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Shear Assessment for Cell-Culture
Clarification in a Disc-Stack Centrifuge
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larification of bulk cell-culture

broth is the first step in biologics

purification. Solid particles such

as cells and cellular debris are
removed, and the resulting material is
processed through 0.2-pum filters in
preparation for primary affinity-
chromatography steps. Typically,
clarification involves either two-stage
depth filtration or centrifugation
followed by one-stage depth filtration.
Beckett reports that although two-stage,
cellulose-based depth filters are an
established clarification technology,
associated cost and space constraints
limit depth-filtration-only processes to
culture volumes of 4,000 L (1). For larger
capacities, biomanufacturers prefer to
use a disc-stack centrifuge (DSC) for the
first clarification step (1).

DSC processes can be scaled up by
maintaining a constant ratio of
centrifuge feed-flow rate (Q) to gravity
equivalent setting area (£). The latter
variable represents the area required for
particle settling under gravity for
specific operation conditions and
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Figure 1: Fluid and particle flow between discs in a disc-stack centrifuge
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equipment designs (2). Thus, the Q/&
ratio serves as a surrogate measure of a
centrifuge’s particle-settling capacity.
Application of the ratio assumes that
the solid particles subjected to
centrifugal force are shear resistant and
that they remain intact during
centrifugation. However, mammalian
cells are sensitive to shear, and
damaging them can release intracellular
components — e.g., host-cell DNA
(hcDNA), proteins (HCPs), and proteases
— that increase impurity loads in
clarified harvest material and that
reduce therapeutic-protein levels in
resulting products (3, 4).

As companies transition biologics
production from small-scale processes
in single-use equipment to large-scale
manufacturing, process engineers must
consider the effects of shear from DSCs.
Operating conditions for such
equipment should be selected based on
a design space that balances particle-
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settling capacity (Q/%) and shear.
Although available literature includes
extensive discussions about the Q/%
ratio, it provides no straightforward
scale-up methodology for assessing
shear generated during disc-stack
centrifugation. Herein, we discuss three
methods for shear assessment in a DSC
as a function of centrifuge design and
operational parameters: the eddy-
length, tip-speed, and power-dissipation
models. Furthermore, we illustrate the
operational design space for a DSC,
showing a balance between particle-
settling capacity and shear.

MetHop 1: ParticLe-Eppy LEnGTH
Fluid-Flow Velocity (8,): The particle-
eddy length model assumes that fluid
flow between the disc spacing is
laminar, that flow is divided evenly
among all available disc spaces, and
that settled particles do not return to
the annular spaces between discs (5).
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Aavg: average cross-sectional area for
fluid flow between disc spacing

C4: drag coefficient

CDI: cell damage index

dp: particle diameter

dp,min: minimum particle diameter
EDR: energy dissipation rate

€p cell-specific EDR

2: gravity-equivalent setting area

F4: drag force

g: gravitational acceleration

h: distance between centrifuge discs
LDH: lactate dehydrogenase (in ppm)
{’,eddy: Kolmogorov particle-eddy length
N: centrifuge bowl speed (in RPM)
nyg: number of centrifuge-disc spaces

Py;s: power dissipation in disc-stack
centrifuge feed zone

p,: fluid dynamic density
Py particle density

Re_: Reynolds number for a particle in
flowing fluid

R;: inner disc radius

R,: outer disc radius

Q: centrifuge feed-flow rate

teg: residence time in centrifuge bowl

t,: cell residence time along the axial
distance in the annular disc space

T,vg: Average shear stress for fluid flow
over the rotating surface of a disc

Tnaxs Maximum shear stress for fluid flow

over the rotating surface of a disc

O: half-cone angle of disc (in radians)

9 fluid velocity between the disc space
9, : fluid-flow velocity

9, : relative particle velocity (slip velocity)

p

chf: velocity of a particle under
centrifugal force

8p : tip velocity of centrifuge disc
My fluid dynamic viscosity

V- centrifuge-bowl volume

w: centrifuge-bowl angular velocity

y: fluid kinematic viscosity
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Equations 1-7: Shear assessment based on the eddy-length method

