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Monoclonal antibodies (MAbs) continue to be the largest selling class of 

therapeutic biologics. The success of MAb therapeutics is attributed to their potency, 

specificity, and ability to be engineered for different targets.  A common obstacle 

during MAb development is non-native aggregation. While aggregation can decrease 

the final potency of the drug, aggregates present in the final drug formulation can 

potentially invoke an immune response that reduces drug efficacy and compromises 

patient safety. Therefore, the aggregation mechanisms and different aggregate species 

related to a therapeutic drug candidate must be tightly controlled. 

MAbs encounter a range of stresses during pharmaceutical development, 

manufacturing, transportation, and storage that can promote different aggregation 

mechanisms in bulk solution and at solid-liquid, liquid-liquid, and vapor-liquid 

interfaces. Aggregation in bulk solution has been studied extensively in a mechanistic 

context. In contrast, mechanistic understanding of surface-mediated aggregation 

remains largely putative, in part because of the limitations of techniques currently used 

to study surface-mediated aggregation. This thesis focuses on mechanistic insight into 

surface-mediated aggregation by introducing improved techniques for studying protein 

behavior at interfaces and using these techniques to systematically study protein 

behavior at interfaces under a range of conditions. 

Isothermal interfacial compression/dilation (IICD) cycles are advantageous for 

their ability to provide well-controlled and quantifiable turnover of air-water interfaces 

ABSTRACT 



 xviii  

in a relatively high-throughput manner. This technique was used to evaluate the 

combined effects of temperature and compression/dilation of air-water interfaces for a 

model MAb in representative MAb formulations. Aggregation rates were quantified as 

a function of temperature and extent of IICD cycles using size exclusion 

chromatography, dynamic light scattering, and flow-imaging microscopy. The results 

indicated that competition exists between bulk- and surface-mediated aggregation 

mechanisms, and each pathway has a largely different temperature dependence that 

results in a crossover between the dominant aggregation mechanism as the sample 

temperature changes. Surface-mediated aggregation is also influenced by solution pH 

in a manner that correlates with electrostatic protein-protein interactions and does not 

mirror the pH dependence in bulk that instead trends with conformational stability. 

Polysorbate 20 reduces aggregation rates overall, but in some instances shifts the 

overall observed aggregation behavior towards bulk-mediated aggregation. 

To further improve the labor, time, and material needs of surface-mediated 

aggregation studies, microbubble aeration was introduced as a rapid, small-volume 

approach for evaluating protein aggregation via air-water interface exposure. Samples 

were aerated with microbubbles for short amounts of time (< 10 seconds), and the 

resulting particles were analyzed using backgrounded membrane imaging. The 

applicability of microbubble aeration was demonstrated by evaluating the surface-

mediated aggregation propensity of two model MAbs and a globular protein as a 

function of pH and temperature. Temperature had a negligible effect under the rapid 

time scales of interface turnover of this technique, which indicates the technique can 

help to isolate some portions of the overall aggregation mechanism compared to 

longer time-scale experiments. Electrostatic colloidal interactions were more 



 xix 

influential than conformational stability on surface-mediated aggregation rates, even 

when comparing different proteins. Polysorbate 20 substantially reduced aggregation 

for the MAbs but not aCgn, which exhibited rapid adsorption kinetics. 

In studies using IICD cycles and microbubble aeration, information about 

surface-mediated aggregation is primarily inferred through bulk solution 

measurements of monomer depletion and aggregation products after they putatively 

desorb from the interface. Interfacial rheology was introduced as a suitable technique 

for measuring the rheology of protein layers while still adsorbed to the interface. A 

Langmuir trough was used to improve the practicality of interfacial shear rheology 

measurements for MAb systems by accelerating meso-equilibration and reducing the 

preparation time for each experiment from several hours to approximately 30 minutes. 

Creep measurements and oscillatory strain and frequency sweep measurements 

revealed that an adsorbed MAb layer on the air-water interface resembles a soft glassy 

material. For each condition, creep compliance from different applied stresses could 

be horizontally shifted for superposition onto a master creep curve. The viscoelastic 

moduli, creep compliance, and superimposed master creep curves of the MAb layers 

were dependent on solution pH and bulk concentration in a manner that indicated that 

adsorbed MAbs form stronger interfacial films as the solution pH approaches the pI of 

the MAb, and at higher bulk concentrations. 

Lastly, to determine the influence of adsorption on surface-mediated 

aggregation, a microtensiometer was used to systematically measure the dynamic 

surface tension behavior of two model MAbs and a globular protein as a function of 

temperature, bulk concentration, and solution pH at air-water and oil-water interfaces. 

The meso-equilibrium surface pressure did not change between conditions at each type 



 xx 

of interface, though the meso-equilibrium surface pressure of the air-water interface 

was significantly higher than that of the oil-water interface. While in the rest of the 

thesis, solution pH was a key parameter determining surface-mediated aggregation 

rates and the interfacial rheology of adsorbed protein layers, solution pH had no 

observable effect on dynamic surface tension at either interface. At the air-water 

interface, adsorption kinetics accelerated at higher temperatures and bulk 

concentrations. The three proteins exhibited distinguishable adsorption kinetics, but 

not in an order that reflected surface-mediated aggregation propensity measured using 

microbubble aeration. Trends relating to temperature, bulk concentration, and the 

identity of the molecule were indistinguishable at the oil-water interface and may have 

been hidden below the sensitivity limits of the instrument. A higher concentration of 

polysorbate 20 was required to reduce protein adsorption to oil-water interfaces than 

to air-water interfaces. 

Many of the results presented in this work have implications for how 

accelerated stability studies relating to surface-mediated aggregation should be 

designed during biopharmaceutical development. Overall, this dissertation illustrates 

the effect of solution pH, temperature, and bulk concentration on protein adsorption 

and aggregation behavior at interfaces and lays the foundation for future studies to 

uncover new mechanistic information relating to surface-mediated aggregation.
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INTRODUCTION  

1.1 Motivation  

In 2018 and 2019, seven of the top ten drugs by sales globally were 

monoclonal antibody (MAb) therapeutics.1,2 The dominance of MAb therapies as the 

top selling class of therapeutic biologics shows no sign of decline as several new MAb 

therapies were approved in the first quarter of 2020 alone.3,4 The success of these 

proteins in the pharmaceutical market arises from their high specificity, potency, and 

ability to be engineered for different targets.5,6 MAb therapies are currently on the 

market and in clinical trials to treat a variety of diseases, including those in the areas 

of oncology and immune disorders.1ï4,7ï11 

One challenge during MAb drug development is non-native aggregation via 

so-called non-native protein states. For the remainder of this dissertation, aggregation 

will always refer to non-native aggregation. During aggregation, natively folded 

monomers partially or fully unfold and self-assemble into higher molecular weight 

units consisting of protein sub-units.12,13 At a minimum, aggregation reduces the yield 

of effective drug product and the potency of the drug. However, aggregates can also 

promote unwanted immunogenic responses in patients. This side effect occurs when a 

patientôs immune system mounts a response against aggregates of the therapeutic 

protein that interferes with, or even neutralizes, the effect of the drug, and can lead to 

life-threatening complications for the patient.14,15 Consequently, regulatory agencies 
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require extensive characterization and control of any aggregation behavior of 

therapeutic proteins prior to market approval.14,16 

 Characterizing aggregation is typically a complex, multi-step process. Proteins 

can undergo various aggregation pathways that lead to different aggregation products 

depending on the specific solution and stress conditions involved.17 Unless otherwise 

specified, the term stress for proteins will be used to describe a chemical, mechanical, 

thermal, or other factor that can influence the stability and aggregation of a protein. 

An example of the variety of protein aggregation pathways and products observed in 

everyday life is depicted in figure 1.1.  

 

Figure 1.1: Protein aggregation by various driving forces: (a) thermal; (b) pressure; 

(c) pH; (d) alcohol; and (e) air interfaces. Reproduced with permission 

from Yano.17   
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Protein therapeutics are exposed to a variety of solution and stress conditions 

during manufacturing, shipping, storage, and administration that can each have the 

potential to induce different aggregation pathways that result in various aggregation 

products.18ï20 For example, viral deactivation during protein purification requires a 

low pH environment.18 This low-pH environment may decrease protein 

conformational stability and induce some degree of protein unfolding to expose 

typically buried hydrophobic patches that can facilitate aggregation.21,22 Proteins are 

also exposed to high (~2 M) salt concentrations during chromatographic wash steps,23 

which may promote protein self-association and lead to aggregation.23,24 Agitation of 

liquid protein formulations during mixing or transit can expose proteins to air-water 

interfaces, and this hydrophobic environment may facilitate unfolding and 

aggregation.20 The same effect may be achieved by the presence of solid-liquid 

interfaces in the fill-finish process, and silicone oil lubricants in process equipment 

and pre-filled syringes.20 Even the final drug formulation includes choices of buffer, 

pH, and inactive ingredients, which are also known as excipients, that may affect 

product shelf-life.18 Understanding how a given protein aggregates under a particular 

solution and stress conditions does not necessarily inform about aggregation under 

different conditions.25ï28 Therefore, thorough evaluation of the aggregation behavior 

of a therapeutic drug candidate requires multiple accelerated stability studies that help 

to understand the different aggregation pathways involved. 

Protein aggregation in bulk solution has been studied extensively and is often 

accelerated by incubating samples under elevated temperatures.25,27ï31 The most 

common method of incubating samples involves isothermal testing, where samples are 

incubated at a selected temperature and evaluated as a function of time.29 However, 
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this method becomes labor- and material-intensive when obtaining aggregation rates at 

multiple temperatures, which is required for accurate extrapolation to the lower 

temperatures that are relevant to drug storage conditions.30,31 More efficient methods 

have been developed for assessing the kinetics of bulk-mediated aggregation such as 

the parallel temperature initial rate (PTIR) method, which involves incubating multiple 

samples at different temperatures simultaneously for the same time duration.25 The 

monomer loss in the samples from these incubations are quantified using size 

exclusion chromatography and used to calculate the initial rates of aggregation.25 

Isothermal and non-isothermal methods have been used to obtain kinetic and 

mechanistic insights about MAb aggregation in bulk solution.25ï27 

Mechanistic understanding of protein aggregation at interfaces between bulk 

phases (e.g., water and air) is less developed, partly because the easily available 

methods for promoting protein aggregation at interfaces are not well suited for 

obtaining mechanistic insight. For example, stirring and shaking liquid formulations 

has been shown to induce aggregation and formation of sub-visible (>2 ɛm diameter) 

protein particles, and is a standard ad hoc method for accelerated stability testing to 

mimic stresses from shipping and administration of therapeutic proteins.32,33 However, 

the amount of interfacial stress provided by shaking and stirring is difficult to 

quantify, which is necessary for obtaining kinetic and mechanistic information. 

Additionally, protein behavior at the interface cannot be directly monitored during 

these methods of agitation. Instead, insight gained about aggregation at the interface is 

inferred through bulk solution measurements such as turbidity, dynamic light 

scattering, and size exclusion chromatography after the aggregated species  have 

putatively desorbed from the interface.32,33 In contrast, tensiometry techniques such as 
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those employing a Langmuir trough or bubble- or drop-tensiometers, facilitate well-

controlled turnover of the interface and directly probe the interface using surface 

tension measurements.34ï36 However, these methods are low-throughput and 

impractical for evaluating the number of samples required for obtaining mechanistic 

information. In order to gain better insight into surface-mediated aggregation, new 

techniques must be developed that allow proteins to be stressed by interface exposure 

in a high-throughput and reproducible manner and allow proteins on the interface to be 

examined directly or indirectly with interfacial measurements. 

1.2 Objectives 

This thesis pursued two goals simultaneously to focus on new mechanistic 

information relating to protein aggregation at interfaces. The first goal was to establish 

improved experimental methods for examining protein adsorption, interfacial 

rheology, and aggregation at air-liquid and liquid-liquid interfaces. Specifically, 

interfacial compression-dilation cycles and microbubble aeration were developed to 

study the kinetics of aggregation and particle formation at air-water interfaces. 

Interfacial rheometry techniques were adapted to measure the rheological properties of 

adsorbed protein layers at air-water interfaces. A microbubble tensiometer was 

customized to study protein adsorption kinetics to air-water and oil-water interfaces.  

This technique is distinguishable compared to some more established methods because 

it is amenable to oil-water interfaces rather than only air-water interfaces. 

The second goal of this thesis was to implement these techniques to 

systematically evaluate protein aggregation and particle formation, interfacial 

rheology, and adsorption of multiple model pharmaceutical and globular proteins 

under a range of industrially relevant conditions. These conditions include the type of 
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protein, extent of interface exposure, temperature, protein concentration in bulk, 

solution pH, presence of excipients, and the type of interface. The characterization 

methods used in this thesis included complementary analytical techniques, such as 

differential scanning calorimetry, size exclusion chromatography, dynamic light 

scattering, flow imaging microscopy, and a novel membrane imaging technique, to 

characterize protein monomers and aggregates of different sizes that range from 

monomer to sub-visible particles. 

Each technique developed under the first goal of this work is individually 

capable of providing mechanistic information that relates to surface-mediated protein 

aggregation. However, greater impact can be achieved by connecting the information 

gained from evaluating protein adsorption, rearrangement, and aggregation on the 

interface. To that end, the studies in this thesis were performed with primarily the 

same therapeutically relevant protein at a consistent subset of formulation conditions 

to enable direct comparisons and correlations between the results of each study. Some 

studies also investigated additional proteins and formulation conditions to determine 

how surface-mediated protein behavior changed between different proteins and in the 

presence of a commonly used non-ionic surfactant for therapeutic protein 

formulations. 

1.3 Non-native aggregation 

As noted above, aggregation is the multi-step process that occurs when 

natively folded protein monomers irreversibly associate to form an aggregate. A 

simplified aggregation mechanism is depicted in figure 1.2. First, the native monomer 

may undergo reversible partial or full unfolding. These unfolded monomers may then 

reversibly associate and aggregate with other species. Eventually, the proteins may 
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undergo structural rearrangement as oligomers and nucleate into the smallest 

irreversible aggregates. Depending on the solution and applied stress condition, 

aggregation may stop at the stage of small soluble oligomers or grow through 

monomer addition or aggregate coalescence.37,38 As aggregates reach higher molecular 

weights, they may remain soluble or phase separate (e.g., precipitate or gelate).39 

 

Figure 1.2: A simplified aggregation schematic, modified from Li et al.40 A natively 

folded monomer (1) can reversibly unfold partially or completely (2). 

The unfolded monomer can reversibly aggregate with other unfolded 

species (3). A nucleation step forms an irreversible aggregate (4) that 

facilitates growth by aggregate coalescence or monomer addition into 

high molecular weight aggregates (5). This pathway may be bulk-

mediated or surface-mediated, and the specifics of each pathway (e.g. 

rates and aggregate size) will be different and be affected by stress 

conditions (such as temperature) to different extents. The sizes noted 

indicate examples of the orders of magnitude of size the species may 

exist as, with the assumption of monomers on the order of the size of 

monoclonal antibodies. 

1.3.1 Aggregation in bulk solution 

Bulk-mediated aggregation has been studied extensively in a mechanistic 

context. The behavior has not only been observed experimentally, but has also been fit 

to mathematical models for a range of different proteins.30,41ï43 While surface-

mediated aggregation is not yet understood to the same extent, insights gained from 
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prior bulk-mediated aggregation work can help to guide current studies and 

interpretations of protein aggregation at interfaces. The following sections survey 

bulk-mediated aggregation mechanisms and factors that influence bulk-mediated 

aggregation as they particularly influenced the surface-mediated aggregation studies in 

this thesis. 

1.3.1.1 Aggregation mechanisms 

The size and concentration of resulting aggregates are determined by the ratio 

of the rate coefficients for unfolding, nucleation, and aggregate growth.25,26,44,45 If the 

incubation temperature is more than a few degrees Celsius below the melting 

temperature for protein unfolding, unfolding is typically not a rate determining step 

and the primary influence for determining the aggregation mechanism falls on the 

ratio between the rate coefficients for nucleation and growth combined with the free 

energy of unfolding that determines the relative concentration of partially unfolded 

monomers.37,42,46,47 Aggregates predominantly grow by monomer addition, i.e., chain 

polymerization, when the timescale for nucleation is orders of magnitude larger than 

the timescale for growth, and the aggregates typically range in size from 10 ï 100 

nm.40,43,45 If the aggregates do not grow past dimer and trimer sizes, the mechanism is 

characterized as nucleation-dominated.37,38,45 In other cases when the monomer 

concentration is sufficiently depleted or the aggregate concentration is high enough, 

growth can proceed by aggregate coalescence or aggregate polymerization. In these 

instances, the aggregates can grow to much larger sizes (characteristic dimensions on 

the order of 10 ï 102 ɛm) and may phase separate out of solution with minimal loss of 

the overall monomer pool.40,45 
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1.3.1.2 Factors influencing bulk-mediated aggregation 

Many MAb therapeutics are manufactured as liquid formulations for 

intravenous or subcutaneous delivery to patients. The formulation conditions, 

including pH, ionic strength, and presence of excipients, are key factors determining 

or influencing the stability and aggregation behavior of a given MAb. Complicating 

matters, each of these factors may affect multiple steps in the aggregation process and 

to different extents. It is noteworthy that the sequence of the therapeutic is also related 

to the stability of the protein but is typically determined prior to formulation. 

Therefore, the solution conditions are the primary aspects that can be altered in the 

final drug formulation to achieve maximum drug stability. 

1.3.1.2.1 Solution pH 

Solution pH is easily adjustable and one of the most influential factors that 

impacts protein stability. The pH determines the charge of titratable side groups of the 

protein, which influences the charge distribution, net charge, and conformational 

stability of the protein.25,48,49 Protein-protein interactions can be influenced by changes 

in the charge distribution of the protein.49ï51 The free energy of unfolding and the 

midpoint temperature of unfolding often increase when the solution pH approaches the 

isoelectric point (pI) of the protein.25,38 However, this does not necessarily affect the 

entire protein uniformly: for example, differential scanning calorimetry (DSC) of an 

anti-HIV MAb revealed that pH affected one domain in the fragment crystallizable 

(Fc) region more significantly than the fragment antigen-binding (Fab).52 As the 

solution pH moves away from the isoelectric point (pI) value for a protein, the protein 

becomes more charged.26,38 This affects the electrostatic protein-protein interactions 

(PPI) and the Debye-Hückel screening length, which is a measure of the effective 
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range of electrostatic interactions felt by neighboring proteins.53 Solubility is also 

partly determined by solution pH, as charged patches on the surface of the protein 

promote hydrogen bonding with water molecules.39,54 

The theoretical overall net charge can be calculated from the number of 

charged residues and the pKa of each titratable side group and has been shown to be a 

reasonable estimation for some globular proteins.55 However, the actual pKa of each 

titratable residue may be shifted from the theoretical value by the local environment 

(i.e., other chemical groups around the moiety),56 and past studies have noted that this 

calculation often overestimates the net charge for IgGs inferred from electrophoretic 

mobility measurements.26,57 

1.3.1.2.2 Salts and osmolytes 

The effects of salts and other osmolytes are not directly investigated in this 

thesis. However, they can be impactful and are commonly adjusted for formulation 

stability and are therefore briefly introduced for context. Osmolytes are small organic 

molecules that are often amino acids, sugars, polyols, and quaternary ammonium 

compounds in therapeutic protein formulations.58 Both salts and osmolytes are added 

to therapeutic formulations to achieve isotonicity.59 Typical total osmolality ranges 

from 200 ï 300 mM, though exact quantities depend on the site and route of 

administration.59  

Salt ions in solution impact the Debye-Hückel screening length,53 which was 

mentioned in the previous section. This screening length is derived from the Debye-

Hückel theory, which is a linearized Poisson-Boltzmann model that assumes a 

simplified model of electrolyte solution and treats all ions equally.60 In reality, ions 

vary in size and charge, which can affect their solvation by water molecules and their 
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charge-screening effectiveness. One example of this phenomenon is the Hofmeister 

effect, which was discovered in 1888 and classifies ions on their ability to salt in or 

salt out proteins.61 The Hofmeister effect has long guided selection of solution 

conditions for protein crystallization and formulation.61,62 However, the molecular 

scale interpretations behind the observations remain controversial.25,26,62ï67 

Osmolytes also affect protein stability by interacting with protein and water 

molecules.68ï71 Chemical denaturants, such as guanidine hydrochloride or urea, 

negatively impact protein conformational stability and are often used to study 

unfolding transitions and infer the free energy of unfolding, though the molecular 

mechanism of destabilization is still unclear.72ï74 Conversely, sugars are typically 

added to formulations to stabilize proteins and have been observed to increase the 

unfolding free energy and midpoint unfolding temperatures for proteins.75,76 Sugars 

are thought to alter the chemical potential of proteins through competing protein-water 

and protein-sugar interactions, although there are examples where sugars are 

preferentially accumulated at, or excluded from the protein surface.75,77ï80  

1.3.2 Aggregation at bulk interfaces 

Protein aggregation has been observed in liquid formulations when samples are 

agitated by shaking or stirring.32,81ï84 In most cases, aggregation is attributed to the 

presence of interfaces between phases.32,81ï84 When compared to bulk-mediated 

aggregation, surface-mediated aggregation is not as well understood. This is, in part, 

because the methods for studying surface-mediated aggregation are not as well 

developed. This section will introduce established and putative theories that guide the 

current understanding of surface-mediated protein aggregation. 
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1.3.2.1 Aggregation mechanisms 

While surface-mediated aggregation occurs at the interface between phases, it 

would be remiss to neglect the transport of protein to and from the interface when 

considering the processes involved in surface-mediated aggregation. The following 

sections introduce protein adsorption, aggregation, and desorption as related to 

surface-mediated aggregation, and current methods used to evaluate these processes. 

