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ABSTRACT

ANIKET V. BADKAR
Effects of Formulation and Processing Stress on the Physical Stability of Protein 
Solutions
(Under the direction of Dr. AJAY K. BANGA)

Due to recent advances in biotechnology, several proteins and monoclonal antibodies 

(mAbs) are now being used as therapeutic agents. However, protein instability is an issue 

during protein formulation development. Protein unfolding and aggregation are one of the 

most common manifestations of protein instability, encountered in almost all stages of 

protein drug development. Biophysical and biochemical characterization of proteins is 

therefore important for understanding protein instability and underlying mechanisms.

One of the aims of this work was to investigate the feasibility of using modulated 

differential scanning calorimetry (MDSC) as a novel thermal characterization technique 

for protein solutions. MDSC had the advantage over conventional DSC, of better 

resolution in separating overlapping thermal events such as unfolding and aggregation. 

Since unfolding and aggregation are a function of various formulation and processing 

conditions, the second aim of this work was to investigate the effects of solution 

conditions on the unfolding and aggregation behavior of IgG and its ability to form 

partially unfolded intermediate states. Partially unfolded intermediates have practical 

implications as these could act as reactive species in the aggregation pathway of proteins. 

It was found that even under moderate solution conditions (conditions that would

xvi
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generally favor stability of the native state) IgG had the propensity to undergo partial loss 

in its native conformation, resulting in formation of stable partially unfolded 

intermediates. Presence of these intermediates affected the aggregation potential of IgG 

solutions. The third aim was to investigate the effects of various processing stress 

conditions on the aggregation behavior of concentrated IgG formulations and the ability 

of polysorbate 80 in preventing its aggregation. It was found that aggregation of IgG was 

a function of the type of stress applied. Thermal stress resulted in both soluble and 

insoluble aggregates for IgG and the addition of polysorbate 80 did not prevent formation 

of these aggregates. In contrast, mechanical shaking under the conditions used caused 

formation of only insoluble aggregates and the addition of polysorbate 80 reduced the 

formation of these aggregates. Stress due to single and multiple freeze-thawing did not 

result in any observable aggregation of IgG solutions.
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CHAPTER 1

INTRODUCTION

Protein stability is a critical issue that needs to be addressed in order to formulate 

successful and efficacious protein pharmaceuticals. Proteins, because of their high 

specificity and activity at relatively low concentrations, provide numerous unique and 

vital treatments for human diseases and conditions. However, if a therapeutic protein is 

not adequately stabilized, it will not only result in reduced therapeutic efficacy but may 

also lead to increased toxicity and immunogenicity. Proteins, unlike conventional drug 

molecules, possess a complex 3-dimensional structure called as the native or biologically 

active conformation that is unique for every protein. Maintenance of the native 

conformation, throughout its shelf life is important for protein efficacy. This is 

particularly difficult and challenging because proteins are only marginally stable and 

highly susceptible to both physical and chemical degradation (Banga, 2006; Manning et 

al., 1989; Wang, 1999). Chemical degradation involves modification of covalent bonds 

such as deamidation, oxidation and disulfide bond exchange. Physical degradation 

includes unfolding, adsorption, aggregation and precipitation. Of all the different types of 

protein instabilities, aggregation is the most common manifestation observed in almost all 

stages of protein development.

Protein aggregation is a major concern in formulation development of proteins as it 

may lead to (1) reduced bioactivity as in the case of human growth hormone,

1
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immunogenic reactions, possibly due to increased molecular weights such as with gamma 

globulins, (3) blockage of tubing, membranes, or pumps in an infusion set, such as with 

insulin and (4) unacceptable physical characteristics such as opalescence which gives the 

product an undesirable appearance and may also interfere with inspection of particulate 

matter (Banga, 2006). Aggregation describes the assembly from initially native, folded 

proteins of aggregates containing non-native protein structures (Chi et al., 2003b; Chi et 

al., 2003a) and is found to be generally irreversible. Aggregation may be caused due to a 

variety of factors and these can be divided as formulation and processing stress factors. 

Formulation factors include solution temperature, pH, buffer, ionic strength, excipients 

and salts. Processing factors include thermal stress, mechanical shaking, freeze-thaw, 

freeze-drying, spray drying and reconstitution. Thus, aggregation is a function of all these 

different stress factors and can occur during every step of development of protein 

pharmaceuticals, thereby necessitating the need to characterize proteins at each of these 

steps.

Biophysical and biochemical characterization is important, not just in detecting 

protein aggregation or other protein instabilities, but also imperative in understanding the 

mechanism of these instabilities. Various types of techniques are used for the 

characterization of proteins and some these include differential scanning calorimetry, far 

and near UV circular dichroism spectroscopy, fluorescence spectroscopy, dynamic and 

static light scattering techniques, gel and capillary electrophoresis, FTIR, analytical 

ultracentrifugation and UV spectroscopy. Since each technique measures different 

parameters and hence gives different information with respect to protein conformation, it
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is important to use a combination of various techniques and try to correlate the 

information obtained from these different techniques.

One of the goals of this work was to investigate the feasibility of using modulated 

temperature differential scanning calorimetry (MDSC) as a novel technique for the 

characterization of protein solutions. MDSC, in the past has been used for the 

characterization of polymers, frozen protein solutions and lyophilized protein solids 

(Coleman and Craig, 1996; Craig et al., 2000; Craig and Royall, 1998; Verdonck et al.,

1999). However, its use for thermal characterization of protein solutions has not yet been 

explored. The application of a modulated temperature program in MDSC, along with the 

standard heating program, would enable in better resolution of overlapping thermal 

events such as the simultaneous occurrences of unfolding and aggregation for many 

therapeutic proteins. Improved resolution enables better data analysis and hence 

increased confidence in data obtained. Since MDSC is a relatively newer and complex 

technique as compared to conventional DSC, the feasibility of using this technique for 

protein solutions was initially studied using lysozyme solutions. This is because 

lysozyme has been extensively studied using conventional DSC and is known to exhibit 

reversibility in thermal transitions (Branchu et al., 1999; Takano et al., 1999b; Takano et 

al., 1999a; Velicelebi and Sturtevant, 1979). The information obtained from MDSC 

analysis of lysozyme solutions, would be used to study its feasibility in thermal 

characterization of model antibody solutions such Immunoglobulin G.

Immunoglobulin G (IgG) is part of a heterogeneous family of multi-domain proteins 

called as immunoglobulin that exhibits antibody activity. IgG is the only class of 

immunoglobulin that can cross the human placenta and thus provide protection to the
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newborn during the first few months of life. Moreover, many of the currently approved 

monoclonal antibody formulations are one of the sub classes of IgG. Hence, human IgG 

can be considered as an ideal candidate for evaluating the effects of formulation and 

processing stress factors on monoclonal antibody formulations. Although biophysical 

characterization of IgG has been reported in literature (Giacomelli et al., 2000; Thies et 

al., 2001; Vermeer et al., 1998; Vermeer et al., 2000; Vermeer et al., 2001; Vermeer and 

Norde, 2000a; Vermeer and Norde, 2000b; Vidanovic et al., 2003; Welfle et al., 1999), 

the effect of different solution conditions on the conformation of IgG and its tendency to 

form partially unfolded intermediate states has not been adequately addressed. From a 

pharmaceutical point of view, these partially unfolded intermediates have significant 

implications. Since partial unfolding of a protein usually results in exposure of 

hydrophobic side chains, it can enhance the propensity of the protein to undergo 

aggregation and this in turn could affect the long-term stability of protein solutions.

Hence, it is imperative for the development of stable and efficacious protein formulations 

that gradual changes, which can occur in protein conformation under moderate solution 

conditions, be investigated carefully, because these changes can affect the overall long

term stability of protein solutions. Thus, the second aim of this work was to evaluate the 

ability of IgG to form partially unfolded intermediate states under varying solution 

conditions.

Another potential problem unique to monoclonal antibody formulations is that they 

are required to be administered at high doses (several mg/kg) to be therapeutically 

effective. For treatments via the subcutaneous route, such high dosing requirements 

would necessitate the development of formulations with concentrations exceeding 100
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mg/ml because of the small volume (1.5 ml) that can be given via this route. Moreover, 

even for the commonly used intravenous delivery route of administration, where large 

volumes can be administered, protein concentrations of tens of milligram per milliliter 

may be needed for achieving such high dosing regimens. Development of formulations at 

high concentrations (> 10 mg/ml) not only poses solubility issues for certain proteins, but 

also poses stability, manufacturing and delivery challenges. This is because, under the 

influence of any stress that is exerted during the various development stages, proteins 

have a greater propensity to aggregate at such high concentrations. Hence, it is necessary 

to evaluate the effects of various stress factors on the aggregation of concentrated 

immunoglobulin solutions. One of the key approaches to mitigating aggregation, 

especially irreversible aggregation, is the use of molar concentrations of osmolytes, such 

as sugars. However, the use of this approach to fix irreversible aggregation of high 

concentrated protein formulations is limited due to two reasons. First, addition of molar 

concentrations of sugars may aggravate the existing viscosity and osmolality problems of 

high concentrated protein/mAb formulations that may render them impractical for 

parenteral route resulting in manufacturing and delivery challenges. Second, addition of 

high sugar concentrations may result in increased reversible self-association of native 

protein molecules and hence affect its shelf life (Shire et al., 2004). For these reasons 

excipients other than sugars or those that may overcome the aforementioned issues, need 

to be explored. Surfactants, such as Polysorbate 80, are commonly used in most of the 

marketed mAb formulations at concentrations around 0.01% (PDR, 2005). In fact, 

Polysorbate 80 is used in 12 out of the 18 mAb formulations, currently approved by the 

FDA. The use of Polysorbate 80 in preventing aggregation of antibody formulations
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could overcome the problems associated with the use of high concentrations of sugars. 

