage of PCV.

Both centrifugation scaling
parameters are kept constant from
development/pilot to manufacturing
scale: O denotes the centrifuge feed
flow rate, and sigma (X) denotes the
area of gravity settling that would be
required to achieve equivalent
separation efficiency as a disc-stack
centrifuge. > depends on several
factors, including centrifuge geometry,
the number of discs in the disc stack,
and rotational speed. As derived by
Ambler (6), Sigma theory defines the
Q/% required to remove half a
population of particles of a given
diameter as in Equation 1, where v, =
sedimentation velocity of a particle
due to gravity; Ap = density difference
between the solid particle and liquid
phase; o = particle diameter; g =
acceleration due to gravity; and p =
dynamic viscosity,

Thus, to achieve 100% removal of a
given particle size, the flow rate must
be reduced by a factor of two (6). In
Equation 2 (7), X = equivalent
clarification area of centrifuge (m?); g =
acceleration due to gravity (m/s%); w =
angular bowl velocity (rad/s); N =
number of discs in a stack; a = disc
half-conical angle (°); 7, = outer radius
of disc (m); 7, = inner radius of disc (m).

Below are X values across centrifuge
scales at typical process bowl speeds:

* CSC-6 (pilot-scale centrifuge) 3%
surface area of the CFD-130 unit
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Figure 2: GEA disc-stack centrifuge for continuous solids discharge
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* CSD-130 (large-scale
manufacturing with a periodic-
discharge centrifuge) 90% surface area
of the CFD-130 unit

* CFD-130 (large-scale
manufacturing with a continuous-
discharge centrifuge) surface area is
proprietary.

As Q/X decreases, so does the size
of particles that can be removed
effectively by a centrifuge, thus
improving clarification performance.
Disc-stack centrifuges typically
cannot remove cell debris and
particulates <1 um effectively. That
limitation necessitates subsequent
depth filtration to remove small
particulates present in the centrate
(product) stream before subsequent
downstream processing (8).

To clarify clinical campaign
batches’ low-pH harvest feed streams
from batches 1-3, we used a GEA
CSD-130 periodic-discharge GEA
disc-stack centrifuge (Figure 1). The
low-pH harvest stream is fed to this
centrifuge through a hydrohermetic
inlet, which reduces shear effects. To
discharge solids periodically, the bowl
is opened using a hydraulic discharge
mechanism. That interval is
determined based on Equation 3,
where V_ = total solids volume (L); ¥,
= safety-factor solids volume (80% of
V); Q = feed flow rate (L/min); and
PCV =% solids in low pH harvest.
The approximate Q/% for the three
clinical batches using the periodic-
discharge centrifugation was 7.0 nm/s.

To clarify validation campaign
batches’ low-pH harvest feed streams
from batches 4 and 5, we used a GEA
CFD-130 continuous solids-discharge

disc-stack centrifuge (CFD-130). The
continuous bowl includes innovative
design features that permit
concentrate (mobile solids) to collect
in the solids space and travel upward
through channels above the disc stack
for continuous discharge through
nozzles (Figure 2). Low-pH harvest is
ted to the centrifuge through a
hydrohermetic inlet, and solids are
discharged continuously by the
method described above. Buildup of
compacted cells in the solid pump
nozzles also requires this method to
discharge by opening the bowl;
however, that mode of discharge is
much less frequent than it is with the
periodic discharge method. The
continuous bowl (CFD-130) was
created and retrofitted onto a CSD-
130 skid, which permitted use of the
same bowl motor and supporting
utilities. Integrating the CFD-130
bowl onto an existing CSD-130 skid
provided for cost savings, rapid bowl
changeover, and minimal impact to
existing space constraints.

To target a concentrate stream
composition of 85% solids, the
concentrate flow rate is determined
based on Equation 4, where Q = feed
flow rate (L/min), and PCV = % solids
in low-pH harvest. The concentrate
flow rate (CF) is controlled by an
automated flow-control valve.

During centrifugation, effluent
turbidity measurements are used to
evaluate properties of the centrate
stream (containing product) and detect
different levels of debris bypassing the
centrifuge. For batches 1-5, we used an
inline centrate turbidity sensor to
evaluate the clarification performance
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centrifuge feed volume (L), Condition A was chosen for large-scale
manufacturing because that produced the lowest baseline centrate
turbidities (110-120 ppm). No centrifugation or depth-filtration issues
(increasing centrate turbidity or high depthfiltration pressure drop profiles)
were observed at pilot scale.

of the machine. That also helped us
detect when the bowl’s solids space was
completely full and compacted based
on turbidity deflection.

