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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Am Ende der Produktion von Biopharmazeutika befinden sich Formulierungs-, Fiill- und
Endschritte. Im Zuge dieser Prozesse treten verschiedene Stressfaktoren auf. Im Falle einer
nicht ausreichenden Stabilitit des Wirkstoffes im Formulierungspuffer oder eines nicht
optimierten Herstellungsprozesses kann die Produktqualitit negativ beeinflusst werden. Die
Durchfiihrung von Experimenten flir Formulierungsentwicklung, Prozessentwicklung,
Optimierung oder Charakterisierung ist aufgrund von groflen Arbeitsvolumina und
Kapazititslimitierungen meist nicht im Produktionsmaf3stab mdglich. Daraus ergibt sich die
Notwendigkeit, die Produktion in Form von Modellen im kleinen Mal3stab nachzubilden,
wodurch Experimente im Labormalistab durchgefiihrt werden konnen. Im Zuge dieser Arbeit
wurden potentielle prozessbedingte Stressfaktoren ermittelt und ihre Auswirkung auf
therapeutisch genutzte Proteine untersucht. Dabei wurde gezeigt, dass der Effekt von Scherung
auf Proteine in freier Losung vernachldssigt werden kann. Weiters wurde der Abtrag von
adsorbierten Proteinen als vorherrschender Mechanismus fiir Partikelbildung in
Reibungsbereichen identifiziert. Anhand dieser Erkenntnisse wurde ein Modell im kleinen
Malstab etabliert, mit dessen Hilfe Formulierungen beziiglich reibungsinduzierter
Proteinschidigung unter extremen Bedingungen untersucht werden konnen. SchlieBlich wurde
ein Miniaturmodell eines Ansatzkessels aus der Produktion entworfen. Dabei wurde ein
spezielles Design gewdhlt, welches es ermdéglicht, qualititsrelevante Einflussfaktoren der

Produktion im kleinen Malstab zu simulieren.
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ABSTRACT

ABSTRACT

At the end of the various manufacturing steps of biopharmaceuticals are the formulation, fill
and finish operations. During these steps, various stress factors can occur, which might have a
negative impact on the quality of the final drug product administered to the patient, in case the
active ingredient is not stable enough in its formulation buffer or if the manufacturing process
is not optimized. It is not feasible to perform all experiments for formulation development,
process development, optimization or characterization at production-scale due to high working
volumes and capacity limitations. Thus, there is the need of so called small-scale models which
enable to perform experiments at lab-scale. In the course of this work, potential production-
related stress factors were identified and their impact on therapeutic proteins was evaluated.
Thereby, it was shown that the effect of shear on proteins in free solution was negligible.
Furthermore, abrasion of adsorbed proteins was identified as predominant mechanism during
friction-related particle formation. Based on these findings, a worst-case small-scale model for
friction-related protein degradation was established that can be used as a tool for formulation
screening. Finally, a miniaturized full-scale model of a compounding vessel from production
was developed, which was designed to simulate at small-scale the impact on product quality

during production.
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INTRODUCTION

INTRODUCTION

1. The Importance of Biopharmaceuticals

In the mid-1970s, a breakthrough in recombinant protein (rDNA) technology and molecular
genetics paved the way for the innovation and development of many following recombinant
biopharmaceuticals.! In 1982, the recombinant human insulin (Humulin®) was approved by
drug regulatory agencies as the first biopharmaceutical in the United Kingdom, the Netherlands,
West Germany and the United States.? Other eight products followed in the 80s including
hormones, such as the recombinant human growth hormone (thGH)?, cytokines and antibodies.
The emergence of monoclonal antibodies (mAbs), a more and more important and successful
class of therapeutic biological drugs was enabled by the discovery of continuous culture of
hybridoma cells, which secrete antibodies of predefined specificity.* Administration of early
monoclonal antibodies caused immune responses in patients as they consist of purely murine
sequences. Therefore, a second generation of mAbs was developed that is represented by
chimeric or humanized antibodies, having reduced or no immunogenicity. Another advantage
of the second generation mAbs is their ability to mediate Fc functions via their human Fc region,
which was later also used in the generation of fusion proteins.’ However, also changes to other
classes of biopharmaceuticals were introduced to obtain a superior stability, pharmacokinetics
or pharmacodynamics over the native protein. Such engineered proteins can be created for
example by optimization of the amino acid sequence by site-directed mutagenesis.’ Further
development of biopharmaceuticals is still ongoing. Examples of so called next generation
formats are antibody-drug conjugates (ADCs), where toxins are coupled to antibodies to ensure
directed delivery, release and effect, or fully functional antibodies lacking light chains, which

have been discovered in camels and 1lamas.*

Up to date, almost 400 recombinant produced proteins are approved as biopharmaceuticals with
1300 other candidates waiting in the pipelines of pharmaceutical companies around the world.
In 2015, about 50 % of potentially new drugs were in pre-clinical and 33 % in the clinical trial
stage.® Besides the therapeutic areas of metabolic disorders and hematological disorder,
oncology has with 15 % the highest percentage of approved and marketed recombinant proteins.
The market share of cancer drugs is currently growing, especially as there is a trend in approvals
towards mAb-based products and oncology accounted roughly half of the sales of mAbs in
2010.%® In general, mAbs and other recombinant proteins made up to 17 % of the global market

for pharmaceuticals in 2010, which was a total of $597 billion.” Since then, the market value of
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biopharmaceuticals has been steadily rising.® Humira®, the top selling biopharmaceutical

generated a sale of $12.5 billion in the year 2014.°

The loss of patent protection of more and more first-generation innovator products now clears
the way for “generic” substitutes for the original biologics. As inherently variable cell cultures
are used during production of biologics or their substitutes, it is impossible to create an exact
copy as it can be achieved in a defined chemical synthesis method of a small molecule drug.
Thus, the substitutes are “similar but not the same” to the originator and are referred to as
biosimilars.” The big advantage of these biosimilars is that they can be offered at a lower price
due to reduced development effort and costs.® Omnitrope® (Sandoz GmbH), a recombinant
human growth hormone, has gained the European marketing authorization within EU as the
very first biosimilar product in the year 2006. Europe’s first biosimilar mAb (infliximab,
Celltrion, Inc. and Hospira, Inc.) was approved in the year 2013.% The first approval of a
biosimilar in the US by the Food and Drug Administration (FDA) was achieved in 2015 by the

biosimilar product filgrastim-sndz (Zarxio®, Sandoz GmbH).!°
2. Manufacturing of Biopharmaceuticals

The production of a biopharmaceutical starts with so called upstream processes, where
recombinant cell factories, such as bacteria, yeasts or mammalian cells, are used for the
expression of the protein of interest.’ In course of the following downstream processing steps
the protein is initially harvested from the cell medium by centrifugation or cross-flow
microfiltration. If the proteins are expressed in the cytoplasm, the cells have to be chemically
or mechanically destructed. Subsequently, the protein is usually purified by a combination of
chromatographic steps resulting in a removal of process related impurities such as host cell
proteins, DNA, viruses or endotoxin and of product related impurities such as higher or lower
molecular weight variants. Furthermore, viral clearance can be achieved by an additional
filtration step and/or inactivation at low pH. Finally, the downstream steps are completed by an
ultrafiltration/diafiltration step in which the active pharmaceutical ingredient is buffer
exchanged and its concentration is adjusted to a predefined value.!' The resulting highly pure
solution of the active pharmaceutical ingredient is now called drug substance (DS).!? In order
to gain operational flexibility for the following processing steps, the drug substance is
commonly frozen and stored at low temperatures until needed. During storage of the protein

molecule in a frozen state product quality is maintained best. Degradation reactions are reduced
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at low temperatures and diffusive collisions that could lead to aggregation of the product are

minimized in a frozen matrix."?

The series of processing steps which are required to turn a purified drug substance into its final
dosage form for the pharmaceutical market are called “formulation, fill and finish” operations
(see Figure 1).!3 The formulation-fill-finish unit operations either begin with the freezing or the
subsequent thawing of the drug substance, depending on what is defined as the starting point.
Large scale freezing of bulk drug substance is performed in cryovessels, which can bring the
disadvantage of cryoconcentration-related effects, such as crystallization of solutes or buffer

t.'* Alternatively, the drug

salts or pH changes that could lead to aggregation of the produc
substance can be aliquoted into disposable plastic bottles or bags, if a better heat transfer fluid
temperature profile is needed. However, as plastic shows a different robustness, permeability,
interaction with the product and a different level of leachables, an impact of the container on
product quality has to be considered and characterized.'® Cryoconcentration-related effects can

be reduced by gentle mixing during thawing.

Formulation - .
terile Filtrat illine 1 i
Fg;%zsl/g Ill)agv =P (Dilution/Concentration, = Steri 6(2)1() ration => Fllhng lﬁioiirimary
Addition of Excipients) ontaine
bel “Lyo _h'l'[? n 1
Transport to Inspection, Labeling, 1 Lyophilization 1
St )
Customer Nl orage |4 Packaging 4-1 _ (if needed) _:

Figure 1: Overview of the formulation, fill and finish operations during the production of biopharmaceuticals.

After the drug substance is completely thawed, it is mixed with the appropriate excipients and
its concentration is adjusted to a target value. This step is referred to as formulation step and
the final buffer in which the protein is formulated is called formulation buffer. Usually, the drug
substance is higher concentrated than the formulated form and therefore diluted with
concentrated buffer, which simultaneously adds missing excipients that contribute to product
stability during subsequent processing and handling processes.!? The homogenization is
commonly performed in stainless steel mixing vessels, which can be equipped with a top
entering stirrer or a magnetically coupled bottom mounted stirrer. The advantage of magnetic
bottom type stirrers is the absence of mechanical shaft seals that can fail, leading to a
contamination of the product, and the ability to operate the vessel at smaller filling volumes. '
Thereby, the mixing head is kept in its position by a sliding bearing. The bearing consists of a

male part, which is fixed to the bottom of the tank (stator) and a female part (rotor), which is
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embedded inside the rotating mixing head (see Figure 2). The engineering fit between these two
mating parts is in the range of some hundredths of a millimeter. High wear and corrosion
resistance of the bearing is enabled by the use of very hard ceramics such as silicon carbide or
zirconium dioxide.!® As the bearing is fully submerged in the liquid that contains the active
pharmaceutical ingredient during mixing, the product itself acts as lubricant for the sliding
bearing. As there is an increasing trend towards disposable single-use system across
pharmaceutical manufacturing steps, also bags mixed by rotating stirrers or rocking are now
supplied, offering an alternative to stainless steel vessels, by which the effort of cleaning and

cleaning validation can be avoided.!”

/ .

N/ /1 —— Male Part
Female Part ,“ { [, A = ale Par

(Rotor) Ay o ==
w Y

(Stator)

Figure 2: Mixing vessel with a magnetic bottom type stirrer. Left: The stirring head is lifted off the stator for

better visualization of the sliding bearing. Right: Assembled stirrer.

In order to ensure product sterility, the formulated drug substance has to go through sterile
filtration once the compounding is finished. In order to mitigate the risk of incomplete
sterilization in the case of a filter failure, redundant filtration (two filters in series) is
recommended and industry standard. Sterile filters usually consist of a polyvinylidene fluoride
(PVDF) or polyether sulfone (PES) membrane with a pore size of 0.22 um.'® In contrast to
filters for small volumes (e.g. syringe filters), which use a membrane in form of a disc, large

scale filters in form of cartridges or capsules achieve high filter areas by pleated membranes."”

Following sterile filtration, the formulated bulk drug substance is filled into its primary
container under aseptic conditions, as there is no further sterilization step. Thus, also the

packaging units, typically vials, prefilled syringes or cartridges, have to be sterilized in a
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separated process before filling.'> An accurate filling into the primary packaging is ensured by
the use of a dosing pump in combination with a filling needle, which are connected by a tube.
Rotary piston pumps, peristaltic pumps, rolling diaphragm pumps and lobe pumps are the most
common dosing pumps for manufacturing of biopharmaceuticals.?’ The combination of a
stainless steel rotary piston pump and a filling needle is given in Figure 3.

Pump Head
Piston

Filling
Needle

Pump Head
Piston

Pump Head
Cylinder

~ Filling Needle | i

Figure 3: Left: Assembled rotary piston pumping system consisting of a pump head, a filling needle and tubes to
connect the pump head with the storage tank and the filling needle. Right: Close-up of a disassembled stainless

steel rotary piston pump head and a filling needle.

If the shelf life of a drug product is limited by its stability in a liquid form, lyophilization can
be applied as an additional step. Thereby, the product is freeze-dried in its primary container.
Removal of the water reduces most covalent degradation phenomena, such as isomerization or

fragmentation events during storage. '

The final processing steps of a biopharmaceutical consist of inspection, labeling and packaging
of the final dosage form, as well as subsequent storage (typically at 2-8°C), and transport to the

customer.
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3. Stabilities of Biopharmaceuticals

Unlike small drug molecules, biopharmaceuticals are protein based pharmaceuticals that have
a high molecular weight (> 5 kDa), a large size and highly ordered structures. These
macromolecules consist of a sequence of amino acids, which are the basic building blocks. Each
protein has a unique three-dimensional fold that is characterized by the secondary, tertiary and
quaternary structure.'>?! However, this three-dimensional folded state is a fluctuating one,
having a limited number of preferred conformations. The conformation of a protein that
possesses the least energy is also the most stable one and referred to as the native state of the
protein.?? The native conformation has a strong impact on the bioactivity of the therapeutic
protein and results from a balance of interactions that are involved in protein folding. The major
forces that are involved in protein folding are hydrophobic interactions, electrostatic
interactions, hydrogen bonding, van der Waals forces and intrinsic propensities. Among these,
hydrophobic interactions have often been cited as the dominant forces, where the aversion of
nonpolar residues for water is leading to a hydrophobic collapse of the protein.?* As a result,
nonpolar residues are buried in a hydrophobic core whereas polar side chains are oriented

towards water.
3.1. Conformational Stability

The intra-protein and protein-solvent interactions determine the conformational stability of the
folded state of the protein. The conformational stability is thermodynamically characterized by
AGu, which is also called the free energy of unfolding. It is a function of the temperature (T) as
well as entropy (ASu) and enthalpy (AHu) changes of the protein and the solvent during the

denaturation of the protein:

AGU :AHU_TASU (1)

A high AGuy indicates a stable conformation of the protein.?>?* Interestingly, the typical
conformational stability of a protein in solution is with roughly 20 — 63 kJ/mol quite small due
to the presence of counteracting destabilizing forces. The unfolding process of small globular
proteins can be described by a single transition step between the native (completely folded) and
the completely unfolded state. Intermediate states are highly unstable, thus, they exist only in
negligible amounts. During the unfolding of larger, multidomain proteins like antibodies,

however, intermediate states do occur as domains can unfold locally under different
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conditions.?> Furthermore, the unfolding of proteins may be reversible or irreversible (i.e.

irreversibility caused by subsequent aggregation: Native <> Unfolded — Aggregated)

The conformational stability or free energy of unfolding can be determined using unfolding
curves. A prerequisite is that the protein shows reversible unfolding and a two-state transition
(folded vs unfolded), as it can be assumed for many small globular proteins. A common method
to induce unfolding of the protein is the addition of a chemical denaturant in increasing
concentrations (e.g. guanidine hydrochloride — GuHCI or urea).’® The exact mechanism of
denaturant-induced unfolding of proteins is still not fully understood. Whereas hydrophobic
association is not significantly affected, the strength of electrostatic interactions is significantly
diminished by GuHCI. This could be induced either by solvation of charged residues or by an

engagement in hydrogen bonds with the protein backbone.?’

From the average fraction of folded (fr) and unfolded (fu) protein in the transition region, the

equilibrium constant (Keq) can be calculated for each denaturant concentration according to:2°

_Ju

Kea =2

2

Subsequently, the free energy change from the folded to the unfolded state can then be derived

from:2¢

AGy = =R *T xInK,, (3)

where R is the gas constant and T the absolute temperature at each set point. Finally, the
conformational stability in absence of the denaturant (AG°y) can be obtained by assuming a

linear dependence of AGy on the denaturant concentration [D] with a slope of m:2°

AGy = AGY — m * [D] 4)

Another conventional method for unfolding proteins is thermal denaturation. As protein
unfolding is an endergonic process, the equilibrium constant (Keq) increases with temperature.
At the midpoint temperature of the denaturation curve (Keq = 1) the entropy term (T*ASy) equals
the enthalpy term (AHy), resulting in a conformational stability of 0 kJ/mol.?® This temperature
is also called the melting temperature of the protein (Tm) and can (carefully) be used for a
relative comparison of the stability of proteins. However, there is no particular relationship

between T and the conformational stability.?? If unfolding does not follow a reversible two-
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state transition, proteins can have more than one melting temperatures (local domain

unfolding).”®
3.2. Mechanical Stability

As described above, the conformational stability is a thermodynamic measure of a protein’s
ability to withstand changes of temperature, pH or the addition of chemical denaturants.
However, sometimes proteins are subject to mechanical forces. Unfortunately, there is no
correlation between the thermodynamic stability of a protein domain and the mechanical force

which is required to unfold it.?’

The force at which a protein is likely to unfold is called the
mechanical stability and is strongly dependent on a proteins secondary structure. Mainly alpha-
helical domains typically unfold at low forces, whereas mainly beta-sheet containing domains
withstand significantly higher forces. The unfolding forces of the individual domains of a
protein can be determined using atomic force microscopy. The tip of the atomic force cantilever
is fixed to a protein, which is immobilized on a surface. Upon retraction of the cantilever at a
fixed rate, an increasing force is applied to each domain between the cantilever and the surface.
If the force reaches the mechanical stability of a domain, it unfolds in a sudden rupture event,
which increases the length of the protein and thereby decreases the applied force for the other
domains. As the cantilever continues to increase its distance to the surface, the force is
continuously increased again, until the next domain unfolds. As a result, a “saw-tooth” force
extension profile is obtained, where the peak height of a tooth defines the mechanical stability
of the respective domain.?” The mechanical stability of a domain is not only influenced by its
three dimensional structure, but also sensitive to environmental factors such as temperature and
pH changes. Furthermore, the addition of a denaturant (GuHCl) is able to significantly lower
the mechanical stability (also called “softening”), whereas the unfolding pathway and distance

is not altered by the denaturant.*°
3.3. Colloidal Stability

Besides the conformational and mechanical stability, proteins in solution can also be
characterized according to their colloidal stability. The colloidal stability describes the tendency
of proteins to assemble and to form higher-ordered aggregates by attractive intermolecular
interactions. A common surrogate parameter for the study of overall protein-protein interactions
is given by the osmotic second virial coefficient B22. B2z (referred to as A2) directly quantifies
all interaction forces between two proteins including hard-sphere, electrostatic, van der Waals

and other short-range interactions.’!*> A negative Ba> value indicates (unfavorable) attractive
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behavior as protein-protein interactions are favored, whereas a positive value reflects a
repulsive behavior where protein-solvent interactions are favored.’! The second virial

coefficient can be assessed by static and dynamic light scattering.>?
4. Instabilities of Biopharmaceuticals

Instabilities of proteins can be divided into the two general classes of chemical and physical
instabilities or degradations. Chemical degradation of a protein is characterized by the
involvement of any processes that break or make covalent bonds, thereby creating a new
chemical entity. Physical degradations on the other hand do not alter the chemical composition
of a protein, but lead to changes of the physical state of the protein, which is determined by its
secondary, tertiary or quaternary structure. Although it is convenient to separate the mechanism
of the initial modification of a protein into chemical and physical degradation, we have to face

the fact that one can lead to the other as they may be interrelated.*?
4.1. Chemical Instabilities

Several chemical degradation pathways of peptide and protein pharmaceuticals are known,
including deamidation, aspartate isomerization, proteolysis, B elimination and racemization,
disulfide exchange and scission/reduction, oxidation and condensation reactions.** However, in
course of formulation and filling steps of biopharmaceuticals, mainly physical degradation
pathways have been described to have an impact on the quality of the active pharmaceutical

ingredient, 12,13,35,36

whereas chemical degradation plays a bigger role in the development of
stable formulations that ensure sufficient stability over the shelf life. (An exception is the
freeze-thawing step, where phase separation and cryoconcentration-related effects can happen).
Thus, the chemical degradation pathways will not be discussed here in detail except for protein
oxidation, which can be triggered by diverse pathways and has also been directly linked to

affect the physical stability of proteins.>*
4.1.1. Oxidation Reactions

The amino acid residues which are primarily modified via oxidative processes are methionine
(Met) and cysteine (Cys), both having sulfur containing groups. In most cases methionyl
residues are oxidized when exposed to the solvent at the surface of the protein. In a first step,
the sulfur atom is reversibly oxidized to methionine sulfoxide. Under more extreme conditions
also an irreversible second oxidation step to methionine sulfone can happen. The oxidation of

the thiol group of the cysteine can result in the formation of disulfide bonds. Other sensitive
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amino acid residues include histidine (His), tryptophan (Trp) and tyrosine (Tyr) which have

aromatic side chains.?’

There exist three general pathways for the oxidative degradation of proteins: metal-catalyzed

oxidation, free-radical oxidation and photooxidation.?!-*?

Metal ions can be introduced into the product either as impurities of excipients like buffer salts
and sugars,®® or may be leached during the production process from stainless steel

3940 or from the primary packaging during storage.*! Although many

manufacturing equipmen
proteins can bind metal ions, only some transition metals, such as Fe, Cu, Mn and Cr, can
catalyze oxidative reactions.*>* Upon binding of a reactive metal, reactive oxygen species
(ROS) can be generated which finally lead to a localized oxidative damage close to the metal-
binding site.** As an example, human growth hormone is a protein that is known to bind the
non-oxidizing zinc, which can even cause precipitation by crosslinking at higher

concentrations.* However, also oxidation-inducing iron can bind at the same site as zinc, where

Histidine residues are involved.*¢

Metal ions in combination with polysorbates may also generate free-radicals when they occur
unbound in free solution, as it was shown for Fe*" and PS80.* In general, oxidation by free-
radicals is characterized by an initiation reaction and subsequent propagation until a termination
event occurs. Especially ROS are an issue over the shelf life of biopharmaceuticals as the
oxidation of methionine only requires mild forms of ROS like molecular or singlet oxygen.>*
Due to the fact, that solubility of oxygen is increased at lower temperatures, the oxidative
reaction may even happen more rapidly during common storage conditions (2-8°C).*® Thus, as
a control strategy, oxygen content is often decreased in biopharmaceuticals by introducing

nitrogen into the excipient solution or/and by a nitrogen overlay in the headspace of the product.

During the manufacturing processes, biopharmaceuticals can be exposed to light. One example
is the chromatographic step, where the elution of the protein is usually monitored by UV
absorption.*” Direct damage of tryptophan, tyrosine, histidine and disulfide residues can be
induced by UVA and UVB radiation by the generation of excited state species and radicals.
Furthermore, in a second step the protein can be damaged by radicals and peroxides of the
affected residues and via molecular reactions of photo-products.’® Thus, testing of

biopharmaceuticals for photostability is a requirement according to ICH guidelines .

As outlined above, the oxidation of a protein might be correlated to its physical stability.?-3

To give an example, oxidation of methionine residues has been reported to decrease the
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conformational stability of the Fc part of an IgG1 antibody, finally leading to an increased
aggregation rate.’! The aggregation behavior may be influenced by modifications of surface
properties, by altered protein-protein interactions or by altered global conformations of the

protein.**

4.2. Physical Instabilities

Changes in the physical state of the protein which do not alter the chemical composition are
summarized as physical instabilities. Specifically, four processes have been identified:

denaturation, surface adsorption, aggregation and precipitation/particle formation.

