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ARTICLE INFO ABSTRACT

Communicated by Raquel Aires Barros Rotating filters promise many advantages for long-term separation processes of complex media such as cell

cultures, but have never been commercialized on a large scale due to practical challenges and limited

Kfzyw ords: . scalability. A bearingless spinfilter circumvents many of the drawbacks, yet additional considerations must
Bioseparations . o s . . .

Hydrodynamics be taken into account. Thus, an existing particle-force based model for cross-flow filtration, dependent on the
Microfiltration membrane shear rate and the transmembrane pressure, is adapted to the spinfilter and predicts the behavior
Flux modeling of retained particles at the membrane. Computational fluid dynamics simulations allow to calculate the shear
Spinfilter rate at the membrane for the model. Additionally, with the simulated distribution of the shear rate and the

energy dissipation rate within the spinfilter, a prediction of the hydrodynamic stress on cell cultures can be
made. The model is verified with a spinfilter prototype on a yeast cell culture and is in good agreement
with experimental results. Additional separation experiments with bovine blood serve to indicate the extent of
cell damage induced by hydrodynamic stress within the spinfilter. The results demonstrate that operating the
spinfilter at the optimum operation point leads to a faster separation process at a lower level of cell damage

per volume of filtrate in comparison to a passive tangential flow filtration in hollow fibers.

1. Introduction

Rotating filter membranes were the research focus of several groups
around the turn of the millennium. Concept descriptions and practi-
cal considerations [1,2], experimental investigations [3,4], and fluid
simulations [5,6] have been intensively examined. The concept of non-
stationary filter membranes promises very high shear rates on the
membrane surface, which can efficiently remove retained particles
by hydrodynamic forces in microfiltration. The required shear rate is
generated directly on the membrane, thereby decoupling it from the
retentate flow. In contrast, in passive tangential flow filtration (TFF)
modules, the retentate flow serves as the primary source of the gener-
ated shear rate. Consequently, high retentate flow leads to a pressure
gradient over the length of the passive TFF membrane, such as hollow
fiber (HF) filters. This leads to non-uniform loading of the membrane
and reduces the filtration performance.

Despite some commercial applications of rotating membranes for
blood plasma filtration [7], laboratory analytical devices [8], and the
paper industry [9], the concept of rotating membranes has not gained
widespread adoption. One of the reasons for this is the increased design
complexity of such filter modules, as well as the more complicated
operation and more expensive maintenance due to the moving parts.
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Additionally, the rotating seals, from the drive to the submerged shaft
of the filter module, represent a potential point of contamination and
leakage. This renders them unsuitable for applications in high-purity
environments, including those in semiconductor, pharmaceutical, and
biotechnology industries. Furthermore, the scalability and packing den-
sity of rotating membranes is significantly lower than that of other
filter modules [10]. For these reasons, among others, the investigation
and use of rotating filter membranes has declined within the research
community and separation industry, at least temporarily.
Nevertheless, the current trend in biotechnology suggests a transi-
tion from batch processing to continuous operation, or perfusion [11].
In continuous operation, the use of smaller vessels reduces the footprint
and costs of the production plant by as much as 55% [12]. Moreover, it
has been demonstrated that the quality of the proteins and monoclonal
antibodies produced is superior due to the constant standing times [13].
Perfusion also allows for higher cell concentrations in the bioreactor
than in batch processes [14]. It is widely accepted that non-stationary
membranes have the capacity to filter higher particle concentrations
than the currently utilized filter systems [10], such as hollow fiber or
flat plate modules. Furthermore, in novel therapeutic modalities of pre-
cision medicine, therapeutic proteins are frequently produced in limited
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Fig. 1. The base geometry and relevant dimensions of a Taylor—Couette cell are
presented in a schematic view. In the rotating annular gap, high wall shear rates y,,
are generated due to the collapsing streamlines resulting in Taylor vortices once the
inertial forces in the fluid dominate the viscous forces. A pair of counter-rotating Taylor
vortices is shown in the inset.

quantities for individual patients [15-17], where the disadvantage of
scalability is rendered less significant.

In the case of shear-sensitive cell cultures, it is essential to maintain
the hydrodynamic stress caused by the shear rate for cross flow filtra-
tion at a minimum while ensuring that a certain level of shear drag on
the retained cells is still present to enable cross-flow filtration. Ideally,
this occurs directly on the membrane only. In passive TFF, the entire
fluid is pumped through the filter module at a high retentate flow in
order to generate the necessary shear rate. This results in elevated shear
rates not only within the filter module but also within the pump, the
tubing, and other components of the fluid circuit. It is therefore to be
expected that significant cell damage occurs, depending on the specific
process and cell culture in question.

In the meantime, since rotating membrane filters have been re-
placed by more scalable filter systems in research and industry, bearing-
less motors in centrifugal pumps and other applications for contactless
drives in hermetically sealed housings have become a mature technol-
ogy in industries with very high demands on cleanliness and reliability,
such as semiconductor and pharmaceutical industries [18,19]. The
magnetic levitation of the rotor enables contactless operation of the
moving parts, thereby circumventing the need for rotating seals to
the external environment [20]. Similar to pumps, the adoption of
this technology to a spinfilter allows for the elimination of many of
the disadvantages associated with traditional rotating filters, while
simultaneously exploiting their numerous advantages, particularly for
perfusion in biotechnology applications.

The proof of concept of a bearingless spinfilter has been presented
in [21]. In [22], potential topologies were investigated to prevent the
remixing of the feed with the filtrate through an unavoidable internal
gap between the feed and filtrate, despite the prevailing transmem-
brane pressure (TMP). An integrated impeller on the spinfilter rotor
generates the TMP directly within the filter module, as seen in the
schematic in Fig. 1. Therefore, both the TMP and the shear rate on the
membrane scale with the rotational speed. The ratio of the membrane
and impeller radii determines the TMP and is locked for each prototype.

In this publication, the optimal operation point of a bearingless
spinfilter in terms of the TMP and the shear rate on the membrane is
determined. In Section 2, an existing cross-flow microfiltration particle-
force based model is adapted to the bearingless spinfilter and predicts
the detachment of retained particles from the membrane, and thus,
the filter flux. With computational fluid dynamics (CFD) simulations
in the annular gap, a new empirical formula for the shear rate on the
membrane, dependent on the rotational speed and the annular gap
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width, is derived. Finally, the energy dissipation rate (EDR) of the
spinfilter is addressed, which gives insight into the cell viability during
operation and allows for a comparison with similar research.

For validating the adapted particle force model, a new prototype,
presented in Section 3, employs an internal lip seal between the feed
and filtrate, which allows to set the TMP and the membrane shear rate
independently. Additionally, the experimental methods are discussed,
including tests of the spinfilter prototype and reference filter modules
to separate a yeast cell culture from water. Furthermore, the hemolysis
rate is measured during bovine blood filtration and serves as an indi-
cator of the degree of cell damage under various operation conditions.
The results of these experiments are presented and discussed in Sec-
tion 4 and contextualized for the application of a bearingless spinfilter
in biotechnology in Section 5.

