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1 | INTRODUCTION

Peter Satzer! | Alois Jungbauer? | Astrid Dirauer?

Abstract

Parameter estimation for scale-up of downstream operations from microtiter plates
(MTPs) is mostly done empirically because engineering correlations between mi-
croplates and stirred tank reactors (STRs) are not yet available. It is challenging to
change the operation mode from shaken MTPs to large-scale STRs. For the scale-up
of STRs, volumetric power input is well-established although it is unclear whether
this parameter can be used to transfer the operations from MTPs. We determine the
volumetric power input in MTPs via the temperature increase caused by the motion
of the liquid. The hydrodynamics in MTPs are studied with computational fluid
dynamics (CFD). Mixing is investigated in 96-, 24-, and 6-well MTPs to cover dif-
ferent geometries, filling volumes, shaking diameters, and shaking frequencies. All
CFD simulations are validated by experimental results, which now allows prediction
of the volumetric power input and hydrodynamics at various conditions in MTPs
without the need for further experiments. We provide a map of the power input
achievable in MTPs. Based on this map, from knowing about large-scale conditions,
adequate microscale conditions can be adjusted for process development. This en-
ables the direct scale-up of downstream unit operations from MTPs to STRs.
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studying strategies to implement affordable unit operations while
maintaining high product yields and purity. One operation of choice is

Efficient scale-up of up- and downstream processing unit operations
is upon the most crucial requirements for successful process devel-
opment and transfer. Downstream operations dominate production
costs in the production of biopharmaceuticals (Amanullah
et al, 2003), with protein A chromatography being the most ex-
pensive component, as well as being the bottleneck of the manu-

facturing scheme (Somasundaram et al., 2018). Process engineers are

typically precipitation, which is very efficient for the primary recovery
of antibodies (Hammerschmidt et al., 2016; Satzer et al., 2020).
However, the efficient scale-up of such unit operations is not
straightforward. On the microscale, microtiter plates (MTPs) are in-
creasingly used for high throughput screening (HTS) during process
development in both upstream and downstream processing of bio-
pharmaceuticals (Diederich et al., 2015; Effio & Hubbuch, 2015;
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Feliciano et al., 2016; Hubbuch, 2012; Micheletti & Lye, 2006;
Moreno-Gonzalez et al., 2021; Schulze Wierling et al., 2005). They
allow experimentation in a parallel fashion while reducing material
consumption and enable high flexibility for the selection of operating
conditions. However, the transfer from microscale to large-scale
usually encounters challenges based on the change of the operation
mode. In MTPs, mixing is mostly achieved by shaking, whereas in
larger scale systems, it is usually achieved by stirring. This change in
the mixing mechanism affects the hydrodynamics of the different
scales. If we also consider continuous processing, there will even be
other systems for mixing in place, for example, static mixers in tubes.
Constant stirrer tip velocity, constant geometry, constant height/
diameter, constant ratio of stirrer diameter to reactor diameter or
volumetric power input are preferred engineering characteristics for
scale up of STRs (Costes & Couderc, 1988). If it comes to the scale up
from shaken small-scale systems such as shake flasks and MTPs to
STRs those rules cannot be directly applied.

To overcome these limitations different approaches have
been established for scale up of fermentation and cultivation
processes as they were traditionally developed in shaken flasks.
Biichs et al. (2000) established the dimensionless Phase number
(Ph), the related Reynolds number (Re), and a minimum Froude
number (Fr) of 0.4 as engineering characteristics for mixing in
shaken flasks. Ph considers the ratio of the shaking diameter and
the working volume to the inner diameter of the reactor and gives
Ph>0.91 as the characteristic for the “in-phase” conditions which
verifies homogenous flow and optimal mixing (Azizan
etal., 2019). However, it does not seem to be the only criterion to
ensure in-phase conditions, as Ducci and Weheliye (2014) con-
sidered that the in-phase conditions are dependent on the posi-
tioning of the velocity vector rather than the Ph number.

