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ABSTRACT

Monoclonal antibodies (MA4) continue to be the largest selling class of
therapeutic biologics. The success of MAb therapeutics is attributed to their potency,
specificity, and ability to be engineered for different targets. A common abstacl
during MAb development is nemative aggregation. While aggregation can decrease
the final potency of the drug, aggregates present in the final drug formulation can
potentially invoke an immune response that reduces drug efficacy and compromises
patientsafety. Therefore, the aggregation mechanisms and different aggregate species
related to a therapeutic drug candidate must be tightly controlled.

MADs encounter a range of stresses during pharmaceutical development,
manufacturing, transportation, and sgggahat can promote different aggregation
mechanisms in bulk solution and at sdlglid, liquid-liquid, and vapotiquid
interfaces. Aggregation in bulk solution has been studied extensively in a mechanistic
context. In contrast, mechanistic understagaihsurfacemediated aggregation
remains largely putative, in part because of the limitations of techniques currently used
to study surfacenediated aggregation. This thesis focuses on mechanistic insight into
surfacemediated aggregation by introducimggroved techniques for studying protein
behavior at interfaces and using these techniques to systematically study protein
behavior at interfaces under a range of conditions.

Isothermal interfacial compression/dilation (1ICD) cycles are advantageous for

ther ability to provide wellcontrolled and quantifiable turnover of-avater interfaces

XVii



in a relatively highthroughput manner. This technique was used to evaluate the
combined effects of temperature and compression/dilation-ofader interfaces for a
model MADb in representative MAb formulations. Aggregation rates were quantified as
a function of temperature and extent of IICD cycles using size exclusion
chromatography, dynamic light scattering, and fiovaging microscopy. The results
indicated that coipetition exists between bulknd surfacenediated aggregation
mechanisms, and each pathway has a largely different temperature dependence that
results in a crossover between the dominant aggregation mechanism as the sample
temperature changes. Surfanedated aggregation is also influenced by solution pH

in a manner that correlates with electrostatic prgpeatein interactions and does not
mirror the pH dependence in bulk that instead trends with conformational stability.
Polysorbate 20 reduces aggregatates overall, but in some instances shifts the
overall observed aggregation behavior towards-bugkliated aggregation.

To further improve the labor, time, and material needs of surfesxBated
aggregation studies, microbubble aeration was introdasedrapid, smailolume
approach for evaluating protein aggregation vianaiter interface exposure. Samples
were aerated with microbubbles for short amounts of time (< 10 seconds), and the
resulting particles were analyzed using backgrounded memionagéng. The
applicability of microbubble aeration was demonstrated by evaluating the surface
mediated aggregation propensity of two model MAbs and a globular protein as a
function of pH and temperature. Temperature had a negligible effect under the rapid
time scales of interface turnover of this technique, which indicates the technique can
help to isolate some portions of the overall aggregation mechanism compared to

longer timescale experiments. Electrostatic colloidal interactions were more
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influential than conformational stability on surfaneediated aggregation rates, even
when comparing different proteins. Polysorbate 20 substantially reduced aggregation
for the MAbs but not aCgn, which exhibited rapid adsorption kinetics.

In studies using IICD cyclesnd microbubble aeration, information about
surfacemediated aggregation is primarily inferred through bulk solution
measurements of monomer depletion and aggregation products after they putatively
desorb from the interface. Interfacial rheology was intoed as a suitable technique
for measuring the rheology of protein layers while still adsorbed to the interface. A
Langmuir trough was used to improve the practicality of interfacial shear rheology
measurements for MAb systems by accelerating regsdibration and reducing the
preparation time for each experiment from several hours to approximately 30 minutes.
Creep measurements and oscillatory strain and frequency sweep measurements
revealed that an adsorbed MAD layer on thenaiter interface resemblassoft glassy
material. For each condition, creep compliance from different applied stresses could
be horizontally shifted for superposition onto a master creep curve. The viscoelastic
moduli, creep compliance, and superimposed master creep curves dhithaydrs
were dependent on solution pH and bulk concentration in a manner that indicated that
adsorbed MAbs form stronger interfacial films as the solution pH app®#oh pl of
the MAD, and at higher bulk concentrations.

Lastly, to determine the inflmee of adsorption on surfaceediated
aggregation, a microtensiometer was used to systematically measure the dynamic
surface tension behavior of two model MAbs and a globular protein as a function of
temperature, bulk concentration, and solution pH awvater and oiwater interfaces.

The meseequilibrium surface pressure did not change between conditions at each type
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of interface, though the mesquilibrium surface pressure of the-aiaterinterface
was significantly higher than that of the-wiaterinterface. While in the rest of the
thesis, solution pH was a key parameter determining sunfi@ckated aggregation
rates and the interfacial rheology of adsorbed protein layers, solution pH had no
observable effect on dynamic surface tension at eithenfaice. At the atwvater
interface, adsorption kinetics accelerated at higher temperatures and bulk
concentrations. The three proteins exhibited distinguishable adsorption kinetics, but
not in an order that reflected surfacediated aggregation propengitgasured using
microbubble aeration. Trends relating to temperature, bulk concentration, and the
identity of the molecule were indistinguishable at thea@iterinterface and may have
been hiddemelow the sensitivity limit®f the instrument. A higheoacentration of
polysorbate20 was required to reduce protein adsorption tevaterinterfaces than

to airwaterinterfaces.

Many of the results presented in this work have implications for how
acceleratedtability studies relating to surfaceediated aggregation should be
designed during biopharmaceutical development. Overall, this dissertation illustrates
the effect of solution pH, temperature, and bulk concentration on protein adsorption
and aggregatiohehavior at interfaces and lays the foundation for future studies to

uncover new mechanistic information relating to sudiaegliated aggregation.
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Chapter 1

INTRODUCTION

1.1 Motivation

In 2018 and 2019, seven of the top ten drugs by sales globally were
monoclonal antibody (MAb) therapeutit$The dominance of MAb therapies as the
top selling class of therapeutic biologics shows no sign of decline as several new MAb
therapies were approved in the first quarter of 2020 &téie success of these
proteins in the pharmaceutical market arises from their higtifgjity, potency, and
ability to be engineered for different targefdVIAb therapies are currently on the
market and in chical trials to treat a variety of diseases, including those in the areas
of oncology and immune disordéet4."11

One challenge during MAb drug development is-native aggregation via
so-called nonnative protein states. For themainder of this dissertation, aggregation
will always refer to nomative aggregation. During aggregation, natively folded
monomers partially or fully unfold and sel§semble into higher molecular weight
units consisting of protein sumits!>13At a minimum, aggregation reduces the yield
of effective drug product and the potency of the drug. However, aggregates can also
promote unwanted immunogie responses in patients. This side effect occurs when a
patientds I mmune system mounts a response
protein that interferes with, or even neutralizes, the effect of the drug, and can lead to

life-threatening complicaiins for the patient:'®Consequently, regulatory agencies



require extensive characterizatiand control of any aggregation behavior of
therapeutic proteins prior to market appro\df

Characterizing aggregation is typically a complex, rmtkp proces$roteins
can undergo various aggregation pathways thdttieaifferent aggregation products
depending on the specific solution and stress conditions invéivgrless otherwise
specified, the term stress for proteins will be used to describe a chemical, mechanical,
thermal, or other factor that can influence the stability and aggregation of a protein.
An example of the variety of protein aggregation patys and products observed in

everyday life is depicted in figure 1.1.

Native state

(a) Temperature 4 (b) Pressure

(c) pH (d) Denaturants (e) Interfaces

Figurel.1l: Protein aggregation by various driving forces: (a) thermal; (b) pressure;
(c) pH; (d) alcohol; and (e) air interfaces. Reproduced with permission
from Yanol’



Protein therapeutics are exposed to a variety of solution and stress conditions
during manufacturing, shipping, storage, and administration that can eadihéave
potential to induce different aggregation pathways that result in various aggregation
productst®2° For example, viral deactivation during protein purification requires a
low pH environment® This low-pH environment may decrease protein
conformational stability and induce some degree of protein unfolding to expose
typically buried hydrophobic patches that can facilitate aggreg&tidroteins are
also exposed to high (~2 M) salt concentrations during chtomraphic wash steps,
which may promote protein seifssociation and lead to aggregatidff: Agitation of
liquid protein formulations during mixing or transit can expose proteins-igsder
interfaces, and this hydrophobic environment may facilitate unfolding and
aggregatiorf’ The same effect may be achieved by the presence oflispiid
interfaces in the filfinish process, and silicone oil lubricants in process equipment
and prefilled syringes?° Even the final drug formulation includes choices of buffer,
pH, and inactive ingredients, which are also known as excipients, that may affect
product sheHlife.*® Understanding how a given protein aggregates uagarticular
solution and stress conditions does not necessarily inform about aggregation under
different condition€> 28 Therefore, thasugh evaluation of the aggregation behavior
of a therapeutic drug candidate requires multiple accelerated stability studies that help
to understand the different aggregation pathways involved.

Protein aggregation in bulk solution has been studied exténsive is often
accelerated by incubating samples under elevated temper&tth&sThe most
common method of incating samples involves isothermal testing, where samples are

incubated at a selected temperature and evaluated as a function SfHionesver,



this method becomes lab@nd materiaintensive when obtaining aggregation rates at
multiple temperatures, which is required for accurate extrapolation to the lower
temperatures thatre relevant to drug storage conditihidtMore efficient methods

have been developed for assegghe kinetics of bultnediated aggregation such as

the parallel temperature initial rate (PTIR) method, which involves incubating multiple
samples at different temperatures simultaneously for the same time détathen.
monomer loss in the samples from these liations are quantified using size

exclusion chromatography and used to calculate the initial rates of aggreégation.
Isothermal and nersothermal methods have been used to obtain kinetic and
mechanistic insights about MAb aggregation in bulk solutfon.

Mechanistic understanding pfotein aggregation at interfaces between bulk
phases (e.g., water and air) is less developed, partly because the easily available
methods for promoting protein aggregation at interfaces are not well suited for
obtaining mechanistic insight. For exampl&yrsg and shaking liquid formulations
has been shown to induce aggregation and formationefsuls i bl e (>2 em di :
protein particles, and is a standadihocmethod for accelerated stability testing to
mimic stresses from shipping and administratbf therapeutic proteirfé:3However,
the amount of interfacial stress provided by shaking and stirring is difficult to
quantify, which is necessary for aloting kinetic and mechanistic information.
Additionally, protein behavior at the interface cannot be directly monitored during
these methods of agitation. Instead, insight gained about aggregation at the interface is
inferred through bulk solution measuarents such as turbidity, dynamic light
scattering, and size exclusion chromatography after the aggregated species have

putatively desorbed from the interfat%e® In contrast, tensiometry techniques such as



those employing a Langmuir trough or bublde droptensiometers, facilitate well
controlled turnover of the interface and directly probe the interface using surface
tension measurement$3® However, these methods are khvoughput and

impractical for evaluating the number of samples required for obtaining mechanistic
information. In order to gain better insight into surfacediated aggregation, new
techniques must be developed th&valproteins to be stressed by interface exposure

in a highthroughput and reproducible manner and allow proteins on the interface to be

examined directly or indirectly with interfacial measurements.

1.2 Objectives

This thesis pursued two goals simultaneotsifocus on new mechanistic
information relating to protein aggregation at interfaces. The first goal was to establish
improved experimental methods for examining protein adsorption, interfacial
rheology, and aggregation at-agquid and liquidliquid interfaces. Specifically,
interfacial compressiaedilation cycles and microbubble aeration were developed to
study the kinetics of aggregation and particle formation ataier interfaces.
Interfacial rheometry techniques were adapted to measure the libabpygperties of
adsorbed protein layers at-amter interfaces. A microbubble tensiometer was
customized to study protein adsorption kinetics tenaiter and o#water interfaces.
This technique is distinguishable compared to some more establisttemtimbecause
it is amenable to oivater interfaces rather than only-aiater interfaces.

The second goal of this thesis was to implement these techniques to
systematically evaluate protein aggregation and particle formation, interfacial
rheology, and abrption of multiple model pharmaceutical and globular proteins

under a range of industrially relevant conditions. These conditions include the type of



protein, extent of interface exposure, temperature, protein concentration in bulk,
solution pH, presenacaf excipients, and the type of interface. The characterization
methods used in this thesis included complementary analytical techniques, such as
differential scanning calorimetry, size exclusion chromatography, dynamic light
scattering, flow imaging micezopy, and a novel membrane imaging technique, to
characterize protein monomers and aggregates of different sizes that range from
monomer to suvisible particles.

Each technique developed under the first goal of this work is individually
capable of provithg mechanistic information that relates to surfacediated protein
aggregation. However, greater impact can be achieved by connecting the information
gained from evaluating protein adsorption, rearrangement, and aggregation on the
interface. To that endhe studies in this thesis were performed with primarily the
same therapeutically relevant protein at a consistent subset of formulation conditions
to enable direct comparisons and correlations between the results of each study. Some
studies also investiged additional proteins and formulation conditions to determine
how surfacemediated protein behavior changed between different proteins and in the
presence of a commonly used Aonic surfactant for therapeutic protein

formulations.

1.3 Non-native aggregaton

As noted above, aggregation is the mstép process that occurs when
natively folded protein monomers irreversibly associate to form an aggregate. A
simplified aggregation mechanism is depicted in figuge Hirst, the native monomer
may undergo revsible partial or full unfolding. These unfolded monomers may then

reversibly associate and aggregate with other species. Eventually, the proteins may



undergo structural rearrangement as oligomers and nucleate into the smallest
irreversible aggregates. Dapding on the solution and applied stress condition,
aggregation may stop at the stage of small soluble oligomers or grow through
monomer addition or aggregate coalescené®As aggregates reach higher molecular

weights, they may remain soluble or phase separate (e.g., precipitate or’gelate).

10 nm 100 nm to 100 pm

«----------------------------»

Agg. Coalescence
/ b HMW
Monomer Addition \ Ag9-
@ b 4 @‘__’ oo T2 — ece
(1) (2) (3) (4)

®)

Figurel.2: A simplified aggregation scherti@ modified from Li et af® A natively
folded monomer (1) can reversibly unfold partially or completely (2).
The unfolded monomer can reversibly aggregate with other unfolded
species (3). A nucleation step forms an irreversible aggregate (4) that
facilitates gowth by aggregate coalescence or monomer addition into
high molecular weight aggregates (5). This pathway may be bulk
mediated or surfaemediated, and the specifics of each pathway (e.g.
rates and aggregate size) will be different and be affected I3g stre
conditions (such as temperature) to different extents. The sizes noted
indicate examples of the orders of magnitude of size the species may
exist as, with the assumption of monomers on the order of the size of
monoclonal antibodies.

1.3.1 Aggregation in bulk solution

Bulk-mediated aggregation has been studied extensively in a mechanistic
context. The behavior has not only been observed experimentally, but has also been fit
to mathematical models for a range of different prot&%® While surface

mediated aggregation is not yet understood to the same extent, insights gained from



prior bulk-mediated aggregation work can help to guide current studies and
interpretations of protein aggregation at interfaces. The following sectioreysur
bulk-mediated aggregation mechanisms and factors that influencenedliated
aggregation as they particularly influenced the surfaediated aggregation studies in

this thesis.

1.3.1.1 Aggregation mechanisms

The size and concentration of resultaggregates are determined by the ratio
of the rate coefficients for unfolding, nucleation, and aggregate gréwii**If the
incubation temperature is more than a few degrCelsius below the melting
temperature for protein unfolding, unfolding is typically not a rate determining step
and the primary influence for determining the aggregation mechanism falls on the
ratio between the rate coefficients for nucleation and gr@embined with the free
energy of unfolding that determines the relative concentration of partially unfolded
monomers/42464TAggregates predominty grow by monomer addition, i.e., chain
polymerization, when the timescale for nucleation is orders of magnitude larger than
the timescale for growth, and the aggregates typically range in size frorhQm0
nm204345|f the aggregates do not grow past dimer and trimer sizes, the mechanism is
characterized as nucleatidiominatel *”-384%In other cases when the monomer
concentration is sufficiently depleted or the aggregate concentration is high enough,
growth can proeed by aggregate coalescence or aggregate polymerization. In these
instances, the aggregates can gromuch larger sizes (characteristic dimensions
the order ofl07T 10?’¢s m) and may phase separate out

the overall monmer pool*®4°
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1.3.1.2 Factors influencing bulk-mediated aggregation

Many MADb therapeutics are manufactured as liquid formulations for
intravenous or subcutaneoudidery to patients. The formulation conditions,
including pH, ionic strength, and presence of excipients, are key factors determining
or influencing the stability and aggregation behavior of a given MAb. Complicating
matters, each of these factors maydffaultiple steps in the aggregation process and
to different extents. It is noteworthy that the sequence of the therapeutic is also related
to the stability of the protein but is typically determined prior to formulation.
Therefore, the solution conditisrare the primary aspects that can be altered in the

final drug formulation to achieve maximum drug stability.

1.3.1.2.1 Solution pH

Solution pH is easily adjustable and one of the most influential factors that
impacts protein stability. The pH determines the chafd#ratable side groups of the
protein, which influences the charge distribution, net charge, and conformational
stability of the proteir>*®4°Proteinprotein interactions can be influenced by changes
in thecharge distribution of the protetfi>! The free energy ainfolding and the
midpoint temperature of unfolding often increase when the solution pH approaches the
isoelectric point (pl) of the proteft:*®However, this does not necessarily affect the
entire protein uniformly: for example, differential scanning catetry (DSC) of an
ant-HIV MADb revealed that pH affected one domain in the fragment crystallizable
(Fc) region more significantly than the fragment antigewling (Fabf? As the
solution pH moves away from tligoelectric point§l) value for a protein, the protein
becomes more chargét®This affects the electrostaizoteinprotein interactions

(PPI) and the DebyHllickel screening length, which is a measure of the effective



range of electrostatic interactions felt by neighboring prof&igsiubility is also
partly determined by solution pH, as charged patché¢kesurfaceof the protein
promote hydrogen bonding with water molectife¥,

The theoretical overall net charge can be cated from the number of
charged residues and the i each titratable side group and has been shown to be a
reasonable estimation for some globular prot&iméowever, the actual pkof each
titratable residue may be shifted from the theorktialue by the local environment
(i.e., other chemical groups around the moiét@nd past studies have noted that this
calculation often overestimates the net charge for 1gGs inferred from electrophoretic

mobility measurements:>’

1.3.1.2.2 Salts and osmolytes

The effecs of salts and other osmolytes are not directly investigated in this
thesis However, they can be impactful and are commonly adjusted for formulation
stability and are therefore briefly introduced for context. Osmolytes are small organic
molecules that are often amino acids, sugars, polyols, and quaternary ammonium
compounds in therapeutic protein formulatifiBoth salts and osmolytes are added
to theragutic formulations to achieve isotonicityTypical total osmolality ranges
from 2007 300 mM, though exact quantities depend on the site and route of
administratiorr®

Salt ions in solution impact the Debiickel screening length,which was
mentioned in the previous section. This screening length is derived from the-Debye
Huckel treory, which is a linearized Poiss@&oltzmann model that assumes a
simplified model of electrolyte solution and treats all ions eq&lly.reality, ions

vary in size ad charge, which can affect their solvation by water molecules and their
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chargescreening effectiveness. One example of this phenomenon is the Hofmeister
effect, which was discovered in 1888 and classifies ions on their ability to salt in or
salt out protims 8! The Hofmeister effect has long guided selection of solution
conditions for protein crystallization and formulati® However, the molecular
scale interpretations behind the observations remain controversiéds’
Osmolytesalso affect protein stability by interacting with protein and water
molecules® "t Chemical denaturants, such as guanidine hydradelr urea,
negatively impact protein conformational stability and are often used to study
unfolding transitions and infer the free energy of unfolding, though the molecular
mechanism of destabilization is still uncléér? Conversely, sugars are typically
added to formulations to stabilize proteins and have been observed to increase the
unfolding free engyy and midpoint unfolding temperatures for protém$.Sugars
are thought to alter the chemical potential of proteins through competingnpratier
and proteipsugar interactions, although there are examples where sugars are

preferentially accumulated at, or excluded from the protein suffd&&’

1.3.2 Aggregation at bulk interfaces

Protein aggregation has been observed in liquid formulations when samples are
agitated by shakg or stirring®28784 In most cases, aggregation is attributed to the
presence of interfaces between phd$82* When compared to bullnediated
aggregation, surfaemediated aggregation is not as well understood. This is, in part,
because the methods for studying surfaxeliated aggregation are not as well
developed. This section will introduce established and putative theories that guide the

current understanding of surfaneediated protein aggregation.
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1.3.2.1 Aggregation mechanisms

While surfacemediated aggregation occurdla interface between phases, it
would be remiss to neglect the transport of protein to and from the interface when
considering the processes involved in suriaeliated aggregation. The following
sections introduce protein adsorption, aggregation, esdrgtion as related to

surfacemediated aggregation, and current methods used to evaluate these processes.