Eventually, all of these processes that are relevant during formulation and filling steps are
related to protein aggregation:>* Protein denaturation may be reversible, especially in diluted
solutions, however, the presence of unfolding intermediates increases the probability of
aggregation.’” Particle formation simply describes the event, when the size of aggregates
increases until they are too large to remain soluble.>® Thus, particles are also referred to as
insoluble aggregates.”> Adsorption of proteins to surfaces might simply be problematic during
processing as it has an impact on the concentration of the protein solution, a known issue during
filtration steps.”® However, it may also cause structural perturbation of the proteins and
subsequent aggregation on the surface.’® Precipitation on the other hand is independent of
aggregation and could for example be induced by salting-out.>* As salting-out of proteins finds

no application in formulation and filling steps, it will not be further discussed here.'?
4.3. Aggregation

The formation of soluble and insoluble aggregates was and still remains one of the most highly
discussed and researched areas in academia and biopharmaceutical companies. Its inhibition is
a major scientific but also regulatory challenge as the presence of aggregates in a product
potentially causes immunogenicity, altered pharmacokinetics (PK), changed potency or
unfavorable toxicity.?!*3333%52 Whereas the tertiary structure of protein is lost upon
aggregation, still significant amounts of secondary structures can be found. Interestingly, an
(relative) increase in beta-sheet structures goes along with a decrease in alpha helical structures
upon aggregation in proteins which show both secondary structures in the native state.>
Different protein aggregation mechanisms or pathways are currently under discussion, which

may be dependent on the protein and result in different end states:
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- Unfolding intermediates are proteins which do not show the native conformation but
are also not completely unfolded. As a result, these partially unfolded proteins are more
flexible than in the native state and expose more hydrophobic patches. A common
theory is that this initially reversible conformational change to a more aggregation prone
state finally leads to the irreversible formation of aggregates.®

- Another pathway that does not rely on partially unfolded states is aggregation through
self-association of proteins in their native conformation. The assembly of native
proteins into the aggregated state is often reversible and depends on electrostatic and/or
hydrophobic interactions. However, these reversible aggregates are considered to be
precursors of irreversible ones. The colloidal stability, described by the osmotic second
virial coefficient B2, (see above) is a key parameter for assessing the tendency for
protein self-association.*

- As described in the chapter chemical instabilities, another cause of protein aggregation
can be chemical degradation. Besides oxidation, the formation of aggregates upon
dimerization, deamidation, hydrolysis or glycation has been described. Another
mechanism that is dependent on a chemical modification of proteins is aggregation
through direct chemical linkages. Especially surface-located cysteines may promote

aggregation by the formation (or exchange) of intermolecular disulfide bonds.>*”

4.4. Induction Factors Causing Aggregation during Formulation, Fill and Finish

Operations

Various processing steps have been identified that have an impact on product quality by the
formation of aggregates during the production of biopharmaceuticals, such as
fermentation/expression, unfolding/refolding, purification, freeze/thaw, shaking, shearing,
pressurization, drying, etc.’® Here we want to focus on factors occurring in formulation and fill
operations that influence the physical stability of proteins and eventually cause aggregation or

have an impact on product quality in general.
4.4.1. Temperature

Protein denaturation by elevated temperatures is a well-known stress to cause unfolding of a
protein’s structure. Due to a rapid formation of aggregates upon thermal denaturation, this
process is often irreversible.*® Elevated temperatures increase a protein’s tendency to form
aggregates not only by raising the percentage of unfolding intermediates in the protein

population (increase in vibrational motion), but also the diffusion coefficient of proteins in

12



INTRODUCTION

solution increases with temperature.®®> Elevated temperatures are not applied on purpose during
formulation and fill operations. However, frictional heat could potentially occur for example
by rotational movement of the sliding bearing of the mixing vessel or between the cylinder and

the piston of a rotary piston pump.

Another temperature dependent process is the so called cold denaturation of proteins. Usually,
proteins experience cold denaturation well below the freezing point of water. However, during
freezing cryoconcentration-related effects can enable mobility of proteins by lowering the glass
transition temperature.*® Thus, cold denaturation might affect product quality during the freeze-

thaw step prior compounding.
4.4.2. Shear

The effect of shear is probably one of the most controversially discussed factors that affect
product quality during the manufacturing process of biopharmaceuticals. Stress in form of shear
on proteins in solution is assumed to be caused by velocity gradient in the liquid.?° Basically,
velocity gradients occur at every processing step, where the protein solution is subject to
movement. In formulation and filling steps this includes shaking during thawing, labelling,
inspection and transport, transfer of the liquid in pipes or tubes, stirring during compounding,
forcing the liquid through the pores of the sterile filters and dosing into the primary packaging

using pumps in combination with filling needles.

The motion of fluids can show two basic characteristics. When the fluid flows in parallel layers,
we speak of laminar or streamline flow. This behavior can be observed for slow fluid flows.
When the liquid is in faster motion, a disruption between the layers can occur which is
characterized by the formation of turbulences in form of eddies. Thus, we speak of a turbulent
flow. Whether a system displays a laminar or turbulent flow regime can be estimated using the
dimensionless Reynolds number (Re), which depends on the velocity, density and viscosity of

the fluid and the geometry of the flow conduct.>®

Under the conditions of laminar flow, two flow fields should be distinguished here: Couette
flow (or simple shear flow) and Hagen-Poiseuille type flow (see Figure 4a and b).’® Couette
flow can be most easily explained by the development of laminar flow between a stationary and
a moving plate, which are parallel to each other. Thereby, the boundary condition defines that
the fluid adheres to the surface of each plate and does not slip. Once the movement of the plate
starts, a velocity profile develops, which is linearly decreasing from the moving plate (y = D)

to the stationary plate (y = 0).
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Figure 4: (a) Under laminar flow condition a Couette flow develops between a stationary and a moving plate
which are parallel to each other at a distance of D. A linear velocity profile gradient forms, resulting in a
constant shear rate in the system. (b) A Hagen-Pouseuille type flow develops upon liquid flow through a circular
pipe or capillary. The velocity profile is of parabolic form, the shear rate is a function of the curvature of the
flow profile and the distance from the center and therefore not constant (highest at the wall, smallest in the

center).
The slope of the velocity profile (=velocity gradient) is characterized by the shear rate y:

. dv s

where v is the velocity and y the distance from the stationary plate.

The velocity profile of laminar liquid flow through a circular pipe follows the law of Hagen-
Poiseuille. Thereby, the maximal velocity occurs at the center of the pipe and the velocity
profile between the two stationary boundaries is parabolic. The shear rate in case of Poiseuille
flow is a function of the curvature of the flow profile and the distance from the center. The

highest shear rates occur at the wall of the tube,”” which can be expressed as:*®

Ywaul = —53 (6)

where V is the volumetric flow rate and R is the radius of a horizontal pipe, tube or capillary.

However, during production the flow regime is not limited to laminar conditions. Especially
during compounding, turbulent conditions are favored as they ensure fast homogenization
inside the stirring vessel. Many correlations between the (average and maximum) shear rate and
the stirrer speed inside a stirring vessel have been published, a good overview is given by Perez

et al.>®
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Possible Effects of Shear on Proteins in Solution

Two possible effects of shear on proteins have been identified and are graphically shown in
Figure 5: Alignment of proteins in the direction of shear flow and (partial) unfolding in the
shear field. Under laminar flow conditions, large linear molecules like DNA or fibrous particles
are known to align parallel to the flow direction by shear gradients (see Figure S5a). The
orientation of the molecules along the flow can be studied by linear dichroism
spectroscopy.®’As a result of an alignment of proteins in shear flow, aggregation by self-

association of native monomers could somehow be stimulated.

- == ———p === >
Elongational flow

Figure 5: Two possible effects of shear on proteins in solution: (a) Alignment of the molecules parallel to the
flow direction by shear gradients. (b) Shear induced protein unfolding by stretching (adapted from Jaspe and

Hagen with permission from Elsevier)®!

Probably the most discussed and investigated issue is the (partial) unfolding of the protein. This
becomes noticeable either by a deformation of the protein, by a change in the secondary, tertiary
structure or by a disruption of the quaternary structure of the protein in shear flow. All of these
possibilities could potentially cause soluble or insoluble aggregates.?®>” A simple model for
shear induced denaturation was proposed by Jaspe and Hagen. The protein was considered to
be a chain of spherical beads (representing the amino acids). Under the influence of an
elongational flow, the chain is separated by stretching into two clusters, which are still
connected by a linker (see Figure 5b). To unfold a protein, the work which is done by the fluid
to separate the clusters has to equal the conformational stability (AGu) of the folded state.!
However, this is in conflict with the idea of the mechanical stability, which is independent of
the conformational stability of the protein and is determined by the force that is needed to stretch

a domain of a protein.?’
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Studies on the Effect of Shear on Proteins

As outlined above, the effect of shear on proteins is a strongly debated topic. Many studies have
been published that present controversial results whether proteins are subject to shear induced

unfolding at all or which shear rates have to be applied.

Initial work was performed by Charm et al., who used the catalytic activity of enzymes to
determine the influence of shear on the structural integrity of proteins.®> Lower catalytic activity
after exposing the enzyme to stress in form of shear was assumed to derive from shear induced
deformation. In their studies, catalase, rennet and carboxypeptidase were stressed using a
narrow gap coaxial viscometer and a test system which pumped the solution through a capillary
(catalase only). A correlation between enzyme inactivation and shear strain (= shear rate*time)
was shown at shear rates between 9.15 -1155 s and for an experimental time of 90 minutes.®

In another study, shear was applied at rates of 10*s’!

using ultrafiltration systems. Catalase
showed a similar shear-effect as in the former study, whereas rennet suffered no inactivation,
which was attributed to a recovery of the enzymes structure and therefore activity upon standing
(reversible unfolding).®* Furthermore, by performing mixing studies in a cylindrical container
in laminar and turbulent flow regimes, Charm et al. observed significant catalase inactivation
when turbulence was given. They concluded that this might be due to the presence of air/liquid
interfaces, which have been introduced by the formation of a vortex or air bubbles in the

solution.®

Enzyme inactivation as read out was also used by other authors. In studies by Tirrell et al. urease
was sheared using a coaxial cylinder viscometer. The activity of urease continuously decreased
with increasing shear rate, beginning as low as 48 s”. Permanent inactivation of urease was
again correlated with shear strain.®® The effect of shear in microfiltration membranes on alcohol
dehydrogenase was investigated by Bowen et al. under solution condition were alcohol
dehydrogenase was destabilized. The authors draw the conclusion that the deformation of the
enzyme caused an interaction with the membrane, finally resulting in decreased activity.®’
Conversely, in another study by Virkar et al. alcohol dehydrogenase showed stability in a high
shear concentric viscometer up to shear rates of 2.6 * 10 over 1 hour. Furthermore, the enzyme
was stressed using a rotating disk reactor and pumps, all having little effect on the activity.
However, in presence of air/liquid interfaces the activity was significantly decreased. Thus, the
authors concluded that shear by itself is not able to unfold globular proteins in a chemically
stable environment at practice-relevant shear rates.®® Stability of alcohol dehydrogenase was

also shown in a work by Thomas et al., who could not observe any deactivation of the enzyme
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that was sheared in a coaxial cylinder viscometer at 30°C and a shear rate of 683 s!. Little
deactivation, however, occurred at elevated temperatures and shear rates.®” Another study
which undermines the assumption of shear-induced enzyme deactivation was performed by
Harrington et al. using several immobilized enzymes. Application of shear did not influence the

enzymatic reaction kinetics nor the Michealis-Menten constant.”

An alternative method to enzyme deactivation for assessing shear-induced protein denaturation
is the offline determination of the aggregate level. The presence of a higher percentage of
partially unfolded proteins, which is caused by shear-induced unfolding, is very likely to
increase the aggregation tendency (see section physical instabilities). Using a parallel-plate
rheometer and capillary rheometer, Bee et al. exposed two mAb (IgG1) formulations to very
high shear rates of 20 000 and 250 000 s™! for 5 min and 30 ms, respectively. Not only was shear
by itself not able to induce aggregation, but it could also not alter the aggregate population in
formulations which contained preformed aggregates (heat induced). However, as in many
earlier studies, they concluded that the presence of air/liquid interfaces or an interaction with
solid surfaces could induce protein unfolding and aggregation.”! A combined effect of
solid/liquid interfaces with high shear was also investigated by Biddlecombe et al. In their
studies, they used a high shear device, where a disc rotated in a chamber that was filled with
sample solution under the exclusion of air. In the gap between the rotating disk and the wall,

shear rates up to 3.4*10% s’

were applied to IgG4 antibodies, causing aggregation and
precipitation.”? Furthermore, the authors could identify the pH of the sample solution and the
nanometer-scale surface roughness of the rotating disc as the dominant factors for the formation
of insoluble aggregates under shearing. Addition of a surfactant could significantly protect the
IgG from aggregation. Thus, they concluded that upon adsorption to the disc and subsequent
unfolding the proteins are forming aggregates, which are finally removed from the surface by
the hydrodynamic forces. A change in surface roughness could help to disrupt the laminar flow
region at the surface of the disc or alter the adsorption behavior.”® Desorption of aggregated
proteins from solid surfaces was later also examined by Perevozchikova et al. In a flow cell,
the adsorption of a-chymotrypsinogen and IgG1l was determined to a clean silicon oxide
interface by neutron reflectivity. By applying a rinse step, they could show that a diffusive layer
of native proteins was easily removed whereas unfolded proteins were resistant to desorption.
However, under the conditions of strong binding, the proteins which could actually be removed
by rinsing from the surface were a mixture of monomers and aggregates (a-chymotrypsinogen)

or particles (IgG1).7*

17



INTRODUCTION

Using offline enzyme activity or aggregation level as a read out for the sensitivity of proteins
against shear has a major drawback. A common idea in shear induced (partial) unfolding is a
decrease in the conformational stability of the protein. Thereby, the equilibrium of
unfolded/folded state is thought to be shifted towards the unfolded fraction.®' However, if we
consider unfolding to be a reversible phenomenon, the information about shear induced
destabilization is lost as soon as the shear flow fades away in the sample that has been taken.
Furthermore, even if the unfolding is irreversible, the fraction of partially unfolded proteins
does not necessarily have to correlate with the formation of aggregates. Thus, an exact
determination of a shift in the thermodynamic stability of a protein or of reversible unfolding
by shear in general can only be achieved by in situ measurements when the protein is still

subject to shearing.

Jaspe and Hagen stressed horse cytrochrome ¢ by pressing a protein solution through a silica
capillary at high speed, reaching shear rates of 2*10° s’'. The use of the silica capillary allowed
in situ fluorescence measurements of cytochrome c, which sharply increases its fluorescence in
the unfolded state. Furthermore, they used guanidine hydrochloride to artificially decrease the
conformational stability of the protein and thereby enhance shear induced unfolding. The results
showed no evidence of shear induced unfolding. However, it has to be mentioned that due to a
high liquid velocity in the capillary the exposure time was with 4.2 ms (highest shear rate) quite

short and the protein may not have had enough time to unfold.®!

Longer exposure times in combination with in situ protein structure determination were applied
in an experimental set-up by Bekard et al. The authors used a custom designed Couette cell
made out of quartz glass for the creation of simple shear flow. The proteins secondary structure
was determined using inline circular dichroism spectroscopy and the proteins tertiary structure
was assessed by fluorescence spectroscopy. The authors observed a change in the fluorescence
signal (contributable to tertiary structure changes) and a decrease in the alpha helical content of
sheared bovine insulin and bovine serum albumin.’”>’® The structural changes were induced at
quite low shear rates of 200 and 300 s!, respectively. Furthermore, the unfolding of the samples
was irreversible and time dependent. The total exposure time was 30 minutes for bovine insulin
and 60 minutes for bovine serum albumin.”>’® No aggregation or particle formation of bovine
serum albumin was observed and it was concluded that bovine serum albumin was all in
monomeric form at the end of shearing.”” The time-dependent unfolding of bovine serum
albumin could however be an indication for a second unfolding mechanism which was present

in the set-up used by Bekard et al. In simple shear flow, the shear rate is constant over the whole
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sample. Thus, a potential unfolding by shearing would affect all proteins at the same time,

resulting in a shear rate dependent but not time dependent signal change.

Exact Definition of Shear

Summarizing, the many studies on the effect of shear on proteins do not only disagree on the
ability of shear to actually induce unfolding but also on its exact definition. Whereas many
studies have labeled velocity gradients in liquids in combination with interfacial effects as
shear, others have focused on hydrodynamic forces alone. Thus, Thomas and Geer suggested
in their review to use shear as an expression of hydrodynamic forces which are created by
velocity gradients in liquids and do only affect proteins in solution. This excludes any interfacial

effects.?
4.4.3. Interfacial Effects — Adsorption at Interfaces

As discussed in the section of shear, the presence of solid/liquid or air/liquid interfaces proofed
to have a strong influence on the stability of proteins. Interfaces are omnipresent in all
processing steps of biopharmaceuticals and can be classified into the relevant classes of

solid/liquid, air/liquid, ice/liquid and oil/liquid interfaces:

Solid/Liquid Interfaces

Adsorption of proteins to solid surfaces is a common but complex process; a good review is

given by Rabe et al.>*

In general, adsorption of proteins is driven by an increase in entropy. This
results from the release of salt ions, surface adsorbed water molecules as well as structural
rearrangements inside a protein. Adsorption rates are influenced by the charge of the protein
and the charge of the surface. The rates are highest, if the charge of the protein and the surface
are opposite. However, at the isoelectric point of a protein (net charge = 0) the overall amount
of adsorption seems highest as there is reduced electrostatic repulsion between adsorbed
proteins, resulting in a more dense adsorption layer. The charge of the protein is determined by
the pH of the solution and its isoelectric point. Other factors that determine adsorption rates are

protein bulk concentration and the concentration of dissolved ions, which effects the length of

the electrostatic interactions.>*

Clearly, also surface properties play a major role in protein adsorption. A tendency of proteins
has been shown to adsorb more strongly to non-polar than to polar, to high than to low surface
tension and to charged then to uncharged surfaces. An exception are glycoproteins, which have

hydrophobic domains buried inside a glycan shell and may adsorb extensively to hydrophilic
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surfaces.® The size of a protein determines its diffusivity and thereby also the adsorption
kinetics. Furthermore, small proteins such as lysozyme are usually referred to as rigid or hard
proteins, whereas larger molecules such as IgG tend to change their structural conformation
upon adsorption. The conformational state on a surface that corresponds to the free energy
minimum often differs from the native state of the protein in solution, as interactions between
the protein and the surface (hydrogen bonds, van der Waals interactions and coulomb forces)
come into play. Thus, the proteins often show reorientations and conformational changes upon
adsorption, which might affect their desorption characteristics. Another important aspect is the
ability of proteins to form aggregates upon adsorption, depending on the nature of the

intermolecular forces.>*

Probably the most obvious issue of protein adsorption during the production of
biopharmaceuticals is a resulting (significant) decrease in concentration of the active
pharmaceutical ingredient.*® This comes especially into play during the sterile filtration step of
low concentrated products, as proteins tend to adsorb to the membranes, which have a high
surface area.> However, also the adsorption to glass (primary packaging)’’ or plastic’® are

investigated topics.

More complicated is the presence of solid/liquid interfaces in form of nano or micro particles.
Besides showing an extremely high surface/volume ratio, nano particles have been shown to
cause structural changes in a specific size range. Interestingly, the surface curvature of the nano
particles seems to have no direct influence on the unfolding of proteins, although often used as
explanation.” Desorption of conformational altered proteins from the surface of nano particles
does induce refolding, however not only to the native state but to an ensemble of metastable
near-native conformations.®’ Exposure of a monoclonal antibody to micro particles of various
materials was performed in a studies by Bee et al. Iron oxide and glass micro particles only
adsorbed the monomeric protein, cellulose showed preferential adsorption of aggregates from
solution. Stainless steel particles, however, caused formation of soluble aggregates in the
sample solution additionally to irreversible adsorption.”! In another study by Tyagi et al., steel
particles were suggested as root cause of IgG particle formation due to pumping with stainless
steel piston pumps, where the steel particles may have served as heterogeneous nuclei for

protein aggregation.®!
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Figure 6: Graphical representation of the proposed physical degradation mechanism in form of abrasion of
adsorbed proteins by Sediq et al. Adsorption of a native monomer to a surface can induce unfolding of the
protein. Subsequent abrasion brings the structurally perturbed monomer into solution where it can form
aggregates with other species of its kind. Furthermore, the proteins can already form aggregates on the surface.
Abrasion of the adsorbed protein layer renews the surface and enables new monomers from the solution do bind.

Graph taken from Sediq et al.with permission from Elsevier.%’

A recently described and very interesting concept of solid/liquid interfacial-related physical
protein degradation is abrasion of adsorbed proteins. The underlying mechanisms depends on
an initial adsorption of proteins to a solid surface with subsequent conformational change,
leading to destabilization and/or aggregation at the surface. These structurally perturbed
molecules or aggregates are finally removed from the surface by contact sliding between two
surfaces. Thereby, the structurally perturbed and now detached molecules can further form
aggregates in solution (see Figure 6). The surfaces are renewed and subject to adsorption of a
fresh protein layer. Thereby, the addition of a surfactant is able to prevent the formation of
particles.®? Such contact sliding can be found for example between a magnetic stir bar and a
glass beaker but also in the sliding bearing of bottom mounted stirrers during compounding or

in all kind of pumps.

Air/Ligquid (Gas/Liquid) Interfaces

Air/liquid interfacial stress is considered to be the most problematic interfacial one. Air/liquid
interfaces are basically present in all processing steps and in the final product during storage
and transport. Due to the hydrophobic property of air relative to water, air/liquid interfaces
show a hydrophobic character. This causes an alignment of proteins at this interface with an
exposure of hydrophobic patches of the protein to the air and possibly initiating aggregation.*

A good suggestion for the mechanism of protein aggregation by air/liquid interfacial stress was
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published by Bee et al. During the dilation of an air/liquid interface of an antibody solution, the
protein was allowed to diffuse into the fresh interface. However, upon subsequent compression
of the interfacial area by a factor > 5 the proteins were crushed together, causing aggregation at
the interface. The aggregates are finally released into solution once the interface is dilated
again.®® Interestingly, not only shaking leads to air/liquid interfacial stress, but also stirring

seems to cause a certain turnover of the interface, resulting in aggregation of the sample.”%*

Oil/Liquid Interfaces

The source of oil/liquid interfaces are usually micro droplets of silicone oil, which is used as a
coating of syringes or stoppers, again finally leading to aggregation of the product.®>%¢ The
deleterious effect of silicone oil droplets on an IgG1 antibody was shown to be strongest in the
presence of a liquid flow relative to the organic surface.’” As oil/liquid interfaces are introduced
at the end of formulation and filling processes by the primary packaging of the drug, they affect
the quality of the product mainly during storage and transport. During filling of the protein
solution into the glass vial or syringe, however, a strong interaction between the solution and
the primary packaging occurs, which is determined by the diameter and movement of the filling
needle and the speed of the liquid inside the needle. Filling parameters may not only have an
impact on the wetting of the surface and thereby the direct contact area to oil/liquid interfaces
during filling (as well as on the creation of air/liquid interfaces), but also on the introduction of

silicone oil droplets into solution by potential fluid mechanical abrasion.

Ice/Liquid Interfaces

Besides the issue of the effect of cryoconcentration on the stability of biopharmaceuticals
during freeze/thawing steps, also a damage at ice/water interfaces has been reported.*®* This
was argued by a strong correlation between the tendency of proteins to unfold upon freezing
and their tendency to unfold at surfaces. Furthermore, the addition of the surfactant polysorbate

80, a surface active agent, protected the protein from freeze-induced denaturation.®
S. Surfactants

Surfactants are surface active agents with two distinctive regions in their molecular structure: a
hydrophobic tail and a hydrophilic head group. Thus, they are also referred to as amphiphilic
molecules. Surfactants can be classified based on their charge characteristics and may be non-
ionic, anionic, cationic or zwitterionic. lonic surfactants, such as sodium dodecyl sulfate, are

strong protein denaturants as they can bind polar as well as nonpolar groups. Hence, ionic
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surfactants are generally not used as excipients for protein stabilization, whereas non-ionic
surfactants are preferred.”> The most commonly used non-ionic surfactants in the
pharmaceutical industry are polysorbate 20 and 80, which are also known as Tween® 20 and

Tween® 80.33

In general, surfactants are added to protect proteins from damage and aggregation at interfaces.
The performance of surfactants to protect the protein from aggregation has been shown at

84,90-92

air/liquid interfaces during shaking and stirring®, at ice/liquid interfaces during freeze-

88.93 and at solid/liquid interfaces.®? Furthermore, adsorption to solid surfaces and

thawing
thereby a loss in concentration can be significantly reduced by the addition of a surfactant.>%*
In case protein adsorption is predominantly driven by electrostatic interactions like adsorption

to glass, especially highly hydrophobic surfactants are powerful in reducing adsorption.”