Q
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* A, IS the average cross-sectional area between the outer and inner radii of concentric discs.

avg

**This expression is for spherical particles in a Stokes-flow regime.

Given those assumptions, Equation 1
calculates the velocity of fluid flowing
through the annular spaces between
discs (Figure 14) (5). Here, Q represents
the centrifuge feed flow rate in m3/s, Ny
denotes the number of disc spaces, and
Aavg is the average cross-sectional area
for fluid flow between the disc spacing.
R, and R; are the outer and inner radii of
a centrifuge’s conical discs, and h is the
distance or spacing between discs.

Particle Velocity Under
Centrifugal Force (9,,.¢) in Static
Fluid Conditions: As a centrifuge bowl
rotates, centrifugal force accelerates
particles outward from the center axis.
Equation 2 gives the centrifugal velocity
of a particle in a static liquid (5).
Therein, p; and y; represent the fluid’s
dynamic density and dynamic viscosity,
respectively; p; = 1015 kg/m3 and
;= 1.05 x 103 P.s are good
approximations for a typical cell-culture
broth at harvest (4, 6). The variable dp
denotes the particle diameter.

Maschke et al. report that Chinese
hamster ovary (CHO) cell size follows a
Gaussian normal distribution ranging
10-20 pm and with an expected average
size of ~14.45 pm (16). Thus, dp often is
assumed to be 14.5 pm for applications
of cell-culture harvest (4). However, a
more stringent value of 20 pm is
recommended in DSC applications for
cell recirculation to bioreactors operating
in perfusion mode because most types of
(viable) mammalian cells can range in
size up to 20 pm in diameter. N is the
centrifuge bowl speed in rotations per
minute (RPM), w is the angular velocity
(in 1/s), and R is the radius of rotation.
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For shear assessment, R is assumed to be
R, as a conservative approach.

Drag Force (Fy): Drag force refers to
the force of friction on a particle that
resists its motion through a fluid. Under
centrifugation, bulk fluid flows opposite
to particles’ settling direction, and
during settling, particles experience a
drag force due to relative motion
between the fluid and particles. Drag
acts in the direction opposite to a
particle’s motion (the same direction as
fluid flow). Therefore, the relative
particle velocity, also called the slip
velocity (6p), equals the difference
between the particle centrifugal settling
velocity for a static liquid (6pcf) and the
fluid velocity between the disc space
(9) (Figure 1B). Balance between the
drag force and centrifugal force acting
on the particles enables those particles
to achieve a constant 9 velocity ().

Based on Stokes’s law, Equation 3
gives the drag force that acts on a
moving particle placed in a fluid
flowing in the opposite direction (8).
The formula depends on four
assumptions: As particles pass through
a centrifuge, they remain spherical in
shape and do not aggregate or break.
Particle concentration in the suspension
is low enough to prevent settling
hindrances. Centrifuged particles move
in a radial direction and do not move
tangentially at any time during the
process. And particle-settling velocity
falls in the laminar-flow (Stokes) region;
thus, the Reynolds number (Re) should
be <0.4 throughout the process.

Drag Coefficient (C): For spherical
particles in a Stokes-flow regime, C is



Because lactate
dehydrogenase is
released during cell
rupture, analysts often
use it during shear
assessments as an

indicator of

calculated as a function of the Re value,
as shown in Equation 3 (9-11).

The Reynolds number is a
dimensionless quantity calculated as the
ratio of inertial to viscous forces within a
fluid flow, assuming that inertial force
causes the flow and that viscous force
resists it. Therefore, flows with low Re
values are characterized as laminar and
smooth, whereas flows with high values
are deemed to be turbulent. Clark and
Blanch consider Re < 0.4 to be a laminar-
flow (Stokes) regime, Re = 0.4-500 to be
a transition-flow (Allen) regime, and
Re > 500 to be a turbulent-flow (Newton)
regime (9). The writers also report that
cell and protein settling under
centrifugation typically occurs under a
laminar (Stokes) regime (9). As shown in
Equation 4, Mei presents an expression
for determining the Re value for a

moving particle in flowing liquid (12, 13).