1.3.2.1.1 Adsorption

Many proteins exhibit some degree of surface actiit)>2828Putatively,
adsorption is a thermodynamically driven process that is largely attributed to the
inherently amphiphilic chemical composition of proteins. At hydrophobicfades
(e.g., air, oil, and hydrophobic solid interfaces), the overall free energy decreases
when the hydrophobic residues of the protein are no longer exposed to water and
instead are exposed to the more hydrophobic phase at the intédalsarption to
hydrophilic solid interfaces is often driven by electrostatic attraction between the
proteins ad the interfacé’8®8"However, adsorption to hydrophilic solid interfaces
has also been observed when there is electrostatic repulsion between the proteins and
the interface and is attributed to entropic gains resulting from dehydration of the
hydrophobic patches of the protéP88Protein adsorptioto airliquid and liquid
liquid interfaces may also be driven by favorable changes in the solvent energy, as
Radke and coworketsused dynamic lattice Monte Carlo simulations to show that
solvent energy is significantly reduced when the unfavorable interactions between oil
and water are replaced by favorable hydrophobic residueteractionsin many
studies protein adsorption to bulk interfaces is considered to be irrever8itfle;

although Monte Carlo simulations with a singleir lattice protein at the air
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interface suggest that reversible adsorption could occur at high dilution, despite
undergoing reversible conformational changes at the intetface.

Protein adsorption is advantageous in many natural and applied processes.
Lung surfactant lipoproteins lower the surface tension of thigaid interface within
the alveoli, decreasing the work requifedbreathing and preventing alveolar
collapse at enéxpiration?” Hydrophobins are small (< 20 kDa) cysteieh proteins
that are secreted by fungi and spontaneously assemble into amphipathic monolayer
films of high mechanical strength at hydraopic-hydrophilic interfaces® This makes
them of interest for use in modification of hydrophobic nanomaterials and in
solubilizing lipophilic drugs® Bovine serum albumin and other proteins ased as
emulsifying agents in food systeri¥8:1*Many MAbs have also been sdrved to
readily adsorb to interfac&$?>1%%but surface activity is typically an undesirable
characteristic for therapeutic MAbs. Exposurehathydrophobic residuesf a MAb
to the interface can lead to partial unfolding and structuralggsatihat may facilitate
aggregatiort/ %2

Protein adsorptio to airliquid and liquidliquid interfaces is most commonly
measured using dynamic surface tension measurefént§21%yhich contain
contributions from both theurface concentraticend molecular conformatiores
adsorbed proteil¥ When a surface active species is adsorbing to an interface,
dynamic surface tensiazurves as a function of interface aggnerally share several
features that are indicated in figur&.1A fresh interface is created at the beginning of
the curve and the measured surface tension represents the surface tension of a clean
interface. At early times, the surface tension ofteraresrelatively constant with

little or no apparent surface tension decrease; this is known as the inductionYeriod.
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During this time, protein is adsorbing onto the interface batriot reached a surface
concentration threshold required for the measured surface tension to decrease
significantly. This threshold concentration has been estimated38%%f the
monolayer surface concentration for globular prot&i#s!! An induction period may
not always be observed if adsorptionetins are very fast? The next regime is the
rapid fall region when the surface tension rapidly decré@$dioteins are adsorbing
to the interface and approaching the surface concentration for monolayer cd%rage.
After the rapid fall region is mesequilibrium, which is marked by a large diee in

the magnitude of the surface tension sli@he surface tension continues to
undergo a slow decrease which has primarily been attributed to molecular
reorientation and conformational changes in the adsorbed protein mofééules.
Eventually, a steadgtate surface tension that indicates equilibrium may be red¢hed,

but is often not observed fantibodies’?1°2
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Figurel.3: Generalizegrofile of dynamic surface tension wgterface agéor
proteins adsorbing to an interface.

X-ray and neutroneflectivity have also been used to evaluate the amount of
protein adsorbed to the interface at long times (> 1 Hét#y:1*“Methods for
measuring protein adsorption to sdliguid interfaces include optical techniques such
as ellipsometry>!%mass measurements by quartz crystal microbafrased
neutron reflectivity?? Protein accumulation at interfaces can also be observed using
microscopy techniqués;**?*?1 although these methods may be more labtensive
as they require fl uor op htached t® individualptoteie r
molecules.

Adsorption kinetics can be controlled by diffusion of the proteins to the
vicinity of the interface or adsorption of the proteins onto the interface. Diffusion
limited models have been developétit?>1%%and used to accurately describe the

adsorption kineticsfo s ome pr ot ecaseisandlysozgneudiown g b
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concentrations!?!?*However, many proteins, including MAbs, dih adsorption
behavior that is significantly slower than diffusibmited predictions, indicating that
their kinetics are limited by other adsorption proced$&<€The specifics of these
processes have yet to be determined, but one theory is that conformational changes on
the interface may be a ralianiting stepl’112
Protein adsorptiohas been successfully modelled with simple adsorption
i sot her ms. -Rdoglobulip&nd lmovine sefum albumin at theveater
interface has been modelled as a soluble monolayer using the simplified Gibbs

adsorption equatidf12°

wherebd is the surface pressuieis the concentration in bulR is the ideal gas
constantT is the temperature, adis the area per adsorbed molecule. The adsorption
of a monoclonal antibody at the -e¥later interface has instead been modelled as an

irreversibly adsorbed Langmuir monolayer accordirig’to
3 — 1.2

whereli is the surface coveragénmonis the surface coverage for a monolayeis the

binding constant, an@ is the bulk concentration.

1.3.2.1.2 Association

At interfaces, proteins putatly undergo some structural rearrangement to
orient their hydrophobic residues towards the interface and lower the overall free
energy:’8%92This conformational rearrangement may expose hdsgpat lead to

aggregation between neighboring molecules. This process has been confirmed for

some hydrophobins, which t r-sheescontentamd i nt o
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amyloid characteristics at the interfdé@Adsorbed hydrophobin layers rearrange and
solidify very quickly once reaching the interface (e.g. on the order of minutes,
compared to several hours for common milk and egg prot&iand the
solidification proceeds to the extent that bubbles formed by shaking hydrophobin
solutions preserve the irregular shapeg/thad at the moment of surface
solidification3° Presumably, any of the butkediated aggregation mechanisms
described in section 1.3.1.1 may also apply at the interface. However, experimental
observations reveal that surfacediated aggregation typically tdts in large (> 2
em di ameter) aggregates that3%%fn al so phas
Dynamically monitoring aggregation at the interface is difficult due to the
environment and the time resolution required. For exampiay and neutron
reflectivity are powerful tools for measuring structures at kquid-, and solidliquid
interfaces, but they are limited by the long averaging times required to achieve
sufficient resolution, and the need for a physically unperturbed (typically flat)
interface. Therefore, they are typically used to determine the amount of adsorbed
protein at thenterface after significant adsorption and (putative) aggregation has
occurred®?92113114.13hjis misses the processes of adsorption and aging. Additionally,
these and other ensemialeeraging techniques cannot distinguish between
heterogeneous events, such as the formation of protein clusters on the interface, that
may tanspire during aggregatidi® Total intenal reflection fluorescence microscopy
(TIRFM) has improved this area with the ability to identify interfacial heterogeneities
in the form of multiple molecular populations (e.g., based on oligomerization or
conformation state) by distinguishing interfdaéfusion coefficients:*213° This

method has been applied to mitor homogeneous crowding and aggregation of

17



lysozyme at the oivater interfacé!® heterogeneous behavior resulting from multiple
populations of bovine serum albumin at thevadter interfaceé!®***and

hetengeneous evolution of multiple populations of fibrinogen at daiigid
interfaces-33However, TIRFM is currently limited to liquitiquid and solidliquid
interfaces.

Ensembleaveraging measurements are still valuable for obtaining information
about the protein layer did interface after aggregation has occurred. In particular,
interfacial rheometry has been used to measure the viscoelasticity of protein layers at
air-liquid and liquidliquid interfaces. The strength of the aggregated protein layers is
evident from thealatively high elastic moduf3>85136.13{ angmuir troughs and
bubble and dropensiometers have also been used to perform compresgiamsion
experiments that impart information about viscoelastic properties of the protein film
and the fil mds r es pon-BgaidandlqudHiquicht at i onal st
interfaces3>8491.138.139hjs will be expanded upon the next section in the context

of protein desorption from the interface.

1.3.2.1.3 Desorption

The interfacial rheology of adsorbed protein layers aiguid and liquid
liquid interfaces reveahearly incompressible surface filttsatform at high surface
pressures*8410213%There s speculation that compression of an interface can result in
bucklingand shedding of protein aggregates into the bulkphase®*°1102Film
buckling and collapse has been directly observed for globular proteindiguairand
liquid-liquid interfaces using Brewster angle microscépy*°and even for MAbs at
the air interface using optical migwopy. Specifically, Liret al1%? observed film

buckling and particle ejection during compression of an air bubble aged in a MAb

18



solution. Other studies have not directly observed particles shedding from the interface
but have coelated proteinaceous particle formation with perturbations of the
interface. For example, the number and size of MAb aggregates formed at air
interfaces correlates with the overall number and compression ratio of interfacial
compression cycle¥;#*and removal of an air headspace during agitation studies
significantly reduces MADb particle formatidASiliconized beads have been used as a
model for studying aggregation at ligtliquid interfaces and aggregation was
significantly reduced during agitation in the absence of the siliconized beads or in the
presence fthe beads without agitatidt After desorbing off the interface into bulk
solution, aggregates do not appear to propagate further in somé’é4ses.

Protein particles also desorb from adsorbed protein layers oHigaiidl
interfaces as a result of interfacial shear forces camgédid flow. This has been
confirmed using neutron reflectivity to monitor the creation and removal of protein
aggregates from the interface, and microscopy to analyzeisibke particles that

shed from the interfac®:83

1.3.2.2 Factors influencing surfacemediated aggregation

The factors influencing bulknediated aggregation discussed in section 1.3.1.2
can also influence surfageediated aggregation, although the magnitude of the effects
may change. One additional factor that is imperative for controlling suniaecdéated
aggregation in current therapeutic formulations is the presence and type of surfactants,
which are named for #ir behavior as surface active agents. They have two distinct
chemical components, one hydrophilic and the other hydrophobic. The latter typically
drives adsorption to hydrophobic interfaces andastembly into micelles in bulk

aqueous solutions at sigiently high concentration? It is generally expected that
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upaon adsorption, surfactants minimize surfacediated aggregation by outcompeting
protein adsorption to the interface, associating with proteins in solution to inhibit
association with neighboring proteins, or béf’92.142144

Two of the most common surfactants used to stabilize therapeutic protein
formulations are the nonionic surfactants polysorbate (PS) 20 arteh@aich are
composed of fatty acid esters of polyoxyethylene (PEO) sorbitan with laurate and
oleate tails, respectivel® The numerical naming convention results from the total
number of ethylene oxide subunits attached to the sorbitan ring backbone.
Concentrations used in formulations range from 0.0003% (w/v) to 0.3% 4i/v).
These values are near the critical micelle concentrations (CMC), which are
approximately 0.007% (w/v) for PS20 and 0.0017% (w/v) for P$8flthough the
actual CMC of PS20 ar@dS80 in a formulation ialsoaffected by the presence of
proteins and excipienté®In practice, polysorbates sold by manufacturers are
chemically diverse mixtures of different fatty acid esters that depend on the specific
manufacturing process and ingredients dé2¢! Although PS20 and PS80 have
become a popular choice for stabilizing formulations, they can degratieeate
byproducts that caimstead accelerateqiein degradation angbseotherpotential
risks to drug product stability and quallly various pathway¥/’1°2154 For example,
hydrolysis of the ester bond in PS20 and PS80 can generate free fatty adidse¢hat
limited solubility and may lead to the formation of visible and subvisible
particlest>>1¢Another primary route of polysorbate degradatiooxislation through
exposure to light, by trace peroxides leftoweni manufacturing, or by transition
metals which can generate intermediary radicals that can oxidize proteins and lead to

aggregatiort>6:157
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PS20 and PS80 appear to be nadfective at preventing surfageediated
protein aggregation when the interfaces involved are at least moderately hydrophobic,
as they have been able to outcompete and displace preadsorbed proteins from
hydrophobic surface$81>°*Another nonionic surfactant, Poloxamer 188, has been
shown to be more effective th&%20 and®30 at reducing protein adsorption to
hydrophilic surfaces as it interacts directly with the protein to form complexes that
have low adsorption affinit}2’ Poloxamer 188 is a triblock colymer of PEG
polypropylene oxidd’EO and is commonly used to protect cells from shear stresses in
bioreactorg?! and more recently has also been employed to stabilize protein

formulations’®2

1.4 Fluid-Fluid and Fluid-Solid Interfaces in Pharmaceutical Development
Interface exposure in the biopharmaceutical process varies by more than just
the phases (solid, liquid, or air) involved. Figuré dontains examples of various
types of interfacial stress that can occur during unit operations in pharmaceutical
manufacturing, transportation, and storage. These interfacial stresses occur over
different time scales, at different temperatures, with different formulations, and
different interface materials (particularly for seliquid interface exposure). The
following sections will explore the variety of diquid, liquid-liquid, and solidliquid
interfaces that may be encountered by therapeutic proteins throughout these

biopharmaceutical processes.

1.4.1 Air-liquid interfaces
Significant consideration is given to diguid interfaces when designing

bioreactors, piping, pumps, and mixing tafk&as sparging is one of the most
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efficient methods to oxygenate bioreacttffdMixing and agitation continuously
refreshes the air interface, allowing additional proteihe exposed to the
interface?’32Evenpumping between unit operations has the potential for air interface
exposure if not operated fully floodé¥iln these drugubstance manufacturing
examples, the air interface exposure occurs on relatively short time scales that are
related to sparging rates, mixing speeds, and plumbing and pumping speeds.

In comparison, air interfaces in the context of drug product developoan
persist for much longer time scales. Proteins can be exposedituainnterfaces in
the form of bubbles in prélled syringes or headspaces in vials, and the effect of the

exposure can be exacerbated when the container is agitated durapgtraton’
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Drug substance manufacture

Filtration
* Filter-liquid

Chromatography
* Solid-liquid

Ultrafiltration/
diafiltration

+ Air-liquid
* Membrane-liquid

Freezing/ thawing
* Ice-liquid

Drug product manufacture

Freezing/thawing
* Ice-liquid

Formulation/
mixing
* Air-liquid

Filtration
+ Filter-liquid

Filling

* Pumping solid-
liquid

* Air-liquid

Shelf life

Transport
* Air-liquid

Storage

* Container-liquid

Figurel4: Types of interface exposure that can occur during unit operations for
drug substance manufacture, drug product manufacture, transportation,

and storage. Adapted from &t al2°

1.4.2 Liquid -liquid interfaces

A main source of liquidiquid interface exposure is silicone oil lubricants in
prefilled syringes and other pharmaceutical contaiffeFae interface may exist in the
form of the siliconized lubrication layer as well as silicone oil droplets that shed into

solution. Siliconenil-induced aggregation can also be affected by the presence of

additional stresses, such as agitafiot?? 166
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1.4.3 Solid-liquid interfaces

Drug substance manufacturing involves sdilighid interfacial stresses. Since
protective surfactants cdre lost during filtration, they may not be added until the end
of drug substance manufacturing in order to ensure proper surfactant concentrations in
the final product® Therefore, these unit operations must be carefully designed to
minimize the deleterious effects of saliquid interfaces. Filtration and purification
steps expose proteins to membrane filters and chronagtogicolumns. During these
processes, aggregation mediated by dajuwid interface exposure may be influenced
by high local protein concentrations near the interface and high levels of interfacial
shear stress at the seliduid interface?® Manufacturing equipment for pumping and
agitating should also be carefully chosen because of the potential high interfacial shear
rates involved in the processes, althoughltiple studies havdemonstrated that
interfaceexposurematerial and protein concentratiare more influential in inducing
aggregation than shear aldtié®’ Additionally, drug products may be subjected to
freezing during manufacturing and stor&g®lultiple stresses occur during freezing
and thawing, including the presence of andotution interfacé*?

A patrticularly significant solidiquid interfacial stress during drug product
development is the final drug product filling st8@®ggregation during thistep must
be tightly controlled as any aggregates generated will remain in the final drug product.
Additionally, the specific containarlosure system must be carefully chosen, as
proteins will be exposed to the solid surfaces that comprise the contamewial or
syringe) and closure (e.g., stopper or syringe plunger) involved for long time scales (~

months to years) that may be sufficient for adsorption and aggregation td®ccur.
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1.5 Molecules of interest

All the studies in thishesisevaluated the behavior of a model monoclonal
antibody,anti-streptavidinimmunoglobulingamma 1 (ASigG1), under interfacial
stress. Some iies were also performed with an IgG2 analogue|g®, and a
gl obul ar-chynotoypsiadgen (aCdh). The following sections provide

background for these three proteins.

1.5.1 Anti-streptavidin 1IgG1

The IgG1 naming convention denotes thatl§S1 falls wihin the gamma
i mmunogl obulin family of heavy chains and
lgG1 antibody is shown in figure3..The protein is composed of a fragment
crystallizable (Fc) region and two fragment antidgpgmding (Fab) regions. ThecF
region contains the constant heavy chain) @and 3 domains, and the Fab region
contains the G1 domain, the variable heavy chainijYthe constant light chain (§
and the variable light (\J chain. Threeomplementandetermining regions (CDR)
that are responsible for antigbmding are part of each of the Fab domains, composed
of the ML and Wi domains. The number and location of disulfide bonds (indicated by
dashed lines in figure 8).in an IgG structw is important as they differ between
subclasse&®In IgG1s, the heavand light chains are connected by a disulfide bond
between the last cysteine residue of the light chain and the fifth cysteine residue of the
heavy chain. The two heavy chains of an IgG1 are also connected by two disulfide
bonds in the hinge region. IgGtructure is highly conserved within the subclass, with

only the variable regions typically changing for different tardfets.
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| | Fe

Figurel5: Schematic of an IgG1 antibody.

AS-IgG1 has been studied inigr work under different stresses and
formulations. At ac ilgGil aggregationdin bulk solatien ( pH O 4
was mediated by unfolding of the;Zdomain®’1®°Barnettet al?>2%441"dmeasured
AS-1gG1 bulkmediated aggregation rates across multiple pH values, solution ionic
strengths, buffer salts, and osmolyte formulations and found that aggregation
mechanisms depended strongly on prefeiiein, protei-osmolyte, and protein
water interactions. A$gG1 has also been shown to be surface atthand
susceptible to aggregation induced byvaater interface exposufé.

AS-IgG1 has a molecular weight of 142.2 kDa and a pl of ~8.2. All the

conditions used in this work involved solution pH that were below the pl, and AS
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lgG1 had a net positivéharge. However, the magnitude of the net charge remains a

function of pH.

1.5.2 Anti-streptavidin IgG2

AS-1gG2 also falls within the gamma immunoglobulin family of antibodies,
but in the A20 subclass. A schemat6c of
IgG1 and IgG2 antibodies are more than 90% similar on the amino acid level, but have
structural distinctions that lead to functional differences in processes such as antigen
binding, immune complex formation, complement activation, andlif@f’> One
notable structural variation is the number and location of disulfonds (dashed lines
in figure 16) within the hinge region of the molecuf€.In the 1gG2 subclass, the light
chain is connected to the heavy chain by a disulfide bond between the last cysteine
residue of the light chain and the third cystine residue of the heavy chain. The two
heavy chains are connected by four diselficbnds in the hinge region.

AS-1gG2 has a molecular weight of 142 kDa and a pl of ~7.7 and shares 95%
overall sequence similarity with A§G1: 100% in the light chain, 94% in the heavy
chain, and identical CDR$3 The 29 sequence differences betwtentwo 1gGs
begin with four insertions in the A§G1 Gi domainst’ The remaining 25 amino
acid differences include 13 conservative substitutions (e.g. polar to polgvpleorto
non-polar, or charged to charged) and 12 biochemically dissimilar chafigaaney
et al1” compared bulkmediated aggregation 8fS-IgG1 and ASIgG2 under
elevated temperature at neutral pH and found thalg&® was more prone to
aggregation than A8 G1. This was possibly attributed to an increased concentration

of free thiols in ASIgG2 formulations, although the mechanisms lagd remain
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unclear as the fraction of total aggregates that was covalent was preserved between the

AS-1IgG1 and ASIgG2 formulations.

| l Fc

Figurel6: Schematic of an IgG2 antibody.

1.5.3 a-Chymotrypsinogen A

a-Chymotrypsinogen A (aCgn) is a single domain globular protéima
molecular weight of 25.7 kDa and a pl of °aCgn was evaluated in this work as a
comparison to MADbs. Since aCgn is commercially available, it has been studied in a
variety of contexts, particularly relating to buikediated behavior and
aggregatiort?#046.179Cgn protein interactions in bulk solution have also been
modelled using both simple colloidal potential of mean force models and -higher

resolution coarsgrained molecular modefs.
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1.6 Dissertation outline

This disertation introduces several experimental methods for studying
surfacemediated aggregation and new mechanistic insights enabled by these
techniques. The intent of this work is to expand the existing experimental
infrastructure used to study surfatediaed protein adsorption and aggregation and
offer insights into the roles of pH, temperature, bulk concentration, excipients, and
time scales involved in the surfaceediated aggregation process.

Chapter 2 applies interfacial compression and dilatiates to study the
combined effects of temperature and compression/dilation-efader interfaces on
aggregation rates and particle formation forl§&1. The competition between bulk
mediated and surfageediated aggregation mechanisms was evaluatetifferent
solution pH values over a wide temperature ramtpe.impact of bulk protein
concentration and the addition of surfactants were evaluated. Additional mechanistic
insights were informed by quiescent incubations before and after application of
interfacial stress. Aggregates formed from b&diated aggregation pathways
dissociated during interfacial compression and dilation cycles, indicating that the bulk
and surfacenediated aggregation pathways did not necessarily produce similar
aggregatiorproducts. The results of this chapter demonstrate drivial temperature
dependence of surfageediated aggregation that should be considered during design
of accelerated stability studies in biopharmaceutical development.