2. Theoretical background

The phenomena of membrane fouling and cake formation are com-
plex phenomena, and thus are modeled, approximated, and attempted
to be understood using a variety of approaches in order to predict
the filtrate flux more accurately and design separation processes more
efficiently. Among the approaches employed are mass transfer mod-
els [23], surface energy theory [24], and combined pore blocking
models [25]. While the various theories align well with laboratory
measurements under isolated conditions, the majority of researchers
highlight that real fluids and complex suspensions remain poorly un-
derstood. Especially in biotechnology applications, the process fluid
comprises a range of complex components, including chemically di-
verse nutrient media, secreted organic substances such as proteins and
antibodies, and cell fragments from destroyed cells, in addition to the
cell culture itself.

2.1. General particle force model

A straightforward approach for robust and precise particle deposi-
tion predictions regarding experiments, particularly for microfiltration,
is a particle-force based model. Thereby, the forces acting on a single,
spherical particle within the fluid are modeled. Due to the TMP, the
retained particle is pressed against the membrane. Two distinct meth-
ods for calculating the filtration force Fpyp are employed in literature:
One approach is to assume that the TMP acts on the area of the pore
opening according to [26]

2

nd
. TMP — pore

pore

- TMP, (€D)]

Fryp = A

with the pore diameter d,,. and the transmembrane pressure TMP. In
most microfiltration applications, both parameters are known, making
this method straight-forward to calculate. In the case of high particle
concentrations, particle-particle interactions result in a deviation of
Eq. (1), as the particles block each other, and thus no longer fully ad-
here to the membrane surface and its pores. Alternatively, the filtration
force Fy, is calculated as a drag force, given by

Fryy =37 n d,, vy, 2)

with the dynamic viscosity of the suspension 7, the particle diameter d,,
and the filtration flow velocity vy, [27]. The second approach requires
measurement data, as the filtration flow velocity vy, cannot be pre-
dicted precisely without exactly knowing the porosity, structure, and
even the chemical composition and surface modifications of the mem-
brane, which all might influence the membrane flux. In this publication,
TMP-based approach in Eq. (1) is used due to its simplicity.
Meanwhile, the drag force due to the relative motion of the fluid
with respect to the membrane acts in parallel to the membrane surface,
dragging the particles along the surface and detaching them. In the mi-
crometer vicinity of the membrane, the velocity field can be linearized,
whereby the shear rate on the membrane y,, serves to determine the
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gradient of the approximated flow profile. The shear drag force F, is
given by

_ 2
F,=3znd; yn. 3

with the shear rate y,,. It should be noted that the quadratic scaling
of the particle size d, compared to the linear dependency in Eq. (2)
originates from averaging the velocity of the flow field over the particle
diameter. A comprehensive derivation of the shear rate for the spinfilter
and the reference TFF module is presented in Section 2.3.

Furthermore, the non-uniform velocity profile on a particle induces
a lift force. Nevertheless, the numerical value of the lift force in a real-
istic range of shear rates is insignificant and can be disregarded [28].
Similarly, the centrifugal force exerted on a particle due to rotation
can be neglected. In contrast to the other surface-based forces, which
scale quadratically with particle (or pore) size, the particle mass-based
centrifugal force increases with the cube of the particle size. In the
typical micrometer size range for cells, this results in a coefficient of
the centrifugal force that is approximately 100 000 times smaller than
the surface-based drag or filtration forces.

In [28], the two main forces are geometrically related around a
center of rotation with a torque detachment condition. This approach
requires perfectly round pores and spherical particles, which are not
realistic assumptions for complex biological suspensions.

In [26], however, the author applies a static friction coefficient A,
to relate the orthogonal forces and defines the detachment criterion as

F, > At Fryp 4

for which the value of A; is then empirically determined by mea-
surements. The physically unrealistically high values for A suggest
that additional, surface energy interactions, such as van der Waals
forces, play a significant role. However, in the overall particle force
model, this effect merely leads to an offset of the orthogonal filtration
force Fryp. For this work, and the considered cell suspensions, the force
relation with a static friction coefficient is expected to yield more robust
predictions with respect to the particle detachment state, and thus, the
membrane flux. To conclude, out of the different approaches, Eqgs. (1)
and (3) are used in Eq. (4). The permeate flow drag force approach
serves as a backup in case the model agreement with the measurement
data is insufficient and other dependencies are required to be integrated
in the model.

2.2. Spinfilter particle force model

The particle force model must be adapted for the spinfilter in a
number of ways. The version specific to the spinfilter with all relevant
forces is depicted in Fig. 2(a) First, the TMP is reduced by the rotational
speed due to the internal centrifugal pressure of the filtrate and the
pressure distribution in the annular gap. The resulting TMP of the
superimposed effects is given by

TMP = pg,, — cw’ (5)

where p. is the externally applied (vacuum) pressure and c is an
empirical coefficient for the chosen annular gap geometry. With Eq. (5),
the perpendicular force exerted on the particle towards the membrane
is then given in Eq. (1). Furthermore, a constant force Fy, is intro-
duced to represent the adhesion forces and surface energy interactions
between the retained particles and the membrane surface. The total
particle-attaching force is given by

Ffr = }”fr(FTMP + Fcharge) (6)

where the static friction coefficient method described in Section 2.1 is
used due to reasons of increased robustness. F is determined by
measurements.

The lateral drag force F, due to the shear rate is directly obtained
from Eq. (3), where y,, is determined by the CFD simulations in Eq. (9)
for the selected spinfilter geometry with membrane radius r; = 15.5 mm

harge
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Fig. 2. A particle force based modeling approach for the spinfilter in microfiltration
captures the hydrodynamic effects on retained particles with respect to the shear
rate y,, on the membrane. (a) A retained particle on the filter membrane is sub-
jected to different forces, where the filtration force Fpyp due to the transmembrane
pressure (TMP) and the parallel shear drag force F, play the most important roles.
The orthogonal forces are related to each other with a friction coefficient 4, from
which the friction force Ffr is concluded. (b) The forces of opposite directions in
parallel to the membrane, F, and F,, are shown over the rotational speed range
o for a constant external pressure difference p,, = 0.7bar. Due to the particle size
distribution d, = J\/(up = 6.1pm, 6, = +0.3pm), and pore size distribution 4 =

pore

N (Hpore = 0.8 pm, 6,0, = £0.05 pm), instead of a singular detachment point, there exists
a detachment region with a cumulative detachment probability. The percentage of
detached particles is modeled as a sigmoid function with a varying slope steepness,
depending on the width of the size distributions.

and annular gap width g = 1.5 mm. Finally, the detachment criterion is
formulated as F, > F}, to remove a particle from the membrane surface.