Hence, the third goal of this work was to investigate the effects of various stress factors 

such as thermal stress at 60°C, mechanical shaking and stress due to single and multiple 

ffeeze-thaw on the aggregation of relatively concentrated IgG solutions, and the ability of 

Polysorbate 80 in preventing this stress induced aggregation.
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CHAPTER 2

LITERATURE REVIEW 

Protein Structure 

Amino Acids: Building Blocks of Proteins

The building blocks of peptides and proteins are the twenty different, naturally 

occurring amino acids. An amino acid, as the name implies, consist of an amino group 

and an acid group in the same molecule. They have a central carbon (a-carbon) atom to 

which are attached a carboxyl group, an amino group, a hydrogen atom, and a side chain 

that is different for different amino acids. Glycine is the simplest amino acid, in which 

the side chain is a hydrogen atom and hence is the only amino acid that is asymmetric.

All other amino acids are symmetric and hence are chiral. Proline is the only amino acid 

that does not possess a free unsubstituted amino group. This is because the side chain of 

proline is unique in that it is covalently bonded to the nitrogen atom of the peptide group 

so that it forms an imino acid. Amino acid side chains may vary with respect to their 

charge, polarity or lipophilicity. Aspartic and glutamic acid have a negative charge, while 

lysine and arginine have a positive charge at physiological pH. The side chains of serine 

and threonine do not possess any charge at any pH but are polar in nature. However, 

tryptophan, phenylalanine, and isoleucine have side chains that are more hydrocarbon

like in character. The amino acid cysteine exhibits some unique properties that are critical

7
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to the stability of proteins. The thiol group of cysteine is the most reactive of any 

amino acid side chain and can be readily oxidized to form a dimer, cystine. The resulting 

disulfide bond serves to hold the protein in its unique conformation.

Amino acids covalently join with each other by peptide bonds, to form polymers 

referred to as peptides or proteins. Generally, polymers with less than twenty amino acids 

are termed as peptides, between twenty and fifty amino acids are termed as polypeptides, 

and more than fifty amino acids are termed as proteins. However, this nomenclature is 

not well defined and the distinction between peptides and proteins can also be done on 

the basis of their molecular weight. Typically, polymers with a molecular weight less 

than 5000 Daltons are termed as peptides, whereas those with higher molecular weights 

are termed as proteins. Due to their high molecular weight and/or size, proteins generally 

exist in several levels of structure, referred to as the primary, secondary, tertiary and 

quaternary structures (Banga, 2006; Kenney and Arakawa, 1997).

Primary Structure

The primary structure of proteins is the sequence of covalently bonded amino acids in 

the polypeptide chain. The primary structure of a protein is determined genetically by the 

sequence of nucleotides in DNA. The peptide bonds linking the amino acids or residues, 

as they are often termed, are rigid and planar and mostly exist in the Trans configuration. 

A polypeptide chain always has only one residue with a free amino group, called as the 

N-terminal, and only one residue with a free carboxyl group, termed as the C-terminal. 

Peptide and protein chains are always written with the N-terminal residue on the left 

(Banga, 2006; Kenney and Arakawa, 1997).
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Secondary Structure

In the secondary structure, the polypeptide chain folds in to regular well organized 

structures such as turns and loops. Alpha helices and beta sheets are the most 

predominantly found secondary structural elements, with the rest being beta bends, small 

loops and random coils. In addition, a few conformations, such as the poly helix, occur 

less frequently. An important property of secondary structure is that it provides an 

efficient way of pairing hydrogen such that it bonds the internal groups of the polypeptide 

backbone which in turn may confer stability to the folded molecule (Creighton, 1984). In 

the a-helix, a single protein chain twists like a coiled spring. Each turn contains 3.6 

amino acid residues, with the side chains pointing out from the helix. The backbone 

carbonyl carbon oxygen of each residue, hydrogen bonds to the backbone NH of the 

fourth residue along the chain. In the P-sheet conformation, the protein backbone is fully 

extended. P-sheets can be either parallel or anti-parallel. In the parallel P-sheets, two or 

more peptide chains align their backbones in the same general direction, whereas, in the 

antiparallel conformation, adjacent chains have parallel but opposite orientations. The 

hydrogen bonding in case of P-sheets is in between chains rather than along the same 

chain as in the case of a-helix. Proline residues neither can participate in a-helix nor in P- 

sheet conformations as its side chain is bonded to the backbone N atom, preventing its 

participation in hydrogen bonding. At the end of the regular structures, the polypeptide 

chain generally makes sharp bends, thus reversing the direction of the chain. These 

reverse turns, termed as hairpin bends, p-bends or P-tums, connect anti-parallel p-strands 

and are important to maintain the globular shape of the protein (Banga, 2006; Kenney 

and Arakawa, 1997).
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Tertiary Structure

The tertiary structure of a protein is the overall packing in space of the various 

elements of secondary structures to form a folded three dimensional conformation. 

Biologically active proteins are properly folded (Jaenicke, 1991b; Wang, 1999). The 

three dimensional folded state of a protein is a fluctuating state of a limited number of 

preferred conformations (Tang and Dill, 1998). The most stable (least energy) 

conformation of a protein is usually the native state (Darnell et al., 1986). Under native 

conditions, the vast numbers of protein molecules exist in their unique native state (N). A 

tiny fraction must also occupy all possible higher energy states as dictated by the 

Boltzmann relationship (Bai and Englander, 1996). Protein folds in a highly specific 

fashion, but it is believed that the specific folding is determined by the amino acid 

sequence or the primary structure of protein. However, protein folding into its native 

conformation is generally guided by certain rules, such that, the overall shape is 

spherical; polar groups are on the surface, while hydrophobic groups are buried in the 

interior; and the interior is closely packed. Guided by these rules, protein folds into a 

unique conformation (Banga, 2006; Kenney and Arakawa, 1997).

Quaternary Structure

This refers to the specific association of separate protein chains (subunits or 

monomers) to form a well-defined structure. The subunits are held together by non- 

covalent forces. Protein-protein associations usually involve the more hydrophobic 

portions on the surface of a molecule. This type of conformation exists only for certain 

proteins. In the quaternary structure, monomers and oligomers are in dynamic
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equilibrium with each other in solution. Depending on the solution conditions, such as 

pH, buffer, temperature, usually only one form is preferentially stable. In some cases, 

quaternary structure is vital for the structure and function of the protein (Banga, 2006; 

Kenney and Arakawa, 1997).

Major Forces Involved in Protein Folding

Protein folding is a delicate balance between various stabilizing and destabilizing 

forces. The major forces involved in protein folding are non-covalent and covalent forces. 

Non-covalent forces include hydrogen bonding, hydrophobic interactions, electrostatic 

interactions (charge repulsion and ion pairing), intrinsic properties and van der Waals 

forces. Hydrophobic interactions are repulsive interactions between water and non-polar 

residues in proteins, leading to minimal hydration of the hydrophobic residues. These 

interactions are strongly disfavored and associated with a large increase in heat capacity 

(Dill, 1990). Hydrogen bonding is the strong dipole-dipole attraction between covalently 

bonded hydrogen atoms and other strongly electronegative atoms such as oxygen and 

nitrogen. Hydrogen bonds between amide hydrogen and carbonyl oxygen make 68% of 

the total hydrogen bonds in globular proteins (Pace et al., 1996). Electrostatic interactions 

can be of two types. First, classic electrostatic effects are the nonspecific repulsions that 

arise from charged groups on a protein when it is highly charged, especially at pH far 

removed from the isoelectric point of the protein (Chi et al., 2003b; Chi et al., 2003a;

Dill, 1990). As the pH is increased or decreased from the pi of the protein, charge density 

on the folded protein increases, thereby increasing charge repulsion within the protein 

that ultimately destabilizes the folded conformation. The second type of electrostatic
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interactions is the specific charge interactions, such as salt bridges or ion-pairing. Unlike 

the nonspecific electrostatic effect, where increasing charges destabilize the folded state, 

salt bridges stabilize it (Chi et al., 2003b; Chi et al., 2003a; Dill, 1990). In contrast to 

non-covalent forces, covalent forces include disulfide linkages between cysteine residues 

that hold two chains or two parts of the same chain together. Disulfide linkages 

contribute an essential role to the stability of the folded protein conformation. As an 

example, bovine serum albumin (BSA) is a protein that is very stable. This may be partly 

explained due to the presence of seventeen disulfide linkages in the native structure.

These disulfide bonds contribute to the formation and stability of the helical structure.

The helical structure decreases dramatically if the disulfide bonds are reduced.