Chapter 3 establishes the dpability of a rapid, smail’olume approach for
assessing and accelerating protein aggregation-atdér interfaces. Protein solutions
wereaerated with microbubbles and then analyzed fornssible particles using
backgrounded membrane imagitigThis techniquavasused to evaluate the surface

mediated aggregation propensity of-Af&51, ASIgG2, and aCgn under various
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formulation conditionsrad temperatures. Compared with the results in Ch. 2, the
temperature dependence of surfavediated aggregatiomasfound to depend on the
lifetime of the interface, highlighting the importance of using complementary methods
during biopharmaceutical develment to thoroughly understand the surfacediated
aggregation behavior of a given drug candidate.

Chapter 4 demonstrates interfacial shear rheology as a useful tool for
evaluating the rheology of protein layers adsorbed twaier interfaces. A Langmui
trough was used to accelerate megailibration of the interfaces and significantly
reduce the preparation time for each experiment. Oscillatory and creep measurements
revealed that the A8 G1 layer at the air interface forms a sdlle structure thea
resembles a soft glassy material. Viscoelastic moduli and creep compliance were
dependent on bulk concentration and solution pH, and creep compliance from
different applied stresses were superimposed into a master creep curve that was unique
for each codition examined, indicating that bulk concentration and solution pH
influences the rheology of A§G1 adsorbed to the aivater interface. These results
are discussed in the context of AF851 surfacanediated aggregation chapter
described in chapters 2@ 3.

Lastly, chapter 5 focuses on protein adsorption tevater and otwater
interfaces using dynamic surface tension measurements. A microtensioa&ised
to compare dynamic surface tension behavior foild&l, ASIgG2, and aCgn as a
function ofbulk concentration, temperature, and solution pH at each interface. For
each type of interface, the mesquilibrium surface tension did not change between
the conditions examined, although the megailibrium surface pressure was

significantly higher athe airwaterinterface than the civaterinterface. At the air
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waterinterface, adsorption kinetics increased with temperature and bulk concentration,
and were distinguishable between different proteins but not in a manner that correlated
with the surfae-mediated aggregation rates observed in chapter 3. Similar trends may
exist at the otwaterinterface but weréidden within the sensitivity limitsf the

instrument. Solution pH did not have an observable effect on dynamic surface tension
for any the caditions examined. The impact of surfactants was evaluated, and a

higher concentration of surfactants was required to prevent protein adsorption at the
oil-waterinterface than at the aaterinterface. When compared to the observations

in chapters 24, the results of this chapter shed light on the influence of protein

adsorption on surfaemediated aggregation behavior.
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Chapter 2

KINETICS AND COMPETING MECHANISMS OF BULK - AND SURFACE-
MEDIATED AGGREGATION PATHWAYS

2.1 Introduction

As discussedn sectionl.1, the incanplete mechanistic understanding of
surfacemediated aggregation is partially attributed to the limitations of many methods
used to study surfageediated aggregatiomsight into the kinetics and mechanisms
of protein aggregation from turnovef the airwater interface requires multiple
measurements that evaluate the effects of different amounts of stress, such as the rate
and extent of interface turnover. Beteal ®* introduced a technique that usesotating
mixer to subject partially filled cylindrical vials to elmderend rotation, such that the
air-water interface wasgpiodically expanded and compressed in a systematic and
reproducible manner. This allowed multiple protein samples to be stressed
simultaneously and independently measured at different times to characterize the
kinetics of aggregation. That work systemallic studied how interfacial compression
and dilationcycles influenced the formation of protein particles at ambient conditions
for AS-IgGL The results indicated that particle formation increased with larger
interfacial compression ratios (the ratio lo¢ fargest atwater interface to the
smallest) and number of cycles, but not by bulk protein concentration and the period
or frequency of interfacial compression cycles. In addition, particles formed by such
surfacemediated aggregation did not furtheopagate in solution after interfacial

compressions were stopp¥d.
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This chaptefocuses on the competition betwdmrik-mediated and surface
mediatedaggregation mechanisms and resulaggregatiorkinetics of ASIgG1.
This is done by measuring aggregation ratederquiescent conditionas a function
of temperatur@andcomparing to experiments usirgpthermal interfacial compression
/ dilation (IICD) cycles. Elevated temperature has often been used to accelerate protein
aggregation for quiescent sampfeg®3744At a minimum, increasing temperature
reduces the conformational stability of proteins and pronsfespuldéion of unfolded
intermediates that can accelerate aggregafigvhen aggregation occurs in bulk
solution and proceeds through two or more distinct steps, such as nucleation and
growth, temperature may accelerate estep to different extent§. Thecombined
effects of changing temperature andlajuid interface turnover has not yet been
studied systematically. The two aggregation pathwags, (@ bulk solution and
surfacemediated) could occur independently of one another, or they could be
interconnected.

Solution pH isanotheikey popertythat influences the nature of aggregation in
bulk solution?®16The present report also focuses on assessing the effécrafes
to the solution pH to alter electrostatic protpnotein interactiongPPIs)(i.e.,
electrostatics) on surfagaeediated aggregation, compared to bulk aggregation.
Finally, quiescent incubations before and after IICD cycles are used to gain
preliminary insight into the aggregation mechanism(s) by isolating the kinetics of
specific steps in hypothesized mechanism(s), including surface adsorption and
desorption of monomers and oligomers, aging of the protein film at the interface, and

propagation of stacemediated aggregates in bulk soluti@igure 2.1)
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Figure2.1: Possible aggregation mechanisms that may take place when bulk
mediated and surfageediated aggregation pathways are promoted
through IICD cycles. The two aggregation pathways may occur
independently and in parallel to one another, or they may be
interconnected.

The content presented in this chapter was previously published in a peer

reviewed journal and is reproduced here with permis&ion.
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2.2 Materials and methods

2.2.1 Sample preparation

pH 5 (20 mMsodiumacetate) and pH 6.5 (10 mM histidirkCl) bufferswere
selected for this work to give roughly similar values for total ionic strength (on the
order of 10 mM). pH 5 buffer was prepared by diluting glacial acetic(&tier
Scientific Waltham, MA to a concentration of 20 mM in distilled, deionized water
(resistivity 18.2 My-cm, Millipore, Billerica, MA) and titrating to pH 5 using a stock
of 5 M sodium hydroxide solution from dissolviegdium hydroxide pellets (Fisr
Scientific) in distilled deionized water. pH 6.5 buffer was prepared in a similar manner
by dissolving Lhistidine monohydrochloride monohydrate (Fisher Scientific) in
distilled, deionized water to a final concentration of 10 mM. All buffer solutiozrew
filtered (0.22 pnmpolyvinylidenefluoride lowproteinbinding filters; Chemglass Life
Sciences) before use.

AS-1IgG1 was provided by Amgen, Inc. (Thousand Oaks, CA) as a monomeric
stock solution (> 98% monomer) at a concentration of 30 mg/mL. Stoakrprot
solutions were dialyzed to desired solution conditions with Spectra/Por 7 dialysis
tubing with a 10 kDa molecular weight cutoff (Spectrum Laboratories; Rancho
Dominguez, California) and filtered (0.22 um Polyvinylidene Fluoride-pratein
binding filters; Chemglass Life Sciences) after dialysis. Solution concentrations were
determined using UV absorbance (Agilent 8453, Santa Clara, CA) at 280 nm using an
extinction coefficient of 1.586 cftimg. Gravimetric dilution was used to obtain final
protein concetrations ranging from 0.3 to 10.0 mg/mL. The final pH of all solutions
was confirmed experimentally before use. To prepare samples containing polysorbate

(PS) 20, an aliquot of a PS20 stock solution (Avantor, Radnor, PA) was added to the

35



solution to achiee a final concentration of 0.001%. The resulting solutions were

stored at P8 °C and used within 3 weeks.

2.2.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using D&
(Malvern Instruments, Malvern, UK) and 1 mg/rAlS-IgG1 solutions at pH 5 and pH
6.5. Scans were performed at a temperature ramp rate of 1 °C per minute from 20 °C
to 90 °C unless precipitation was indicated by a large exotherm, in which case, the
scan was ended immediately. If precipitation did nauocas was the case for pH 5, a
rescan was performed to evaluate reversibility; however, reversibility was not
observed. The absolute heat capacity was calculated from-sBuffelacted scans, as

previously reported’ 38

2.2.3 Isothermal interfacial compression/dilation cycles

lICD cycles were applied using a method previously descfbEnre milliliter
cylindrical polypropylene externally threaded cryogenic storage vials (Fisher
Scientific) with an inner diameter of 9.9 mm and height of 83.9 mm were filled with
2.5 mL of solution and subjected to eonkerend rotation on aariable speed rotating
mixer (Benchmark Scientifi&dison, NJ). As the vial rotates, the-aiater surface
area underwent continuous transitions between adeélhed geometrical maximum
(roughly rectangular, when the vial is oriented horizontally) amdnmum (circle,
when the vial is oriented vertically, see algmre 2.2. The compression ratio (largest
air-water surface area divided by the smallestaiter surface area) of the vials used
is ~ 10. Additional compression ratios were consideredehnpinary tests, and the

value of 10 was found to suitable for observing aggregation rates spanning several
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orders of magnitude depending on the various sampling conditions examined in this
work. Rotation speeds were chosenl0 and 20 rotations per miautr 20 and 40
compression cycles per minute (CCPM), respectively. Both speeds were slow enough
such that turnover of the interface was weahtrolled (i.e., without irregular

splashing, foaming, or bubbling).

Figure2.2: The surface area of tlaér-liquid interface changes geometries as the
half-filled vial rotates. (A) Side view. (B) Tegown view.

2.2.4 Pre-incubation under mild thermal stress

Samples were prepared and placed in an oven at 40 °C for selected incubation
times (from 2 to 24 h). Immedgly after incubation, samples were carefully placed on
the rotating mixer at 40 CCPM for continued incubation for 48 h at 40 °C prior to
testing with sizeexclusion chromatography and particle counting, which are described

below.

2.2.5 Postincubation under mild thermal stress
Samples were stressed on the rotating mixer for selected incubation times

(from 2 to 24 h) at 40 CCPM and 40 °C, and then removed from the mixer and held at
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40 °C for 224 h before testing with sizxclusion chromatography and particle

counting, which are described below.

2.2.6 Pre-incubation under higher thermal stress

pH 5 and pH 6.5 solutions were incubated in hermetically sealed HPLC vials
(Waters, Milford, MA) at 66.2 °C and 67.7 °C, respectively, for 2 h in Peltier
temperature controller(Quantum Northwest, Liberty Lake, Washingtdit)ese
temperatures were selected to convert approximatefy03@ of the monomer
population to soluble oligomers during 2 h incubations, as determined by size
exclusion chromatography (described in the fwoitay section)Reactions were
guenched on ice for 5 min to arrest aggregation and then pooled together to create a
uniform stock solution. Samples were distributed to the cylindrical polypropylene
vials in 2.5 mL aliquots and then placed on the rotatingermat 20 or 40 CCPM at
ambient conditions for up to 48 h before testing with-sizelusion chromatography

and particle counting, which are described below.

2.2.7 Size exclusion chromatography

Monomer concentration was quantified by size exclusion chromatograp
(SEC). An Agilent 1100 higiperformance liquid chromatograph (Agilent
Technologies) was connectedline to a Tosoh (Montgomeryville, PA)SK-Gel
3000SWxLcolumn. Samples were centrifuged at ~ 9000 relative centrifugal force for
10 min. Thesupernatant was extracteshd aggregates remaining in this fraction were
referred to as a soluble aggregates. The supernatant was hebein temperature
before injeabn with an autosampler. Injection volumes were chosen to process 30

100 pg of protein per injection, depending on the volume limits of the autosampler.
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Concentration was determined by peak area, using a variable wavelength detector
(Agilent Technologies)absorbance at 280 niamd independent control samplége
values for monomer fractior@maining(m) were determined by dividing the area of

the sample monomer peak by the area of the monomer peak of the sample at time = 0.

2.2.8 Soluble protein concentration from UV -absorbance

Samples were centrifuged at ~ 90@ative centrifugal forcéor 10 min at
room temperature. The supernatant was extracted and protein (both monomer and
aggregate) remaining in this fraction was referred to as soluble protein. Oukralés
protein concentration was measured with a NanoDrop 2000 (ThermoFisher Scientific).
Concentrations were determined using UV absorbance at 280 nm extihation
coefficient of 1.586 ciimgl’’ Measurements were taken as the average of 5

replicates.

2.2.9 Quantifying aggregation rates

Quiescent isothermal and parattemperature initial rate (PTIR) aggregation
rates were collected using methods previously descfit®defly, during the
isothermal method, samples were incubated at a single temperatdtmetsom of
time. During the PTIR method, multiple samples were incubated in parallel at a range
of temperatures for a fixed incubation time. In both cases, monomer fracticats,
time, t, werequantified using SEC, as described previously. The iniitd regime
providesa robust measure of aggregation rate(f)out the need to know or assume
the underlying aggregation mechanism(s). This region is defined as whem2.0 >
0.8 in the present workInder initiatrate conditions, monomer fractions das

regressed using equation 2.1 to obtain the aggregation rate coeHisient
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o am Qo 2.1
Aggregation rates during IICD cycles were quantified similarly. Samples were
stressed at a single temperature and rotator speed as a function of time. Monomer
fraction was determined using SEC and was found to be linear with respect to time
until monomer vas depleted. Therefore, monomer fraction was regressed with

equation 2.1 over the entire linear range (11 > 0.0)to obtainkobs

2.2.10 Microbubble tensiometry

A microbubble tensiometer was used to monitor protein adsorption to-an air
water interface. A LabMw program controlled a MCF&z (Fluigent) pressure
controller that supplied air to a microcapillary with an inner diameter of approximately
50 um. The microcapillary was submerged in a given protein solution with an air
bubble pinned at the tip. The Lal@w program also used a microscope camera to
capture images of the bubble and optically measured the bubble radius in real time. A

measure of apparent surface tension could then be calculated using a simplified

YoungLaplace equation (equation 2.2), whapas the pressure difference across the
interface, R is the radius of the bubble, and the apparent surface tension of the
interface
ap=v(3) 2.2
At the start of a measurement, the existing bubble was burst to creedé a f

air-liquid interface. A control loop in the LabView program automatically adjusted the

pressure controller to maintain a stable bubble size.
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2.2.11 Dynamic Light Scattering

Dynamic light scattering (DLS) was performed using a Zetasizer (Malvern
InstrumentsMalvern, UK) with a 633 nm laser and a 173° scattering a@glasizer
measurements are suitable to measure the distribution of particles that are ~ 0.3 nm to
~ 10 um in size (effective hydrodynamic radius this work,intensity
autocorrelation funabns were used as a sequantitative measurement and

comparison of the extent of aggregation in various samples.

2.2.12 Particle counting

The number and sizes of particles existing in a given sample were determined
using a FlowCAM microscope RY0O0 luid Imaging Technologies) equipped with
an 80 ul flow cell and a 20lens magnification3 0 0 ofssdmple were loaded into
the instrument, and the measurement was initiated with a flow rate of 0.06 mL/min
and a frame rate of 15 frames per second, for a sagngfilciency of 38.9%. Typical
total volume imaged was approximately 100 L. Particle size range for detection was
between 2 and 80 pum based on the limits of the instrument. A particle segmentation
threshold of 15.00 for dark pixels was chosen by compamagadjusting values used
in previously published work to achieve maximum similarity between actual and
measured particles, as determined by visual comparison of raw and processed
imagest’®1"°Particles detected using this method were referred to as insoluble

aggregates=xample images of particles are shown in figure 2.3
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Figure2.3: Example images gfarticles detected during flow imaging microscopy of
1 mg/mL ASIgG1 at pH 6.5 after 8 hours of IICD cycles at 40 CCPM
and room temperature.

2.3 Results and discussion

2.3.1 Aggregation rates under combined stresses

DSC was used to serguantitatively characterizeQlgG1 thermal stability in
terms of unfolding transition(s) to guide choices for incubation temperatures for
accelerated aggregation rates, similar to previous (ignkre 2.4)?° All temperatures
used for accelerated tests were at least 10 °C below the first mtidipdolding

transition for a given solution condition.
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Figure2.4. DSC thermograms of 1 mg/mL AI§G1 in pH 5 buffer (black) and pH
6.5 buffer (red).

Monomer loss rates were quantified after IICD cycles or PTIR under quiescent
conditions. lllustrative resudtfor the pH 5 formulation with an Al§G1 concentration
of 1 mg/mL are shown in figure 2.5. Quiescent monomer loss rateshfarcibations
as a function of temperature from PTIR are shown in panel A. The corresponding
time-dependent monomer loss restittsn IICD at 40°C, 50°C, and 60°C and
agitated at 40 CCPM are shown in panel B. The-tiegendent ICD monoméoss
profiles appeared linear by visual inspection for all cases analogous to those in panel
B, and the observed rate coefficieks was obtained as the slope of monomer loss
with respect to time (see equation 2.1 in Methods), provided the slope was statistically
different from zero using an ANOVA test at the 0.05 confidence.l&Walt condition
for a nonzero slope held true in alases=xamined except for 1 mg/mL A§G1 in

pH 5 at 40 CCPM and room temperature. Control samples in the absence of an air
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interface (i.e., vial was filled completely without an air headspace) remained

unchanged during 4B agitations at 40 CCPM and rooemtperaturefigure 2.9
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Figure2.5: lllustrative monomer loss profiles from quiescent PTIR and from IICD
cycles for 1 mg/mL ASgG1 at pH 5 (20 mM acetate bufferA)(PTIR
monomer loss after 2 h of incubations as a function of incubation
temperature.R) ICD monomer loss at 40C, 50°C, and 6C0°C for
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45



>
N
o
o

Intensity (A.U.)

o

Intensity (A.U.)

150+

100+

50t

— O hrs
— 48 hrs at 40 CCPM

1 1 1 1 1

5 6 7 8 9 10
Retention volume (mL)

200

150

100

50

—Ohrs
— 48 hrs at 40 CCPM

1 1 1 1 1

5 6 7 8 9 10
Retention volume (mL)

46



Figure2.6: Monomerand oligomer populations remain unchanged after 48 h at room
temperature and 40 CCPM in the absence of an air interface. 1 mg/mL
AS-1gG1 at g1 5 was incubated for 2 hours at 66.2 °C, and 1 mg/mL AS
IgG1 at pH 6.5 was incubated for 2 hours at 67.7 °C for 2 h to create
oligomer populations. Aggregation was arrested by quenching the
samples on ice for 5 min. Vials were completely filled with sampl
solution such that no air headspace was present, and then incubated at
room temperature at 40 CCPM for 48 h. No change was observed in
oligomer or monomer populations for pH 5 (A) or pH 6.5 (B) solutions.

In figure 2.7 kobsis plotted with respect to werse temperature for 1 mg/mL
AS-lIgG1 at pH 5 (panel A) and pH 6.5 (panel B) for different levels of agitation stress
(0, 20, and 40 CCPM). Incubation temperatures for agitated samples did not exceed 60
°C because of limitations of the rotating mixersitlear in figure 2.7 that increasing
the rate of IICD cycles increases the net aggregation rate for a given temperature, at
least below a threshold temperature that is above the tested range. ThedUC&d
aggregation rates were also temperatiggeneént, as the net aggregation rates
increased at higher temperatures for the conditions examined. Over a narrow
temperature range, tivalues follow a reasonably linear trend, as expected for
Arrheniuslike behavior. However, further inspection of the pl26,CCPM results
suggests curvature over the full temperature range. This is most evident for the 20
CCPM results, as one compares with the conditions where the vakggsapproach

those of the quiescent (0 CCPM) limit.
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Figure2.7: Arrheniusdiagrams: natural logarithm &fpsas a function of inverse
temperature for 1 mg/mL AgG1 at (A) pH 5 and (B) pH 6.5.
Accelerated aggregation rates were determined using PTIR at aquiiesce
conditions (red circles) and IICD cycles for 20 CCPM (blue triangles)
and 40 CCPM (black squares) ratemes are added to guide the eye.
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Bulk-mediated aggregation is strongly temperature dependent under quiescent
conditions (red data points in figu?e7). When surfacenediated aggregation is
promoted through 1ICD cycles, the overall aggregation rates increase by orders of
magnitude (black points). Monomer loss during quiescent incubations was
insignificant after 2 h at temperatures below 63 °C, baigthiescent rate constants
can be estimated by extrapolating the trend for the purpose of this comparison. Thus, it
appears that the surfaosediated aggregation pathway dominates the overall observed
aggregation. Consequently, the observed temperatuemdepce during IICD cycles
is also attributed to the surfaoeediated pathway (i.e., surfaneediated aggregation
is temperature dependent). Based on the thermodynamic contributions to bulk
unfolding equilibriun?®2%-18%his dependence could be attributed to a lowering of the
enthalpy of unfolding of protein metules at the interface as the temperature is
increasedInterestingly, close inspection of aggregation rates at pH 5, 20 CCPM
suggests a potential change in slope over the temperature range examined. The slope
appears to increase at higher temperaturdspproach that of quiescent bulk
mediated aggregation. This may be attributed to a crossover of the dominant
aggregation mechanism from surfacediated aggregation toward butiediated

aggregation dominating at the highest temperature measured.

