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A B S T R A C T

The development time of therapeutic monoclonal antibodies (mAbs) has been shortened by formulation plat-
forms and the assessment of ‘protein stability’ using ‘developability’ assays. A range of assays are used to
measure stability to a variety of stresses, including forces induced by hydrodynamic flow. We have previ-
ously developed a low-volume Extensional Flow Device (EFD) which subjects proteins to defined fluid flow
fields in the presence of glass interfaces and used it to identify robust candidate sequences.
Here, we study the aggregation of mAbs and Fc-fusion proteins using the EFD and orbital shaking under dif-
ferent formulations, investigating the relationship between these assays and evaluating their potential in for-
mulation optimisation. EFD experiments identified the least aggregation-prone molecule using a fraction of
the material and time involved in traditional screening. We also show that the EFD can differentiate between
different formulations and that protective formulations containing polysorbate 80 stabilised poorly develop-
able Fc-fusion proteins against EFD-induced aggregation up to two-fold. Our work highlights common plat-
form formulation additives that affect the extent of aggregation under EFD-stress, as well as identifying
factors that modulate the underlying aggregation mechanism. Together, our data could aid the choice of plat-
form formulations early in development for next-generation therapeutics including fusion proteins.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Monoclonal antibodies (mAbs) have emerged as effective
therapeutics1,2 due to their high affinity1 and specificity2 against an
ever-broadening range of disease targets,3,4 employing mechanisms
beyond that of simple receptor (ant)agonism.3,5 In accord with their
need to bind multiple targets (either on different cells6 or on targets
in solution),7 these next-generation therapeutics, which are mostly
based on mAb scaffolds, display a startling array of designs.8 For
example, over 30 Fc-fusion proteins are currently in clinical trials
against a range of disease targets.9,10

One of the many hurdles facing the successful development of
protein-based molecules as drugs is their tendency to aggregate.11,12

Aggregation is typically instigated by the partial or complete unfold-
ing of protein molecules, followed by their self-association.13,14 The
formation of aggregates can increase processing costs due to the
need to remove them,12 as they can illicit adverse immunogenic and
pharmacological effects in patients.15,16 While one could re-engineer
a protein to make it less likely to aggregate,17,18 a common strategy
to improve the physicochemical behaviour of a protein is to change
its solution conditions.11,19 This task has been facilitated by the aca-
demic and industrial knowledge accrued over the last 30 years,
allowing the development of so-called ‘platform manufacture’20 and
formulations.21,22 By optimising mAb manufacture and formulation
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via small changes within defined areas of parameter space, platform
approaches reduce development time,23 reducing the height of the
barrier to commercialization.19 The applicability of these platforms to
the manufacture of more unusual and complex modalities, including
Fc-fusions, is currently unclear, and there is thus an increased focus
on the development of rapid and facile methods to optimise biophar-
maceutical formulation.24

An array of assays is commonly employed to optimise the formu-
lation of a protein of interest.23,25−28 Accelerated stability (AS) meth-
ods are routinely used by industry as part of ‘developability’
assessments, probing the affinity and specificity of candidates and
their behaviour in response to changes in temperature,29 pH30 and
ionic strength.31−34

In addition to these well-defined biophysical perturbants, thera-
peutic proteins are exposed to agitation, various interfaces (both air:
liquid and liquid:solid) and a variety of hydrodynamic flow fields,
throughout their lifetime from manufacturing12,35 and transport36

through to parenteral delivery into the patient.37−39 Several develop-
ability assays have consequently been designed to mimic mechani-
cally-induced stresses such as shaking during transport.40 To
complement these assays,41−48 we have recently developed a low-
volume Extensional Flow Device (EFD, Fig. 1A), which subjects pro-
teins to an extensional flow field (with a velocity gradient generated
in the direction of flow), followed by a shear flow (with a velocity
gradient perpendicular to the direction of flow). Unlike shear flow,
extensional flow fields, have been shown to induce conformational
changes for proteins evolved to be flow responsive and are found
throughout manufacturing, including during filtration.35 The ability
of hydrodynamic flow alone (i.e. in the absence of any interfaces) to
induce conformational changes for globular proteins remains contro-
versial (see Discussion).49 Irrespective of the precise mechanism of
action, we have showed that the EFD can identify aggregation-prone
mAbs, suggesting a role in developability pipelines.49,50 By assessing
the relationship between the results of EFD experiments and bio-
physical developability assays, we showed that the EFD sits on a
unique branch on a ‘family tree’ of developability assays used to char-
acterise clinically relevant sequences.51,52 The relationship between
the EFD and potentially related assays such as mechanical shaking
assays, remained unexplored.
Figure 1. Using an Extensional Flow Device (EFD) to trigger protein aggregation. a) The
EFD comprises two Hamilton syringes connected by a borosilicate glass capillary. Shut-
tling 0.5 mL of protein solution between the syringes results in an extensional flow at
the contraction point between syringe and capillary. Computational Fluid Dynamics
(CFD) analysis shows the increase in fluid velocity (top), as well as the strain rate (bot-
tom), which quantifies the extensional flow. A harsh shear flow (shear rate »50,000/s)
is present along the capillary. Image taken from Willis et al. 2018 using a CC-BY 4.0
license.50 b) Representative image (n = 3 biological repeats) of 0.5 mg/mL mAbP2 solu-
tion after: 1) 0, 2) 50, 3) 100, 4) 150 and 5) 200 passes in the EFD. The sample was in
HS buffer (20 mM L-His and 8.5 % (w/v) sucrose, pH 5.8).
In addition to a role in candidate selection, we also previously
showed that a buffer containing arginine and succinate reduced the
EFD-induced aggregation of an IgG1.50 Despite this success, the abil-
ity of the EFD (which uses milligram quantities of protein over a
timescale of minutes) to assess the effectiveness of a range of com-
monly employed platform biopharmaceutical formulations (that
comprise common additives across different modalities)22 remained
unexplored.19,23

