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ABSTRACT
Aggregation of therapeutic proteins is currently one of the major challenges in the
bio-pharmaceutical industry, because aggregates could induce immunogenic responses
and compromise the quality of the product. Current scientific efforts, both in industry and
academia, are focused on developing rational approaches to screen different drug
candidates and predict their stability under different conditions. Moreover, aggregation is
promoted in highly concentrated protein solutions, which are typically required for
subcutaneous injection. In order to gain further understanding about the mechanisms that
lead to aggregation, an approach that combined rheology, neutron scattering, and
molecular simulations was undertaken.
Two model systems were studied in this work: Bovine Serum Albumin in
surfactant-free Phosphate Buffered Saline at pH = 7.4 at concentrations from 11 mg/mL
up to ~519 mg/mL, and a monoclonal antibody in 20 mM Histidine/Histidine
Hydrochloride at pH = 6.0 with 60 mg/mL trehalose and 0.2 mg/mL polysorbate-80 at
concentrations from 53 mg/mL up to ~220 mg/mL. The antibody used here has three
mutations in the CH2 domain, which result in lower stability upon incubation at 40 oC
with respect to the wild-type protein, based on size-exclusion chromatography assays.
This temperature is below 49 oC, where unfolding of the least stable, CH2 domain occurs,
according to differential scanning calorimetry.
This dissertation focuses on identifying the role of aggregation on the viscosity of
protein solutions. The protein solutions of this work show an increase in the low shear
viscosity in the absence of surfactants, because proteins adsorb at the air/water interface
iii

forming a viscoelastic film that affects the measured rheology. Stable surfactant-laden
protein solutions behave as simple Newtonian fluids. However, the surfactant-laden
antibody solution also shows an increase in the low shear viscosity from bulk
aggregation, after prolonged incubation at 40 oC.
Small-angle neutron scattering experiments were used to characterize the
antibody aggregates responsible for this non-Newtonian response. From the neutron
scattering data, a weak barrier leading to reversible aggregation is identified. Therefore,
proteins aggregate weakly after colliding hydrodynamically, unless they find a favorable
contact with high binding energy. Two types of antibody aggregates were identified:
oligomers with average radius of gyration of ~10 nm, and fractal aggregates larger than
~ 0.1 μm formed by a reaction-limited aggregation process. A characteristic upturn in the
scattered intensity at low wavevector and a low shear viscosity increase are observed in
aggregated protein solutions. These features are removed by filtering with a 0.2 μm filter,
which also eliminates the submicron fractal aggregates. Biophysical characterization
supports the conclusions from the rheology and neutron scattering experiments.
Finally, molecular dynamics simulations were used to understand the effects of
disulfide bonds on the conformational stability of serum albumin. Changes in disulfide
bonds in the native structure could lead to partial unfolding, and the formation of
aggregates through inter-molecular disulfide bonds. Therefore, it is important to
understand the role of each disulfide bond on the structure and dynamics of the protein.
After removing disulfide bonds, changes occur in the dynamic correlations between
different residues, and the secondary and tertiary structure of albumin. However, not all
disulfide bonds affect the conformation of the protein, suggesting that other interactions
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are more relevant to keep the stability in certain regions. Removal of all disulfide bonds
using molecular dynamics is proposed as a practical prescreening tool to identify
disulfide bonds that are important for the conformational stability. As a result, some
disulfide bonds can be mutated without affecting the conformation of the protein.
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Chapter 1
INTRODUCTION TO PROTEIN AGGREGATION
1.1 Overview of therapeutic proteins and monoclonal antibodies
1.1.1 Introduction to therapeutic proteins
Biologics are medical products made from a variety of human and natural
sources, and microorganisms (1). Biologics are used to treat, prevent, cure or diagnose
medical conditions, and are produced using biotechnology (2). They differ with small
molecules and other synthetic substances in the Active Pharmaceutical Ingredient source,
identity, structure, composition, manufacturing methods and equipment, intellectual
property, formulation, handling, dosing, regulation and marketing (3).
Therapeutic proteins are a class of biologics. They were introduced to the market
when insulin was approved in 1982 to treat patients with diabetes mellitus (4).
Therapeutic proteins can be grouped into antibody-based drugs, anticoagulants, blood
factors, bone morphogenetic proteins, engineered protein scaffolds, enzymes, Fc fusion
proteins, growth factors, hormones, interferons, interleukins, and thrombolytics (5).
Nevertheless, antibody-based drugs are the fastest growing group of therapeutic proteins
(5, 6), with 40 new antibody drugs being approved as of March 2012 (7).
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1.1.2 Monoclonal antibodies
The beginning of the era of therapeutic monoclonal antibodies is considered to
have started when in 1975, Köhler and Milstein discovered that homogeneous antibodies
of nearly any desired specificity could be obtained (8-10). Nevertheless, the full
realization of antibodies as therapeutic molecules started in the last decades, when
scientists developed the ability to make libraries of antibodies, isolate single species, and
engineer them, in order to make them safe, efficacious and of high quality (6, 9, 11).
Moreover, phage display technologies were developed at Cambridge Antibody
Technology (now MedImmune).
Monoclonal antibodies (mAbs) are immunoglobulin (Ig) proteins made by a
single clone source. Ig molecules have specific and high affinity for the antigens that
elicited their synthesis. They have Y-shape conformation, and are composed of two
heavy and two light chains (12, 13). There are different types of Ig proteins, including
IgA, IgD, IgE, IgG and IgM, and they differ in their polypeptide chains, location and
concentration in the body, and function (14). IgG and IgA are also subdivided in different
classes: four subclasses for IgG (IgG1, IgG2, IgG3 and IgG4) and two subclasses for IgA
(IgA1 and IgA2). Since IgG1 was the antibody studied in this dissertation, IgG1 will be
discussed in detail. For further information on other types of immunoglobulin G, the
reader is referred to (14).
Figure 1-1 presents a scheme of an IgG1 molecule with its chains and domains.
The light chain consists of VL and CL domains, while the heavy chain is formed by VH,
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CH1, CH2 and CH3 domains. All IgG1 domains have essentially the same conformation,
consisting of two layers of antiparallel β-sheets that are linked with disulfide bonds (12).
The hinge region has a very flexible coil structure. Since the hinge region links the Fab
(antigen-binding) arms to the Fc (crystallizable) fragment, the two Fab arms are mobile
and IgG1 can adopt many shapes in solution (12, 15, 16).

Figure 1-1. Schematic representation of an IgG1 and its domains. The heavy chain
consists of VH, CH1, CH2 and CH3. The light chain consists of the VL and CL domains.
The heavy and light chains are linked by disulfide bonds (represented as S-S). Figure
reproduced from reference (17).

1.1.3 Delivery of monoclonal antibodies
The therapeutic activity of mAbs is affected by the dose and route of
administration (18). Different parenteral routes of administration have been employed for
dosing therapeutic proteins, including intravenous (IV), subcutaneous (SC), and
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intramuscular (IM) (18). IV is the only route of administration for oncology drugs, as it
introduces the drug straight into the bloodstream, and increases bioavailability. The
majority of the marketed antibodies are administered intravenously, with the advantages
of complete availability, rapid achievement of high serum concentrations, and ability to
administer high doses (18-20). Nevertheless, the SC route is preferred as it provides
greater patient convenience and self-administration (21). However, in the SC and IM
routes, adsorption of antibodies is slow, high doses are required to increase the
bioavailability, and volumes larger than ~1 mL cannot be administered (18). The
limitation in the administered volume is mostly due to the fluid piling up in the subcutaneous layer and causing a bulge associated at the site of administration (18).
Bio-therapeutics are prepared either as lyophilized or liquid formulations (22).
Liquid formulations have the advantage of not requiring any reconstitution steps, and are
suitable for proteins with sufficient solubility. Nevertheless, fast degradation rates and
low stability may occur in liquid formulations of some mAbs, and lyophilized
formulations can be used as an alternative to increase the shelf-life of the product (23,
24). A dry formulation cake is obtained after lyophilization, which consists of the
following steps: lowering the temperature below the freezing point of the solution,
removing ice through sublimation, removing unfrozen and bound water using a final
drying step (23). The lyophilized powder includes the active pharmaceutical ingredient
(API) with its buffer excipients, and is reconstituted with sterile water for injection (22).
While lyophilization is designed to enhance long-term stability, the process itself
generates multiple stresses on the protein, which could also compromise the quality and
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stability of the therapeutic protein (23). One of the most relevant factors leading to
degradation or instability in lyophilized formulations is protein adsorption at glass
solid/air interfaces (25).
The most effective delivery system for self-administration is a high concentration
drug product in a prefilled syringe (PFS) (21). Sometimes an autoinjector is required for
certain indications such as rheumatoid arthritis, as these patients cannot self-inject. Some
of the advantages of PFS are simplicity, suitable for home use, affordability, accuracy,
sterility, and safety (26). PFS are best suited for products administered via SC or IM
injection. For SC injections, high doses (in the order of mg/kg) are administered in small
volumes (up to ~ 2mL), and thus proteins need to be formulated at high concentrations.
PFS contain a thin layer (few hundreds of nm) of silicone oil to improve
lubrication between the glass barrel and stoppers (27). However, silicone oil drops could
become part of the drug product, from the oil/protein/buffer interaction during
transportation of PFS (28). These particles could accelerate the formation of protein
aggregates (29, 30).

1.1.4 Challenges in concentrated protein formulations
Since PFS syringes for SC injection require formulations at high concentrations,
several manufacturing, stability, analytical and delivery challenges also need to be
considered (20). In particular, high concentrations could lead to increases in the high
shear viscosity, aggregation and opalescence, which are undesired for SC delivery (20,
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31). The higher the viscosity, the higher the force required to inject the therapeutic drug
(see discussion in section 2.1). Aggregation and opalescence can compromise patient’s
confidence and quality of the drug product (see discussion in section 1.2).
At high protein concentrations, the volume excluded by one macromolecule to
another is substantially high, affecting the chemical potential of the species in solution.
(32). As a consequence, an increase in the free energy of the solution occurs. Some ways
to reduce the excluded volume in crowded solutions and the free energy of the system
include reversible self-association (RSA), and the formation of non-native compact
conformations (32). These alternatives could lead to undesired outcomes, such as partial
unfolding, formation of oligomers and non-native aggregates (32).
Moreover, RSA could contribute to an increase in the high shear viscosity,
causing difficulties during manufacturing and delivery of therapeutics by SC injection
(20). RSA might result from non-uniform electrostatic interactions or dipole moments on
the surface of the protein (33). The interactions leading to RSA are observed in crowded
media, and removed upon dilution. Therefore, RSA cannot be characterized with
biophysical methods that require low concentrations, such as size-exclusion
chromatography (see discussion in section 1.4).
Protein aggregation is one of the greatest challenges to produce concentrated
protein formulations for SC injection (20). A single protein molecule is considered a
“monomer”, and when two or more of these monomers are physically or chemically held
together, the formed structure is considered an aggregate. Aggregates can be as small as
dimers, trimers, or up to large visible particles (34).
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While commercial-scale purification processes typically result in monomeric
species with high purity, most therapeutic proteins will form irreversible aggregates over
time during storage, transport and delivery (35). Besides affecting the quality of the final
product during long-term storage, aggregation could trigger immunogenic responses (24,
36, 37). The next sections focus on the problem of protein aggregation, the factors that
could promote aggregation, and a brief description of some available techniques to
characterize aggregates.

1.2 The importance of studying protein aggregation
Protein aggregation is a ubiquitous problem in the production of therapeutic
proteins (34, 38): besides the probability of affecting the biological functionality of
proteins, aggregation could lead to unwanted immunogenic responses (39-41). Moreover,
the quality of the product can be compromised (42). Protein aggregates can be formed
during fill/finish manufacturing, shelf-storage, shipping and delivery of bio-therapeutics
(43).
Protein aggregation can also occur in the cellular environment, when unfolded
proteins form larger structures. While many proteins can fold in their native state without
assistance, cells have molecules called chaperones, which promote the efficient folding of
some of the newly synthesized proteins, minimizing the risk for protein aggregation (4446) . Figure 1-2 presents the scheme of the free energy landscape that proteins explore as
they move toward the native state. The native state corresponds to the global minimum of
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energy, in which physical and chemical interactions –such as charge, hydrogen bonds,
covalent bonds, etc.- keep the protein in its preferred conformation. However, because of
the ruggedness of the energy landscape, non-native conformations could be formed when
proteins partially unfold and fall in local energy minima (46). Intermolecular contacts
among proteins can also occur, resulting in aggregation and in some cases, the formation
of amyloid fibrils. These states have been associated with different diseases such as
neurodegeneration and dementia, type 2 diabetes, peripheral amyloidosis, and the major
neurodegenerative conditions (Parkinson’s disease, Huntington’s disease, amyotrophic
lateral sclerosis and Alzheimer’s disease) (46).

Figure 1-2. Free energy landscape of proteins, and competing transitions of folding and
aggregation. Figure adapted from Reference (46).
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Protein aggregation depends on the solution conditions such as temperature,
protein and salt concentration, pH, and the presence of excipients (38). The latter are
adjusted to achieve stable formulations. Protein aggregation and high viscosities are the
main challenges to produce concentrated protein solutions. In crowded environments,
chances of association increase and protein-protein interactions become more important.
One of the most common types of aggregation is non-native aggregation, which
refers to the assembly of native state proteins into aggregates with non-native structures
(42). This type of aggregation is often irreversible, with structures containing a high level
of beta-sheet structure (38, 47). Proteins interact through strong intermolecular contacts,
and therefore proteins often have some degree of unfolding or misfolding of the native
structure (35). Since they are often irreversible and do not easily dissociate in vivo, they
could trigger immunogenic responses that are absent in the monomeric form (36, 37).
Moreover, non-native structures could form subvisible particles, or aggregates in the size
range 1-100 μm (48). Subvisible particles are subject to intense regulatory scrutiny, due
to concerns around their potential safety impact and immunogenicity (49).
Additionally, depending on the interactions between monomers, protein
aggregates can be classified as physical or chemical aggregates (34). Physical aggregates
are formed by non-covalent interactions, such as charge, hydrogen bonds, hydrophobic
interactions, etc. Conversely, there are chemical degradation routes such as chemical
oxidation or deamidation, which can encourage aggregation. In order to minimize protein
aggregation, chemically modified or conformationally altered proteins must be absent in
the final product (50).
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1.3 Factors affecting protein aggregation
There are multiple factors that affect the aggregation of proteins. While the amino
acid sequence of the protein plays an important role on the aggregation propensity of the
protein, other factors such as the conditions of the formulation could promote or decrease
the aggregation propensity of a molecule. In particular, the following factors could affect
the aggregation behavior.

1.3.1 Protein Structure
The amino acid sequence of the protein dictates its behavior and functionality.
Many studies have shown that small changes in the sequence (mutations) can either
increase or decrease the aggregation and self-association propensity (51-54). Some
proteins could have more than one aggregation prone region in different domains of the
protein: for example, monoclonal antibodies can have aggregation prone regions in both
the Fc and the Fab fragments (55). A detailed sequence analysis can be performed in a
protein molecule to identify residues susceptible to clipping, oxidation, and deamidation,
which may lead to aggregation (34). Protein engineering can be used to modify those
problematic residues that are not important for the correct functionality, in order to
generate stable molecules.
Additionally, the secondary and tertiary structures of the protein determine the
distribution of amino acids on the surface and the core of the protein. In the native/folded
state, hydrophobic residues will be mostly found in the core of the protein (56), and the
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higher hydrophobicity is generally correlated with less surface area accessible by the
solvent (57, 58). However, some hydrophobic amino acids could also be accessible to the
solvent and create instabilities. Depending on the conformation of the protein, some
highly aggregation-prone regions can be found (the so-called “hot spots”) and promote
aggregation. The Surface Aggregation Propensity (SAP) scale was developed to
characterize hydrophobic hot spots on the surface of the protein: based on the protein
conformation, SAP calculates hydrophobic regions accessible to the solvent that are
prone to form strong inter-protein contacts and promote aggregation (59, 60). Moreover,
disulfide bonds can form between different proteins and promote the formation of
covalent aggregates (61, 62).
The conformational stability of proteins is dictated by its structure. Some
conditions promote changes in the secondary and tertiary structure, exposing residues that
in the native state are inaccessible by the solvent. In general, partially unfolded structures
lead to the formation of non-native aggregates, which are the most common types of
irreversible aggregates (38). These changes in conformation are usually linked to the
solution conditions that perturb the native state. Different stabilizing components can be
added to the solution to increase the stability of the native state, such as small molecule
ligands (63, 64), or non-specific stabilizing compounds such as saccharides (65, 66).
Furthermore, the charge distribution on the surface of proteins plays an important
role on the stability and viscosity of proteins (53, 67). In proteins, the electrostatic
interaction is non-uniform. The amino acid sequence and conformation of the protein
dictate the distribution of charges on the surface. Some proteins have a highly
11

asymmetric charge distribution and non-spherical shapes. As a consequence, proteins
have anisotropic interactions, and predicting electrostatic potentials between protein
monomers could be a very complex task.

1.3.2 Formulation
The buffer conditions can affect the inter- and intra-molecular interactions among
proteins. Consequently, formulating the protein at a suitable pH using a buffer, and
adding excipients can highly increase the stability of the protein (68, 69). The pH
determines the net charge of proteins, as the constitutive amino acids will dissociate
depending on the dissociation constant Ka of the corresponding side chains and backbone
groups. The amino acid charge and hydrophobicity/hydrophilicity affect both the
conformational and colloidal stability of the protein. At extreme pH conditions,
neighboring residues holding the same positive or negative charge will repel, and
depending on the interactions with the rest of amino acids, they could partially disturb the
native state of the protein and form aggregates (70, 71, 72 Randolph TW, Carpenter JF).
Additionally, the charge of each amino acid controls the net charge of the protein
molecule. For solutions with a single type of protein, increasing the net charge of the
protein leads to an electrostatic repulsion between the molecules, decreasing aggregation.
However, extreme acidic or basic conditions could also disturb the native state and lead
to unfolding (70). For some proteins, pH values far from the isoelectric point (pI, pH at
which the protein has net charge zero) are more favorable to decrease aggregation (73,
12

74), whereas other proteins are more stable at the isoelectric point (75). Nevertheless, this
behavior does not only depend on the protein. For example, insulin can be stable at its pI
(pH = 5.5) and low conditions of ionic strength, because of its pronounced charge
anisotropy (76). However, insulin can aggregate faster at the pI, if the ionic strength is
increased (76). Since proteins are sensitive to pH and can also act as buffer agents (77), it
is important to always use a buffer to control the pH. Table 1-1 presents a list of different
buffers that can be used to achieve a desired pH for the formulation. For pharmaceutical
applications, a pH range between 5 and 8 is desired, close to physiological conditions
(pH = 7.4). Moreover, the osmolality of the formulation should be close to approximately
350 mOsm units for SC injection, as changes in the cell osmotic balance could affect
protein stability, biochemical reactions and cause cell death (10, 78).
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Name

pH

pKa

Glycine - HCl

2.2-3.6

2.35

Sodium Acetate

3.6-5.6

4.76

Phosphate Buffered Saline

4.8-8.0

2.15, 7.21, 12.0

Cacodylate Buffer

5.0-7.4

6.27

Tris-HCl

5.0-8.6

8.06

Maleate

5.0-8.6

6.26

PIPES or piperazine-N,N′-bis(2-ethanesulfonic acid)

6.1-7.5

6.80

HEPES or (4-(2-hydroxyethyl)1-piperazineethanesulfonic acid )

6.8-8.2

7.55

Histidine

5.5-6.5

5.97

MES or 2-(N-morpholino)ethanesulfonic acid

5.5-6.8

6.15

MOPS or 3-(N-morpholino)propanesulfonic acid

6.5-7.9

7.20

Citrate Buffer

3.0-6.2

6.40

Søronsen Phosphate Buffer

5.8-8.0

7.20

Phosphate-Citrate Buffer

2.2-8.0

6.40, 7.20

Barbital Buffer

6.8-9.2

7.98

Glycine-NaOH Buffer

8.6-10.6

9.78

Table 1-1. Buffers that can be used to keep the protein at the desired pH. Table adapted
from References (68, 79, 80).

Moreover, different excipients are added to the buffer to increase stability. Some
of the most common excipients include sugars and surfactants. Among the most common
types of sugars, formulators use trehalose, sucrose, glucose, lactose, and raffinose, at
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concentrations up to 0.5-1.0 M depending on sugar and the presence of other excipients
(34). The primary mechanism for sugars to prevent aggregation is the preferential
exclusion from the surface of the protein, and thus proteins become preferentially
hydrated in the presence of sugars (81). The surface area of the protein increases in
partially unfolded states, leading to an unfavorable increase in the volume excluded by
the protein. Thus, sugar molecules favor the native state, which often has less solvent
accessible surface area than unfolded conformations.
Moreover, sugars are also used as cryo-preservatives (82, 83). It has been
suggested that the protective mechanism of sugars depends on the local dynamics and
free volume, although other factors such as H-bonding between and the native protein
structure during lyophilization could be important (84, 85).
Surfactants are other common excipients that generally increase the stability of
the protein. Their mechanisms could be: hindering the adsorption of proteins at
hydrophobic/hydrophilic interfaces, and binding to hydrophobic surface on the protein
(86-88). Surfactants will not necessarily bind to the surface of the protein, unless there
are hydrophobic patches in the native conformation (89).
Because of their amphiphilic nature, proteins adsorb to interfaces and can partially
unfold, exposing hydrophobic regions of the protein. If a new interface is formed, for
example by shaking or by dilating/compressing the interface, partially unfolded
molecules can go to the bulk and promote aggregation (90). Surfactants can prevent
protein adsorption and unfolding at interfaces, as they have higher surface activity than
proteins (89). Depending on the surfactant concentration, the air/water interface can be
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covered almost exclusively by the non-ionic surfactant (91, 92). Some of the most
common surfactants used to formulate therapeutic proteins include Polysorbates
(Tween® 20 and Tween® 80), and Triton X-100 (34). As with other excipients, the
stabilizing effects cannot be generalized. While surfactants prevent surface-induce
aggregation, they can also destabilize the protein and lead to oxidation (93-95).

1.3.3 External conditions
The stability of the protein also depends on the external conditions at which the
pharmaceutical product is exposed (24). One of the most important factors is temperature.
Many bio-therapeutics, particularly monoclonal antibodies, are stored and transported
between 2-8 oC. Monoclonal antibodies are typically incubated at 40 oC for accelerated
aggregation studies. This temperature also serves as a reference to compare the stability
of different proteins, or the stability of the same protein in different buffers. Temperature
is a measure of the average kinetic energy of the constituent molecules. High
temperatures increase molecular mobility and chances of collisions through Brownian
motion. Moreover, the differences in the energy barrier among the native state and nonnative conformations become smaller as temperature increases (96). Thus, unfolding and
aggregation are promoted at high temperatures. The unfolding of multi-domain proteins
such as mAbs are studied with differential scanning calorimetry (97).
Low temperatures can also promote protein aggregation (98, 99). Freezing
conditions encountered in freeze/thaw cycles have been shown to promote aggregation of
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proteins (87, 100). When water freezes, solid water crystals form and proteins can adsorb
to solid/liquid interfaces and partially change their structure. Additionally, the cooling
rate and the thermal history of the protein solution can affect aggregation (100). Slow
freezing rates can result in an increase in the concentration of proteins and excipients in
the liquid phase, which can promote aggregation (43). However, fast cooling rates have
been observed to promote the formation of more insoluble aggregates in human growth
hormone (100).
Aggregation may occur in different stages during the production of therapeutic
proteins. Figure 1-3 presents a scheme of the processes that can trigger protein
aggregation. The unit operations for the production of therapeutic proteins involve
several factors that can affect the quality of the product, such as protein adsorption to
interfaces, shear, temperature, interactions with materials from syringes, and more (101).
In Figure 1-3, DS and DP stand for drug substance and drug product respectively. DS
refers to the pure material that has a pharmacological action, while DP refers to the
finished end product to be used by patients.
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Figure 1-3. Unit operations during the production of therapeutic proteins, and factors
promoting the formation of aggregates. DS stands for drug substance. DP stands for drug
product. UF stands for ultrafiltration. DF stands for diafiltration. Figure reproduced from
Reference (43).
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1.4 Characterization of protein aggregates
Several techniques have been developed to characterize aggregates. Each
technique is sensitive to different properties of the aggregates, such as the size,
conformation, type of linkage (covalent or non-covalent) and reversibility (34, 47).
Unfortunately, a single technique is not suitable to characterize all types of aggregates. In
order to characterize the different spectrum of protein aggregates, multiple and
orthogonal techniques should be used (49, 102).
Currently, size-exclusion chromatography (SEC) is the standard quality control
method for characterizing oligomeric aggregates that do not dissociate upon dilution
(103, 104). The high sensitivity, good throughput and reproducibility are some of the
advantages of this technique. SEC relies on the separation of macromolecules based on
the hydrodynamic size in a chromatographic column (34). The SEC column acts as a
molecular sieve toward the larger aggregates, whereas the low molecular weight species
diffuse into the pores and the void space between the particles. The smaller species spend
a longer time in the pores of the column, whereas the large aggregates elute faster. The
absorbance of the eluting fractions is measured using a UV-detector and the
concentration of species can be estimated depending on the area under the absorbance vs.
elution time curve. Figure 1-4 shows a representation of a typical chromatogram. Some
of the disadvantages of SEC are: a) a dilute solution must be injected to avoid column
clogging, b) only small aggregates (oligomers) that do not dissociate upon dilution can be
detected, c) it could provide inaccurate information about the aggregates when used as
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the only characterization method (102), d) the elution time correlates with size, but does
not provide molecular weight information.

Figure 1-4. Size-exclusion chromatography for a monoclonal antibody. A. Typical
chromatogram for an unstressed and aggregated protein after thermal incubation.
B. Magnification of the chromatogram in A. showing the aggregate peaks. Figure
reproduced from reference (105).

Light scattering can provide molecular weight information and the hydrodynamic
size of the aggregates. The incident light produces electric and magnetic fields at every
point along the beam. The electric field causes the electrons to oscillate, resulting in a
dipole moment that emits electromagnetic waves in all directions. The intensity of the
wave scattered by a molecule is proportional to the mean-square average of the field and
is related to the intensity of the incident light (106). In static light scattering (SLS), the
excess time-averaged intensity of the scattered light is measured by a detector at various
angles. The time-averaged intensity depends on the molecular weight, concentration,
shape, second virial coefficient of the particles, wavelength of light and scattered angle.
When data are collected at multiple angles, SLS is commonly referred to as multi-angle
laser light scattering (MALLS). The main disadvantage of SLS is that it provides little
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information about aggregation by itself, because the intensity recorded is a weightaverage quantity from all the species in solution. Moreover, higher background scattering
could interfere with the measurement and the sample must be free of dust and nonproteinaceous particles (34).
In dynamic light scattering (DLS), also known as quasi-elastic light scattering
(QELS), the fluctuations in the intensity of the scattered light are monitored as a function
of time. The fluctuations in the scattered intensity contain information about the
dynamics of the molecules. If I (q, ) is the instantaneous scattering intensity at time 
and wavevector of magnitude q, the autocorrelation function considers the memory of the
instantaneous intensity I (q, t ) at time t that still remains after an elapsed time  (106,
107):
T

1
I (q, t ) I (q, t   )dt .
T  T 
0

I (q, 0) I (q, )  lim

(1-1)

The autocorrelation function can have a single or multiple relaxation modes
depending on the aggregate content. Each mode i will have a decay time  i , which
correlates with the diffusion coefficient of the molecule D. For dilute solutions, the
diffusion coefficient correlates with the hydrodynamic size of the protein according to the
Stokes-Einstein-Sutherland equation (108, 109):

Rh 
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,

(1-2)

where Rh is the hydrodynamic radius, k B is Boltzmann’s constant, T is the absolute
temperature, and  S is the solvent viscosity. DLS also allows the determination of the KD
parameter, which correlates with the protein-protein interactions in dilute solution (110,
111). DLS has similar disadvantages as SLS, including interference from impurities, and
large particles affecting the size distribution analysis. Additionally, DLS does not resolve
differences between species of similar size, such as monomer and dimers or trimers (34,
112).
To study aggregates in the size range 1-100 μm, microscopy techniques can be
used. A recently developed technique called micro-flow imaging (MFI) has become an
automated detection method of micron-size particles in flow mode (113, 114). A protein
solution flows through a small capillary tube with an optical microscope objective on the
side. Then, a camera coupled to the instrument takes several pictures of the flowing
sample. These images are processed in a computer program, which determines the size
and concentration of the protein aggregates. Figure 1-5 presents a sketch of the
configuration of the MFI instrument. The distribution of aggregates is reported in a
histogram of the particle concentration, number of particles per unit volume, in function
of equivalent circular diameter (ECD). ECD is the diameter of the sphere with the same
area as the particle in the 2D plane. MFI has a robust algorithm in order to distinguish
protein aggregates from bubbles and oil drops from syringes. Some of the disadvantages
of MFI are those of any optical microscopy technique, including its limitation to detect
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particles smaller than 1 μm. Moreover, it often requires 0.6-1.0 mL of sample, which
could be a significant volume for bio-therapeutics during pre-clinical development.

Figure 1-5. Micro-flow imaging instrument configuration. Figure reproduced from
Reference (113).

Other techniques that have become very common to characterize aggregates
include the combination of SEC with SLS in SEC-MALLS (115-117), ultra-centrifugal
filtration or AUC (118-124), flow field fractionation or FFF (112, 125), composition
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gradient multi-angle light scattering or CG-MALS (126-128), nanoparticle tracking
analysis or NTA (129, 130), and resonant mass measurement or Archimedes (131, 132).
A more complete list of characterization techniques, and emerging technologies can be
found in reference (133). To detect non-native aggregation and changes in conformation,
circular dichroism (CD) and other spectroscopy techniques can be used (134-136).
Characterization techniques such as light scattering, CG-MALS and sedimentation
equilibrium are suitable to study reversible self-association (137-140).

1.5 Dissertation outline
This dissertation is divided in seven chapters.

The first chapter presents an

introduction about protein aggregation, the factors that could affect aggregation and an
overview of the techniques that can be used to characterize aggregates. The second
chapter consists of a review on the rheology of protein solutions, the application of
neutron scattering to proteins in solution, and an overview of modeling and simulations
approaches to study protein aggregation.
Chapter 3 presents a study on the bulk and interfacial rheology of surfactant-free
bovine serum albumin and a surfactant-laden monoclonal antibody solution that
aggregates at 40 oC. This work shows that protein adsorption at the air/water interface
and protein aggregation in the bulk can lead to shear yielding and thus an increase in the
low shear viscosity. Chapter 4 presents a rheology study on the same antibody solution
studied in the previous chapter, but without surfactant in its formulation buffer, in order
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to investigate the effect of aggregation on both the interfacial and bulk viscosity.
Moreover, this chapter describes different approaches to estimate the yield stress and its
limitations. Some of the techniques used include steady shear, oscillatory shear, start-up
and cessation of shear.
Chapter 5 describes the use of small-angle neutron scattering (SANS) to study the
aggregated structure of a monoclonal antibody solution, and the interactions leading to
the formation of aggregates. SANS experiments were performed on the stable and
aggregated states of the antibody solution studied in Chapter 3. The structure responsible
for yielding and the non-Newtonian rheology were identified using SANS.
Chapter 6 is a computational study of human serum albumin (HSA) and the
contribution of its 17 disulfide bonds to the conformational stability of HSA. This chapter
describes changes in the structure and dynamics of HSA after removing all its disulfide
bonds. Moreover, the conformational changes leading to the formation of intermolecular
disulfide bonds were identified, by studying the dynamics of the native HSA structure.
The last chapter describes the conclusions of this dissertation, and proposed
directions for future work in the three main areas of study: rheology, neutron scattering
and simulations. Seven appendices are included, which describe further details from the
techniques and analysis of Chapter 3 through 6. Appendices E and F describe the low
shear 30 Contraves rheometer, which is very sensitive to measure small yield stresses.
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Chapter 2
BACKGROUND ON RHEOLOGY, NEUTRON SCATTERING AND
MOLECULAR SIMULATIONS IN PROTEIN SOLUTIONS
2.1 Rheology of protein solutions
2.1.1 Concentration dependence of the high shear viscosity
The high shear viscosity of protein solutions depends strongly on protein
concentration. In particular, some monoclonal antibodies could show increases in the
high shear viscosity as high as 60 mPa s or more at concentrations above 200 mg/mL (20,
67). High viscosities are not desired in concentrated therapeutic proteins that have to be
administered subcutaneously, because a higher force is required to inject the solution.
The force F required to pass the protein solution through a syringe can be calculated
using the Hagen-Poiseuille’s equation as follows (141):

F

2
8QlRsyringe
2
Rneedle

  Ffriction (Q) ,

(2-1)

where Q is the volumetric flow rate, l is the length of the needle, Rsyringe is the radius of
the syringe, Rneedle is the radius of the needle,  is the viscosity and Ffriction is the friction
force. The friction force also depends on the flow rate and syringe factors, such as the
contact area between the stopper and the syringe barrel, the thickness and viscosity of the
lubricant layer (silicone oil). Most variables affecting the force depend on the syringe and
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its design, whereas the viscosity is the only variable that depends on the therapeutic
product and its formulation.
To the author’s knowledge, there are currently no models to predict the high shear
viscosity of protein solutions. While new approaches are being developed to estimate the
viscosity of proteins, and particularly for monoclonal antibodies (142), the majority of
models that have been used rely on expressions for the viscosity of colloidal particles
(143-149). However, these models generally fail at high protein concentrations and broad
ranges of pH and ionic strength (148, 150-153), as the non-spherical shape and
anisotropic interactions of the molecules become important.
For dilute colloidal dispersions, the dependence of viscosity with concentration is
linear according to the Einstein relation (154). For concentrated suspensions, a more
accurate expression to describe the viscosity of colloidal particles is the KriegerDougherty equation (155):

 
r  1  
 m 

 m

(2-2)

where  r is the relative viscosity,  is the volume fraction, m is the maximum packing
volume fraction, and   is the intrinsic viscosity. This model has been applied to
globular proteins such as BSA (149, 152, 156) and cytochrome c (146) at specific
conditions of pH, ionic strength and protein concentration. Another colloidal model that
has been used for proteins is the equation by Russel, Saville and Schowalter (157):
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r  1  2.5  s 2  O  3  ,

(2-3)

where s is dictated by the hydrodynamic contributions and interaction potential. s is
equivalent to 6.2 for hard spheres, and it increases for charged spheres.
Ross and Minton proposed a model for the viscosity of hemoglobin solutions
(143). The relative viscosity is estimated as:


[ ]c

1-(k/ )[ ]c 


r =exp 

(2-4)

where c is the weight concentration,  is a parameter greater than 2.5 for non-spherical
particles, and k is a crowding factor that lies between 1.35 and 1.91 for hard-spheres
(158). This model was derived from expressions describing the viscosity of hard
particles. The value k /  is obtained by fitting the experimental data to Equation (2-4).
The model accurately describes the concentration dependence of hemoglobin solutions at
pH 7.0, at 37 oC, up to concentrations of 50 mg/mL (143).
Most of these viscosity models require the calculation of volume fractions, where
surface hydration and knowledge of the partial specific volume of the protein must be
considered (159, 160). Hydration is important for the stabilization of the protein structure
and its dynamics (161-163). For proteins, especially non-globular proteins, assuming
spherical shapes gives incorrect estimates of the volume fraction. Since protein
concentration is generally reported as mg/mL, a correct estimate of the volume fraction
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and partial specific volume are required when testing the applicability of these models to
protein solutions (152).
While the high shear viscosity is an important parameter that depends on the
structure and interactions among particles, colloids generally behave as non-Newtonian
fluids (164). Therefore, complex fluids such as colloids, synthetic polymers and protein
solutions are not expected to always behave as simple Newtonian fluids and the viscosity
should be measured at different shear rates or frequencies.
Bio-pharmaceutical companies are currently interested in models that can predict
the high shear viscosity (20), but this has proved to be challenging for monoclonal
antibodies as even small differences in sequence could lead to very different viscosities
(104, 165). Figure 2-1 shows the dependence of the high shear viscosity with
concentration for two different monoclonal antibodies and some of their mutants. It has
been proposed that weak intermolecular protein-protein interactions and the formation of
weak self-associated protein clusters are responsible for the increase in viscosity at high
concentration (166, 167). However, the most relevant variables and correlations needed
to predict the high shear viscosity of antibody solutions have not been established.
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Figure 2-1. High shear viscosity of different monoclonal antibody solutions as a function
of concentration. Figure reproduced from Reference (53).

2.1.2 Protein adsorption and interfacial rheology
Proteins are amphiphilic molecules with high surface activity and adsorb to
interfaces. The adsorption process is of great importance in biological systems, and it is
the first step in the acute response to biomaterials (168). While there are different theories
about protein adsorption (169, 170), it is believed that the adsorption process starts with
the hydration of the adsorbent surface forming a thin interface. Proteins rapidly diffuse
and fill the interface to its maximum capacity within milliseconds, forming a 3Dinterphase. A decrease in volume occurs as protein or water molecules are expulsed from
the interphase. This process occurs within minutes and hours (170, 171).
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Protein adsorption at interfaces does not necessarily stop at the monolayer (170,
172, 173). Moreover, adsorbed proteins can also partially unfold promoting aggregation
(174). The adsorbed molecules could be exchanged with proteins in the bulk and lead to
aggregation when the interface is disturbed (89). Protein adsorption at interfaces is
generally reduced by the addition of non-ionic surfactant molecules (175-177), which
compete with the protein to cover the interface (86).
Proteins form films with viscoelastic properties at the air/water interface (178181). Interfacial rheology at the air/water interface can provide important information
about interactions and structure at the interfacial layer. Several fixtures have been
developed to measure the rheological properties of interfaces (182), including the biconical disk and the Du Noüy Ring (180, 183, 184). The double-wall ring (185) is
becoming one of the most used techniques to study the shear rheology of interfaces (149,
151, 181, 186, 187), due to its sensitivity to measure low shear interfacial viscosities. It is
a versatile instrument and easy to implement.
The interfacial properties of protein solutions are affected by surface active
molecules, such as surfactants. Surfactant/protein mixtures can show smaller or
negligible surface elasticity than pure protein solutions, as surfactants can hinder the
adsorption of proteins at the air/water interface. Figure 2-2 depicts oscillatory shear
experiments in β-lactoglobulin solutions with and without surfactants. A competition
between the proteins and the low molecular weight surfactants changes the interfacial
shear rheology. As the concentration of surfactant increases, a decrease in the elasticity of
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the interface is observed, until reaching a Newtonian interfacial viscosity independent of
time (181).

Figure 2-2. Surface shear viscosity for 10-6 M  -lactoglobulin solutions: (♦) no tween,
(▲) 10-6 Tween 20, (X) 10-5 Tween 20, (*) 10-4 Tween 20. Figure reproduced from
reference (188).