2.3.2 Aggregatesolubility

The time evolution of monomer loss and soluble protein concentration were
compared between quiescent and IICD incubations (figure 2.8). During quiescent
incubations at 60C, the soluble protein concentration remains constant despite
significart monomer loss over 48 h, indicating that the resulligpgregates are soluble

(the aggregates remain in solution following mild centrifugation). In contrashgdl
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[ICD incubations, the soluble protein concentration decreases along with (or at the
same ate as) the monomer fraction, indicating that monomer is being quickly
converted into large, effectively insoluble aggregates that are removed during
centrifugation. These results show that surimesliated aggregation of A§G1 into
effectively insolubleaggregates remains prominent even at this high temperature. Like
the representative data for 1 mg/mL-Rf&51 solutions in pH 5 incubated at 80,

similar trends were observed in all cases examined, with the time scales of monomer
and soluble protein losgepending on the sample conditions (pH, temperature, and

rate of IICD cycles).
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Figure2.8: Monomer fraction and soluble protein concentration versus time for 1
mg/mL ASIgG1 at pH 5 incubated at 60 °C and 0 CCPM (black squares)
and 40 CCPM (redircles). Closed symbols represent monomer fraction,
while open symbols represent soluble protein concentration.
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2.3.3 pH dependence

During quiescent incubation, aggregation proceeds faster at pH 5 compared
with pH 6.5, for a given temperature. For exampleaahdemperature on the
Arrhenius diagram in figure 2.7, the valuekedsfor pH 5 is higher than the value of
kobsfor pH 6.5. This relation agrees with previous work and is related to greater
conformational stability as pH changes from 5 to 6.5 for tBdgiG 1 antibody?’
However, during IICD cycles, the opposite trend is apparent: aggregation proceeds
faster at pH 6.5 than pH 5. Increasing the pH towards the isoelectric point (pl) (~8)
results in loweelectrostatic repulsion between monomers as¢heharge on the
protein decreases. This indicates that conformational stability does not significantly
influence surfacenediated aggregation rates. Instead, electrostatics, particularly
electrostatigroteinprotein interaction$PPI),appeas to play arole during surface
mediated aggregation, and previous work confirms that net PPI is less repulsive at pH
6.5 than pH 377 For example, Woldeyest all’”found that thevalue ofBz2 of AS-

IgG1 decreased from approximately 16 mL/@Ht5 to 8 mL/g at pH 6.5. Similarly,
the authors also observed that viatue ofkp of the ASIgG1 shifted from
approximately 24 mL/g at pH 5 to 7 mL/g at pH 6.5.

This hypothesis is supported by work by Cledal ! that demonstrated that
aggregation in aqueous solution was influenced by both intramolecular
(conformational) stability and intermolgar (colloidal) stability. In that work, the
controlling factor shifted between conformational and colloidal stability by altering
solution pH. In the present work, conformational stability at both pH 5 and pH 6.5
might bedecreased at the interface, stitét electrostatic interactions between
monomers beconsghe controlling factofor aggregation by influencing the rate of

association of unfolded monomers (figure 2K99wever, this hypothesis is difficult to

51



prove using bullsolution measurements. Buklution measurements do not allow

direct measurement of adsorption, unfolding, and aggregation on the interface. In
addition, the time scales detectable by bulk measurements are on the order of minutes
to hours or longer, whereas the results below shaivatdsorption to the interface

occurs on the order of seconds or faster. Therefore, complementary techniques are

required to closely study these processes on the interface in greater detail.
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VAV 4 NN
o YN s
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Air-water interface Top-down view of air-water interface
Bulk solution ‘& JIA

Figure2.9: As a simplification, aggregation is the result of two steps: an unreactive
monomer transforms into a reactive monomer by some degree of
unfolding that reveals an aggregation hotspot (indicateahloyange
star), and two reactive monomers encounter eddr aind associate. The
concentration of reactive monomers in bulk solution is low compared to
the airwater interface because of the relatively high conformational
stability of the monomers that results in a low degree of unfolding. At the
air-water interfice, the conformational stability of the monomers may
decrease and result in a relatively higher concentration of reactive
monomers that can encounter each other and associate at a higher rate
than in bulk solution.
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As a preliminary investigation into thele of electrostatic PPIs at the
interface, microbubble tensiometry wased to monitor 1 mg/mL A8 G1 adsorption
by measuring the apparent surface tension with tfigeré 2.10. While tensiometry
itself is not a novel techniquesitise for understamly surfacemediated aggregation
of therapeutic proteins, and correlations between adsorption and aggregation behavior,
is still being developed!3°8491.9510he adsorption behavior in figuBe10exhibits
three distinct regimes, which haveebediscussed in the literatdité (1) the first
regime is the time period during which no significant change in apparent surface
tension is observednd may correlate with transport of the protein molecules from
bulk solution to the subsurface region; (2) in the second regime, there is a large
decrease in surface tension, indicating adsorption to the interface; (3) in the third
regime the apparent surface tension then declines at a slower rate, which can be seen
more clearly with the linear time scales in the inset in figure 2.10 At pH 6.5, both
regimes (1) and (2) proceed approximately an order of magnitude faster than at pH 5.
This suggests that there may be a@épendent electrostatic effect involved in
adsorption to the interface. One possibility is that at lower pH, there may be increased
electrostatic repulsion between proteins at the interface and proteins in the subsurface
region that slows adsorption rates in regimes (1) and (2). This electrostatic effect may
contribute to the pH dependence of surfatdiated aggregation rates observed
above from macroscopimeasurement#&lthoughadditional work is needed to
elucidate the gecise kinetics of adsorption and aggregation and corresponding
structural changes, the tensiometry results provide a more direct observation of AS
lgG1 adsorbing to the surface as a function of time. The results corroborate the

extensive aggregation behawvanalyzed using various bulk solution measurements,

53



demonstrating the promise of microbubble tensiometry as a complementary technique

for studying surfacenediated aggregation.
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Figure2.10: Time course of 1 mg/mL A8G1 adsorption to the interface at pH 5
(filled black squares) and pH 6.5 (open red circles). Each symbol and
error bar represent the average and standard deviation, respectively, of 20
data points. Dashed line indicates surface tension of clean intdrfsee.
shows same data plotted on a #inéme scale.

2.3.4 Sub-visible particle formation

The number and size distributions of particleso280-um in diameter were
measured for each sample (figure 3. Measurementsould not be completed for 60
°C incubations at either pH, 8& at pH 6.5, and after 48 h for any temperature at pH

6.5 as the high number and large size of particles resulted in the instrument failing to
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permit flow for those samples. At pH 5, the number of particles formed increases with
bothtime and temperaturd@gure 2.13A), and more IICD cycles at a given

temperature result in the creation of more and larger partidesq 2.11C). At pH

6.5, the number of particles increases with temperature, but decreases-a@idr @D

[ICD cycles figure 2.1B). This cecreas@ccurs because the suisible particles are
themselves coalescing into fewer but larger particles; the particle size distributions
tend towards larger particles at later timggufe 2.1D). As described in the previous
section, increasing thelstion pH towards the pl of the protein lowers the overall net
charge on the molecule and decreases the electrostatic repulsion between molecules.
This same trend applies to protein aggregates and may contribute to the observed

phenomenon.
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Figure2.11: Sub-visible particles measured by FlowCAM. Total number of particles
per mL during 40 CCPM IICD cycles at pH 5 (A) and pH 6.5 (B). Data
for 60 °C at both pH, 55 °C at pH 6.5 and 48 hour measurements for all
temperatures at pH 6.5 are not shown as the s@amber of particles
present at those conditions resulted in instrument clogging. Particle size
distributions during room temperature IICD cycles at pH 5 (C) and pH
6.5 (D). The observed size distribution trends are the same for all
temperatures measured

2.3.5 Concentration dependence

Next, the effect of ASgG1 concentration on aggregation rates was evaluated.
A temperature was selected for each agitation speed that yielded similar values of
In(koby (i.€., a horizontal slice on the Arrhenius plot). The chasembinations were
40 CCPM/50(°C, 20 CCPM/60C, and 0 CCPM/63C for pH 5 and 0 CCPM/65.5%C
for pH 6.5. Monomer loss rates were evaluated at the corresponding temperature and
[ICD cycle speeds for 0.3, 1.0, 3.0, and 10.0mig(figure 2.12A and12B). As
expectedrom previous work?® aggregation rates in quiescent cases increase with
increasing protein concentration. Conversely, in agitated conditions, aggregation rates
as defined by equation 2.1 decrease with increasing protein concentration. Equation
2.1 defines aggregatioateby monomer fraction, and thereforkthe effective
reaction order with respect to protein concentration is less than one, the fraossnal
rate of monomer will appear to decrease with increasing protein concentfigtima (
2.13. However, if oe defines an alternai aggregation ratasthe rate of loss of
monomer mass over timkmass thenkmassscales with protein concentratidig(re
2.12C). The dashed line figure 2.12C indicates a firsbrder scaling okmasswith
protein concentratim showing that data scale with a concentration to a power less

than one. This is also consistent with the resulfgure 2.13
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Figure2.12: Concentration dependence of A&51 monomer loss rates. Arrhenius
plots show changes in ks calculated from rate of loss of monomer
fraction using egation2.1 at pH 5 (A) and pH 6.5 (B). Rates were
measured for ASgG1 at a concentration of 0.3 (symbols marked with
+), 1.0 (closed symbols), 3.0 (open symbols) and 10.0 (symbols with x)
mg/mL at O(red circles), 20 (blue triangles), and 40 (black squares)
CCPM. Arrows indicate direction of increasing concentration. Panel (C)
shows the rate of monomer mass ldssss at pH 5 (open symbols) and
pH 6.5 (closedymbols) at 50 °C and 40 CCPM, as action of protein
concentration; the dashed line along the diagonal indicates-arfiest
dependence dénasson protein concentration. (D) HPL&romatograms
indicating the presence of soluble oligomers after 24 (black), 30 (blue),
and 48 (red) hour incations of 10 mg/mL ASgG1 at pH 5, 60 °C and

20 CCPM.
0.20}
pH 6.5
0.15}
o
<
c0.10¢
¥4
oos5f H
BpHS5 T
‘m
0.00 =

o 2 4 6 8 10
IgG1 Concentration (mg/mL)

Figure2.13: Rate of monomer fraction lods,, at pH 5 (open symbols) and pH 6.5
(closed symbols) at 50 °C and 40 CCPM as a function of protein

concentration.
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Other studies, including those by Beteal® and Treuheitet al83 have also
shown a weak (lower than firstder) dependence on sample concentration for
agitationinduced aggregatioff:'¥30One hypothesis it adsorption to the interface
could reach saturation and prevent additional proteins from adsorbing and aggregating,
which is consistent with an excess of protein in bulk solution. This excess protein may
instead be able to aggregate through the-méklated pathway and form soluble
aggregates. To test this idea, 10 mg/mL:1§61 at pH 5 was incubated at 8D and
20 CCPM for 2448 h before measurement wiiPLC (figure 2.1D). TheHPLC
chromatograms indicate a population that elutes at ~5.5 minut@scaeases in
concentration with longer incubations. This elution time is consistent with an oligomer
aggregate population created through bulk solution aggregation.

As a preliminary investigation into the observed concentration dependence, we
again used nasrobubble tensiometry to compare the adsorption behaviors-tg@5
at pH 5 and 6.5 at the concentrations tested abovemttemperature arsD °C
(figure 2.14. Althoughthere tends to be an overall trend towards faster adsorption
kinetics over all theoncentrations examined, there is not always a distinguishable
change between similar concentrations. For example, in the case of pH 6.5 at room
temperature, the adsorption profiles for 0.3 and 1 mg/mindrstinguishablef{gure
2.14B). Thereforewe ®nclude that the concentration dependence in aggregation rates
involves additional contributions from otheechanisms that are not probed by the

short time scales of the tensiometry data.
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mg/mL ASIgG1 adsorption to the interface at pH 5 room temperature
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2.3.6 Preincubation under mild thermal stress

The process of adsorption of proteins to thenater irterface, and the
formation of a protein film (e.qg., interdigitation of proteins at the surface) are
hypothesized as influential steps in surfacediated aggregation, but the kinetics of
formation and the microstructure of the putative film is not welleustod. Direct
observation of the protein film at the surface is required to obtain devgh
understanding, but a preliminary test was performed by allowing the film to age at 40
°C for up to 24 tbeforethe start of [ICD cyclesfigure 2.13\). No dekctable
differences are observed in monomer fraction or flow imaging measurerfigumits (
2.18 and2.15C), indicating that film aging on this time scale does not significantly

influence surfacenediated aggregation kinetics.
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Figure2.15 Evaluating the impact of priacubation on A9gG1 monomer loss rates.
(A) Schematic of experimental procedure. Monomer fraction versus time
at (B) pH 5 and (C) pH 6.5, during interfacial compression cycles at 40
°C, 40 CCPM, after prancubation periodsfd (black squares), 2 (blue
circles), 4 (pink upward triangles), 12 (brown downward triangles), and
24 (green diamonds) hr at 40 °C.

2.3.7 Postincubation under a mild thermal stress

To determine whether aggregates formed at the interface can propagate in bulk
solution after desorption, A®)G1 was incubated at 2C and 40 CCPM for-24 h,
and then removed from the rotating mixer and incubated under quiescent conditions at
40°C for up to 24 (figure 2.18\). There are no significant changes to monomer
fraction, particle counts or particle size distributions during the postincubation period;
therefore, the aggregates do not further propagate in bulk solution and influence

overall aggregation kinetics under a“fDthermal stresdigure 2.1 and2.16C).
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Figure2.16: Evaluating the impact of poesgicubation on ASgG1 monomer loss
rates. (A) Schematic of experimental procedure. Monomer fraction vs
time during 40 °C incubations at (B) pH 5 and pH 6.5 (C), following 2
(blue squares), 4 (pink circles), 12 (brotsiangles), and 24 (green

diamonds) hr interfacial compression cycles at 40 °C, 20 RPM. Particle

size distributions during pogtcubation for pH 5 (D) and pH 6.5 (E).

2.3.8 Preincubation under a high thermal stress

Soluble aggregates are observed to form iespent incubations but not after

interfacial compression cycles. From a mechanistic perspective, it is possible that

oligomers that form in bulk solution can adsorb to the interface and proceed through

the surfacenediated aggregation pathway. To tes$ tiquiescent samples were

preincubated at high temperatures for selected incubation times so as to create a

significant population of soluble oligomers: 1 mg/mL-Rf&1 at pH 5 was incubated

for 2 h at 66.2C, and 1 mg/mL ASgG1 at pH 6.5 was incubatedrf2 h at 67.7C.

After

t hese

Apreincubationso,

sampl es

wer €

aggregation. Then, samples were placed on the rotating mixer at room temperature and
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agitated at 40 CCPM for up to 24 h prior to measurement with HRg@G ¢ 2.17.

The experimental procedure is outlined schematically in figuréA Asexpected,

based on the argument previously, the population of soluble oligomers detected by
HPLC decreases even at the earliest time points. However, the decreagenrenli

peak area is matched by an equal increase in monomer peak area, indicating that the
soluble oligomers are dissociating at the interface and converting back to monomer.
This trend is also present for A§G1 at pH 6.5, where the oligomers dissociate t
monomeric species prior to the formation of sudible particles figure 2.1'B and

2.1D). The conformation of the resulting monomeric spe#eg., native or

misfolded conformationgannot be determined from these results aléhe pH 5
conditions danot result in detectable levels of insoluble aggregates, which is
consistent with the control scenarie(, without preincubation)igure 2.17A and

2.17C). Oligomerreversal is not observed in any of the quiescent control samples, as
the oligomer and mnomerpopulations from SEC remain stable and unchanged.
Oligomer reversal is also not observed in samples agitated at 40 CCPM for 48 h at
room temperature without an air interface present (i.e., vial filled such that there is no
air headspacejigure 2.9. These results suggest that smaller oligomers may not
remain stable during agitation and may reverse to monomeric form. Thus, the
mechanism of surfaemediated aggregation involves monomers aggregating quickly
into large insoluble aggregates via intei@cs$ involving the interface, rather than

forming detectable oligomeric intermediates.
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Figure2.17: (A) Experimental schematic for preincubation under a high thermal
stress. (B} (E) HPLC results from interfacial compression cycles at
room temperatureral 40 CCPM, for samples that weremeubated at
elevated temperature (without agitation) to-populate soluble
aggregates prior to the compression cycles. Area fraction (compared to
total area of measurement for time = 0) for oligomer (blue circes),
monomer (red triangle) populations for 1 mg/mL-B&1 at pH 5 B)
and pH 6.5C). The controls (diamonds with x) represents samples that
have not undergone pnecubation / heating prior to the compression
dilation cycles. The HPLC chromatograms drewen for the samples at
pH 5 ©) and pH 6.5K). Arrows indicate direction of increasing time.

2.3.9 Surfacemediated aggregation with surfactant addition

The current industry standard for protecting therapeutic proteins from surface
mediated aggregation involy¢he addition of noionic surfactant$® These
surfactants are thought to preferentially adsorb and protect MAbs from interacting
with the interfacé€?33142140ne common surfactant is PS20, which was evaluated for
its efficiency at protecting A&RIG1 from aggregatinguting interfacial compression

cycles at different temperatures. Incubations were repeated with the addition of
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0.001% PS20, and results for 1 mg/mL-A&1 at pH 6.5 incubations edom
temperature, 50C, and 60°C with 40 CCPM agitation are shownfigure 2.18 A
concentration of 0.001% PS20 was chosen as a minimal but sufficient amount to
reduce aggregation and is at the lower end of the range typically used in protein
formulationst*’ In all cases, monomer losates are reduced from control scenarios
without added PS20. At room temperature, aggregaioeduced to negligible
amounts. At 50C, aggregation still occurs, but aggregates remain soluble, as
indicated by the constant total soluble protein conceoiraAt 60°C, the rates of
formation of large, effectively insoluble aggregates are still relatively fast, but again,
the aggregation rate is reduced from the control case without added PS20. In figure
2.18A, monomer fractions and soluble protein conegions are only shown for
incubations of less than 20 h at®D. Values at longer times are less reproducible as
aggregation proceeds to a greater extent. However, both monomer fraction and soluble
protein concentration continue to decrease, and theildbeddrends hold true
throughout the full 48 incubation. These results demonstrate that while PS20 is
effective in reducing surfaemediated aggregation, it may also shift the nature and
size of the aggregates that form.

As shown earlier in this repothe rates of surfaemediated aggregation of
AS-1gG1 at these conditions increased at higher temperatures. PS20 also potentially
behaves differently at higher temperatures. It has been noted that the critical micelle
concentration of PS20 is temperatuependent and shows a minimum neaf@0%
While the concentration of PS20 in the present work is an order of magnitude below
the critical micelle concentration at all temperatures examined, this nevertheless

indicates that the mechanisms involweith PS20 surface activity can change with
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temperature. In addition, PS20 may not affect bulldiated aggregation rates or
mechanisms significantly. At a given temperature, PS20 may reduce the effects of
surfacemediated aggregation but not buttediatedaggregation. This may explain

the presence of soluble aggregates observed in the 50 °C IICD incubation. However,
the formation of sulvisible particles at 60 °C indicates that there are still some

contributions from the surfageediated pathway.
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Figure2.18: Aggregation behavior of 1 mg/mL AIl§G1 at pH 6.5 with the addition
of 0.001% PS20. (A) Monomer fraction (closed symbols) and soluble
protein concentration (open symbols) versus time for 40 CCPM
incubations at room temperature (red squares), J0I2@ circles), and
60 °C (orange triangles). At 60 °C, sample monomer fractions and
soluble protein concentrations decrease over 48 h, but data is only shown
for times less than 20 h because values are less reproducible after 20 h
when aggregation procetb a greater extent. (B) DLS correlation
functions following 48n incubations for a control sample (black dashed
line) and 40 CCPM incubations at room temperature, 50 °C, and 60 °C
(colors match those in (A)). (C). Total number eB@ um particles
preseat in solution. Agan, symbols match those in (A).

2.3.10 Competing and Complementary SurfaceMediated and Bulk Aggregation
Mechanisms

The mechanisms of MAb aggregation in bulk solutioneizeen studied
extensively and were discussed earlier (cf., Section)1 8nlobstacle in studying
surfacemediated aggregation is the variety of techniques required to monitor species
of different sizes in both bulk solution and at the interface. In this work, HPLC was

used to monitor monomer concentration in bulk solutich@movide quantitative
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aggregation rates. Increasing turnover at the interface accelerates aggregation. Both
bulk-mediated and surfageediated aggregation pathways are temperature dependent.
The surfacenediated pathway dominates during IICD cycles atehgperatures
examined (room temperature, 30, 40°C, 50°C, and 6CC), with the potential for
crossover towards bullnediated aggregation dominating at temperatures higher than
the those studied in this work (> 80). During quiescent incubations, A§G1
aggregatefaster at pH 5 than pH 6ecause o& decrease in conformational
stability; however, dung agitated incubations, the opposite trend holds true, likely
due to the decreased electrostatic repulsiowdsst protein molecules as the pH
approaches the pl of the protein. Monomer loss aggregation rates are only weakly
(between zeroth and first order) dependent on bulk protein concentration.

UV-absorbance measuremeptsvided insight into the formation and
presence of soluble oligomers in solution. Although bulk solution aggregation
primarily creates soluble aggregates over the time scales examined in this report,
surfacemediated aggregation results in mainly irreversible and insoluble micremeter
sized paitles. Preexisting soluble oligomers dissociate into monomeric species once
exposed to IICD cycles, indicating that in surfacediated aggregation, monomers do
not form oligomeric intermediates at the interface and instead aggregate quickly
macroscopic articles.