1.3.2.1.1 Adsorption 

Many proteins exhibit some degree of surface activity.16,20,32,82,85 Putatively, 

adsorption is a thermodynamically driven process that is largely attributed to the 

inherently amphiphilic chemical composition of proteins. At hydrophobic interfaces 

(e.g., air, oil, and hydrophobic solid interfaces), the overall free energy decreases 

when the hydrophobic residues of the protein are no longer exposed to water and 

instead are exposed to the more hydrophobic phase at the interface.17 Adsorption to 

hydrophilic solid interfaces is often driven by electrostatic attraction between the 

proteins and the interface.17,86,87 However, adsorption to hydrophilic solid interfaces 

has also been observed when there is electrostatic repulsion between the proteins and 

the interface and is attributed to entropic gains resulting from dehydration of the 

hydrophobic patches of the protein.86,88 Protein adsorption to air-liquid and liquid-

liquid interfaces may also be driven by favorable changes in the solvent energy, as 

Radke and coworkers89 used dynamic lattice Monte Carlo simulations to show that 

solvent energy is significantly reduced when the unfavorable interactions between oil 

and water are replaced by favorable hydrophobic residue-oil interactions. In many 

studies, protein adsorption to bulk interfaces is considered to be irreversible,20,90ï95 

although Monte Carlo simulations with a single 14-mer lattice protein at the air 
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interface suggest that reversible adsorption could occur at high dilution, despite 

undergoing reversible conformational changes at the interface.96 

Protein adsorption is advantageous in many natural and applied processes. 

Lung surfactant lipoproteins lower the surface tension of the air-liquid interface within 

the alveoli, decreasing the work required for breathing and preventing alveolar 

collapse at end-expiration.97 Hydrophobins are small (< 20 kDa) cysteine-rich proteins 

that are secreted by fungi and spontaneously assemble into amphipathic monolayer 

films of high mechanical strength at hydrophobic-hydrophilic interfaces.98 This makes 

them of interest for use in modification of hydrophobic nanomaterials and in 

solubilizing lipophilic drugs.99 Bovine serum albumin and other proteins are used as 

emulsifying agents in food systems.100,101 Many MAbs have also been observed to 

readily adsorb to interfaces,92,95,102 but surface activity is typically an undesirable 

characteristic for therapeutic MAbs. Exposure of the hydrophobic residues of a MAb 

to the interface can lead to partial unfolding and structural changes that may facilitate 

aggregation.17,92 

Protein adsorption to air-liquid and liquid-liquid interfaces is most commonly 

measured using dynamic surface tension measurements,92,95,102,103 which contain 

contributions from both the surface concentration and molecular conformations of 

adsorbed protein.17 When a surface active species is adsorbing to an interface, 

dynamic surface tension curves as a function of interface age generally share several 

features that are indicated in figure 1.3. A fresh interface is created at the beginning of 

the curve and the measured surface tension represents the surface tension of a clean 

interface. At early times, the surface tension often remains relatively constant with 

little or no apparent surface tension decrease; this is known as the induction period.104 
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During this time, protein is adsorbing onto the interface but has not reached a surface 

concentration threshold required for the measured surface tension to decrease 

significantly. This threshold concentration has been estimated as 25-50% of the 

monolayer surface concentration for globular proteins.105ï111 An induction period may 

not always be observed if adsorption kinetics are very fast.112 The next regime is the 

rapid fall region when the surface tension rapidly decreases.104  Proteins are adsorbing 

to the interface and approaching the surface concentration for monolayer coverage.106 

After the rapid fall region is meso-equilibrium, which is marked by a large decline in 

the magnitude of the surface tension slope.104 The surface tension continues to 

undergo a slow decrease which has primarily been attributed to molecular 

reorientation and conformational changes in the adsorbed protein molecules.112 

Eventually, a steady-state surface tension that indicates equilibrium may be reached,104 

but is often not observed for antibodies.92,102 
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Figure 1.3: Generalized profile of dynamic surface tension vs interface age for 

proteins adsorbing to an interface. 

X-ray and neutron reflectivity have also been used to evaluate the amount of 

protein adsorbed to the interface at long times (> 1 hour).92,113,114 Methods for 

measuring protein adsorption to solid-liquid interfaces include optical techniques such 

as ellipsometry,115,116 mass measurements by quartz crystal microbalance,83 and 

neutron reflectivity.82 Protein accumulation at interfaces can also be observed using 

microscopy techniques,85,117ï121 although these methods may be more labor-intensive 

as they require fluorophores or other optical ñtagsò to be attached to individual protein 

molecules. 

Adsorption kinetics can be controlled by diffusion of the proteins to the 

vicinity of the interface or adsorption of the proteins onto the interface. Diffusion-

limited models have been developed,112,122,123 and used to accurately describe the 

adsorption kinetics of some proteins, including ɓ-casein and lysozyme, at low 
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concentrations.112,124 However, many proteins, including MAbs, exhibit adsorption 

behavior that is significantly slower than diffusion-limited predictions, indicating that 

their kinetics are limited by other adsorption processes.92,112 The specifics of these 

processes have yet to be determined, but one theory is that conformational changes on 

the interface may be a rate-limiting step.17,112  

Protein adsorption has been successfully modelled with simple adsorption 

isotherms. Adsorption of ɓ-lactoglobulin and bovine serum albumin at the air-water 

interface has been modelled as a soluble monolayer using the simplified Gibbs 

adsorption equation125,126 

   1.1 

where Ʉ is the surface pressure, c is the concentration in bulk, R is the ideal gas 

constant, T is the temperature, and A is the area per adsorbed molecule. The adsorption 

of a monoclonal antibody at the oil-water interface has instead been modelled as an 

irreversibly adsorbed Langmuir monolayer according to127 

 ɜ  1.2 

where ũ is the surface coverage, ũmon is the surface coverage for a monolayer, K is the 

binding constant, and C is the bulk concentration. 

1.3.2.1.2 Association 

At interfaces, proteins putatively undergo some structural rearrangement to 

orient their hydrophobic residues towards the interface and lower the overall free 

energy.17,89,92 This conformational rearrangement may expose hot spots that lead to 

aggregation between neighboring molecules. This process has been confirmed for 

some hydrophobins, which transition into a final form with high ɓ-sheet content and 
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amyloid characteristics at the interface.128 Adsorbed hydrophobin layers rearrange and 

solidify very quickly once reaching the interface (e.g. on the order of minutes, 

compared to several hours for common milk and egg proteins),98,129 and the 

solidification proceeds to the extent that bubbles formed by shaking hydrophobin 

solutions preserve the irregular shape they had at the moment of surface 

solidification.130 Presumably, any of the bulk-mediated aggregation mechanisms 

described in section 1.3.1.1 may also apply at the interface. However, experimental 

observations reveal that surface-mediated aggregation typically results in large (> 2 

ɛm diameter) aggregates that can also phase separate out of solution.34,81,82,84  

Dynamically monitoring aggregation at the interface is difficult due to the 

environment and the time resolution required. For example, x-ray and neutron 

reflectivity are powerful tools for measuring structures at air-, liquid-, and solid-liquid 

interfaces, but they are limited by the long averaging times required to achieve 

sufficient resolution, and the need for a physically unperturbed (typically flat) 

interface. Therefore, they are typically used to determine the amount of adsorbed 

protein at the interface after significant adsorption and (putative) aggregation has 

occurred.82,92,113,114,131 This misses the processes of adsorption and aging. Additionally, 

these and other ensemble-averaging techniques cannot distinguish between 

heterogeneous events, such as the formation of protein clusters on the interface, that 

may transpire during aggregation.119 Total internal reflection fluorescence microscopy 

(TIRFM) has improved this area with the ability to identify interfacial heterogeneities 

in the form of multiple molecular populations (e.g., based on oligomerization or 

conformation state) by distinguishing interfacial diffusion coefficients.132ï135 This 

method has been applied to monitor homogeneous crowding and aggregation of 
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lysozyme at the oil-water interface,119 heterogeneous behavior resulting from multiple 

populations of bovine serum albumin at the oil-water interface,119,134 and 

heterogeneous evolution of multiple populations of fibrinogen at solid-liquid 

interfaces.133 However, TIRFM is currently limited to liquid-liquid and solid-liquid 

interfaces. 

Ensemble-averaging measurements are still valuable for obtaining information 

about the protein layer at the interface after aggregation has occurred. In particular, 

interfacial rheometry has been used to measure the viscoelasticity of protein layers at 

air-liquid and liquid-liquid interfaces. The strength of the aggregated protein layers is 

evident from the relatively high elastic moduli.34,35,85,136,137 Langmuir troughs and 

bubble and drop tensiometers have also been used to perform compression-expansion 

experiments that impart information about viscoelastic properties of the protein film 

and the filmôs response to dilatational stresses at air-liquid and liquid-liquid 

interfaces.34,35,84,91,138,139 This will be expanded upon in the next section in the context 

of protein desorption from the interface.   

1.3.2.1.3 Desorption 

The interfacial rheology of adsorbed protein layers at air-liquid and liquid-

liquid interfaces reveals nearly incompressible surface films that form at high surface 

pressures.34,84,102,139 There is speculation that compression of an interface can result in 

buckling and shedding of protein aggregates into the bulk sub-phase.84,91,102 Film 

buckling and collapse has been directly observed for globular proteins at air-liquid and 

liquid-liquid interfaces using Brewster angle microscopy,139,140 and even for MAbs at 

the air interface using optical microscopy. Specifically, Lin et al.102 observed film 

buckling and particle ejection during compression of an air bubble aged in a MAb 
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solution. Other studies have not directly observed particles shedding from the interface 

but have correlated proteinaceous particle formation with perturbations of the 

interface. For example, the number and size of MAb aggregates formed at air 

interfaces correlates with the overall number and compression ratio of interfacial 

compression cycles,34,84 and removal of an air headspace during agitation studies 

significantly reduces MAb particle formation.32 Siliconized beads have been used as a 

model for studying aggregation at liquid-liquid interfaces and aggregation was 

significantly reduced during agitation in the absence of the siliconized beads or in the 

presence of the beads without agitation.81 After desorbing off the interface into bulk 

solution, aggregates do not appear to propagate further in some cases.27,84 

Protein particles also desorb from adsorbed protein layers on solid-liquid 

interfaces as a result of interfacial shear forces caused by fluid flow. This has been 

confirmed using neutron reflectivity to monitor the creation and removal of protein 

aggregates from the interface, and microscopy to analyze sub-visible particles that 

shed from the interface.82,83 

1.3.2.2 Factors influencing surface-mediated aggregation 

The factors influencing bulk-mediated aggregation discussed in section 1.3.1.2 

can also influence surface-mediated aggregation, although the magnitude of the effects 

may change. One additional factor that is imperative for controlling surface-mediated 

aggregation in current therapeutic formulations is the presence and type of surfactants, 

which are named for their behavior as surface active agents. They have two distinct 

chemical components, one hydrophilic and the other hydrophobic. The latter typically 

drives adsorption to hydrophobic interfaces and self-assembly into micelles in bulk 

aqueous solutions at sufficiently high concentrations.141 It is generally expected that 
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upon adsorption, surfactants minimize surface-mediated aggregation by outcompeting 

protein adsorption to the interface, associating with proteins in solution to inhibit 

association with neighboring proteins, or both.32,33,92,142ï144 

Two of the most common surfactants used to stabilize therapeutic protein 

formulations are the nonionic surfactants polysorbate (PS) 20 and 80,145 which are 

composed of fatty acid esters of polyoxyethylene (PEO) sorbitan with laurate and 

oleate tails, respectively.146 The numerical naming convention results from the total 

number of ethylene oxide subunits attached to the sorbitan ring backbone. 

Concentrations used in formulations range from 0.0003% (w/v) to 0.3% (w/v).147 

These values are near the critical micelle concentrations (CMC), which are 

approximately 0.007% (w/v) for PS20 and 0.0017% (w/v) for PS80,147 although the 

actual CMC of PS20 and PS80 in a formulation is also affected by the presence of 

proteins and excipients.148 In practice, polysorbates sold by manufacturers are 

chemically diverse mixtures of different fatty acid esters that depend on the specific 

manufacturing process and ingredients used.149ï151 Although PS20 and PS80 have 

become a popular choice for stabilizing formulations, they can degrade and create 

byproducts that can instead accelerate protein degradation and pose other potential 

risks to drug product stability and quality by various pathways.147,152ï154 For example, 

hydrolysis of the ester bond in PS20 and PS80 can generate free fatty acids that have 

limited solubility and may lead to the formation of visible and subvisible 

particles.155,156 Another primary route of polysorbate degradation is oxidation through 

exposure to light, by trace peroxides leftover from manufacturing, or by transition 

metals, which can generate intermediary radicals that can oxidize proteins and lead to 

aggregation.156,157 
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PS20 and PS80 appear to be most effective at preventing surface-mediated 

protein aggregation when the interfaces involved are at least moderately hydrophobic, 

as they have been able to outcompete and displace preadsorbed proteins from 

hydrophobic surfaces.158,159 Another nonionic surfactant, Poloxamer 188, has been 

shown to be more effective than PS20 and PS80 at reducing protein adsorption to 

hydrophilic surfaces as it interacts directly with the protein to form complexes that 

have low adsorption affinity.160 Poloxamer 188 is a triblock copolymer of PEO-

polypropylene oxide-PEO and is commonly used to protect cells from shear stresses in 

bioreactors,161 and more recently has also been employed to stabilize protein 

formulations.162 

1.4 Fluid -Fluid and Fluid-Solid Interfaces in Pharmaceutical Development 

Interface exposure in the biopharmaceutical process varies by more than just 

the phases (solid, liquid, or air) involved. Figure 1.4 contains examples of various 

types of interfacial stress that can occur during unit operations in pharmaceutical 

manufacturing, transportation, and storage. These interfacial stresses occur over 

different time scales, at different temperatures, with different formulations, and 

different interface materials (particularly for solid-liquid interface exposure). The 

following sections will explore the variety of air-liquid, liquid-liquid, and solid-liquid 

interfaces that may be encountered by therapeutic proteins throughout these 

biopharmaceutical processes. 

1.4.1 Air -liquid interfaces 

Significant consideration is given to air-liquid interfaces when designing 

bioreactors, piping, pumps, and mixing tanks.20 Gas sparging is one of the most 
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efficient methods to oxygenate bioreactors.163 Mixing and agitation continuously 

refreshes the air interface, allowing additional protein to be exposed to the 

interface.20,32 Even pumping between unit operations has the potential for air interface 

exposure if not operated fully flooded.20 In these drug substance manufacturing 

examples, the air interface exposure occurs on relatively short time scales that are 

related to sparging rates, mixing speeds, and plumbing and pumping speeds.  

 In comparison, air interfaces in the context of drug product development can 

persist for much longer time scales. Proteins can be exposed to air-liquid interfaces in 

the form of bubbles in pre-filled syringes or headspaces in vials, and the effect of the 

exposure can be exacerbated when the container is agitated during transportation.20 
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Figure 1.4: Types of interface exposure that can occur during unit operations for 

drug substance manufacture, drug product manufacture, transportation, 

and storage. Adapted from Li et al.20 

1.4.2 Liquid -liquid interfaces 

A main source of liquid-liquid interface exposure is silicone oil lubricants in 

prefilled syringes and other pharmaceutical containers.20 The interface may exist in the 

form of the siliconized lubrication layer as well as silicone oil droplets that shed into 

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

additional stresses, such as agitation.81,164ï166 
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1.4.3 Solid-liquid interfaces 

Drug substance manufacturing involves solid-liquid interfacial stresses. Since 

protective surfactants can be lost during filtration, they may not be added until the end 

of drug substance manufacturing in order to ensure proper surfactant concentrations in 

the final product.20 Therefore, these unit operations must be carefully designed to 

minimize the deleterious effects of solid-liquid interfaces. Filtration and purification 

steps expose proteins to membrane filters and chromatography columns. During these 

processes, aggregation mediated by solid-liquid interface exposure may be influenced 

by high local protein concentrations near the interface and high levels of interfacial 

shear stress at the solid-liquid interface.20 Manufacturing equipment for pumping and 

agitating should also be carefully chosen because of the potential high interfacial shear 

rates involved in the processes, although multiple studies have demonstrated that 

interface exposure, material and protein concentration are more influential in inducing 

aggregation than shear alone.83,167 Additionally, drug products may be subjected to 

freezing during manufacturing and storage.20 Multiple stresses occur during freezing 

and thawing, including the presence of an ice-solution interface.143  

A particularly significant solid-liquid interfacial stress during drug product 

development is the final drug product filling step.83 Aggregation during this step must 

be tightly controlled as any aggregates generated will remain in the final drug product. 

Additionally, the specific container-closure system must be carefully chosen, as 

proteins will be exposed to the solid surfaces that comprise the container (e.g., vial or 

syringe) and closure (e.g., stopper or syringe plunger) involved for long time scales (~ 

months to years) that may be sufficient for adsorption and aggregation to occur.20 
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1.5 Molecules of interest 

All the studies in this thesis evaluated the behavior of a model monoclonal 

antibody, anti-streptavidin immunoglobulin gamma 1 (AS-IgG1), under interfacial 

stress. Some studies were also performed with an IgG2 analogue, AS-IgG2, and a 

globular protein, Ŭ-chymotrypsinogen (aCgn). The following sections provide 

background for these three proteins. 

1.5.1 Anti -streptavidin IgG1  

The IgG1 naming convention denotes that AS-IgG1 falls within the gamma 

immunoglobulin family of heavy chains and the ñ1ò subclass. A schematic of a typical 

IgG1 antibody is shown in figure 1.5. The protein is composed of a fragment 

crystallizable (Fc) region and two fragment antigen-binding (Fab) regions. The Fc 

region contains the constant heavy chain (CH) 2 and 3 domains, and the Fab region 

contains the CH1 domain, the variable heavy chain (VH), the constant light chain (CL), 

and the variable light (VL) chain. Three complementary-determining regions (CDR) 

that are responsible for antigen-binding are part of each of the Fab domains, composed 

of the VL and VH domains. The number and location of disulfide bonds (indicated by 

dashed lines in figure 1.5) in an IgG structure is important as they differ between 

subclasses.168 In IgG1s, the heavy and light chains are connected by a disulfide bond 

between the last cysteine residue of the light chain and the fifth cysteine residue of the 

heavy chain. The two heavy chains of an IgG1 are also connected by two disulfide 

bonds in the hinge region. IgG1 structure is highly conserved within the subclass, with 

only the variable regions typically changing for different targets.10 
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Figure 1.5: Schematic of an IgG1 antibody. 

AS-IgG1 has been studied in prior work under different stresses and 

formulations. At acidic conditions (pH Ò 4), AS-IgG1 aggregation in bulk solution 

was mediated by unfolding of the CH2 domain.37,169 Barnett et al.25,26,44,170 measured 

AS-IgG1 bulk-mediated aggregation rates across multiple pH values, solution ionic 

strengths, buffer salts, and osmolyte formulations and found that aggregation 

mechanisms depended strongly on protein-protein, protein-osmolyte, and protein-

water interactions. AS-IgG1 has also been shown to be surface active,171 and 

susceptible to aggregation induced by air-water interface exposure.84 

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

conditions used in this work involved solution pH that were below the pI, and AS-
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IgG1 had a net positive charge. However, the magnitude of the net charge remains a 

function of pH. 

1.5.2 Anti -streptavidin IgG2  

AS-IgG2 also falls within the gamma immunoglobulin family of antibodies, 

but in the ñ2ò subclass. A schematic of a typical IgG2 antibody is shown in figure 1.6.  

IgG1 and IgG2 antibodies are more than 90% similar on the amino acid level, but have 

structural distinctions that lead to functional differences in processes such as antigen 

binding, immune complex formation, complement activation, and half-life.172 One 

notable structural variation is the number and location of disulfide bonds (dashed lines 

in figure 1.6) within the hinge region of the molecule.168 In the IgG2 subclass, the light 

chain is connected to the heavy chain by a disulfide bond between the last cysteine 

residue of the light chain and the third cystine residue of the heavy chain. The two 

heavy chains are connected by four disulfide bonds in the hinge region. 

AS-IgG2 has a molecular weight of 142 kDa and a pI of ~7.7 and shares 95% 

overall sequence similarity with AS-IgG1: 100% in the light chain, 94% in the heavy 

chain, and identical CDRs.173 The 29 sequence differences between the two IgGs 

begin with four insertions in the AS-IgG1 CH domains.173 The remaining 25 amino 

acid differences include 13 conservative substitutions (e.g. polar to polar, non-polar to 

non-polar, or charged to charged) and 12 biochemically dissimilar changes.173 Franey 

et al.173 compared bulk-mediated aggregation of AS-IgG1 and AS-IgG2 under 

elevated temperature at neutral pH and found that AS-IgG2 was more prone to 

aggregation than AS-IgG1. This was possibly attributed to an increased concentration 

of free thiols in AS-IgG2 formulations, although the mechanisms involved remain 



 28 

unclear as the fraction of total aggregates that was covalent was preserved between the 

AS-IgG1 and AS-IgG2 formulations. 

 

Figure 1.6: Schematic of an IgG2 antibody. 

1.5.3 a-Chymotrypsinogen A 

a-Chymotrypsinogen A (aCgn) is a single domain globular protein with a 

molecular weight of 25.7 kDa and a pI of 9.2.40 aCgn was evaluated in this work as a 

comparison to MAbs. Since aCgn is commercially available, it has been studied in a 

variety of contexts, particularly relating to bulk-mediated behavior and 

aggregation.39,40,46,174 aCgn protein interactions in bulk solution have also been 

modelled using both simple colloidal potential of mean force models and higher-

resolution coarse-grained molecular models.49 
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1.6 Dissertation outline 

This dissertation introduces several experimental methods for studying 

surface-mediated aggregation and new mechanistic insights enabled by these 

techniques. The intent of this work is to expand the existing experimental 

infrastructure used to study surface-mediated protein adsorption and aggregation and 

offer insights into the roles of pH, temperature, bulk concentration, excipients, and 

time scales involved in the surface-mediated aggregation process. 

Chapter 2 applies interfacial compression and dilation cycles to study the 

combined effects of temperature and compression/dilation of air-water interfaces on 

aggregation rates and particle formation for AS-IgG1. The competition between bulk-

mediated and surface-mediated aggregation mechanisms was evaluated for different 

solution pH values over a wide temperature range. The impact of bulk protein 

concentration and the addition of surfactants were evaluated. Additional mechanistic 

insights were informed by quiescent incubations before and after application of 

interfacial stress. Aggregates formed from bulk-mediated aggregation pathways 

dissociated during interfacial compression and dilation cycles, indicating that the bulk- 

and surface-mediated aggregation pathways did not necessarily produce similar 

aggregation products. The results of this chapter demonstrate a non-trivial temperature 

dependence of surface-mediated aggregation that should be considered during design 

of accelerated stability studies in biopharmaceutical development. 