Another established parameter for scaling up fermentations and
cell cultivations is by maintaining a constant oxygen transfer k,a, as
shown previously (Doig et al., 2005; Wutz et al., 2018). Here, the
critical shaking frequency, ni was established for 96-well MTPs
which allows for careful adjustment of the conditions in those sys-
tems to optimize the oxygen transfer (Hermann et al., 2003). How-
ever, this parameter is not relevant for most downstream operations.
Other approaches, such as conservation of mixing time in individual
wells can also be used for the scale-up of mixing-dependent pro-
cesses. Li et al. (2020) studied the mixing time in two different
geometries, circular and square, of a 24-well MTP. They developed a
strategy based on the natural frequency, enabling a comparison be-
tween their results and those obtained previously by Rodriguez et al.
(2013) in large shaken reactors.

As constant volumetric power input as a strategy for the scale-up
of STRs via the correlations of the Power number (Ne) and the
Reynolds number (Re) is a common standard (Nienow, 2014), Blichs
et al. (2000) have established modified Re and Ne values for shake
flasks to allow a similar approach for those systems. Those modified
numbers consider the inner diameter of the reactors as well as the
working volume as impact factors on the mixing conditions (Biichs
et al., 2000). They do not take the shaking diameter into account.

We propose a strategy to use power input as a scale-up para-
meter in combination with the evaluation of hydrodynamic condi-
tions, extending this feature to shaken MTPs for the direct scale-up
of unit operations involved in downstream operations.

We have recently determined the power input in MTPs with a
clay/polymer flock system which correlates the floc destruction ki-
netics with the hydrodynamic stress (Durauer et al., 2016). Here, we
have also established a calorimetric method for the determination of
the temperature increase caused by mixing in the individual wells as a
reference method. Both methods determined the power input in the
MTPs and were applied to three different geometries, 96-, 24-, and
6-well. We concluded that it is impossible to use volumetric power
input only for direct scale-up from MTPs to STRs due to the changes
in shear stress values between shaken MTPs and larger stirred ves-
sels. To establish a strategy based on volumetric power input from
MTPs to STRs, it would be necessary to determine the impact of
different variables on the power input in more detail to determine the
operation conditions of MTPs for process development. Further in-
vestigations of the fluid dynamics in MTPs would have been
necessary.

We hypothesize that the shaking diameter has an impact on
the power input and shear stress in shaken MTPs. We have
therefore expanded our investigations on the mixing in MTPs,
relating the inner diameter, the shaking frequency, the shaking
diameter, and the filling volume to the power input determined by
calorimetry. The use of computational fluid dynamics (CFD) al-
lows for the characterization of the hydrodynamic phenomena in
shaken MTPs (Salek et al.,, 2012; Wutz et al.,, 2018; Zhang
et al., 2008). Previous investigations were conducted in
the context of characterization of cell cultivation, but not in the
context of downstream processing for the characterization of
the motion of precipitates or other components required for se-
paration processes. We therefore used CFD simulations to pro-
vide a better understanding of the hydrodynamics in the shaken
MTPs. The aim was to obtain data for MTPs to generate an en-
gineering correlation for a direct scale-up of downstream op-
erations such as precipitation or flocculation from shaken MTPs
to STRs.

2 | MATERIALS AND METHODS

2.1 | Calorimetric measurements
Three different MTPs, 96-, 24-, and 6-well plates, were used for the
experimentation. All were clear, flat-bottomed polystyrene plates
(ThermoFisher). The dimensions of the MTPs and the shaking con-
ditions can be found in the Supporting Information Material. Two
different orbital shakers were used: for the 3 mm diameter, a Ther-
momixer™ comfort (Eppendorf); for the 25 mm diameter, a Multitron
(Infors HT).

The calorimetric determination of the temperature increase of

the liquid needs adequate insulation to avoid fluctuations due to the
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ambient temperature. The different MTPs were covered with a
SealPlate® film (Sigma Aldrich) and placed inside a housing device
manufactured by University College London (UCL). The housing
consists of two parts: a body and a cover; MTPs are placed inside the
body and the cover is placed on top. Two holes in the cover directly
lead to two different wells from the MTPs, so the temperature of the
well can be read directly with a temperature sensor. To insulate the
system, the housing was covered with a 10 cm layer of Armaflex®
(Armacell) and placed inside a Styrofoam™ box. The covered housing
was placed on the shaker and left working for 12 h to reach entropic
equilibrium (Dirauer et al., 2016). The temperature was tracked with
SQUIRREL LOGGER 2010 (Grant Instruments) and was recorded
every 10s. PT100/4-L sensors (GREISINGER Electronic) were placed
inside the individual wells. Temperature measurements were taken in
three different positions: one outside the housing device to record
the ambient temperature, the second placed inside an empty well to
record the heat from the engine of the shaker, and the third inside a
well filled with water. A schematic depiction of the device is shown in
the Supporting Information Material. The recorded increase of tem-
perature in the empty well was used to make corrections on the
increase of temperature as calculated by Raval et al. (2007)