Energy Dissipation Rate (EDR):
During settling in a centrifugation
process, the EDR represents how quickly
a flowing fluid loses kinetic energy as
particles move through and experience
drag. The rate depends on both particle
speed and drag-force magnitude
(Equation 5) (8). The specific EDR (ep)
per cell equals the EDR divided by the
cell volume (Equation 6) (8).

Kolmogorov Eddy Length (€44, ):
During centrifugation, a fluid’s kinetic
energy dissipates from large eddies and
cascades into smaller ones. Eddies that
are shorter than a cell’s diameter can
kill the cell. Equation 7 shows how to
calculate the Kolmogorov eddy length,
which for our purposes represents the
shortest eddy in a centrifugation
process. An Eeddy value can be used as a
scalable parameter to maintain the
same amount of cell shear across DSCs
(9). In Equation 7, y refers to a fluid’s
kinematic viscosity (m?/s).

Figure 2: Demonstration of shear prediction for a discstack centrifuge using the
Kolmogorov eddy-length method; Est. = estimated value, LDH = lactate dehydrogenase
concentration, Prb. = probability, Std. Err. = standard error
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Equations 11-15: Shear assessment based on the tip-speed method
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*R =Ry for T at Ry R =R, for T, at R;

Cell Damage Index (CDI) and Model
Fitting: Lactate dehydrogenase (LDH) is
an enzyme present in mammalian cells.
Because it is released during cell
rupture, analysts often use it during
shear assessments as an indicator of cell
damage. For instance, Shekhawata et al.
present shear-stress values for a cell-
culture clarification process using a
Culturefuge 100 (BTPX305H) DSC system
from Alfa Laval (13). The team applied
computational fluid dynamics (CFD) to
predict shear levels, then verified the
resulting projections against measured
LDH values for different combinations of
centrifuge bowl speed and feed flow rate.

Using the writers’ LDH values as
response variables and using Eeddy

MARCH 2024

values calculated from Equation 7 as
explanatory variables, we applied the Fit
Model function and Standard Least
Squares personality in JMP software
(version 16.0) to evaluate the eddy-
length model’s prediction of shear levels
in a DSC system (Figure 2). Figure 2
shows a linear relationship between
LDH concentrations and calculated {%eddv
values. The data exhibited p-values of
0.0008 and <0.0001 for the eddy length
and intercept, respectively. Both values
are <0.05, indicating that the strength
of association between the input
variable ({’,eddy) and output prediction
(LDH concentration) has a high degree
of statistical significance. Thus,
application of a constant Eeddy value
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Figure 3: Setting an operational design space for a BRPX 618 HGV-34 disc-stack

centrifuge (Alfa Laval)
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could be an effective method of shear
assessment during DSC-process scale-up.

Particle-Settling Capacity of the
Centrifuge: To maintain the same
settling capacity across different makes
and models of centrifuges, we applied a
constant Q/Z ratio. Equation 8 shows
how to calculate that ratio for a DSC
(4, 9). Therein, g denotes gravitational
acceleration (9.8 m/s2), and 0
represents the half-cone angle of
centrifuge discs (in radians). Centrifuge
manufacturers typically report that
angle in degrees (°), but the half-cone
angle can be converted from degrees to
radians by multiplying the angle by a
factor of m/180°.

Stokes’s law for the settling of solid
particles enables calculation of the
smallest particle size that can be
removed under centrifugation (Equation
9) (4, 9). Ambler reports that such
calculations are based on sigma theory
and thus give nominal rather than
absolute values (14). Pham adds that
only 50% separation efficiency is
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-

achieved for the calculated particle size
(dp’min) for a given Q/f ratio (4).