Chapter 3 establishes the applicability of a rapid, small-volume approach for 

assessing and accelerating protein aggregation at air-water interfaces. Protein solutions 

were aerated with microbubbles and then analyzed for sub-visible particles using 

backgrounded membrane imaging.175 This technique was used to evaluate the surface-

mediated aggregation propensity of AS-IgG1, AS-IgG2, and aCgn under various 
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formulation conditions and temperatures. Compared with the results in Ch. 2, the 

temperature dependence of surface-mediated aggregation was found to depend on the 

lifetime of the interface, highlighting the importance of using complementary methods 

during biopharmaceutical development to thoroughly understand the surface-mediated 

aggregation behavior of a given drug candidate. 

Chapter 4 demonstrates interfacial shear rheology as a useful tool for 

evaluating the rheology of protein layers adsorbed to air-water interfaces. A Langmuir 

trough was used to accelerate meso-equilibration of the interfaces and significantly 

reduce the preparation time for each experiment. Oscillatory and creep measurements 

revealed that the AS-IgG1 layer at the air interface forms a solid-like structure that 

resembles a soft glassy material. Viscoelastic moduli and creep compliance were 

dependent on bulk concentration and solution pH, and creep compliance from 

different applied stresses were superimposed into a master creep curve that was unique 

for each condition examined, indicating that bulk concentration and solution pH 

influences the rheology of AS-IgG1 adsorbed to the air-water interface. These results 

are discussed in the context of AS-IgG1 surface-mediated aggregation chapter 

described in chapters 2 and 3. 

Lastly, chapter 5 focuses on protein adsorption to air-water and oil-water 

interfaces using dynamic surface tension measurements. A microtensiometer was used 

to compare dynamic surface tension behavior for AS-IgG1, AS-IgG2, and aCgn as a 

function of bulk concentration, temperature, and solution pH at each interface. For 

each type of interface, the meso-equilibrium surface tension did not change between 

the conditions examined, although the meso-equilibrium surface pressure was 

significantly higher at the air-water interface than the oil-water interface. At the air-
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water interface, adsorption kinetics increased with temperature and bulk concentration, 

and were distinguishable between different proteins but not in a manner that correlated 

with the surface-mediated aggregation rates observed in chapter 3. Similar trends may 

exist at the oil-water interface but were hidden within the sensitivity limits of the 

instrument. Solution pH did not have an observable effect on dynamic surface tension 

for any the conditions examined. The impact of surfactants was evaluated, and a 

higher concentration of surfactants was required to prevent protein adsorption at the 

oil-water interface than at the air-water interface. When compared to the observations 

in chapters 2-4, the results of this chapter shed light on the influence of protein 

adsorption on surface-mediated aggregation behavior. 



 32 

KINETICS AND COMPETING MECHANISMS OF BULK - AND SURFACE-

MEDIATED AGGREGATION PATHWAYS  

2.1 Introduction  

As discussed in section 1.1, the incomplete mechanistic understanding of 

surface-mediated aggregation is partially attributed to the limitations of many methods 

used to study surface-mediated aggregation. Insight into the kinetics and mechanisms 

of protein aggregation from turnover of the air-water interface requires multiple 

measurements that evaluate the effects of different amounts of stress, such as the rate 

and extent of interface turnover. Bee et al.84 introduced a technique that uses a rotating 

mixer to subject partially filled cylindrical vials to end-over-end rotation, such that the 

air-water interface was periodically expanded and compressed in a systematic and 

reproducible manner. This allowed multiple protein samples to be stressed 

simultaneously and independently measured at different times to characterize the 

kinetics of aggregation. That work systematically studied how interfacial compression 

and dilation cycles influenced the formation of protein particles at ambient conditions 

for AS-IgG1. The results indicated that particle formation increased with larger 

interfacial compression ratios (the ratio of the largest air-water interface to the 

smallest) and number of cycles, but not by bulk protein concentration and the period 

or frequency of interfacial compression cycles. In addition, particles formed by such 

surface-mediated aggregation did not further propagate in solution after interfacial 

compressions were stopped.84 

Chapter 2 
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This chapter focuses on the competition between bulk-mediated and surface-

mediated aggregation mechanisms and resulting aggregation kinetics of AS-IgG1.  

This is done by measuring aggregation rates under quiescent conditions as a function 

of temperature and comparing to experiments using isothermal interfacial compression 

/ dilation (IICD) cycles. Elevated temperature has often been used to accelerate protein 

aggregation for quiescent samples.25,26,37,44 At a minimum, increasing temperature 

reduces the conformational stability of proteins and promotes a population of unfolded 

intermediates that can accelerate aggregation.12 When aggregation occurs in bulk 

solution and proceeds through two or more distinct steps, such as nucleation and 

growth, temperature may accelerate each step to different extents.46 The combined 

effects of changing temperature and air-liquid interface turnover has not yet been 

studied systematically. The two aggregation pathways (e.g., in bulk solution and 

surface-mediated) could occur independently of one another, or they could be 

interconnected.  

Solution pH is another key property that influences the nature of aggregation in 

bulk solution.26,176 The present report also focuses on assessing the effect of changes 

to the solution pH to alter electrostatic protein-protein interactions (PPIs) (i.e., 

electrostatics) on surface-mediated aggregation, compared to bulk aggregation. 

Finally, quiescent incubations before and after IICD cycles are used to gain 

preliminary insight into the aggregation mechanism(s) by isolating the kinetics of 

specific steps in hypothesized mechanism(s), including surface adsorption and 

desorption of monomers and oligomers, aging of the protein film at the interface, and 

propagation of surface-mediated aggregates in bulk solution (figure 2.1). 
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Figure 2.1: Possible aggregation mechanisms that may take place when bulk-

mediated and surface-mediated aggregation pathways are promoted 

through IICD cycles. The two aggregation pathways may occur 

independently and in parallel to one another, or they may be 

interconnected. 

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

reviewed journal and is reproduced here with permission.27 
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2.2 Materials and methods 

2.2.1 Sample preparation 

pH 5 (20 mM sodium acetate) and pH 6.5 (10 mM histidine-HCl) buffers were 

selected for this work to give roughly similar values for total ionic strength (on the 

order of 10 mM). pH 5 buffer was prepared by diluting glacial acetic acid (Fisher 

Scientific, Waltham, MA) to a concentration of 20 mM in distilled, deionized water 

(resistivity 18.2 Mɋ-cm, Millipore, Billerica, MA) and titrating to pH 5 using a stock 

of 5 M sodium hydroxide solution from dissolving sodium hydroxide pellets (Fisher 

Scientific) in distilled deionized water. pH 6.5 buffer was prepared in a similar manner 

by dissolving L-histidine monohydrochloride monohydrate (Fisher Scientific) in 

distilled, deionized water to a final concentration of 10 mM. All buffer solutions were 

filtered (0.22 µm polyvinylidene fluoride low-protein-binding filters; Chemglass Life 

Sciences) before use. 

AS-IgG1 was provided by Amgen, Inc. (Thousand Oaks, CA) as a monomeric 

stock solution (> 98% monomer) at a concentration of 30 mg/mL. Stock protein 

solutions were dialyzed to desired solution conditions with Spectra/Por 7 dialysis 

tubing with a 10 kDa molecular weight cutoff (Spectrum Laboratories; Rancho 

Dominguez, California) and filtered (0.22 µm Polyvinylidene Fluoride low-protein-

binding filters; Chemglass Life Sciences) after dialysis. Solution concentrations were 

determined using UV absorbance (Agilent 8453, Santa Clara, CA) at 280 nm using an 

extinction coefficient of 1.586 cm2/mg. Gravimetric dilution was used to obtain final 

protein concentrations ranging from 0.3 to 10.0 mg/mL. The final pH of all solutions 

was confirmed experimentally before use. To prepare samples containing polysorbate 

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



 36 

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

stored at 2ï8 °C and used within 3 weeks. 

2.2.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed using a VP-DSC 

(Malvern Instruments, Malvern, UK) and 1 mg/mL AS-IgG1 solutions at pH 5 and pH 

6.5. Scans were performed at a temperature ramp rate of 1 °C per minute from 20 °C 

to 90 °C unless precipitation was indicated by a large exotherm, in which case, the 

scan was ended immediately. If precipitation did not occur, as was the case for pH 5, a 

rescan was performed to evaluate reversibility; however, reversibility was not 

observed. The absolute heat capacity was calculated from buffer-subtracted scans, as 

previously reported.37,38 

2.2.3 Isothermal interfacial compression/dilation cycles 

IICD cycles were applied using a method previously described.84 Five milliliter 

cylindrical polypropylene externally threaded cryogenic storage vials (Fisher 

Scientific) with an inner diameter of 9.9 mm and height of 83.9 mm were filled with 

2.5 mL of solution and subjected to end-over-end rotation on a variable speed rotating 

mixer (Benchmark Scientific, Edison, NJ). As the vial rotates, the air-water surface 

area underwent continuous transitions between a well-defined geometrical maximum 

(roughly rectangular, when the vial is oriented horizontally) and minimum (circle, 

when the vial is oriented vertically, see also figure 2.2). The compression ratio (largest 

air-water surface area divided by the smallest air-water surface area) of the vials used 

is ~ 10. Additional compression ratios were considered in preliminary tests, and the 

value of 10 was found to suitable for observing aggregation rates spanning several 
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orders of magnitude depending on the various sampling conditions examined in this 

work. Rotation speeds were chosen as 10 and 20 rotations per minute or 20 and 40 

compression cycles per minute (CCPM), respectively. Both speeds were slow enough 

such that turnover of the interface was well-controlled (i.e., without irregular 

splashing, foaming, or bubbling). 

 

Figure 2.2: The surface area of the air-liquid interface changes geometries as the 

half-filled vial rotates. (A) Side view. (B) Top-down view. 

2.2.4 Pre-incubation under mild thermal stress 

Samples were prepared and placed in an oven at 40 °C for selected incubation 

times (from 2 to 24 h). Immediately after incubation, samples were carefully placed on 

the rotating mixer at 40 CCPM for continued incubation for 48 h at 40 °C prior to 

testing with size-exclusion chromatography and particle counting, which are described 

below.  

2.2.5 Post-incubation under mild thermal stress 

Samples were stressed on the rotating mixer for selected incubation times 

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

counting, which are described below.  

2.2.6 Pre-incubation under higher thermal stress 

pH 5 and pH 6.5 solutions were incubated in hermetically sealed HPLC vials 

(Waters, Milford, MA) at 66.2 °C and 67.7 °C, respectively, for 2 h in Peltier 

temperature controllers (Quantum Northwest, Liberty Lake, Washington). These 

temperatures were selected to convert approximately 30-40 % of the monomer 

population to soluble oligomers during 2 h incubations, as determined by size 

exclusion chromatography (described in the following section). Reactions were 

quenched on ice for 5 min to arrest aggregation and then pooled together to create a 

uniform stock solution. Samples were distributed to the cylindrical polypropylene 

vials in 2.5 mL aliquots and then placed on the rotating mixer at 20 or 40 CCPM at 

ambient conditions for up to 48 h before testing with size-exclusion chromatography 

and particle counting, which are described below.  

2.2.7 Size exclusion chromatography 

Monomer concentration was quantified by size exclusion chromatography 

(SEC). An Agilent 1100 high-performance liquid chromatograph (Agilent 

Technologies) was connected in-line to a Tosoh (Montgomeryville, PA) TSK-Gel 

3000SWxL column. Samples were centrifuged at ~ 9000 relative centrifugal force for 

10 min. The supernatant was extracted, and aggregates remaining in this fraction were 

referred to as a soluble aggregates. The supernatant was held at room temperature 

before injection with an autosampler. Injection volumes were chosen to process 30-

100 µg of protein per injection, depending on the volume limits of the autosampler. 
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Concentration was determined by peak area, using a variable wavelength detector 

(Agilent Technologies), absorbance at 280 nm, and independent control samples. The 

values for monomer fraction remaining (m) were determined by dividing the area of 

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

2.2.8 Soluble protein concentration from UV-absorbance 

Samples were centrifuged at ~ 9000 relative centrifugal force for 10 min at 

room temperature. The supernatant was extracted and protein (both monomer and 

aggregate) remaining in this fraction was referred to as soluble protein. Overall soluble 

protein concentration was measured with a NanoDrop 2000 (ThermoFisher Scientific). 

Concentrations were determined using UV absorbance at 280 nm and an extinction 

coefficient of 1.586 cm2/mg.177 Measurements were taken as the average of 5 

replicates. 

2.2.9 Quantifying aggregation rates 

Quiescent isothermal and parallel-temperature initial rate (PTIR) aggregation 

rates were collected using methods previously described.25 Briefly, during the 

isothermal method, samples were incubated at a single temperature as a function of 

time. During the PTIR method, multiple samples were incubated in parallel at a range 

of temperatures for a fixed incubation time. In both cases, monomer fractions, m, at 

time, t, were quantified using SEC, as described previously. The initial-rate regime 

provides a robust measure of aggregation rate(s) without the need to know or assume 

the underlying aggregation mechanism(s). This region is defined as when 1.0 > m > 

0.8 in the present work. Under initial-rate conditions, monomer fractions can be 

regressed using equation 2.1 to obtain the aggregation rate coefficient kobs.  
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 άὸ άπ Ὧ ὸ  2.1 

Aggregation rates during IICD cycles were quantified similarly. Samples were 

stressed at a single temperature and rotator speed as a function of time. Monomer 

fraction was determined using SEC and was found to be linear with respect to time 

until monomer was depleted. Therefore, monomer fraction was regressed with 

equation 2.1 over the entire linear range (1.0 > m > 0.0) to obtain kobs. 

2.2.10 Microbubble tensiometry 

A microbubble tensiometer was used to monitor protein adsorption to an air-

water interface. A LabView program controlled a MCFS-ez (Fluigent) pressure 

controller that supplied air to a microcapillary with an inner diameter of approximately 

50 µm. The microcapillary was submerged in a given protein solution with an air 

bubble pinned at the tip. The LabView program also used a microscope camera to 

capture images of the bubble and optically measured the bubble radius in real time. A 

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

Young-Laplace equation (equation 2.2), where  is the pressure difference across the 

interface, R is the radius of the bubble, and  is the apparent surface tension of the 

interface.  

  2.2 

At the start of a measurement, the existing bubble was burst to create a fresh 

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

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

Dynamic light scattering (DLS) was performed using a Zetasizer (Malvern 

Instruments, Malvern, UK) with a 633 nm laser and a 173° scattering angle. Zetasizer 

measurements are suitable to measure the distribution of particles that are ~ 0.3 nm to 

~ 10 µm in size (effective hydrodynamic radius). In this work, intensity 

autocorrelation functions were used as a semi-quantitative measurement and 

comparison of the extent of aggregation in various samples.  

2.2.12 Particle counting 

The number and sizes of particles existing in a given sample were determined 

using a FlowCAM microscope PV-100 (Fluid Imaging Technologies) equipped with 

an 80 µl flow cell and a 10× lens magnification. 300 ɛL of sample were loaded into 

the instrument, and the measurement was initiated with a flow rate of 0.06 mL/min 

and a frame rate of 15 frames per second, for a sampling efficiency of 38.9%. Typical 

total volume imaged was approximately 100 µL. Particle size range for detection was 

between 2 and 80 µm based on the limits of the instrument. A particle segmentation 

threshold of 15.00 for dark pixels was chosen by comparing and adjusting values used 

in previously published work to achieve maximum similarity between actual and 

measured particles, as determined by visual comparison of raw and processed 

images.178,179 Particles detected using this method were referred to as insoluble 

aggregates. Example images of particles are shown in figure 2.3. 
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Figure 2.3: Example images of particles detected during flow imaging microscopy of 

1 mg/mL AS-IgG1 at pH 6.5 after 8 hours of IICD cycles at 40 CCPM 

and room temperature. 

2.3 Results and discussion 

2.3.1 Aggregation rates under combined stresses 

DSC was used to semi-quantitatively characterize AS-IgG1 thermal stability in 

terms of unfolding transition(s) to guide choices for incubation temperatures for 

accelerated aggregation rates, similar to previous work (figure 2.4).25 All temperatures 

used for accelerated tests were at least 10 °C below the first midpoint unfolding 

transition for a given solution condition.  
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Figure 2.4: DSC thermograms of 1 mg/mL AS-IgG1 in pH 5 buffer (black) and pH 

6.5 buffer (red). 

Monomer loss rates were quantified after IICD cycles or PTIR under quiescent 

conditions. Illustrative results for the pH 5 formulation with an AS-IgG1 concentration 

of 1 mg/mL are shown in figure 2.5. Quiescent monomer loss rates for 2-h incubations 

as a function of temperature from PTIR are shown in panel A. The corresponding 

time-dependent monomer loss results from IICD at 40 °C, 50 °C, and 60 °C and 

agitated at 40 CCPM are shown in panel B. The time-dependent IICD monomer loss 

profiles appeared linear by visual inspection for all cases analogous to those in panel 

B, and the observed rate coefficient, kobs, was obtained as the slope of monomer loss 

with respect to time (see equation 2.1 in Methods), provided the slope was statistically 

different from zero using an ANOVA test at the 0.05 confidence level. That condition 

for a non-zero slope held true in all cases examined except for 1 mg/mL AS-IgG1 in 

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

unchanged during 48-h agitations at 40 CCPM and room temperature (figure 2.6) 
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Figure 2.5: Illustrative monomer loss profiles from quiescent PTIR and from IICD 

cycles for 1 mg/mL AS-IgG1 at pH 5 (20 mM acetate buffer). (A) PTIR 

monomer loss after 2 h of incubations as a function of incubation 

temperature. (B) IICD monomer loss at 40 °C, 50 °C, and 60 °C for 

samples agitated at 40 CCPM as a function of time. 
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Figure 2.6: Monomer and oligomer populations remain unchanged after 48 h at room 

temperature and 40 CCPM in the absence of an air interface. 1 mg/mL 

AS-IgG1 at pH 5 was incubated for 2 hours at 66.2 °C, and 1 mg/mL AS-

IgG1 at pH 6.5 was incubated for 2 hours at 67.7 °C for 2 h to create 

oligomer populations. Aggregation was arrested by quenching the 

samples on ice for 5 min. Vials were completely filled with sample 

solution such that no air headspace was present, and then incubated at 

room temperature at 40 CCPM for 48 h. No change was observed in 

oligomer or monomer populations for pH 5 (A) or pH 6.5 (B) solutions. 

In figure 2.7, kobs is plotted with respect to inverse temperature for 1 mg/mL 

AS-IgG1 at pH 5 (panel A) and pH 6.5 (panel B) for different levels of agitation stress 

(0, 20, and 40 CCPM). Incubation temperatures for agitated samples did not exceed 60 

°C because of limitations of the rotating mixer. It is clear in figure 2.7 that increasing 

the rate of IICD cycles increases the net aggregation rate for a given temperature, at 

least below a threshold temperature that is above the tested range. The IICD-induced 

aggregation rates were also temperature dependent, as the net aggregation rates 

increased at higher temperatures for the conditions examined. Over a narrow 

temperature range, the values follow a reasonably linear trend, as expected for 

Arrhenius-like behavior. However, further inspection of the pH 5, 20 CCPM results 

suggests curvature over the full temperature range.  This is most evident for the 20 

CCPM results, as one compares with the conditions where the values of kobs approach 

those of the quiescent (0 CCPM) limit.  
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Figure 2.7: Arrhenius diagrams: natural logarithm of kobs as a function of inverse 

temperature for 1 mg/mL AS-IgG1 at (A) pH 5 and (B) pH 6.5. 

Accelerated aggregation rates were determined using PTIR at quiescent 

conditions (red circles) and IICD cycles for 20 CCPM (blue triangles) 

and 40 CCPM (black squares) rates. Lines are added to guide the eye. 
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Bulk-mediated aggregation is strongly temperature dependent under quiescent 

conditions (red data points in figure 2.7). When surface-mediated aggregation is 

promoted through IICD cycles, the overall aggregation rates increase by orders of 

magnitude (black points). Monomer loss during quiescent incubations was 

insignificant after 2 h at temperatures below 63 °C, but the quiescent rate constants 

can be estimated by extrapolating the trend for the purpose of this comparison. Thus, it 

appears that the surface-mediated aggregation pathway dominates the overall observed 

aggregation. Consequently, the observed temperature dependence during IICD cycles 

is also attributed to the surface-mediated pathway (i.e., surface-mediated aggregation 

is temperature dependent). Based on the thermodynamic contributions to bulk 

unfolding equilibrium,29,30,180 this dependence could be attributed to a lowering of the 

enthalpy of unfolding of protein molecules at the interface as the temperature is 

increased. Interestingly, close inspection of aggregation rates at pH 5, 20 CCPM 

suggests a potential change in slope over the temperature range examined. The slope 

appears to increase at higher temperatures and approach that of quiescent bulk-

mediated aggregation. This may be attributed to a crossover of the dominant 

aggregation mechanism from surface-mediated aggregation toward bulk-mediated 

aggregation dominating at the highest temperature measured. 

2.3.2 Aggregate solubility  

The time evolution of monomer loss and soluble protein concentration were 

compared between quiescent and IICD incubations (figure 2.8). During quiescent 

incubations at 60 °C, the soluble protein concentration remains constant despite 

significant monomer loss over 48 h, indicating that the resulting aggregates are soluble 

(the aggregates remain in solution following mild centrifugation). In contrast, during 
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IICD incubations, the soluble protein concentration decreases along with (or at the 

same rate as) the monomer fraction, indicating that monomer is being quickly 

converted into large, effectively insoluble aggregates that are removed during 

centrifugation. These results show that surface-mediated aggregation of AS-IgG1 into 

effectively insoluble aggregates remains prominent even at this high temperature. Like 

the representative data for 1 mg/mL AS-IgG1 solutions in pH 5 incubated at 60 °C, 

similar trends were observed in all cases examined, with the time scales of monomer 

and soluble protein loss depending on the sample conditions (pH, temperature, and 

rate of IICD cycles). 