(Equation 1):

dr
meE =

UA(T.-T) + P, (1)
where m is the mass of the liquid in kg, C,, is the heat capacity of the
liquid in J/(kg-K), U is the overall heat transfer in W/(m?°C), A is
the area of exposure in m?, T is the liquid temperature in °C, T, is the
temperature of the engine in °C, and P is the heat generated from the
motion in W. The power input can be obtained from the increase in
temperature in the filled well with a correction from the value ob-
tained in the empty well. This was calculated by determining the
slope of the constant temperature increase of the liquid and cor-
rected by obtaining the energy from the engine. The energy from the
engine was calculated via the overall heat transfer coefficient
(U =2.10 W/(m?°C)), the area of exposure of the well and the tem-
perature of the engine.

To determine the range of operation for the shaken wells, two
limits were needed. The lower limit was defined by Hermann et al. as
the critical shaking frequency (2003). This is the shaking frequency at
which the mixture inside allows for a motion of the surface, enabling

an adequate mixing (Equation 2).

- | o di
crit 4JTVIDdo )

(2)

1 o is the surface

where ng; is the critical shaking frequency in s~
tension in N/m?, d; is the inner diameter of the well in m, V, is the
volume of liquid in m3, and d is the shaking diameter in m. The upper
limit is determined by the highest shaking frequency at which the

liquid is not spilled.

BIOTECHNOLOG WILEY 525
BIOENGINEERIN

The constant Froude number has been used previously for
scaling up mixed systems. We used it to compare the different in-
vestigated shaking conditions by the normalized Froude number as
established by Tissot et al. (2010):

o2l @
dixg

where n is the shaking frequency in s™* and g is the gravity in m/s2. In
this definition, both the shaking diameter (do) and the diameter of the
well (d;) are considered. Several differentiations have been developed
for the study of the axial and radial Fr (Blichs et al., 2000; Weheliye
et al., 2013).

Biichs et al. (2001) described a state in which shaken flasks ex-
hibit “out-of-phase” conditions. These are met when the Froude
number is below 0.4 and the Phase number, Ph, is below 1.26. The Ph
was later adjusted to 0.91 (Azizan et al., 2019). It can be calcu-

lated via:

d (2nn)p 42 \
Ph = F‘? 1 + 3,logso T*T'* 1- \/‘1 -
|

ERES

According to the established working conditions, none of our
experiments in the MTPs would have a value lower than 0.4 for the
Froude number, hence, the determination of whether they are in-
phase according to this criterion is dependent on whether they reach
a value of 0.91 for Ph.

22 | CFD

The CFD simulations were performed using Star-CCM+ V.12.02.011
(Siemens). All the simulations were performed for individual wells of
MTPs using the trimmed mesh technique. To implement a laminar
behavior the geometry was subdivided into 2.5 x 10° cubic elements,
as shown by Wutz et al. (2018), enabling adequate modeling and
reproduction of the experimental results. Simulations with coarser
meshes were performed to try to reduce the computational time, but
they did not fully model the motion of the wells. The chosen model is
the volume of fluid (VOF) model, which allows for the adequate
capture of the free surface in these simulations. This method assumes
that the fluid phase domain is simply connected without interaction
between them (Salek et al., 2012). The conservation equations are

obtained from the Navier-Stokes model:

ap oy
Fri V+(pv) = 0, (5)

3(pV)
at

+ V-V V) = -Vp + V(uVV) + pg + F,, (6)
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where p, t, v, and F;, are the pressure in Pa, time in s, velocity in m/s,
and surface tension force in N/m>, respectively. For the interface, the
resolution is performed with a modification of Equation (6), which

implements the volume fraction of the phases:

1| d(aip)

ol ot + V{aipivi)| = 0, (7)

where a is the volume fraction of the phase and i refers to the studied

phase. The sum of both fractions needs to fulfill the condition:

20 = 1. (8)