Fig. 2(b) presents an operation point, where the reduction of the
TMP is reflected in the reduction of F;, with increasing rotational
speed w. Meanwhile, the shear drag force F, increases for faster rota-
tional speeds until the parallel force equilibrium is reached. However,
the superimposed particle and pore size distributions attenuate the im-
pact of the particle detachment criterion with a cumulative probability
function. Instead of an operation point where the particle detachment
acts as a step function, a progressive particle detachment is expected.
The width of the size distribution of the pores and particles dictates the
slope steepness of the resulting sigmoid curve.

In cases where there are significant deviations from a Gaussian fit,
for instance, due to the presence of multiple solid components within
a complex suspension, the size distribution could be represented in a
discrete manner. This approach results in the generation of activation
functions specific to the suspension in question. However, in order
to maintain the model’s simplicity, a standard sigmoid function is
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Table 1
Three scalar parameters are fitted to the measurement data. The base porosity is
indicated for the 0.8 pm membrane, for which the measurement data is the most
robust.

Parameter Fit value Unit
Funuege 1.1x 107 N
Sigmoid flank 4.3 %107 [-1
Base porosity (0.8 pm) 1.47 x 1071¢ m?

assumed here, with the steepness of the slope being an adjustable,
scalar parameter retrospectively fitted by measurement results.

A higher shear rate at the membrane allows for a higher TMP with-
out significant particle deposition, thereby facilitating a higher filtrate
flow. The membrane flux is calculated in accordance with Darcy’s law,
whereby the cumulative particle detachment probably affects the base
porosity of the membrane. The base porosity represents a third open
scalar within the particle force model, which allows for a comparison
of the particle force model with measurement data. All three fitted
parameters with respect to the measurements are shown in Table 1.

2.3. Shear rate on the rotating cylinder wall

The shear rate y,, is the critical parameter for the detachment of
particles from the membrane in the particle force model. Therefore,
its exact determination for the rotating filter membrane in the annular
gap is of great importance. Taylor [29] derives the flow behavior
in the rotating annular gap between two concentric cylinders from
the Navier-Stokes equations and extends the dimensionless Reynolds
number according to the geometry and formulates the Taylor Number

wrrl“/Z g3/?

Ta= ————— (@]
v

where w denotes the rotational speed of the inner cylinder, r,, is the ra-
dius of the inner cylinder, or the radius of the membrane, respectively,
g is the annular gap, and v the kinematic viscosity of the fluid. When the
inertial fluid forces dominate the viscous forces at T'a > 42, the Couette
stream lines collapse and form regularly spaced Taylor vortices. Thus,
an axial shear component is superpositioned to the Couette shear on the
membrane. Taylor derives the shear rate on the inner rotating cylinder
in an annular gap

Ym = 0.23 @/? rfn/4 ,g_]/4 V172, (8)

which is valid for 60 < Ta < 3000. The necessary assumptions to
analytically solve the differential equations assumes r,, > g with an
infinitely small gap g. However, for realistic gap dimensions, some
deviation and loss of accurate predictions must be expected.

With computational fluid dynamics (CFD) simulations, a more pre-
cise shear rate y,, on the membrane surface in the annular gap is
calculated as a function of the rotational speed and the annular gap
width for a set inner radius r,, for this research, when the real geometry
deviates too much compared to Taylor’s assumptions. Two-dimensional
axisymmetric simulations of the annular gap are an efficient computa-
tional approach. To mitigate the impact of axial boundary conditions,
only the central region without any disturbances by the domain bound-
aries is evaluated. Since the Taylor Number T'a > 400 at the operational
range limit of the rotational speed w = 5000 rpm, fully turbulent flow is
expected under some of the simulated conditions. Thus, the k-omega
SST turbulence model [30] is employed as it is known to yield the
most accurate results for wall-confined flows. The investigated region
and the flow field of an operating example at one operating point
are illustrated in Fig. 3(a), which confirms the formation of Taylor
vortices. The flow instabilities locally enhance the shear rate on the
membrane as seen in the progression of the element-wise shear rate
Ymel OVer the length of the rotating membrane. Due to the superimposed
axial through-flow in the spinfilter, the flow instabilities propagate in
a spiral-like shape through the annulus. This means that every part
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of the membrane periodically experiences the maximum shear rate
multiple times per second even for small axial through-flows. Since
particles are transported to and deposited by the separation process
on the membrane over time, but can be detached quickly upon high
enough shear drag forces F,, the shear rate maxima are relevant for
cross flow microfiltration. Therefore, the average of the periodic, shear
rate maxima 7, ,,x over the axial membrane length is extracted as the
investigated membrane shear rate y,,,.

The simulation results at constant gap widths g over the full range
of the rotational speed w show that the shear rate maxima 7, ,,x for
each annular gap width scales linearly according to

Ym@ =a-wo+b 9

with fitting parameter arrays a and b dependent on the gap width g.
It should be noted that this behavior is only valid for flow conditions
above the critical Taylor number when flow instabilities are observed
in the annular gap. Thus, b # 0 is valid for supercritical Taylor Numbers
Ta > 42 [29].

Meanwhile, the average membrane shear rate y,, ,,, scales with

Ym.ave(@) = @ - o’ (10)

where ¢ and f are again fitting parameter arrays. An example of
the simulation points and the corresponding function fits is given in
Fig. 3(b). While the membrane shear rate maxima 7,, ., are accurately
approximated with a linear function, the average shear rate y,, ,, scales
as a power function of the rotational speed w, similar to the semi-
analytical solution in [29]. The different shapes of the curves, and the
inevitable convergence of both shear rates at a slightly higher than
simulated rotational speed can be explained with the flow regimes in
the Taylor—Couette cell. There is a clear difference between the shear
rate maximum y, ., and the average shear value y,,,,, in the pres-
ence of Taylor vortices. However, the regularly spaced Taylor vortices
disappear at even higher Taylor numbers and the flow becomes fully
turbulent, where shear rate peaks due to Kolmogorov microscale eddies
can no longer be individually resolved by CFD on a reasonable mesh
size. Since eddies smaller than cells are assumed to be very damaging
to cells [31], this resolution limitation is not a concern.

A change of the annular gap width g influences the coefficient of
the power function in Eq. (10), resulting in a variation of  between
1.5 and slightly below 2, as shown in Fig. 3(c). The coefficient of the
polynomial function is in good agreement with the analytical solution
of the simplified Navier-Stokes equations in Eq. (8) for small gaps.
However at larger numerical values of gaps g, there is a significant
discrepancy of g, which gives rise to considerable differences in the
expected average shear rate y,, ,,, particularly at high speeds.

The results of the CFD simulations allow for a more precise calcula-
tion of the shear rate y,, for the spinfilter, which is the most important
parameter for the reduction of fouling and cake formation in cross-flow
microfiltration [32].

