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ABSTRACT

Microplate-based formulation screening is a powerful approach to identify stabilizing excipients for
therapeutic proteins while reducing material requirements. However, this approach is sometimes not
representative of studies conducted in relevant container closures. The present study aimed to
identify critical parameters for a microplate-based orbital shaking method to screen biotherapeutic
formulations by agitation-induced aggregation. For this purpose, an in-depth methodological study
was conducted using different shakers, microplates, and plate seals. Aggregation was monitored by
size exclusion chromatography, turbidity, and backgrounded membrane imaging. Both shaker quality
and liquid-seal contact had substantial impacts on aggregation during shaking and resulted in
non-uniform sample treatment when parameters were not suitably selected. The well volume to fill
volume ratio (V,,e/Vsi) was identified as an useful parameter for achieving comparable aggregation
levels between different microplate formats. An optimized method (2400 rpm [a. 95 m/s?, Vi
60-100 pL [Viyen/Vyi 6-3.6], 24 h, RT, heat-sealed) allowed for uniform sample treatment independent
of surface tension and good agreement with vial shaking results. This study provides valuable
guidance for miniaturization of shaking stress studies in biopharmaceutical drug development,
facilitating method transfer and comparability between laboratories.

KEYWORDS

forced conditions, formulation, protein aggregation, high throughput technology(s), physical stability,
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INTRODUCTION

Resulting from the labile nature of biotherapeutics, commonly encountered stresses can be
detrimental to the quality of the final drug product.” * Therefore, careful development of an
optimized formulation with stabilizing excipients is a crucial aspect of a stable biotherapeutic
product. Novel biotherapeutics, such as fusion proteins (FPs) and antibody-drug conjugates (ADCs)
are on the rise.® These novel therapeutic modalities bring new challenges to formulation
development, one of which is comparatively limited material availability in early preclinical phases. In
such cases, miniaturization of formulation studies is beneficial to minimize material requirements
while enabling early access to detailed stability data, which can shorten development times and
provide a deeper understanding of factors impacting product stability.

A major product stability concern is protein aggregation, as it can lead to a loss of efficacy and
present safety concerns related to adverse immune responses.” Aggregation can be triggered by
various factors such as thermal, oxidative, and interfacial stress."> interfacial stress occurs at
air-liquid, liquid-liquid, and solid-liquid interfaces throughout the life cycle of a biopharmaceutical
product from manufacturing to storage, transportation, and clinical administration.® As proteins are
amphiphilic molecules, they adsorb readily to the air-water interface” ® where they form interfacial
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films.” = Agitation incurred for example by shipping,
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can result in mechanical rupture of these
films and release protein aggregates into solution.

Various methods such as orbital shaking are commonly applied in laboratories to evaluate the
susceptibility of biotherapeutics to interfacial stresses.** These methods typically employ primary
containers and fill volumes in line with the final drug dosage form.* This approach is often associated
with high material demands limiting the suitability of these methods for early formulation screening
experiments. In contrast, microplates offer distinct advantages both in terms of low sample volumes
and compatibility with high-throughput equipment (e.g., plate readers or liquid handlers).
Microplates have been previously used in formulation studies for measuring biophysical surrogate
parameters for conformational and colloidal stability, such as those obtained from thermal

15-18

ramping, chemical unfolding,'® and self-interaction studies®.

However, there is little literature available on microplate-based formulation screening by
interfacial stress. Dasnoy et al.”* presented an air bubbling method to discriminate antigen 18A
formulations by inducing continuous turn-over of air-liquid interfaces in microplates. The authors
reported substantial volume loss from evaporation during air bubbling, a challenge that could be
minimized by conducting shaking studies in sealed microplates. Zhao et al.?> found a stabilizing effect
of polysorbate 80 formulations in a microplate shaking study focused only on IgG formulations with
and without this surfactant. In contrast, Alekseychyk et al.”® performed extensive formulation
screening with different buffer salts using a microplate shaking method. While their method allowed
identification of stabilizing pH conditions and buffer salts for one of two IgG antibodies studied, these
results were not compared to data from shaking studies conducted in vials.

The extent to which microplate shaking parameters (e.g., shaking orbit or fill volume) may
impact screening results is not clear from the studies above. Different magnitudes of stress may be
required to differentiate between highly stable formulations (e.g., in surfactant screenings) or
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sensitive molecules (compared to IgGs). Given the discrepancies between long-term storage studies

24,25

conducted in vials and microplates, the comparability of formulation screening results obtained

from shaking studies in these two formats is currently poorly characterized.

To fill these gaps, we systematically evaluated different orbital shakers, microplates, seals, and
method parameters using an IgG; monoclonal antibody formulation (mAb1-His) and size exclusion
chromatography (SEC). Predefined requirements for equipment suitability were (1) measurable
monomer loss of mAb1-His by SEC, (2) a homogenous stress distribution over a whole 96-well plate,
and (3) seal integrity. The method parameters studied include shaking frequency, concentration,
time, fill volume, well size, shaking orbit, and plate material. An optimized microplate shaking
method was then applied to discriminate the stabilizing effects of different formulations of two
monoclonal antibodies (mAbs), a FP, and an ADC. The results were compared with those obtained
from vial shaking studies conducted according to the method described by Eppler et al.”® using SEC
and turbidity. In addition, subvisible particles generated with both methods were counted using
backgrounded membrane imaging (BMI), a relatively new particle characterization technique which
uses microscopic images of particles immobilized on 96-well filter plates. This method offers a
relatively high-throughput, low volume option for particle characterization while providing
significantly increased sensitivity compared to classical particle characterization methods such as
light obscuration.”’

This study outlines for the first time critical factors for a microplate-based method for
screening biotherapeutic formulations by agitation-induced aggregation. The study highlights the
importance of critical equipment and material evaluation and provides novel insights into the
relationship between orbital shaking parameters and interfacial stress in the microplate scale.
Further, it is shown that application of these novel insights provides good agreement between
formulation screening results obtained following shaking in both vial and microplate formats. Finally,
this paper presents parameters that facilitate comparison of shaking stress data between
laboratories by accounting for the effect of different shaking devices and plate formats on the
magnitude of interfacial stress applied during shaking.

