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GENERAL INTRODUCTION

1. ABSTRACT

The range of biopharmaceuticals used for therapy or diagnosis include biotechnologically
manufactured vaccines, therapeutic enzymes and coagulation factors, numerous hormones,
as well as monoclonal antibodies. Because of their insufficient oral bioavailability, protein
pharmaceuticals are typically administered parenterally and can therefore come as aqueous
solutions or lyophilisates for reconstitution. Proteins show both chemical and physical
instabilities such as oxidation and hydrolysis, denaturation and aggregation. The selection of
suitable pH and buffer conditions and adding excipients such as surfactants or sugars
enables adequate product quality. It is essential to maintain the native conformation for
both the efficacy and stability, as well as the compatibility of these large molecules.
Moreover, the combination of different analytical methods enables the necessary
comprehensive characterization of the protein pharmaceuticals and helps to ensure product

stability during development, production and storage.
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2. WHAT ARE BIOPHARMACEUTICALS?

The term biopharmaceuticals includes pharmaceutical substances based on protein drugs or
nucleic acids, which are used for the therapy or diagnosis of diseases. Moreover, the
European Pharmacopeia (Ph. Eur.) defines biopharmaceuticals in a monograph entitled
“Products of recombinant DNA technology” as Active Pharmaceutical Ingredients (API),
which are “made from genetic modifications [...]” [1]. The first such substance approved for
therapeutic use was recombinant human insulin (rHI, trade name Humulin®), which was
marketed in 1982. Since then, the biopharmaceuticals market has witnessed significant
growth due to increasing prevalence of chronic diseases, rising aging population, but also
due to technological advancements and increasing Research and Development (R&D)
investments [2]. In addition, the capability of biopharmaceuticals to approach a particular
target with high efficacy helps in the treatment of various chronic diseases and disorders.
Important therapeutic areas of biopharmaceuticals include diabetes (insulins), multiple
sclerosis, rheumatoid arthritis and hepatitis (immunomodulators), cancer (monoclonal
antibodies, interferons), metabolic and coagulation disorders (enzymes, coagulation factors)

and vaccination (e.g. against cervical cancer or hepatitis B) and are listed in figure 1.

Vaccines

Insulins
Monoclonal Antibodies
Others

Coagulation Factors
Enzymes

Growth Factors
Other Hormones
Interferons
Epoetins

Sex Hormones

Growth Hormones

T T T T T T T T T T T T
0 10 20 30 40 50 60 70

Number

Figure 1: Number of authorized biopharmaceuticals in Germany in 2014 by type (Satista 2015)
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Currently, more than 180 protein pharmaceuticals with 138 different recombinantly
produced APIs, are approved in Germany; worldwide more than 550 biopharmaceuticals are
in clinical trials or in the approval process [3]. In 2014, a total of 47 products containing a
new APl or new combinations of known APIs have been approved in Germany. Among these
new registrations were 14 biopharmaceuticals, including eleven for original products and
three biosimilars. Thus, biopharmaceuticals constituted 30 % of all new registrations. Within
the current development projects monoclonal antibodies (mABs) have the highest share.
Sales of biopharmaceuticals increased in 2014 compared to 2013 by 7% and amounted to

around 7.5 billion € [4] (Fig. 2).

2005 Sales of Biopharmaceuticals

2014

Figure 2: Sales of biopharmaceuticals in Germany from 2005 to 2014 in €

3. STRUCTURE AND ORGANIZATION OF PROTEIN
MOLECULES

A protein is primarily defined by its amino acid sequence. Protein pharmaceuticals are much
larger compared to small molecule drugs and their therapeutic effect is related to their
complex three-dimensional structure. Hence, proteins are macromolecules and have four
different structural levels — primary, secondary, tertiary and quaternary. The amino acid
sequence makes up the primary structure of the protein, and has a considerable impact on
the properties of the protein, such as conformation, charge and solubility [5]. Sequence
stretches within a protein molecule have characteristic conformations and the two main
types of secondary structure are a-helix and B-sheet. The spatial arrangement of different
secondary structural elements to each other results in a unique three-dimensional, the so
called tertiary structure. The quaternary structure, such as in case of hemoglobin, describes
the structure within macromolecular complexes composed of several protein subunits. The
preservation of the native structure and therefore the biological activity of a protein is one

of the main tasks of protein formulation.
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4. INSTABILITY REACTIONS OF PROTEIN
PHARMACEUTICALS

Under physiological conditions, the protein conformation represents an equilibrium
between native and denatured (unfolded) state. Exogenous influences during production,
storage and transportation might cause a shift in this balance. Additionally, protein
molecules may interact and associate forming aggregates of different size ranging from
dimers, oligomers and sub-visible particles to visible precipitates [6].

Instability reactions of proteins can be divided into chemical and physical instabilities [7]—[9].
The latter one can further be differentiated in colloidal and conformational instabilities [10]—
[12]. A chemical instability is defined as a change within the primary structure induced by a
chemical reaction, whereas a physical instability changes the spatial arrangement of the
chains towards each other without changes of covalent bonds. The physical stability of a
protein is mediated by short, specifically van der Waals, hydrogen bonds and hydrophobic as
well as long range, specifically electrostatic interactions. These interactions on the one hand
affect the protein secondary and tertiary structure, and on the other hand dictate the
interactions between individual molecules in solution [13], [14]. Colloidal instability resulting
from attractive protein-protein interactions can result in the formation of protein
aggregates. Furthermore, structural changes can trigger aggregation, as hydrophobic
patches, previously buried in the interior of the molecule, become exposed at the protein
surface leading to increased hydrophobic interactions [15]-[17]. Table 1 lists some important

instability reactions of protein molecules.

Table 1: Important instability reactions of proteins in biopharmaceutical formulations

Chemical Instability Physical Instability
Oxidation Denaturation
Hydrolysis Association
Deamidation Aggregation
Change in disulfid bonds Precipitation
Racemization, Isomerization Adsorption on surfaces

B-Elimination




CHAPTER | GENERAL INTRODUCTION

4.1. Chemical Instabilities

At many points during e.g. manufacturing and shipping of protein pharmaceuticals the
problem of instability reactions may be encountered and cause difficulties with respect to
product quality. Oxidation processes may cause difficulties as next to oxygen also light and
thermal energy are critical factors directly affecting the conformational stability of protein
molecules. Amino acids such as cysteine and methionine, as well as aromatic amino acids
such as tyrosine or histidine, are particularly sensitive to oxidation reactions. Oxidation of
free mercaptan groups (-SH) to sulfoxides is possible. Additionally new intra- or
intermolecular disulfide bridges may emerge, whereby the latter results in covalent
aggregate formation [18]. Peptide bonds are subject to acidic and alkaline hydrolysis,
particularly aspartic acid and proline are prone to undergo such instability reactions [13].
Another typical chemical modification is the deamidation of the chains of asparagine and
glutamine to the free carboxylic acid. The rate of deamidation processes thereby very much

depends on the structure of the protein and the pH of the solution [19].

4.2. Physical Instabilities

Typical physical degradation reactions are denaturation, aggregation and adsorption onto
surfaces. Denaturation renders changes within the spatial structure, whereby in most cases
the biological function of the protein gets lost. The unfolded state is colloidally less stable
due to its more hydrophobic state causing the formation of aggregates. Protein aggregates
can be soluble and insoluble in nature, can be covalent and non-covalent, and can be
reversible or irreversible. Not only partly or fully unfolded protein molecules, but also native
molecules can play an important role in the formation of protein aggregates. On the one
hand, the emergence of small aggregates can induce the formation of larger aggregates by
agglomeration, on the other hand so-called “large native-like particles” often occur

spontaneously without continuum from monomer, to dimer to large particles [5].
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Adsorption

lonic strength)

Protein Stability

Mechanical
Stress Temperature

Figure 3: Some important factors influencing protein stability

Temperature or light effects, solvent properties, mechanical stress, denaturing agents or
high ionic strength affect protein stability (Fig. 3). Upon heating, non-covalent interactions in
the molecule break up leading to a spatial arrangement. The temperature at which 50% of
the molecules are in the native state and 50% in the denatured state is referred to as
“melting point” (T.,) of a protein. The T,, can be determined by microcalorimetry and
provides important information on the conformational stability of a protein in a formulation
[12]. Depending on the pH value, side chains are protonated or deprotonated, which has a
decisive influence on ionic bonds and conformational stability of the protein [19]. The
colloidal stability is typically low at the isoelectric point (pl) where the protein carries no net
charge. At pH values away from the pl, electrostatic repulsion between protein molecules
increases. However, extreme pH values induce conformational changes due to unfolding
induced by intramolecular repulsion and chemical degradation [12], [20]. Hence,
determination of pl, e.g. by isoelectric focusing or by capillary electrophoresis, is essential
during formulation development. Interactions between the protein molecules, which are
primarily determined by pH and ionic strength of the formulation, affect the stability of a
protein solution significantly. Hydrophilic and hydrophobic interaction chromatography (HIC)
allows to draw conclusions regarding hydrophobicity and isoforms of the protein molecules.
The osmotic second virial coefficient provides information on the nature and extent of the
interactions and can be determined e.g. by means of static or dynamic light scattering [12]

[21], [22].
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Another physical instability of proteins is adsorption to material surfaces or to the air-water
interface due to hydrophilic and hydrophobic sections in protein molecules. Protein
adsorption to containers and stoppers as well as interactions with processing materials or
auxiliary materials for application, such as tubings and filters, have to be considered carefully
[23]. The adsorption of protein molecules differs in many aspects from the adsorption of e.g.
surfactant molecules. Firstly, the adsorption process can accompany the unfolding of protein
molecules, although this effect depends on the type of protein and only little is known for
IgGs [24], [25]. Secondly, other than in the case of surfactant molecules, no real equilibrium
between adsorption and desorption can be reached, as desorption kinetics are hindered due
to the emergence of strong intermolecular forces resulting in an interfacial gelation and film
formation [26]—[29]. This makes it impossible to use common isotherm models as developed
by Henry or Langmuir for the description of protein layers at the liquid-air interface [30]-
[32]. In particular, liquid-air interfaces have been identified as critical factor for the
occurrence of large protein particles. Although considerable effort has been put into the
understanding of protein interfacial behavior, its link to the formation of particles is still
poorly understood [33], [34]. Hence, shaking or stirring can cause the formation of
aggregates especially in the case of insufficient protection and absence of surface active
formulation additives, such as surfactants, in appropriate concentrations [35]-[37]. Most
protein pharmaceuticals are packaged in pre-filled syringes or vials made of borosilicate
glass (type 1). In recent years, delamination, i.e. detachment of inorganic flakes from the
inside of vials, and chemical and physical destabilization of the protein by tungsten oxide,
which can be formed during the placing of the needle during the production of a pre-filled
syringe, were identified as critical factors in the manufacturing process of protein
pharmaceuticals [38]. Moreover, the inner wall of a pre-filled syringe is coated with silicone
oil to ensure the sliding of the syringe plunger. Already in the 1980s, first studies suggested a
clear link between silicone oil and aggregation of insulin [39]. Current studies prove that
proteins adsorb to silicone oil-water interfaces in a similar way as to air-water interfaces,
and give rise to the hypothesis that due to a rupture of the interfacial film protein

aggregates can occur [33], [34], [40].
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5. IMMUNOGENICITY OF PROTEIN PARTICLES

Immune reactions to protein pharmaceuticals can be due to the possible formation of so-
called “anti-drug antibodies (ADAs), which are antibodies to the therapeutic protein. It is
already known that the immunogenic potential depends on the properties of the aggregates,
such as size, solubility and conformation. In particular, chemically modified protein particles
with non-native conformation were identified as being particularly immunogenic. But also
undesired immune reactions due to small, soluble protein aggregates have been reported
[41]. Furthermore, non-proteinogenic impurities, such as silicone oil, may intensify an
undesired stimulation of the immune system. In case of vaccines this fact is conversely
utilized via the addition of adjuvants, e.g. aluminum, to amplify the immune response.
Further efforts are needed to fully understand the coherences between protein aggregates

and immune response [42].

Figure 4: Protein solution containing aggregates

6. METHODS FOR THE CHARACTERIZATION OF PROTEIN
AGGREGATES

The requirement that injections and infusions must be practically free from visible particles
as well as the permitted number of non-visible particles, are regulated by the
pharmacopoeias. Despite particle testing, a differentiation between protein particles and
non-proteinaceous particles does not take place at this point. Moreover, the particle size
ranges from a few nanometers in the case of a dimer, up to a few millimeters in the case of
large visible aggregates. Therefore, a combination of different analytical methods is required
to cover the entire size range, and to differentiate between protein aggregates and other

particles. The use of a variety of methods based on different measurement principles, so-
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called orthogonal methods, is also proposed by the European Medicines Agency (EMA) for
the manufacturing and the quality control of monoclonal antibodies and similar substances.
When specifying the particle size, the analytical method used should always be considered.
The standard method for the quantification of small oligomers is size exclusion
chromatography (SEC). Since SEC results are influenced by interactions of protein molecules
with the mobile phase and the stationary phase, the use of analytical ultracentrifugation and
field flow fractionation (FFF) as orthogonal methods is recommended. SDS gel
electrophoresis is used to identify covalent aggregates and after reduction of the samples it
can also be used to differentiate between disulfide bonds and other non-reducible linkages.
For the larger nanometer scale, new processes such as nanoparticle tracking or resonance
mass measurement have been established [43]. The morphology of a particle may allow the
differentiation between foreign particles and protein aggregates. Flow imaging techniques
allow this for particles larger than about 5 um. For example, the spherical silicone oil
droplets can easily be distinguished from the irregular and uneven protein aggregates. Below
5 um silicone oil droplets and protein particles can be distinguished by determining the
buoyant mass using resonance mass measurement [44]. Larger particles can also be
differentiated by means of infrared and Raman spectroscopy. For the detection of chemical
modifications, various chromatographic methods are frequently used, such as reverse phase
or ion exchange chromatography, as well as isoelectric focusing, capillary electrophoresis or
mass spectrometry. Conformational changes can be investigated using infrared

spectroscopy, circular dichroism, or fluorescence measurements [44].

7. POSSIBILITIES FOR STABILIZATION

Agueous solutions of proteins are usually the most popular because of lower costs and easy
administration. Alternatively, protein formulations are lyophilized for stability reasons. All
excipients should be safe and satisfy the definition of the GRAS status (generally recognized
as safe) by the Food and Drug Administration (FDA). Typical requirements for parenterals,
such as sterility, isotonicity and absence of particles of course also apply to protein
formulations. As protein unfolding can already set in at a temperature of 40 °C, and chemical
instability reactions are accelerated at higher temperatures, storage at 2° to 8 °C and the
maintenance of the cold chain during transportation are essential for most liquid

formulations. Moreover, freezing of the aqueous solution has to be avoided, since ice
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formation and freeze concentration can induce protein aggregation [45]. During storage,
light protection has to be assured. Preservatives have to be added to multi-dose aqueous
solutions for injections according to the European Pharmacopoeia. Moreover, single-dose
aqueous solutions, which are prepared aseptically but which cannot be sterilized in the final
container, as is the case with protein solutions, may contain preservatives. Benzyl alcohol,
phenol or cresol, are, inter alia, commonly used preservatives. Recent studies show,
however, that preserving agents may adversely affect the physical stability of protein

solutions [46].

7.1. Formulation of Liquid Protein Pharmaceuticals

In the choice of suitable pH value, buffer and ionic strength is crucial for both chemical and
physical stability of protein pharmaceuticals. The surface characteristics of a protein
molecule are influenced by the pH value due to the protonation or deprotonation of basic
and acidic amino acids. Choosing a pH value far away from the isoelectric point (pl) may
improve the colloidal stabilization due to stronger repulsion of protein molecules but may
put the conformational stability of the protein as risk by a reduction of attractive
interactions required for maintenance of the native three-dimensional structure. Typical
buffering agents include phosphate, acetate or citrate as well as amino acids, such as
histidine. Furthermore, amino acids can complex heavy metals and thus prevent oxidation,
but may also introduce impurities [46]. The ionic strength affects the stability of a protein
solution significantly. With increased ionic strength, repulsion between the protein
molecules can be decreased due to stronger charge shielding thereby fostering aggregation.
In contrast, at low ionic strength an increase of the colloidal stability may be observed
whereby the nature of the ions themselves has a significant impact on their salting-in effect
as described by the Hofmeister series [47]. Already in the late 1980s Timasheff found that
the denaturation and aggregation of proteins can be reduced by the addition of excipients
[48]. Timasheff developed a thermodynamic model which states that the energy difference
between the native and denatured form of a protein must be as large as possible to maintain
the intact, native form of the protein. The mechanism of action of common stabilizers is
based on their preferred exclusion from the protein sphere (so-called “preferential
exclusion”): while the additives are displaced from the surface of the protein, water is

preferably attached (so-called “preferential hydration”). For denatured protein molecules,
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the contact surface with the solvent is larger compared to the native molecule. Hence, the
process of unfolding is, as a result of an increase in free energy, thermodynamically
disadvantageous. Therefore, in presence of stabilizing additives, such as sugar alcohols (e.g.
mannitol) or sugars (e.g. sucrose or trehalose), the equilibrium is shifted in favor of the
native state. Reducing sugars such as glucose or lactose should be avoided to minimize the
risk of Maillard reactions. Frequently, surfactants in concentrations slightly above the critical
micelle concentration (CMC) are added to the formulations, in particular, polysorbate 20 and
80 or poloxamer 188 [49]. The surfactant molecules compete with the protein molecules for
the adsorption to the liquid-air interface preventing interface-related protein aggregation.
However, impurities and degradation products of surfactants can cause chemical changes,
especially oxidation of protein molecules. Furthermore, fatty acids derived from surfactants
may form particles [50]. Hence, not only choosing a high quality of the surfactants added,
but also carefully considering an appropriate concentration is important. In order to prevent

protein oxidation, antioxidants such as methionine can be added [51].

7.2. Freeze-Drying as Method of Choice for the
Improvement of Storage Stability

The process of freeze-drying is divided into the freezing step, followed by primary and
secondary drying. Moreover, ice formation leads to the concentration of the API and
excipients in solution. During the subsequent primary drying phase, the ice is removed by
sublimation. Adsorbed water is removed during secondary drying. Usually, the residual
moisture content is less than one percent in order to ensure good protein stability. Different
process parameters such as the freezing rate, the temperature control of the shelves, and
stabilizing formulation additives can affect product quality significantly. For example,
differences in the solubilitiy of buffer salts can cause pH shifts during the freezing process
[52]. In addition, the concentration effect may cause a substantial increase in ionic strength
affecting protein-protein interactions. Furthermore, the removal of water can be critical for

the maintenance of the native state of the protein.

11
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Figure 5: Lyophilized protein formulation

To preserve the stability of the protein during lyophilization, so-called cryo- and
lyoprotectors are added to the formulation. Cryoprotectors are substances which contribute
to the stabilization of the protein during the freezing process itself, whereas lyoprotectors
help to stabilize the protein in the dry state. As with many hydroxyl groups, lyoprotectors
can replace the hydration shell of the protein, which is removed during drying (so-called
water replacement theory). Therefore, sugars which form amorphous matrices, such as
sucrose or trehalose, but also polyalcochols, amino acids, or 2-hydroxypropyl-B-cyclodextrin,
can be used as cryo- and lyoprotectors [52], [53]. The low molecular weight components also
substantially contribute to the formation of an appealing product cake. The addition of
surfactants not only improves the wettability for a fast reconstitution, but can also prevent
undesired denaturation at ice interfaces during freezing. The reconstitution and dilution of
lyophilized products is a frequent source of error. Strong shaking and foam formation should
be avoided to minimize the liquid-air interfacial stress to the protein. Healthcare
professionals and patients must be instructed which solvent has to be used for
reconstitution or dilution and how dilution has to be performed.In the case of trastuzumab
(Herceptin®) dilution with 5% glucose solution instead of the recommended 0.9% sodium

chloride solution causes the formation of large aggregates [54].
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8. INNOVATIVE PROTEIN PHARMACEUTICALS

Many pharmaceutical companies explore the broad possibilities which protein drugs
provide. New protein formats have the potential for improved efficacy and safety compared
to conventional structures. Bi- and tri-specific antibodies have multiple binding sites and can
therefore recognize different structures and bind to them with high affinity, specifity and
potential synergistic effects. In the field of cancer therapy, the first bispecific antibodies have
already been approved in the United States, many more based on different technologies
such as BiTE®-, DART®- or DVD®-proteins are in development. Antibody-drug conjugates
(ADCs) monoclonal antibodies with a covalent coupled to a small molecule. The antibody
binds specifically to target cells and brings the highly potent drug molecules selectively to
the target. Currently, two ADCs, Adcetris® and Kadcyla®, are approved in oncology. In
addition, many candidates are under development or in the approval process. For the
formulation of ADCs it is not only important to pay attention to the stability of the antibody,
but also to the linker and the small molecule drug [55]. Further investigation will be needed
to investigate whether the established formulation strategies are appropriate for standard
protein formats as well as for these new types of molecules.

For the high-priced and sensitive protein pharmaceutics, the choice of primary packaging
materials has become more and more important. Schott presented a novel glass syringe
(syriQ™ Inlentle) which was especially developed for the filling of biopharmaceutics and
produced without the use of a tungsten pin. Unlike many conventional syringes, the silicone
oil is baked-on, whereby free silicone and associated particle formation is reduced.
Moreover, the specifically developed design ensures that the protein drug does not come
into contact with the needle or the needle adhesive [56].Interest in developing
subcutaneously administrable formulations is particularly high, with the aim of achieving the
highest possible user-friendliness. To assure a painless application, the applied volume must
be small and therefore the protein concentration must be high. However, highly
concentrated protein solutions often have a viscosity which hardly allows subcutaneous
injection with conventional injection needles. Therefore, syringe designs with a reduced
friction of the plug, auto-injectors, or so-called “thin wall”-needles which have a larger inner

diameter at the same outer diameter, provide good options [57].

13



CHAPTER | GENERAL INTRODUCTION

Furthermore, by adding hyaluronidase, which partly dissolves the extracellular matrix in the
injection area, the administered volume can be increased [58]. Herceptin® is the first
combination product of a highly-concentrated protein and hyaluronidase.

Thus, many innovations in the field of protein formulation open up new treatment options

and significantly contribute to an increased product quality.
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CHAPTER Il

OBJECTIVES AND OUTLINE OF THE THESIS

The aim of the thesis is to contribute to a better understanding of the physicochemical
behavior of proteins at the liquid-air interface, and related formulation stability issues.
Protein pharmaceuticals are exposed to liquid-air interfaces at many points during
production, manufacturing and transportation. The objectives of this work focus on a
mechanistic comprehension of how protein particles build up in the context of liquid-air
interfacial stress exemplarily for antibody molecules. Investigations of the impact of
different formulation parameters on the liquid-air interfacial characteristics on the one
hand, and on protein-protein interactions in bulk solution on the other, aim to enable a

more efficient formulation and process development for protein pharmaceuticals.

As a first objective, novel analytical techniques for the investigation of events and processes
at the liquid-air interface were identified, which had not been established for the
characterization of proteins so far. In Chapter lll, different surface sensitive methods were
introduced to elucidate the protein adsorption process, protein conformation at the
interface, as well as the peculiarities of the interfacial protein film with respect to its

resistance, homogeneity and thickness.

Although the link between the presence of a liquid-air interface and the emergence of
protein aggregates has been extensively investigated little is known about the underlying
mechanisms. As conventional stress by shaking or stirring holds factors such as cavitation,
turbulent flow, or interactions with material e.g. stopper or stirrer surfaces, a model was
developed to investigate the stimulation of protein aggregation solely by liquid-air interfacial

stress (Chapter IV).

Formulation additives, especially surfactants, are added to protein formulations, as it is
known that this can prevent interface-induced protein aggregation. Chapter V focuses on
the effect of surface active formulation additives on the interfacial film composition and the

physicochemical behavior of the film. The surface sensitive analytical techniques established
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before can be used to identify the minimal additive concentration to prevent aggregation.
The surfactant concentration should be kept low to reduce negative effect of impurities or

oxidative degradation products on protein stability.

In Chapter VI the focus was set on the impact of pH and ionic strength on the liquid-air
interfacial protein behavior and the protein aggregation process. The charge and charge
shielding conditions influence both the colloidal and the conformational stability of a protein
formulation. The effect of formulation pH and ionic strength on conformational stability and
interfacial film characteristics was addressed in part 1 of this chapter. The impact of pH and
ionic on the colloidal stability in terms of protein aggregation were to be investigated in
part 2. For this purpose, the protein-protein interaction parameter A*z was used as a
measure for intermolecular interactions and contextualized to the aggregation rate
determined in bulk solution. The combination of these different aspects should enable a

clearer mechanistic understanding and formulation strategy.

Overall, this thesis is intended to highlight the complex background of liquid-air interface
related protein aggregation. Understanding of the underlying mechanisms will help to
improve formulation development, thereby aiming on an increased stability of protein
pharmaceuticals which is of great interest for the pharmaceutical industry as well as for each

patient.
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CHAPTER Il

THE FILM TELLS THE STORY:
PHYSICOCHEMICAL CHARACTERISTICS OF IGG
AT THE LIQUID-AIR INTERFACE

1. ABSTRACT

The presence of liquid-air interfaces in protein pharmaceuticals is known to negatively
impact product stability. Nevertheless, the mechanisms behind interface-related protein
aggregation are not yet fully understood. Little is known about the physical-chemical
behavior of proteins adsorbed to the interface. Therefore, the combinatorial use of
appropriate surface-sensitive analytical methods such as Langmuir trough experiments,
Infrared Reflection-Absorption Spectroscopy (IRRAS), Brewster Angle Microscopy (BAM), and
Atomic Force Microscopy (AFM) is highly expedient to uncover structures and events at the
liquid-air interface directly. Concentration-dependent adsorption of a human
immunoglobulin G (IgG) and characteristic surface-pressure /area isotherms substantiated
the amphiphilic nature of the protein molecules as well as the formation of a compressible
protein film at the liquid-air interface. Upon compression, the I1gG molecules do not readily
desorb but form a highly compressible interfacial film. IRRA spectra proved not only the
presence of the protein at the interface, but also showed that the secondary structure does
not change considerably during adsorption or compression. IRRAS experiments at different
angles of incidence indicated that the film thickness and/or packing density increases upon
compression. Furthermore, BAM images exposed the presence of a coherent but
heterogeneous distribution of the protein at the interface. Topographical differences within
the protein film after adsorption, compression and decompression were revealed using
underwater AFM.

The combinatorial use of physical-chemical, spectroscopic and microscopic methods
provided useful insights into the liquid-air interfacial protein behavior and revealed the
formation of a continuous but inhomogeneous film of native-like protein molecules whose

topographical appearance is affected by compressive forces.
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2. INTRODUCTION

Protein pharmaceutics are among the fastest growing and most important molecules in
diagnostics and therapy, and therefore are of significant importance in high-impact areas
such as autoimmune diseases and cancer [1]. The large size, the compositional variety and
the distinct three-dimensional structure of protein molecules are causal for their sensitivity
to undergo degradation processes.

Proteins undergo both chemical and physical degradation such as oxidation and hydrolysis,
denaturation and aggregation [2]. Whereas a chemical instability reaction leads to a change
in the primary structure of the protein, physical instability reactions result in a change of the
spatial arrangement of the protein structure, without modification of covalent bonds. The
immunogenic potential of protein pharmaceutics is directly related to the emergence of
aggregates [3]. So, the maintenance of the native conformation is essential for both the
efficacy, as well as the safety of a protein drug [4]-[7].

Protein aggregation is highly undesirable due to the profound impact on the stability of the
drug product, which can result in a loss of activity and unwanted immunogenic responses. In
order to control protein aggregation, it is important to understand the underlying
mechanisms. The fundamentals of protein aggregation were first described in the 1960s by
the Lumry—Eyring model and are continually developed further [8]—[11].