In this parameter study, the rotating inner radius is maintained
at a constant value. It is evident that a variation of r,, has a linear
effect on the circumferential speed and, consequently, on the shear rate.
However, other effects, such as on the coefficient g, are negligible as
long as the size ratio of the Taylor-Couette cell remains approximately
constant.

With two-dimensional, linear interpolation, a shear rate map, as
illustrated in Fig. 4(a), can be generated. A second round of simulations
with operation points on the shear rate isolines allows for a direct
comparison of the energy dissipation rate (EDR) distribution in the
annular gap for equal flow behavior directly at the membrane. EDR
serves as an indicator for the degree of cell damage by hydrodynamic
stress and is further discussed in Section 2.4.

Experimental validation of the simulation results is conducted using
a prototype (see Fig. 4(b)), wherein a cylinder is magnetically levitated
and rotated in the fluid at a set rotational speed » with two bearingless
motors at its ends. The motors record the necessary drive current to
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Fig. 3. Computational fluid dynamics (CFD) simulations allow to exactly determine the
membrane shear rate y,,. (@) The 2D-axisymmetric simulation domain is confined by the
stationary housing wall on the outer cylinder and the membrane on the rotating inner
cylinder. A simulation example of the center section with ¢ = 1.5mm and rotational
speed w = 1000rpm captures the Taylor vortices in the annular gap. The average of
the periodic, local shear maxima 7,,,,, at the membrane wall is the relevant shear
rate for cross-flow microfiltration. (b) While the overall average shear rate y,,,,, of the
simulated operation points show a similar behavior predicted in [29], the periodic
maximum shear rate y,,,,, is more relevant for CFF and scales linearly with the
rotational speed w in the given range. (¢) The power function coefficient g of Eq. (10)
is fitted for each gap size g. For small annular gaps, the simulation results confirm
Eq. (8), but deviate for larger values. A scaled tanh(g’) fit varies with g between the
analytical, lower bound to the empirically derived, upper bound.

maintain the set rotational speed w. Consequently, the drive torque
and shear rate can be calculated directly with the known dynamic
viscosity of the fluid in the test cell. Two rotors of different lengths
(I,; = 50mm and /,, = 100mm) are subjected to testing, and the
difference from one another is taken in order to compensate for the
effects of the axial end faces and the cogging torque of the permanent
magnet synchronous motors. The simulation is validated for water and
a water-glycerine mixture at an elevated viscosity, thereby increasing
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Fig. 4. (a) The dependence of the shear rate y,, at the membrane surface is extracted
from a simulation sweep of the variable parameters g and . A larger annular gap g
generally requires a higher rotational speed to reach the same shear rate y,, on the
membrane to remove retained particles. A second set of simulations on the shear rate
isolines, and therefore identical flow conditions in the vicinity of the membrane, reveals
the distribution of the shear rate in the annular gap, from which the EDR of the filter
module can be calculated. (b) The CFD simulations are validated on a test bench. A
temperate-controlled water-glycerin mixture of adjustable viscosity is pumped in the
annular gap of a levitating and rotating cylinder. The required drive current of the
motors for constant speed control is measured directly from the bearingless motors,
which allows to calculate the drive torque, and therefore the tangential shear rate on
the cylinder surface.

the drive current signal. A small axial flow is superimposed by an
external pump to prevent heating of the fluid which would reduce the
viscosity of the fluid. The validation measurements corroborate the
swirl shear rate component simulation results, exhibiting deviations
within the expected range for CFD simulations.

In the passive flat plate filter module and the hollow fibers, the
shear rate y,, at the membrane is calculated with the spatial derivative
of the pressure-driven Poiseuille flow profile in a rectangular channel
or a round tube, respectively.

2.4. Energy dissipation rate

The damage to cells by hydrodynamic effects is frequently repre-
sented by the energy dissipation rate (EDR). The objective is to express
the EDR of bioprocessing equipment as a scalar, thereby enabling a
comparison of cell damage across a range of geometries and even
processes. Often, it is of interest to determine the EDR limit at which
cell cultures lyse [33]. However, sub-lethal responses, such as reduced
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protein production or glycosylation, are also important benchmarks for
bioprocessing equipment [34]. The EDR response trigger limits allow
to optimize the design of stirred bioreactors [35], centrifuges [36],
microfluidic devices [37], and membrane filters [38].

The EDR,, can easily be extracted from CFD simulations according
to

EDR,, = uVU, : VU, (11

with the fluid viscosity x4 and the fluid shear rate (strain) tensor VUy,.

However, the weighted reduction of the highly heterogeneous distri-
bution of EDR,; in most investigated fluid domains is a great challenge
and different methods have been applied in the past. In [39], the
total EDR is determined by the median of the maximum EDR,, along
simulated particle trajectories. For the spinfilter in this work, particle
tracking is not possible due to the reduction of the simulation space
to a 2D-axisymmetric domain. Another approach, that has shown to
agree well with the particle trajectory method, is the flow-weighted
EDR through an artificial cross section [40]. Since the module-wide
through-flow of the spinfilter is the superimposed, axial annular flow,
the EDR of the spinfilter could be weighted in a similar manner with
the flow profile

™1n(ry/rm)
with the axial pressure drop G = —%, which is based on the retentate
flow Q,., and the fluid viscosity u [41]. However, the axial flow
with Q,, = 150mLmin~' is so low compared to the heavy, internal
mixing due to the Taylor vortices. Thus, the idea of weighting the
EDR on the through-flow makes less sense if the mixing along the
fluid trajectory is strong and all cells are expected to be exposed to
all flow conditions within the fluid volume. Consequentially, the flow-
based weighting matrix coefficients for the spinfilter approaches unity
gains. Numerically speaking, the flow-weighting method yields a lower,
overall EDR since the through-flow is lower near walls, where the shear
rate is typically higher. Meanwhile, the method used here with unity
weights most likely overestimates the impact of high shear rate regions
near walls with little through-flow contribution. Conservatively, the
unity weights set a stricter limit for the maximum permissible rotational
speed of the spinfilter. Finally, the EDR for the spinfilter is given
as

EDR =yt ) W V(U : VUy) 13)
el

with the weights W, = I (or W, « v,,(r) according to Eq. (12) as a
comparison), the element volumes V,, and again the fluid viscosity u
and the strain tensor VU,.

The EDR of the spinfilter at varying operational points can be eval-
uated in conjunction with existing research to anticipate the response
of different cell cultures. In particular, the comparison is employed to
identify the maximum permissible rotational speed for the spinfilter for
specific cell lines.