2.1.3 Apparent yield stress
When surfactant-free protein solutions are studied using steady shear rheology, a
characteristic yielding behavior is observed. This shear yielding response leads to low
shear viscosities that are several orders of magnitude higher than the corresponding high
shear rate viscosity. In the past decades, many researchers have been interested in this
yielding behavior of protein solutions (145, 149, 156, 189, 190). Yielding was observed
even at dilute concentrations. To explain these results, some researchers suggested that
proteins form structures similar to colloidal crystals (144, 145, 191), which form when
colloidal particles are ordered in a structural array due to strong repulsive forces.
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However, there is not enough evidence from scattering that proteins formed this kind of
structure (144, 190).
A more recent study suggested that the yield stress in dilute protein solutions is
only an artifact present in rheometers with an air/water interface (149, 181). Figure 2-3
shows the measured shear viscosity of bovine serum albumin (BSA) using a slit
rheometer, the double-gap (DG) and cone-plate (CP) fixtures. The slit rheometer (VROC)
does not have an air/water interface, and shows a Newtonian behavior at the measured
shear rates. The other two rheometers, DG and CP, have an air/water interface and show
shear yielding. Moreover, these researchers used interfacial rheology to prove that a film
with viscoelastic properties formed at the air/water interface. They concluded that the
interfacial viscoelasticity contributes to the apparent yielding observed in bulk
measurements. As a consequence, viscosities measured in “bulk” rheometers with an
air/water interface have an interfacial artifact. The apparent yield stress depends on the
interfacial viscosity, and geometrical parameters (149, 186). This explains the differences
observed in the low shear viscosities of Figure 2-3 for various geometries, since their CP
rheometer has more interfacial effects than their DG fixture. Note that depending on the
dimensions of the fixture, the CP could have interfacial artifacts even at shear rates as
high as 1000 s-1.
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Figure 2-3. Shear viscosity of BSA solutions using the double-gap (DG) and the
capillary microfluidic rheometer (VROC). The inset shows the comparison between the
cone-plate rheometer and the DG. Figure reproduced from reference (149).

Further evidence of interfacial contributions in the apparent viscosity was
observed after adding small amounts of non-ionic surfactant (181). Figure 2-4 shows the
viscosity of BSA with and without Tween 80 (non-ionic surfactant) at various small
concentrations of surfactant. These low concentrations of surfactants prevent the
formation of the protein viscoelastic film at the air/water interface, and the resulting
viscosity was Newtonian over a broad range of shear rates.
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Figure 2-4. Apparent bulk shear viscosity of Bovine Serum Albumin solutions at varied
concentrations of surfactant using the double-gap. The dashed line shows the minimum
viscosity that can be reliably measured in the instrument. Figure reproduced from
reference (181).

In conclusion, protein adsorption at the air/water interface is one of the major
factors contributing to an apparent yield stress. Therefore, all rheological studies with
protein solutions should account for the effects of interfaces when measuring bulk
rheology in rheometers with an air/water interface. The apparent yielding can be
eliminated by adding surfactants, resulting in a Newtonian interface and minimal effects
to bulk viscosities (149, 181). In protein/surfactant mixtures, the shear viscosity decreases
significantly even at surfactant concentrations as small as 10-5 M (about 10-3 %w), as the
surface is typically covered by surfactant molecules (192).
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2.2 Small-angle neutron scattering in protein solutions
2.2.1 Overview of neutron scattering
Small-angle neutron scattering (SANS) has proven to be a very useful technique
to study the structure and interactions in protein solutions (193, 194). The technique
works as any other scattering technique, but a neutron source is used instead. Neutrons
are scattered from the sample and detected at different scattering angles. A 2D profile is
produced at the detector, which is radially averaged to generate a 1D plot of the scattered
intensity I(q) as a function of wavevector q, where q  4 sin( ) /  and 2 is the
scattering angle. SANS probes length scales in the order of a few nanometers to microns
(195). Figure 2-5 shows a schematics of the SANS instrument.
Neutrons interact with the nuclei depending on the scattering length, which
corresponds to the amplitude of the wave described by each atom. On the contrary, the
scattering length in X-rays depends on the interaction with electrons. For example,
solutions of H2O and D2O will show a very different response in SANS, whereas no
difference is observed in small-angle X-ray scattering (SAXS). Because of the different
scattering length between isotopes, contrast matching techniques can be used in SANS
(196). In contrast matching, different percentages of H2O and D2O can be used to obtain
a zero difference in scattering length between the solvent and certain components of the
sample. Table 2-1 shows the X-ray and neutron scattering length of some of the most
common elements in biologics. While SAXS can also be used to study protein solutions,
it could induce radiation damage in proteins (197, 198).
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Neutrons have the disadvantage that they can only be accessed at a few facilities
around the world, and a proposal is required to perform measurements with neutrons.
Some of the biggest facilities that accept proposals for measurements with neutrons are
the National Institute for Standards and Technology (Gaithersburg, MD), Oak Ridge
National Lab (Oak Ridge, TN), and the Institut Laue-Langevin (Grenoble, France).

Figure 2-5. Small-angle neutron scattering. A. Schematic of the SANS experiment and
the data acquired by the detector. B. Representation of a 15 m SANS instrument at the
NIST Center for Neutron Research. Figures adapted from reference (195).
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Atom
Atomic mass
Number of electrons

H
D
C
N
O
P
1
2
12
14
16
30
1
1
6
7
8
15
12
f X , 10
cm
0.282 0.282 1.69 1.97 2.16 3.23
12
f N , 10
cm
-0.374 0.667 0.665 0.94 0.58 0.51
Table 2-1. Scattering lengths for different atoms in X-ray and neutron
reproduced from reference (193).

The differential cross-section per unit volume

d  S (q)
d

S
Au
32 197
16
79
4.51 22.3
0.28 0.76
scattering. Table

, also known as scattered

intensity I (q) , can be estimated as follows (199):

I (q) 

where

NP

d  S (q)
d

 N P    VP2 P(q)S '(q) ,
2

(2-5)

is the number of proteins per unit volume,   sol   P is the contrast or the

difference between the scattering length of the solvent

 sol

and that of the protein

P ,

P(q) is the particle form factor, and S '(q) is the averaged interparticle structure factor.

The first three terms in equation (2-5) are constants that depend on the protein, the buffer,
and the concentration of protein, whereas P(q) and S '(q) depend on the wavevector q,
and thus the length scale. In dilute solutions, the structure factor is equivalent to 1, since
intermolecular interactions are negligible when molecules are far from each other. In this
case, the scattered intensity depends only on P(q) .
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2.2.2 Form factor: protein conformation
The form factor P(q) contains information about the distribution of atoms within the
molecule, and therefore depends on the protein conformation. The form factor is
proportional to the scattering amplitude F (q) as follows:

P( q )  F ( q )

2

,

(2-6)

where F (q)   exp(iq.r )dr and r is the real space distance. This expression indicates
that the form factor of the entire ensemble is a continuous isotropic function proportional
to the scattering from a single particle averaged over all orientations. Figure 2-6 shows
the form factor for different geometrical shapes. P(q) can be expressed in the real space
using the distance distribution function p(r ) , which is computed using an inverse
transformation:


p(r ) 

r2
sin qr
q 2 P(q)
dq .
2 
2 0
qr

(2-7)

Different approaches have been used to model the form factor of the protein. For
some globular proteins, a geometrical shape can be used to approximate the shape of the
molecule, such as spheres, prolate and oblate ellipsoids (199-202).
A more accurate approach involves the use of the crystal structure, which contains
rich information about the conformation of the molecule. Computational algorithms have
been developed to calculate the predicted scattering profile from crystallographic
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structures in vacuum, and compare it to experimental data. Some of these algorithms are
Crysol (203) and Cryson (162) for neutrons and x-ray scattering respectively. The
algorithm considers the hydration shell surrounding the surface of the protein when
comparing the experimental data with the theoretical form factor. The reason is that the
hydration shell around the protein has different properties than bulk water, such as
density and scattering length (162, 204, 205). Cryson estimates the volume of the protein
including the water shell and its contrast, defined as the difference in the scattering length
between the water shell and bulk water.
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Figure 2-6. Scattering intensities and distance distribution functions for bodies with
different geometrical shapes. Figure reproduced from reference (193).

The agreement between the model and the experimental data can be estimated using
the

 2 parameter, defined as (162, 203, 206):
1 N  Pmod el (q)  Pexp (q) 
 

 ,
N  1 j 1 
 (q)

2

2
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(2-8)

where N is the number of data points,

Pmod el (q) is the form factor predicted for the crystal

structure, Pexp (q) and  (q) are the experimental form factor and standard deviation
respectively. The smaller the value of the

 2 parameter, the better the model fitting is.

A recently developed program called SASSIE (207) can be used to construct several
biomolecular structures from the same crystallographic structure. These structures are
generated by changing backbone dihedral angles, and those that have a scattering profile
consistent with the experimental data are selected. The backbone dihedral angles are
varied within the energy constraint requirements, and avoiding steric overlap. Full energy
minimization of the generated structure is performed using the molecular dynamics
software CHARMM (208); alternatively, only the dihedral energy potential can be
minimized. The scattering profiles of the resulting configurations are evaluated and
compared with the experimental scattering profile.
Changes in the solution conditions, such as pH and excipients, could lead to changes
in the scattering profile. Depending on the conformation of the protein and its flexibility,
many crystallographic structures might be required to describe the experimental form
factor (209, 210). A set of structures can be generated by different techniques such as: abinitio calculations, atomistic simulations, SASSIE, collecting different crystallographic
structures for the same protein, etc.
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2.2.3 Structure factor: intermolecular protein interactions
In concentrated protein solutions, intermolecular interactions become important.
The structure factor becomes less than 1 when repulsive interactions dominate, and
greater than 1 for attractive interaction. The structure factor is the Fourier transform of
the radial distribution function g (r ) , also known as the pair-correlation, of the molecules
in solution:


 g (r )  1
0

S (q)  1  4 N P 

sin qr 2
r dr .
qr

(2-9)

Similar to the high shear viscosity, models used for colloidal particles are adapted
to the structure factor of protein solutions. This is mostly because of the complexity of
calculating structure factors for molecules with anisotropic potentials. The structure
factor can be calculated from the interaction potential, by using the Ornstein-Zernike
equation (211):
h(r )  g (r )  1  c(r )  N P  h  r  x  c( x)dx ,

(2-10)

where h(r ) is the total correlation function, and c(r ) is the direct correlation function. In
order to solve equation (2-10), an additional expression that correlates c(r ) with g (r ) is
required. This expression is called a closure relation, and includes the intermolecular
potential between a pair of particles. The most common closure relations are the meanspherical approximation, the hypernetted chain, and the Percus-Yevick approximation
(212-215).
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The two-Yukawa potential (216, 217) is one of the interaction potentials that have
been considerably used for protein solutions, especially lysozyme (201, 218-220).
Nevertheless, these colloidal models fail at various pH conditions, particularly far from
the pI, when conformational changes play an important role on protein interactions (152,
153, 221). The two-Yukawa potential consists of the hard-sphere repulsion, combined
with the repulsive potential of macro-ions in solution (222) and an attractive potential as
follows:
,
U ( x) 


kBT 
 K1 exp   Z1 ( x  1) / x  K 2 exp   Z 2 ( x  1)  / x,

0  x 1
x  1.

(2-11)

K i and Z i denote the strength and the range of the attractive (i = 1) and repulsive

(i = 2) interactions respectively, x  r /  is the dimensionless distance, and σ is the
effective diameter. The two-Yukawa potential has been solved using the mean spherical
approximation, and the hypernetted chain model (223). The code that calculates the
structure factor for a two-Yukawa potential can be accessed from the NCNR Analysis
package implemented in Igor Pro (224), or in Matlab by contacting the authors of
reference (216).
For anisotropic molecules such as proteins, the experimental structure factor

S '(q) is different from the structure factor S (q) calculated from an interaction potential.
Some of the approaches that can be used to calculate the experimental structure factor are
(225): the average structure factor approximation, which uses an effective sphere
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diameter that has the same second virial coefficient as the anisotropic system; and the
decoupling approximation (226, 227). Using the latter approach, the structure factor can
be estimated as:
 F (q) 2
S '(q)  1  
 F (q) 2



  S (q)  1 .



(2-12)

In order to solve equation (2-12), an analytical or numerical expression for the
shape of the molecule is needed. While the molecule might be anisotropic, molecules will
be randomly oriented in solution and the resultant scattering profile will be isotropic,
unless an external field (e.g. flow, magnetic) causes the particles to orient in a certain
direction.

2.3 Molecular simulations in protein solutions
2.3.1 Atomistic molecular dynamics simulations
Atomistic molecular dynamic (MD) simulations are widely used to study time
evolution of conformations, kinetic and thermodynamic information of biological
systems (228). MD simulations not only provide further insight about protein
conformation, but are also useful for protein engineering purposes, functionality, small
molecule binding, and protein interactions (229). Some examples of atomistic MD
simulations include studies of the dynamics that influences the functionality of RNA
polymerase (230), the interaction between BSA and a small charge transfer molecule and
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the stability of this complex (231), and coulomb correlations and interactions in globular
proteins (232).
MD simulations can be used to sample the configurational space, obtain a
description of systems in equilibrium, and study dynamics (229). MD simulations solve
Newton’s equation of motion to obtain coordinates and momenta of the atoms.
Timescales from femtoseconds up to milliseconds can be obtained using MD simulations
(233), depending on several factors such as the size of the protein, the force field and the
computational resources. While some of the first simulations were performed for less
than 10 ps in length (229), computational resources are rapidly growing. Therefore, the
upper limits for the calculations and the size of the system will continue to increase, as
new processors and force fields are being developed.
For macromolecules such as proteins, exact ab-initio calculations are still
computationally expensive, and they are limited to structure prediction of small proteins
or localized regions of the structure (55, 234, 235). On the contrary, atomistic MD
simulations rely on empirical force fields to calculate the energy between the different
atoms. Each atom is considered to be a point mass, which is justified in terms of the
Born-Oppenheimer approximation (236). Force fields have been developed for proteins,
and they offer a trade-off between accuracy, low cost and ease of parameterization (237).
The energy E in a typical force field can be expressed as (238):

E  Ebonds  Eangles  Edihedrals  Enonbonded  Eother ,
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(2-13)

where the terms for bond, angles and dihedrals correspond to bonded interactions. The
non-bonded interaction term includes the energy for coulomb and dispersion forces. The
last term in Equation (2-13) includes other force field specific terms.
Some of the most common expressions for all-atom models include OPLS-AA
(239, 240), GROMOS (241, 242), CHARMM (243, 244), and AMBER (245-247) force
fields. The parameters are generally obtained from experimental data, or using ab-initio
calculations (248). When deciding the force field to be used, it is important to determine
if the force field is appropriate for the problem under study, and that the results are not
influenced by the force field.
Very robust software has been developed to study biological systems in-silico.
Some of the most common molecular simulation programs include the Assisted Model
Building with Energy Refinement or AMBER (249), Chemistry at Harvard Molecular
Mechanics or CHARMM (208, 250), and Gröningen Machine for Molecular Simulations
or GROMACS (251, 252). Most force fields used for proteins are implemented in all of
these programs, but again, the user must be careful about the transferability of force fields
developed in different packages.

2.3.2 Coarse-grained models
While atomistic simulations provide very detailed information about the
conformation of the protein, they become very expensive to study protein aggregation, in
particular for large molecules such as immunoglobulin G. Mesoscale simulations can be
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utilized as an alternative approach to study the aggregation of protein solutions, and other
phenomena that occurs at time scales not yet feasible with atomistic simulations (253).
Coarse-grained (mesoscale) models do not include all-atom details, and offer a
compromise between the size of the system and details of the model (degrees of
freedom). Most mesoscale models have the disadvantage of neglecting structural
information, and missing some non-covalent interactions such as hydrogen bonds (254).
Several approaches exist to develop coarse-grained models, including top-down,
network-based, native-centric, knowledge-based, and bottom-up strategies (255, 256).
Several bottom-up approaches use the iterative Boltzamnn inversion method to map
several atoms together, in order to develop an effective potential that reproduces the
atomistic system (257). Some of the coarse-grained molecular force fields to study
proteins include: MARTINI, Elastic Network Model (ENM), and Dissipative Particle
Dynamics (DPD). These models can also be combined, such as in the approach
ELNEDIN (258)-(259). Nevertheless, the transferability to different environments should
always be revised. Most coarse-grained models are validated with atomistic simulations,
or experimental data.
The MARTINI force field (260, 261) is a residue-based coarse-grained model.
This force field has shown to reproduce fundamental and structural thermodynamic
properties, by using a systematic parameterization of residues based on partitioning free
energies between polar and apolar phases of a large number of compounds. In MARTINI,
the atoms of a residue are grouped in virtual beads (see Figure 2-7) that interact through
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an effective potential. The method also includes parameterization of non-covalent
interactions based on thermodynamic data. Its advantages include a simulation that is in
average three to four times faster than atomistic models (254, 261), residue level detail,
explicit solvent, and the transferability to many , but not all, protein systems (254, 262).

Figure 2-7. Mapping of residues in the MARTINI coarse-graining approach. Figure
reproduced from reference (261).

In the ENM, the protein is viewed as a network connected by elastic springs that
obey a harmonic potential, with the residues or building blocks being the junction points
(263-265). The size of the network is characterized by the cutoff distance, whereas the
spring constant is proportional to the rigidity of the molecule. The application of the
ENM to proteins was proved in studies that reproduced the global dynamics of the
proteins using the harmonic potential (266, 267). ENM allows a quick but robust
calculation of the global motions of the molecule, as it provides a simple representation
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of the energy function of the system. While the model accounts for intra-molecular
interactions, it has the disadvantage of imposing restrains to the dynamics and flexibility
of the protein. Thus, it is mostly useful for proteins in its native state.
DPD was developed in 1992 by Hoogerbrugge and Koelman (268) to describe the
dynamics of complex fluids, in time and length scales between the atomistic and
macroscopic techniques (269). In DPD, beads are governed by Newton’s equations of
motion, and they interact through a soft repulsive potential. The force acting on each bead
contains three pairwise additive parts: a conservative force FC, a dissipative or drag force
FD and a random force FR. Since the linear and angular momenta are conserved and all
interactions are pairwise additive (268), hydrodynamics are preserved in DPD. The
theoretical bases for this model can be found in references (269-271). Figure 2-8 shows
some examples of DPD simulations. DPD has been mostly used for polymers (272-274)
and colloids (275-278), but its applications to biological systems are growing (279-282).

Figure 2-8. Previous studies on proteins with DPD. A. Adsorption of proteins on
hydrophobic surfaces, adapted from reference (279); B. Tilting of a protein embedded in
lipid bilayers, adapted from reference (281); and C. Self-assembly of lipids and short
nanotubes in solution, adapted from reference (282).
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2.3.3 Computational approaches to study protein aggregation
In chapter 1, an overview of protein aggregation was presented, including the
factors that could affect aggregation, and some of the most common techniques to
characterize aggregates. It is clear that a further understanding of protein aggregation is
required and computational approaches have been developed to study this behavior.
Simulations at the atomistic and coarse-grained level have been performed to
study aggregation of proteins (54, 104, 283-291). Atomistic models are ideal for studying
details of the monomers or forming units of aggregates. Changes in conformation can
expose aggregation prone regions (APRs) that cannot be identified from the crystal
structure alone (59). Furthermore, simulations can show the flexibility and dynamics of
the protein, a property that is important on aggregation and the formation of non-native
structures. The main challenges with atomistic models are the time and length scales,
which fall short for a system with many proteins that evolves in time scales of the order
of nanoseconds up to hours or more. Moreover, it is well known that proteins have a
higher tendency to aggregate at high concentrations than in dilute solutions. With the
current computational limitations, atomistic models cannot directly explain the
aggregation of high molecular weight protein solutions in crowded environments.
Coarse-grained models can provide complementing information regarding the
formation of transient species to larger aggregates (292). These models generally set a
parameter that controls the aggregation propensity of the molecule, which could be
comparable to mutations in the sequence, or changes in the solvent conditions (253). For
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example, a coarse-grained model was used to generate different types of aggregates by
tuning the shape of the interacting regions; the results showed good agreement with
experimental data (286). Coarse-grained models have also been proposed to study specifc
interactions between antibodies, which could lead to the formation of self-associated
species (104).
In addition to simulations, in-silico algorithms have been developed to predict
APRs in proteins. Some examples of these models include: TANGO, Zyggregator,
PAGE, 3DProfile, SALSA, Aggrescan, PASTA and more (293-297). These approaches
are based on sequence, homology modeling using crystallographic structures with high
resolution, and position-specific scoring matrices. They cannot only predict APRs, but
also propose modifications to decrease the aggregation propensity (297). These
algorithms find regions that have characteristic features of aggregated structures, such as
beta-strand structures, short sequences that are known to aggregate, low charge, and
hydrophobic regions (298). For example, the spatial aggregate propensity method or SAP
looks for hydrophobic regions accessible to the solvent, using a 3D structure (60, 299).
Nevertheless, these methods still lack the ability to predict aggregation as a function of
the solvent conditions, protein concentration, and external factors (133, 300).
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Chapter 3
CONTRIBUTIONS FROM INTERFACIAL PROTEIN ADSORPTION AND
AGGREGATION TO THE VISCOSITY OF PROTEIN SOLUTIONS
Castellanos, M. M., J. A. Pathak, and R. H. Colby. 2014. Soft Matter 10:122-131
Adapted with permission of The Royal Society of Chemistry. Copyright 2014.

A combination of sensitive rotational rheometry and surface rheometry with a
double-wall ring were used to identify the origins of the viscosity increase at low shear
rates in protein solutions. The rheology of two high molecular weight proteins is
discussed: Bovine Serum Albumin (BSA) in a Phosphate Buffered Saline solution and an
IgG1 monoclonal antibody (mAb) in a formulation buffer containing small quantities of a
non-ionic surfactant. For surfactant-free BSA solutions, the interfacial viscosity
dominates the low shear viscosity measured in rotational rheometers, while the
surfactant-laden mAb solution has an interfacial viscosity that is small compared to that
from aggregation in the bulk. A viscoelastic film forms at the air/water interface in the
absence of surfactant, contributing to an apparent yield stress (thus a low shear viscosity
increase) in conventional bulk rheology measurements. Addition of surfactant eliminates
the interfacial yield stress. Evidence of a bulk yield stress arising from protein
aggregation is presented, and correlated with results from standard characterization
techniques used in the bio-pharmaceutical industry. The protein film at the air/water
interface and bulk aggregates both lead to an apparent viscosity increase and their
contributions are quantified using a dimensionless ratio of the interfacial and total yield
stress. While steady shear viscosities at shear rates below ~1 s-1 contain rich information
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about the stability of protein solutions, embodied in the measured yield stress, such low
shear rate data are regrettably often not measured and reported in the literature.
Keywords: protein solution rheology, BSA, IgG1, yield stress, protein
aggregation, interfacial viscosity, Bingham model, subvisible particles

3.1 Introduction
The rheology of therapeutic protein solutions has a significant impact on their
delivery and fill/finish operations. Subcutaneous parenteral delivery of bio-therapeutics is
preferred over intravenous delivery for many therapeutic indications because of added
conveniences such as simple dosing and potential for self-administration. However this
can be challenging for bio-therapeutics of lower potency because of the volume limitation
of dosing into the subcutaneous tissue (~ 1 mL). Highly concentrated antibody
formulations are therefore desired, creating several challenges, including higher
propensity for protein aggregation and higher viscosities (20). Additionally, biotherapeutic formulations are subject to a variety of complex flow fields during operations
that promote formation of aggregates (filtration, transportation, etc.), which is undesirable
due to possible immunogenic responses and loss of biological activity (34, 43).
Therefore, understanding the bulk and interfacial shear rheology of protein solutions
under different conditions, and the relationship between viscosity and stability remains an
unfulfilled scientific challenge in the development and delivery of therapeutic proteins.
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Protein aggregation is a kinetic process that occurs through different mechanisms,
such as the formation of partially unfolded intermediate precursors (non-native) or selfassociated native proteins, which in many cases form a nucleus that further grows into a
protein aggregate (38, 301, 302). The aggregates formed depend on the aggregation
pathway, and even different types of aggregates can be formed by the same protein (303,
304). In a recent study, we reported results on a monoclonal antibody (mAb) that had
aggregated at storage conditions (5 oC) over months (151). The present study exploits
thermally driven aggregation of a mAb at 40 oC, which is used as a standard accelerated
stability test condition in the bio-pharmaceutical industry. The aggregation kinetics of a
mAb solution has been suggested to be second order with rate constants that follow nonArrhenius behavior, and accelerated aggregation studies could be used to predict longterm storage stability (105). The mAb formulation of this study is incubated at 40 oC for
prolonged times, where molecules have higher Brownian mobility and experience faster
conformational changes that promote the formation of partially unfolded intermediates.
Furthermore, as temperature increases molecules diffuse faster and thus have higher
probabilities for aggregation. The mAb studied here has poor conformational stability at
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C (see Appendix A), and shows ~ 20% monomer loss by size-exclusion

chromatography in 2 weeks, which motivated its choice for this study.
Despite the relevance of protein aggregation in bio-therapeutics, limited research
has been performed on the flow properties of aggregated protein solutions. While
numerous studies have investigated the viscosity of protein solutions (53, 67, 145, 147,
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149, 150, 189, 191, 305), many of them report the viscosity at a single shear rate or
frequency, or do not comprehensively characterize the protein aggregates under the
conditions studied. Here we demonstrate that measuring the viscosity for a broad range of
shear rates can provide information about the stability of protein solutions. Since
interfacial effects could corrupt the measurement of the true bulk viscosity (149), we
present an approach to account for interfacial and bulk contributions in the rheology
measurements. Moreover, therapeutic proteins are commonly formulated with surfactants
to prevent surface-induced aggregation. We observe that surfactants affect the rheology
by decreasing the interfacial viscosity of protein solutions.
The purpose of this work is to gain a better understanding of the contribution of
protein aggregation to interfacial and bulk viscosities at various shear rates. Bovine
Serum Albumin (BSA) is studied for an extensive range of concentrations, from 11
mg/mL up to 386 mg/mL. Additionally, BSA is a relatively inexpensive protein that can
be easily prepared at high concentrations in large quantities, in order to perform
measurements in interfacial rheometers that require large volumes. This study proves that
while air/water (A/W) interfaces influence the rheology of protein solutions, they are not
the only factor responsible for non-Newtonian rheology, as protein aggregation in the
bulk solution also contributes to the yield stress. The yield stress refers to the minimum
stress required for the protein solution to flow like a liquid, whereas a solid-like response
is observed below the yield stress. The term aggregation is used here to refer to any kind
of supra-monomeric structure formed, including reversible self-association, reversible
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clustering and irreversible clustering. The types of aggregates observed are discussed
according to the characterization techniques used.
To summarize organization, in Section 3.2 a brief literature review on the
rheology of protein solutions is presented. Section 3.3 describes materials, methods and
characterization techniques. In Section 3.4 we discuss the rheology of BSA solutions in
the absence of surfactant, followed by the rheology of a surfactant-laden mAb solution as
aggregation proceeds, and correlations between the yield stress and the results from
biophysical characterization. We conclude with a summary of the main results of the
study on the contributions to shear yielding in protein solutions.

3.2 Protein Solution Rheology Review
One of the main areas of study in protein solution rheology is the dependence of
viscosity on concentration. The high shear rate viscosity of protein solutions shows a
monotonic exponential increase with concentration, comparable to the rheological
response of colloidal particles that follow Krieger-Dougherty type models (155, 306), or
models for charged colloidal particles interacting by attractive and repulsive Derjaguin–
Landau–Verwey–Overbeek (DLVO) type potentials (149, 199). However, these models
fail at high protein (151) and salt concentrations (307, 308), where intermolecular
interactions increase in importance, and surface patchiness, charge distribution (53, 67),
relative orientation, hydrophobic interactions, etc., become relevant to describe the
viscosity of protein solutions (200, 309).
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Another important aspect regarding the rheology of protein solutions is their
characteristic flow curves. Steady shear rheology experiments on surfactant-free protein
solutions show a non-Newtonian viscosity at low shear rates that decreases by as much as
4 orders of magnitude at the highest shear rates, where the viscosity shows a plateau
(145, 150, 190). This extreme change in the low shear rate viscosity due to shear yielding
(i.e. presence of a yield stress under shear leading to higher viscosities) was attributed to
a weak network of protein aggregates (190). Rheopexy (increase of viscosity with time at
a constant shear rate) was observed in BSA solutions and synovial fluid, and attributed to
a weak dipolar attractive interaction energy of ~3kBT (estimated in reference (190),
where kB is the Boltzmann constant and T is the temperature) (190). Another study with a
surfactant-free mAb formulation showed an apparent non-monotonic dependence of the
low shear rate viscosity with concentration (151). It was verified that when clusters larger
than 0.2 μm were filtered, monotonic dependence of viscosity with concentration was
restored, but with shear rate dependent viscosities (non-Newtonian behavior) (151).
These results suggest that the common practice of reporting viscosity at a single shear
rate or frequency (33, 53, 166) is inadequate for describing the rheology of protein
solutions.
Additional studies proposed that the yield stress observed in bulk torsional
rheometry measurements is only an interfacial artifact, due to the viscoelastic film that
proteins form at the A/W interface (149, 181). Proteins at interfaces are viscoelastic (174,
177, 182, 310-315), and addition of non-ionic surfactants changes the interfacial
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properties, because surfactant molecules with higher surface activity than proteins
preferentially adsorb at the interface and reach surface coverage (91, 92, 181, 316). A/W
interfaces not only affect the viscosity of protein solutions, but also promote protein
aggregation when the interface is disturbed (90, 175, 317, 318). Most studies of interfacedriven aggregation have failed to characterize the interfacial viscoelasticity, without
which an understanding of interface-driven protein instability is incomplete (90, 175,
317).

3.3 Methodology
3.3.1 Protein Solutions
Bovine Serum Albumin (BSA, Monomeric, purity >98% by gel electrophoresis, protease
and globulin free, Sigma-Aldrich A-3059) was used as received and dissolved in
Phosphate Buffered Saline solution (PBS, Sigma-Aldrich P-3813, pH = 7.4, 138 mM
NaCl) at concentrations from 11 mg/mL up to 386 mg/mL. Concentration was measured
by gravimetric A-280 (absorbance at 280 nm) using an UV spectrophotometer and a
extinction coefficient of 0.667 cm2 mg-1 for a 0.1% solution (319). Each sample was
quiescently dissolved (no stirring) for about 1 day while stored at 4 oC. For BSA
solutions containing surfactant, polysorbate 80 (PS-80, (sorbitan)[-(C2H4O)x(OH)][(C2H4O)y(OH)][-(C2H4O)z(OH)][-(C2H4O)w]-OC(O)-(CH2)7-(CH)2–(CH2)7-CH3

where

w+x+y+z=20 or C64H124O26, Sigma-Aldrich, P1754, critical micelle concentration (CMC)
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of 0.012 mM) (320) was added at concentrations of 1x10-3 weight % (~0.7 CMC) by
successive dilutions.
The mAb used in this study is a fully humanized IgG1 (51), supplied as a
lyophilized formulation. Reconstitution with 2.17 mL of water for injection yields a
protein concentration of 53 mg/mL in 20 mM Histidine buffer (pH 6.0), sugar and a low
level of PS-80. mAb samples were incubated at 40 oC for up to 44 days. Centrifugal
filtration (Amicon® Ultra-15, 50k MWCO filters, EMD Millipore, Catalogue Number
UFC905024) at a speed of 4000 rcf was used to concentrate the mAb to 114 ± 2 mg/mL.
Antibody concentration was determined by A-280 using an extinction coefficient of 1.45
cm2 mg-1 for a 0.1% solution. For filtration studies, samples were filtered through a 0.2
μm Sterile Acrodisc® filter (Gelman Sciences, Product number 4192). The triple
mutation mAb of this work was previously observed to have lower stability than the
corresponding wild-type protein, with three defined regions for domain unfolding: the
CH2 domain unfolds at 49 oC, Fab unfolds at 72 oC, and CH3 at 83 oC (51, 321). Due to the
low stability at 40 oC, the least conformationally stable domain (CH2, where mutations
where introduced) is the most aggregation prone domain (51), although this might not be
always the case (303).
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3.3.2 Rheology Experiments
Steady shear experiments were conducted using conventional rotational rheometers with
concentric cylinders, a microfluidic rheometer and an interfacial shear rheometer.
Contraves LS-30 is a strain controlled rheometer consisting of a cup and a
stationary bob (cup and bob rheometer, CB) that rotates at different speeds depending on
the specified shear rate. This rheometer is capable of applying shear rates between
0.02 s-1 and 100 s-1. It can measure any stress in the range 0.2–3000 mPa, by application
of a compensating torque with a drag cup motor working against the torque from the
sample and a fine torsional wire (190). Temperature is controlled at 25 oC using a water
bath. Two bobs with lengths 8.0 mm and 15.2 mm were used, both with bob and cup radii
of 5.5 mm and 6.0 mm respectively. A sample volume of 2 mL or 3 mL (depending on
the bob used) was loaded in the rheometer cup while avoiding visible air bubbles. Since
the non-Newtonian viscosity in protein solutions depends on time and shear history (as
shown below in Section 3.4.1), samples were pre-sheared for 5 minutes at 60 s-1,
followed by the actual measurement starting from low to high shear rates and a final step
from high to low shear rates, and this final step is reported. Samples were sheared until
reaching an apparent steady value. The start-up of steady shear (application of a constant
shear rate while monitoring the build-up of stress) was utilized to ensure that the data
reported are steady state viscosities. The average age of the interface after pre-shearing
was between 5 and 10 minutes. Similar protocols were used for steady shear experiments
in other rheometers.
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The double gap stress controlled rheometer (DG26.7, Anton-Paar MCR-301) has
an outer cylinder with internal and external radii of 11.910 mm and 13.801 mm, inner
cylinder with an internal and external radii of 12.329 mm and 13.329 mm, and an
effective bob length of 40 mm. Shear rates were applied covering the range from 0.01 s-1
to 1000 s-1. The instrument can measure viscosities for which the corresponding torque
exceeds 0.1 μN m, and thus it resolves a shear stress as small as 1 mPa.
A microfluidic (A/W interface-free) Viscometer/Rheometer-on-Chip device (mVROC, Rheosense) was used to measure the true high shear rate bulk viscosity. The mVROC consists of a rectangular slit with an array of three pressure sensors that can sense
a maximum pressure drop of 200 kPa. A 50 micron depth chip type B05 was used to
measure shear rates from 500 s-1 to 10000 s-1. The sensors measure the pressure drop as
the solution flows from a 2.5 mL syringe down the slit. Additional details on this
instrument can be found in references (149) and (151).
Interfacial viscosities were measured using a double-wall ring (DWR) in a stress
controlled rheometer (AR-G2, TA Instruments), as described by Vandebril et al (185).
Corrections due to non-linearity of the surface flow field were not required, as confirmed
from the Matlab script from reference (185), kindly provided by Jan Vermant. The
smallest torque that this rheometer can apply is 0.05 μN m, corresponding to an
interfacial shear stress of 3 μPa m.
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3.3.3 Biophysical characterization of protein solutions
Monomer purity was determined with UV-detection based high performance size
exclusion chromatography (HP-SEC, Agilent 1100 series with a Tosoh G3000SWXL
Column) after sample dilution to 10 mg/mL to prevent column overloading. Thus,
aggregates reversible upon dilution are not detected by HP-SEC. Autocorrelation
functions and diffusion coefficients of bubble-free samples were determined at 25 oC
using dynamic light scattering (DLS) on a DynaPro Plate Reader (Wyatt Technology,
wavelength λ = 830 nm, scattering angle 2θ = 158o, wavevector q = 0.020 nm-1) after
centrifuging at 2000 rpm for 2 minutes. Subvisible (microscopic) particles in the range
from 2 to 300 μm ECD (Equivalent Circular Diameter) were counted and imaged without
dilution using a Micro-Flow Imaging device (MFI, DPA 4100, Brightwell Technologies)
at a flow rate of 0.22 mL/min in a 40 mm wide x 1.3 mm long x 0.4 mm flow cell.
For BSA solutions, the dynamic surface tension was measured using a K100
Wilhelmy plate tensiometer (Krüss GmbH) for the same concentrations and time scales
studied in the rheology experiments. The surface of the instrument was leveled before
measurements and a small beaker with ~15 mL of sample was used. Surface tension of
water was verified to be 72.8  0.5 mN/m at 25 oC before performing any measurements.
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3.4 Results and discussion
3.4.1 Rheology of BSA solutions
BSA is a globular protein with isoelectric point pI = 5.1 and 67 kDa molecular
weight. When BSA is buffered in PBS at pH 7.4, the protein carries a net negative charge
(322), but the 138 mM NaCl screens the charges, thus decreasing the Debye length (κ -1 =
0.8 nm). The viscosity of surfactant-free BSA in PBS measured in different bulk
rheometers at a variety of protein concentrations is presented in Figure 3-1. The high
shear rate viscosity increases with concentration consistently for all rheometers.
However, at low shear rates the viscosity is much higher than expected for a Newtonian
liquid and apparently independent of protein concentration. Unfortunately, the m-VROC
cannot measure the bulk contribution to the viscosity at the lower shear rates, when shear
yielding occurs in the conventional rheometers (below 10 s-1). Adding a small amount of
non-ionic surfactant makes the response Newtonian and eliminates the apparent and
surface yield stress (see data in Appendix A). A zero shear bulk viscosity was not
observed in samples with a yield stress, and should clearly not be extrapolated from the
high shear rate viscosity data (323).
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Figure 3-1. The viscosity of surfactant-free BSA in PBS (pH 7.4) at 25 oC using
conventional rotational rheometers: CB (circles), DG (triangles), and an A/W interfacefree rheometer m-VROC (squares). Each color indicates a different concentration:
A. 11.1 ± 0.2 mg/mL (red), 20.2 ± 0.1 mg/mL (green), 44.5 ± 0.3 mg/mL (black), B. 101
± 1 mg/mL (blue), 186 ± 2 mg/mL (pink) and 386 ± 3 mg/mL (gray). Inset in A.
corresponds to the high shear rate viscosity measured in the CB rheometer. Line
corresponds to a Bingham model fit (Equation 3-1) with a yield stress  Y = 6.4 mPa. The
short bob of the CB was used for these measurements.
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Bingham (324) proposed that the viscosity     (ratio of measured steady-state
stress  and applied shear rate  ) can be described as:

      

Y
,


(3-1)

where  is the Newtonian viscosity at high shear rates and  Y is the yield stress. The
viscosity data of Figure 3-1 follow the Bingham model with  Y between 3 and 7 mPa,
which is independent of protein concentration.
Since the increase in low shear rate viscosity can be influenced by a viscoelastic
protein film at the A/W interface (149), the presence of interfacial effects in the measured
yield stress (and therefore in the viscosity) needs to be considered. Contributions to the
total torque M from the bulk M B and the interface M S were calculated using a torque
balance:

M  MB  MS .

(3-2)

Solving the torque balance depends exclusively on geometrical parameters. A
general expression can be obtained (see details in Appendix A), where the total measured
stress  depends on the stress coming from the bulk  B and the interface  S :

 B 

S
,
K

(3-3)

where K is a geometrical parameter with units of length. For the three rotational
geometries used, the DG will have the largest interfacial contribution (K = L = 4.0 cm, L:
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length of cylinder), although far smaller than cone and plate (149, 151). CB with the short
bob is intermediate (K = 11.7 cm) and CB with the long bob (K = 18.8 cm) will have the
smallest interfacial contribution. This results from the bob of the CB rheometer having a
very thin shaft (3.6 mm in diameter) in contact with the interface and a large bob radius,
raising the contribution to torque from the bulk solution. The DWR geometry has a very
small K = 0.07 cm so that interfacial contributions are expected to be dominant (185).
Experimental results generally confirm Equation 3-3 as DG  CB,short  CB,long (see
Figure 3-1 and Appendix A).
Consistent results are observed for the high shear rate viscosities using the
rheometers of this study. However, for geometries that have a higher interfacial
contribution, such as cone and plate, the high shear rate viscosity might not be
representative of the true bulk viscosity. In cone and plate, the K parameter could be an
order of magnitude smaller than in concentric cylinders, and interfacial effects will be
important even at 1000 s-1. To determine the contribution of interfacial effects to the total
measured viscosity, the parameter  S /  K  is proposed, which corresponds to the
fraction of the measured stress  that comes from the A/W interface. If this ratio is of
order unity, interfacial effects dominate, whereas the measured viscosity represents the
true bulk solution viscosity as this parameter approaches zero. Further analysis of these
estimates is presented in Section 3.4.4, where for the surfactant-free BSA system the
yield stress comes mainly from the interface.