0/% for the two validation batches
using continuous-discharge
centrifugation was ~6.2 nm/s. The
difference in Q/X between the
periodic and continuous solids
discharge methods is marginal; thus,
we deemed it insignificant to
separation performance. For both
methods under normal operations,
solids discharges are partial: The
centrifuge bowl opens just long
enough to discharge solids from the
bowl. If partial discharges cannot
completely remove collected solids,
then full discharges (of the entire bowl
contents, ~25 L) can be implemented
to bring a system back into
equilibrium. That is undesirable from
a yield perspective, however, because
centrate is inherently lost during a full
discharge.

Varying Feed-Stream Solids
Concentrations: Both traditional and
continuous-discharge methods lack
adaptive feedback to synchronize
discharge intervals (traditional) or
concentrate/solids flow rate
(continuous) with changing feed-
stream solids concentrations (PCV)
during processing. To compensate for
changes in feed-stream PCV on a
periodic solids-discharge centrifuge,
we incorporate a safety factor (V, in
Equation 2) into our calculation, thus
preventing the solids space from
overfilling during processing. That
safety factor inherently wastes product
during each discharge because the
volume (V, — V) is product when the

APRIL 2018

16(4) BioProcess International 41



NC STATE Think BTEC for hands-on

UNIVERSITY

professional development

BTEC's open-enrollment training program provides job-focused instruction in the country’s
largest, most advanced biomanufacturing training facility. Guided by experienced instructors,
participants engage in classroom and hands-on learning in bench- and pilot-scale labs, which
are equipped with industry-standard equipment. All courses are taught on site at BTEC, which is
located on North Carolina State University’s Centennial Campus in Raleigh.

Biomanufacturing Training To learn more and reserve your place in a course, visit us online at
and Education Center www.btec.ncsu.edu/industry.

2018 Professional Development Short Courses

Course title Date

Hands-on cGMP Biomanufacturing Operations March 5-8

Applied Principles and Techniques of Depth Flow Filtration (DFF) and

Tangential Flow Filtration (TFF) for BioPharm Downstream Purification May 811

Chromatography Column Packing: Foundations and Applications May 22-24

Fermentation Engineering June 5-7

Foundations of Downstream Processing and Formulation June 5-7

Downstream Biopharmaceutical Processes: Fundamentals and Design | June 12-14

Hands-on ¢cGMP Biomanufacturing Operations July 10-13

WHAT TRAINING
PARTICIPANTS SAY

“This was one of the best
training courses |'ve taken!”

Applied Cleaning Validation Practices: A STERIS Master Class July 17-18

Cell Culture Engineering: A Single-Use Perspective July 17-19

Fundamentals of Mammalian Cell Line Development July 24-26

“The combination of informative
lectures, exceptional Instructors

Biopharmaceutical Assay Essentials July 24-27

and ‘hands-on’ learning with
the biotech equipment is what
makes the program stand out
above all else!”

Downstream Biopharmaceutical Processes: Fundamentals and Design | Aug.7-9

Applied Monitoring and Control for Advanced Biomanufacturing Aug. 14-16

Hands-on Single-Use Processing for Biopharmaceuticals Oct.2-4

“Great course with great
instructors! Made for a good
learning environment.”

Introduction to Design of Experiments (DoE) for Bioprocess Analysis

and Optimization Oct. 9-11

Applied Principles and Techniques of Depth Flow Filtration (DFF) and

Tangential Flow Filtration (TFF) for BioPharm Downstream Purification Oct. 16-19

“The instructors are

Microbial Contamination Control in Bioprocessing Operations Dec. 4-6 excellent—knowledgeable,

well prepared, patient!”

Hands-on cGMP Biomanufacturing Operations Dec.4-7




Table 2: Batches 1-3 discharge comparison

Discharge DI Manually  Number of Partial Number of Full
Batch  PCV Interval (DI) Reduced to... Discharges Discharges
1 14.1% 148's 139s 120 14
2 11.1% 188's 134 s 112 4
3 12.1% 172s 147 s 118 1
Figure 4: Batches 1-3 centrate outlet turbidity
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PCV sample value and actual PCV
feed stream are equivalent. Despite
that safety factor — and as a result of
changing feed-stream solids
concentrations (changing PCV) — we
expected a couple of issues to arise
with continuous discharge, having
observed them with the periodic-
discharge centrifuge

When the PCV sample value was
significantly lower than that of the
actual feed stream, the centrifuge
discharges too infrequently. This
causes increased downstream filter
loading and results in filter fouling.
Subsequently, filter changeout causes
product loss and adversely affects
product hold times.