This allows for the determination of the fraction for each of the
components by only knowing some of them. With such conditions,
the density and viscosity of the mixture at the interface can be
calculated as:

p =ap.p + (1 - aype, 9)

M= apsy + (1 - )kl (10)

The well undergoes a circular motion as it circulates an estab-
lished orbit implemented by the platform of the shaker. The re-
ference frame for the motion is described with a Cartesian coordinate
frame placed at the distance of the orbital diameter from the center
of the well and a cylindrical coordinate frame placed in the center of
the well. The z-axis is reserved for the vertical axis, with the grav-
itational force occurring in its negative direction. The movement is

described as:

Vy doQ cos (Qt)
v=|%]|=[dyQsin (Qt) |, (11)
\73 0

where @ is the angular velocity in rad/s. The motion of the mesh is
inserted with the use of the moving mesh instead of the moving
reference frame, as it allows for better convergence and reduces the
computational time for the solution (Wutz et al., 2018). The volu-
metric power input is calculated with the viscous energy dissipation
(Zhang et al., 2008). The energy dissipation is calculated with the
gradients of velocities within the system:

AN EAS (avzf
¢V—2I(6x] +(c’iy * 0z
v, ol fow [

ox 0z ay 0z

o, wf
dy ox

(12)

with ¢y as the energy dissipation of the system in s 2. The volumetric

power input can be obtained by applying such terms as:

P _ Jymddv

v v (13)

The calculation of the volumetric power input in the simulations
is performed by implementing a threshold with the volume fraction of
the water and correcting Equation (13) with the addition of the phase
fraction inside the integration Wutz et al. (2018):

vdVv
P _Jawd,dv. 14
\% \%

CFD always requires validation by experimental data. This vali-
dation is done by comparing the values of the volumetric power input
obtained from calorimetric experiments to those determined by the
CFD simulations.

The definition of energy dissipation was stated above in
Equation (12) as the addition of the different gradients of velocities in
the motion of the fluid. One term linked to this parameter is the shear

rate and shear stress. The definition of the shear rate is:

[ 2

_ )P (9v (avZ ]2

v= ’[Z(BX] +[6y * 0z

NV r v, avy
ax

o, o)
ay ox

with y being the shear rate in s™1. This parameter is used for the study

of the velocity gradient and the distribution of the energy dissipation.

2.3 | Volumetric power input in STRs

In this approach, the power required on the large scale is used to
calculate Ne, which then makes it possible to obtain the corre-
sponding Reynolds number, Re, from the tabulated curves (Amanullah
et al., 2003). With these values, it is possible to determine conditions
at different scales (Nienow, 2014).

n D?
Re = T'p, (16)
p
N, = D5’ (17)

“1, D, is the diameter of the
impeller in m, p is the density of the fluid in kg/m?, it is the dynamic

where n is the stirring frequency in s

viscosity in Pa-s, and P is the power in W.

3 | RESULTS AND DISCUSSION

The volumetric power input was determined by calorimetric mea-
surements and related to the shaking frequency, the inner diameter
of the well, the shaking diameter, and filling volume. For a better
understanding of the results, the same motion was simulated using

CFD to obtain the hydrodynamics.
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3.1 | Calorimetric measurements

For the calorimetric measurements, determined with the temperature
increase in shaken MTPs upon mixing, one important consideration is
the possible evaporation of water over time and the impact of the
ambient temperature in the well, as a measure for the quality of
insulation. The latter measurements, the ambient temperature, and
the temperature inside the wells were measured without any motion
for 12 h, which was the typical duration of one experiment. The re-
sults showed deviation in the ambient temperature over time which
did not translate to the temperature measured inside the well.
Therefore, it is assumed that the heat transfer from the ambient
temperature to the water can be neglected. Evaporation was studied
using a method as described by Sieben et al. (2016), which uses a
solution of pH indicator and implies the measurement of the absor-
bance to determine the amount of liquid that has been evaporated.
Two more methods, visual and weight, were used to validate the
results from the absorbance measurements. This was performed by
observing the initial and final height, as well as the weight of the

MTPs before and after the process. Overall, the maximum loss of
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water over time was 2%, thus it was assumed that the impact of
evaporation can be ignored.