MATERIALS AND METHODS

Materials

Multicompendial grade L-histidine, citric acid monohydrate, polysorbate 20 (PS20),
polysorbate 80 (PS80), and Poloxamer 188 (P188) were purchased from Merck KGaA (Darmstadt,
Germany). Bromophenol blue solution [0.04% (w/w)] was obtained from Alfa Aesar (Kandel,
Germany). All other reagents were of analytical grade or higher and buffers were prepared with
Milli-Q water (Merck KGaA, Darmstadt, Germany). Two IgG; monoclonal antibodies (mAb1, pl 8.5
and mAb2, pl 11.1) and a bispecific fusion protein (FP, pl 8.1) were provided by Merck KGaA
(Darmstadt, Germany) in a surfactant-free formulation. To generate a model ADC, fluorescein-NHS
was covalently attached to lysine residues of mAb1 as described elsewhere,’® resulting in a
drug-to-antibody ratio of 3.9 and a broad pl range of 5.6-8.5. Details regarding the shakers,
microplates, and seals used in this study are provided in Table 1.
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Sample Preparation

All proteins were formulated in 10 mM histidine pH 5.5 (His) or 10 mM citrate pH 5.5 (Cit) by
tangential flow filtration using a MicroKros hollow fiber filter (PES, 20 cm?, 30 kba MWCO) connected
to a KrosFlo KR2i system (Repligen, Waltham, MA). For surfactant screening, PS20, PS80, or P188
were spiked into His formulations to a final concentration of 0.01%, 0.01%, and 0.1% (w/w),
respectively. Formulations were noted as follows: mAb1-His-PS20, which would be mAb1in 10 mM
histidine pH 5.5 and 0.01% (w/w) polysorbate 20. Samples were filtered using a 0.22 um PES
Millex-GP syringe filter (Merck KGaA, Darmstadt, Germany) and aliquoted under laminar flow
conditions into microplates (Table 1) or Ompi SG EZ-Fill ready-to-fill borosilicate type 1 glass 2R vials
(Stevanato Group, Piombino Dese, Italy). Vials were stoppered with chlorobutyl rubber stoppers with
a FluroTec® coating (product facing side) and B2-40 coating (product averted side) (West
Pharmaceutical Services, Exton, PA) and were crimped with an aluminum cap. Microplates were
sealed with adhesive seals or heat-sealed using a PlateLoc sealer (Agilent, Santa Clara, CA) for 4 s at
180 °C.

Microplate Shaking

Microplates were shaken using high-speed orbital shakers according to the experimental
designs listed in Table 2. All experiments were performed at room temperature (RT) in the dark and
sample positions were randomized for each condition and replicate. The centrifugal acceleration a.
for each shaker was calculated according to equation 1 using the shaking frequency n (in s™*) and
shaking orbit, i.e. the orbital shaking diameter, d, (in'm)

a. = (2m * n)? *% (1)

The well volume to fill volume ratio V,,,/Vsi was obtained by dividing the well volume V., by
the fill volume V.

Vial Shaking

A vial shaking protocol was adapted from Eppler et al.*® as a discriminatory benchmark
method. Vials were placed horizontally in a SM-30 reciprocating shaker (Edmund Buhler,
Bodelshausen, Germany) with the vial cap and bottom oriented in the direction of the linear
amplitude of 3 cm. All formulations were shaken in triplicates at 200 rpm and RT for 5 days in the
dark. Vials were filled with 1 mL of sample with a protein concentration of 1 mg/mL. After shaking,
samples (100 puL) were transferred to PA full-area microplates (Table 1) for subsequent analyses.

Seal Integrity

Seal integrity was evaluated for each of the plate sealing methods investigated in this study by
monitoring changes in liquid volume in microplate wells before and after shaking. All microplate
wells were filled with 100 pL of MilliQ water and the liquid volume in each well was calculated using
the geometry of a truncated cone where the liquid path length measured by near-infrared (NIR)
water absorption®® was used as a surrogate for liquid height. NIR absorption measurements were
performed with a Spark® plate reader (Tecan, Mannedorf, Switzerland). Plate seals were removed
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immediately before each measurement following brief centrifugation (180 g, 30 s). Path length was
calculated from the absorbance at 975 nm, corrected for the baseline at 900 nm, relative to the
known water absorbance at a path length of 10 mm.

Image Acquisition of Liquid Motion

Detailed images of liquid motion in microplate wells were acquired with an EOS 80D camera
(Canon, Tokyo, Japan) equipped with a 70 mm F2.8 DG MACRO lens (SIGMA, Rédermark, Germany).
High-speed images of the lateral well walls were collected from a distance of ~20 cm using an
aperture of F5.6 and exposure time of 1/8000 s. Sufficient illumination for subsequent image analysis
was achieved using a KL 1500 LCD light source (Schott, Mainz, Germany). Samples were stained with
0.002% bromophenol blue for better contrast to the transparent well walls. Images were analyzed
using Fiji software (V1.51), where a pixel ratio of the maximum observed liquid height to the total
well height was derived from each image. From this ratio and the known well heights listed in Table
1, the maximum liquid height for each well was calculated. The reported average maximum height (+
SEM) was obtained from six images acquired from two separate wells (three images per well).

Size-Exclusion Chromatography

A TSKgel Super SW3000 (4.6 mm x 300 mm, 4 um) column (Tosoh Bioscience, Griesheim,
Germany) and Agilent 1100 module (Agilent, Santa Clara, CA) with UV detection at 214 nm were used
to separate high molecular weight species (HMWS), monomer, and fragments by size. The mobile
phase was 0.05 M sodium phosphate (pH 6.3) with 0.4 M sodium perchlorate. The flow rate was 0.35
mL/min and the total injected protein mass was 10 pg. Samples were diluted only for concentrations
greater than 10 mg/mL in placebo buffer. Microplates were centrifuged (180 g, 15 min) and the
supernatant was injected so that all HMWS were referred to as soluble aggregates. Monomer
recovery was calculated from the area of the monomer peak after shaking divided by the area of the
monomer peak before shaking. Reduced monomer recoveries can reflect various causes, such as the
formation of insoluble and soluble aggregates. Soluble aggregates were calculated by the relative
HMWS peak area to total peak area. Relative monomer loss rates were calculated from the
difference between the initial monomer recovery (100%) and the monomer recovery after shaking
for 24 hours. Absolute monomer loss rates were then calculated from the product of the initial
concentration and the relative monomer loss rate.