Under physiological conditions, the three-dimensional structure of a protein represents an
equilibrium between native and denatured (unfolded) states [8], [12]-[14]. Exogenous
influences during production, storage and transportation can lead to a shift in this balance.
In the unfolded state, hydrophobic patches, usually buried in the core, can be exposed to the
outside of the molecule, and therefore the denatured proteins are more prone to
aggregation. The protein aggregates can be soluble or insoluble in nature, can be composed
of covalent and non-covalent bonds, and can be reversible or irreversible [15]. Moreover,
not only (partially) unfolded, but also native conformations are involved in the formation of
aggregates [16]. In particular, the formation of so-called “large native-like” particles often
occurs spontaneously, and no continuous pathway from monomer to dimer and then to
large particles can be observed [10]. For instance, a self-association of native protein
molecules has been reported for highly concentrated protein solutions as a result of

macromolecular crowding-effects [17].
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The propensity of protein molecules to accumulate and therefore concentrate at phase
boundaries (e.g. solid-liquid, liquid-liquid, and liquid-air) plays an important role in several
technological processes, for example during manufacturing and storage of protein
pharmaceuticals. The migration of proteins from a bulk phase to an interface is similar to the
adsorption process of small amphiphilic solutes, e.g. surfactants. A major distinction,
however, is that a small surfactant molecule contains a defined hydrophilic head and
hydrophobic tail that can easily partition towards the aqueous and non-aqueous regions of
the interface, respectively. Such straightforward partitioning is not possible in the case of
proteins. While most of the hydrophilic residues in the tertiary structure of proteins are
exposed on the surface, not all hydrophobic residues are buried in the interior and some of
them are exposed on the surface what finally imparts amphiphilicity to protein molecules
[18]. Therefore, protein molecules adsorb to the liquid-air interface and thereby do not only
lower interfacial tension but also form continuous gel-like films of highly concentrated
protein via mainly non-covalent interactions [19], [20]. The substantial differences in the
surface activity of various proteins must be therefore related to their physical, chemical and
conformational properties. Apart from intrinsic molecular factors, surface activity is also
dictated by several extrinsic factors, such as pH, ionic strength, temperature or presence of
other solution components such as sugars or surfactants. In addition to that, the molecular
size of globular proteins affects their adsorption to the liquid-air interface [21], [22].

Interfacial protein gelation and film formation has been identified as important trigger for
the aggregation of protein pharmaceuticals [23]—[27]. For instance, adsorption of proteins to
silicone oil, such as in prefilled syringes, can enhance protein aggregation [28]. Moreover,
particle shedding from silicone tubings in peristaltic dosing pumps has to be considered [29].
Protein aggregation is also known to occur under different mechanical stress conditions,
such as shaking [30], [31]. Eliminating the liquid-air interface by removing the headspace in
vials prevents agitation-induced aggregation as shown by Kiese et al. [32]. Furthermore,
several studies suggest a clear connection between the disruption of the highly concentrated
protein layer at the liquid-air interface and the occurrence of protein particles in the bulk
solution [33], [34]. Choosing appropriate formulation conditions, such as pH, ionic strength
and additives (e.g. non-ionic surfactants), can stabilize proteins in pharmaceutical parenteral

products against adsorption at surfaces and interface-induced aggregation [35]-[38].
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In this study, different surface-sensitive analytical methods were applied for the
characterization of important functional properties, such as adsorption, compressibility, as
well as structural and topographical features of interfacial protein films. The combinatorial
use of different physical-chemical methods enables comprehensive insights into the protein
behavior at the interface. These new findings will not only help to understand how protein
stability is affected by the events happening at the interface, but also to identify and localize
liguid-air interface related mechanisms of aggregation. Examination of particle formation by
liquid-air interfacial stress only is not the subject of this study, but was addressed in separate

investigations which are to be published soon.
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3. MATERIALS AND METHODS
3.1. Materials

Human IgG (Beriglobin™, CSL Behring GmbH, Germany) was used for this study. The market
product contains 159 mg/mL human IgG in 22 g/L Glycine and 3 g/L NaCl buffer at pH 6.8.
Glycine-NaCl buffer was prepared using highly purified water (ELGA LC134, ELGA LabWater,
Germany) and pH was adjusted adding NaOH. All diluted solutions were prepared by the
addition of Glycine-NaCl buffer at pH 6.8 to the human IgG stock solution followed by
filtration using 0.2 um sterile PES filters (Sterile Syringe Filter PES, VWR, Germany).

3.2. Surface Pressure Measurements

Surface activity was expressed by surface pressure I, with 1 = oy — 0, where opgand o are the
aqueous subphase surface tension and the surface tension of the aqueous protein solution,
respectively. Surface pressure measurements were performed in a 5.9x39.7 cm? PTFE
Langmuir trough equipped with a metal alloy dyne probe (Microtrough XS, Kibron Inc.,
Finland). For the determination of equilibrium surface pressures, a 3 x 6 Multiwell Plate (V =
0.8 mL) was used. Results are given as mean (n=3) and standard deviation. Equilibrium
adsorption pressure is defined as the maximum surface pressure that is reached by
adsorption only and stable in a range of +/-0.2mN/m within 0.5 h.

160 mL sample solution was filled into the trough for the repeated compression-
decompression measurements. The surface area of the trough can be varied by two mobile
PTFE barriers. Temperature was kept at 20 °C (K6-cc circulation thermostat, Peter Huber
Kaeltemaschinenbau GmbH, Germany). Compression speed was set to 55 mm/min and
compression-decompression cycles were conducted from a maximum surface area of Ay =
210 cm? to Amin = 52 cm?. Compression was started after the equilibrium adsorption pressure

was reached.
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3.3. FT-IR Spectroscopy

For FT-IR measurements spectra were recorded using a Tensor 27 (Bruker Optics GmbH,
Germany) connected to a thermostat (DC30-K20, Thermo Haake GmbH, Germany). For each
measurement, the protein was formulated at 10 mg/mL in Glycine-NaCl buffer pH 6.8, and
for each spectrum 100 absorbance scans were collected at a single beam mode with a
resolution of 4 cm™. Spectra were analyzed by Opus 7.5 (Bruker Optics GmbH) and displayed
as vector-normalized second-derivative spectra (calculated with 17 smoothing points
according to the Savitzky-Golay algorithms [39]). Infrared spectra of the protein in solution
were recorded using an AquaSpec (transmission cell H,O A741-1) and BioATR (Attenuated
Total Reflectance) cell™ Il or BioATR (Attenuated Total Reflection) respectively, at 20 °C.

Infrared spectra of the temperature-induced unfolding of the IgG samples were conducted
using the BioATR cell, as this sample cell can analyze protein samples either in solution or in
suspension. Reference spectra were recorded under identical conditions with only the buffer
(Glycine-NaCl buffer pH 6.8) in the cell. Temperature-dependent spectra were acquired
every 4 °C from 25 — 93 °C with an equilibration time of 120 s. Recorded infrared spectra

were analyzed by Protein Dynamics for Opus 7.5.

3.4. Infrared Reflection-Absorption Spectroscopy (IRRAS)

IRRAS was used to determine the presence and the conformation of the adsorbed protein at
the soft liquid/air interface. IRRA spectra were recorded using a VERTEX FT-IR spectrometer
(Bruker Optics GmbH, Germany) equipped with a liquid nitrogen-cooled MCT (mercury
cadmium telluride) detector. The spectrometer was coupled to a Langmuir trough (Riegler &
Kirstein GmbH, Germany), placed in a sealed container (external air/water reflection unit XA-
511) to guarantee constant vapor atmosphere. The IR beam was conducted out of the
spectrometer and focused onto the water surface of the Langmuir trough. A computer
controlled KRS-5 wire-grid polarizer (thallium bromide and iodide mixed crystal) was used to
generate perpendicular (s) and parallel (p) polarized light. The angle of incidence was set to
40° with respect to the surface normal. Measurements were performed using a trough with
two compartments and a trough shuttle system [40]-[42]. One compartment contained the
protein solution under investigation (sample), and the other (reference) was filled with the
pure buffer sub phase. The single-beam reflectance spectrum (Rg) from the reference trough

was taken as background for the single-beam reflectance spectrum (R) of the monolayer in
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the sample trough to calculate the reflection-absorption spectrum as -log(R/R) in order to
eliminate the water vapor signal. IR spectra were collected at 8 cm™ resolution and a
scanner speed of 20 kHz. For s-polarized light, spectra were co-added over 200 scans, and
spectra with p-polarized light were co-added over 400 scans. To distinguish between the
influence of increasing concentration and changed orientation on the signal intensity, the
dichroic ratio DR of the amide | band at 1643 cm™ was calculated as DR = Ap/AS, with As and
A, being the maximum absorption obtained with s-polarized light and p-polarized light,
respectively.

For the determination of the interfacial film thickness in equilibrium and after compression
to 30 mN/m, the incidence angle of the IR beam was varied with respect to the surface
normal between 30° and 72° in steps of 2° or 3°. IRRA spectra were simulated using a
MATLAB program [43], [44] on the basis of the optical model of Kuzmin and Mikhailov [45],
[46]. The intensity and shape of a reflection-absorption band depend on the absorption
coefficient k, the full-width of half-height (fwhh), the orientation of the transition dipole
moment (TDM) within the molecule a, the molecular tilt angle 6, the polarization and the
angle of incidence (Aol) of the incoming light, as well as the layer thickness d and its
refractive index n. Simulated spectra were fitted to the experimental data in a global fit,
where all spectra recorded at different Aol and different polarizations were fitted in one
non-linear least square minimization using the Levenberg-Marquardt algorithm. The
polarizer quality was set to ' = 0.01. The optical constants of the water sub phase were taken
from Bertie et al. [47], [48]. The layer thickness d was determined from a fit of the OH
stretching vibrational band (v(OH)) in the range of 3800—-3000 cm™. Additional experimental

details are described elsewhere [49]-[52].
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3.5. Brewster Angle Microscopy (BAM)

The morphology of the monolayer was imaged with a Brewster angle microscope, BAM2plus
from NanoFilm Technologie GmbH (Goettingen, Germany), equipped with a miniature film
balance from NIMA Technology (Coventry, UK). IgG at 1 mg/mL in Glycine-NaCl buffer at pH
6.8 was filled into the trough (V = 80 mL). Simultaneous surface pressure measurements
during adsorption and compression of the IgG in the Langmuir trough enabled a direct
connection of each image with the corresponding surface pressure during adsorption or
compression of the protein. The lateral resolution of the BAM was approximately 3 um. The
size of the BAM images is 400 x 720 um®. Detailed information about the BAM method is

given elsewhere [53]-[55].

3.6. Atomic Force Microscopy (AFM)

For AFM, protein films formed during adsorption to equilibrium adsorption pressure or after
compression to a desired surface pressure, were transferred by the Langmuir-Schaefer
deposition (horizontal transfer of the film) using 1 x 1 cm?® mica plates (Mica Sheet V5
Quality, Science Services GmbH, Germany) attached to a stamp tool. The mica was lowered
onto the surface and pulled off after 2 s of contact time. The mica was removed from the
stamp tool and the transferred film was covered with a drop of buffer solution to prevent
drying of the sample. The transferred films were analyzed by underwater AFM (Bruker /
Veeco / Digital Instruments MultiMode AFM ) using a cantilever (Arrow™ NCPt, resonance
frequency 285 kHz, spring constant 42 N/m) in tapping mode (Nano World AG, Switzerland).
Images were analyzed by NanoScope Il 5.12r3 Software (Digital Instruments Inc., US).

For the determination of interfacial film thickness, the film was transferred onto silica by
Langmuir-Schaefer technique. A scratch was made using stainless steel tweezers. Film
thickness was determined by section analysis from an average of 6 measuring points from

the silica substrate to the film (area unaffected by the scratch).
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4. RESULTS AND DISCUSSION

4.1. Time & Concentration Dependent Adsorption of IgG

Surface pressure measurements were performed to investigate the adsorption kinetics of
the 1gG from bulk solution to the liquid-air interface. IgG reveals a pronounced surface
activity as shown in Figure 1a. 1gG in a concentration 0.01 mg/mL reaches surface pressure
values of 6.7 mN/m after 300 min, whereas IgG in a concentration of 0.5 mg/mL reaches an
equilibrium surface pressure value of 18.2 mN/m after about 270 min. In case of a 1 mg/mL
IgG solution, the equilibrium adsorption pressure is only slightly higher (18.5 mN/m after
240 min). Although the adsorption of globular proteins such as IgG starts immediately,
equilibrium adsorption pressures are reached only after several hours and depend on the
protein itself and on the formulation conditions [21], [22], [56]. Adsorption of small
surfactants, such as polysorbate 20 or 80, is much faster, and equilibrium adsorption
pressure values are reached within less than 30 min due to the distinct amphiphilic character

and the low molecular weight [18], [36], [57].
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Figure 1a: Time-dependent adsorption of IgG using different bulk concentrations
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Figure 1b: Concentration-dependent equilibrium adsorption pressure of I1gG

Figure 1b shows the concentration-dependent equilibrium adsorption pressure using protein
concentrations of 0.001 mg/mL up to 12 mg/mL IgG. At low IgG concentrations in the range
from 0.01 mg/mL to 0.1 mg/mL, the concentration-dependent change in surface pressure is
pronounced, whereas concentrations 21 mg/mL do not lead to any further considerable
increase in equilibrium adsorption pressure. Therefore, for further experiments a
concentration of 1 mg/mL was considered to be adequate. This correlation between protein
concentration and equilibrium adsorption pressure can be interpreted in terms of the
surface coverage [16], [31]. At protein concentrations > 1 mg/mL IgG, the protein molecules
may form multilayers, but these structures do not contribute significantly to the surface
pressure [59]. Moreover, a highly viscous protein film is formed, which can be deformed by
lifting and lowering the dyne probe (Fig. 2) and is caused by mainly non-covalent interactions

of the highly concentrated protein layer at the liquid-air interface [60], [61].
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Figure 2: 1gG film at equilibrium adsorption pressure deformed by lifting (A) or lowering (B) the dyne probe

4.2. Repeated Compression-Decompression of Interfacial
lgG Films

Repeated compression-decompression was performed to investigate the physical resistance
of the IgG film at the liquid-air interface. Controlled compression and decompression ensure
that mechanical stress is applied to the interfacial IgG film only, while simultaneously the
surface pressure is recorded. Movement of the barriers from maximum surface area (Amax)
towards the minimum surface area (Amin) results in an increase in surface pressure from the
equilibrium adsorption pressure of 18.5 mN/m up to 52 mN/m (Fig. 3). The change in surface
pressure upon compression of the film is 33.5 mN/m after the first cycle and does not
noticeably change with the following cycles. During the first compression, the slope between
210 cm? (Amax) and 140 cm? is much lower compared to the slope of the isotherm between
120 cm? and Amin = 52 cm? (Amin). This indicates a drastic change in compressibility of the
protein film. Upon decompression, the surface pressure decreases strongly between 52 cm?
and 70 cm?, whereas the slope of the isotherm is low between 80 cm? and Anma. Curve
progression is nearly identical for each cycle with a slight decrease in the surface pressure at
Anax in each cycle. The compression of the film causes a compaction of the proteins
connected with a decrease in molecular area modifying the ordering of the protein
molecules and the distribution across the interface [62]. This can be connected with an
increase in film thickness and/or changes in molecule orientation [63]. Moreover, the

surface pressure increase demonstrates that the protein molecules stay at the interface
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upon compression. This non-equilibrium between adsorption and desorption can be traced
back to the formation of a viscoelastic film where in addition to hydrophobic interactions,
hydrogen bonds also contribute substantially to the molecular association [64].

The steep decrease in the initial phase of decompression (between 52 cm? (Amin) and 70 cm?)
can be explained by a short-term rupture of the film followed by re-adsorption or re-
spreading of protein molecules at the interface, ending in a quasi-equilibrium surface
pressure when decompression is completed. Based on the decrease in surface pressure after
each cycle compared to the initial value a loss of material from the interface can be assumed
[33]. The high compressibility and the appearance of a considerable hysteresis upon
compression and decompression substantiate the formation of a viscous protein network at
the interface which is in accordance with the film deformation as shown in figure 2. The
hysteresis indicates that the protein does not desorb upon compression and that the
interfacial film undergoes physical changes during compression and decompression [41],

[42], [43].
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Figure 3: Compression-decompression cycles of IgG in the Langmuir Trough. Compression starts at A, at
equilibrium (18.5 mN/m) adsorption pressure and ends at A.,i,. Decompression starts at A, and ends at A
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4.3. Temperature-Induced Unfolding of IgG

To determine possible changes in the secondary structure, FT-IR spectra were recorded upon
heating. The melting temperature (T,,) of IgG was identified to be 72 °C using micro
calorimetry [67]. By increasing the temperature above T,, changes in the secondary
structure occurred indicated by changes in the amide | modes (Fig. 4). Starting the
temperature ramp, 1gG exhibited the amide | band maximum at 1639 cm™ characteristic for
intramolecular B-sheet structures (Tab. 1). Additionally, bands with wavenumbers centered
around 1620 cm™ and 1690 cm™ assignable to extended strands and to weak intramolecular
B-sheet or turns, respectively, can be identified.

Elevation of the temperature resulted in the following spectral changes: the amide |
absorbance maximum around 1639 cm™ decreased accompanied by an intensity increase at
1625 cm™. Additionally, a peak shift from 1690 cm™ to 1695 cm™ occurred representing a
shift to intermolecular B-sheet structures. The loss of the native intramolecular B-sheet
structure towards a more unordered structure with distinctive bands of intermolecular B-
sheet structures (1625 ecm™? and 1695 cm'l) is in accordance with the results obtained by
Matheus et al. [68]. In addition to the formation of intermolecular antiparallel B-sheet
structures indicated by peak shifts, the presence of new protein interactions after heating
resulted in gel formation of the cooled samples, which is characteristic for extensive

intermolecular interactions in protein samples [69].
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Figure 4: Temperature-induced unfolding of 1gG [10 mg/mL in Glycine-NaCl pH 6.8] between 25 °C and 93 °C in
steps of 4 °C using FT-IR spectroscopy (BioATR)
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4.4. Presence and Secondary Structure of IgG at the
Interface

The presence of the IgG at the liquid-air interface can be confirmed by IRRAS measurements.
Furthermore, a comparative analysis of secondary structure elements of the IgG in solution
and at the interface enables conclusions whether the adsorption to the interface and the
compression of the adsorbed protein film cause conformational changes.

The appearance of the water band and the amide A, | and Il bands prove the formation of a
IgG adsorption layer at the interface. The amide | band is associated mostly with the C=0
stretching vibration, and the amide Il band results from in-plane NH-bending and CH-
stretching vibrations. The amide A band is due to N-H stretching vibration. This vibrational
mode does not depend on the backbone conformation but is very sensitive to the strength
of hydrogen bonds. Wavenumbers between 3225cm™ and 3280 cm™ have been found for
hydrogen bond lengths between 2.69 A and 2.85 A [70]. The intensity of the bands increases
during the adsorption process and also upon compression to surface pressure values above
the equilibrium adsorption pressure (Figs. 5 and 6). The intensity of the OH-band around
3600 cm™ is directly connected with the effective adsorption-layer thickness, because the
intensity of the water band in the spectrum of the sample trough is reduced in comparison
to the one from the reference trough since the protein adsorption layer replaces a water
layer of the same thickness [71]. Therefore the increasing intensity of the bands refers to an
increasing interfacial protein concentration, film thickness and/or packing density within the
film [43], [72]. These results are consistent with the surface pressure measurements, where
compression caused a significant increase in surface pressure due to an interfacial

compaction of protein material and/or change in molecule orientation.
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Figure 5: IRRA spectra of IgG with increasing surface pressure (s-polarized light, Aol = 40°)
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Figure 6: IRRA spectra in the amide | and Il regions of 1gG with increasing surface pressure (s-polarized light,
Aol = 40°)

With increasing surface pressure, the intensity of the amide bands increases. The maximum
of the amide | band is observed at 1643 cm™ and in the amide Il region at ~1543 cm? (Fig. 6).
The IRRA spectra indicates an intramolecular B-sheet or unordered random coil
conformation of the IgG at the interface [73]. The position of the amide | band does not
change with increasing surface pressure indicating that the secondary structure of the

adsorbed IgG changes neither during adsorption nor during compression.
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Figure 7 shows the FT-IR spectrum of the native IgG in solution using the AquaSpec and the
BioATR measurement cell, respectively. The band positions of the transmission as well as of
the attenuated total reflection (ATR) spectrum can be assigned to a mostly intramolecular B-
sheet structure of the IgG in solution. Comparison of the two spectra reveals slight
differences in the band positions with 1639cm™ for the AquaSpec, and 1636 cm™ for the
BioATR cell. This can be explained by the different measurement techniques as the
AquaSpec records transmission spectra of the aqueous protein solution, and the BioATR
measures reflectance spectra of a protein film at the silicon crystal. Nevertheless, both
measurement principles lead to fairly identical structural elements for the IgG. The position
of the bands determined in FT-IR spectra (1639 cm™ or 1636 cm™) and IRRA spectra
(1643 cm™) differs only marginally. The peaks of the IRRA spectra are broader compared to
the FT-IR peaks. This can be explained by the higher resolution of the FT-IR and/or can be
due to a peak overlapping within the amide | region of the IRRA spectra, containing not only
the band at 1639 cm™ but additional bands beside the band at 1690 cm™, which is also

present in the FT-IR spectrum, reflecting an intramolecular B-sheet structure.
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Figure 7: Comparative FT-IR spectra of IgG in solution (AquaSpec vs. BioATR)
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Unlike the conformational changes of the IgG induced by heat stress (Fig. 4), where strong
peak shifts from the native intramolecular B-sheet structure at 1639 cm™ towards a more
unordered structure with a distinctive band of intermolecular B-sheet structure at 1625 cm™
were observed, the adsorption of the IgG to the interface does not induce considerable
conformational changes. As no other peaks referring to new structural elements appear, the
IgG predominantly retains its native structure during adsorption as well as during
compression.

The increase in the intensity of the IRRA bands as well as the increase in surface pressure
upon compression can be attributed to an increase in the adsorbed protein amount either
due to anincrease in film thickness or to changes in the molecule orientation allowing higher
packing densities. In order to discriminate between those two effects, the dichroic ratio (DR)
was calculated. In figure 8, the DR values at 1643 cm™? are plotted as a function of surface
pressure at two different IgG concentrations. No change in DR is observed during adsorption
or compression, therefore the molecule orientation does not change with increasing surface
pressure. Hence, the increase in surface pressure upon compression and the increase in the
intensity of the IRRA bands can be solely explained by an increase in packing density and/or

film thickness.
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Figure 8: Dichroic Ratio of amide | at 1643 cm™® (p/s-polarized light, Aol = 40°) as a function of surface pressure
at two different IgG concentrations
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4.5. Structural and Morphological Characterization of the
Liguid-Air Interfacial Film

BAM was used to visualize the liquid-air interfacial protein film. At the Brewster angle, p-
polarized light is not reflected, and the bare buffer surface appears dark. In the case of
protein adsorption, the Brewster condition is altered by the presence of the protein film
with a different refractive index, indicated by an overall increased brightness as a part of the
incident light is reflected (Fig. 9). Areas which appear dark in the BAM images are formed by
a thinner but homogeneous film compared to brighter areas. Although the protein covers
the entire interface, flickering domains are present immediately as adsorption starts
representing differences in packing density. During adsorption, the surface appearance does
not change. Moreover, even compression of the film does not affect the BAM images. Areas
of increased brightness represent areas of increased packing density and film thickness [60],

[74]. The island-like structures demonstrate that the protein is not homogeneously

distributed across the interface.

Figure 9: BAM images of 1gG during adsorption (A: T = 6.2 mN/m, B: 7t = 18.5 mN/m) and compression (C: 1T =
25.0 mN/m, D: 7 =35.0 mN/m)

4.6. Changes in Film Topography Caused by
Compression

Underwater Atomic Force Microscopy (AFM) was used to further elucidate the topographical
properties of the interfacial protein film on a different scale compared to BAM. The film
deposited after adsorption to equilibrium surface pressure confirms the presence of the IgG
at the interface (Fig. 10 A). Individual 1IgG molecules cannot be detected due to the flattening
effect during AFM measurements in liquid medium [75]. Nevertheless, as in the BAM
images, an inhomogeneous distribution of the protein after adsorption can be confirmed.

Bright areas in the deflection image are considered to be protein material that protrudes
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above the protein layer with a height of 15 nm. The determined film roughness of 1.0 nm
after adsorption is in accordance with literature values for other globular proteins [15], [49].
Upon compression, areas of telescoped material appear (Fig. 10 B) wherein the protein film
forms wrinkles that protrude with a height of 18 nm from the remaining part of the compact
film. However, a recent study by Ghazvini et al. [77] described similar findings for a dried film
of an IgG; after compression. The presence of those areas of increased film thickness after
compression can be explained as follows: compression first increases the packing density in
the adsorption layer leading to an increase in surface pressure and the OH- and amide-bands
intensities in the IRRA spectra. Some material will be partially excluded from the well-packed
film into the subphase during compression.

After decompression, the areas of telescoped material cannot be recognized any more
(Fig. 10 C). Thus, decompression results in a decrease of the overall height of the interfacial
film, a steep decrease in surface pressure as well as a decrease in surface pressure after each

compression-decompression cycle. This can be traced back to a loss of material from the

interface [33], [34], [77].

Figure 10: Underwater AFM images in tapping mode (image size: 10 x 10 p.mz) of 1gG after adsorption to
equilibrium surface pressure (A: 18.5 mN/m), compression (B: 30 mN/m) and after decompression of the film
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4.7. Interfacial Film Thickness in Equilibrium and after
Compression

Interfacial film thickness of the IgG film in equilibrium at 18.5 mN/m and after compression
to 30mN/m was determined by angle-dependent Infrared Reflection Absorption
Spectroscopy (IRRAS) measurements and compared to the values obtained by underwater
AFM of the films after Langmuir-Schaefer transfer.

The increase in the intensity of the OH-stretching vibration around 3600 cm™ indicates an
increase in film thickness upon compression. The two types of polarized light (s and p) have
dramatically different reflectivity properties around the Brewster angle (~53.1°) with a
minimized intensity of the reflected p-polarized light. As shown in figure 11, the reflectance-
absorbance (RA) in the region of the OH-stretching vibration changes continuously for s-
polarized light as a function of the angle of incidence (Aol), whereas RA of p-polarized light
exhibits a discontinuity around the Brewster angle. The IRRA spectra taken with p- and s-
polarized light have been compared with the corresponding simulated spectra with the OH-
stretching vibration v(OH) and the amide A band (Fig. 11).

In figure 12, the maxima of the RA intensities of experimental and simulated spectra at
different Aol have been compared. The best fit of the simulated to the experimental data
allows the determination of the layer thickness, assuming a refractive index of the protein
layer. The presented simulation is based on a refractive index (n) of the protein solution
using experimental data. As the refractive index n of the protein solution directly depends
on the concentration and packing density, it was set to 1.45 in the adsorption layer at
equilibrium with a linearly increasing increment of 0.024 depending on the protein
concentration. Therefore, the calculated interfacial film thickness after adsorption to an
equilibrium surface pressure amounted to 1.97 nm and increases upon compression to
2.61 nm. Since in the compressed protein layer the concentration is larger, a larger refractive
index (1.49) has been used in a second fit.

Moreover, as the secondary structure does not considerably change either during adsorption
or during compression, the tertiary structure of the protein could be affected upon
adsorption and contribute to a lower interfacial film thickness compared to the dimensions
of the molecule in bulk solution. Comparison of the RA intensities in equilibrium to the ones

after compression shows a clear increase in the RA intensity of the OH band (see Fig. 12).
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Figure 13 shows the AFM images with a scratch of the film in equilibrium and after
compression to 30 mN/m. Comparable to fig. 10, the images display a coherent film
containing some areas of increased height representing agglomerated protein material (Figs.
13 A + B). Compression caused wrinkling and the formation of a telescoped protein film
(Figs. 13 C + D). Section analysis of the AFM height measurements resulted in a mean film

thickness of (6.41 £ 2.05) nm in equilibrium and of (5.56 + 2.94) nm after compression.
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Figure 11: IRRA spectra of the OH-stretching vibration and the amide A band of I1gG in equilibrium at
18.5 mN/m at different angles of incidence (Aol) from 30° — 72° (from black via grey to green) in steps of 2°,
top: experimental spectra (left: p-polarized light, right: s-polarized light), bottom: the corresponding simulated
IRRA spectra
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Figure 12: Experimental (dots) and simulated (solid lines) RA intensities using p-polarized (black) and s-
polarized (green) light at the maximum position of the OH-stretching vibration. Top left: data obtained at the
equilibrium surface pressure, top right: data after compression to 30 mN/m. Top row: a refractive index of
1.45 has been taken for the equilibrium as well as for the compressed layer. Bottom row: An increased
refractive index of 1.49 has been taken for the compressed film

Figure 13: Underwater AFM images incl. scratch for determination of film thickness in tapping mode (image
size: A+ C:30x 30 umz, B+D:10x 10 umz) of 1gG after adsorption to equilibrium surface pressure (A and B:

18.5 mN/m) and after compression (C and D: 30 mN/m)
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5. SUMMARY & CONCLUSION

The use of a Langmuir film balance in combination with IRRAS, BAM and AFM is a novel
approach for the characterization of films formed by protein biopharmaceuticals at the
liquid-air interface. The IgG investigated in this study shows a pronounced amphiphilic
behavior. It adsorbs to the liquid-air interface in a time- and concentration-dependent
manner, reaching a maximum equilibrium adsorption pressure after about 4 hours at
concentrations 21 mg/mL. An additional concentration dependent measurement series
indicated that identical equilibrium surface pressure values were reached at concentrations
of 1 mg/mL IgG and above (Fig. 1b).