As already reported (Durauer et al.,, 2016), the increase of
temperature caused by the mixing in the MTPs followed a con-
stant increase until it reached the equilibrium value of entropy,
leading to constant values of temperature over time (Figure 1).
The volumetric power input was calculated from the slope of the
linear increase, which displayed a constant value of the energy
dissipation (Ducci & Weheliye, 2014). The working conditions for
the different wells can be found in the Supporting Information
Material. Independently of the size of the individual well, a higher
shaking frequency led to a faster temperature increase and higher
equilibrium temperatures (Figure 1a-c). Higher shaking fre-
quencies led to higher velocities of the liquid. These eventually
led to a greater gradient of velocities, thus, a more significant
amount of energy dissipation, causing a higher temperature in-
crease. For the 96-well microplate, the volumetric power input
increased from 31 to 190 W/m?® when the shaking frequency was
increased from 600 to 1000 rpm on an orbital shaker of 3 mm in

diameter (Figure 2a).
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FIGURE 1 Temperature increase for individual wells of three microplates on a 3 mm shaking diameter and increasing shaking frequencies:
96-well (a), 24-well (b), 6-well (c) microtiter plates and comparison of the temperature increase for individual the wells of 96- and 24-well

microplates at shaking frequencies of 600 and 700 rpm (d)
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FIGURE 2 Comparison of volumetric power input obtained by
calorimetric measurements and CFD simulations for individual wells
of 96-, 24-, and 6-well microplates on increasing shaking frequencies
for two different shaking diameters: 3 mm (a) and 25 mm (b). CFD,
computational fluid dynamics

Additionally, a significant impact of the geometry of the micro-
plate on the volumetric power input was found. The increase of
temperature was more prominent in the 96-well plate than the
24-well plate, at 600 and 700rpm on the 3 mm orbital shaker
(Figure 1d). The volumetric power input determined on this shaker at
600 rpm was 31, 15, and 9 W/m?® for the 96-, 24-, and 6-well plates,
respectively (Figure 2a). As the inner diameter increased from 96- to
6-well plates, the volumetric power input decreased. One reason
might be higher friction in the 96-well plate compared with the 24-
well plate, since the surface-to-volume ratio is higher in the 96-well

plate. For 96-well plates, this ratio was calculated to be 755m™2,

while it was 506 m™!

in a 24-well plate. The contact with the walls
creates a gradient of velocities between the wall and the neighboring
regions due to friction. This gives a possible explanation for why the
increase of temperature in the 96-well plate was higher than in the
24-well plate (Durauer et al., 2016).

Figure 3 shows different values of volumetric power input for

different Phase numbers Ph in different wells on shakers with
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FIGURE 3 Volumetric power input versus Phase number for
three different wells, 96-, 24-, and 6-well under two different shaking
diameters, 3 and 25 mm, with the establishing of a frontier between
the out-of-phase and in-phase conditions

different shaking diameters. Biichs et al. (2001) stated a decay in the
power input when they were in out-of-phase conditions. Figure 3
displays the results for the 96- and the 24-well plates in the in-phase
area. The lack of in-phase conditions might also be a reason for the
low values of power input. However, it cannot be the only reason
because some working operations for the 24-well plate have the
same volumetric power input and are in-phase.

Previous results regarding the impact of shaking diameter on
volumetric power input have been contradictory. While Biichs et al.
(2000) did not find a correlation between the power input and the
shaking diameter, our previous investigations indicated an increase of
power input with an increase of the shaking diameter based on the
clay floc destruction kinetics (Durauer et al., 2016). These were also
aligned with the findings of Zhang et al. (2008). Therefore, we ex-
tended our investigation to measurements of the temperature in-
crease in MTPs on a 25 mm orbital diameter. The experiments were
compared according to their similar Froude number. In this case, the
selected conditions for the 96-well plates were 600 rpm on the 3 mm
shaker (Fr=1.20) and 175rpm on a 25 mm orbital diameter shaker
(Fr=1.15). These were the conditions leading to the closest Froude
numbers possible in these two systems using the Froude number
equation (Equation 3). The observed trends showed a higher increase
of temperature for the higher shaking diameter (Figure 4), increasing
the volumetric power input to 96 W/m?® for a shaking diameter of
25mm compared with 31 W/m® on the 3mm shaker. The results
obtained for all the MTPs on the 25mm shaker are shown in
Figure 2b. These results show that the conservation of the ratio
between flow velocity and the propagation of the waves at different
conditions, as indicated by the conservation of the Froude number
(Equation 3), might not be enough to maintain the same volumetric
power input when shaking on different shaking diameters. Rather, it
might be the difference of linear velocity in the wells that leads to a
higher gradient on the walls for larger shaking diameters, granting the
more pronounced increase of temperature and, thus, a more
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FIGURE 4 Temperature increase in an individual well of 96-well
microtiter plate on a 3 mm shaking diameter and shaking frequency
of 600 rpm and a 25 mm shaking diameter and a shaking frequency of
175 rpm. Conditions were chosen according to the similar Froude
number