Turbidity by UV-Vis Spectroscopy

Turbidity was defined as photometric optical density at 350 nm or 650 nm using a Spark® plate
reader (Tecan, Mannedorf, Switzerland). Wavelengths were selected at which neither the known
intrinsic protein chromophores nor the model ADC payloads absorbed so that increases in optical
density could be attributed to light scattering by insoluble aggregates. Before each measurement,
microplates were centrifuged (180 g, 10 s) to remove liquid droplets from the seal. The original seal
was then removed and replaced with a new UV-transparent seal (PN 6575, Corning, NY). Forty-nine
independent readings were averaged for each absorbance measurement to minimize any artifacts
resulting from inhomogeneous particle distributions. Measurements were distributedina7 x 7
circular array in the wells while a minimum distance of 1.5 mm from the well walls was maintained.
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Backgrounded Membrane Imaging (BMI)

Subvisible particles larger than 2 um were quantified by BMI using a HORIZON® system (Halo
Labs, Burlingame, CA). Under laminar flow conditions, 30 uL of each sample was pipetted onto a 96-
well polycarbonate filter plate (Halo Labs) and subsequently drawn through the filter plate under
vacuum (450 mbar). This procedure removed all the liquid from the plate while particles greater than
0.4 um were retained on the membrane surface. The membrane surface for each well was imaged
before and after this procedure so that the membrane background could be subtracted from the
sample image. This method ensured that only particles originating from the sample were counted
and sized during image processing with the HORIZON VUE software (V1.3.4). Where necessary,
samples were diluted in their respective buffers prior to filtering to ensure the membrane coverage
remained below 4%.

Surface Tension

Surface tension was measured by drop shape analysis with a DSA25 (Kriss, Hamburg,
Germany). Using a 15G needle and syringe, droplets were formed within a closed glass cuvette to
minimize the effect of evaporation and air convection on drop shape analysis. Images were acquired
at a rate of 1 frame per second for 60 minutes. The surface tension was calculated from the drop
shape using Kriiss Advance software (V1.11) based on the Young-Laplace equation. Surface tension
after 30 min was averaged using 20 data points.

Viscosity

Viscosity was measured using a HAAKE RheoStress 1 rheometer equipped with a C60/0.5° Ti or
C35/0.5° Ti L cone (Thermo Fisher, Waltham, MA). All samples were equilibrated to 20 °C using a
Peltier plate before each measurement. During each viscosity measurement, the shear rate was
ramped twice per sample from 0.1 to 10000 s™*. Shear rate versus shear stress profiles were fitted by
linear regression. Since viscosity in this range was independent of shear rate for all samples, viscosity
was extracted using the slope of the linear fit according to Newton’s law of viscosity.

Statistical Data Analysis

Data are presented as mean (+ standard deviation), unless otherwise stated. Differences are
given with the 95% confidence interval (Cl). Statistical calculations were carried out using GraphPad
Prism V9.0.0. Multiple comparisons were performed by two-way ANOVA following Bonferroni’s
method (post hoc test). Data from V,,.,/Vsi curves were fitted and compared by the Simple Linear
Regression module in Prism, which compares slopes and intercepts. Significance is indicated by * p <
0.05, ** p < 0.01, *** p < 0.001.

RESULTS AND DISCUSSION
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Impact of Shaker on Well Position Effects

The first step in the development of a microplate-based shaking stress method was identifying
suitable shakers that induced measurable mAb1-His monomer loss and allowed comparison between
samples independent of their well position. Three high-speed orbital microplate shakers (further
denoted as Shaker A, Shaker B and Shaker C) were characterized by measuring monomer recoveries
of mAb1-His for all wells in 96-well plates after shaking (Figure 1). Notably, Shaker A and C had
shaking orbits of 3 mm while Shaker B differed with an orbit of 2 mm. Differences in shaking orbits
would result in different centrifugal accelerations a. for a given shaking frequency. Under the
hypothesis that a comparable stress input is obtained using a similar a,, the shaking frequency for
each shaker was adjusted to achieve an a, of ~100 m/s’. This corresponded to the maximum feasible
speed of Shaker B (3000 rpm) and to 2500 rpm for Shaker A and C. Using these conditions, after 24
hours of shaking similar monomer recoveries of ~80% were obtained in the center of the microplates
for all shakers.

Unexpectedly, monomer recoveries gradually decreased toward the plate edges for Shaker A
(to ~¥55%) and to a lesser extent for Shaker B (to ~65%). In contrast, Shaker C exhibited homogeneous
monomer recovery across all wells. Over an entire plate the coefficient of variation (CoV) for
monomer recovery was 10.3%, 8.0%, and 4.2% for Shaker A, B, and C, respectively. Further, the
maximum differences between microplate column means were 16.6% [Cl 10.2-23.0%], 10.4% [CI
2.4-20.4%], and 5.1% [Cl 0.7-9.5%)] for plates shaken with Shaker A, B, and C, respectively. Hence,
Shaker C was selected for most subsequent studies and sample positions were randomized to further
minimize residual well position effects.

Impact of Shaking Frequency on Well Position Effects

We hypothesized that well position effects might be greater near the maximum shaking
frequency for each shaker. To test this assumption, shaking parameters were adjusted for Shaker A,
which showed the greatest well position effects. To investigate a possible device-dependent effect of
shaking frequency on well positions effects, shaking frequency was increased while maintaining
comparable levels of monomer recovery. Monomer recoveries after shaking were maintained by
reducing the shaking time from 24 to 5 hours while simultaneously increasing the shaking frequency
from 2500 rpm to 3000 rpm. Increasing the shaking frequency to 3000 rpm resulted in a significant
increase in well position effects with a maximum difference in column means of 25.2% [CI
20.4-30.0%] and plate CoV of 22.8%. Consequently, a device-dependent effect of shaking frequency
on well position effects must be suspected for Shaker A.

At high shaking frequencies (2500-3000 rpm) Shaker A visually exhibited irregular orbital
motion, in which the shaking platform moved not only in a horizontal circular motion but also in a
slight upwards and downwards wobbling motion. This movement likely resulted from the shaking
platform being connected to the device by a single central axis that could not stabilize the platform
at higher frequencies. This irregular orbital motion could induce incrementally greater mechanical
stress as the distance of the wells to the central axis increased and correlated with the observed well
position effects.

An additional consideration is that heat dissipated during extended and / or high-speed
shaking could contribute to positional effects. We evaluated possible heat dissipation for all three
shakers included in the current study by measuring sample temperatures for six randomly selected
wells after shaking for 24 hours at 2500 rpm. Negligible increases in temperature were found for all
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shakers (< 3.6 °C) with no dependence on well position. We would like to highlight that heat
dissipation could vary between different models and manufacturers of shakers and should be
considered when selecting shaking frequency and duration.

Seal Integrity

Well position effects have also been reported in terms of evaporation in microplate-based
storage studies, ranging from 7% to 20% volume loss from the plate center to the plate edges after
30 days of storage at 37 °C.>* Evaporation was correlated with a position-dependent increase in
aggregates.” In comparison, the short time frame (1 day) and low temperature (23 °C) used in the
present study presents a low risk for evaporation. However, high centrifugal forces during high-speed
shaking may compromise seal integrity causing volume loss by liquid spillover.