 

Figure 2.8: Monomer fraction and soluble protein concentration versus time for 1 

mg/mL AS-IgG1 at pH 5 incubated at 60 °C and 0 CCPM (black squares) 

and 40 CCPM (red circles). Closed symbols represent monomer fraction, 

while open symbols represent soluble protein concentration. 
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2.3.3 pH dependence 

During quiescent incubation, aggregation proceeds faster at pH 5 compared 

with pH 6.5, for a given temperature. For example, at each temperature on the 

Arrhenius diagram in figure 2.7, the value of kobs for pH 5 is higher than the value of 

kobs for pH 6.5. This relation agrees with previous work and is related to greater 

conformational stability as pH changes from 5 to 6.5 for the AS-IgG1 antibody.37 

However, during IICD cycles, the opposite trend is apparent: aggregation proceeds 

faster at pH 6.5 than pH 5. Increasing the pH towards the isoelectric point (pI) (~8) 

results in lower electrostatic repulsion between monomers as the net charge on the 

protein decreases. This indicates that conformational stability does not significantly 

influence surface-mediated aggregation rates. Instead, electrostatics, particularly 

electrostatic protein-protein interactions (PPI), appears to play a role during surface-

mediated aggregation, and previous work confirms that net PPI is less repulsive at pH 

6.5 than pH 5.177 For example, Woldeyes et al.177 found that the value of B22 of AS-

IgG1 decreased from approximately 16 mL/g at pH 5 to 8 mL/g at pH 6.5. Similarly, 

the authors also observed that the value of kD of the AS-IgG1 shifted from 

approximately 24 mL/g at pH 5 to 7 mL/g at pH 6.5.  

This hypothesis is supported by work by Chou et al.181 that demonstrated that 

aggregation in aqueous solution was influenced by both intramolecular 

(conformational) stability and intermolecular (colloidal) stability. In that work, the 

controlling factor shifted between conformational and colloidal stability by altering 

solution pH. In the present work, conformational stability at both pH 5 and pH 6.5 

might be decreased at the interface, such that electrostatic interactions between 

monomers becomes the controlling factor for aggregation by influencing the rate of 

association of unfolded monomers (figure 2.9). However, this hypothesis is difficult to 
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prove using bulk solution measurements. Bulk solution measurements do not allow 

direct measurement of adsorption, unfolding, and aggregation on the interface. In 

addition, the time scales detectable by bulk measurements are on the order of minutes 

to hours or longer, whereas the results below show that adsorption to the interface 

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

required to closely study these processes on the interface in greater detail. 

 

Figure 2.9: As a simplification, aggregation is the result of two steps: an unreactive 

monomer transforms into a reactive monomer by some degree of 

unfolding that reveals an aggregation hotspot (indicated by an orange 

star), and two reactive monomers encounter each other and associate. The 

concentration of reactive monomers in bulk solution is low compared to 

the air-water interface because of the relatively high conformational 

stability of the monomers that results in a low degree of unfolding. At the 

air-water interface, the conformational stability of the monomers may 

decrease and result in a relatively higher concentration of reactive 

monomers that can encounter each other and associate at a higher rate 

than in bulk solution. 
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As a preliminary investigation into the role of electrostatic PPIs at the 

interface, microbubble tensiometry was used to monitor 1 mg/mL AS-IgG1 adsorption 

by measuring the apparent surface tension with time (figure 2.10). While tensiometry 

itself is not a novel technique, its use for understanding surface-mediated aggregation 

of therapeutic proteins, and correlations between adsorption and aggregation behavior, 

is still being developed.34,36,84,91,95,102 The adsorption behavior in figure 2.10 exhibits 

three distinct regimes, which have been discussed in the literature112: (1) the first 

regime is the time period during which no significant change in apparent surface 

tension is observed and may correlate with transport of the protein molecules from 

bulk solution to the subsurface region; (2) in the second regime, there is a large 

decrease in surface tension, indicating adsorption to the interface; (3) in the third 

regime, the apparent surface tension then declines at a slower rate, which can be seen 

more clearly  with the linear time scales in the inset in figure 2.10 At pH 6.5, both 

regimes (1) and (2) proceed approximately an order of magnitude faster than at pH 5. 

This suggests that there may be a pH-dependent electrostatic effect involved in 

adsorption to the interface. One possibility is that at lower pH, there may be increased 

electrostatic repulsion between proteins at the interface and proteins in the subsurface 

region that slows adsorption rates in regimes (1) and (2). This electrostatic effect may 

contribute to the pH dependence of surface-mediated aggregation rates observed 

above from macroscopic measurements. Although additional work is needed to 

elucidate the precise kinetics of adsorption and aggregation and corresponding 

structural changes, the tensiometry results provide a more direct observation of AS-

IgG1 adsorbing to the surface as a function of time. The results corroborate the 

extensive aggregation behavior analyzed using various bulk solution measurements, 



 54 

demonstrating the promise of microbubble tensiometry as a complementary technique 

for studying surface-mediated aggregation. 

 

 

Figure 2.10: Time course of 1 mg/mL AS-IgG1 adsorption to the interface at pH 5 

(filled black squares) and pH 6.5 (open red circles). Each symbol and 

error bar represent the average and standard deviation, respectively, of 20 

data points. Dashed line indicates surface tension of clean interface. Inset 

shows same data plotted on a linear time scale. 

2.3.4 Sub-visible particle formation 

The number and size distributions of particles 2- to 80-µm in diameter were 

measured for each sample (figure 2.11). Measurements could not be completed for 60 

°C incubations at either pH, 55 °C at pH 6.5, and after 48 h for any temperature at pH 

6.5 as the high number and large size of particles resulted in the instrument failing to 
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permit flow for those samples. At pH 5, the number of particles formed increases with 

both time and temperature (figure 2.11A), and more IICD cycles at a given 

temperature result in the creation of more and larger particles (figure 2.11C). At pH 

6.5, the number of particles increases with temperature, but decreases after 20-30 h of 

IICD cycles (figure 2.11B). This decrease occurs because the sub-visible particles are 

themselves coalescing into fewer but larger particles; the particle size distributions 

tend towards larger particles at later times (figure 2.11D). As described in the previous 

section, increasing the solution pH towards the pI of the protein lowers the overall net 

charge on the molecule and decreases the electrostatic repulsion between molecules. 

This same trend applies to protein aggregates and may contribute to the observed 

phenomenon.  
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Figure 2.11: Sub-visible particles measured by FlowCAM. Total number of particles 

per mL during 40 CCPM IICD cycles at pH 5 (A) and pH 6.5 (B). Data 

for 60 °C at both pH, 55 °C at pH 6.5 and 48 hour measurements for all 

temperatures at pH 6.5 are not shown as the size and number of particles 

present at those conditions resulted in instrument clogging. Particle size 

distributions during room temperature IICD cycles at pH 5 (C) and pH 

6.5 (D). The observed size distribution trends are the same for all 

temperatures measured. 

2.3.5 Concentration dependence 

Next, the effect of AS-IgG1 concentration on aggregation rates was evaluated. 

A temperature was selected for each agitation speed that yielded similar values of 

ln(kobs) (i.e., a horizontal slice on the Arrhenius plot). The chosen combinations were 

40 CCPM/50 °C, 20 CCPM/60 °C, and 0 CCPM/63 °C for pH 5 and 0 CCPM/65.5 °C 

for pH 6.5. Monomer loss rates were evaluated at the corresponding temperature and 

IICD cycle speeds for 0.3, 1.0, 3.0, and 10.0 mg/mL (figure 2.12A and 12B). As 

expected from previous work,182 aggregation rates in quiescent cases increase with 

increasing protein concentration. Conversely, in agitated conditions, aggregation rates 

as defined by equation 2.1 decrease with increasing protein concentration.  Equation 

2.1 defines aggregation rate by monomer fraction, and therefore, if the effective 

reaction order with respect to protein concentration is less than one, the fractional-loss 

rate of monomer will appear to decrease with increasing protein concentration (figure 

2.13).  However, if one defines an alternative aggregation rate as the rate of loss of 

monomer mass over time, kmass, then kmass scales with protein concentration (figure 

2.12C).  The dashed line in figure 2.12C indicates a first-order scaling of kmass with 

protein concentration, showing that data scale with a concentration to a power less 

than one.  This is also consistent with the results in figure 2.13.  
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Figure 2.12: Concentration dependence of AS-IgG1 monomer loss rates. Arrhenius 

plots show changes in ln(kobs) calculated from rate of loss of monomer 

fraction using equation 2.1 at pH 5 (A) and pH 6.5 (B). Rates were 

measured for AS-IgG1 at a concentration of 0.3 (symbols marked with 

+), 1.0 (closed symbols), 3.0 (open symbols) and 10.0 (symbols with x) 

mg/mL at 0 (red circles), 20 (blue triangles), and 40 (black squares) 

CCPM. Arrows indicate direction of increasing concentration. Panel (C) 

shows the rate of monomer mass loss, kmass, at pH 5 (open symbols) and 

pH 6.5 (closed symbols) at 50 °C and 40 CCPM, as a function of protein 

concentration; the dashed line along the diagonal indicates a first-order 

dependence of kmass on protein concentration. (D) HPLC chromatograms 

indicating the presence of soluble oligomers after 24 (black), 30 (blue), 

and 48 (red) hour incubations of 10 mg/mL AS-IgG1 at pH 5, 60 °C and 

20 CCPM. 

 

Figure 2.13: Rate of monomer fraction loss, km, at pH 5 (open symbols) and pH 6.5 

(closed symbols) at 50 °C and 40 CCPM as a function of protein 

concentration. 
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Other studies, including those by Bee et al.84 and Treuheit  et al.183, have also 

shown a weak (lower than first order) dependence on sample concentration for 

agitation-induced aggregation.84,183 One hypothesis is that adsorption to the interface 

could reach saturation and prevent additional proteins from adsorbing and aggregating, 

which is consistent with an excess of protein in bulk solution. This excess protein may 

instead be able to aggregate through the bulk-mediated pathway and form soluble 

aggregates. To test this idea, 10 mg/mL AS-IgG1 at pH 5 was incubated at 60 °C and 

20 CCPM for 24-48 h before measurement with HPLC (figure 2.12D). The HPLC 

chromatograms indicate a population that elutes at ~5.5 minutes and increases in 

concentration with longer incubations. This elution time is consistent with an oligomer 

aggregate population created through bulk solution aggregation. 

As a preliminary investigation into the observed concentration dependence, we 

again used microbubble tensiometry to compare the adsorption behaviors of AS-IgG1 

at pH 5 and 6.5 at the concentrations tested above at room temperature and 50 °C 

(figure 2.14). Although there tends to be an overall trend towards faster adsorption 

kinetics over all the concentrations examined, there is not always a distinguishable 

change between similar concentrations. For example, in the case of pH 6.5 at room 

temperature, the adsorption profiles for 0.3 and 1 mg/mL are indistinguishable (figure 

2.14B). Therefore, we conclude that the concentration dependence in aggregation rates 

involves additional contributions from other mechanisms that are not probed by the 

short time scales of the tensiometry data. 



 63 

 

 

10-1 100 101 102 103
40

50

60

70

80

 0.3 mg/mL

 1.0 mg/mL

 3.0 mg/mL

 10.0 mg/mL

A
p

p
a
re

n
t 

s
u

rf
a
c
e
 t

e
n

s
io

n
 (

m
N

/m
)

Time (s)

A

pH 5 Room Temperature

100 101 102 103
40

50

60

70

80

 0.3 mg/mL

 1.0 mg/mL

 3.0 mg/mL

 10.0 mg/mL

A
p

p
a
re

n
t 

s
u

rf
a
c
e
 t

e
n

s
io

n
 (

m
N

/m
)

Time (s)

B

pH 6.5 Room Temperature



 64 

 

 

Figure 2.14: Time course of 0.3 (black), 1.0 (red), 3.0 (blue) and 10.0 mg/mL (orange) 

mg/mL AS-IgG1 adsorption to the interface at pH 5 room temperature 

(A), pH 6.5 room temperature (B), pH 5 50 °C (C), and pH 6.5 50°C (D). 
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2.3.6 Preincubation under mild thermal stress 

The process of adsorption of proteins to the air-water interface, and the 

formation of a protein film (e.g., interdigitation of proteins at the surface) are 

hypothesized as influential steps in surface-mediated aggregation, but the kinetics of 

formation and the microstructure of the putative film is not well understood. Direct 

observation of the protein film at the surface is required to obtain a high-level 

understanding, but a preliminary test was performed by allowing the film to age at 40 

°C for up to 24 h before the start of IICD cycles (figure 2.15A). No detectable 

differences are observed in monomer fraction or flow imaging measurements (figure 

2.15B and 2.15C), indicating that film aging on this time scale does not significantly 

influence surface-mediated aggregation kinetics.  
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Figure 2.15: Evaluating the impact of pre-incubation on AS-IgG1 monomer loss rates. 

(A) Schematic of experimental procedure. Monomer fraction versus time 

at (B) pH 5 and (C) pH 6.5, during interfacial compression cycles at 40 

°C, 40 CCPM, after pre-incubation periods of 0 (black squares), 2 (blue 

circles), 4 (pink upward triangles), 12 (brown downward triangles), and 

24 (green diamonds) hr at 40 °C. 

2.3.7 Postincubation under a mild thermal stress 

To determine whether aggregates formed at the interface can propagate in bulk 

solution after desorption, AS-IgG1 was incubated at 40 °C and 40 CCPM for 2-24 h, 

and then removed from the rotating mixer and incubated under quiescent conditions at 

40 °C for up to 24 h (figure 2.16A). There are no significant changes to monomer 

fraction, particle counts or particle size distributions during the postincubation period; 

therefore, the aggregates do not further propagate in bulk solution and influence 

overall aggregation kinetics under a 40 °C thermal stress (figure 2.16B and 2.16C). 
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Figure 2.16: Evaluating the impact of post-incubation on AS-IgG1 monomer loss 

rates. (A) Schematic of experimental procedure. Monomer fraction vs 

time during 40 °C incubations at (B) pH 5 and pH 6.5 (C), following 2 

(blue squares), 4 (pink circles), 12 (brown triangles), and 24 (green 

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

size distributions during post-incubation for pH 5 (D) and pH 6.5 (E). 

2.3.8 Preincubation under a high thermal stress 

Soluble aggregates are observed to form in quiescent incubations but not after 

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

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

the surface-mediated aggregation pathway. To test this, quiescent samples were 

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

significant population of soluble oligomers: 1 mg/mL AS-IgG1 at pH 5 was incubated 

for 2 h at 66.2 °C, and 1 mg/mL AS-IgG1 at pH 6.5 was incubated for 2 h at 67.7 °C. 

After these ñpreincubationsò, samples were quenched on ice for 5 min to arrest 
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agitated at 40 CCPM for up to 24 h prior to measurement with HPLC (figure 2.17). 

The experimental procedure is outlined schematically in figure 2.17A. As expected, 

based on the argument previously, the population of soluble oligomers detected by 

HPLC decreases even at the earliest time points. However, the decrease in oligomer 

peak area is matched by an equal increase in monomer peak area, indicating that the 

soluble oligomers are dissociating at the interface and converting back to monomer. 

This trend is also present for AS-IgG1 at pH 6.5, where the oligomers dissociate to 

monomeric species prior to the formation of sub-visible particles (figure 2.17B and 

2.17D). The conformation of the resulting monomeric species (e.g., native or 

misfolded conformation) cannot be determined from these results alone. The pH 5 

conditions do not result in detectable levels of insoluble aggregates, which is 

consistent with the control scenario (i.e., without preincubation) (figure 2.17A and 

2.17C). Oligomer reversal is not observed in any of the quiescent control samples, as 

the oligomer and monomer populations from SEC remain stable and unchanged. 

Oligomer reversal is also not observed in samples agitated at 40 CCPM for 48 h at 

room temperature without an air interface present (i.e., vial filled such that there is no 

air headspace) (figure 2.6). These results suggest that smaller oligomers may not 

remain stable during agitation and may reverse to monomeric form. Thus, the 

mechanism of surface-mediated aggregation involves monomers aggregating quickly 

into large insoluble aggregates via interactions involving the interface, rather than 

forming detectable oligomeric intermediates. 
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Figure 2.17: (A) Experimental schematic for preincubation under a high thermal 

stress. (B) - (E) HPLC results from interfacial compression cycles at 

room temperature and 40 CCPM, for samples that were pre-incubated at 

elevated temperature (without agitation) to pre-populate soluble 

aggregates prior to the compression cycles. Area fraction (compared to 

total area of measurement for time = 0) for oligomer (blue circles), and 

monomer (red triangle) populations for 1 mg/mL AS-IgG1 at pH 5 (B) 

and pH 6.5 (C). The controls (diamonds with x) represents samples that 

have not undergone pre-incubation / heating prior to the compression-

dilation cycles. The HPLC chromatograms are shown for the samples at 

pH 5 (D) and pH 6.5 (E). Arrows indicate direction of increasing time. 

2.3.9 Surface-mediated aggregation with surfactant addition 

The current industry standard for protecting therapeutic proteins from surface-

mediated aggregation involves the addition of non-ionic surfactants.184 These 

surfactants are thought to preferentially adsorb and protect MAbs from interacting 

with the interface.32,33,142,143 One common surfactant is PS20, which was evaluated for 

its efficiency at protecting AS-IgG1 from aggregating during interfacial compression 

cycles at different temperatures. Incubations were repeated with the addition of 
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0.001% PS20, and results for 1 mg/mL AS-IgG1 at pH 6.5 incubations at room 

temperature, 50 °C, and 60 °C with 40 CCPM agitation are shown in figure 2.18. A 

concentration of 0.001% PS20 was chosen as a minimal but sufficient amount to 

reduce aggregation and is at the lower end of the range typically used in protein 

formulations.147 In all cases, monomer loss rates are reduced from control scenarios 

without added PS20. At room temperature, aggregation is reduced to negligible 

amounts. At 50 °C, aggregation still occurs, but aggregates remain soluble, as 

indicated by the constant total soluble protein concentration. At 60 °C, the rates of 

formation of large, effectively insoluble aggregates are still relatively fast, but again, 

the aggregation rate is reduced from the control case without added PS20. In figure 

2.18A, monomer fractions and soluble protein concentrations are only shown for 

incubations of less than 20 h at 60 °C. Values at longer times are less reproducible as 

aggregation proceeds to a greater extent. However, both monomer fraction and soluble 

protein concentration continue to decrease, and the described trends hold true 

throughout the full 48-h incubation. These results demonstrate that while PS20 is 

effective in reducing surface-mediated aggregation, it may also shift the nature and 

size of the aggregates that form. 

As shown earlier in this report, the rates of surface-mediated aggregation of 

AS-IgG1 at these conditions increased at higher temperatures. PS20 also potentially 

behaves differently at higher temperatures. It has been noted that the critical micelle 

concentration of PS20 is temperature dependent and shows a minimum near 40 °C.185 

While the concentration of PS20 in the present work is an order of magnitude below 

the critical micelle concentration at all temperatures examined, this nevertheless 

indicates that the mechanisms involved with PS20 surface activity can change with 
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temperature. In addition, PS20 may not affect bulk-mediated aggregation rates or 

mechanisms significantly. At a given temperature, PS20 may reduce the effects of 

surface-mediated aggregation but not bulk-mediated aggregation. This may explain 

the presence of soluble aggregates observed in the 50 °C IICD incubation. However, 

the formation of sub-visible particles at 60 °C indicates that there are still some 

contributions from the surface-mediated pathway.  



 77 

      

 



 78 

 

Figure 2.18: Aggregation behavior of 1 mg/mL AS-IgG1 at pH 6.5 with the addition 

of 0.001% PS20. (A) Monomer fraction (closed symbols) and soluble 

protein concentration (open symbols) versus time for 40 CCPM 

incubations at room temperature (red squares), 50 °C (blue circles), and 

60 °C (orange triangles). At 60 °C, sample monomer fractions and 

soluble protein concentrations decrease over 48 h, but data is only shown 

for times less than 20 h because values are less reproducible after 20 h 

when aggregation proceeds to a greater extent. (B) DLS correlation 

functions following 48-h incubations for a control sample (black dashed 

line) and 40 CCPM incubations at room temperature, 50 °C, and 60 °C 

(colors match those in (A)). (C). Total number of 2-80 µm particles 

present in solution. Again, symbols match those in (A). 

2.3.10 Competing and Complementary Surface-Mediated and Bulk Aggregation 

Mechanisms  

The mechanisms of MAb aggregation in bulk solution have been studied 

extensively and were discussed earlier (cf., Section 1.3.1). An obstacle in studying 

surface-mediated aggregation is the variety of techniques required to monitor species 

of different sizes in both bulk solution and at the interface. In this work, HPLC was 

used to monitor monomer concentration in bulk solution and provide quantitative 
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aggregation rates. Increasing turnover at the interface accelerates aggregation. Both 

bulk-mediated and surface-mediated aggregation pathways are temperature dependent. 

The surface-mediated pathway dominates during IICD cycles at the temperatures 

examined (room temperature, 30 °C, 40 °C, 50 °C, and 60 °C), with the potential for 

crossover towards bulk-mediated aggregation dominating at temperatures higher than 

the those studied in this work (> 60 °C). During quiescent incubations, AS-IgG1 

aggregates faster at pH 5 than pH 6.5 because of a decrease in conformational 

stability; however, during agitated incubations, the opposite trend holds true, likely 

due to the decreased electrostatic repulsion between protein molecules as the pH 

approaches the pI of the protein. Monomer loss aggregation rates are only weakly 

(between zeroth and first order) dependent on bulk protein concentration.  

UV-absorbance measurements provided insight into the formation and 

presence of soluble oligomers in solution. Although bulk solution aggregation 

primarily creates soluble aggregates over the time scales examined in this report, 

surface-mediated aggregation results in mainly irreversible and insoluble micrometer-

sized particles. Pre-existing soluble oligomers dissociate into monomeric species once 

exposed to IICD cycles, indicating that in surface-mediated aggregation, monomers do 

not form oligomeric intermediates at the interface and instead aggregate quickly 

macroscopic particles. 

DLS and flow imaging were used to detect micron-sized and larger aggregates 

in solution. Greater numbers of sub-visible particles are created during incubations at 

higher temperatures, which correlates with the aggregation rates measured by HPLC. 

However, the time-evolution of these particles once created varies with pH: at pH 5, 

more and larger particles are created over time; at pH 6.5, existing particles coalesce 
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with others to form fewer, but much larger particles. The addition of 0.001% PS20 

reduces aggregation in all cases examined, but could also change the nature of the 

aggregates that form: in particular, adding 0.001% to pH 6.5 AS-IgG1 at 50 °C and 40 

CCPM results in the formation of soluble aggregates. 