significant volumetric power input for the 25 mm orbital diameter.
The limitations of the working operations with the different wells,
however, could not guarantee reaching an optimum, thus missing

possible opportunities for the design of purification steps.

32 | CFD

In addition to the results obtained by the calorimetric measurements,
the hydrodynamics in the shaken MTPs must be understood to allow
an engineered scale-up to large and/or continuous mixed systems.
Our previous results obtained by the clay floc destruction method
gave the first insight into the shear stress in the MTPs. The use of
CFD simulations allows us to understand the hydrodynamics in dif-
ferent types of systems and can be utilized to study the flow patterns
of the MTPs. These can give useful insights into how the system

behaves and how it can be optimized.

3.2.1 | Validation of simulations

CFD simulations always require experimental validation to demon-
strate adequate modeling. Therefore, the volumetric power input
results obtained from the CFD simulations were compared with
those calculated by the calorimetric measurements (Figure 2). All
the performed simulations were carried out for laminar flow con-
ditions. The observed results from CFD are in good agreement with
the results obtained from the calorimetry, with only minor devia-
tions occurring in the extreme conditions of the shaking frequencies
—below 400 rpm and higher than 800 rpm—on the 3 mm shaker
(Figure 2a). Although the system is always in laminar flow, CFD
usually has limitations for certain conditions of the motion, espe-
cially when treating larger scales (de Lamotte et al., 2018). Good

BIOTECHNOLOG WILEY 529
BIOENGINEERIN

accordance between the CFD simulation and experimental data is
essential to perform simulations at conditions outside the actual
working space of the MTPs and evaluate their impact without the
need for further experiments. The inner diameter of the wells, for
example, cannot be adjusted freely in an experimental setup, but
CFD can simulate their theoretical impact on the power input. With
this validation, the simulations are adequate to study the hydro-
dynamic effects produced within the wells. One of the studied
features refers to how the increase of temperature is related to the
motion of the fluid, as stated above. The results obtained from
shaken MTPs at 25 mm orbital shakers are in the range of those
determined in shaken flasks, which are usually between 100 and
1000 W/m? (Peter et al., 2006). However, our results do not reach
the higher values due to the operating limits as mentioned above,
leading to a limitation of the MTPs to cover operations that require

volumetric power input higher than 250 W/m?.

3.2.2 | Shear rate and linkage with calorimetry

Figure 5 displays the heat map of shear rate for an individual well of a
96- or a 24-well MTP shaking at 600 rpm (A, B) or 800 rpm (C, D) on a
3 mm orbital shaker. These conditions were selected because of the
significant difference in volumetric power input between them, al-
lowing for a better analysis. There is a direct relation between shear
rate and energy dissipation, as shown by comparing Equations (12)
and (15), so the increase of shear rate means a direct increase of
energy dissipation. The impact of the inner diameter of the well on
the energy dissipation can be observed from the comparison of
Figure 5a with 5b and 5c with 5d. The heat map shows differences
between how the gradient is distributed inside a well of a 96- and a
24-well plate. As already determined by the temperature measure-
ments, values of energy dissipation rise with the increase of shaking
frequency. The significant impact of the shaking diameter on the
hydrodynamics and energy dissipation in the well is shown by the
CFD simulations (comparing Figure 5a with 5e). A more in-depth
observation was performed by obtaining the heat map and velocity
contour of a transversal cut through the wells made at a fifth of the
height of the liquid when the system did not undergo any motion (see
Figures in the Supporting Information Material). The obtained results
display areas with larger values of shear rate for the 96-well plates
than the 24-well plates, leading to the larger values of volumetric
power input. These results, however, show the velocity contours of
the 96-well plate pointing in different directions, even creating cer-
tain toroidal vortexes for the 25 mm orbital diameter. The results
from Figure 3 show that, according to the Phase number, these
systems should be in-phase. Nevertheless, the discussion by Ducci
and Weheliye (2014) seems to point toward out-of-phase conditions
when looking at the motion of the velocity contour. Following such
criteria, the effect seems to be the opposite to the one shown by
Blichs et al. (2000). The value of the volumetric power input would be
more significant on systems that are out-of-phase than those that are