67

A dimensionless parameter known as the Boussinesq number (Bo) (325, 326)
describes the surface drag relative to the bulk or sub-phase drag. It can be equivalently
defined as the ratio of surface viscosity  S to bulk viscosity  B divided by a
characteristic length l (the characteristic length l corresponds to the ratio of the area of
the probe in contact with the sub-phase and the perimeter of the probe in contact with the
interface) (185) :
Bo 

S
.
Bl

(3-4)

If 0 < Bo << 1, bulk effects are important, and if Bo >> 1 surface effects
dominate; for Bo close to unity, both surface and bulk can have important effects on the
measurement.

For our purposes, the Boussinesq number is not so helpful because the

bulk viscosity cannot be cleanly measured when it has contributions from the A/W
interface. Equation 3-3 and the parameter  S /  K  are more useful in practice, unless
the bulk viscosity can be measured with no surface effects (e.g. rheometer with no A/W
interface). In addition, the Boussinesq number could be shear rate dependent if either the
surface or bulk viscosity is non-Newtonian.
The viscosity at the A/W interface was measured using the DWR for the same
range of concentrations studied with the bulk rheometers, and results agree with the
presence of an interface with viscoelastic properties (results not shown). Applying the
Bingham model (Equation 3-1), an interfacial yield stress of 7x10-4 Pa m is obtained,
which is slightly higher than the yield stress from oscillatory shear measurements
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(2.3x10-4 Pa m) (149). The surface yield stress is independent of BSA concentration,
although smaller interfacial viscosities could be observed for the lower concentrations, as
discussed next.
Besides the geometry of the rheometry fixtures, the age of the interface (time
between loading the protein solution into the rheometer and the start of the measurement)
also influences the apparent viscosity. Figure 3-2 depicts the total and surface viscosity of
BSA at 11.1 mg/mL as the age of the interface increases. For measurements performed
only a few minutes after the interface is formed, the viscosity is lower than expected for
the Bingham fluid. Repeating the same measurement procedure leads to higher viscosities
at low shear rates. The increase in viscosity is not merely due to water evaporation, as the
high shear rate viscosity changed less than 0.1 mPa s, even after about 3 hours for the
concentration of 186 mg/mL. Changes in the low shear rate viscosities are more
pronounced for the lower protein concentrations: for BSA solutions at 1 mg/mL the
viscosity at 0.02 s-1 changed from 55 mPa to 154 mPa s after ~3 hours of the interface
being formed. For the concentration of 186 mg/mL, the viscosities did not change for any
of the shear rates studied during a similar time interval (results not shown). These results
account for the apparent rheopexy observed in reference (190).
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Figure 3-2. A. Total viscosity (CB with long bob) and B. Interfacial viscosity (DWR) of
surfactant-free BSA solutions at 11.1 mg/mL and 25 oC measured at different periods of
time after the interface is formed. For all measurements, the shear rate was increased
starting at the lowest possible shear rate. Time in the legend corresponds to the age of the
interface when the measurement at the lowest shear rate started.
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A Wilhelmy plate tensiometer was used to determine the relevant time scales at
which the interfacial properties changed and reached steady state. Surface tension data of
surfactant-free BSA solution have been extensively published in the literature (327-332),
but most studies report surface tension data at low concentrations (< 1 mg/mL) and
measured for less than an hour. Figure 3-3 shows the dynamic surface tension and the
stress growth coefficient (with units of viscosity) from the start-up of steady shear
measured in the short bob of the CB at 0.05 s-1 in surfactant-free BSA solutions.
Interfacial changes occur at similar time scales as the apparent viscosity, reaching a
concentration independent steady value after about 1 hour. Therefore, protein adsorption
at the interface influences the rheopexy of surfactant-free BSA solutions and the yield
stress. The steady value of the surface tension does not change for the BSA
concentrations studied (327), but the kinetic process does: solutions with higher protein
concentrations reach the steady value faster, and therefore show less rheopexy.
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Figure 3-3. Time evolution of the stress growth coefficient (with units of viscosity and
eventually leveling to the steady state viscosity) in the start-up of shear at 0.05 s-1 using
the short bob of the CB and dynamic surface tension of surfactant-free BSA solutions at
25 oC. Changes in the stress growth coefficient and surface tension are observed at
equivalent time scales, suggesting a connection between apparent rheopexy and
adsorption of BSA at the A/W interface in surfactant-free solutions.

3.4.2 Rheology of mAb solutions
A mAb (51) with molecular weight 145 kDa and pI 8.6 was also studied. The
mAb is positively charged at pH 6.0, it contains a very small concentration of surfactant
in its formulation, and has poor conformational stability (see Appendix A for DSC data).
Figure 3-4 presents steady shear rheology studies of the mAb solutions after incubation at
40 oC. Since the solution contained surfactant, no yield stress is observed in freshly
reconstituted samples. However, as the incubation time at 40 oC increases, a yield stress
develops and higher viscosities than expected for a Newtonian fluid are observed. After
10 days, low shear rate rheology was sensitive to the higher order structures formed,
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which increased the yield stress up to about 10 mPa after 41 days of incubation at 40 oC.
The interfacial viscosity was negligible in the presence of surfactant (see Appendix A),
and consequently the measured viscosity is a good estimate of the true bulk viscosity with
minimal interfacial effects. The yield stress was removed (i.e. Newtonian behavior was
restored) after filtering through a 0.2 μm sterile filter, and did not recover within 5 hours.
This result suggests that subvisible particles are implicated in the low shear viscosity
increase, which is due to protein aggregation in the bulk.
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Figure 3-4. Viscosity of surfactant-laden mAb solutions measured in the CB (short bob)
and 25 oC, clearly showing that sensitive conventional rheometry at low shear rates is
very useful for monitoring the aggregation state of the mAb. A. Rheology of mAb
solution at 52.7 ± 0.9 mg/mL incubated at 40 oC for different periods of time. Line
corresponds to the Bingham model fit with  Y = 8.6 mPa. The inset shows the evolution
of the yield stress as the 40 oC incubation time increases. B. Rheology of mAb solution
at 58.1 ± 0.5 mg/mL incubated at different temperatures: unaggregated sample with
99.1% monomer (UA, freshly reconstituted and only stored at 4 oC for 2 days before the
measurement), partially aggregated sample with 93.9% monomer (PA, incubated at 25 oC
for about 7 months), and a strongly aggregated sample with 79.4% monomer (SA,
incubated an additional 44 days at 40 oC in comparison with PA). Lines are fits to the
Bingham model (Equation 3-1). In both examples, the low shear rate viscosity (and
therefore the yield stress  Y ) increases as more aggregates are formed.
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Shear yielding was also observed for the concentrated sample after prolonged exsitu incubation at 40 oC. Figure 3-5A shows the rheology of surfactant-laden mAb at 114
mg/mL using the DG geometry. After incubating for 33 days, a yield stress of O(2 mPa)
was obtained from fitting the experimental data to the Bingham model (Equation 3-1). An
additional measurement using the long bob of the CB showed that the experimental data
for 33 days were fully consistent in both the DG and the CB at all shear rates, confirming
that the true bulk viscosity is being measured. In other words, if interfacial effects were
responsible for shear yielding, higher viscosities would be observed for the DG than for
the CB. A yield stress was detected only after 33 days, because the low shear rate
viscosity data for other incubation times in the DG are below the minimum torque
resolved by the MCR-301 rheometer. While the change in yield stress as aggregation
proceeds is consistently observed, the time evolution between the stable and the nonequilibrium aggregated state at which the yield stress is observed varies.
Interfacial rheology was measured on samples from the same batch at 114 mg/mL
and is presented in Figure 3-5B. The A/W interfacial viscosity of surfactant-laden mAb is
independent of the incubation time and comparable to the interfacial viscosity of the
buffer. Since, the interfacial viscosity is determined primarily by the surfactant adsorbed
at the interface, both BSA and mAb solutions with a small amount of PS-80 have the
same A/W interfacial viscosity independent of the protein (see details in Appendix A).
The surfactant preferentially adsorbs at the A/W interface and eliminates the interfacial
yield stress, and aggregates in the bulk do not change the interfacial viscosity. For the
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mAb sample incubated at 40 oC for 33 days, the surface yield stress was not greater than
2x10-6 Pa m, resulting in less than 3% of surface contribution to the bulk yield stress.
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Figure 3-5. Rheology of a mAb solution at 114 ± 2 mg/mL and 25 oC after different
incubation times at 40 oC. A. Bulk viscosity using the DG rheometer unless otherwise
indicated (for Contraves, CB, the long bob was used). B. A/W interfacial viscosity using
the DWR and compared with the viscosity of the buffer. Dashed lines correspond to the
minimum viscosity that can be accurately measured in each rheometer according to the
manufacturer’s specifications (see methodology for details). All viscosities were
measured at shear rates as low as 0.01 s-1, and when a data point is not shown, the
measured torque was negative as it approached the limits of detection of the instrument.
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3.4.3 Characterization of aggregates and contributions to the yield stress
It has been shown that the yield stress in protein solutions can be attributed to
either the formation of a viscoelastic protein film at the A/W interface or the presence of
protein aggregates in the bulk solution. For protein solutions with non-ionic surfactant,
the low shear rate viscosity is dependent on the presence of aggregates. The nature and
structure of those aggregates responsible for a bulk yield stress needs to be elucidated.
Rheology by itself cannot provide this information and other techniques are required
(rheology was aided here by SEC, DLS, and MFI).
SEC is a standard high-throughput technique used in the bio-pharmaceutical
industry to determine the stability of a protein solution based on the presence of
oligomeric aggregates (34). For BSA solutions, the percentage of monomer remains
constant at 84% monomer for all protein concentrations studied, with the remaining 16%
corresponding to aggregates. After addition of surfactant, the yield stress is eliminated
but the percentages of monomer and oligomers remain constant, implying that the
surfactant does not affect the aggregate content. For the surfactant-laden mAb solution, a
yield stress is associated with a decrease in the monomer content, as more oligomeric
aggregates are formed with increasing incubation time at 40 oC. However, a decrease in
the percentage of monomer from SEC does not always correlate with a higher yield
stress, in particular during the first stages of incubation where a yield stress is not
detected.
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In contrast, the time-resolved DLS autocorrelation function appears to be
correlated with the evolution of the bulk yield stress, as the autocorrelation function
shows slower relaxations with additional exponential decays from aggregates that diffuse
about two orders of magnitude slower than protein monomers. Figure 3-6 presents a
comparison between the autocorrelation function of surfactant-free BSA solutions and
surfactant-laden mAb solutions, which have a yield stress from the A/W interface and
from protein aggregation respectively. For BSA (Figure 3-6A), the autocorrelation
function does not change significantly with concentration: the fast mode diffusion
coefficient D1 (  i1  Di q 2 , where  i corresponds to the i-th mode relaxation time) only
increases from 6.0x10-11 to 7.2x10-11 m2/s for 11.1 and 386 mg/mL respectively, although
at the very high concentrations an additional exponential decay is observed due to
crowding. These diffusion coefficients are in agreement with previously reported results
for BSA at similar conditions (333). Contrary to BSA, the autocorrelation functions of
incubated mAb solutions reveal slower relaxation modes (i.e. longer relaxation times)
due to protein aggregation (Figure 3-6B). The fast diffusion coefficient decreases as
aggregation proceeds. When a yield stress is observed, additional relaxation modes
coming from larger aggregates are required to describe the autocorrelation function.
Similar responses occur in samples at other concentrations, suggesting that both DLS and
rheology are sensitive to the type of protein aggregates that contribute to a yield stress.

79

Figure 3-6. DLS data at 25 oC for A. BSA solutions at different protein concentrations
(rheology data presented in Figure 3-1), and B. mAb solutions at 114 mg/mL incubated at
40 oC for different periods of time (rheology data presented in Figure 3-5, where a yield
stress is detected after 33 days of incubation). Insets correspond to the relaxation times
for the faster decay (  1 ) and the slower second exponential decay (  2 ). For surfactantfree BSA solutions, most of the yield stress comes from the A/W interface and the
autocorrelation function can be mainly described by a fast relaxation mode corresponding
to protein monomers, unless crowding becomes important. For the surfactant-laden mAb
solutions, where the yield stress comes from protein aggregation in the bulk, relaxation
modes are slower as the yield stress increases, and even a third relaxation mode is
observed for the sample incubated at 40 oC for 33 days (of order 105 μs, not shown).
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Subvisible particles were observed using MFI in both BSA and the mAb after
reconstitution in solution, but the concentration of particles was an order of magnitude
lower than in samples incubated at 40 oC. In BSA solutions, subvisible particles with
concentrations from 5000 to 20000 particles/mL were observed, independent of protein
concentration. Conversely, mAb solutions show an increase in the concentration of
subvisible particles upon incubation at 40 oC with minimum changes in the size
distribution (i.e. most particles are in the order of 2 to 15 μm independent of incubation
time). Figure 3-7 presents the size distribution of mAb samples at 114 mg/mL with
rheology data available (Figure 3-5). The size of the particles decays exponentially:

C  C0 exp  r / d  ,

(3-5)

where C corresponds to the cumulative concentration of aggregates with ECD larger than
r, d is a size scale (of order 4 μm , obtained by fitting Equation 3-5 to the data), and C0 is
the total aggregated particle concentration. While the size scale, d, appears to be
independent of incubation time, C0 increases as aggregation proceeds. Similar
distributions have been observed after exposing protein solutions under various
conditions that promoted aggregation (334). This distribution was observed for samples
with and without a detectable yield stress. Thus, it is suggested that subvisible particles
contribute to a yield stress after reaching a minimum concentration, or they could be
forming simultaneously with other aggregates that have a major contribution to the yield
stress. Visible particles were not observed in any of the samples studied for up to 44 days.
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Figure 3-7. A. MFI cumulative size distribution of subvisible particles present in mAb
samples at 114 mg/mL and 25 oC, after incubation at 40 oC. Representative micrographs
of the mAb samples incubated at 40 oC for B. 0 days and C. 33 days. Rheology data of
these samples is presented in Figure 3-5, and DLS autocorrelation functions in
Figure 3-6B. Lines correspond to fitting Equation 3-5. Scale bars in both micrographs
correspond to 200 μm.

Powerful and high-throughput techniques do not comprehensively characterize all
types of aggregates in protein solutions and several complementary techniques are
required (49, 334). Protein aggregation leads to an increase in the low shear rate
viscosity, accompanied by an increase in monomer loss (by SEC), the formation of
aggregates that diffuse much slower than the monomer (by DLS), and subvisible particles
(by MFI). Additional studies are being conducted using small-angle neutron scattering to
identify the inter-molecular interactions and morphology of the aggregates responsible
for shear yielding, which decrease the ability of a protein solution to flow.
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3.4.4 Origins of the yield stress in protein solutions
Depending on the conditions of the system, viscoelastic protein films at A/W
interfaces and protein aggregation in bulk solution can contribute to shear yielding in
protein solutions. The main results of this study are summarized in Figure 3-8, where the
fractions of yield stress and high shear rate viscosity that come from the A/W interface
are compared for surfactant-free BSA solution and surfactant-laden mAb solution. For
surfactant-free BSA solutions, the yield stress ratio is independent of concentration, since
neither the interfacial nor the apparent yield stress depends on bulk protein concentration.
For the surfactant-laden mAb, the yield stress ratio is sensitive to bulk aggregates and

 S /  K  tends to 0 as the incubation time at 40 oC increases. High shear rate viscosities
for both systems are dominated by the bulk viscosity of the solution. At high shear rates
for which    Y , protein solutions behave like simple Newtonian liquids and bulk
solution contributions generally dominate over interfacial contributions.
A simple torque balance and use of the Bingham model for both bulk and
interfacial measurements quantifies the interfacial contributions to the total yield stress.
This quantification method is one of the key contributions of this work, along with the
observation that low shear rheometry contains information about the stability of protein
solutions. The results reported in reference (151) on a quiescently aggregating surfactantfree antibody solution have been confirmed here with another antibody containing
surfactant, wherein aggregation has been driven thermally. It is also important to note
that many factors affect the trajectory of the time-dependent rheology measurements, and
83

therefore results should not be expected to be quantitatively but only qualitatively
reproducible (190) as irreversible aggregation is a non-equilibrium process that
contributes to yielding (151). Factors that can affect the reproducibility include small
variations in concentration, presence of protein aggregates, presence of impurities, etc.
Consequently, attention should be given to the order of magnitude of  S /  K  instead
of its actual value.

Figure 3-8. Fractions of the measured yield stress (filled symbols) and high shear rate
viscosity (open symbols) that originate from the A/W interface, expressed as
dimensionless ratios of Bingham parameters (Equation 3-1) for interfacial and
conventional bulk rheology measurements at 25 oC. Values for surfactant-free BSA
solutions are in red and for the surfactant-laden mAb solutions in blue. The yield stress in
surfactant-free BSA solutions is dominated by the A/W interfacial contribution, while the
yield stress in surfactant-laden mAb solutions and both of the high shear rate viscosities
have minimal contributions from the A/W interface. Cartoon representations use the
structures of serum albumin (335) and an IgG1 (336) for the interfacial and bulk
contribution respectively.
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In surfactant-free BSA solutions, interfacial effects are the predominant cause of
the yield stress. In the surfactant-laden mAb solutions with aggregates, interfacial
properties are dominated by the surfactant and bulk aggregation is responsible for the
higher viscosities at the low shear rates. The essential physics here lies in the competition
between the amphiphilic species, protein and surfactant. The species that preferentially
adsorbs to the interface also seems to dictate the interfacial rheology.

3.5 Conclusions
Both protein adsorption and aggregation contribute to shear yielding and a low
shear viscosity increase in protein solutions. The yield stress in surfactant-free BSA
solutions is mostly due to a viscoelastic protein film at the air/water interface. However,
protein adsorption at interfaces is not the only contributing factor, and aggregates in the
bulk can also influence the yield stress, as observed for the surfactant-laden mAb
solution. These results have important consequences for the flow properties of protein
solutions during filling and delivery of bio-pharmaceutical formulations, as the formation
of aggregates and presence of interfaces is ubiquitous in these operations. Interpretation
of viscosity measurements must be done with careful consideration of the experimental
conditions and the geometry used. Both protein adsorption and aggregation are timedependent processes that can cause the viscosity to increase with time (i.e. apparent
rheopexy).
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Shear yielding in protein solutions can be described using the Bingham model.
Along with a torque balance, the yield stress and high shear rate viscosities from the
Bingham model quantify contributions from the air/water interface and bulk to protein
solution rheology measurements. Surfactant-free BSA solutions have an apparent yield
stress from interfacial effects, whereas the surfactant-laden mAb has a yield stress in the
bulk solution due to protein aggregation.
After accounting for interfacial effects on the rheology measurements, the low
shear viscosity can provide important information about the stability of protein solutions.
Increases in the bulk yield stress are accompanied by a loss of monomer and an increase
in the concentration of subvisible particles. DLS is particularly sensitive to protein
aggregates that contribute to the yield stress. These aggregates produce slow relaxation
modes in the DLS autocorrelation function and decrease the diffusivity of the particles in
the system, making the solution more difficult to flow under an imposed shear.
Upcoming studies will focus on addressing characteristics of these aggregates using
small-angle neutron scattering.
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Chapter 4
SHEAR YIELDING IN AGGREGATED MONOCLONAL ANTIBODY
FORMULATIONS

The rheology of protein solutions contains important information about protein
interactions and aggregation. However, the interpretation of rheological data must be
cautiously conducted in rheometers with an air/water interface, as these instruments have
an additional interfacial contribution that affects the measured rheology. We studied the
rheology of a surfactant-free monoclonal antibody solution in its formulation buffer. In
the absence of surfactant, the protein adsorbs at air/water interfaces and forms a
viscoelastic structure, leading to an apparent yield stress. In addition, this protein slowly
aggregates upon incubation at 40 oC, forming aggregates that affect the measured
rheology. We report the apparent and interfacial rheological data of this antibody solution
before and after aggregation takes place, and carefully analyze contributions to the yield
stress from the air/water interface and the bulk. The data support the conclusion that bulk
aggregation affects the rheology, but its contribution to the apparent viscosity is smaller
than that from the air/water interface. In the absence of surfactants, aggregates also
contribute to a yield stress at the air/water interface. This result suggests that aggregates
could have high surface activity and adsorb with monomers at the air/water interface to
form a viscoelastic surface layer. Interfacial rheology is a sensitive technique to study
aggregation in surfactant-free protein solutions.
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4.1 Introduction
Monoclonal antibodies (mAb) have received increasing attention during the last
decades (337), as they can be engineered to specifically bind a certain type of antigen and
target numerous diseases. However, aggregation appears to be a ubiquitous problem in
the development of biologics and antibodies are no exception. Monoclonal antibodies
need to be stable during manufacturing, shipping, delivery and storage, as aggregates
could compromise the quality of the product and lead to immunogenic responses (36, 41).
Since this is a major concern in the pharmaceutical industry, several guidelines to address
issues regarding the stability and quality of bio-therapeutic products have been promoted
by regulatory agencies such as the US Food and Drug Administration and the European
Medicines Agency (338-340). Current efforts are focused on minimizing aggregation
(20) and finding the most suitable conditions to prevent the formation of aggregates
during any stage between production and delivery/storage of bio-therapeutic molecules
(101). Since aggregates can form under conditions that destabilize the conformational
stability (341-343) or the colloidal interactions (74, 344), formulation excipients are
added to the buffer solution, in order to keep the structure in the native state and increase
the repulsive interactions among proteins (345).
Several biophysical methods are used to detect the aggregation of proteins in
solution, as a single technique is not enough to describe all types of aggregates (102,
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103). Size-exclusion chromatography (SEC) is the primary analytical tool to characterize
proteinaceous aggregates in the pharmaceutical industry, but other orthogonal techniques
are used such as light scattering and microscopy (103). In SEC, aggregates are separated
based on size: large aggregates are excluded from the pores of the column, while the
small aggregates diffuse into the pores; using an UV-detector, a relative percentage of the
aggregates can be quantified (34). Dynamic light scattering (DLS) can also be used to
detect aggregation, as aggregates will diffuse slower than monomers; changes in the
diffusivity due to aggregation can be detected in the autocorrelation function (106).
Micro-flow imaging (MFI) is an optical microscopy technique that measures the
concentration of particles larger than 1 μm (113, 114): as the protein solution flows
through a thin capillary tube, a camera saves images from the microscope, for subsequent
image analysis and quantification of particle concentration.
Additionally, rheology is a very suitable technique to study protein aggregation,
as the viscosity and modulus are sensitive to structures and interactions in the system.
Protein aggregation can lead to an increase in the low shear viscosity of surfactant-laden
mAb solutions (186). The aggregates responsible for this non-Newtonian response were
characterized using small-angle neutron scattering (346): these aggregates had a fractal
(self-similar) structure (347, 348) and spanned length scales larger than 100 nm, but were
not detected with the naked eye. Rheology combined with scattering methods proved to
be useful for understanding the connection between fractal aggregates and the yield
stress; on filtering, both are completely removed (186, 346).
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Protein solutions can form different types of aggregates, from small oligomers up
to very large aggregates. Sub-visible particles are large aggregates in the size range of
0.1-10 μm that must be properly characterized to ensure the quality of the drug product
(49). These aggregates can disrupt the monotonic dependence of viscosity with
concentration, and contribute to the low shear viscosity of protein solutions (151).
While rheology is a suitable technique to study aggregated systems, several
studies have shown that protein adsorption at the air/water interface can affect the
apparent rheology of protein solutions (149, 186, 187). Even in the absence of
amphiphilic species such as proteins, pure water can show an apparent yielding because
of the high surface tension of water (349). Some studies had attributed this increase in
low shear viscosity to the arrangement of proteins in structures similar to colloidal
crystals (144, 145, 191). However, surfactant-free protein solutions show a viscoelastic
response even in dilute solutions at 10 mg/mL (190). Moreover, there is no evidence from
scattering that proteins form this kind of structure (144, 190). More recent studies have
proved that the apparent yielding is due to viscoelasticity at the air/water interface (149,
181).
Interfacial rheology can be used to probe the adsorption of proteins at the
air/water interface (177). Moreover, proteins in solution adsorb to solid/liquid interfaces,
which could induce reversible or irreversible changes in the conformation of the protein
and lead to further aggregation (350-354). Nevertheless, some surfactant molecules have
shown to hinder the adsorption of proteins at the air/water interface (177), as surfactant
molecules usually have higher surface activity than proteins (86, 176). The resulting
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interfacial monolayer of surfactants is not viscoelastic, but behaves as a simple
Newtonian fluid (181, 186). Since surfactants prevent the formation of the viscoelastic
film at the air/water interface, the apparent yielding in of protein solutions is removed
(181) , unless bulk contributions to yielding are also present. Surfactants have been used
as a practical way to remove the apparent contribution from the interface to the bulk
measurements in protein solutions (187).
In this work, we perform an in-depth rheological study of an aggregated
surfactant-free mAb solution. Therefore, we carefully account for interfacial
contributions to the apparent viscosity of the antibody solutions. Using a torque balance,
the interfacial yield stress was found to contribute to the apparent rheology of the protein
solutions, measured in conventional rheometers with an air/water interface. As in
previous studies, the apparent yield stress also increased as the protein aggregates during
prolonged incubation at 40 oC (186). However, in surfactant-laden solutions the
interfacial viscosity is not sensitive to protein aggregation, whereas here both the
interfacial and apparent bulk yield stress increase as aggregation proceeds. In addition,
the apparent yield stress is estimated using oscillatory shear and transient experiments,
and compared with the values obtained from steady shear and using the Bingham model.
From this comparison, we confirm that there is not a single value of the yield stress, as
the sample transitions from having a solid- to a liquid-like response under shear.
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4.2 Experimental Methods
For this study, a fully humanized immunoglobulin G type 1 (IgG1) with an
engineered crystallizable fragment (Fc domain) was used. The modified IgG1 is a
monoclonal antibody (mAb) that has three mutations in the Fc domain, which enhance
antibody-dependent cell-mediated cytotoxicity (51). However, the mutated mAb slowly
aggregates at 40 oC. The mAb is provided in vials as a lyophilized formulation. After
reconstitution with 2.17 mL of sterile water for injection (Catalogue number 918510,
APP Pharmaceuticals, Lake Zurich, IL), a mAb solution at 53 mg/mL is obtained, in a 20
mM Histidine/Histidine Hydrochloride formulation buffer at pH=6.0 with 60 mg/mL of
trehalose and 0.2 mg/mL of Polysorbate-80 (non-ionic surfactant).
Surfactant-free samples were prepared by binding the protein to a MabSelect (GE
Protein A) resin followed by an extensive wash with equilibration buffer PBS (phosphate
buffered saline solution) and elution at low pH. The mAb was loaded and bound to a
MabSelect column with a binding capacity of 20 mg/mL of resin and flow rate of 300
cm/hour. Polysorbate 80 was removed by washing the resin with 20 column volumes of
PBS at 300 cm/hr. The mAb was eluted with 50mM Glycine, 30 mM NaCl at pH 5. The
product was pH neutralized with 1.0 M Tris. The final product was concentrated to 53
mg/mL using ultrafiltration/diafiltration (Millipore Pellicon 3-88 cm2). The percentage of
oligomeric aggregates was determined with UV-detection based high performance size
exclusion chromatography (HP-SEC Agilent 1100 series, Tosoh G3000SWXL Column
with 25 nm pore size) after sample dilution to 10 mg/mL, using a buffer of 100 mM
92

dibasic sodium phosphate, 100 mM sodium sulfate, and 50 uM sodium azide at pH 6.8.
The final product had a monomer purity of 99% according to SEC.
Aggregation of the mAb was promoted by incubating protein solutions at 40 oC
for several days (up to 65 days). This temperature is 9 oC below the unfolding
temperature of the CH2 domain (186), and no changes in the tertiary structure were
observed after incubation at 40 oC according to circular dichroism data. Samples were
filtered through a 0.2 μm filter with a low protein binding polyethersulfone membrane
(Product number 4612, PALL, Ann Arbor, MI). These filters were verified to not affect
the stability of the antibody product by the Formulation Science Department at
MedImmune. Samples were characterized before and right after filtration. Before
filtering, the filter was thoroughly washed with 20 mL of formulation buffer to remove
any possible leachable products in the filter (355). Dynamic light scattering (DLS)
measurements were conducted on a DynaPro Plate Reader (Wyatt Technology, λ = 830
nm, 2θ = 158o, q = 0.020 nm-1). Samples were centrifuged at 2000 rpm for two minutes to
remove air bubbles before the DLS measurement. Sub-visible particles in the size range
1.0-300 μm were counted and imaged using a Micro-Flow Imaging device (DPA 4200
MFI, Brightwell Technologies) at a flow rate of 0.22 mL/min in a 40 mm wide x 1.3 mm
long x 0.4 mm flow cell.
Rheology measurements were performed in two instruments using concentric
cylinder fixtures: single-gap (SG, Contraves) and double-gap (DG, MCR-301). Contraves
LS-30 is a strain controlled rheometer that can measure shear stresses as low as 0.2 mPa.
Therefore, it is a very sensitive instrument that measures low viscosities with high
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precision. It covers shear rates between 0.02 s-1 and 100 s-1. It consists of a bob and a cup
made of stainless steel 316. The bob has a length of 15.2 mm, radius of 5.5 mm and a thin
shaft with radius 1.8 mm. The cup has a radius of 6.0 mm. The Contraves measures the
start-up of steady shear, from which the viscosity can be obtained as the steady state
value of the stress-growth coefficient; although in many protein solutions the steady
value is not perfectly steady, owing to time-dependent adsorption or aggregation (190).
Further details on this instrument can be found in previous studies (186, 190).
The MCR-301 from Anton-Paar GmbH is a stress controlled rheometer and was
used with a double gap (DG) fixture, which is made of stainless steel 316. The outer
cylinder of the DG has internal and external radii of 11.910 mm and 13.801 mm. The
internal and external radii of the inner cylinder are 12.329 mm and 13.329 mm
respectively, and the effective bob length is 40.000 mm. This instrument can measure
shear rates from 0.01 s-1 to 1000 s-1, but cannot resolve shear stresses below 1 mPa. Both
of the fixtures used here for bulk measurements have an interfacial contribution as
described in previous studies (149, 186), but interfacial contributions are more significant
in the DG than in the SG fixtures used for this particular study, as it will be shown in the
next section.
To characterize the interfacial contribution to the rheology, a Du Noüy ring
(Catalog number 70542000, CSC Scientific, Fairfax, VA) was attached to a stress
controlled rheometer (AR-G2, TA Instruments). The ring is made of a platinum-iridium
alloy and has a circumference of 60.86 mm. The ratio between the radius of the ring R
and the radius of the wire r (2r is the height of the ring) is 58.574=R/r. The sample is
94

loaded on a cup with similar characteristics as that of the double-wall ring setup (185),
which can be considered as the 2D equivalent of the double-gap 3D geometry for bulk
measurements (the ratio radius/height is 0.33323 for the DG used here, compared to
29.287 for the Du Noüy Ring). The cup has a trough channel with inner and outer radii of
5.85 mm and 13.18 mm respectively. The smallest torque that the AR-G2 can apply is
0.05 μN m, corresponding to a smallest interfacial shear stress of 43 μPa m. Corrections
due to non-linearities in the velocity profile were not required, as the Boussinesq number
(325, 356) was always larger than 50 (185).
The following procedure was used to measure the apparent viscosity in the
Contraves and the double-gap: a pre-shear step was performed for 5 minutes at 60 s-1 and
500 s-1 for Contraves and DG respectively (these values correspond to “high” shear rates,
for which a Newtonian response is observed). This procedure was followed by steady
shear measurements from low to high shear rates, and then from high to low shear rates.
Since the apparent viscosity of some surfactant-free protein solutions shows rheopexy
(186, 190), a final sweep decreasing shear rate was performed below 1 s-1 to ensure that
an apparent steady state value of the viscosity was achieved. The solution was carefully
pipetted from the bulk of the sample (minimal disturbance of the interface) and avoiding
the formation of air bubbles; the average age of the interface at the start of the experiment
(after pre-shearing) was between 5 and 15 minutes. All measurements were performed at
25 oC. Similar procedures were used in the interfacial measurements, but without the preshear step. Oscillatory shear experiments were performed in the MCR-301 (DG) and the
AR-G2 (Du Noüy Ring) at a fixed frequency of 1 rad/s from low to high strain, followed
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by a frequency sweep experiment at a fixed strain amplitude of 0.01 within the linear
viscoelastic region.

4.3 Results and Discussion
Recent studies have shown that surfactant-free Bovine Serum Albumin (BSA) in
PBS has an apparent yield stress coming from proteins adsorbed at the air/water interface
(149, 186, 187), but also that an aggregated mAb in its formulation buffer with non-ionic
surfactant has a yield stress that comes from bulk aggregation and not from interfacial
effects (186). In the latter study, bulk aggregation was confirmed by using other
biophysical characterization techniques, including SEC, DLS and MFI, and also by
small-angle scattering (346). For the present study, surfactant was removed from the
formulation buffer and interfacial contributions are expected to affect the measurements
in conventional bulk rheometers. However, it is not initially clear how the simultaneous
contribution from proteins adsorbed at the air/water interface and bulk aggregation will
affect the measured viscosity. Moreover, different approaches to calculate the yield stress
were used and compared, in order to characterize the viscoelasticity of these antibody
solutions. These techniques included: steady shear, oscillatory shear and transient
experiments (start-up and cessation of shear).
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4.3.1 Steady Shear
Figure 1 depicts a comparison between the apparent bulk viscosity when
measured with different geometries, and the interfacial viscosity of the mAb solution in
the presence and absence of surfactant (Polysorbate 80). These results are for mAb
solutions stored at 4 oC with 99% monomer from SEC. For surfactant-laden solutions, the
interfacial viscosity is very low that the Du Noüy Ring does not provide enough torque,
and thus the double-wall ring data from a previous study are reported here for comparison
purposes (186).

Figure 4-1. Apparent and interfacial viscosity of a surfactant-free (filled) and a
surfactant-laden (open) mAb solution at 53 mg/mL using different geometries for bulk
rheology (black): DG (●) and SG (▼), and interfacial rheology (red): double-wall ring
(□), and Du Noüy ring (■) fixtures.

Figure 4-1 clearly shows shear yielding in all the surfactant-free samples and the
viscosity becomes Newtonian once surfactant is added to the formulation. A torque
balance can be used to estimate the interfacial contributions in the apparent viscosity
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(186). The total torque M is a combination of the torque in the bulk MB and from the
interface MS:

M  MB  MS .

(4-1)

The torque balance can be expressed in terms of stress, where the total measured
stress  is a combination of the stress in the bulk  B and at the interface  S :

 B 

S
,
K

(4-2)

where K is a parameter with units of length that depends on the geometry (  and  B are
in Pa while  S is in Pa m). Equation (4-2) can be expressed in terms of viscosities and it
can be seen that the smaller the K value, the larger the interfacial contribution will be to
the apparent viscosity. For the geometries used here, the parameter K corresponds to
K = 188 mm for the SG in Contraves and K = 40 mm for the DG in the MCR-301 (186).
According to the K parameter, the apparent viscosities from the SG fixture should be
smaller than those of the DG fixture, if interfacial effects are responsible for the increase
in low shear viscosity.
The K parameter can be also calculated for the interfacial Du Noüy Ring fixture
obtaining K = 0.165 mm (see supplementary information for further details). The K value
is about three orders of magnitude smaller than the K of the Contraves and the DG, and
thus interfacial contributions are far more important in the Du Noüy ring fixture. The
results of Figure 4-1 agree with those of surfactant-laden and surfactant-free BSA
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solutions in PBS, as the former has no measurable yielding in any of these instruments
since surfactant displaces BSA from the air/water interface (181, 186).
The fraction of the yield stress that comes from the interface can be estimated by
comparing the interfacial  SY with the apparent yield stress  Y and calculating the
parameter  SY K  Y (186). Since  SY K  Y gives values of order 1 for the data of Fig. 1
with the SG and the DG, interfaces are the major contributing factor to the apparent
viscosity. The surfactant-free antibody solution shows an apparent yield stress even
without any evidence of aggregation in the bulk, as proteins are surface active molecules
that adsorb and form a viscoelastic structure at the air/water interface.
Nevertheless, the surfactant-free mAb solution also aggregates after incubation at
40 oC for several days. Since there is no surfactant in the buffer, the effect of the
aggregates on both the interfacial and bulk rheology of the mAb solution was
investigated. Figure 4-2 shows the apparent viscosity of the surfactant-free mAb solution
measured in the DG after prolonged incubation at 40 oC. Very minor changes occurred in
the rheology after incubation for up to 27 days, but the low shear viscosity increases after
incubating for 65 days. This result is consistent with the conclusions from a surfactantladen mAb study, in which no changes in the rheology occurred during the first stages of
aggregation, but an increase in the low shear viscosity occurred after several days of
incubation, once large aggregates had formed (186, 346). A similar response is observed
here in the absence of surfactant, as changes in the rheology occurred after more than 27
days of incubation at 40 oC.
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Figure 4-2. Rheology of a surfactant-free mAb as a function of incubation time at 40 oC
using the DG fixture. Dashed line represents the minimum viscosity that can be reliably
measured with the DG fixture.

Dynamic Light Scattering (DLS) was used to monitor the aggregation state of the
mAb solution after incubation at 40 oC. DLS is a powerful technique to elucidate changes
in the diffusion of proteins as they aggregate. The autocorrelation function of the
surfactant-free mAb solutions is presented in Figure 4-3. This function was fitted to a
sum of exponential decays to calculate the diffusion coefficient (see inset in Figure 4-3).
Before incubation, a single exponential decay can be used to describe the data, whereas a
second exponential decay was necessary for the samples incubated at 40 oC. The
aggregates formed after prolonged thermal incubation have a diffusion coefficient of
about

5x10-8

cm2/s,

and

thus

diffuse

five

times

slower

than

monomers

(D = 2.5x10-7 cm2/s for the monomer). A slower exponential decay in the autocorrelation
function is an indication of aggregation.
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In agreement with the rheology data, no major changes occurred in the
autocorrelation function for up to 27 days of incubation at 40 oC. An increase in the yield
stress is observed after 65 days of incubation at 40

o

C, when changes in the

autocorrelation function are detected as more aggregates are formed. The correlation
between the light scattering and rheology data of the mAb solution verifies that
aggregates play a role on the increase in the low shear viscosity. Further biophysical
characterization experiments showed that both small oligomeric and large micron-size
aggregates are formed upon incubation at 40 oC (see Appendix B for further details).