None of the techniques just mentioned directly monitored adsorption, 

aggregation, and desorption at the interface. Preliminary microtensiometry 

experiments showcase its potential to fill this knowledge gap by directly monitoring 

adsorption kinetics to clearly discern the dependence of adsorption kinetics on pH and 

protein concentration in bulk. Chapters 4 and 5 will focus on using microtensiometry 

and interfacial rheometry to more directly monitor adsorption to the interface, film 

aging and the microstructure of the adsorbed film, and particle desorption from the 

interface. These results have implications for how accelerated stability studies should 

be designed during biopharmaceutical development. For example, the nontrivial 

temperature dependence of surface-mediated aggregation indicates that studies 

involving interface turnover should be performed at multiple temperatures as relevant 

to properly mimic deviations during manufacturing, transportation, and storage. 

Additionally, formulations should be optimized against both bulk- and surface-

mediated aggregation; stability trends in bulk solution may not correspond with 

stability trends at surfaces. 

2.4 Summary 

AS-IgG1 aggregation kinetics and particle formation from compression 

dilation of an air-water interface were measured at different temperatures using HPLC, 

UV absorbance, DLS, and flow imaging. Surface-mediated aggregation from 

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

was accelerated and resulted in larger particles as the pH approached the pI of AS-

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

concentration only weakly influenced surface-mediated aggregation rates, even at this 

relatively low protein concentration. Oligomers formed during quiescent incubations 

dissociated back to monomeric species at the air-water interface. The addition of 

0.001% PS20 reduced aggregation and in some cases shifted the nature of the resulting 

aggregates towards smaller, soluble species typically not observed during surface-

mediated aggregation. Microbubble tensiometry is able to directly monitor protein 

adsorption rates and provide insights into aggregation at the interface and was used to 

corroborate observations obtained using bulk measurement techniques. 
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A RAPID, SMALL -VOLUME APPROACH TO EVALUATE PROTEIN 

AGGREGATION AT AIR -WATER INTERFACES  

3.1 Introduction  

Isothermal interfacial compression/dilation (IICD) cycles were introduced in 

chapter 2 as a method to periodically compress and dilate an air-water interface in a 

controlled and easily quantifiable manner. While IICD cycles are an improvement 

over stirring,32,33 shaking,32,33 and tensiometry34ï36 techniques for obtaining kinetic and 

mechanistic information about surface-mediated aggregation, the IICD cycling method 

still requires multiple time points and reasonably large sample volumes at each 

temperature, making it relatively material- and labor-intensive. Wiesbauer et al.186 

suggested an alternative approach with macroscopic bubble aeration to accelerate 

aggregation rates of recombinant human growth hormone. They found that the faster 

macroscopic (re)generation of free gas-liquid surface area during aeration enhanced 

aggregation rates ~ 40-fold compared to stirring. However, macroscopic bubble 

aeration was still relatively costly in terms of material and labor requirements as it 

required on the order of 10 mL of sample solution, and samples were stressed for 

hours. 

This chapter introduces a rapid, low-volume method for evaluating surface-

mediated aggregation based on microbubble aeration. A microtensiometer with a glass 

capillary (ID = 50 µm) submerged in 600 µl (or less) of a given protein solution is 

used to aerate a sample with microbubbles for short periods of time -- up to 10 s in the 

Chapter 3 
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present work. The entire sample volume is then collected and analyzed using 

backgrounded membrane imaging (BMI) ï a novel membrane-based, optical 

microscopy particle-counting technique.175 This technique is used to evaluate surface-

mediated aggregation kinetics of AS-IgG1 and AS-IgG2. This work also assessed the 

effects of temperature and solution pH; the latter at least putatively alters electrostatic 

protein-protein interactions involved in surface-mediated aggregation. The present 

work also included surface-mediated aggregation of a small globular protein, aCgn, as 

a contrast to the two antibodies. Surface-mediated aggregation kinetics and the effects 

of solution pH and the identity of the molecule are compared to those of bulk-

mediated aggregation. The results are discussed within the context of different, 

complementary approaches to interrogating surface-mediated aggregation 

mechanisms. 

3.2 Materials and methods 

3.2.1 Sample preparation 

pH 5 (20 mM acetate) and pH 6.5 (10 mM histidine-HCl) buffers were 

prepared in the same manner as described in section 2.2.1. AS-IgG1 and AS-IgG2 

were provided by Amgen Inc. (Thousand Oaks, CA) as monomeric stock solutions 

(>98% monomer) at a concentration of ~ 30 mg/mL. Stock IgG solutions were 

dialyzed to desired solution conditions with Spectra/Por 7 dialysis tubing with a 10 

kDa molecular weight cutoff (Spectrum Laboratories; Rancho Dominguez, California) 

and filtered after dialysis. aCgn solutions were prepared by first dissolving 5x 

crystallized lyophilized aCgn powder (Worthington Biochemical, Lakewood, NJ) in 

40 mL of pH 5 buffer to an approximate protein concentration of 15 mg/mL. Stock 
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solution of 35 mg/mL phenylmethylsulfonyl fluoride (PMSF) was prepared by 

dissolving PMSF (Sigma-Aldrich, St. Louis, MO) in anhydrous ethanol (Decon 

Laboratories, King of Prussia, PA). The bulk aCgn solution was treated incrementally 

(~250 µL aliquots) with 1 mL of 35 mg/mL PMSF (10x PMSF mole excess) to 

deactivate potential proteolytically active residual proteases in the commercial 

material.187 The resulting protein solutions were then filtered and dialyzed in a similar 

manner as the IgG solutions. The final pH of all protein solutions was confirmed 

experimentally prior to use. 

Solution concentrations were determined using UV absorbance (Agilent 8453, 

Santa Clara, CA) at 280 nm using extinction coefficients of 1.586 cm2/mg for AS-

IgG1, 1.410 cm2/mg for AS-IgG2, and 1.970 cm2/mg for aCgn.49,177 Final protein 

concentrations of 1 mg/mL were achieved by gravimetric dilution. To prepare samples 

containing polysorbate (PS) 20, an aliquot of a PS20 stock solution (Avantor, Radnor, 

PA) was added to the solution to achieve a final concentration of 0.001%. Protein 

solutions were stored at 2-8 °C and used within 3 weeks. 

3.2.2 Microbubble aeration 

An in-house microtensiometer was used to aerate sample solutions with a 

controlled, continuous flow of air microbubbles.27 An O.D. 1.4 mm, I.D. 1.0 mm, 

borosilicate glass capillary was pulled to a steep tapered tip using a P-97 

Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA) and ground using 

2000 grit sandpaper to a tip of ~50 µm I.D. The formed capillary was cleaned with air 

and water before being hydrophobically treated using Sigmacote (Millipore Sigma, St. 

Louis, MO). The microtensiometer sample chamber was created by boring a vertical 1 

cm diameter hole through a 30 mm × 30 mm × 15 mm (length × width × height) block 
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of aluminum. The sample chamber was then anodized to prevent stray light during 

experiments. A 1.0 mm thick Infrasil window (Thorlabs, Newton, NJ) was sealed to 

the bottom opening using SYLGARD 184 (Sigma-Aldrich, St. Louis, MO). The 

capillary was inserted into the sample chamber and submerged in 600 µl of sample 

through a prefabricated opening as illustrated in figure 3.1A.  

To create a microbubble on the formed end of the capillary submerged in the 

sample solution, a constant pressure was supplied by an MFCS-EZ pressure controller 

(Fluigent, Paris, France). To provide a continuous flow of air during microbubble 

aeration, a pressure of 22 mbar was supplied as a sufficiently high (maximum) 

pressure to prevent an interface from persisting on the capillary tip. To control the 

release of a single bubble from the capillary, a pressure of 15-18 mbar was supplied 

and maintained by the MFCS-EZ pressure controller. The optimal pressure that was 

chosen facilitated controlled formation and detachment of independent microbubbles. 

The pressure value depended on the surface activity of the species in solution, and 

desired rate of bubble detachment from the capillary. As protein (and/or surfactant, 

when surfactant was added to solutions) species adsorbed to the bubble from solution, 

the surface tension decreased over time, and in turn the size of the bubble increased (at 

fixed pressure drop) until the bubble detached from the capillary and a fresh interface 

was created. After the desired number of microbubbles were released into the sample 

solution, air flow was stopped by instantaneously reducing the applied pressure to 0 

mbar.  
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Figure 3.1: Schematic of experimental set-up. (A) A ~50 µm I.D. glass capillary in a 

microtensiometer set-up is used to flow air into sample solution during 

microbubble aeration. (B) Following the applied stress, the entire sample 

is transferred to the membrane well plate for BMI using a pipette. (C) 

Vacuum is applied to the bottom of the membrane plate and sample is 

pulled through the membrane, leaving particles over 2 µm diameter 

deposited on the membrane for measurement using BMI. 

A 24 W metal ceramic heater (Thorlabs) was placed on the microtensiometer 

exterior opposite the capillary for temperature control during heated experiments. The 

microtensiometer was mounted on an inverted optical microscope (Carl Zeiss 

Microscopy, White Plains, NY) and the capillary tip and attached bubbles were 

imaged using a Blackfly 1.3 MP color camera (Point Grey, Richmond, BC) along with 

a 20× objective. Control of the pressure controller and camera and live data from by 

both devices were integrated into a custom LabView program for manipulation of the 

experiment. 

3.2.3 Microbubble tensiometry 

The microbubble tensiometer described above was also used to monitor protein 

adsorption to a stable air-water interface by measuring the dynamic surface tension of 
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the interface, as described in section 2.2.10. Surface tension can be converted to 

surface pressure, ɩ, by the following equation188 

 ɩÔ  ‎π ‎ὸ 3.2 

where ‎π is the surface tension of the clean interface at the start of the experiment, 

and ‎ὸ is the surface tension at time=t.  

At the start of a measurement, an existing bubble was burst to create a fresh 

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

pressure controller to maintain a stable bubble size.  

3.2.4 Backgrounded membrane imaging 

Samples were analyzed using the BMI technique on a HORIZON instrument 

(Halo Labs, Burlingame, CA).175,189 The technique utilizes disposable custom-

designed membrane filter plates that contain 0.4 ɛm pores and is suitable for detecting 

particles with an effective diameter greater than 2 µm.189 A 96-well membrane plate 

was imaged using optical microscopy in the HORIZON to acquire background images 

of each well. Next, the plate was placed on a vacuum manifold. Sample solutions were 

transferred to the membrane plate (figure 3.1B). Vacuum was applied at 350 mbar to 

the bottom of the plate using the manifold, pulling sample liquid through the 

membrane for a few seconds until the sample droplet was no longer visible on the 

surface of the membrane (figure 3.1C). Liquid droplets that adhere to the underside of 

the membrane were removed with wicking paper using a fixture that connects to the 

vacuum manifold. Finally, the membrane plate was re-imaged in the HORIZON and 

image analysis was performed in the HORIZON VUE image analysis software.   

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

requirement (25 µl). There is theoretically no maximum volume limit, although the 
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concentration of particles deposited on the membrane cannot be so large that the 

particles overlap, as the image analysis techniques do not distinguish overlapping 

particles. In this work, samples were loaded on membrane plate wells in aliquots of 

100 ï 600 µl depending on the number of particles present in those samples. BMI is 

also advantageous for dilute samples, such as microbubble aeration experiments when 

discrete bubbles are formed and detached. By filtering the entire sample through one 

or more membrane wells and detecting all the particles captured on the membrane(s), 

BMI analyzes the entire sample volume for particles. In contrast, flow imaging 

techniques only analyze a fraction of the sample volume due to priming and camera 

frame rate limitations. If the concentration of particles detected in this volume fraction 

misrepresents the concentration of particles in the entire sample volume (i.e., too low 

because particles escaped detection), the error in the measurement will propagate 

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

3.2.5 Bulk -mediated aggregation rates 

Aggregation rates in bulk solution were quantified using the parallel 

temperature initial rate (PTIR) method,25 which was described earlier in section 2.2.9. 

Following 2-h incubations at different temperatures, samples were placed in an ice-

water bath for 5 min to arrest aggregation.  Monomer fractions (m, see below) at 

incubation time (t) were quantified using size exclusion chromatography, which was 

described in section 2.2.7.  

The initial rate regime provides a robust measure of bulk-mediated aggregation 

rate without requiring information or assumptions about the underlying aggregation 

mechanisms. The initial rate region was defined by 1.0 > m > 0.8 in the present work. 
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Under these conditions, m vs. t can be regressed using equation 3.3 to obtain the 

aggregation rate coefficient, kobs, for a given solution condition and temperature. 

 άὸ άπ Ὧ ὸ 3.3 

3.3 Results and discussion 

3.3.1 Microbubble aeration provides controlled turnover of air -water interface 

A microtensiometer was used to aerate liquid protein formulations with 

microbubbles to expose the solutions to controlled amounts of air-water interface on 

short time scales. The volumetric air flow rate (Q) ejected from the capillary was 

calculated by the Hagen-Poiseuille equation: 

 ὗ  
Ў

 3.4 

where Ὑ is the radius of the capillary (25 µm), Ўὴ is the pressure drop across the 

length of the capillary, ‘ is the dynamic viscosity of air, and ὒ is the length of the 

capillary (61 mm as measured). According to this equation, a supplied pressure of 22 

mbar resulted in a volumetric flow rate of ~10-4 cm3/s. The amount of air-water 

interface area supplied by this flow rate was estimated by measuring the maximum 

size a growing air bubble could achieve in different protein solutions before 

detachment under a stable applied pressure. After evaluating 20 conditions of varying 

surfactant concentration, temperature, and applied pressure, the average radius at 

bubble detachment was determined to be (77.8 ± 0.6) ×10-4 cm (raw data is compiled 

in table 3.1). Accordingly, each bubble ejected from the capillary would have an 

approximate surface area of 8×10-4 cm2 assuming a negligible change in bubble radius 

following detachment from the capillary. Therefore, a supplied pressure of 22 mbar 

ejected approximately 50 bubbles per second, or generated air interfaces at an 
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approximate rate of 0.037 cm2/s. The lifetime of these interfaces was approximately 

0.02 s, as significant foaming was not observed. Air flow was stopped after 1, 5, or 10 

s by instantaneously reducing the applied pressure to 0 mbar. The protein solutions 

were removed from the microtensiometer with a pipette following the stress and 

temporarily stored in an Eppendorf tube at room temperature prior to measurement 

using BMI within 8 h.  

Table 3.1 Radius of air bubble at detachment in various solution conditions 

Protein pH PS20 concentration 

(%) 

Temperature Pressure  

(± 0.1 mbar) 

Radius  

(± 0.1 µm) 

aCgn 5 0.001 RT 16.9 76.3 

aCgn 5 0.001 30 °C 16.9 77.3 

aCgn 5 - 30 °C 17.1 81.0 

aCgn 5 - RT 17.6 80.8 

IgG2 6.5 0.001 50 °C 15.3 77.0 

IgG2 6.5 0.001 RT 17.4 75.8 

IgG1 6.5 0.001 50 °C 15.1 76.9 

IgG1 6.5 0.001 RT 17.8 75.9 

IgG2 5 0.001 50 °C 15.7 77.2 

IgG2 5 0.001 RT 17.6 76.1 

IgG1 5 0.001 50 °C 16.0 77.9 

IgG1 5 0.001 RT 17.5 77.4 

IgG2 6.5 - 50 °C 17.3 78.3 

IgG2 5 - 50 °C 16.9 79.8 

IgG2 5 - RT 18.3 78.5 

IgG2 6.5 - RT 18.5 78.2 

IgG1 5 - 50 °C 16.00 77.3 

IgG1 5 - RT 18.5 77.1 

IgG1 6.5 - 50 °C 16.6 79.3 

IgG1 6.5 - RT 18.4 78.2 
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For comparison, the stress durations, total interface turnovers, and sample 

volumes from several representative methods of accelerated surface-mediated 

aggregation used in the literature are compiled in table 3.2. The stress durations and 

sample volumes were given explicitly in the cited works. Total interface turnover for 

IICD cycles and shaking was estimated from the dimensions of the vials used.27,32 The 

interface turnover per cycle during IICD cycles was calculated as the largest air-water 

surface area (i.e., a roughly rectangular shape, which occurs when the vial is 

horizontal) from which was subtracted the smallest air-water surface area (i.e., a 

circular shape, which occurs when the vial is vertical). During shaking stresses, the 

interface turnover was estimated as one flat air-water surface area per cycle. In the 

work of Kiese et al.,32 this surface area was a circle separating the liquid and air 

phases within the vial. While a flat circle is an underestimation of the true surface area 

which would deviate from a flat surface during mixing, the assumption of one 

complete turnover per cycle likely overestimates the true turnover as the interface is 

not destroyed entirely and recreated. Therefore, the turnover was simplified for 

estimation purposes. The interface turnover during bubble aeration was calculated 

from the bubble size and frequency provided in the work by Wiesbauer et al.186 The 

turnover values for bubble aeration and microbubble aeration in table 3.2 do not 

include contributions from the top liquid surface area, which are approximately 8 cm2 

for bubble aeration (given in Wiesbauer et al.186) and 3 cm2 for microbubble aeration, 

respectively. The data in table 3.2 establishes that the sample volume, stress time, and 

total interface turnover in the present microbubble aeration experiments is 

significantly reduced (5 to 6 orders of magnitude) relative to comparative methods in 

the literature. 



 92 

 

Table 3.2: Comparison of stress duration, total interface turnover, and sample 

volume for representative methods for accelerated surface-mediated 

aggregation studies 

IICD cycles @ 40 

CCPM27 

Shaking stress32,33 Bubble aeration186 Microbubble 

aeration 

Stress 

time 

(hours) 

Total 

interface 

turnover 

(cm2) 

Stress 

time 

(hours) 

Total 

interface 

turnover 

(cm2) 

Stress 

time 

(hours) 

Total 

interface 

turnover 

(cm2) 

Stress 

time (s) 

Total 

interface 

turnover 

(cm2) 

2 34000 0.5 23000 1 25000 1 0.04 

24 410000 1 46000 3 75000 5 0.18 

48 820000 48 2200000 7 175000 10 0.37 

Sample volume: 5 

mL 

Sample volume: 6 

mL 

Sample volume: 

11.4 mL 

Sample volume: 1 

mL 

 

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

5, and 10 s of microbubble aeration for 1 mg/mL AS-IgG1 and 1 mg/mL AS-IgG2 in 

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

examined, particle counts increased when longer durations of microbubble aeration 

were applied, according to an ANOVA test at the 0.05 confidence level. This trend 

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

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

with different microbubble aeration durations; this will be discussed in a later section 

in the context of error that can be introduced during sample handling. 



 93 

 

 

Figure 3.2: Particles detected by BMI following interface turnover via microbubble 

aeration for 0, 1, 5, or 10 s of 1 mg/mL AS-IgG1 (A) and AS-IgG2 (B) in 

pH 5 (black squares) and pH 6.5 (red circles) solutions at room 

temperature (filled points) and 50 °C (open points). x-axis labels 

represented duration of microbubble aeration in seconds. 
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Previous work has shown that surface-mediated aggregation is temperature-

dependent.27 However, in the present work, the number of particles created were 

statistically indistinguishable between room temperature and heated for each solution 

condition. This observation may be attributed to the short lifetime of the microbubbles 

during aeration. When a bubble interface was allowed to age for longer times by 

pinning the bubble to the end of the capillary during tensiometry experiments, and 

protein adsorption was monitored via dynamic surface pressure measurements (figure 

3.3), the measured surface pressures did not deviate between room temperature and 50 

°C for a given sample until the interface had aged at least 3 s. Therefore, temperature-

induced structural changes affecting adsorbed proteins may occur on longer time 

scales that are inaccessible during microbubble aeration. This highlights the 

importance of incorporating multiple methods that probe interface turnover on 

different time scales for accelerated stability studies in order to gain a thorough 

understanding of the surface-mediated aggregation propensity for a given drug 

candidate and formulation. Studies that probe interface turnover on short time scales 

may be a better representation of stresses that occur during drug manufacturing steps 

such as mixing and pumping, whereas studies that investigate interface turnover at 

slower rates may be more relevant for drug storage and transportation.  
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Figure 3.3: Time evolution of the surface pressure of an air bubble in 1 mg/mL AS-

IgG1 (A) and 1 mg/mL AS-IgG2 (B) in pH 5 buffer at room temperature 

(black) and 50 °C (grey) and in pH 6.5 buffer at room temperature (blue) 

and 50 °C (red). 
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3.3.2 Electrostatic interactions influence surface-mediated aggregation rates 

Previously, Barnett et al.26 used PTIR to study the effect of pH, buffer type, 

and ionic strength on aggregation rates for AS-IgG1 in bulk solution. The results from 

that study highlighted the importance of conformational stability and electrostatic 

protein-protein interactions on observed aggregation rates. In this work, PTIR was 

used to collect bulk-mediated aggregation rates for AS-IgG1 and AS-IgG2 at pH 5 and 

pH 6.5 to compare the effect of pH and conformational stability on bulk- and surface-

mediated aggregation. The values of kobs (i.e., monomer loss rates, units of 1/time) 

obtained from PTIR are plotted with respect to inverse temperature in figure 3.4. 

Previous work demonstrated that AS-IgG1 aggregated faster at the air-water interface 

at pH 6.5 than pH 5,27 despite the molecule exhibiting enhanced conformational 

stability and slower aggregation in bulk solution at pH 6.5 than pH 5.37 That 

observation was corroborated in this work, as more particles were created in AS-IgG1 

formulations at pH 6.5 than at pH 5. The pH dependence and discrepancy between 

bulk- and surface-mediated aggregation trends also held true for AS-IgG2 (see also 

below). Interface turnover from microbubble aeration creates more AS-IgG2 particles 

at pH 6.5 than pH 5 (figure 3.2), but aggregation rates collected using PTIR 

demonstrate that AS-IgG2 aggregates faster in bulk at pH 5 than pH 6.5 (figure 3.4). 

This contrast might be attributed to the hydrophobic environment of the air interface 

that may facilitate partial or full unfolding of the IgG monomers. In bulk solution, 

aggregation of both MAbs proceeds more slowly as the pH changes from 5 to 6.5 

because the conformational stability of AS-IgG1 and AS-IgG2 increases (figure 3.5). 