Among all the forces involved in protein folding, the apparent dominant force is 

hydrophobic interaction (Jaenicke, 1991a; Jaenicke, 1991b; Kristjansson and Kinsella, 

1991). The dominant opposing force is the loss of non-local conformational entropy (Dill 

et al., 1989; Dill, 1990). The difference in heat capacity of a protein in the native folded 

and denatured states (ACp) is a measure of hydrophobic stabilization of the protein, and 

the large ACp on thermal denaturation of proteins supports the major role of hydrophobic 

interactions in protein stabilization (Wang et al., 1996). Hydrophobic interaction, 

although dominant, needs to be balanced to maintain protein activity.

Interaction forces in proteins can also be divided into two types: local (short-ranged or 

secondary) and non-local (long-ranged or tertiary)(Chan and Dill, 1991). Long-range 

interactions occur between two residues that are separated by at least ten residues 

(Dosztanyi et al., 1997). Long-range interactions such as parallel and anti-parallel sheets 

are mainly responsible for polymer collapse to compact states whereas local forces are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

mainly responsible for helix formation such as hydrogen bonding. The long-range 

interactions control overall stability of proteins and its dominant role of long-range 

interactions is supported by the identification of so-called elements of stabilization center 

(SC) in proteins. These stabilization centers mainly consist of hydrophobic residues that 

are less flexible, tend to connect more sheets to each other, and are primarily responsible 

for stabilization of protein structures (Dosztanyi et al., 1997).

Apart from the various forces of stabilization, the unique structure of globular proteins 

may be a function of the protein molecular packing. The packing in native proteins is so 

well arranged that all solvent molecules are essentially excluded and the protein interior 

is more like a crystalline solid than a non-polar liquid (Jaenicke, 1991a; Jaenicke, 1991b). 

Glu, Lys, and Arg, with three or four rotatable bonds, are almost invariably located on the 

protein surface and use their flexibility to help ensure exposure of their charged groups to 

the solvent. However, buried polar residues do not necessarily destabilize a protein if 

they can form stable hydrogen bonds (Pace et al., 1996) and/or form stable intermolecular 

salt bridges, enhancing the structural rigidity (Vielle and Zeikus, 1996).

Protein Instability -  A Major Issue During Formulation Development

One of the major challenging tasks in the development of protein pharmaceuticals is to 

deal with protein instability. Caused by a variety of factors, such as formulation (increase 

or decrease in solution temperature, extremes of pH, addition of organic solvents or other 

denaturants) and processing (thermal stress, mechanical shaking, stress due to single and 

multiple freeze-thaw, freeze-drying, spray drying and reconstitution) stresses, protein 

instability may be broadly differentiated into physical and chemical instability. Physical
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instability refers to a change in the higher order (secondary, tertiary and quaternary) 

structure and may be manifested in the form of denaturation, aggregation, self

association, precipitation or adsorption. Chemical stability on the other hand, involves 

covalent modification of the protein via bond formation or cleavage and may be 

commonly observed as deamidation, hydrolysis, oxidation, disulfide exchange, p- 

elimination, and racemization. Although, understanding the various chemical pathways of 

protein instability are imperative in the successful development of efficacious protein 

formulations, a detailed report on this aspect is outside the scope of this review.

Physical Instability

Denaturation

Denaturation refers to an alteration of the global fold of the protein and involves a 

disruption of higher-order structure, such as secondary or tertiary structure of proteins 

(Banga, 2006; Manning et al., 1989; Wang, 1999). Denaturation typically involves 

unfolding of the native or folded conformation of a protein. Usually, unfolding is thought 

to be the cooperative transition between the native (N) and unfolded (U) states of a 

protein [Eq. 1]

N <-* U

For such a two-state system, an increase in temperature will cause a rapid change in 

structure from N to U at the melting temperature, Tm. Tm is defined as the midpoint of 

unfolding or the temperature at which 50% of the molecules are unfolded (i.e. AG = 0).

An increase in Tm is indicative of a more (thermally) stable protein structure, even 

though, strictly speaking, stability should be defined as the Gibbs free energy at a given
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temperature. Moreover, Tm is not a fixed value and is affected by a wide variety of 

environmental factors, especially pH changes (Banga, 2006; Manning et al., 1989; Wang, 

1999).

Although a two-state system is generally assumed for unfolding of most proteins, 

intermediate states can exist in some systems. Such systems will show biphasic kinetics 

for unfolding. Many proteins such as bovine growth hormone and human interferon-y 

exhibit biphasic kinetics of unfolding suggesting the existence of at least one unfolding 

intermediate in the unfolding pathway. The mechanism of unfolding for such systems 

may be represented as follows [Eq. 2]

N <-> I <-► U

1

A

Where T  is the intermediate state and ‘A’ is a collection of inactive molecules, such 

as aggregated protein, that are kinetically or thermodynamically blocked from changing 

to N or U. Denaturation may therefore be reversible or irreversible. These terms may be 

misleading, as, in some cases, native structure (and subsequently, activity) can be 

recovered from irreversibly denatured proteins. Reversible denaturation is defined as 

unfolding caused by an increase in temperature which can be reversed by subsequent 

lowering of the temperature. Irreversible denaturation is any unfolding process which 

does not allow the native structure to be regained simply by lowering the temperature. 

Although a protein which is irreversibly denatured may still be returned to its native state 

by addition of a denaturant followed by dialysis, the process is still defined as irreversible 

(Banga, 2006; Manning et al., 1989; Wang, 1999). A protein that exhibits reversible
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unfolding is typically small (<30 kDa), dilute (<lmg/ml), and highly charged to inhibit 

aggregation (Banga, 2006).

Aggregation

Protein aggregation refers to the assembly from initially native, folded proteins to 

aggregates containing non-native protein structures (Chi et al., 2003b; Chi et al., 2003a). 

Protein molecules may self associate or aggregate simply by physical association with 

one another without any changes in primary structure (physical aggregation) or by 

formation of a new covalent bond(s) (chemical aggregation) to form dimers, trimers, 

tetramers, or higher oligomers. Both mechanisms can occur simultaneously to a protein 

and may lead to formation of either soluble or insoluble aggregates, depending on the 

protein, environmental conditions, and stage of the aggregation process (Wang, 2005). 

Self-association or aggregation is a common problem observed during formulation 

development and biopharmaceutical processing such as fermentation (Finke et al., 2000), 

refolding (Smith and Hall, 2001), shearing/shaking (Katakam et al., 1995; Katakam and 

Banga, 1997; Smith and Hall, 2001), freeze-thawing (Kreilgaard et al., 1998b; Kreilgaard 

et al., 1998a), drying (Andya et al., 1999), reconstitution (Zhang et al., 1995), and storage 

(Costantino et al., 1994). Aggregation is a major concern because it may lead to (1) 

reduced bioactivity as in the case of human growth hormone, (2) immunogenic reactions, 

possibly due to increased molecular weights such as with gamma globulins, (3) blockage 

of tubing, membranes, or pumps in an infusion set, such as with insulin and (4) 

unacceptable physical characteristics such as opalescence which gives the product an 

undesirable appearance and may also interfere with inspection of particulate matter
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(Banga, 2006). Although aggregation is generally undesirable, some proteins may exert 

their biological effects as a dimer, trimer, or higher oligomeric forms and may lose 

biological activity upon dissociation (Banga, 2006). For instance tumor necrosis factor 

exists as a compact trimer in aqueous solutions, and maintenance of its trimeric structure 

is essential for its activity (Hlodan and Pain, 1994).

As mentioned earlier, protein aggregates can be either soluble or insoluble and both 

these types of aggregates may involve covalent or non-covalent linkages. Soluble 

aggregates can be characterized by various chromatographic techniques, such as size- 

exclusion chromatography or laser light scattering techniques, such as dynamic and static 

light scattering or more advanced techniques like analytical ultracentrifugation. Capillary 

zone electrophoresis equipped with laser-induced fluorescence detection has also been 

used to study aggregates (Remmele, Jr. et al., 1998). Sodium dodecyl sulfate gel 

electrophoresis under reducing and non-reducing conditions can be used to qualitatively 

characterize soluble aggregates. Insoluble aggregates, on the other hand, are opalescent 

and can be measured by light scattering in the visible range (Banga, 2006; Wang, 1999).

A discussion on the various types of techniques for characterizing aggregates will be 

presented later on in this review.

Mechanism of physical aggregation. Traditionally, protein aggregation has been 

viewed as a two-step process. The first step involves unfolding of the protein molecule, 

thereby exposing the buried, hydrophobic amino acid residues to the aqueous solvent. In 

the second step, the hydrophobic residues of the unfolded protein molecules undergo 

association, leading to protein aggregation. Such association takes place in order to 

minimize the unfavorable exposure of hydrophobic residues in the unfolded protein to
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water. This view is supported by model predictions and experimental data (De Young et 

al., 1993; Dill et al., 1989; Dill, 1990; Stigter D and Dill KD, 1993; Wang, 2005). 