in-phase.
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FIGURE 5 Heat map of the strain rate on the liquid phase for individual wells of 96- and 24-well microplates under different shaking
conditions: 96-well (a) and 24-well (b) shaken at 600 rpm; 96-well (c) and 24-well (d) shaken at 800 rpm; both on a 3 mm orbital shaker. 96-well

shaken at 175 rpm on a 25 mm orbital shaker (e)

For comparison between the wells, the calculated shear rate was
obtained as the integral value (see Supporting Information Material).
The shear rate increased with increasing shaking frequency, inner
diameter, and volume of the well. The lower shear stress in the 96-well
plates compared with the 6-well plates has already been shown via the
clay floc destruction method used in our previous research (Dirauer
et al., 2016) as well as by Wutz et al. (2018). Recent results also

confirm the impact of the shaking diameter on the shear rate, which
could be limiting for choosing the operation conditions for the devel-
opment of different downstream processes such as the conditions for
the precipitation of antibodies, since it can compromise the particle
size distribution of the precipitates (Satzer et al., 2020). Thus, for those
unit operations, the decision of the system cannot only rely on the

conservation of volumetric power input.
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3.2.3 | Study of different filling volumes

The validation of the CFD modeling allows us to study additional
conditions which might be of interest to understand the mixing me-
chanism and to suggest optimized working conditions. The working
volume in MTPs is usually recommended by the manufacturer as a
suitable range of volumes. The change of working volume influences
the volumetric power input, as shown by Blichs et al. (2001) for
shaken flasks. Therefore, the effect of different filling volumes on the
hydrodynamics in MTPs was investigated by CFD. The filling volumes
were selected according to ratios between the height of the fluid to
the diameter of the wells. A list of the studied ratios and filling vo-
lumes is given in the Supporting Information Material. The 96-, 24-,
and 6-well MTPs had different height-of-fluid-to-diameter ratios as
the geometry did not allow us to adjust to the same ratios. With an
increasing filling volume, the volumetric power input decreased for
the same mixing conditions (Figure 6), explained by the decrease of
the surface-to-volume ratio discussed above. The ratio in a 96-well
plate is 850 and 755 m™?, respectively, for hs/D = 0.5 and h¢/D = 0.75.
In a six-well MTP with h¢/D=0.10 and a 24-well MTP with h¢/
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FIGURE 6 Volumetric power input for three different types of

wells, 96-, 24-, and 6-well with different filling volumes defined as

height-to- diameter ratios on increasing shaking frequencies and on
two different shaking diameters, 3 mm (a) and 25 mm (b)
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D =0.38, the observed surface-to-volume ratios were rather close,
with values of 452 and 435 m™%, respectively and the results of vo-
lumetric power input intertwined. Blichs et al. (2001) studied the
effect of filling volumes in shaken flasks. Their findings were that for
smaller filling volumes in shaken flasks without baffles, the values of
volumetric power input increased under the same conditions. This
effect can be directly translated to the individual wells, making them
display a similar trend and closing the gap between shaken flasks and
shaken MTPs. These conditions, however, might lead to other issues
such as longer mixing times (Li et al., 2020), which might not be

favorable for the operation that is being designed.