Adsorption of the IgG results in the formation of a highly viscous protein film wherein the
protein covers the entire interface, while showing an inhomogeneous distribution as
demonstrated by BAM and AFM. The overall increased brightness in BAM images can be
attributed to the presence of the protein film at the interface. The presence of island
structures is related to the inhomogeneous IgG adsorption by forming areas of increased
thickness or packing density [27], [60]. After adsorption, AFM images reveal a continuous
protein film with island structures of condensed protein material similar to BAM but on a
smaller scale. The appearance of the OH-vibrational band and amide bands in the IRRA
spectra substantiate the presence of the protein at the interface [41], [78], [79]. Therefore,
the accumulation of IgG at the interface was demonstrated by the different methods.
Compression of the film causes a considerable increase in surface pressure above
equilibrium values. Not only during adsorption, but all the more upon compression the
intensity of the IRRA bands increases. This signifies an increase in interfacial film thickness
[43], [80], [81]. The orientation of the IgG molecules does not change during adsorption or
compression as the dichroic ratio does not change with increasing surface pressure. As the
dichroic ratio was recorded at different surface pressures during adsorption as well as during
compression, possible changes, e.g. in telescoped regions of the compressed film, are
considered on average.

During compression, the appearance of the BAM images does not change. In contrast, the
AFM images reveal substantial changes of the film topography upon compression. The
appearance of telescoped protein material with an increased height compared to the
adsorbed film evince that the interfacial film is directly affected by compressive forces [33],

[77]. Hence, the protein tends to be trapped at the interface and does not readily desorb
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upon compression [82] but forms instead protuberances if the packing density is too high. As
secondary structure and molecule orientation were not considerably affected neither by
adsorption nor compression, changes in the tertiary structure of the protein could be
causative for the compressibility of the interfacial film and the related impeded desorption
of protein molecules from the interface.

The IRRA spectra enable not only conclusions about the presence and film thickness of the
IgG at the interface, but also about the protein secondary structure elements. For different
types of proteins unfolding upon adsorption to the liquid-air interface has been reported
[25], [75], [83], [84]. In contrast to this, our results do not indicate considerable changes in
the secondary structure of 1gG after adsorption and compression. This can be explained by
the fact that IgG molecules belong to the most stable protein types [68], [85]. As no new
structural elements show up compared to the native secondary structure in solution the IgG
remains in a native-like secondary structure. According to literature, IR methods cover
changes of > 2 — 10 % in sensitivity [73], [86]. Minor structural perturbations, however, are
not detected and cannot be excluded.

The interfacial film thickness was determined from the analysis of the IRRAS intensity of the
OH-stretching band as a function of angle of incidence. At equilibrium adsorption pressure
(18.5 mN/m), the film thickness amounts to 1.97 nm (n = 1.45), and compression to 30mN/m
caused an increase in film thickness to 2.61 nm assuming the same refractive index of 1.45
or to 2.4 assuming a higher refractive index of 1.49 for the compressed layer. These values
are clearly smaller compared with the ones determined by AFM for the equilibrium film, but
in good agreement with the AFM results of the compressed film. The fact, that the
calculated film thickness (1.97 nm) is only 30 % of the hydrodynamic radius of the molecule
(6.9 nm) can be explained by the loose packing in the equilibrium film. This film contains a
substantial amount of water. Algorithms have been devised for estimating the amount of
bound water from the amino acid sequence, although these generally do not distinguish
between exposed and buried residues. The first ones bind water and the second ones do
not. This substantial amount of water in the protein layer leads to the underestimation of
the film thickness by IRRAS using the experimentally determined OH-band. Therefore, the
thickness of the transferred film determined by AFM is closer to the value of the
hydrodynamic radius. On the other hand, it has been stated that IgG molecules

preferentially adsorb in flat orientations, which can explain reduced interfacial film
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thicknesses compared to the values of hydrodynamic radius measured in solution [87], [88].
Erickson [89] determined the minimal radius of a sphere that could contain a protein with
100 kDa to 3.05 nm and for 200 kDa to 3.84 nm. Additionally, they stated the average
separation of molecules (center to center) to be 6.9nm [89]. If the film is compressed to
30 mN/m, some water will be squeezed out and the protein film might change to be flatter.
Therefore, the thickness of this more densely packed film determined by IRRAS is in good
agreement with the value determined by AFM. Although the optical properties could only be
estimated from values measured in bulk solution, a qualitative statement on the change in
film thickness (packing density) and a differentiation between the film thickness at
equilibrium adsorption pressure and after compression can be clearly made.
Compression-decompression cycles reveal compressibility of the protein film [33], [77], [90]
indicating a non-equilibrium state of the adsorption layer and therefore drastically reduced
desorption kinetics. The considerable hysteresis indicates physical changes within the film as
the packing density and film thickness change with compression and decompression.
Furthermore, each subsequent cycle ended up in slightly lower surface pressures indicating a
loss of material from the interface which is in accordance with the morphology of the
protein film exhibiting protrusions after compression. These areas of protein material which
are formed by compression and visualized by AFM are no longer present after
decompression. Decompression results in a smoother surface compared to adsorption or
compression indicated by a decrease in the mean roughness of the film. The decrease in
mean roughness also substantiates the assumption for partial loss of material from the
interface and compaction of the film by reorganization of the protein molecules, what is in
agreement with the results obtained by the surface pressure measurements [33], [34], [77],
[91], [92].

Altogether, the combination of physical-chemical, spectroscopic, and microscopic methods
for surface characterization provides useful insights into the behavior of proteins at the
liguid-air interface. Further investigations will show what impact not only the IgG itself, but
also different formulation parameters such as pH and the presence of additives have on the
liquid-air interfacial behavior and the tendency of an antibody to aggregate as a measure of
protein stability. Moreover, it has already been shown that continuous compression and

decompression of an interfacial protein film causes compaction followed by aggregation
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[33], [77]. Thus, physical changes within the protein film can be causative for liquid-air
interface-related protein aggregation [33], [93].

In conclusion, during adsorption to the soft liquid-air interface IgG forms a continuous but
inhomogeneous film of native-like protein molecules whose topographical appearance is
affected by compressive forces. As protein pharmaceuticals are exposed to liquid-air
interfaces at many points during development, production and storage [94], this
comprehensive understanding of the underlying mechanisms is of great importance, as it
can help to improve protein stability by choosing appropriate formulation, processing and

packing conditions [95], [96].
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CHAPTER IV

NOTORIOUS BUT NOT UNDERSTOOD:
HOW LIQUID-AIR INTERFACIAL STRESS
TRIGGERS PROTEIN AGGREGATION

1. ABSTRACT

Protein aggregation is a major challenge in the development of biopharmaceuticals as it
negatively impacts product quality. The mechanisms and pathways of protein aggregation
are manifold. Therefore, good understanding of the factors that influence, control and
prevent protein aggregation are essential for a successful formulation development. In
particular, the presence of liquid-air interfaces has been identified to trigger the formation
of large protein particles. This study focused on the analysis of the physical-chemical
behavior of two monoclonal antibodies (IgGs) at the liquid-air interface. In addition, a Mini-
trough model was developed what allows a direct comparison of the interfacial film
characteristics studied in a Langmuir trough with the impact of interfacial stress only on
protein particle formation. Surface pressure measurements exhibited the formation of a
highly compressible interfacial film. Moreover, an inhomogeneous protein distribution
across the interface with areas of increased packing density and film thickness were
discovered by Brewster-Angle microscopy. Repeated compression and decompression of the
interfacial film resulted not only in a considerable hysteresis, but also in significantly
elevated numbers of particles compared to the controls. Furthermore, the extent and speed
of compression directly affected the mechanical properties of the film as well as the number
of particles formed. Particularly, compression by a critical factor above 3 was identified to
cause a significant increase in particle formation. Above that, with increasing compression
speed the number of particles increased, too. Infrared reflection-absorption spectroscopy
did not indicate considerable changes in secondary structure compared to FT-IR spectra in
solution. Hence, it was proven that the IgG remains in a native-like conformation at the

interface.
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Consequently, the physical-chemical methods applied in combination with the newly-
designed Mini-trough provided substantial indications of the mechanisms of interface-
related protein aggregation. The characterization of not only the interfacial film but also the
aggregation process itself by a trough method exclusively has not been described before but
provides additional understanding and enables testing of different formulations under

controlled stress conditions.
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2. INTRODUCTION

Protein aggregation is a major challenge in the development of protein pharmaceuticals.
Particularly, interfacial stress as encountered during manufacturing, filling and shipping
directly affects protein stability and can result in the formation of protein particles.

Protein aggregates can be soluble or insoluble in nature, can be a result of intermolecular
covalent or non-covalent bonds and can be reversible or irreversible [1]. On the one hand,
the emergence of small aggregates can induce the formation of larger aggregates by further
association, thereby exceeding the solubility limit and leading to protein precipitates. On the
other hand, so-called “large native-like particles” can occur spontaneously without
continuum from monomer to dimer to large particles [2]. Hence, not only (partly) unfolded,
but also native molecules can play an important role in the formation of protein aggregates
[3], [4]. Due to their partly amphiphilic nature, protein molecules exhibit a certain surface
activity and therefore have a high propensity to adsorb to interfaces, e.g. to container
surfaces or to the liquid-air interface [5]-[9]. Choosing appropriate formulation conditions,
such as pH and ionic strength as well as the addition of surfactants can stabilize proteins
against adsorption to surfaces and interface-induced aggregation [10]-[14].

Using the pendant drop technique, Beverung et al. described the time dependent adsorption
of several proteins, including ovalbumin, B-casein, lysozyme, and bovine serum albumin
(BSA) into 3 regimens: after an induction period where the molecules diffuse to the
subsurface with a minimal reduction in surface tension only, a steep decrease in interfacial
tension is caused by a saturation of the interface with protein molecules. Subsequently, the
final regime is characterized by a relaxation of the adsorbed layer and the formation of a
multi-layer, viscoelastic interfacial film [15]. Hill et al. state that the adsorption of proteins at
interfaces is an irreversible process as no desorption is detected upon dilution of the bulk
phase [16]. This can be attributed to a prohibitively high energy barrier for desorption from
an interface. Furthermore, interfacial electrostatic interactions appear to play a particularly
important role regarding structure and properties of interfacial protein layers [17].

Liquid-air interfaces are particularly present in protein pharmaceuticals as air bubbles or
headspace in solution vials or syringes [18]. It has been stated, that the adsorption process
causes protein unfolding and as a consequence results in aggregation [19]-[21]. In contrast,
other studies suggest that protein molecules remain in a native-like conformation at the

interface [22]-[24]. So-called soft proteins with low structural stability exhibit a stronger
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tendency to unfold and on the contrary, so-called hard proteins show structural rigidity [20],
[25]. Makievsky et al. state that human serum albumin (HSA) does not undergo any
significant denaturation at the liquid-air interface [26]. However, unfolding of lysozyme was
observed using IRRAS [27] and x-ray reflectivity [19]. The conformation of adsorbed proteins
has been reported to be mainly B-sheet. Thus, protein molecules with mainly a-helix or
random structure in the native state, such as lysozyme, may be more prone to unfolding
upon adsorption to hydrophobic interfaces than e.g. B-sheet rich B-lactoglobulin [28]-[30].
Different stress conditions, such as shaking or stirring, are known to cause the formation of
different types and sizes of protein particles [31]—-[33]. Kiese et al. demonstrated that
eliminating the liquid-air interface by removing the headspace in vials prevents agitation-
induced aggregation [13]. During shaking, however, not only interfacial stress, but additional
effects such as cavitation, flow dynamics and contact materials can affect the aggregation
process [34]-[37]. Proteins have been shown to form a compressible viscoelastic adsorbed
layer at the interface [38]. Moreover, the protein layer thickens and crumples with
increasing surface pressure, and eventually the protein network fails and is displaced from
the interface [5], [38]. Martin et al. hypothesized that compression to high surface pressures
may cause a collapse of the protein film thereby leading to a gradual displacement of protein
molecules from the interface [39]. Similarly, Ghazvini et al. claimed that interfacial stress
initiates protein aggregation at the liquid-air interface, and the presence of protein particles
in bulk is the result of mechanical perturbance of the interface [24]. Therefore, mechanical
stress by substantial compression and decompression of a concentrated protein film was
assumed to result in rupture and loss of material from the interface, and thus in the
formation of protein particles [40]. Whereas many studies hypothesized an involvement of
the liquid-air interface in the protein aggregation process [24], [40], [41], Lin et al. were able
to directly prove that interfacial dilatational deformation accelerates particle formation in
monoclonal antibody solutions [42].

So, although considerable efforts have been made to elucidate the mechanisms behind
protein interfacial behavior and its direct link to protein aggregation, it is still not thoroughly
understood [4], [40], [43]. Especially, a direct connection of the physical-chemical properties
of the interfacial film and the emergence of large protein particles in solution is an obvious,
but not well-understood issue. Therefore, it is essential to localize and analyze the liquid-air

interface-related protein aggregation process. In this study, different surface-sensitive
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analytical methods were applied to characterize the liquid-air interfacial protein film of two
different monoclonal antibodies (1gGs). Infrared Reflection-Absorption Spectroscopy (IRRAS)
was used to identify the protein secondary structure at the interface and compared to
spectra in solution using FT-IR. Brewster-Angle Microscopy (BAM) was applied to uncover
topographical properties of the liquid-air interfacial film. Above that, a model was developed
to study the formation of particles by continuous compression and decompression of the
interfacial film only. Additionally, this newly designed test model allows an evaluation of the
impact of compression rate and speed on the formation of protein particles.

The localization of the aggregation process, the identification of critical factors, as well as the
analysis of the secondary structure of the protein are of high importance for a detailed
mechanistic understanding of how large protein aggregates emerge upon interfacial stress.
Consequently, the physical-chemical methods applied to characterize the interfacial film in
connection with the Mini-trough studies represent a valuable tool to screen different
formulation candidates for their propensity to undergo interface-related protein aggregation

processes.
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3. MATERIALS AND METHODS

3.1. Materials

Two monoclonal antibodies (mAB; 126 mg/mL pH 6.0 in 20 mM Histidine buffer, and mAB,
94 mg/mL pH 5.3 in 15 mM Histidine buffer) were provided by AbbVie Deutschland GmbH &
Co. KG, Ludwigshafen am Rhein, Germany. Solutions were prepared using highly purified
water (ELGA LC134, ELGA LabWater, Germany) and pH was adjusted with 1 mM NaOH and
1 mM HCI, respectively. All samples were filtrated using 0.2 um sterile polyethersulfone

(PES) syringe filters (Sterile Syringe Filter PES, VWR, Germany).

3.2. Surface Pressure Measurements

Surface pressure measurements and compression-decompression experiments were
performed in a 59 x 397 mm? PTFE Langmuir trough equipped with a metal alloy dyne probe
(Kibron Inc., Finland). The trough was filled with a 160 mL sample solution. The surface area
can be adjusted by two mobile PTFE barriers with a maximum area of 234 cm’. Temperature
was set to 20 °C by connecting the trough to a K6-cc circulation thermostat (Peter Huber
Kaeltemaschinenbau GmbH, Germany). Compression speed was set to 55 mm/min at a
compression factor (cs) of 8.3. Three cycles of continuous compression and decompression
were performed. For the compression-decompression experiments, the mAb concentration
was set to 1 mg/mL in 15 mM Histidine buffer at pH 6.0. Equilibrium surface pressure was
defined as the maximum surface pressure that is reached by adsorption and changes less

than 0.1 mN/m within 0.5 h. Results are given as mean and standard deviation (SD).

3.3. Agitation Studies

Agitation studies were performed on a horizontal orbital shaker [GfL 3017, Gesellschaft fir
Labortechnik mbH, Germany) at 100 rpm for 48 h. Each vial (vial size: 6 mL - 6R) was filled
with 4 mL or without headspace, respectively. mAb concentration was set to 1 mg/mL in
15 mM Histidine buffer at pH 6.0 for all measurements. The stoppers (without and with
needle) are in-house products and made of borosilicate glass (glass type 1). The glass needle
was generated by manual pull out of the glass stoppers after heating the glass until

deformable (in-house production).
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The vials were sealed using a viton O-ring (DuPont - E. |. du Pont de Nemours and Company,
U.S.) and spring steel clips or conical joints KCM (Keck™ by Schott Medica, Germany). Tests

were performed in triplicates and analyzed for turbidity and by LO, MFI.

Figure 1: 6R vials with glass stopper sealed by a viton O-ring and spring steel clip, and glass stopper with needle

3.4. Mini-Trough Studies

The so-called “Mini”-trough was designed and built in-house. It consists of a PTFE trough
with same proportions and functionality as the Kibron Langmuir trough already described
(see Materials and Methods: Surface Pressure Measurements) without a surface pressure
measurement unit. Automated and continuous compression-decompression cycles can be
performed to stress the liquid-air interface only. In relation to the Langmuir trough, the
dimensions of the Mini-trough are reduced by a factor of 8.7 with a maximum area Anax =
27.0 cm?. This results in a trough length of 9.0 cm, a width of 3.0 cm and a depth of 0.5 cm.
To maximize contact between the sample surface and the barriers, the trough was slightly
overfilled and therefore the sample volume was set constant to 14.5 mL for all experiments.
Particle contamination was minimized by washing with ethanol (commercial grade, absolute)
and repeated washing with highly purified water. A plastic enclosure covers the PTFE trough
and the barriers (Fig. 2). mAb concentration was set to 1 mg/mL in 15 mM Histidine buffer at
pH 6.0 for all measurements. The samples were stressed by 100 cycles started after an

equilibration time of 2.5 h.

Figure 2: Mini-Trough for repeated compression-decompression experiments
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3.5. Compression Speed (cspeed)

The Mini-trough enables the adjustment of compression speed (Cspeed). One compression-
decompression cycle describes a bidirectional barrier movement by 2 x39.6 mm.

Compression speeds of 25, 55, 95 or 115 mm/min have been used.

3.6. Compression Factor (cf)

Compression factor (cy) is defined as the ratio between the maximum and minimum surface
area. It can by varied by manual setting of the barriers end positions as illustrated in
figure 2.2. To investigate the impact of the compression factor, compression speed was kept

constant at 55 mm/min.

A A | A |
max min min
c.=3.0

c.=83

Figure 3: Schematic illustration of barrier movement and related area restriction from maximum surface area
(Amax) to the minimum surface area (A.,;,) dependent on compression factor (c¢) for c;=8.3 and ¢;=3

Table 1 lists some compression factors chosen and the corresponding barrier movement and

cycling times.

Table 1: Compression factors (c;) and related area, barrier movement and cycling time

Ct Anin [cmz] Barrier Movement [cm] Time for 100 cycles [h]
2 13.5 4.5 1.4
3 9.0 6.0 1.8
5 5.4 7.2 2.2
8.3 3.2 7.7 2.4
11 2.5 8.2 2.5
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3.7. Particle Analysis
3.7.1. Visual Inspection and Photo-documentation

Samples were analyzed for particles by visual inspection in a box with a blackboard equipped
with a white light lamp for 5 s each and recorded by photo-documentation (Nikon D5300 SLR

digital camera, Nikon Corporation, Japan). Each sample was categorized according to table 2.

Table 2: Four Categories for visual inspection (following Ph. Eur. 2.9.19)

0 1 2 3

Free from particles Practically free from particles Several particles Many particles

3.7.2. Turbidity

Samples were analyzed for turbidity according to Ph. Eur. 2.2.1. A sample volume of 1.8 mL
was analyzed using a Nephla turbidimeter (Dr. Lange, Duesseldorf, Germany). Data is given

as formazine nephelometric units (FNU).

3.7.3. Light Obscuration

Samples were analyzed for particles in the micrometer range by light obscuration (in analogy
to USP 788 and Ph. Eur. 2.9.19. requirements) with a SVSS-C instrument (PAMAS,
Partikelmess- und Analysesysteme GmbH, Rutesheim, Germany). After a pre-run volume of
0.5 mL, each sample was analyzed in triplicates of 0.3 mL at a filling and emptying rate of 10
mL/min. Before each run, the system was rinsed with at least 5 mL of highly purified water.

Data was collected using PAMAS PMA Program V 2.1.2.0. Results are given as mean and SD.

3.7.4. Micro-Flow Imaging

Particle size and number were additionally measured using a micro-flow imaging (MFI)
system DPA4100 from Brightwell Technologies Inc. (Ottawa, Canada) equipped with a high-
resolution 100 ul flowcell and the MFI™ View Application Software. Pre-run volumes of 0.3
mL and sample volumes of 0.65 mL were drawn through the flow cell by a peristaltic pump
at a flow rate of 0.1 mL/min. To optimize illumination and to provide a clean baseline the
system was rinsed with highly purified water before and after the measurements. Results

are given as mean and SD.
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3.7.5. Statistical Significance

A t-test was performed with * for p < 0.05, ** for p <0.01 and *** for p < 0.001.

3.8. FT-IR Spectroscopy

FT-IR spectra of 10 mg/mL mAB in 15mM Histidine buffer pH 6 were recorded using a Tensor
27 (Bruker Optik GmbH, Ettlingen, Germany) equipped with an AquaSpec (transmission cell
H,O A741-1) or a BioATR (Attenuated Total Reflectance) cell™ Il (Harrick) at 20 °C connected
to a thermostat (DC30-K20, Thermo Haake). For each spectrum, a 100 scan interferogram
was collected at a single beam mode with a 4 cm™ resolution. Recorded spectra were
analyzed by Opus 7.5 (Bruker Optik GmbH) and displayed as vector-normalized second-
derivative amide | spectra (calculated with 17 smoothing points according to the Savitzky-
Golay algorithms [26]). Infrared spectra of the temperature-induced unfolding of the IgG
samples were conducted using the BioATR measurement cell as the sample cell.
Temperature-dependent spectra were acquired every 4 °C from 25 — 93 °C with an
equilibration time of 120 s. Recorded infrared spectra were analyzed by the software Protein

Dynamics for Opus 7.5.

3.9. Infrared Reflection-Absorption Spectroscopy (IRRAS)

Infrared spectroscopy was used to determine the presence and the conformation of
adsorbed protein. IRRA spectra were recorded using a VERTEX FT-IR spectrometer (Bruker,
Germany). The spectrometer was coupled to a Langmuir trough (R&K, Germany), placed in a
sealed container to guarantee constant vapor atmosphere. The IR beam was conducted out
of the spectrometer and focused onto the water surface of the Langmuir trough. A
computer- controlled KRS-5 wire-grid polarizer was used to generate perpendicular (s)
polarized light. The angle of incidence was set to 40° with respect to the surface normal.
Measurements were performed using a trough with two compartments and a trough shuttle
system. One compartment contained the protein solution under investigation (sample),
while the other (reference) was filled with the pure subphase. The single-beam reflectance
spectrum of the reference trough was ratioed as background to the single beam reflectance
spectrum of the sample to calculate the reflection absorption spectrum as -log(R/Ro). IR

1 . .
spectra were collected at 4 cm™ resolution using 200 scans.
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3.10. Brewster-Angle Microscopy (BAM)

A Langmuir trough (KSV NIMA, Finland) was connected to a KSV NIMA Brewster Angle
Microscope to enable image measurements at the Brewster-Angle (53.06°, p-polarized light).
mAB at 0.1 mg/mL in 15mM histidine buffer was filled into the trough (V = 80 mL).
Simultaneous surface pressure measurements in the Langmuir trough enabled a direct
allocation of each image to a certain adsorption or compression state of the protein film.

The BAM images covered an area of 400 x 720 pm?®.
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4. RESULTS AND DISCUSSION
4.1. Adsorption of IgGs to the Liquid-Air Interface

The surface activity of the two mABs was investigated by surface pressure measurements.
The surface pressure does not depend on the geometry of the trough as a continuous
protein film is formed, and the surface tension is considered to be uniform across the
interface [45].

The adsorption to the liquid-air interface ends up in concentration and time-dependent
equilibrium surface pressure values as a result of molecule arrangement within the adsorbed
film [46]. mAB; reached a maximum equilibrium surface pressure of 13.5 mN/m at
concentrations =1 mg/mL (Fig. 4), and mAB, a maximum equilibrium surface pressure of
14.4 mN/m at 21 mg/mL, respectively. Moreover, at bulk concentrations of =1 mg/mL no
further increase in surface pressure was observed. This can be explained by a saturation of
the interface with protein molecules [5], [42]. Other proteins, such as human serum albumin
(HSA) and B-lactoglobulin reach similar surface pressure values of 18.8 mN/m [26] and
24.0 mN/m, respectively [47]. Absolute surface pressure values have been reported to be
affected by molecular size as well as by the relative affinity to the liquid-air interface [47].
Upon adsorption, protein molecules get enriched at the interface resulting in a thin layer of
concentrated solution [17]. Consequently, the antibody molecules adsorb irreversibly are
not only kinetically trapped at the interface but rather stabilized by protein-protein

interactions what results in the formation of an interfacial, viscoelastic film network [17],
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Figure 4: Concentration-dependent equilibrium surface pressure values of A: mAB; B: mAB,
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4.2. Physical Resistance of Interfacial Protein Films

Controlled compression and decompression of the liquid-air interfacial film and
simultaneous recording of surface pressure was performed to investigate the impact of
mechanical stress on the physical resistance of the film. Movement of the barriers from A,
to Amin resulted in an increase of surface pressure (Fig. 5). Measurements were started after
equilibrium surface pressure was reached and set to zero. Upon compression, the protein
molecules do not desorb upon compression but form a coherent and compressible film
indicated by an increase in surface pressure [51]. Furthermore, the distribution and ordering
of the molecules changes as the area per molecule decreases and a densely-packed
adsorption layer is formed. Hence, surface pressure depends on the occupation rate of
molecules within the adsorption layer as well as on the film thickness [52], [53]. The
formation of a strong network capable of enduring considerable stresses is probably due to a

complex interplay of hydrophobic interactions, hydration, and hydrogen bonds [45].
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Figure 5: Surface pressure during repeated compression and decompression of mAB; at a Cspeeq Of 55 mm/min
at a c; of; A: 3, B: 4.5, C: 8.3, D: Impact of c; on surface pressure over time after compression to A, without
decompression
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Compression of the interfacial film leads to stronger protein-protein interactions and this
cohesion between the molecules can be partially irreversible and clusters of protein
molecules might be formed [54]. Decompression caused an initial steep decrease in surface
pressure. The ascending line during compression and the descending line during
decompression differ from each other forming a characteristic hysteresis [40]. As a result,
upon decompression the surface pressure initially drops drastically presumably due to a
rupture of the film. Similarly, Grasso et al. showed that changes in the surface electrostatics
affected the hysteresis of an insulin monolayer [55]. The way a protein film responds to
compression has been described to be determined by the deformability (hardness) of the
adsorbed species [30], [39], [56].

The influence of the compression factors from the maximum surface area (Amax = 26.9 sz)
towards the minimum surface area (Amin = 6.0 cm?) on the change in surface pressure upon
compression and decompression was examined at a constant Cspeed Of 55 mm/min (Fig. 5).
The maximum change in surface pressure at ¢; = 3 of 18.3 mN/m was much lower compared
to 34.7 mN/m at ¢s=4.5, and 39.4 mN/m at c;=8.3.Moreover, at c;=3 no considerable
hysteresis was detected whereas with increasing compression factor the hysteresis area
increased. The protein molecules in the compressed film can relax which requires substantial
time and is directly dependent on the compression factor. Hence, compression without
decompression resulted in a decrease in surface pressure although surface pressure values
remain elevated compared to those of the uncompressed state. Furthermore, compression
by a high compression factor of 8.3 resulted in an increased quasi-equilibrium surface
pressure compared to less compression by factor 3. Similar findings obtained by Bee et al.
lead to the assumption of a change in the phase behavior of the interface as indicated by a
characteristic kink in the surface pressure versus area isotherm, that were observed around
35 mN/m during compression and around 25 mN/m during decompression [40].
Compression was performed by a reduction in surface area from 260 cm? to 30 cm?

meaning a compression factor of 8.67, and a compression speed of around 30 mm/min.
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Figure 6: Surface pressure during repeated compression and decompression of mAB; [1 mg/mL] at ¢; 4.5 at a
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mAB; after compression to A, with 55 mm/min without decompression

The impact of different speeds of barrier movement (csceq) at a constant c¢¢ of 4.5 on the
interfacial film behavior was analyzed. Upon compression at a Cspeeq Of 25 mm/min a
maximum change in surface pressure Amyax of 56.2 mN/m resulted (Fig. 6A). At a higher
compression speed of 55 mm/min the maximum change in surface pressure of
ATtmay = 35.7 mN/m was lower compared to the one resulting at slower compression speed.
This could be explained by the fact that faster compression does not allow the molecules to
reorder to the same degree, hence packing density is lower, resulting in a lower maximum
surface pressure change. Figure 6D shows the progression of surface pressure over time in
the compressed state. Independent from cCspeed the surface pressure decreased by about 20
mN/m within 3 h which can be explained by a decreasing amount of protein material within
the film. Furthermore, high compression speeds above 55 mm/min did not further affect the
film properties as the curve progression of 55 mm/min and 95 mm/min largely overlap. The

persisting elevated surface pressure compared to the equilibrium surface pressure reached
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after adsorption indicates the presence of a more concentrated and densely packed film
similar as described for the effect of different compression factors.