However, subsequent research suggests the role of partially unfolded intermediate states, 

rather than completely unfolded states, as precursors in protein aggregation (Chi et al., 

2003b; Sharma and Kalonia, 2003; Wang, 2005). Since the partially unfolded 

intermediates (also called as molten globules or acid-denatured “A” states) can be formed 

locally or globally, these intermediates may have significant amount of secondary 

structures, and even tertiary structures (Chi et al., 2003b; Sharma and Kalonia, 2003; 

Wang, 2005). These intermediates have large patches of contiguous surface 

hydrophobicity and are therefore, much more prone to aggregation than both native and 

completely unfolded conformations. Recently, it was shown that interferon-a-2a has the 

ability to form multiple partially unfolded states (Sharma and Kalonia, 2003). Moreover, 

the role of such intermediates in the aggregation process of various other proteins has 

been reported in literature (Fink et al., 1994; Gomez-Orellana et al., 1998; Khurana et al., 

2001). Characterization of these intermediates is therefore important in understanding 

protein aggregation.

In accordance with the role of unfolding intermediates the aggregation process of 

proteins may be described by the well-known Lumry-Eyring framework (Lumry and 

Eyring, 1954). A representation of this framework, shown in scheme 1, involves a 

reversible conformational change of a protein followed by irreversible assembly of the 

non-native species to form aggregates (Chi et al., 2003b; Lumry and Eyring, 1954).
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N <-*• TS* —> A,

Ai + A rn ► Am + i

Scheme 1. Lumry-Eyring framework of protein aggregation.

The transition state theory depicted in scheme 1 can be graphically represented on a 

reaction coordinate diagram as shown in Figure 1. The free energies of reactant (N),

Aggregation reaction
Figure 1. Schematic reaction coordinate diagram of protein aggregation on an arbitrary 
free energy y-axis. Curved lines illustrate kinetic energy barriers (Chi et al., 2003b; 
Lumry and Eyring, 1954).

transition state (TS*), and products (Aj and Am) are shown on an arbitrary free energy y- 

axis. The x-axis represents the course of individual reaction events. Also shown in the 

figure is the unfolded state U which is thermodynamically unstable as compared to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 0

native state. Am is expected to be favored thermodynamically and therefore has the 

lowest free energy. Each reaction proceeds through energy barriers (curved lines in 

Fig.l), which represents energies of different molecular configurations between reactants 

and products. AGunf  is the free energy difference between the native and unfolded states 

and AG* is the free energy difference between the native and transition states. Thus for 

proteins to aggregate, energy input from any source should be able to overcome these 

free energy barriers. Usually, this energy barrier between native and unfolded/transition 

state is very low (5-20 kcal/mol) (Wang, 1999). Hence, this small magnitude of energy 

required for protein aggregation can be easily supplied by various sources of energy such 

as temperature increase, radiation or ultrasound. Moreover, this can also occur due to 

changes in the microenvironment of the protein, such as changes in pH, ionic strength, 

buffer type, salt concentration, and solvent composition. Thus, the process and rate of 

protein aggregation may be controlled by increasing the conformational stability (AGunf) 

of proteins. However, the aggregation behavior of certain proteins such as rhGCSF and 

ribonuclease A (Chi et al., 2003b; Chi et al., 2003a), under acidic conditions and in the 

presence an absence of 150 mM NaCl did not correlate to their AGunf  values under these 

solution conditions and could not be explained by the role of conformational stability. 

Therefore, conformational stability may not be the only factor controlling protein 

aggregation.

In addition to conformational changes that occur during aggregation, protein 

molecules also assemble to form higher-order aggregates. Since, molecular assembly 

processes occur because of overall attractive and repulsive intermolecular interactions, 

protein aggregation may also be governed by the colloidal stability of proteins. Thus,
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under certain solution conditions the assembly step, rather than the conformational 

stability, may be rate limiting and an understanding of protein aggregation would also 

require information about the nature and magnitude of these interactions. The osmotic 

second virial coefficient (B22) is a thermodynamic solution parameter that directly 

quantifies overall protein-protein interactions on the molecular level, which include 

electrostatic, van der Waals’, and all other short range interactions. Thus, B22 is a 

measure of the overall colloidal stability of proteins. Positive B22 values indicate the 

overall dominance of repulsive forces between protein molecules, where protein-solvent 

interactions are favored over protein-protein interactions (i.e. proteins are colloidally 

stable). Negative B22 values reflect overall attractive forces between proteins, with 

protein-protein interactions being favored over protein-solvent interactions (i.e. proteins 

are colloidally unstable). B22 is fundamentally linked to protein phase behavior and 

solubility (Chi et al., 2003b; Chi et al., 2003a), B22 and measurements have been used to 

characterize and predict solution conditions for protein assembly into crystals and for 

salting out. Moreover, the aggregation behavior of rhGCSF and ribonuclease A under 

acidic conditions and in the presence and absence of 150 mM NaCl correlated well to the 

B22 values under similar conditions, suggesting that the aggregation of these proteins 

under the specified solution conditions was governed by the colloidal stability and not the 

conformational stability (Chi et al., 2003b; Chi et al., 2003a).

The roles of conformational and colloidal stability explain the mechanism and driving 

forces that are important during the initial stages of aggregation. Following the onset of 

aggregation, both the number and size of aggregates increase while the native protein 

population is depleted. Aggregates grow and eventually precipitate out of solution and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 2

form visible particles. However, the aggregation of some proteins exhibits a distinct lag 

phase during which the protein solution remains clear and the losses of native protein is 

nearly undetectable, followed by rapid, and often complete native protein loss. This type 

of nucleation-dependant aggregation behavior has been observed for a number of proteins 

such P-lactoglobulin (Hamada and Dobson, 2002), immunoglobulin light chains (Kim et 

al., 2001), and the SH3 domain of the a-subunit of bovine phosphatidylinositol-3’-kinase 

(Zurdo et al., 2001). Furthermore, seeding (eg. with preformed aggregates) has been 

found to dramatically reduce lag time and promote aggregation.

Protein aggregation is inherently a nucleation and growth phenomenon where 

aggregates accumulate, eventually exceeding their solubility and precipitate. The 

existence of a lag phase in aggregation of some proteins is caused by an energy barrier to 

assembly (or nucleation). The energy barrier results from the free energy, required to 

create a new solid-liquid interface and depends on the aggregate size. When the size of 

the new phase is above a critical size where energy barrier is highest, then growth of 

nucleus occurs. Nucleation-dependant aggregation behavior is a result of a rate-limiting 

nucleation step.

For some protein systems undergoing nucleation-dependant assembly, such as a- 

synuclein, the rate-limiting step may be the formation of a prenucleus species (Kim et al.,

2001). Similar pathways of aggregation may be significant for the physical degradation 

of many other therapeutic protein formulations. In many instances, soluble aggregates 

can form during long term storage in aqueous formulation, without any assembly into 

higher order aggregates or precipitates. However, the soluble aggregates may act as a 

prenucleus and after reaching a critical level, can foster rapid assembly into large
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aggregates. Thus, a product that appears to have acceptable physical stability for several 

months could in the space of few weeks suddenly have unacceptable levels of aggregated 

protein. Similarly of the bulk drug product already has soluble aggregates present, the 

long term stability of the final formulated product may be compromised. Thus, it is 

important for pharmaceutical scientists to monitor the levels of soluble aggregates present 

in both bulk drug product, as well as the final formulation (Chi et al., 2003b).

Mechanisms of chemical aggregation. As mentioned earlier, aggregation may also be 

caused due to various chemical reactions that can directly crosslink protein chains or 

change the hydrophobicity of a protein, indirectly changing its aggregation behavior. Of 

the various chemical reactions that could cause aggregation, disulfide bond 

formation/exchange is probably the most common pathway of chemically induced protein 

aggregation. Free Cys residues in proteins can be easily oxidized to form disulfide bond 

linkages or initiating thio-disulfide exchanges, resulting in polymerization/aggregation 

such as bFGF (Shahrokh et al., 1994b; Shahrokh et al., 1994a) and (3-galactosidase 

(Yoshioka et al., 1993). Even without a free cysteine, disulfide-bonded proteins can still 

undergo aggregation through disulfide exchanges via (1-climination as observed for 

interleukin-1 receptor antagonist in aqueous solution (Chang et al., 1996c; Chang et al., 

1996a; Chang et al., 1996b). Protein may form covalent dimers or polymers by non

disulfide crosslinking pathways. Insulin has been shown to form transamidated dimers 

and polymers during storage mainly through reactions involving the AsnA~21 and PheB” 

21 residues (Brange et al., 1992). Other non-disulfide crosslinking pathways include 

dityrosine formation (Malencik and Anderson, 2003) and formaldehyde-mediated
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crosslinking (Schwendeman et al., 1995) and oxidation reactions that may modify the 

primary sequence of a protein, thereby indirectly causing aggregation.

Adsorption

Adsorption of proteins to surfaces is a well-known phenomenon. When a protein is 

exposed to any hydrophobic interface, the polypeptide chain can unfold to allow the 

hydrophobic part of the molecule to interact with the surface, leading to adsorption, 

which in turn may be followed by aggregation. Thus, it can be expected that the primary 

sequence of the polypeptide chain will determine the adsorption, although some masking 

effect will exist because of the folded three-dimensional (3-D) structure of the protein 

(Banga, 2006).