3. Experimental

The particle force model presented in Section 2 is subjected to
experimental validation. A spinfilter prototype serves to determine the
optimum operating point with regard to the maximum filter flux in
a series of tests utilizing different membrane nominal pore sizes and
media, and is compared to a flat plate passive TFF reference system.
Furthermore, hemolysis tests are conducted to compare the degree of
cell damage caused by the spinfilter and a commercial hollow fiber
filter.
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Fig. 5. The spinfilter prototype with an integrated lip seal between the feed and the
filtrate decouples the shear rate y,, on the membrane from the TMP, which allows to
set both parameters independently of each other. A partial cross section shows the
internal components of the spinfilter. (1) Bearingless motor (2) Permanent magnet
(3) Feed inlet (4) Retentate outlet (5) Filtrate outlet (6) Rotor with the filter membrane
(7) Adhesive-free membrane attachment system with a titanium wedge (8) PTFE lip
seal (9) Hydrodynamic bearing on the filtrate side.

3.1. Spinfilter prototype

To test and identify the optimal ratio between the orthogonal and
parallel forces according to the particle force model, the TMP must be
adjustable independently of the shear rate y,, at the membrane. Earlier
prototypes of bearingless spinfilters [22] inevitably feature an open
gap between the feed and the filtrate. Different topologies, including
labyrinth seals and integrated impellers, generate a pressure differen-
tial within the module and prevent internal leakage through dynamic
pressure compensation. However, for any spinfilter prototype with a
co-rotating impeller, the TMP-y,, ratio is limited to the one-dimensional
input of the rotational speed w. A prototype incorporating an FDA-
certified PTFE lip seal (Dichta AG, Balerna, Switzerland) between the
feed and the filtrate is capable of sealing the open gap, even in the event
of an uncompensated pressure differential. To satisfy the stringent
concentricity requirements of the lip seal, a hydrodynamic bearing
machined from iglidur H (igus GmbH, Cologne, Germany) is designed
according to [42] and installed on the cell-free filtrate side instead of
a secondary magnetic bearing. Although the spinfilter operation is no
longer completely contactless, the primary advantages of the bearing-
less spinfilter concept remain, with a hermetically sealed housing and
the absence of a rotational seal to the environment. Fig. 5 visualizes a
partial section cut of the prototype, in which the primary components
are indicated. The housing of the filter module is milled from POM-C,
and all wetted surfaces are polished, as cell lysis is strongly linked to
surface quality [43]. The rotor shaft in contact with the lip seal is man-
ufactured from plasma-nitrided, medical-grade stainless steel (1.4401).
The membrane support structure is 3D printed due to its geometrical
complexity. However, the entire surface is completely covered by the
membrane, thereby ensuring that no rough surface comes into con-
tact with the cell culture. A commercial polyethersulfone (PES) filter
membrane (Sterlitech, Auburn, WA, USA) in three different nominal
pore sizes (0.2 pm, 0.8 pm and 8 pm) is used and clamped onto the outer
surface of the rotor with a titanium wedge in an adhesive-free clamping
mechanism. The active membrane area in the spinfilter is 44 cm?. The
rotor is driven by a bearingless motor (Levitronix, Zurich, Switzerland)
with a customized firmware, which accounts for the rotor dynamics of
the filter, including the hydrodynamic bearing.
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Fig. 6. The spinfilter and reference filter modules are tested within the same fluid
circuit to ensure comparable measurement results. However, depending on the filter
type, some components must be exchanged to accommodate the specific requirements
of a certain filter module. The stirred feed tank ensures that the suspension stays
homogeneous. The feed fluid is pumped through the filtration modules, where Q,,
is adjusted depending on the tested filter type. The fluid is temperature-controlled in
a heat exchanger. Both the pressure and the fluid flow are measured and digitally
recorded. An external pressure p,, is applied by a closed-loop electronic vacuum
regulator on the filtrate side. The filtrate flow is then measured on a precision scale.

3.2. Reference systems

A passive TFF module with the same filter membranes as the spinfil-
ter is designed in parallel. The flat plate module features a rectangular
channel of height hy = 0.85mm, membrane width wy, = 100mm and
membrane length /;, = 100mm with the membrane attached to one
wall surface. The module is manufactured from POM-C and the wetted
surfaces are polished. The feed and retentate flows are introduced to
the module in parallel via tubing splitters, which ensure uniform flow
distribution for the high aspect ratio channel. Furthermore, the design
accounts for the laminar formation length of the Poiseuille flow prior
to the feed flowing over the membrane surface.

For the hemolysis tests, the spinfilter is compared to a hollow fiber
module with a 0.2 pm PES membrane (Repligen, Waltham, MA, USA)
with a filter area of 88 cm? and inner fiber diameter of 1 mm.

3.3. Fluid circuit

The spinfilter prototype and reference systems are operated within
the fluid circuit depicted in Fig. 6, in which the TMP can be ad-
justed with a feedback-controlled vacuum pressure valve (SMC Co.,
Chiyoda, Japan). A peristaltic pump (Cole-Parmer, Vernon Hills, IL,
USA) continuously exchanges the feed within the filter module. The
pump is calibrated with an inline flow sensor (Levitronix GmbH, Zurich,
Switzerland). In the experiments with the spinfilter, where the shear
rate is decoupled from the retentate flow, the feed pump is operated at
a low speed with retentate flow Q,. = 150mL min~!. A water-immersed
heat exchanger regulates the temperature of the feed fluid to 25°C.
The filtrate flow is measured in real time via a suction bottle on a
precision balance (Kern & Sohn GmbH, Balingen, Germany). To prevent
a significant change in the feed particle concentration, the suction
bottle is emptied at regular intervals.

The fluid circuit for the reference modules is conceptually iden-
tical to that of the test setup of the spinfilter. However, due to the
higher retentate flow required for passive TFF, a more powerful pump
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Fig. 7. An excerpt of the measurement procedure demonstrates the temporal depen-
dence of the filter flux with respect to the ratio of the TMP and the membrane
shear rate y,,. Starting from a constant filtrate flux at the operation point at 225min
of the measurement series, the rotational speed w is increased to 4000rpm, which
consequently increases y,, and decreases the TMP due to the centrifugal pressure of the
filtrate. An instantaneous decrease of the filter flux is observed, as the TMP is reduced.
Over the time span of approximately 15min, the filtrate flux is regenerated, since the
higher shear rate y,, removes more of the retained particles from the membrane surface.
Once the new steady state operation is reached, the new filter flux is recorded and the
rotational speed is increased again.

(Levitronix GmbH, Zurich, Switzerland) is employed, and tubing and
in-line sensors with a larger cross-section are utilized. A flow sensor
(Levitronix GmbH, Zurich, Switzerland) measures the retentate flow,
from which the shear rate is calculated. A pressure sensor (Pendotech,
Plainsboro, NJ, USA) positioned in the feed at the midpoint of the
membrane overflow length provides an average measurement of the
TMP, which serves as the feedback control quantity for the centrifugal
pump. The shear rate can be decoupled from the TMP by partially
clamping the retentate tubing. The filtrate flow is once again measured
with the same balance as previously described.