When the PCV sample value was
significantly higher than the actual
feed stream, the centrifuge discharged
too frequently. That caused more
product (supernatant) to be discharged
to the drain, which decreased the
centrifuge product step yield overall.

To further clarify our product
across all five batches (using both
centrifugation solids discharge
methods), Biogen’s platform process
uses Millistak XOHC depth filters
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from MilliporeSigma after the
centrifugation step. In these filters,
dual layers of depth-filtration media
based on diatomaceous earth are
bound by a positively charged resin
binder (nominal retention rating
<0.1 pm). Subsequent unit operations
in this harvest process are 0.22-um
polishing filtration, neutralization,
and viral inactivation in preparation
for downstream processing.

RESULTS AND DIscUSSION

Our goal in using these two different
solids-discharge strategies was to
examine

* process effectiveness quantified by
centrifugation step yield

* process clarification efficiency
(determined by centrate turbidity and
subsequent differential pressure drop
across downstream filters).

Periodic Solids Discharging:
Harvest process development
experiments at pilot scale provided
initial operating conditions for large-
scale manufacturing (Figure 3). As
stated above, the solids discharge
interval is a function of the low-pH
harvest PCV (solids concentration)

measurement. We assumed that solids
are distributed homogenously
throughout a bioreactor, thus making
their discharges frequent enough to
prevent a large amount of solids from
migrating into the centrate.

The first three large-scale clinical
batches used the time-based periodic-
discharge strategy similar to the
process developed at pilot scale. In the
large-scale clinical batches, however,
we saw elevated centrate turbidity
during centrifugation. That
occurrence required the discharge-
interval timer to be decreased
manually, thus increasing the
discharge frequency (Table 2). Despite
that intervention, elevated centrate
turbidity was observed. To establish
more robust centrifugation process
control, we performed full discharges.
That was more effective at reducing
centrate turbidity, with the full
discharges completely removing
collected solids content from the
centrifuge bowl. However, a
consequence was increased loss of the
liquid product-containing fraction.

Although the centrate turbidity
baseline shifted continuously during
processing of large-scale
manufacturing batches 1 and 2 (Figure
4), all variables remained constant:
bowl speed, temperature, feed flow
rate, and centrate back pressure. This
suggested that the change in centrate
turbidity was attributable to some
process or equipment factor changing
the solids concentration in the product
feed stream.

When comparing bioreactor
volume (Figure 5) with centrate
turbidity baselines in batch 2 (Figure
6), we observed that the solids
concentration in the feed stream
(PCV) appeared to be inconsistent.
The centrate turbidity baseline seemed
to correlate with the volume of culture
remaining in the bioreactor. To
understand that phenomenon, we
divided the harvest turbidity profile
into three distinct zones (Figure 6).

Based on observations in Figure 5
and 6, we hypothesized that
insufficient mixing due to solids
settling below the bioreactor’s agitator
impeller (Zone A) and solids settling
when agitation stopped (Zone B) led
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Figure 5: Bioreactor liquid levels at
corresponding solids distribution zones in
Figure 6; (a) first ~2,000 L fed to centrifuge; (8)
subsequent~13,000L fedto centrifuge;(c)final
~1,000 L fed to centrifuge

| iH—c
1L

Agitator
Stops at

Table 3: Discharge comparison, batches 1-3

Figure 6: Batch 2 centrate outlet turbidity was tested. (A) Zone A (first ~2,000 L of feed volume

transferred from the bioreactor to the centrifuge); based on the slope of the turbidity baseline, this
first~2,000 L contained the highestlevel of solids, and before starting transfer from bioreactorto the
centrifuge, that volume was below the bioreactor’sagitatorimpeller. (8) Zone B (subsequent ~13,000
L of feed volume transferred from the bioreactor to the centrifuge); during this transfer time when
there is ~3200 L in the bioreactor, the bioreactor’s agitator turns off due to physical constraints. (c)

Batches
1 2 3
Discharge method  PSD PSD PSD
Cooling (rpm) 10 20 30
pH Down (rpm) 20 20 30
Transfer (rpm) 20 20 20

to a nonuniform level of solids in the
feed stream to the centrifuge. That
consequently made the solids-
discharge interval unreliable to
conform with the needed frequency
because the time-based discharge
assumes that a feed stream is
homogenous. Because of the
nonuniform solids levels, the first
clinical batch had to be halted before
the entire batch was clarified. The
filters downstream of the centrifuge
had been fouled because of high solids
loading (Figure 9).