Although the size, charge, structure and other chemical properties of proteins will 

influence surface activity, they are all related to the primary sequence of the polypeptide 

chain. Size is important because larger proteins are believed to form multiple contact 

points on adsorption to a surface (Banga, 2006). This would suggest that a protein that is 

likely to unfold readily would be more surface active. In contrast, disulfide cross-linked 

protein is less likely to unfold and will thus be less surface active (Banga, 2006). 

Hydrophobicity of a protein may affect its ability to adsorb at interfaces. Hydrophobic 

analogues of LHRH adsorb strongly to glass and other surfaces at low concentrations 

(Anik and Hwang, 1983). In addition to hydrophobicity of the protein, its polyelectrolyte 

behavior is also an important determinant of its adsorption tendency. Depending on the 

pH and ionic strength of the media, charge interactions between protein and surface will 

differ considerably. As expected, proteins adsorb the most to neutral or slightly charged
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surfaces near their isoelectric point. Thus, if a mixture of proteins is allowed to adsorb 

onto a surface, the adsorbed layer will be richer in some proteins than others (Banga, 

2006).

An important characteristic of adsorption is that it is an irreversible process, which 

could be attributed to the multiple contact points between protein and the surface. Simple 

rinsing of the surface may not remove the protein unless a detergent is included.

Although this irreversibility of adsorption poses some problems, it does have the 

advantage that any denaturation on adsorption is limited to the fraction adsorbed. Thus, 

the protein is not going to adsorb and then desorb to effectively denature the entire 

protein content of the solution (Banga, 2006).

The kinetics of adsorption to solid surfaces will often consist of a rapid, initial phase 

followed by a slower phase as adsorption approaches a steady-state value. Eventually, the 

solid surface may be 1000 times more concentrated than the bulk phase. A method to 

study the adsorption behavior of proteins at interfaces has been described in literature 

(Burgess et al., 1991). This method uses an interfacial rheological technique that permits 

the measurement of structural-mechanical properties of the adsorbed layers. These 

properties are related to the rate of interfacial adsorption, interfacial interactions, and 

conformational changes in the adsorbed layers and serve as an indication of denaturation 

of adsorbed molecules. This method has been used to study competition between proteins 

(such as bovine serum albumin or human IgG) and surfactants (such as Tween 80 or 

lecithin) for adsorption on interfaces. Denaturation is likely to be greater at the air-water 

interface as compared to a solid-water interface because of the mobility of the former.

For example, shaking allows a continuous creation of new interface, thus providing a
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massive surface area that can lead to large-scale denaturation or aggregation. Some 

peptides, such as the neuropeptides, also have a tendency to adsorb at the oil-water 

interface. The antibacterial activity of the family of peptides called polymixins is related 

to their affinity for the cell membrane, which leads to lysis. Loss of insulin because of 

adhesion to surfaces is an obstacle to all development of insulin formulations and 

delivery systems (Banga, 2006).

Adsorption losses are very significant for dilute solutions but become less of a concern 

at concentrations higher than 5 IU/ml (-0.2 mg/ml, -0.03 mM) as the percentage lost 

becomes negligible. Insulin adsorption may be minimized by the addition of 0.1 to 1% 

albumin (Banga, 2006). The adsorption rate of lysozyme has been reported to increase as 

the pH comes close to its isoelectric point. By monitoring charge screening effects 

induced by addition of salts, it was observed that the adsorption of lysozyme at the air- 

water interface increased when the electrostatic interactions decreased (Malzert et al.,

2002).

Factors Affecting Protein Stability

Protein stability is a result of balancing between stabilizing and destabilizing forces. 

The destabilizing forces are mainly due to the large increase in entropy during unfolding, 

and the stabilizing forces are provided by covalent and non-covalent interactions (Chi et 

al., 2003b; Wang, 1999). Disruption of any of these interactions will shift the balance and 

destabilize the protein.
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Temperature

Temperature is probably the most important factor affecting protein stability. Proteins 

are generally stable in a certain temperature range and usually, the higher the 

temperature, the lower the stability. Although it has long been known that incubating 

proteins at high temperatures results in physical degradation, there is no general 

mechanism to describe the effect of temperature on the structure and function of proteins 

(Chi et al., 2003b; Wang, 1999). Typically high temperatures perturb the native protein 

conformation to a sufficient degree to promote aggregation. Although thermally induced 

denaturation may be reversible for some proteins, high temperatures usually lead to 

irreversible denaturation because of aggregation. Examples include the concomitant 

unfolding and aggregation of recombinant human Flt2 ligand (Remmele, Jr. et al., 1999; 

Wang, 1999) and streptokinase (Azuaga et al., 2002; Wang, 1999). As discussed earlier, 

increasing temperatures cause proteins to unfold and this thermally induced unfolding is 

often followed by immediate aggregation due to exposure of hydrophobic residues. 

Importantly, it is usually observed during heating that aggregation starts at temperatures 

well below the equilibrium melting temperature of the protein (Chi et al., 2003b; Dong et 

al., 1995). This observation suggests that aggregates are not formed from fully unfolded 

molecules. Rather, as discussed earlier, it appears that partially unfolded protein 

molecules are the reactive species that form aggregates. High temperatures also 

accelerate chemical degradations, such as increased hydrolysis of Asp residues and 

deamidation of Asn or Gin residues in RNase A and lysozyme at high temperatures 

(Kristjansson and Kinsella, 1991; Wang, 1999).
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Temperature also strongly affects reaction kinetics because rate constants increase 

exponentially with temperature for activated reactions. Increasing temperature increases 

the thermal kinetic energy of reactants. As a result, reaction collision frequency, as well 

as, probability of collisions with enough energy to overcome activation energies, 

increases with increasing temperature (Chi et al., 2003b; Chi et al., 2003a; Wang, 1999). 

For diffusion-controlled reactions, increasing temperature increases the rate of diffusion 

of reactant species, thus increasing rate of reaction. Protein aggregation rates are similarly 

increased at high temperatures.

Solution pH

pH has a strong influence on the stability of proteins. Proteins are often stable over 

narrow pH ranges and may aggregate rapidly in solutions with pH outside these ranges. 

Examples include recombinant factor VIII SQ (A.Fatouros et al., 1997), rhGCSF (Chi et 

al., 2003b; Chi et al., 2003a) and insulin (Nielsen et al., 2001). Solution pH, like 

temperature may affect both physical and chemical stability of proteins. Different 

chemical degradations may be facilitated at different pHs. Thus, the same protein may 

have different degradation products at different pHs.

Solution pH determines the type (positive or negative) and total charge on the protein, 

thereby affecting electrostatic interactions. Electrostatic interactions can affect protein 

stability via two different ways. First, classic electrostatic effects are non-specific 

repulsions that arise when a protein is highly charged, as in the case when the pH of the 

solution is far away from the isoelectric point (pi) of the protein. This increase in charge 

density, observed when the acidity or basicity of the solution is increased, results in an

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

increase in non-specific repulsive interactions, which in turn destabilizes the folded 

protein conformation. The protein unfolds because the charge density in the folded 

conformation is greater than that on the unfolded state. Thus, pH-induced unfolding leads 

to a state of lower electrostatic free energy (Dill, 1990). Second, specific charge 

interactions, such as salt bridges (or ion pairing) can also affect protein conformational 

stability. In contrast to the non-specific electrostatic effect, where increasing charges 

destabilize the folded state, salt bridges stabilize it (Dill, 1990; Takano et al., 2000).

In addition to their effects on protein conformation, charges on protein molecules also 

give rise to electrostatic interactions between protein molecules. When proteins are 

highly charged, repulsive interactions between proteins stabilize protein solution 

colloidally, making assembly processes, such as aggregation, energetically unfavorable. 

When proteins possess both positively and negatively charged groups (when pH is close 

to pi), anisotropic charge distribution on the protein surface could give rise to dipoles. In 

such cases, protein-protein interactions could be highly attractive, making assembly 

processes such as aggregation energetically favorable (Pace et al., 1996).

Salt type and Concentration

Salts and electrolytes have complex effects on protein stability by modifying 

conformational stability, equilibrium solubility and rate of aggregation (Chi et al.,

2003b). Salts may stabilize, destabilize or have no effect on protein stability, depending 

on the type and concentration of salt, nature of ionic interactions, and charged residues in 

proteins (Wang, 1999). For example, increasing concentration of ammonium sulfate from 

50 to 200 mM increases aggregation of Keratonin Growth Factor during storage at 45°C,
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but sodium chloride has the opposite effect within the same concentration range (Zhang 

et al., 1995). Similarly, Yamasaki and coworkers found that BSA could be stabilized 

against thermal unfolding by kosmotropic salts such as sodium thiocyanate and sodium 

hypochlorite and destabilized by chaotropic salts at high ionic strengths (Yamasaki et al., 

1991). However, low concentrations of chaotropes (10 to 100 mM) stabilized BSA 

(Yamasaki et al., 1991).