Herein, the aggregation behaviour of a panel of eight IgG1 and
IgG2 molecules (mAbP1−8), selected for their diverse behaviour
under thermal stress, was assessed by conventional shaking stress, as
well as with the EFD in a histidine-sucrose (HS) platform buffer. Gen-
eral patterns of aggregation propensity under flow are shared by the
antibody panel, with differences observed between the data gener-
ated with EFD and orbital shaking, suggesting these methods induce
protein aggregation through different mechanisms. For a subset of
the panel (mAbP3−6), by systematically varying: protein concentra-
tion, platform buffering agent, pH, co-solutes and surfactants, we
show that the EFD can differentiate protein behaviour between the
formulations. The knowledge gained from the mAbP3−6 panel was
then applied to two Fc-fusion proteins, with polysorbate 80 (PS80)
emerging as a protective excipient against EFD-induced stresses, as
aggregation of the fusion proteins was reduced by up to two-fold.
Comparison of the rank of aggregation propensity for each protein
under EFD and orbital shaking stress and the effects of buffer compo-
sition on these ranks, reveals that these assays probe different bio-
physical liabilities. By reporting on flow-induced aggregation (which
may be a convolution of hydrodynamic and surface-induced effects)
the EFD complements other developability assays and may be espe-
cially useful in rapidly identifying stabilising formulations early in
development, especially for off-platform next-generation therapeu-
tics. It may also be used to preferentially select molecules which fit
the platform formulation.

Materials and Methods

Formulation Buffers

Histidine-sucrose (HS): 20 mM L-histidine hydrochloride (Sigma
Aldrich) and 8.5 % (w/v) sucrose (Fisher), pH 5.8 was prepared in
Leeds, dissolving the components in 18 MV H2O and titrating with
HCl (Fluka). The buffer was filtered through a 0.22 mm Durapore
membrane (Merck Millipore) and stored at 4 °C for no longer than a
week.

Tris-sucrose (TS): 20 mM Tris hydrochloride (Sigma Aldrich and
Biospectra) and 8.5 % (w/v) sucrose (Pfantstiel), pH 7.5 was prepared
by Pfizer, frozen and shipped to Leeds together with the correspond-
ing protein samples on dry ice. The buffer was thawed, used and
stored in the same fashion as the HS buffer.

Histidine-sucrose-arginine (HSA): 20 mM L-histidine (Sigma
Aldrich), 8.5 % (w/v) sucrose (Pfantstiel) and 20 mM L-arginine
hydrochloride (Ajinomoto), pH 5.8 was prepared by Pfizer, frozen
and shipped as above.

Polysorbate 80 (PS80): a stock of 10 % (w/v) PS80 (JT Baker) was
prepared in 18 MV H2O, filtered (0.22-mm, Merck Millipore) and
kept in the dark at 4 °C. When required, PS80 was added to a final
concentration of 0.02 % (w/v)), assuming a stock density of 1 g/mL.
Protein concentration adjustment was then performed as stated
below.

Protein Sample Preparation

The EFD 1−8 mAbs and the Fc-WT and Fc-XEng fusion proteins
were produced from stable Chinese Hamster Ovary cell expression.
Further details on the isotypes of mAbP1−8 are in Table S2. The
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proteins were transported on dry ice and stored at - 80 °C until
required. For flow experiments (mAbP1−8) frozen stock solutions
(20 mg/mL) were thawed at room temperature and diluted »1:5
with His-sucrose buffer. After filtration (0.22-mm filter, Millipore),
the sample was subsequently diluted 10-fold to determine the con-
centration by UV−Vis spectroscopy, at 280 nm using an extinction
coefficients in Table S2 and diluted to 0.5 or 5 mg/mL as required and
kept on ice. mAbP3−6 in TS and HSA buffers were supplied by Pfizer
and treated in a similar fashion as above, except a final concentration
of 5 mg/mL was used.

To make 27.5 mg/mL and 50 mg/mL protein solutions (mAbP3 and
5), 1 mL thawed stock solution (50 mg/mL) was clarified using a
bench-top centrifuge at 13,000 xg for 10 mins. 900 mL of supernatant
was removed and then either diluted to 27.5 mg/mL or used directly.
All sample solutions were kept on ice.

Fc-fusion proteins were thawed and clarified by syringe filtration,
assuming the shipment concentrations of 7.4 mg/mL for WT and
6.7 mg/mL Fc-XEng). For the formulation screen, protein samples in
HSA were prepared by buffer exchange (Zeba desalting columns,
ThermoFisher), according to the manufacturer’s protocol. When
required, PS80 was added to the samples after buffer exchange to a
final concentration of 0.02 % (w/v). The protein was then kept on ice,
as stated above.

The panel of proteins in different buffers were aliquoted, snap fro-
zen in liquid nitrogen and stored at �80 °C until further use. No more
than one subsequent freeze-thaw cycle was performed with each
sample.

Hydrodynamic Stress Experiments Using the Extensional Flow Device
(EFD)

Full details regarding the EFD can be found elsewhere.49 Briefly, in
EFD experiments, a sample volume of 0.5 mL of protein solution was
drawn into a Gastight 1001RN Hamilton Syringe though a 0.3 mm (i.
d.) Sutter instruments glass capillary, with air-bubbles removed. Fol-
lowing connection to a second syringe via ferrule compression con-
nectors (Hamilton) and a Gilson P10 O-ring (Gilson), the samples
were stressed for up to 200 passes. The plunger velocity was either 4-
, 8- or 16 mm/s, with plungers driven by a stepper motor, controlled
through an Arduino microprocessor. The length of time per pass,
strain rate and shear rate at these plunger velocities, are summarised
in Table S3. Quiescent samples for each experiment were prepared
by incubating the same protein solution at ambient temperature for
the same time as the longest experiment, e.g. 200 passes at 4 mm/s
takes 40 min.