Different concepts have been presented on the mechanism of protein protection by a surfactant.
One hypothesis is a surface displacement of proteins by the surfactant. Thereby, a competitive
adsorption between the surfactant and the protein resulted in reduced protein adsorption at the
interface.”® This mechanism was confirmed in a study by Serno et al., who showed that
polysorbate 80 was capable of displacing IgG at air/liquid interfaces independent of the
adsorption order.”® Protection from aggregation could however also result from a weak binding
of the surfactant to the protein. Thereby, potentially aggregation prone hydrophobic sites on the
surface of the protein could be blocked. Interaction of polysorbate 20 and 80 to BSA could be
shown by differential scanning calorimetry, whereas binding to lysozyme and IgG was
negligible.”” Furthermore, binding of surfactants to recombinant human growth has been

d98,99

reporte and there is even a protective effect by an increase in the free energy of unfolding

of the protein upon binding the surfactant under discussion.'%

Unfortunately, the use of surfactants for protection from interfacial effects gives also rise to
some drawbacks. Under quiescent conditions surfactants can accelerate protein aggregation as
it was shown during several stability studies.”! This is possibly caused by a strong binding
between surfactant and protein, which induces denaturation.®®> Another issue of surfactants are
impurities, which are caused by auto-oxidation.”> Auto-oxidation of polysorbates results in the
formation of hydroperoxides, which can vary between lots and manufacturers and can finally

lead to an oxidation of the product.>?
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6. Regulatory Background and Small-Scale Models

In order to mitigate quality related risks arising from stability problems in industrial
biopharmaceutical drug product production, guidelines have been introduced by regulatory
authorities and harmonized by the international council for harmonization (ICH). Basis for the
pharmaceutical drug product development are the quality guidelines Q8(R2) from 2009
(Pharmaceutical Development) and Q11 from 2012 (Development and Manufacture of Drug
Substances).!?192 Although Q11 describes the development and manufacture of drug
substances and does not explicitly mention drug products, its concepts can analogously be

applied for drug product development.

These guidelines strongly encourage the use of Quality by Design (QbD) principles in the
development and manufacturing of drug products. The QbD concept is based on a systematic
characterization and a profound scientific understanding of relevant process steps. First, a risk
analysis is performed in order to identify all process parameters which may have an impact on
the overall process performance. Subsequently, experimental studies are designed and
performed to verify the impact of the process parameters from the risk analysis. Thereby, the
influence of a single process parameter on product quality should not be examined in isolation,
as potential synergistic effects may arise from effects of individual production steps. Thus, the
use of design of experiments is recommended for a process characterization in order to study
key and critical process parameters as well as their interactions. Analysis of the results finally
allows the definition of a so called design space. Within its borders a product with predictable

and consistent properties meeting the defined quality requirements is obtained.!®

As it is often impossible to perform all required studies during process development,
optimization, or characterization at commercial scale, there is a need for representative small-
scale or also called scale-down models. As the name itself implies, studies using small-scale
models are typically performed with low volumes in the lab or pilot plant. This has not only the
advantage of reducing the consumption of the drug substance and excipients in the experiment
but also does not block the production site in the time frame of the study, thereby providing
more temporal flexibility. Two types of small-scale models have been differentiated by
Moscariello, which can be used for such studies (see Figure 7). In a miniaturized full-scale
model a whole unit operation is mimicked in a reduced-size version to assess the effect of input
materials and process parameters on the performance of the process and the quality of the

product. In a partial or worst-case small-scale model a specific physical or biochemical
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environment within a process step is simulated (e.g. high shear rates). Thereby the (presumably)
worst conditions for maintaining product quality are applied by either the use of a
miniaturization of the large scale unit operation or an apparatus which is capable of stressing
the product under specific (un)desired conditions.'® Worst-case small-scale models are useful
in the optimization processes during formulation development and in the characterization of the

sensitivity of a product.

Miniaturized Full-Scale Model Worst-Case Small-Scale Model
_ Full-Scale Extensive Shaking
in Production .
o in Lab
) Shaking during
I Small-Scale Transport 2
m Lab
1:3
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Figure 7: Graphical representation of the two types of small-scale models: Miniaturized full-sale model (left)

and worst-case small-scale model (right).
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OBJECTIVES

The aim of this doctoral thesis was a detailed investigation of formulation, fill and finish
operations regarding impact on product quality. The knowledge of all potential stress factors
during the various processing steps including their actual influence on product quality is of
major importance for formulation development. Once a relevant stress parameter has been
identified, worst-case small-scale models can be developed and used for screening for the most
stable formulation. Furthermore, stress that occurs during formulation, fill and finish operations
at production scale can be simulated in a miniaturized full-scale model. Thereby, the most
relevant stress parameter should be kept constant in order to achieve a representative product
quality at small-scale experiments so that the obtained data are predictive for large-scale

operations.
Therefore, this doctoral thesis had following main objectives:

e Identification and evaluation of potential stress parameters at formulation fill and finish
operations and their impact on product quality.

e Development of a worst-case small-scale model for a stress parameter with a high
impact on product quality for use in formulation development.

e Design of a representative miniaturized full-scale model of the compounding vessels

from the investigated production site.
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DISCUSSION

1. Identification of Relevant Stress Parameters for Small-Scale Models

The aim of the first part of the work was to identify relevant stress parameters that cannot be
prevented during the formulation, fill and finish manufacturing steps of biopharmaceuticals.
Potential stress parameters that can be controlled, such as temperature during storage or
transport, exposure to UV-light, etc., were not considered here. As the investigated production
site was specialized on prefilled syringes, the lyophilization step was not investigated in course

of this work.
1.1. Thawing of Drug Substance

Thawing of the drug substance is the first evaluated step in the formulation, fill-and finish unit
operation. Potential stress parameters in this unit operation are variable buffer salt and protein
concentrations due to cryoconcentration, which can cause deviation from the desired pH
value.'* Furthermore, protein damage at ice/liquid interfaces could affect the quality of the
product.®® In general, the drug substance is stored after manufacturing in a frozen state and
aliquoted inside of sterile plastic bottles with a maximum volume of 2 L. Thus, also the effect

of leachables from the container has to be considered.!?
1.2. Formulation Step or Compounding

After the drug substance is completely thawed it is transferred into a so called compounding
vessel. This is performed by carefully pouring the opened drug substance bottle inside of a so-
called anti-foam inlet, which allows the liquid to slowly run down the wall of the vessel in order
to prevent the introduction of air bubbles into the solution and thereby foaming. Clearly, protein
denaturation at air/liquid interfaces is the most relevant stress parameter here. Alternatively, the
drug substance can be transferred into the compounding vessel by the use of a peristaltic pump.

Relevant stress factors arising from pumping are discussed below in the section Filling.

After the addition of the drug substance and the solution that contains the required excipients
for the final drug product, the mixture is homogenized by stirring. The investigated production
site was using stainless steel vessels of different sizes, which were equipped with magnetic
bottom type stirrers, as can be seen in Figure 2. Based on literature research, shear and particle
formation inside the sliding bearing were identified as potential stress parameters for the unit

operation of mixing, which are discussed below.
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1.2.1. Shear

Shear in terms of velocity gradients in liquids occurs in the whole bulk solution of the vessel.
The average shear rate inside a vessel under turbulent flow conditions can be calculated

according to:>’

4 %N d;® 1/2
* * * ;
v _ (e E ) w32 (7)
average H*dT*n*u

where Np is the power number of the stirrer, p is the density of the liquid, d; is the characteristic
diameter of the impeller, H the height of the liquid, dr the diameter of the tank at the smallest
clearance to the impeller, p is the dynamic viscosity of the liquid and N is the rotational speed
of the stirrer. Typical shear rates from a compounding vessel from the investigated production
site are in the range of roughly 200 s (100 rpm) to 1000 s™' (300 rpm), assuming a power

number of 6.7 (manufacturer information) and water as liquid.

The highest shear rates can be found at the stirrer tip and within the gap of the sliding bearing

of the magnetic bottom type stirrers. The shear rate at the stirrer tip can be expressed as:!'%

p 0-5
Veip = 3.3 % N5 x dy » (;) (8)

Using the same parameters as in the calculation of the average shear rate, a maximum shear rate
at the tip of the impeller of roughly 1100 s (100 rpm) and 5700 s (300 rpm) is obtained.
Theoretical calculations of the shear rate inside the sliding bearing are possible when the
bearing is considered to be an ideal system which behaves like a Couette cell. A Couette cell
consists of a static inner cylinder with a rotating outer cylinder, having a defined and constant
gap width. Inside this gap, a couette flow develops upon rotation of the outer cylinder, creating
a velocity profile in the liquid. However, as in reality the stirrer is subject to axial forces, the
gap width will vary upon mixing the liquid. Thus, the gap width can reach very small values
which results in extraordinary high theoretical shear rates and which makes theoretical shear

rate calculations highly inaccurate and therefore inapplicable.

Nevertheless, the theoretical average shear rates in the stirred tank as well as the maximum
shear rates at the stirrer tip are in a range where protein denaturation due to exposure to shear
has been described (see Introduction section 4.4.2). Although there was also a controversial

study which reported stability of proteins against shear up to 10° s”! for 4.2 ms,°' a long exposure
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to shear during stirring (up to 5 min) could cause a cumulative stress to the protein as it was
described by Bekard et al.”> Thus, there was the need of a worst-case small-scale model which
was able to assess the influence of shear on therapeutic relevant proteins up to shear rates of at

least 6 - 10° s! at exposure times above 5 min.
1.2.2. Particle Formation inside of Sliding Bearings

Physical degradation of proteins in terms of particle formation had been observed during
stirring for vessels with a magnetic bottom type stirrers. However, the exact mechanism was
still unclear as the studies were designed to simply evaluate the best mixing system.
Nevertheless, the authors proposed shear or shear in combination with cavitation as possible
root cause of protein degradation within the sliding bearing of magnetic bottom type
stirrers.!%%197 As the female and male part of the sliding bearing are most likely to touch each
other upon stirring, also abrasion of adsorbed proteins and heat denaturation due to frictional
heat had to be considered as root cause of protein degradation besides high shear inside the
bearing. Furthermore, wear of friction could create nano or micro particles which have the

potential to induce protein aggregation.”!
1.3. Filtration Step

Pressure driven (N>) sterile filtration is the subsequent step after compounding in production.
Main issues during filtration that have an impact on product quality are filter integrity,
adsorption of the API to the filter membrane, adsorption of excipients to the filter membrane as

well as leachables from the filter material.>?

A factor which may not directly affect product
quality but has an influence on the filtration time and thereby on economics is filter blocking.
Besides filter integrity, all factors are depending on the ratio of filter membrane area to product
volume as well as on the contact time and therefore on the applied overpressure at the unsterile

side of the system.
1.4. Filling

Two sorts of dosing pumps are used at the investigated production site: peristaltic pump and
rotary piston pump. Both pumps are connected to a filling needle via silicone or PTFE tubes.

Within the tubes, product quality can be affected by adsorption and/or leachables.

As the liquid is in movement in narrow gaps inside the pump and the filling needle, also shear
has to be considered as potential stress parameter. Whereas the calculation of a theoretical shear

rate in the gap between cylinder and piston of the rotary piston pump is not applicable due to a
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most likely varying gap width, the shear rate inside the filling needle can be calculated
according to Equation (6). Calculations assuming a radius of 1 mm of the filling needle and a

volumetric flow rate of 5 mL s! give a theoretical shear rate of roughly 6400 s™'.

Furthermore, friction within the tube occurs in the peristaltic pump. Friction is also most likely
to happen between the cylinder and the piston of the rotary piston pump as no ideal geometrical
shape of the parts (see Figure 3) and no ideal behavior of the stroke can be assumed. Thus,
physical protein degradation by abrasion of adsorbed proteins and an introduction of
nano/micro particles by wear of friction and subsequent interaction with proteins have to be
considered. If the piston head is made out of stainless steel, an introduction of metal ions has to

be additionally taken into account as they could promote protein oxidation.

Once the product passes the filling needle, it enters the syringe. Thereby, the movement of the
liquid is depending on the dosing curve during filling (determines the speed of the liquid) and
the position and movement of the filling needle. Ideally, splashing and foaming are prevented
by the use of optimized filling parameters. Nevertheless, the liquid is in contact with air/liquid
interfaces and a fluid mechanical abrasion could lead to an unwanted introduction of silicone

oil droplets into the product.
1.5. Inspection, Labeling, Packaging, Storage and Transport to Customer

After filling and stoppering, each syringe has to be inspected, labeled and packed for storage
until it is being delivered to the patient. During these unit operations primarily interfacial effects
have an impact on product quality. Every movement of the syringe brings the risk of a
movement of the liquid, causing air/liquid interfacial dilations and compressions and change of

the contact area to silicone oil at the wall of the syringe.

30



DISCUSSION

2. Evaluation of Identified Stress Parameters

2.1. Cryoconcentration-Related Effects and Ice/Liquid Interfaces

Thawing of the drug substance is performed at production and at lab scale by incubating the
frozen bottle at 2-8°C in a static position. The drug substance is supplied to the production site
in bottles of the same material (leachables) and size as the ones used in the lab. Thus, the only
difference in thawing between small and large scale is the number of bottles which are
incubated simultaneously at 2-8°C. Thereby, an exact distance between the bottles is defined.
The physical proximity of the bottles is very likely to affect the thawing behavior and thereby
potential cryoconcentration-related effects and the exposure to ice/liquid interfaces, as it could
create a locally decreased temperature in case of insufficient convection. Often, experiments at
small-scale do not require more than one bottle of drug substance, which could thaw faster if
incubated alone rather than in proximity of other frozen DS bottles. A very simple approach to
simulate and evaluate the exact thawing time in this case is to place bottles of the same size

with frozen placebo buffer next to the drug substance.

A worst-case small-scale model for the above mentioned stress parameters can simply be
obtained by exposing a drug substance bottle to multiple freeze-thawing cycles. As the thawing
of the drug substance in production-scale can identically be simulated at small-scale, also the
stress parameters are identical. Therefore, there was no need to develop a miniaturized full-

scale model for this unit operation.
2.2. Air/Liquid Interfaces

Protein aggregation and/or particle formation at air/liquid interfaces was identified as a potential
risk in almost every processing step. Thus, it is essential to have a worst-case small-scale model
for this stress parameter that can be used in the optimization of the formulation of the product.
A very good model of stressing proteins at air/liquid interfaces has been introduced by Bee et
al., which used a half-filled rotating container to create dilation/compression cycles of the
air/liquid interface.®® Another simple model is to place the sample solution inside a closed
container (can be the finally selected primary packaging such as a vial or a syringe) and shake
it for a defined time period (see Figure 7). Thus, no new worst-case small-scale model had to

be developed for the effect of air/liquid interfaces on product quality.
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Nevertheless, in the design of a miniaturized full scale model it is important to simulate this

stress parameter as accurately as possible. This is especially relevant at following three

processing steps during formulation, fill and finish operations, which are discussed below.

1)

2)

3)

At large scale the drug substance is transferred into the compounding vessel via a special
inlet tube, which guides the liquid to the vessel wall where it can slowly slide down to
the bottom. This prevents the formation of air bubbles and foaming. Thus, simply
pouring the drug substance bottle inside the mixing system at small scale is not
representative for the production scale.

During mixing in the compounding step, the bulk flow of the liquid creates a vortex.
The formation of the vortex starts at the surface of the liquid; its final depth is depending
on the type of the impeller, the impeller speed and the vessel design (e.g. baffles can
prevent the vortex formation by stopping some of the angular velocity of the liquid).
The impeller type of the investigated compounding vessels can be best described by a
flat-blade turbine. Even though the blades are slightly pitched, rotational movement of
the impeller in the speed range which is applicable for compounding creates more radial
than axial flow. Above a critical speed limit, the vortex depth reaches down to the
bottom-mounted stirrer which causes an introduction of air bubbles into the product and
foaming. The flow characteristics inside the stirred tank are not only affecting the vortex
formation but also the turnover of the air/liquid interface, which may be linked to
aggregation.® Thus, in a miniaturized full-scale model it is important to simulate the
liquid flow as good as possible during mixing by choosing a representative stirrer and
vessel design as well as representative operating parameters.

Filling of the product inside of the syringe is performed at large scale using automated
pumping systems in combination with filling needles. The size of the pumping heads
does not differ from lab-scale pumps, a higher throughput is achieved by running
multiple pumps in parallel. Thus, if the filling system in lab-scale consists of the same
pump type, connection tube and filling needle and if the same filling curve is applied,

filling in small scale is representative of large scale.

Summarizing, a representative simulation of air/liquid interfacial effects in the compounding

step (including transfer of the drug substance) should be considered in a miniaturized full-scale

model. Thus, the model should be capable of simulating the low foam inlet tube and have

similar bulk flow and vortex formation characteristics. The filling step can be simulated using

commercially available lab-scale pumps as described above.
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2.3. Shear

Besides stress related to air/liquid interfaces, shear is the most commonly occurring theoretical
stress parameter in formulation, fill and finish unit operations. However, due to very
controversial reports on the effect of shear on the stability of proteins, there was the need of a
worst-case small-scale model which was able to assess the actual influence of shear on
therapeutic relevant proteins. This evaluation was one of the key aspects in this work, as the
design of miniaturized full-scale models should be representative of the occurring stress
parameters. Unfortunately, the chemical and physical stresses exerted by the individual process
steps do not affect the protein molecules in a direct and straightforward way, which makes a
linear downscaling often impossible (compare Equation (7) and (8)). Thus, process parameters
at small-scale should be selected in a way that the stress with the highest impact on product
quality is kept constant compared to large-scale, whereas less important stress factors might be

too low or high.

Theoretical calculations of the occurring shear rates were in the range of 1.1 - 6.4 - 10° s™! at
maximum exposure times of 5 min (during compounding). Thus, it was a requirement to cover
that range during the evaluation of the impact of shear on proteins in free solution. The basic
concept behind shear induced physical protein degradation is a decrease in the thermodynamic
stability of the protein which is caused by a stretching of the molecule by velocity gradients in
free solution.®! The decrease in thermodynamic stability shifts the equilibrium of unfolded to
folded proteins towards partially unfolded, which can finally lead to protein aggregation or
particle formation. However, if the (partial) unfolding is reversible due to rapid
folding/unfolding kinetics of the investigated protein, subsequent offline analyses cannot asses
the real impact of shear on proteins. Furthermore, a possible alignment of protein molecules in
the shear field could somehow affect aggregation tendency. Thus, another requirement of the
test system was the ability to assess the conformational changes of a protein in situ and during
the application of shear, which enables the visualization of a potential decrease in the
thermodynamic stability of the investigated protein, as well as the ability to detect a possible

alignment.

A very sensitive method to determine a proteins secondary and tertiary structure is Circular
Dichroism (CD) spectroscopy. In studies performed by Bekard et al. CD spectroscopy in
combination with a Couette cell (for the creation of simple shear flow) was already used to
show significant protein unfolding over time at low shear rates.”>’® Thus, in course of this thesis

a quartz Couette cell from Applied Photophysics was obtained that can be combined with a
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Chirascan plus CD spectrometer. The Couette cell was originally developed for Linear
Dichroism measurements, however, it can also be used for the determination of the Circular
Dichroism of a protein. A schematic of the used Couette cell is shown in Figure 8. Due to
possible end effects and slight imperfection in the geometry of the cell, the supplier of the
Couette cell limited the laminar flow range to Reynolds numbers <250. Thus, experiments at a
defined shear rate (theoretical calculations require laminar flow conditions) were limited to a
maximum of roughly 4*10° s'. However, the maximal rotational speed of the Couette cell

allowed measurements up to a nominal shear rate of roughly 10* s™' (calculation under the
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Figure 8: Schematic of the used Couette cell taken from publication I. The cell consists of an inner static and an
outer rotating cylinder made out of quartz glass. This enables transmissibility of a light beam that travels along
the gradient direction of the rotating liquid in the annular gap. Along the z-axis a constant velocity profile of the

liquid is assumed.

Investigations on the effect of shear on IgG1 and recombinant human growth hormone (rhGH)
using the above described system are summarized in publication I. These proteins were selected
as they are representative of typical therapeutic proteins and strongly differ in size and
secondary structure composition. Whereas rhGH is a relatively small (22 kDa) and mainly alpha
helical protein, IgG1 is noticeable bigger (150 kDa) and its immunoglobulin fold mainly

consists of beta-sheets.!?1%
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Initially, an alignment of the proteins was checked under laminar flow conditions in the Couette
cell by Linear Dichroism (LD) measurements. This investigation was not only essential in order
to exclude any possible aggregation-influencing effect but also for the interpretation of the CD
spectra as an alignment of the molecules results in LD artefacts in the CD spectra. No alignment

of IgG1 and rhGH molecules was detected by Linear or Circular dichroism.

The effect of shear on the secondary structure of thGH and IgG1 was investigated at a shear
rate of 3840 s! and an exposure time of 30 minutes. Thereby, it was shown that under the
exclusion of interfacial effects the structure of the proteins was not altered by shear. This finding
was confirmed using offline fluorescence measurements, where the spectrum of a stressed
sample was compared to an unstressed reference. The study was repeated at the highest
operational speed of the Couette cell, corresponding to a nominal shear rate of 10400 s'. Under
these conditions, turbulent flow conditions were most likely to occur. Nevertheless, no
unfolding of IgG1 and thGH due to shear was observed. Interfacial effects were eliminated by
the addition of a surfactant in low concentrations. Polysorbate 80 was added to IgG1 and
poloxamer 188 to thGH. As binding of the surfactant to the proteins could increase the free
energy of unfolding'® and thereby possibly stability against shear, melting curves of protein
solutions with and without surfactant were compared against each other. Thereby, no significant

differences in the melting temperatures were observed.

Still, it was shown in another experiment that the addition of a surfactant was essential in the
experimental set up. Shearing of surfactant-free solutions of thGH caused a time dependent and
irreversible unfolding, causing a characteristic change of the far-UV spectrum which was very

comparable to the results reported by Bekard et al.”

However, the extent of unfolding over time
changed over replicates of an experiment with identical shear rates. Thus, the presence of
another stress parameter was predicted which was unrelated to the shear rate and could be
eliminated by the use of a surfactant. Finally, it could be shown that the presence of air/liquid
interfaces in form of small air bubbles, which were introduced by loading the sample solution

inside the Couette cell, caused unfolding of thGH during rotational movement.

Stability of IgG1 and rhGH against shear was shown under laminar flow conditions up to 3840
s and under turbulent conditions up to a nominal of 10* s™\. However, as high shear rates could
locally occur in formulation fill and finish steps, it was considered necessary to investigate the
effect of more extreme conditions. As the hydrodynamic forces in form of velocity gradients in
free solution were limited by the maximal rotational speed of the Couette cell accessory, another

approach was selected. Instead of increasing the shear rate, the conformational and mechanical
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stability of the protein was artificially weakened by the addition of guanidine hydrochloride
(GuHC1).*° A potential shear-induced unfolding of the weakened protein should already happen
at significant lower shear rates, simulating the effect of higher shear rates. Furthermore, the
determination of the shear-induced decrease in conformational stability of the protein would
allow the calculation of the critical shear rate that causes unfolding of the native protein (in
absence of GuHCI). CD spectra of IgG1 and rhGH were recorded at GuHCI concentrations
where a noticeable transition from the folded to unfolded state occurred (see Figure 9 for far-
UV and near-UV CD spectra of thGH). However, also the artificially weakened protein
structures of IgG1 and thGH were not affected by shear rates of 3840 s™' (laminar flow) and
10400 s (turbulent flow).
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Figure 9: Far-UV (a) and near-UV (b) CD spectra of a rhGH sample that was sheared at a constant shear rate
of 3840 s over 30 minutes and that was destabilized by 4 M GuHCI (a) or 2 M GuHCI (b). No time-dependent
change in the CD signal was observed compared to a “fresh” reference sample (long dashed black line) that

was recorded at the lowest possible shear rate of 120 s™'. Figure taken from publication I.