3.3 | Correlation of microscale with large scale

The main purpose of this study is to determine how process condi-
tions for downstream unit operations that require mixing and are
firstly developed on a microscale can be scaled up to larger systems
based on the conservation of volumetric power input. Scale-up of
STRs is typically done using the correlations curves of Power number,
Ne, to Reynolds number, Re (Nienow, 2014). In our study, the mixing
conditions obtained in the MTPs were exemplarily scaled up to
laboratory-scale reactors with Rushton impellers. The diameter of the
reactors was 60 and 300 mm, respectively. The dimensions and po-
sition of the impellers were determined from the standard rules of
assembly for stirred tanks (Costes & Couderc, 1988). The calculations
of the power input were made for reactors with and without baffles
and related to the results from the MTP experiments (Figure 7).
Figure 7 shows the conditions of operations that can be obtained in
the different MTPs. Minimum and maximum values of volumetric
power input obtained in the studied MTPs can be read on the y-axis
of the plots. From there, a parallel line to the x-axis was drawn until it
reached the plotted curve. From that value of the curve, we drew a
parallel to the y-axis up to the x-axis, obtaining the value of the
stirring frequency for such power input. The volumetric power input
covered by the investigated conditions in the MTPs ranges from
about 3W/m?® in 6-well plates at 400 rpm on the 3 mm orbital shaker
to 250 W/m? in 96-well plates at 300rpm on the 25mm orbital
shaker. The stirring frequencies that can be represented in the mi-
croplate experiments are 150-750 rpm for the baffled 60 mm reactor
and 200-1100 rpm for the unbaffled reactor of the same inner dia-
meter (Figure 7a). When the diameter of the reactor is increased to
300 mm, MTPs can be used to represent the power input which will
be achieved by stirring frequencies within the range of 50-290 rpm
in baffled and 60-350 rpm in unbaffled reactors (Figure 7b). Larger
vessels require smaller stirring frequencies to maintain constant vo-
lumetric power input. The lower stirring frequency can lead to op-
erational problems such as the sinking of particles or longer mixing
times than necessary. This creates a limitation in the use of MTPs as a
first step for the process design due to the limited coverage of vo-
lumetric power input (Hemrajani & Tatterson, 2003). This has been
shown and discussed by de Lamotte et al. (2018), who described a
17 L stirred tank system that required 1420 W/m? for the motion of
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FIGURE 7 Volumetric power input versus stirring frequency for a
stirred tank reactor (STR) with a Rushton impeller and covered values
of volumetric power input obtained from microplates (MTPs) and

applied for two different reactor diameters: 60 mm (a) and 300 mm (b)

water. It is of importance that in contrast to the power input which is
indirect proportional to the inner diameter of the well, the shear rate
increases with the inner diameter and is the lowest for 96-well plates
compared with 24- and 6-well plates. This means that the discussed
strategy of constant power input alone would be insufficient for
shear-sensitive processes as proven by our research. One system
would by far exceed the value of shear rate even though the volu-
metric power input is the same. An example is the comparison be-
tween a 96-well plate at 600 rpm on a 3 mm orbital shaker with and a
six-well plate at 175 rpm via a 25 mm orbital shaker, for which a
volumetric power input of 31 and 32 W/m?, respectively, was de-
termined. While the power input would be constant, the shear rate is
up to 1000 times higher in a well of the 6-well plate compared with a

96-well MTP, as shown in the Supporting Information Material. This
would not be an issue for protein solutions (Duerkop et al., 2018) but
would be problematic for large bionanoparticles such as viruses and
virus-like particles. Therefore, the geometry of MTPs used has to be
chosen considering to the shear sensitivity of the systems, also.
Another possible issue is the extent to which the degree of turbu-
lence affects the operations when they are taken from MTPs to in-
dustrial scales, since the difficulty of their modeling can be

complicated.

4 | CONCLUSIONS

From the CFD simulations, we can conclude that the shear rate
gradient is highly influenced by the free volume that is contained
within the vessel. We also conclude that the filling volume of the
wells, which is often not properly described in protocols, is of
utmost importance to obtain reliable mixing parameters. The
range of power input generated in MTPs reaches from 3w/m? in
six-well plates to a maximum of 250 W/m? in 96-well plates with
the studied conditions. Within this range of operational condi-
tions, the hydrodynamics of the mixing in the STRs can be si-
mulated in the MTPs which enhances the process development of
different downstream operations such as precipitation, floccula-
tion, solubilization, or refolding which depend on mixing. In
contrast, the shear stress obtained gets higher the larger the in-
ner diameter of the well is. Therefore, a balance of power input
and shear stress determined by the choice of the MTP is im-
portant for the design of each individual process step. Con-
sidering constant volumetric power input and shear rates
depending on the requirements of the unit operation our work
allows for a direct scale up of mixing studies from MTPs to STRs

in downstream processing.
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