Following stress, the sample was slowly decanted into a fresh
Eppendorf and kept on ice until analysis (see below). The capillary was
discarded, the syringes cleaned with 2 % (v/v) Hellmannex-III solution
(Hellma Analytics), 18 MV water, then 0.5 mL of the appropriate plat-
form formulation buffer, prior to processing the next sample.

Visual Inspection

Prior to analysis by turbidity and HPLC monomer loss, 250 mL of
the protein sample was transferred into a clean Starstedt polystyrene
UV−Vis cuvette. The cuvettes were photographed against a black
background, illuminated by a lamp »30 cm above. Images were taken
with an 8-megapixel mobile phone camera and cropped to size in
Microsoft PowerPoint 2016.

Turbidity Measurements

The optical density of samples at 350 nm was recorded using Shi-
madzu 1800 UV−Visible spectrophotometer, after blanking against
the respective platform formulation buffer.
HPLC Monomer-Loss Assays

3 £ 150 mL of each quiescent or stressed sample was clarified by
ultracentrifugation at 4 °C for 30 min at 35,000 xg (TLA100 rotor in an
Optima TLX centrifuge, Beckmann Coulter) and 300 mL supernatant
of each sample transferred to a 300 mL conical insert polypropylene
HPLC vial (VWR). After being crimp-sealed with aluminium/PTFE lids
(ThermoFisher), vials were stored on ice until HPLC analysis.

The work in this manuscript was performed during the COVID-19
pandemic, precluding the use of one HPLC system for the duration of
the project in Leeds, UK. For transparency to the reader, HPLC analy-
sis was performed for»thirty 0.5 mg/mL mAbP1−8 samples on a Dio-
nex HPLC system, before moving to Agilent 1400 (School of
Chemistry, University of Leeds) system for the 0.5 and 5 mg/mL HS
studies, in addition to the initial round of Fc-fusion protein experi-
ments (Fig. S9). The 27.5 and 50 mg/mL HS studies, HS + PS80, TS,
HSA (+/- PS80) and final Fc-Fusion screens were analysed with a bio-
compatible Shimadzu Nexera HPLC system. The injection volume
used was 20 mL on the latter two systems, where the majority
(> 95 %) of all data were collected. Two technical replicates were run
for each quiescent sample, with the average loading error across all
replicates used to assess the noise in the experiment, in addition to
capturing differences between the systems.

On all systems, samples were applied to a YMC Pack Diol 200 gel-
filtration column, operated at 0.75 mL/min with 20 mM sodium
phosphate + 400 mM NaCl, pH 7.2, as the mobile phase. All samples
were kept at 4 °C in the autosampler. The run length was 23 min for
Agilent instruments or 21 min on the Shimadzu system. Elution was
tracked at 280 nm using a photodiode array detector on all systems.
Peak areas were integrated using Chromeleon (Dionex and Agilent
systems) or LabSolutions (Shimadzu) software.

Data Processing and Analysis

The number of replicates is specified in each figure legend.
Numerical data were processed in Microsoft Excel, including ranking
of data for Spearman’s rank analysis using the RANK.AVG function.
One-way ANOVA calculations and Spearman’s rank correlation analy-
ses were performed in Origin Pro 2022. All graphs were also plotted
with this software.

Supplementary Methods

Details of Dynamic Light Scattering (DLS) measurements, real-
time (5 °C) and accelerated (25 °C) stability and orbital shaking are
provided in the Supplementary Methods.

Results

A Histidine-Sucrose (HS) Platform Formulation Leads to Common
Behaviours in the Extent and Growth of mAb Aggregates Under Flow

As the basis for this study, eight mAbs from the Pfizer inventory
were selected. Accelerated (AS) (25 °C) and real-time (5 °C) stability
data are available for seven of these (mAbP1−7, Fig. S1), with mAb
aggregation monitored using Size Exclusion, High-Performance Liq-
uid Chromatography (SE-HPLC). (Note: As these data were accumu-
lated prior to the initiation of the study reported here, the
formulations were similar, but not identical, generally comprising: L-
histidine buffer with carbohydrate co-solutes, surfactant and, in
some cases, chelating agent and anti-oxidant, pH 5−6 (Table S1)).
The molecule panel, dubbed mAbP1−8 herein, comprises four IgG1s
and four IgG2s. To examine whether the EFD induces aggregation in
these molecules under the same conditions, all eight EFD mAbs were
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formulated in a common histidine-sucrose (HS) buffer, pH 5.8 and
stressed under similar flow conditions (Materials and Methods).

As both the number of passes and the plunger velocity are known
to affect EFD-induced aggregation,50 all eight molecules were stressed
across the range of 0 to 200 passes at three different plunger velocities
(4-, 8- and 16 mm/s), comprising low, medium and high hydrody-
namic stress conditions, respectively. Analysis of the samples by visual
inspection showed that all the samples became turbid as a function of
pass number (Fig. 1b and Fig. S2), with this being most pronounced fol-
lowing stress at the highest velocity (16 mm/s) and highest pass num-
ber (200). Notably, none of the quiescent samples were visibly turbid.
While there were no clear, or consistent, changes in sample turbidity
as a function of plunger velocity across the mAb panel, on close visual
inspection, the particles appeared larger (to the eye) in the 4 mm/s
series versus their counterparts at higher plunger velocities.