We evaluated seal integrity of the two seals selected for this study by measuring volume losses
for all 96 wells of sealed and shaken microplates. Microplates sealed using adhesive seals exhibited
up to 23% volume loss in only a few wells in the outer perimeter, while heat-sealed plates showed
excellent volume recovery in all wells (>96%). Far higher volume losses of 30% were reported when
interfacial stress was induced with an air bubbling method.?* While heat-sealed plates provided
superior volume recovery, the heat-sealing process involves briefly exposing the surface of the plate
to temperatures of 180 °C. We found that this brief exposure resulted in temperature excursions less
than 5 °C for samples in each well and no monomer loss could be detected for mAb1-His by SEC
following heat sealing.

Heat sealing was selected as the preferred sealing method for subsequent studies, because, in
addition to superior seal integrity, it can be readily automated and reduces operator biases
associated with plate sealing (e.g., inconsistent pressure when applying adhesive seals). Overall, our
observations suggest that volume loss appears to be a minor problem in microplate-based shaking
studies.

Impact of Formulation on Liquid Motion During Shaking

After verifying that shaking stress could be homogenously applied in a 96-well plate format
and that volume loss could be minimized, we shifted our focus to parameters impacting the
magnitude of interfacial stress applied during shaking. We evaluated the behavior of liquid
formulations of mAb1-His within the wells of a microplate as a function of shaking frequency (Figure
2). Images acquired during shaking showed that liquid motion can be divided into three stages as the
shaking frequency increases. First, no liquid motion was observed macroscopically for shaking
frequencies between 0 and 500 rpm (l). Then, above a minimum shaking frequency n,;,, the liquid
height increased steadily (II) and was finally limited by the seal (hqx) above a shaking frequency nux
(11). For mAb1-His with a 100 pL fill volume, n,,;, was between 500 and 700 rpm and n,,, was
between 1500 and 1700 rpm.

In this study the liquid height was used as a surrogate metric for tracking the effect of different
formulation compositions on the air-liquid surface area. As illustrated in Figure 3A, at moderate
shaking frequencies between n,,;, and n,,, the liquid height in each well was dependent on the
formulation composition. The parameter n,,;, is strongly dependent on the surface tension of the
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sample, and thus defined by the point when centrifugal forces overcome surface tension.*® The
equilibrium surface tensions as measured after 30 min were 73.4 (+0.9), 57.6 (+0.1), and 38.3 (+0.6)
mN/m for Placebo-His buffer, mAb1-His, and mAb1-His-PS20, respectively. Accordingly, the lower the
surface tension, the earlier we observed an increase in liquid height, with n,;, and n,, of
mAb1-His-PS20 < mAb1-His < Placebo-His. In contrast, the viscosity was similar for Placebo-His,
mAb1-His, and mAb1-His-PS20 with water like values of ~1 mPas at a protein concentration of 1
mg/mL. Therefore, it can be postulated that the surface tension of each formulation directly impacts
the air-liquid surface area in the range between np,;, and npnqy (I1).

Impact of Shaking Frequency on Monomer Recovery

Trends in monomer recovery as a function of shaking frequency are shown in Figure 3B and
can be compared directly with liquid height plotted in Figure 3A. As the air-liquid surface area
increased above n,,;, a significant reduction in monomer recovery of mAb1-His was observed.
However, monomer recoveries remained high (~97% at 1350 rpm) when the shaking frequency was
maintained between n,,;, and n,,.,. Computational fluid dynamics simulations have shown that
compared to shaking with a vortex mixer, orbital shaking induces relatively small increases in
air-liquid surface area.®! This may explain high monomer recoveries at moderate shaking frequencies.

At shaking frequencies above n, (lll), monomer recoveries began to decrease substantially. It
is important to note that at these higher frequencies monomer recovery continued to decrease,
although further enlargement of the air-liquid interface appears to be somewhat limited.
Interestingly, at these high shaking frequencies, monomer recoveries differed significantly between
plates sealed with the adhesive and heat seal. Passible reasons for this behavior will be discussed
below.

Degradation Behavior upon Seal Contact (above Npax)

We have considered multiple potential explanations for the impact of the seals and the
continued decrease in monomer recovery for shaking frequencies above np,. First, as leachable or
extractable compounds from plastics have been identified as potential sources of interference in

. . . . 2
bioassays and immunological studies,****

we selected materials to minimize potential sources of
contaminants in our studies. We chose the heat and adhesive seal (Table 1) due to an absence of
unknown peaks that were detectable for other seals in reversed-phase chromatography with

evaporative light scattering detection (data not shown).

It is well known that monoclonal antibodies adsorb or adhere readily to solid surfaces.>*** The
reduction in monomer recovery presented in Figure 3B could result from the formation of insoluble
aggregates or adsorption to the plate seals, as soluble aggregates detected by SEC were negligible.
However, the samples shaken with the adhesive seals exhibited increased turbidity (210 mAU [CI
160-250 mAU] at 2100 rpm after 24 h) relative to those shaken with heat seals. This difference in
insoluble aggregate generation between the two seal types suggests the adhesive seal may promote
protein aggregation and particle formation during shaking. To further challenge the adsorption
hypothesis, we incubated microplates containing mAb1-His for 24 hours in an upside-down
orientation to maximize contact with the seals. Following quiescent incubation, no monomer loss
was detected by SEC for mAb1-His solutions in contact with either seal type.
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Adsorption of protein to the seals, though not measurable by SEC, could still promote
aggregation. A synergistic mechanism of protein adsorption to siliconized syringe walls and release of
aggregates by the air-liquid interface was proposed in an agitation study of siliconized syringes
containing an air bubble.*® Likewise, exchange may occur between the bulk solution and the seal
surface as shear forces disrupt adsorbed layers. Differences in adsorption rates to the adhesive seals
or the dynamics of intermolecular rearrangements, aggregation and gel formation upon adsorption
may result in greater insoluble aggregate formation compared to the heat seals. Such solid-liquid
interfacial stress is discussed further in the sections on fill volume and plate materials.

Further explanations for the continued decrease in monomer recovery above n,, could be

1337 related effects. Faster mixing at higher shaking frequencies

mixing and compression / dilation
could promote aggregation by rapidly exchanging monomers and aggregates between the liquid bulk
and the air-liquid interface. Further, a substantial increase in particles was reported in an orbital vial
shaking study as the liquid reached the top of the vial.*® The authors of this study attributed this
increase to compression / dilation of the air-liquid interface upon contact with the top surface of the
vial at elevated speed. Similarly, in microplates the air-liquid interface may experience compression /
dilation upon seal contact. In addition, differences in seal geometries may result in varying degrees of
dilation (planar geometry for adhesive and dome-like geometry for heat seals), explaining the impact
of seals for shaking frequencies greater than n,,,,. Overall, the results suggest that seal properties
could impact data obtained from shaking stress studies and should be considered when comparing

results between laboratories.