Improving Process Reliability
(Batch 3): Considering the challenges
of the first two batches, we sought to
optimize subsequent large-scale
manufacturing for batch 3 to make it
more representative of pilot-plant
centrifugation performance. Having
manually increased the solids-
discharge frequency, implemented full
discharges (which is undesirable
because of associated centrate/product
losses), and examined the centrate
turbidity baselines for large-scale
manufacturing batches 1 and 2, we
deemed that the mixing strategy
needed to be revised to ensure that
PCV was as uniform as possible
during centrifugation.
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Zone C (the last ~1,000 L of volume in the bioreactor) contained the lowest amount of solids.

Zone B
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Figure7: Partial dischargeswereinitiated when eitherthe centrate turbidity increased by >75%from
the baseline centrate turbidity or a predefined maximum centrate turbidity threshold was reached
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Table 3 shows bioreactor agitation
rates during harvest for clinical
batches 1-3. During the first two
batches, the agitation rate was 10 rpm
during cooling (which takes about
five hours) and 20 rpm during low-
pH harvest adjustment (which takes
about two hours). To help prevent
solids settling, we increased the
agitation rate during bioreactor
cooling and low-pH harvest
adjustment for batch 3. But to ensure
that the equipment continued to work
properly, we did not change the
agitation rate during transfer out.
Those changes made the feed stream
for batch 3 more uniform, as seen in
the relatively level centrate turbidity
baseline of the volume feed from
bioreactor to centrifuge (Figure 4).

Turbidity Deflection
Above Baseline
Initiates a
Partial Discharge

But once the volume fell below the
bioreactor’s lower agitator impeller,
the turbidity baseline increased again,
indicating an increase in feed-stream
solids (Figure 4). After agitation
ended, we had to manually increase
the discharge frequency to ensure that
the centrifuge effectively removed
solids from centrate to prevent
downstream filter fouling (Table 1).
Despite resolving the lack of
bioreactor homogeneity we had
observed during large-scale
manufacturing batches 1 and 2, we
determined that increased cell settling
is unavoidable once the bioreactor
volume falls below the lower agitator
impeller. That makes a more robust
centrifugation strategy necessary for
feed streams with high cell densities.
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Figure 8: Centrate outlet turbidity, batches 4 and 5
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Figure 9: Pressure-drop profiles of depth filters were compared. Depth filters fouled for batch 1
(magenta) and batch 3 (blue), but performance was acceptable for batch 2 (green). Thatis probably
due to manual intervention, which is not a robust process control scheme. The best performances
were observed during batches 4 (orange) and 5 (light blue), both using the continuous-discharge

centrifugation strategy.
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Based on GEA’s recommendations,
the minimum solids discharge interval
for periodic-discharge centrifuges is
about two minutes. That allows time
for a centrifuge bowl to reach steady
state, for automation programming
sequences to complete, and for
establishing baseline centrate
turbidity. Based on our calculations,
the cell density of our IgG1 MADb did
not correlate with solids discharge
intervals that were under two minutes.

Continuous Solids-Discharging
Centrifugation (Batches 4 and 5):
Although increased mixing improved
process consistency for batch 3
(compared with 1 and 2), key issues still
needed to be resolved. We needed to
ensure that solids-discharge intervals
would not be reduced outside the
centrifuge manufacturer’s
APRIL 2018
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recommendations and that the unit
could respond to changing amounts of
solids in the feed stream. To resolve
those concerns, we implemented a
continuous solids-discharging
centrifuge in validation batches 4 and 5.
As mentioned, the PCV sampling
method assumes feed-stream
homogeneity to determine the
discharge frequency for either
traditional solids discharging (Equation
3) or the concentrate (solids) flow rate
for continuous discharging (Equation
4). Using data from the periodic
method (batches 1-3), we determined
when implementing the continuous
solids discharge design that similar
issues with changing feed-stream solids
concentrations could occur. To mitigate
that risk, we integrated turbidity-based
adaptive feedback into the continuous

solids-discharge centrifuge control
logic. That functionality uses
clarification parameters (e.g., Q/%)
equivalent to those with the periodic
method, but discharges are triggered by
a turbidity instrument on the outlet of
the centrifuge when it senses that solid
levels are above baseline, compacting
the solid stream and making it
immobile (Figure 7).