To quantify the extent of turbidity in the samples, the optical density
of the sample at 350 nm was measured (OD350, Methods). The data in
Fig. 2 show that the increase in sample turbidity correlates with pass
number at all three plunger velocities, in agreement with the observa-
tions made above. The turbidity measurements showed that gradient of
the turbidity:pass number line increased with plunger velocity (Fig. 2a-
c).46 To understand whether the plunger velocity affected the size of
EFD-induced aggregates, Dynamic Light Scattering (DLS) measurements
Figure 2. Quantification of EFD-induced antibody aggregation using light scattering. Turbid
passes in the EFD at a plunger velocity of a) 4 mm/s, b) 8 mm/s and c) 16 mm/s. n = 3 biologi
cent (Q) or following 50 passes in the EFD at 4-, 8- or 16 mm/s, examined using Dynamic Lig
dispersity was notably higher in the 8- and 16 mm/s samples. Nanoparticles present in the s
tein and sucrose, account for the deviation from a smooth single-exponential decay describin
were performed on mAbP4, chosen as an example of a highly aggregat-
ing sample. After being stressed for 50 passes, an increase in sample dis-
persity was observed at 8 and 16 mm/s suggesting the formation of
larger aggregates under these conditions (Fig. 2d).

All of the mAbs studied showed an increase in pass number
dependence on OD350 as a function of plunger velocity, but with no
significant differences in gradient between the panel members (Fig.
S3). As the complex relationship between scattering intensity, parti-
cle size and number renders the data from these semi-quantitative
methods53 challenging to interpret in terms of quantitating absolute
aggregation levels, aggregation was also measured by quantifying
the loss of monomer by SE-HPLC, following clarification by ultracen-
trifugation (Methods). As SE-HPLC quantifies only the monomer
remaining in solution (via its ability to enter the resin matrix), it is
insensitive to the type of higher-order species formed. As both pass
number and plunger velocity affect the extent of EFD-induced aggre-
gation,50 a three-dimensional aggregation landscape (Fig. 3) is
required to visualise a protein’s liability to EFD-induced aggregation.
The landscapes of the mAbP1−8 panel (Fig. 3 and Fig. S4) are broadly
similar with a simple planar topology, showing that for these IgGs,
aggregation changes only marginally with plunger velocity (in con-
trast to a previously studied IgG1, STT50 (Fig. 3c). Despite the similar-
ity of the surface topology, the gradients differed, with mAbP1 and
ity (OD350) of 0.5 mg/mL mAbP1−8 samples in HS buffer after 0, 50, 100, 150 and 200
cal repeats, error bars = s.d. d) Correlation function for 0.5 mg/mL mAbP4, either quies-
ht Scattering (DLS). n = 2 biological repeats, with representative traces shown. Sample
ucrose formulation,87 confirmed experimentally by DLS of buffer in the absence of pro-
g the correlation function of a monomeric mAb by DLS, as seen previously.49
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mAbP5 and 8 showing the least and greatest dependence, of mono-
mer loss on pass number, respectively (Fig. 3a,b). Accordingly, the
sensitivity of mAbP1−8 to EFD-induced aggregation were ranked by
calculating the average % monomer loss across the three plunger
velocities, then fitting a straight line to the data to determine the
apparent rate (Fig. 3d). These data show that under these initial con-
ditions, the average apparent rate of monomer loss ranged from
»0.26−0.37 % monomer loss per pass, with mAbP1 at the bottom of
this range. While the differences in rates are, again, similar to one
another, mAbP5 and 8 were found to be significantly more aggrega-
tion prone than the most stable molecule, mAbP1. Currently, as with
other development assays,23,54 the ability of the EFD to predict the
long-term and accelerated stability of mAbs is unknown. Here,
despite difference in buffers between EFD-induced aggregation
experiments and the AS dataset (which themselves are in different
formulations, that precludes formal analysis), it can be seen, that at
25 °C (where relatively large differences are observed in thermal sta-
bility) mAbP1 is the most stable molecule. The trends in the AS data
and those obtained from the EFD using »4 mg protein and an
Figure 3. Percentage monomer-loss antibody aggregation landscapes. Landscape analyses f
plunger velocity was quantified using HPLC (Methods). mAbs were at 0.5 mg/mL in HS buffe
ues (in triplicate) comprise each landscape. c) Plot of STT IgG1 data from Willis et al. 2018
bars = s.d. The orange frames in a−c are to guide the eye, set at 60 % aggregation. d) Average
fit to the % monomer loss under each pass condition. Rate = gradient, error bar = fit error. * =
experimental time of »6 h, including clarification, per replicate) sug-
gests that the EFD dataset accumulated in these preliminary experi-
ments, may be able to identify extremely good or bad candidates for
development with poor differentiation for moderately stable candi-
dates. Further experiments comparing the relative stability (in terms
of monomer loss over time) of a panel of mAbs, in the same buffer sub-
jected to EFD stress and incubated over time at 5 °C and 25 °C, would
be required to confirm this observation, as would the identification of
EFD conditions which enhance the dynamic range of the data.

Orbital shaking assays (where glass vials containing protein solu-
tion are continuously agitated) are commonly used during develop-
ment to assess the stability of mAbs to interfacial stresses.33,36,55 To
explore the relationship (if any) between this assay and the EFD,
0.5 mL of each mAb was shaken in an orbital shaker at 0.5 mg/mL in
HS buffer, at 300 rpm for between 4 and 24 h (Methods). After 4 hrs,
the extent of monomer loss observed ranged from 0.9 to 9.7 %, with
four mAbs (mAbsP4,5, 6 and 7) showing the least aggregation. After
24 h much larger differences between the molecules are observed,
Fig. S5. The panel could be arbitrarily grouped into molecules
or a) mAbP1 and b) mAbP5. EFD-induced aggregation as a function of pass number and
r. n = 3 biological repeats, error bars (in red) = s.d. Fifteen pass number and velocity val-
,50 showing speed-dependent aggregation of this antibody at 0.5 mg/mL. n = 2, error
rate of monomer loss (%/pass) for the mAbP1−8 molecules, as determined from a linear
p-value ≤0.05.