DLS and flow imaging were used to detect miecsired and larger aggregates
in solution. Greater numbers of suisible particles are created during incubations at
higher temperatures, which correlates with the aggregation rates measured by HPLC.
However the timeevolution of these particles once created varies with pH: at pH 5,

more and larger particles are created over time; at pH 6.5, existing particles coalesce
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with others to form fewer, but much larger particles. The addition of 0.001% PS20
reduces agyregation in all cases examined, but could also change the nature of the
aggregates that form: in particular, adding 0.001% to pH 6-59&3 at 50°C and 40
CCPM results irthe formation of soluble aggregates.

None of the techniques just mentioned digentbnitored adsorption,
aggregation, and desorption at the interface. Preliminary microtensiometry
experiments showcase its potential to fill this knowledge gap by directly monitoring
adsorption kinetics to clearly discern the dependence of adsorptidgickioe pH and
protein concentration in bulk. Chapters 4 and 5 will focus on using microtensiometry
and interfacial rheometry to more directly monitor adsorption to the interface, film
aging and the microstructure of the adsorbed film, and particle desoff@m the
interface. These results have implications for how accelerated stability studies should
be designed during biopharmaceutidavelopment. For example, the nontrivial
temperature dependence of surfasediated aggregation indicates that studies
involving interface turnover should be performed at multiple temperatures as relevant
to properly mimic deviations during manufacturing, transportation, and storage.
Additionally, formulations should be optimized against both baiid surface
mediated agregation stability trends in bulk solution may not correspond with

stability trends at surfaces.

2.4 Summary

AS-1gG1 aggregation kinetics and particle formation from compression
dilation of an akwaterinterface were measured at different temperatures g,
UV absorbance, DLS, and flow imaging. Surfawediated aggregation from

interfacial compression cycles was faster at higher temperatures as measured by both
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monomer fractions and subvisible particle formation. Susfaediated aggregation

was acceleted and resulted in larger particles as the pH approached the pl of AS

IgG1, which was in contrast to aggregation in bulk solution. Bulk protein

concentration only weakly influenced surfaoediated aggregation rafeven at this
relatively low proteirconcentrationOligomers formed during quiescentubations
dissociated back to monomeric species at thevaier interface. The addition of

0.001% PS20 reduced aggregation and in some cases shifted the nature of the resulting
aggregatesowards smallersoluble species typically not observed during surface
mediated aggregation. Microbubble tensiometry is able to directly monitor protein
adsorption rates and provide insights into aggregation at the interface and was used to

corroborate observations obtathusing bulk measurement techniques.
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Chapter 3

A RAPID, SMALL -VOLUME APPROACH TO EVALUATE PROTEIN
AGGREGATION AT AIR -WATER INTERFACES

3.1 Introduction

Isothermainterfacialcompressiofdilation (IICD) cycles were introduced in
chapter 2 as a method to periodicallyngess and dilate an aiater interface in a
controlled and easily quantifiable manner. While IICD cycles are an improvement
over stirring®?33shaking®?23and tensiometif %6 techniques for obtaining kinetic and
mechanistic information about surfacediated aggregation, the 1ICD cycling method
still requires multiple time points and reasonably large sample volumes at each
temperature, making it relatively materiahd labofintensive. Wiesbauest al 18
suggested an alternative approach with macroscopic bubble aeration to accelerate
aggregation rates of recombinant human growth hormone. They found that the faster
macroscopig¢re)generation of free gdisjuid surface area during aeration enhanced
aggregation rates ~ 40ld compared to stirring. However, macroscopic bubble
aeration was still relatively costly in terms of material and labor requirements as it
required on the ort of 10 mL of sample solution, and samples were stressed for
hours.

This chapter introduces a rapid, lswwlume method for evaluating surface
mediated aggregation based on microbubble aeration. A microtensiometer with a glass
capillary (ID = 50 um) submeed in 600 pl (or less) of a given protein solution is

used to aerate a sample with microbubbles for short periods of-tupdo 10 s in the
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present work. The entire sample volume is then collected and analyzed using
backgrounded membrane imaging (BMI& novel membranbased, optical
microscopy particleounting techniqué’ This technique is used to evaluate surface
mediated aggregation kines of ASIgG1 and ASIgG2. This work also assessed the
effects of temperature and solution pH; the latter at least putatively alters electrostatic
proteinprotein interactions involved in surfaceediated aggregation. The present
work also included surf@emediated aggregation of a small globular protadgn, as

a contrast to the two antibodies. Surfacediated aggregation kinetics and the effects
of solution pH and the identity of the molecule are compared to those ef bulk
mediatedaggregation. The results are discussed within the context of different,
complementary approaches to interrogating susfaediated aggregation

mechanisms.
3.2 Materials and methods

3.2.1 Sample preparation

pH 5 (20 mM acetate) and pH 6.5 (10 mM histidkh€l) buffers were
prepared in the same manner as described in section 2.2I§GASnd ASIgG2
were provided by Amgen Inc. (Thousand Oaks, CA) as monomeric stock solutions
(>98% monomer) at a concentration of ~ 30 mg/mL. Stock IgG solutions were
dialyzed to desiredolution conditions with Spectra/Por 7 dialysis tubing with a 10
kDa molecular weight cutoff (Spectrum Laboratories; Rancho Dominguez, California)
and filtered after dialysis. aCgn solutions were prepared by first dissolving 5x
crystallized lyophilized agn powder (Worthington Biochemical, Lakewood, NJ) in

40 mL of pH 5 buffer to an approximate protein concentration of 15 mg/mL. Stock
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solution of 35 mg/mL phenylmethylsulfonyl fluoride (PMSF) was prepared by
dissolving PMSF (Sigmaldrich, St. Louis, MO) inanhydrous ethanol (Decon
Laboratories, King of Prussia, PA). The bulk aCgn solution was treated incrementally
(=250 pL aliquots) with 1 mL of 35 mg/mL PMSF (10x PMSF mole excess) to
deactivate potential proteolytically active residual proteases in thenemial
material'®’ The resulting protein solutions were then filtered and dialyzed in a similar
manner as the IgG solutions. The final pH of all protein solutions was confirmed
experimentally prior to use.

Solution concentrations were determined using UV absorbance (Agilent 8453,
Santa Clara, CA) at 280 nm using extinction coefficients of 1.586wyfor AS
IgG1, 1.410 criimg for ASIgG2, and 1.970 cAimg for aCgrf>1’’Final protein
concentrations of 1 mg/mL were achieved by gravimetric dilution. To prepare samples
containing polysorbate (PS) 20, an aliquot of a PS@6k solution (Avantor, Radnor,
PA) was added to the solution to achieve a final concentration of 0.001%. Protein

solutions were stored at®°C and used within 3 weeks.

3.2.2 Microbubble aeration

An in-house microtensiometer was used to aerate sample ssluith a
controlled, continuous flow of air microbubb®EsAn O.D. 1.4 mm, I.D. 1.0 mm,
borosilicate glass capillary was pulled to a steep tapered tip usi®y a P
Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA)grodnd using
2000 grit sandpaper to a tip of ~50 um 1.D. The formed capillary was cleaned with air
and water before being hydrophobically treated using Sigmacote (Millipore Sigma, St.
Louis, MO). The microtensiometer sample chamber was created by bantical 1

cm diameter hole through a 30 mm x 30 mm x 15 mm (length x width x height) block
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of aluminum. The sample chamber was then anodized to prevent stray light during
experiments. A 1.0 mm thick Infrasil window (Thorlabs, Newton, NJ) was sealed to
the bottom opening using SYLGARD 184 (Sigialdrich, St. Louis, MO). The
capillary was inserted into the sample chamber and submerged in 600 ul of sample
through a prefabricated opening as illustrated in figure 3.1A.

To create a microbubble on the formed ef the capillary submerged in the
sample solution, a constant pressure was supplied by an ME@$Bessure controller
(Fluigent, Paris, France). To provide a continuous flow of air during microbubble
aeration, a pressure of 22 mbar was supplied asiaisnffy high (maximum)
pressure to prevent an interface from persisting on the capillary tip. To control the
release of a single bubble from the capillary, a pressure-d8 I8bar was supplied
and maintained by the MFGEZ pressure controller. The optihpaessure that was
chosen facilitated controlled formation and detachment of independent microbubbles.
The pressure value depended on the surface activity of the species in solution, and
desired rate of bubble detachment from the capillary. As proteitiojasurfactant,
when surfactant was added to solutions) species adsorbed to the bubble from solution,
the surface tension decreased over time, and in turn the size of the bubble increased (at
fixed pressure drop) until the bubble detached from the cgpdlad a fresh interface
was created. After the desired number of microbubbles were released into the sample
solution, air flow was stopped by instantaneously reducing the applied pressure to 0

mbatr.
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Figure3.1: Schematiof experimental satp. (A) A~50 um LD. glass capillary in a
microtensiometer setp is used tdlow air into sample solutiomluring
microbubble aeratiar(B) Following the applied stress, the entire sample
is transferred to the membrane well plate for BMI using a pipette. (C)
Vacuum is appéd to the bottom of the membrane plate and sample is
pulled through the membrane, leaving particles over 2 um diameter
deposited on the membrane for measurement using BMI.

A 24 W metal ceramic heater (Thorlabs) was placed on the microtensiometer
exterioropposite the capillary for temperature control during heated experiments. The
microtensiometer was mounted on an inverted optical microscope (Carl Zeiss
Microscopy, White Plains, NY) and the capillary tip and attached bubbles were
imaged using a Blackfly.3 MP color camera (Point Grey, Richmond, BC) along with
a 20x objective. Control of the pressure controller and camera and live data from by
both devices were integrated into a custom LabView program for manipulation of the

experiment.

3.2.3 Microbubble tensiometry
The microbubble tensiometer described above was also used to monitor protein

adsorption to a stable awater interface by measuring the dynamic surface tension of

86



the interface, as described in section 2.2S1L0face tension can be converted to
surface pessurey , by the following equatiof{®
L0 rm 0o 3.2
wheregl 1T is the surface tension of the clean interface at the start of the experiment,
and’ 0 is the surface tension at tinte=
At the start of a measurement, an existing bubble was burst to create a fresh
air-liquid interface. A control loop in the LabView program automatically adjusted the

pressure controller to maintain a stable bubble size.

3.2.4 Backgrounded membrane imaging

Samples were analyzed using the BMI technique on a HORIZON instrument
(Halo Labs, Burlingame, CAY>18The technique utilizes disposable custom
designed membrane filter plates that cont &
particles with an effective diameter gter than 2 um?® A 96-well membrane plate
was imaged using optical microscopy in the HORIZON to acquire background images
of each wdl Next, the plate was placed on a vacuum manifold. Sample solutions were
transferred to the membrane pldigyre 3.1B). Vacuum was applied at 350 mbar to
the bottom of the plate using the manifold, pulling sample liquid through the
membrane for a few sends until the sample droplet was no longer visible on the
surface of the membrangure 3.1C). Liquid droplets that adhere to the underside of
the membrane were removed with wicking paper using a fixture that connects to the
vacuum manifold. Finally e membrane plate wasirmaged in the HORIZON and
image analysis was performed in the HORIZON VUE image analysis software.

BMI was advantageous for this work due to the low minimum volume

requirement (25 pl). There is theoretically no maximum volumé,letthough the
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concentration of particles deposited on the membrane cannot be so large that the
particles overlap, as the image analysis techniques do not distinguish overlapping
particles. In this work, samples were loaded on membrane plate wellguotalpf

1007 600 ul depending on the number of particles present in those samples. BMI is
also advantageous for dilute samples, such as microbubble aeration experiments when
discrete bubbles are formed and detached. By filtering the entire sample thneugh

or more membrane wells and detecting all the particles captured on the membrane(s),
BMI analyzes the entire sample volume for particles. In contrast, flow imaging
techniques only analyze a fraction of the sample volume due to priming and camera
framerate limitations. If the concentration of particles detected in this volume fraction
misrepresents the concentration of particles in the entire sample volume (i.e., too low
because particles escaped detection), the error in the measurement will propagate

when the counts are extrapolated to apply to the entire sample volume.

3.2.5 Bulk-mediated aggregation rates

Aggregation rates in bulk solution were quantified using the parallel
temperature initial rate (PTIR) meth&twhich was described earlier in section 2.2.9.
Following 2h incubations at different temperatures, samples were placed inan ice
water bath for 5 min to arrest aggregation. Monomer fractionsde below) at
incubation timet) werequantified using size exclusion chromatography, which was
described in se¢ion 2.2.7.

The initial rate regime provides a robust measure of-mdkiated aggregation
rate without requiring information or assumptions about the underlying aggregation

mechanisms. The initial rate region was defined by In0>>0.8 in the presentavk.
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Under these conditionmvs. t can be regressed using equation 3.3 to obtain the

aggregation rate coefficiersps for a given solution condition and temperature

a0 amn Qo 3.3

3.3 Results and discussion

3.3.1 Microbubble aeration provides controlled turnover of air-water interface

A microtensiometer was used to aerate liquid protein formulations with
microbubbles to expose the solutions to controlled amounts-ofadér interface on
short time scales. The volumetric air flow raf® €jeced from the capillary was
calculated by the HagePoiseuille equation:

~ Yy

v 3.4

where'Yis the radius of the capillary (25 pm is the pressure drop across the

length of the capillary, is the dynamic viscosity of air, arids the length of the

capillary (61 mm as measured). According to this equation, a supplied pressure of 22
mbar resulted in a volumetric flow rate-ef0* cm®/s. The amount of aivater

interface area supplied by this flow rate was estimated by measuring the mmaximu
size a growing air bubble could achieve in different protein solutions before
detachment under a stable applied pressure. After evaluating 20 conditions of varying
surfactant concentration, temperature, and applied pressure, the average radius at
bubbledetachment was determined to be (7 ®6) x10* cm (raw data is compiled

in table3.1). Accordingly, each bubble ejected from the capillary would have an
approximate surface area of 8X1€nh? assuming a negligible change in bubble radius
following detahment from the capillary. Therefore, a supplied pressure of 22 mbar

ejected approximately 50 bubbles per second, or generated air interfaces at an
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approximate rate of 0.037 éfa. The lifetime of these interfaces was approximately
0.02 s, as significantolaming was not observed. Air flow was stopped after 1, 5, or 10
s by instantaneously reducing the applied pressure to O mbar. The protein solutions
were removed from the microtensiometer with a pipette following the stress and
temporarily stored in an Eppdorf tube at room temperature prior to measurement

using BMI within 8 h.

Table3.1 Radius of air bubble at detachment in various solution conditions

Protein | pH | PS20 concentration | Temperaturg Pressure Radius
(%) (= 0.1 mbar) (£ 0.1um)
aCgn 5 0.001 RT 16.9 763
aCgn 5 0.001 30 °C 16.9 773
aCgn 5 - 30 °C 17.1 81.0
aCgn 5 - RT 176 808
lgG2 6.5 |0.001 50 °C 153 77.0
1gG2 6.5 |0.001 RT 174 75.8
lgG1 6.5 |0.001 50 °C 15.1 769
lgG1 6.5 |0.001 RT 178 75.9
lgG2 5 0.001 50 °C 157 772
lgG2 5 0.001 RT 176 761
lgG1 5 0.001 50 °C 16.0 779
lgG1 5 0.001 RT 175 77.4
lgG2 6.5 |- 50 °C 173 783
lgG2 5 - 50 °C 16.9 798
lgG2 5 - RT 18.3 785
IgG2 6.5 |- RT 18.5 782
lgG1 5 - 50 °C 16.00 77.3
lgG1 5 - RT 18.5 771
lgG1 6.5 |- 50 °C 16.6 793
lgG1 6.5 |- RT 18.4 78.2
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For comparison, the stress durations, total interface turnovers, and sample
volumes from several representative methods of accelerated sonéaicated
aggregation used in the literature are compiled in table 3.2stfdss durations and
sample volumes were given explicitly in the cited works. Total interface turnover for
lICD cycles and shaking was estimated from the dimensions of the vial§’d$&te
interface turnover per cycle during IICD cycles was calculated as the largesiteir
surface area (i.e., a roughly rectangular shape, which occurs when the vial is
horizontal)from which wassubtracted the smallest-aiuater surface area (i.e., a
circular shape, which occurs when the vial is vertical). During shaking stresses, the
interface turnover was estimated as one flathvaiter surface area per cycle. In the
work of Kieseet al.*? this surface area was a circle separating the liquid and air
phases within the vial. While a flat circle is an underestimation of the true surface area
which would deviate from a flat surface during mixing, tesuemption of one
complete turnover per cycle likely overestimates the true turnover as the interface is
not destroyed entirely and recreated. Therefore, the turnover was simplified for
estimation purposes. The interface turnover during bubble aeraticcaleatated
from the bubble size and frequency provided in the work by Wieskeaatt® The
turnover values for bubble aeration and microbubble aeration in table 3.2 do not
include contributions from the top liquid surface area, which are approximatel§ 8 cm
for bubble aeration (given in Wiesbawtral 1% and 3 cm for microbubble aeration,
respectively. The data in table 3.2 establishes that the sample volumdjrageasd
total interface turnover in the present microbubble aeration experiments is
significantly reduced (5 to 6 orders of magnitude) relative to comparative methods in

the literature.
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Table3.2:

Comparison of stress duration, total interface turnoversangple
volume for representative methods for accelerated sunfeckated
aggregation studies

lICD cycles@ 40 | Shaking stre$$3® | Bubble aeratiol¥® | Microbubble

CCPM’ aeration

Stress | Total Stress | Total Stress | Total Stress | Total

time interface| time interface | time interface| time (s) | interface

(hours) | turnover | (hours) | turnover | (hours) | turnover turnover
(cr) (cr?) (cr?) (cr)

2 34000 |0.5 23000 |1 25000 |1 0.04

24 410000 |1 46000 |3 75000 |5 0.18

48 820000 | 48 2200000| 7 175000 | 10 0.37

Sample volume: 5

mL

Sample volume: 6

mL

Sample volume:

114 mL

Sample volume: 1

mL

A comparison of the number and concentration of particles created after 0, 1,

5, and 10 s of microbubble aeration for 1 mg/mL-I§&1 and 1 mg/mIAS-IgG2 in

different solution conditions and temperatures is shown in figure 3.2. In all conditions

examined, particle counts increased when longer durations of microbubble aeration

were applied, according to an ANOVA test at the 0.05 confidence leveltrEnd

indicates that the particles were created by the interface turnover induced by

microbubble aeration. In some instances, error bars are relatively large and overlap

with different microbubble aeration durations; this will be discussed in a lat@rsec

in the context of error that can be introduced during sample handling.
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Figure3.2: Particles detected by BMI following interface turnover via microbubble
aeration for 0, 1, 5, or 10 s of 1 mg/mL AE51 (A) and ASIgG2 (B) in
pH 5 (black squares) aqdH 6.5 (red circles) solutions at room
temperature (filled points) and 8CQ (open points)x-axis labels
represented duration of microbubble aeration in seconds.
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Previous work has shown that surfanediated aggregation is temperature
dependent! However, in the present warthe number of particles created were
statistically indistinguishable between room temperature and heated for each solution
condition. This observation may be attributed to the short lifetime of the microbubbles
during aeration. When a bubble interface was allowed to age for longer times by
pinning the bubble to the end of the capillary during tensiometry experiments, and
protein adsorption was monitored via dynamic surface pressure measurdigerds (

3.3), the neasured surface pressures did not deviate between room temperature and 50
°C for a given sample until the interface had aged at least 3 s. Therefore, temperature
induced structural changes affecting adsorbed proteins may occur on longer time
scales that &rinaccessible during microbubble aeration. This highlights the

importance of incorporating multiple methods that probe interface turnover on

different time scales for accelerated stability studies in order to gain a thorough
understanding of the surfaceediated aggregation propensity for a given drug

candidate and formulation. Studies that probe interface turnover on short time scales
may be a better representation of stresses that occur during drug manufacturing steps
such as mixing and pumping, whersagdies that investigate interface turnover at

slower rates may be more relevant for drug storage and transportation.
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Figure3.3: Time evolution of the surface pressure of an air bubble in 1 mg/mL AS
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3.3.2 Electrostatic interactions influence surfacemediated aggregation rates
Previously, Barnettt al?® used PTIR to study the effect of pH, buffer type,
and ionic strength on aggregation rates forl§S1 in bulk solution. The results from
that study highlighted the importance of conformational stability and electrostatic
proteinprotein interations on observed aggregation rates. In this work, PTIR was
used to collect buknediated aggregation rates for Ag51 and ASIgG2 at pH 5 and
pH 6.5 to compare the effect of pH and conformational stability or balik surface
mediated aggregatioithevalues ofkops (i.€., monomer loss rates, units of 1/time)
obtained from PTIR are plotted with respect to inverse temperature in figure 3.4.
Previous work demonstrated that Ag51 aggregated faster at the-aiater interface
at pH 6.5 than pH & despite the molecule exhibiting enhanced conformational
stability and slower aggregation in bulk solution at pH 6.5 than piTBat
observation was corroborated in this work, as more particles were createdd®AS
formulations at pH 6.5h@an at pH 5. The pH dependence and discrepancy between
bulk- and surfacenediated aggregation trends also held true folg& (see also
below). Interface turnover from microbubble aeration creates motig®@3 particles
at pH 6.5 than pH 5 (figure 3.3)ut aggregation rates collected using PTIR
demonstrate that A®G2 aggregates faster in bulk at pH 5 than pH 6.5 (figure 3.4).
This contrast might be attributed to the hydrophobic environment of the air interface
that may facilitate partial or full unfoildg of the IgG monomers. In bulk solution,
aggregation of both MAbs proceeds more slowly as the pH changes from 5 to 6.5
because the conformational stability of #6511 and ASIgG2 increases (figure 3.5).
However, repulsive electrostatic protgirotein irteractions are reduced with the same
change in pH at the same ionic strength, as shown in previous {{ard unfolded

monomers may be able to aggregate faster into larger particles. If the hydrophobic
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environment of the aiwater interface sigificantly enhances unfolding of the MAb
such that the pH dependence of conformational stability is less relevant, then
electrostatic proteprotein interactions may become a more important factor

influencing aggregation rates.
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Figure3.4: Arrhenius diagramnatural logarithm okspsas a function of inverse
temperature for 1 mg/mL A8G1 (black) and ASgG2 (red) at pH 5
(closed symbols) and pH 6.5 (open symbols). Accelerated aggregation
rates were determined using PTBata for ASIgG1 at pH 5 and pH 6.5
are replotted from Wooet al?’
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Figure3.5: Differential scanning calorimethermograms of 1 mg/mL ARG1
(solid line) and ASgG2 (dashed line) at pH 5 (black) and pH 6.5 (red).