Overall, the curve progression of each subsequent cycle was almost identical but ended up
at marginally lowered quasi-equilibrium surface pressure values after each cycle at Anax. This
can be due to a loss of material from the interface due to a rupture of the protein film upon
decompression. Furthermore, Petkov et al. described a high degree of reproducibility and
symmetry between separate compressions and expansions of a B-lactoglobulin film at the
liquid-air interface [45]. However, compression was performed at a much lower speed of
0.5 mm/s and the interfacial area was compressed by 2% only [45].

Consequently, compression of the interfacial film caused a pronounced increase in surface
pressure, particularly at compression by a factor above 3. In addition, slower compression
below 55 mm/min resulted in a much higher surface pressure increase compared to faster

compression.

4.3. Presence and Secondary Structure of the IgG at the
Interface

A comparison of secondary structural elements of the antibodies investigated by FT-IR in
solution and by IRRAS at the interface allows conclusions about possible changes during
adsorption and subsequent compression. The amide bands in the IRRA spectra of mAB; and
mAB, (Fig. 7A-D) gave evidence for the presence of the proteins at the liquid-air interface.
The amide bands of mAB, appear more distinctive compared to mAB;. The position of the
amide bands does not differ considerably between the two mABs. The strongest amide |
contributions are observed at 1639 cm™ and 1659 cm™, and in the amide II region around
1551 cm™ and at 1531 cm™ for mAB; and at 1535 cm™ for mAB,. This indicates that the
mABs adopt mainly intramolecular B-sheet and unordered random coil conformations at the
interface [57]. The intensity, in particular of the OH-stretching vibration around 3580 cm,
increased upon compression of the interfacial film. This intensity increase as well as that of
the amide bands upon compression indicates an increase in interfacial protein concentration
and effective film thickness [5], [58]—[60]. The position of the amide | band and thus the

mAB secondary structure did not change during compression of the film.
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Figure 7: IRRA spectra of mAB; after adsorption to equilibrium surface pressure N=13.5 mN/m (solid line) and
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FT-IR spectra of mAB; and mAB; in solution revealed a maximum of the amide | band at
1639 cm™ indicating a high intramolecular B-sheet contribution (Fig. 8). The IRRA spectra
after adsorption and compression do not demonstrate new peaks referring to new structural
elements. In contrast, conformational changes induced by heat stress are connected with
strong peak shifts from the native intramolecular B-sheet structure towards a more
unordered structure. Thus, adsorption and compression of the two mABs investigated in this
study did not cause measurable changes in secondary structure compared to bulk solution.
According to literature, IR methods cover changes of 22 —-10% in sensitivity [57], [61].
Minor structural perturbations, however, cannot be excluded. Damonodaran et al. stated
that globular proteins essentially remain in the globular shape at the liquid-air interface [47].

Similarly, Roach et al. described the high surface curvature to be causative for the stabile
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structure of the globular albumin [62]. In contrast, fibrinogen, being rather rod like, gets
distorted by wrapping around surface curvature thereby inducing secondary structure loss.
Hence, structural rearrangements have been shown to be protein-specific [28].

Finally, the mABs investigated in this study remain in a native-like conformation with a

distinctive band of intermolecular B-sheet structure.
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Figure 8: Temperature-induced unfolding of A: mAB; and B: mAB, from 25 — 93 °C in steps of 4 °C using FT-IR

spectroscopy

4.4, Structural and Morphological Characterization of the
Liguid-Air Interfacial Protein Film

Brewster-Angle Microscopy in connection to a Langmuir trough was used to additionally
visualize and analyze the interfacial protein film morphology. The buffer control yields no
signal and the surface appeared dark as no light is reflected at the Brewster angle [66], [67].
Island-like structures appeared during adsorption and indicate an inhomogeneous
distribution of protein across the interface. Both mABs did not reveal considerable changes
in film morphology with increasing surface pressure during adsorption and compression. For
mAB,, a heterogeneous distribution of the protein across the interface can be assumed, as
clods of increased brightness indicating densely packed protein material exist next to darker
areas representing regions of a homogeneous and thin protein film (Fig. 9). In contrast, mAB,
showed an overall increased grey level with less pronounced island-like structures, and line-
type structures suggest protein layers of different packing density or film thickness being
aligned next to each other (Fig. 10). BAM images did not reveal considerable differences in

the interfacial film structure upon compression or decompression. Overall, BAM
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demonstrates that protein material accumulates at the interface resulting in
inhomogeneously distributed clusters. The observed areas of increased packing density or
film thickness might represent an early stage of protein particles when brought into solution
by e.g. interfacial stress. This is in accordance with previous studies where heterogeneous
structures and regions with different thickness were visualized in a liquid-air interfacial film
of soy protein and the existence of large regions of agglomerated protein at the interface
was assumed [66]. Particularly, interactions between protein molecules have been ascribed

to be responsible for the formation of clusters of different proteins at interfaces [68].

Adsorption

Compression

Figure 9: BAM images of mAB; during adsorption and compression (with increasing surface pressure from
left to right)

Adsorption

Compression

Figure 10: BAM images of mAB, during adsorption and compression with increasing surface pressure from
left to right)
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4.5. Particle Formation by Agitation

Agitation studies were performed to evaluate the impact of mechanical stress by shaking on
the emergence of protein particles, as it is typically performed during formulation
development. Shaking renders a repeated compression and decompression of the interface,
in a way similar to Langmuir measurements. However, a less aging of the interface has to be
considered as this directly affects the interfacial film characteristics as well as particle
formation [5], [42]. Furthermore, effects such as turbulent flow by overturning of liquid or
cavitation may result in additional mechanical stresses that impact protein particle
formation [14], [34], [35]. Shaking studies in vials sealed with a glass stopper to minimize
the impact of contact materials caused significantly elevated numbers of particles. After
48 hours of shaking, the visual particles with a mean value of 1.3 of categories 0 — 3 and
around 50,000 particles > 1um / mL were formed, accompanied by an increase in turbidity
(Figs. 11, 12). Moreover, in vials filled without headspace and therefore in absence of liquid-
air interfaces no particle were formed what is in good accordance with studies by Kiese et al.
[13]. To evaluate this in comparison with protein films formed at the interface, shaking was
additionally performed in presence of a glass needle. Upon disturbance of the interface
during shaking a high number of visible (category 3) and subvisible particles built up with
around 200,000 particles > 1um / mL accompanied by an increase in turbidity up to 7.6 FTU.
In case the vials including the glass needle were filled without any headspace no
considerable particle formation occurred. This again can be traced back to the fact that with
the absence of headspace also the presence of a liquid-air interface was excluded what ruled

out protein accumulation and therefore also any interfacial disturbance [13].

Figure 11: Photo documentation and results of the visual inspection after 48 h shaking of mAB; with different
stopper types; A: Glass Stopper, B: Glass Stopper + Needle, C: Glass Stopper + Needle without headspace
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In a similar way, Rudiuk et al. showed that upon transient breakage of the liquid-air interface
by a stainless steel needle large protein particles are released from the interface.
Furthermore, they stated that so-called primary surface aggregates stay at the interface and
do not penetrate into the bulk in the absence of external triggers [22]. Similar findings were
reported by Metha et al. who showed that rupture of the viscoelastic gel formed at the
silicone oil-water interface resulted in particle formation [48], [69]. Gerhardt et al. showed
that without movement of an air bubble, the protein gel layer formed at the silicone oil-
water interface was not disrupted and no particle formation took place [23]. A study by Maa
et al. pointed out that shear, induced by using a nitrogen bubbling method, in presence of a
liquid-air interface caused aggregation of recombinant human growth hormone (rhGH) and
aggregation was found to increase with increasing protein concentration and interfacial area
[70].

Although the presence of the interface was shown to be involved in the aggregation process
in all cases, a direct localization and evaluation of impact factors that contribute to the
underlying mechanisms is not given. Ultimately, only the use of a physical-chemical
characterization of the IgG at the liquid-air interface in direct combination with controlled
interfacial stress at the interface exclusively will allow a mechanistic understanding of
interface-induced protein aggregation. Therefore, a model was developed to investigate the

effect of liquid-air interfacial stress only on protein particle formation.
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4.6. Particle Formation in the Mini-Trough by Liquid-Air
Interfacial Stress Only

A Mini-trough with identical dimensions as the Langmuir trough but on a smaller scale was
developed to investigate whether automated, repeated compression and decompression of
the interfacial film only can cause the formation of particles. Above that, the Mini-trough
enables to analyze the influence of compression speed and factor on the extent of particle
formation.

Only very low numbers of particles were detected in unstressed protein solutions by LO and
MFI. In contrast, 100 compression-decompression cycles of a 1 mg/mL mAB; solution after
reaching equilibrium surface pressure caused the formation of significant amounts of
particles amounting to around 6000 particles >1 um/mL (Fig. 13A). Furthermore, repeated
compression and decompression was performed at different ¢t and Cspeeq. Figure 13B
demonstrates that the number of particles formed was strongly dependent on cs
Compression by a factor of 2 (at a constant cspeeq Of 55 mm/min) did not cause substantial
particle formation. Significant particle formation set in at a ¢f of 3 and increased up with
increasing compression factor reaching a plateau at ¢ values of 8.3 and above. Also, Cspeed
was proven to directly influence the number of particles formed. Already at a Copeeq Of 25
mm/min (at a constant c; of 8.3) a pronounced number of particles formed upon repeated
compression and decompression. However, figure 13C reveals less particle formation at a
Cspeed OF 25 mm/min compared to higher cseed. NO considerable differences were noticeable
at compression speeds higher than 55 mm/min where the number of particles overall
ranged between 6000-8000 particles >1 um/mL. Therefore, both cf and Cspeed Substantially
affected not only the interfacial film behavior as indicated by the surface pressure
measurements, but also the formation of particles by interfacial stress only.

Thus, a rupture of the highly concentrated film, especially during decompression, can result
in the release of clustered protein material into bulk solution. The island-like distribution of
protein observed in the BAM images goes in line with this hypothesis. Furthermore, this
assumption is supported by findings of van Aken et al. where interfacial compression in a
Langmuir trough, equipped with a computer-controlled barrier transport system, caused an
increase in surface pressure [71]. Depending on the rate of compression and the type of
protein (B-casein, B-lactoglobulin, BSA), sudden drops of the surface pressure were observed

during compression that were described to arise from tearing or wrinkling of the adsorbed
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protein layer [71]. Using a custom-built bubble tensiometer, Lin et al. investigated the effect
of continuous contraction of a mAB adsorbed to the liquid-air interface [42]. Deformation of
the interface caused a reduction in surface area and forced the adsorbed protein molecules
into close proximity of each other. Further contraction provided visual evidence to
eventually cause ejection of large, protein aggregates from the interface [42]. Bee et al.
applied a cyclic compression of an IgG; antibody adsorbed to the liquid-air interface where
similar findings were observed with regard to hysteresis and compression decompression
behavior [40]. Moreover, 6.5 hours of continuous periodic compressions/dilations trough
resulted in a very slight increase in visible proteinaceous particles. More comprehensively,
however, interface-related aggregation was investigated using rotating vials, meaning an
end-over-end rotation where the interface passed through a geometrical maximum and
mimimum area what resulted in protein particle formation. Therefore, it was hypothesized
aggregation takes place at the interface followed by detachment into the bulk solution [40].
The compression ratio was varied via the selection of vial dimensions and ranged between a
ratio of 2.9:0.78 (=3.72) to 8.0 : 0.77 (= 10.39). The rotation rate was set to 3—-14 rpm,
resulting in a period of about 4 to 20 s per rotation. Therefore, at comparable compression
factors, compression speed was chosen much higher compared to the experiments in the
Mini-trough. Above that, the Mini-trough allows repeated compression-decompression of
the interfacial film only without interface turnover.

Certainly, using the Mini-trough method the aggregation process can be localized and
ascribed to liquid-air interfacial stress only. Therefore, it represents a valuable tool to screen
different proteins and formulations for their propensity to undergo interface related-

aggregation as a measure of compression factor and speed.
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5. SUMMARY & CONCLUSION

Different methodologies to characterize the liquid-air interfacial film characteristics and
related aggregation processes of two IgG molecules were used. The IgGs adsorb to the
liquid-air interface in a time- and concentration-dependent manner, thereby forming a
coherent but inhomogeneous interfacial protein film. Clusters of protein material were
detected by BAM which may represent preliminary stages of protein aggregates emerging at
the liquid-at interface already during the adsorption process. Compression caused
compaction and concentration within the film as it became obvious by a pronounced
hysteresis. The compressibility of the interfacial film was directly affected by the speed and
extent of compression. The steep decrease in surface pressure as well as the decreasing
surface pressure values with each cycle, indicate a rupture of the film and a potential loss of
protein material from the interface. This hypothesis was ascertained not only by a shaking
study, but also by controlled compression and decompression of the interfacial film only by a
newly designed Mini-trough setup. Thus, a clear connection between interfacial stress and
protein particle formation was proven as compression by a factor above 3 and by a speed of
25 mm/min and above resulted in significant particle formation. Consequently, the Mini-
trough method is a highly expedient method for the localization and characterization of
protein particle formation by liquid-air interfacial stress only. As no major effect on
secondary structure was observed by IRRAS, the IgGs are assumed to remain in a native-like
conformation. Therefore, we conclude that a major cause of the emergence of large native-
like protein particles is a compaction of protein material accompanied by increased protein-
protein-interactions, followed by a rupture of the interfacial protein film.

Although considerable effort has been put to gain better understanding of how protein films
are characterized and how they behave upon interfacial stress, whether unfolding takes
place or not, and how large particles emerge in the bulk, the mechanistic details have not
been generally answered to date. Particularly, previous approaches used different and
heterogeneous analytical tools to characterize the physicochemical behavior at the interface
on the one hand and interface-induced aggregation on the other. The characterization of
not only the interfacial film but also the interface-related aggregation process itself by a
trough method exclusively has not been described before.

Finally, this approach allows a direct correlation of interfacial stress only and the formation

of protein particles. In addition, the Mini-trough method represents a useful tool to screen
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different formulations, as it can be directly analyzed whether the condition or additive
chosen has a protective effect on interface-related protein aggregation, which is one of the

major challenges in the development of protein pharmaceuticals.
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CHAPTER V

MOVE ALONG PLEASE!

HOW FORMULATION ADDITIVES AFFECT
LIQUID-AIR INTERFACE RELATED PROTEIN
INSTABILITY

1. ABSTRACT

The addition of formulation additives is a popular option to protect protein formulations
against interface-based stress. However, the addition of surfactants is connected with
concerns regarding their variable quality, analytics, and possible negative effects on protein
stability. Understanding the behavior of both the protein and the additive at the interface is
mandatory for the decision whether and which one to add. In this study, polysorbate 80
(PS 80), poloxamer 188 (P 188), as well as hydroxypropyl-B-cyclodextrin (HP-B-CD) were
investigated. Surface pressure measurements combined with studying the interfacial film
compressibility allowed conclusions about its composition. Whilst IgG films were highly
compressible, compression of an additive solution did not result in a considerable increase in
surface pressure. The mixtures exhibit either IgG- or additive-like characteristics depending
on the mixing ratio. The appearance of amide bands in Infrared-Reflection-Absorption (IRRA)
spectra proved the presence of IgG at the interface in case of mixtures with PS 80 present at
concentrations of 0.001 mg/mL and below, and therefore below the critical micellar
concentration (CMC). In formulations with 0.01 mg/mL PS80, 0.01 mg/mL P 188, or
0.349 mg/mL HP-B-CD and above, no amide bands were detected indicating that the
interface is fully occupied by the additive molecules. Additive solutions did not supply any
signal in Brewster Angle Microscopy (BAM). Therefore, island-like bright domains can be
traced back to the presence of IgG clusters at the interface. BAM images demonstrated the
presence of 1gG molecules at high PS80 concentrations above CMC (0.01 mg/mL and
higher). Similarly, residual IgG clusters were detected in mixtures of IgG with 1 mg/mL P 188

or 34.9 mg/mL HP-B-CD. Clusters of telescoped protein material were detected after
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compression of 1gG films in Atomic Force Microscopy (AFM) images. In contrast, PS 80
solutions formed smooth and flat films which were not affected by compressive forces.
Moreover, at a very low PS 80 concentration of 0.00005 mg/mL bright domains of increased
height representing agglomerated protein emerged upon compression. Furthermore, a
drastically increased particle formation both upon agitation as well as in repeated
compression-decompression experiments was observed. The presence of PS 80 0.01 mg/mL
and above, or P 188 0.1 mg/mL and above prevented agitation induced aggregation
effectively. Also, HP-B-CD successfully inhibited aggregation at concentrations of 3.49 mg/mL
and above, although to a lesser extent. Thus, the combination of the different surface
sensitive methods with interfacial stress studies provided new insights into the complex
behavior of IgG molecules and formulation additives at the liquid-air interface and a better

understanding of interface related protein aggregation.
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2. INTRODUCTION

Both chemical and physical stability of protein drugs have to be assured to demonstrate the
quality of a drug product [1]. Different to typical small molecule drugs, protein
pharmaceuticals are susceptible to physical changes, such as adsorption to hydrophobic
interfaces, denaturation and aggregation [2]. Therefore, the successful development of a
protein pharmaceutical requires careful assessment of the various possible degradation
pathways and a thorough understanding of the mechanisms behind protein aggregation. To
overcome these challenges, pH and ionic strength adjustment as well as the addition of
excipients are typical strategies for protein stabilization [3]-[6]. In general, formulation
additives are frequently utilized as they are known to successfully inhibit surface-induced
protein aggregation. Nevertheless, little is known so far about the underlying mechanisms of
stabilization [7]. Surfactants, specifically polysorbate 20 (PS 20) and 80 (PS 80) or poloxamer
188 (P 188), belong to the most commonly used additives to stabilize against interface-
related mechanical stress [8]. As surfactant molecules exhibit a pronounced surface activity
and are much smaller in size, adsorption at interfaces is much faster compared to the
proteins. Proteins form a strong viscoelastic network at interfaces. In these films the protein
molecules are rather immobilized, tend to stay at the interface and do not readily desorb
upon compression [9]. In contrast, surfactants have a high degree of mobility at interfaces
[10]. Surfactants can therefore stabilize protein formulations by preferential adsorption to
the liquid-air interface, thereby excluding the protein molecules from the interface. By this,
PS 80 can suppress aggregation e.g. upon agitation [11]-[13]. Whereas protein molecules
tend to strongly interact with one another, surfactants rather move in the direction of the
surface tension gradient, as described by the Gibbs—Marangoni effect [14]. Polysorbates
were found to prevent protein adsorption by sterically inhibiting proteins from associating
with the interface, although no significant surfactant—protein association is assumed to
occur in solution [7]. Poloxamers with their collapsed polypropylene oxide (PPO) block form
unimeric micelles and higher ordered aggregates and show complex association behavior in
solutions [15]. The CMC was found to vary over a wide concentration range depending on
temperature and molecular weight [16], [17]. As mechanism of action, poloxamers are
thought to form surfactant—protein complexes in solution, independent of their affinity for
the interface thereby inhibiting protein adsorption to the interface [15]. Moreover,

association into protein-surfactant complexes has been reported for P 188 preventing

101



CHAPTER V MOVE ALONG PLEASE!

proteins from adsorption to surfaces and aggregation. Poloxamers are not expected to form
micelles in water except at very high concentrations [7], [18].

Although the inclusion of surfactants in protein formulation brings benefits, they might also
come along with some destabilizing effects. For instance, surfactants can stimulate the
oxidation of protein molecules, and fatty acids derived from surfactants may induce protein
aggregation [19]. Therefore, cyclodextrins, specifically hydroxypropyl-B-cyclodextrin (HP-R-
CD), may present an alternative to surfactants [20], [21]. Their ability to suppress
aggregation is explained by their ability to bind to exposed hydrophobic amino acid residues
on proteins, thereby not only reducing the surface hydrophobicity of the protein but also
blocking potential protein-protein interactions [21]. Also a surfactant-like mechanism of
stabilization against aggregation has been reported [8], [22]. For example, a stabilizing effect
comparable to PS 80 was shown for HP-R-CD upon shaking of a protein solution [23]. In
addition, sugar-like effects, particularly based on water replacement, have to be considered
[20], [22], [24]. Typically, the critical micellar concentration (CMC) serves as a first reliable
hint for the surfactant concentration required to achieve a sufficient stabilization. However,
the CMC does not completely describe the surfactant effect on surface-active protein drugs.
If the surfactant stabilizes protein molecules by direct binding, the effective surfactant
concentration would be related to the molar ratio of surfactant to protein, rather than the
CMC [25].

This study aims on the characterization of mixed protein-additive films at the liquid-air
interface for different additives and at different mixing ratios. Specifically the question will
be addressed whether and if so at which concentration the additive entirely replaces the
protein from the interface. This is of importance, particularly for the identification of
sufficiently high additive concentrations as well as to better understand and address protein
instability at the liquid-air interface. Characterization of the interfacial film composition and
its properties is an important prerequisite. A combination of physicochemical investigations
and interfacial stress studies was performed using PS 80, P 188 and HP-B-CD in mixtures with
a human immunoglobulin (IgG). Surface pressure and compression-decompression
experiments allow conclusions about the qualitative composition of the liquid-air interfacial
film and thus its mechanical behavior. In combination with Infrared Reflectance-Absorbance
spectroscopy (IRRAS), these results provide useful information about whether protein

molecules are present at the interface. The topographical features of the liquid-air interfacial
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film were analyzed by Brewster Angle microscopy (BAM) as well as by Atomic Force
Microscopy (AFM). The effect of the additives at different concentration on protein particle
formation was investigated in shaking stress studies as well as by continuous compression-
decompression of the interface in a Mini-Trough. Consequently, this study should enable not
only to draw conclusions about the impact of formulation additives on the interfacial protein

behavior, but may also provide useful insights into interface-related protein aggregation.
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3. MATERIALS AND METHODS
3.1. Materials

Human IgG (Beriglobin™, CSL Behring GmbH, Germany) was used for this study. The market
product contains 159 mg/mL human IgG in 22 g/L Glycine and 3 g/L NaCl buffer at pH 6.8.
Glycine-NaCl buffer was prepared using highly purified water (ELGA LC134, ELGA LabWater,
Germany) and pH was adjusted adding NaOH. All diluted solutions were prepared by the
addition of Glycine-NaCl buffer at pH 6.8. Polysorbate 80 (PS 80) was obtained from Sigma-
Aldrich Chemie GmbH, Germany. The CMC of PS80 and P 188 was determined to be
0.0026 mg/mL and 0.21 mg/mL in Glycine-NaCl buffer at 20 °C, respectively. Solutions were
prepared by dilution in Glycine-NaCl buffer pH 6.8. Solutions of Poloxamer 188 from BASF,
Switzerland as well as hydroxypropyl- 8 -cyclodextrin (HP-3-CD) from Wacker Fine Chemicals,
Germany were prepared accordingly. All samples were filtered using 0.2 um sterile PES

filters (Sterile Syringe Filter PES, VWR, Germany).

3.2. Surface Pressure Measurements

Surface activity was expressed by surface pressure I, with 1 = oo — 0, where opgand o are the
aqueous subphase surface tension and the surface tension of the aqueous protein solution,
respectively. Surface pressure measurements were performed in a 5.9 x39.7 cm? PTFE
Langmuir trough equipped with a metal alloy dyne probe (Microtrough XS, Kibron Inc.,
Finland). For the determination of equilibrium surface pressures a 3 x 6 Multiwell Plate (V =
0.8 mL) was used. Results are given as mean (n=3) and standard deviation. Equilibrium
adsorption pressure is defined as the maximum surface pressure that is reached by
adsorption only and stable in a range of £0.2 mN/m within 0.5 h.

160 mL sample solution was filled into the trough for the repeated compression-
decompression measurements. The surface area of the trough can be varied by two mobile
PTFE barriers. Temperature was kept at 20 °C (K6-cc circulation thermostat, Peter Huber
Kaeltemaschinenbau GmbH, Germany). Compression speed was set to 55 mm/min and
compression-decompression cycles were conducted from a maximum surface area of
Amax = 210 cm® to Amin= 52 cm?. Compression was started after the equilibrium adsorption

pressure was reached.
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3.3. Agitation Studies

Agitation studies of IgG at 1 mg/mL were performed on a horizontal orbital shaker (GFL
3017, GFL, Germany) at 100 rpm for 48 h. Each vial (6R) was filled with 4 mL or filled without
headspace. Borosilicate stoppers (without and with needle) are of in-house production. The
needle was made by glassblowing work and therefore pulled from the center the hot glass
plate in a way that it forms 3.5 cm ( £0.3 cm) glass fibers of 0.2 cm (+£0.05 cm) diameter (all in
one piece). The vials were sealed using a Viton o-ring and spring steel clips KCM (Keck™ by

Schott Medica, Germany).

3.4. Mini-Trough

The “Mini-Trough” was designed and manufactured in-house. It consists of a PTFE trough
with same proportions and functionality as the Kibron Langmuir trough for bidirectional
barrier movement described above, but was reduced in size by a factor of 4.5 (and without
surface pressure measurement unit). Automated and continuous compression-
decompression cycles can be performed to stress the liquid-air interface only. A sample
volume of 14.5 mL was used. A plastic enclosure covers the PTFE trough and the barriers
(see Fig.1) to avoid dust and entry. 100 cycles were started after an equilibration time of
2.5 h each. Compression speed (Cspeed) and compression factor (cf) were kept constant to

55 mm/min and 4.5, accordingly.

3.5. Particle Analysis
3.5.1. Visual Inspection and Photo-documentation

Samples after shaking and after continuous compression-decompression in the Mini-Trough
were investigated for particles by visual inspection with photo-documentation (Nikon D5300
SLR digital camera, Nikon Corporation, Japan). The Ph. Eur. monograph for parental
preparations in conjunction with the visual particles monograph (Ph. Eur. 2.9.19) requires
parenteral preparations (which are not administered using a final filter) to be practically free
from (visible) particles. Ph. Eur. monograph ‘Monoclonal antibodies for human use’ requires
the formulations to be practically free from particulates that could be detected visually. All

samples were categorized according to table 1.
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Table 1: Four Categories for visual inspection (following Ph. Eur. 2.9.19)

0 1 2 3

Free from particles Practically free from particles Several particles Many particles

3.5.2. Turbidity

Samples were analyzed for turbidity according to Ph. Eur. 2.2.1 based on the scatter of
860 nm light by the sample at an angle of 90°. A sample volume of 1.8 mL was analyzed
using a Nephla turbidimeter (Dr. Lange, Duesseldorf, Germany). Data is given as formazine

nephelometric units (FNUs).

3.5.3. Light Obscuration

Samples were analyzed for particles in the micrometer range by light obscuration (in analogy
to USP 788 and Ph Eur 2.9.19) with a SVSS-C instrument (PAMAS, Partikelmess-und
Analysesysteme GmbH, Rutesheim, Germany). After a pre-run volume of 0.5 mL, each
sample was analyzed in triplicates of 0.3 mL at a filling and emptying rate of 10 mL/min.
Before each run, the system was rinsed with at least 5 mL of highly purified water. Data was

collected using PAMAS PMA Program V 2.1.2.0.

3.5.4. Micro-Flow Imaging

Particle size and number was additionally measured using a micro-flow imaging (MFI) system
(DPA4100, Brightwell Technologies Inc., Ottawa, Canada) equipped with a high-resolution
100 pl flow-cell and the MFI™ View Application Software. Pre-run volumes of 0.3 mL and
sample volumes of 0.65 mL were drawn through the flow cell by a peristaltic pump at a flow
rate of 0.1 mL/min. To optimize illumination and to provide a clean baseline the system was

rinsed with highly purified water before and after the measurements.