As described, a continuous solids-
discharging centrifuge discharges
solids continuously through submerged
nozzles and uses back pressure on a
concentrate (solids) centripetal pump
inside the spinning bowl to regulate
solids concentration in the discharge
stream. The adaptive feedback-control
scheme we incorporated with the
continuous design provided uniform
product to downstream filters and
significantly reduced the centrifuge’s
discharge frequency (Table 4).
Furthermore, if maximizing harvest
yields (achieved by maximizing the
percentage of solids in the discharging
concentrate stream) were not a high
priority, as it was in these batches,
even fewer partial discharges could
have been required. Partial discharges
were required only when compaction
restricted the concentrate flow rate or
when feed-stream solids increased such
that more of them were entering the
centrifuge than were being removed.

During batch 4 (the first
continuous solids-discharge batch), we
changed the agitation rate to match
that of batches 1 and 2 (Table 2)
without a notable increase in centrate
turbidity. For batch 5, we changed the
agitation rates to match batch 3 (Table
2). Unlike in batches 1-3, the centrate
turbidity profiles from batches 4 and 5
were comparable regardless of the
bioreactor agitation rate (Figure 8).

When compared with periodic-
discharge centrifugation (Figures 4
and 8, Table 4), the continuous solids-
discharging centrifugation method
proved to be superior because it
improved process clarification
efficiency (with a lower centrate
baseline turbidity). Also, the
continuous solids-discharge strategy
improved subsequent downstream
filter performance by decreasing the
overall amount of solid debris being
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Table 4: Discharge comparison, batches 1-5

Discharge DI Manually Number of Partial  Number of Full
Batch  PCV Interval (DI) Reduced to... Discharges Discharges
1 14.1% 148 s 139s 120 14
2 11.1% 188 s 134 s 112 4
3 12.1% 172s 147 s 118 1
4 13.0% 15-90 min N/A 9 0
5 13.0% 15-90 min N/A 22 0

captured in harvest and reducing
pressure spikes usually caused by
periodic partial discharges (Figure 9).

Finally, the average centrifugation
step yields from batches 4 and 5
increased by >10% over those of
batches 1 and 3 (periodic discharges)
(Figure 10). Note that for batch 2 the
PCV was 11%; however, the ejection
interval was increased manually to
eject at an interval that was equivalent
to 15.6% theoretical PCV. That
caused the centrifuge to eject close to
its 120-second interval limit.
Although it would be unsustainable,
that change was made at the
beginning of batch 2, and it did
significantly contribute to the
improved step yield.

PROCESS ROBUSTNESS IMPROVED

We modified the skid configuration to
allow use of a Westfalia CSD-130
(periodic discharge) or CFD-130
(continuous discharge) in the same
centrifugation skid. That enabled the
flexibility to process both low- and
high-density cell culture feed streams.
The CFD-130 design inherently
required less frequent discharging
because the centrifuge continuously
emits the solid stream. Given a
roughly equivalent clarification
efficiency (CSD Q/3= 7 x 10% CFD
Q/3 = 6.2 x 10°), the continuous-
discharge design ensured that
discharge intervals were not reduced
beyond the manufacturer’s
recommended 120-second minimum.

When using the CFD-130, we
noted the following benefits: lowered
centrate turbidity, a means of
controlling turbidity, improved depth-
filter performance, and ultimately
increased step yield.

Lower Centrate Turbidity Profiles:
The CFD-130 allowed for fewer
discharges and thereby less
disturbance to the solids space (less

frequent solids discharges and centrate
turbidity spikes).

Turbidity Control Technology: This
technology and control scheme was
introduced to compensate for
variability in the feed-stream PCV
measurement. The control scheme
performed a partial discharge
whenever centrate turbidity increased
above an established baseline.

Superior Depth-Filter Performance:
With the CSD-130, the first clinical
batch had to be halted before the
entire batch could be clarified because
the filters downstream of the
centrifuge had become fouled due to
high solids loading. To prevent that
fouling from recurring, we had to
perform manual discharges for batches
2 and 3. Batches 4 and 5 using the
CFD-130 with turbidity control
provided constant flow to the depth
filters and demonstrated a reduction in
differential pressure, therefore
lessening the risk of filter fouling.

Increased Step Yield: The
centrifugation step yield was improved
by >10% when comparing batches 4 and
5 (continuous discharge) with batches 1
and 3 (periodic discharge).

Through our evaluation described
herein, we have shown that continuous
solids-discharging centrifugation is a
solution to improve mammalian cell
culture clarification performance and
robustness for high—cell-density large-
scale production processes.
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Figure 10: Harvest step yield, batches 1-5
(from bioreactor to centrate tank)
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