Figure 4-3. Dynamic light scattering autocorrelation function for surfactant-free mAb
samples as a function of incubation time at 40 oC. Inset shows the diffusion coefficient
for the relaxation modes due to monomers (D1, filled symbols) and the larger species (D2,
open symbols) after fitting the autocorrelation function to the sum of two exponential
decays.
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While the data confirm that protein aggregation occurs after prolonged incubation
at 40 oC and the aggregates increase the low shear viscosity, the effect of these aggregates
on the interfacial viscosity has to be elucidated. Since surfactant was stripped out of the
formulation, it is possible that both monomers and aggregates compete to adsorb at the
air/water interface. The interfacial viscosity of the surfactant-free mAb solution is
presented in Figure 4-4. As in other studies (149, 151, 186), the high shear interfacial
viscosity S is not observed at shear rates below 100 s-1. Thus, S is smaller than 10-1
mPa s m. An increase in the air/water interfacial viscosity is observed after prolonged
incubation at 40 oC, but it is not clear whether these changes in interfacial viscosities
could explain the increase in the apparent low shear bulk solution viscosities. Therefore,
the apparent and interfacial yield stresses were calculated and compared using the
parameter  SY K  Y as shown next.
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Figure 4-4. Interfacial rheology of surfactant-free mAb as a function of incubation time
at 40 oC using the Du Noüy Ring. Dashed line represents the minimum viscosity that can
be reliably measured using the Du Noüy Ring in the AR-G2.

The Bingham model (324) can be used to calculate the yield stress from the
interfacial and the apparent bulk steady shear data. This model assumes that the measured
stress  depends on the yield stress  Y , and a Newtonian contribution from the high
shear viscosity  :

     Y   .

(4-3)

Alternatively, this equation can be expressed in terms of viscosity by dividing
each term by the shear rate  :

   

Y
  .


(4-4)

Using equation (4-4) the interfacial and apparent yield stress was calculated for
each set of data. These values can be used to estimate how much of the interfacial yield
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stress contributes to the apparent viscosity by calculating the parameter  SY K Y (186).
If this parameter is of order 1, the interfacial yield stress dominates the apparent shear
viscosity of the bulk solution. As this parameter approaches zero, interfacial effects can
be neglected. Another parameter that can be used to evaluate interfacial and bulk
contribution is the Boussinesq number Bo  S l B , where  S is the interfacial
viscosity,  B is the bulk viscosity and l is a length scale that depends on the geometry
(325, 356). However for protein solutions with a yield stress, the parameter  SY K  Y
has some advantages over the Boussinesq number Bo: Bo could depend on shear rate if
either the bulk or the interface is non-Newtonian; Bo depends on the bulk viscosity which
cannot be directly measured in rheometers with an air/water interface.
Figure 4-5 shows the interfacial and apparent yield stresses calculated with the
Bingham model (Eq. 4), and the parameter  sY K  Y for the surfactant-free mAb
samples. These results show that the apparent yield stress increased in both the SG and
Contraves after 65 days of exposure at 40 oC (Fig. 4-5A). However, the yield stress from
the DG measurements is always larger than the yield stress obtained using the SG,
suggesting that interfacial contributions are still playing an important role even after
aggregation occurred. The interfacial yield stress increases as aggregation proceeds
(Fig. 4-5B), indicating that both monomers and aggregates affect the interfacial viscosity
of the surfactant-free mAb samples, despite having little effect on the apparent bulk
rheology. When calculating the parameter  SY K  Y (Fig. 4-5C), it can be concluded that
interfacial effects are always influencing the viscosity measured in these conventional
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rheometers with an air/water interface. The parameter  SY K  Y is of order 1 or larger,
particularly during the first days of incubation at 40 oC. A value larger than 1 suggests
that the interfacial viscosity measured with the Du Nouy Ring is larger than the viscosity
of the interface formed in the DG and SG. It is possible that air/water interfacial
adsorption of proteins is affected by the geometry at the interface, or that loading new
samples leads to differences in the interfacial viscosity. While most contribution to
yielding is coming from the interface, a decrease in  sY K  Y at 65 days of incubation
suggests that bulk effects are also becoming important.
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Figure 4-5. A. Apparent yield stress from conventional rheometers using the DG and SG
fixtures. B. Interfacial yield stress using the Du Noüy Ring fixture. C. The parameter
 SY K  Y as a function of incubation time, which can be used to estimate the
contribution of interfacial effects in rheometers with an air/water interface.

Using the K parameter from the torque balance (Eq. 2) and the Bingham model
(Eq. 4), a more precise estimate of the interfacial contributions in the measured
viscosities can be obtained. The expected apparent viscosity can be calculated from the
yield stress as follows:

   

 BY  SY

.

K
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(4-5)

Using equation (4-5) to describe the experimental rheology data from the DG and
SG, the interfacial and bulk contributions to the viscosity can be isolated. Figure 4-6A
shows the model fit to the steady shear viscosity data of the surfactant-free mAb after 65
days of incubation at 40 oC. Fig. 4-6A assumes that all the yielding contribution comes
from the air/water interface (  BY  0 ). The interfacial viscosity was calculated by
minimizing the standard error between the model fit and the experimental data. When
assuming a purely interfacial contribution, the difference between the model and
experimental data is minimal (see Figure 4-6A). Nevertheless, the interfacial contribution
is slightly overestimated for the DG and underestimated for the SG, and thus a purely
interfacial contribution does not fully describe the data. Moreover, the estimated
interfacial yield stress is in the same order of magnitude but smaller than the interfacial
yield stress from the steady shear interfacial rheology data (Du Noüy Ring). These
differences can be attributed to the use of a model to calculate the yield stress (yield
stress is not directly measured), or experimental factors. For example, the distribution of
aggregates at the interface and bulk could change when a new measurement is started;
slip might occur at the contact perimeter of the interface with the probe, and thus changes
in the geometry could give different contributions to yielding at the air/water interface.
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Figure 4-6. Viscosity for the surfactant-free mAb after 65 days of incubation at 40 oC.
A. Model fit assuming that all the apparent yield stress comes from the interface,
resulting in one fit parameter:  SY  2.7 mPa m, since  BY  0 mPa. B. Model fit when
the apparent yield stress comes from both the interface and the bulk, resulting in two fit
parameters:  SY  1.8 mPa m, and  BY  11 mPa.
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Some improvements in the fitting can be observed when considering a model that
combines interfacial and bulk contributions to the apparent viscosity. This can be seen in
Figure 4-6B, where the model fit includes a contribution from bulk aggregation
(  BY  0 ). The inclusion of a bulk yield stress of 11 mPa provides a better description of
the experimental data. Nevertheless, the apparent yield stresses in the SG and DG
rheometers have a significant contribution from the air/water interface:  SY K  Y  0.8
for the DG and  SY K  Y  0.5 for the SG, using the data from the model fit. This result
is consistent with those of Figure 4-5C, where a decrease in the parameter  SY K  Y
suggests that a small bulk contribution is present. In surfactant-laden solutions, the bulk
yield stress was estimated to be 2 mPa to 10 mPa depending on the incubation time at 40
o

C (186), in very good agreement with the bulk yield stress estimated here for the

surfactant-free mAb solution after 65 days of incubation at 40 oC.

4.3.2 Oscillatory Shear
Besides estimating the yield stress using the Bingham model, other rheological
techniques were used to measure the yield stress, including oscillatory shear and transient
experiments. The interfacial strain and frequency sweep experiments performed before
and after incubation of the surfactant-free mAb solution at 40 oC are presented in Figure
4-7. The interfacial film shows a solid-like response at low and intermediate values of
strain and frequency, as the storage modulus GS’ is only weakly varying with frequency
and greater than the loss modulus GS”, consistent with the steady shear interfacial yield
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stress. Both the storage and loss moduli increase with incubation time at various
frequencies and strain amplitudes.
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Figure 4-7. A. Interfacial storage and loss moduli of surfactant-free mAb solutions as a
function of strain amplitude at 1 rad/s. Lines correspond to the data fit of the model in
Equation (4-6). B. Interfacial storage and loss moduli of surfactant-free mAb solutions as
a function of frequency at strain amplitude of 0.01. Measurements were performed using
the Du Noüy Ring.
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An empirical model can be used to describe strain amplitude  o dependence of
the storage modulus G '(,  o ) at a fixed frequency  as follows (357):

G '( ,  o ) 

G '( , 0)
.
1  o  c

(4-6)

In Equation (4-6),  c corresponds to the yield strain below which the storage
modulus and the phase angle are independent of strain. The stress  can be calculated as

   oG '(,  o ) and thus Equation (4-6) can also be expressed as:

 ( ,  o ) 

Y
G '( , 0)

,
1  o 1  c 1  c  o

(4-7)

where  Y  G '(,0) c is the yield stress. While this model was derived for bulk
measurements, it can be used to fit the interfacial rheology data of Figure 4-7 (for
interfacial rheology, add subscript “S” in variables of Equation (4-6) and (4-7)). The
interfacial yield stress from oscillatory shear experiments varies from 2.0 to 3.3 mPa m
for the sample before and after incubation for 65 days respectively. These values are in
very close agreement to the results obtained using steady shear experiments and the
Bingham model (1.4 mPa m and 3.4 mPa m before and after incubation for 65 days
respectively).
Oscillatory shear experiments performed with the DG fixture in the MCR-301
rheometer are presented in Figure 4-8. Similar to the interfacial measurements, the mAb
solution shows an apparent solid-like response at small and intermediate strain
amplitudes, as expected from the steady shear data. Table 4-1 presents a comparison of
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the fitting parameters for the apparent strain dependence of the storage modulus at the
interface and the bulk (fit to Eq. (4-6)). For the DG rheometer, the apparent yield stress
values from oscillatory shear are smaller than those calculated from steady shear using
the Bingham model (see Table 4-1). The mAb solution is more elastic as the incubation
time at 40 oC increases. The storage and loss moduli of the mAb solution show very weak
frequency dependences.
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Figure 4-8. A. Apparent storage and loss moduli of surfactant-free mAb solutions as a
function of oscillatory strain at 1 rad/s. Lines correspond to fitting using Equation (4-6).
B. Apparent storage and loss moduli of surfactant-free mAb solutions as a function of
oscillatory frequency at a strain amplitude of 0.01. Measurements were performed using
the DG.
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Incubation time (days)

0

Fixture

 SY

65

Du Noüy Ring

GS ' S ,0  (Pa m)

0.002

0.031

0.051

 c,S

0.900

0.070

0.065

2.0

2.2

3.3

1.4

2.0

3.4

from Equation (4-6) (mPa
m)

 SY

Bingham (mPa m)
Fixture

Y

17

G ' ,0  (Pa)

0.085

0.110

0.370

c

0.055

0.035

0.075

4.7

3.9

27.8

8.9

8.8

55.2

from Equation (4-6) (mPa)

Y

Double- Gap (DG)

Bingham (mPa)

Table 4-1. Fitting parameters for the storage modulus as a function of strain amplitude
(Eq. 6) for the surfactant-free monoclonal antibody solution.

4.3.3 Start-up and cessation of shear
Using the SG rheometer (Contraves), we evaluated the start-up and cessation of
steady shear for the mAb solution incubated for 65 days. At low shear rates, nonNewtonian fluids with a yield stress have a characteristic response in stress-growth and
stress relaxation experiments (358, 359). During the start-up of steady shear, the stress
growth coefficient is monitored as a function of time t. At long times, the stress growth
coefficient

  (t )

reaches a steady value that corresponds to the steady shear viscosity at

that shear rate  ( ) . The shear stress growth function   (t ) can be calculated at a given


shear rate  as  (t )   (t ) . Similarly, the strain  can be calculated as  (t )  t .

After shearing at a constant shear rate and achieving steady state, the instrument is
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suddenly stopped and the fluid is allowed to relax. This experiment is called cessation of
steady shear, where the stress decay is monitored as a function of time.
Figure 4-9 presents the start-up and cessation of steady shear for the aggregated
mAb solution incubated at 40 oC for 65 days. The start-up of steady shear is characterized
by a linear response from the elastic contribution, until the slope of the curve changes
substantially (point I in Figure 4-9A). The elastic region is characterized by a line with a
slope of 1 in the plot log( ) vs. log( ) . Then, a non-linear response is observed until the
stress reaches its maximum value and the sample flows (point II in Figure 4-9A). There is
no consensus of whether points I or II are true measures of the yield stress and it is
believed that these values correspond to the lower and upper yield values between an
elastic deformation and the start of viscous flow (358), response that is analogous to
colloidal gels (360).
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Figure 4-9. Transient experiments in the SG fixture for an aggregated surfactant-free
mAb solution at different shear rates. A. Start-up of steady shear. Inset shows the stress
and strain values at the overshoot (point II). B. Cessation of steady shear. Inset shows the
residual stress obtained after averaging the stress between the time in the legend and the
end of the experiment.
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For the aggregated mAb solution, the stress at point I is about 11 mPa and the
corresponding strain is 0.8. The stress at the overshoot (point II) was also calculated at
different shear rates, and the results are reported in the inset of Figure 4-9A. These values
were determined at the lowest shear rates that can be measured with the SG in Contraves
(below 0.1 s-1). The value at point II is attributed to the stress where either a complete
breakdown of the structure, shear banding or slip occurs (358, 361). The stress at the
overshoot appears to increase with shear rate (359), it has an average value of 29 mPa
and changes from ~21 mPa to ~40 mPa for shear rates between 0.02 s-1 and 1 s-1
respectively. However, the strain where the overshoot occurs is independent of shear rate
and it is approximately 11±1.
After applying a constant strain rate, shearing was abruptly stopped and the stress
decay was monitored as a function of time (Figure 4-9B). The stress decayed very slowly
but consistently at all shear rates. Although the start-up of steady shear shows a liquid
response at 100 s-1, and the stress decays very rapidly after cessation, the residual stress at
high shear rates is very close to the stress determined at low shear rates. The stress after
cessation results in the same value at a certain time at shear rates below 10 s-1. A residual
stress of ~10 mPa was estimated by averaging the residual stress measured at different
shear rates. While the continues to weakly decay over time, the final decay rate is very
slow: taking the average after 180 seconds or 500 seconds changes the residual stress by
only 0.3 mPa (see inset in Figure 4-9B). The residual stress can be interpreted as a
measure of the yield stress, since the structure responsible for yielding forms reversibly
after cessation: a consistent response is observed after repeating the transient rheology
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experiments at different shear rates, as depicted in Figure 4-9B. A reproducible behavior
is observed at low rates, even after a breakdown of the solid-like structure occurs (point II
in Figure 4-9A) and shearing at high rates (up to 100 s-1). However, this only occurs once
the interface reaches a steady value: when the interface is first formed, the viscosity
increases over time showing an apparent rheopexy (186, 190). Once the interface reaches
a steady state, the rheological response is consistent and the viscoelastic structure at the
air/water interface breaks and forms reversibly (see also supporting information).
Table 4-2 presents a summary of the yield stress values estimated using different
techniques for the surfactant-free mAb solution before and after incubation at 40 oC.
Since yielding is dominated by the interface, different yield stress will be observed when
using different fixtures. In this study, two bulk rheometers with concentric cylinders were
used: a low shear strain controlled rheometer (Contraves) using a SG fixture, and a stress
controlled rheometer (MCR-301) with a DG fixture. Both instruments can perform steady
shear experiments, and an apparent yield stress  Y can be estimated by using the
Bingham model. However, oscillatory experiments cannot be performed in the
Contraves, while the transient measurements (start-up and cessation of shear) cannot be
done in the MCR-301 (DG fixture). While both fixtures are expected to have an
interfacial contribution, interfacial effects are less pronounced, nevertheless existent, in
the SG fixture and thus a lower yield stress is obtained. When using the same technique
to calculate the yield stress, it is observed that  Y , DG   Y ,SG .
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Apparent yield stress (mPa)
Method
Fixture No incubation After incubation 40 oC
Steady Shear - Bingham
DG
8.9
55
Steady Shear - Bingham
SG
4.2
20
Oscillatory shear
DG
4.7
28
Point I, start-up of shear
SG
3.0
11
Point II, start-up of shear
SG
5.1
29
Cessation of shear
SG
1.9
10
Table 4-2. Comparison of the apparent yield stress values obtained using different
methods and instruments for a surfactant-free monoclonal antibody solution. The yield
stress was estimated before incubation and after incubation at 40 oC for 65 days.

Moreover, different rheological experiments in the same instrument could also
give different values of yield stress. This response occurs because the fluid is not an ideal
Bingham plastic, and the structure responsible for yielding (at the interface and the bulk)
breaks gradually, similar to colloidal gels. Therefore, the smaller yield stress will
correspond to the point where a pure elastic response ceases as the solid-like structure
starts breaking, while the higher yield stress corresponds to a breakdown of this
reversible structure. Only the latter is seen in the steady shear viscosity experiments.
When the stress is between these transition points, a viscoelastic response is observed,
and it can be clearly seen in the start-up of shear: for the aggregated mAb solution, an
elastic character is observed up to ~11 mPa when the structure responsible for yielding
starts breaking down (point I in Figure 4-9A). As the strain increases, a non-linear
response is observed until this structure ruptures. This occurs when the stress is ~29 mPa
and the sample flows like a liquid (point II in Figure 4-9A). Once the stress is removed, it
decays very slowly to ~10 mPa and the structure builds reversibly (see supporting
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information). The latter value is in very close agreement with the point where the
structure first breaks in the start-up of shear (11 mPa). More importantly, when
comparing the samples before and after incubation at 40 oC, all methods are equally
sensitive to the increase in aggregated content. The different methods show the transition
from an elastic solid to a viscous liquid as the structure responsible for yielding ruptures
reversibly. In general, it is observed that:  Y , II start-up   Y ,Bingham   Y ,I start-up   Y ,cessation .
Since the yield stress from oscillatory shear experiments is calculated at the
smaller strain where yielding occurs, this value is representative of the point where the
structure starts breaking. It would represent a similar transition to the smaller yield stress
in the start-up of shear obtained in the SG. On the contrary, the yield stress from the
Bingham model will be sensitive to the transition to viscous flow and therefore it could
be higher than the yield stress from oscillatory shear. Nevertheless, the results of Table 41 confirm that the yield stress increases upon prolonged incubation at 40 oC, independent
of the method and instrument used. Thus, the viscoelastic response assessed at different
shear rates, strain amplitudes and frequencies is sensitive to protein aggregation. Use of a
single high shear rate or frequency (362) does not provide a complete understanding of
the viscoelastic response and stability of the protein solution.
Creep is also a very suitable rheology technique to measure the yield stress in
viscoelastic materials. If the applied stress is below the yield stress, no flow is observed
and the strain remains constant with time. On the contrary, if the stress in creep is above
the yield stress, the sample will flow and the strain will increase linearly with time.

121

Previous studies have investigated the creep response of protein gels (363, 364) and
surfactant-free protein solutions at the air/water interface (181, 315).
Additionally, filtration experiments were performed in the surfactant-free mAb
solutions. Previous studies in surfactant-laden mAb solutions (346) showed that when the
yield stress is coming exclusively from the bulk, filtering removes the aggregates
responsible for the non-Newtonian response. Figure 4-10 depicts the apparent and
interfacial viscosities of the surfactant-free mAb solution before and after filtration (0.2
µm filter). In the absence of surfactant, the air/water interface makes a strong
contribution to the apparent yield stress in mAb solutions. Since protein monomers and
small aggregates can go through the filter and form a viscoelastic film at the air/water
interface, the yield stress is not removed when filtering surfactant-free solutions.
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Figure 4-10. Rheology of surfactant-free mAb solutions before incubation (black) and
after incubation at 40 oC for 59 days (red). Before (filled) and after (open) filtering with a
0.2 µm filter. A. Using the DG fixture. B. Using the interfacial Du Noüy Ring fixture.
Both insets show the yield stress calculated from the Bingham model.

Figure 4-10 shows that no appreciable changes in the interfacial viscosity occur
before and after filtration. Although large aggregates are removed by filtering, some nonproteinaceous particles could shed from filters, and in some cases lead to protein
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aggregation (365). These particles could affect the apparent and interfacial rheology of
the filtered protein solutions. For these surfactant-free antibody solutions, yielding comes
mostly from the air/water interface both before and after incubating at 40 oC. Since no
significant changes in the interfacial yield stress are observed after filtering (see insets in
Figure 4-10), monomers and aggregates smaller than the filter pore size of 0.2 µm are
important in determining the interfacial properties of the viscoelastic film at the air/water
interface. For these surfactant-free mAb solutions, removing large aggregates does not
significantly affect the apparent rheology (see Figure 4-10). This is not the case for
surfactant-laden mAb solutions as filtering removes the bulk aggregates responsible for
yielding, and the surfactant hinders adsorption of proteins at the air/water interface.

4.4 Conclusions
The diverse amino acid sequences in proteins leads to rich possibilities of
interactions with the solvent, other molecules in solution and interfaces. In the absence of
surfactant molecules that preferentially adsorb at interfaces, proteins form a viscoelastic
film at air/water interfaces that affects the measurements in conventional bulk rheometers
with an air/water interface. Addition of such surfactants hinders the formation of this
viscoelastic film and the solution displays Newtonian response. Nevertheless, protein
aggregates in the bulk can also lead to a non-Newtonian rheology.
Aggregation of the surfactant-free monoclonal antibody solution was promoted by
incubation at 40 oC for up to 65 days. The autocorrelation function of dynamic light
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scattering confirms the formation of higher order species after incubating at 40 oC. NonNewtonian rheology is observed before and after thermal incubation, and this was
attributed to the formation of a viscoelastic film at the air/water interface. However,
increases in both the interfacial and apparent shear viscosity occurred as monoclonal
antibody aggregates formed. This is contrary to the response observed for surfactantladen mAb solutions, in which the interfacial rheology remained unchanged with
increased incubation time (aggregation).
A torque balance accounting for interfacial and bulk contributions to the apparent
viscosity reveals that the increase in the low shear viscosity in surfactant-free mAb
solutions is mostly coming from the air/water interface, both before and after thermal
incubation. Moreover, the interfacial structure becomes more solid-like as aggregation
proceeds. Therefore, protein aggregates are also adsorbing at the air/water interface and
contributing to the interfacial viscoelastic properties. A bulk contribution from
aggregation far from the interface is also observed in aggregated surfactant-free mAb
solutions. This bulk yield stress is about 11 mPa and is quantitatively similar to that of
surfactant-laden mAb solutions. In the absence of surfactant, the interfacial properties
dominate the apparent rheology of the mAb solution.
Several approaches were used to calculate the yield stress of the surfactant-free
mAb solutions. From the steady shear experiments, a yield stress can be calculated using
the Bingham model (  Y ,Bingham ). The yield stress can also be measured using oscillatory
shear (  Y ,osc ) and transient shear experiments. The start-up of steady shear reveals the
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viscoelastic transition from a pure elastic structure to a viscoelastic material (  Y , I start-up ),
and to a viscous liquid (  Y , II start-up ) as the strain increases. After reaching a steady value,
the stress is removed and the sample does not relax to zero, but to a residual stress
(  Y ,cessation ). In general, the Bingham model gives the highest estimates of the yield stress,
with the exception of the yield stress from the overshoot in the start-up of shear
(  Y , II start-up ). Since each approach measures a different point in the transition from a solidto liquid-like response, different yield stresses are obtained as follows:  Y ,Bingham   Y ,osc ,
and  Y , II start-up   Y ,Bingham   Y ,I start-up   Y ,cessation . While different yield stress can be
obtained, they all show consistent increases of the yield stress after incubation at 40 oC,
due to aggregation.
Contrary to the surfactant-laden mAb solutions, filtering did not significantly
change the bulk or interfacial rheological response of the mAb solutions in the absence of
surfactant, because the non-Newtonian rheology comes mostly from the air/water
interface. The results suggest that monomers and aggregates that go through the 0.2 µm
filter contribute to the solid-like response at the air/water interface in aggregated mAb
solutions, which reforms rapidly.
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Chapter 5
CHARACTERIZATION OF MONOCLONAL ANTIBODY AGGREGATES
USING SMALL-ANGLE NEUTRON SCATTERING
Castellanos, M. M., Jai A. Pathak, W. Leach, S. M. Bishop, and R. H. Colby. 2014.
Explaining the non-Newtonian Character of Aggregating Monoclonal Antibody Solutions
Using Small-Angle Neutron Scattering. Biophysical Journal 107:469-476.
Adapted with permission of Elsevier. Copyright 2014.

A monoclonal antibody solution displays an increase in low shear rate viscosity
upon aggregation after prolonged incubation at 40 oC. The morphology and interactions
leading to the formation of the aggregates responsible for this non-Newtonian character
are resolved using small-angle neutron scattering. Our data show a weak repulsive barrier
before proteins aggregate reversibly, unless a favorable contact with high binding energy
occurs. Two types of aggregates were identified: oligomers with radius of gyration ~10
nm and fractal sub-micrometer particles formed by a slow reaction-limited aggregation
process, consistent with monomers colliding many times before finding a favorable
strong interaction site. Before incubation, antibody solutions are Newtonian liquids with
no increase in low shear rate viscosity and no upturn in scattering at low wavevector,
whereas aggregated solutions under the same conditions have both of these features.
These results demonstrate that fractal sub-micrometer particles are responsible for the
increase in low shear rate viscosity and low wavevector upturn in scattered intensity of
aggregated antibody solutions; both are removed from aggregated samples by filtering.
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Keywords: protein aggregation; protein-protein interactions; rheology; shear
viscosity; reaction limited aggregation; submicrometer particles.

5.1 Introduction
The development of bio-therapeutics and in particular monoclonal antibodies
(mAb) has rapidly increased due to their binding specificity to an antigen and efficacy to
treat various diseases (366, 367). However, there are concerns about their
immunogenicity profile when protein aggregates are formed (39, 40, 368). Additionally,
high mAb concentrations are desired in order to minimize the volume required for
subcutaneous injection, leading to high viscosities and higher aggregation propensity
(20).
The interactions and structure of aggregated systems and their forming units can
be characterized using small-angle neutron scattering (SANS). In particular, SANS has
been used to study several proteins including Lysozyme (200, 201, 218, 369),
Cytochrome C (146, 218), Serum Albumin (190, 199, 202, 370), and Insulin (371).
SANS has revealed important insights on the conformation of proteins (207), clustering
(201, 369), and protein-protein interactions (218, 372). In many of these studies,
molecular simulations have been an important tool for data interpretation and analysis
(373). However, only a few studies have utilized small-angle scattering techniques in
mAb, despite the need of understanding their protein-protein interactions and aggregation
behavior. These studies have addressed conformational changes due to formulation
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excipients (210, 374), the structure of antigen-mAb complexes (375), and the interactions
in two mAbs with very small sequence variation but very different viscosities (376).
Herein we report SANS and rheology data for a concentrated mAb solution that
slowly aggregates at 40 oC, allowing us to fully detail the stable (before incubation) and
aggregated states. Access to the stable state allows the structure factor of the monomer to
be studied in detail, thereby allowing the form factor of mAb aggregates to be isolated
from the scattering of aggregated samples. The mAb in this study has been previously
characterized by rheology experiments (186): a non-Newtonian character is elucidated in
the presence of a yield stress (minimum stress necessary for the solution to flow at low
shear rates due to the high viscosities) after prolonged incubation at 40 oC, whereas the
control samples are Newtonian liquids. Biophysical characterization measurements
confirmed the formation of aggregation after incubation at 40 oC: the percentage of
monomer using size-exclusion chromatography (SEC) decreased within a few days
(~85% monomer left after 10 days); a slower decay in the dynamic light scattering (DLS)
autocorrelation function was observed for aggregated solutions that exhibit a yield stress
(24). Moreover, the concentration of aggregates larger than 2 μm measured by microflow imaging increased upon incubation at 40 oC, but no significant changes in the size
distribution were observed (186).
The aggregates responsible for the non-Newtonian character of the mAb solution
have been characterized in this study using SANS. Analysis of the structure factor
provides information about intermolecular interactions in mAb monomers that lead to a
reaction limited aggregation mechanism to form very large aggregates (submicrometer
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particles). The results suggest that mAb monomers collide weakly several times, forming
dynamic reversible aggregates, whereas irreversible aggregation occurs when a favorable
interaction with strong binding energy is achieved.

5.2 Materials and Methods
The mAb studied (51) is a fully humanized IgG1 (pI = 8.6, 145 kDa molecular
weight) that slowly aggregates when incubated at 40 oC. The mAb comes in vials as a
lyophilized formulation. SANS samples were prepared by reconstituting the lyophilized
powder with 2.17 mL of fresh deuterium oxide (D2O, 151882, Sigma Aldrich, St. Louis,
MO) to give a concentration of 53 mg/mL, 20 mM Histidine buffer at pD = 6.4 (pH = 6.0
when reconstituted with H2O) with 60 mg/mL of trehalose and 0.2 mg/mL of
Polysorbate-80 nonionic surfactant. D2O is used to achieve better sample contrast in
neutron scattering. Samples are stored at 2-8 oC before the SANS measurements.
Samples were prepared at 5 mg/mL by diluting with fresh formulation buffer, and
at concentrations up to 228 mg/mL by using centrifugal filtration (Amicon® Ultra-15,
50k MWCO filters, Catalogue Number UFC905024, EMD Millipore, Billerica, MA) at
4000 rcf. Additional samples for stability studies were prepared by reconstituting with
sterile water for injection (Catalogue number 918510, APP Pharmaceuticals, Lake
Zurich, IL) and incubating at 40 oC for about one month. 40 oC is the standard incubation
temperature in the bio-pharmaceutical industry for accelerated aggregation studies. This
temperature is below 49 oC, where the unfolding of the CH2 (least thermally stable)
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domain occurs. Samples stored at 4 oC show 99 % monomer from SEC, a single
relaxation from DLS and a Newtonian response in steady shear rheology, and thus they
consist mostly of monomer. Conversely, samples incubated at 40 oC for 33 days to 44
days have 70-83 % monomer; they show at least two exponential decays in DLS and a
non-Newtonian character under steady shear. We refer to submicrometer particles as
proteinaceous aggregates with length scales 0.1-1.0 μm, following the nomenclature of
reference (48).
The aggregated samples were dialyzed (Slide-A-Lyzer Cassette 10kD MWCO,
Product number 66810, Thermo Scientific, Waltham, MA) for 12 hours at 4 oC, 3 times
against a fresh solution containing the same excipients as the original formulation but
dissolved in D2O to achieve high contrast in the SANS experiments. Protein
concentration was assessed using absorbance at 280 nm in a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA) using an extinction
coefficient of 1.45 cm2(mg)-1 (absorbance of 14.5 for a 1% solution using a 1 cm path
length).
All samples were degassed (9 inHg) before the SANS measurements. For filtering
experiments, 0.2 μm sterile filters with low protein binding (Acrodisc® filter Product
number 4192 from Gelman Sciences, Ann Arbor, MI; and Millex-GV Sterile filter
Catalogue number SLGV013SL from Millipore, Billerica, MA) were used. The rheology
experiments reported here were performed in a cup and bob strain-controlled rheometer
(Contraves LS-30) at 25 oC; further details on this instrument and the shear procedure can
be found in reference (186).
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Electrophoretic mobility measurements were performed in a Zetasizer Nano
Series (Malvern, Worcestershire, UK) at 10 mg/mL and 25 oC to determine an
experimental charge of +3.7e ± 0.2e (e is electron charge; charge estimation assumes the
monomers are spherical particles with radius 5.1 nm) in the Histidine buffer at pH = 6.0.
Aggregate content was determined with UV-detection based high performance size
exclusion chromatography (HP-SEC Agilent 1100 series, Tosoh G3000SWXL Column,
Santa Clara, CA) after sample dilution to 10 mg/mL.
Circular dichroism spectra were measured on a Jasco-815 spectropolarimeter
(Jasco Inc., Easton, MD) using quartz cuvettes with path length of 1 cm for the low
concentration (c ≤ 10 mg/mL), and 0.1 mm for the high concentrations (c ≥ 100 mg/mL).
Scans were performed at 20 oC from 350 nm to 240 nm using a speed of 20 nm/min, 0.5
nm data pitch and 1 nm bandwidth. Autocorrelation functions (dynamic light scattering)
were obtained using a DynaPro Plate Reader (Wyatt Technology, Santa Barbara, CA;
wavelength λ = 830 nm, scattering angle 2θ = 158o, wavevector q = 0.020 nm-1) at 25 oC
after centrifuging samples in a well plate for 2 minutes at 200 rpm.
Small-angle neutron scattering (SANS) measurements were performed on the
NG-7 (30 m SANS) and the NG-B (10 m SANS) beam lines at the NIST Center for
Neutron Research (NCNR, Gaithersburg, MD) using three different configurations by
varying the detector distance (1 m to 15.3 m) and the wavelength of neutrons (5 Å to 16
4 sin   

-1
-1
Å) to access wavevectors  q, q 
 in the range 0.001 Å < q < 0.6 Å ,




where 2 denotes the scattering angle. While small-angle X-ray scattering (SAXS) can
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also be used to study structure and interactions in proteins, SAXS measurements could
induce radiation damage in protein solutions and promote further aggregation (197, 198).
Measurements were performed at 25 oC using standard quartz cells with 1 mm path
length. The scattering cross-section was obtained after correcting for detector efficiency,
background and empty cell scattering, using the SANS reduction package from NCNR
(NIST, Gaithersburg, MD) (224) implemented in Igor Pro (Wavemetrics Inc., Portland,
OR). After obtaining the absolute intensity, incoherent scattering background was
subtracted and the high q data (q > 0.3 Å) were normalized using Porod’s law (I~q-4)
(377).

5.3 Results and discussion
5.3.1 Monomeric mAb solutions (before incubation at 40 oC)
For a monodisperse sample, the absolute cross-section d 
depends on the number density of monomers

d

or intensity

nm , the scattering amplitude

f m (q)   m  solvent   eiq.r d r (  is the scattering length), the effective structure factor

of the monomer Sm (q) and the background B as follows:

d
2
 q   nm fm (q) Sm (q)  B  nm Pm (q)Sm (q)  B .
d
Pm (q) corresponds to the form factor of the monomer, and

(5-1)
denotes an

ensemble average. The experimental data are normalized by fitting the equation for the
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scattered intensity I (q)  Aq 4  B (Porod’s law) at high q values (q > 0.3 Å-1), where the
constant B accounts for the incoherent background, and the factor A accounts for the
protein number density contribution. The normalized data are reported as  I (q)  B  A
and this methodology is consistent to the normalization method using background
subtraction and dividing the absolute intensity by concentration (see Figure C-1 and C-2
in Appendix C). After normalization using Porod’s law, the scattered intensity depends
exclusively on the form factor and the structure factor.
Figure 5-1 shows the normalized scattered intensity for the monomeric samples at
different protein concentrations. The form factor of the mAb was estimated using the
normalized data at 5 mg/mL where intermolecular interactions are negligible and

Sm (q)  1. The experimental data were fitted to the predicted scattering of a human IgG1
b12 crystal structure (Protein Data Bank code 1HZH, crystallized at pH 6.5) (336, 378)
using Cryson (162, 203). The fitting considers a hydration shell around the protein that
has different scattering properties than bulk water. Omission of the hydration shell might
lead to errors and inconsistencies in the fitting of crystallographic structures to scattering
data, as shown by Svergun and coworkers (203). The fitting with Cryson allows an
estimation of the scattering contrast of the hydration shell (0.58 x 1010 cm-2) and the
average displaced solvent volume (316 nm3) per molecule. Cryson also allows an
estimation of the radius of gyration using the Guinier approximation, resulting in an
experimental radius of gyration Rg = 52  5 Å for the monomer. Nonetheless, proteins in
solution are likely more flexible than the conformation suggested by the crystal structure,
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and different pH or changes in buffer excipients could lead to important conformational
changes (210). In these cases, the form factor might not always correspond to the
scattering expected from crystallographic structures.
The Y-shape model recently derived by Yearley et al. (376) did not successfully
describe the experimental scattering data (see Figure 5-1 (b)), possibly because features
of the Fc (crystallizable region) and Fab (antigen binding) domains at q > 0.1 Å-1cannot be
solved by assuming a rectangular box with constant scattering density. Additional details
about the Y-shape model are presented in the Appendix C.
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Figure 5-1. A. SANS profiles of four concentrations of mAb solutions. The line
corresponds to the form factor Pm (q) fit for q > 0.01 Å-1 (the fit to the 5 mg/mL data is
quite good, reflected in χ2 = 1.2). Protein concentrations are as follows: 228 ± 6 mg/mL,
105 ± 2 mg/mL, 54.4 ± 0.2 mg/mL, 5.37 ± 0.07 mg/mL. B. Form factor of an IgG
molecule using the Y-shape model from Yearley et al. (376), the form factor of the PDB
crystal structure (1HZH) and the experimental data for our mAb at a concentration of 5
mg/mL. Details on determination of protein concentration, the parameters of the Y-shape
model and χ2 values can be found in Appendix C.

Using Equation 5-1 and the form factor of the monomer Pm (q) , the structure
factor of the monomer can be isolated. An effective structure factor S m that accounts for
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the non-spherical shape of proteins needs to be considered. However, there are currently
no models available to precisely calculate the structure factor of anisotropic particles.
One approach is to use an average structure factor approximation using an effective
sphere diameter that has the same second virial coefficient as the anisotropic system (224,
225); another alternative is to use the decoupling approximation (226). The average
structure factor approximation has been used here, where the effective size of the sphere
has been determined by fitting a two-Yukawa potential (216-218) with repulsive and
attractive terms:
U ( x) 
, 0  x  1

kBT 
 K1 exp   Z1 ( x  1) / x  K 2 exp   Z 2 ( x  1)  / x, x  1.