Rationale for Shaking Frequency Selection

For further studies described in this work a shaking frequency of 2400 rpm (a. 95 m/s’) was
selected. The shaking frequency was adopted because a high shaking frequency enables (1) a limited,
hence similar, air-liquid surface area and (2) liquid-seal contact for all samples despite differences in
surface tension. This frequency ensured liquid-seal contact for all conditions studied, including those
with low fill volumes and high concentration (i.e., 100 mg/mL) formulations (data not shown). (3)
Increased stress input at high frequencies may provide improved discrimination between formulation
conditions. This shaking frequency provided (4) a safety margin to the shaker’s operating maximum
to avoid amplification of well position effects as observed for Shaker A. We experienced (5) issues
with equipment durability when shaking at higher frequencies for multiple days.

Impact of Initial Concentration and Time

The effect of the initial mAb1-His concentration ¢, on monomer loss rates during shaking was
examined over a concentration range from 0.2 to 100 mg/mL (Figure 4A). The slope of the dashed
line in Figure 4A indicates a first-order scaling of the absolute monomer loss rates with protein
concentration. At low concentrations (0.2 to 10 mg/mL), there was a weak relationship between
initial concentration and absolute monomer loss rates (below first-order dependency). Therefore,
relative monomer loss rates appear to decrease with increasing c,. Consistent with this, linear
kinetics (zero-order) were obtained over a 96 hour shaking period with a ¢, of 1 mg/mL (Figure 4B).
The weak dependence of absolute monomer loss rates on protein concentration in the lower
concentration range is in excellent agreement with prior observations from compression / dilation

13,39

experiments and vial shaking™. The resulting inverse relationship between relative aggregation
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rates and protein concentration was attributed to the air-liquid interfacial area being the
rate-limiting factor for agitation-induced aggregation.*

Samples at concentrations greater than 12.5 mg/mL exhibited increased viscosities (n), which
affected liquid motion (data not shown). For mAb1-His at 100 mg/mL (n 23.1 mPas, Vj; 100 pL), Nmex
increased to 2100-2300 rpm. The implications of such a shift in n,,,, were previously discussed in the
sections on liquid motion and shaking frequency (selection). We want to emphasize that this shift in
Nmex May also be relevant for samples formulated with excipients that yield solutions of high
viscosities.

At concentrations greater than 25 mg/mL absolute monomer loss rates approached first-order
dependence on concentration. Further studies are required to elucidate how properties of high
concentration formulations such as viscosity impact agitation-induced aggregation rates. For further
studies described here, a sample concentration of 1 mg/mL was selected to reduce material
consumption and to achieve both high (relative) monomer loss in SEC and linear kinetics. The latter
may allow for comprehensive stress scalability based on shaking time.

Impact of Fill Volume

An inverse relationship between the fill volume Vs, and mAb1-His monomer loss after
microplate shaking was observed (Figure 5A). After 24 hours of shaking, complete mAb1-His
monomer recovery (~100%) was observed for entirely filled wells (360 pL), reducing the fill volume to
60 pL decreased monomer recoveries to 72.9% (+2.6) and 32.4% (+3.2) for plates sealed with heat
and adhesive seals, respectively. A fill volume of 100 pL was selected for a general method as this fill
volume provided both an adequately high stress input and sufficient volume for subsequent
analytics.

Kiese et al.**

reported that eliminating headspace by completely filling vials resulted in
negligible aggregation during shaking, while aggregation was observed when headspace was present
in partially filled vials. The authors concluded that aggregation during shaking was due to air-liquid
rather than glass-liquid interfacial stress. In alignment, no monomer loss was detected in fully filled
microplate wells in the present study. This suggests that the monomer loss induced by shaking
partially filled microplate wells may likewise be attributed to air-liquid rather than to solid-liquid
interfacial stress. The latter was previously proposed to explain the differences in monomer recovery
upon liquid-seal contact when using different seals. Based on the findings in this section, the impact
of seals is unlikely to be explained by solid-liquid interfacial stress alone. Likewise, adsorptive loss
resulting from monomer adsorption to the seals seems unlikely since the samples without headspace
were in direct contact with the entire seal surface during shaking. However, a synergistic effect of the
air-liquid and seal-liquid interfaces on aggregation cannot be excluded.

Impact of Well Size

The relationship between fill volume and monomer recovery was non-linear, independent of
seal type (Figure 5A, top panel). In contrast, normalizing the fill volume V by the total well volume
Viwen, resulted in a linear correlation between the V,,.,/Vj ratio and monomer recovery with a
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regression coefficient (R?) of 0.96 and 0.97 for the heat and adhesive seal, respectively (Figure 5A,
bottom panel).

On this basis, we investigated whether the V.,/Vj ratio could be applied to achieve
comparable stress levels when samples were shaken in full-area (V. 360 pL) and half-area (Ve 210
uL) plates. First, a shaking orbit must be selected that is appropriate for the respective plate. The
orbital shaking diameter d, should be smaller than the well diameter to facilitate mixing instead of
centrifugation, but not so small that the probability for unfavorable “out-of-phase” conditions
increases.” Both microplate formats were tested on Shaker B, which is compatible with a wide range
of microplate well diameters even up to the 384-well format due to its 2 mm shaking orbit.

Samples shaken in half-area plates exhibited higher monomer recoveries than those in
full-area plates with similar fill volumes after shaking for 24 hours (Figure 5B, top panel). After
normalizing the results using the V,,.,/Vjy ratio, the curves were indistinguishable both by slope
(p=0.91) and intercept (p=0.51) (Figure 5B, bottom panel). This suggests comparable stress levels are
applied when the fill volume is adjusted to achieve similar V,/Vs ratios in half-area and full-area
plates.

For further clarification, the common terminologies “full-area” and “half-area” for microplates
refer to the circle base area of the well bottom. However, stress levels were not comparable when
normalized using the area A of the well bottom (significantly different A/Vj; curve intercepts,
p<0.01). Except for high fill volumes, the liquid rotates mainly along the well walls above n, (Figure
2). Therefore, the well bottom area may be less relevant for the stress applied during shaking.

Nevertheless, these results may be limited to the well geometry of a truncated cone. We
previously discussed compression / dilation of the air-liquid interface as a mechanistic explanation
for the observed monomer loss behavior upon liquid-seal contact. Such compression / dilation could
also be relevant in non-cylindrical well geometries, such as for edges for plates with square well
geometry.