3.5.5. Statistical Significance

For LO and MFI data a t-test was performed with * for p <0.05, ** for p <0.01 and *** for

p < 0.001.
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3.6. Infrared Reflectance Absorbance Spectroscopy
(IRRAS)

Infrared spectroscopy was used to determine the presence of the protein and the additives
adsorbed at the liquid-air interface. Moreover, secondary structure of the IgG was analyzed.
IRRA spectra were recorded using a VERTEX FT-IR spectrometer (Bruker Optics GmbH,
Germany) equipped with a liquid nitrogen-cooled MCT (mercury cadmium telluride)
detector. The spectrometer was coupled to a Langmuir trough (Riegler & Kirstein GmbH,
Germany), placed in a sealed container (external air/water reflection unit XA-511) to
guarantee constant vapor atmosphere. The IR beam was conducted out of the spectrometer
and focused onto the water surface of the Langmuir trough. A computer controlled KRS-5
wire-grid polarizer (thallium bromide and iodide mixed crystal) was used to generate
perpendicular (s) and parallel (p) polarized light. The angle of incidence was set to 40° with
respect to the surface normal. Measurements were performed using a trough with two
compartments and a trough shuttle system [26]-[28]. One compartment contained the
protein solution under investigation (sample), and the other (reference) was filled with the
pure buffer subphase. The single-beam reflectance spectrum (Ry) from the reference trough
was taken as background for the single-beam reflectance spectrum (R) of the monolayer in
the sample trough to calculate the reflection-absorption spectrum as -log(R/Ro) in order to
eliminate the water vapor signal. IR spectra were collected at 8 cm™ resolution and a
scanner speed of 20 kHz. For s-polarized light, spectra were co-added over 200 scans, and

spectra with p-polarized light were co-added over 400 scans.
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3.7. Brewster Angle Microscopy (BAM)

The morphology of the monolayer was imaged with a Brewster angle microscope, BAM2plus
from NanoFilm Technologie GmbH (Goettingen, Germany), equipped with a miniature film
balance from NIMA Technology (Coventry, UK). IgG at 1 mg/mL in Glycine-NaCl buffer at pH
6.8 was filled into the trough (V = 80 mL). Simultaneous surface pressure measurements
during adsorption and compression of the IgG in the Langmuir trough enabled a direct
connection of each image with the corresponding surface pressure during adsorption or
compression of the protein. The lateral resolution of the BAM was approximately 3 um. The
size of the BAM images is 400 x 720 pum®. Detailed information about the BAM method is

given elsewhere [29]-[31].

3.8. Atomic Force Microscopy (AFM)

For AFM, protein films formed during adsorption to equilibrium adsorption pressure or after
compression to a desired surface pressure, were transferred by the Langmuir-Schaefer
deposition (horizontal transfer of the film) using 1 x 1 cm?® mica plates (Mica Sheet V5
Quality, Science Services GmbH, Germany) attached to a stamp tool. The mica was lowered
onto the surface and pulled off after 2 s of contact time. The mica was removed from the
stamp tool and the transferred film was covered with a drop of buffer solution to prevent
drying of the sample. The transferred films were analyzed by underwater AFM (Bruker /
Veeco / Digital Instruments MultiMode AFM ) using a cantilever (Arrow™ NCPt, resonance
frequency 285 kHz, spring constant 42 N/m) in tapping mode (Nano World AG, Switzerland).

Images were analyzed by NanoScope 11l 5.12r3 Software (Digital Instruments Inc., US).
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4. RESULTS AND DISCUSSION
4.1. Competitive Adsorption
4.1.1. Equilibration Time

IgG molecules exhibit a certain surface activity because of their partly amphiphilic character.
Due to their larger size and less amphiphilic character they adsorb much slower at interfaces
compared to the surfactant type formulation additives. An assessment of the time until a
stable equilibrium surface pressure is reached therefore provides a first hint on the
interfacial film properties. For this purpose, the equilibration time (teq) was defined as time
until a maximum surface pressure is reached by adsorption which changes less than
+ 0.2 mN/m within 0.5 h.

In case of the IgG, an equilibrium surface pressure was only reached after 3.9 h. Moreover,
teq decreased with increasing protein concentration (Tab. 1). For all mixtures, teq was reached
much faster (0.1-0.2 h). Additionally, concentration did not have a considerable impact on
teq. FOr the mixtures, teq increased with higher amounts of IgG (Tab. 2). In case of PS 80 at a
mixture ratio of 2000:1 [cigs: Cps s0], in Which the surfactant is present well below CMC, teq
was reached after 1.3 h (Fig. 1A, Tab. 2). In contrast, teq was reached after 0.2 h at high PS 80
concentrations as in case of a ratio of 1:1 [cis: Cps s0]. The 1gG molecules compete with the
much smaller amphiphiles for the adsorption to the interface as t.q drastically decreases with
increasing additive concentration. At PS 80 concentrations well below CMC, but also at
higher surfactant concentrations, teq was elevated for all mixtures compared to pure PS 80
solution (Tab. 2, 3). In mixtures with IgG, the behavior of surfactants can be altered and the
apparent CMC values have been described to be increased compared to the CMC values of
the surfactants alone [15].

Mixtures of IgG and P 188 revealed highest teq with up to 1.9 h (e.g. 100:1 ratio of cigs: Cpigs).
Thus, adsorption kinetics depended on the protein concentration as well as the IgG-additive
mixing ratio. P 188 and mixtures of IgG with P 188 revealed the slowest adsorption kinetics
which can be traced back to the higher molecular weight of P 188 compared to the other
additives investigated. Moreover, the complex behavior of P 188 needs to be considered, as
it is known to show a divers aggregation behavior and micelle formation, although the

detailed mechanism remains unclear to date [17], [18], [32].
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Different to polysorbates, the CMC of poloxamers varies over a broad concentration range
depending on temperature and molecular weight ratios of the polymer blocks. We
determined a CMC of 0.21 mg/mL which compares well to literature values of 0.334 mg/mL

and 0.743 mg/mL [33], [34].

Table 2: Mixing ratios of IgG with P 80, P 188 and HP-B-CD

IgG + Polysorbate 80

¢ [mg/mL] Mixing Ratio [ciz6: Cps 50
0.1 + 0.00005 2000:1

0.1 + 0.001 100:1

0.1 + 0.01 10:1

01 + 0.1 1:1

IgG + Poloxamer 188

¢ [mg/mL] Mixing Ratio [cz6: Cpigs]
0.1 + 0.001 100:1

0.1 + 0.01 10:1

0.1 + 0.1 1:1

01 + 1 1:10

IgG + Hydroxypropyl-B-cyclodextrin

¢ [mg/mL] Mixing Ratio [c;e6: Cp-p-cpl]
0.1 + 0.349 0.29:1

0.1 + 3.49 0.029:1

0.1 + 349 0.0029:1

0.1 + 69.8 0.000143:1

Similar to PS 80 and P 188, also the equilibration time of the IgG in mixtures with HP-B-CD in
a concentration range of 0.349 mg/mL up to 34.9 mg/mL was analyzed. At HP-B-CD
concentrations of 3.49 mg/mL and above, teq was reached only 0.5 h. In case of the lowest
concentration of 0.349 mg/mL, equilibrium surface pressure was reached after 1.1 h,
suggesting a contribution of the IgG to the adsorption process.

Cyclodextrins have been reported to bind to exposed hydrophobic residues on proteins
causing a shielding of exposed hydrophobic spots thereby inhibiting protein adsorption [21].
Hence, these physicochemical investigations are highly valuable as they give a first hint on

the interfacial film characteristics.
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Table 3: Equilibration times (t.q) of pure solutions of IgG, PS 80, P 188 and HP-B-CD

1gG Polysorbate 80 Poloxamer 188 HP-B-CD
¢ [mg/mL] teq [h] ¢ [mg/mL] teq [h] ¢ [mg/mL] teq [h] ¢ [mg/mL] teq [h]
0.0005 3.1 0.0005 0.2 0.001 0.2 0.349 0.2
0.001 3.6 0.001 0.1 0.01 0.2 3.49 0.2
0.01 3.8 0.01 0.1 0.1 0.1 34.9 0.1
0.1 3.9 0.1 0.1 1 0.1 69.8 0.1

Table 4: Equilibration times (t.q) of mixtures of IgG +PS 80, IgG + P 188 and IgG + HP-B-CD

1gG + Polysorbate 80 IgG + Poloxamer 188 1gG + HP-B-CD
¢ [mg/mL] teq [h] ¢ [mg/mL] teq [h] ¢ [mg/mL] teq [h]
0.1 + 0.00005 13 0.1 + 0.001 1.9 0.1 + 0.349 1.1
0.1 + 0.001 0.7 0.1 + 0.01 1.2 0.1 + 3.49 0.4
0.1 + 0.01 0.5 01 + 0.1 0.4 0.1 + 349 0.2
0.1 + 01 0.2 01 + 1 0.1 0.1 + 69.8 0.1

4.1.2. Equilibrium Surface Pressure

Nonionic surfactants evolve their protein stabilizing features by either interfacial
competition and / or by direct protein - surfactant interaction [15]. Hence, surface pressure
experiments provide evidence about not only the adsorption process but also the interfacial
film assembly. The concentration dependent equilibrium surface pressure values (Teq) of 18G
mixtures with the additives are shown in figure 1A-C. For IgG, Tteq increased with increasing
concentration reaching a maximum surface pressure (Tmay) of 18.5 mMN/m at 1 mg/mL. A Ttmax
of 31 mN/m was obtained for PS80 above CMC (determined as 0.0026 mg/mL). The
mixtures of IgG and PS 80 behaved similar to pure PS 80 at higher concentrations. At PS 80
concentrations below 0.01 mg/mL, the additional presence of the I1gG caused an increase in
surface pressure and therefore both surfactant and protein molecules are present at the
interface. The 1., of P 188 was determined to 23 mN/m at concentrations of 1 mg/mL and
above (Fig. 1B). Different to the results obtained for PS 80, the presence of 1gG resulted in
higher meq at all P 188 concentrations, also above the CMC of 0.21 mg/mL. Surface pressure
values of IgG - P 188 mixtures with the P 188 present at concentrations above the CMC were
overall higher compared to pure P 188. This indicates an additional presence of IgG
molecules at the interface. HP-B-CD also exhibited a pronounced surface activity reaching a

surface pressure value of 20 mN/m (Fig. 1C). Different to the non-ionic surfactants described
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before, no steady state as defined in this study (see materials and methods) was reached. An

increase in HP-B-CD concentration caused an increase in surface pressure consistently up to

concentrations of 69.8 mg/mL. IgG and HP-B-CD reached comparable surface pressure

values and thus, no considerable differences were detectable for the mixtures.

Due to their strong amphiphilic character and smaller molecular weight, surfactants adsorb

much faster compared to I1gG [35]. Therefore, the IgG can either occupy interspaces which

are not accessible by other PS80 or P 188 molecules, or the IgG competes with the

surfactant for the adsorption to the interface. Moreover, it has been stated that poloxamers

can inhibit protein adsorption via the formation of protein—surfactant complexes of low

adsorption affinity and not by its preferential location at the interface [7]. For the HP-B-CD,

no conclusion about the presence of IgG at the interface is possible at this point.
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4.2. Repeated Compression and Decompression of Mixed
Protein — Additive Films

Proteins adsorbed to the liquid-air interface behave different than surfactant molecules.
While proteins form highly compressible films, surfactant molecules get easily displaced
from the surface. Hence the compressibility behavior of the adsorbed film allows conclusions

about the composition of the film.
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Continuous compression-decompression cycles of the liquid-air interfacial film were
performed and surface pressure was recorded simultaneously. Compression of the IgG film
caused a substantial increase in surface pressure at a compression factor of 8.3 (Fig. 2A) and
the change in surface pressure amounted to 44.9 mN/m. Decompression led to a marked
decrease in surface pressure. A substantial hysteresis resulted upon repeated compression
and decompression. The equilibrium surface pressure slightly decreased with each cycle.
Compression of the liquid-air interface of a PS 80 solution did result in a much less
pronounced increase in surface pressure (Fig. 2D). At Ay, @ maximum change in surface
pressure (Timax) of 14.1 mN/m was reached. Compression and decompression of mixed IgG
and PS 80 films revealed a mixture depended compressibility behavior. In case PS 80 was
present at a concentration well below CMC, compressibility was protein-like reaching a Ttmax
of 38.5 mN/m (Fig 2B). In case the PS 80 was present in concentrations above CMC Tty

reached 23.3 mN/m (Fig. 2C).
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Figure 2: Change in surface pressure [mN/m] vs. total area [cm®] of three continuous compression-
decompression cycles of 1gG and/or PS 80 at different concentrations. A: 1gG 0.1mg/mL, B: 1gG 0.1mg/mL +

PS 80 0.00005 mg/mL, C: IgG 0.1 mg/mL + PS 80 0.001 mg/mL, D: PS 80 0.1 mg/mL
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The compressibility of P 188 films was lower compared to PS 80 (myax of 3.2 mN/m) (Fig. 3).
Moreover, mixtures containing P 188 below CMC (Fig. 3B) and above CMC (Fig. 3C) did not
differ much in compressibility with a T, of 4.5mN/m and 3.8 mN/m respectively.
Compared to pure IgG, compressibility was very low indicating that the film predominantly
consists of P 188 molecules with only some IgG molecules present at the interface.
Nevertheless, although added in concentrations below CMC compression-decompression
showed a surfactant-like behavior of the interfacial film. At comparable mixing ratio the
difference in Ty between the mixed and pure surfactant films was more substantial for
PS 80 (9.2 mN/m) compared to P 188 (1.3 mN/m). This could be attributed to the complex
association behavior of poloxamers forming not only micelles of various geometries but also
oligomers and large clusters which occupy a larger surface area compared to polysorbates
[16]. Compression did not cause a considerable increase in surface pressure in case of a HP-
B-CD solution (Tmax=2.4 mN/m) as shown in Fig 4. Additional presence of the IgG in
mixtures resulted in similar outcomes with Tmax=1.7 MN/m and Tmax = 3.2 mN/m,
respectively. Therefore, no significant differences in the interfacial behavior were

recognizable between the mixtures and pure HP-B-CD solutions.
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Figure 3: Change in surface pressure [mN/m] vs. total area [cm’] of three continuous compression-
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decompression cycles of 1gG and/or P 188 at different concentrations. A: IgG 0.1mg/mL, B: IgG 0.1mg/mL +
P 188 0.01 mg/mL, C: 1gG 0.1 mg/mL + P 188 1mg/mL mg/mL, D: P 188 1 mg/mL

115



CHAPTER V MOVE ALONG PLEASE!

—1gG 0.1 mg/mL —1gG 0.1 mg/mL + HP-b-CD 0.349 mg/mL

) w IS
o S S
1 1 1

Surface Pressure [mN/m]
5
L

Surface Pressure [mN/m]

=)
1

N
o
!
AN
1)
1

T T T T T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 40 60 80 100 120 140 160 180 200 220

2
Area [cmz] Area [cm?]
50 50
—1gG 0.1 mg/mL + HP-b-CD 3.49 mg/mL — HP-b-CD 34.9 mg/mL

C 40 D 40

£ 30 £ 304
= =
£ £

2 204 2 20
2 2
3 3
£ £

~ 104 ~ 104
5] S

3 04 3 o

10 4 -10 4

T T T T T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 40 60 80 100 120 140 160 180 200 220
2
Area [cm?] Area [cmz]

Figure 4: Change in surface pressure [mN/m] vs. total area [cm®] of three continuous compression-
decompression cycles of IgG and/or HP-B-CD at different concentrations. A: 1gG 0.1mg/mL, B: IgG 0.1mg/mL +
HP-B-CD 0.349 mg/mL, C: IgG 0.1 mg/mL + HP-B-CD 3.49 mg/mL mg/mL, D: HP-B-CD 34.9 mg/mL

4.3. Presence and Secondary Structure of IgG at the
Interface

Infrared-Reflectance Absorbance Spectroscopy (IRRAS) was used to determine the presence
and secondary structure of the IgG at the liquid-air interface. Figure 5 shows IRRA spectra of
IgG during adsorption to equilibrium surface pressure and during compression up to
35 mN/m. During adsorption as well as during compression the intensity of the OH-stretch
vibration around 3600 cm™ was increasing, as well as the amide | and Il bands around
1650 cm™ and 1550 cm™. This increase can be assigned to an increasing effective film
thickness. Moreover, the position of the amide | band at 1643 cm™ in the IRRA spectrum can
be assigned to an intramolecular B-sheet structure of the IgG. Compression did not cause
considerable changes in the band position and the slight shift of the amide Il band from 1543

cm'to 1547 cm™ is within measurement accuracy.
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The FT-IR spectrum of the IgG in solution (Fig. 6) reveals a peak maximum at 1639 cm™ and
comparison with the IRRA spectra proves that the IgG remains in a native-like conformation

at the interface as no other peaks referring to new structural elements appear.
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Figure 6: FT-IR spectrum of the amide | region of I1gG [10 mg/mL] in solution (AquaSpec)

4.4, IRRA Spectra of Mixed Protein-Additive Films

IRRAS provide evidence about the interfacial film composition via an identification of
characteristics bands that can be assigned to functional groups of the molecules
investigated. Figure 7 shows IRRA spectra of IgG, PS 80 and mixtures of both after adsorption
and after compression. PS 80 did not reveal characteristic bands but only weak bands
around 2964-2878 cm™ which can be assigned to the CH»-groups of the lipid chains.

The mixture of 1gG 0.1 mg/mL and PS 80 0.001 mg/mL showed distinct amide bands
indicating that some protein molecules must be present at the interface. Compression to

30 mN/m caused a considerable increase, not only of the OH-band but also the amide bands.
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In contrast, for the mixture of 1gG 0.1 mg/mL and PS 80 0.01 mg/mL (above CMC) no amide
bands were detectable and compression did not cause any change in the band intensities
indicating that the interfacial film predominantly consisted of surfactant molecules. In case
of P 188, next to weak CH,-bands of the fatty acid at 2870 cm™ distinctive bands around
1070 cm™ appeared which can be assigned to ether elements (C-O-C) of the polyoxyethylen
and polyoxypropylen units (Fig. 8). Ether bands but no amide bands are clearly discernible in
the spectra of mixtures of IgG 0.1 mg/mL and P 188 at 1 or 0.1 mg/mL. Thus the interface is
mainly covered by P 188, as compression does neither cause an increase in surface pressure
nor in band intensity. The pronounced bands within the range of 1200-1020 cm™ in the
spectrum of HP-B-CD can be attributed to the C-O stretching band (Fig. 9). Figures 11A and B
make clear that no amide bands can be identified for both mixtures investigated thereby
suggesting that the HP-B-CD fully occupies the interface and prevents the IgG from the

adsorption to the interface.
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4.5. Interfacial Film Structures
4.5.1. Brewster Angle Microscopy

Brewster Angle Microscopy (BAM) was used to visualize the interfacial film of PS 80, P 188
and HP-B-CD solutions. The Brewster condition was satisfied as the excipient molecules are
small and adsorb homogeneously and therefore the interface appeared homogeneously
dark (Figs. 11A, 12A, 13A). In contrast, 1gG adsorbed inhomogeneously and formed clusters
of condensed protein material indicated by bright areas within a continuous film (Fig. 10). In
case of 1gG-PS 80 mixtures, BAM images appear protein-like in case the surfactant was
added in concentrations around or well below CMC (Fig.11C, D). In case the PS 80 was
present at a concentration above the CMC (0.01-0.1 mg/mL), the overall grey level was
decreased and the film appearance surfactant-like (Fig. 11B). In mixtures of IgG, even at the
lowest tested concentration of P 188 at 0.01 mg/mL and HP-B-CD at 0.349 mg/mL, BAM
images on the one hand revealed dark areas referring to regions where no IgG molecules are
present. On the other hand, even at the highest additive concentrations some protein
clusters are present at the interface (Figs. 11B, 12B, 13B). Similarly, not only I1gG but also
different proteins such as B -conglycinin and B-casein form flickering domains with increased
brightness [9], [36]. The fact, that even at high surfactant concentrations above the CMC
some protein clusters are present at the interface indicates that protein adsorption cannot
be entirely inhibited. Thus, not necessarily the addition of surfactant at a concentration

slightly above CMC is enough to reach maximum stabilization of protein formulations against

mechanical stress.

Compression

Figure 10: BAM images of 1gG 0.1 mg/mL during adsorption and compression
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Figure 11: BAM images during adsorption and compression of A: PS 80 0.1 mg/mL, B: 1gG 0.1 mg/mL + PS 80 0.01
mg/mL, C: 1gG 0.1 mg/mL + PS 80 0.001 mg/mL, and D: 1gG 0.1 mg/mL + PS 80 0.00005 mg/mL
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Adsorption

Figure 12: BAM images during adsorption and compression of A: P 188 1 mg/mL, B: 1gG 0.1 mg/mL + P 188
1 mg/mL, C: IgG 0.1 mg/mL + P 188 0.1 mg/mL, and D: IgG 0.1 mg/mL + P 188 0.01 mg/mL in Glycine-NaCl buffer
pH 6.8
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Figure 13: BAM images during adsorption and compression of A: HP-B-CD 34.9 mg/mL, B: 1gG 0.1 mg/mL + HP-B-
CD 34.9 mg/mL, C: 1gG 0.1 mg/mL + HP-B-CD 3.49 mg/mL in Glycine-NaCl buffer pH 6.8, and D: IgG 0.1 mg/mL + HP-
B-CD 0.349 mg/mL

4.5.2. Atomic Force Microscopy

For the visualization of the interfacial film submersed Atomic Force Microscopy (AFM) was
used. Similar to BAM, although on a different scale, AFM demonstrated that I1gG adsorption
to equilibrium resulted in a coherent protein film with some agglomerates of increased
height (Fig. 14A). Compression to 30 mN/m caused the formation of areas of telescoped
protein material (Fig. 14B). The maximum height of the interfacial film increased from 11 nm
after adsorption to 37 nm upon compression (Fig. 14A, B). With PS 80 present above CMC at
0.01 mg/mL the film appeared overall smoother and the mean roughness is markedly lower
with 0.3 nm compared to the 5nm of the IgG film (Fig.15). Compression of the
PS 80 solution did not cause a substantial increase in maximum height (1.2 nm). In a mixture
with 0.00005 mg/mL PS 80, the film formed upon compression exhibited similar properties

as the film of a surfactant - free IgG solution with a maximum thickness of 8 nm and a mean
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roughness of 5nm (Fig. 16A, B). Separated bright domains representing agglomerated
protein material appeared and the maximum height increased to values of 23 nm after
compression (Fig. 16B), comparable to the pure protein film. This is in accordance with a
study by Mackie et al. [37] where the competitive displacement of B-lactoglobulin by SDS
was investigated. They stated that the surfactant displaced the protein from the interface
during adsorption as the protein film showed many holes. Wilde et al. [14] stated that the
presence of sodium-dodecylsulfate (SDS) in mixed films with B-lactoglobulin caused
crumpling of the protein network as indicated by an increase in film thickness. It has also
been stated that short-range repulsive interactions between protein and additive can
enhance local phase separation [38]. Hence, AFM images provide direct information on the
film properties and composition based on height and roughness after equilibrium adsorption

and compression.

Figure 14: 1gG 0.1 mg/mL after A: Adsorption to M, (mean rougness: 1nm) and B: Compression to 30 mN/m
(mean roughness: 5 nm)

Figure 15: IgG 0.1 mg/mL + PS 80 0.01 mg/mL after A: Adsorption to M= 24.8 mN/m (mean roughness 0.2 nm
and B: Compression to 30 mN/m (mean roughness: 0.3 nm)
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Figure 16: IgG 0.1 mg/mL + PS 80 0.00005 mg/mL after A: Adsorption to Mg, = 21.3 mN/m (mean roughness
0.7 nm) and B: Compression to 30 mN/m (mean roughness: 5 nm)

4.6. Impact of the IgG-Additive Mixture Ratio on Particle
Formation
4.6.1. By Agitation

Shaking studies were performed to investigate the aggregation behavior of the IgG in
presence of the different additives. The number of particles per mL was determined using
light obscuration (LO) and micro-flow imaging (MFI). Moreover, a visual inspection including
photo documentation as well as turbidity measurements were performed. After 48 h of
shaking, the pure IgG solution resulted in the formation of around 200 000 particles
>1 um / mL, whereas the buffer control showed negligible amounts of particles (around 800
particles >1 um / mL) (Fig. 17A). Similarly, the number of particles of a stressed solution of
PS 80 solution remained below 800 particles >1 um / mL. The mixtures of IgG and PS 80
showed less particle formation upon agitation compared to the surfactant free IgG solution.
Addition of 0.1 mg/mL PS 80 caused a complete inhibition of protein aggregation. With
decreasing PS 80 concentration the number of particles increased resulting in the formation
of around 9000 particles > 1 um / mL at the lowest PS 80 concentration of 0.0001 mg/mL
(below CMC). Figure 17B shows that the addition of P 188 also prevented agitation induced
aggregation effectively, although in a less concentration-dependent manner compared to PS
80. A reduction of the P 188 concentration by factor 10 from 1 mg/mL to 0.1 mg/mL did not

have a considerable effect on the absolute number of particles formed.
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Figure 17: Number of particles >1 um / mL of 1 mg/mL IgG in Glycine-NaCl buffer with addition of A: PS 80, B:
P 188, C: HP-B-CD after 48 h of horizontal shaking in vials determined by LO and MFI (including controls)

HP-B-CD also prevented protein particle formation upon shaking considerably at the two
concentrations tested (Fig. 17C). At the highest HP-B-CD concentrations tested higher
numbers of particles formed compared to the formulations containing PS 80 or P 188. This
supports the assumption that the occupation of the interface by the additive molecules is an
important factor to stabilize proteins against interfacial stress. Because the surface activity
of HP-B-CD is less pronounced compared to PS 80 and P 188, also its stabilizing effect might

be lower accordingly.
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4.6.2. By Liquid-Air Interfacial Stress (Mini-Trough)

To investigate the impact of only liquid-air interfacial stress on the particle formation,
continuous compression-decompression cycles were performed in the Mini-Trough and
analyzed for particle formation. PS 80 had a similar concentration dependent effect as
described for the agitation study (Fig. 18). The presence of very low PS 80 concentrations
below CMC resulted in even higher numbers of particles compared to the IgG solution
without surfactant. In case PS 80 was present in a concentration of 0.00005 mg/mL around
11 000 particles >1 um / mL built up. In case the pure I1gG solution was stressed around 6 500
particles >1 um / mL were formed only. This destabilizing effect of PS 80 at concentrations
well below CMC has been previously reported [35], [37], [39]. Accordingly, P 188 successfully
inhibited particle formation at all tested concentrations. Moreover, also HP-B-CD prevented
the 1gG from interface-induced aggregation although not as effectively as the non-ionic
surfactants. Hence, these results point out that the investigated additives all evolve protein

stabilizing properties at the liquid-air interface directly.
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Figure 18: Number of particles >1 um / mL after 100 continuous compression-decompression cycles of
1 mg/mL 1gG in Glycine-NaCl buffer with and without addition of PS 80 in different concentrations
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5. SUMMARY & CONCLUSION

Formulation additives, such as non-ionic surfactants, are known to successfully inhibit
surface-induced protein aggregation. Nevertheless, little is known about the underlying
mechanisms of stabilization [7]. In this study surface-sensitive physicochemical analytical
tools were used to evaluate the effect of PS 80, P 188 and HP-B-CD on the interfacial film
when co-adsorbed with an IgG. Additionally, the effect of the additives on protein particle
formation upon stressing the interface by agitation and in a Mini-trough by compression and
decompression was investigated. These approaches aim to improve targeted formulation
development by better understanding of the liquid-air interface behavior of protein-additive
mixtures.