However, repulsive electrostatic protein-protein interactions are reduced with the same 

change in pH at the same ionic strength, as shown in previous work,177 and unfolded 

monomers may be able to aggregate faster into larger particles. If the hydrophobic 
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environment of the air-water interface significantly enhances unfolding of the MAb 

such that the pH dependence of conformational stability is less relevant, then 

electrostatic protein-protein interactions may become a more important factor 

influencing aggregation rates.  

 

Figure 3.4: Arrhenius diagram: natural logarithm of kobs as a function of inverse 

temperature for 1 mg/mL AS-IgG1 (black) and AS-IgG2 (red) at pH 5 

(closed symbols) and pH 6.5 (open symbols). Accelerated aggregation 

rates were determined using PTIR. Data for AS-IgG1 at pH 5 and pH 6.5 

are replotted from Wood et al.27 
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Figure 3.5: Differential scanning calorimetry thermograms of 1 mg/mL AS-IgG1 

(solid line) and AS-IgG2 (dashed line) at pH 5 (black) and pH 6.5 (red). 
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pH 6.5 than pH 5, and this would be consistent with aggregation proceeding faster at 

pH 6.5 compared to pH 5. 

In this vein, it is interesting to note that AS-IgG2 at pH 5 or pH 6.5 aggregates 

faster in bulk solution than AS-IgG1 at matched conditions (figure 3.4).  In 

comparison, following microbubble aeration, more particles are present in AS-IgG1 

solutions at pH 6.5 than AS-IgG2 at pH 6.5; both of those conditions exhibit more 

particles than AS-IgG1 at pH 5, which in turn has more particles than AS-IgG2 at pH 

5 (figure 3.2). Following the reasoning above, the hydrophobic environment of the air-

water interface may facilitate unfolding of the MAbs at either pH, and that could shift 

the main bottleneck(s) to aggregation such that inter-protein electrostatic interactions 

become a controlling influence for the rate of surface-mediated aggregation. 

3.3.3 PS20 protects MAbs against surface-mediated aggregation 

The current industry standard for protecting therapeutic proteins against 

surface-mediated aggregation utilizes the addition of non-ionic surfactants.184 These 

surfactants are thought to preferentially adsorb to the interface and protect proteins 

from interaction with the interface.32,33,142,143 One common surfactant is PS20, which 

was evaluated for its ability to protect AS-IgG1 and AS-IgG2 from forming particles 

during exposure to microbubbles. 0.001% PS20 was added to 1 mg/mL AS-IgG1 and 

AS-IgG2 formulations at pH 5 and 6.5 at room temperature and 50 °C (figure 3.6; note 

the magnitude of the y-axis scale compared to that of figure 3.2). Particle formation 

was significantly reduced in all conditions examined. Additionally, the number of 

particles created in formulations containing 0.001% PS20 did not increase with longer 

durations of microbubble aeration. This indicates that 0.001% PS20 reduced particle 

formation to negligible amounts that were independent of the amount of applied stress. 
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Figure 3.6: Particles detected by BMI following microbubble aeration for 0, 1, 5, or 

10 s in 1 mg/mL AS-IgG1 (A) and AS-IgG2 (B) with 0.001% PS20 in 

pH 5 (black squares) and pH 6.5 (red circles) solutions at room 

temperature (filled points) and 50 °C (open points). x-axis labels 

represented duration of microbubble aeration in seconds. Note the scale 

of the y-axis compared to that of figure 3.2. 

3.3.4 Surface-mediated aggregation of a globular protein 

Microbubble aeration was applied to aCgn solutions to examine the 

effectiveness of the technique for studying surface-mediated aggregation of a non-

MAb protein. aCgn is a single-domain globular protein with a monomer molecular 

weight of 25.7 kDa which has been used as a model protein for studying behavior 

including protein-protein interactions and aggregation in bulk solution.40,46,49,82,174 

Microbubble aeration was used to generate interface turnover in aCgn solutions at pH 

5, and at room temperature (approximately 22 °C) and at 30 °C (figure 3.7). The 

elevated temperature was chosen to be 30 °C, rather than 50 °C as with the MAbs, to 

avoid bulk-mediated aggregation during one-hour quiescent incubations. This was 

confirmed by measuring monomer loss and soluble aggregates with SEC, and particle 

formation using BMI (data not shown). The number of particles detected in the 

samples increased with longer durations of microbubble aeration, according to an 

ANOVA test at the 0.05 confidence level. This suggests that aCgn, like AS-IgG1 and 

AS-IgG2, was aggregating from interface turnover created by microbubble aeration. 

Temperature did not have a pronounced effect on particle creation, and again this is 

suggested to be due to the short lifetime of the interfaces created during microbubble 

aeration as noted above. 
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Figure 3.7: Particles detected by BMI following interface turnover via microbubble 

aeration for 0, 1, 5, or 10 s in 1 mg/mL aCgn in pH 5 buffer only (black 

squares) and with 0.001% PS20 (red circles) at room temperature (filled 

points) and 30 °C (open points). 

Surprisingly, the addition of 0.001% PS20 did not significantly reduce particle 

formation in aCgn formulations. Particle counts following any given amount of 

applied stress overlapped between solutions with and without 0.001% PS20 at either 

temperature -- i.e., the same number of particles were detected following 1 second of 

microbubble aeration at room temperature with and without 0.001% PS20, and this 

was also the case following 10 seconds of microbubble aeration at 30°C, etc. These 

results suggest that 0.001% PS20 is not effective for preventing surface-mediated 

aggregation of aCgn, within the statistical uncertainty of the data.  

To further investigate this observation, microbubble tensiometry was used to 

compare adsorption of 1 mg/mL aCgn with 0.001% PS20 versus a control of 0.001% 
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PS20 without aCgn, at room temperature and at 30 °C with dynamic surface pressure 

measurements (figure 3.8). When a fresh interface is initiated at the start of the 

experiment, the surface pressure of the aCgn + PS20 mixtures increases more rapidly 

than the surface pressure of PS20-only solutions at both temperatures. This indicates 

that aCgn adsorbs to the interface and contributes to the surface pressure increase. 

This observation is supported by Kanthe et al.92 In their work, they found that 

solutions containing a mixture of MAb and PS80 at low concentrations (0.2 × CMC 

and below) would exhibit dynamic tension relaxation profiles that lay below the 

relaxation curves for solutions that contained only the PS80, and they used x-ray 

reflectivity to confirm co-adsorption of MAb and PS80 on the interface. Consequently, 

when the aCgn and PS20 solution is aerated with microbubbles, the PS20 may fail to 

prevent aCgn adsorption to air interfaces as the interfaces are created and destroyed, 

and therefore does not reduce aCgn aggregation and particle formation. 
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Figure 3.8: Time evolution of the surface pressure of an air bubble in pH 5 buffer 

containing 0.001% PS20 at room temperature (solid black squares), 1 

mg/mL aCgn and 0.001% PS20 at room temperature (open black 

squares), 0.001% PS20 at 30 °C (solid red circles), and 1 mg/mL aCgn at 

0.001% PS20 at 30 °C (open red circles). 

3.3.5 Sample handling contributes to background noise 

Previously, Helbig et al.175 estimated the lower particle count limit of the 

Horizon as 24 counts per well. The noise observed during the microbubble aeration 

experiments in this work exceeds that number and is at least putatively attributed to 

sample handling. During sample movement and handling, the samples are unavoidably 

exposed to air-liquid interfaces. For example, air-liquid interfaces are present: as a 

headspace in the stock solution; during transfer with pipettes; during storage in 

Eppendorf tubes; over the droplet after deposition onto the membrane well. 

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

maintained to the capillary in solution was reduced to 15-18 mbar to control the 
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ejection of 1, 10, and 20 distinct microbubbles into the sample solution. These 

conditions expose the samples to significantly less air-liquid interface than those 

discussed in previous sections, where microbubbles were created at a rate of ~50 

microbubbles per second for up to 10 s. The resulting particle counts were measured 

using BMI (table 3.3). Particle counts as a function of the number of microbubbles 

created were indistinguishable within each condition, indicating that the particle 

counts were below the noise floor of the experiments. The measured counts exceeded 

1000 particles in several conditions, suggesting that the noise floor is the same order 

of magnitude, at a minimum. This noise floor might be reduced by modifications to 

the technique workflow that could potentially reduce sample handling by the user. For 

example, a fluid transfer device could be integrated to transfer the sample from the 

microtensiometer to the membrane plate for BMI measurement in future work.  

Table 3.3: Particles detected in sample solutions after exposure to 0, 1, 10, and 20 

microbubbles 

Number of 

microbubbles 

AS-IgG1 AS-IgG2 

pH 5 pH 6.5 pH 5 pH 6.5 

RT 50 °C RT 50 °C RT 50 °C RT 50 °C 

0 220 ± 

60 

300 ± 

200 

700 ± 

200 

1200 ± 

300 

400 ± 

300 

320 ± 

60 

400 ± 

200 

130 ± 

50 

1 390 ± 

90 

310 ± 

50 

800 ± 

100 

1300 ± 

200 

240 ± 

50 

600 ± 

400 

1000 ± 

300 

140 ± 

60 

10 800 ± 

200 

430 ± 

90 

1200 ± 

200 

1400 ± 

90 

400 ± 

70 

500 ± 

100 

700 ± 

300 

140 ± 

40 

20 400 ± 

100 

500 ± 

200 

1800 ± 

800 

1300 ± 

400 

780 ± 

90 

500 ± 

90 

1300 ± 

400 

130 ± 

10 
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3.3.6 Microbubble aeration as a tool for accelerated surface-mediated 

aggregation studies 

Microbubble aeration is a useful method of applying interfacial stress if 

aggregation induced in the samples can be reliably detected. BMI was an 

advantageous method for particle counting in this work due to its low-volume 

requirements and ability to detect all particles > 2 µm existing in a given sample 

solution. While flow imaging techniques are established methods in the field, they 

often require sample volumes on the order of hundreds of microliters per run due to 

the purging and dead volume associated with flow-cell-based systems. Additionally, 

the finite frame rates of the detection cameras in flow imaging techniques result in 

analysis of less than 100% of the sample volume injected. As a result, flow imaging is 

not optimal for samples when the number of particles contained in a statistically 

averaged fraction of the total volume may not accurately represent the total number of 

particles in the entire volume ï i.e., at low particle counts. BMI is able to analyze the 

entire sample volume filtered through the membrane well and is particularly useful for 

ñlow stressò conditions that generate a small number of particles per unit volume.  

In addition, microbubble aeration and BMI are both relatively high-throughput 

techniques. Common flow imaging techniques are relatively low throughput because 

of the frequent washing and priming required to keep the flow cell clean and prevent 

contamination of particles remaining from previous samples.175,179 In this work, the 

entire sample volume from microbubble aeration was analyzed via BMI on a 96-well 

grid in less than 2 hours. Therefore, an entire experimental procedure of microbubble 

aeration and corresponding measurement via BMI could be completed within a few 

hours.   
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When coupled with a technique for quantifying particles at low levels (such as 

BMI), microbubble aeration is an effective method for performing accelerated surface-

mediated aggregation studies. The labor and material requirements are significantly 

reduced from methods previously used in the literature, which is advantageous in early 

stage pharmaceutical development when sample quantities may be limited. The 

amount of interface turnover as well as the lifetime of the interfaces between creation 

and destruction are also significantly reduced from previous methods. As a result, 

microbubble aeration may be uniquely suited for probing adsorption and aggregation 

processes that occur when an air interface is quickly created and destroyed, to 

distinguish from slower processes that are observed when the interface persists for 

longer times. 

An example is given by comparing the effect of temperature on surface-

mediated aggregation of AS-IgG1 when probed with IICD cycles versus microbubble 

aeration. The results in figure 3.3 indicate that temperature has a negligible effect on 

the dynamic surface pressure of the interfaces over the ~ 10-2 s lifetimes of the bubbles 

during microbubble aeration. Correspondingly, no temperature effect is observed 

during microbubble aeration experiments for any of the molecules or solution 

conditions tested here. Conversely, during the IICD cycles used by Wood et al.27 and 

described in chapter 2, AS-IgG1 aggregation rates exhibited a significant temperature 

dependence. AS-IgG2 and aCgn aggregation rates for bulk vs. air-water interfaces 

were not examined in prior work. The IICD cycles in prior work were performed at a 

rate of 40 compression cycles per minute (CCPM). Therefore, the interfacial area 

created in each cycle persisted for a lifetime of approximately 1 second. However, 

unlike when a bubble is destroyed, the overall air-liquid interface is not destroyed 
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completely during each IICD cycle. The minimum area of air-water interface (a 

circular shape, when the vial is oriented vertically) persists throughout the duration of 

the experiment (48 h for some conditions). Although proteins adsorbed to this area 

may be periodically removed from the interface by perturbations, this prolonged 

lifetime is apparently sufficient for effects of elevated temperature to be observed. 

There is not enough information to conclusively determine the mechanistic steps 

behind the observed temperature effect. Nevertheless, the current results demonstrate 

that the temperature dependence of surface-mediated aggregation may depend on the 

longer lifetime of the interface. 

These observations suggest that complementary techniques should be utilized 

to obtain a thorough understanding of the aggregation propensity of a given drug 

candidate and formulation during pharmaceutical development. Techniques that probe 

slower time scales of interface turnover may be more appropriate for evaluating 

aggregation propensity during transportation and storage when interfaces may be 

perturbed but not created and destroyed on a rapid time scale. Techniques such as 

microbubble aeration may be better suited for evaluating aggregation propensity 

during manufacturing processes, where drug candidates may be exposed to interface 

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

3.4 Summary 

This chapter introduced a new method for evaluating surface-mediated 

aggregation of protein formulations. A microtensiometer was used to aerate samples 

with a controlled flow of microbubbles for short time frames (< 10 seconds in present 

work). After this stress was applied, the entire sample volume was analyzed by BMI. 

This method was used to compare surface-mediated aggregation of AS-IgG1 and AS-
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IgG2 at pH 5 and pH 6.5, at room temperature and 50 °C, as well as aCgn at pH 5 at 

room temperature and 30 °C. The previously demonstrated temperature dependence of 

surface-mediated aggregation for AS-IgG1 was not observed, putatively due to the 

limited lifetime of the air-water interface during microbubble aeration. Comparison of 

bulk-mediated and surface-mediated aggregation rates of both MAbs suggest that the 

hydrophobic environment of the interface facilitates protein unfolding, and 

electrostatic interactions may consequently become a more influential factor for 

surface-mediated aggregation rates than they are for bulk-mediated aggregation. The 

addition of 0.001% PS20 significantly reduced particle formation for both MAbs, but 

did not reduce particle formation in aCgn samples, as aCgn co-adsorbs with PS20 to 

the interface at early times. Lower limits were assessed for reliable quantification for 

particle-formation rates with this technique, and it is suggested to automate a fluid 

transfer system between the microtensiometer and the imaging instrument in future 

work. That notwithstanding, this technique is an advantageous method for generating 

mild and well-controlled interface stress due to the relatively low labor and material 

requirements. The shorter time scales of interface turnover during microbubble 

aeration are inaccessible by former methods, and this provides a complementary 

technique when assessing aggregation mechanisms and early-stage aggregation events 

and dynamics that may reflect the types of short-lived stresses during some 

manufacturing operations. As a result, microbubble aeration may improve the 

accessibility of and the information gathered from accelerated surface-mediated 

aggregation studies during pharmaceutical development. 
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SOFT GLASSY RHEOLOGY OF ADSORBED ANTIBODY LAYERS AT AIR -

WATER INTERFACES  

4.1 Introduction  

As discussed in section 1.1, past studies of surface-mediated aggregation often 

did not examine proteins while adsorbed to interfaces and primarily inferred 

information about surface-mediated aggregation by studying the aggregation products 

after they putatively desorbed from the interface.27,32,33,84 Compression and expansion 

experiments coupled with tensiometry, including those employing a Langmuir trough, 

bubble or drop tensiometers, have been used to demonstrate the formation of 

viscoelastic protein layers at the interface that are compressible at low surface 

pressures and incompressible at high surface pressures.34,36,84,102 At these high surface 

pressures, continued compression leads to desorption of material from the interface 

and re-expansion allows protein to adsorb to the interface.102 As a result, the material 

properties measured from dilatational experiments are confounded with adsorption and 

desorption effects. Agitation of an interface during pharmaceutical manufacturing, 

transportation, and storage involves adsorption and desorption processes, dilatational 

stresses, and shear stresses. However, these contributions must be isolated and 

individually investigated to the best of our ability using complementary techniques in 

order to obtain a better mechanistic understanding of protein aggregation on the 

interface. To this end, this chapter demonstrates that interfacial shear rheology 

measurements are a valuable tool for evaluating the formation and strength of protein 

Chapter 4 
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layers at the air-water interface formed by a model therapeutic MAb. During shear 

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

effects of adsorption and desorption that occur when the interfacial area is changed. 

Shear rheology has been used to study proteins that act as foaming, 

emulsifying, and stabilizing agents in food science,103,190,191 but has only recently been 

applied to antibodies from the pharmaceutical industry.192,193 One difficulty of 

studying antibodies with shear rheology is their slow adsorption kinetics, which 

significantly lengthens the time required to prepare the interface for shear rheology 

measurements. For example, the surface pressures of 1 mg/mL solutions of bovine 

serum albumin (66.5 kDa), ɓ-lactoglobulin (36.8 kDa), and lysozyme (14.3 kDa) at 

the air-water interface each reach meso-equilibrium values within one hour,103 

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

water interface has required 4-5 hours to reach meso-equilibrium.36,192 In the present 

work, a Langmuir trough was used to accelerate meso-equilibration of the interface 

prior to shear rheology measurements that are performed using a double wall-ring 

geometry with a stress-controlled rheometer. This protocol was used to evaluate the 

shear rheological properties of anti-streptavidin immunoglobulin gamma 1 (AS-IgG1) 

at the air interface using creep experiments and oscillatory strain amplitude and 

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

concentration on shear rheological properties as previous work demonstrated that 

surface-mediated aggregation of AS-IgG1 is strongly dependent on inter-protein 

electrostatic interactions and only weakly dependent on bulk concentration 27,28. The 

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

of protein aggregation at interfaces. 
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This chapter is unpublished and undergoing legal review by Amgen Inc. for 

final publication. Until it has been released into the public domain, the data in this 

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

4.2 Materials and methods 

4.2.1 Sample preparation 

pH 5 buffer was prepared by diluting acetic acid (Sigma-Aldrich, St. Louis, 

MO) to 20 mM in ultrapure water (resistivity 18.2 Mɋ-cm, Advantage A10, 

MilliporeSigma, Billerica, MA) and titrating to pH 5 using a stock of 5 M sodium 

hydroxide solution formed by dissolving sodium hydroxide pellets (Fisher Scientific, 

Waltham, MA) in ultrapure water. pH 6.5 buffer was prepared similarly by dissolving 

L-Histidine monohydrochloride monohydrate (Sigma-Aldrich) to 10 mM in ultrapure 

water. All buffers were filtered (0.22 µm polyvinylidene fluoride low-protein-binding 

filters, Chemglass Life Sciences) before use. The pH and buffer conditions were 

selected to match prior work that studied bulk- and surface-mediated aggregation 

behavior and protein-protein interactions and bulk solution viscosity of AS-

IgG1.27,28,177 

AS-IgG1 was provided by Amgen Inc. (Thousand Oaks, CA) as a monomeric 

stock solution (>98% monomer) at a concentration of ~30 mg/mL. Stock IgG1 

solutions were dialyzed to the desired solution condition using Spectra/Por 7 dialysis 

tubing with a 10 kDa molecular weight cutoff (Spectrum Laboratories; Rancho 

Dominguez, California) and filtered after dialysis. The pH of all final IgG solutions 

was confirmed experimentally prior to use. 
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Solution concentrations were determined using UV absorbance (Cary 60, 

Agilent, Santa Clara, CA) at 280 nM using an extinction coefficient of 1.586 

cm2/mg.27 Final protein concentrations of 0.1 mg/mL and 1 mg/mL were achieved by 

gravimetric dilution.  

4.2.2 Microbubble tensiometry 

The dynamic surface tension of an air-water interface was measured using a 

microtensiometer with the same methods described in section 2.2.10 and 3.2.3. 27,28 A 

measure of apparent surface tension was calculated using a simplified Young-Laplace 

equation (eq. 4.1) where æp is the pressure difference across the interface, R is the 

radius of the bubble, and ɔ is the apparent surface tension of the interface. 

 Ўὴ ‎  4.1 

Surface tension can be converted to surface pressure by the following relationship188 

 ɩὸ  ‎π  ‎ὸ 4.2 

where Ʉ(t) is the surface pressure at time t, ɔ(0) is the surface tension at t = 0, and ɔ(t) 

is the surface tension at time t. At the start of a measurement, a fresh interface was 

formed by increasing the pressure supplied to burst the existing bubble. A control loop 

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

stable bubble size. 

4.2.3 Accelerated meso-equilibration with a Langmuir trough  

A rectangular Langmuir trough (720 × 75 mm, KSV Nima, Biolin Scientific, 

Gothenburg, Sweden) was used to compress the interface during accelerated meso-

equilibration. The set-up consists of a polytetrafluoroethylene trough, two 

symmetrically-placed moveable Delrin barriers that uniaxially compress or expand the 
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surface area of the interface, a frame that supports the trough and controls movement 

of the barriers, and an electromagnetic balance with a resolution of 0.1 ɛN/m that 

measures surface tension using a platinum Wilhelmy plate (KSV Nima). A sharp edge 

lines the perimeter of the trough to ensure pinning and prevent curvature of the 

interface.194 Before each experiment, the trough and barriers were rinsed with 

ultrapure water, wiped with precision wipes (Kimtech, Kimberly-Clark, Irving, Texas) 

soaked with ethanol, rinsed at least an additional three times with ultrapure water, and 

dried with compressed air. The Wilhelmy plate was cleaned by flame treatment 

following an ethanol and acetone rinse. 

To begin each accelerated meso-equilibration, the trough was filled with the 

desired protein solution, which required approximately 150 mL of sample. Since 

proteins would immediately begin adsorbing to the interface, the Wilhelmy plate was 

placed at the surface within 1 min after the trough was filled. Compressions were 

initiated at a speed of 3 mm/min and continued until the desired surface tension was 

reached. Barrier movement was then arrested and the surface area of the interface was 

held constant during ensuing measurements. All experiments were performed at room 

temperature. 