Impact of Shaking Orbit

Due to the necessity of a smaller shaking orbit d, for smaller well sizes, we investigated how
comparable stress levels can be achieved when using shakers with different d,. As indicated in the
studies on well position effects, centrifugal acceleration a. could be suitable for this purpose, but a
direct comparison was difficult due to well position effects observed at 3000 rpm for Shaker B.
However, well position effects were sufficiently low (CoV 6.7%) when Shaker B was operated at
shaking frequencies below 2500 rpm, allowing the direct comparison of Shaker C (d, 3 mm) and
Shaker B (d, 2 mm).

A shaking frequency of 2400 rpm resulted in similar monomer recoveries for 2 mm (a. 63 m/s’)
compared to 3 mm (a. 95 m/s’) shaking orbits (Figure 5C). Using a similar centrifugal acceleration of
66 m/s’, corresponding to 2000 rpm for the 3 mm shaking orbit, resulted in higher monomer
recoveries in comparison. However, the V,.,/V curves were different in slope (p<0.05) at both
conditions. These trends indicate better comparability between results when the shaking frequency
is maintained for shakers with different shaking orbits. Nevertheless, there may be instances where
the shaking frequency should be increased when using smaller orbits, for example, when higher
centrifugal forces are required to ensure liquid-seal contact for all samples.
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Impact of Plate Material

Three plate materials, namely polypropylene (PP), polystyrene (PS) and polyacrylate (PA) were
compared by measuring mAb1-His monomer recovery after shaking. Since heat sealing induced a
small shrinkage in well height for polypropylene plates of 0.6 mm, adhesive seals were selected for
this study to ensure similar well dimensions for all plate materials. For the plate materials studied no
significant difference in mAb1-His monomer recovery was detected. This result suggests that either
stress incurred at the air-liquid interface is the dominant source of aggregation during shaking or that
the three plate materials resulted in little difference in the stress incurred at the solid-liquid
interface. All other shaking studies described in the present study were conducted with PA
microplates. This selection was based solely on their UV-Vis-transparent bottoms, which enabled
direct use with analytical methods such as turbidity.

Comparability of Formulation Screening Results After Shaking in Vials or Microplates

Based on the findings described above for mAb1-His, an cptimized microplate shaking method
was developed (2400 rpm [a. 95 m/s?], Vi 100 pL [Viyen/Viin 3.6], 24 h, RT, heat-sealed PA full-area
plates, Shaker C). Using this shaking method, good intra-plate (CoV 0.9%) and inter-plate (CoV 1.5%)
reproducibility for mAb1-His monomer recovery after shaking was demonstrated (Table 3). RT was
selected for this method as moderate temperatures accelerate surface-mediated aggregation rates,
while the increase in bulk-mediated aggregation rates may be negligible.*® In the present study, non-
shaken (quiescent) controls incubated at RT for five days showed no significant monomer losses.
Thus, reduced monomer recoveries may be attributed to surface-mediated rather than bulk-
mediated aggregation during shaking. The comparability of this optimized microplate method to vial
shaking was evaluated by comparing four different biotherapeutic modalities formulated using
different buffer salts (His and Cit) and surfactants (PS20, PS80, and P188).

Monomer recoveries measured after shaking exhibited similar trends across the two shaking
formats studied (Figure 6). Focusing on the two buffer systems (histidine and citrate) without added
surfactants, a clear stabilizing effect of histidine buffer for both mAb1 and ADC was identified with
both shaking formats. However, only after shaking in a microplate format was a statistically
significant increase in monomer recovery for mAb2 in histidine buffer relative to citrate observed.
Vial shaking also showed a possible stabilizing effect for mAb2 in histidine buffer but resulting from a
comparatively high CoV (10.3%) the results were not considered statistically significant. Finally, the
extent of monomer loss for FP in both buffers was so extensive (<1.6% monomer recovery) following
shaking in either format that the two formulation conditions could not be differentiated. For both
formulation conditions, soluble aggregates detected by SEC were negligible, suggesting that
reductions in monomer recovery could be attributed to the formation of insoluble aggregates. This
conclusion was confirmed by turbidity and particle measurements (Figure 7).

An important application of a microplate-based shaking method would be to elucidate the
effects of structural modifications on the susceptibility of molecules to interfacial stresses. For this
purpose, the ADC selected for this study was a lysine-fluorescein conjugate of mAb1. This provided
an opportunity to investigate the effect of conjugation on mAb1 interfacial stability. Gandhi et al.
previously reported increased agitation-induced aggregation for lysine-conjugated trastuzumab
emtansine compared to the unconjugated mAb.* Using both shaking formats our study showed a
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similar destabilization of conjugated mAb1 resulting in reduced monomer recovery following shaking
(Figure 6). More importantly, this result demonstrated that a microplate shaking protocol could be
applied to applications beyond formulation screening.

Surfactants are well known to be excellent stabilizers against agitation-induced stress.® *"**

The stabilizing effect of surfactants was apparent for all biotherapeutics modalities investigated in
the current study regardless of shaking format. For samples containing surfactant, only the ADC
exhibited reduced monomer recoveries with 65.4% (+2.4) (PS20), 94.5% (+0.1) (PS80), and 98.5%
(£0.2) (P188) monomer remaining after shaking in vials (Figure 6A). For ADC formulations containing
PS20 and PS80, soluble aggregate content increased from 2.9% (+0.1) before shaking to 10.5% (+2.8)
(PS20) and 4.6% (+0.2) (PS80) after shaking in vials. However, the mass of soluble aggregates in these
samples did not account for the total mass of monomer lost during shaking, suggesting that agitation-
induced stress promoted the generation of insoluble aggregates. This was supported by increases in
turbidity and particle concentrations for these conditions (Figure 7). In contrast, no monomer loss
was observed after microplate shaking based on SEC results. The high stability of mAbl, mAb2, and
FP in surfactant-containing formulations may be attributed to the comparatively high surfactant
concentrations studied, since in other studies lower surfactant concentrations (e.g., 0.0025%"*! or
0.0005%** PS20) were sufficient to inhibit aggregation.

Resulting from the limited sensitivity of SEC, all aggregates generated during shaking may not
be detected by this analytical method. Increases in subvisible particle concentrations, while an early
indicator of protein aggregation, may account for a minuscule percentage of the total protein in
solution. Prior shaking studies conducted in vials have reported increases in subvisible particle
concentrations far before changes were detected by less sensitive analytical methods such as SEC or
turbidity.** Likewise, quantification of subvisible particle concentrations by BMI in the current study
further differentiated the effects of the three surfactants on the stability of the ADC molecule shaken
in a microplate format. For the ADC molecule, formulating with PS20 resulted in a significant increase
in subvisible particles (= 2 um) compared to samples formulated with either PS80 or P188 (Figure
7B). This trend was also evident for larger particles (= 10 um) (Figure 7C). Further characterization of
the shaken ADC formulations resulted in agreement between the two shaking formats indicating that
PS20 stabilized the ADC during shaking less effectively than PS80 or P188.