Setting a Design Space for DSC
Operation — Cutoff Criteria for
Settling Capacity: Pham reports an
average particle size of 0.5 pm for a cell-
culture harvest clarified using a DSC (4).
Parau et al. report that MilliporeSigma’s
Millistak DOHC filters — which can be
used as the first stage in a two-step,
cellulose-based depth-filtration process
— have a nominal rating of 0.6-9 pm
(15). Biomanufacturers often apply such
filters and DSCs interchangeably
depending on operational scale (1). Thus,
setting a cutoff value (dp’min) of <0.6 pm
is a good approach for controlling
particle size and settling capacity in a
DSC-operation design space.

Setting a Design Space for DSC
Operation — Eddy Length: For CHO
cells in the stationary phase of growth,
Maschke et al. observe an average cell
size of 13.57 pm + 1.02 pm (16). Nienow
reports that maintaining eddy sizes of
>18 nm should prevent fluid-dynamic
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Because an LDH
concentration of
~1,200 ppm is
recommended to set a
shear-proof design
space, €eqqy Values
should be set to

<22 um as part of a

approach.

damage during most CHO-cell cultures
(17). Because most mammalian cells are
<20 pm in diameter (8), setting £eday 0
<20 pm should ensure that a centrifuge
operates in a shear-proof zone. However,
in a study on CDIs, Shekhawat et al.
recommend an LDH concentration of
~1,200 ppm for a shear-proof design
(23). That value is equivalent to an Eeddy
length of 22 pm. Therefore, a
conservative approach requires that
{%eddv values be set to <22 pm.

Setting a DSC Design Space —
Gravitational Force: The relative
centrifugal force (g-force) is radial force
generated by rotation in a centrifuge
relative to gravitational force (Equation
10) (4). Doran explains that DSCs are
designed to generate 5,000-15,000g to
minimize settling time and centrifuge
processing time (18). Cell-culture
harvest is a clean process but not a
sterile one. Thus, manufacturers aim to
complete DSC harvest operations for
large-scale (20,000-L) cultures in four
to six hours to minimize microbial
proliferation. Pham (4) and Monica,
Whiteley, and Aktiengesellschaft (19)
indicate that they have applied
6,500-7,500¢g and 8,000-9,000g,
respectively, for DSC-based cell-culture
harvest. We set the g-force to >5,000g
for timely process completion.

Figure 3 presents a contour plot
showing {%eddv, g-force, Q/Z, and dp,min
values as a function of centrifuge feed-
flow rate and bowl speed. Values were
generated for a 60-L BRPX 618 HGV-34
DSC system (Alfa Laval) used in our
company’s biomanufacturing facility,
which can perform cell cultures of
20,000 L. The plot displays both risk
zones related to shear and settling



Equations 16-19: Shear assessment based on the power-dissipation method

Equation 16: Pgjs = (0.5 % Q x p| X Ry2 x w2) + (0.5 x Q x p| x (Rp2 - Ri2) x w2)

2xmxN

wherein, w = )

: b
Equation 17: tgg = )

Equation 18: CDI = LDH (ppm) = k x Pisd x tgrgh

Equation 19: LDH (ppm) = 0.16 x Pg;s0-98 x tpg14

capacity and an operational space that
prevents cell damage while maintaining
a reasonable settling capacity. The
figure also indicates a narrow Q/X range
(3.1 x 1072 m/s to 4.1 x 1072 m/s) as the
preferred operating zone. For cell-
culture clarification using a DSC, Pham
recommends a Q/Z value ranging from
1072 m/s to 2.6 x 10~8 m/s (4). However,
experiments described by Maybury et al.
and lammarino et al. show a 6-10%
reduction in clarification efficiency as
Q/Z increases from 3.4 x 1079 m/s to
1.35 x 1078 m/s (20, 21). Those
observations align with the centrifuge
design space presented in Figure 3.