Summarizing, stability of thGH and IgG1 against shear in free solution up to at least 10* s™ was
shown. This shear rate is covering the range of shear rates, which are occurring in the filling
needle and in the compounding vessel during formulation, fill and finish operations.
Furthermore, as stability was given independently of size or secondary structure composition
of the investigated proteins, it is very likely that proteins in general are not affected by shear in
free solution. As a consequence, it was decided not to consider shear as a relevant stress

parameter and therefore not to correctly adjust the shear rate miniaturized full-scale models.
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2.4. Solid/Liquid Interfaces
2.4.1. Loss in Content by Surface Adsorption

Protein and/or surfactant adsorption to the membrane is a major concern during the filtration
step, as it can significantly reduce the content of the API or the surfactant in the first fraction
of the filtrate. The filtration step is critical as usually high membrane areas are selected in order
to avoid filter blocking. Besides the ratio of membrane area to filtrated volume, volumetric flow
rate and solution temperature are the critical process parameters that define loss by adsorption.
Sterile filters having consistent materials but membranes of different sizes are commercially
available, which facilitates up and down-scaling. Thus, a miniaturized full-scale model ideally
takes a smaller filter of the same product that is being used in large scale in order to have the
same volume/membrane ratio at both scales. A worst-scale small-scale model can be obtained
by changing the volume/membrane ratio. For loss in content by surface adsorption a smaller
ratio corresponds to worst-case, whereas filter blocking will be more pronounced at a large
volume/membrane ratio. Important is to perform the small-scale experiments at the same
temperature as in production-scale. Furthermore, the pressure which drives the filtration has to
be adjusted to correctly simulate the contact time of the product with the membrane. Moreover,
the filter treatment should be as close as possible to the one in production (e.g. sterilization

step), as this can impact the burden of leachables.
2.4.2. Friction-Related Protein Degradation

Friction between solid surfaces, which are also in contact with product solution can be found
in the silicon carbide (SiC) sliding bearing of bottom-mounted magnetic-type stirrers of the
compounding vessels and in dosing pumps. Even though particle formation had been previously
linked to sliding bearings, the exact degradation mechanism was still unknown.!%17 An
explanation for physical degradation of proteins by pumping that could also be valid for sliding
bearings was given by Tyagi et al. The authors reported particle formation by heterogeneous
nucleation on stainless steel nanoparticles, which were introduced into the sample solution by
wear of friction.3! Other possible friction-related parameters that could potentially cause protein
degradation and therefore had to be considered were frictional heat, abrasion of adsorbed

proteins and extraordinary high shear rates which couldn’t be investigated in publication 1.

In order to identify the underlying mechanism of physical protein degradation inside the sliding
bearing, a study, summarized in publication II, was performed by using custom designed small-

scale bearings. A schematic of the used experimental set-up is given in Figure 10. The small-
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scale bearing consisted of an outer static (stator) and inner rotating (rotator) part. The stator was
hold in place by a stainless steel mount which allowed a certain freedom in movement to follow
oscillations of the rotator. The rotator was fixed on a stainless steel stirring shaft; however, a
stirring head without blades was used in order to minimize liquid flow related physical protein
degradation at air/liquid interfaces. IgGl was used as model protein as it was already

characterized according to its stability against shear in publication I.

£\

kS|
<
n
[J
b
n
[%)]
(%]
<@
£ Inner
g Bearing
n

\

Stainless
Steel Mount

S8
=

A
\ Outer

Bearing

7
NN

10 mm

Figure 10: Schematic (not to scale) of the custom designed small-scale sliding bearing which was for the

identification of the physical protein degradation mechanism. Figure taken from publication II.

At the beginning of the study it was shown, that the rotational movement of a SiC sliding
bearing leads to pronounced physical IgG1 degradation, quantified by an increase in turbidity
(particle formation) and by monomer loss. First of all, protein degradation by frictional heat
creation within the SiC sliding bearing as well as heterogeneous nucleation on SiC particles
that can be introduced by wear of friction were excluded as potential root cause. Subsequently,
an experiment was performed to check for protein degradation by shear and abrasion of

adsorbed proteins. Whereas the effect of high shear in the gap should be independent of the
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material of the bearing, abrasion of adsorbed proteins depends on an initial adsorption step to
solid surfaces that is determined by surface properties. By comparing protein degradation inside
of a SiC and PTFE bearing in the presence of a surfactant against degradation without the
protection of a surfactant, a strong dependence on the adsorption behavior to the surface of the
bearing could be shown. As a consequence, abrasion of adsorbed proteins was identified as
prevailing degradation mechanism, whereas shear in free solution was again excluded.
Consequently, protein degradation by abrasion of adsorbed proteins within the sliding bearing
was further characterized. A dependence on rotational speed, time and protein concentration in
the bulk solution was shown. Furthermore, as protein degradation was a saturable process at
higher protein concentrations, the monomer loss over time could be fitted by Michealis-

Menten-type kinetics.

After identification of the degradation mechanism inside the sliding bearing, it was desirable to
develop a worst-case small-scale model for abrasion of adsorbed proteins. As the degradation
mechanism showed a high dependence on surface properties and excipients of the buffer, an
important requirement for the model was the ability to screen proteins in various formulations
for a wide scope of materials. Thus, a test system was introduced, where spheres of a specific
material are placed inside a closed container, which is filled under the exclusion of air with
sample solution (see Figure 11). Upon rotational movement of the container, the spheres create
friction among each other which causes abrasion of adsorbed protein. The experimental set up
of the test system had been described before, however it was not linked to a specific degradation

mechanism other than “sensitivity against surfaces”.!'!°

The test system was evaluated using thGH and IgG1 as proteins and PTFE, stainless steel, glass
and SiC as materials for the spheres (see publication II). Thereby, a better stability of rhGH
against friction related particle formation compared to IgG1 could be shown, as well as a strong
dependence of both proteins on adsorption behavior. The use of PTFE spheres in combination
with a surfactant-containing sample solution minimized protein degradation for both proteins.
Besides the ability of the test system to characterize stability against abrasion of adsorbed
proteins, it was shown that also friction-related effects, such as the introduction of nano/micro
particles or metal ions can be investigated. Thereby, it was discovered that friction between
stainless steel spheres lead to an introduction of Fe** ions into the sample solution which most
likely caused significant [gG1 degradation by oxidation. Finally, degradation products from the
test system were compared with degradation products from various stress conditions by

attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. Highly similar
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spectra were obtained for all friction-related degradation products, indicating a similar

degradation pathway.

PARAFILM

Figure 11: Worst-case small-scale for abrasion of adsorbed proteins consisting of a glass vial, spheres of a

specific size and material and a cover glass that is closing the system and fixed by parafilm ®. Figure taken from

publication I1.

Summarizing, abrasion of adsorbed proteins was identified in publication II as a major root
cause of protein degradation in processing steps where friction occurs between two solid
surfaces that are in contact with the product. As a consequence, protein degradation inside a
sliding bearing has to be considered in the design of a miniaturized full-scale model of a
compounding vessel. With the test system in publication II, a worst-case small-scale system

was introduced which can be easily used for formulation development.
2.5. Leachables

Compounds can leach into the product solution as a result of a direct contact and influence the
stability during storage.!!! As the introduction of Fe** ions by friction of stainless steel led to
subsequent protein oxidation (see abrasion of adsorbed proteins and publication II), it is a

necessity to select all materials in miniaturized full-scale models according to large-scale.
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3. Design of a Miniaturized Full-Scale Compounding Vessel

3.1. Requirements

After the evaluation of the criticality of the stress parameters on protein stability, the next step
was to design a miniaturized full-scale vessel of the compounding vessels from the investigated
production site. Based on the evaluation of the individual stress parameters (see above) and

specific needs from the lab, the vessel had to fulfill following requirements:

e Size: 1000 — 1500 mL

e Materials: Same materials as in large-scale:

Vessel: Stainless Steel 1.4404 (AISI 316L); Stirrer head 1.4435 (AISI 316L), Sliding
bearing: SiC and EPDM gaskets

e Stirrer: Large-scale vessels are equipped with magnetic bottom type stirrer (off center)
where friction-related protein particle formation can happen inside the sliding bearing.
This stress parameter needs to be present in the miniaturized full-scale vessels. The
stirrer design should be similar to full-scale in order to obtain a representative flow
pattern (mainly radial flow).

e Inlet tube for drug substance: The drug substance is added to the compounding vessel
in large scale via an inlet tube that guides the liquid to the vessel wall (low foam inlet).
Thereby, potential air/liquid interfacial effects could occur that should be simulated in
the miniaturized full-scale vessel.

e Possibility to create a nitrogen overlay above atmospheric pressure for pressure driven
filtration

e Possibility for introduction of nitrogen into the solution in case the vessel is used for the
preparation of excipient solutions

e Support for pH probes from benchtop pH meters.
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3.2. Design of Miniaturized Full-Scale Vessel

The design of the vessel-body was predominantly determined by the requirement of an
operating volume of about 1000 mL and geometric similarities to the production-scale vessels
to obtain similar bulk-flow characteristics.!'” The resulting inner diameter of the miniaturized
full-scale vessel of 115 mm demanded an impeller diameter of roughly 40 mm to obtain the
production-scale ratio of impeller/vessel diameter of 0.35. This small diameter prevented the
use of commercially available magnetic bottom type stirrers. For this reason, a top-entered
stirrer had to be used. In order to assure a closed stirring system, the top-entered stirrer and the
engine were connected using a magnetic coupling. However, in the absence of the sliding
bearing of a magnetic bottom type stirrers no protein degradation by abrasion of adsorbed
proteins happens during compounding. Therefore, the sliding bearing was simulated at the top
entered stirrer shaft similar to the used experimental set-up of publication II (Figure 10).
Thereby, the inner (rotating) part of the SiC bearing is fixed on the shaft of the stirrer. EPDM
gaskets were used for sealing the gaps. The outer (static) part of the simulated SiC bearing is
embedded in a stainless steel ring which is kept in position by a stainless steel fork. Thereby,
the vertical position of the outer bearing is defined but the mount provides a certain freedom in
movement to follow oscillations of the rotating part (see Figure 13). Identical angles of the
impeller blades and an off-centered position as in production further contribute to a similar bulk

flow and vortex formation characteristics.

A low foam inlet was designed to guide the liquid to the wall of the vessel as it happens in
production-scale (see Figure 14 left). The support for bench-top pH meter probes has a gasket

at the inside to ensure a closed system (see Figure 14 right).
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Figure 12: Overview of the designed miniaturized full-scale vessel. The shown set-up consists of the vessel itself
with a membrane valve at the bottom, the lid of the vessel which is fixed by a tri-clamp system, the top-entered
stirrer which is mounted to a magnetic coupling, a connection for pressurized gas and the simulated sliding
bearing. The pH probe adapter and the low foam inlet are not shown in this sectional view, however, they can be

mounted using the same connection type as the gas nozzle at different positions at the lid.
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Figure 13: Detailed view of the simulated SiC sliding bearing. The inner part of the bearing (rotor) is fixed to
the stirrer shaft by the stirrer head and the gaps are sealed with EPDM gaskets. The outer part of the bearing
(stator) is embedded inside a stainless steel ring which is kept in position by a stainless steel fork. The loose

connection of the stainless steel fork to the lid provides a certain freedom in movement.
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Figure 14: Lefi: Detailed view of the low-foam inlet tube which can be mounted to the lid in a distance of 5 mm

to the wall of the vessel. Right: Detailed view of the support for a pH probe.
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CONCLUSION

Summarizing, it can be said that the objectives of this work were met:

e After the identification of the theoretical stress parameters that can occur during

formulation, fill and finish operations, an evaluation of the impact of shear on proteins
in free solution was performed in publication I. This was important as shear is caused
by velocity gradients in liquids which basically occur at every processing step. For the
evaluation, a worst-case model was established, which allowed to determine the
secondary and tertiary protein structure in sifu during shearing. No effect of shear on
recombinant human growth hormone and an IgGl antibody in free solution was
observed up to shear rates of at least 10* s™!. Thus, it is very likely that shear does not
have to be considered as relevant stress factor in the design of miniaturized full-scale
models.
Friction-related protein particle formation was investigated in publication II by means
of physical protein degradation inside of sliding bearings. Thereby, extraordinary high
shear rates, cavitation, heat induced denaturation and heterogeneous nucleation on
nano/micro particles could be excluded as root cause for particle formation. However,
abrasion of adsorbed proteins was identified as predominant degradation mechanism.
Investigations using ATR-FTIR supported the concept that this mechanism is present at
all processing steps, where friction occurs between two solid surfaces that are in contact
to the product.

e A simple worst-case small-scale model for physical protein degradation by abrasion of
adsorbed proteins is additionally presented in publication II. The model consists of a
closed container which contains spheres of a certain size and material as well as the
sample solution. Upon rotation of the container, the spheres begin to move and create
friction between each other. As the spheres and the sample solution can be simply
exchanged, the model has a wide scope of materials and formulations that can be tested
against each other. Thus, this model is ideal for formulation development purposes.

e Based on the identification and evaluation of the various potential stress parameters, a
miniaturized full-scale vessel was designed and produced. The vessel was equipped
with a simulated SiC sliding bearing and a low-foam inlet tube. These elements are
necessary to representatively simulate the stress on protein solutions during production-

scale compounding operations.
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The effect of hydrodynamic forces on proteins in free solution, also referred to as shear stress in multiple
drug substance and drug product processing steps, was investigated by means of in situ and inline
biophysical measurements. The use of a quartz Couette cell in combination with a circular dichroism
spectrometer allowed simultaneously the creation of simple shear flow and direct measurements of the
proteins' secondary and tertiary structure. Recombinant human growth hormone and an IgG1 mAb were
chosen as model proteins. Under the exclusion of interfacial effects by the addition of a surfactant, no
unfolding was observed due to shearing for 30 min up to the highest possible shear rate under laminar
flow (3840 s~1). In another experiment, guanidine hydrochloride was added to a surfactant-protected
and sheared sample to lower the thermodynamic and mechanical stability of the proteins. However,
even under these destabilizing conditions, the proteins showed no change in their secondary and tertiary
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surfactants structure. We conclude that shear stress in terms of velocity gradients is unlikely to unfold the inves-
tigated proteins in free solution up to shear rates of at least 104 s~,

© 2016 Published by Elsevier Inc. on behalf of American Pharmacists Association.

Introduction Looking at the downstream process sequence in the production

Since the approval of the first biopharmaceutical in 1982, the
market has been growing enormously."”> However, the era of
protein-based drugs has brought some new challenges for the
pharmaceutical industry. Protein stability over the various pro-
cessing steps during manufacturing and over the claimed shelf life
is a major concern. Besides changes of the primary peptide struc-
ture, including deamidation, isomerization, hydrolysis, and oxida-
tion, which are characterized by the formation or cleavage of
covalent bonds, protein-based drugs may also suffer from in-
stabilities related to the physical state of chemically unaltered
proteins.® As a consequence, proteins tend to denature or aggre-
gate, thereby increasing the potential for immunogenicity, changed
biological activity, or other adverse effects of the drug.*

One of the factors being frequently reported to have an in-
fluence on the physical stability of the proteins is shear stress.

This article contains supplementary material available from the authors by request
or via the Internet at http://dx.doi.org/10.1016/j.xphs.2016.03.020.
* Correspondence to: Lukas Briickl (Telephone: +43 5338 2008403; Fax: +43 5338
2005672).
E-mail address: lukas.brueckl@sandoz.com (L. Briickl).

http://dx.doi.org/10.1016/j.xphs.2016.03.020

of biopharmaceuticals, shear can occur in purification, formu-
lation, and fill and finishing steps.”® Many conflicting articles
have been published investigating the effect of shear on pro-
teins in solution. A critical review is given by Thomas and Geer.’
Here we want to provide a deeper insight into the physical
mechanism by which shear can harm or otherwise influence
protein molecules.

No consensus has been found so far on the effect of shear flow
on proteins and the magnitude that is required to trigger unfolding
of their structure. Different shear rates are described for a variety of
proteins that are required for changes of the secondary and higher
structure levels. Beginning at shear rates <10% s~ . fibril formation
of amyloid-p,° loss of activity of urease'” and catalase,'’ and
dissociation of the tertiary structure configuration of BSA!? are
reported. Conversely, Thomas and Dunnill’®> exposed urease in a
capillary at shear rates up to 10% s~! but did not find any evidence of
deactivation. In a more recent study by Bee et al,'* IgG1 was
sheared in a parallel plate and a capillary rheometer, reaching shear
rates up to 2.5 x 10> s!. However, even at these high rates, the
authors could not observe deleterious effects.

Another key aspect for understanding is the exact definition of
shear stress. Biddlecombe et al.”>'® considered shear stress as a

0022-3549/© 2016 Published by Elsevier Inc. on behalf of American Pharmacists Association.
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combination of hydrodynamic forces and interfacial effects. Using a
rotating disk, they created a high shear environment at solid—liquid
interfaces and observed protein aggregation over rotational time.
Desorption of unfolded proteins from solid—liquid interfaces by
hydrodynamic forces was proposed as underlying mechanism for
particle creation in a later study by Perevozchikova et al."” However,
so far, most articles focus on velocity gradients in free solution that
excludes—at least theoretically in the evaluation and interpretation
of the data—any interfacial effects.

The basic idea behind stress on proteins in terms of velocity
gradients is a decrease in the free energy of unfolding (AGy) in
free solution itself. By lowering the thermodynamic stability of
the protein, velocity gradients could cause a potential shift in the
equilibrium toward partially unfolded protein.'® Many studies
performed offline analytics and correlated enzyme inactivation or
aggregation and particle creation over time with partial unfold-
ing due to shearing.® However, a shift in thermodynamic equi-
librium of a protein that shows rapid folding/unfolding kinetics
and refolding can only be visualized by in situ measurements
when the overall fold of the proteins is determined inline during
shearing.'®

A few in situ studies have been conducted that investigated a
potential partial unfolding of proteins under shear. Jaspe and
Hagen'® studied horse cytochrome c (12 kDa) in a silica capillary.
The fluorescence of the protein, which would increase sharply on
unfolding, was determined while forcing the sample through the
capillary. No evidence of destabilization could be found by the
authors at shear rates up to 10° s~!. However, they predicted that
the required shear rate for unfolding decreases with the molec-
ular weight of the protein. Controversial observations were made
by Bekard et al. who used a Couette cell for the creation of simple
shear flow. Secondary and tertiary structures of BSA (66 kDa) and
bovine insulin (6 kDa) were visualized by far-UV circular di-
chroism (CD) and fluorescence spectroscopy, respectively.!*!?
The in situ measurements revealed a time-dependent and irre-
versible change in secondary and tertiary structure of the pro-
teins already at low shear rates. Interfacial effects, such as
desorption from solid—liquid interfaces, were not part of the
discussion.

(Partial) Unfolding of proteins simply by velocity gradients
in free solution as it is described by Bekard et al. would have a
major impact on the product quality in biopharmaceutical
manufacturing steps. Therefore, we conducted a study on our own
using a similar setup to Bekard et al. consisting of a Couette cell in
combination with a CD spectrometer that allowed in situ and real-
time structure determinations in the far- and near-UV range. The
study was designed to focus primarily on the effect of velocity
gradients on proteins in free solution without the influence of
interfacial effects. The minimization of interfacial effects was a key
parameter in the experimental setup. It enables to draw a
conclusion on whether protein denaturation by hydrodynamic
forces can only occur at interfaces or also in free solution.
Recombinant human growth hormone (rhGH) and an IgG1 mAb
were selected as therapeutic model proteins that are members of
pharmaceutically highly relevant groups of proteins. These pro-
teins strongly differ in the native protein fold and molecular size,
thereby covering a broad range of properties, structural parame-
ters, and molecular masses (22-145 kDa). Besides further inves-
tigation of the effect of hydrodynamic forces in terms of velocity
gradients on the native protein fold, we additionally studied
artificially weakened molecular structures. Lowering the me-
chanical’® and thermodynamic stability of proteins by addition of
the denaturant guanidine hydrochloride (GuHCI) allowed simu-
lating the effect of very high hydrodynamic forces on the struc-
tural stability of the proteins.

Materials and Methods
Materials

rhGH and an IgG1 mAb were provided by Sandoz GmbH (Kund],
Austria) in form of frozen stock solutions of 10.1 and 20.8 mg mL™!
(rhGH) and 29.7 mg mL~! (IgG1) in concentration. Sodium phos-
phate was obtained from Merck (Darmstadt, Germany), citric acid
from Sigma-Aldrich (St. Louis, MO), Poloxamer 188 from BASF
(Ludwigshafen, Germany), and Polysorbate 80 from ].T. Baker
(Center Valley, PA). The isoelectric point of rhGH and IgG1 is pH 5.0-
5.1 and pH 9.5-9.9, respectively. RhGH has a molecular weight of
about 22 kDa and IgG1 of about 145 kDa.

Methods

Preparation of Samples

The stock solution of rhGH was formulated in 10 mM phosphate
(pH 7.0). Dilutions were performed using formulation buffer with
and without Poloxamer 188. The antibody was buffered in 25 mM
citrate (pH 6.5). Samples were diluted adding formulation buffer
with and without Polysorbate 80.

Determination of Melting Temperature

The melting temperatures of the proteins in surfactant-
containing and surfactant-free solutions were determined from
wavelength transitions in the far-UV and near-UV range and by
intrinsic fluorescence spectroscopy. For preparation of surfactant-
containing samples 0.03 mg mL~, Poloxamer 188 was added to
the rhGH solution and 0.047 mg mL~! PS80 was added to the IgG1
solution. CD transitions were measured with a Chirascan plus
spectrometer (Applied Photophysics, Leatherhead, UK) while
ramping the temperature at a rate of 1°C min~! from 70°C to 95°C
(far-UV) or 60°C to 90°C (near-UV). Transitions of rhGH were
determined in triplicate at a fixed wavelength of 209 and 296 nm
and a bandwidth of 1 nm, by averaging the signal over a period of 4 s.
The measurements were carried out in 1-mm quartz cuvettes at
protein concentrations of 0.8 mg mL™! (far-UV) and 9.9 mg mL™!
(near-UV). The melting temperature of the IgG1 was determined by
far-UV CD and by intrinsic fluorescence spectroscopy, the latter with
an LS55 fluorescence spectrometer (PerkinElmer, Waltham, MA).
IgG1 transitions in the far-UV at a protein concentration of 0.5 mg
mL~! were determined in triplicate at a fixed wavelength of 222 nm
and a bandwidth of 1 nm using a 0.5-mm cuvette and averaging the
signal over 4 s. Fluorescence was excited at a wavelength of 295 nm
with a slit of 5 nm, and emission was recorded from 320 to 370 nm
with a slit of 4 nm at medium gain and a protein concentration of 0.1
mg mL~ L

Determination of GuHCI-Dependent Unfolding Transitions

Far-UV and near-UV spectra of solutions at the indicated GuHCIl
concentrations in 0.5-mm quartz cuvettes were recorded at 20°C
using the Chirascan CD spectrometer. CD data were collected from
205-260 and 250-350 nm every 0.5 nm with a response time of
0.5 s and a bandwidth of 1 nm. Far-UV data of GuHCl-free samples
were recorded from 180 to 260 nm. All spectra were baseline
normalized, and the spectra were corrected to 0 mdeg at 260 nm.