The results presented above illustrated that our plate-based shaking protocol could be applied
to rank formulations according to their stabilizing effect against agitation-induced stress. These
rankings were generally aligned with those obtained using a standard vial shaking protocol. However,
the differences between the stabilizing effects of the three surfactants for the ADC were not as
clearly delineated using our microplate-based shaking protocol. This difference can likely be
attributed to the magnitude of interfacial stress applied by both shaking methods. Significantly
greater monomer losses and subvisible particle concentrations (~2 orders of magnitude) were
measured for ADC surfactant formulations shaken in vials, suggesting this protocol induced more
interfacial stress. The magnitude of interfacial stress applied in both shaking formats does not need
to be equivalent, however the applied stress must be sufficient to differentiate between formulation
conditions while not inducing complete degradation. Improved differentiation of ADC formulations
containing surfactants may be achieved by increasing the shaking stress applied in the plate format.
A strategy to tailor the applied stress for screening a wide range of formulation conditions in
microplates is described below.
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Tailoring Stress Input by Adjusting Vei/Vsil

It is widely recognized that all biological molecules do not exhibit the same interfacial
stability.” *°
different formulations must be tailored depending on the molecule and formulation components

Therefore, any method designed to differentiate between the stabilizing effects of

studied. This was exemplified by our attempt to differentiate between the stabilizing effects of
histidine and citrate buffer (without surfactant) for all four biological modalities using a single
shaking protocol. While the shaking protocol performed well for the two mAbs and the ADC, the FP
was completely degraded after 24 hours. Clearly, the stress applied in this protocol was too high for
this specific molecule and a tailored method would be required if differentiation between the two
surfactant-free conditions was desired for FP.

Generally, our results suggested that the stress applied during shaking may be scalable by time
or Vwen/Vi ratio. Increasing stress by lengthening the shaking time results not only in a longer run
time but also in the requirement to check at multiple timepoints whether a discriminative stress level
was reached. Variation of the V,,.;/Vy ratio provides the ability to scale stress within a single
experiment while maintaining a single endpoint.

Decreasing the Vi,.,/Vy ratio from 3.6 to 2 by increasing the fill volume from 100 pL to 180 pL
will reduce the total stress applied over a 24 h shaking experiment. As shown in Figure 6B, increasing
the fill volume resulted in a significant increase in FP monomer recovery for samples formulated in
histidine or citrate buffer without surfactant. Further, this reduction in applied stress allowed for
differentiation between these two formulations for FP and identification of histidine as a stabilizing
buffer salt.

Alternatively, decreasing the fill volume increases the V,..;/Vj ratio and applied stress. For the
ADC, the increased stress applied while shaking at a reduced fill volume of 60 pL (Vie/Vi 6) resulted
in lower monomer recoveries relative to the original fill volume (100 pL) for all conditions other than
ADC-His-P188 (Figure 6B). After shaking with a 60 L fill volume, soluble aggregate content in ADC
formulations containing PS20 and PS80 were greater by 4.5% [Cl 3.4-5.6%] and 1.5% [CI| 0.4-2.6%],
respectively, compared to formulations containing P188. This increased stress resulted in clear
delineation between the stabilizing effects of the three surfactants against interfacial stress in a
microplate format, where the surfactants could be ranked from least to most stabilizing (PS20 < PS80
< P188). This ranking agreed with trends observed for monomer recovery and soluble aggregates
after shaking the same formulations in vials. Further, this exemplifies that the lessons learned from
fill volume studies of surfactant-free mAb1-His could be extrapolated to identify suitable conditions
for evaluating surfactant-containing formulations. Whether this also applies to other parameters
(e.g., sample concentration, plate material, shaking frequency and duration) will be an important
question for future studies.

In the examples described above, the Vy./Vj; ratio was adjusted through changes in the fill
volume. While this strategy allows different levels of interfacial stress to be applied within a single
plate during a single shaking experiment, there may be instances where the fill volume cannot be
changed. The V,,,/V ratio can also be adjusted through changes in the well volume V,,; by selecting
alternative plate formats. For example, deep-well plates or half-area plates to increase or reduce
Viwen, respectively. Overall, the V,,.,/Vjy ratio serves as an adjustable parameter that can be leveraged
to tailor the applied interfacial stress.
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Recommendations

In summary, we provide the following recommendations for the implementation of an orbital
microplate shaking stress method. (1) Microplate shakers should be carefully tested for well position
effects on protein aggregation and for possible heat dissipation. These effects should be checked
periodically considering equipment durability issues. (2) Heat sealing is recommended for optimal
seal integrity, thus avoiding well position effects by volume loss. If a heat sealer is not available, we
recommend avoiding the outer microplate rows and verifying seal integrity visually after shaking.

(3) A shaking frequency (n) should be selected that is high enough to achieve comparable
stress between samples by ensuring that all samples are in contact with the seal (n > n,,,,). However,
it should not be so high as to promote well position effects that may be amplified near the shaker’s
operating maximum. When selecting n, differences in sample surface tension, viscosity, and fill
volume should be considered as these properties may change nqy.

(4) As a starting point for method transfer, the parameter well volume to fill volume ratio
Vwen/Vsn should be used instead of the fill volume Vj. To screen surfactant-free formulations, we
recommend a Vi,ei/Vsi of 3.6 for 24 h shaking at RT and 2400 rpm (a. 95 m/sz). For surfactant
screenings, the fill volume should be reduced to a V,,.,/Vi 0f 6 to increase the applied interfacial
stress.

CONCLUSION

This study provides an in-depth methodological account of miniaturized formulation screening
by agitation-induced aggregation using orbital microplate shakers. Several sources of systemic bias,
most notably from different shakers, can induce variable degrees of stress across the microplate,
thereby increasing the risk for misleading formulation decisions. The findings revealed critical
mechanistic factors of microplate-scale shaking, including a clear impact of the solution properties of
formulations on liquid motion and pronounced aggregation upon liquid-seal contact. A thorough
analysis of these biases and mechanistic features, as well as consequential recommendations for
equipment, material and parameter selection have been provided. The good agreement of the
presented microplate shaking method to results from vial shaking justifies its use for formulation
screening in early development phases. The proposed method parameter V.,,/Vs will ease method
transfer and comparability and may provide opportunities for further miniaturization.
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Figure 1. Dependence of mAb1-His monomer recovery on well position following 24 hours of shaking

at a. ~100 m/s” for three different shakers. (a) Heat-map illustrating the position

dependent variation in monomer recovery for plates shaken with each shaker. (b)

Average monomer recovery (%) + standard deviation (black lines) for each

microplate column. Individual values for each well within a column are displayed as

grey circles.