This hypothesis is supported by previous work by Gétoal 18 who
demonstrated that aggregation of albinterfelhyin aqueous solutions was
influenced by the relative amounts of conformational stability (iptcdein
interactions) and colloidatability (interprotein interactions). In that work, the
controlling factor for albinterferotk, was shifted between conformational and
colloidal stability by altering solution pH. In the case of the IgG molecules in this
work, it is hypothesized th#te significantly hydrophobic environment of the
interface may facilitate unfolding of the IgG monomers at either pH, decreasing the
influence of conformational stability on IgG aggregation. Consequently, electrostatic
colloidal interactions could becomieet controlling factor for net aggregation rates. If
the bulk proteirprotein interactions are indicative of those at thenaiter interface,

then there is less electrostatic repulsion between protein molecules on the surface at

98



pH 6.5 than pH 5, and thvgould be consistent with aggregation proceeding faster at
pH 6.5 compared to pH 5.

In this vein, it is interesting to note that A$52 at pH 5 or pH 6.5 aggregates
faster in bulk solution than AfG1 at matched conditions (figure 3.4). In
comparison, flowing microbubble aeration, more particles are present Hig&kl.
solutions at pH 6.5 than AlgG2 at pH 6.5; both of those conditions exhibit more
particles than ASgG1 at pH 5, which in turn has more particles thanlgS2 at pH
5 (figure 3.2). Followng the reasoning above, the hydrophobic environment of the air
water interface may facilitate unfolding of the MAbs at either pH, and that could shift
the main bottleneck(s) to aggregation such that-jtetein electrostatic interactions

become a conttiing influence for the rate of surfageediated aggregation.

3.3.3 PS20 protects MAbs against surfacenediated aggregation

The current industry standard for protecting therapeutic proteins against
surfacemediated aggregation utilizes the addition of-mmic surfactants® These
surfactants are thought to peeéntially adsorb to the interface and protect proteins
from interaction with the interfac®:3*142140ne common surfactant is PS20, which
was evaluated for its ability to protect AGG1 and ASIgG2 from forming particles
duringexposure to microbubbles. 0.001% PS20 was added to 1 mg/agGiSand
AS-1gG2 formulations at pH 5 and 6.5 at room temperature arii@ $igure 3.6, note
the magnitude of the-gixis scale compared to thatfifure 3.2). Particle formation
was significatly reduced in all conditions examined. Additionally, the number of
particles created in formulations containing 0.001% PS20 did not increase with longer
durations of microbubble aeration. This indicates that 0.001% PS20 reduced particle

formation to neggible amounts that were independent of the amount of applied.stress
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Figure3.6: Particles detected by BMI following microbubble aeration for 0, 1, 5, or
10 sin 1 mg/mL ASgG1 (A) and ASIgG2 (B) with 0.001% PS20 in
pH 5 (black squares) and pH 6.5 (tles) solutions at room
temperature (filled points) and 8CQ (open points).axis labels
represented duration of microbubble aeration in seconds. Note the scale
of the yaxis compared to that of figuB2.

3.3.4 Surfacemediated aggregation of a globular potein

Microbubble aeration was applied to aCgn solutions to examine the
effectiveness of the technique for studying surdaesliated aggregation of a non
MAD protein. aCgn is a singidomain globular protein with a monomer molecular
weight of 25.7 kDa wiuh has been used as a model protein for studying behavior
including proteinprotein interactions and aggregation in bulk soluffs§:#9-82.174
Microbubble aeration was used to generate interface turnover in aCgn solutions at pH
5, and at room temperature (approximatély @) and at 30C (figure 3.7). The
elevated temperature was chosen to b&CG3@ather than 50C as with the MADs, to
avoid bulkmediated aggregation during eheur quiescent incubations. This was
confirmed by measuring monomer loss and soluble aggegath SEC, and patrticle
formation using BMI (data not shown). The number of particles detected in the
samples increased with longer durations of microbubble aeration, according to an
ANOVA test at the 0.05 confidence level. This suggests that aCgmy$ikgG1 and
AS-1gG2, was aggregating from interface turnover created by microbubble aeration.
Temperature did not have a pronounced effect on particle creation, and again this is
suggested to be due to the short lifetime of the interfaces created dioiogubble

aeration as noted above.
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Figure3.7: Particles detected by BMI following interface turnover via microbubble
aeration for 0, 1, 5, or 10 s in 1 mg/mL aCgn in pH 5 buffer only (black
squares) and with 0.001% PS20 (red circles) at reonperature (filled
points) and 30C (open points).

Surprisingly, the addition of 0.001% PS20 did not significantly reduce particle
formation in aCgn formulations. Particle counts following any given amount of
applied stress overlapped between solutioris and without 0.001% PS20 at either
temperature- i.e., the same number of particles were detected following 1 second of
microbubble aeration at room temperature with and without 0.001% PS20, and this
was also the case following 10 seconds of microlubbration at 30°C, etc. These
results suggest that 0.001% PS20 is not effective for preventing surétated
aggregation of aCgn, within the statistical uncertainty of the data.

To further investigate this observation, microbubble tensiometry wasased

compare adsorption of 1 mg/mL aCgn with 0.001% PS20 versus a control of 0.001%
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PS20 without aCgn, at room temperature and &C3@ith dynamic surface pressure
measurements (figure 3.8). When a fresh interface is initiated at the start of the
experimat, the surface pressure of the aCgn + PS20 mixtures increases more rapidly
than the surface pressure of PRy solutions at both temperatures. This indicates
that aCgn adsorbs to the interface and contributes to the surface pressure increase.
This obsevation is supported by Kanttet al®2 In their work, they found that

solutions containing a mixture of MAb and PS80 at low concentrations (0.2 x CMC
and below) would exhibit dynamic tensionavedhtion profiles that lay below the
relaxation curves for solutions that contained only the PS80, and they-teed x
reflectivity to confirm ceadsorption of MAb and PS80 on the interface. Consequently,
when the aCgn and PS20 solution is aerated withofmidbles, the PS20 may fail to
prevent aCgn adsorption to air interfaces as the interfaces are created and destroyed,

and therefore does not reduce aCgn aggregation and particle formation.
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Figure3.8: Time evolution of the surface pressure of an air bubblélib puffer
containing 0.001% PS20 at room temperature (solid black squares), 1
mg/mL aCgn and 0.001% PS20 at room temperature (open black

squares), 0.001% PS20 at“3D (solid red circles), and 1 mg/mL aCgn at
0.001% PS20 at 3T (open red circles).

3.3.5 Sample handling contributes to background noise

Previously, Helbiget al1” estimated the lower particle count limit of the
Horizon as 24 counts per well. The noise observed during the microbubble aeration
experiments in this work exceeds that number and is at least putatively attributed to
sample handling. During sample movemand handling, the samples are unavoidably
exposed to ailiquid interfaces. For examplair-liquid interfaces are preseras a
headspace in the stock solution; during transfer piftkttes; during storage in
Eppendorf tubg over the droplet after depition onto the membrane well.

To estimate the noise floor of the current protocol, the pressure supplied and

maintained to the capillary in solution was reduced td8Bnbar to control the
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ejection of 1, 10, and 20 distinct microbubbles into the sanopléien. These
conditions expose the samples to significantly les8auird interface than those
discussed in previous sections, where microbubbles were created at a rate of ~50
microbubbles per second for up to 10 BeTesulting particle counts weresasured
using BMI table3.3). Particle counts as a function tife number ofmicrobubble
createdwvere indistinguishable withieachcondition, indicating that the particle
counts were below the noise floor of #xgerimentsThe measured counts exceeded
1000 patrticles in several conditions, suggesting that the noise fliar s&me order

of magnitudeat a minimumThis noise floomightbe reduced by modifications to
the techniquevorkflow thatcould potentiallyreduce sample handling by the user. For
example, a fluidransferdevice could be integrated to transfer the sample from the

microtensiometer to the membrane plate for BMI measuremduiture work

Table3.3: Particles detected in sample solutions after exposure to 0, 1, 10, and 20
microbubbles

Number of | AS-IgG1 AS-1gG2
microbubbles pH 5 pH 6.5 pH 5 pH 6.5
RT 50°C | RT 50°C |RT 50°C | RT 50 °C
0 220+ | 300+ | 700+ | 1200+ | 400+ | 320+ | 400+ | 130+
60 200 200 300 300 60 200 50
1 390+ | 310+ | 800+ |1300+ |240+ | 600+ | 1000+ | 140+
90 50 100 200 50 400 300 60
10 800+ | 430+ | 1200+ | 1400 +| 400+ | 500+ | 700+ | 140+
200 90 200 90 70 100 300 40
20 400+ | 500+ | 1800+ | 1300+ | 780+ | 500+ | 1300+ | 130+
100 200 800 400 90 90 400 10
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3.3.6 Microbubble aeration as a tool for accelerated surfacenediated
aggregation studies

Microbubble aeration is a useful method of applying interfacial stress if
aggregation induced in the samples can be reliably detected. BMI was an
advantageous method for particle counting in this work due to itsddwwne
requirements and ability to detead| particles > 2 pm existing in a given sample
solution. While flow imaging techniques are established methods in the field, they
often require sample volumes on the order of hundreds of microliters per run due to
the purging and dead volume associatét flow-cell-based systems. Additionally,
the finite frame rates of the detection cameras in flow imaging techniques result in
analysis of less than 100% of the sample volume injected. As a result, flow imaging is
not optimal for samples when the numbéparticles contained in a statistically
averaged fraction of the total volume may not accurately represent the total number of
particles in the entire voluniei.e., at low particle counts. BMI is able to analyze the
entire sample volume filtered througte membrane well and is particularly useful for
Al ow stresso conditions that generate a sr

In addition, microbubble aeration and BMI are both relatively ‘ighughput
techniques. Common flow imaging techniques r@latively low throughput because
of the frequent washing and priming required to keep the flow cell clean and prevent
contamination of particles remaining from previous sampRe4®In this work, the
entire sample volume from microbubble aeration was analyzed via BMI onvalb6
grid in less than 2 hours. Therefore,amtire experimental procedure of microbubble
aeration and corresponding measurement via BMI could be completed within a few

hours.
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When coupled with a technique for quantifying particles at low levels (such as
BMI), microbubble aeration is an effectiugethod for performing accelerated surface
mediated aggregation studies. The labor and material requirements are significantly
reduced from methods previously used in the literature, which is advantageous in early
stage pharmaceutical development when sampéntities may be limited. The
amount of interface turnover as well as the lifetime of the interfaces between creation
and destruction are also significantly reduced from previous methods. As a result,
microbubble aeration may be uniquely suited for prgladsorption and aggregation
processes that occur when an air interface is quickly created and destroyed, to
distinguish from slower processes that are observed when the interface persists for
longer times.

An example is given by comparing the effecterhperature on surface
mediated aggregation of A§G1 when probed with 1ICD cycles versus microbubble
aeration. The results in figuB3 indicate that temperature has a negligible effect on
the dynamic surface pressure of the interfaces over the slifétimes of the bubbles
during microbubble aeration. Correspondingly, no temperature effect is observed
during microbubble aeration experiments for any of the molecules or solution
conditions tested here. Conversely, during the IICD cycles used by &ab#l and
described in chapter AS-IgG1 aggregation rates exhibited a significant temperature
dependence. A8)G2 and aCgn aggregation rates for bulk vswaiter interfaces
were not examined in prior work. The 1ICD cycles in psmrk were performed at a
rate of 40 compression cycles per minute (CCPM). Therefore, the interfacial area
created in each cycle persisted for a lifetime of approximately 1 second. However,

unlike when a bubble is destroyed, the overalligirid interface is not destroyed



completely during each IICD cycle. The minimum area ofgiter interface (a
circular shape, when the vial is oriented vertically) persists throughout the duration of
the experiment (48 h for some conditions). Although proteins adttolbis area
may be periodically removed from the interface by perturbations, this prolonged
lifetime is apparently sufficient for effects of elevated temperature to be observed.
There is not enough information to conclusively determine the mechamegis s
behind the observed temperature effect. Nevertheless, the current results demonstrate
that the temperature dependence of suffaediated aggregation may depend on the
longer lifetime of the interface.

These observations suggest that complementamitpees should be utilized
to obtain a thorough understanding of the aggregation propensity of a given drug
candidate and formulation during pharmaceutical development. Techniques that probe
slower time scales of interface turnover may be more approforag¢®aluating
aggregation propensity during transportation and storage when interfaces may be
perturbed but not created and destroyed on a rapid time scale. Techniques such as
microbubble aeration may be better suited for evaluating aggregation propensity
during manufacturing processes, where drug candidates may be exposed to interface

turnover on a short time scale with more extremes of interfacial stress.

3.4 Summary

This chapter introduced a new method for evaluating surfeegiated
aggregation of proteiformulations. A microtensiometer was used to aerate samples
with a controlled flow of microbubbles for short time framed.Q seconds in present
work). After this stress was applied, the entire sample volume was analyzed by BMI.

This method was used toropare surfacenediated aggregation of A§G1 and AS
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IgG2 at pH 5 and pH 6.5, at room temperature antC5@s well as aCgn at pH 5 at
room temperature and 3C. The previously demonstrated temperature dependence of
surfacemediated aggregation for A§G1 was not observed, putatively due to the
limited lifetime of the akwater interface during microbubble aeration. Comparison of
bulk-mediated and surfageediated aggregation rates of both MAbs suggest that the
hydrophobic environment of the interfaceifsiates protein unfolding, and

electrostatic interactions may consequently become a more influential factor for
surfacemediated aggregation rates than they are for-mdkiated aggregation. The
addition of 0.001% PS20 significantly reduced particlentiion for both MAbs, but

did not reduce particle formation in aCgn samples, as aCagdsmrbs with PS20 to

the interface at early times. Lower limits were assessed for reliable quantification for
particleformation rates with this technique, and it iggested to automate a fluid
transfer system between the microtensiometer and the imaging instrument in future
work. That notwithstanding, this technique is an advantageous method for generating
mild and weltcontrolled interface stress due to the relayivelv labor and material
requirements. The shorter time scales of interface turnover during microbubble
aeration are inaccessible by former methods, and this provides a complementary
technique when assessing aggregation mechanisms andtegedyaggregain events
and dynamics that may reflect the types of sheed stresses during some
manufacturing operations. As a result, microbubble aeration may improve the
accessibility of and the information gathered from accelerated surfadated

aggregation sidies during pharmaceutical development.



Chapter 4

SOFT GLASSY RHEOLOGY OF ADSORBED ANTIBODY LAYERS AT AIR -
WATER INTERFACES

4.1 Introduction

As discussed in section 1.1, past studiesuofacemediated aggregatiarften
did notexamine proteins while adsorbednterfaces and primarily inferred
information about surfaemediated aggregation by studying the aggregation products
after the putatively desorbed from the interfade?338“Compression and expansion
experiments coupled with tensiometry, including those empdpgiLangmuir trough,
bubble or drop tensiometers, have been used to demonstrate the formation of
viscoelastic protein layers at the interfaicat are compressible at low surface
pressures and incompressible at high surface preséiféé1°%At these high surface
pressures, continued compression leadiesmrption of material from the interface
and reexpansion allows protein to adsorb to the interfd€As a resultthe material
properties measuredoim dilatational experimentreconfounded with adsorption and
desorption effectdAgitation of an interface during pharmaceutical manufacturing,
transportation, and storage involves adsorpgiotidesorption processes, dilatational
stresses, and shearestsesHowever these contributions must be isolateti
individually investigatedo the best of our ability using complementary techniques in
order to obtain a better mechanistic understanding of protein aggregation on the
interface.To this endthis dapterdemonstratethat interfaciakhear rheology

measurementg@a valuable tool foevaluating the formation and strength of protein
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layers at the aiwater interface formed by a model therapeutic MBlring shear

measurements, the size of the irderél area is held constant, greatly reducing the

effects of adsorption and desorption that occur when the interfacial area is changed.
Shear rheology has been used to study proteatsactas foaming,

emulsifying, and stabilizing agents in food scigH®&°1%but hasonly recentlybeen

applied to antibodies from the pharmaceutical indu$fri?2One difficulty of

studying antibodies with shear rheology isitlslowadsorption kineticsyhich

significantly lengtheathe time required to prepare the interface for shear rheology

measurements$or example, the surface pressures of 1 mg/mL solutions of bovine

serum al bumi-kactogldelin (36.8kDagnd,lysobyme (14.3 kDa) at

the airwater interface each reach mesguilibrium values within one hodf?

whereas the surface pressure of different 1 mg/mL IgG (145 kDa) solutions at the air

water interface has requireebdhours to reach mesauilibrium34192|n the present

work, aLangmuir trough was used to accelerate rrespalibration of the interface

prior to shear rheology measurements #natperformed using a double waflg

geometry with a stressontrolled rheometer. This protocol was used to evaluate the

shear rheological properties of astreptavidin immunoglobulin gamma 1 (A§G1)

at the air interface using creep experimentsaauillatory strain amplitude and

frequency sweeps. This work also assessed the impact of solution pH and bulk

concentration on shear rheological properties as previous work demonstrated that

surfacemediated aggregation of A§G1 is strongly dependent amer-protein

electrostatic interactions and only weakly dependent on bulk concentratiofihe

results of this work will be discussed within the context of elucidating the mechanisms

of protein aggregation at interfaces.

111



This chapter is unpublished and undergoing legal review by Amgen Inc. for
final publication. Until it has beereleased into the public domain, the data in this

chapter is confidential within Amgen Inc. and the University of Delaware.
4.2 Materials and methods

4.2.1 Sample preparation

pH 5 buffer was prepared by diluting acetic acid (Sigkidrich, St. Louis,
MO) to 20 mM inultrapure waterr( e s i s t i Vv 4crh, pdvaht8ge 210 M q
MilliporeSigma, Billerica, MA)and titrating to pH 5 using a stock of 5 M sodium
hydroxide solution formed by dissolving sodium hydroxide pellets (Fisher Scientific,
Waltham, MA) in ultrapure watepH 6.5 buffer was prepared similarly by dissolving
L-Histidine monohydrochloride monohydrate (SigAdrich) to 10 mM in ultrapure
water. All buffers were filteredX22 pumpolyvinylidenefluoride lowproteinbinding
filters, Chemglass Life Sciences) bedarse. The pH and buffer conditions were
selected to match prior work that studied balikd surfacenediated aggregation
behavior and protetprotein interactions and bulk solution viscosity of-AS
|gGl.27’28’177

AS-1IgG1 was provided by Amgen Inc. (Thousand Oaks, CA) as a monomeric
stock solution (>98% monomer) at a concentration of ~30 mg/mL. Stock IgG1
solutions were dialyzed to the desired solution condition using Spectra/Por 7 dialysis
tubing with a 10 kDa molecular weight cutoff (Spectrum Laboratories; Rancho
Dominguez, California) and filtered after dialysis. The pH of all final IgG solutions

was confimed experimentally prior to use.
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Solution concentrations were determined using UV absorb&ag 60,
Agilent, Santa Clara, Cpat 280 nM using an extinction coefficient of 1.586
cm?/mg 2’ Final protein concentrations of 0.1 mg/mL dnthg/mL were achieved by

gravimetric dilution.

4.2.2 Microbubble tensiometry

The dynamic surface tension of anramter interface was measured using a
microtensiometer with the same methods described in section 2.2.10 and’32A3.
measure of apparent surface tension was calculated using a simplifiedlYaplage
equation (eq. 4.1) wheee fis the pressure difference across the interfgdg the

radius of the bubble, arwds the apparent surface tension of the interface.
yn r - 4.1
Surface tension can be converted to surface pressure by the following relatfnship
Lo [ 1T [0 4.2
whered ( is dhe surface pressure at tilme ( i6 the surface tensionet 0, and ( t )
is the surface tension at tihéAt the start of a measurement, a fresh interface was
formed by increasing the pressure supplied to burst the existing bubble. A control loop

in the LabView program automatically adjusted the pressure supplied to maintain a

stable bubble size.