Figure 4. Inverse concentration-dependence of EFD-induced aggregation for mAbP3
−6 in HS buffer. a)% monomer loss for 0.5 mg/mL antibody, stressed at 8 mm/s for 0
(quiescent, Q), 50 or 200 passes. The data are reproduced from Fig. 3 (mAbP5) and S4
(mAbP3, 4 and 6). b)% monomer loss data obtained under the same conditions as a,
except with 5 mg/mL antibody. n = 3 biological repeats, error bars = s.d. c) % monomer
loss data obtained under the same conditions as b, except with 50 mg/mL antibody.
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showing the highest levels of monomer loss (greater than 10 %,
mAbP3 and 5), intermediate levels (between 5 and 10%, mAbP2,
4,7,8) and those showing resilience to orbital shaking (less than 5 %
monomer loss, mAbP1 and 6). Spearman’s rank correlation was per-
formed to compare the rates of monomer loss observed from the EFD
with the extent of monomer loss from orbital shaking. A negative cor-
relation was observed between the EFD and orbital shaking data after
4 hrs (Spearman’s correlation coefficient = �0.64) with a weaker cor-
relation seen between the EFD and 24 hr orbital shaking data (Spear-
man’s correlation coefficient = 0.12). Together, the differences
observed between these methods (Table S4) suggest that the under-
lying mechanisms of protein aggregation induced by orbital shaking
and the EFD may be different (see Discussion),46 with the timescale
of the former method playing an important role in the extent of
aggregation observed.48

Protein Concentration Impacts the Extent of mAb Aggregation Under
Flow

As the degree of aggregation is quantified using SE-HPLC in the EFD
assay, the experiment typically uses dilute protein solutions (0.5 mL at
a concentration of 0.5 mg/mL). While advantageous in terms of sample
requirements, such low concentrations are rarely found during down-
stream processing and formulation in mAb manufacture. To reflect
these conditions, accelerated stability studies are typically carried out
at final drug product concentrations56 (>10 mg/mL22) that are 20−100
fold higher than used in the EFD. In order to determine how protein
concentration impacts the trends observed with respect to EFD-
induced aggregation, a subset of molecules from the initial panel
(mAbP3−6) were stressed for 50 and 200 passes at a plunger velocity
of 8 mm/s, at concentrations of 5 and 50mg/mL in HS buffer.

Visually, the macroscopic extent of aggregation of 5 and 50 mg/
mL solutions after 200 passes at 8 mm/s (Fig. S6a) were much greater
than the experiments performed at 0.5 mg/mL (Fig. 1), as expected.
Using DLS (Methods), protein aggregates were detectable in mAbP4
samples even after 50 passes at 8 mm/s at 5 mg/mL (Fig. S6b), as we
previously observed for BSA when stressed in the EFD at the same
protein concentration.50

To investigate the effects of protein concentration on EFD-induced
aggregation in more detail, the extent of EFD-induced aggregation
(loss of monomer) was quantified by SE-HPLC for mAbP3−6 at 5 and
50 mg/mL and compared to the data obtained above at 0.5 mg/mL
(extracted from Fig. 3). The extent of aggregation was calculated in
absolute terms (amount of monomer lost, Fig. S7) and relative terms
(percentage monomer loss relative to a control not exposed to EFD
stress, Fig. 4). These results show, firstly, that when using data from a
single pass number, greater differentiation is apparently achieved at
an intermediate concentration, suggesting once again that mAbP5 is
the most aggregation prone. However, as these data are derived from
fewer biological repeats relative to the data in Fig. 3, this difference
was not statistically significant. The advantages of greater differentia-
tion are balanced by the increasing error at higher concentrations,
resulting in the adoption of experimental EFD parameters of 5 mg/
mL, 200 passes in further experiments. Secondly, while the absolute
amount of aggregation increases with protein concentration, the rela-
tive amount of aggregate (expressed as percentage of monomer lost)
decreases with increasing initial protein concentration (Fig. S7). This
inverse concentration-dependence of EFD-induced aggregation, sug-
gests that the underlying aggregation mechanism may change when
one moves from low protein concentrations (mediated by surface
interactions),13,57 to high concentrations (at which flux through a
bulk mediated pathway increases due to saturation of the surface-
mediated pathway). Plotting the relative monomer loss against the
initial protein concentration (Fig. S7) shows that such a switch occurs
between 0.5 and 5 mg/mL. These data suggest that the solid-liquid
interfaces of the EFD play a major role in the aggregation observed
following stress in the device, as suggested by others recently.31,44
Changing the Platform Formulation Reveals Favourable and
Unfavourable Conditions for the mAbP3−6 mAbs Under Flow

In order to investigate how platform formulations modulate the
aggregation behaviour of the panel of molecules under flow, the
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mAbP3−6 mAbs were stressed at 5 mg/mL under an array of solution
conditions. Surfactants are ubiquitous in biopharmaceutical formula-
tions, enhancing the long-term stability of many mAbs by competing
with proteins for air-water or solid-water interfaces, thus preventing
adsorption-mediated unfolding.32,48 To determine whether surfac-
tants were also protective to mAbP3−6 under flow, the HS buffer and
protein stocks were supplemented with PS80 to a final concentration
of 0.02 % (w/v) and EFD experiments were performed at 8 mm/s for
50 and 200 passes. The samples were quantified using the monomer-
loss assay, with the data revealing, surprisingly, that only mAbP6 is
significantly protected against aggregation by PS80, with a 2-fold
decrease in aggregation after 200 passes relative to the HS buffer
(Fig. 5 and Fig. S8a).