The IgG investigated in this study shows a pronounced amphiphilic behavior. It adsorbs to
the liquid—air interface in a time-dependent manner, reaching a maximum equilibrium
adsorption pressure after about 4 hours. In equilibrium, a surface pressure of
Tleq= 18.5 mN/m was reached. Adsorption of the additives occurred much faster (0.1-0.2 h),
due to their lower molecular weight and the more distinct amphiphilic character [18]. A
maximum surface pressure of 31 mN/m was reached for a 0.1 mg/mL PS 80 solution. The
mixture of IgG with 0.00005 mg/mL PS 80 reached an equilibrium surface pressure of
15.2 mN/m after 1.3 h indicating a considerable contribution of the IgG. The mixtures with
P 188 at concentrations of 0.1 mg/mL and above and HP-B-CD at 3.49 mg/mL and above
reached equilibrium surface pressure already within 0.4 h. Additive and protein molecules
compete for the adsorption to the interface, and the composition of the interfacial film
depends on the mixing ratio [10], [35], [40]. The investigation of the interfacial film
compressibility revealed that the IgG forms a highly compressible film different to the
additives tested. During compression, the distribution and ordering of the molecules
changes resulting in a densely-packed layer [9]. The IgG molecules rather stay at the
interface and do not desorb easily upon compression as proven by the increase in surface
pressure up to 44.9 mN/m [41], [42]. This effect is promoted by the formation of a strong
protein network due to marked short-range protein-protein interactions [43], [44].
Decompressions initially lead to a pronounced decrease in surface pressure, followed by a
re-adsorption phase. Therefore, compression must cause an increase in interfacial film
thickness and / or packing density. Equilibrium surface pressure slightly decreased with each

cycle which can been related to a loss of material from the interface into the bulk phase [41],
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[45]. Mixtures of IgG and PS 80 at 0.01 mg/mL and above ended up at identical T.x as pure
PS 80 solutions. Adsorption of the small, strongly amphiphilic PS 80 molecules is kinetically
favored and therefore is much faster compared to the large IgG molecules. In the IgG - PS 80
mixture at a surfactant concentration below CMC of 0.00005 mg/mL, the reduction of Trax
by 7.4 mN/m compared to the pure IgG indicates the additional presence of PS 80 molecules
in the 1gG film. Below the CMC, I1gG molecules must be present at the interface in mixtures
as Tmax Was 8.9 mN/m higher compared to the pure PS 80 film. Lu and Rhodes described
similar findings, with compression of PS 80 films yielding a maximum surface pressure
change of 20 mN/m [46]. Overall, the change in surface pressure also depends on the
compression speed and compression factor which can explain the deviation of the absolute
values obtained in this study from literature [45]. The compressibility can be assigned to the
hydrophobic side chains of surfactants, such as sorbitan esters, which can be condensed and
therefore compressed to higher surface pressure values [46]. With this increase in surface
pressure polysorbate molecules are also forced into the subphase due to their substantial
water solubility [35].

Compared to pure IgG, the compressibility of mixed IgG-P 188 films was very low indicating
that the film predominantly consists of poloxamer molecules for all concentrations tested. At
a mixture ratio of 1:100, the difference in .y of the mixtures compared to pure surfactant
was more pronounced for PS 80 (9.2 mN/m) compared to P 188 (1.3 mN/m). We determined
a CMC of P 188 of 0.21 mg/mL although there is controversy about whether or not a clear
CMC can be ascribed to poloxamers [17], [18], [32]. Poloxamers have been reported to
occupy larger surface areas compared to polysorbates at comparable concentrations [7],
[38], [47]. Hence, P 188 may be superior to PS 80 in inhibiting protein adsorption also due to
a potential direct interaction with protein molecules in solution [48]. Also HP-B-CD rather
effectively prohibited the protein from interface adsorption. At all concentrations
investigated films of HP-R-CD-IgG mixtures did not show any protein-like behavior and the
compression-decompression did not result in the formation of a considerable hysteresis.
Serno et al. showed that 0.28 mg/mL to 1.4 mg/mL HP-B-CD can protect an IgG from liquid-
air interface related aggregation [23]. Therefore, the investigated concentration range of
0.349 mg/mL to 34.9 mg/mL might have been chosen too high to identify possible protein
effects. Different hypothesis for the effect of HP-B-CD have been presented and it was

suggested that mixtures of 1gG and HP-B-CD can coexist at the interface [49], [50]. The
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surface activity of both HP-R-CD and the two surfactants PS 80 and P 188 was proven here
and appears to be an important prerequisite for their mechanism of action.

IRRAS was used to prove the interfacial film composition. Except for the spectra of pure IgG
and the IgG-PS 80 mixture with 0.00005 mg/mL PS 80, no amide bands referring to the IgG
were detected. Rather CH,-groups that can be assigned to the lipid chains gave evidence
about the presence of PS 80 at the interface. The presence of P 188 was proven next to the
weak CH,-bands also by distinctive bands which can be assigned to ether elements (C-O-C) of
the polyoxyethylen and polyoxypropylen units. HP-B-CD at the interface caused the
appearance of pronounced bands that can be attributed to C-O stretching.

Although AFM and BAM have been extensively used to look at lipid films [51]-[54], little is
known about the complex interplay of antibodies and pharmaceutically relevant formulation
additives. The increased brightness in BAM images can be attributed to the presence of a
protein film at the interface, as it was the case for IgG. For all IgG-additive mixtures with low
additive concentration, BAM images revealed the typical protein island-like structures which
did not change considerably during compression. As the additive solutions alone do not
supply any signal, bright domains are caused by the presence of IgG. Bright, demarcated
areas within the film were present even in mixtures with high surfactant concentrations
above CMC (PS 80 0.01mg/mL, P 188 1 mg/mL) demonstrating that IgG is still present. Also,
mixed films of 1gG with HP-B-CD at a concentration of 34.9 mg/mL still showed flickering
areas indicating the presence of some protein clusters at the interface. Consequently, all
additives cannot entirely prevent IgG adsorption at the interface, even at high
concentrations.

Although at a smaller scale compared to BAM, AFM revealed the formation of a continuous
film with some inhomogeneities for the pure IgG solution. Substantial changes within the
film topography upon compression could be visualized as areas of telescoped protein
material with an increased height appeared. AFM images of the 1gG-PS 80 mixture with PS 80
present above CMC at a concentration of 0.01 mg/mL resulted in a very smooth and thin film
similar to pure surfactant films. Compression did not affect the film appearance. The
presence of 0.00005 mg/mL PS 80, a concentration below CMC led to a film which exhibited
areas of agglomerated protein material of increased height with thin and flat regions in
between. Compression caused an increase not only in size but also in height of the

agglomerates. It has been stated that in mixtures with protein, surfactant molecules adsorb
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at defects in the protein network [35]. Thereby, the surfactant molecules are compressing
the interfacial protein network and, upon increasing surface pressure, surfactant molecules
desorb. Accordingly, the addition of small quantities of surfactant has been reported to
result in strong clustering of protein material. Additionally, low surfactant concentrations
were shown to promote increased particle formation and to rather destabilize protein
formulations against mechanical stress [18], [35]. At higher additive concentrations, this
effect was not observed as already during adsorption only few protein molecules found their
way to the surface [18], [55].

The formation of protein particles upon agitation is related to the mechanical stress of the
interfacial film by continuous compression-decompression. Compression leads to the
formation of a condensed film with potentially pronounced protein-protein interactions [56],
[57]. Clusters of protein material are formed upon adsorption as identified using BAM and
AFM. Upon interfacial stress, rupture of the film results in a release of protein material from
the interface [12], [41], [45]. Depending on the extent of protein-protein interactions, the
protein clusters can sustain and appear as particles or disintegrate [45]. Therefore, the
surface-sensitive methods applied here give a strong hint on the presence of the protein at
the interface, as it directly depends on the type and concentration a surface-active additive
is present in a formulation. In addition, a strong coherence between the number of particles
formed and the type and mixing ratio of the additive with the IgG was observed. Mixtures
with PS 80 present below CMC exhibited increasing numbers of particles with decreasing
PS 80 concentration. This supports the findings obtained by BAM and AFM that additive
concentrations below CMC effect protein stability negatively. Although the addition of PS 80
above CMC reduced particle formation efficiently, it was shown that still some protein is
present at the interface. Thus, even the addition of surfactant at a concentration above CMC
was shown not to be enough to reach full stabilization of proteins formulations against
mechanical stress.

Interestingly, in mixtures with 1gG P 188 revealed a strong protective effect as all
physicochemical investigations at the interface were dominated by the presence of the
surfactant. Also, all P188 concentrations tested prevented the IgG from interface-related
stress and aggregation. The results obtained in this study therefore evinced that P 188 had

the most pronounced stabilizing effect on the protein when compared to PS 80 and HP-3-CD
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However, also HP-B-CD was proven to have a surface-related stabilizing effect. HP-B-CD not
only successfully prevented protein adsorption but also aggregation upon interfacial stress,
although to a lower extent when compared to PS80 and P 188. Therefore, HP-B-CD
represents a valuable alternative to non-ionic surfactants as disadvantages of non-ionic
surfactants may not be encountered.

Consequently, the different surface-sensitive techniques applied in combination with
interfacial-stress studies provided valuable insights into the liquid-air interfacial film
characteristics that help to better understand how formulation additives affect interface

related protein instability.
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6. SUPPLEMENTAL INFORMATION

6.1. Visual Inspection and Photodocumentation

Glycine NaCl buffer 1gG 1 mg/mL 186G 1 mg/mL + 18G 1 mg/mL + PS 80 0.1 mg/mL
PS 80 0.1 mg/mL PS 80 0.0001 mg/mL

Figure 19: Visual Inspection and photodocumentation of IgG and 1gG — PS 80 mixtures after 48h shaking

Glycine NaCl buffer 1gG 1 mg/mL 18G 1 mg/mL + 18G 1 mg/mL + P188 1 mg/mL
P188 1 mg/m P188 0.01 mg/mL

Figure 20: Visual Inspection and photodocumentation of 1gG and IgG — P 188 mixtures after 48h shaking

Glycine NaCl buffer 1gG 1 mg/mL 18G 1 mg/mL + 18G 1 mg/mL + HPBCD 3.49 mg/mL
HPBCD 34.9 mg/mL HPBCD 3.49 mg/mL

Figure 21: Visual Inspection and photodocumentation of I1gG and IgG — HP-B-CD mixtures after 48h shaking
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6.2. Turbidity

A B
8 8
#-- 15mM HIS Buffer #-—15mM HIS Buffer
--@--1gG 1mg/mL --@—1gG 1mg/mL
4--PS 80 0.1 mg/mL 4— P 188 1mg/mL
—»—1gG 1 mg/ml + PS 80 0.1 mg/mL —4—1gG 1 mg/mL + P188 0.001 mg/mL
6 IgG 1 mg/ml + PS 80 0.0001 mg/mL 64 —»—1gG 1 mg/mL + P188 1 mg/mL
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Figure 22: Turbidity during 48 h of horizontal shaking in vials determined by LO and MFI. Vials contained IgG in a
concentration 1 mg/mL in Glycine-NaCl buffer in absence and presence of different additive concentrations. Glycine-NaCl
buffer and additive only in the given concentration in Glycine-NaCl buffer served as controls, A: PS 80, B: P 188, C: HP-B-CD
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CHAPTER VI - Part 1

HOW FORMULATION PH AND IONIC STRENGTH
AFFECT PHYSICOCHEMICAL PROTEIN
BEHAVIOR AT THE LIQUID-AIR INTERFACE

1. ABSTRACT

Both, formulation parameters and the presence of liquid-air interfaces are known to affect
the aggregation of protein drugs. In this study, the impact of pH on the liquid-air interfacial
behavior of three proteins, a polyclonal and two monoclonal antibodies (IgG, mAB; and
mAB,) was investigated using different surface sensitive methods. Equilibrium surface
pressure values revealed only a minor impact of pH and ionic strength. Infrared Reflectance
Absorbance Spectroscopy (IRRAS) proved not only the presence of the proteins at the
interface but also showed that the secondary structure was not considerably affected by the
adsorption to the interface independent of pH between pH 3 and 9. Additionally, the
physical resistance of the film as determined by the interfacial compressibility in a Langmuir
trough was not affected by pH. Compression of the interfacial film caused the formation of
telescoped areas which were no longer present after decompression at all pH values as
investigated by underwater Atomic Force Microscopy (AFM). Brewster Angle Microscopy
(BAM) showed some slight changes in the film reflectivity depending on pH, indicating
changes in the interfacial film thickness. IRRAS experiments at different angles of incidence
as well as section analysis of AFM images proved not only that the film thickness increased
upon compression, but also that the interfacial film is thinner at pH 4 than at pH 9.
Continuous compression and decompression of the protein film resulted in particle
formation with increasing numbers of particles at higher pH value as detected by Light
Obscuration and Micro-Flow Imaging.

The use of different surface sensitive methods provides expedient information on how
liquid-air interfacial events are affected by formulation pH and ionic strength. These findings
enable a better understanding of the events and processes happening at the interface and

can be directly linked to the interface-related formation of particles.
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2. INTRODUCTION

Protein stability is a major priority during the development of protein pharmaceuticals.
Moreover, protein aggregation is one critical stability parameter for safety and efficacy of
protein pharmaceuticals [1]-[4] and is described as the process by which individual protein
molecules assemble into larger complexes [5]. Protein aggregates differ not only in size,
ranging from dimers to oligomers to large visible particles, but also in conformation
consisting of unfolded, partly unfolded, native monomers or combinations thereof. Large
native-like aggregates, with essentially intact secondary and tertiary structure have been
associated with immune reactions, especially when also chemically modified [5]. Typically,
conformational distortion with hydrophobic amino acid residues, becoming exposed to the
surface, triggers aggregation due to stronger hydrophobic protein-protein interactions [6]. In
addition, solution pH and ionic strength are important factors affecting colloidal stability due
to their decisive impaction and charge shielding responsible for charge interaction [7], [8].
Thus, pH value and ionic strength have to be chosen carefully, as they impact colloidal as
well as conformational stability [9], [10]. In presence of interfaces, aggregation processes
may differ fundamentally from those described in solution. Due to their partly amphiphilic
character proteins adsorb to interfaces, accumulate and form highly compressible films.
Continuous rupture of the interface, e.g. by a needle [13], or continuous compression and
decompression of the adsorbed protein film [14], can be correlated with protein aggregation
upon shaking of protein formulations in their primary container. However, many pieces in
the puzzle of protein aggregation caused by stressing the liquid-air interface of protein
solutions are still missing. Several authors describe that proteins, such as lysozyme, unfold
upon adsorption [13], [14]. Nevertheless, investigations of the interfacial conformation of
pharmaceutically relevant proteins have not been reported yet. Furthermore, the impact of
pH value and ionic strength on protein adsorption, unfolding and protein-protein
interactions at the interface is complex and requires elucidation.

Besides studying surface activity itself, the impact of pH on the liquid-air interfacial film was
investigated using surface-sensitive spectroscopic methods. Additionally, the number of
particles formed by liquid-air interfacial stress at different pH values was analyzed. Thus, a
better understanding of how the pH value affects protein interfacial behavior and the

process of aggregation is reached.
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3. MATERIALS AND METHODS
3.1. Materials

Human IgG (Beriglobin™, CSL Behring GmbH, Germany) was used for this study. The market
product contains 159 mg/mL human IgG in 22 g/L Glycine and 3 g/L NaCl buffer at pH 6.8.
Additionally, two monoclonal antibodies were investigated (mAB; and mAB,) provided by
AbbVie Deutschland GmbH & Co. KG, Ludwigshafen am Rhein, Germany. mAB; is formulated
in 20mM Histidine buffer at pH 6.0 in a concentration of 126 g/L, mAB, in 15mM Histidine
buffer at pH 5.3 in a concentration of 94 g/L. In Hydrophilic Interaction Chromatography
(HIC) mAB, turned out to be more hydrophobic compared to mAB;. Dilutions were
performed using 15 mM histidine buffer, prepared using highly purified water (ELGA LC134,
ELGA LabWater, Germany) and pH was adjusted by addition of 1mM NaOH and 1mM HClI,
respectively. All samples were filtrated using 0.2um sterile polyethersulfone (PES) syringe
filters (PES, VWR, Germany). All protein solutions were diluted to a final concentration of
1 mg/mL for analysis unless otherwise stated with 15 mM histidine buffer as standard

condition.

3.2. Sum Frequency Generation

Sum Frequency Generation (SFG) is a second-order nonlinear optical process and inherently
specific for interfaces with inversion symmetry, such as the liquid-air interface, in the time
average [15]. Two laser beams are combined at the interface, where the sum frequency of
the two impinging beams is generated. One beam has tunable infrared wavelengths (IR),
whereas the other one is of a fixed wavelength (vis). SFG is not only highly sensitive to
changes in the interfacial composition and surface coverage, but also to the intrinsic
molecular arrangement of the adsorbed layer. SFG measurements were performed with a
broadband SFG spectrometer (in-house production FAU Erlangen-Nuernberg) as described
elsewhere [16]. The spectrometer is equipped with a tunable femtosecond IR laser
(bandwidth >200 cm™) and an etalon filtered pulse at 800 nm wavelength (bandwidth
<6cm™). Spectra were recorded with s-polarized sum frequency, s-polarized IR and vis
beams. All spectra were normalized to an oxygen plasma cleaned polycrystalline aurum
sample as reference spectrum. Spectra were collected from a 1 mg/mL 1gG solution in

15 mM histidine buffer in a Petri dish. Each spectrum was measured by scanning the
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broadband IR beam with a step width of 130 cm™. Acquisition time was set to 8 min for a

frequency range between 2800-3800 cm™

3.3. Surface Pressure Measurements

Surface activity was expressed by surface pressure I, with 1 = oy — 0, where opand o are the
aqueous subphase surface tension and the surface tension of the aqueous protein solution,
respectively. Surface pressure measurements were performed in a 5.9x39.7 cm? PTFE
Langmuir trough equipped with a metal alloy dyne probe (Microtrough XS, Kibron Inc.,
Finland). For the determination of equilibrium surface pressures a 3 x 6 Multiwell Plate
(V =0.8 mL) was used. Results are given as mean (n = 3) and standard deviation. Equilibrium
adsorption pressure is defined as the maximum surface pressure that is reached by
adsorption only and stable in a range of +/- 0.2 mN/m within 0.5 h. 160 mL sample solution
was filled into the trough for the repeated compression-decompression measurements. The
surface area of the trough can be varied by two movable PTFE barriers. Temperature was
kept at 20 °C (K6-cc circulation thermostat, Peter Huber Kaeltemaschinenbau GmbH,
Germany). Compression speed was set to 55 mm/min, and compression-decompression
cycles were conducted from a maximum surface area of A = 210 cm? to Amin = 52 cm?.

Compression was started after the equilibrium adsorption pressure was reached.

3.4. Electrophoretic Light Scattering

The isoelectric point of the IgG was determined to 6.94 using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). IgG was used at 5 mg/mL in a 15 mM histidine buffer.
Using a Boltzmann fit the IEP was determined by Origin 8G (OriginLab Corporation, USA).
Detailed results are described in the appendix (Fig. 16). IEP of the other mABs were already

known by the provided certificate of analysis as 8.75 for mAB, and 6.51 for mAB,.

3.5. FT-IR Spectroscopy

For FT-IR measurements spectra were recorded using a Tensor 27 (Bruker Optics GmbH,
Germany) connected to a thermostat (DC30-K20, Thermo Haake GmbH, Germany). For each
measurement, the protein was formulated at 10 mg/mL, and for each spectrum 100

. . . -1
absorbance scans were collected at a single beam mode with a resolution of 4 cm™. Spectra
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were analyzed by Opus 7.5 (Bruker Optics GmbH, Germany) and displayed as vector-
normalized second-derivative spectra (calculated with 17 smoothing points according to the
Savitzky-Golay algorithms [17]). Infrared spectra of the protein in solution were recorded
using an AquaSpec (transmission cell H,O A741-1) and a BioATR or BioATR cell™ I
respectively, at 20 °C.

Infrared spectra during temperature-induced unfolding of the IgG samples were recorded
using the BioATR cell with buffer as reference. Temperature-dependent spectra were
acquired every 4 °C from 25 — 93 °C with an equilibration time of 120 s. Infrared spectra

were analyzed by Protein Dynamics for Opus 7.5.

3.6. Infrared Reflection-Absorption Spectroscopy (IRRAS)

IRRAS was used to determine the presence and the conformation of the adsorbed protein at
the soft liquid/air interface. IRRA spectra were recorded using a VERTEX FT-IR spectrometer
(Bruker Optics GmbH, Germany) equipped with a liquid nitrogen-cooled MCT detector. The
spectrometer was coupled to a Langmuir trough (Riegler&Kirstein GmbH, Germany), placed
in a sealed container (external air/water reflection unit XA-511) to guarantee constant vapor
atmosphere. The IR beam was conducted out of the spectrometer and focused onto the
liguid surface of the Langmuir trough. A computer controlled KRS-5 wire-grid polarizer
(thallium bromide and iodide mixed crystal) was used to generate perpendicular (s) and
parallel (p) polarized light. The angle of incidence was set to 40° with respect to the surface
normal. Measurements were performed using a trough with two compartments and a
trough shuttle system. One compartment contained the protein solution under investigation
(sample), whereas the other (reference) was filled with the pure buffer sub-phase. The
single-beam reflectance spectrum (Rq) from the reference trough was taken as background
for the single-beam reflectance spectrum (R) of the monolayer in the sample trough to
calculate the reflection-absorption spectrum as -log(R/Rg) in order to eliminate the water
vapor signal. IR spectra were collected at 8 cm™ resolution and a scatter speed of 20 kHz. For
s-polarized light, spectra were co-added over 200 scans, and spectra with p-polarized light
were co-added over 400 scans. To distinguish between the influence of increasing
concentration and changed orientation on the signal intensity, the dichroic ratio DR of the
amide | band at 1643 cm™ was calculated as DR = Ap/AS, with Ap and A, being the maximum

absorption obtained with p-polarized light and s-polarized light, respectively. For the
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determination of the interfacial film thickness in equilibrium and after compression to 30
mN/m, the incidence angle of the IR beam was varied with respect to the surface normal
between 30° and 72° in steps of 2° or 3°. IRRA spectra were simulated using a MATLAB
program [18], [19] on the basis of the optical model of Kuzmin and Michailov [20], [21]. The
intensity and shape of a reflection absorption band depend on the absorption coefficient k,
the full-width at half-height, the orientation of the transition dipole moment within the
molecule, the molecular tilt angle, the polarization and the angle of incidence (Aol) of the
incoming light, as well as the layer thickness and its refractive index n. By using an Abbe
refractometer (Nr. 322323, Carl-Zeiss AG, Germany) an average n for 100 mg/ml protein
solutions was determined as 1.5 and used for the calculations of film thickness. Simulated
spectra were fitted to the experimental data in a global fit, where all spectra recorded at
different Aol and different polarizations were fitted in one non-linear least square
minimization using the Levenberg-Marquardt algorithm. The polarizer quality was set to I =
0.01. The optical constants of the water subphase were taken from Bertie et al. [22], [23].
The layer thickness was determined from a fit of the OH stretching vibrational band v(OH) in

the range of 3800-3000 cm ™.

3.7. Brewster Angle Microscopy (BAM)

A Langmuir Trough (KSV NIMA, Finland) was connected to a KSV NIMA Brewster Angle
Microscope to enable visualization of the monolayer at the Brewster Angle (53.06°, p-
polarized light). Protein solutions of 0.1 mg/mL were filled into the trough (V =80 mL).
Simultaneous surface pressure measurements during adsorption and compression in the
Langmuir trough enabled a direct connection of each image with the corresponding surface
pressure during adsorption or compression of the protein. The lateral resolution of the BAM

was approximately 3 pm. The size of the BAM images is 400 x 720 pum?>.

3.8. Atomic Force Microscopy (AFM)

For AFM, protein films formed during adsorption to equilibrium surface pressure or after
compression to a desired surface pressure were transferred by Langmuir-Schaefer
deposition (horizontal transfer of the film) using 1 cm x 1 cm mica plates (Mica Sheet V5
Quality, Science Services GmbH, Germany) attached to a stamp tool. The mica was lowered

onto the surface and pulled off after 2 s of contact time. The mica was removed from the
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stamp tool and the transferred film was covered with 1 drop of buffer solution to prevent
drying of the sample. The transferred films were analyzed by underwater AFM (Bruker /
Veeco / Digital Instruments MultiMode AFM ) using a cantilever (Arrow™ NCPt, resonance
frequency 285 kHz, spring constant 42 N/m) in tapping mode (Nano World AG, Switzerland).
Images were analyzed by NanoScope Il 5.12r3 Software (Digital Instruments Inc., US).

For the determination of interfacial film thickness the film was transferred onto silica by
Langmuir-Schaefer technique. A scratch was made using stainless steel tweezers. Film
thickness was determined by section analysis from an average of 6 measuring points from

the silica substrate to the film (area unaffected by the scratch).

3.9. Mini-Trough

The so-called “Mini”-trough was designed and built in-house. It consists of a PTFE trough
with same proportions and functionality as the Kibron Langmuir Trough described before
without a surface pressure measurement unit. Automated and continuous compression-
decompression cycles can be performed to stress the liquid-air interface only. In relation to
the Langmuir Trough the dimensions of the Mini-trough are reduced by factor 8.7 with a
maximum area of 27.0 cm? (=Amax). This results in a trough length of 9.0 cm, a width of
3.0cm and a depth of 0.5 cm. To maximize contact between the sample surface and the
barriers, the trough was slightly overfilled and therefore, the sample volume was set
constant to 14.5 mL for all experiments. Particle contamination was minimized by washing
with ethanol (commercial grade, absolute) and repeated washing with highly purified water.
A plastic enclosure covers the PTFE trough and the barriers (see Fig. 2). The samples were
stressed by 100 cycles started after an equilibration time of 2.5 h. Compression factor (cy),
defined as the ratio of maximum surface area to minimum surface area was kept constant at

4.5 for all measurements. Compression speed was set to 55 mm/min.
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3.10. Particle Analysis
3.10.1.Light Obscuration

Samples were analyzed for particles in the micrometer range by light obscuration (in analogy
to USP 788 and Ph Eur 2.9.19 requirements) with a SVSS-C instrument (PAMAS,
Partikelmess- und Analysesysteme GmbH, Rutesheim, Germany). After a pre-run volume of
0.5 mL, each sample was analyzed in triplicates of 0.3 mL at a filling and emptying rate of
10 mL/min. Before each run, the system was rinsed with at least 5 mL of highly purified

water. Data was collected using PAMAS PMA Program V 2.1.2.0.

3.10.2. Micro-Flow Imaging

Particle size and number were additionally measured using a micro-flow imaging (MFI)
system DPA4100 from Brightwell Technologies Inc. (Ottawa, Canada) equipped with a high-
resolution 100 pl flowcell and the MFI™ View Application Software. Pre-run volumes of
0.3 mL and sample volumes of 0.65 mL were drawn through the flow cell by a peristaltic
pump at a flow rate of 0.1 mL/min. To optimize illumination and to provide a clean baseline

the system was rinsed with highly purified water before and after the measurements.