Journal Pre-proof

_500rpm 700 rpm

100 1300 rpm 1500 rpm 1700 rpm 1900 rpm
-ﬂ%‘ ! p B e L p W —J‘\M P

X1l 1
u

2100 rpm 2300 rpm 2500 rpm . 2700 rpm 3000 rpm
2 2300 rpm_ n rpm :

PM i e A

'l

NH

|

e
‘—.

——

Figure 2. Exemplary images of microplate wells containing 100 uL of mAb1-His, stained with
bromophenol blue at different shaking frequencies (well side view). Liquid motion is
characterized by three stages (I-lll).
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Figure 3. Correlation between liquid height during shaking and mAb1 monomer recovery. (a) Liquid
height as a function of shaking frequency for placebo histidine formulation (crosses),
mAb1-His (triangles) and mAb1-His-PS20 (circles). (b) Monomer recovery of
mAb1-His after shaking for 24 hours at different shaking frequencies for plates
sealed using either heat seals (circles) or adhesive seals (squares).
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Figure 4. Effect of mAb1-His concentration and shaking time on mAb1-His monomer loss as
measured by size exclusion chromatography. (a) Relative rates of monomer loss in
%-h™ (triangles) and absolute rates in mg/mL-h™ (circles) at different initial mAb1
concentrations ¢, after 24 hours of shaking. The slope of the dashed line indicates
first order scaling of absolute monomer loss rates with protein concentration. (b)
Monomer concentration as a function of shaking time over 96 hours of shaking at a
co of 1 mg/mL. Data were fitted by linear regression.
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Figure 5. Monomer recovery of mAb1-His after shaking for 24 hours as a function of fill volume Vy
(top panel) and well volume to fill volume ratio Vyen/Vsi (bottom panel) for (a) Shaker
C at 2400 rpm and plates sealed with either heat seals (circles) or adhesive seals
(triangles), (b) Shaker B at 2400 rpm with half-area plates (circles) or full-area plates
(triangles), (c) Shaker C operated at either the same shaking frequency n (black
circles) or similar centrifugal acceleration a. (red circles) as to Shaker B (black
triangles). Data plotted as a function of the V,,.,/Vj ratio were fitted by linear
regression and are depicted with a 95% Cl (grey or red shades).
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Figure 6. Comparison of mAb1, mAb2, FP and ADC stability after shaking in (a) vials or (b) microplates
qguantified by monomer recovery measured with SEC. Five formulations were
evaluated for each molecule. Included formulations were composed of 10 mM
citrate pH 5.5 (checkered bars) or 10 mM histidine pH 5.5 containing; no added
excipients (white bars), 0.01% polysorbate 20 (light grey bars), 0.01% polysorbate 80
(dark grey bars) or 0.1% Poloxamer 188 (black bars). In addition, for FP and ADC the
effect of three fill volumes (60, 100 and 180 uL) on monomer recovery after shaking
in microplates were investigated.
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Figure 7. Comparison of mAb1, mAb2, FP and ADC stability after shaking in vials (left panels) or
microplates (Vs 100 pL) (right panels) quantified by (a) turbidity or the concentration
(ml™) of particles (b) 2 2 um, (c) = 10 pm, and (d) = 25 pum measured by backgrounded
membrane imaging. Five formulations were evaluated for each molecule. Included
formulations were composed of 10 mM citrate pH 5.5 (checkered bars) or 10 mM
histidine pH 5.5 containing; no added excipients (white bars), 0.01% polysorbate 20
(light grey bars), 0.01% polysorbate 80 (dark grey bars) or 0.1% Poloxamer 188 (black
bars).
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Table 1. Properties of the Studied Shakers, Microplates and Seals.

Equipment  Notation Vendor Model/PN*  Properties
Max. rom Shaking Orbit do @ Platform Stabilization
Shaker Shaker A Grant Instruments ~ [MPS-1 3200 3 mm one central axis
Shaker B QInstruments Bioshake iQ {3000 2 mm multiple axes
Shaker C Eppendorf MixMate 3000 3 mm n/a**
Wells Material Well Dimension (mm)***
Microplate  [PA full-area Corning 3635 96 Polyacrylate (PA) 10.7,6.9, 6.4
PA half-area  |Corning 3679 96 Polyacrylate (PA) 11.5,5.0,4.5
PP full-area Corning 3364 96 Polypropylene (PP) 10.7,6.9, 6.4
PS full-area Corning 3591 96 Polystyrene (PS) 10.7,6.9, 6.4
Material Application
Seal Heat seal d4titude 4ti-0542 Copolymer, Polyester Heat, 180 °C, 4 s
/Adhesive seal  [BioChromato REPS001 Polyolefin, Polyethylene terephthalate  [Pressure, adhesive

* part number; the models were obtained in July 2020 ** n/a not available *** depth, top diameter, bottom diameter

Table 2. Summary of Experimental Designs for Microplate Shaking.

Study (Figure) Shaker  n(rpm) t(h) co Vi (uL) Viwen (ML) Material Seal N
(mg/mL) Type*™

Equipment Suitability
Well Position Effects (1)  |A/B/C 2500/3000/2500 [24 |1 100 360 PA H 96
- impact of n A 3000 5 1 100 360 PA H 96
Seal Integrity Cc 2500 24 n/a* 100 360 PA H/A |96

Parameters
Liquid Motion (2-3A) Cc 0 - 3000 nfa* |1 100 360 PA A 6
Shaking Frequency (3B)  C 0-2700 24 | 100 360 PA H/A [12
Concentration (4A) Cc 2400 24 0.2-100 [100 360 PA H 3
Time (4B) Cc 2400 0-96 |1 100 360 PA H 4
Fill Volume (5A) Cc 2400 24 | 60-360 360 PA H/A 3
Well Size (5B) B 2400 24 | 80-360 / 55-210 360 / 210 PA H 3
Shaking Orbit (5C) B/C/C [2400/2000/2400 24 |1 80-360 360 PA H 3
Plate Material Cc 2400 24 | 100 360 PA/PP/PS |A 3
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Comparability Vial vs.

Microplate Shaking (6-7)

C

2400

24

100 (607 180)

360

PA

* n/a not applicable ** H: Heat seal, A: Adhesive seal

Table 3.Intra- and Inter-plate Reproducibility of mAb1-His Monomer Recovery (%) using the
Optimized Microplate Shaking Method.

Plate Well 1 Well 2 Well 3
Plate 1 89.8 88.4 89.0
Plate 2 91.6 89.2 91.2
Plate 3 91.6 92.1 91.4