3.4. Operating point measurements

Baker’s yeast, Saccharomyces cerevisiae, (Merck, Darmstadt, Ger-
many) at a concentration of 5g L1 in DI water serves as a cost-effective
substitute for a biotech cell culture. Prior to testing, all newly installed
membranes are subjected to a preliminary loading phase at the maxi-
mum permissible operating pressure pj;,, = 0.7 bar and a low shear rate,
until no measurable change in the filtrate flow rate is observed. The
typical duration of this process is approximately 3 h.

An exemplary illustration of the measurement sequence is provided
in Fig. 7. Once a steady state has been reached with regard to the
filtrate flux for a set TMP and shear rate y,,, the rotational speed w is
increased. Consequently, the TMP declines, resulting in an immediate
reduction of filtrate flow. However, due to the higher shear rate, the
filtrate flow regenerates over a period of typically 15 min. Once the new
steady state is reached, the operating point is averaged and recorded
for one minute. Subsequently, a new operating point is set.

The operating points are controlled with a sequential decrease in
external pressure difference and an increase in rotational speed (or an
increase in retentate flow for the passive tangential flow module) such
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that the effect of internal pore blocking, which increases over time, is
minimized.

3.5. Hemolysis tests

Freshly drained bovine blood from a local slaughterhouse is used
for the hemolysis tests. 25mLL ! of Oaxlate anticoagulant is added
directly at the slaughterhouse. Experiments are performed with the
original blood and a 1:4 dilution in phosphate-buffered saline (PBS),
which reflects the typical cell concentration in perfusion. To prevent
osmotic shock, the fluid circuit is pre-flushed with isotonic PBS. Prior to
filtration measurements, static control samples are collected and stored
at a temperature of 30°C. The hemolysis tests are carried out at a
constant TMP = 0.7 bar and a fluid temperature of 30 °C. The rotational
speed w of the spinfilter, or the retentate flow O, of the HF filter is
increased in 30 min intervals. Given that the TMP of the spinfilter is
dependent on the rotation speed, the vacuum pressure p,,, is adjusted
accordingly. A blood sample is collected every 15min and centrifuged
in two stages for 10 min at 3070 g each. The resulting supernatant is
analyzed using Drabkin’s method in a photo spectrometer (Thermo
Fischer Scientific, Waltham, MA, USA) at 540nm. The quantity of
plasma-free hemoglobin (PFH) released due to cell wall ruptures of
red blood cells induced by hydrodynamic stress is quantified for each
operating point.

4. Results

This section presents the results of the operating point determina-
tion and the hemolysis tests of the spinfilter, which are compared with
the model and the reference system.

4.1. Particle force model

A comparison between the particle force model and the measure-
ment data is presented in Fig. 8 after fitting the open scalar parameters
to the measurement data. Given that the TMP is dependent on the
rotational speed w, a region of negative TMP exists at high speeds and
low pressures. Conversely, operation at high vacuum pressures and low
rotational speeds is constrained by the membrane’s burst pressure py,.
The model demonstrates the greatest degree of alignment with the
measurement data when a very wide normal distribution of the particle
size is assumed. The size distribution of the yeast cells is corroborated
by a cell counter (Logos Biosystems, Dongan-gu, South Korea), as seen
in Fig. 9. In addition to the modeled Gaussian distribution of yeast
cells, there is a significant presence of smaller particles, which may
include cell fragments of broken cells. Consequently, for efficient cross-
flow filtration, the shear rate must be not only sufficient to remove
the intended cells from the membrane, but also significantly higher to
detach the smaller particles from the membrane. This is due to the fact
that the shear-induced drag force, as described in Eq. (3), scales with
the particle size.

The impact of the membrane pore size is compared in Fig. 10(a) to
(c), where the filter flux is plotted against the TMP at discrete rotational
speeds.

As the model predicts, the filtrate flux in Fig. 10(a) and (b) scales
linearly with the TMP as long as the shear rate is sufficiently high
to remove the retained particles. Otherwise, the filtrate flux stagnates
when the membrane is covered in a cake layer that increases the flow
resistance. An increase in the spinfilter’s rotational speed enables a
broader operational range of approximately linear filter flux behavior.
As can be observed in Fig. 10(c), the membrane with a nominal pore
size of dy,. = 8pum exhibits no significant influence of the rotation
speed w on its filtration performance. Given that the nominal pore
size dyoe = 8pm for this membrane is larger than the average par-
ticle size d, = 6.1pm, this result is to be expected. The particles
can readily enter the pores and block the membrane pore structure
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Fig. 8. The open model parameters are adjusted according to the measurements and
compared to each other for the membrane with d,,,. = 0.8pm. Due to the centrifugal
pressure depending on the rotational speed w, the TMP for high values of w and low
external pressures p,,, is negative. On the other hand, the measurement region is limited
by the burst pressure p;;,, = 0.7 bar of the membrane. The best fit is found for ;. =2 and
a wide particle detachment region, indicating that the tested cell suspension contains
not only the target cells, but additional components.

internally, where they are unaffected by superficial shear drag forces.
This behavior is corroborated with SEM images of the membrane cross
section, which reveal the deposition of yeast cells within the membrane
structure shown in Fig. 11. Despite the fact that cells can enter the large
pores, after some initial impurity in the permeate, no particles have
been detected after a while of operation. This effect may originate from
particles that block pores internally and thus reducing the effective pore
size d. that prevents more particles from traversing the membrane.
Note that all measurements in Fig. 10(a) to (c) points are measured
with a pre-loaded membrane, where the membrane has been exposed
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Fig. 9. The yeast suspension particle size distribution is analyzed and split into the
modeled cell size distribution according to a Gaussian distribution and additional
particles such as cell debris detected by the cell counter. Since the cell counter cannot
reliably resolve particles below 2pm, the deviation of the real distribution compared
to the model might be even larger. The removal of smaller particles than the expected
cells necessitates the application of a higher shear rate y,,.

to the feed at the maximum TMP for multiple hours, and especially the
8 pm membrane is already heavily blocked internally. In contrast, the
base permittivity of a fresh 8 ym membrane is significantly higher than
the membranes with smaller pores for the flux of pure water.

Fig. 10(d) illustrates the relationship between the filtrate flux with
respect to the ratio of the shear drag force to the filtration force. A
clear trend is evident that the filter flux is greater for higher force
ratios. However, no distinct inflection point can be identified that
would suggest the existence of a specific force ratio, or static friction
coefficient, at which particles clearly detach from the membrane. This
is likely due to the broad size distribution of the cells and pores in
reality. Moreover, the rotational speeds are separated horizontally,
indicating that the shear drag force F, is underweight in the model
or the filtration force Fpy;p is overweight.

4.2. Reference system comparison

To facilitate a comparative analysis of the spinfilter and the passive
TFF flat plate filter, it is necessary to present the measurement data
in a different format. Instead of the TMP on the horizontal axis, the
rotational speed w or the shear rate y,,, respectively, is plotted on the x-
axis in Fig. 12(a), while the TMP is binned into discrete levels. The filter
flux is normalized for each discrete TMP step, which permits a direct
comparison between the operational points. This representation again
corroborates the model’s flux prediction: at low TMPs, such as 0.1 bar,
the shear rate exerts a negligible influence on filter performance, as
few particles are deposited on the membrane at this filtration force. At
higher TMP however, a greater shear rate is required to remove the
retained particles from the membrane, resulting in an increase in filter
flux at higher shear rates.