4.2.4 Interfacial shear rheology after accelerated meso-equilibration  

A double wall-ring (DWR) geometry mounted on a DHR-3 rheometer (TA 

instruments, New Castle, Delaware) was used to measure the shear rheology of the 

interface.195 The assembly consists of a teflon cup and a platinum-iridium ring 

geometry that is attached to the top part of the rheometer and is the moving boundary. 

Because the interface was subjected to accelerated meso-equilibration prior to shear 

interfacial rheology measurements, the cup was placed in the center of the Langmuir 
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trough. To ensure homogeneous surface pressure inside and outside the cup, the cup 

had two openings on opposite ends that were oriented in the direction of barrier 

movement. Similarly, the ring also had three openings to allow the surface pressure to 

equilibrate inside and outside the ring. Before use, the teflon cup was cleaned 

identically to the teflon Langmuir trough. The ring was rinsed several times with 

ethanol and ultrapure water. 

To initiate experiments, the trough and cup were filled with the desired sample 

solution and the ring was lowered and carefully positioned at the interface. After 

accelerated meso-equilibration, barrier movement was arrested and the interface was 

allowed to recover for 10 minutes prior to shear rheology measurements. All 

experiments were performed at room temperature. 

During measurements with surface shear rheometers, the total drag on the tool 

consists not only of contributions from the response of the complex fluid interface, but 

also a ñbulkò contribution from the velocity gradients in the subphase. The 

dimensionless Boussinesq number (Bq) is used to determine the importance of the 

surface drag relative to the bulk and is defined for a continuous shear flow as196 

 ὄή
 

 

ϽϽ

ϽϽ Ͻ
 4.3 

where – is the magnitude of the surface shear viscosity in steady shear flow, – is the 

average bulk viscosity, V is a characteristic velocity, LI and LS are the characteristic 

length scales over which the velocity decays at the interface and in the subphase, 

respectively, PI is the contact perimeter between the probe and the interface, and AS is 

the contact area between the geometry and the subphase. It is typically assumed that 

.195 The outer radius of the ring used in this work is 24.5 mm and the inner 
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radius is 23.5 mm, and the ring has three 5 mm gaps in the ring to facilitate 

homogeneous surface pressure inside and outside the ring. For oscillatory 

measurements and viscoelastic interfaces, the complex, frequency-dependent viscosity 

can be used to calculate Bq.197 If |Bq| >> 1, interfacial stresses dominate and the 

interfacial rheological properties can be easily calculated from shear measurements. In 

this work, |Bq| was always greater than 100, indicating that surface stresses were 

dominating the measurements and any subphase contribution could be neglected. 

4.2.5 Creep experiments 

Creep experiments were performed to measure the compliance of the interface 

in response to an applied step stress. After reaching the accelerated meso-equilibrium, 

a stress of 1×10-4 PaĀm was applied for 200 s. Then, the stress was removed and the 

interface was allowed to recover for 200 s. The process was repeated in the next creep 

cycle by applying and removing a stress that was 1×10-4 PaĀm higher than the stress 

applied in the previous creep cycle. The cycles were continued until viscous flow was 

observed, which was indicated by a slope of 1 on a log-log plot of compliance versus 

time.  

Creep compliance, J(t), is related to the applied stress, ů(t), and the measured 

strain, ɔ(t), by the following equation: 

 ‎ὸ ᷿„ὸ ὸ ὐὸ Ὠὸᴂ 4.4 

For a step stress represented by  

 „ὸ Ὄὸ„ 4.5 

where H(t) is the Heaviside step function, equation 4.4 reduces to 

 ‎ὸ ὐὸ„ 4.6 
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4.2.6 Dynamic oscillatory tests 

After accelerated meso-equilibration, oscillatory strain amplitude and 

frequency sweeps were performed to evaluate the material response in terms of the 

interfacial shear storage modulus (Gô) and the interfacial shear loss modulus (Gò). 

Strain amplitude sweeps were performed from 0.1 to 10 % at a fixed frequency of 0.63 

rad/s. Frequency sweeps were performed from 0.1 to 10 rad/s at a fixed strain 

amplitude of 0.52 %, which is within the linear viscoelastic (LVE) regime. Data points 

in this report represent the average and standard deviation of four replicate 

measurements performed on two different days. 

4.3 Results 

4.3.1 Accelerated meso-equilibration using a Langmuir trough 

Accelerated meso-equilibration was used to reduce the preparation time for 

each rheological measurement from over 13 hours to approximately 30 minutes, 

significantly increasing the accessibility of interfacial rheological measurements for 

MAb systems. In the work of this chapter, AS-IgG1 adsorbed to the interface from 

bulk solution. Rheology measurements were initiated after the surface tension of the 

interface reached a meso-equilibrium state. This nomenclature is deliberate as a 

plateau representing a true equilibrium surface tension has not been observed for 

MAbs even at long times on the order of many hours.92,94,95 

Using a microbubble tensiometer, a meso-equilibrium surface tension of 

approximately 55 mN/m was achieved on the order of 1000 seconds for bulk AS-IgG1 

concentrations of 0.3 ï 10.0 mg/mL (figure 4.1A). However, the rate of diffusive 

transport of a surface-active species to an interface increases with increasing curvature 

of the interface.122,198 Therefore, a planar interface, such as that required for shear 
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rheology measurements, was unable to reach the meso-equilibration surface tension 

even after 13 hours (figure 4.1B). In addition to the impracticality of preparing the 

interface for this length of time prior to each rheological measurement, the accuracy of 

each measurement would be negatively impacted by significant evaporation over this 

length of time. This would reduce the height of the sample in the trough and prevent 

the interface from pinning correctly to the sharp edge of the trough perimeter, which is 

required to maintain a flat interface.194 

To overcome this obstacle, a Langmuir trough was used to prepare consistent, 

reproducible interfaces for shear rheological measurements. Immediately after an AS-

IgG1 sample was added to the bulk sub-phase, the trough barriers were moved to 

compress the interfacial area at a speed of 3 mm/min. In this way, the surface tension 

was accelerated to reach the meso-equilibrium value in approximately 30 minutes. 

During the preparation process, the surface tension of the interface decreased by a 

combination of AS-IgG1 adsorbing to the interface and the surface concentration of 

the adsorbed AS-IgG1 increasing as the surface area available to the AS-IgG1 already 

on the interface was decreased by the moving barriers. 

The stability of the interface after this procedure and suitability of 55 mN/m as 

an appropriate meso-equilibrium surface tension was evaluated by measuring the 

surface tension for 1 hour after accelerated meso-equilibration to 45 mN/m, 55 mN/m 

and 65 mN/m (figure 4.1C). The surface tension was stable at 55 mN/m, while the 

surface tension was observed to continuously increase or decrease at 45 mN/m and 65 

mN/m, respectively. This indicates that 55 mN/m was an appropriate representation of 

the meso-equilibrium surface tension. 
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Figure 4.1: Surface tension of AS-IgG1 formulations at pH 5. A clean air-water 

interface is created at the start of each experiment. (A) Surface tension of 

a constant-area interface measured with a microbubble tensiometer with a 

bubble diameter of approximately 80 ɛm. (B) Surface tension of a 

constant-area planar interface on a Langmuir trough and measured with a 

Wilhelmy plate. (C) Surface tension of a Langmuir trough measured 

using a Wilhelmy plate. Interface surface area was compressed (dashed 

lines) at 3 mm/min until the surface tension reached 65 (blue), 55 (red), 

or 45 (black) mN/m. The surface area was held constant (solid lines) for 

one hour following the end of the compression step. 

4.3.2 Creep compliance of AS-IgG1 at the interface 

When a stress is applied to a material, creep compliance, J(t), as defined in 

equation 4.4, can be measured as a representation of the softness of the material.199 A 

smaller compliance indicates stronger material structure and a larger compliance 

denotes weaker material structure.200 The magnitudes of the measured creep 

compliances are shown for the four AS-IgG1 conditions in figure 4.2. The damped 

oscillations observed at the start of each creep test are the result of coupling between 
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instrument inertia and sample elasticity, and consequently become less prominent as 

the applied stress is increased and the response of the AS-IgG1 layer becomes more 

viscous.201,202 This phenomenon is known as creep ringing and will be neglected in 

this work. At low stress for all the conditions examined, compliance is low and 

exhibits a power of approximately 0.2 with respect to the duration of the applied 

stress. This indicates the formation of a strong, elastic layer. As the applied stress is 

increased, the magnitude of the compliance also increases. At a high enough stress, the 

creep compliance transitions into a viscous flow regime, which is indicated by the 

progression to a power dependence of 1.  

When subjected to the same step stress, J(t) of the AS-IgG1 layer is greater at 

pH 5 than pH 6.5. This indicates that the strength of the interfacial layer may be 

influenced by electrostatic interactions between AS-IgG1 molecules. In bulk solution, 

the net protein-protein interactions of AS-IgG1 are less repulsive at pH 6.5 compared 

to pH 5.177 This may facilitate denser packing of the AS-IgG1 molecules at the 

interface at pH 6.5 compared to pH 5, which may lead to stronger films. This is 

corroborated by the faster air-water interface-mediated aggregation rates and larger 

resultant aggregates observed at pH 6.5 compared to pH 5.27,28 For the same applied 

step stress, J(t) also increases at lower bulk concentration. Since the creep 

measurements were initiated after accelerated meso-equilibration to the same surface 

tension value, this indicates that bulk concentration impacted the structure of the AS-

IgG1 layer in a manner that was undetectable by surface tension measurements. The 

microbubble tensiometry results shown in figure 4.1A indicate that while samples at 

the different concentrations examined reach the same meso-equilibrium surface 

pressure, those at higher concentrations adsorb to the interface faster and require less 
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time to reach meso-equilibrium. Surface tension measurements include contributions 

from both the amount of material adsorbed to the interface and the molecular 

conformations of the material on the interface.17 It is possible that the rate of protein 

accumulation on the interface influences packing of the proteins on the interface, such 

that faster protein accumulation from higher bulk concentrations results in denser and 

stronger films. 

Creep compliance profiles can be further analyzed using rheological models. 

To select an appropriate model, oscillatory shear measurements were performed in the 

linear viscoelastic (LVE) regime of the AS-IgG1 layer on the interface. 
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Figure 4.2: Creep compliance of AS-IgG1 at the air-water interface. (A) 0.1 mg/mL 

AS-IgG1 at pH 5; (B) 1 mg/mL AS-IgG1 at pH 5; (C) 0.1 mg/mL AS-

IgG1 at pH 6.5; and (D) 1 mg/mL AS-IgG1 at pH 6.5. Arrows indicate 

the direction of increasing applied stress, and the values of the lowest 

(initial) and highest (final) applied stress are indicated on the plots. 

Slopes of 0.2 and 1 are indicated on each plot. 
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4.3.3 Oscillatory shear measurements of AS-IgG1 at the interface 

The mechanical strength of AS-IgG1 layers on the interface were further 

characterized by oscillatory interfacial shear rheology in the LVE regime. Strain 

amplitude sweeps were performed at a fixed angular frequency of 0.63 rad/s for 0.1 

and 1 mg/mL AS-IgG1 at pH 5 and pH 6.5 to determine the LVE regime of each 

condition (figure 4.3A). A predominantly elastic or solid-like response was observed 

as the interfacial storage modulus Gô was almost an order of magnitude larger than the 

interfacial loss modulus Gò for each of the conditions examined. The critical strain 

that delimits the end of the LVE regime is between 2-3% for all the tested conditions. 

Immediately beyond the yield strain, Gô decreases and Gò remains relatively constant. 

Additionally, the magnitudes of the measured moduli are mostly on the order of 10-3 

PaĀm. Previous x-ray reflectivity measurements determined that the thickness of 

adsorbed MAb layers at air-water interfaces were approximately 150 Å.92 Therefore, 

the interfacial moduli measured in this work correspond to bulk moduli on the order of 

105 PaĀm, illustrating the significant strength exhibited by the AS-IgG1 layers at the 

interface. Both Gô and Gò appeared to increase when the pH is increased from 5 to 6.5 

and when the bulk concentration is increased from 0.1 to 1.0 mg/mL, indicating 

stronger films at the higher pH and bulk concentration. While the uncertainty in the 

measured shear rheological data was relatively large, which was likely a result of 

minute differences between the interfaces of different replicates (such as surface 

concentration) that were undetectable by surface tension measurements, these 

observations corroborate those observed in the creep compliance measurements.  
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Figure 4.3: Storage modulus Gô (filled symbols) and loss modulus Gò (open 

symbols) vs strain amplitude at 0.63 rad/s (A) and angular frequency at 

0.52% strain amplitude (B) of AS-IgG1 at the air-water interface for 0.1 

mg/mL (black squares) and 1 mg/mL (black circles) bulk concentrations 

at pH 5 and 0.1 mg/mL (red squares) and 1 mg/mL (red circles) bulk 

concentrations at pH 6.5. The solid lines indicate the fit of equation 4.7 to 

the data for 1 mg/mL AS-IgG1 at pH 6.5. Grey area in (B) indicates 

region where instrument inertia dominates. This was determined by 

plotting the raw phase angle against frequency (C). 

The frequency dependence of Gô and Gò at a constant strain amplitude of 

0.52%, which is within the LVE regime, is shown in figure 4.3B. Like the results of 

the strain amplitude sweeps, a primarily elastic or solid-like response was observed 

over the tested frequency range. Gô increases with an approximate power-law 

dependence on frequency, while Gò exhibits a slight decrease but remains relatively 

constant. Both the strain amplitude and frequency sweep shown in figure 4.3 reveal a 

solid-like interfacial layer with strong moduli. 
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There are two mechanisms through which AS-IgG1 at the interface could form 

a solid-like structure: a high concentration of AS-IgG1 at the interface may be densely 

packed and too sterically constrained to undergo rearrangements (figure 4.4A), or the 

AS-IgG1 at the interface may form a low-density network by strong bonds that hinder 

rearrangements (figure 4.4B). The latter describes a gel, which often exhibit a bump in 

Gò immediately beyond the yield strain which represents networks that dissipate 

energy upon breaking and is characteristic of yielding of gels.203,204 However, this 

feature is absent in the strain amplitude sweep of the AS-IgG1 layer. The former 

mechanism describes a soft glass, which exhibits yield strains of a few percent, linear 

viscoelastic moduli with a power-law dependence on frequency, and creep compliance 

with power law behavior.205,206 All three of these features were present in the 

oscillatory and creep measurements, therefore suggesting that AS-IgG1 at the interface 

resembles a densely packed soft glass. This theory is supported by previous work that 

observed that MAbs orient into closed-packed layers at the interface.92,207 
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Figure 4.4: Simplified schematics of potential structures at interface. (A) Soft glassy 

rheology model assumes densely packed mesoscopic elements that are 

too constrained to undergo rearrangements. Here, the mesoscopic 

elements consist of multiple AS-IgG1 molecules. An example of an 

element is encircled by dashed lines. The AS-IgG1 in the elements could 

be in native form, partially or fully unfolded, or aggregated. Soft glassy 

materials are intrinsically different from gels (B) which are held together 

by strong bonds that hinder rearrangements. 

 The soft glassy rheology (SGR) model was originally derived to describe the 

rheology of soft glasses in 3-D, which includes foams,208 dense emulsions,209 

aggregated systems,210 and others.211,212 The low frequency shear rheology of these 

materials exhibits common features, including viscoelastic moduli with a power law 

dependence on shear frequency and creep compliance with power law behavior.205 

Soft glasses share features of structural disorder and metastability.205,213,214 In 

particular, reorganization of these concentrated and densely packed systems to lower 

energy states is impeded by large energy barriers, as this restructuring requires the 

highly compressed local structural units, such as the droplets in a dense emulsion, to 
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move past each other and rearrange. In the SGR model, these local structural units are 

called mesoscopic elements and are large enough that the continuum variables of 

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

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

properties can be described as an average over elements. For example, the element 

size in a foam would be at least a few droplet diameters.205 Similarly, the element size 

in the AS-IgG1 layer spans at least several AS-IgG1 monomers. It is important to 

highlight that these mesoscopic elements are a conceptual tool for obtaining a suitably 

coarse-grained description of soft glassy materials and should not be thought of as 

sharply defined physical entities. Therefore, the elements of the AS-IgG1 layer are not 

intended to describe distinct clusters of protein or aggregates at the interface, nor 

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

example of these conceptual elements is encircled by the dashed lines in figure 4.4A. 

 When a macroscopic strain is applied to a soft glassy material, each element 

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

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

equilibrium. This process is similar to Bouchaudôs one-element glass model: an 

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

ñhopò to another trap when activated.215,216 While Bouchaud assumed that these 

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

materials, the energy required to activate yielding in an element, or hop to another 

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

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

rearrange.205,217 This coupling between elements is described by an effective noise 
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temperature, x, which can also be thought of as the typical energy available for an 

activated hopping or yielding process.205,217 The SGR model is derived such that x 

describes the rheological response of the material by the following relationships: when 

ὼ > 3, the model predicts a liquid-like response; when 1 < ὼ < 3, the model predicts 

viscoelastic properties and shear thinning behavior; and when ὼ < 1, the model 

predicts that the system is very dense and the material is in a glassy state. 

The effective noise temperature can be obtained by fitting the frequency 

dependence of the complex modulus to the following equation205,211 

 
ᶻ ȟ

ρ Ὥ‫ὸ  4.7 

where Ὃ is the elasticity of the mesoscopic elements214 and in the 2-D case is an 

interfacial modulus, ὸ is the time, and ɜὼ is the gamma function. Fitting of the 

measured data leads to an effective noise temperature of 0.98 ± 0.02 for all conditions, 

indicating that the AS-IgG1 film is in a glassy state. The solid lines in figure 4.3B 

illustrate a representative fit to the data for 1 mg/mL AS-IgG1 at pH 6.5. 

As mentioned earlier, the uncertainty in the measured viscoelastic moduli is 

relatively large. For additional confidence in these measurements, the creep 

compliance measurements and oscillatory shear measurements were interconverted to 

check for agreement. Creep compliance was converted into the frequency domain by 

taking the Laplace transformation of a power-law approximation of creep compliance, 

similar to the method in Furst and Squires,218 to obtain the following relationship 

 Ὃᶻ‫  4.8 

where ɜὼ is the gamma function and Ŭ(t0) is the logarithmic slope of J(t) evaluated 

at t0.  



 132 

 ‌ὸ |
ÔÔπ

 4.9 

To convert the viscoelastic moduli to creep compliance, the moduli were first 

converted into storage and loss compliance by the following equations:219 

 ὐ ͼ 4.10 

 ὐͼ
ͼ

ͼ
 4.11 

The creep compliance was then approximated using the method of Ninomiya and 

Ferry:220 

 ὐὸ ὐ‫ πȢτπὐ πȢτπʖ-πȢρτ*ρπ‫  4.12 

where ‫ . Results from these interconversions are shown in figure 4.5 for 1 

mg/mL AS-IgG1 at pH 5, and similar results were obtained for all other conditions. 

This level of agreement from two different experiments provides confidence in the 

accuracy of these shear rheology measurements. 
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Figure 4.5: Data measured from oscillatory frequency sweep and creep test provide 

good agreement when converted to frequency and time domains. (A) 

Viscoelastic moduli as measured during a frequency sweep at 0.52% 

(black) and converted from creep compliance (red). (B) Creep 

compliance when measured during a creep test (red) and converted from 

viscoelastic moduli (black). 
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4.3.4 Stress superposition of creep compliance 

The aging time- and stress-dependent creep flow of various soft glassy 

materials have been superimposed by normalizing the time scales of the imposed 

stress.221ï224 This superposition is suggested to be a generic feature of soft glassy 

materials and allows the deformation behavior of a material from a large range of 

aging times and stresses to be predicted by sampling a few short time tests at select 

stresses.221,224 Consequently, the data in figure 4.2 was normalized by determining a 

horizontal time shift factor, Ű, for each curve that superimposed the measured creep 

compliance with that from the lowest imposed stress, 1×10-4 PaĀm. The results of the 

superposition are shown in figure 4.6. The successful superpositions indicate that 

changing the applied stress modulates the energy landscape of the interfacial layer. 

When the applied stress is increased, the mesoscopic elements have a higher 

propensity to yield and hop over the energy barriers. When the applied stress is 

decreased, fewer hopping events take place.221  

Inspection of figure 4.6 reveals that the creep curves of AS-IgG1 at pH 5 can 

be superimposed more precisely than at pH 6.5. This may be attributed to the less 

repulsive, or more attractive, protein-protein interactions, that were measured between 

AS-IgG1 molecules in bulk solution at pH 6.5 compared to pH 5.49 While these 

protein-protein interactions were measured in bulk solution, they correlated with 

increased aggregation rates and larger aggregates observed during surface-mediated 

aggregation at pH 6.5 compared to pH 5.27,28 Since the SGR model was designed to 

describe repulsive glasses,217 the increased attractive interactions between the AS-

IgG1 molecules at pH 6.5 compared to pH 5 may result in slight deviation from an 

ideal soft glassy material and change the shape of the compliance curves at different 

stresses, making superposition more difficult. 
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Figure 4.6: Superimposed creep compliance curves for interfacial 0.1 mg/mL AS-

IgG1 at pH 5 (A), 1 mg/mL AS-IgG1 at pH 5 (B), 0.1 mg/mL AS-IgG1 

at pH 6.5 (C), and 1 mg/mL AS-IgG1 at pH 6.5 (D). 
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The master curves and shift factors for the four conditions examined are 

compared in figure 4.7.  Each condition exhibits a unique master curve, indicating that 

the energy landscape of AS-IgG1 at the interface depends on solution pH and bulk 

concentration. Similarly, while the plots of 1/ Ű versus stress share the same general 

features over the entire stress range, the features arise at different stresses that depend 

on the solution pH and bulk concentration. At low stresses, 1/ Ű is unity as stress has a 

negligible impact on creep compliance and the energy landscape of the layer. Above a 

first critical stress, ů1, 1/ Ű increases with a dependence on applied stress that is the 

reciprocal of the power of the compliance curves (0.2, see figure 4.6). This is most 

evident in figure 4.7C where [1/(Ű-1)] increases with a fifth order dependence on 

applied stress. As the applied stress is further increased, a second critical stress, ů2, is 

eventually reached, above which 1/ Ű remains relatively constant. Under these high 

stresses, viscous flow is observed immediately upon stress application. The value of ů1 

depends on bulk concentration and pH, indicating that at pH 6.5 and 1 mg/mL 

conditions, higher stress is needed to modulate the energy landscape of the AS-IgG1 

layer, decrease the energy barrier for rearrangement within the material, and increase 

the frequency of rearrangement and elemental hopping events. The value of ů2 

depends primarily on concentration for the conditions examined, indicating that bulk 

concentration is the primary influence that determines the amount of stress required to 

immediately induce viscous flow in the AS-IgG1 layer. 
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Figure 4.7: Master creep compliance curves (A) and shift factors (B) for 0.1 mg/mL 

AS-IgG1 at pH 5 (black), 0.1 mg/mL AS-IgG1 at pH 6.5 (red), 1 mg/mL 

AS-IgG1 at pH 5 (blue), and 1 mg/mL AS-IgG1 at pH 6.5 (orange). (C) 

Values in (B) are replotted after subtracting by one. 