(5-2)

Ki and Zi denote the strength and the range of the attractive (i = 1) and repulsive (i
= 2) interactions respectively, x  r /  is the dimensionless form of the distance r and σ
is the effective diameter. The repulsive part of the Yukawa potential is related to the
electrostatic interaction between charged particles and depends on the effective charge z
(charge experienced by neighboring molecules in solution) and the Debye length (κ-1) as
follows (222):

U repulsion (r ) 

z2
exp   (r   )  / r , r   ,
 0 (2   )2

(5-3)

where  is the dielectric constant of water and  0 the permittivity of free space. Since
the Debye length is known to be 21 Å for the mAb solution of this study (ionic strength
of 20 mM), this parameter was kept fixed during the fitting. Since volume fractions 
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are required to calculate the structure factor from an intermolecular potential, these were
estimated at each concentration c using the hydrated volume VH of an IgG molecule
obtained from the form factor fitting using Cryson as  

cN AVH
, where N A is
Mw

Avogadro’s constant and M w is the molecular weight. We estimated volume fractions of
0.071, 0.138 and 0.299 for the concentrations 54 mg/mL, 105 mg/mL and 228 mg/mL
respectively. The volume fraction can also be estimated using the partial specific volume
of an IgG1 (379) and the mass of hydration water per mass of protein estimated from
Cryson. The latter approach gives very similar results to those estimated using the
hydrated volume (4% difference). Both methodologies properly account for hydration to
calculate volume fractions (152). The structure factor for a two-Yukawa potential has
been solved using the hypernetted chain closure (223), and the mean spherical
approximation (216), and the latter has been used here. The effective structure factor
determined experimentally is depicted in Figure 5-2 (a) along with the fitting using the
two-Yukawa potential (Equation 5-2).
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Figure 5-2. A. Experimental structure factor of mAb solution and fitting to a twoYukawa potential (Equation 5-2). B. Effective interaction potential between mAb
monomers in solution. Inset depicts the repulsive interaction and the weak repulsive
barrier for reversible aggregation.
Subtle shoulders are observed in the experimental structure factor at q ~ 0.07 Å-1,
corresponding to an average inter-particle separation distance (center-to-center distance)
of ~90 Å. Moreover, a decrease in S (q  0) with concentration suggests that repulsive
interactions dominate the scattering. However, the structure factor fitting was
unsuccessful when using an exclusively repulsive potential with the known parameters of
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charge and Debye length. A satisfactory fitting of the experimental structure factor was
found using the two-Yukawa potential with a long-range repulsion and a short-range
attraction. The parameters obtained from the fitting are as follows: K1  4.0  0.1 ,

Z1  19.0  0.5 , K2  0.20  0.03 , Z 2  4.3  0.7 , using an effective diameter of 92 2
Å, for all concentrations studied. Using these parameters, the charge of the particle is
+5e, in good agreement with the +3.7e from electrophoretic mobility data.
The fitting describes the data successfully for the medium concentrations, but
significant deviations occur for the highest concentration at q values 0.05 Å-1 < q <
0.1 Å-1. These q values correspond to the region where the nearest-neighbor peak would
occur and its amplitude would increase with particle concentration since the neighbor
distances are constrained in crowded environments. This peak is very weak in the
experimental structure factor, which could be due to the anisotropy of the molecule as the
IgG molecules will have multiple inter-particle separation distances. Since this model
assumes an isotropic potential using an effective sphere, it is expected that deviations
occur in the region where the shape of the particle becomes important. Monte Carlos
simulations have suggested that anisotropy could affect the intensity due to interparticle
correlations as concentration increases (380). Additionally, the decoupling approximation
applied to a Y-shape model suggests that deviations due to the anisotropy of the particle
should occur at q > 0.05 Å-1 (376), in agreement with our results. While using an
isotropic potential for non-spherical particles is an important assumption that must be
carefully evaluated, this model describes very well the data for all concentrations in the
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low q region (q < 0.05 Å-1), where anisotropic effects are less significant. Moreover, the
repulsive part of the potential agrees with the expected values of charge and ionic
strength, and the data were successfully fitted at all concentrations using the same
interaction parameters.
A weak repulsive barrier (~0.04 k BT ) and a primary minimum (-3.8 k BT ) are
estimated using the two-Yukawa potential. The weak repulsive barrier suggests that
proteins can easily fall into the primary minimum, where they will aggregate reversibly
upon contact: at room temperature and -3.8 k BT of energy, proteins can diffuse over the
energy barrier after aggregation and come back to the monomeric state at time scales of
~30 µs (157, 381). Because of the short life time of these aggregates, they can be
considered reversible at time scales of normal interest.
Irreversible aggregates will only form when a favorable contact between two
proteins with a strong binding energy is achieved. While the average interaction potential
would suggest that only reversible aggregation should occur, proteins have a rich variety
of interactions from their amino acid sequence, leading to different sites that could
interact strongly when a favorable conformation is found. In fact, the mAb studied here
has three mutations in the Fc crystallizable domain and these specific changes in the
sequence were observed to decrease the monomer stability compared to the wild type
protein (without mutations) (51). It is possible that these mutations in the Fc region could
lead to specific interactions with a very deep minimum of energy, and therefore play an
important role in the irreversible aggregation of the molecule.
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5.3.2 Scattering from aggregated antibody solutions (after incubation at 40 oC)
The scattered intensity of aggregated solutions is compared to the intensity of
stable mAb solutions in Figure 5-3 (a). The monomer form factor dominates the
scattering at q > 0.1 Å-1 in all samples. At intermediate q values (0.006 Å-1 < q < 0.1 Å-1),
the intensity of unaggregated samples approaches a plateau as q decreases, whereas the
scattering of the aggregated samples shows a continuous increase in the intensity. At the
smallest q values (q < 0.006 Å-1), a power-law behavior is observed in aggregated
samples.
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Figure 5-3. Scattered intensity of aggregated mAb solutions at different monomer
concentrations. A. Aggregated samples are compared to unaggregated samples;
B. isolated aggregate contribution to the scattering. Aggregates were formed by
incubating the solution at 40 oC during the time periods specified in the legend.

For a system consisting of aggregates (agg) and monomers (m), the contribution
of aggregates to the scattering can be estimated. Considering all types of aggregates as a
single population with low number density compared to that of the monomer, and
assuming that the structure factor of the aggregates does not contribute to the scattering at
the length scales studied (Sagg (q)  1) , the total scattering of aggregated samples can be
estimated as:
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(5-4)

Here nagg correspond to the number density of aggregates, Pagg (q) is the form
factor of the aggregates. In equation 5-4, it has been assumed that each population can be
effectively separated, and interactions involving aggregates are rather weak at the length
scales studied. As shown later, the larger aggregates were effectively removed by
filtering without affecting the scattering of the smaller species supporting the validity of
these assumptions. By subtracting the contribution of monomers (Equation 5-1) to the
total scattered intensity (Equation 5-4), the contribution of aggregates can be isolated and
is presented in Figure 5-3 (b). The resulting scattering can be separated into a low-q
region (q < 0.006 Å-1) dominated by a power-law response, and an intermediate-q region
(0.006 Å-1 < q < 0.04 Å-1). The low-q region can be described by a power law with an
average slope of 2.3 ± 0.4. Since passing the solution through a 0.2 μm filter removes the
low-q upturn, this region of the scattering is attributed to submicrometer aggregates with
fractal characteristics, i.e. a structure that looks self-similar at different length scales.
Therefore, the slope corresponds to the fractal dimension of the larger aggregates with
d=2π/q > 0.1 μm that were detected by SANS. The fractal dimension of 2.3 suggests that
aggregates are formed by a reaction limited aggregation (RLA) (382) or slow flocculation
process (383), which occurs in the presence of a repulsive barrier. Therefore, proteins
collide several times by Brownian motion, but aggregate irreversibly only after a
favorable interaction is achieved. While hard colloidal particles have a fractal dimension
of 2.1 (382, 384, 385), proteins are not rigid spheres and it is expected that they form
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slightly more dense structures. Previous studies have observed the fractal nature of mAb
aggregates under acidic conditions (303, 347). Fractal dimensions of 2.56 ± 0.3 were
reported for IgG1 aggregates formed under dilute conditions (c = 1 to 16 mg/mL),
spanning length scales d > 0.2 μm using small-angle light scattering (347, 348, 386). A
slightly smaller fractal dimension was determined here at significantly higher protein
concentrations than previously reported.
The fractal aggregates can be removed by passing the solution through a 0.2 μm
filter, eliminating the low q upturn of aggregated samples. On the contrary, features of
the aggregates at q > 0.005 Å-1 or d < 0.1 μm persist (nanometer aggregates).
Figure 5-4(a) depicts the contribution of aggregates to the intensity before and after
filtration. The size of the aggregates that persist after filtration can be obtained using the
Guinier analysis (387), and an average Rg = 95 ± 30 Å is determined.
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Figure 5-4. A. Effect of filtration on the scattering of a mAb solution at 58 mg/mL
incubated for 44 days at 40 oC. B. Viscosity  ( ) as a function of shear rate  of the
mAb solution in A. Lines correspond to the viscosities expected for a Newtonian fluid
(red) and a Bingham fluid (black) with a yield stress  Y  4.5  1.1 mPa .  is the
viscosity at high rates.

Previous studies have suggested that irreversible aggregates contribute to an
increase in the low shear rate viscosity and disrupt the monotonic dependence of
viscosity with concentration (151). Figure 5-4 (b) shows the effect of filtration on the
rheology of the mAb solution. We measured the rheology of the mAb in buffer with H2O
because the incubation studies were performed under those conditions, and H2O is a more
relevant fluid for biological systems than D2O. Nevertheless, the results of Figure 5-4 (b)
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are reproducible in D2O buffer (see Figure C-5 in Appendix C). The yield stress (upturn
in viscosity at low shear rates) is eliminated after filtration, which also removes fractal
aggregates larger than ~0.2 μm (submicrometer particles). These aggregates contribute to
the low q upturn in the scattering. Hence, submicrometer particles with fractal
characteristics are responsible for the yield stress in the mAb solution. Smaller aggregates
(oligomers) do not contribute to yielding behavior and display a Newtonian response to
shear. However, low shear rate rheology is sensitive to the presence of submicrometer
particles, and thus it is important to measure flow curves instead of a single frequency or
shear rate. Ultra-sonic shear rheometry at one fixed frequency is not ideal for correlating
with protein stability (362).
The mAb aggregates formed upon incubation at 40 oC have different features at
nanometer and submicron length scales. SEC has shown that oligomers of this particular
mAb formulation form within a few days upon incubation at 40 oC (186). It has also been
suggested that an early step in the aggregation pathway of this mAb is the formation of
trimeric species (388), which might correspond to the small oligomers detected here by
SANS with an average Rg of ~10 nm. Regarding the large fractal aggregates, these are
removed by filtering (0.2 μm) as indicated by the absence of the power law behavior at
low q.
Moreover, these fractal submicrometer particles are responsible for the nonNewtonian behavior (i.e. yield stress) observed in the steady shear rheology
measurements. The yield stress is only observed after several days upon incubation at 40
o

C (several days before oligomers are formed) in agreement with a slow flocculation
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process to form fractal aggregates. These conclusions agree qualitatively with the results
of Andersen et al. (389) for a different mAb, where a fast formation of small aggregates
occurred, followed by a slow formation of larger fractal aggregates with no significant
conformational changes of the protein. The RLA mechanism has also been recently
observed in other IgG molecules, and our neutron scattering is fully consistent with light
scattering results (347, 390). Moreover, the weak repulsive interaction between mAb
monomers is in agreement with RLA as particles collide several times, but slowly
aggregate only after a favorable interaction site is found.

5.4 Conclusions
In conclusion, stable and aggregated mAb solutions have been characterized using
small-angle neutron scattering and the structure responsible for the non-Newtonian
character has been identified. For the first time, a connection between the low-q upturn in
the small-angle neutron scattering data and the non-Newtonian rheology of aggregated
monoclonal antibody solutions has been established. The intermolecular interactions
between mAb monomers at medium and high concentrations can be described using a
two-Yukawa potential, and the results of the analysis agree with a reaction limited
aggregation mechanism to form large irreversible aggregates. The combination of a longrange repulsion and a short range attraction gives an intermolecular interaction with a
weak repulsive barrier of 0.04 k BT and a primary minimum of -3.8 k BT , and therefore
mAb monomers form weak aggregates upon contact.
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Protein aggregates formed upon incubation at 40 oC can be classified as oligomers
with an average Rg of 10 nm, and fractal aggregates (with sizes exceeding 0.1 μm).
Whereas the formation of oligomers occurs within a few days according to the
chromatography data, significantly larger fractal aggregates are formed after several days
by a slow flocculation of oligomers that resembles the Reaction Limited Aggregation
process of colloids. Filtration with a 0.2 μm filter removed the fractal aggregates, which
eliminated both the low q upturn in scattered intensity and the yield stress in shear flow.
Submicrometer particles with fractal nature are responsible for the non-Newtonian
character observed in steady shear rheology and the low wavevector upturn in smallangle scattering.
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Chapter 6
MOLECULAR DYNAMICS SIMULATIONS OF HUMAN SERUM
ALBUMIN AND ROLE OF DISULFIDE BONDS
Castellanos, M. M. and C. M. Colina. 2013. Molecular dynamics simulations of Human
Serum Albumin and role of disulfide bonds. J. Phys. Chem. B 117:11895-11905.
Adapted with permission of the American Chemical Society. Copyright 2013.

Atomistic molecular dynamics simulations of Human Serum Albumin (HSA) in
the presence and absence of disulfide bonds are presented. 70 nanoseconds simulations
provide information on the relevance of disulfide bonds in the dynamics and structural
conformation of HSA. Important conformational changes are observed in the absence of
SS-bonds after 35 ns, which could impact the functionality and stability of the protein.
Changes in secondary structure, hydrogen bonds, B-factors and cross-correlations reveal
which disulfide bonds are important for keeping secondary and tertiary structure and the
dynamics of the protein (e.g., Cys168-Cys177, Cys278-Cys289), and which ones have
little effect on local structure and dynamics (e.g., Cys200-Cys246, Cys461-Cys477).
Removing all disulfide bonds in the protein appears to be a practical pre-screening tool
for identifying disulfide bonds relevant to structure and dynamics. In the absence of
disulfide bonds, certain hydrogen bonds and correlated motions vanish, affecting the
structure of neighboring residues. The structure of the primary binding sites of HSA is
partially affected when disulfide bonds are removed. For the native structure, simulations
clearly reveal the conformational changes that allow the only free cysteine to be exposed
to the protein surface, in order to form intermolecular disulfide bonds; this information
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could not be resolved from the static crystal structure alone. The absence of specific
disulfide bonds could lead to partially unfolded structures; such structures are known to
be prone for protein aggregation. Removing disulfide bonds could have similar
consequences in other proteins of interest, such as immunoglobulin G.

Keywords: Human Serum Albumin, molecular dynamics, disulfide bonds,
conformational changes, secondary structure.

6.1 Introduction
Disulfide bonds (SS-bonds), also known as disulfide bridges, are covalent bonds
that have been observed to play an important role on protein stability and aggregation
(34). SS-bonds are formed by a thiol/disulfide exchange reaction and three important
factors are required in the reactive groups to form this bond: accessibility, proximity and
reactivity (electrostatic environment) (12, 391-393). Creighton and coworkers (12)
presented three unique stereo-chemical requirements that should be satisfied for cysteine
residues to be involved in SS-bonds: 1) a distance of 2.05 ± 0.03 Å between sulfurs, 2)
the angle between the sulfur atoms forming the SS-bond and each β-carbon atom must be
close to 103o and 3) an orientation of the two β-carbon atoms corresponding to a rotation
of ±90o about the SS-bond.
Two sulfur atoms have interactions in the order of 300 kJ/mol and up to 430
kJ/mol (393), and therefore the absence of this interaction is expected to produce
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significant structural changes in the conformation of the protein. Conformational changes
in serum albumin related with loosening of structure were observed in conditions where
attractive protein interactions dominated (394), indicating that an important change in
conformation could lead to the formation of protein aggregates.
During the in vivo folding process, the formation and breakage of SS-bonds is
catalyzed by a protein disulfide isomerase (395). Experimentally, SS-bonds can be
removed with reducing agents such as β-mercaptoethanol and dithiothreitol, and
inhibitors such as iodoacetamide or iodoacetic acid prevent their formation (396-398).
SS-bonds play different roles in maintaining structure, stability and functionality. The
effect of SS-bonds on the structure and dynamics of different proteins has been a subject
of interest experimentally (399-402) and computationally (403-408). Some of the
consequences of removing disulfide bonds include a decrease in stability of the unfolded
state (399), changes in the formation of correct SS-bond pairs (400) and a localized
destabilization and decrease in activity (401).
In the area of protein design and engineering, experimental techniques have been
developed to study the stability of proteins, disruption or blockage of sulfhydryl groups in
cysteine residues, as well as addition of SS-bonds (405, 407-409). Limited success has
been achieved by addition of SS-bonds and decrease of stability has occurred (12, 410,
411). Studies performed in fragments of antibodies have shown that the absence of SSbonds influences the stability and aggregation propensity of antibody domains
significantly, whereas the folding of domains is not substantially affected (412).
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For many proteins in the native state, most sulfhydryl groups are forming SSbonds, but free cysteine residues have been detected in proteins such as immunoglobulin
G (IgG) under denaturing conditions (413). As a first step towards understanding
aggregation, HSA is used here as a model protein to show potential changes in structure
and dynamics that could occur due to free cysteine residues not forming SS-bonds.
The HSA atomistic simulations presented in this work are computationally faster
by an order of magnitude than what a molecular simulation of a high molecular weight
protein such as IgG1 will demand. Although IgG and HSA are very different molecules,
both proteins have a significant number of SS-bonds pairs connecting regions in the same
domain and similar changes as those observed in this work might occur in other proteins
with significant number of SS-bonds such as IgG. Protein aggregates from structures
forming intermolecular SS-bonds have been observed (61, 414-418), and understanding
SS-bonds from the atomistic level and its effect on native conformation are necessary
steps to further understand protein aggregation at longer time and length scales.
Since experimental techniques used for the modification of SS-bonds require
extreme care, particularly to avoid steric and polarity clashes (410), atomistic molecular
simulations are an alternative approach to easily modify the protein and determine
changes in structure and dynamics. Molecular dynamics (MD) simulations have been
used to study the effect of SS-bonds on the structural properties of a variety of molecules
such as Hepcidins (407), lipid transfer proteins (408), Tendamistat (405), and Barnase
(409). In general, SS-bonds are important to maintain the tertiary structure and protein
dynamics, in particular when folding pathways are disrupted in the absence of SS-bonds.
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Atomistic simulations offer the further advantage of generating a database of
conformational structures of a single protein, which can be used in the development of
accurate coarse-grained mesoscale models (259) (i.e. bottom-up approach) to study other
phenomena of interest such as protein aggregation (59, 299).
The purpose of this study is three fold: 1) to elucidate the effect of removing SSbonds of HSA on the local and overall structure, flexibility and correlated motions, 2) to
determine how key local residues previously identified to play a role in functionality and
binding affinity are affected by the absence of SS-bonds, and 3) to study the native
structure and generate a databank of structures for the development of mesoscale models
to understand protein aggregation.
This study reveals conformational changes in the HSA native structure when SSbonds are removed. For the simulation time studied (70 ns), not all SS-bonds were
essential to maintain structure and some regions with cysteine residues still conserved a
native-like structure when SS-bonds were not present. The free Cys34 in the native form
of HSA was observed to be accessible from the surface by conformational changes of the
bulky Tyr84. This study will be of great relevance for understanding the effects of
removing disulfide interactions in proteins, which is expected to have an important effect
on macroscopic behaviors of interest, such as protein aggregation.
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6.2 Simulation Setup
Atomistic MD simulations were performed with the Amber 12 simulation
package implemented in a CUDA enabled NVIDIA graphics processing units (GPUs)
(419, 420). The crystallographic structure (PDB: 1AO6) (335) of two non-fatted HSA
with seven crystallographic waters molecules at a resolution of 2.5 Å was used.
Structures with and without SS-bonds were generated by creating the corresponding
topology and coordinate files using TLEAP with the Amber 99SB force field. In
particular, the following five cases were studied: all SS-bonds maintained (native
structure), all SS-bonds removed, removal of SS-bond Cys168-Cys177 and its
corresponding pair (Cys124-Cys169) simultaneously, removal of Cys124-Cys169 and
Cys168-Cys177 separately. Fifteen sodium counterions were added to neutralize charges
in the protein. The protein was solvated with explicit TIP3P water, with a buffering
distance of 20 Å in an octahedral box. Each system contained a total of 148,636 atoms.
Energy minimizations were implemented in the Sander module in two steps: 1)
the protein was first restrained while water minimization was performed followed by 2) a
minimization of the whole system. Minimization of water was implemented in 10000
steps, using steepest descent before applying the conjugate gradient method. The cutoff
for non-bonded interactions was set to 12 Å. Minimization of the whole system was
completed similarly in 20000 steps.
MD simulations were performed for 70 ns with the PMEMD Amber
implementation tool. Before running NPT simulations, the temperature of the system was
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raised slowly from 0 to 300 K for 80 picoseconds, using the Berendsen coupling
algorithm (421). This procedure was followed by a 50 picoseconds NVT simulation. For
the NPT simulations, the temperature was maintained at 300 K using the Langevin
dynamics algorithm (422-424) with collision frequency of 2.0. Periodic boundary
conditions were applied with 1 atm constant pressure and pressure relaxation time of 2
picoseconds. For all MD simulations, bond length constrains in the hydrogen atoms were
applied using the SHAKE algorithm (425). The time step was 1 femtosecond and
information for analysis was printed every 10 picoseconds. The non-bonded list was
updated every 10 steps using a cutoff distance of 9 Å. Long range interactions were
considered using the particle mesh Ewald algorithm (426-428). Analysis of the
trajectories was conducted using the PTRAJ module of Amber.

6.3 Results and discussion
Human serum albumin (HSA) is the most abundant protein in the bloodstream at
concentrations of about 50 mg/mL. It is also present in lymph, chyle, cellular tissues,
aqueous and vitreous humor, as well as tissue extracts and body fluids such as synovial
and cerebrospinal fluid (429, 430). Serum albumin helps to maintain the osmotic pressure
of the body and is an important carrier of fatty acids, metabolites, drugs and other
important ligands (430-433). Drug interactions with HSA are relevant for the
pharmacokinetic properties of a variety of drugs (434-441). HSA is one of the most
relevant human proteins and understanding its structure, dynamics, binding affinity,
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functionality and aggregation propensity has an enormous impact in drug delivery
applications (439, 440, 442).
HSA has a predominant alpha-helix heart-shaped structure with 585 residues
(431, 443). It is usually divided in three homologous domains, each with two
subdomains: IA (residues 1 to 107), IB (108 to 195), IIA (196 to 297), IIB (298 to 383),
IIIA (384 to 497) and IIIB (498 to 585) (335). Subdomains IIA and IIIA are known as the
primary binding sites, although fatty acids also bind to many other regions of the protein
(444). SS-bonds in HSA are uniformly distributed in all the protein domains with two to
four residues in each subdomain. There are 17 SS-bonds and 16 of them form the socalled double SS-bonds as they are next to each other in the amino acid sequence. There
is a free cysteine (Cys34) that participates in intermolecular SS-bonds forming dimmers
(445). Nevertheless, in the crystal structures (1AO6 (335) and 1N5U (446)) this cysteine
is surrounded by other residues and hardly accessible from the surface, preventing
coupling with other cysteine groups. The structure and distribution of SS-bonds in HSA
are shown in Figure 6-1. SS-bonds do not connect different domains of HSA, but adjoin
helical segments with a coil structure in between.
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Figure 6-1. Cartoon representation of human serum albumin (PDB: 1AO6) (335).
Disulfide bonds are represented as van der Waals (VDW) spheres. Sulfur atoms are in
yellow. Eight SS-bonds are located in primary binding sites (four in each subdomain).
There is a free cysteine group (Cys34, green circle) and a SS-bond that does not form a
double SS-bond (Cys53-Cys62, purple square). The cartoon was created using Visual
Molecular Dynamics (VMD) (447).

6.3.1 Effect of disulfide bonds on protein conformation
HSA has been largely recognized as a flexible molecule having the ability to
explore different conformations (448, 449). Root mean square deviations (RMSD)
provide insights into the conformational changes of the structure by comparing changes
in the position of the atoms with a reference structure. RMSD were calculated with
respect to the initial crystal structure for the structures with and without SS-bonds (Figure
6-2). During the first 15 ns both structures changed significantly with respect to the
crystal structure (~3 Å). After ~15 ns, no significant changes in the RMSD are observed
for the native structure. Starting at about 15 ns and for about 20 ns, the structure without
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SS-bonds reaches a plateau, having RMSD values only slightly higher than 3 Å. The
structure without SS-bonds shows a conformational change from the stable native
conformation after ~35 ns. This is possibly due to metastable states or lower energy
barriers in the protein landscape when SS-bonds are removed. The RMSD values for the
simulated structure with SS-bonds are about 1 Å lower than in the absence of them.
Previous MD studies in HSA and its ligand affinity reported RMSD values at Cα
for time frames from 1 up to 10 ns (450-455). Artali et al. (455) ran a 5 ns MD
simulation, starting from the same crystal structure used in this study (PDB entry: 1AO6)
(335), using the GROMOS96 force field reporting only the last 2 ns, with RMSD values
ranging from 3.3 to 5.6 Å. Li et al. (450) used different starting PDB entries (1HZ9 (442)
and 1E7A (456)) of the non-complexed HSA and the GROMOS96 force field, obtaining
stable values in the RMSD after about 2 ns for a 10 ns run, with average RMSD values of
4.5 Å. Similarly, Fujiwara et al. (451) ran a MD simulation for 10 ns, with the
AMBER94 force field and the same starting structure of the present work (1AO6) (335),
with RMSD values ranging from 3 to 4.5 Å. All these results are consistent with the
simulation of the unmodified structure of this study. Sudhamalla et al. (452) found
RMSD values from 4 up to 9 Å in a 6 ns simulation starting from the same initial
conformation (PDB entry: 1AO6) (335), where the main difference appears to be related
with the force field selected (GROMOS 96 43a1) (453). Deeb et al. (454) reported
RMSD values from 2 to 3 Å during a 5 ns MD simulation; these values are closer to the
first 10 ns results of the simulated structure with SS-bonds and longer simulations might
have revealed similar results as the ones obtained here for 70 ns.
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Figure 6-2. 70 ns evolution of the RMSD at Cα for structures of HSA with and without
SS-bonds, referenced to the crystal structure (1AO6) (335). Both MD simulated
structures reach a plateau in the RMSD after about 15 ns. The structure with SS-bonds
keeps its conformation and stability during the remaining of the simulation, whereas the
structure without SS-bonds experiences changes in conformation after 35 ns.

6.3.2 Conformational stability in the absence of disulfide bonds
Secondary structural changes can be assigned in a quantitative manner based on
the definitions of DSSP by Kabsch and Sander or STRIDE by Frishman and Argos (457,
458) Both algorithms were used in this work, along with visual inspection of snapshots to
merge these algorithms. In the absence of SS-bonds, the secondary structure of the
protein is generally maintained, except in specific regions where some alpha helices
unfold. In particular, unfolding of alpha-helices was observed in domain IB and IIIB in
the region between Cys168-Cys177, and Cys558-Cys567 respectively. The secondary
structure is partially affected in the main binding sites, such as in the alpha-helices
formed by residues Glu227-Gln268 in domain IIA as discussed below. Changes in local
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structure were observed when the sulfhydryl in cysteine moved far apart from its
corresponding cysteine pair.
The analysis of distances between sulfur atoms (Sγ) in pairs of cysteines was an
important tool to identify the effect of removing each SS-bond on the structural stability,
correlated motion and flexibility of local residues. In the absence of SS-bonds, most pairs
of Sγ atoms have regions with a preferred distance of about 4.1 Å (standard deviation of
0.5 Å), suggesting that they sample conformations with some probability of forming a
bond again. In the present atomistic simulations and with the selected force field, the
formation of a covalent bond cannot be studied once it has been broken.
However, it is also possible to identify pairs of sulfhydryl groups –SH that once
their bonds have been broken, their separation distance increases significantly and thus
have a lower probability of forming a bond again. As an example, Figure 6-3 represents a
comparison between a SS-bond that is stable (Cys200-Cys246) compared to Cys168Cys177 that samples separations far from the native equilibrium distance (2.03 Å).
Additional figures of the distances sampled by each SS-bond (from their Sγ atom) can be
found in the Appendix D (Figure D-1 through D-3).
Importantly, we found that most pairs of cysteine residues are stable (i.e., stay at a
“constant” separation) in the absence of the SS-bonds, as in Cys75-Cys91, Cys200Cys246, Cys360-Cys369, and Cys461-Cys477. Since they sample distances around 4.1
Å, it is likely that they form a SS-bonds again. In contrast, the distances between Cys168Cys177, Cys437-Cys448 and Cys558-Cys567 fluctuate considerably in the absence of
SS-bonds, and significant changes in the secondary structure of local residues were
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observed. Less pronounced fluctuations and partial variations in structure and dynamics
are observed for Cys245-Cys253 and Cys265-Cys279, with separations of ~5 Å and
mostly below 10 Å (see Appendix D, Figure D-1 through D-3). Cys278-Cys289 and
Cys392-Cys438 reach stable conformations at distances above 5 Å, where the interaction
between sulfhydryl groups is expected to be weaker.
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Figure 6-3. Separation of cysteine Sγ atoms in the absence of SS-bonds. Two examples
are presented: A. Cys200-Cys246 (top, blue) and B. Cys168-Cys177 (bottom, blue), and
both compared to the distance of the simulated structure with SS-bonds (pink). Not all
SS-bonds provide structure to HSA as in Cys200-Cys246, which conserved a stable
separation throughout the simulation. Even when the physical bond is removed, other
interactions keep them stable within a distance in which they have chances to form a
bond again. However, once the bond between Cys168-Cys177 has been removed, these
cysteine residues separate and sample different conformations, while decreasing the
probability of forming a bond again.

For many protein engineering applications, only a single or a few SS-bonds are
removed and it becomes of interest to elucidate how much this disruption will affect the
structural stability and dynamics of the protein. Based on the results from the simulation
when all SS-bonds are removed, it was hypothesized that the SS-bond formed by
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Cys168-Cys177 plays an important role in the structure and dynamics of HSA. The effect
of removing Cys168-Cys177 and Cys124-169 (both pairs form a double SS-bond)
simultaneously and separately were also studied.
Figure 6-4 shows the RMSD for the whole protein calculated with respect to the
crystal structure (1AO6) for the 5 cases studied in this work. No significant changes are
observed when only Cys124-Cys177 is removed compared to the structure in which all
SS-bonds are present. Some differences occurred for the case when only Cys168-Cys177
is removed, but after 50 ns it reaches similar values as the other cases studied. In general,
removing only Cys124-Cys177, Cys168-Cys177 or both produce an overall conformation
similar to the native structure with all SS-bonds present during the 70 ns trajectory.

Figure 6-4. RMSD for the five cases studied in this work. Results in the absence of
Cys124-Cys169, Cys168-Cys177 or both are in close agreement with the native structure
(all SS-bonds present).
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Figure 6-5 depicts the distances between the Sγ atoms in Cys168-Cys177. The
conformation sampled in the absence of the SS-bond Cys168-Cys177 is mostly consistent
with the first 30 ns of MD with all SS-bonds removed. When both Cys124-169 and
Cys168-Cys177 are absent, the conformation sampled by the SS-bond Cys168-Cys177
agrees with results after 30 ns when all SS-bonds are removed. These results show that a
Sγ distance of ~4.1 Å and beyond (up to 15 Å) could be explored when Cys168-Cys177
is removed and important changes in the local structure and dynamics will occur.
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Figure 6-5. Separation of cysteine Sγ atoms in Cys168-Cys177 after removing: A. The
SS-bond Cys168-Cys177 and B. The double SS-bond between Cys124-Cys169 and
Cys168-Cys177. For comparison purposes, results with all SS-bonds removed (blue) and
all SS-bonds present (pink) are included. Similar distances are sampled in all simulations
where the SS-bond Cys168-Cys177 is absent.

Similar comparisons were established for the SS-bond between Cys124-Cys169
and results are presented in Figure 6-6. Results are very consistent when either the SSbond Cys124-Cys169 or all SS-bonds are removed. However when Cys124-Cys169 and
Cys168-Cys177 are absent, the Sγ distance in Cys124-Cys169 increases dramatically
reaching values up to 15 Å, suggesting that some double SS-bonds (consecutive cysteine
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residues in the amino acid sequence) are important for the stability of the local secondary
structure. The result suggests that adding constraints to the protein structure –by keeping
all SS-bonds in HSA while removing only one double SS-bond- could allow higher
flexibility to the local region of the non-native free Cys residues.

Figure 6-6. Separation of cysteine Sγ atoms in Cys124-Cys169 when A. the SS-bond
Cys124-Cys169 is absent and B. after removal of the double SS-bond between Cys124Cys169 and Cys168-Cys177. For comparison purposes, results with all SS-bonds
removed (blue) and all SS-bonds present (pink) are included. In the absence of the double
SS-bond a pronounced increase in the distance occurs, suggesting an important structural
change in the local residues.
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The present study elucidates that the most susceptible SS-bonds can be identified
from a simulation with all SS-bonds broken. This is an important finding since a
molecular simulation with all SS-bonds removed can be used as a pre-screening tool to
identify which SS-bonds are more prone to affect the protein structure and dynamics.
After these SS-bonds have been identified, a more comprehensive study in the absence of
specific SS-bonds can be performed, avoiding a systematic and expensive study (both
computationally and experimentally) of breaking each SS-bond.

6.3.3 Protein dynamics
Besides affecting the size and shape of HSA, the absence of SS-bonds changed
the local dynamics. In Figure 6-7, B-factors (temperature factors) are plotted for each
residue with and without SS-bonds and compared to B-factors obtained from the X-ray
1AO6 (335) crystal structure. For clarity purposes and as fluctuations are stronger for
longer time frames, these B-factors correspond to a trajectory of 5 ns in the time frame of
65 to 70 ns, which correspond to equilibrated trajectories according to the plateau in the
RMSD. Similar trends are observed among the MD simulations and the experimental
crystal structure.
In particular, the binding sites (subdomains IIA and IIIA) have low B-factors, as
observed in other studies (451, 452, 455), even when the four SS-bonds in each binding
site are not present (i.e., the absence of SS-bonds does not severely affect the dynamics of
the binding sites). Additionally, sharp peaks are found in subdomain IB as the absence of
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the Cys168-Cys177 SS-bond creates a very flexible region, where separations between
the sulfur atoms could reach up to 10 Å. The absence of this SS-bond promotes a change
in secondary structure and dynamics where some alpha-helices unfold into coils, and thus
appears to be responsible for providing structural stability to local regions.

Figure 6-7. B-factors at Cα for 5 ns MD trajectories of HSA with and without SS-bonds,
and compared to the experimental crystal structure. The main binding sites (residues 196
to 297 for site I, and 384 to 497 for site II) form rigid regions compared to other residues
in the protein. A strong peak between residues 150 and 200 rises in the structure without
SS-bonds, whereas the same peak is weaker for the structure with SS-bonds. The absence
of the SS-bonds between Cys168 and Cys177 promotes unfolding of alpha-helices in
domain IB and changes in secondary structure.

A cross-correlation Cij analysis (459) provides information on the similarity or
correlated spatial motion between the Cα of a pair of residues i and j, and is calculated as:
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Cij 

ri  rj
ri

2

rj

2

(6-1)

where ri corresponds to the displacement of atom i compared to a reference position.
The values of the cross-correlation vary from -1 to 1 for motions completely anticorrelated and correlated respectively. By visual pattern recognition, a dynamic crosscorrelation map (DCCM) provides information on the similarity or correlated spatial
motion between a pair of residues. A DCCM was generated from trajectories with and
without SS-bonds and is presented in Figure 6-8, where a red color is indicative of a
strong cooperative motion between residues, and a dark blue indicates a negative
correlation. Inspection of both graphs clearly reveals the regions in which correlated
motions are affected by the absence of SS-bonds. For completeness, the most important
changes when comparing the DCCM with and without SS-bonds are listed in the
Appendix D.
As an example, a covariance analysis indicates that the first SS-bond in the
sequence and the only non-paired SS-bond (Cys53-Cys62) has correlated motions with
the region formed by Ser5 and His9. The region near Cys514-Cys559 and Cys558Cys567 has strong correlations with residues in their vicinity such as Asn503-Glu505 and
Glu542-Cys559, which weaken in the absence of SS-bonds. The removal of SS-bonds
affected a number of correlated motions such as those in residues Glu119-Cys124 and
Cys169-Ala175, Glu131-Thr133 and Ala504-Phe507.
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However, the absence of SS-bonds also induced stronger correlate motions, as in
the regions encompassed by residues Lys199-Gln204, Leu408-Thr412, Thr506-His510.
When SS-bonds are removed some hydrogen bonds strengthen, preventing significant
unfolding and abrupt changes in conformational structure and dynamics, suggesting that
other interactions become important when SS-bonds are absent. In general, removing SSbonds either decreased or removed correlated motions in the neighborhood where SSbonds are present, with a few exceptions (Cys200-Cys246 and Cys245-Cys253 have no
correlated motions in either case; correlated motions in Cys316-Cys361 and Cys360Cys369 are not significantly affected).
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Figure 6-8. Dynamic Cross Correlation Maps of HSA in the A. presence and B. absence
of SS-bonds. Correlated motions are affected differently when removing SS-bonds. Some
correlations and specific hydrogen bonds vanish or become weak when SS-bonds are
removed, as in the local region enclosed by the SS-bond between Cys53-Cys62.
Nevertheless, stronger correlated motions were also observed when removing SS-bonds,
such as in Leu408-Thr412. Intramolecular interactions contribute to the dynamical
response and structure of HSA allowing only partial changes when SS-bonds are
removed.

Regions where other non-covalent interactions (hydrogen bonds, salt bridges, etc.)
are responsible for preventing severe changes in secondary structure and correlated
motion were identified. In particular, correlations between the DCCM and hydrogen bond
172

interactions were established. The correlated motion between residues Gln221 and
Ala226, with Ile271-Lys274 and Val293-Met298 is not affected by the rupture of local
SS-bonds (there are four of them in this section of subdomain IIA), but hydrogen bonds
are responsible for keeping a correlated motion and the structure of these regions.
Hydrogen bonds between residues Val216-Ser220, Ala226-Tyr332 and Ser273-Asp296
still keep occupancies from 97%, 99% and 99% in the absence of SS-bonds respectively
(see Appendix D).
Similarly, hydrogen bonds are maintained when SS-bonds are removed, such as in
Glu48-Thr52, Gln32-Arg144 and Pro303-Arg337. The region formed by Leu529-Pro537
in domain III has correlated motions with residues in the same domain when SS-bonds
are absent, which are weaker when SS-bonds are present. New hydrogen bonds are
observed between Gln29-Phe149, Tyr150-Asp249, Ser312-Tyr370 and Thr420-Glu531
that do not have significant occupancies (less than 60%) in the native state.

6.3.4 Surface accessibility of Cys34 in HSA
Cys34 is the only cysteine with a free sulfhydryl group in HSA and it has been
identified as a metal-binding site (431). About 30% of this sulfhydryl is oxidized by
cysteine and glutathione in the bloodstream and it can participate in an intermolecular
SS-bonds forming dimers (445) Sugio et al. (335) did not observed a surface accessible
Cys34 in their X-ray crystal structure, as the Sγ atom was hindered by side groups of
Pro35, His39, Val77 and Tyr84. They hypothesized that the sulfhydryl group Cys34
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would be able to link with other sulfhydryl groups when the phenolic side of Tyr84 “flips
over” or there is a change in backbone conformation, exposing Cys34 to the surface. MD
simulations are a suitable technique to study changes in structural conformation and
dynamics of specific residues in the protein. Simulated structures with SS-bonds (i.e.,
native HSA) were used to determine if Cys34 becomes exposed to the surface.
Cys34 is located in a coil but surrounded by rigid alpha-helices. A strong
hydrogen bond is formed between Cys34 and Tyr140 with occupancies in the order of
98% (see Appendix D, Table D-1) which does not favor a change in backbone
conformation. Distances between the Sγ in Cys34 and the center of mass of the hindering
residues were monitored in the 70 ns simulation and are shown in Figure 6-9, with
selected simulation snapshots in which Cys34 is clearly accessible from the surface with
a probe radius 1.4 Å.
Residues that sterically hinder Cys34 sample different conformations, in which
the distances between Sγ and the side groups increased, in some cases simultaneously, as
in Pro35 and His39. Due to their hydrophobicity and location on the surface of the
protein, Val77 and Tyr84 are very mobile and sample a variety of conformations. Tyr84
has significant mobility (B-factor of 96 Å2 in the experimental structure) and it can be
seen that its phenolic group moves away from the sulfhydryl group providing access to
Cys34 from the surface, as presented in the snapshots of Figure 6-9. Val77 and Pro35 are
located in the extreme of an alpha-helix next to a coil, but Val77 has a higher
experimental B-factor of 43 Å2 compared to 30 Å2 for Pro35. These residues also moved
away from Cys34 giving access to the Sγ of Cys34 for other molecules. His39 is located
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in an alpha-helix and does not change its conformation significantly. Asp38 also
influenced the accessibility of Sγ in Cys34, but as in His39, there are no major changes in
conformation and dynamics.

Figure 6-9. A. Time evolution of the distance between the Sγ atom in Cys34 and the
center of mass of hindering residues. B. Snapshots of the crystal structure and
C. snapshot after 60 ns of MD simulation with groups that sterically hinder the Sγ in
Cys34. Val77 and Tyr84 are flexible groups and can easily sample different
conformations. Sγ (yellow atom) is accessible from the surface when Tyr84 (circled)
flips over and its phenolic ring moves away from Cys34. Other residues that sterically
hinder the surface accessibility to Sγ in Cys34 are Pro35, Asp38, His39 and Val77. Once
the sulfhydryl group of Cys34 is on the surface, it can be accessed by sulfhydryl groups
of other HSA molecules and form intermolecular linkages.