Next, we sought to investigate how a shift in pH influences EFD-
induced aggregation. The formulation was thus changed from HS
buffer (20 mM L-His, 8.5 % (w/v) sucrose pH 5.8) to TS buffer (20 mM
Tris + 8.5% (w/v) sucrose, pH 7.5) and EFD experiments carried out on
mAbP3−6 under the conditions previously found to be most discrimi-
nating (8 mm/s, 200 passes, 5 mg/mL). The samples were subse-
quently analysed using the monomer-loss assay (Fig. S8b) showing
that mAbP3 and mAbP4 were significantly more aggregation prone
in this buffer. The molecular mechanism underlying this decrease in
stability is presently unknown, but for mAb4 (pI 7.2) a decrease in
colloidal stability may drive aggregation at this pH. Whether this
Figure 5. Platform formulation composition modulates the extent of EFD-induced aggregati
jected to 200 passes at 8 mm/s. Data for proteins in histidine-sucrose (HS) buffer are reprodu
mulations except Tris-sucrose (TS) = 7.5. PS80 = 0.02 % (w/v) polysorbate 80 present in th
deviation. Significance was determined using one-way ANOVA: * = p-value ≤ 0.05 and ** = p-
affects the colloidal stability of native or near native states58 in the
bulk pathway or surface:protein interactions in a surface pathway
remains to be resolved.

As a final modification, the mAbP3−6 molecules were stressed in
HS buffer containing 25 mM L-arginine, pH 5.8 (HSA), in addition to
the presence or absence of 0.02 % (w/v) PS80. After performing the
monomer-loss assay, the analysis showed surprisingly, that HSA
buffer does not protect any of the mAbP3−6 molecules from aggrega-
tion relative to HS buffer (Figs. 5 and S8 c,d). Indeed, for mAbP6 (and
potentially mAbP4), inclusion of arginine results in an increase in
EFD-induced aggregation (from 10.6 § 2.2 to 15.5 § 4 % monomer
loss after 200 passes for mAbP6). For both mAbP5 and 6, addition of
PS80 to the HSA buffer protected against aggregation by 25−50 %
(Figs. 5c and d). Notably, mAbP3 and mAbP4 were not protected. It is
known that, for example, arginine is not a “universal protector”
against protein aggregation as it can destabilize the native state of
proteins.59,60 It is also interesting to note that PS80 and arginine may
exhibit partial antagonistic effects as mAbP6 shows a small increase
in aggregation (1.6 § 0.6 %) in the presence of PS80 in HSA relative to
HS buffers. This result is also seen to a greater extent with more chal-
lenging proteins studied below.

These data show that the EFD can rapidly assess the effect of com-
monly used formulation excipients on aggregation using small quan-
tities of proteins. Using conditions that allow significant differences
on for a) mAbP3, b) mAbP4, c) mAbP5 and d) mAbP6. All proteins (5 mg/mL) were sub-
ced from Fig. 4. HSA = histidine-sucrose-arginine buffer (Methods). pH = 5.8 for all for-

e samples (Methods). For all data, n = 3 biological repeats, error bars are the standard
value ≤ 0.01.



Figure 6. Using the EFD to screen for Fc-fusion aggregation reveals stabilising platform
formulations. Plot of percentage of monomer lost after 200 passes in the EFD at 8 mm/
s, together with quiescent controls, for a) Fc-XWT and b) Fc-XEng (both at 0.5 mg/mL).
HS = Histidine-sucrose, HSA = Histidine-sucrose-arginine, PS80 = 0.02 % (w/v) polysor-
bate 80. n = 3 biological repeats, error bars show the standard deviation. Significance
was determined using one-way ANOVA: * = p-value ≤ 0.05, ** = p-value ≤ 0.01 and
*** = p-value ≤ 0.001. Orange brackets are to highlight the differences between the HS
and HSA formulations containing PS80.
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to be identified, it is clear that the presence of surfactant and the opti-
misation of pH are the most effective methods of reducing EFD-
induced aggregation. In light of the ineffectiveness of arginine under
these conditions, it is interesting to note that none of the optimised
formulations used for the real-time or AS studies contained this addi-
tive (Table S1).

Sensitive Fc-Fusion Proteins can be Protected Against Flow-Induced
Aggregation by Protective Platform Formulation Additives

In our previous studies, we mainly investigated the flow-induced
aggregation of IgG1 antibodies,49,51 or globular proteins of varying
topology.50 As there is an increasing number of fusion proteins cur-
rently in development,9,10 which are inherently more sensitive to
aggregation that their full-length mAb counterparts,61,62 we sought
to investigate if these scaffolds also exhibited increased sensitivity to
EFD-induced aggregation, as well as whether PS80 and/or arginine
conferred protection to a pair of Fc- human protein “X” fusion pro-
teins. The pair comprise a wild-type (Fc-XWT) and an engineered
variant (Fc-XEng) with improved thermal aggregation propensity
(reduced aggregation by SE-HPLC after 4 weeks at 25 °C, data not
shown).

Both proteins were initially stressed using the EFD for 0−200
passes under the mAbP1−8 conditions used at the start of the study
(0.5 mg/mL, HS buffer, 8 mm/s plunger velocity), given the lower
quantity of material available. The HPLC available at the inception
of these experiments, which had a stainless-steel flow path, pre-
cluded the use of the monomer-loss assay (due to adsorption of the
fusion proteins to the flow path, data not shown). Consequently,
the extent of soluble protein loss was quantified using an alterna-
tive method previously developed in the laboratory,49 involving
clarification by ultracentrifugation followed by spectrophotometric
quantification of protein concentration (Fig. S9). The data showed
that both molecules are extremely sensitive to flow, with almost
100 % loss of soluble protein after 200 passes (Fig. S9a, note the
aggregation levels for mAbP1−8 in the same buffer under in an
identical EFD experiment was »45−70 %).