4.2.3 Accelerated mes-equilibration with a Langmuir trough

A rectangular Langmuir trougfif20x 75 mm KSV Nima, Biolin Scientific,
Gothenburg, Swedgnvas used to compress the interface during accelerated meso
equilibration. The setip consists of a polytetrafluoroethylemeugh, two

symmetricallyplaced moveable Delrin barriers that uniaxially compress or expand the
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surface area of the interface, a frame that supports the trough and controls movement
of the barriers, and an el ect Nomthatgneti c be
measures surface tension usingatinumWilhelmy plate (KSV Nima). A sharp edge
lines heperimeter of the trough to ensure pinning and prevent curvature of the
interface!® Before each experiment, the trough and barriers were rinsed with
ultrapure water, wiped with precision wipes (Kimtech, Kimb&lgrk, Irving, Texas)
soaked with ethanolinsed at least an additional three times with ultrapure water, and
dried with compressed air. The Wilhelmy plate was cleaned by flame treatment
following an ethanol and acetone rinse.

To begin each accelerated mespiilibration, the trough was filled thi the
desired protein solution, which required approximately 150 mL of sample. Since
proteins would immediately begin adsorbing to the interface, the Wilhelmy plate was
placed at the surface within 1 min after the trough was filled. Compressions were
initiated at a speed of 3 mm/min and continued until the desired surface tension was
reached. Barrier movement was then arrested and the surface area of the interface was
held constant during ensuing measurements. All experiments were performed at room

temperéure.

4.2.4 Interfacial shear rheology after accelerated mesequilibration

A double waltring (DWR) geometry mounted on a DFBRRrheometer (TA
instruments, New Castle, Delaware) was used to measure the shear rheology of the
interface'®® The assembly consists of a teflon cup and a platimiginm ring
geonetry that is attached to the top part of the rheometer and is the moving boundary.
Because the interface was subjected to acceleratedegasiration prior to shear

interfacial rheology measurements, the cup was placed in the center of the Langmuir
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trough. To ensure homogeneous surface pressure inside and outside the cup, the cup
had two openings on opposite ends that were oriented in the direction of barrier
movement. Similarly, the ring also had three openings to allow the surface pressure to
equilibrae inside and outside the ring. Before use, the teflon cup was cleaned
identically to the teflon Langmuir trough. The ring was rinsed several times with
ethanol and ultrapure water.

To initiate experiments, the trough and cup were filled with the desaragle
solution and the ring was lowered and carefully positioned at the interface. After
accelerated mesequilibration, barrier movement was arrested and the interface was
allowed to recover for 10 minutes prior to shear rheology measurements. All
experinents were performed at room temperature.

During measurements with surface shear rheometers, the total drag on the tool
consists not only of contributions from the response of the complex fluid interface, but
al so a fAbul kd cont r diégnts inthesubpliaseoThe t he vel oci
dimensionless Boussinesq number (Bq) is used to determine the importance of the

surface drag relative to the bulk and is defined for a continuous shear 8w as

v 20
on =5 > 4.3

where— is the magnitude of the surface shear viscosity in steady shearfisiwhe
average bulk viscosity is a characteristic velocityy andLs are the characteristic
length scales over which the velocity decays at the interface and in the subphase,
regectively,P; is the contact perimeter between the probe and the interfacds and

the contact area between the geometry and the subphase. It is typically assumed that
—.1%The outer radius of the ring used in this worR4s5 mmand the inner
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radius is23.5 mm and the ring has thré&emm gaps in the ring to facilitate

homogeneous surface pressure inside and outside the ring. For oscillatory
measurements and viscoelastic interfaces, the complex, freqdepegdent viscosity

can be used to calculate BYlIf |Bg| >> 1, interfacial stresses dominate and the
interfacial rheological properties can be easily calculated from shear measurements. In
this work, |Bq| was always greater than 100, indicating that surface stresses were

dominating the measurements and any subphase contribution could be neglected.

4.2.5 Creep experiments
Creep experiments were performed to measure the compliance of the interface
in response to an applied step stress. After reaching the accelerateglguiéiboum,
a stress of 1x1OP a Avas applied for 200 s. Then, the stress was removed and the
interface was allowed to recover for 200 s. The process was repeated in the next creep
cycle by applying and removing a stress that was ##®18 Aigher than the stss
applied in the previous creep cycle. The cycles were continued until viscous flow was
observed, which was indicated by a slope of 1 on ddgglot of compliance versus
time.
Creep compliancel(t), is related to the applied streds(, ang the masured
strain,o (, by)the following equation:
ro . ,0 0 VO Qe 4.4
For a step stress represented by
, 0 00, 4.5

whereH(t) is theHeavside step function, equation 4.4 reduces to

o vo, 4.6
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4.2.6 Dynamic oscillatory tests

After accelerated mesequilibration, oscillatory strain amplitude and
frequency sweeps were performed to evaluate the material response in terms of the
interfacial shear storage modul@ §and the interfacial shear loss modulGsj
Strain amplitude sweepsane performed from 0.1 to 10 % at a fixed frequency of 0.63
rad/s. Frequency sweeps were performed from 0.1 to 10 rad/s at a fixed strain
amplitude of 0.52 %, which is within the linear viscoelastic (LVE) regime. Data points
in this report represent theerage and standard deviation of four replicate

measurements performed on two different days.
4.3 Results

4.3.1 Accelerated meseequilibration using a Langmuir trough

Accelerated mesequilibration was used to reduce the preparation time for
eachrheological measurement from over 13 hours to approximately 30 minutes,
significantly increasing the accessibility of interfacial rheological measurements for
MADb systemslin the work of this chapter, AB)G1 adsorbed to the interface from
bulk solution. Rieology measurements were initiated after the surface tension of the
interface reached a mesquilibrium state. This nomenclature is deliberate as a
plateau representing a true equilibrium surface tension has not been observed for
MADbs even at long timesn the order of many hou?$®*%°

Using a microbubble tensiometer, a mesuilibrium surface tension of
approximately 55 mN/m was achieved on the order of 1000 seconds for bUjGAS
concentrations of 0.8 10.0 mg/mL (figure 4.1A). Howevetherate ofdiffusive
transport of a surfaeactive species to an interfaicereases with increasing curvature

of the interfacé?21%8Therefore, a planar interface, such as that required for shear



rheology measurements, was unable to reach the-eggsiibraton surface tension
even after 13 hours (figure 4.1B). In addition to the impracticality of preparing the
interface for this length of time prior to each rheological measurement, the accuracy of
each measurement would be negatively impacted by signiBwapration over this
length of time. This would reduce the height of the sample in the trough and prevent
the interface from pinningorrectlyto the sharp edge of the trough perimeter, wisch
required to maintain a flat interfaé¥

To overcome this obstacle, a Langmuir trough was used to pepsistent,
reproduciblanterfaces for shear rheoliegl measurements. Immediately after an AS
IgG1 sample was added to thelk subphasethe trough barriers weraovedto
compress the interfacial area at a speed of 3 mmimthis way the surface tension
was accelerated to reattte meseequilibrium valuein approximately 30 minutes
During the preparatioprocess, the surface tension of the interface decrégsed
combimtionof AS-IgG1 adsorbing to the interface and the surface concentration of
the adsorbed A®G1 increasing as the surface arealabte to the ASIgG1 already
on the interface was decreased by the moving barriers.

The stability of the interface after this procedanel suitability of 55 mN/m as
an appropriate mesequilibrium surface tensiomas evaluated by measuring the
surface tension for 1 hour after accelerated reggolibrationto 45 mN/m, 55 mN/m
and 65 mN/n(figure4.1C). The surface tension wagable at 5 mN/m while the
surface tension was observed to continuously increase or deaté&ssN/m and 65
mN/m, respectively Thisindicatesthat 55 mN/m was an appropriate representation of

the meseequilibrium surface tension.
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Figure4.1l: Surface tensionf AS-IgG1 formulations at pH 5. A clean airater
interface is created at the start of each experimentS#face tensioof
a constantrrea interface measured witlmécrobubble tegiometewith a
bubblediameterof approximately 8 em. (B) Surface tensioof a
constardareaplanarinterfaceon a Langmuir trough ancheasured witla
Wilhelmy plate. (C)Surface tensionf a Langmuir trougimeasured
using aWilhelmy plate. Interface surface area was compregizeshel
lines) at 3 mm/miruntil thesurface tension reached 65 (blue), 55 (red),
or 45 (black) mN/m. The surface area was held congtalidl lines)for
one hour following the end of the compressstep.

4.3.2 Creep compliance of ASIgG1 at the interface

When a stress is applied to a mategetep compliancel(t), as defined in
equation 4.4, can be measured aspaeserdtion of the softness of the materfdP A
smaller compliance indicates stronger material structure and a larger compliance
denotes weaker material structé?&The magnitudes of the measured creep
compliances are shown for the four Ag51 conditions in figure 4.2. The damped

oscillations observed at the start of each creep test are the result of coupling between
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instrument inertia and sample elasticapd consequently become less prominent as
the applied stress is increased and the response of thggGASayer becomes more
viscous?*12%2This phenomeon is known as creep ringing and will be neglected in
this work. At low stress for all the conditions examined, compliance is low and
exhibits a power of approximately 0.2 with respect to the duration of the applied
stress. This indicates the formationaodtrong, elastic layer. As the applied stress is
increased, the magnitude of the compliance also increases. At a high enough stress, the
creep compliance transitions into a viscous flow regime, which is indicated by the
progression to a power dependenté.o

When subjected to the same step sti#gpof the ASIgG1 layer is greater at
pH 5 than pH 6.5. This indicates that the strength of the interfacial layer may be
influenced by electrostatic interactions betweenlgS1 molecules. In bulk solution,
the net proteirprotein interactions of A&gG1 areless repulsive at pH 6.5 compared
to pH 5177 This may facilitate denser packing of the-Af§&51 molecules at the
interface at pH 6.5 compared to pH 5, which may lead to stronger films. This is
corroborated by the faster aiwater interfacanediated aggregation rates and larger
resultant aggregates observed at pH 6.5 compared t& pHFor the same applied
step stress](t) also increases at lower bulk concentration. Since the creep
measurements were initiated after accelerated +agsitibrationto the same surface
tension valugthis indicates that bulk concentration impacted the structure of the AS
IgG1 layer in a mannehat was undetectable by surface tension measureriéets.
microbubble tensiometry results shown in figure 4.1A indicate that while samples at
the different concentrations examined reach the same-eggsitbrium surface

pressure, those at higher conceindres adsorb to the interface faster and require less
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time to reach mesequilibrium. Surface tension measurements include contributions
from both the amount of material adsorbed to the interface and the molecular
conformations of the material on the irigeel’ It is possible that the rate of protein
accumulation on the interface influences packifthe proteins on the interface, such
that faster protein accumulation from higher bulk concentrations results in denser and
stronger films.

Creep compliance profiles can be further analyzed using rheological models.
To select an appropriate model, dstdry shear measurements were performed in the

linear viscoelastic (LVE) regime of the A§G1 layer on the interface.
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Figure4.2: Creep compliance of AB)G1 at the akwater interface. (A) 0.1 mg/mL
AS-lIgG1 at pH 5; (B) 1 mg/mL ASgG1 at pH 5; (C) 0.1 mg/mL AS
IgG1 at pH 6.5; and (D) 1 mg/mL A§G1 at pH 6.5. Arrows indicate
the direction of increasing applied stress, and the values of the lowest
(initial) and highest (final) applied stress are indicated on the plots.
Slopes of 0.2 and 1 are indicated on each plot.
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4.3.3 Oscillatory shear measurements of ASgG1 at the interface

The mechanical strength of A§G1 layers on the interface were further
characteed by oscillatory interfacial shear rheology in the LVE regime. Strain
amplitude sweeps were performed at a fixed angular frequency of 0.63 rad/s for 0.1
and 1 mg/mL ASgG1 at pH 5 and pH 6.5 to determine the LVE regime of each
condition (figure 4.3A). Aoredominantly elastic or soliike response was observed
as the interfacial storage modul@swas almost an order of magnitude larger than the
interfacial loss modulu& ofor each of the conditions examinddhe critical strain
that delimits the end dhe LVE regime is between3% for all the tested conditions.
Immediately beyond the yield strai@,d@ecreases ar@ oremains relatively constant.
Additionally, the magnitudes of the measured moduli are mostly on the ordef of 10
PaAm. P wrag refieativitysmeasurements determined that the thickness of
adsorbed MAD layers at aivater interfaces were approximaté§0A .°2 Therefore,
the interfacial moduli measuréa this work correspond to bulk moduli on the order of
1®°PaAm, illustrating the si-lgQlilafjersatahet st r en
interface. BothG GandG oappeared to increase when the pH is increased from 5 to 6.5
and when the bulk concentiien is increased from 0.1 to 1.0 mg/mL, indicating
stronger films at the higher pH and bulk concentration. While the uncertainty in the
measured shear rheological data was relatively large, which was likely a result of
minute differences between the irigaes of different replicates (such as surface
concentration) that were undetectable by surface tension measurements, these

observations corroborate those observed in the creep compliance measurements.
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Figure4.3: Storage modulu§& {filled symbols) and loss modul o(open
symbols) vs straiamplitudeat 063 rad/q/A) and angular frequency at
0.52% straimmplitude(B) of AS-IgG1 at theair-water interface for 0.1
mg/mL (black squares) and 1 mg/mL (black circlaslk concentrations
at pH 5 and 0.1 mg/mL (red squares) and 1 mg/mL (red citoldis)
concentrationat pH 6.5.The solid lines indicate the fit of equation 4.7 to
the data fol mg/mL ASIgG1 at pH 6.5. Grey area in (B) indicates
region where instrument inertia dominates. This was determined by
plotting the raw phase angle against frequency (C).

The frequency dependence@fandG oOat a constant strain amplitude of
0.52%, whid is within the LVE regimgis shown in figure 4.3BLike the results of
the strain amplitude sweeps, a primarily elastisolidlike response was observed
over the tested frequency ran@dncreases with an approximate povieaw
dependence on frequenavhile G oexhibits a slight decrease but remains relatively
constant. Both the strain amplitude and frequency sweep shown in figure 4.3 reveal a

solid-like interfacial layer with strong moduli.



There are two mechanisms through whichl§61 at the intedice could form
a solidlike structure: a high concentration of A@51 at the interface may be densely
packed and too sterically constrained to undergo rearrangements (figure 4.4A), or the
AS-IgG1 at the interface may form a ledensity network by strongoinds that hinder
rearrangements (figure 4.4B). The latter describes a gel, which often exhibit a bump in
G oimmediately beyond the yield straivhich representsetworks that dissipate
energy upon breaking amsicharacteristic of yielding of get§®2%*However, this
feature is absent in the strain amplitude sweep of th&ggs3 layer. The former
mechanism describes a soft glass, which exhibits yield strains of a few percent, linear
viscoelastic moduli with a powdaw dependence on frequency, and cre@mppliance
with power law behaviot?2%All three of these features were present in the
oscillatory and creep measurements, therefore suggesting tHgGASat the interface
resembles a densely packed soft glass. This theory is suppopesvimus workhat

observedhat MAbs orient into closedacked layers at the interfate®’
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Figure4.4: Simplified schematics of potential structures at interface. O&) @assy
rheologymodel assumes densely packed mesoscopic elements that are
too constrained to undergo rearrangements. Here, the mesoscopic
elementonsistof multiple AS-lgG1 moleculesAn example of an
element is encircled by dashed lin€ke ASIgGLlin the elementsould
be in native form, partially or fully unfolded, or aggregated. Soft glassy
materials are intrinsically different from gels (B) which are held together
by stong bonds that hinder rearrangements.

The soft glassy rheology (SGR) model was originally derteatdkscribe the
rheology ofsoft glasses in-®, which includes foam&2 dense emulsior’s?
aggregated systemd® and otherg!212The low frequency shear rheologithese
materials exhibits common features, including viscoelastic moduli with a power law
dependence on shear frequency and creep compliance with power law b&Ravior.
Soft glasses share features of structural disorder and metastabft?4n
particular, reorganization of these concentrated and densely packed systems to lower
energy states is impeded by lagyeergy barriers, as this restructuring requires the

highly compressed local structural units, such as the droplets in a dense emulsion, to



move past each other and rearrange. In the SGR model, these local structural units are

called mesoscopic elements and large enough that the continuum variables of

stress and strain apply for deformations within these elements. They are also small

enough that the macroscopic sample contains a large number of elements and

properties can be described as an averagesterments. For example, the element

size in a foam would be at least a few droplet diaméfe®imilarly, the element size

in the ASIgG1 layer spans at least several§&1 monomers. It is important to

highlight that these mesoscopic elements are a conceptual tool for obtainitably sui

coarsegrained description of soft glassy materials and should not be thought of as

sharply defined physical entities. Therefore, the elements of tHg@Slayer are not

intended to describe distinct clusters of protein or aggregates at thecmteda

imply any information about the conformation of the proteins within the element. An

example of these conceptual elements is encircled by the dashed lines in figure 4.4A.
When a macroscopic strain is applied to a soft glassy materialekswcant

undergoes a strain relative to its local equilibrium state. When a given element reaches

its maximal strain, it yields and rearranges into a new configuration of local

equilibrium. This pr oc-elsngentglassmsodemanl ar t o

individual element resides in an energy landscape of traps of various depths and can

ihopo to anot he f>?PwhieBouchhue assumedtthatthase e d .

hopping processes were induced by thermal fluctuations in the material, in soft glassy

materials, the energy required to activate yieldgn element, or hop to another

trap, is large compared to typical thermal energies. Instead, the SGR model states that

rearrangement of one element propagates and causes other elements to yield and

rearrangeé?21’This coupling between elements is described by an effective noise
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temperaturex, which can also be thought of as the typical energy available for an
activated hopping or yielding proce€8:?1’The SGR model is derived such that
describes the rheological respse of the material by the following relationships: when
w> 3, the model predicts a liqulike response; when 1 &< 3, the model predicts
viscoelastic properties and shear thinning behavior; and wkeh the model
predicts that the system is yatense and the material is in a glassy state.

The effective noise temperature can be obtained by fitting the frequency

dependence of the complex modulus to the following equfatiéh

z -

—2 p — @0 4.7
where'O is the elasticity of the mesoscopic el and in the 2D case is an
interfacal moduluspis the time, and w is the gamma function. Fitting of the
measured data leads to an effective noise temperature of 0.98 + 0.02 for all conditions,
indicating that the ASgGL1 film is in a glassy state. The solid lines in figure 4.3B
illustrate a representative fit to the data for 1 mg/mL1§S1 at pH 6.5.

As mentioned earlier, the uncertainty in the measured viscoelastic moduli is
relatively large. For additional confidence in these measurements, the creep
compliance measurements and oatilty shear measurements were interconverted to
check for agreement. Creep compliance was converted into the frequency domain by
taking the Laplace transformation of a povaer approximation of creep compliance,

similar to the method in Furst and Squif€&po obtain the following relationship
01 _ 4.8

wheres & is the gamma function and @) s the logarithmic slope ak(t) evaluated

atto.
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To convert theviscoelastic moduli to creep compliance, the moduli were first

converted into storage and loss compliance by the following equétfons:

4.10

4.11
The creep compliance was then approximated using the method of Ninomiya and
Ferry?2°

VO 0] M 1 8 T-mdpaT 4.12

wherg -. Results from these interconversions are shown undig.5 for 1

mg/mL ASIgG1 at pH 5, and similar results were obtained for all other conditions.
This level of agreement from two different experiments provides confidence in the

accuracy of these shear rheology measurements.
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4.3.4 Stress superposition of creep compliance

The aging timeandstressdependent creep flow of various soft glassy
materials have been superimposed by normalizing the time scales of the imposed
stres$?1224 This superposition is suggested to be a generic feature of soft glassy
materials and allows the deformation behavior of a material from a large range of
aging times and stresses to be predicted by sampling a few short time tests at select
stresses?12?Consequently, the data in figure 4.2 was normalized by determining a
horizontal time shift factoi() for each curve that superimposed the measured creep
compliance wth thatfrom the lowest imposed stredx10*Pa Am. The resul ts
superposition are shown in figure 4Téhe successful superpositions indicate that
changing the applied stress modulates the energy landscape of the interfacial layer.
When the appliedtress is increased, the mesoscopic elements have a higher
propensity to yield and hop over the energy barriers. When the applied stress is
decreased, fewer hopping events take pt&ce.

Inspection of figure 4.6 reveals that the creep curves elig&3 at pH 5 can
be superimposed more precisely than at pH 6.5. This may be attributed to the less
repulsive, or more attractive, protginotein interactions, that were measured between
AS-lgG1 molecules in bulk solution at pH 6.5 compared to ff\VBhile these
proteinprotein interactions were measured in bulk solution, they correlated with
increased aggregation rates and larger aggregates observed duringraedeted
aggregation at pH 6.5 compared to pH 8 Since the SGR model was designed to
describe repulsive glass&$the increased attractive interactions between the AS
IgG1 molecules at pH 6.5 compared to pH 5 may result intdigviation from an
ideal soft glassy material and change the shape of the compliance curves at different

stresses, making superposition more difficult.
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(C)lo 0.1 mg/mL AS-IgG1 pH 6.5
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Figure4.6: Superimposed creep compliance curves for interfacial 0.1 mg/mL AS
IgG1 at pH 5 (A), 1 mg/mL ASgG1 at pH 5 (B), 0.1 mg/mL Ag)G1
at pH 6.5 (C), and 1 mg/mL AlgG1 at pH 6.5 (D).
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The master curves and shift factors for the four conditions ieeahare
compared in figurd.7. Each condition exhibits a unique master curve, indicating that
the energy landscape of A§G1 at the interface depends on solution pH and bulk
concentration. Similarly, while the plots of iWersus stress share the sayeaeral
features over the entire stress range, the features arise at different stresses that depend
on the solution pH and bulk concentration. At low stressddislunity as stress has a
negligible impact on creep complianaed the energy landscapetioé layer Above a
first critical stress{h, 1/ Uincreasesvith a dependence on applied stress that is the
reciprocal of the power of the compliance curves (0.2, see figure 4.6). This is most
evident in figure 4.7C whe[ 1 /1)] ittreasesvith a fifth order dependence on
applied stress. As the applied stress is further increased, a second criticalstsess,
eventually reached, above which(kémains relatively constant. Under these high
stresses, viscous flow is observed immediately upon stpgdieation. The value af
depends on bulk concentration and pH, indicatingahpH 6.5 and 1 mg/mL
conditions higher stress is neededrtmdulate the energy landscape of thel§S1
layer, decrease the energy barrier for rearrangement withindterial, and increase
the frequency of rearrangement and elemental hopping eventsh e wal ue of
depends primarily on concentration for the conditions examined, indicating that bulk
concentrations the primary influence that determirtee amount of séss required to

immediately induce viscous floim the ASIgG1 layer
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Figure4.7: Master creep compliance curves (A) and shift factorddB).1 mg/mL
AS-1gG1 at pH 5 (black), 0.tng/mL ASIgG1 at pH 6.5 (red), 1 mg/mL
AS-1gG1 at pH 5 (blue), and 1 mg/mL A§G1 at pH 6.5 (orange{C)
Values in (B) are replotted after subtracting by one.