The superposition of interfacial AS-IgG1 creep compliance curves for different 

stresses lends further support to the notion that the AS-IgG1 interfacial layer 

resembles a soft glassy material. This realization is a powerful tool for understanding 

the behavior of AS-IgG1 at the interface as many soft glassy materials share similar 

characteristics. One characteristic of interest is aging, which occurs in all soft glassy 

materials.214,221 Aging is important to consider in the context of therapeutic drug 

transport and storage, when interfaces may persist for long periods of time.20 The SGR 

theory informs that creep compliance as a function of material aging time can also be 

superimposed, enabling prediction of the deformation profile of the material at 

different ages. 
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4.4 Discussion 

Surface-mediated aggregation has been observed when liquid formulations are 

agitated and exposed to bulk interfaces, including air-liquid, liquid-liquid, and solid-

liquid interfaces. Putatively, proteins adsorb to the interface and partially or fully 

unfold in the hydrophobic environment, facilitating aggregation into a protein film on 

the interface. When the interface is sufficiently perturbed by shear or dilatational 

stresses, or both, the film desorbs into solution as particles. However, this mechanism 

has yet to be confirmed directly, in part because of the few techniques available to 

directly probe proteins on the interface. This report demonstrates the utility of shear 

rheology measurements for elucidating information about AS-IgG1 at air-water 

interfaces. Shear rheology is advantageous for this purpose because it directly probes 

the interface without changing the area of the interface, which reduces convolution 

from adsorption and desorption effects. Accelerated meso-equilibration with a 

Langmuir trough was used to prepare the interfaces for shear rheology measurements 

and significantly reduced the preparation time for experiments from many hours to 

approximately 30 minutes. 

Oscillatory shear rheological measurements imparted information about the 

viscoelastic nature of the AS-IgG1 layer. A primarily elastic layer was observed as Gô 

was larger than Gò at all conditions examined. The high critical strain, power law 

creep compliance, power law frequency dependence of Gô, and absence of a bump in 

Gò immediately past the critical strain suggested that the AS-IgG1 layers might 

resemble a densely packed soft glassy material. This agrees with reflectivity 

measurements that identified closely packed MAbs at the air-water interface.92 The 

frequency dependence of Gô and Gò were fit to the SGR model, and the effective 

noise temperature of 0.98 ± 0.02 obtained from the fit indicated that the AS-IgG1 
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layers resemble soft glassy materials. A common feature of soft glassy materials is 

superposition of their aging time- and stress-dependent creep compliance. Master 

compliance curves were created by identifying horizontal shift factors to superimpose 

creep compliance from different stresses. These superpositions indicated that changing 

the applied stress modulates the energy landscape of the AS-IgG1 layer and the 

magnitude of the energy barriers for rearrangement within the material. This also 

suggests that the energy landscape of the layer may be dependent on aging time, which 

is a general feature of soft glassy materials. Aging time-stress superpositions allow the 

creep compliance of a material under different stresses and aging times to be predicted 

from a sample of creep compliance at short times and select stresses, which is valuable 

for predicting the aging behavior of therapeutic proteins at air interfaces that may age 

long times (on the order of days to years) during drug transportation and long-term 

storage. 

Previous work used bulk solution measurements to evaluate the surface-

mediated aggregation behavior of AS-IgG1 during isothermal interfacial compression-

dilation cycles and microbubble aeration.27,28 Solution pH had a significant impact on 

aggregation rates and the size and number of sub-visible ( > 2 ɛm) particles that 

formed. This was attributed to electrostatic interactions between the AS-IgG1 

monomers and aggregates: when the overall net charge of the protein was reduced and 

the net protein-protein interactions became less repulsive, AS-IgG1 aggregated faster 

at the interface and formed larger sub-visible particles.27,28,49 However, those studies 

were unable to determine the specific mechanistic step(s) that may be affected by 

electrostatic interactions (such as adsorption to the interface, aggregation and film 

formation on the interface, particle desorption from the interface, or a combination of 
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these steps). In this work, shear rheological measurements of the AS-IgG1 layer at the 

interface detected electrostatic effects on the strength of the material that correlate 

with the previous results, indicating that electrostatic interactions impact at least the 

formation and structure of the AS-IgG1 layer. Storage and loss moduli observed 

through oscillatory measurements slightly increased with decreasing repulsive 

interactions, suggesting stronger film structure. J(t) values measured during creep 

experiments were also lower at pH 6.5 compared to pH 5, and ů1 identified from creep 

superposition increases with pH, both of which indicate stronger film structure at the 

higher pH as greater stress was required to activate flow in the material. Because of 

the decreased electrostatic repulsions between the AS-IgG1 molecules at pH 6.5 

compared to pH 5, AS-IgG1 may be able to pack into denser layers at the interface. In 

the context of the SGR model, the elements may be more rigid and have higher energy 

barriers for yielding and rearrangement. 

Previous work also found a weak (less than first order) dependence of surface-

mediated AS-IgG1 aggregation on the AS-IgG1 concentration in bulk solution.27,84 

This was attributed to saturation of AS-IgG1 on the interface, such that further 

increasing the AS-IgG1 concentration in bulk would not significantly increase the 

amount of AS-IgG1 that adsorbs to the interface.27 While shear rheological 

measurements in this work were performed after the interfaces were prepared to 

identical surface tensions (55 mN/m) with accelerated meso-equilibration, the 

measurements detected that film strength correlated with bulk concentration, 

indicating that bulk concentration influenced the formation and structure of the AS-

IgG1 layer in a manner that was undetected by surface tension measurements. This 

highlights the importance of using complementary techniques to thoroughly 
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investigate protein layers on interfaces. In most of this work, increasing bulk 

concentration increased film strength in a manner similar to the effects of reducing 

repulsive protein interactions: the storage and loss moduli measured using oscillatory 

measurements increased slightly at higher bulk concentrations; for a given applied 

stress, the magnitude of J(t) was lower at higher bulk concentrations; and ů1 increased 

at higher bulk concentrations. Additionally, bulk concentration was the dominant 

factor affecting ů2, indicating that the amount of stress required to immediately induce 

viscous flow in the AS-IgG1 layer depended primarily on the bulk AS-IgG1 

concentration. Microbubble tensiometry experiments confirmed that AS-IgG1 

adsorption to air-water interfaces is faster at higher bulk concentrations. The rate of 

accumulation onto the interface may affect the packing and rearrangement of AS-Ig1 

molecules within the interfacial layer, which results in more rigid elements with higher 

energy barriers for yielding at higher bulk concentrations. 

4.5 Summary 

The results in this chapter demonstrated the utility of shear rheological 

measurements for studying therapeutic antibody aggregation at air-water interfaces. A 

Langmuir trough was used to accelerate meso-equilibration of AS-IgG1 at the air 

interface prior to shear measurements with a double wall-ring geometry on a stress-

controlled rheometer. Oscillatory shear measurements detected a predominantly elastic 

interface with storage and loss moduli on the order of 10-3 PaĀm. The moduli increased 

slightly at higher bulk concentration and when the pH was shifted from 5 to 6.5. 

Oscillatory strain amplitude sweeps were used to determine the LVE regime. The 

frequency dependence of the storage and loss moduli within the LVE regime were fit 
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to the SGR model, which revealed that the AS-IgG1 layer resembles a soft glassy 

material.  

The creep compliance of AS-IgG1 at different stresses was superimposed by 

horizontal shifts. The master compliance curves were unique for each condition, 

confirming that solution pH and bulk concentration change the energy landscape of 

the AS-IgG1 layer. Higher stresses were required to activate flow of the material at pH 

6.5 compared to pH 5, and at higher bulk concentration. Bulk concentration also 

correlated with the stress required to immediately induce viscous flow in the AS-IgG1 

layer. 

The realization that AS-IgG1 at the air-water interface resembles a soft glassy 

material reveals other characteristics that are shared by all soft glassy materials. A 

similar superposition can be performed for creep compliance at different ages. This 

allows creep compliance after long aging times to be predicted from short aging time 

creep compliance, which is powerful for understanding the behavior of therapeutic 

proteins that persist on the interface for long times during drug transportation and 

storage. 
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THERAPEUTIC PROTEIN ADSORPTION TO AIR -WATER AND OIL -

WATER INTERFACES  

5.1 Introduction  

Protein adsorption to interfaces is a critical step in surface-mediated 

aggregation. Consequently, there is interest in understanding the propensity for 

adsorption and potential differences between protein molecules under various solution 

conditions. Measuring the dynamic surface tension of an air-liquid or liquid-liquid 

interface in protein solution is one of the most common methods for indirectly 

monitoring protein adsorption to fluid-fluid interfaces.92,95,102,103 In many cases, the 

amount of adsorbed protein cannot be easily quantified from surface tension 

measurements because these measurements contain contributions from both the 

surface concentration and molecular conformations of adsorbed protein.17 

Additionally, surface tension measurements do not fully capture the dynamic response 

of the interface,196,225ï227 which was observed in the previous chapter.228 Regardless, 

measurements of dynamic surface tension are widely used in studies of proteins at air-

liquid and liquid-liquid interfaces,20 arguably because tensiometry techniques are more 

accessible and less labor-intensive than microscopy and reflectivity techniques that 

offer more spatial resolution85,92,113,114,117ï121 

There are two commercially available techniques for measuring dynamic 

surface tension. One of the most common methods is the Wilhelmy plate method. In 

this method, a platinum plate is suspended from a force sensor tensiometer and 

Chapter 5 
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partially immersed in the denser phase at the interface.229 The force acting on the plate 

is directly measured by the force sensor tensiometer. This method typically requires 

milliliters of sample volume.20 Another common method employs bubble or drop 

tensiometers, in which a drop of fluid is suspended in the second phase.230 The shape 

of the drop acts as a balance between the surface tension of the interface, the pressure 

difference across the interface, and gravity, according to the Young-Laplace 

equation.198,230 Commercially available drop tensiometers typically require ~5 mL of 

sample volume and involve drops that are ~1 mm in diameter.20,198 However, drop or 

bubble tensiometry is easily customizable and microfluidic-based bubble tensiometers 

have been developed that require less than 1 mL of solution and involve bubbles that 

are less than 300 ɛm in diameter.198,231 

Although a number of studies have used dynamic surface tension 

measurements to monitor antibody adsorption to interfaces, an understanding of how 

antibody adsorption kinetics and behavior changes with parameters such as bulk 

concentration, temperature, and solution pH, as well as how these changes are affected 

by different interfaces and different proteins, is not generally available. Oftentimes, in 

a single study, dynamic surface tension measurements involving antibodies are limited 

to one or two model molecules under a small set of conditions, as the dynamic surface 

tension measurements are used to supplement interfacial rheology or surface-mediated 

aggregation studies that are the focus of the report.27,84,192 The model antibodies that 

are studied vary, which creates an obstacle for comparing results obtained in different 

studies. Even if the same antibody is used in multiple studies, comparing data obtained 

using the Wilhelmy plate method with data measured using a drop tensiometer, or 

even comparing data measured with drop tensiometers with different drop sizes, is 
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non-trivial. Diffusion of surface active molecules to an interface depends on the radius 

of curvature of the interface: the smaller the radius of curvature, the faster the 

dynamics, therefore introducing the influence of molecular transport effects into the 

already large experiment parameter space.122,198 

Consequently, the goal of this chapter is to systematically evaluate the 

dynamic surface tension of an air or silicone oil bubble in aqueous buffer solutions 

containing AS-IgG1, AS-IgG2, and aCgn. Changes in dynamic surface tension 

behavior and kinetics will be evaluated as a function of bulk concentration, 

temperature, solution pH, and the identity of the protein in solution. The effect of the 

presence of 0.001% PS20 in these formulations will also be evaluated. These 

measurements will be taken using an air bubble in protein solution as well as a silicone 

oil bubble in protein solution to observe how the values and kinetics of dynamic 

surface tension change between the two interfaces. Additional mechanistic insight 

relating to surface-mediated aggregation will be gained by comparing the results in 

this chapter to the surface-mediated aggregation and interfacial rheology studies in 

chapters 2, 3, and 4.  

This chapter is unpublished and undergoing legal review by Amgen Inc. for 

final publication. Until it has been released into the public domain, the data in this 

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

5.2 Materials and methods 

5.2.1 Sample preparation 

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

sections 2.2.1 and 3.2.1. AS-IgG1, AS-IgG2, and aCgn solutions were prepared in the 
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same manner described in section 3.2.1, and the details are reproduced here for 

completeness. AS-IgG1 and AS-IgG2 were provided by Amgen, Inc. (Thousand Oaks, 

CA) as monomeric (> 98% monomer) stock solutions at a concentration of ~30 

mg/mL. Stock IgG solutions were dialyzed to the desired solution conditions using 

Spectra/Por 7 dialysis tubing with a 10 kDa molecular weight cutoff (Spectrum 

Laboratories; Rancho Dominguez, California). aCgn solutions were prepared by 

dissolving 5x crystallized lyophilized aCgn powder (Worthington Biochemical, 

Lakewood, NJ) in 40 mL of pH 5 buffer to an approximate protein concentration of 15 

mg/mL. 35 mg/mL phenylmethylsulfonyl (PMSF) was prepared by diluting PMSF 

(Sigma-Aldrich, St. Louis, MO) in anhydrous ethanol (Decon Laboratories, King of 

Prussia, PA). The aCgn solution was treated incrementally in 250 ɛL aliquots with 1 

mL of the stock PMSF solution (10× PMSF mole excess) to deactivate potential 

proteolytically active residual proteases remaining in the commercial material.187 The 

resulting solution was filtered before dialysis. Following dialysis, all protein solutions 

were filtered, and the final pH was confirmed experimentally prior to use. 

Solution concentrations were determined using UV absorbance (Agilent 8453, 

Santa Clara, CA) at 280 nm using extinction coefficients of 1.586 cm2/mg for AS-

IgG1, 1.410 cm2/mg for AS-IgG2, and 1.970 cm2/mg for aCgn.49,177 Gravimetric 

dilution was used to achieve final protein concentrations of 0.3, 1.0, 3.0, and 10.0 

mg/mL.  

For sample solutions containing polysorbate (PS) 20, PS20 (Avantor, Radnor, 

PA) was added to the protein solutions to achieve a final concentration of 0.001%. 

Protein solutions were stored at 2-8 °C and used within 3 weeks. 
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5.2.2 Microbubble tensiometry 

Microbubble tensiometry was performed with the same instrument and method 

described in sections 2.2.10, 3.2.3, and 4.2.2. The details are reproduced here for 

completeness. A microbubble tensiometer was used to monitor protein adsorption to a 

stable air-water or oil-water interface by measuring the dynamic surface tension of the 

interface (figure 5.1). A glass capillary was pulled to a steep tapered tip using a P-97 

Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA) and ground using 

2000 grit sandpaper to a tip of ~80 µm I.D. The formed capillary was cleaned with air 

and water before being hydrophobically treated with Sigmacote (Millipore Sigma, St. 

Louis, MO). The sample chamber was created by boring a vertical 1 cm diameter hole 

through a 30 mm × 30 mm × 15 mm (length × width × height) block of aluminum. 

The sample chamber was anodized to prevent stray light during experiments. A 1.0 

mm thick Infrasil window (Thorlabs, Newton, NJ) was sealed to the bottom opening 

using SYLGARD 184 (Sigma-Aldrich, St. Louis, MO). The capillary was inserted 

into the sample chamber and submerged in 600 µl of sample through a prefabricated 

opening. To form an air bubble in protein solution, a constant pressure was supplied 

by a MFCS-EZ pressure controller (sensitivity ± 0.1 mbar, Fluigent, Paris, France) to 

pin an air bubble at the capillary tip. To form a silicone oil bubble in protein solution, 

a reservoir of silicone oil (catalog no. S159-500, Fisher Scientific) was contained in 

the tubing between the pressure controller and the capillary, and the pressure 

controller was used to eject any residual air in the capillary and pin an oil bubble at the 

capillary tip. A 24 W metal ceramic heater (Thorlabs) was placed on the 

microtensiometer exterior opposite the capillary for temperature control during heated 

experiments. 
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The microtensiometer was mounted on an inverted optical microscope (Carl 

Zeiss Microscopy, White Plains, NY) and the capillary tip and bubble were imaged 

with a Blackfly 1.3 MP color camera (Point Grey, Richmond, BC) using a 20× 

objective. Both the pressure controller and camera images were integrated into a 

custom LabView program for manipulation of the experiment. The LabView program 

analyzed the images to optically measure the air or oil bubble radius over time. The 

apparent surface tension was calculated using a simplified Young-Laplace equation 

(equation 5.1), where Ўὴ is the measured pressure difference across the interface, R is 

the radius of the bubble determined from the camera and image analysis, and ‎ is the 

apparent surface tension of the interface calculated from equation 3.1.198 

 Ўὴ  ‎  5.1 

Surface tension can be converted to surface pressure, ɩ, by Eq. 5.2,188 

 ɩÔ  ‎π ‎ὸ 5.2 

where ‎π is the surface tension of the clean interface at the start of the experiment, 

and ‎ὸ is the surface tension at time t.  

A fresh interface was formed at the start of each experiment. A control loop in 

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

maintain a constant bubble size. 
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Figure 5.1: Schematic of microbubble tensiometer. 

5.3 Results and discussion 

5.3.1 Dynamic surface tension measurements 

A microbubble tensiometer was used to monitor the dynamic surface tension of 

an air-water or silicone oil-water interface in contact with a given protein solution. An 

example dynamic surface tension curve collected as a function of the lifetime of the 

interface for an air bubble in a solution of 1 mg/mL AS-IgG1 at pH 5 and at 40 °C is 

shown in figure 5.2. The dynamic surface tension curves for all conditions examined 

in this work share several features of the data shown in figure 5.2.  
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Figure 5.2: Dynamic surface tension profile of an air bubble in contact with an 

aqueous solution containing 1 mg/mL AS-IgG1 at pH 5 and 40 °C.  Note 

that the x axis is shown on log scale to emphasize each regime in the 

profile. Raw data has been filtered using a tumbling window method, and 

the plotted points represent the average and standard deviation of 20 data 

points. 

At t = 0, a fresh air-water or oil-water interface is created and the measured 

surface tension represents the surface tension of a clean interface, ɔs. At the air-water 

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

40 °C and 50 °C, respectively. At the silicone oil-water interface, ɔs is approximately 

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

conditions, an ñinduction periodò is observed when the measured surface tension 

remains relatively constant with little or no apparent surface tension decrease.104 

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

concentration threshold required for the apparent surface tension to decrease 
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significantly from the value in the absence of protein adsorption. Past studies have 

used surface pressure isotherms to determine that this threshold concentration is 25-

50% of the monolayer surface concentration for globular proteins,105ï111 but this 

threshold concentration has not been experimentally confirmed for MAbs. An 

induction time may not always be noticeable, especially for rapidly adsorbing species. 

Following the induction time is the ñrapid fall regionò, when the surface tension 

decreases at a relatively fast rate.104 During this period, proteins adsorb to the interface 

towards maximum surface coverage.106 The third regime is denoted ñmeso-

equilibriumò, which is marked by a large decrease in the magnitude of the slope of the 

dynamic surface tension profile.104 The slow decline in surface tension during meso-

equilibrium may arise from protein continuing to adsorb to the interface, but may also 

be attributed to molecular reorientation and conformational changes in the adsorbed 

protein molecules.112 Eventually, a steady-state surface tension marking an 

equilibrium state may be reached, but this was not observed during the length of the 

experiments in this chapter. 

A quantitative analysis of the dynamic surface tension curves was achieved by 

fitting the measured curves with the Hua-Rosen equation, which was originally 

developed to describe the dynamic surface tension of an air-water interface in contact 

with surfactant solutions and has since also been applied to the air-water dynamic 

surface tension of globular protein solutions.104,112 In the equation 

 ὰέὫ ὲὰέὫz  5.3 

ɔ(t) is the apparent surface tension at time, t, ɔs is the surface tension of the clean 

interface measured at t = 0, ɔm is the surface tension at the start of meso-equilibrium, n 

is a dimensionless constant, and t*  is the time when ɔ(t) is halfway to the value of ɔm. 
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The fit was performed using the nonlinear curve fit tool in Origin 2020, and values 

and statistical confidence intervals for ɔm, n, and t*  were obtained from the fit. The 

resulting parameters can be used to define the induction time, ti as104 

 ὰέὫὸ ὰέὫὸᶻ  5.4 

and a surface tension fall rate, R1/2, as  

 Ὑ ᶻ  5.5 

The parameters ɔs, ti, t* , and ɔm are indicated in figure 5.2. Example Hua-Rosen fits to 

dynamic surface tension data for an air-water or oil-water interface in solution with 1 

mg/mL AS-IgG1 at pH 5 at room temperature, 30 °C, 40 °C, and 50 °C are shown in 

figure 5.3. 
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Figure 5.3: Examples of dynamic surface tension measurements and best fits of the 

Hua-Rosen equation. Dynamic surface tension of an air bubble (A) and 

an oil bubble (B) in solution containing 1 mg/mL AS-IgG1 at pH 5 at 

room temperature (black), 30 °C (red), 40 °C (blue), and 50 °C (orange). 

Solid lines represent Hua-Rosen fits to each curve. 




















































































































