These experiments were then repeated using the stabilising plat-
form formulation additive identified above (PS80) in both HS and
HSA buffers (the latter buffer was included to further investigate
potential deleterious competition with PS80 as noted for mAbP4 and
mAbP6 above). After stressing Fc-XWT and Fc-XEng at 0.5 mg/mL for
200 passes in these buffers in the presence and absence of surfactant,
the monomer-loss assay was performed using a bio-compatible HPLC
system (Methods). Firstly, the fusion proteins are far more sensitive
to the effects of EFD-stress than standard mAb scaffolds (Figs. 5 and
6), with 94 and 89 % loss of monomer after 200 passes in HS buffer
for Fc-XWT and Fc-XEng, respectively. These highlight potential diffi-
culties in their manufacturing in this formulation. This increased sen-
sitivity to EFD-stress results in a large range of responses that in turn
reveal large and significant differences between each variant and
especially between formulations for the same variant. Notably, Fc-
XEng shows less monomer loss than Fc-XWT when stressed in HSA
buffer (Fig. S10), which together with the HS result suggests the
reduced thermal aggregation propensity of this variant also confers
resistance to aggregation by hydrodynamic forces. For both proteins,
PS80 reduces EFD-induced aggregation, but this protective ability is
reduced in the presence of arginine (» 2-fold vs 1.25-fold for either
protein in HS and HSA buffer, respectively). For these fusion proteins,
arginine destabilizes the proteins both directly (with a 5 % (statisti-
cally significant), increase in Fc-XWT monomer loss observed when
performed in HSA instead of HS) and by reducing the protective effect
of surfactant (compare orange and yellow bars in Fig. 6).

Finally, these results were compared to those obtained for Fc-
XWT and Fc-XEng after orbital shaking for up to 24 h at 0.5 mg/mL in
the same four platform formulations as used in the EFD study (Fig. 7).
As shown previously for the mAb constructs, under conditions that
allow differentiation between conditions (24 hrs in this case), orbital
shaking results in greater monomer loss relative to the EFD (which is
performed in these experiments over 20 mins). Notwithstanding the
differences in magnitude, the patterns of protection are similar for all
of the platform formulations between the EFD and the shaking study:
Fc-XEng is resistant to aggregation compared to wild-type (85 % and
96 % loss of monomer, respectively), and PS80 is protective in both
HS and HSA buffers. In contrast to these similarities, it is interesting
to note that the deleterious effect of arginine on solubility is not
observed after orbital shaking, again pointing at different aggregation
mechanisms between these two methods. Together, the data high-
light that hydrodynamic stress studies can identify platform buffers
that protect against EFD-induced aggregation. The degree of protec-
tion is dependent on the molecule under investigation, in addition to
the mechanism of aggregation under different flow regimes.



Figure 7. Orbital shaking analysis of Fc-fusion proteins in different platform formula-
tions. a) Quantification of turbidity at 350 nm (OD350) for Fc-XWT and Fc-XEng in the
four main platform formulations. b) Quantification of percentage monomer remaining
in solution by HPLC for the Fc-XWT and Fc-XEng proteins above. Shaking was carried
out for 0, 4 or 24 h (0 h = incubated for a day at room temperature with no shaking).
HS = histidine-sucrose, HSA = histidine-sucrose-arginine, PS80 = 0.02 % (w/v) polysor-
bate 80. N = 1 all samples.
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Discussion

Decades of research and development in protein and formulation
science19 have allowed many mAb formulations to share common
buffer and excipient combinations which maintain the physicochem-
ical stability of the mAb and allow successful delivery into patients.
These ‘platform formulations’ help accelerate the development of
these molecules as therapies.23 As the amino acid sequence, structure
and dynamics of a mAb18,30,63,64 may lead to aberrant biophysical
behaviour, a ‘one-size-fits-all’ approach to formulation may not nec-
essarily work for all molecules. This is a particular challenge for
newer modalities, such as fusion proteins, as the number of approved
products (<20, to date)10 and body of literature surrounding their
developability, is much smaller relative to their full-length monoclo-
nal antibody counterparts.24 Additionally, Fc-fusion proteins have a
wide array of sequences, topologies and formats,8,10 making the
design of a single platform formulation challenging.

The main drivers of this research were to better understand the
utility of the EFD in establishing the fitness of platform formulations
early in development, as well as identifying molecules which suit these
platform formulations. For example, our previous work showed that
high concentrations of arginine (125 mM, 5x higher than the amount
used in this work) can reduce the aggregation of a sensitive IgG1 under
flow.50 Comparing the EFD-induced aggregation of the mAbP1−8
panel with their AS and real-time stability data showed that mAbP1
was the least aggregation-prone molecule. This was achieved using
small amounts of material (generating each landscape consumed
»11 mg of material in total) and a few days’ work per molecule. We
note, however, that the majority of mAbs displayed similar levels of
EFD-induced aggregation, suggesting that EFD screening may be more
appropriate earlier in candidate selection. If a rapid result was
required, we have shown that 200 passes at 5 mg/mL (using 0.5 mL)
8 mm/s (which takes 20min to complete), provides adequate discrimi-
nation between different formulations (Fig. 5) and is much faster than
the orbital shaking method, using half the sample volume.