Salts can affect protein stability by influencing the electrostatic interactions in 

proteins, primarily by two different ways: by non-specific electrostatic shielding, and by 

specific ion binding to the protein. At low concentrations, salts affect electrostatic 

shielding and weaken ionic repulsion/attractions as counterions. Therefore, this shielding 

effect may be either stabilizing when there are major repulsive interactions leading to 

protein unfolding, or destabilizing when there are major stabilizing salt bridges or ion 

pairs in the protein. However, at high concentrations, in addition to the charge shielding 

effects, preferential binding of ions to the protein surface can result in a decrease in 

thermodynamic stability of the native conformation and an increase in equilibrium 

solubility (Chi et al., 2003b; Wang, 1999; Yamasaki et al., 1991). In addition to the effect 

of salts on the electrostatics within a protein that generally affects the conformational 

stability of proteins, salts may also affect intermolecular charge-charge interactions 

between different protein molecules. These intermolecular interactions would affect the 

assembly processes and hence affect the rate of aggregation of proteins. The net effect of 

salts on protein stability is thus a balance of the different mechanisms by which salt 

interacts with protein molecules and by which salt affects protein-protein interactions.
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Because pH determines the type, total, and distribution of charges in a protein, salt effects 

may be strongly pH-dependant.

Ligands and Cosolutes

Ligands and cosolutes can alter the conformational stability of proteins and hence 

influence their aggregation behavior. Their effect on protein stability can be explained by 

the Wyman linkage function and related theories applied by Timasheff et al. According to 

the Wyman linkage function, differential binding of ligand in a two state equilibrium will 

shift the equilibrium toward the state with greater binding. Thus, binding of polyanions to 

recombinant keratinocyte growth factor (Chen et al., 1994) greatly shifts the equilibrium 

between the native and unfolded states to favor the native state. Similarly, binding of 

Zn2+ to human growth hormone increases the free energy of unfolding (Chen et al., 1994; 

Tsai et al., 1993). It has been recognized that high concentrations (> 1M) of certain 

solutes, such as sugars and polyols, stabilize the native state of proteins, whereas other 

solutes such as urea and guanidine hydrochloride, act as protein denaturants. These 

effects could be explained by the differences in binding of these solutes to the native and 

unfolded states. Protein denaturants, such as urea and guanidine hydrochloride, bind to 

the unfolded state to a higher degree than to the native state, and hence favor unfolding.

In contrast to denaturants, protein stabilizers are preferentially excluded from the surface 

of a protein molecule, and the degree of exclusion is proportional to its solvent exposed 

surface area (Timasheff, 1998). Thus preferential exclusion of these solutes from the 

proteins domain would mean increased interaction between protein and water molecules, 

resulting in preferential hydration of the protein. According to the Wyman linkage
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function, preferential exclusion can be viewed as negative binding. During unfolding, 

protein surface area increases, leading to a greater degree of preferential exclusion, and 

hence greater negative binding. The net effect of greater negative binding to the unfolded 

state is to favor the native state. Thus, co-solutes like sucrose have been shown to inhibit 

aggregation of various proteins such as rhIFN-y (Webb et al., 2002) and rhGCSH 

(Krishnan et al., 2002).

Surfactants

Non-ionic surfactants, such as Polysorbate 80 and Polysorbate 20, are often added to 

protein solutions to prevent aggregation and unwanted adsorption during various 

processing steps such as purification, filtration, transportation, freeze-drying, spray- 

drying, and storage. Ionic surfactants are not usually used in stabilizing proteins because 

they can bind to both polar and non-polar groups in proteins and cause denaturation 

(Giancola et al., 1997). Because surfactants are amphiphilic molecules, they tend to orient 

so that the exposure of their hydrophobic portion to aqueous solution is minimized. Thus, 

when exposed to an interface, such as an air-water interface, surfactant molecules are 

oriented so that only their hydrophilic ends are exposed to water. Such orientation and 

surface adsorption is also observed at solid/water interfaces such as those found in vials, 

tubing and other containers (Randolph and Jones, 2002). Similarly, proteins are also 

surface active and hence can adsorb at interfaces, leading to aggregation. Presence of 

surfactants in protein solutions inhibits interface-induced aggregation by preferentially 

adsorbing at these interfaces and hence limiting the extent of protein adsorption.
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Surfactants may also affect protein conformational stability by their differential 

binding to native and unfolded states. For some proteins, such as hGH, surfactants bind 

more strongly to the native state and hence increase the free energy of denaturation (Bam 

et al., 1998). However, a more common effect is the preferential binding of surfactants to 

the unfolded state, resulting in a decrease in the native protein state stability (Randolph 

and Jones, 2002). Despite the fact that surfactants decrease the thermodynamic stability 

of most proteins, they still kinetically inhibit protein aggregation at interfaces.

Shaking and shearing

It is well known that shaking creates air/water interface. The hydrophobic property of 

air relative to water induces protein alignment at the interface, maximizing exposure of 

the hydrophobic residues to the air initiating aggregation (Wang, 1999; Wang, 2005). 

Similarly, shearing also exposes hydrophobic areas of proteins, causing aggregation. 

Many proteins easily aggregate during shaking or shearing, such as rFXIII (Kreilgaard et 

al., 1998b; Kreilgaard et al., 1998a), hGH (Katakam et al., 1995; Katakam and Banga, 

1997) and insulin (Brange et al., 1992). As mentioned in the previous section, surfactants 

are commonly used to prevent aggregation of proteins upon shaking or shearing.

Freezing

Freezing of a protein solution may cause protein aggregation due to one or more of the 

following freezing-induced stresses: low temperature stress, solute concentration, 

formation of ice-water interfaces, and potential pH changes or phase separation (Wang,

1999). Understanding the mechanism of protein aggregation is the first step in
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aggregation prevention during freezing. For proteins that denature due to their interaction 

with the ice-water interface, a slower freezing rate will inhibit aggregation because a 

smaller ice-water interface will be generated (Chang et al., 1996c; Chang et al., 1996a; 

Chang et al., 1996b; Wang, 1999; Wang, 2005). However, a lower freezing rate could 

facilitate crystallization of other solution components, promoting potential 

crystallization-induced protein aggregation (Eckhardt et al., 1994). A frequent cause of 

protein aggregation during freezing is the buffer-induced pH change during freezing. 

Thus, selection of a suitable buffer would prevent or inhibit aggregation.

Many additives can be used to prevent freezing-induced aggregation. They may 

prevent protein aggregation by preferential interaction, increasing solution viscosity, 

steric hindrance of protein-protein interactions or suppression of pH changes during 

freezing (Eckhardt et al., 1994; Wang, 1999; Wang, 2005). Among these additives, 

surfactants seem to be most commonly used.

Analytical Methods to Monitor Physical Instability of Proteins

The increased complexity of proteins, arising from a combination of their large size 

and higher order forms (secondary, tertiary and quaternary) of structure necessitates the 

use of a combination of several analytical techniques to monitor protein stability. No 

single analytical technique can detect all possible physical, chemical and immunological 

changes in protein structure. Thus, several analytical techniques such as electrophoresis, 

spectroscopy, chromatography, thermal analysis, immunoassays, and bioassays may be 

required to characterize a protein completely and examine its degradation profile (Banga, 

2006). A second analytical technique may often be needed to confirm the conclusions
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made by a first technique, such as the combined use of differential scanning calorimetry 

(DSC) and circular dichroism (CD) spectroscopy provides useful information about heat- 

induced denaturation of proteins. This section will describe the various biophysical 

analytical techniques that are commonly used in monitoring the structural and 

conformational changes in proteins arising due to a multitude of physical instabilities. As 

with physical instabilities, chemical and immunological changes in protein structure also 

affect the biological activity of proteins, however, the mechanisms for chemical and 

immunological instabilities are different and may be outside the scope of this review.

Differential Scanning Calorimetry (DSC)

DSC is a well established method of thermal analysis within the pharmaceutical 

sciences. This technique is used to characterize physical and chemical events via changes 

in either enthalpy or heat capacity of a sample. When proteins are heated, they unfold 

and/or aggregate resulting in changes in enthalpy or heat capacity of the system. DSC is 

therefore, a powerful technique to characterize temperature-induced conformational 

changes in proteins and other biological macromolecules. In fact, DSC studies on protein 

thermal denaturation have played a central role in the development of current views about 

the factors that determine protein instability (Jose M.Sanchej-Ruiz, 1995). However, the 

thermal characterization of protein solutions may not be possible using the conventional 

DSC commonly used to characterize polymers. This is because the changes in enthalpy 

and heat capacity that occur when proteins unfold and/or aggregate are very subtle and 

hence, requires the use of highly sensitive DSC instruments. This latter technique is 

therefore called as differential scanning microcalorimetry.
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As a protein is heated, the transition from the native state to the unfolded state is 

accompanied by a sharp transition at its melting temperature. Since proteins absorb 

energy during the unfolding process, this sharp transition is seen as an endothermic event 

during DSC analysis. The melting temperature of a protein (Tm) is also called as the 

unfolding or denaturation transition temperature and is indicative of its thermal stability. 

Although, the free energy of unfolding or AGunf, is a more appropriate parameter of 

thermal stability, thermodynamic calculations of AGunf may be complicated if the 

unfolding process is irreversible. Thus Tm is routinely used to assess the thermal stability 

of proteins as a function of varying formulation parameters. Formulation conditions that 

increase Tm increase its thermal stability and vice-versa. Thus DSC has been used as a 

useful technique to screen different formulation conditions such as pH, buffer type and 

concentration, ionic strength, salts and excipients during pre-formulation and formulation 

development of proteins (Banga, 2006; Jose M.Sanchej-Ruiz, 1995; Takano et al., 1999b; 

Takano et al., 1999a; Velicelebi and Sturtevant, 1979; Wang, 1999).