Unfolding was performed at room temperature in formulation
buffer containing the indicated concentrations of GuHCIL. A 7.9 M
GuHCI stock solution (Sigma-Aldrich) was used for preparation of
the denaturation buffers. For determination of far-UV, rhGH was
diluted to 0.152 mg mL™! and the IgG1 to 1 mg mL™’. Near-UV
denaturation curves were recorded at a concentration of 2.5 mg
mL~! (rhGH) and 10 mg mL~! (IgG1); 0.03 mg mL~! Poloxamer 188
was added to the rhGH solutions and 0.047 mg mL~! PS80 was
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added to the IgG1 solutions. Samples were incubated for at least
30 min before measurement.

Furthermore, the thermodynamic stability of rhGH (a small
protein for which reversible folding and refolding can be assumed
in contrast to IgG1) was roughly estimated using the obtained
denaturation curves in the far-UV. For evaluation of the standard
free energy of unfolding (AG?J), the far-UV spectrum of rhGH was
averaged between 219 and 222 nm. Each denaturation state was
analyzed with a 2-state unfolding model. AGy was assumed to be
linearly dependent on the GuHCl concentration (GuHCI):

AGy = AGY, — m[GuHCl] (1)

with AGy and m being the free energy of unfolding at a certain
denaturant concentration and the slope, respectively.

For confirmation of the assumed 2-state unfolding model,
refolding of rhGH on decreasing GuHCI concentrations was shown.
Therefore, rhGH was initially incubated for 30 min at a concen-
tration of 1.44 mg mL™' and a GuHCl concentration of 6 M. Sub-
sequently, refolding was induced by dilution of the incubated
solution with formulation buffer to indicated GuHCI concentrations
and a final protein concentration of 0.152 mg mL™.

Couette Cell CD Measurements

Inline determination of protein structure under sheared condi-
tions was performed in a quartz Couette cell obtained from Applied
Photophysics. The Couette cell consists of a static inner and a
rotating outer cylinder (Fig. 1). The outer cylinder has an inner
radius R of 4.775 mm. The sample is filled into the annular gap
between these cylinders, which has a width of 0.25 mm. During the
measurement, light passes through the gap twice resulting in a
total path length of 0.5 mm. Thereby, the incident light travels
along the gradient direction of the rotating liquid, which is indi-
cated by the arrows in the annular gap in Figure 1. A constant ve-
locity profile can be found along the z-axis. Rotational speed of the
moving outer cylinder was controlled by the software SmartMotor
from Applied Photophysics. CD spectra were recorded using a
bandwidth of 1.8 nm. This was necessary, as the incident light beam
width for the Couette cell is only 1 mm (to deal with the curvature
of the cell). The same wavelength range was selected in the far- and
near-UV as for the determination of the GuHCI-dependent
unfolding. Due to slight imperfections in the rotors optic, it is
important to sample over a half or whole number of revolutions;
1-s sampling time was, therefore, applied for each data point. The
setup of the Couette cell decreases the risk of photodegradation as
the sample is rotating and, therefore, only passing the light beam
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Figure 1. Schematic (not to scale) of the Couette cell accessory. The incident light
beam travels along the gradient direction of the rotating liquid, which is indicated by
the arrows in the annular gap. A constant velocity profile can be found along the z-axis
of the cell.

for 1/30 of the time. The temperature of the sample was monitored
and controlled by circulation of thermostated water in a cooling
jacket within a range of 20°C-23°C. Investigations on the shear
dependent unfolding of proteins were performed under defined
shear rates. For the exact determination of the shear rate, laminar
flow is required. On rotation of the outer cylinder, a Couette flow
develops inside the gap. The boundary conditions define that the
fluid does not slip at the 2 cylindrical surfaces. Using these
boundary conditions, one can derive the velocity distribution and
finally the shear rate 7 according to®':

-l ()

where Qg is the angular velocity, R is the radius of the outer cyl-
inder, « is the ratio of the radius of the inner cylinder to the radius of
the outer cylinder, and r is the distance to the axis of rotation.

The software SmartMotor uses an approximation for calculating
the shear rate, which represents a compromise between the shear
rate at the inner and the outer cylinder.

. Qo
L s (3)

The prevailing flow regime inside the Couette cell can be
determined by the Reynolds number Re, which is given for the
outer cylinder by**:

_ QoR2(1 — k)p
u

Re (4)

where p is the density and u is the dynamic viscosity of the fluid. A
theoretical critical Reynolds number of 2500, indicating a transition
from the laminar to the turbulent flow regime, was determined for
the experimental setup. However, due to small imperfections and
possible end effects in the Couette cell, the supplier advised not to
exceed a Reynolds number of 250. Therefore, measurements in the
laminar flow regime were limited to a shear rate of 3840 s~! that
corresponds to a Reynolds number of 240. Instabilities in the
Taylor—Couette flow which lead to so-called Taylor vortices have
been described for Couette cells with a rotating inner cylinder. The
used Couette cell accessory is designed to avoid these instabilities
using a static inner and a rotating outer cylinder. No Taylor vortices
have been described for this setup so far.?>

Spectra of sheared samples were predominantly recorded at a
shear rate of 3840 s—L. To increase the stress, also a nominal of
10,200 s~ ! (under the assumption of laminar flow) were applied in
a few cases. Rotational speed for 10,200 s~! gives a Reynolds
number of 638, which is >250. Under this condition, turbulent flow
cannot be excluded.

Spectra were determined at sample concentrations of 0.152 mg
mL~2 (rhGH) and 1 mg mL~! (IgG1) in the far-UV and at 10 mg mL™"
(both proteins) in the near-UV. To minimize interfacial effects 0.03
mg mL~!, Poloxamer 188 was added to the rhGH samples and 0.047
mg mL~! Polysorbate 80 to the IgG1. For investigations of interfacial
effects on rhGH, measurements were performed without addition
of a surfactant.

Couette Cell Linear Dichroism Measurements

Linear dichroism (LD) measurements were performed using the
same hardware and software parts as for CD measurements.
Possible alignment of rhGH and the IgG1 antibody in shear flow
would result in a strong LD signal and interfere with CD mea-
surements. Therefore, the LD signal was checked at the highest
possible shear rate in the laminar regime (3840 s~!). LD signal of
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rhGH was recorded at 0.3 mg mL~! from 180 to 260 nm using a
bandwidth of 1 nm and a sampling time of 1 second per scanned
wavelength. LD signal of IgG1 was recorded at 1.2 mg mL~" from
180 to 260 nm using a bandwidth of 1 nm and a sampling time of
1 second per scanned wavelength. No surfactant was added to the
samples.

Offline Fluorescence Measurements

Offline Fluorescence measurements of sheared samples were
performed at the end of the shearing period using an LS55 fluo-
rescence spectrometer (PerkinElmer). Fluorescence was excited at a
wavelength of 295 nm with a slit of 5 nm, and emission was
recorded from 310 to 380 nm with a slit of 5 nm at medium gain.
Samples of rhGH and IgG1 were diluted with placebo buffer to a
concentration of 0.04 and 0.05 mg mL ™, respectively. Fluorescence
spectra were buffer corrected, and the spectra of unstressed and
sheared samples were compared by calculating the spectral center
of mass (vg), which is given by**:

g = 52! (5)

where F; is the emission at the wave number »;.

Size Exclusion HPLC

Shear-induced aggregation was tested for both proteins over
30 min of rotation inside the Couette cell at a shear rate of 3840 s~ .
Samples were stressed at concentration of 10 mg mL™'. No sur-
factant was added as it could prevent protein aggregation. Aggre-
gate level was determined by size exclusion HPLC (SE-HPLC) using
an Agilent 1290 (Agilent Technologies, Santa Clara, CA) chroma-
tography system with a TSKgel G3000SWy. column (7.8 mm ID x
30 cm, 5 pm particle size) and an inline 2-um filter. The system was
controlled using the Dionex software package Chromeleon 6.8. 150
mM K-phosphate (pH 6.5) served as mobile phase at a flow rate of
0.4 mL min~". Before analysis, samples were filtered (0.2 um). The
column was loaded with 50 pg of protein, and UV absorbance was
recorded at 210 and 280 nm.

Results and Discussion
Alignment of Proteins in the Direction of Shear

Alignment of rhGH and IgG1 in simple shear flow was investi-
gated by LD measurements at a shear rate of 3840 s~ . An alignment
would cause a strong increase in the LD signal and interferes with
CD measurements. As both proteins showed no LD signal and,
thereby, no flow-induced anisotropy, alterations in the CD signals
can be unambiguously interpreted as conformational changes
rather than orientational effects. The LD signal was not checked for
shear rates >3840 s~ . However, a possible alignment of proteins
can easily be recognized by an increase in the CD signal to the
relatively same extent over the whole spectrum.

Exposure of rhGH and IgG1 to High Shear Rates in Presence of a
Surfactant

The impact of shearing on rhGH in the presence of a surfactant
was assessed with the Couette cell at a shear rate of 3840 s~ for a
total time of 30 min. An additional spectrum was taken at 120 s~ ! at
the beginning of the experiment and served as reference spectrum
for an unstressed sample. The surfactant was added to protect the
protein from air/liquid interfaces, which are very well known to
cause protein denaturation and aggregation due to their hydro-
phobic character.>>?° Furthermore, by a displacement of proteins at

interfaces, potential deleterious combinations of any interfacial
effects with hydrodynamic forces can be minimized by the sur-
factant. Experiments with added surfactant resulted in stable CD
signals over shearing rate and shearing time in the far- and near-Uv
(data not shown). Furthermore, the experiment was repeated for
far-UV at a nominal shear rate of 10,200 s~ . A calculated Reynolds
number of 638 for this rotational speed indicates that the assumed
laminar flow regime was left. To protect the protein from poten-
tially increasing air and liquid interfacial effects, the surfactant
concentration was increased to 1 mg mL~! poloxamer 188. Again, a
stable CD signal was observed over 30 min of shearing and
confirmed by offline fluorescence measurements, which showed an
identical spectral center of mass (343.6 nm) for the reference and
the sheared sample (see Supplementary Fig. S1 for respective
fluorescence spectra).

Characterized by a molecular weight of 22 kDa, rhGH is a rela-
tively small molecule, measuring roughly 6 nm in diameter.?’ Thus,
it may behave differently compared with larger molecules.'® Large
linear molecules, such as DNA, are known to align in the liquid on
shearing, big globular structures can deform in the direction of
shear,”®?° and the growth and morphology of protein aggregates is
influenced by shear flow.>%>! Therefore, shearing experiments at
3840 and 10,200 s~! were repeated using an IgG1 mAb with a
molecular weight of 145 kDa, which was also protected by a sur-
factant. This is noticeably bigger than rhGH and has, moreover, a
completely different structure. rhGH is a mainly alpha helical pro-
tein, whereas the secondary structure of the immunoglobulin
mainly consists of B sheets.?”>? Antiparallel p sheets have a typical
negative peak in the far-UV spectrum around 217 nm,>* and the
weak positive peak at 235 nm is attributable to a disulfide bond.
PS80 was added as surfactant to IgG1 in a concentration of 0.047
mg mL~L. Shearing of IgG1 showed the same results as for rhGH. No
time- or shear rate—dependent unfolding could be observed in the
far- and near-UV spectrum for 3840 s~! and 10,200 s~! (data not
shown). Offline fluorescence measurements of the sample which
was sheared for 30 min at 3840 s~! showed an identical spectral
center of mass as the unstressed reference sample (348.5 nm) and,
thereby, confirmed the inline CD results (Supplementary Fig. S2a
for respective fluorescence spectra).

Summarizing, it can be concluded that the stability of the native
fold of rhGH and IgG1 in free solution is high enough to withstand
shear rates up to at least 104 s~ This is in agreement with values
reported in literature. Jaspe and Hagen'® calculated shear rates as
high as 107 s~ ! necessary to cause structural changes of cytochrome
c in water. In a study by Bee et al.,'* exposure to high shear (up to
25 x 10° s7!) could not cause aggregation of an antibody. In
comparison with protein unfolding by atomic force microscopy, the
investigators calculated a theoretical shear rate of 5 x 107 s~
necessary to pull f-sheet motifs apart. In another study by Maa
et al.>* who also used rhGH, offline CD measurements in the near-
and far-UV could not show structural changes after exposure to a
shear rate of 10° s~. However, it has to be mentioned that on
shearing, the melting temperature of rhGH was slightly decreased.

Addition of a Surfactant—Investigation of Thermodynamic
Stabilization

In the shearing experiments, poloxamer 188 was added to rhGH
solution and polysorbate 80 to the antibody solution at a concen-
tration of 0.03 and 0.047 mg mL~!, respectively. Both surfactants
are nonionic compounds and are commonly used to decrease or
prevent protein aggregation. The occupation of the interfaces and
the competitive displacement of the protein molecules are
assumed to be the predominant protecting effect of the surfactants.
Also a direct, stabilizing interaction with the protein molecules is
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under discussion. The possible involvement of the latter effect,”

which also could prevent denaturation by shear stress, was ther-
modynamically investigated.

Protein melting curves of rhGH with and without poloxamer
188 were compared in the near- and far-UV. Thermal transition in
far-UV CD spectra and in terms of intrinsic fluorescence was
recorded for the antibody with and without polysorbate 80. Results
are listed in Table 1.

The comparison of the respective melting curves and points
showed no significant differences. Only the fluorescence signal of
the IgG showed a slightly increased melting temperature in the
presence of a surfactant. In general, a stabilization of the protein
fold by an addition of surfactants could be ruled out.

Shearing of rhGH With an Artificially Weakened Conformational
Stability

Typical shear rates during the processing of biopharmaceuticals
are difficult to determine. Very high local shear rates can occur at
(sometimes unexpected) points in the processing system, for
example, in the gap between the piston and cylinder of a piston
pump. Thus, it was highly desirable to find a way to investigate the
behavior of proteins also under more extreme conditions. One
possibility is an increase in rotational speed of the Couette cell.
However, shear rates beyond 10* s~! cannot be reached by the
Couette system without leaving the laminar flow regime and,
thereby, the possibility to calculate the shear rate. Instead of
increasing the hydrodynamic forces to overcome the stability of the
protein, another approach is to artificially weaken the stability of
the sheared protein by the addition of a denaturant. Thereby, the
protein becomes more susceptive to shear-induced unfolding.

GuHCl was chosen as chemical denaturant. The exact mechanism
of how GuHCI lowers the free energy of unfolding (AGy) is not yet
completely known. Protein denaturation could result from solvation
of charged residues or engagement in hydrogen bonds with the
protein backbone. Furthermore, the guanidium ion can diminish the
strength of interaction between ion pairs.*® Besides decreasing the
thermodynamic stability of proteins, GUHCI can also weaken the
mechanical stability as it was shown by single-molecule atomic
force microscopy for GB1. With increasing denaturant concentra-
tion, the unfolding force of the protein was significantly decreased.?’

Figure 2 shows the denaturant-induced unfolding of rhGH
determined in the far-UV (a) and near-UV (b). Notable transition
from folded to unfolded state happens between GuHCl concentra-
tions of 4 and 5.5 M in the far-UV region. Furthermore, the deter-
mined transition curve was congruent for unfolding and refolding.
The tertiary structure fingerprint of the protein, which can be ob-
tained by near-UV measurements, did not show a clear transition
from folded to unfolded. Ellipticity at 277.5 nm was decreasing with
GuHCI concentration up to 4 M, whereas the signal at 293 nm had
the transition in the same concentration range as identified in the
far-UV. Applying a 2-state transition model for the reversible
transition recorded in the far-UV, a thermodynamic stability of
14.7 kcal mol~! could be obtained, which is in good agreement with

Table 1
Comparison of Melting Temperatures of rhGH and IgGl With and Without
Surfactant

Protein (Measurement Mode) No Surfactant (°C) Surfactant Added (°C)

rhGH (far UV) 852 +0.5 849 + 0.2
rhGH (near UV) 719 £ 04 71.8 + 0.1
IgG1 (far UV) 73.0 £ 0.3 729 +£0.2
IgG1 (fluorescence) 70.1 +£ 0.1 70.8 + 0.1

SD results from triplicate determinations.

a reported value®” of 14.5 kcal mol~L. The denaturation curve of
rhGH is shown in the Supplementary Figure S3.

As mentioned earlier, weakening and notable unfolding of the
protein secondary structure (as seen in far-UV) happen above GuHCI
concentrations of about 4 M. A weakening of the tertiary structure
can be observed >2 M (see Fig. 2b). Therefore, GuHCI concentration
in the range of these values should be used for enabling the inves-
tigation of shear stress at shear rates that are lower than it would be
necessary to damage the native protein. For this purpose, far-UV CD
spectra of rhGH at GuHCI concentrations of 4, 4.5, and 4.75 M were
acquired under shearing. For tertiary structure investigations, in the
near-UV 2 M and 3 M, GuHCl was added. Besides the fact, that
intramolecular bonds are weakened by GuHCl, measurements in
concentration ranges at which proteins are half folded (D1/2, AGy =
0) are more sensitive in the detection of decreased protein stability.
Even a small change in the AGy would cause a detectable shift in the
ratio of natively folded/(partially) unfolded protein. D1/2 of rhGH
occurs at a GuHCl concentration of roughly 4.7 M.

However, even under the destabilized conditions, no change in
ellipticity could be observed over 30 min of shearing at 3840 s~ . The
experiments were stopped after 30 min as no time-dependent
conformational change was observed. Figure 3 illustrates the CD
signal in the far- and near- UV for a selected GuHCl concentration (4 M).

Finally, using a GuHCI concentration of 4 M, the rotational speed
of the Couette cell was increased to the maximum, reaching a
nominal shear rate of 10,200 s '; rhGH in combination with 4 M
GuHClI served as sample solution. The Reynolds number is slightly
decreased by the higher viscosity of the 4 M GuHCI solution. A 4 M
GuHClI solution shows a 1.27 times increased viscosity over water at
25°C.>® However, a shear rate of 10,200 s~! exceeds with a Reynolds
number of 502 the critical value of 250 which marks the transition
from the laminar toward turbulent flow pattern for our setup.
Nevertheless, rhGH kept its initial conformational state in the far-UV
over the period of the measurement (30 min, data not shown, similar
to Fig. 3). The combination of steep velocity gradients, turbulence
flow and weakening of the conformational stability, and intra-
molecular interactions of the protein by GuHCl was not able to
change the secondary and tertiary structure of rhGH in free solution.
Therefore, it is very unlikely that the investigated protein gets
damaged in free solution during biopharmaceutical processing steps.

Shearing of IgG1 With an Artificially Weakened Conformational
Stability

GuHCl-mediated unfolding and shearing experiments under
GuHCl destabilization were repeated using the IgG1 mAb. Again,
PS80 was added to minimize interfacial effects.

Figure 4 shows the GuHCI-mediated unfolding of IgG1 without
the application of shear stress, which was observed between 2 and
3 M GuHCl in the far-UV and near-UV. Figure 5 illustrates the CD
signal in the far- and near-UV for a selected GuHCl concentration
(2 M) which shows no time- and shear rate—dependent change.
Summarized, this time and shear rate independence of CD spectra
could be observed for GuHCI concentrations of 0, 2, 2.5, and 3 M.
Furthermore, a shear rate of 10,200 s~! was applied at a GuHCl
concentration of 2 M, and the sheared sample was compared with
an unstressed reference sample by offline fluorescence analytic
giving very similar spectral centers of mass of 348.1 and 348.2 nm,
respectively (Supplementary Fig. S2b for respective fluorescence
spectra). Again, the inline CD results could be confirmed by the off-
line analytics. Despite its bigger size compared with rhGH, also the
artificially weakened IgG1 showed no structural changes under the
influence of steep velocity gradients in free solution. Based on these
results, a damage of IgG1 by shear stress in free solution is very
unlikely to happen during biopharmaceutical processing steps.
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Figure 2. Denaturant-induced unfolding of rhGH monitored in a rectangular quartz cuvette in the far UV (a) and near UV (b). The shown molarities represent the GuHCI con-

centration in the sample.

Inline CD Measurements of rhGH Without a Surfactant

Additional experiments of rhGH were performed without the
protection of a surfactant. The absence of the surfactant allows for
the possibility of interfacial effects. Shearing of rhGH in phosphate
buffer was performed in the Couette cell at a constant rate of
3840 s~ ! for a total of 60 min. Air bubbles were carefully removed
from the system, and it was tried to create a flat and even surface on
the liquid to minimize the effect of air—liquid interfaces. Dilations
and subsequent compressions of air—liquid interfaces are known to
lead to particle formation®®; therefore, it was tried to exclude
fluctuations of air—liquid interfaces as good as possible. CD spectra
in the far-UV were recorded after 0, 15, 30, 45, and 60 min. The
spectrum recorded at time point O represents the CD signal of an
unstressed sample and was, therefore, used as reference. CD spectra
of the sheared rhGH sample showed no differences to the reference
spectrum over the experimental time (data not shown). Again, an
unfolding of the protein caused by velocity gradients in free solu-
tion can be excluded up to the selected shear rate. Furthermore, it
can be concluded that interfacial effects were not strong enough to
give a detectable shift of the CD spectrum over time.

However, when the experiment was performed in the presence
of air bubbles, the CD signal showed a characteristic shift over time
and particles in the visible range were detected in the sample.
Figure 6 shows spectra of a sample, which was sheared for a total of
60 min in the presence of air—liquid interfaces. The shear rate was
kept constant at 3840 s~ .. Protein concentration was determined by

offline absorbance at 277 nm and showed a decrease by 10% over
60 min of shearing. Therefore, spectra in Figure 6 are concentration
corrected. A characteristic and irreversible decrease in ellipticity
over time, which is not concentration related, can be observed for
rhGH while exposed to stress inside the rotating Couette cell.
Irreversibility describes here the fact that the spectra were not only
altered during rotational movement of the Couette cell but kept
their altered shape during static measurements at the end of the
shearing period. This behavior was not observed under the pro-
tection of a surfactant that competitively displaces proteins at in-
terfaces and, thereby, minimizes the possibility of deleterious
combinations of hydrodynamic forces with interfacial effects. The
time-dependent and irreversible denaturation is very similar to
results obtained for BSA by Bekard et al.”> BSA and rhGH are both
mainly alpha helical proteins.”’>° CD spectra show 2 negative sig-
nals at 222 and 208 nm and a positive peak at 193 nm, which is a
typical pattern of a-helical structure.®®> In the natively folded
structure, the ellipticity at 208 nm reveals a stronger negative value
than at 222 nm. On rotation of the Couette cell, the signal intensity
is not decreasing to the same ratio over the whole far-UV spectrum
and also the shape of the curve is changing. Hence, in the course of
60 min of shearing, the signal ratio of 222/208 nm changes from <1
to >1. Due to the alteration of the curve shape, the isosbestic point
occurs at 199 nm (positive ellipticity). In contrast, a thermal
unfolding (melting point at ~85°C) of rhGH (data not shown) results
in a constant 222/208 nm signal ratio and an isosbestic point at
201.5 nm with a negative ellipticity. The shape of the curve in the
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Figure 3. Time-independent CD signal of rhGH constantly sheared at 3840 s~ and destabilized by addition of GuHCI. Far-UV signal (a) was recorded at 4 M GuHCI and near-UV
signal (b) at 2 M GuHCL. The reference spectrum (long dashed black line) indicates a “fresh” sample at the lowest possible shear rate of 120 s~ (1 rps).
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Figure 4. Denaturant-induced unfolding of I[gG1 monitored in a rectangular quartz cuvette in the far UV (a) and near UV (b). The shown molarities represent the GuHCI con-

centration in the sample.

far UV spectrum is defined by the secondary structure composition
of the protein.>> Differences in shape indicate a different secondary
structure composition and, thereby, a different unfolding product.

Whereas the characteristic shift in the CD spectrum of rhGH
could give a possible explanation for the reported unfolding of BSA,
the formation of particles differs from Bekards results. Bekard did
not observe an increase in turbidity and aggregate content and,
therefore, concluded the absence of particle formation. A time-
dependent change of the protein structure could, however, indi-
cate the presence of an different unfolding mechanism to shearing
in free liquid. Velocity gradients in free solution act uniformly in the
whole sample. Therefore, a potential destabilization of the native
protein fold by a certain shear rate affects all molecules at the same
time and should give a shear rate—dependent structural change. If
only a small fraction of the proteins is irreversible unfolded as it
may happen by desorption from solid—liquid interfaces,” the
amount of unfolded protein would continuously increase over time
and give a time-dependent and irreversible signal shift.