The superposition of interfacial ASG1 creep compliance curves for different
stresses lendsirther support to the notion that the AF51 interfacial layer
resembles a soft glassy material. This realizas@powerful tool for understanding
the behavior of ASgG1 at the interface as many soft glassy materials share similar
characteristics. @e characteristic of interest is aging, which occurs in all soft glassy
materials’!4??1Aging is important to consider in the context of therapeutic drug
transport and storage, when interfaces may persist for long periods éf Time SGR
theory informs that creep compliance as a function of material aging time can also be
superimposed, enabling prediction of the deformation profile of the material at

different ages.



4.4 Discussion

Surfacemediated aggmgation has been observed when liquid formulations are
agitated and exposed to bulk interfaces, includingjquird, liquid-liquid, and solid
liquid interfaces. Putatively, proteins adsorb to the interface and partially or fully
unfold in the hydrophobienvironment, facilitating aggregation into a protein film on
the interface. When the interface is sufficiently perturbed by shear or dilatational
stresses, or both, the film desorbs into solution as particles. However, this mechanism
has yet to be confirntdedirectly, in part because of the few techniques available to
directly probe proteins on the interface. This report demonstrates the utility of shear
rheology measurements for elucidating information aboutg®&&l at airwater
interfaces. Shear rheology advantageous for this purpose because it directly probes
the interface without changing the area of the interface, which redoneslution
from adsorption and desorption effects. Accelerated regsidlibration with a
Langmuir trough was used to prepére interfaces for shear rheology measurements
and significantly reduced the preparation time for experiments from many hours to
approximately 30 minutes.

Oscillatory shear rheological measurements imparted information about the
viscoelastic nature of th&S-IgG1 layer. A primarily elastic layer was observedzas
was larger tha oat all conditions examined. The high critical strain, power law
creep compliance, power law frequency dependenGedand absence of a bump in
G oimmediately past the critical strain suggested that thég&83. layers might
resemble a densely packed sgiftssy material. This agrees with reflectivity
measurements that identified closely packed MAbs at theat@r interfac€? The
frequency dependence GfGandG owere fit to the SGR model, atide effective

noise temperature of 0.98 + 0.02 obtained from the fit indicated that thg®@IS
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layers resemble soft glassy materials. A common feature of soft glassy materials is
superposition of their aging timand stresslependent creep complianceaster
compliance curves were created by identifying horizontal shift factors to superimpose
creep compliance from different stresses. These superpositions indicated that changing
the applied stress modulates the energy landscape of thggGASayer and th
magnitude of the energy barriers for rearrangement within the material. This also
suggests that the energy landscape of the layer may be dependent on aging time, which
is a general feature of soft glassy materials. Aging-8iness superpositions alldive
creep compliance of a material under different stresses and aging times to be predicted
from a sample of creep compliance at short times and select stresses, which is valuable
for predicting the aging behavior of therapeutic proteins at air interflaaemay age
long times (on the order of days to years) during drug transportation antetamg
storage.

Previous work used bulk solution measurements to evaluate the surface
mediated aggregation behavior of Ag851 during isothermal interfacial compressi
dilation cycles and microbubble aeratfdrf® Solution pH had a significant impact on
aggregation rates and the size and numberoef/subs i bl e ( > 2 em) part
formed. This was attributed to electrostatic interactions between thg@S
monomers and aggregates: when the overall net charge of the protein was reduced and
the net pratin-protein interactions became less repulsive;|@gS1 aggregated faster
at the interface and formed larger stsible particles’-?84However, those studies
were unable to determine the specific mechanistic step(s) that may be affected by
electrostatic interactions (such as adsorption to the interface, aggregation and film

formation on the interface, particle desorption from the intetfara combination of
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these stepsin this work, shear rheological measurements of theég&H. layer at the
interface detected electrostatic effects on the strength of the material that correlate
with the previous results, indicating that electrostatieractions impact at least the
formation and structure of the A§G1 layer. Storage and loss moduli observed
through oscillatory measurements slightly increased with decreasing repulsive
interactions, suggesting stronger film structu(€). values meaged during creep
experiments were also lower at pH 6.5 compared to pH Shadentified from creep
superposition increases with pH, both of which indicate stronger film structure at the
higher pH as greater stress was required to activate flow indtexial. Because of
the decreased electrostatic repulsions between tHg®@% molecules at pH 6.5
compared to pH 5, A&YG1 may be able to pack into denser layers at the interface. In
the context of the SGR model, the elements may be more rigid andighee énergy
barriers for yielding and rearrangement.

Previous work also found a weak (less than first order) dependence of surface
mediated ASgG1 aggregation on the A§G1 concentration in bulk solutici8*
This was attributed to saturation of AG51 on the interface, such that further
increasing the ASgGL1 concentration ibulk would not significantly increase the
amount of ASIgG1 that adsorbs to the interfac@Vhile shear rheological
measurements in this work were performed after the interfaces were prepared to
identical surface tensions (55 mN/m}kvaccelerated messquilibration, the
measurements detected that film strength correlated with bulk concentration,
indicating that bulk concentration influenced the formation and structure of the AS
IgG1 layer in a manner that was undetected by surfasetemeasurements. This

highlights the importance of using complementary techniques to thoroughly

14z



investigate protein layers on interfaces. In most of this work, increasing bulk
concentration increased film strength in a manner similar to the effeeduafing
repulsive protein interactions: the storage and loss moduli measured using oscillatory
measurements increased slightly at higher bulk concentrations; for a given applied
stress, the magnitude aft) was lower at higher bulk concentrations; @éathcreased

at higher bulk concentrations. Additionally, bulk concentration was the dominant
factor affectingl, indicating that the amount of stress required to immediately induce
viscous flow in the ASgG1 layer depended primarily on the bulk-Ag&1

corcentration. Microbubble tensiometry experiments confirmed thalg&3.

adsorption to aivater interfaces is faster at higher bulk concentrations. The rate of
accumulation onto the interface may affect the packing and rearrangementgif AS
molecules witin the interfacial layer, which results in more rigid elements with higher

energy barriers for yielding at higher bulk concentrations.

4.5 Summary

The results in this chapter demonstrated the utility of shear rheological
measurements for studying therapeutiiteody aggregation at awater interfaces. A
Langmuir trough was used to accelerate exgailibration of ASIgG1 at the air
interface prior to shear measurements with a doublermgllgeometry on a stress
controlled rheometer. Oscillatory shear meamgnts detected a predominantly elastic
interface with storage and loss moduli on the orddil06fP a Am. The modul
slightly at higher bulk concentration and when the pH was shifted from 5 to 6.5.
Oscillatory strain amplitude sweeps were usedetermine the LVE regime. The

frequency dependence of the storage and loss moduli within the LVE regime were fit
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to the SGR model, which revealed that thel§&1 layer resembles a soft glassy
material.

The creep compliance of A§G1 at different stregs was superimposed by
horizontal shifts. The master compliance curves were unique for each condition,
confirming that solution pH and bulk concentration change the energy landscape of
the ASIgGL1 layer. Higher stresses were required to activate floweofridterial at pH
6.5 compared to pH 5, and at higher bulk concentration. Bulk concentration also
correlated with the stress required to immediately induce viscous flow in thgGS
layer.

The realization that AgG1 at the akwater interface resemblessoft glassy
material reveals other characteristics that are shared by all soft glassy materials. A
similar superposition can be performed for creep compliance at different ages. This
allows creep compliance after long aging times to be predicted framaghiog time
creep compliance, which is powerful for understanding the behavior of therapeutic
proteins that persist on the interface for long times during drug transportation and

storage.
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Chapter 5

THERAPEUTIC PROTEIN ADSORPTION TO AIR -WATER AND OIL -
WATER INTERFACES

5.1 Introduction

Protein adsorption to interfaces is a critical step in suiaediated
aggregation. Consequently, there is interest in understanding the propensity for
adsorption and potential differences between protein moleculesvwarttass solution
conditions. Measuring the dynamic surface tension of aligaid or liquid-liquid
interface in protein solution is one of the most common methods for indirectly
monitoring protein adsorption to fluitlid interfaces’?%51°2103n many cases, the
amount of adsorbed protein cannot be easily quantified from surface tension
measurements because these measurements contain contributions from both the
surface concentration and molecular conformations of adsorbed protein.
Additionally, surface tension measurements do not fully capture the dynamic response
of the interfacé?®-225227 which was observed in the previous chaptéRegardless,
measurements alynamic surface tension are widely used in studies of proteins at air
liquid and liquidliquid interface? arguably becase tensiometry techniques are more
accessible and less labiatensive than microscopy and reflectivity techniques that
offer more spatial resoluti§n®>113114.11221

There aréawo commerciallyavailable techniques for measuyidynamic
surface tension. One of the most common methods is the Wilhelmy plate method. In

this method, a platinum plate is suspended from a force sensor tensiometer and
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partially immersed in the denser phase at the inteffddde force acting on the plate

is directly measured by the force sensor tensiometer. This method typically requires
milliliters of sample volumé&® Another common method employs bubble or drop
tensiometers, in which a drop of fluid is suspended in the second?*&@ke.shape

of the drop acts as a balance between the surface tension of the interface, the pressure
difference across the interface, and gravity, according to the Yioapigce
equation*®2°Commercially available drop tensiometers typically require ~5 mL of
sample volume anisvolve drops that are ~1 mm in diametet?®However, drop or
bubbletensiometry is easily customizable and microfluiblased bubble tensiometers
have been developed that require less than 1 mL of solution and involve bubbles that
are |less than'®¥%0 em in diameter.

Although a number of studies have used dynamic surface tension
measurements to monitor antibody adsorption to interfaces, an understanding of how
antibody adsorption kinetics and behavior changes with parameters sudhk as
concentration, temperature, and solution pH, as well as how these changes are affected
by different interfaces and different proteins, is not generally available. Oftentimes, in
a single study, dynamic surface tension measurements involving antibosliesited
to one or two model molecules under a small set of conditions, as the dynamic surface
tension measurements are used to supplement interfacial rheology or-suethated
aggregation studies that are the focus of the répétt®2The model antibodies that
are studied vary, which creates an obstacle for comparing results obtained in different
studies. Even if the same antibody is used in multiple $pud@mparing data obtained
using the Wilhelmy plate method with data measured using a drop tensiometer, or

even comparing data measured with drop tensiometers with different drop sizes, is
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norttrivial. Diffusion of surface active molecules to an interfdepends on the radius
of curvature of the interface: the smaller the radius of curvature, the faster the
dynamics, therefore introducing the influence of molecular transport effects into the
already large experiment parameter sgae&?

Consequently, the goal of this chapter is to systematically evaluate the
dynamic surface tension of an air or silicone oil bubble in aqueous buffer solutions
containing ASIgG1, ASIgG2, and aCgn. Changes in dynamic surface tension
behavior and kinetics Wibe evaluated as a function of bulk concentration,
temperature, solution pH, and the identity of the protein in solution. The effect of the
presence of 0.001% PS20 in these formulations will also be evaluated. These
measurements will be taken using anbaibble in protein solution as well as a silicone
oil bubble in protein solution to observe how the values and kinetics of dynamic
surface tension change between the two interfaces. Additional mechanistic insight
relating to surfacenediated aggregationilvbe gained by comparing the results in
this chapter to the surfaeceediated aggregation and interfacial rheology studies in
chapters 2, 3, and 4.

This chapter is unpublished and undergoing legal review by Amgen Inc. for
final publication. Until it hadeen released into the public domain, the data in this

chapter is confidential within Amgen Inc. and the University of Delaware.
5.2 Materials and methods

5.2.1 Sample preparation
pH 5 and pH 6.5 buffers were prepared using the same methods described in

sections 2.2 and 3.2.1. ASgG1, ASIgG2, and aCgn solutions were prepared in the



same manner described in section 3.2.1, and the details are reproduced here for
completeness. A®)G1 and ASIgG2 were provided by Amgen, Inc. (Thousand Oaks,
CA) as monomeric (> 98% omomer) stock solutions at a concentration of ~30
mg/mL. Stock IgG solutions were dialyzed to the desired solution conditions using
Spectra/Por 7 dialysis tubing with a 10 kDa molecular weight cutoff (Spectrum
Laboratories; Rancho Dominguez, Californiayga solutions were prepared by
dissolving 5x crystallized lyophilized aCgn powder (Worthington Biochemical,
Lakewood, NJ) in 40 mL of pH 5 buffer to an approximate protein concentration of 15
mg/mL. 35 mg/mL phenylmethylsulfonyl (PMSF) was prepared bytidguPMSF
(SigmaAldrich, St. Louis, MO) in anhydrous ethanol (Decon Laboratories, King of
Prussia, PA). The aCgn solution was treat e
mL of the stock PMSF solution (10x PMSF mole excess) to deactivate potential
proteolytically active residual proteases remaining in the commercial matéidle
resulting solution was filtered before dialysis. Following dialysis, all protein solutions
were filtered, and the final pH was confirmed experimentally prior to use.

Solution concentrations were detened using UV absorbance (Agilent 8453,
Santa Clara, CA) at 280 nm using extinction coefficients of 1.586wayfor AS
IgG1, 1.410 criimg for ASIgG2, and 1.970 cAmg for aCgrf®1’’Gravimetric
dilution was used to achieve final peot concentrations of 0.3, 1.0, 3.0, and 10.0
mg/mL.

For sample solutions containipglysorbate (PS) 20, PS20 (Avantor, Radnor,
PA) was added to the protein solutions to achieve a final concentration of 0.001%.

Protein solutions were stored a82C andused within 3 weeks.
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5.2.2 Microbubble tensiometry

Microbubble tensiometry was performed with the same instrument and method
described in sections 2.2.10, 3.2.3, and 4.2.2. The details are reproduced here for
completeness. A microbubble tensiometer was usetbtotor protein adsorption to a
stable akwater or oitwater interface by measuring the dynamic surface tension of the
interface (figure 5.1). A glass capillary was pulled to a steep tapered tip usidg a P
Flaming/Brown micropipette puller (Sutter Instnent, Novato, CA) and ground using
2000 grit sandpaper to a tip of ~gth 1.D. The formed capillary was cleaned with air
and water before being hydrophobically treated with Sigmacote (Millipore Sigma, St.
Louis, MO). The sample chamber was created bynjgaivertical 1 cm diameter hole
through a 30 mm x 30 mm x 15 mm (length x width x height) block of aluminum.
The sample chamber was anodized to prevent stray light during experiments. A 1.0
mm thick Infrasil window (Thorlabs, Newton, NJ) was sealed tdtiom opening
using SYLGARD 184 (Sigm&ldrich, St. Louis, MO). The capillary was inserted
into the sample chamber and submerged in 600 pl of sample through a prefabricated
opening. To form an air bubble in protein solution, a constant pressure wasduppl
by a MFCSEZ pressure controller (sensitivity £ 0.1 mbar, Fluigent, Paris, France) to
pin an air bubble at the capillary tip. To form a silicone oil bubble in protein solution,
a reservoir of silicone oil (catalog no. S1500, Fisher Scientific) waatained in
the tubing between the pressure controller and the capillary, and the pressure
controller was used to eject any residual air in the capillary and pin an oil bubble at the
capillary tip. A 24 W metal ceramic heater (Thorlabs) was placed on the
microtensiometer exterior opposite the capillary for temperature control during heated

experiments.



The microtensiometer was mounted on an inverted optical microscope (Carl
Zeiss Microscopy, White Plains, NY) and the capillary tip and bubble were imaged
with a Blackfly 1.3 MP color camera (Point Grey, Richmond, BC) using a 20x
objective. Both the pressure controller and camera images were integrated into a
custom LabView program for manipulation of the experiment. The LabView program
analyzed the images t@tically measure the air or oil bubble radius over time. The
apparent surface tension was calculated using a simplified Yloaplgce equation
(equation 5.1), wher¥n is the measured pressure difference across the inteRixe,
the radius of the bubbl#etermined from the camera and image analysis], asnthe

apparent surface tension of the interfaakeulated from equation 32
yn | - 5.1
Surface tension can be comeal to surface pressute, by Eq. 5.2188
Lt O 1 m 1o 5.2
wherel 1T is the surface tension of the clean interface at the start of the experiment,
and’ 0 is the surface tension at tihe
A fresh interf@e was formed at the start of each experiment. A control loop in

the LabView program automatically adjusted the pressure supplied to the capillary to

maintain a constant bubble size.
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Figure5.1: Schematic of microbubble tensiometer.

5.3 Results anddiscussion

5.3.1 Dynamic surface tension measurements

A microbubble tensiometer was used to monitor the dynamic surface tension of
an airwater or silicone oilvater interface in contact with a given protein solution. An
example dynamic surface tension curvdemged as a function of the lifetime of the
interface for an air bubble in a solution of 1 mg/mL-i§&1 at pH 5 and at 4TC is
shown in figure 5.2. The dynamic surface tension curves for all conditions examined

in this work share several features of daga shown in figure 5.2.
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Figure5.2: Dynamic surface tension profile of an air bubble in contact with an
aqueous solution containing 1 mg/mL AF51 at pH 5 and 40C. Note
that the x axis is shown on log scale to emphasize eacheaégithe
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profile. Raw data has been filtered using a tumbling window method, and
the plotted points represent the average and standard deviation of 20 data

points.

At t =0, a fresh aiwvater or oitwater interface is created and the measured

surface tenisn represents the surface tension of a clean interdacdd, the airwater

interface,asis 72.4 mN/m, 71.2 mN/m, 69.6 mN/m, and 67.9 mN/m at 22 °C, 30 °C,

40 °C and 50 °C, respectively. At the siliconewdter interfaceys is approximately

34 mN/m wer a temperature range from 22 °C to 50 °C. Under most expeaiment

condi

remains relatively constant with little or no apparent surface tension detiease.

tions

an Ainducti on

periodo

S

obser

During this time, protein is adsorbing onto the interface but does not reach a surface

concentration threshold required for the apparent surface tension to decrease
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significantly from the value in the absmnof protein adsorption. Past studies have
used surface pressure isotherms to determine that this threshold concentration is 25
50% of the monolayer surface concentration for globular prot&idst but this

threshold concentration has not been experimentally confirmed for MAbs. An

induction time may natlways be noticeable, especially for rapidly adsorbing species.

Foll owing the induction time is the Arapioc

decreases at a relatively fast re¥eDuring this period, proteins adsorb to the interface

towards maximum surface coverd@&The thirdr e gi me i s denoted

equi libriumdé, which is marked by a | arge

dynamic surface tension profit& The slow decline in surface tensidaring mese
equilibrium may arise from protein continuing to adsorb to the interface, but may also
be attributed to molecular reorientation and conformational changes in the adsorbed
protein molecule$!? Eventually, a steadgtate surface tension marking an

equilibrium state may be reached, but this was not observed during the length of the
experiments in this chapter.

A quantitativeanalysis of the dynamic surface tension curves was achieved by
fitting the measured curves with the HRasen equation, which was originally
developed to describe the dynamic surface tension of -avager interface in contact
with surfactant solutionsna has since also been applied to thenaiter dynamic

surface tension of globular protein solutidis!'2In the equation
aOEQ— £0€Q 5.3
o (i the apparent surface tension at titnes is the surface tension of the clean

interface measured &t 0, onis the surface tension at the start of megailibrium,n

is a dimensionless constant, d@hds the time when (i$ halfway to the valuef om.
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The fit was performed using the nonlinear curve fit tool in Origin 2020, and values
and statistical confidence intervals fay n, andt* were obtained from the fit. The

resulting parameters can be used to define the inductionttiase:
e aed) - 5.4
and a surface tension fall raRy2, as

Y - 5.5

The parameters, tj, t*, andom are indicated in figure 5.2. Example HRasen fits to
dynamic surface tension data for anaater or oitwater interface in solution with 1
mg/mL ASIgGL1 at pH 5 at room temperature, 30 °C, 40 °C, and 50 °C are shown in
figure 5.3.
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(A) Air bubble in
1 mg/mL AS-IgG1, pH 5
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Figure5.3: Examples oflynamic surface tension measurements and best fits of the
HuaRosen equation. Dynamic surface tension of an air bubble (A) and
an oil bubble (B) in solution containing 1 mg/mL A$51 at pH 5 at
room temperature (black), 3C (red), 40°C (blue), and 50C (orange).
Solid lines represent HeRRosen fits to each curve.
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