In addition to the unfolding of proteins, DSC analysis may also detect the aggregation 

of protein solutions. In contrast to unfolding, aggregation is seen as an exothermic 

reaction. This is because unfolding results in exposure of the buried hydrophobic residues 

to solvent which is thermodynamically unstable and hence these exposed hydrophobic 

residues associate with each other, releasing energy, to form aggregates. Under various 

solution and analytical condition, many therapeutically active proteins could unfold and 

aggregate within similar temperature ranges, resulting in overlapping of these two 

thermal events. In such cases, conventional DSC or even microcalorimetry may not be 

capable of resolving these overlapping events. Modulated DSC would provide improved
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resolution in such situations. Modulated temperature differential scanning calorimetry 

(MDSC), is an extension of conventional DSC, in which a sinusoidal wave modulation is 

applied to the standard linear temperature program. A discrete Fourier Transform 

algorithm is then applied to the resultant data to deconvolute the sample response to the 

underlying (linear) and modulated temperature programs. The response to the underlying 

temperature program is similar to that obtained by a conventional DSC. MDSC is thus, a 

software development rather than a change in the basic DSC equipment. The use of the 

modulated temperature program improves the quality and quantity of information that 

may be obtained by conventional DSC (Coleman and Craig, 1996; Reading et al., 1994).

In case of a conventional DSC, the heat flow signal is a combination of ‘kinetic’ and 

‘heat capacity’ responses. During a linear heating program, in the absence of any 

physical or chemical reaction, the heat flow signal is governed by the heat capacity of the 

sample. When temperature attains a certain value such that a kinetically controlled event 

occurs (e.g.: polymer cure, crystal reorganization or aggregation) the resultant heat flow 

signal is a combination of the heat capacity of the sample and that associated with the 

kinetically controlled event. MDSC is capable of separating these two processes, while 

conventional DSC heat flow signal represents the sum of the two types of process. The 

basis of the separation of the two types of heat flow signals is their difference in response 

to the underlying and modulated temperature programs. MDSC thus, represents a 

significant advance over conventional DSC. The application of large modulation 

amplitudes produces large instantaneous heating rates that result in increased heat flow 

sensitivity compared to conventional DSC. Also, the use of low underlying heating rates 

provides better resolution as compared to conventional DSC (Coleman and Craig, 1996;
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Reading et al., 1994). High resolution would be necessary if two thermal events such as 

aggregation (exothermic event) and unfolding of protein (endothermic event) occur 

simultaneously. Unfolding may be overwhelmed by aggregation, such as the single 

exothermic peak observed for rhKGF unfolding and aggregation (Chen et al., 1994). 

MDSC would be able to differentiate overlapping thermal events due to its higher 

resolution (Craig and Royall, 1998; Wang, 1999). A combination of large modulation 

amplitude and a low underlying heating rate enables high sensitivity without 

compromising on resolution (Coleman and Craig, 1996; Craig et al., 2000; Craig and 

Royall, 1998; Reading et al., 1994; Royall et al., 1998). This may not be possible in case 

of either conventional DSC or high sensitive DSC. The use of MDSC for the 

characterization and resolution of overlapping thermal events for polymers, frozen 

protein solutions and lyophilized protein solids has been previously reported in literature 

(Coleman and Craig, 1996; Craig et al., 2000; Craig and Royall, 1998; Reading et al., 

1994; Royall et al., 1998). However, its use for thermal characterization of protein 

solutions has not yet been explored. Thus one of the aims of this work is to explore the 

feasibility of using MDSC as a novel technique for thermal characterization of protein 

solutions.

Circular Dichroism (CD)

Circular dichroism (CD) is an excellent spectroscopic technique to investigate 

conformational changes in proteins. Circular dichroism measures the difference in 

absorbance of right- and left-circularly polarized light by an optically active substance. 

As is well known, amino acids (except glycine) are asymmetric because of the presence

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

of the chiral carbon and hence are optically active. Thus, the optical properties of 

polypeptides are caused by the asymmetric centers of their constituent amino acids. CD 

analysis in the far-UV region (180 nm -  260 nm) enables probing changes occurring the 

folding of the polypeptide backbone and hence gives information regarding changes in 

the secondary structure of proteins. Thus, far UV CD provides information regarding 

various secondary structural elements of proteins such as a-helical content, P-sheets, P- 

tums and random coils, a-helix generally shows two minima’s around 222 nm and 208 

nm and maxima around 190 nm, while P-sheets generally show weak minima between 

215 nm -  218 nm and maxima between 195 nm -  200 nm. On the other hand, disordered 

structures generally show a relatively featureless CD spectrum with a minimum around 

200 nm (Greenfield, 1996; Volkin et al., 2002). Far UV CD has been extensively used to 

study changes in the secondary structure of various proteins (Greenfield, 1996; Volkin et 

al., 2002). When the ordered secondary structure of the peptide backbone is perturbed, 

such as, by temperature-induced or denaturant-induced unfolding, changes in the far-UV 

CD are observed. A transition from a-helical or P-sheet structure to a disordered structure 

can be easily monitored by observing spectral changes or by simply following intensities 

at predetermined wavelengths as a function of increasing perturbation. These 

measurements are extremely useful for monitoring stability of protein pharmaceuticals.

In contrast to the far-UV region, CD analysis in the near-UV region (260 nm -  320 

nm) gives information regarding the orientation of the various aromatic amino acids and 

hence gives information regarding the overall tertiary structure of proteins. The aromatic 

amino acids that generally exhibit CD signal in the near-UV region are tryptophan (305 

nm -  288 nm), tyrosine (282 nm -  270 nm) and phenylalanine (270 nm -  255 nm). CD
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signal due to tryptophan is generally very strong and in cases when all three aromatic 

amino acids are present, the tryptophan signal overshadows that from the other aromatic 

amino acids. In addition to the aromatic amino acids, disulfide bonds may also show 

weak CD signals in the near UV region (Strickland, 1974). Typically, far-UV CD 

analysis requires a working concentration of 0.1 -  0.5 mg/ml, path lengths of 0.1 mm -  1 

cm and sample volumes of 300 pi. However, as compared to far-UV CD analysis, CD 

signals in the near UV region are weak and hence require a much higher concentration of 

protein, larger path lengths and larger sample volumes to get a good signal-to-noise ratio. 

Although this may be a problem in analysis of certain proteins, it may be useful in 

investigating effects of increasing concentrations of various salts and buffers on protein 

stability as these substances may absorb sufficiently in the far-UV region, but not in the 

near-UV region. Thus near UV-CD region, in contrast to far-UV region, may be used to 

monitor a variety of excipients in a wider concentration range.

Light Scattering

Light scattering is the phenomenon in which light from an incident polarized laser 

beam is scattered in all directions upon interaction with a molecule or particle in a beam. 

The intensity of the scattered light is therefore dependant on the physical properties of the 

particles scattering it. Thus, by measuring the characteristics of the scattered light, 

information regarding a molecule's physical properties such as size and shape may be 

obtained. Thus by collecting laser light scattering signals at well selected angles and 

orientations for protein solutions, important molecular characterization parameters for
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proteins, such as hydrodynamic radius, molecular weight, molecular shape and second 

virial coefficient can be obtained.

Laser light scattering technique is further divided into static light scattering (SLS) and 

dynamic light scattering (DLS). Static light scattering is called as Rayleigh scattering and 

has been in use for a while. DLS is a relatively newer advancement in light scattering 

technique, as compared to SLS, and is also called as photon correlation spectroscopy 

(PCS) or quasi-elastic light scattering (QELS). SLS provides information regarding the 

molecular weight and second virial coefficient of a protein, whereas, DLS gives 

information regarding the diffusion coefficient and hydrodynamic radius of a protein 

solution (Ahrer et al., 2003; Ahrer et al., 2004).

DLS measurements are based on the principles of light scattering and Brownian 

motion. Because, particles in a solution undergo Brownian motion, the intensity of the 

light scattered by a particle in constant motion, will fluctuate with time. DLS measures 

this fluctuation in scattering intensity as a function of time and converts this signal into a 

correlation function which is de-convoluted to give a particle size distribution which is 

directly proportional to the particles’ diffusion coefficient. The diffusion coefficient 

obtained can be related to the hydrodynamic radius of the protein using Stoke’s equation

D = kT/67wR(h>

Where, D is diffusion coefficient, v is the viscosity of the solvent, R(h) is the 

hydrodynamic radius of the protein, T is the absolute temperature and k is the Boltzman 

constant. Thus, DLS provides the average hydrodynamic radius and information 

regarding the size distribution of the protein solution. An increase in R(h> or broadening 

of distribution peak (increase in peak width) suggests an increase in the overall size of the
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protein and hence can be used as an indicator of soluble aggregation. Because R(h) is 

influenced by particle shape and salvation, it will vary depending on several factors, but 

examples of approximate values are 1.9 nm for lysozyme, 3.6 nm for BSA, and about 6 

nm for IgG. For insulin, R(h> may be in the range 1.3 to 2.6 as the molecule changes from 

monomeric to hexameric as a function of a pH change from 2.0 to 7.0 (data sheet from 

Protein Solutions, Inc., Lakewood, NJ). DLS has been used to investigate the aggregation 

behavior of recombinant human Factor VIII (Grillo et al., 2001). Moreover, thermal 

denaturation and aggregation of human immunoglobulin G (Rosenqvist et al., 1987) was 

also studied using DLS. For most proteins, a single collection angle of 90° is sufficient, 

but for very large molecules (>500 kDa) or for aggregates larger than 10 nm, collecting 

the scattered laser light at two angles (90° and a low angle of 15°) will be needed. More 

angles may give more accuracy, and multi-angle light-scattering (MALS) instruments 

having three angles of measurement are commercially available (Banga, 2006). Because 

DLS is a non-destructive technique for analyzing soluble aggregation, it may sometimes 

be preferred over other methods for determining soluble aggregates.