Investigation of Time-Dependent Change of rhGH

Further investigations were performed to gain more insight into
the underlying mechanism of the characteristic unfolding of rhGH.
The possibility of deleterious air—liquid interfaces was investigated
ex situ. Nitrogen was carefully bubbled into an rhGH sample.
Particle creation was observed in the visible range. Protein con-
centration was determined by offline absorbance at 277 nm and
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showed a decreased by 27% over 5 min of bubbling. Spectra in
Figure 7 were concentration corrected and show a clear unfolding
of the protein. There are small differences in the far-UV spectra of
the bubbled sample compared with the time-dependent unfolding
of rhGH in the shear experiment without the protection of a sur-
factant. The isosbestic point of the bubbled sample is located at
0 ellipticity, the signal ratio of 222/208 nm stays rather constant
and <1, whereas the unfolding in the Couette cell showed an in-
crease in the 222/208 nm ratio and a positive ellipticity at the
isosbestic point. Again, this is attributable to differences in the
secondary structure composition of the unfolding products.

It is known from literature that the relative magnitude of the
222 and 208 nm peaks depend on the hydrophobicity of the
environment. The hydrophobicity can be increased by dimerization
or folding of proteins that try to protect their hydrophobic surfaces
from the solvent, resulting in ratios >1. Furthermore, the ratio can
be influenced by insertion into membranes and H-bonding.*°

Considering these facts, a combination of interfacial and hy-
drodynamic forces or any other effect caused by the rotation of the
Couette cell might be responsible for the observed small differences
in the CD spectrum of the rhGH samples that irreversibly unfolded
inside the Couette cell. Besides the air—liquid interface, an addi-
tional hydrophobic surface can be found in the Couette cell acces-
sory of Applied Photophysics: a PEEK plug is used for sealing the
outer rotating cylinder at the bottom. On rotation of the outer
cylinder, the plug is moving along and friction can occur between
the static inner cylinder and the plug. However, further research is

(op
N

Circular dichroism (mdeg)

300 320
Wavelength (nm)

260 280

Figure 5. Time-independent CD signal of IgG1 constantly sheared at 3840 s~ and destabilized by addition of GuHCI. Far-UV signal (a) and near UV signal (b) were recorded at 2 M

GuHCL
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Figure 6. Time-dependent change in CD signal of rhGH (0.15 mg mL™') in phosphate
buffer at pH 7.0 constantly sheared at 3840 s~ Spectra are concentration corrected.

needed to identify the relevant parameters in the unfolding process
and to fully understand potential deleterious effects of possible
combinations of shear stress with surface effects.

Shear-Induced Aggregation

Secondary and tertiary structure changes due to hydrodynamic
stress in simple shear flow could not be shown for rhGH and the
IgG1 antibody. In the absence of shear-induced (partial) unfolding,
it is very unlikely that pronounced protein aggregation happens.
Nevertheless, analysis of the aggregate content was performed to
confirm the results of the inline CD measurements and to check for
the possibility of enhanced protein aggregation by any liquid
flow—related phenomena. Soluble aggregate levels were deter-
mined by SE-HPLC after shearing of protein samples without sur-
factant at 3840 s~ ! for 30 min. No samples containing GuHCI and/or
surfactant were analyzed as these excipients could influence or
suppress the aggregation tendency. Only sheared IgG1 and rhGH
samples with a stable CD signal on shearing were analyzed as
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Figure 7. Denaturation of rhGH over time by the creation of air/liquid interfaces in
form of nitrogen bubbles. Spectra are concentration corrected.

already visible particles were observed in samples with an unstable
signal. No sample that was analyzed by SE-HPLC showed an
increased content of higher molecular weight variants
(Supplementary Fig. S4 for SE-HPLC chromatograms).

Conclusions

The influence of shear stress in terms of velocity gradients in
free solution on rhGH and IgG1 was investigated using inline and
real-time CD measurements. A surfactant was added to protect
rhGH and the IgG1 antibody from interfacial interactions inside the
Couette cell by a competitive displacement of protein molecules.
Under the exclusion of interfacial effects, velocity gradients in free
solution, as they occur, for example, during mixing inside of a
vessel, were not able to unfold the secondary or tertiary structure of
rhGH and IgG1 up to a shear rate of 3840 s~! in laminar flow
conditions. Furthermore, even an increase of the shear rate inside
the Couette cell to a nominal of 10,200 s~! showed no destabili-
zation of the proteins' structural conformation. Due to end effects
and small imperfections in the geometry of the Couette cell, the
assumed laminar regime was left at this high shear rate.

To simulate the effect of very high shear rates on the confor-
mational stability of proteins, the mechanical and thermodynamic
stability of the proteins was artificially weakened by the addition of
GuHCI. Again, interfacial effects were excluded using a surfactant.
However, even under these destabilizing conditions, shear was not
able to alter the protein fold of rhGH and IgG1 in free solution.

The behavior of rhGH in presence of interfaces was investigated
in further experiments without any surfactant. Rotational move-
ment of the Couette cell in the presence of air bubbles resulted in a
time-dependent and irreversible unfolding of rhGH and particle
creation. A combination of hydrodynamic forces with interfacial
phenomena was able to irreversible unfold proteins and could
explain previous reports of protein denaturation by shear-related
effects.

Summarizing, we showed stability of 2 representative thera-
peutic proteins against velocity gradients in free solution up to a
shear rate of at least 10* s, Stability is most likely given at even
higher shear rates as the experiments with artificially decreased
mechanical stability showed. Using a small globular and mainly
alpha helical protein (rhGH) and a typical IgG1 antibody containing
mainly B sheets, we covered a broad range of protein characteris-
tics. Therefore, we conclude that product quality in biopharma-
ceutical processing steps is mainly affected by liquid flow—related
effects at interfaces, which are a potential root cause for protein
unfolding, aggregation, and particle creation. However, velocity
gradients in free solution by itself without the involvement of
interfacial effects are very unlikely to affect the conformational
stability of the investigated proteins.
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Figure S1: Intensity normalized fluorescence spectrum of a rhGH sample which was sheared at 10200 s*! for 30 minutes (0
M GuHCI) compared to an unstressed reference sample.
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Figure S2: (a) Intensity normalized fluorescence spectrum of an IgG1 sample which was sheared at 3840 s for 30 minutes
(0 M GuHCIl) compared to an unstressed reference sample. (b) Intensity normalized fluorescence spectrum of an IgG1
sample which was sheared at 10200 s for 30 minutes (2 M GuHCI) compared to an unstressed reference sample.
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Figure S3: Guanidine hydrochloride (GuHCl) induced denaturation of recombinant human Growth Hormone (rhGH).
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The free energy of unfolding (AGy) can be calculated for every data point in the denaturation curve by applying following
relationship:

_unfolded fraction (s1)
€™ folded fraction

AGy = —R*T xIn(K,q) (s2)

where R is the ideal gas constant and T is the temperature.

The standard free energy of unfolding (AG%) of the protein in buffer without guanidine hydrochloride (GuHCI) can be
estimated by extrapolation of the linear descending part of the AGy curve to 0 M GuHCI.

Linear regression gives a standard free energy of unfolding (AG?;) of the protein in formulation buffer of 61.5 kJ mol* which
corresponds to 14.7 kcal mol.
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Figure S4: SE-HPLC chromatogram of an unstressed sample and a sample which was sheared inside of the Couette Cell for
30 minutes at 3840 s of rhGH (a) and IgG1 (b).
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Particle formation by physical degradation during the compounding step of biopharmaceuticals is a
common concern and found in vessels with bottom mounted stirrers. It was potentially linked to sliding
bearings, however, the exact mechanism was still unclear. In this study, custom designed small scale
bearings in combination with an IgG1 antibody as model protein were used for investigations of the
degradation mechanism inside a bearing. Thereby, abrasion of adsorbed proteins by contact sliding was

Kengrds: . identified as prevailing protein degradation mechanism and was quantified by an increase in turbidity
Protein ?tabll‘ty and by monomer loss. As the protein degradation was highly dependent on combinations of the material
f‘dcsor ptt'll;)nd of the bearing and the buffer solution, a test system was introduced which allowed to study these effects.
Sgu rfzgt;n? y Results from the test system using [gG1 and recombinant human growth hormone confirmed a protective
: effect of Polysorbate 80 by a reduction of protein adsorption, which was strongest in combination with a
Compounding X o : ) . > .
Abrasion highly hydrophobic sliding material (PTFE). Finally, a comparison of degradation products from various

stresses by ATR-FTIR revealed a high similarity between friction-related degradation products. Therefore,
abrasion of adsorbed proteins is very likely the prevailing physical degradation mechanism in processing

steps where contact sliding occurs.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The manufacturing process of a typical protein pharmaceutical
drug product includes so called formulation, fill and finish
processing steps, where a purified and concentrated drug
substance solution is processed into its final dosage form for the
market. During the formulation step, also called compounding, the
drug substance is diluted to a predetermined concentration and
excipients are added to increase the stability of the molecule
during processing, handling and long term storage (Rathore and
Rajan, 2008). After homogenization by stirring in the compound-
ing vessel the solution has the composition of the final drug
product. Subsequent processing steps are sterile filtration, filling
into the primary packaging and, if needed, lyophilization. In course
of the processing steps the physical state of the protein can change.
Diverse stresses have been described to affect the physical stability
of proteins, including heat, freezing, light, dehydration, interfacial

* Corresponding author at: Biochemiestraf3e 10, 6336 Langkampfen, Austria.
E-mail address: lukas.brueckl@sandoz.com (L. Briickl).

http://dx.doi.org/10.1016/j.ijpharm.2016.08.006
0378-5173/© 2016 Elsevier B.V. All rights reserved.

effects, shear, pressure and pH (Chang and Yeung, 2010). Exposure
to such stress conditions can induce aggregation and particle
formation which can change the biological activity of the drug and
increase the potential for immunogenicity (Wang et al., 2010).
Furthermore, particles created during compounding negatively
influence the fouling behavior of the subsequent filtration step
(Rajniak et al., 2008).

Here we want to focus on the stress that is caused by stirring in a
compounding vessel with a bottom mounted magnetic type stirrer.
Bottom mounted stirrers enable mixing of low volumes and are
usually magnetically coupled impellers as this lowers the risk of
contamination due to the absence of mechanical shaft seals that
can fail (Chisti, 1992). Therefore, vessels with a bottom mounted
stirrer are nowadays widely used for compounding. The impeller is
kept in position by a sliding bearing, which consists of a fixed male
part (stator) that is mounted to the vessel and a female part (rotor),
that is embedded in the rotating mixing head (see Fig. 1). Typically,
the bearing is manufactured of very hard ceramics (such as silicon
carbide—SiC) which enable high wear and corrosion resistance
(Somiya, 2013). The bearing is fully submerged inside the vessel.
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Rotor
(female part)

Stator
(male part)

Fig. 1. A typical bottom mounted-magnetic type stirrer. The mixing head with the embedded female part of the sliding bearing has been removed from the male part of the

bearing for better visualization.

Thus, the liquid containing the active pharmaceutical ingredient is
serving as lubricant for the sliding bearing.

There is a growing awareness throughout the pharmaceutical
community that bottom-magnetic type stirrers have an impact on
drug product quality. In a study performed by Ishikawa et al. a
mixing system using a top entering type stirrer was compared to a
bottom-magnetic type stirrer. Stirring of a monoclonal antibody
solution resulted in particle formation and therefore filter fouling
in a subsequent filtration step when a bottom-magnetic type
stirrer was used. No formation of particles could be observed for
the top entered stirrer (Ishikawa et al., 2010). An evaluation of the
impact of the design of different types of bottom mounted stirrers
on monoclonal antibody solutions was performed later (Gikanga
et al., 2015). The authors could show that mixers which were
designed to have only a small gap between rotor and stator or even
touching parts induced particle formation upon rotation. Both
studies draw the conclusion that shear stress inside the gap of the
sliding bearing was the most likely mechanism for the observed
physical protein degradation. Cavitation alone as well as cavitation
in combination with shear was additionally considered by Gikanga
et al. However, it has to be mentioned that the studies were
designed to evaluate the best mixing system and not to identify the
exact degradation mechanism.

From the physical protein degradation mechanisms that are
currently under discussion in fill and finish steps, we identified 5
mechanisms that could be responsible for protein degradation
inside the sliding bearing.

1) Heat induced protein denaturation: Contact sliding of the inner
and outer part of the bearing could generate heat. Heat induced
protein denaturation is a well-known phenomenon (Chang and
Yeung, 2010) and could be responsible for the reported protein
degradation by rotational movement of the sliding bearing.

2) Nano/micro particle heterogeneous nucleation: Micro/nano
particles of stainless steel have been described to cause
aggregation of IgGl over 30min of incubation (Bee et al.,

2009a). Furthermore, they are under discussion to promote
IgG1 particle formation by heterogeneous nucleation during
stainless steel rotary piston pump filling operations (Tyagi et al.,
2009). Contact sliding of the male and female part could
introduce ceramic particles into the sample solution, which
could serve, similar to steel particles, as heterogeneous nuclei
for particle formation.

3) Cavitation and air/liquid interfacial effects: The phenomenon of
rapidly forming vapor cavities (bubbles) inside of a liquid is
called cavitation. Upon collapse of the bubbles, shock waves,
extreme pressure, temperature or highly turbulent flow
conditions could be responsible for protein aggregation, as
well as a potential formation of hydrogen radicals (Mahler et al.,
2009). Furthermore, cavitation creates a temporary air/liquid
interface, which is destroyed again after the bubble is burst. It
could be shown that especially the dilation and subsequent
compression of air/liquid interfaces causes particle formation of
a monoclonal antibody (Bee et al., 2012). Finally, it has to be
mentioned, that additional air/liquid interfacial effects exist
during stirring (e.g. vortex formation), which are not directly
related to a sliding bearing. As these effects are also found in
systems having top entering type stirrers, they were not
considered as potential root cause of particle formation in our
magnetic-bottom stirring studies.

4) Shear stress induced unfolding: Unfortunately, the term “shear”
can be interpreted in different ways. Here we want to follow the
definition of Thomas and Geer, who described shear as the
effect of hydrodynamic forces in terms of velocity gradients on
proteins in free liquid (Thomas and Geer, 2011). Shear related
effects at interfaces, on the other hand, are considered below
(see abrasion of adsorbed proteins). The effect of shear on
proteins in solution is an interesting and debated topic with
many conflicting studies. Whereas some authors claim to have
observed shear induced unfolding already at moderate shear
rates below 103s~! (Ashton et al., 2009; Bekard et al., 2011,
2012; Tirrell and Middleman, 1975), contrary papers report
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shear rates higher than 10%s~! (Bee et al., 2009b; Briickl et al.,
2016; Jaspe and Hagen, 2006) have no influence on protein
stability. However, extremely high shear rates (10”s~!) could
lead to protein unfolding (Jaspe and Hagen, 2006) and
subsequently aggregation. As high shear rates could locally
occur within the sliding bearing upon rotational movement,
shear stress as possible root cause for protein degradation has to
be investigated.

5) Abrasion of adsorbed proteins: Recently, there have been
publications which proposed a new mechanism of protein
aggregation or particle formation that is based on desorption or
abrasion of adsorbed proteins from solid surfaces (Perevozchi-
kova et al., 2015; Sediq et al., 2016). After adsorption to solid
surfaces the native fold of a protein is often destabilized, leading
to conformational changes or even aggregation (Rabe et al.,
2011). Subsequent abrasion by contact sliding or by hydrody-
namic forces leads to an increase in particle content of the
sample solution (Perevozchikova et al., 2015; Sediq et al., 2016).
Also Gikanga mentioned in his discussion, that mixing systems
with contact between stator and rotor are very likely to cause
particle formation (Gikanga et al., 2015). A rotating stirring head
is subject to axial and radial forces upon mixing and contact
between stator and rotor is very likely to happen. Therefore,
unspecific protein adsorption at the sliding bearing and
subsequent abrasion has to be considered as possible mecha-
nism of protein degradation.

Our study was designed to characterize physical protein
degradation inside the sliding bearing of bottom-magnetic type
stirrers and to specifically unravel the underlying mechanism.
Thus, we used a custom designed sliding bearing to simulate the
effect of stirring in a compounding vessel. The study was
performed with a monoclonal IgG1 antibody, which has already
been characterized for its stability against shear in free solution in
a former study (Briickl et al., 2016). Another objective of our study
was to develop a simple test system that mechanistically simulates
protein degradation inside the sliding bearing. For evaluation of
the test system also recombinant human growth hormone (rhGH)
was used as additional model protein. Physical protein degradation
by aggregation and particle formation was monitored by size
exclusion high performance chromatography (SE-HPLC), turbidity
measurements and single particle optical sizing (SPOS). Additional
characterization of the degradation products was performed by
attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy and scanning electron microscopy in combination
with energy dispersive X-ray spectroscopy (SEM-EDX).

2. Materials and methods
2.1. Materials

Frozen stock solutions of a monoclonal IgG1 antibody (145 kDa)
and recombinant human growth hormone (rhGH, 22 kDa) were
provided by Sandoz GmbH (Kundl, Austria). The isoelectric point of
IgG1 and rhGH is pH 9.5-9.9 and pH 5.0-5.1, respectively. The
concentration of the IgG1 and rhGH stock solution was 29.7 mg
mL~™! and 7.5mgmL~}, respectively. Citric acid and sodium
thiocyanate was obtained from Sigma Aldrich (Saint Louis, USA),
sodium phosphate and iron(Ill) chloride hexahydrate from Merck
(Darmstadt, Germany), Polysorbate 80 from J.T. Baker (Center
Valley, USA) and Poloxamer 188 from BASF (New Jersey, USA). High
precision spheres (4 mm in diameter) of following materials were
purchased from Spherotech GmbH (Fulda, Germany): stainless
steel (316L, 1.4404), SiC, PTFE and borosilicate glass. Mucasol®, an
alkaline cleaning agent containing >30% phosphates, <5% anionic
surfactants, amphoteric surfactants, complexing agents, corrosion

inhibitors and auxiliary agents, was obtained from Brand GmbH +
Co. KG (Wertheim/Main, Germany).

2.2. Methods

2.2.1. Preparation of samples

Stock solutions were gravimetrically diluted to the respective
concentrations with buffer. The antibody was buffered by 25 mM
sodium citrate (pH 6.5) and rhGH by 10 mM sodium phosphate (pH
7.0).

2.2.2. Protein degradation in a simulated sliding bearing

A SiC sliding bearing that simulates the sliding bearing of
magnetic bottom stirrers in large scale vessels was used to study
potential protein degradation during rotational movement. The
SiC bearing consisted of an inner rotating cylinder which was
fixed to a stainless steel shaft. The outer cylinder was fixed to a
mount that prevented its rotational movement and defined its
vertical position. However, the mount was designed to give a
certain freedom in movement to the outer cylinder which needs
to follow oscillations of the rotating shaft. In order to minimize
liquid flow related protein degradation at air/liquid interfaces, a
stirring head without blades was used. A schematic drawing is
given in Fig. 2. The clearance between inner and outer sliding
bearing was 0.06 mm. The contact area between the male and the
female part of the sliding bearing is in total 6.28 cm? (3.14 cm? per
part). Besides SiC an additional bearing made out of PTFE was
used. During experiments at different rotational speeds (stated in
the results section) the sliding bearing was fully submerged in
90 mL sample solution inside a 100 mL borosilicate glass beaker.
This gives a volume to contact area (theoretical area where
friction occurs inside the sliding bearing) ratio of 14.3 cm?/cm?.
Visible air bubbles were carefully removed from the system using
a syringe and a cannula. Furthermore, a PTFE magnetic bar stirrer
was placed inside the beaker which was used to homogenize the
solution before sampling. Therefore, the stirrer was turned on for
15s prior to every sampling point. Cleaning of the bearing was
performed after every experiment by rinsing with water,
submerging the bearing in 2% Mucasol® solution for 15 min with
rotational movement and as final step an extensive rinse with
water.

2.2.3. Determination of temperature of rotating sliding bearing

An infrared picture of the rotating sliding bearing was taken
during rotational movement with an E50 Infrared camera from
FLIR (Wilsonville, Oregon, USA). Therefore, the sliding bearing was
initially rotated at 750 rpm for 10 h. Subsequently, it was carefully
lifted until the top part was not covered anymore with sample
solution and the picture was taken still during rotational
movement.

2.2.4. Determination of turbidity

A 2100AN Turbidimeter from Hach (Loveland, Colorado) in
combination with a cell adapter for small volumes was used. The
turbidity of the samples is reported in NTU units. For small sample
volumes the turbidity of the solution was compared using
absorbance values at 420 nm which were determined on a Lambda
35 UV/VIS spectrometer (Perkin Elmer, Massachusetts, USA).

2.2.5. Single particle optical sizing (SPOS)

The size distribution and number of particles was determined
using an AccuSizer 780 SIS optical particle sizer from Particle Sizing
Systems (Santa Barbara, California, USA) which was controlled by
the software AccuSizer XI. The system uses light obscuration and
light scattering to detect particles in the range of 0.5-500 pm.
After a flush volume of 1 mL a sample volume of 4 mL was analyzed
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Fig. 2. Schematic of the custom designed SiC sliding bearing (not to scale) which was used to investigate potential protein degradation inside the sliding bearing of magnetic
bottom stirrers in compounding vessels. The stirring head was manufactured without blades to avoid vortex creation.

from each sample using a flow rate of 20mLmin~". This was
repeated 3 times to give a total analysis volume of 12 mL. Between
two samples, the detector was extensively cleaned with water in
order to avoid cross contamination.

2.2.6. Size exclusion high performance liquid chromatography (SE-
HPLC)

Monomer content, aggregation level and lower molecular
weight variants of the stressed protein solutions were determined
using a 1290 Agilent (Santa Clara, USA) chromatography system
with a TSKgel G3000SWy; column (7.8 mm ID x30cm, 5pum
particle size) and an inline 2 um stainless steel frit. The system was
controlled using the Dionex software package Chromeleon 6.8. A
flow rate of 0.4 mLmin~' was applied using a 150 mM potassium
phosphate (pH 6.5) as mobile phase. Prior to analysis samples were
filtered (PVDF, 0.2 wm), the first drops were discarded to avoid
potential inaccuracies caused by adsorption effects. The column
was loaded with roughly 7 g of protein, UV absorbance was
recorded at 210 and 280 nm using an Agilent 1290 Infinity DAD.
Fluorescence was excited at 295 nm and emission was recorded at
345 nm by an Agilent 1260 FLD.

2.2.7. Determination of contact angle

The contact angle between water and the solid materials SiC,
glass, PTFE or stainless steel was determined using the sessile drop
technique after the surface was cleaned with ethanol and dried
over acetone. A small drop of water (1-5 L) was placed on the
specific material in horizontal position. A picture of the drop was
taken against an illuminated background using a Nikon SMZ-U
stereomicroscope with a Nikon D5000 camera. Subsequently, the
picture was analyzed using the free software Image] in combina-
tion with the plugin DropSnake or LB-ADSA (Stalder et al., 2006).
All contact angle measurements were carried out along a flat and
horizontal base line, except for the determination on the inside of
the outer bearing of the sliding bearing. As there is no flat baseline,
the contact angle from picture was evaluated manually using the
tangent to the drop contour and the tangent to the base contour.
Contact angle between water and SiC was tested at the outside of
an outer bearing, the outside of an unused inner bearing, the
outside of a used inner bearing where friction had taken place, the
inside of an unused outer bearing and at the inside of a used outer
bearing where friction had taken place. Contact angle between
water and glass was determined at the surface of a cover glass
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PARAFILM

Fig. 3. Test system consisting of spheres inside a glass vial that is closed by a cover glass. The cover glass is fixed by wrapping parafilm around.

made of borosilicate glass. Contact angle between water and PTFE
was determined at a flat PTFE stirring bar, at the outside of the
outer PTFE bearing and at the outside of the inner PTFE bearing.
Contact angle between water and stainless steel was determined at
the stirrer shaft, the mount of the outer bearing and at the bottom
of a stainless steel beaker. Values are reported as the average of one
material with standard deviation.