Besides Cys34, most sulfhydryl groups in cysteine are well protected and hardly
accessible to the solvent. However, when SS-bonds are removed, some sulfhydryl groups
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are exposed to the surface such as Cys169, Cys253, Cys265, Cys361 and Cys567. These
groups will have better chances of forming intermolecular SS-bonds and producing
higher order structures. Aggregation studies in the absence of disulfide bonds were not
performed, but the effect of SS-bonds on the conformational stability of the protein and
surface accessibility of cysteine residues will likely affect the aggregation propensity of
the protein.

6.3.5 Relations with functionality and binding affinity
HSA is well known for its binding affinity to fatty acids and a variety of drugs.
Several small heterocyclic and aromatic carboxylic acids bind to the two main sites.
These regions form a pocket structure and are essentially hydrophobic with four SSbonds in each site: Cys200-Cys246, Cys245-Cys253, Cys265-Cys279, Cys278-Cys289 in
binding site I (subdomains IIA) and Cys392-Cys438, Cys437-Cys448, Cys461-Cys477,
Cys476-Cys487 in binding site II (subdomains IIIA). Site I specifically binds to drugs
such as aspirin, bilirubin, azapropazone (460), warfarin (an anticoagulant) (437, 442),
phenylbutazone and tolbutamide (434, 442). Binding site II has high affinity for
tryptophane, diazepam, digitoxin, ibuprofen, thyroxine, and octanoate among other drugs
(431, 434, 461). Additionally, HSA binds to fatty acids with a variety of affinities in six
different and asymmetrically distributed sites (444).
Although the hydrophobicity and charges of the residues are important for the
affinity of drugs and fatty acids, the particular structure of these sites is believed to play
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an important role in the binding affinity of HSA. Residues in the vicinity of SS-bonds
have been associated with binding. Reed observed that palmitic acid binds with high
affinity to bovine serum albumin and in particular to Lys116, Lys349 and Lys473 (462).
The corresponding residues for HSA are Arg117, Lys351 and Lys475; the latter is next to
Cys476 and its binding affinity could be affected by the breakage of SS-bonds. The
analysis below focuses on the main drug binding sites.
B-factors in the primary binding sites of HSA (subdomains IIA and IIIA) are
significantly low with most fluctuations below 50 Å2 for both the experimental and
simulated structures (see details in Figure 6-7). The removal of the eight SS-bonds in the
binding sites did not affect the dynamics and overall structure due to the presence of
hydrogen bonds. However, the absence of SS-bonds partially affected the pocket-like
structure of these sites.
Figure 6-10 presents a snapshot of binding site I at 60 ns without SS-bonds
compared to the initial crystal structure. In this site, Cys245 and Cys253 form a SS-bond
which contributes to keep the native conformation between alpha-helices h3 and h4 in
subdomain IIA, and a flexible coil in Gly248-Asp249. In the absence of SS-bonds this
coil is extended, partially changing the secondary structure in the region between Thr243
and Leu260. The structure of site I becomes looser, which could impact its binding
capacity. Other SS-bonds in the same site did not have analogous effects in the structure,
and no major changes in the overall structure are observed when breaking the bond
Cys278-Cys289. In binding site II, similar changes in structure were observed due to the
removal of the SS-bonds in Cys437 and Cys448, also located in a region of alpha-helices.
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Distances sampled by each SS-bond in the binding sites are presented in the Appendix D
(Figure D-1 through D-3).

Figure 6-10. A. Snapshot of binding site I (subdomain IIA) at 0 and B. 60 ns without SSbonds. Breaking the SS-bond between Cys245 and Cys253 promotes a change in
secondary structure, affecting alpha-helices h3 and h4. This SS-bond appears to be
important to provide the pocket-like structure of binding site I.

6.4 Conclusions
In this work, HSA was selected as a model protein since it plays an important role
in the human body and is a “medium size protein” with 585 residues and 34 cysteine
residues participating in SS-bonds. SS-bonds influence the conformational stability of the
native structure, consequently affecting the local dynamics of several regions. These
results provide not only detailed information of the importance of SS-bonds for HSA, but
178

most importantly the pathway towards understanding other proteins with a rich SS-bond
structure, such as immunoglobulin G.
70 ns atomistic MD simulations of HSA with and without SS-bonds revealed
specific changes in structure and dynamics that the absence of these interactions may
cause. The removal of SS-bonds destabilizes the tertiary structure of the protein, but
changes occurred only after 35 ns of MD simulation. Some SS-bonds (e.g., Cys168Cys177) are responsible for secondary structure, and in particular the structure of the
binding sites is affected after removal of SS-bonds. On the contrary, some cysteine
residues (e.g., Cys200-Cys246) are not responsible for local structure and dynamics, as
hydrogen bonds play an important role in maintaining the structure and correlated
motions in those regions. These results suggest the presence of redundant interactions
such as SS-bonds or hydrogen bonds in specific regions of the protein. Nonetheless, SSbonds are essential for the global heart-shaped structure and dynamics of HSA.
Cys34 becomes accessible from the surface as the phenolic group in Tyr84 moves away
from the sulfhydryl group. Pro35, Asp38, His39, and Val77 also change their
conformation to allow the Sγ in Cys34 to participate in intermolecular SS-bonds.
Significant changes in backbone conformation of Cys34 rarely occur, due to the
prevailing hydrogen bond formed with Tyr140. The trajectories of these simulations
contain rich information on the conformational structure and dynamics of HSA, and
provide the data required for accurate bottom-up coarse-grained models to study
phenomena that occur at longer time and length scales than atomistic simulations can
achieve (i.e., protein aggregation).
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Chapter 7
CONCLUSIONS AND FUTURE DIRECTIONS
7.1 Conclusions
The aggregation of concentrated protein solutions has received great interest in
the last decades, because of its impact in the development of stable and functional biotherapeutics. Furthermore, some concentrated protein solutions have high viscosities,
limiting their applicability for subcutaneous injection. The rheology of protein solutions
depends on several factors such as protein-protein interactions, reversible selfassociation, formation of large irreversible aggregates, interactions with excipients,
protein conformation, among others.
Rheological characterization is used to assess the effect of protein aggregation on
the viscosity of protein solutions. The rheology of surfactant-free protein solutions shows
an increase in the low shear viscosity in rheometers with an air/water interface. This
behavior is attributed to a yield stress, which is the minimum stress that needs to be
applied for the sample to flow. The air/water interface contributes to the measured
viscosity, because proteins are surface active molecules that adsorb at the air/water
interface, forming a viscoelastic film. The increase in low shear viscosity depends on the
magnitude of the interfacial and bulk viscosities, as well as the geometrical parameters of
the fixture used for the measurement.
Bovine Serum Albumin was used here to quantitatively estimate the effects of the
interfacial viscosity on the apparent rheology measurements, because the bulk viscosity
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cannot be directly measured when air/water interfacial effects are present. A method was
developed to determine how much of the apparent viscosity comes from the interface,
using a torque balance that estimates the interfacial and bulk contributions to torque.
Once the interfacial yield stress  YS and the apparent yield stress  Y are known, the
parameter

 YS

K Y can provide insights into the origins of the yielding behavior (bulk

vs. interface); K is a constant estimated from the torque balance.
Moreover, an apparent rheopexy, i.e. an increase of measured viscosity with time,
is observed as protein adsorption evolves at the air/water interface. This increase in the
apparent viscosity could take up to several hours, until the interfacial viscosity reaches a
steady value.
Interfacial effects are important at low to medium shear rates, below 1 s-1 to
10 s-1, depending on the fixture used. At higher shear rates (up to 1000 s-1), the viscosity
is independent of shear rate and the system responds as a Newtonian liquid, since the
applied stress is above the yield stress. The minimum shear rate at which interfacial
effects are negligible will depend on the geometry and the system. Adding non-ionic
surfactants, such as polysorbate-80, removes the interfacial contribution to the apparent
viscosity.
Besides air/water interfaces, protein aggregation can also contribute to an increase
in the low shear viscosity, as observed for a surfactant-laden monoclonal antibody
solution after prolonged incubation at 40 oC. This study proved that aggregation does
affect the viscosity and flow curves (i.e. viscosity at different shear rates or frequencies)
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should be measured in order to characterize the rheological behavior. Protein aggregates
lead to an increase in the bulk yield stress, without affecting the interfacial rheology,
because of the surfactant adsorbing to the air/water interface. Before aggregation occurs,
the surfactant-laden antibody solutions behave as simple Newtonian liquids. These
solutions have interfacial viscosities comparable to those of the buffer and independent of
any aggregation occurring in the bulk.
Biophysical characterization techniques such as size-exclusion chromatography,
dynamic light scattering and micro-flow imaging were used to assess the aggregate
content in the protein solutions studied. The formation of oligomeric species does not
lead to measurable changes in the viscosity, and increases in the aggregate content from
size-exclusion chromatography do not correlate with the yield stress. However, very good
agreement is observed with dynamic light scattering, as additional slow relaxation modes,
coming from large aggregates, correlate with the yield stress.
Removing polysorbate-80 from the antibody formulation leads to an increase in
both bulk and interfacial yield stresses after prolonged incubation at 40 oC. However, the
apparent yield stress originates primarily from the air/water interface. The bulk
contribution estimated for the aggregated surfactant-free antibody solution is comparable
to the bulk yield stress in the surfactant-laden antibody solution.
The yield stress can be estimated using different approaches. The yield stress is
not characterized by a single value, because there is a viscoelastic region in which the
sample changes from a solid-like to a liquid-like response as the stress increases. This can
be clearly seen in the start-up of shear. In this work, the yield stress was estimated from
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the steady shear rheology data using the Bingham model, and compared with the values
estimated from oscillatory shear, and transient experiments. The latter included start-up
and cessation of steady shear. In general, the yield stress from the Bingham model is
larger than the yield stress from cessation and oscillatory shear, but smaller than the yield
stress from start-up of shear. Some experimental protocols are more sensitive to the start
of viscoelasticity, whereas other approaches, such as the Bingham model applied to the
steady shear data, measure the stress at which viscous flow begins.
The transient experiments performed suggest that the structure responsible for
yielding in monoclonal antibody solutions breaks progressively as the shear rate is
increased, but reforms upon cessation of shear. There is no evidence from other
characterization techniques (SEC, DLS, MFI) that shear breaks up the irreversible
aggregates, as the same characterization results are obtained before and after shear. It is
likely that these large irreversible aggregates participate in yielding by forming a large
reversible structure that spans the walls of the rheometer. At stresses below the yield
stress, this structure responds like a solid, but as the stress increases, it breaks up and the
antibody solution shows a liquid-like response.
The aggregates responsible for shear yielding in the surfactant-laden antibody
solutions were studied using small-angle neutron scattering. A two-Yukawa potential can
be used to estimate the long-range repulsive and short-range attractive interactions in
antibody molecules. These interactions result in a weak barrier, leading to the formation
of weak reversible aggregates at the solution conditions studied. While reversible
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aggregates could cause a yield stress, no evidence of yielding was observed in these
protein solutions only forming weak reversible aggregates.
The aggregated antibody solutions show increases in the scattered intensity at
length scales larger than 10 nm, due to the formation of oligomers and sub-micron
irreversible aggregates. The latter are formed by a reaction-limited aggregation
mechanism, in which many hydrodynamic collisions are facilitated both by Brownian
motion and shear. Irreversible aggregation occurs when proteins find an attractive
interaction site with high binding energy. While forming these aggregates might not
require incubation at 40 oC, a higher energy barrier for irreversible aggregation and a
decrease in the probability of collisions at the high attraction energy will occur at lower
temperatures. The sub-micron aggregates have a fractal structure, and are responsible for
yielding and the increase in low shear viscosity observed in the rheology. These
aggregates are removed by a 0.2 μm filter, eliminating the yield stress and the intensity
upturn at low wavevector in the neutron scattering profile.
The fractal aggregates have a fractal dimension of 2.3±0.4. This value is in
agreement with the fractal dimension of hard colloidal particles formed by reactionlimited aggregation ( d f =2.1), and consistent with the weak collisions of monomer pairs.
However, the estimated fractal dimension could also correspond to percolation ( d f =2.5).
While further work is required to establish if percolation offers a more appropriate
description of these aggregates, the characteristic power-law decay of the intensity

184

autocorrelation function for percolation from dynamic light scattering (463) is not
identified in the autocorrelation function of the aggregated protein solutions.
Molecular simulations can be used as a pre-screening technique to characterize
the conformational stability of human serum albumin in the absence of disulfide bonds.
By removing the 17 disulfide bond pairs in serum albumin, the disulfide bonds
responsible for the structure and dynamics of serum albumin can be identified. Some
disulfide bonds do not show any disruption of the protein structure and dynamics upon
removal, suggesting that they can be engineered without affecting the stability of serum
albumin. Moreover, the formation mechanism of intermolecular disulfide bonds in serum
albumin was elucidated, by studying the local dynamics of the native structure in the
region of the free cysteine group.
Using a combination of rheology and neutron scattering, a connection between the
yield stress and the low-q upturn in scattering –indicative of protein aggregation- was
identified. The small (10 mPa) yield stress was observed at low shear rates and stresses
using various rheological tests, such as steady shear, oscillatory shear, start-up of shear
and cessation of shear. These experiments were facilitated by having an antibody that
slowly aggregates at 40 oC in its formulation buffer. Both yield stress and the low-q
upturn slowly build on incubation at 40 oC, and both are removed simultaneously on
filtering, proving their connection.
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7.2 Future directions
Several new areas can be explored to increase our understanding of protein
aggregation. Below are some of the future directions that this project can take using
rheology, neutron scattering and simulations.

7.2.1 Rheology of aggregated protein solutions
In this dissertation, a correlation between the yield stress and submicron fractal
aggregates from an antibody solution was identified. Small aggregates (oligomers) do not
cause any changes in the rheology of the antibody solution studied here. Moreover,
previous studies have suggested a connection between reversible self-association and the
high shear viscosity (33, 67). Nonetheless, the following questions still remain:


How will different types of aggregates (fibrillar, reversible, irreversible, etc.)
affect the yield stress and the high shear viscosity?



Is there a correlation between the size of the aggregates and their solution
viscosity?



Can the effects of sub-micron aggregates and self-association on the rheology be
generalized for other proteins and antibody solutions?

Certain protein solutions are already known to aggregate at different solution
conditions, such as extreme acidic pH, high ionic strength, high temperature, etc. While it
is know that aggregation can affect the rheological behavior, and protein aggregation
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could lead to gelation (363, 464), a correlation between the size and morphology of the
aggregates and their rheological response has not been established. It is also not known if
the effects of aggregation on the viscosity are consistent for different proteins.
It is hypothesized that the yield stress will increase in protein solutions with submicron fibrillar aggregates, whereas no changes in the rheology will occur after forming
nanometer globular aggregates. Nonetheless, globular dense aggregates could decrease
the high shear viscosity. Understanding the effect of fibrillar vs. amorphous, reversible
vs. irreversible, nanometer vs. micron-size aggregates on the viscosity will establish the
types of aggregates that need to be controlled, in order to decrease the yield stress and the
high shear viscosity.
In order to investigate the correlation between size and type of aggregates with
yielding, it is proposed to prepare and characterize different protein solutions in their
stable and aggregated state. Some of the solution conditions that can be tested and
controlled by using a formulation buffer are the following: ionic strength (salt
concentration), charge (changes in the pH with respect to the pI), excipients, temperature,
etc. In particular, the following proteins can be studied:
a. Hen Egg White Lysozyme (HEWL)
Lysozyme is a small protein with 129 residues, molecular weight 14.4 kDa, and pI
between 10.6 and 10.9 (465). HEWL has been observed to form fibrils at pH 2.0, after
about 48 hours of exposure at 57 oC (466). On the other hand, globular amorphous
aggregates are formed at pH  pI when incubated at 90 oC. The size of these aggregates
depends on salt concentration, as the particle radii increases from 30 to 500 nm at 0.1 M
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NaCl (467). No aggregation is observed at pH 2.0 and 13 mM NaCl if the protein is not
heated (466). Therefore, it is proposed to study HEWL in two aggregated states at 3.0
%w: a. pH 2.0, incubating at 57 oC to promote the formation of fibrillar aggregates, and
b. pH 10.5 and incubating at 90 oC to form particulate aggregates. The effect of the radii
of the globular aggregates on the rheology will be studied by adding NaCl at 0.1 M. The
stable state will correspond to pH 2.0 at 25 oC. The rheology will be studied after 2 days
for fibrils and 30 minutes for globular aggregates, which corresponds to the time required
to form the aggregates (466, 467).

b. Recombinant keratinocyte growth factor (KGF)
KGF is a positively charged protein at neutral pH. It has 164 residues, molecular
weight of 19 kDa and isoelectric point 10.4 (468). KFG is very sensitive to temperature
forming aggregates rapidly even at low concentrations (below 1 mg/mL). Aggregation is
driven by a conformational change that results in repulsion between positively charged
residues (64). Hereafter, oligomers are formed first, which can later form disulfide crosslinked insoluble aggregates. Oligomers and insoluble aggregates can be reduced with
heparin and chelating agents respectively. It is proposed to study KGF in phosphatebuffered saline solution (pH = 7.4, NaCl = 0.138 M) at 0.5 mg/mL and 50 mg/mL with
heparin at 25 oC (stable state) and in the absence of heparin after exposure at 37 oC for 20
minutes, 3 days and 13 days, when most of the protein is aggregated (less than 10%
monomer). The contribution of different types of aggregates to the viscosity can be
studied by preventing the formation of insoluble aggregates. This can be achieved by
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adding ethylenediaminetetraacetic acid (EDTA) (64) and filtering the sample through a
0.2 μm filter.

c. Ovalbumin (OA)
Ovalbumin is a medium-size protein with 385 residues, molecular weight 45 kDa
and isoelectric point 4.5 (469). OA has been observed to immediately form fibrous
filaments at basic pH when partially unfolded structures expose hydrophobic patches
buried in the native state, and proteins are simultaneously repelled by electrostatic
interactions (70). The effect of fibrillar aggregates on the viscosity can be investigated
using an OA solution at 100 mg/mL, and adjusting the pH to 12.8. The rheology of the
aggregated solution can be compared with a stable OA solution in phosphate-buffered
saline (PBS) at room temperature. OA solutions are stable in PBS at a wide range of
concentrations, even after 3 months of exposure at temperatures up to 37 oC (470).

The results of this study will provide further insight into the effects of certain type
of aggregates on the rheology. These experiments could be performed using other
proteins of interest, such as antibodies. The antibody solutions should be first
characterized using multiple orthogonal techniques that reveal the stable and aggregated
states of the antibody solutions. The characterized solutions can be further studied with
rheology, to probe any correlations between the type of aggregates, and the rheological
response.
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The proposed experiments should also be performed at low (less than 10 mg/mL),
medium (~ 50 mg/mL) and high (greater than 100 mg/mL) concentrations. At high
concentrations, reversible self-association of proteins can contribute to increases in the
viscosity of the solution, and should be distinguished from contributions of irreversible
aggregates.
Solutions with low viscosities (less than 10 cP) can be studied using Contraves,
which has the sensitivity to measure small stresses (as low as 0.2 mPa). For viscosities
higher than 10 cP, the Rheometrics Fluid Spectrometer II (RFS-II) can be used. RFS-II is
a concentric cylinder rheometer and requires only 1 mL of sample. However, the K
constant from the torque balance corresponds to 1.37 cm, and thus RFS-II will have more
interfacial contributions than Contraves. Interfacial effects can be estimated using the
torque balance and interfacial viscosities from the Du Noüy Ring.

7.2.2 Interfacial rheology of protein solutions
Figure A-8 in Appendix A suggests that surfactant-free solutions of BSA and
mAb have very similar yield stresses in Contraves, due to their contribution from the
air/water interface. Figure A-6 in Appendix A compares the interfacial viscosities of
surfactant-free solutions of BSA and mAb. Some similarities are observed at shear rates
higher than 10 s-1, but the interfacial viscosity of the mAb solution appears to be higher at
lower shear rates. However, the difference is smaller than one order of magnitude. In
addition, the slopes of curves in logarithmic scale exactly vary from -0.80 for the BSA
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solution and -0.93 for the mAb solution, and therefore higher variations are observed at
the lower shear rates.
These similarities between the interfacial viscosities lead to the questions of how
the interfacial viscosity varies for different proteins, and how it correlates with the
structure of the air/water interfacial film. Several protein solutions have been suggested
to adsorb in a multilayer fashion according to their molecular weight (173). Since the
molecular weight of IgG is more than twice the molecular weight of BSA, could the
difference in molecular weight explain the slightly higher interfacial viscosities observed
for IgG solutions compared to BSA solutions? Besides surfactants, do other formulation
excipients have any effect on the interfacial viscosity?
In order to answer these questions, the interfacial rheology of other protein
solutions under different buffer conditions must be studied. Both steady and oscillatory
shear experiments can be performed, in order to obtain the viscosity and the modulus of
the interfacial structure. In addition, interfacial rheology can be aided by other interfacial
characterization techniques, such as surface tension, and neutron reflectometry, in order
to get a better description of the interfacial structure. Other proteins such as those of
section 7.2.1 can be studied, as well as different antibodies, and other higher molecular
weight proteins such as IgM, α2-macroglobulin.
The interfacial rheology data in different proteins can reveal important clues
about the viscoelasticity of different proteins at the interface. Moreover, a model of the
interfacial layer structure could be constructed, after estimating the modulus and the
thickness of the interface for different proteins.
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Lastly, the capabilities of Contraves to measure interfacial viscosities should be
further explored. After the latest calibration in March of 2014, interfacial viscosities were
higher than expected by a factor of two. First, new interfacial viscosity standards should
be tested to obtain a more accurate estimate of the interfacial viscosity. This interfacial
fixture has the capabilities to study surface active systems, such as surfactant-free protein
solutions and polyelectrolytes. This technique could provide further insights into the
adsorption of proteins at air/water interfaces.

7.2.3 Stability of proteins using small-angle neutron scattering
While optical microscopy techniques provide direct evidence of the morphology
of aggregates, they cannot be used to study aggregates smaller than ~1 μm. Small-angle
neutron scattering (SANS) can be used as a complementary technique to characterize the
structure and formation mechanisms of aggregates in the nanometer and submicron size
range. It can complement the rheology experiments, by comparing characteristic changes
in the scattering profile with the rheological response.
For example, systems showing a connection between rheology and neutron
scattering, such as the antibody system described in Chapter 5, can be further studied in
Rheo-SANS (471). Transient and creep experiments can be performed, while
simultaneously characterizing the morphology under shear with neutron scattering. These
experiments will provide further insights on the transitions from an elastic solid to a
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viscous liquid, the effects of shear on aggregation, and the morphology of the structure
responsible for yielding.
Another area that requires further study is the modeling of experimental form and
structure factors, especially in crowded protein solutions. Currently, models for colloids
and polymers are commonly being used to describe proteins. While proteins share some
similarities with colloids and polymers, there are additional features of proteins such as
its characteristic shape, anisotropic interactions, and non-uniform charge distribution,
which are not captured by these models. To further understand the scattering of proteins,
it is recommended to use a molecular model that accounts for these features. For
example, coarse-grained simulations of concentrated protein solutions could provide a
good description of the structure factor, and the effect of crowding on protein
conformation (form factor) can be determined. When using a simulation to describe the
scattering of proteins, its validity to reproduce the experimental conditions should be
tested, or at least, it must be confimred that the simulation captures the main features that
influence the scattering.
Further questions still remain for the antibody solution studied in Chapter 5.
Before incubation at 40 oC, a 5 mg/mL antibody solution showed a low-q upturn that is
not expected for a monodisperse monomeric sample (see Figure 5-1 A). Since antibody
molecules at low concentration do not give high cross section at low-q –less than
10 cm-1- it is possible that a small amount of irreversible aggregates are contributing to
this upturn at low-q. Moreover, SANS measurements at 40 oC (incubation temperature)
could provide further insights into the attractive interactions that drive the formation of
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antibody aggregates. While the repulsive interaction is electrostatic, very little is known
about the origins of the attractive interaction. Scattering studies at the temperatures used
for storage, incubation and measurements of the antibody solutions, combined with
molecular simulations could provide insights into the origins of the attractive interactions
in antibody solutions.
For future measurements, it is recommended to always filter monomeric samples
that show the low-q upturn, in order to remove contributions from large irreversible
aggregates. For proteins that have not been extensively purified, it is best to perform an
additional purification procedure before running SANS measurements, or purchasing
proteins with higher purity (for serum albumin, use products that have been purified
preferably with the Cohn’s method and have a purity > 98%). All samples should be
degased in order to remove air bubbles. Moreover, the scattering from the buffer needs to
be measured, in order to rule out contributions from air bubbles or buffer impurities.
Measurements should be performed at the incubation temperature of the protein solutions
(40 oC), and at the temperature used with other characterization techniques such as
rheology (25 oC). It is suggested to use a SANS instrument with large sample to detector
distances (such as the 15.3 m distance of the NG-7 at the NCNR) and increase the
wavelength of neutrons, in order to access very low-q wavevectors.
Since SANS cannot reach length scales larger than ~600 nm, other instruments
that can go to lower q wavevectors should be used, in order to investigate the maximum
length scale of the fractal aggregates observed in SANS. Some options are Ultra-SmallAngle Neutron Scattering (USANS), Ultra-Small-Angle X-ray Scattering (USAXS), or
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Small-Angle Light Scattering (SALS). Nonetheless, there is no guarantee that these
instruments will provide good data at low-q. In USANS, for example, the flux through
the sample is very small, and samples with at least ~1000 cm-1 in absolute cross section at
q ~0.001 Å-1 are required to get enough signal in USANS. Perhaps the bigger concern is
that the USANS at the NCNR has higher background than the SANS instruments, and the
background is q dependent. Additionally, USANS uses thermal neutrons that have a
lower scattering power (i.e. higher transmission) than the cold neutrons used in SANS.
While USANS appears to not be suitable to study protein solutions, the contribution of
aggregates at the lowest q wavevectors will increase as a power law, and it could
overcome these limitations.
SANS can also be combined with other biophysical techniques to characterize the
stability of antibody solutions. For example, differential scanning calorimetry (97) and
intrinsic tryptophan fluorescence (472) are used to study the conformational stability of
single domains in antibody solutions. While the unfolding temperature and exposure of
hydrophobic regions can be determined using these techniques, SANS can be used to
probe atomistic detail structures that model the conformational changes occurring as a
function of temperature, changes in pH, etc. Combining SANS with other biophysical
characterization techniques is a powerful approach for interpreting scattering profiles,
and evaluate the sensitivity of SANS to protein unfolding.
Moreover, SANS is a suitable technique to study systems with high sequence
similarities, but different aggregation behavior. For example, the antibody studied in this
project has only three mutations with respect to the wild-type protein, but has a very
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different thermal stability (473). SANS could provide insights into the interactions and
structural changes that lead to different aggregation behavior, by studying the mutated
and the wild-type proteins under the same conditions. The fundamental understanding of
the effect of the mutations on aggregation can be identified by using computer models
with atomistic detail, fine coarse-grained models and predictive modeling tools, such as
the spatial aggregation propensity scale.

7.2.4 Computational models to understand the rheology of protein solutions
While different computational approaches have been used to study protein
aggregation (see section 2.3.3), estimating the viscosity of aggregated protein solutions
in-silico can be very challenging. The reason is that calculating viscosity requires full
consideration of hydrodynamic interactions, which are difficult to include in a model
with implicit solvent. On the other hand, using models with explicit solvent results in
time-consuming simulations, and not feasible with atomistic or fine coarse-grained
approaches.
Dissipative Particle Dynamics (269) can provide a balance between time and
accuracy, as it accounts for hydrodynamic interactions while using a coarse-grained
approach. This approach can be used to study the aggregation of proteins with different
morphologies and interactions. For example, hydrophobic or charged patches can be
added on the protein surface, resulting in an effective anisotropic potential. The effect of
different types of aggregates on the viscosity can be studied, by modifying bead
interactions and representing morphologies comparable to experimental systems.
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Simulations have the additional advantage of excluding air/water interfacial effects when
calculating bulk viscosities.
Instead of using the conventional periodic boundary conditions for systems in
equilibrium, non-equilibrium molecular dynamics (NEMD) simulations are required for
shearing. A modified boundary condition introduced by Lees and Edwards (474) can be
used to achieve stable conditions, when shear is applied to the simulation box. A
fictitious external field is introduced to keep the required streaming velocity profile (475,
476). For a planar Couette flow, the streaming velocity is dependent on the shear rate

  dvx dy , and the shear viscosity  can be estimated from the component of the stress
tensor Pxy as    Pxy  (476). Besides calculating viscosities, the effect of shear on
aggregation can be simultaneously studied.
In particular, the following cases can be investigated at different protein
concentrations: non-aggregated state, a system forming globular aggregates by using
parameters that favor protein-protein attractive interactions, a system forming fibril-like
aggregates by using proteins decorated with hydrophobic patches. Figure 7-1 provides a
schematic representation of a patchy protein model that forms fibril-like aggregates.
Different types of protein beads can be included on the protein surface, so that proteinprotein interactions are attractive or repulsive relative to water.
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Figure 7-1. Representation of patchy particles forming string-like aggregates. The
forming unit (represented inside the square) is a globular protein with hydrophilic (cyan)
and hydrophobic (pink) residues on the surface. Water is not shown for clarity.

The system should be initially set up to a random configuration, and allowed to
relax using a short conventional DPD simulation (no shear). This step can also confirm
that the system is stable and that the desired structure is maintained throughout the
simulation. Subsequently, the upper and lower beads on the modified boundaries will
slide and the non-equilibrium simulation will continue until reaching a steady nonequilibrium state. The correlations observed between aggregation and viscosity can be
contrasted with experimental data, and the accuracy of the model can be validated.
Moreover, the effect of shear to promote associations or break down aggregates can be
addressed, and the strength of the interactions can be correlated with the yield stress.
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APPENDIX A
SUPPORTING INFORMATION: CONTRIBUTIONS FROM PROTEIN
ADSORPTION AND AGGREGATION TO THE VISCOSITY OF
PROTEIN SOLUTIONS
Castellanos, M. M., J. A. Pathak, and R. H. Colby. 2014. Soft Matter 10:122-131
Adapted with permission of The Royal Society of Chemistry. Copyright 2014.

This document contains information on the stability of the mAb used in this work,
along with details regarding the fixtures of the CB rheometer, the torque balance and
calculation of the K parameter necessary to determine interfacial contributions in bulk
rheology measurements. Bulk rheology data of BSA solutions in the presence of
surfactant are presented, followed by surface rheology data for solutions of BSA and
mAb under different conditions: with surfactant, in the absence of surfactant (for BSA),
after prolonged incubation at 40 oC (for the mAb). Finally, some comments on the
limitations of the rheometers used are discussed.

A.1 Stability data of the mutated mAb
The mAb of this study correspond to an IgG1 that has mutations in the C H2
domain in order to enhance antibody dependent cell mediated cytotoxicity (ADCC) (51).
However, the mutated mAb has lower conformational stability, and unfolding of the CH2
domain occurs at 49 oC (see Figure A-1). Differential scanning calorimetry (DSC) shows
that the conformational stability of the CH2 domain decreases from 68 to 49 oC after the
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mutation. Additionally, aggregation is promoted at 40 oC with more than 10 % monomers
loss after 18 days at the higher concentrations.

Figure A-1. Stability data of the mutated mAb. A. Differential Scanning Calorimetry
(DSC) data showing the unfolding of the mAb domains (data kindly provided by W.
Leach). B. Percentage of monomer loss after incubation at 40 oC, for concentrations from
10.5 to 184 mg/mL.
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The mutated mAb also forms subvisible particles upon incubation at 40 oC. The
MFI data (Figure 3-7) are presented here in histogram format, showing the increase in
particle concentration as the mAb is incubated at 40 oC for prolonged times.

Figure A-2. Concentration of subvisible particles in mAb samples at 114 mg/mL
incubated at 40 oC for 0, 10 and 33 days obtained from MFI.

A.2 Effect of fixtures of the CB on the apparent viscosity of BSA solutions
As described in the methodology section, two fixtures of the CB rheometer
(Contraves) were used in order to study bulk contributions to the apparent viscosity.
Figure A-3 includes a representation for each of the fixtures with lengths 8.0 mm and
15.2 mm, the latter having a higher surface area in contact with the bulk.
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Figure A-3. Schematic representation of the fixtures used in the CB rheometer. A. The
short bob has a length of 8.0 mm, and B. A bob with about twice the length of the bob in
A. (15.2 mm) keeping all other dimensions constant.

A torque balance provides information on the relative contributions from the bulk
and the interface for a given geometry. The measured torque in the CB rheometer M CB
depends on the force (stress on a unit area or length, for the bulk and the interface
respectively) applied at a predetermined distance. Consider an interface with an
infinitesimal thickness Δ0, a total stress in the CB rheometer  CB , an interfacial stress

 S , and a bulk stress  B . See Figure A-3 for abbreviations on the geometrical
parameters. For the fixtures of the CB rheometer, the torque balance is as follows:

M CB  M S  M B .
The total torque in in the CB rheometer M CB corresponds to:
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(A-1)

M CB

  2 rsh  lsh  Δ   rsh   2 rboblbob  rbob 
,
  CB  2
2 3

3
3
  3   rbob  rsh   3  rbob   2 rsh Δ  rsh 

(A-2)

the torque at the air/water interface M S corresponds to:

M S   S  2 rsh  rsh ,

and the torque in the bulk

(A-3)

M B can be expressed as:

2
2 3 

3
M B   B  2 rshlsh  rsh   2 rboblbob  rbob    rbob
 rsh3    rbob
 . (A-4)
3
3

Replacing A-2 through A-4 in A-1 and simplifying:

 CB   S

rsh 2

3

2rbob
 rsh3  

2
2
lsh rsh  lbob rbob 

3



 CB 

S
B .
KCB

B

(A-5)

(A-6)

The bulk contribution includes the torque from the shaft immersed in the
subphase, the bob and its conical sections. In conical sections with small angle between
the cone and the plane, the shear rate is uniform and the stress is constant. For the CB
rheometer, we obtain a constant K = 11.7 cm for the short bob and K = 18.8 cm for the
long bob.
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Figure A-4 shows the experimental results and viscosity predictions using each of
the fixtures depicted in Figure A-3, assuming a surfactant-free BSA solution at 44.5
mg/mL with Newtonian bulk viscosity
follows the Bingham model with

 = 1.3 mPa s, and a viscoelastic interface that

 SY =

0.7 mPa m. These values are based on

measurements using the DWR and the VROC on surfactant-free BSA solutions. For the
specified system, the viscosity  can be obtained as a function of shear rate  :



Y / 
  .
K

(A-7)

Higher viscosities are obtained with the short bob, which has a higher interfacial
contribution than the long bob ( KCB, short  KCB ,long ). Deviations between the model and
the experimental data at the low shear rates can be attributed to the viscosity not having
reached a steady condition: since protein solutions are rheopectic, the low shear rate
viscosity will increase with time, until the interface reaches a steady state. Augmenting
the bulk contribution in K by a factor of ~60% with a longer bob, still produces an
apparent yield stress in the same order of magnitude. When the yield stress comes from
an interfacial artifact, it can be modified by changing the geometry used, but its final
effect on the apparent viscosity will also be highly dependent on the interfacial and bulk
viscosities of the system.
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Figure A-4. Apparent viscosity for a surfactant-free BSA solution using the fixtures of
the CB represented in Figure A-3. Points correspond to experimental data, and lines to
the predictions of the model assuming a Newtonian bulk with  = 1.3 mPa s, and a
viscoelastic interface that follows the Bingham model with  sY = 0.7 mPa m.

A.3 Rheology of surfactant-laden BSA
After addition of surfactant, the apparent yield stress of BSA in PBS is
eliminated. Figure A-5 shows that in surfactant-laden solutions, the viscosity is
independent of shear rate (Newtonian response).
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Figure A-5. Rheology of surfactant-laden BSA in PBS. Addition of surfactant eliminates
the apparent yield stress and the solution behaves like a Newtonian fluid.

A.4 Rheology of BSA solution and mAb solution, effect of surfactants
Surface rheology provides important information on the presence of viscoelastic
structures at the air/water (A/W) interface that could influence the bulk measurements.
Figure A-6 shows the surface viscosity for the solutions of BSA and mAb studied. In the
absence of the non-ionic surfactant Polysorbate 80 (PS-80), a viscoelastic structure is
observed. Adding surfactant decreases the surface viscosity and the yield stress by about
two orders of magnitude. The small surfactant molecules are preferentially adsorbed at
the A/W interface and do not display viscoelastic properties. The interfacial region is rich
in surfactant PS-80 and all the surfactant-laden samples have the same surface viscosity,
independent of the protein in solution. The surface viscosity of a surfactant-laden sample
with 93% monomer is similar to viscosity of the sample with monomer purity of 99%.
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Thus, the surfactant dominates the interfacial properties even in the presence of
aggregates, which is not the case for bulk rheology. The surface viscosity of surfactantfree BSA is equivalent for bulk concentrations between 11 and 186 mg/mL, as these
concentrations are well above the minimum protein concentration required to reach
surface coverage. This is shown in Figure A-7.

Figure A-6. A/W Interfacial viscosity of BSA and mAb solutions using the DWR fixture.
Surfactant-free BSA solutions are viscoelastic. However, protein-surfactant mixtures
have an insignificant yield stress and interfacial rheology is dominated by the surfactant
with minimum contribution from the protein, even at high protein concentrations.
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Figure A-7. Interfacial viscosity of surfactant-free BSA solutions at various
concentrations.

Figure A-8 shows a summary of the viscosities of BSA and mAb solutions with and
without surfactant (polysorbate-80 or PS80) in their buffer, using the concentric cylinder
fixture in Contraves. Freshly prepared surfactant-free solutions of BSA and mAb display
shear yielding, as proteins adsorb to the air/water interface and form a viscoelastic film.
Interestingly, both protein solutions show very similar low shear viscosities. Once
surfactant is added to the buffer, the viscosities become Newtonian for both BSA and
mAb solutions. The reason is that surfactant molecules adsorb to the air/water interface,
hindering the formation of the viscoelastic interfacial film structure.
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Figure A-8. Viscosities of surfactant-free and surfactant-laden BSA and mAb solutions
measured in Contraves.

A.5 Limitations of rheology measurements
It was shown in Chapter 3 that for the mAb sample at 114 mg/mL, the yield stress
is only detected after 18 days of incubation at 40 oC. Even when a yield stress could be
present in samples exposed for shorter periods of time, the AR-G2 is a stress controlled
rheometer that cannot measure any stress below 1 mPa. This intrinsic limitation of the
instrument does not allow the detection of a very small yield stress, and a simple
calculation showed that for the sample at 52.7 mg/mL of Figure 3-4A in Chapter 3, a
yield stress would have been first detected only after 20 days of incubation at 40 oC.
An important consideration in the design of a rheometer fixture is minimizing
surface and bulk contributions for a bulk and surface rheometer respectively.
Nevertheless, the contributions of interfaces and bulk do not solely depend on the
209

geometry, but also on the interfacial and bulk viscosities of the system. The surfactantladen mAb solution at 52.7 mg/mL displayed similar results to those of Figure 3-5B: the
surface rheology of aggregated mAb samples was not significantly affected by the
presence of aggregates. However, as the bulk viscosity increased due to protein
aggregation, a higher surface yield stress was observed. Assume S  103 Pa s m for a
shear rate of 0.01 s-1 (Figure 3-5 B) and

 B of order 1 Pa s at a similar shear rate (Figure

3-4). The resultant Boussinesq number Bo (see Chapter 3 for description) is of order 1,
meaning that bulk and surface drag are equally important and the surface viscosity can be
influenced by bulk effects. In fact, if one makes the reasonable assumption that the true
surface viscosity of the surfactant-laden solutions is Newtonian and of order 10-5 Pa s m
(Figure 3-5 B), Bo is now close to 0.01 and therefore surface measurements are
substantially corrupted by the bulk. Since both bulk and surface viscosities could have
surface and bulk effects respectively, the origins of the yield stress cannot be solely
determined from rheology measurements, and other techniques that describe the
conditions of the sample (presence of surfactants, aggregates, etc.) should be considered.