The inset shown in Fig. 12(b) presents a direct comparison between
the spinfilter and the flat plate filter module. First, it is evident that the
passive TFF module is unable to reach the high shear rates achieved by
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the spinfilter, as the maximum retentate flow rate Q. ji,, = 15L min™"
is constrained by the feed pump power limitation. Therefore, the region
where the shear rate begins to affect the filtration performance cannot
be accessed.

The clear, quantitative difference, despite the same average TMP
and shear rate on the membrane of both filter modules, is explained
by the fact that a large pressure difference of over 0.5bar occurs in
the passive TFF module over the rectangular channel length at high
retentate flows. As a consequence, the filter membrane is subjected to
highly unequal loading. Close to the feed inlet of the filter, the TMP is
excessively high, resulting in the majority of particles adhering to the
membrane and severely restricting the filter flux locally. Conversely,
on the retentate side of the membrane, there is virtually no TMP
remaining, leading to a similarly low filter flux on this region of the
membrane. Only a narrow zone of the flat plate filter membrane in
the center with respect to the feed flow direction is subject to the set
conditions, whereas in the spinfilter, the whole membrane surface is
loaded equally. The quantitative advantage of the dynamic membrane
over the static membrane can therefore be expressed as the ratio
between the filtrate fluxes, which is greater than threefold.

4.3. Hemolysis

A potential application of the spinfilter is the continuous separation
of proteins from cell cultures during perfusion. The cells are to be
retained by the filter and returned to the bioreactor, while the produced
proteins and antibodies shall be separated and forwarded to the down-
stream process. It is essential that the live cells survive the separation
process and are able to continue production. In this study, hemolysis
tests of the spinfilter and a reference hollow fiber filter quantify the
degree of cell damage caused by hydrodynamic stress during cross-flow
filtration.

The results for the separation of red blood cells from the undiluted
bovine blood are presented in Fig. 13(a). Curiously, the filtrate flow
in the hollow fiber filter demonstrates a decline with an increasing
shear rate. This phenomenon likely originates from the high viscosity
associated with the particle concentration at a hematocrit Ht = 41%,
which results in a considerable pressure drop along the length of the
hollow fibers. In addition to the static viscosity of the blood, shear
thickening effects of the non-Newtonian fluid amplify this effect.

The degree of cell damage is quantified by plasma-free hemoglobin
(PFH) per volume filtrate in Fig. 13(b), where the spinfilter demon-
strates a notable reduction in cell damage compared to the hollow fiber
filter. At lower shear rates, where the majority of retained particles
remain attached to the membrane, the degree of cell damage exhibits
a linear behavior. However, once the shear drag force is sufficiently
high to detach the red blood cells from the membrane, the efficiency is
enhanced significantly. Consequently, the same volume of filtrate can
be filtered in a shorter time, thereby reducing the exposure time of the
cells to the filtration process. Operating the spinfilter at high speed
not only reduces the overall separation process time but also improves
the cell viability per volume of filtrate at the optimal operating point.

For diluted blood, where the cell concentration assumes a realistic
value also encountered in perfusion [14], the shear rate, as illustrated
in Fig. 14(a), no longer exerts a filtrate flow reducing effect for the
hollow fiber filter. However, the filter performance does not exhibit a
notable increase either.

With regard to cell damage in Fig. 14(b), the photo-spectrometric
signal in diluted blood is considerably weaker, and measurement errors
contribute to substantial relative inaccuracies. Particularly at low shear
rates, no definitive conclusion can be drawn for the degree of cell
damage in both filter modules.

At higher shear rates, however, a trend similar to that observed
for undiluted blood emerges. The enhanced filter performance in the
spinfilter effectively offsets the increased cell damage rate due to the
higher shear stress. Therefore, the relative cell damage per volume
filtrate is significantly lower compared to the hollow fiber filter with
a shorter process time.
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Fig. 10. Measurement results for all membranes with different pore sizes are plotted against the TMP for discrete levels of the rotational speed w, and thus shear rate y,,. (a)-(b)
For the membranes with d,,. = 0.2pm and d,,,, = 0.8 pm, the filter flux increases with TMP until the particles cannot be removed by the specific shear rate ,, anymore. For higher
Ym» the approximately linear dependency of the filter flux on the TMP continues for a wider range. The membrane with the larger pores allows for a generally higher flux. (c)
The rotational speed and shear rate has no meaningful influence on the filter flux of the membrane with d,,,. = 8 pm. Since d,,,. > d,, the particles can easily enter and internally
block the membrane, where they are no longer affected by the superficial shear rate. Despite the large pore openings compared to the other membranes, the filter flux is an order
of magnitude smaller. Curiously, the filtrate has still shown a purity that is indistinguishable from the other experiments. (d) The filter flux for the membrane with d,,. = 0.8 pm is
shown on a logarithmic scale in dependence of the force ratio between Fryp and F,. It is evident that a higher force ratio leads to a higher filter flux, but the horizontal separation
of the operation points with respect to the membrane shear rate y, indicates some deficiencies in the model. Without any pore and particle size distributions, a sharp bend is
expected, where the bending point would indicate the friction coefficient i;,. However, due to the wide particle size distribution, any potential particle detachment condition is
heavily attenuated.

4.3.1. EDR simulations contingent on the production process. Close to the permissible EDR
A comparison of the simulation results on the membrane shear rate limit, higher membrane shear rates y,, are possible for larger gaps g.
isolines for different gap widths shows that a wider gap g leads to a Nevertheless, a greater gap results in a larger fluid hold-up volume
lower total EDR in the spinfilter at higher shear rate levels, as illustrated outside the bioreactor, which is typically undesirable in bioprocessing
in Fig. 15. equipment. Especially for low-volume applications such as patient-
Given that an elevated shear rate on the membrane has been demon- customized therapeutics, the volume in any filter must be kept small.
strated to result in enhanced filter fluxes, the optimal operational It should be noted that for lower membrane shear rates y,,, the
point of the rotational filter is at the limit, where cell responses are increased fluid volume at wider gap widths leads to higher EDR results.

triggered. Whether this limit is the lethal or sub-lethal response is This trend might indicate that the distribution of the shear rate is less

10
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Fig. 11. A cross section of the membrane with pores d,,. = 8pm is analyzed by a
scattering electron microscope, where many retained particles within the pore structure
of the membrane are found and indicated in red. Note that the membrane has been
air dried after the filtration experiment with yeast. Therefore, the yeast particles have
shrunk considerably and appear smaller than their size during the filtration tests.

favorable for larger volumes. Alternatively, the EDR calculation method
might need improvement with a weighting matrix W, (VUel) dependent
on the strain tensor itself.