MeTHop 2: Tip SpeeD
Average Shear Stress: Boychyn et al.
state that the maximum level of shear
stress (T,,,,) for fluid flow over the
rotating surface of a disc can be
determined using Equation 11 (22).
Therein, 9,;, represents the tip
velocity of a disc at radius R. The mean
shear across a disc is given by
averaging the shear levels at the outer
and inner disc radii (R, and R;,
respectively) (Equation 12).
Shear-Stress Exposure Time:
The degree to which shear harms
mammalian cells depends not only on
its magnitude, but also on its duration.
Ludwig et al. demonstrate that long
periods of shear (e.g., 24 hours) can
compromise cell morphology at forces of
0.75-1.0 N/m?2; however, for short
periods (up to an hour), cells can
tolerate stresses up to 20 N/m? (23).
Bae et al. write that shear stress of
250 N/m? is required to induce
mechanical damage in CHO cells (24).
Thus, biomanufacturers should consider
duration of exposure to a shear field
when modeling cell damage during
clarification. Equation 13 calculates cell
residence time along the axial distance
in the annular spaces between DSC

discs (t,) (4). Using a power-law model,
Pham et al. describe cell damage as a
function of both shear stress and
duration of shear-field exposure
(Equation 14) (25).

CDI and Model Fitting for Shear
Stress at a Given Tip Speed: Using the
Fit Model function in JMP software, we
obtained values for the constants in
Equation 14. We based our calculations
on LDH concentrations from Shekhawata
et al. for different operating conditions
in a Culturefuge 100 system, using
those data points as response variables
(13). The Tavg and t; values calculated
from Equations 12 and 13, respectively,
served as explanatory variables. Those
inputs yielded values of k = 3.8, a = 1.3,
and B = 0.43, which we used to generate
a prediction expression (Equation 15).

Figure 4 shows a linear relationship
between reported LDH concentrations
and Equation 15. An R? value of 0.98
demonstrates that the predictive
expression reliably fits the observed
data points. Similarly, the p-value of
<0.0001 indicates that the strength of
association between the input variable
(prediction expression) and output
prediction (LDH concentration) has a
high degree of statistical significance
and that 99.99% of variability in the
observed LDH concentrations is
explained by the prediction expression.
Thus, holding the expression constant
could be an effective method for
maintaining similar shear levels across
scales of DSC operation.

MetHop 3: Power DissipaTion
Average Shear Stress: Murrell
demonstrates that power dissipated in a
DSC feed zone (Pg;,) can be calculated
using Equation 16, wherein w represents
the angular velocity (in 1/s) (26). As
with the tip-speed model, the impact of
dissipated power on cell integrity
depends on the exposure duration,
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Figure 4: Predictability of shear
produced in a discstack centrifuge
according to the tip-speed method;
RMSE = root-mean-square error

LDH =-57.95 + 1.018 x X
RMSE = 69.55
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Figure 5: Predictability of shear
produced in a discstack centrifuge
based on the power-dissipation method;
RMSE = root-mean-square error
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which can be calculated as the
centrifuge-bowl residence time (tzp)
using Equation 17. Therein, Vy signifies
the centrifuge-bowl volume. Based on
those calculations, the cell damage
index can be expressed by a power law
as a function of both dissipated power
and bowl residence time (Equation 18).
We identified the constants in Equation
18 ask=0.16,a=0.98,and B = 1.4
based on the CDI and model-fitting
method described above. Those values
yield the prediction expression shown in
Equation 19.

Figure 5 shows a linear relationship
between LDH concentrations and
Equation 19. The R? value of 0.98
demonstrates the reliability of the
predictive expression. The p-value of
<0.0001 indicates that the strength of
association between the input variable
and output prediction have a high
degree of statistical significance, with
99.99% of variability in LDH values
explained by Equation 19. Thus, holding
the prediction expression constant could
help to ensure similar shear levels
across scales of DSC operation.

22(3) BioProcess International 27



ConcLusions ABouT SHEAR
Assessment ForR DSC OperaTiON
Biomanufacturers often use DSCs for cell-
culture clarification during large-scale
biomanufacturing. Although a well-
established Q/Z method is available for
scaling centrifuge operating conditions
based on particle-settling efficiency,
current knowledge about shear
assessment for DSC operation remains
esoteric. Above, we presented shear-
assessment calculations using three
methods. We also illustrated applications
using a contour profile that presents a
balance between particle-settling
capacity and shear as a function of bowl
speed and centrifuge-feed flow rate.
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