A.6 Calculating bulk and interfacial viscosities from experimental data
Since both interfacial and bulk viscosities can affect the bulk and interfacial
measurements respectively, a simple expression is proposed here to estimate the actual
bulk and interfacial viscosities of the system. For systems that can be described with the
Bingham model, the viscosities  ( ) can be calculated using expression A-7, with two
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constant parameters: the yield stress  Y and the high shear viscosity  . The yield stress
for a bulk rheometer with an air/water interface can be calculated using expression A-6.
The interfacial viscosity in the DWR could also have bulk contributions depending on the
system and the K DWR parameter for the DWR as follows.

 DWR   S   B K DWR .

(A-8)

Using equations A-6 and A-8, the two unknown parameters  B and  S can be estimated,
since  CB and  DWR are obtained from the experimental rheology data, and KCB and

K DWR can be calculated from the torque balance on the fixtures CB and DWR
respectively. The following expression is obtained after solving for  S :

S 

 DWR   CB K DWR
,
1  K DWR KCB

(A-9)

and thus:

 B   CB 

 DWR   CB K DWR
.
KCB  K DWR

When using the CB and the DWR, K DWR
K DWR KCB

(A-10)

0.07 cm and KCB

0 and expression A-9 can be simplified as:

 S   DWR   CB K DWR .
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(A-11)

188 cm. Thus

For surfactant-free BSA,  CB is of the order of ~ 10 mPa, and  DWR ~ 0.7 mPa m. Since

 DWR   CB K DWR , expression A-11 becomes:

 S   DWR .
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(A-12)

APPENDIX B
SUPPORTING INFORMATION: SHEAR YIELDING IN AGGREGATED
MONOCLONAL ANTIBODY FORMULATIONS

This document contains further details about the torque balance for the Du Noüy
Ring fixture, additional transient experiments showing that the aggregates do not brake
irreversibly upon shearing the sample, and biophysical characterization data.

B.1 Torque balance for the Du Noüy Ring fixture
Figure B-1 shows a scheme of the Du Noüy Ring (DNR) fixture of the interfacial
rheometer. The DNR was attached to the AR-G2 rheometer from TA Instruments. The
protein solution is loaded on a cup that mimics the design of the cup used for the doublewall ring (185). Here we calculate the torque balance (186) for the Du Noüy Ring. The
following expressions use the symbols depicted in Figure B-1 and their corresponding
values can be found in Table B-1.
The torque balance for the DNR can be solved by considering the bulk and
interfacial contributions to the total torque in the DNR M DNR :

M DNR  M S  M B ,

(B-1)

where M S and M B correspond to the torque at the air/water interface and the bulk
respectively. We will first consider the outer part of the ring closer to the outer wall of the
cup. At the interface, the torque can be estimated as:
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M S   S 2 ro2  ,

(B-2)

where  S refers to the stress at the interface.

Figure B-1. Scheme of the Du Noüy Ring interfacial rheometer (not drawn to scale). Ri
and Ro represent the inner and outer radius of the trough channel. R is the average radius
of the ring, r is the radius of the cross-section of the ring. ri and ro are the inner and
outer radius of the ring respectively.

Mean Circumference (mm)
R/r
ri (mm)

6.086
58.574
9.521

ro (mm)

9.852
9.686
5.85

R (mm)

Ri (mm)

Ro (mm)
13.18
r (mm)
0.165
Table B-1. Dimensions of the interfacial Du Noüy Ring fixture and cup. See Figure B-1
for details.

The torque in the bulk depends on the position on the z-axis. Therefore, a small
section of the ring in the z-axis contributes to a differential of bulk torque as follows:
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dM B   B  2 x 2  dz .

(B-3)

The height of the ring section dz can be expressed in terms of the radius x using
the equation:

( x  R) 2  (  z ) 2  r 2 .
dz 

( x  R)
r 2  ( x  R)2

(B-4)

dx .

(B-5)

Therefore, the torque in the bulk can be calculated by solving the integral:

M B  2 B

Rr

x 2 ( x  R)



r 2  ( x  R) 2

R

dx ,

(B-6)

or alternatively:
r

M B  2 B 
0

u (u  R)2
r 2  u2

du .

(B-7)

This integral can be solved analytically and the solution is:





2
r


M B  2 B  r 2 R  3R  2r 2  .
3
2


(B-8)

The total interfacial torque in the Du Noüy Ring can be expressed as follows:
M DNR  2 ro2 DNR .

(B-9)

The contributions from the inner part of the ring can be similarly estimated and
added to the torque contribution from the outer part of the ring. Thus the torque balance
can be calculated as follows:

215

 DNR









2
2


r

r

2  3R  2r 2  r 2 R   2  3R  2r 2  r 2 R 
2
2
3

3

 S 
B . (B-10)
2
2
2 ro  2 ri

 DNR   S  K B

Using the parameters of Table 1, the constant K is calculated as 0.165 mm. One
could also use and approximation for the bulk and interfacial torque to obtain a simpler
expression and estimate the K parameter. First, from equation (B-10) we can also write:





2
r

2  3R  2r 2 
3
.
K 
ro2  ri 2

(B-11)

Since R  r , ro  R  r and ro  R  r , equation (B-11) can be simplified:
2

2

2r R
2r R
K

r,
2
2
(R  r)  (R  r)
2( R ) 2

(B-12)

which equals 0.165 mm.

B.2 Transient experiments
Using the single-gap (SG) fixture, the start-up and cessation of steady shear were
measured in the Contraves rheometer. The start-up of steady shear shows a transition
between a pure solid at low strain to a viscoelastic material, until the stress reaches a
maximum value. At this point, the structure responsible for yielding breaks and the
material starts flowing like a liquid. For the surfactant-free monoclonal antibody solution,
the viscoelastic structure at the interface is mostly responsible for yielding.
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Figure B-2 shows the start-up and cessation of shear using the same low shear
rate, but at different times after the interface was formed (age of interface). The first
measurement at low shear rate was performed 15 minutes after the interface formed.
Since it takes time for proteins and aggregates to adsorb at the air/water interface, only a
very small amount of yielding is observed (yield stress is about 5 mPa) while interfacial
protein adsorption is still occurring. The yield stress increases up to 20 mPa after about
270 minutes of the interface being formed. The higher yield stress is due to the increased
solid-like behavior at the interface as the concentration of protein at the interface
increases. After 500 minutes of the interface being formed, the yield stress is only ~3
mPa higher than what was measured after 270 minutes. Since the time between
measurements is about 4 hours, this slight increase in the yield stress is probably due to
some evaporation of the water at the interface.
Most changes in the system occurred during the first minutes and hours of the
sample being loaded in the rheometer. These changes contribute to the apparent rheopexy
observed in surfactant-free protein solutions. Note that the rheopexy is much more
pronounced when the age of the interface is short. After longer times, the interface
reaches a steady state. Between the three measurements depicted in Figure B-2, the
sample was sheared at different shear rates, including: 100 s-1, 10 s-1, 1 s-1, 0.05 s-1. The
rheological behavior is reproduced even after applying a very high stress (up to 400
mPa), suggesting that the structure is not irreversibly broken upon shearing the solution.
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Figure B-2. Transient experiments in surfactant-free monoclonal antibody solutions after
65 days of incubation at 40 oC. The time in the legend corresponds to the time between
the interface being formed and the start of the measurement. All measurements used a
shear rate of 0.02 s-1

B.3 Biophysical characterization data
Size-exclusion chromatography was used to determine the percentage of
oligomeric aggregates formed after incubation at 40 oC. This technique is commonly used
in the pharmaceutical industry to assess the stability of proteins in solution. Figure B-3
shows the percentage of aggregates after incubation for up to 65 days, confirming that
small aggregates formed after thermal incubation at 40 oC. The concentration of subvisible particles is also presented in Figure B-3. It can be observed that the concentration
of particles larger than 2 μm increases uniformly over time.
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Figure B-3. A. Percentage of aggregates after incubation at 40 oC using Size Exclusion
Chromatography (SEC). B. Concentration of sub-visible particles (size > 2 µm) from
Micro-Flow Imaging (MFI). Lines are used to guide the eye and do not correspond to any
fit or model.
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APPENDIX C
SUPPORTING INFORMATION: CHARACTERIZATION OF
MONOCLONAL ANTIBODY AGGREGATES USING SMALL-ANGLE
NEUTRON SCATTERING
Castellanos, M. M., Jai A. Pathak, W. Leach, S. M. Bishop, and R. H. Colby. 2014.
Explaining the non-Newtonian Character of Aggregating Monoclonal Antibody Solutions
Using Small-Angle Neutron Scattering. Biophysical Journal 107:469-476.
Adapted with permission of Elsevier. Copyright 2014.

This document includes the small-angle neutron scattering data in absolute units
and normalized by concentration, details on the biophysical characterization and
concentration measurements of the mAb solutions, and further information about the
form factor fitting using the Y-shape model.

C.1 Absolute scattering intensity and normalization using concentration
Figures C-1 depicts the small-angle neutron scattering data on the unaggregated
sample. Data are presented in absolute intensity and normalized using protein
concentration. The normalized data in Figure C-1 are consistent with the Porod’s law
normalization method presented in Figure 5-1.
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Figure C-1. SANS data on the unaggregated sample. A. Intensity in absolute units.
B. Intensity is normalized using protein concentration determined from the absorbance
measurements at 280 nm.

Similarly, Figure C-2 shows the small-angle neutron scattering data on the
aggregated samples compared to the unaggregated samples. Data are presented in
absolute intensity and normalized using protein concentration. The normalized data in
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Figure C-2 (b) are consistent with the Porod’s law normalization method presented in
Figure 5-3 (a).

Figure C-2. SANS data on the aggregated and unaggregated samples. A. Intensity in
absolute units. B. Intensity is normalized using protein concentration determined from the
absorbance measurements at 280 nm.
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C.2 Biophysical characterization
Table C-1 presents the absorbance at 280 nm and monomer purity (SEC) data for the
samples studied using SANS. Samples not incubated at 40 oC have a monomer purity of
99%, whereas significant monomer loss occurs after incubation for about a month.

Absorbance at 280 nm

Size Exclusion Chromatography

Monomeric

Incubation
time at 40 oC
(days)
0

Monomeric

0

54.4

0.19 (4)

99.01

0.99

0

Monomeric

0

104.9

1.46 (10)

98.9

0.9

0.2

Monomeric

0

228.1

5.74 (15)

98.7

1.1

0.2

Aggregated

41

58.1

0.45 (4)

77.4

9.7

12.9

Aggregated

44

63.7

0.74 (4)

74.9

12.3

12.8

Aggregated

33

113.7

2.23 (8)

83.6

13.9

2.5

Aggregated

33

183.7

10.4 (10)

69.8

27.6

2.6

Condition

Concentration
(mg/mL)

Standard
deviation

%
monomer

%
aggregates

%
fragments

5.37

0.07 (4)

99.1

0.9

0

Table C-1. Protein concentration and monomer purity data of the samples studied with
SANS. Number in parenthesis indicates the number of samples measured to obtain the
corresponding standard deviation.

C.3 Autocorrelation functions of mAb solutions in D2O buffer
Figure C-3 shows the autocorrelation function from dynamic light scattering
(DLS) for the mAb samples reconstituted in D2O and without incubation. Since these
samples could be described using a single exponential decay, they can be considered to
consist mostly of monomers (stable).
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Figure C-3. Dynamic light scattering autocorrelation function for the stable samples
(before incubation) reconstituted in D2O.

C.4 mAb conformational stability at high concentrations
For this study, we have assumed that the form factor remains invariant up to
concentrations of 228 mg/mL. The region of the mAb form factor with q values > 0.1 Å-1
does not change with concentration, indicating that this assumption is reasonable.
However, at intermediate q values (0.01 Å-1 < q < 0.1 Å-1) the form factor overlaps with
the structure factor, making difficult to evaluate if changes in the form factor could occur
with concentration. Therefore, we performed circular dichroism measurements (near-UV
region) in dilute and concentrated solutions to probe if conformational changes could
occur due to crowding and the results are presented in Figure C-4. Results show that the
data are not statistically different and no changes in conformation are observed at the
conditions studied. Nevertheless, results should not be generalized and could differ for
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other protein molecules, and the assumption of no conformational changes with
concentration should be evaluated for each specific system.

Figure C-4. Circular dichroism in dilute and concentrated mAb solutions. Results
represent the average of four measurements.

C.5 Rheology of mAb solution in D2O buffer
The rheology results of Figure 5-4 correspond to the rheology of mAb in H2O
buffer. This is because H2O was used for the incubation studies and is more relevant for
biological systems than D2O. Nevertheless, we performed the same experiment in mAb
solutions in D2O buffer and observed that the results are consistent (Figure C-5). After
prolonged incubation, the mAb solution displays non-Newtonian rheology; but passing
the solution through a 0.2 μm filter removes the yield stress (elucidated in the increase in
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low shear viscosity) and the solution becomes Newtonian. Further details on the nonNewtonian rheology of the mAb solution and the yield stress can be found in reference
(186).

Figure C-5. Rheology of aggregated mAb solution in D2O buffer before and after
filtering with a 0.2 µm filter.

C.6 Comparison of form factor models
Yearley et al. (376) recently derived the form factor of a Y-shape geometry to
describe the scattering of IgG monomers. The model depends on three main sets of
parameters: a. the angle between the Fab domains θab, b. the angle between the Fc domain
and the plane formed by the Fab domains θABC, and c. the distance between the joint point
and the center of mass of each arm li, where i = 1, 2, 3. Yearley et al. (376) observed that
changes in these parameters affect the shape of the form factor mostly at wavevectors
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q < 0.1 Å-1. Figure 5-1 (b) in Chapter 5 presents a comparison of the form factor
calculated using the Y-shape model, the PDB crystal structure (1HZH) (336), and the
experimental data at 5 mg/mL. The best fitting using the Y-shape model was obtained
using the following parameters: l1=65 Å, l2=l3=55 Å, θABC=110o, θab=90 o, with the size of
the rectangular boxes as a1 = 60 Å, a2=40 Å, a3 = 25 Å, b1 = 60 Å, b2 = 60 Å, b3 = 60 Å,
c1 = 25 Å, c2 = 25 Å, c3 = 45 Å, where ai, bi and ci represent the size of the rectangular
box

i = 1, 2, 3. While the Y-shape model has the advantage of having an analytical

form, significant deviations were observed between the Y-shape model and the
experimental data at q > 0.1 Å-1. This possibly occurred because the intramolecular
structure of the Fc (crystallizable region) and Fab (antigen binding) domains at q > 0.1 Å-1
cannot be solved by assuming a rectangular box with constant scattering density.
To compare the accuracy of the fitting model with the experimental data, we
calculated the parameter χ2 using the expression:

2

 Pexp (qi )  Pfit (qi ) 
1
 

 .

N  1 qi 
 (qi )

2

where for a given wavevector
form factor,

Pfit (qi )

qi ,

Pexp (qi )

(C-1)

corresponds to the experimental value of the

is the form factor calculated from the model fitting,

 (qi )

corresponds to the uncertainty in the experimental measurement and N is the number of
data points. While the χ2 parameter is only 1.2 for the crystal structure from the PDB, the
χ2 for the Y-shape model is 23.1. We concluded that the Y-shape form factor of Yearley
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et al. (376) did not describe the features of the experimental scattering data, whereas the
PDB crystal structure of the IgG (1HZH) properly describes SANS data on our mAb at 5
mg/mL.
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APPENDIX D
SMALL-ANGLE NEUTRON SCATTERING DATA OF BOVINE SERUM
ALBUMIN
D.1 Experimental conditions Bovine Serum Albumin
Bovine Serum Albumin (BSA, Catalogue number A-3059, Sigma Aldrich, St.
Louis, MO) was used as received. BSA was dissolved –without stirring- in Phosphate
Buffered Saline solution (PBS) at concentrations from ~1 mg/mL up to ~520 mg/mL. A
stock of 10X PBS was prepared and diluted to 1X PBS, by using deuterium oxide instead
of deionized water, to get a final ion concentration of 137 mM NaCl, 10 mM Phosphate,
and 2.7 mM KCl. After buffer preparation, pD of PBS was measured at 7.8. For the
surfactant-laden solution, polysorbate 80 (PS-80) was added at concentrations of 1x10-3
weight % by successive dilutions. All samples were degassed (9 inHg) before the SANS
measurements. 0.2 μm sterile filters with low protein binding (Acrodisc® filter Product
number 4192 from Gelman Sciences, Ann Arbor, MI; and Millex-GV Sterile filter
Catalogue number SLGV013SL from Millipore, Billerica, MA) were used for filtration
experiments.
Small-angle neutron scattering (SANS) measurements were performed on the
NG-7 (30 m SANS) and the NG-B (10 m SANS) beam lines at the NIST Center for
Neutron Research (NCNR, Gaithersburg, MD). Three different configurations were used
by varying the detector distance (1 m to 15.3 m) and the wavelength of neutrons  (5 Å
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4 sin   

-1
-1
to 16 Å) to access wavevectors  q, q 
 in the range 0.001 Å < q < 0.6 Å ,




where 2 denotes the scattering angle. Measurements were performed at 25 oC using
standard quartz cells with 1 mm path length. The scattering cross-section or absolute
intensity was obtained after correcting for detector efficiency, background and empty cell
scattering, using the SANS reduction package from NCNR (NIST, Gaithersburg, MD)
(224) implemented in Igor Pro (Wavemetrics Inc., Portland, OR). Incoherent scattering
background was subtracted from the absolute intensity and the high q data (q > 0.3 Å)
were normalized using Porod’s law (I~q-4) (377).

D.2 Results for Bovine Serum Albumin solutions
The small-angle neutron scattering (SANS) data of surfactant-free BSA is presented in
Figure D-1, at concentrations from ~1 mg/mL up to ~520 mg/mL. Both the absolute and
normalized intensity data are presented in Figure D-1, as well as for all subsequent
figures. Since the normalized intensity depends on the form factor and structure factor
only, the normalized data will be used for analysis. At high q values (q > 0.1 Å-1), no
differences among the different concentrations are observed. Most variations occur at
intermediate and low-q values (q <0.1 Å-1), especially at high concentrations. This
variation is due to the decrease of the structure factor as concentration increases. As
expected, the nearest neighbor peak appears to increase in q (decrease in distance) with
concentration, since particles are closely packed in crowded environments. An upturn in
the intensity is observed at q < 0.01 Å-1, for concentrations higher than 178 mg/mL, but
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also at 1 mg/mL. The upturn at low concentration might be due to a small percentage of
large irreversible aggregates in the low concentrated sample. If this is the case, they can
be easily removed by filtering. The upturn at higher concentrations could indicate an
attractive interaction in crowded environments, which is not present at lower
concentrations. Further analysis of the structure factor of surfactant-free BSA in PBS will
be required. The scattering of the low concentrated samples (up to 11 mg/mL) remains
invariant at q > 0.01 Å-1, which corresponds to the region of the form factor. Therefore,
either of these low concentrated samples could be used as the experimental form factor.
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Figure D-1. SANS profile of surfactant-free BSA solution in PBS at various
concentrations. A. Absolute scale, B. After normalization. Measurements performed in
the NG-7 and NG-B SANS instruments.
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The SANS profile for the surfactant-laden BSA samples is presented in Figure D-2, at
concentrations from 11 mg/mL up to 155 mg/mL. A similar scattering profile is observed
for the BSA solutions with and without surfactant. Nonetheless, it appears that all
surfactant-laden BSA samples show an upturn at low-q. The fact that the upturn is
observed for all the surfactant-laden samples might suggest that surfactant molecules
contribute to the increase in the low-q intensity. Previous studies have observed a high
binding affinity between polysorbate 80 and serum albumin (477), a weak destabilization
of BSA in the presence of polysorbate 80 (478), as well as complexation and association
of polysorbate 80 and BSA forming particles as large as 350 nm in radius (479). These
responses are not observed for IgG molecules with polysorbate 80 molecules in the
formulation buffer (477, 478). These studies could explain the increase in intensity at
low-q, as BSA destabilization or binding of surfactants could lead to the formation of
higher order structures. Nevertheless, the conditions of those studies are different than
those used in this research, and further experiments are required to determine the origins
of the low-q upturn in surfactant-laden BSA solutions. Since some measurements with
BSA have shown irreproducibility of the scattering data –with samples from the same
batch showing a different response at low-q- it is also possible that the surfactant
molecules play no role on the SANS profile of BSA. Moreover, the low-q upturn is also
observed in some surfactant-free BSA solutions (see Figure D-1).
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Figure D-2. SANS profile for the surfactant-laden BSA samples in PBS. A. Absolute
scale, B. After normalization. Measurements performed using the NG-7 SANS
instrument.
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Figure D-3 shows the effect of salt concentration on the scattering profile of BSA
solutions at 11 mg/mL. No differences are observed in the SANS profile of BSA
solutions with salt concentrations of 137 mM and 1 M, when q > 0.01 Å-1. Besides the
surfactant-free sample with 137 mM NaCl, all samples show an upturn in the intensity at
low-q. Nevertheless, no clear trend is observed after increasing salt concentration or
adding surfactant.
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Figure D-3. SANS profile of BSA solutions in PBS at 11 mg/mL. A. Absolute scale,
B. After normalization. Measurements performed in the NG-7 SANS instrument.
236

In order to check if the low-q upturn is due to protein adsorption at the interface of the
window cell, scattering cells of different path lengths were used. The hypothesis was that
if the low-q upturn is due to interfacial effects, higher intensities at the low-q should be
observed using a smaller path length: increasing the path length will boast the bulk
contribution, and thus decrease the low-q upturn. If the low-q upturn is due to bulk
contributions, a more pronounced upturn should be observed as the path length increases.
Figure D-4 and D-5 show the SANS profile using different path lengths for surfactantfree BSA solutions at 44 mg/mL and 178 mg/mL respectively. No changes in the
scattering profile are observed at q > 0.01 Å-1. Differences in the low-q upturn occur, but
no definite conclusion can be drawn about the origins of the low-q upturn, because the
results are different for the two samples studied. The upturn is more pronounced for the 4
mm path length at 44 mg/mL, but for 1 mm path length when the concentration is 178
mg/mL. Moreover, two samples of BSA solution at 44 mg/mL from the same batch show
different responses at the lowest q, when using the same path length. The upturn might
not be observed at all if the instrument does not reach low enough q wavevectors.
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Figure D-4. SANS profile of surfactant-free BSA solutions in PBS at 44 mg/mL.
A. Absolute scale, B. After normalization. Different path length and two instruments
were used: NG-7 and NG-B. The NG-7 has a longer distance to the detector and lower q
wavevectors can be measured.
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Figure D-5. SANS profile of surfactant-free BSA solutions in PBS at 178 mg/mL.
A. Absolute scale, B. After normalization. The NG-B was used for all measurements at
178 mg/mL.
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Finally, filtration experiments were performed in surfactant-free BSA solutions. Results
are presented in Figure D-6 for a surfactant-free BSA solution at 178 mg/mL. The SANS
profiles are very similar before and after filtration, with a minor decrease in the intensity
at low-q after filtering. Nevertheless, features of the low-q upturn are not completely
removed by filtering. This result suggests that the low-q upturn is not mostly due to large
irreversible aggregates in these BSA solutions, but probably related to the inter-particle
interactions at high concentrations.
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Figure D-6. SANS profile of BSA solutions at 178 mg/mL after filtering using 0.2 μm
filters. A. Absolute scale, B. After normalization. Inset shows a closer look at the low-q
data. Measurements performed in the NG-B SANS instrument.
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D.3 Conclusions
Solutions of Bovine Serum Albumin were studied in SANS at different protein
concentrations, and buffer conditions (salt concentration, addition of a small
concentration of a non-ionic surfactant). Changes in protein conformation due to
increasing protein concentration or changing the buffer conditions are not observed in the
SANS data. Increasing concentration leads to a decrease in the intermediate and low-q
intensity, due to increasing repulsion between nearest neighbor particles. Nevertheless, a
low-q upturn is also observed in concentrated samples. The origins of the low-q upturn
are not yet clear and may be due to one or more of the following factors: attractive
interactions in crowded environments, surfactant-protein interactions, protein adsorption
to the scattering cell, etc. The low-q upturn also appears to be irreproducible, as samples
under the same conditions could show different responses at low-q. Further studies are
required to identify the origins of the low-q upturn in BSA solutions, and if it has any
correlation to the rheology of BSA solutions.
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APPENDIX E
CONTRAVES LOW SHEAR 30 RHEOMETER
E.1 Introduction to Contraves LS-30
E.1.1 Overview
Contraves LS-30 is a versatile instrument that can measure the rheology of low
viscosity fluids with very high precision. This strain-controlled rheometer was
manufactured by the company Contraves in Zürich, Switzerland. The torque generated in
shear works against a sensitive torsion wire. This wire is brought back to null position
using a drag cup motor that applies an equal and opposite torque. The voltage that the
motor applies is thus proportional to the torque generated by the sample, from which the
viscosity can be calculated. Contraves only performs transient shear experiments: start-up
and cessation of shear.
Figure E-1 depicts the Contraves LS-30 rheometer. A knob is located at the top of
the instrument (“I”), and can be used to zero the torque. This should be done before
starting a new measurement, by moving the knob clockwise to increase the voltage, or
counter-clockwise to decrease it. Zeroing the torque moves the light beam that
determines if a torque should be applied. A lever (“II”) is located on the right-hand side
of the instrument. It controls the position of the bob, and should be slowly moved down
after loading the sample. The rheometer has fixtures for bulk measurements, such as
concentric cylinders consisting of a bob (“III”) and a cup (“IV”), and interfacial rheology
(Du Noüy Ring). It also has a temperature controller (“V”) consisting of an Isotemp
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1006S water bath, which circulates water beneath the cup. The water bath can be set at
temperatures between 0 oC and 80 oC. The level of water should be kept between the
minimum and maximum levels specified inside the water bath. Add distilled water to the
water bath only. At the bottom of the instrument, two knobs (“VI”) can be rotated in
order to position the bob as concentric as possible with respect to the cup (Figure E-1 B).
Finally, a plastic enclosure (“VII”) is used to avoid any air currents in the fixtures, as this
could affect the measurement. Contraves operates with a LabView card that allows
controlling the instrument from the computer.

Figure E-1. A. Contraves LS-30 Instrument. I: Knob used to zero the torque; II: Lever to
adjust the position of the bob with respect to the cup; III: Stationary bob; IV: Cup; V:
water bath; VI: bottom knobs to level the instrument; VII: plastic enclosure. B. Top view
of the Contraves fixtures for bulk measurements.
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E.1.2 Functions and Capabilities
The Contraves has a control board, from which the rotational speed can be
controlled and the resulting torque can be measured. Figure E-2 shows the control board
with the different functions for the correct operation of the instrument.

Figure E-2. Contraves LS-30 Instrument Board. I: Press to turn on/off the motor; II:
Knob to control the speed manually or from the software; III: Gear knob that controls the
rotational speed; IV: Voltage (torque) display; V: Range control; VI: Press to turn on/off
the instrument.

The motor and the instrument can be turned on/off using the buttons labeled as “I”
and “VI” in Figure E-2, respectively. The knob labeled as “II” should be kept in “ext”
when using the LabView code. If switched to manual, the cup will rotate at the speed
specified by the gear number (label “III”), where 1 is the lowest and 30 the fastest speed.
When using the LabView code, the knob “III” (Figure E-2) should be switched to either 9
or 21 depending on the shear rate used. The display (“IV”) will show the voltage (in cV)
that the drag cup motor applies to keep the bob in a stationary position during shear. It is
recommended to keep this voltage ideally between 15 and 80 cV when shearing the
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sample, in order to get reliable data without overloading the instrument. The knob “V” in
Figure E-2 controls the range or the sensitivity to torque. Range 1 should be used for the
smallest torques, whereas Range 5 should be selected when shearing relatively viscous
samples at high shear rates. The user should know a priori the expected torque, in order to
choose the “Range” that will keep the voltage within the 15-80 cV range. Below 15 cV,
the torque will have a larger error, and therefore the uncertainty in the viscosity will be
higher. If the voltage is less than 10 at a certain “Range”, the “Range” can be decreased
without having the risk of overloading the instrument. For example, if the user measured
a voltage of 8.9 using “Range” 3, the “Range” can be safely decreased to 2. The voltage
should never exceed 100 cV. If the expected voltage is unknown, the user should use
“Range” 5 (maximum range) and decrease the “Range” until the voltage falls within 1080 cV. Section 7.3.1 provides some guidance on the “Range” that can be used for bulk
rheology depending on the shear rate and viscosity of the sample. It is better to have a
low voltage, than exceeding the maximum voltage, as this could break down the
instrument!
Contraves can apply rotational speeds between 0.001 rad/s and 9.0 rad/s (0.2 s-1
and 100 s-1 for bulk rheology). The torque limits of detection are summarized in Table E1. The stress resported is for the “short bob”, the standard geometry for bulk rheology.
The values reported correspond to the “safe” range of voltage between 15 cV to 80 cV for
each “Range” from 1 to 5. The corresponding shear rates and stress will depend on the
fixture used.
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Contraves
Range 1
Range 2
Range 3
Range 4
Range 5

Minimum torque
(mN m)
1.3E-06
1.3E-06
6.7E-06
3.4E-05
1.6E-04
7.8E-04

Maximum torque
(mN m)
4.2E-03
6.8E-06
3.6E-05
1.8E-04
8.7E-04
4.2E-03

Minimum stress
(mPa)
0.77
0.77
4.08
20.5
98
474

Maximum stress
(mPa)
2526
4.13
21.8
109
525
2526

Table E-1. Torque and stress limits of detection for Contraves and its five different
ranges. The stress limits are for the “short bob”, which is the standard geometry for bulk
rheology.

E.1.3 Software
Contraves operates using a LabView code from National Instruments. Figure E-3
shows the interface of the LabView code, with the input and output variables. Using this
interface, the Sample Information (“I”), Shear Rate (“II”), “Range” (“III”), Measuring or
Zone Time (“IV”) and Time Point (“V”) can be specified. The “Range” should
correspond to the value specified using the knob in the Instrument Board (“V” in Figure
E-2). The Point Time is generally kept at 0.25, but it can be modified.
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Figure E-3. Contraves LS-30 Rheometer Interface. I: Sample Information may be
entered here; II: Shear rate input (in 1/s); III: Range input; IV: Time input (in seconds);
V: Point time input (in seconds); VI: Time display (in seconds); VII: Stress-growth
coefficient (in cP or mPa s); VIII: Average viscosity (in cP); IX: Viscosity vs. time
display curve.

The measurement will be started when pressing the button
button

, or stopped using the button

, paused with the

. These buttons can be found on the top pane

of the software. Once the measurement begins, the software calculates the torque baseline
for 30 seconds, and then applies the corresponding voltage to rotate the cup at the
prescribed shear rate.
Figure E-3 also shows the output variables: Measurement Time (“VI”) starts in
zero at the beginning of the measurement and after measuring the baseline. The Current
Viscosity (“VII”) shows the current stress-growth coefficient. The Average Viscosity
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(“VI”) corresponds to the stress-growth coefficient average using the last two thirds of
the data. For example, if the Zone Time is set to 60 seconds, the Average Viscosity will
correspond to the mean value of the stress-growth coefficient between 20 and 60 seconds.
The LabView interface also shows the curve of the stress-growth coefficient vs. time
(“IX”). This can be used to confirm that the viscosity reaches a steady value at the end of
the measurement.
Figure E-4 shows a snapshot of the Block Diagram of the LabView code. This
can be accessed by going to “Window” in the top pane, and choosing “Show Block
Diagram”. When doing the speed and torque calibration, the user should access the block
diagram and change the corresponding expressions to calculate the shear rate and the
viscosity. More details will be presented in the next section.
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Figure E-4. Snapshot of the Block Diagram LabView Code.

As part of this dissertation, new LabView codes were developed in order to
perform continuous measurements in steady shear, and monitor the cessation of steady
shear. The original LabView code only allows to measure one single rate every time the
measurement is started. Therefore, when performing shear rate sweeps, the user should
input every single shear rate, and a new baseline is calculated for each shear rate. The
modified code allows the user to input several shear rates for the same “Range” from 1 to
5. If the “Range” needs to be modified, a new measurement needs to be started as the
baseline will change and the user would need to change the “Range” knob manually. Any
user using the modified code should be very comfortable using Contraves and the
LabView code for the single shear rate measurements, and have very good knowledge of
the suitable “Range” when shearing the sample at different shear rates.
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Figure E-5 presents a snapshot of the modified LabView interface for continuous
measurements. This interface can be observed when opening any of the programs with
the label “Continuous” or “Baseline” in the file name, and by displacing the bottom
arrow toward the right. The user enters the number of single runs at the top box “Number
of times” (“I”). While there are a total of 12 maximum possible runs, the code will stop
after finishing the number of runs that the user specifies. The interface also contains
specifications for each of the runs in columns. In the first box on the left (“II”), the user
should specify the waiting time before the measurement starts. Then, the user inputs the
shear rate for the first run (“III”), the “Range” (“IV”), and the measuring time (“V”). The
same information is entered for the subsequent runs.
The user must also be cautious when changing the shear rates. If using shear rates
for which the gear “9” or “21” would change, the user must modify this manually as well.
When using the “continuous” version of the LabView code, it is recommended to user
shear rates that do not require a change in the gear. Using the wrong gear might lead to
damages in the instrument, if the maximum limits of the instrument are exceeded. Keep
in mind that when using gear “21”, the cup will rotate 100 times faster than in gear “9”.
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Figure E-5. LabView Interface for continuous measurements. The variables should be
input here as follows: I: Number of measurements; II: Waiting time between
measurements; III: Shear Rate; IV: Range; V: Measuring time. This should be done for
every single shear rate to be measured, although the “Range” must be the same for all of
them.

The data will automatically be stored in the following location: c:\temp\labview\.
The data will be named as “testN” and “ResultN”, where N is the measurement number.
The former file contains the time, stress growth coefficient, voltage input by the motor to
compensate for the torque of the sample, and the voltage corrected by the baseline. The
“ResultN” file saves the average viscosity and the baseline. Once the measurement is
finished, the user should either rename the files, or move them to a different location, so
that when a new measurement is started the files are not overwritten.
Besides being cautious about the specifications for shear rate, “Range” and
torque, the user should consider the presence of residual stresses, particularly in yield
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stress fluids. If residual stresses are present, this code is not ideal to monitor the start-up
of shear. However, the steady state value will be accurate and independent of any residual
stresses from previous runs. The code “MultipleBaseline” is not ideal for fluids with
residual stresses, as this code will always measure a new baseline before starting shearing
the sample again. In Newtonian fluids, the stress will decay to zero after cessation, and
the “Continuous” versions of the LabView code will still be suitable for transient
experiments. Nonetheless, transient experiments are more interesting for non-Newtonian
fluids.
Additionally, a modified LabView code was developed to measure the cessation
of steady shear. The code is currently not fully polished and some manual calculations
are required. However, the user can still get the stress decay data as a function of time.
The code is currently labeled with the string “wait_plus_torque2”. A similar interface to
the modified version of the code is observed, but only a single measurement can be
performed. The user needs to manually enter the number of data points to be collected
after cessation in the block diagram of the LabView code. The user will choose section
“3” at the top of the block diagram, and go to the bottom of this section. An interface as
the one depicted in Figure E-6 will be observed. Then, the user should select the number
of data points to be taken after the motor stops. For example, if the user chooses to save
7200 data points, and since one data point corresponds to 0.25 seconds, the total time
would be 7200x0.25=1800 seconds or 30 minutes. The data will be saved in the same
“testN” file. Unfortunately, the current version of the code does not format the file
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content appropriately, and the user will only get the “data point number” (in this
example: 1, 2, 3, …, 7200) and the voltage applied to compensate for the residual torque.
The user should manually calculate the time and the stress-decay coefficient.

Figure E-6. Block Diagram for measurements of cessation of shear in LabView.

Currently, Contraves has 3 possible fixtures: concentric cylinders with a short
bob, concentric cylinders with a long bob, and Du Nöuy Ring for interfacial
measurements. Since each code has different calibration parameters, the codes are
organized in subfolders for each fixture. Each Du Noüy Ring will also have specific
calibration parameters, and thus different LabView codes.
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E.1.4 Wiring
Figure E-7 shows the current connections of the Contraves to the LabView Card.
Contraves can be controlled using a DAQ card that is plugged into the computer, and a
CB-50LP board that is connected to the instrument.

Figure E-7. Wiring in Contraves. A. Rear view of the connections in the control box in
Contraves. B. Close view of the CB-50LP board, torque and shear rate cables.
C. Connections on the left side in the rear of control box of Contraves. D. Connections on
the right side in the rear of the control box of Contraves.

The LabView code is configured with analog input channel 0 in DIFFERENTIAL
mode (pins 68 and 34 on the DAQ card that is plugged into the computer), using
connector 20 on the CB-50LP board as the positive connector, and connector 23 as the
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negative connector (ground). The shear rate cable must be connected to this input
channel. The output for torque is configured with analog output channel 0 (pins 22 and 54
on the DAQ card), with connectors 3 (positive) and 4 (ground) on the CB-50LP board.
The torque cable must be connected to this output channel.

E.2 Calibration
E.2.1 Calibration of rotational speed
For any geometry, the user specifies the shear rate and a motor rotates the cup at
the prescribed rotational speed. For concentric cylinders, the shear rate is proportional to
the rotational speed and depends on the geometry as follows:



R12 R22
 K B  ,
R 3  R2  R1 

(E-1)

where  is the rotational speed, R1 and R2 are the radii of the bob and the cup
respectively, and R is the arithmetic mean between R1 and R2 (480). Using this
expression, a constant of proportionality K B of ~0.0873 is obtained for bulk rheology.
Alternatively, the shear rate can be calculated using Mooney’s solution (481):



R22  R12
.
R22  R12
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(E-2)

These expressions are for Newtonian fluids, but give good approximations for the
shear rate of fluids with an unknown flow curve in small gaps. The same result is
obtained as the gap between the cup and the bob, or R2  R1 approaches zero.
To calibrate the rotational speed in Contraves, the user needs to determine the
proportionality between the voltage applied by the motor, and the rotational speed. This
can be done using the LabView Code with file name “Voltage-Speed Calibration”, and
attaching a wire to the piece beneath the cup as shown in Figure E-8. This wire is used to
calculate the number of revolutions in a period of time after applying a prescribed
voltage. This calibration needs to be done for gear “9” (low speed) and “21” (high speed).

Figure E-8. Set up for the rotational speed calibration.
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The user needs to specify the applied voltage in the LabView Code. The timer
will start, and the user will count the number of revolutions. For low speeds, the user
should allow enough time for the cup holder to have at least one or two full revolutions.
For high rotational speeds, the user should stop the timer after 40-50 revolutions. Repeat
the measurements using the same voltage at least twice for the low speeds, and 3-4 times
for the high speeds. The rotational speed  can be easily calculated from the number of
revolutions N in a period of time t as follows:



2 N
.
t

(E-3)

After collecting the measurements, the user should plot the applied voltage as a
function of rotational speed, for gear “9” and “21”. Figure E-9 presents an example of the
calibration plots and the linear relationship between voltage and rotational speed. These
data were collected in October 2013. A linear relationship can be used to correlate the
voltage and rotational speed. While previous reports have suggested the use of a power
law (480), a line with “0” intercept should suffice to describe the data. The calculated
slope should be introduced in the LabView block Diagram.
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Figure E-9. Relationship between the applied voltage and rotational speed. A. Gear “9”
(low speeds); B. Gear “21” (high speeds).