2.2.8. Test system for physical protein degradation by abrasion of
adsorbed proteins

50 spheres of a specific material were placed inside a 6R vial
(Schott, Fiolax Clear TopLine). Subsequently, a sufficient volume of
sample solution was filtered (0.2 uwm, PVDF, first drops were
discarded) into the vial to the very top which gave a sample volume
to sphere surface area ratio of 0.34 cm®/cm?. Air was excluded as
good as possible. The vial was then sealed using a cover glass
(borosilicate glass, @ 19 mm, VWR) which was fixed with Parafilm.
Subsequently, the vial was rotated at a certain speed on an end over
end rotator for a certain time. For each material a vial with spheres
and sample solution was additionally incubated in a static position
and served as an unstressed reference sample.

2.2.9. Determination of protein adsorption to stainless steel, SiC and
glass micro-powder

IgG1 and rhGH adsorption to stainless steel, SiC and glass was
determined by solution depletion. In order to achieve a measure-
able depletion, a micro-powder of the respective materials, which
has a very high surface to weight ratio, was added to the sample
solution. The particle size of the stainless steel (Goodfellow
Cambridge Ltd., Huntingdon, England), SiC (Alfa Aesar, Karlsruhe,
Germany) and glass (Schott, Landshut, Germany) micro-powder
was 45pm, 30pm and 16 wm, respectively. IgG1 or rhGH
concentration inside the sample solution was 0.2mgmL™". In a
2 mL Eppendorf tube, 250 g of stainless steel powder or 50 g of
SiC or glass powder was mixed with 500 L sample solution. After
an incubation time of 2.5 min, the micro-powder was spun down at
14500 rpm and the sample was 0.2 pm filtered (PVDF, first drops

were discarded). Protein depletion was subsequently determined
by SE-HPLC and compared against a control sample which was
incubated without powder. Adsorption was determined in tripli-
cate for protein formulations with and without 0.7 mgmL~! PS80.

2.2.10. Detection and quantification of Fe**

300 L of an acidic sodium thiocyanate solution (2% w/w) was
added to 1 mL of sample solution. In the presence of Fe** ions a
red complex forms between a Fe*" and three thiocyanate ions.
Quantification of the Fe3* jon was performed by comparing
the absorbance of the sample at 490 nm with the absorbance
values of a Fe>* chloride standard solution. Therefore, the Lambda
35 UV/VIS spectrometer (Perkin Elmer, Massachusetts, USA) was
used.

2.2.11. Fe** spiking study

52.5 L of a 2 x 10® mol L~! Fe3* chloride solution was added to
7mL of IgG1 sample solution (0.2mgmL~') with or without
Polysorbate 80 and incubated at room temperature for 20h in a
closed 6R glass vial. Negative controls were performed by adding
52.5 L of water to the sample solution. After incubation, analysis
was performed by SE-HPLC. Samples were prepared in triplicate.
The experiment was repeated using rhGH (0.2 mgmL™).

2.2.12. Protein degradation by diverse stress conditions for comparison
by ATR-FTIR

The IgG1 antibody and rhGH were formulated without a
surfactant at a concentration of 29.7mgmL~' and 6 mgmL~’,
respectively, for experiments of protein degradation by heat,
sulfuric acid, rotating vials with spheres and air/liquid interface
compression and dilation cycles. Protein degradation studies by
the SiC sliding bearing, ceramic piston pump and stainless steel
piston pump were performed at an IgGl concentration of
10mgmL~! and a rhGH concentration of 1 mgmL~

e Heat denaturation studies were performed in a 2 mL Eppendorf
tube by heating 1.5 mL of sample solution to >80°C for 1h.
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e Protein precipitation by sulfuric acid was performed by adding
concentrated sulfuric acid to 1.5 mL sample solution in a 2mL
Eppendorf tube until protein precipitation was observed at room
temperature.

Protein degradation by contact sliding of spheres was performed

as described above. The vials were rotated for 48 h at a speed of

20rpm at room temperature.

e Air/liquid interfacial stress was applied in form of repeated
compression and dilation of the interfacial area as described by
Bee et al. (Bee et al., 2012). For this purpose, a 10 mL reagent tube
was filled with 5 mL of sample solution, sealed with Parafilm and
rotated end over end at 5rpm for 24 h at room temperature.

e Mechanical stress in form of contact sliding of the SiC sliding
bearing was performed as described above. The bearing was
rotated at a speed of 500 rpm for 24 h.

e Pumping stress was applied by using a Bausch & Strobel piston
pump with pump heads made out of stainless steel and ceramic
(cylinder: Al,Os3, piston: ZrO,). Small sized pump heads were
chosen (0.15-1.1 mL) in order to increase the surface to volume
ratio inside the head. Maximum stroke height and speed were
selected and 60 mL of sample solution were pumped in circles for
20h at room temperature.

2.2.13. Fourier transform infrared spectroscopy (FTIR)

A Tensor 27 FTIR spectrometer from Bruker (Massachusetts,
USA) which was controlled by the software Opus 7.2 was used in
combination with a temperature controlled BioATR cell II from
Harrick (Pleasantville, NY, USA). Protein degradation products in
form of precipitates from diverse stress experiments were spun
down in a centrifuge and washed with buffer 3 x prior to analysis
by FTIR. Measurements were performed at 20°C and results are
reported as cumulative spectra from triplicate determinations
(n=3)of 120 scans each. Spectra have been buffer corrected and an
atmospheric compensation was performed.

Punkt
Differenz

Rtl - Rt1

3. Results

The results are divided into three main chapters. In the first
chapter, results of the investigation of the degradation mechanism
inside the sliding bearing are presented. The influence of various
process parameters on protein degradation inside the sliding
bearing is covered by the second chapter. Finally, the third chapter
summarizes experiments of a test system that was introduced in
order to simulate abrasion of adsorbed proteins, a recently
proposed physical protein degradation mechanism (Sediq et al.,
2016).

3.1. Identification of the degradation mechanism inside the sliding
bearing

3.1.1. Heat development by contact sliding

Heat generation of the experimental set up was studied after
running the bearing for 10 h at a rotational speed of 750 rpm by the
use of an infrared camera (Fig. 4). A moderate temperature of
roughly 21 °C was observed at the surface of the inner and outer
part of the ceramic bearing, as well as the solution.

3.1.2. Investigation of heterogeneous nucleation of IgG1 particles on
SiC micro/nano particles

The generation of SiC particles by material abrasion and its
impact on protein degradation during rotational movement of the
sliding bearing was investigated. For this purpose, the SiC sliding
bearing was submerged in 0.2 pm filtered (PVDF, first drops were
discarded) buffer without IgG1 (25mM Citrate, pH 6.5, no
surfactant) and rotational movement at 300 rpm was performed
for 23.5h. Analysis by single particle optical sizing showed an
increase in content from 84 particlesmL™! (blank) to roughly
30,000 particlesmL™! after rotational movement, which were
mostly below 4pm. At high particle concentrations light
obscuration measurements can result in negative bias due to
coincidence, i.e. presence of more than one particle in the sensing

03/02/2016
18:04

Fig. 4. Infrared picture of the SiC sliding bearing at a rotation speed of 750 rpm. The sliding bearing was lifted out of the sample solution to avoid a coverage.
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zone. Therefore, the particle count of the SiC particles is most likely
even higher (supported by analysis of diluted samples, data not
shown). Subsequently, a high concentrated IgG1 solution was
added to the pre-treated buffer to obtain a final IgG1 concentration
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of 0.2 mg mL~". The solution was homogenized and incubated at RT
for 23.5h, analyzed by SE-HPLC and compared against a mixture
with an untreated buffer. No increase in IgG1 higher molecular
weight variants (soluble aggregates) could be detected. Further-
more, the monomer content did not decrease, which was the main
indication of protein degradation in the following experiments.

3.1.3. Investigation of the effect of the formulation and the material of
the bearing on protein degradation

Protein degradation studies were performed using two differ-
ent materials of the sliding bearing and two different IgG1
formulations (with or without 0.7 mgmL~! PS80) at a concentra-
tion of 0.2 mg mL~". Besides the SiC sliding bearing, a bearing with
identical dimensions but manufactured from PTFE was used. At a
rotational speed of 300 rpm the monomer loss for all combinations
of bearing materials and formulations was determined over 23.5 h
and is shown in Fig. 5.

Pronounced IgG1 degradation was observed by the SiC bearing,
the addition of a surfactant could only slightly improve the amount
of retained monomer (60% versus 54%, respectively). PTFE in
combination with a formulation without PS80 resulted in
pronounced monomer loss of 25% after 23.5 h of stress. However,
a combination of a PTFE sliding bearing with a sample solution
where PS80 was added could prevent monomer loss within the
detection limit. Determination of the turbidity affirmed this
observation. While the turbidity of the sample from the PTFE
bearing without surfactant increased by 28 NTU, no significant
increase in turbidity could be observed for the sample with
surfactant. The degradation rates between the PTFE and SiC sliding
bearing cannot be directly compared. As PTFE is a soft material, it
was slightly changing its dimensions when it was fixed to the
rotating shaft. This could cause differences in the grinding pressure
and behavior between stator and rotor.

3.2. Characterization of IgG1 degradation inside the SiC sliding bearing

3.2.1. Effect of rotational movement and reproducibility of IgG1
degradation inside the SiC sliding bearing

The effect of contact sliding by rotational movement of the
custom SiC bearing at 300rpm was investigated for an IgG1
solution at a concentration of 0.2mgmL~". No surfactant was
added. After a rotational time of 23.5h, the experiment was
stopped and the stressed solution was analyzed by SE-HPLC.
Furthermore, the turbidity of the solution was determined. The
experiment was repeated twice to a total of three runs (n=3).

An average loss in monomer content by 37% of the initial
content was observed by SE-HPLC. No increase in higher molecular
weight variants (soluble aggregates) could be seen after 23.5 h. The
turbidity of the solution was strongly increased from <1 to 81 NTU
after 23.5h of contact sliding. Triplicate determination showed a
good reproducibility with a standard deviation of 4% in relative
monomer loss and of 3 NTU in turbidity.

Analysis by single particle optical sizing after 23.5h of
rotational movement showed a particle size distribution that
peaked at 15 pwm, which could be confirmed by inspecting the
sample under a microscope.

Like to like exchanges of the sliding bearing or even just a
reassembling of the set up using identical parts affected the protein
degradation rate (notice difference in monomer loss to Fig. 5,
where a different set up was used—37% vs approximately 42%
monomer loss). Thus, the following results were all collected using
the identical SiC bearing in an unchanged set-up.

W
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Fig. 5. Dependence of IgG1 degradation on the buffer solution (with or without
surfactant) and on the material of the sliding bearing. A linear regression was
assumed for the loss in monomer content. The loss is reported in percentage of the
monomer area of the unstressed sample at time point 0 h (100%).

3.2.2. Dependence of IgG1 degradation on rotational time

An IgG1 solution (0.36mgmL~') without surfactant was
stressed at 500 rpm for a total of 72 h. Loss in monomer content
(SE-HPLC) and turbidity values (absorbance at 420nm) were
determined at predefined time points and are shown in Fig. 6a. At
the beginning, an almost linear relationship between rotational
time and monomer loss can be observed which confirms the data
from Fig. 5. However, after 24h the curve flattens out. Again,
analysis by SE-HPLC showed no content increase in soluble
aggregates over rotational time.

3.2.3. Dependence of IgG1 degradation on IgG1 concentration in
sample solution

The dependence of protein degradation on the concentration of
the sample solution was investigated using antibody solution at
concentrations of 0.2mgmL~", 0.4mgmL~!, 0.8 mgmL~!, 1.6 mg
mL~" and 3.2mgmL~". All sample solutions were stressed using
the SiC sliding bearing at a rotational speed of 300 rpm for 23.5 h.
Protein degradation is given in relative monomer peak area (%
compared to an unstressed reference sample) and absolute
monomer loss (inmg) and is shown in Fig. 6b. The absolute
monomer loss doubles with the concentration 0.2-0.4mgmL™!
(comparable relative monomer loss) but flattens out at higher
protein concentrations.

3.2.4. Dependence of IgG1 degradation on rotational speed

Dependence of protein degradation on rotational speed was
checked for an IgG1 antibody solution at a concentration of
0.25mgmL™! between 25rpm and 750rpm for a constant
rotational time of 23.5h each with or without 0.7 mgmL~! PS80.

Fig. 7 shows the total monomer loss of the respective sample
solutions at different speeds, where each data point represents a
separate experiment where the solution was stressed for 23.5 h.

The monomer loss of the sample solution without PS80 rises to a
maximum at about 750 rpm and then declines again with increasing
rotational speed. PS80 was able to reduce protein degradation inside
the sliding bearing over the whole tested range. The monomer loss
for 500 rpm is comparable to the monomer loss reported in Fig. 6a,
which was determined at an initial protein concentration of
0.36mgmL .. This strengthens the data of Fig. 6b, where the
relative monomer loss is almost identical for sample solutions with
initial protein concentrations of 0.2 and 0.4mgmL .
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Fig. 6. (a) Increase in monomer loss and in turbidity over time of an IgG1 sample at
0.36 mgmL~". Protein degradation was caused by rotational movement of a SiC
sliding bearing at 500 rpm. (b) Dependence of the protein degradation inside the
bearing after 23.5h of rotational movement at 300rpm on the initial protein
concentration.

3.2.5. Determination of the contact angle between water and PTFE,
glass, SiC and stainless steel

In order to assess the influence of surface properties, contact
angle measurements were performed which are a marker for
surface hydrophobicity. The average contact angle of a water drop
on the surface of the respective material was 105.4 + 4.5° (PTFE,
n=10), 56.34+:4.9° (glass, n=3), 53.7+74° (SiC, n=10) and
50.4 +9.6° (stainless steel, n=6). PTFE showed by far the highest
hydrophobicity of all tested materials.

3.3. Evaluation of the test system for protein degradation by abrasion
of adsorbed proteins

3.3.1. IgG1

The IgG1 antibody was formulated at a concentration of
0.2mgmL~" with and without 0.7mgmL~" Polysorbate 80. 50
spheres of four different materials were end-over-end rotated in
closed vials (as shown in Fig. 3) under the exclusion of air/liquid
interfaces at 5 rpm for 24 h and at 20 rpm for 6 h. This gives a total
of 7200 rotations for both combinations of speed with rotational
time. Furthermore, to study the effect of micro/nano-particles,
which are abraded from the spheres, the samples that had been
rotated at 20rpm for 6h were additionally incubated 18 h in a
static position after rotational movement to give a total incubation
time of 24 h. Samples were analyzed using SE-HPLC. Protein loss in

monomer loss of samples from stainless steel spheres, followed by
SiC, glass and PTFE samples. The addition of a surfactant was not
able to significantly decrease monomer loss in combination with
stainless steel spheres. Protein degradation at SiC, glass and PTFE
surfaces was reduced by the surfactant.

The experiment at higher rotational speed (20 rpm) showed an
overall decreased monomer loss compared to the slow rotating
experiment (5 rpm). Additional incubation for 18 h of the samples
which have been rotated at 20rpm did not lead to further
monomer loss or aggregation.

SE-HPLC chromatograms of all samples showed no increased
level of higher molecular weight variants compared to the
reference control.

3.3.2. Further investigations of IgG1 samples—presence of Fe** and
spiking studies

IgG1 placebo solution (25 mM citrate at pH 6.5, no protein) was
stressed for 6 h at 20 rpm in the test system with and without the
addition of 0.7 mgmL~' PS80. Subsequently, 7 mL of the placebo
solution were placed in a fresh glass vial and spiked with high
concentrated IgG1 to obtain a final concentration of 0.2mg mL™".
The solution was then incubated at room temperature for 24 h and
finally analyzed using SE-HPLC. The same steps were performed
using a stressed placebo solution which was 0.1 pm filtered (PES,
first drops were discarded) before IgG1 was added.

Addition of IgG1 to a placebo solution that was pretreated with
glass, PTFE or SiC spheres, did not show an increased monomer loss
compared to a negative control. Spiking IgG1 to a placebo solution
without PS80 that was pretreated using stainless steel spheres
resulted in a monomer loss of about 10% of the initial protein
concentration. In the presence of PS80 a monomer loss of about
32% was observed. The 0.1 pm filtrated sample (which removes
abraded steel particles) did not show a reduced monomer loss
compared to the non-filtrated one.
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Fig. 8. IgG1 degradation by abrasion from spheres of different materials inside
rotating vials given in terms of monomer loss compared to a static incubated and
therefore unstressed reference sample. IgG1 was formulated without (a) and with
(b) 0.7 mg mL~" PS80 and used as sample solution at a concentration of 0.2 mg mL™".
The solution that was rotated at 20rpm was additionally incubated for 18 h (in
legend “with incubation”) to give a total incubation time of the test solution with
particles of 24h. The standard deviation results from triplicate determinations
(n=3).

Elevated levels of Fe®* jons were detected in all placebo
solutions which have been stressed in the test system using
stainless steel spheres in a concentration of roughly 1.5 x 10~#
mol L. To investigate the effect of Fe>* ions, a Fe>* solution was
spiked to unstressed IgG1 samples (0.2 mgmL~!) with or without
PS80 to obtain a final Fe** ion concentration of 1.5 x 10”4 mol L1,
Samples were prepared in triplicate (n = 3). After 20 h of incubation
at room temperature IgG1 samples without surfactant showed a
monomer loss of 9.9 +0.1% compared to a non-spiked reference
control. A monomer loss of 46.7 +0.2% was observed for the PS80
containing and spiked IgG1 solution. An increase in HMW variants
was not detected.

3.3.3. rhGH

rhGH was formulated at a concentration of 0.2 mgmL~! with
and without 0.7mgmL~! Polysorbate 80. 50 spheres of four
different materials were end-over-end rotated in closed vials at

5rpm for 40h and at 25rpm for 8h, giving a total of 12000
rotations in both cases. Furthermore, to study the effect of micro/
nano-particles, which are abraded from the spheres, the samples
that had been rotated at 25 rpm for 8 h were additionally incubated
32h in a static position after rotational movement to give a total
incubation time of 40 h. Samples were analyzed using SE-HPLC.
Protein loss in percent of the initial protein concentration is
reported as average of triplicate determination and shown in Fig. 9
(n=3).

The formation of particles and an increase in turbidity was
observed for all samples except for all glass samples and the
combination of PTFE with surfactant-containing rhGH solution.
Contact sliding of stainless steel spheres caused the highest
monomer loss of a rhGH solution without surfactant. Contact
sliding of PTFE and SiC spheres lead to a comparable monomer
loss of approx. 5% in absence of a surfactant, sliding of glass
spheres showed a decrease in the monomer content by roughly
1%. The addition of a surfactant reduced the monomer loss
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Fig. 9. Protein degradation by abrasion from spheres of different materials inside
rotating vials given in terms of monomer loss compared to a static incubated and
therefore unstressed reference sample. rhGH was formulated without (a) and with
(b) 0.7 mg mL~! PS80 and used as sample solution at 0.2 mg mL~". The solution that
was rotated at 25rpm was additionally incubated for 32h (in legend “with
incubation”), to give a total incubation time of the test solution with particles of
40h. The standard deviation results from triplicate determinations (n=3).

75



PUBLICATION II

940 L. Briickl et al./International Journal of Pharmaceutics 511 (2016) 931-945

significantly for the stainless steel and PTFE samples and slightly
for the SiC samples. Glass samples showed almost no monomer
loss without the protection of a surfactant so no clear difference
between samples with and without a surfactant could be
observed.

The monomer loss of stainless steel samples still increased
during additional static incubation, giving a final monomer loss
which was very comparable to the slower rotated samples. No
significant monomer loss could be observed for all samples
containing a surfactant during additional incubation.

A significant increase in higher molecular weight variants could
only be observed for stainless steel samples without surfactant.
The level in higher molecular weight variants of stainless steel
samples without surfactant are as follows: 11% (40 h at 5rpm), 8%
(8h at 25rpm) and 12% (8 h at 25 rpm +Incubation). Addition of
PS80 strongly reduced the formation of soluble aggregates during
rotational movement of the steel samples (2-2.5% HMW variants)
and prevented further aggregation during subsequent static
incubation. A static incubated reference sample showed no
increase in soluble aggregates.

Spiking of Fe** ions to rhGH at a concentration of 1.5 x 10>
mol L~! (n=3) and additional incubation for 20 h did not show the
same effect as for IgGl. On average, rhGH samples without
surfactant showed a monomer loss of 1.0 +0.3% compared to a
non-spiked reference control, the presence of PS80 lead to a
monomer loss of 2.0 + 0.8%.

3.3.4. Characterization of IgG1 and rhGH particles from the test system
by FTIR spectroscopy

Protein particles that formed in the test system and during
rotational movement of the sliding bearing were characterized
by ATR-FTIR spectroscopy and the resulting FTIR spectra were
compared to protein particles from other stress conditions:
heat, protein precipitation by sulfuric acid, air/liquid interface
compression/dilation cycles and pumping with a stainless steel
or ceramic piston pump. IgG1 and rhGH were used as sample
proteins at different concentrations without the protection of a
surfactant. FTIR spectra have been normalized to minimum and
maximum absorbance between a wavenumber of 1800cm™~' and
1400cm .

Fig. 10a compares the respective FTIR spectra of the antibody in
the native conformation and after exposure to heat, concentrated
sulfuric acid and air/liquid interface compression/dilation cycles.
Fig. 10b compares interfacial stress at ceramic surfaces (test system
with SiC spheres, SiC sliding bearing and ceramic piston pump) and
air/liquid interfaces (compression/dilation cycles). Clear differ-
ences can be observed in the shape of the amide I (1700-
1600cm™!) and amide Il bands (1600-1500 cm™~!) and in the ratio
of the intensity of the amide I and amide II band of the spectra in
Fig. 10a. IgG1 spectra from Fig. 10b differ slightly in the intensity of
amide I and II bands.

The FTIR spectra of the native, heat treated, sulfuric acid
precipitated and air/liquid interfacial stressed rhGH samples are
shown in Fig. 11a. The heat stressed sample showed an additional
peak at 1617 cm~. A shoulder of the amide I peak formed in the
spectra of samples that were treated with sulfuric acid and air/
liquid interfacial compression/dilation cycles. Differences in the
amide Il band can be described in form of a broadening of the peak.
FTIR spectra of samples which have been exposed to stress at
ceramic surfaces or at an air/liquid interface are compared in
Fig. 11b. Between the FTIR spectra of samples which were abraded
from different materials differences could be found in the intensity
ration of amide I to II, however, the shape of the bands were very
comparable (data not shown).
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Fig. 10. Comparison of FTIR spectra of IgG1 samples which have been subjected to

various stress conditions. Spectra have been normalized to maximum and

minimum absorbance between a wavenumber of 1800-1400cm™".

3.3.5. Adsorption of IgG1 and rhGH to stainless steel, SiC and glass
micro powder

The ability of PS80 to reduce protein adsorption was tested
using micro-powders of stainless steel, SiC and glass. It was
confirmed by experimental measurements that after the applied
incubation time of 2.5 min the adsorption of rhGH and IgG1 had
reached equilibrium (data not shown). Table 1 shows the adsorbed
amount in percent of the initial protein concentration of a
0.2 mgmL~! sample solution with and without surfactant (0.7 mg
mL~! PS80) after 2.5min. The standard deviation results from
triplicate determinations (n=3).

3.3.6. PS80 factor

The addition of PS80 reduced the monomer loss during
rotational movement of the spheres in the test system and the
adsorption to micro-powders, which was also determined in
terms of monomer loss (solution depletion). For better compari-
son with each other, a PS80 factor was calculated by dividing the
monomer loss of the sample solution without surfactant by the
monomer loss of the surfactant-containing sample solution.
Three independent experiments with different rotational param-
eters have been performed for the test system per protein and
material. The PS80 factor was individually calculated for each
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Fig. 11. Comparison of FTIR spectra of rhGH samples which have been subjected to
various stress conditions. Spectra have been normalized to maximum and

minimum absorbance between a wavenumber of 1800-1400cm .