3.10.3. Statistical Significance

A t-test was performed with * for p < 0.05, ** for p <0.01 and *** for p < 0.001.
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4. RESULTS AND DISCUSSION

4.1. Determination of the interfacial pl of IgG using SFG

Potentially, the pl of the IgG molecules at the liquid-air interface may differ from that of
molecules in the bulk due to differences in dissociation of preferential adsorption of charge
variants. The pl in the bulk (plyyk) of the 1gG was 6.94 as determined by DLS. The pl of mAB;
amounts to 8.75 and of mAB,; to 6.51. SFG measurements were performed to determine pl
of the IgG at the interface (plinterface). The OH-stretching vibrations of interfacial water
molecules between 3100-3800 cm™ show a strong dependence on pH reflecting the charged
state of the interfacial molecules (Fig. 1A). Additionally, a weak band due to aromatic CH-
stretching vibrations is observed at 3060 cm™. Interfacial electrical fields induce changes in
SFG intensities, particularly for small and highly polarizable molecules such as water [24]. As
a result, pH dependent changes of the intensity of the OH-bands can be used to determine
relative changes in the strength of the interfacial electric field (Fig. 1B). The local minimum
of SFG intensities of OH-bands can be assigned to plinterface [15], [16]. Accordingly, the
Plinterface Of the 1gG was determined as 5.3. Thus, it was found to be considerably lower
compared to plyux with 6.94. Engelhart et al. showed similar isoelectric points in bulk
solution and at the liquid-air interface for bovine serum albumin and lysozyme [15]. The
polyclonal IgG behaves different which may be explained by either a preferential adsorption
of an IgG subtype to the interface or by changes in the dissociation of charged side chain
residues. Further investigations are required for a conclusive statement. Nevertheless, these
findings make clear that in discussions about electrostatic repulsions and intermolecular

interactions, the bulk pl cannot be necessarily used.
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Figure 1 A: SFG spectra of IgG at different pH values and B: pH dependence of the amplitudes of the OH
stretching vibration at 3443 cm’t

4.2. Protein Adsorption as Function of pH

To evaluate the influence of pH on the surface activity the equilibrium surface pressure
values (meq) were determined (Fig. 2). Overall, meq of the 1gG remains roughly constant
between pH 3 and pH 7.6 with values of 18.5 mN/m at pH 6.8 and 21.3 mN/m at pH 3. At pH
2 Teq values of 24.2 mN/m indicate an increased surface activity of the IgG and thus the
beginning of unfolding at this very low pH. Although the absolute values are slightly lower
compared to the IgG, a similar trend was observed for mAB;. In case of mAB,, surface
pressures range between 15.8 mN/m and 17.9 mN/m for the pH values investigated.
Different authors stated that the surface activity of proteins (e.g. B-lactoglobulin) reaches a
maximum around the pl, as the protein exhibits minimal repulsion at this point leading to
the formation of more dense layers or multilayers at this pH value [23], [37]. This effect,

however, could not be seen for B-casein [25] as was the case in our study with IgG.
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Figure 2: Equilibrium surface pressures as a function of pH of A: I1gG, B: mAB; and C: mAB,

4.3. Interfacial Film Compressibility

Continuous compression-decompression experiments of the interfacial film were performed
at different pH values (Fig. 3). The surface pressure increase upon movement of the barriers
towards each other clearly demonstrated that the protein molecules stay at the interface
upon compression. Barrier movement compresses and compacts the adsorbed film and thus
can be related to an increase in film thickness and / or changes in packing density [28], [29].
The high compressibility and the appearance of a considerable hysteresis substantiate the
formation of a viscoelastic protein network at the interface where in addition to
hydrophobic interactions, hydrogen bonds contribute substantially to the molecular
association [29]—-[32]. However, no considerable pH effect, neither in hysteresis profile nor in
film compressibility was detected. The maximum change in surface pressure Amm., upon

compression amounted to 39.6 mN/m for pH 9 to 39.8 mN/m for pH 3.
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Figure 3: Compressibility of IgG 1 mg/mLat A: pH 9, B: pH 6.8, C: pH 4, and D: pH 3

4.4. Impact of pH on Secondary Structure: Bulk vs.
Interface
Protein secondary structure is sensitive to the charge state and therefore to pH [33] (Fig. 4).
Between pH 4 and pH 9, the absorbance maximum of the amide | region of IgG at 1639 cm™
can be assigned to an intramolecular B-sheet structure of the IgG. At pH 4 as well as at pH 9
the intensity of the peak is decreased due to slight perturbations within the secondary
structure [34]. A clear peak shift of the amide | band from 1639 cm™to 1631 cm™ is observed
at pH 2 indicating that the IgG unfolds forming intermolecular B-sheets. This is in good
accordance with the increased surface pressure value at pH 2 described before. Similarly, the

maximum of the amide | region of mAB; and mAB, is situated at 1637 cm™? referring to an

intramolecular B-sheet structure and was not affected by pH.
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Additionally, the secondary structure was evaluated during heating up to 93 °C (Fig. 5).
Spectral changes of all proteins were observed starting at 73 °C. The amide | absorbance
maximum around 1639 cm™ (or 1637 cm™ respectively) decreased accompanied by an
intensity increase at 1625 cm™ (or 1624 cm™ respectively).

Those changes were accompanied by a shift of the peak maximum at 1690 cm™to 1695 cm™
The changes represent the change from intra- to intermolecular B-sheet structure for all

three proteins investigated [35], [36]. Identifying the temperature-induced structural

changes should help to interpret the IRRAS results.

0.0003

0.0000 < /Q,/ = \‘
1693 \

-0.0003 1690

0.0003 -

/
0.0000 A\ y’QJ A\
\\//\

1691

N

Absorbance units / d? A/dv2
Absorbance qnlts / d2 A/dv2

631 0.0003
——PpH2
——pH4 pH2
-0.0006 - ——PpHS .0.0006 pH4
——pH6.8 ——pH5
H6.5
639 p: ;‘6 1637 EH 7
-0.0009 1 P -0.0009

1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1700 1690 1680 1670 1660 1650 1640 1630 1620 1610

Wavenumber [cm” ] Wavenumber [cm’ ]

0.0003

/
0.0000 <\ ymd/ K\
Ve

1691

N

-0.0003

—pH2
—pH4
——pHS
pH 6.5
1637 pH 7

-0.0006

Absorbance units / d® A/dv’

-0.0009
1700 1690 1680 1670 1660 1650 1640 1630 1620 1610

Wavenumber [cm” ]
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Figure 5: Temperature-induced unfolding from 25 — 93°C analyzed by FT-IR of A: IgG, B: mAB; and C: mAB,

IRRAS was used to determine the secondary structure at the interface directly (Fig. 6).
Evaluation of secondary structure elements of the amide | region revealed no significant
conformational changes of the IgG at the interface compared to the bulk solution, neither
after adsorption nor after compression. The slight shift of the peak maxima at pH 6.8 from
1639 cm ™ in bulk solution to 1643 cm™ at the interface can be explained the lower resolution
or to by an overlay of slightly altered conformational modi, also indicated by broader peaks
of the IRRA spectra compared to the FT-IR spectra. Similar results were obtained for the
mABSs, as no pH-induced shift of the amide bands and therefore no unfolding was observed.

Overall, the sensitivity to unfolding of IR spectra is limited as at least 20 % of the molecular
portions must be altered to see significant changes in the peak positions [34], [37].
Nevertheless, no peak shift to lower wavenumbers as observed during heating, or at pH 2 in
bulk solution were detected. Thus, the proteins essentially remain in a native-like
conformation at the interface. Comparison of the IRRA spectra at different pH values reveals

no impact of pH, similar to the FT-IR results in bulk solution.
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Figure 6: IRRA spectra at equilibrium surface pressure (solid lines) and after compression by 15 mN/m (broken
lines) at different pH values of A: IgG, B: mAB,, and C: mAB,

4.5. Impact of pH on Interfacial Film Structures
4.5.1. Brewster Angle Microscopy (BAM)

BAM was performed at different pH values during adsorption as well as during compression
of the film (Fig. 7). Upon adsorption a coherent interfacial film with an inhomogeneous
protein distribution can be observed. Areas of increased brightness represent areas of
increased packing density and / or film thickness, whereas darker regions imply a thinner
protein film. Comparing the results of 1gG at pH 4 and 3 to pH 6.8 it becomes obvious that
the overall grey level increases with decreasing pH, particularly at pH 3. Moreover, the
island-like character at higher pH changes to large elongated coherent areas of increased
brightness at lower pH. The appearance of these larger coherent areas and the overall
increase in brightness at lower pH suggest that the IgG molecules are more densely packed

or indicate an increased interfacial film thickness. Furthermore, this effect was pronounced
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in case of mAB; as with decreasing pH the grey level increased and the island-like structure
more and more vanishes (Fig. 8). In fact, the film appears smoother at lower pH values. A
similar outcome was found for mAB, as shown in figure 9. In this case, at pH 4 and 3 no
larger areas referring to an inhomogeneous distribution of protein molecules over the
interface as for pH 6 and 5.3 are detected. Further investigations focused on coherences on
the topographical film appearance and the emergence of particles upon interfacial stress.
Overall, slight changes in the topographical appearance of the BAM images depending on pH
are observed. Also, Nino et al. demonstrated that the spreading of B-casein is not uniform
over the liquid-air interface. Moreover, they stated that the reflected light intensity
decreased with pH in case of B-casein, although other proteins such as milk or soy protein

behave differently [38].

Adsorption Compression

pH 6.8

pH4

pH3

Figure 7: BAM images of IgG 0.1 mg/mL at different pH during adsorption and compression with increasing
surface pressure during adsorption and compression
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Adsorption Compression

pH6

pH 5.3

pH 4
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Figure 8: BAM images of mAB; 0.1 mg/mL at different pH during adsorption and compression with increasing
surface pressure during adsorption and compression
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Adsorption Compression
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Figure 9: BAM images of mAB, 0.1 mg/mL at different pH during adsorption and compression with increasing
surface pressure during adsorption and compression

4.5.2. Atomic Force Microycopy (AFM)

AFM is a versatile tool for the visualization of topographical features of liquid-air interfacial
films after transfer on a solid substrate. After adsorption, a continuous film with small
agglomerates is formed at pH 6.8 (Fig. 10). This implies clustered IgG material already after
adsorption which is in good accordance with the BAM results. Compression causes the
appearance of telescoped material which is no longer recognizable after decompression. A
similar appearance can be observed for the films formed at pH 3 and pH 5. At pH 3 and 5,
however, the distribution of I1gG after adsorption to equilibrium surface pressure is slightly
more inhomogeneous as circular clusters of IgG are separated by smooth and flat areas. For
all samples, compression caused the formation of wrinkles and decompression resulted in
smoother films compared to the adsorbed films. This is consistent with the compression-
decompression experiments where the surface pressure values ended up slightly lower after

each cycle. Therefore, this can be explained by a loss of material within the film upon
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interfacial stress. However, only little is known about Langmuir films of protein molecules.
Moreover, the effect of pH as well as compressive forces on proteins adsorbed to the liquid-
air interface, have not been studied so far. Wang et al., however, examined the role of
charge interaction on the adsorption behavior of an 1gG; onto a silica surface. The height
profiles demonstrated a flat-on orientation of adsorbed antibody molecules at pH values

between 4 and 8 [39].

Adsorption Compression Decompression

pH 6.8

pHS

pH3

Figure 10: IgG 1 mg/mL A: in Equilibrium and B: Compression by 15mN/m and C: Decompression at A: pH 6.8,
B:pH5and C: pH 3
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4.6. Determination of the Interfacial Film Thickness

The thickness of the protein film at the interface in equilibrium and after compression at
different pH values was determined by angle-dependent IRRAS measurements and
compared to the values obtained by underwater AFM of the films after Langmuir-Schaefer
transfer. The increase in the intensity of the OH-stretching vibration around 3600 cm™
indicates an increase in film thickness upon compression. Polarized light has different
reflectivity properties for p and s, respectively, around the Brewster angle (~53.1°) with a
minimized intensity of the reflected p-polarized light. As exemplarily shown for IgG at pH 6.8
in figure 11, the reflectance-absorbance (RA) in the region of the OH-stretching vibration
changes continuously for s-polarized light as a function of the Aol, whereas the RA of p-
polarized light exhibits a discontinuity around the Brewster angle. For comparison, spectra
with the OH-stretching vibration were simulated (Fig.12). The corresponding spectra

(experimental and simulated) of mAB; and mAB, can be found in the appendix.
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Figure 11: A: IRRA spectra of the OH-stretching vibration of IgG pH 6.8

in equilibrium Eq (top) and after

compression Comp by 15 mN/m (bottom) at different Aol from 30° — 72° (from black via grey to green) in steps

of 2°, s-polarized light (left), p-polarized light (right), A: experimental data and B: corresponding simulated

spectra
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Figure 12: Experimental and simulated RA intensities using p-polarized (o) and s-polarized (4) light at the
maximum position of the OH-stretching vibration (2750 cm'l) in equilibrium and after compression by
15 mN/m

The maxima of RA intensity of experimental and simulated spectra at different Aol were
used to determine the layer thickness, assuming a refractive index of 1.5 for both the
equilibrium and the compressed state which is in accordance with literature [40]. At pH 6.8,
an IgG film of 3.05 nm thickness formed and upon compression by 15 mN/m it thickened to
5.59 nm (Tab. 1). At pH 9, the interfacial film thickness of the IgG amounted to 2.88 nm and
5.05 nm in equilibrium and after compression, respectively. Hence, no major difference in
the interfacial film thickness can be detected between pH 6.8 and pH 9. In contrast, at pH 4
the interfacial film thickness is much lower with values of 1.67 nm in equilibrium and
3.45 nm after compression. For all three proteins investigated, the interfacial film thickness
was lowest at pH 4 and compression results in an increase in film thickness. Overall
comparison of the different proteins revealed highest interfacial film thickness values for the
IgG and lowest for mAB; with 1.50 nm in equilibrium and 2.41 nm after compression at pH 4.
The hydrodynamic radius of the 1gG in solution was determined as 6.9 nm by DLS which
corresponds to literature [41], [42]. It has been stated that 1gG molecules preferentially

adsorb in flat orientation, which can explain that the interfacial film thickness is thinner than
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the hydrodynamic radius in solution [42], [43]. Erickson [44] determined the minimal radius
of a sphere that could contain a protein with 100 kDa to 3.05 nm and for 200 kDa to 3.84 nm
[44]. Overall, the results suggest rather the presence of a monolayer than the formation of
multilayers. Moreover, Wang et al. showed that an IgG; adsorbed in a flat-on orientation at

pH values between pH and 8 [39].

Table 1: Interfacial film thickness of 1gG, mAB,; and mAB, in equilibrium and after compression by 15 mN/m at
different pH determined by IRRAS and AFM

Equilibrium Compression
IRRAS AFM IRRAS AFM
pH
IgG 4 1.67 nm 3.92nm £ 0.61 nm 3.45nm 428 nm+1.17 nm
6.8 3.05nm 5.56 nm £ 0.94 nm 5.59 nm 6.41 nm £ 1.05nm
9 2.88 nm 5.36 nm £ 0.86 nm 5.05nm 6.67 nm *0.97 nm
mAB, 4 1.50 nm 474 nm+1.41 nm 241 nm 573 nm = 1.13 nm
6 1.57 nm 499 nm+1.79 nm 1.98 nm 592 nm *1.22 nm
9 1.80 nm 5.47 nm £ 0.76 nm 2.57 nm 6.55nm *1.73 nm
mAB, 4 2.19nm 3.56 nm*1.33 nm 3.82nm 4.65nm1.40 nm
5.3 3.22 nm 3.07nm = 1.54 nm 5.01 nm 499 nm+1.79 nm

AFM was used as orthogonal methodology to determine the thickness of the interfacial film.
Whereas artefacts may result from the film transfer on a solid substrate, AFM is not based
on assumptions such as the refractive index and a mathematical simulation model. A scratch
was made in a blotted film using stainless steel tweezers (Fig. 13) and the interfacial film
thickness was determined as mean height from the silica substrate to the film area
unaffected by the scratch. The film thickness values deduced from AFM are in the same
order of magnitude as the ones determined by IRRAS but consistently higher (Tab. 1).
Moreover, the percentage of increase in film thickness is slightly lower when determined by
AFM compared to IRRAS. This might be explained on the one hand by a possible relaxation
of the transferred film as it is not measured in situ and on the other hand by incorrect
assumptions and simulation for the IRRAS data. At pH 4 the interfacial film thickness of the
IgG is smallest with 3.92 nm in equilibrium. For mAB; the interfacial film thickness

determined by AFM in equilibrium decreases from 5.47 nm at pH 9 to 4.74 nm at pH 4.
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However, the interfacial film thickness of mAB,; at pH 4 and pH 5.3 is comparable with values
of 3.56 nm and 3.05 nm, respectively. As only two pH values were investigated for mAB, it is
not possible to assess possible trends. Thus, the interfacial films of the IgG as well as for
mAB; are thinner at pH 4 compared to pH 6.8 and 9, similar to the results obtained by the

angle dependent IRRAS measurements.

Equilibrium Compression

pH4

pH 6.8

pH9

Figure 13: AFM images of IgG after adsorption to equilibrium surface pressure and after compression by
15mN/m including scratch at pH 4, pH 6.8 and pH 9. Mean height was determined as section analysis from the
silica substrate to the film (area unaffected by the scratch)

At pH 4, the molecules are more heavily charged what results in more repulsive interactions
between the molecules. Thus, less molecules may adsorb resulting in a thinner interfacial
film [45]. Overall, the results obtained for mAB; and mAB, follow the same trend as for all
proteins the interfacial film thickens upon compression. This again supports the assumption
that once adsorbed, short-range interactions dominate the behavior of an interfacial protein

film and that protein molecules do not easily desorb upon compressive forces.
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According to literature, antibody molecules form small non-uniform clusters equivalent to 2-
15 molecules as investigated by AFM [46]. Tronin et al. determined that the molecular
orientation of IgG changes with increasing pressure as investigated by ellipsometry [47].
Transferring the liquid-air interfacial films of 1gG on silicon wafers followed by drying they
obtained an interfacial IgG film thickness of approximately 4 nm at low surface pressures,
which coincides with the smallest dimension of IgG molecules, and about 10 nm at pressures
up to 40 mN/m which is consistent with the largest molecular dimension [47]. Malmsten [48]
evaluated an IgG adsorbed to a silica surface and concluded a dimension of
23.5 x 4.5 x 4.5 nm>. Moreover, segments of the adsorbed molecules have been considered

to twist and or tilt, driven by electrostatic interactions [46].

4.7. Impact of pH on Particle Formation by Liquid-Air

Interfacial Stress (Mini Trough)

The impact of pH on the particle formation by liquid-air interfacial stress was investigated by
100 continuous compression-decompression cycles in the Mini-trough and subsequent
particle analysis. Figure 14 demonstrates the pH-dependence of IgG aggregation. While the
number of particles at pH 3 and 4 is below 3000 particles/mL, an increase in pH results in
higher numbers of particles formed. Consequently, the pH directly affects the number of
particles formed by liquid-air interfacial stress only, although no considerable differences in
the physicochemical film characteristics were detected and only slight topographical
differences were revealed using BAM and AFM. Therefore, not only the events at the
interface but also the protein-protein interactions both at the interface and in the bulk
solution contribute to the number of particles formed upon compression and
decompression and thus mechanical stressing a protein solution.

Whereas at high pH net attraction between the protein molecules studied dominates, as
indicated by the self-interaction parameter A2, the repulsive forces increase with decreasing
pH, finally ruling at pH 4 and 3 [49]. This explains why less particles were detected at low pH
values. Although partly clustered protein material, as observed by BAM or AFM, is brought
into solution by interfacial stress, those loose conglomerates rather dissociate at low pH
than sticking together due to the repulsive forces between the molecules. In contrast at high

pH values the conglomerates formed at the interface persist in solution.
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The interactions are also related to the charge state of the protein molecules at the surface
and are affected by environmental conditions. Therefore, also salts providing charge
shielding may both stabilize or destabilize a mAB solution against interface related stress

[50], [51].
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Figure 14: Number of particles 21 pm / mL after 100 continuous compression-decompression cycles of I1gG at
different pH in the Mini-trough determined by LO and MFI
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5. SUMMARY & CONCLUSION

Proteins exhibit surface activity and therefore adsorb to interfaces, such as the liquid-air
interface. Upon mechanical stress, e.g. shaking, this can cause protein aggregation [52], [53].
The mechanistic details of this effect are not fully understood yet and a rational
identification of formulation conditions which can prevent this instability is highly desirable.
Changes of the formulation pH are associated with a different protein charge distribution
and therefore altered protein-protein interactions. Repulsive forces go along with an
increased colloidal stability, whereas attraction may provoke undesired agglomeration and
clustering of the molecules [54], [55]. Although both pH condition and the presence of
liquid-air interfaces have been identified to decisively affect protein stability, their complex
interplay has not been investigated adequately. In this study, the effect of pH protein
behavior at the liquid-air interface as well as pH-dependent particle formation by interfacial
stress only was examined. The charge state of the IgG molecules reflected by the pl was
determined not only in bulk solution but also at the liquid-air interface by SFG. Whereas the
bulk pl was identified as pH 6.94, the interfacial pl was significantly lower at 5.3. Since the
investigated IgG is polyclonal, it is conceivable that a specific IgG molecule population with
specific characteristics such as pl preferentially adsorb to the interface. It may also be
possible that dissociation of charged moieties is affected by the interface. Further
investigations are required to understand this difference between plyyx and plinterface-

Surface pressure measurements revealed no considerable impact of pH on equilibrium
surface pressure, as roughly constant values of about 20 mMN/m were reached. A higher
equilibrium surface pressure of 24.2 mN/m resulted at pH 2 which can be explained by an
increased hydrophobicity due to unfolding [56], [57]. FT-IR measurements confirmed no
effect of pH on the IgG secondary structure despite at pH 2. While mAB; did not reveal any
pH-induced conformational changes, the secondary structure of mAB, is sensitive to very
low pH values as indicated by the peak splitting and peak shift to lower wavenumbers at
pH 2. In addition, mAB, precipitated above pH 6.5. The secondary structure of all proteins
investigated was not affected by adsorption to the liquid-air interface. No shift or additional
peaks referring to new secondary structure elements appeared. The secondary structure at
the interface can be considered as essentially native-like between pH 3 and 6.8. Adsorption
to the liquid-air interface results in the formation of a continuous film as visualized by BAM

images for all proteins studied. The protein distribution over the interface is inhomogeneous
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with areas of different reflectivity. During adsorption as well as during compression island-
like structures of increased brightness were noticeable, representing areas of higher packing
density or film thickness. Nino et al. found a significant effect of pH on topographical
characteristics due to the strong impact of pH on the conformation of soy protein whereas
milk protein is not affected [25]. Hence, whether or not altered charge conditions affect the
interfacial film structure depend on the type of molecules used.

Compression of the film caused a considerable increase in surface pressure above
equilibrium values. Repeated compression-decompression cycles revealed not only a high
compressibility of the protein film but the appearance of a considerable hysteresis indicates
physical changes within the film as the packing density and film thickness change with
compression and decompression [12], [58], [59]. Moreover, compression did affect the BAM
appearance. A slight increase in the overall grey level pointing to a higher packing density or
altered molecular ordering within the film was seen at lower pH. Xu et al. [60] showed that
protein molecules form small islands upon adsorption to biomaterial surfaces which is in
good accordance with the results obtained in this study. At different scale, AFM images
prove the formation of a continuous protein film with some areas of agglomerated protein
at equilibrium surface pressure. Upon compression areas of telescoped material with
increased height appeared which were no longer present after decompression. This is
consistent with the fact that surface pressure values ended up slightly lower after each
compression-decompression cycle. A formation and subsequent loss of clustered protein
material from the interface upon compression and decompression can explain the
topographical changes and the flattening of the film observed in AFM. This loss of clustered
protein material may contribute to the emergence of protein particles in bulk solution.

The interfacial film thickness was determined from the RA intensity of the OH-stretching
band. At equilibrium surface pressure, the film thickness amounts to 3.05 nm and after
compression by 15 mN/m to 5.59 nm, such as in the case of IgG at pH 6.8. The thickness at
pH9 is comparable (2.88 nm in equilibrium and 5.05 nm after compression) whereas a
thinner film is formed at pH 4 (1.67 nm in equilibrium and 3.45 nm after compression). For
mAB; at pH 4 a thickness of 1.50 nm in equilibrium and 2.41 nm after compression was
determined. The mAB, films were 2.19 nm and 3.92 nm thick at pH4 and 3.22 nm and
5.01 nm at pH 5.3, in equilibrium and after compression, respectively. Orthogonal analysis of

the film height by AFM rendered 5.56 nm + 0.94 nm for the IgG at pH 6.8 in equilibrium.

170



CHAPTER VI PART 1

Compression caused an increase in film thickness to 6.32 nm+1.05 nm. At pH9 film
thickness values were comparable, and at pH 4 slightly lower. The two mABs formed films of
similar thickness. Compression caused an increase in AFM film thickness in all cases. Hence,
AFM as well as angle dependent IRRA measurements resulted in similar values for the
thickness of the protein films formed at the liquid-air interface. The minimal radius of a
protein sphere of 100 kDa amounts to 3.05 nm [44]. The effective hydrodynamic radius of a
monoclonal antibody is with 5-7 nm slightly higher than the equilibrium interfacial film
thickness [44], [61] pointing to a preferentially flat orientation of the adsorbed IgG
molecules [42], [43].

Overall, the physicochemical investigations revealed no or only a minor effect of pH on the
interfacial protein behavior. Mini-trough experiments connect compression and
decompression of the protein film at the interface with particle formation. With increasing
pH the number of particles formed upon stressing the interfacial film increased significantly.
Thus, the studies demonstrate that a continuous, highly compressible interfacial film with
areas of clustered, native-like protein material is formed upon protein adsorption. The
considerable surface pressure hysteresis, the lowered surface pressure value after each
compression-decompression cycle, and the smoother film after decompression indicate the
loss of material and the transfer of protein clusters from the interface into the bulk solution.
Consequently, repeated compression and decompression of the film results in the
appearance of particles in the bulk. No effect of pH on the protein surface activity or folding
was observed. But, pH strongly affected the number of particles formed upon stressing the
film. Therefore, the bulk conditions have a vital influence on particle formation. Solution
conditions which render attractive protein-protein interactions in the bulk preserve the
clusters transferred from the interface into the bulk. In contrast, net repulsion of the protein
molecules results in dissociation of the loosely packed protein agglomerates derived from
the interface. Consequently, in the second part we complete this study with a detailed
investigation of the protein-protein interactions depending on solution pH and ionic
strength. A correlation with the aggregation tendency provides understanding of how the

formulation conditions affect protein instability upon mechanical stress.
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6. SUPPLEMENTAL INFORMATION

6.1. Determination of the isoelectric point (pl) in bulk

solution
15 4 Bolzmann
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Figure 15: Zetapotential of the IgG versus pH and determination of pl using a Bolzmann fit. pl is given by the
changing point of the curve and was calculated to pH 6.9 (= x,)
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6.2. Interfacial film thickness by IRRAS
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Figure 16: Experimental IRRA spectra (40s) of IgG in equilibrium (left) and after compression by 15 mN/m

(right) at different pH. Data were used for the simulation and calculation of the interfacial film thickness
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Figure 17: Experimental IRRA spectra (40s) of mAB; in equilibrium (left) and after compression by 15 mN/m
(right) at different pH. Data were used for the simulation and calculation of the interfacial film thickness.
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Figure 18: Experimental IRRA spectra (40s) of mAB; in equilibrium (left) and after compression by 15 mN/m
(right) at different pH. Data were used for the simulation and calculation of the interfacial film thickness.
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6.3. Interfacial film thickness by AFM

pH 4

pH 6

pH9
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Figure 19: AFM images of mAB, after adsorption to equilibrium and after compression by 15mN/m including
scratch at different pH. Mean height was determined as section analysis from the silica substrate to the film

(area unaffected by the scratch)
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pH 4

pH5.3
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Figure 20: AFM images of mAB, after adsorption to equilibrium and after compression by 15mN/m including

scratch at different pH. Mean height was determined as section analysis from the silica substrate to the film

(area unaffected by the scratch)
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CHAPTER VI - Part 2

THE MISSING PIECE IN THE PUZZLE:
PREDICTION OF AGGREGATION VIA THE
PROTEIN-PROTEIN INTERACTION PARAMETER A’

1. ABSTRACT

The tendency of protein pharmaceuticals to form aggregates is a major challenge during
formulation development, as aggregation affects quality and safety of the product. In
particular, the formation of large native-like particles in the context of liquid-air interfacial
stress is a well-known but not fully understood problem. So, the impact of pH and ionic
strength on the interaction parameter A", and its link to aggregation upon mechanical stress
was investigated. A", of two monoclonal antibodies (mABs) and a polyclonal 1gG was
correlated to the number of particles formed upon shaking in vials. A good correlation
between aggregation induced by interfacial stress and formulation pH was given. A", was
highest for mAB; and lowest for IgG. Shaking of IgG resulted in overall higher particle
numbers compared to the mABs. A", decreased and particle numbers increased with
increasing pH. Previous studies on the physicochemical behavior at the liquid-air interface
pointed out that a continuous film with an inhomogeneous protein distribution over the
interface is formed upon protein adsorption. Clusters of agglomerated, native-like protein
material built up and are transferred into the bulk solution by compression-decompression
of the interface. Whether or not those clusters lead to appearance of large protein
aggregates or fall apart depends on the intermolecular forces. Thus, protein aggregation due
to interfacial stress is correlated with the protein-protein interactions as determined by A"
This enables to differentiate different antibodies according to their propensity to form

particles upon mechanical stress and to identify optimum formulation conditions.
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2. INTRODUCTION

Aggregation of monoclonal antibodies (mABs) is a known critical instability pathway. More
particularly, the presence of interfaces, such as the liquid-air interface can trigger aggregate
formation and especially the formation of large particles [1]-[4]. Proteins adsorb and
accumulate at interfaces due to their amphiphilic nature thereby forming an interfacial
protein film [5]. Rupture of this highly viscous film, e.g. by shaking, can release clusters of
aggregated protein material [3], [4]. In this context the formation of large native-like protein
particles has been described [2], [6]. The impact of pH on the physicochemical behavior of
proteins adsorbed to the liquid-air interface was investigated in part 1 of this study using
surface-sensitive analytical methods. Surface activity as well as the physical film resistance
did not show a considerable pH dependency. A continuous but inhomogeneous protein film
is formed during adsorption with clusters of native-like protein material. The interfacial film
thickness overall slightly decreased at lower pH values. Upon compression, the protein
molecules are pushed together and interact more strongly as indicated by an enormous
increase in surface pressure thereby reflecting very high local concentrations [7]. Similarly, it
has been stated that strong compression can cause a collapse of the protein film thereby
leading to a gradual displacement of protein molecules from the interface [7]-[9]. The
appearance of a considerable hysteresis upon compression and decompression, lowered
surface pressure values after each cycle and a smoother film after decompression indicate a
transfer of clusters of agglomerated, native-like protein material from the interface into
solution upon interfacial stress. This effect has also been frequently seen in literature [3], [4],
[9], [10]. However, it has also been shown that also different formulation parameters, such
as pH and ionic strength, directly affect the susceptibility of a protein to aggregate [11], [12].
Thus, an investigation of the protein-protein interactions in solution may serve as the
missing piece in the puzzle as it contributes to a better understanding of protein aggregation
upon interfacial stress. Although the interfacial protein behavior was only slightly affected by
pH, it is known that clusters of protein material are derived from the interface and brought
into solution upon interfacial stress. Protein particle formation, however, is known to be
strongly affected by solution pH [13]-[15]. Consequently, this study aims to link the effect of
formulation pH and ionic strength on the aggregate formation by agitation to the protein-

protein interactions determined via the second virial coefficient A*z in bulk solution.
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3. MATERIALS AND METHODS
3.1. Materials

Human IgG (Beriglobin™, CSL Behring GmbH, Germany) was used for this study. The market
product contains 159 mg/mL human IgG in 22 g/L Glycine and 3 g/L NaCl buffer at pH 6.8.
Two monoclonal antibodies (mAB; and mAB,) were provided by AbbVie Deutschland GmbH
& Co. KG, Ludwigshafen am Rhein, Germany. mAB; is formulated in 20 mM Histidine buffer
at pH 6.0 at 126 g/L, mAB; in 15 mM Histidine buffer at pH 5.3 at of 94 g/L. In Hydrophilic
Interaction Chromatography mAB, turned out to be more hydrophobic compared to mAB;
(relative perspective). Dilutions were performed using highly purified water (ELGA LC134,
ELGA LabWater, Germany) and pH was adjusted by addition of 1 mM NaOH and 1 mM HCI,
respectively. All samples were filtrated using 0.2 um sterile polyethersulfone syringe filters
(Sterile Syringe Filter PES, VWR, Germany). A 15 mM histidine buffer was used as standard
condition. The low ionic strength solutions were prepared by 15 mM histidine buffer and pH
adjustment only. The resulting ionic strength was calculated based on the amount of
1 mM NaCl or 1 mM NaOH necessary for pH adjustment (Tab. 1). High ionic strength
solutions were prepared by adding NaCl in the pH-dependent required quantity to achieve
100 mM for all samples. The contribution of the polyelectrolytic proteins to the ionic

strength was neglected.