5. Conclusion

A bearingless spinfilter shall be operated at the optimal operating
point with respect to the TMP and the shear rate y,,, at the membrane
surface. CFD simulations allow for the precise calculation of the shear
rate y,, and the EDR distribution within the rotating annular gap. The
simulation results are validated with experiments and compared to
literature. A particle force model adapted for the spinfilter is capable
of predicting the detachment condition of retained particles. This can
then be employed to predict the filter flux through the membrane.
Three open scalar parameters are adapted to the measurements for this
purpose: the static friction coefficient A;., the constant surface energy
force Fage, Which depends on the chemical nature of the membrane
and the components of the suspension, and the slope of the cumulative
particle detachment probability, which depends on the size distribution
of the particles and membrane pores. Given the considerable range
of particle sizes that are typical of biotechnology suspensions, the
effects of the model are significantly attenuated. Nevertheless, the
model demonstrates robust predictive capabilities with regard to the
behavior of the filter, provided that the particles in question are of a
size significantly larger than that of the membrane pores.

A spinfilter prototype, actuated by a bearingless motor and equipped
with an integrated lip seal between the feed and filtrate, is employed
to conduct experimental measurements with a yeast cell culture and
bovine blood, with the objective of determining the optimal operating
point. In general, an increase in the filter flux is observed with an
increase in both the TMP and the shear rate y,, on the membrane.
Additionally, the ratio of these two values plays a significant role. Since
mammalian cells (d, = 15um to 20pm) are significantly larger than
yeast cells, the filter mechanics are also affected by other cells, the
filter dynamics are also affected in two ways. First, it was shown that
the pore sizes d,,,,. must be smaller than the particle diameter d, to
avoid internal pore blockage in the interior of the membrane. Larger
suspended particles will allow for membranes with larger pores, which
generally increases the base membrane flux, and thus the filtration
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Fig. 12. (a) The spinfilter flux measurements for the membrane with d,,. = 0.8um
are plotted against the rotational speed, or the shear rate y,,, respectively, while the
TMP at each measurement point is binned in discrete steps of 0.1bar. An increase
of the shear rate y, leads to an increase in filter flux for higher TMPs, where the
higher shear rate allows to remove even the smaller, retained particles. On the other
hand, for lower TMPs such as 0.1 bar, most of the particles are already removed at
the lowest rotational speed with y,, = 3000s™! of the experiment, thus the higher shear
rates show no additional effect on the flux. (b) The spinfilter is compared to the flat
plate reference filter module. First, the maximum shear rate in the flat plate filter
is limited to approximately 20000s~! due to power limitations of the feed pump
at O jim = 15 Lmin~!. Thus, the region where the membrane shear rate y,, shows a
significant effect on the filter flux in the spinfilter cannot be reached in the reference
filter. Moreover, a huge pressure drop over the length of the module is observed, which
leads to a highly uneven load distribution on the membrane. The result is a reduced
filter flux of a factor of approximately threefold.

performance. Moreover, larger particles are quadratically affected by
the shear drag force f,, while the orthogonal forces scale with the
pore size d, only. According to the particle force model, the expected
permeate flow for mammalian cells is therefore higher than with the
yeast cell culture.

Hemolysis tests demonstrate that the optimal operating point of
the spinfilter must not be determined exclusively on the basis of the

filter flux, but also on the distribution of the shear rate in the annular
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Fig. 13. Bovine blood is filtered with both the spinfilter and the hollow fiber filter of

equal nominal pore size d,,. = 0.2 pm at a constant (average) TMP = 0.7 bar. (a) Similar

to the yeast experiments, the spinfilter flux increases with increasing membrane shear
rate y,,. However, the contrary is observed for the hollow fiber module: Due to the
high particle concentration of undiluted blood with a hematocrit Ht = 41%, the fluid
viscosity is high and non-Newtonian, which leads to a large pressure drop for higher
retentate flows Q,., and thus uneven membrane loading, over the length of the fibers.
Ultimately, this reduces the total filter flux for higher shear rates y,. (b) The plasma-
free hemoglobin (PFH) per volume filtrate is compared for both filter types, which
indicates the degree of hydrodynamic stress on cells. For the hollow fiber filter, a higher
shear rate leads to higher levels of cell damage. For the spinfilter, the same effect is
observed for an increase in rotational speed ®, however, once the particle detachment
region is reached, the filter flux scales faster than the degree of cell damage, which
leads to a reduction of cell damage per volume filtrate. Additionally, the process time
at the operation points of higher shear rates lead to shorter process times.

gap. It is crucial to generate exactly the required shear rate on the
membrane surface for a given TMP in order to separate cells from the
produced proteins as gently as possible. Any deviation from the optimal
operation point leads to unnecessary hydrodynamic stress on the cell
culture. The spinfilter can separate red blood cells from blood plasma
with less cell damage in a shorter process time when operated at the
optimal rotational speed and TMP compared to a hollow-fiber filter
based separation process.

Using the calculated EDR for the spinfilter in a comparison with
measurements from the literature, it is possible to determine the max-
imum permissible rotational speed w for biotech-relevant cell cultures
such as CHO cells. For the spinfilter prototype with a gap width g =
1.5mm, the spinfilter rotational speed w is limited to 2000rpm to
avoid a change in glycosylation pattern for a commonly used CHO cell
culture. Since this limit is specific to the cell culture, new measurements
would have to be conducted for other applications of the bearingless
spinfilter in biotechnology.
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Fig. 14. The hemolysis test is repeated for diluted blood with a hematocrit Ht = 10%,
which reflects the typical particle concentration encountered in perfusion. (a) Again, the
spinfilter flux increases with a higher shear rate on the membrane. For the hollow fiber
filter, the flux is approximately constant, indicating still a highly uneven membrane
loading, even though the pressure drop over the fiber length is reduced compared to
the undiluted blood. (b) The degree of cell damage in the hollow fiber filter application
behaves similarly to the experiment with undiluted blood, where higher membrane
shear rates y,, lead to more free hemoglobin in the blood plasma. For the spinfilter,
an increased level of hydrodynamic stress in approximately compensated by the more
efficient filtration process at higher rotational speeds w. However, the relative error
of the spectral absorbance measurement is larger for the diluted blood, leading to less
robust results.
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Fig. 15. The cumulative EDR for different gap widths g shows that a wider gap leads
to less hydrodynamic damage on the cells for the same flow conditions directly at the
membrane, given by the shear rate y,,. While all simulation points are clearly below
the lethal responses reported in [34], a stricter limit of a shifted glycosylation pattern
of CHO cells at EDR = 6.4 x 10 Wm™. Additionally, an example of the flow-weighted
EDR is given for the gap width g = 1.5mm, which is shown to be almost an order of
magnitude lower than the unity-weighted calculation.
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