Figure E-10 depicts the changes that need to be made in the block diagram after
calculating the correlation between the voltage and the rotational speed. In the LabView
Code, the voltage is represented as “v” whereas the rotational speed is represented as “s”.

Figure E-10. Changes in the Block Diagram of the LabView code for the rotational
speed calibration.
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E.2.2 Torque calibration
After calibrating the rotational speed, the user should calibrate the torque by using
different viscosity standards fluids and the LabView code “Torque-Calibration”. Before
calibrating the torque, the user should update the rotational speed calibration in the
LabView Code, using the steps mentioned in the previous section. The torque M is
proportional to the viscosity  according to the following expression:




M
,
 K B



(E-4)

where  is the stress and K B is a constant. Contraves measures the voltage necessary to
compensate for the torque from the sample, and calculates the viscosity using the prefactor a and the shear rate. The pre-factor K B is different for each of the five “Range”
values, and therefore each “Range” should be calibrated separately. This can be achieved
by shearing different Newtonian standards at various shear rates.
The LabView code “Torque-Calibration” has an interface very similar to the
standard LabView code to measure the viscosity, but instead of reporting the viscosity at
a prescribed shear rate, the code displays the compensating voltage, which is proportional
to torque. The stress    can be plotted as a function of voltage and the slope is the
pre-factor K B that needs to be entered in the block diagram of the LabView code. Figure
E-11 shows examples of calibration plots using “Range” 1 and 2. In order to cover a wide
range of voltages, and particularly the range 0 to 1 V, at least three viscosity standards
with an order of magnitude difference in viscosity should be used. For example, use
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Newtonian standards with viscosities 2 mPa, 5 mPa and 50 mPa. The high viscosity
fluids are mostly used to calibrate low shear rates. Calculate the expected torque based on
the current calibration slopes, and adjust the shear rate so that several values of voltage
between 0 V and 1 V are covered.

Figure E-11. Torque calibration plots. A. Range 1, B. Range 2. The correlation between
stress and compensating voltage is linear and intercepts zero. The slope for each “Range”
1 to 5 should be calculated. These calibration plots were obtained using the long-bob
fixture.

Figure E-12 indicates the changes to the block diagram, after calculating the
slopes from the torque calibration plots. As in the interface for rotational speed, the user
should enter the corresponding expression for each “Range”. While the code used in
Figure E-12 suggests the use of a power law with an exponent close to 1, a linear
relationship should suffice to describe the relationship between voltage (torque) and
viscosity.
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Figure E-12. Section of the block diagram in the LabView code that needs to be adjusted
after doing the torque calibration.

E.3 Fixtures for bulk rheology in Contraves
Contraves has concentric cylinder fixtures for bulk rheology (single gap), and a
Du Noüy Ring fixture for interfacial rheology. Figure E-13 depicts the three different
geometries that can be used in Contraves. The short bob is the standard fixture, while the
long bob has larger bulk contribution to torque, and therefore interfacial effects are
slightly reduced. The concentric cylinders are made of stainless steel. The interfacial
fixture consist of a standard Du Noüy Ring, as those used to measure interfacial surface
tension. The following sections provide more details on these fixtures.
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Figure E-13. Fixtures for Contraves. A. Concentric cylinders – Short bob; B. Concentric
cylinders – long bob; C. Interfacial Du Noüy Ring.

E.3.1 Overview of Contraves fixtures for bulk rheology
The short bob is the standard fixture in Contraves and requires 3.0 mL of sample.
The long bob was designed in order to maximize bulk contributions to the apparent
rheology, and it requires 2.5 mL of sample. Since the bob has a very thin shaft of 3.6 mm
of diameter, interfacial effects are significantly reduced, compared to other geometries
such as double-gap, cone and plate, and plate-plate.
Table E-2 provides some guidance on the shear rates that should be used at each
“Range” when using the short bob. The long bob provides twice as much torque than the
short bob, and therefore the shear rates should be smaller than those of Table E-2. This
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table is provided for guidance purposes only. The user should be aware of possible slip
effects, especially for high viscosity fluids.

Viscosity
(mPa s)
0.5

Range 5
Min. Max.
SR
SR
-----

Range 4
Min. Max.
SR
SR
-----

Range 3
Min. Max.
SR
SR
41
218

Range 2
Min. Max.
SR
SR
8.2
44

Range 1
Min. Max.
SR
SR
1.5
8.3

1

---

---

---

---

20

109

4.1

22

0.8

4.1

2

---

---

49

100

10

55

2.0

11

0.39

2.1

5

---

---

20

100

4.1

22

0.82

4.4

0.15

0.83

7

68

100

14

75

2.9

15.6

0.58

3.1

0.11

0.59

10

47

100

9.8

53

2.0

10.9

0.41

2.2

0.08

0.41

20

24

100

4.9

26

1.0

5.5

0.20

1.1

0.04

0.21

30

16

84

3.3

18

0.68

3.64

0.14

0.73

0.03

0.14

40

12

63

2.5

13

0.51

2.73

0.10

0.54

0.02

0.10

50

9.5

51

2.0

11

0.41

2.18

0.08

0.44

0.02

0.08

60

7.9

42

1.6

8.8

0.34

1.82

0.07

0.36

0.01

0.07

70

6.8

36

1.4

7.5

0.29

1.56

0.06

0.31

0.01

0.06

80

5.9

32

1.2

6.6

0.26

1.36

0.05

0.27

0.01

0.05

90

5.3

28

1.1

5.8

0.23

1.21

0.05

0.24

0.01

0.05

100

4.7

25

0.98

5.3

0.20

1.09

0.04

0.22

0.01

0.04

Table E-2. Suggested shear rates for each “Range” as a function of the viscosity of the
sample. “Min.” corresponds to the minimum shear rate to get reliable data; “Max.”
corresponds to the maximum values, so that the maximum voltage is not exceeded. The
highlighted regions show the suggested shear rates when studying a Newtonian sample.
These values are for the short bob. Shear rates should be reduced by half when using the
long bob.

Table E-3 shows the current calibration parameters for the LabView code when using the
concentric cylinder fixtures. The table shows the slope of the linear relation between
voltage and stress (see Equation E-4). It is recommended to calibrate each fixture at least
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once a year. Refer to previous section for details on calibration and modifications to the
LabView code.
Slope

K B (mPa/V)

Range Short Bob Long Bob
5

3158

1799

4

656.3

363.5

3

136.3

72.68

2

27.23

14.51

1

5.165

2.877

Table E-3. Calibration parameters for the concentric cylinder fixtures. Slopes were
calculated in October 2013.

E.3.2 Design and Interfacial effects in Contraves
The Boussinesq number (325, 356) is the ratio of surface drag relative to the bulk
and is defined as:
Bo 

S
,
Bl

(E-5)

where  S is the interfacial viscosity,  B is the bulk viscosity and l is a characteristic
length. The characteristic length l corresponds to the ratio of the contact area of the probe
with the bulk, and the contact perimeter of the probe with the interface. For Bo >> 1,
interfacial effects are dominant, whereas bulk contributions dominate at Bo << 1.
Since the concentric cylinder fixtures have an air/water interface, interfacial
effects might be important depending on the magnitude of the bulk and interfacial
viscosities. To maximize bulk contributions, the length l should be as large as possible.
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This can be obtained by maximizing the contact area between the probe and the subphase, or by decreasing the ratio of the shaft in contact with the interface. For the
concentric cylinders of Contraves, the characteristic length can be estimated as:
l

2  rshaft lshaft  rbob lbob 
2 rshaft

,

(E-6)

where lshaft is the length of the shaft immersed in the sub-phase, 2rbob is the diameter of
the bob, lbob is the length of the bob immersed in the sub-phase, and 2rshaft is the diameter
of the shaft. See Figure A-3 for a scheme of the bulk fixtures for Contraves and the
geometrical parameters. Expression E-6 can be simplified as follows:
l  lshaft 

rboblbob
.
rshaft

(E-7)

Figure E-14 shows the dependence of the characteristic length l when varying each of the
geometrical parameters of equation E-7. For the short bob, 2rbob  11.0 mm, lbob  8.0
mm, lshaft  4.0 mm and 2rshaft  3.6 mm. From this figure, it is clear that the most
effective ways to increase l are decreasing the diameter of the shaft or increasing the
diameter of the bob. However, both of these approaches have practical limitations:
manufacturing a bob with a thinner shaft is very difficult; increasing the diameter of the
bob is not possible since the diameter of the cup cannot be increased and still fit on the
rheometer (see Appendix E). The easiest approach is to change lshaft by adding more or
less sample volume. However, the change in l is very small and almost negligible.
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Increasing the length of the bob turned out to be the most reasonable approach to increase
the characteristic length and decrease interfacial contribution in the bulk.

Figure E-14. Dependence of the characteristic length with the geometric parameters of
the bob.

The new bob was manufactured in stainless steel and is 1.8 larger than the short
bob, lbob  15.2 mm, while keeping all other parameters constant. The mass of the new
bob (now referred to as “long bob”) is:
2
massnewbob  massshort bob   rbob
lnewbob  lshort bob   .

(E-8)

The mass of the short bob was experimentally measured, obtaining 13.004 g. The density

 of stainless steel 316 is 7.99 g/cm3, and thus the mass of the new bob is 22.2 g. This is
1.7 times larger than the short bob. Before manufacturing the new bob, it was confirmed
that the long bob will not fall due to its weight, by adding weight to the short bob of
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Contraves and confirming that the rheometer will hold it. Appendix E describes in detail
the design of the concentric cylinder fixtures for Contraves.
Using the new bob, the characteristic length l increases by a factor of ~ 1.8, and a
smaller Bo than with the short bob will be obtained. The characteristic length l of the
short bob is ~ 28 mm, compared to ~ 50 mm for the long bob.
The Bo number can be used as an indicator of interfacial effects in Contraves.
However, in order to quantitatively estimate the stress that comes from the interface in
the apparent rheology measurements, a torque balance is required. The torque balance has
the following general expression:



S
B ,
K

(E-9)

where  is the total stress in the rheometer,  S is the interfacial stress,

 B is the bulk

stress and K is a constant with units of length. For the concentric cylinders, the torque
balance depends on the geometry as follows:

 CB   S

rsh 2


 2rbob3  rsh3  
lsh rsh 2  lbob rbob 2 
3



B .

(E-10)

The bulk contribution includes the torque from the shaft immersed in the subphase, the bob and its conical sections. For the short bob, the constant K = 11.7 cm, and K
= 18.8 cm for the long bob. If interfacial effects are responsible for shear yielding, the
long bob will show a smaller yield stress compared to the short bob. Further details on
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the torque balance for the concentric cylinders of Contraves can be found in the
Appendix A.

E.4 Interfacial rheology in Contraves
E.4.1 Design
The fixture for interfacial rheology consists of a standard Du Noüy Ring similar
to those used for surface tension. Figure E-15 presents a scheme of the Du Noüy Ring.
The characteristic dimensions of the Du Noüy Ring are the R and r, which correspond to
the radii of the ring and the wire respectively. The rings are purchased from CSC
Scientific (Fairfax, VA). Table E-4 describes the current Du Noüy Rings for Contraves
and its dimensions.

Figure E-15. Scheme of the Du Noüy Ring. While typically used for surface tension
measurements, the Du Noüy Ring can also be used for interfacial shear rheology.
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For the interfacial measurements with the Du Noüy Ring, a new cup was designed
and built with similar characteristics to those of the double-wall ring (DWR) sample
holder (185).

70542000
111412725 060113051
61.23
61.51
58.353
51.231

Catalogue Number
Ring Serial Number
Mean Circumference (mm)
Aspect Ratio

2 R
R/r

Inner Radius Ring (mm)

Ri

9.578

9.599

Outer Radius Ring (mm)

Ro

9.912

9.981

0.1670
0.1911
r
Radius of Wire (mm)
9.745
9.790
Average Radius Ring (mm) R
Table E-4. Du Noüy Rings for Contraves with dimensions.

Interfacial shear rheology using the Du Noüy Ring is inspired in the double-gap
Couette fixture. Some of the features that were considered for the design are the
following:


Small gap between the ring and the cup (linear velocity profile)



The gap has to be larger than the capillary length scale (~2.7 mm)



The shear rate should be equal in both sides of the ring
Additionally, an edge step is added at the walls of the trough in order to minimize

the formation of a meniscus at the air/water interface. After evaluating different cup
designs, it was concluded that the outer radius of the cup Ro should be 13.00 mm,
resulting in a gap of ~3.09 mm.
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The final design of the cup used for interfacial rheology is presented in Figure
E-16. The sample volume is 2.00 mL. Once the ring is lowered, it will sit on the air/water
interface, on the same plane of the edge step in the trough. Moreover, the gaps between
the ring and the walls of the cup will be approximately equivalent:

Ro  R  R  Ri .

(E-10)

Table E-5 includes the geometrical parameters of the final cup design.

Figure E-16. Scheme of the cup for the Du Noüy Ring.
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Outer Radius Cup (mm)

Ro

13.00

Inner Radius Cup (mm)

Ri

6.490

5.000
Depth Cup (mm)
D
Table E-5. Design parameters of the cup for interfacial rheology in Contraves.

A torque balance for the interfacial Du Noüy Ring can be solved to estimate bulk
effects in the interfacial measurement. Details of the torque balance and calculation of the
K constant can be found in Appendix B.

E.4.2 Calibration
As for bulk rheology, a similar calibration procedure should be performed for the
interfacial Du Noüy Ring, including rotational speed and torque calibration. In order to
calibrate the voltage that should be applied to obtain a prescribed rotational speed, the
same procedure as the one described in section 7.2.1 should be followed. The shear rate
was calculated using the first term of the Moore and Davis solution (481):


where
rate

K S


 K S  ,
ln( R2 / R1 )

(E-11)

corresponds to the constant of proportionality between the interfacial shear

 S and the rotational speed  . The dependence of the rotational speed with shear

rate can also be estimated using the equations E-1 and E-2, and very similar numbers are
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obtained using the different approaches. The dependence of the shear rate with rotational
speed must be calculated for each Du Noüy Ring.
Figure E-17 shows the necessary modifications to the LabView Block diagram,
when the relationship between the shear rate and rotational speed changes. Unfortunately,
the current LabView code of Contraves will give an error if the constant to calculate the
shear rate is significantly modified (constant becomes larger than 0.1). Therefore, the
user should still use the value for bulk rheology, and manually correct for the interfacial
shear rate as follows:

 S  K S 

K B
K B



K S
K B

B .

(E-12)

For the torque calibration, the user should follow a very similar calibration
procedure as the one described in section 7.2.2. However, instead of using pure
Newtonian viscosity standards, the user needs to form a thin interfacial film with known
interfacial viscosity. Practically, this can be done by adding small amounts of a
Newtonian viscosity oil standard at the air/water interface of deionized clean water. An
interfacial film with a thickness about an order of magnitude smaller than the radius of
the wire should be obtained. Since the radius of the Du Noüy Ring wire is about 0.2 mm,
and the area at the interface is about 399 mm2, it is recommended to add 10 μL of oil, in
order to obtain a film with a thickness of 25 μm.
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Figure E-17. Changes to the block Diagram in the LabView code when using the fixture
for interfacial rheology.

The interfacial viscosity of the oil film can be calculated as (185):

S   B d ,

(E-13)

where  S is the interfacial viscosity (units of Pa s m),  B is the bulk viscosity (units of
Pa s) and d (units of m) is the thickness of the interfacial film. After calculating the
interfacial viscosity, the same procedure as the one described in section 7.2.2 should be
followed, using different viscosity standards. The user will obtain calibration plots as
those presented in Figure E-18 for each Range.
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Figure E-18. Torque calibration plots for the interfacial Du Noüy Ring with serial
number 111412725. A. Range 2, B. Range 3. These plots were obtained using four
different interfacial viscosities.

Similarly, the torque calibration constants need to be corrected, as the LabView
code uses the bulk shear rate. The interfacial viscosity can be calculated from the
expression:

 S  K S

M

S

.

(E-14)

This expression can also be written as:

S  K S


 M
M
  K S B 
 K S' 
,
S B 
S B
B
M B

(E-15)

where the constant K S'  is corrected for the bulk shear rate used by the instrument. Table
E-6 summarizes the different constants used for the interfacial rheometer. These
calibration constants were obtained in October of 2013.
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Ring Serial number
r (mm)

111412725
0.167
3.687
0.322

K S

K S K B

060113051
0.191
3.784
0.330

K S (mPa m/V)

0.0290
N/A
Range 1
0.1260
0.1256
Range 2
0.6051
0.6061
Range 3
3.044
3.000
Range 4
13.81
14.03
Range 5
'
K S (mPa m/V)
0.0900
N/A
Range 1
0.3915
0.3803
Range 2
1.880
1.835
Range 3
9.458
9.084
Range 4
42.90
42.49
Range 5
Table E-6. Calibration constants for the interfacial Du Noüy Ring. Range 1 for the Ring
with serial number 060113051 was not calibrated.

After performing the calibration, the interfacial viscosity of different protein
solutions were measured and compared to the results using a calibrated TA Instruments
AR-G2 rheometer (New Castle, DE) at MedImmune. The AR-G2 rheometer can be used
with the Du Noüy Ring or the double-wall ring (DWR). Figure E-19 depicts the
interfacial viscosity of surfactant-free BSA at ~186 mg/mL. This sample has a yield
stress that can be estimated using the Bingham model. In general, results are reproducible
and in the same order of magnitude. While the interfacial viscosities measured with the
AR-G2 and the Du Noüy Ring and DWR fixtures agree very well, the viscosities
measured in Contraves are higher by a factor of ~2. The ratio between the yield stress
calculated using the data from the Du Noüy Ring at MedImmune, and the yield stress
from Contraves is ~0.49, as presented in Figure E-19.
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Figure E-19. A. Interfacial viscosity of surfactant-free BSA at 200 mg/mL in phosphatebuffered saline solution, measured in Contraves and the AR-G2 rheometers. Table reports
the yield stress estimated from the Bingham model. The ratio DNR_AR-G2/Contraves
corresponds to the ratio of the yield stresses. B. Torque values and angular velocity for
the measurements reported in A. DNR stands for Du Noüy Ring.

A total of five different protein solutions were measured in both rheometers. Four
of these samples show shear yielding and the ratio of yield stress  Y , ARG 2  Y ,Contraves
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corresponds to 0.46-0.52 for all of these samples. Therefore, while the values do not
perfectly agree quantitatively, the Du Noüy Ring in Contraves gives reproducible results
and can be used to compare the interfacial viscosity between different samples.
One of the samples tested was a Newtonian surfactant-laden mAb solution with
low interfacial viscosity (15x10-3 mPa s m from Contraves), and thus the minimum
interfacial shear rate that can be measured is ~1 s-1 in Contraves. The Du Noüy Ring in
the AR-G2 cannot reliably measure this low interfacial viscosity and only the data from
the DWR can be used. Both rheometers (Contraves and the AR-G2) show that the sample
is Newtonian. Inertial effects (181) are observed at shear rates larger than 7 s-1 in the
DWR, and thus only the interfacial viscosity between 1 s-1 and 7 s-1 can be compared.
The interfacial viscosity measured in the DWR is ~3.1x10-3 mPa s m, and it is about 5
times smaller than the interfacial viscosity measured in Contraves. Since the range of
shear rates at which the interfacial viscosity is measure is less than an order of magnitude,
results are not conclusive and more measurements should be performed with samples that
have larger interfacial viscosities.
The differences between the two rheometers can most likely be attributed to the
lack of viscosity standards for interfacial rheology. It appears that the error is systematic
and the values are off by a factor of two, which could be explained by having a
calibration parameter that is twice as large. Thus, there is a need to develop standards for
interfacial viscosity measurements, which can be used to accurately calibrate interfacial
rheometers and obtain values that are quantitatively comparable.
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E.4.3 Fixtures and Cleaning Procedure
The fixtures for interfacial rheology include the Du Noüy Ring, the sample holder
(cup), a gripping collet that attaches the ring to the rheometer, a clamping block with a
hex key that can be used to grip the stem of the ring without twisting the collet holding
arrangement. Figure E-21 presents the different pieces and accessories for interfacial
rheology.

Figure E-20. A. Accessories and fixtures for interfacial rheology in Contraves.
B. Accessories to attach the Du Noüy Ring to Contraves.

Before and after performing interfacial rheology measurements, the user will
follow these steps:


Clean the cup with several washes of deionized water and acetone. Never
use surfactants to clean the cup



Dry the cup with air. Avoid using Kimwipes
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Remove the Du Noüy Ring gently from the wood container and attach it to
the gripping collet using the clamping block



Clean the Du Noüy Ring gently with water and acetone



Use the alcohol burner to remove the organic material from the Du Noüy
Ring. Fill the burner with methanol, as it burns hotter and improves
cleaning while "glowing" the Du Nouy Ring



Carefully insert ring fixture in the rheometer making sure that it will not
fall. Load the sample in the cup and carefully place it on the rheometer



Slowly pull down the lever until the ring touches the interface



Start the measurements

After performing the measurements, remove first the cup and then the Du Noüy Ring.
Follow the cleaning procedure described, remove the ring from the gripping collet and
carefully put it back in the wood container.

E.5 Shearing protocol for protein solutions
Contraves is a very suitable rheometer to study protein solutions with low shear
stresses. In the absence of surfactants, protein solutions show an apparent rheopexy (186,
190), or increase in the viscosity over time, since the interfacial properties change as
protein adsorption evolves to a steady state condition. If bulk aggregation is responsible
for the non-Newtonian rheology of protein solutions, the shear viscosity might change
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over time depending on the time scales when aggregation occurs. Therefore, when doing
rheology measurements in protein solutions, the user should carefully consider the effect
of aging on the apparent viscosity.
The following steps are recommended when loading the protein solution in the
rheometer:


Avoid stirring or shaking protein solutions during preparation or sample
loading



Carefully pipette the protein solution from the bulk and load the sample in
the cup of the rheometer, while avoiding the formation of air bubbles



Put the lever down and make sure that the bob or the Du Noüy Ring are
concentric with respect to the walls of the cup



Write down the time when the interface is formed. The age of the interface
will correspond to the time between the measurement and the sample
loaded in the rheometer.

The following shear protocol is recommended when measuring the rheology of
protein solutions:


Perform a pre-shear step at high shear rates for five minutes. Previous
studies have used 60 s-1. The purpose of this step is to erase any shear
history in the sample, and minimize asymmetries in the interfacial contact
line, which could contribute to surface tension effects in the low shear
rheology (349).
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Start shearing the sample at low shear rates (0.02 s-1). Since the age of the
interface is only a few minutes old, the user will be able to monitor the
rheopexy of the sample. At low shear rates, it takes more time to reach a
steady state value of the stress-growth coefficient, and running times of 5
to 10 minutes might be required.



Increase the shear rate up to 100 s-1. The running time decreases as the
shear rate is increased. It is recommended to use running times longer than
80 seconds even at high shear rates.



Perform a shear sweep from high to low shear rates. Compare the ramp up
and down flow sweeps. If the viscosities agree using both steps, the user
does not need to perform further measurements.



If differences are observed between the ramp-up and ramp-down flow
curves, rheopexy is important and the user should perform further
measurements from high to low rates until reaching steady state values of
the viscosity at different shear rates.

E.6 Conclusions
Contraves is a very sensitive rheometer and can measure low shear viscosities
with high accuracy. Contraves is particularly suitable to measure viscosities below 10 cP
and low yield stresses. It requires between 2 to 3 mL of sample depending on the fixture
used. Since it uses a bob with a thin shaft, interfacial effects are greatly reduced
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compared to other fixtures for rheometry. Nevertheless, it has an air/water interface and
viscoelastic interfaces will make a contribution to the apparent viscosity. New fixtures for
bulk and interfacial rheology were developed, in order to properly account for interfacial
and bulk contributions to the apparent viscosity of protein solutions.
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APPENDIX F
FIXTURES FOR BULK RHEOLOGY IN CONTRAVES

Figure F-1. Design of the concentric cylinder fixtures for bulk rheology:
A. Short Bob, B. Long Bob. Schemes are made to scale.
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APPENDIX G
SUPPORTING INFORMATION: MOLECULAR DYNAMICS
SIMULATIONS OF HUMAN SERUM ALBUMIN AND ROLE OF
DISULFIDE BONDS
Castellanos, M. M. and C. M. Colina. 2013. Molecular dynamics simulations of Human
Serum Albumin and role of disulfide bonds. J. Phys. Chem. B 117:11895-11905.
Adapted with permission of the American Chemical Society. Copyright 2013.

This document includes additional details about the stability and conformational
fluctuations of the disulfide bonds (SS-bonds) of Human Serum Albumin (HSA). SSbonds were classified according to their conformation and effect on structure in the
absence of an explicit linkage between sulfhydryl groups. SS-bonds are formed by two
cysteine residues and HSA contains 17 of them. There is a free cysteine (Cys34) that has
been observed to play a role in the formation of dimers and intermolecular linkages, but
the mechanism and structural changes to allow surface accessibility were not clear (335).
As described in Chapter 6, changes in conformation of the phenolic ring in Tyr84 are
highly responsible for the accessibility to the sulfhydryl group from the surface. All other
Cysteine residues in HSA form SS-bonds and some of them influence the local secondary
structure and their absence promotes unfolding.
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G.1

Fluctuations in non-bonded SS-bonds
Figure G-1 contains the distance between the sulfhydryl groups of SS-bonds in

domain I for the simulation without SS-bonds, compared to the equilibrium distance they
would have when they are bonded (2.03 Å). The bond formed by Cys53-Cys62 is the
only bond that does not participate in double SS-bonds. This pair of Cysteine residues is
moderately stable with stronger fluctuations between 20 and 40 ns, but it reaches shorter
distances of ~5 Å as the simulation continues. The first double SS-bond formed by
Cys75-Cys91 and Cys90-Cys101 is stable with small fluctuations for the most part of the
MD simulation, although the Sγ distance in Cys75-Cys91 samples a slightly smaller
distance than Cys90-Cys101. The second double SS-bond corresponds to Cys124-Cys169
and Cys168-Cys177. In contrast to the previously described SS-bonds, this pair does not
remain in a stable conformation that allows the SS-bond to form again. . The absence of
this SS-bond is responsible for the extension of the coil region and partially unfolding of
alpha-helices h3 and h4 in domain IB. B-factors also revealed their influence in dynamics
as discussed in Chapter 6.
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Figure G-1. Distance between the sulfhydryl groups of SS-bonds in domain I for the
simulation without SS-bonds (blue). For comparison purposes, the figure also includes
the distance for the bonded case (pink, 2.03 Å). In particular, the double SS-bond
between Cys124-Cys169 and Cys168-Cys177 plays an important role in maintaining the
secondary structure of alpha helices in the local neighborhood.
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Similarly Figure G-2 presents the distances between Sγ atoms in Cysteine groups
for domain II including the four SS-bonds in the main binding site I. The third double SSbond is formed by Cys200-Cys246 and Cys245-Cys253. Fluctuations in these residues
are not correlated: the group Cys200-Cys246 is very stable during the entire simulation
and does not affect the structure, whereas the group Cys245-Cys253 was observed to be
responsible for the change in secondary structure of alpha-helices in site I, affecting the
particular pocket-like structure. Besides having low B-factors, the region enclosed by
Cys200 and Cys246 is rich in hydrogen bonds with high occupancies even in the absence
of SS-bonds. The double bond between Cys265-Cys279 and Cys278-Cys289 has
correlated motion although Cys278-Cys289 has a preferred distance that extends beyond
5 Å and shows more significant fluctuations. The double SS-bond formed by Cys316Cys361 and Cys360-Cys369 has medium fluctuations. Remarkably, the SS-bond Cys360Cys369 has two main preferred conformations at 3.7 and 5.0 Å of separation.
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Figure G-2. Distance between the sulfhydryl groups of SS-bonds in domain II for the
simulation without SS-bonds (blue). For comparison purposes, the figure also includes
the distance for the bonded case (pink, 2.03 Å). Whereas most SS-bonds in binding site I
are stable, the strong fluctuations produced by the absence of the bond between Cys245Cys253 promotes unfolding and disrupt the particular structure of binding site I. Stable
conformations are observed in non-bonded disulfide groups that prevent the propagation
of coils.
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Finally, conformations adopted by SS-bonds in domain III are presented in Figure
G-3. In general, these SS-bonds show changes in conformation that go beyond 5 Å and in
some cases with no correlated motion. The SS-bond between Cys392-Cys477 shows a
preferred conformation that is maintained at distances above 5 Å. A distance of ~3 to 4 Å
or less is required for the formation of a SS-bond (393, 482, 483), suggesting that once
this SS-bond is broken, there is a high probability this bond does not form again, if it
reaches the preferred distance of ~6 Å. Similar fluctuations are observed in its pair
Cys437-Cys448. Cys461-Cys477 and Cys476-Cys487 are fairly stable during the
simulation with minor fluctuations. Pronounced fluctuations are observed for the pair
Cys514-Cys559

and

Cys558-Cys567.

Cys514-Cys559

shows

two

preferred

conformational states, and Cys558-Cys567 shows stronger fluctuations with distances
that go beyond to 10 Å. These results suggest that the new sampled conformation does
not allow sulfhydryl groups to return to a closer distance and form a SS-bond.
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Figure G-3. Distance between the sulfhydryl groups of SS-bonds in domain III for the
simulation without SS-bonds (blue). For comparison purposes, the figure also includes
the distance for the bonded case (pink, 2.03 Å). In general, conformations of SS-bonds in
this domain show from small to medium fluctuations. In particular, Cys461-Cys477 and
Cys476-Cys487 may form a bond again, unless Cys476-Cys487 reaches first a stable
conformation above 5 Å.
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G.2

RMSD of the equilibrated structure with the other conformations
For comparison purposes and to determine similarities with the equilibrated MD

structure of the native HSA, Figure G-4 includes the RMSD as the simulation proceeds
with respect to: a. the crystal structure 1AO6 (335), b. the crystal structure 1N5U (446),
and c. the last structure obtained from MD simulations. The RMSD is a measure of the
structural drift between two conformations of the same molecule. The RMSD is below ~5
Å when referenced to the initial structure (1AO6) and the final simulated structure (70
ns). When referenced to the structure 1N5U, the RMSD is ~2 Å higher than the previous
cases, suggesting that each structure represents a different conformation that the native
HSA could adopt in solution, taking into account that the simulated structure has lower
energy than the initial crystal structure 1AO6.
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Figure G-4. RMSD of the HSA structure with SS-bonds obtained from MD simulations,
using the following structures as reference: a. the crystal structure 1AO6 (335), b. the
crystal structure 1N5U (446), and c. the last structure obtained from MD simulations. A
snapshot of these structures is also presented. The RMSD plot shows that each structure
corresponds to a different conformation that the native HSA can adopt, and the RMSD
between each pair of structures varies from 4 Å to ~6 Å.

G.3

Dynamic Cross Correlation
Chapter 6 shows changes in the cross-correlated motions after the removal of SS-

bonds. A detailed list of the most significant changes is presented below, where the crosscorrelations are compared by subtracting the cross-correlated motion in the absence of
SS-bonds from the cross-correlated motion when SS-bonds are present.
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Res. A

Res. B

diff

Res. A

Res. B

diff

Res. A

Res. B

diff

Res. A

Res. B

diff

6

56

0.52

131

564

0.56

411

428

0.51

552

567

0.59

6

57

0.61

131

565

0.52

503

579

0.51

553

566

0.59

7

57

0.57

133

507

0.51

504

579

0.54

553

567

0.59

8

53

0.55

133

564

0.55

505

579

0.56

554

565

0.56

8

54

0.69

133

565

0.58

505

580

0.52

554

566

0.80

8

55

0.56

149

241

0.56

542

572

0.50

554

567

0.69

8

57

0.52

149

242

0.52

542

575

0.57

554

581

0.50

9

53

0.58

150

240

0.53

543

575

0.56

555

566

0.69

9

54

0.66

150

241

0.65

547

572

0.63

555

567

0.62

9

55

0.58

150

242

0.60

547

575

0.68

556

566

0.64

9

56

0.52

151

241

0.53

548

567

0.56

556

567

0.57

9

57

0.53

241

253

0.64

548

571

0.53

557

566

0.80

13

54

0.51

242

253

0.53

548

572

0.53

557

567

0.65

59

511

0.52

265

282

0.52

549

567

0.56

558

565

0.60

119

169

0.55

265

283

0.55

550

566

0.56

558

566

0.90

120

169

0.60

267

505

0.50

550

567

0.57

558

567

0.67

121

169

0.51

270

507

0.58

551

565

0.51

559

566

0.64

124

169

0.54

270

508

0.52

551

566

0.63

571

577

0.56

131

504

0.50

270

577

0.50

551

567

0.62

571

578

0.55

131

505

0.59

371

375

0.53

552

566

0.52

574

581

0.55

131

506

0.56

410

428

0.56

Table G-1. Difference between the cross-correlation with SS-bonds and in the absence of
SS-bonds for residue “A” (Res. A) and residue “B” (Res. B). The difference is calculated
as: DCCMSS-bonds- DCCMno_SS-bonds, for the interactions between residues “A” and “B”. A
value > 0.5 indicates that removing SS-bonds weakens the interaction between the
corresponding residues.
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Res. A

Res. B

diff

Res. A

Res. B

diff

Res. A

Res. B

diff

Res. A

Res. B

diff

116

573

-0.51

239

506

-0.50

410

542

-0.73

506

530

-0.61

156

290

-0.54

239

564

-0.53

410

543

-0.68

506

531

-0.51

199

210

-0.51

239

565

-0.51

411

541

-0.53

506

533

-0.64

199

211

-0.58

408

543

-0.51

411

542

-0.59

506

534

-0.51

200

211

-0.51

409

504

-0.52

411

543

-0.60

506

537

-0.52

202

211

-0.59

409

541

-0.58

412

504

-0.51

506

540

-0.57

203

210

-0.52

409

542

-0.57

412

505

-0.54

506

541

-0.57

203

211

-0.62

409

543

-0.56

412

506

-0.52

507

533

-0.54

204

210

-0.52

410

538

-0.54

423

504

-0.54

509

555

-0.56

204

211

-0.56

410

539

-0.55

438

566

-0.51

509

556

-0.53

238

302

-0.52

410

540

-0.58

505

540

-0.54

510

555

-0.50

238

307

-0.51

410

541

-0.66

506

529

-0.51

Table G-2. Difference between the cross-correlation with SS-bonds and in the absence of
SS-bonds for residue “A” (Res. A) and residue “B” (Res. B). The difference (diff) is
calculated as: DCCMSS-bonds - DCCMno_SS-bonds, for the interactions between residues “A”
and “B”. A value < -0.5 indicates that removing SS-bonds strengths the interaction
between the corresponding residues.

G.4

Hydrogen bonds analysis
The removal of SS-bonds also affects the occupancy of other important

intramolecular interactions such as hydrogen bonds. Some hydrogen bonds were
observed to be stable even when SS-bonds were removed, whereas others vanished or
increased their occupancy. Figure G-5 shows the region in which hydrogen bonds are no
longer present after disulfide bonds are removed (pink) during the MD trajectory between
60 to 70 ns. Specific regions can be identified where many hydrogen bonds are
maintained, such as those involving the main binding sites (subdomain IIA and IIIA).
Table G-3 presents in detail the list of hydrogen bonds between a donor and acceptor
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residue with occupancies above 80%, for the MD simulations with and without SS-bonds.
The hydrogen bond formed by the only free cysteine (Cys34) and Tyr140 has been
highlighted (see section 6.3.4. for discussion).

Figure G-5. Percentage of occupancy of hydrogen bonds after the removal of SS-bonds.
Pink bars indicate the residues for which the hydrogen bonds vanished in the absence of
SS-bonds. Many of the hydrogen bond interactions prevailed (blue bars) in the absence of
SS-bonds in specific regions such as those involving the main binding sites.
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Donor
383
216
34
520
296
95
241
408
226
348
43
56
451
423
370
48
183
235
383
512
95
451
516
405
526
253
303
512
456
425
141
228
144
450
198
450

HSA with SS-bonds
Acceptor
%occupied
485
98.5
220
98.3
140
97.6
517
97.4
273
97.3
98
95.1
150
95
412
93.31
332
92.71
352
92.41
47
92.31
5
92.01
218
91.41
427
91.31
353
90.61
52
89.81
186
89.61
239
89.41
485
88.91
114
88.21
98
87.61
218
87.51
521
86.51
526
86.51
428
86.11
257
86.11
337
86.01
114
85.51
459
85.51
429
85.51
145
85.41
232
84.22
32
84.22
485
82.62
202
81.32
348
80.62

distance (Å)
2.741
2.687
2.711
2.648
2.631
2.77
2.737
2.738
2.737
2.733
2.762
2.739
2.804
2.753
2.751
2.718
2.801
2.759
2.803
2.792
2.809
2.813
2.81
2.826
2.804
2.827
2.819
2.798
2.838
2.823
2.827
2.767
2.838
2.742
2.737
2.78

Donor
296
226
408
249
216
312
523
221
383
383
235
34
149
352
531
188
303
423
198
144
520
107
141
450
43
477
482
520
293
228
309
556
440
183
351
516

HSA without SS-bonds
Acceptor %occupied
distance (Å)
273
99.1
2.647
332
98.7
2.692
412
97.4
2.712
150
97.4
2.642
220
96.9
2.728
370
96.8
2.713
527
96.7
2.727
222
95.8
2.787
485
94.21
2.78
485
93.81
2.781
239
93.41
2.752
140
93.01
2.744
29
92.61
2.814
356
92.11
2.74
420
91.91
2.713
192
91.31
2.733
337
89.91
2.809
427
89.71
2.766
202
88.21
2.752
32
87.61
2.836
117
87.51
2.773
32
87.51
2.837
145
86.91
2.822
454
86.81
2.75
47
86.51
2.775
484
84.92
2.8
348
83.02
2.844
517
82.62
2.73
222
81.92
2.798
232
81.92
2.757
353
81.62
2.778
521
79.82
2.782
445
79.22
2.829
428
79.22
2.778
355
75.82
2.761
521
75.52
2.829

Table G-3. Hydrogen bond analysis for the MD simulations with and without SS-bonds.
Only hydrogen bonds with occupancies above 80% are presented. Analysis was
performed for time frame between 60 and 70 ns. Repeated donor and acceptor residues
could be observed if two or more hydrogen bonds are formed by the same residue but
distinct hydrogen atoms. The highlighted hydrogen bond corresponds to the interaction
between Tyr140 and Cys34, the latter being the only free cysteine residue of HSA.
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In conclusion, the breakage of SS-bonds could significantly influence the
conformational stability and correlated motion of the protein and residues in the
neighborhood, but this is not always the case. Some SS-bonds promote unfolding of
alpha helices and dynamical changes in HSA (e.g., Cys168-Cys177, Cys278-Cys289).
Some SS-bonds have medium fluctuations and partially influence local motion and
structural changes (e.g., Cys245-Cys253 and Cys514-Cys559). Cys90-Cys101, Cys278Cys289, and Cys392-Cys438 reach highly stable conformations at distances that SSbonds do not likely form again. SS-bonds such as Cys75-Cys91, Cys200-Cys246
andCys461-Cys477 have very stable conformations during the entire simulation at
average distances between 3.7 and 4.3 Å suggesting that these SS-bonds are likely to
form again and do not influence changes in structure and dynamics of the local residues.
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