Table 1: Ionic strengths of 15 mM histidine buffer at different pH values without addition of NaCl

pH lonic strength [mM]
2.0 28.3

4.0 16.8

6.0 12.0

6.8 9.1

7.6 8.4

9.0 12.4
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3.2. Determination of A", using Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed in 96-well plates (Greiner Bio-
One Cellstar 96 well cell plate Cat.-No. 655160) using a DynaPro plate reader (Wyatt
Technologies, Santa Barbara, US). A triplicate of three wells was measured for every sample
with 20 acquisitions of 2 s for every well. Data were analyzed with the DYNAMICS software
(version 7.1.7.16., Wyatt Technologies) at 20 °C. A viscosity of 1.019 mPa*s and a refractive
index of 1.333 were used for all measurements [16]. A linear fit of D versus protein
concentration data using Origin 8G gives the interaction parameter kp [24]. The kp values
were transferred to A’; values using the “TIM”-Equation [16]. For the polyclonal IgG, which

consists of multiple molecular species the obtained A*; value is only an apparent one.

3.3. Agitation Studies

Agitation studies of 1 mg/mL antibody solutions in 15 mM histidine buffer were performed
on a horizontal orbital shaker (GfL 3017, Gesellschaft fiir Labortechnik mbH, Burgwedel,
Germany) at 100 rpm for 48 h (n=3). Each vial was filled with 4 mL and sealed with 20 mm
Serum NovaPure® stoppers (RS 1343 4023/50G with B2-40 FluoroTec® Coating, West

Pharmaceutical Services Deutschland GmbH & Co. KG, Eschweiler, Germany).

3.4. Particle Analysis
3.4.1. Visual Inspection and Photo-documentation

Samples were analyzed for particles by visual inspection in a box with a blackboard equipped
with a white light lamp for 5 s each following Ph. Eur. 2.9.19. Photodocumentation of the
vials was performed using a Nikon digital camera (Nikon D5300 SLR digital camera, Nikon

Corporation, Japan). Each sample was categorized according to table 2.

Table 2: Four Categories for visual inspection (following Ph. Eur. 2.9.19)

0 1 2 3

Free from particles Practically free from particles Several particles Many particles
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3.4.2. Turbidity

Samples were analyzed for turbidity according to Ph. Eur. 2.2.1. A sample volume of 1.8 mL
was analyzed using a Nephla turbidimeter (Dr. Lange, Duesseldorf, Germany). Data are given

as formazine nephelometric units (FNU).

3.4.3. Light Obscuration

Samples were analyzed for particles in the micrometer range by light obscuration (LO) with a
SVSS-C instrument (PAMAS, Partikelmess- und Analysesysteme GmbH, Rutesheim,
Germany). After a pre-run volume of 0.5 mL, each sample was analyzed in triplicates of
0.3 mL at a filling and emptying rate of 10 mL/min. Samples with > 40 000 particles per mL
were diluted to stay within the specification of the instrument. Before each run, the system
was rinsed with at least 5 mL of highly purified water. Data was collected using PAMAS PMA
ProgramV 2.1.2.0.

3.4.4. Micro-Flow Imaging

Particle size and number was additionally measured using a micro-flow imaging (MFI) system
DPA4100 from Brightwell Technologies Inc. (Ottawa, Canada) equipped with a high-
resolution 100 ul flowcell and the MFI™ View Application Software. Pre-run volumes of
0.3 mL and sample volumes of 0.65 mL were drawn through the flow cell by a peristaltic
pump at a flow rate of 0.1 mL/min. To optimize illumination and to provide a clean baseline

the system was rinsed with highly purified water before and after the measurements.

3.4.5. Statistical Significance

A t-test was performed with * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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4. RESULTS AND DISCUSSION
4.1. Impact of Protein and pH on A",

The protein-protein interaction parameter A", was determined as function of pH for all three
proteins investigated. The polyclonal IgG shows the overall lowest apparent A", values
(Fig. 1), whereas mAB; reveals the highest values. For all proteins, A", decreased with
increasing pH indicating an increase in attractive protein-protein interactions [18]. In case of
mAB,;, A", remained positive over the entire pH range between 2.0 and 9.0. The IgG showed
a similar decrease with pH as mAB;. However, mAB,; exhibited a drastic drop in A*z starting at
pH 5.0 and no further values could be determined above pH 6.8 due to precipitation.
Consequently also no agitation studies were performed for mAB, above pH 6.8. Hence, mAB;
is assumed to be the colloidally most stable protein with the least tendency to aggregate

over the entire pH range. At the same time, mAB, shows the most pronounced impact of pH

on colloidal stability.

]-—=—1gG
| —e—mAB,

1010 —— mAB,

pH

Figure 1: (Apparent) A*Z values versus pH for I1gG (m), mAb, () and mAB, (V) in 15 mM histidine at low ionic
strength without addition of NaCl
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4.2. Impact of Protein and pH on Particle Formation by

Agitation

A shaking study was carried out over 48 h for the three proteins at varying pH. The results of
the visual inspection are given in figure 2. At pH 2.0, the formulations of all proteins were
categorized to be free or at least practically free from particles, whereas particles were
detected at all pH values above. Particularly, at pH 9.0 large protein particles were detected
which is in good accordance with the hypothesis that interfacial stress can cause the
formation of large protein particles.

Turbidity values increased over time and the effect was most pronounced at higher pH for all
proteins. Control samples of all formulations before shaking (to) overall were below 1 in
turbidity. In case of the IgG, no considerable increase in turbidity was observed for the
formulations with a pH below 6.8, whereas the formulations at pH 7.6 and 9 exhibited
elevated turbidity values of 4.1 and 5.1, respectively after 48 h. Also in case of mAB,, the
highest turbidity value of 4.6 was reached after 48 h of shaking at pH 9.0. The mAB,
solutions reached a maximum turbidity of 5.3 at pH 6.0 and, different to the other proteins,
already shaking at pH 2.0 led to a significant increase in turbidity. At pH 5.3, the IgG showed
no increase in turbidity but mAB; and mAB, rendered values of 2.6 and 4.5, respectively
after 48 h shaking. Similar to turbidity, the numbers of particles detected by LO and MFI
were increasing with increasing pH for all proteins. In case of IgG, at pH 9.0 a maximum of
430,500 (LO) or 449,500 (MFI) particles >1 um per mL was detected. The number of particles
drastically decreased down to values well below 100,000 particles >1 um per mL at pH
values of pH 5.3 and below. Control samples of all formulations before shaking (to) revealed
particle numbers below 800 particles by LO and below 1000 particles >1 um per mL by MFI.
A similar dependency of particle formation on pH was found for mAB; reaching maximum
particle numbers of 61,300 (LO) and 73,800 (MFI) at pH 9.0. However, the number of
particles is lower compared to the IgG. In case of mAB, 38,000 (LO) and 49,900 (MFI)
particles >1 um per mL were determined at pH 6. In comparison, mAB; exhibited only 9,000
(LO) and 7,500 (MFI) particles and thus a much lower aggregation tendency at that pH. MFI
measurements overall indicated the presence of more particles compared to LO which can
be explained by the presence of non-spherical protein particles as well as by the presence of

particles with a similar refractive index as the surrounding solvent [19], [20].
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Furthermore, also the number of large particles of >10 um and >25 um increases with
increasing pH (Fig. 4). Following the trend of the overall number of particles formed upon
shaking, mAB; also formed fewest large particles with e.g. only 32 (LO) or 39 (MFI) particles
> 25 um at pH 9.0. However, it will be noted that although the IgG forms overall highest
numbers of particles >1 um, the number of large particles >10 um and >25 um reaches
equal values for all proteins. Particularly, in case of the IgG 73 (LO) or 82 (MFI) particles
>25 um build up at pH 6.8. At a similar pH of 6.0, mAB, forms similar numbers of large
particles with 86 (LO) or 91 (MFI). At the slightly lower pH of pH 5.3, only 32 (LO) or 41 (MFI)
particles >25 um build up in case of mAB,.

Overall, shaking of the IgG resulted in the highest numbers of particles >1 um per mL after
48 h and both mAbs behaved rather similar. Although the absolute A", values differ between
the proteins, a clear trend can be observed as the number of particles directly increases with

. *
decreasing A ».
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Figure 2: Visual inspection and photodocumentation of A: IgG, B: mAB; and C: mAB, after 48 h shaking at
different pH values (without addition of NaCl)
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4.3. Impact of lonic Strength on A",

The impact of ionic strength on the protein-protein interaction parameter A", is summarized
in figure 5. In case of IgG, ionic strength does not have any considerable impact on A",
Different to that, mAB; exhibited decreased A*z values at pH 7.6 and 9.0 indicating an
increase in attractive interactions between the molecules at higher ionic strength. Also the
A", of mAB, became lower at higher ionic strength. Similar findings have been reported in
literature thereby showing that with increasing the ionic strength protein attraction is more
likely [16], [21]. Zhang et al. showed that protein-protein interactions between BSA
molecules were dominated by an attractive potential at high ionic strengths in presence of
| = 100 mM, whereas at low ionic strengths with less than 30 mM repulsive forces dominated
[22]. Our ionic strength conditions were similar adding 100mM to achieve the high ionic
strength condition for formulations which have at the most an ionic strength of 28.3 mM at

pH 2.0 and 12.4 mM at pH 9.0.

1—=—1gG
|—*— mAB,

84— ¥ mAB,

A*2 [mol * mL/ gz] *10°
o
1

pH

Figure 5: (Apparent) A*z values versus pH for I1gG (m), mAb,; (®) and mAB, (V) at low (solid line, closed
symbols) and high (broken line, open symbols) ionic strength
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4.4. Impact of lonic Strength on Turbidity and Particle

Formation

The influence of ionic strength on the susceptibility of the three proteins to 48 h shaking
stress was analyzed comparing low and high ionic strength at different pH values. At high
ionic strength, the protein solutions remained clear and free from visible particles at pH 2.0,
whereas with increasing pH more and more particles were formed. Particle formation was
most pronounced for the IgG sample. However, mAB; and mAB, followed a similar trend as
visible particles were detected at higher pH in all cases (Fig. 6). Overall, the high ionic
strength samples exhibited slightly more visible particles compared to the lower ionic
strength formulations described above.

Turbidity of the IgG solutions substantially increased over 48 h of shaking at pH 6.8 and 9.0.
Higher turbidity resulted at high ionic strength at pH 6.8, but lower ionic strength at pH 9.0
(Fig. 7A). Similar results were obtained in sub-visible particle analysis. Only mAB; behaved
differently, as turbidity was not much affected and remained overall low at pH 4. At pH 6.0,
however, turbidity was higher in case of the high ionic strength samples. At pH 9.0, turbidity
values overall were increased and revealed only slightly elevated values in case of high ionic
strength. In contrast, both mABs showed higher numbers of particles measured by LO and
MFI at high ionic strength, and also turbidity was higher compared to the low ionic strength
samples at all pH values tested. Comparing the absolute numbers, it becomes clear that
shaking of mAB; overall resulted in the lowest numbers of particles compared to mAB,, and
most pronounced in comparison to the IgG. Moreover, at high ionic strength more particles
of >10 um or >25 um build up compared to low ionic strength, revealing the most

pronounced effect at highest pH of 9.0 (Fig. 8).
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Figure 6: Visual inspection and photodocumentation of A: IgG, B: mAB; and C: mAB, after 48h shaking at

different pH values at an ionic strength of 100 mM
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Figure 7: Turbidity (left) during and number of particles > 1 um (right) after 48 h of shaking, A: 1gG, B:
mAb1 and C: mAB2 in 15 mM histidine without addition of NaCl (solid line / left part of the graph) and
at an ionic strength of 100 mM (broken line / right part of the graph)
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Figure 8: Number of particles > 10 um (left) and > 25 um (right) after 48 h of shaking, A: IgG, B: mAB, and
C: mAB, in 15 mM histidine without addition of NaCl (left part of the graphs) and at an ionic strength of

100 mM (right part of the graphs)
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5. SUMMARY & CONCLUSION

Aggregation and particle formation is a frequently observed challenge in protein formulation
development. Particularly, in the context of liquid-air interfacial stress upon shaking often
large protein particles build up [28], [29]. On the one hand, various studies have been
published on protein adsorption to interfaces and the effect of interfacial protein film
disruption leading to particle formation [25]-[27]. On the other hand, aggregation in
solution is very much dependent on protein-protein interactions which are highly affected
by pH and ionic [30]—-[32]. In this study, we hypothesized that protein-protein interactions in
solution are also strongly affecting particle formation upon shaking.

Both the protein-protein interaction parameter A", as well as the propensity to form
particles upon shaking were determined for three different proteins at different pH values
and two different ionic strengths. Moreover, A*z was found to depend on the protein itself.
The repulsive interactions were most pronounced for mAB; which accordingly exhibited the
overall lowest tendency to form aggregates. A", of the polyclonal IgG was substantially lower
compared to the other proteins across the entire pH range investigated. Comparison with
the results of the agitation studies revealed a good correlation between A", and the number
of particles formed, as the number of particles overall increased with decreasing A,
Additionally, also turbidity followed a similar trend. Next to the A*z values, also the number
of particles measured for mAB, was found to be in between the ones of IgG and mAB;. Thus,
mAB; was identified as the most stable protein upon shaking and A", values were overall
positive. Exemplarily, even at the lowest A", at pH 9.0 only 61,300 particles >1 um per mL
(LO) were formed. Furthermore, the effect of pH was most pronounced for the IgG which
upon shaking formed 19,000 particles >1 um per mL at pH 2.0 and 430,500 particles >1 um
per mL at pH 9.0 (LO). Consistent with the A", values of the IgG, which became negative at
pH values of 6.0 and above, at pH 5.3 less than 100,000 particles >1 um per mL were
detected whereas at pH 6.8 already 300,000 particles >1 um per mL were formed. Therefore,
it was not only shown that A", is different for each protein, but also that it directly correlates
with the colloidal stability of a formulation. A study by LeBrun et al. also pointed out small
variations in the protein-protein interaction parameter of an IgG; by varying relevant
formulation parameters, with pH and ionic strength having the most impact [21]. Differences
between different antibodies can be traced back to their different structure what results in

different charge distributions and net charges. Generally, antibodies carry a positive net

203



CHAPTER VI PART 2

charge at pH values below the pl and a negative net charge at pH values above the pl. In
good accordance to this, Li et al. demonstrated that BSA showed the lowest level in
aggregation induced by liquid-gas interfacial stress directly at pl (pH 4.7) [33]. Moreover, at
pH values down to 3.0, protein aggregation was found to be enhanced. In addition to charge
effects, conformational instability leading to unfolding and stronger hydrophobic interaction
comes into play, e.g. at highly acidic pH [34], [35]. Similarly, in a study by Majhi et al. the pH
dependent aggregation of B-lactoglobulin was ascribed to the sensitivity to local charges in
certain electrostatic domains, which have a particularly significant effect on protein-protein
interactions [36]. Hence, also the net charge and the charge distribution within a molecule
directly affect, next to the protein-protein interactions, its colloidal stability. Additionally,
the aggregation mechanism of B-lactoglobulin was explained by an association process,
where intermediate aggregates further associate and thereby form larger clusters [36].
Referring to this, the results obtained in this study agree with this assumption. Also, the pl
values of the proteins investigated differ among each other, with the IgG having a pl of pH
6.9, and mAB; and mAB; values of 8.75 and 6.51, respectively. Hence, the high pl of mAB;
also contributed to the fact that it was found to be the most stable one compared to the
other antibodies. Above pl, A", of all three proteins decreased due to charge shielding, and
the aggregation propensity increased as indicated by the subvisible particle numbers.
Different to pH, however, ionic strength only slightly affected A’,. Nevertheless, at high ionic
strength the samples exhibit more pronounced visible particles formation. Accordingly, also
the number of particles formed upon shaking was increased, i.e. large particles >25 um were
found to a greater extent, what was most pronounced at high pH. At high ionic strength,
protein charges can be shielded effectively which can foster protein aggregation and the
effect also depends on the mAB investigated [47, 48]. Additionally, the nature of the
shielding ion can affect aggregation. For example, citrate anions were found to preferentially
accumulate at the surface of an IgG; compared to acetate anions, resulting in different
charge profiles and hence different intermolecular interactions [38]. Hence, it can be
assumed, that attractive forces in bulk solution foster aggregation whereas repulsive ones
promote rather a dissociation of loosely-packed protein material derived from the interface
[8], [42]-[44]. Therefore, the complex interplay between interfacial film formation and
transport of protein material into bulk solution upon interfacial stress can only be linked to

the emergence of protein particles in bulk solution when protein-protein interactions are
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taken into account. Consequently, A", can serve as the missing piece in the puzzle, as it
allows to rank protein formulations according to their propensity to form aggregates upon
interfacial stress.

In part 1 of this study it was shown that a continuous interfacial protein film with some areas
of clustered protein material is formed at the liquid-air interface, independent of pH. Upon
compression, the interfacial film thicknesses increases, and the protein molecules are
brought into closer contact resulting in more pronounced protein-protein interactions.
Repeated compression and decompression of the concentrated interfacial layer causes
release of large agglomerates of native-like protein into the bulk solution. No effect of pH or
salt on surface activity or folding was observed. But, pH affected the number of particles
formed upon interfacial stress. In part 2 we demonstrated that the protein agglomerates
disintegrate at solutions conditions which trigger enhanced repulsive protein-protein
interactions, represented by positive A", values, but sustain at conditions of more attractive
interactions, represented by negative A", values. It can be concluded that protein molecules
can remain in a native-like conformation at the interface but still form aggregates if the
molecules come close enough to each other, and if attractive forces are sufficiently high
within the condensed protein film. Particularly, close to the pl attractive forces between
protein molecules dominate, thereby strengthening the assembly of protein clusters.
Repulsive forces at pH conditions away from the pl can have an opposite effect. Additionally,
the charge interactions are affected by charge shielding effects by added ions. Therefore,
although similar processes happen at the interface at all pH values and ionic strengths,
solution conditions and hence protein-protein interactions dictate whether or not protein
particles, especially large native-like protein particles, build up. As pH strongly affected the
number of particles formed upon stressing the interfacial film, the bulk conditions have a
vital influence on particle formation.

Finally, a determination of A, helps to identify optimum formulation conditions to increase
stability of biopharmaceuticals against mechanical, specifically shaking stress. The A, can
also be a tool to screen different molecules for their susceptibility to undergo surface-

induced protein aggregation.
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SUMMARY

CHAPTER VII

SUMMARY

Protein aggregation is a major challenge in the development of biopharmaceutics as it
negatively impacts product quality. The mechanisms and pathways of protein aggregation
are manifold and can occur in parallel in a product. At many points during manufacturing
and transportation of protein pharmaceuticals aggregation may be encountered. A better
understanding of the features that influence, control and prevent protein aggregation is
essential to enable a systematic and rational formulation development. Although it has
already been extensively investigated that the presence of liquid-air interfaces is directly
related to the emergence of protein aggregates, little is known about the aggregation
mechanism at the interface itself. In particular, the formation of large native-like particles in
the context of liquid-air interfacial stress is a well-known but not well understood problem. It
was the aim of this thesis to provide an understanding of the behavior of immunoglobulins
(IgGs) at the liquid-air interface and of the formation of aggregates, as well as to elucidate
how formulation affects interface-related protein instability.

In chapter Ill surface-sensitive analytical methods such as Langmuir trough experiments,
Infrared Reflection-Absorption Spectroscopy (IRRAS), Brewster Angle Microscopy (BAM), and
Atomic Force Microscopy (AFM) were combined to uncover IgG adsorption and structure at
the liquid-air interface. Concentration-dependent adsorption of IgG and surface-pressure /
area isotherms substantiated the amphiphilic nature of the protein molecules as well as the
formation of a compressible protein film at the liquid-air interface. The increase in surface
pressure upon compression of the protein layer demonstrated that the protein molecules
rather stay at the interface and do not readily desorb upon compression. IRRA spectra
proved not only the presence of the protein molecules at the interface, but also showed that
the secondary structure does not change considerably during adsorption or compression.
IRRAS experiments at different angles of incidence enabled to determine the effective film
thickness (packing density) and proved that the film thickness increased upon compression.
Furthermore, BAM images pointed out a coherent but inhomogeneous distribution of the
protein at the interface. Topographical differences within the protein film after adsorption,

compression and decompression were revealed using underwater AFM.
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Different methodologies to thoroughly characterize the liquid-air interfacial behavior of two
monoclonal antibodies were used in chapter IV. Therefore, not only physical-chemical
aspects were taken into account, but also controlled stress of the liquid-air interfacial film.
Therefore, a model was developed to investigate the impact of liquid-air interfacial stress
only on protein aggregation. Repeated compression and decompression of the film in this
newly designed test model resulted in significant formation of protein particles compared to
controls, as detected by visual inspection, turbidity, Light Obscuration (LO) and Micro-Flow
Imaging (MFI) analysis. The steep decrease in surface pressure upon decompression as well
as the slightly decreased equilibrium surface pressure after each subsequent cycle of
compression and decompression pointed towards a loss of protein material from the
interface. Furthermore, the compressibility of the interfacial film was directly affected by the
speed and extent of compression. Compression above a c; of 3 caused irreversible
compaction of the protein molecules within the film as observed by the emergence of a
pronounced hysteresis. The number of particles formed also increased with increasing
compression factor. Accordingly, compression speeds of 25 mm/min and above triggered
the formation of protein particles. The island-like distribution of protein observed in the
BAM images goes in line with this hypothesis. However, as no major effect on secondary
structure was observed by IRRAS, the IgGs are assumed to remain in a native-like
conformation. Hence, the Mini-trough method is a highly expedient method for the
localization of protein particle formation by liquid-air interfacial stress only. In addition, the
Mini-trough represents a valuable tool to screen different formulation candidates for their
propensity to undergo interface-related protein aggregation processes.

The addition of surface active compounds is a popular option to improve the stability of a
protein formulation and to prevent interface-related aggregation. Understanding of the
behavior of both the protein and the additive at the interface is mandatory for the decision
whether and which one to add. Therefore, physicochemical investigations and interfacial
stress studies were performed with combinations of IgG and polysorbate 80 (PS 80),
poloxamer 188 (P 188) or hydroxypropyl-B-cyclodextrin (HP-B-CD) in chapter V. Whilst 1gG
films were highly compressible, compression of an additive solution did not result in a
considerable increase in surface pressure. The mixtures of both, revealed either IgG - or
additive - like characteristics depending on the mixing ratio. The appearance of amide bands

in IRRA spectra proved the presence of IgG at the interface in case of mixtures with the
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surfactant present at concentrations below the critical micellar concentration (CMC). In
formulations with additive present above CMC, no amide bands but characteristic additive
bands were detected. Moreover, additive solutions did not supply any signal in BAM.
Therefore, bright domains could be traced back to the presence of the IgG at the interface.
No aggregate formation was observed upon mechanically stressing by shaking or repeated
compression and decompression of samples with PS 80 and P 188 present above CMC in the
Mini-trough. Also, HP-B-CD successfully inhibited aggregation, although to a lesser extent.
Residual clusters of 1gG were uncovered in BAM even at PS 80 concentrations above CMC.
Similarly, residual IgG clusters were detected in mixtures with P 188 above CMC and all HP-
B-CD concentrations tested. In contrast, in mixtures with PS 80 far below CMC bright regions
of large 1gG domains emerged upon compression. Accordingly, areas of agglomerated
protein material with increased height appeared in AFM images. Very low PS80
concentrations caused a destabilization compared to a surfactant free system with a more
pronounced increase in particle numbers both in shaking and compression-decompression
experiments. The different surface-sensitive techniques applied in combination with
interfacial-stress studies provide valuable insights into the liquid-air interfacial film
characteristics that help to better understand how formulation additives affect interface
related protein instability.

In chapter VI — part 1 the impact of pH and ionic strength on the liquid-air interfacial protein
behavior was investigated. Equilibrium surface pressure value was only marginally impacted
by pH and ionic strength. Only at a low pH values surface pressure increased which can be
traced back to an increased hydrophobicity due to IgG unfolding as investigated by FT-IR.
Secondary structure and mechanical properties of the IgG film were not considerably
affected by adsorption between pH 3 and pH 9. Compression of the film caused the
formation of telescoped areas which are no longer present after decompression. BAM
showed slight changes in the film reflectivity depending on the pH value indicating changes
within the interfacial film thickness. IRRAS experiments at different angles of incidence as
well as section analysis of AFM images proved not only that the film thickness increased
upon compression but also that the interfacial film was thinner at pH 4 compared to higher
pH values. This was in accordance with the formulation dependent formation of particles as
detected by Light Obscuration (LO) and Micro-Flow Imaging (MFI) upon repeated

compression-decompression of the interfacial protein film.
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Subsequently, the protein-protein interaction parameter A", was analyzed by DLS and its
importance for interface-related protein particle formation was studied (chapter VI - part 2).
Whereas no considerable effects of pH and ionic strength on the physicochemical
characteristics of the interfacial protein film were detected, particle formation upon shaking
or continued compression and decompression was strongly related to pH and ionic strength.
A", decreased with increasing pH value for all three proteins investigated. This correlates
well with the more pronounced particle formation with higher pH upon shaking. At low pH,
repulsive forces between protein molecules dominate, impeding aggregation. Moreover, A"
was found to be highest for mAB; which showed lowest numbers of particles upon
mechanical stress. Overall, high ionic strength caused a destabilization, as A", decreased and
the number of particles formed increased compared to lower ionic strength samples.
Altogether, upon compression a highly concentrated protein phase is formed. Upon
decompression, clusters of agglomerated protein material may remain or fall apart
depending on the extent of attractive and repulsive protein-protein interactions.

In conclusion, this work introduced valuable new surface sensitive methods that allow a
better understanding of liquid-air interfacial protein behavior. The combinatorial use of
physicochemical, spectroscopic and microscopic methods provided useful insights into the
liquid-air interfacial protein characteristics and revealed the formation of a continuous but
inhomogeneous film of native-like protein molecules whose topographical appearance is
affected by compressive forces. The relevance of compression and decompression of the
protein film at the liquid-air interface for the formation of protein particles was proven.
Based on these achievements, the effect of formulation additives can be evaluated what
helps not only to understand their mechanisms of action but also to identify the optimum
additive type and concentration. Ultimately, whether aggregates and particles result after
such stress depends on the protein-protein interactions and hence also on the formulation
conditions. This understanding provides a good basis for the development of stable protein

formulations.
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