Despite the simplicity of the EFD design which has well-defined
hydrodynamic flow fields (extensional flow and shear flow) and
known glass-liquid interface surface area,49,50 it is clear that many
parameters can affect the extent of EFD-induced aggregation. For
example, when the plunger velocity increases, the exposure time of a
protein to extensional flow decreases whilst there is a concomitant
increase in the magnitude of the force (strain rate) applied.49 In the
work presented for HS buffer, higher velocities led to the formation
of aggregates of broader dispersity, with such aggregates better able
to scatter light (Fig. 2). The aggregation landscapes suggest that the
amount of monomer lost was similar across the different plunger
velocities. As the timescales differ widely between each experiment,
it could be that longer timescales (at 4 mm/s) allow for the coales-
cence of aggregates into larger species,65 which may be broken up
when the EFD experiments are carried out at higher plunger veloci-
ties.66 These results could have implications in bioprocessing steps
where extensional flows are found, namely the removal of proteina-
ceous aggregates by membrane filters.35,67 Furthermore the shear
rates in the capillary of the EFD have a similar magnitude to those
found in fill-finish operations, as reviewed by Bee et al.68

It was also clear from increasing the protein concentration from 0.5
to 50 mg/mL that there is an inverse-concentration dependence on
EFD-induced aggregation for the mAbP3−6 molecules in HS buffer.
There is an established literature precedence towards surface-medi-
ated protein aggregation explaining inverse concentration-dependent
protein aggregation phenomena.31,44,57,69−71 The change in relative
and absolute extents of aggregation as a function of initial protein con-
centration (Fig. S7a) clearly shows that a switch in mechanism occurs
between 0.5−5 mg/mL. While some groups have suggested that bulk
flows can perturb protein structure72−74 and induce protein aggrega-
tion,34,49,75 this is still controversial.70,71 For this mechanism, bulk flow
may induce conformational changes in proteins,73,74,76 exposing previ-
ously solvent sequestered residues (which can be chemically modified
only in presence of flow)49,77 triggering the formation of aggregation-
prone species.49,75−77 Alternatively, hydrodynamic flow may simply
act to accelerate the turnover of aggregation-prone protein conforma-
tions adsorbed onto air-water or solid-water interfaces into bulk solu-
tion.31,41−44,46−48,55,70,71,78−80 For example in orbital shaking
experiments, the size of the air-water interfaces formed and frequency
of their turnover, can influence the extent of aggregation observed.78,81

For solid-liquid interfaces, the chemistry of the solvent-facing sub-
strate in addition to its surface area has been previously shown to
affect protein aggregation propensity, using similar devices.31,62 Work
is ongoing to investigate the kinetic mechanism of EFD-induced aggre-
gation showing that the presence of both extensional flow and solid-
liquid interfaces are pivotal to the mechanism, with cavitation not
occurring under the conditions tested (manuscript in preparation). To
explore the synergy between interfaces and extensional flow in
greater detail and to assess its importance to biopharmaceutical manu-
facture, development of a suite of devices composed of materials com-
monly found in processing is ongoing.
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The addition of surfactant into the platform buffers only sup-
pressed the aggregation of mAbP6, but was universally protective for
both fusion proteins in both HS and HSA buffer. This differential pro-
tection may reflect distinct aggregation mechanisms for mAbs and
fusion proteins. For example, the propensity for the Fc-fusions to
aggregate via an interfacial-dominant mechanism is clear from the
literature,46,62 as observed during the use of a stainless steel HPLC
system in this study. This may mean single-use bioprocessing equip-
ment is better suited to fusion proteins, rather than traditional stain-
less-steel setups.

By contrast to the clearly protective role of PS80, arginine did not
reduce EFD-induced aggregation and a significant protective effect
was only observed for the fusion protein Fc-XEng when stressed
using the orbital shaker. This contrasts with three IgG1’s which
showed reduced aggregation propensity in the EFD when stressed in
the presence of this additive.50 Strikingly, a comparison of EFD-
induced aggregation in HS and HSA buffers in the presence of PS80
suggests that arginine may even suppress the protection afforded by
surfactant. Whether this effect is due to direct interaction between
these excipients, the complex amphipathic nature of the arginine
leading to a variety of possible interaction modes with proteins (e.g.
blocking exposed hydrophobic or charged patches on proteins),82 the
influence of counterions in the formulation affecting arginine’s pro-
tective interaction modes,60 or the ability of arginine to thermody-
namically destabilize some proteins,59 is unclear. It should be noted
that arginine was not included in any of the original formulations
used for the AS and real-time stability study.

The EFD features solid-liquid interfaces, with air-water interfaces
removed prior to stress. The addition of surfactant to the HS and HSA
buffers reduced aggregation after 200 passes for both fusion proteins.
In the orbital shaking study, the main perturbants present are air-
water interface turnover and shear flow.36,48,83,84 Surfactants are
included in therapeutic protein formulations to protect against inter-
facial aggregation.22,34,85,86 PS80 has a larger protective effect in
orbital shaking, with only a 5 % loss of monomer for the Fc-XEng pro-
tein after 24 hrs in HSA + PS80 vs 40 % loss in the EFD.

In conclusion, our studies show platform formulations can modu-
late the aggregation of antibody-based proteins under flow and that
the size distribution of the aggregates which subsequently form is
sensitive to the flow used in the EFD. Where interfacial aggregation
dominates such as the air-water interfaces formed during orbital
shaking, the presence of surfactant in the form of polysorbate 80 can
confer significant protection against aggregation of fusion proteins.
These results highlight the necessity of platform formulation screen-
ing to minimise aggregation, with surfactants being the most crucial
component to protect against the effects of flow. While both the EFD
and orbital shaking quantify the effects of mechanical agitation
(which comprises both hydrodynamic flow and interfacial stresses)
the methods appear to differ with respect to the underlying mecha-
nism driving aggregation. The work presented will inform further
studies to better understand this process, which is clearly modulated
by the formulation environment.
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