Table 1
Amount of adsorbed protein to a micro-powder of steel, SiC or glass given in percent
of a 0.2mgmL~" sample solution.

Material Adsorbed Amount (% of initial protein concentration)
IgG1 IgG1+PS80 rhGH rhGH + PS80
Stainless Steel — 48.6+1.4 7.0+0.2 473 +5.3 10.6+0.3
SiC 55.4+2.3 36.3+0.9 292+15 16.4+0.2
Glass 759+1.7 66.4+0.9 129+17 1.6+0.2

experiment and is given here as average of the three independent
experiments.

4. Discussion

4.1. Identification of the degradation mechanism inside the sliding
bearing

4.1.1. Heat induced IgG1 degradation

Searching for the root cause of aggregate and protein particle
formation during mixing in a compounding vessel with bottom
mounted stirrers, heat-induced denaturation was one of the
assumptions. However, the results of infrared temperature
measurements during operation of the SiC bearing even at high

rotational speed of 750rpm did not support this hypothesis
(Section 3.1.1., Fig. 4). From the measured temperature of only 21 °C
at the bearing surface, it can be concluded that the heat transfer
within the sample solution is sufficiently efficient to prevent a
detrimental temperature increase. Thus, heat denaturation of the
protein can be excluded.

4.1.2. Heterogeneous nucleation of IgG1 particles on SiC micro/nano
particles

Heterogeneous nucleation of IgG1 particles, which are created
by material abrasion of the sliding bearing, was the next
degradation mechanism to be investigated. The presence of
abraded SiC particles (<4 wm in size) did not cause a decrease
in monomer content or an increase in higher molecular weight
variants of an unstirred IgG1 sample over an incubation time of
23.5h (Section 3.1.2). Thus, even if there is a chance that SiC
particles could induce protein aggregation or particle formation
over long time storage, they can be excluded as the root cause for
protein degradation in the time frame of mixing operations.

4.1.3. Shear or cavitation induced IgG1 degradation

In former studies, shear or shear in combination with cavitation
was reported to be the prevailing degradation mechanism
(Gikanga et al., 2015; Ishikawa et al., 2010). Hydrodynamic forces
inside the bearing are caused by velocity gradients of the sample
solution which are affected by the gap width and the rotational
speed. As the sliding bearing is slightly oscillating, the gap width
varies and reaches very small values. Thus, extraordinary high
shear rates and turbulences could occur which could overcome the
intramolecular stabilizing forces that shape the secondary and
tertiary structure of the protein. Denaturation effects which are
caused by these hydrodynamic forces in free liquid, however, are
per definition independent from the surface and material
properties of the bearing and can be recognized by this fact.

For this reason, stirring studies using two different materials of
the sliding bearing (SiC and PTFE) and two different formulations
(with and without surfactant) were performed (Fig. 5). With both
materials pronounced protein degradation occurred when the
bearings were operated in the absence of a surfactant. Addition of a
surfactant (PS80) completely inhibited protein degradation by the
PTFE bearing. However, in combination with a SiC sliding bearing
the protein degradation was only slightly reduced. As the
surfactant was not able to decrease protein degradation inside
the SiC bearing to the same extent as inside the PTFE bearing, the
stabilizing effect is unlikely to act on IgG1 in free solution but must
somehow be related to the material.

Surprisingly, the protein degradation rate declined above a
rotational speed of 750 rpm for the SiC bearing (see Fig. 7), though
hydrodynamic forces and thereby shear stress obviously increase
at higher rotational speed. In consideration of these observations,
shear in terms of hydrodynamic forces in free solution can be
excluded as prevailing degradation mechanism.

The same reasoning does also apply to cavitation. The formation
of bubbles during cavitation is dependent on hydrodynamic flow
effects which cause the pressure to fall below the vapor pressure
(Brennen, 2013). A protection from cavities by the surfactant could
be given by a competitive displacement at the gas/liquid interface
of the cavities. Again, this protective mechanism should be
independent of the material of the slide bearing. As a material
dependence was observed, also cavitation can be excluded as
possible degradation mechanism inside the sliding bearing.

4.14. IgG1 degradation by abrasion of adsorbed proteins

As discussed above, protein degradation by rotational move-
ment of the sliding bearing was dependent on the material and
therefore most likely on the surface properties. Thus, abrasion of
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adsorbed proteins, a degradation mechanism that depends on the
interaction of the proteins with the surface (Sediq et al., 2016),
should be considered here. By reducing protein adsorption to a
bearings surface, less molecules are abraded at each touching
event and thereby the protein degradation rate is reduced. Protein
adsorption can be influenced by the material of the surface and the
addition of a surfactant, which acts by preferential adsorption and
steric displacement (Kerwin, 2008). Unfortunately, the degrada-
tion rates of the PTFE and SiC sliding bearing cannot be compared
to each other due to differences in gap width and oscillation
behavior. However, conclusions can again be drawn from the effect
of a surfactant (Fig. 5).

The better protection by the surfactant against protein
degradation inside the PTFE than inside the SiC bearing (Fig. 5)
can be explained by its strong interaction with the PTFE surface. As
determined in contact angle measurements with water, the
hydrophobicity of PTFE was considerably higher compared to
SiC, glass or stainless steel surfaces. When PTFE is submerged in a
solution containing PS80, the surfactant adsorbs to the hydropho-
bic surface with its hydrophobic tail. A film of oriented surfactant
molecules at the PTFE surface results in a hydrophilic layer which is
presented towards the liquid and prevents protein adsorption by
strong preferential adsorption and steric displacement (Kerwin,
2008; Mollmann et al., 2005). As the interaction between the more
hydrophilic SiC and PS80 is weaker, protein adsorption is very
likely to be reduced to a smaller extent, which eventually leads to
higher protein degradation. Thus, it can be argued, that degrada-
tion was directly influenced by the extent of protein adsorption on
the surface of the bearing.

Furthermore, a like to like exchange of parts in the experimental
set-up or a reassembly caused differences in the protein
degradation rate. This can be explained by slight variations in
the orientation of the stator to the rotor of the sliding bearing,
which determines the grinding pressure. The magnitude of the
pressure has been described to directly influence particle
formation during contact sliding (Sediq et al., 2016).

Summarizing, the dependence of protein degradation on
surface related effects strongly support abrasion of adsorbed
proteins as degradation mechanism inside a sliding bearing.

4.2. Characterization of IgG1 degradation inside the SiC sliding bearing

As all protein degradation mechanisms besides abrasion of
adsorbed proteins could be excluded, the results of the characteri-
zation of the sliding bearing in matters of IgG1 degradation should
be discussed in relation to abrasion of adsorbed proteins.

Over the time of rotation, the bulk concentration of IgG1 is
constantly decreasing due to the formation of particles (Fig. 6a).
The dependence of protein degradation on the time of rotation
showed a flattening of the curve over time. This can be explained
by following mechanism: a lower bulk concentration results in
slower protein adsorption and/or lower protein density at the
surface which decreases the amount of abraded molecules per
touching event, as the kinetics of unspecific protein adsorption to
solid surfaces are known to be dependent on the protein bulk
concentration (Rabe et al., 2011). On the other hand, experiments
with increased initial IgG1 concentrations resulted in higher
absolute IgG1 monomer loss, thereby confirming this explanation
(see Fig. 6b). However, this effect is limited to a concentration,
where surface saturation by protein adsorption is reached, which
can be recognized by the flattening of the curve of absolute
monomer loss. As degradation by abrasion of adsorbed proteins is
dependent on the protein concentration and the rate is limited by
surface saturation, the degradation can be analyzed similar to an
enzymatic reaction rate and described by a Michaelis-Menten-
type kinetics. Thereby, the maximal velocity (vmax) can be

observed at a protein concentration where abrasion of saturated
surfaces occurs. The affinity of adsorption between sliding
bearing and protein is described by the factor Ky. Thus, the
experimental data was fitted to Michaelis-Menten-type kinetics
using the following function, which is of logistic form:

 vmaxst

[5](t):1<M+1n(1 + (e!fT”)A)e L ) (1)

where [Sp] is the initial protein concentration and [S](t) is the
protein concentration at time point t. Note that the above function
is not the exact solution of the Michaelis-Menten equation. The
latter uses the W-Lambert function which can only be implicitly
defined and as such fitting the exact solution to the data is not
straight-forward. The above function provides a sufficiently
accurate substitute for the exact solution and can be fitted to
the data with standard methodology (Putz et al., 2006). Finally, a
maximum IgG1 degradation rate (vmax) of 564 g h~! was
obtained from the fit. This maximum degradation rate is valid
for the used SiC small scale bearing at a rotational speed of
500 rpm.

More difficult to discuss is the dependence of IgG1 degradation
on the rotational speed of the sliding bearing (Fig. 7). The doubling
in monomer loss from 25 to 50 rpms can be easily explained. By
doubling the rotational speed the touching events per time double
and thereby also the extent of protein degradation. However, the
direct relationship between touching events and protein degrada-
tion is not valid any more at rotational speeds higher than 50 rpm.
We suggest two possible explanations for the limitation in protein
degradation at high rotational speeds. The first possible explana-
tion is that protein degradation could be limited by diffusion of
native monomer molecules. In the gap of the sliding bearing 1gG1
monomers are constantly removed from the liquid by adsorption
to the bearing and the formation of aggregates or particles upon
abrasion. A concentration gradient develops that decreases the
nonspecific adsorption to the ceramic surface (Kim and Yoon,
2002). The second possible explanation is a limitation in the
kinetics of protein adsorption. Unspecific protein adsorption to
solid surfaces can take several minutes until saturation (Rabe et al.,
2011). The smaller the time period within two consecutive
touching events at the same surface area becomes, the less
proteins have adsorbed to the surface so the abrasion affects fewer
molecules in total. As the rotational movement created a liquid
flow inside the sample solution, the second explanation has to be
favored.

As can be seen from Fig. 7, protein degradation inside the SiC
sliding bearing of the IgG1 solution without surfactant peaked at a
rotational speed of about 750 rpm and decreased significantly at
higher speed. In contrast to the above discussed flattening of the
curve, this behavior cannot be explained by adsorption kinetics.
However, the mechanism of protein degradation by abrasion of
adsorbed proteins also depends on an interface-induced structural
perturbation of the protein on adsorption (Sediq et al., 2016). A
native monomer can undergo conformational changes upon
adsorption, which are described as relatively slow processes.
Furthermore, perturbed proteins can aggregate on the surface
(Rabe et al., 2011). Subsequent abrasion of such structurally
perturbed or aggregated proteins finally leads to the observed
particle formation, which is not the case for native molecules.
Assuming that the time scale of conformational re-organization of
the proteins is similar to the time frame between two consecutive
abrasion events, an increase in rotational speed will result in
abrasion of more native molecules. As a consequence, protein
degradation is decreased as a lower percentage of abraded proteins
is unfolded and able to form particles. Based on the limited
information from the data, no clear statement or explanation can
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be given to this observed effect. The explanation above should be
seen as a suggestion for further research.

Summarizing, severe protein degradation happened by rota-
tional movement of the simulated sliding bearing which was most
likely caused by abrasion of adsorbed protein. The addition of PS80
was able to slightly reduce monomer loss. The ratio of sample
volume to theoretical friction area of the sliding bearing (14.3 cm®/
cm?) intentionally was kept very low in order to facilitate the
determination of degradation. In a typical compounding vessel
from production the relative amount of protein degradation will be
decreased. Assuming a capacity of 100L and a friction area of
66cm? for a typical compounding vessel gives a ratio of
2020.5 cm?/cm?. Nevertheless, thorough knowledge of protein
degradation inside a bearing is important for the correct selection
of process parameters and batch sizes as well as for the future
design of compounding vessels.

4.3. Evaluation of the test system for protein degradation by abrasion
of adsorbed proteins

As protein degradation by abrasion was highly dependent on
the material of the surfaces that are in contact and the excipients of
the buffer, it was desirable to develop an experimental set up by
means of which proteins in various formulations can be easily
screened for friction-mediated interactions with a wider scope of
different materials. A very simple but very revealing approach is to
put spheres of a specific material and diameter into a rotating
container under the exclusion of air. As containers glass vials were
chosen which were closed using a cover glass as seen in Fig. 3. This
experimental set up has already been described (Denkinger, 2010),
however, the author did not connect the protein degradation to a
specific mechanism other than “sensitivity against surfaces”.

4.3.1. IgG1 sample solution—monomer loss due to particle formation

Protein degradation of IgG1 samples was noticed by particle
formation and monomer loss in SE-HPLC, which did not show an
increase in HMW variants. When stressing the samples for a fixed
number of rotations, the monomer loss was higher when the
experiment was performed at low rotational speed compared to
high rotational speed for all tested materials. A less pronounced
protein degradation in an environment with faster moving spheres
again puts the mechanism of shear induced protein degradation in
free solution into doubt. Furthermore, this behavior resembles
protein degradation inside the SiC sliding bearing, where the
amount of protein degradation per rotation declined above a
rotational speed of 50 rpm. An additional incubation of the fast
rotated samples was performed in a static position to obtain an
equal experimental time as in the experiment at slow rotation. The
idea behind this set-up was to reveal a time dependent protein
degradation mechanism, which is independent of abrasion of
adsorbed proteins but nevertheless related to friction. Touching of
spheres lead to abrasion of the material itself in form of micro- and
nanoparticles (single particle optical sizing, data not shown),
which can induce protein aggregation (Bee et al., 2009a). However,
as no additional protein degradation could be observed during
incubation, a time related protein degradation mechanism could
be excluded.

Protein degradation was significantly more pronounced for
stainless steel spheres compared to SiC, glass and PTFE spheres,
which had very comparable degradation rates. This behavior does
not correlate with the hydrophobicity of the surfaces and may be
influenced by other factors such as surface roughness. Therefore,
the absolute protein degradation should not be compared between
different materials but between different formulations in combi-
nation with the same material. Assuming abrasion of adsorbed
proteins as prevailing degradation mechanism in the test system,

the degradation rate should be related to the extent of protein
adsorption to the spheres. For this reason, PS80 was added to the
samples to reduce protein adsorption. As the amount of adsorbed
protein could not directly be determined experimentally using the
spheres, a system with a large surface area was used that facilitated
adsorption analysis by solution depletion: micro-powders. Again,
as the exact surface area of the micro-powders was not known,
only a relative comparison of protein adsorption between a
surfactant-containing and surfactant-free sample for the same
material can be done. The reduction in adsorption by the addition
of PS80 correlated to the reduction in protein degradation in the
test system for the materials SiC and glass and is given as PS80
factor in both cases (see Table 2). The slightly higher protective
effect in the test system can be explained by the presence of small
air bubbles, which can’t be totally avoided and which could be
responsible for additional protein degradation by air/liquid
interfacial effects in the absence of a surfactant. The combination
of a surfactant-containing IgG1 solution with PTFE spheres gave
almost no monomer loss, which confirmed findings of the
experiment with the PTFE sliding bearing.

In contrast to the other materials, the addition of PS80 had no
effect on protein degradation by stainless steel spheres, although
protein adsorption was significantly lowered. Therefore, further
investigations of the stainless steel samples were performed and it
could be shown that Fe** ions were introduced into the sample
solution by contact sliding of the spheres, which caused consider-
able monomer loss. Degradation of IgG1 in the presence of Fe>* was
reproduced in spiking experiments. Thereby, the presence of PS80
was amplifying protein degradation. It is known that Fe3* ions can
induce autooxidation of PS80 which leads to the formation of
peroxy radicals in solution at room temperature (Harmon et al.,
2006). Oxidation of IgGl by Fe3* ions could have caused
subsequent aggregation and particle formation (Mirzaei and
Regnier, 2008) which eventually masked the effect of protein
degradation by abrasion of adsorbed proteins in the test system
with stainless steel spheres.

Finally, it has to be mentioned that a small percentage of the
protein degradation resulted from contact sliding between the
spheres and the glass vial. However, based on the results of the
glass and PTFE spheres in combination with and without
surfactant, the impact is very small. The addition of a surfactant
could almost totally prevent monomer loss in combination with
PTFE spheres, whereas there was still significant monomer loss in
combination with glass spheres. If a high percentage of monomer
loss would be caused by abrasion of adsorbed protein from the
glass vial, PTFE spheres in combination with surfactant would also
show more pronounced monomer loss.

4.3.2. rhGH sample solution—monomer loss due to particle formation
and aggregation

Compared to the IgG1 antibody, rhGH is with 22 kDa a relatively
small and globular protein. The secondary structure of IgG1
consists mainly of 3-sheets, whereas rhGH is a mainly alpha helical

Table 2

For better comparison of the protective effect of PS80, a “PS80 factor” was calculated
by dividing the monomer loss of the sample solution without surfactant by the
monomer loss of the surfactant-containing sample solution. The PS80 factor is a
dimensionless number.

Material 1gG1-PS80 Factor rhGH-PS80 Factor
Test System  Adsorption = Test System Adsorption
Stainless Steel 1.0 7.0 3.1 4.5
SiC 1.8 1.5 1.8 1.8
Glass 14 11 no monomer loss 8.0
PTFE 45.8 n.d. 9.3 n.d.
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protein, which might show a different response to mechanical
stress. Furthermore, formulated at a pH of 7.0, rhGH has a negative
net charge, whereas IgG1 has a positive net charge at pH 6.5.
Therefore, the experiment with rotating spheres in vials was
repeated using rhGH to investigate the behavior of a smaller
protein with a different conformation and net charge. Again, the
effect of non-protein particles (abraded sphere material) was
tested by analyzing the samples of the experiment at 25rpm
directly after 8h of rotation and after an additional 32h of
incubation in a static position.

In general, rhGH showed higher stability against friction-
related physical protein degradation compared to IgG1. Therefore,
a higher number of total rotations were applied to rhGH in the test
system to facilitate the analysis. The adsorption of rhGH to SiC and
glass micro-powder was significantly lower compared to IgGl.
Thus, the lower amount of adsorbed protein could explain the
overall decreased protein degradation by abrasion in the test
system. Especially, protein degradation by glass spheres was
almost negligible even in the absence of a surfactant. As observed
for IgG1 samples, the addition of PS80 could reduce protein
adsorption to micro-powder and protein degradation in the test
system to the same extent.

The adsorption to stainless steel micro-powder was almost
identical for rhGH and IgG1. However, protein degradation in the
test system cannot be compared, as additional degradation by Fe**
ions masked the effect of abrasion of adsorbed IgG1. The effect of
Fe" ions on rhGH samples was tested but was negligible.

Different to IgG1, rhGH showed an increase in HMW variants in
rotated stainless steel samples. Additional static incubation of the
rotated stainless steel sample without surfactant allowed even
further aggregation of rhGH. This indicates the presence of another
degradation mechanism which is time dependent. As Fe** ions had
almost no effect, it is very likely that the aggregation was induced
by nano/micro-particles of stainless steel, which could act as
aggregation seeds.

Summing up, the good correlation between IgG1/rhGH
adsorption and monomer loss during contact sliding strongly
supports the hypothesis of abrasion of adsorbed molecules as
prevailing protein degradation mechanism.

4.3.3. Characterization of IgG1 and rhGH particles by FTIR
spectroscopy

Abrasion of adsorbed proteins was assumed as underlying
mechanism of protein degradation inside of sliding bearings and
the test system. The test system was able to reproduce the results
of the bearings regarding the protective effect of the addition of a
surfactant on monomer loss. Nevertheless, another experiment
was performed in order to confirm an identical degradation
pathway in both systems. Thus, degradation products of various
stresses were compared by their ATR-FTIR spectra. Besides the
shape of the amide I and amide II bands that is defined by the
secondary structure composition of the protein (particles), differ-
ences in the ratio of the intensity of the amide I and amide Il band
are attributable to secondary and tertiary structure alterations
(Ishida and Griffiths, 1993; Kong and Yu, 2007). An identical
degradation pathway should result in degradation products with
similar secondary and tertiary structure, whereas a different
pathway could lead to different unfolding products (Kishore et al.,
2012).

Initially, a comparison of degradation products of IgG1 was
performed that were induced by distinctive stresses such as heat,
sulfuric acid precipitation and interfacial stress. Clear differences
in shape and intensity ratios of amide I and amide II (Fig. 10a) could
be observed. Therefore, it was first assumed that the respective
degradation products can be distinguished from each other. In
another analytical comparison FTIR spectra of friction-related

degradation products from ceramic surfaces proofed to be highly
similar to each other and to the spectrum of a product that was
created by air/liquid interfacial stress. In general, all degradation
products from stress conditions which are associated with
interfacial effects showed comparable FTIR spectra with only
minor differences in amide I to amide II intensity ratios (data not
shown). Even though there is the possibility that analysis by FTIR is
not sensitive enough to pick up all dissimilarities of the
degradation products, an essential difference in the physical
protein degradation mechanism inside the test system and the
sliding bearing can be excluded.

Also rhGH showed distinctive differences in the FTIR spectra of
the native, heat treated, sulfuric acid precipitated and air/liquid
interfacial stressed samples (see Fig. 11a). As for IgG1, degradation
products of samples which have been exposed to stress at ceramic
surfaces were very similar to each other and to the air/liquid
interface sample (see Fig. 11b).

Summarizing, the high similarity in the FTIR-spectra of the
degradation products supports the assumption of a similar
degradation mechanism during rotational movement of the sliding
bearing and in the test system. Furthermore, also the degradation
products that were created by pumping with a piston pump
(stainless steel and ceramic) showed similar spectra to these. As
there is contact sliding happening inside a piston pump, it is very
likely that also protein degradation inside a piston pump can be
described by the mechanism of abrasion of adsorbed proteins.

5. Conclusion

Significant physical protein degradation could be shown for an
IgG1 antibody within a SiC sliding bearing which can be found in
compounding vessels with a magnetic bottom stirrer. Protein
degradation was observed in form of monomer loss and particle
formation. The extent of protein degradation was highly depen-
dent on the material of the sliding bearing, the rotational speed and
time as well as the buffer of the protein and its concentration.
Based on our results, we could exclude heat, cavitation, heteroge-
neous nucleation on extrinsic particles and shear stress in free
solution within the gap as the root cause of protein degradation
inside the bearing. Our data show that the favored root cause of
protein degradation and particle formation is abrasion of adsorbed
protein at the surface of the sliding bearing and thereby strongly
support the degradation mechanism recently published by Sediq
et al. As protein degradation inside the sliding bearing was limited
by adsorption and dependent on protein concentration, it could be
described by a Michaelis-Menten-type Kinetics.

Moreover, we established a test system that easily allowed to
test for protein degradation by abrasion under various combina-
tions of buffers with surface materials. An additional advantage of
the test system is the ability to study the effect of foreign nano/
micro particles (abraded sphere material) and any other friction-
related effect on protein stability. For evaluation of the test system
rhGH was included which is smaller, mainly alpha helical and had
an opposite net charge to IgGl. Combination of a highly
hydrophobic material (PTFE) with a surfactant containing protein
solution was able to minimize IgG1 and rhGH degradation
probably by strong preferential adsorption and steric displace-
ment. This effect was significantly less pronounced for more
hydrophilic materials such as glass and SiC. A characterization by
ATR-FTIR of IgG1 and rhGH particles, which were created in the test
system and inside the sliding bearing, showed a high similarity of
the respective spectra. This supports the assumption of similar
degradation mechanisms. Furthermore, a comparison of the FTIR
spectra against samples which have been subjected to diverse
stress conditions resulted in a high similarity of all spectra from
interfacial stressed samples. Therefore, we conclude that abrasion

80



PUBLICATION II

L. Briickl et al./International Journal of Pharmaceutics 511 (2016) 931-945 945

of adsorbed protein is a major root cause of physical protein
degradation in form of particle formation during biopharmaceuti-
cal manufacturing steps such as compounding and pumping.
Furthermore, unexpected side effects of contact sliding, such as the
introduction of Fe>* ions or steel particles into the sample solution,
can significantly affect protein stability.
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