Size-Exclusion Chromatography

Size exclusion chromatography (SEC), also called as gel permeation chromatography 

(GPC), is a chromatographic technique that depends on the relative size or hydrodynamic 

volume of a macromolecule with respect to the size and shape of the pores of the 

packing. The technique uses a gel filtration column packed with particles of defined size. 

Smaller molecules penetrate more into the gel and thus elute later from the column. Thus 

higher oligomeric forms would generally elute earlier as compared monomeric forms.
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Molecular weight standards can be used to calibrate the column. Once the SEC column 

is calibrated with molecular weight standards, the molecular weight of the compound 

investigated can be determined. Moreover, this can also be used as a quantitative 

technique (Ahrer et al., 2003; Banga, 2006). GPC was initially done on columns packed 

with soft polymeric supports such as cross-linked dextrans, polyacrylamide, or agarose. 

However, these matrices are suitable for low-pressure applications only. Supports with 

increased mechanical strength are now commercially available to be used in high- 

performance size exclusion chromatography (HPSEC or SEC-HPLC). SEC-HPLC 

provides an excellent technique for investigation of soluble protein aggregates (Banga, 

2006) or for detection of low molecular degradation products. The mobile phase used is 

usually aqueous. SEC-HPLC is typically used for study of covalently linked or stable 

non-covalently linked soluble protein aggregates. However, it is generally not used for 

non-covalent protein aggregates that rapidly dissociate on dilution because of shifting 

retention times and altered apparent molecular weights. SEC-HPLC was found to be an 

ideal technique for analysis of hGH because it would differentiate the hGH dimer from its 

monomer. Other techniques such as RP-HPLC or electrophoresis led to the dissociation 

of the dimer. Even though the hGH dimer may have immunochemical activity, its 

biological activity is very low; thus, SEC-HPLC assay became important to determine the 

potency of hGH (Banga, 2006). A method has been described to use a rapid SEC-HPLC 

procedure that can determine both thermodynamics and kinetic parameters that describe 

rapid and reversible protein aggregation. A small volume size exclusion column allowed 

the study of monomer-dimer equilibrium of human growth hormone. Because of a short

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

retention time and use of computer simulation, it was possible to study aggregates with 

short half-lives (tl/2 = 5 sec) of dissociation (Banga, 2006).

SE-HPLC, although a commonly used technique for characterizing protein aggregates, 

has a few limitations. First, the size of a protein or its aggregate may be overestimated by 

SEC if the protein is not spherical (such as highly coiled proteins) and its stokes radius is 

greater than that of a globular protein (Kuhlman et al., 1997). Second, if a protein has 

carbohydrates or interacts with the column, the elution profile of the protein may change, 

leading to an erroneous estimation of its molecular weight. However, these issues can be 

solved by coupling the SEC with both light scattering and refractive index detectors to 

determine the size of a protein and its aggregates. The size calculated by the signal ratio 

of the two detectors is not affected by the above factors (Wen et al., 1996).

Immunoglobulin G

Immunoglobulins are a group of closely related glycoproteins composed of 82-96% 

protein and 4-18% carbohydrate. In humans there are five different types of 

immunoglobulins each with a distinct chemical structure and a specific biological role. 

These classes are designated as G, A, M, D, and E. The basic four-chain structural unit 

shown in Figure 2 is the form in which IgG, IgD, and IgE exist. IgA exists as a dimer, 

whereas, IgM exists as a pentamer. Of all the different classes, immunoglobulin G (IgG) 

is the most abundant of all immunoglobulins. IgG molecules achieve significant 

concentrations in both the vascular and the extravascular spaces, have a relatively high 

half-life (23 days), cross the placenta, and are able to activate the complement. This class 

of immunoglobulin is thought to contribute to immunity against many infecting agents
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that have blood-bome dissemination, including viruses, bacteria, parasites and fungi. In 

addition it provides antibody activity in tissues.

As shown in Figure 2, the basic immunoglobulin G molecule has a four-chain 

structure, comprising two identical heavy (H) chains and two identical light (L) chains, 

linked together by inter-chain disulfide bonds. Intra-chain disulfide bonds are responsible 

for the formation of loops, leading to the compact, domain-like structure of the molecule.

hinge region

Figure 2. Showing a basic immunoglobulin molecule 
(fittp://www.xs4all.nl/~ednieuw/IgGsubclasses/subkl.htnf)
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Each L-chain has a molecular weight of 22,000 Daltons, while each H-chain has a 

molecular weight of 55,000 Daltons. Thus the effective molecular weight of an 

immunoglobulin G molecule is approximately 150,000 Daltons. The isoelectric point (pi) 

of IgG is within the range of 6-7. The amino-terminal portions of the heavy and light 

chains, characterized by a highly variable amino-acid composition, are referred to a V H 

and V L, respectively. The constant parts of the light chain are designated as C L, while 

the constant parts of the heavy chains are further divided into three distinct subunits:

CHI, CH2 and CH3. Functionally, the V regions are involved in antigen binding. The C 

regions interact to hold the molecule together and are involved in several biological 

activities, the so-called effector functions such as complement binding, placental passage 

and binding to cell membranes

(http://www.xs4all.nl/~ednieuw/IgGsubclasses/subkl.htm). Fragmentation of IgG using 

proteolytic enzymes such as papain, splits the heavy chains of IgG in the hinge region, 

the area of the interchain disulfide bonds, to yield three fragments. One fragment, which 

can be crystallized, contains most of the IgG specific antigenic determinants of the 

molecule and is designated the Fc fragment; the other two fragments retain the ability to 

combine with antigen and are designated the Fab fragments.

Based on an antigenic analysis, IgG may be sub-divided in four different classes,

IgGl, IgG2, IgG3 and IgG4. Subsequent chemical analysis has shown that subclass 

antigenic differences reflect substantial differences in amino acid sequence. Moreover, 

important biological distinctions have been correlated with the various subclasses. For 

example, IgG4 does not fix complement, whereas the other three subclasses do, and IgG3
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globulins have a half-life significantly shorter than the other three. A major chemical 

difference between subclasses is the location and number of interchain disulfide bridges.

The formulation development of IgG has practical significance. Several antibody and 

monoclonal antibody formulations are currently being used to treat various types of 

cancers such as prostate adenocarcinoma, non-Hodgkin lymphoma, colorectal, and 

ovarian cancers, rheumatoid arthritis, psoriasis and other human diseases and conditions. 

Most of these monoclonal antibody formulations that are currently approved by the FDA 

are one or the other subtypes of the basic structure of IgG. Thus, by investigating the 

various formulations and processing stress factors that could affect the physical stability 

of IgG, the unfolding and aggregation behavior of monoclonal antibody formulations 

may be predicted. Thus the broad goal of this work was to investigate the effects of 

various formulation and processing stress factors on the physical stability of monoclonal 

antibody formulations, using human IgG as a model antibody.

Lvsozyme

Lysozyme is an enzyme that destroys bacterial cell walls by hydrolyzing the 

polysaccharide component of the cell wall. Lysozyme can be found in the mucosal 

membranes that line the human nasal cavity and tear ducts. Structurally, lysozyme is a 

globular protein with a molecular weight of 14,400 Daltons and an isoelectric point of 

10.7. Although, Lysozyme may not have any specific therapeutic activity, it has been 

previously used as a model protein to understand the folding-unfolding phenomenon of 

proteins using differential scanning calorimetry and circular dichroism. Based on the 

extensive literature for the thermal characterization of Lysozyme by DSC (Branchu et al.,
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1999; Sturtevant and Velicelebi, 1981; Takano et al., 1999b; Takano et al., 1999a; 

Velicelebi and Sturtevant, 1979), it is well known that Lysozyme exhibits reversibility in 

unfolding. Moreover, the effects of solution conditions such as pH, buffer, salt and 

excipients on the unfolding temperature of Lysozyme have been studied previously using 

differential scanning calorimetry (Branchu et al., 1999). Based on these studies, it is 

known that Lysozyme is thermally more stable at lower pH. At pH 6.5 and higher, 

Lysozyme is known to undergo self-association and exist predominantly in its dimeric 

form, and hence unfold at a much lower temperature. Because, its thermal properties have 

been extensively studied using conventional DSC, Lysozyme would therefore, be a 

perfect model protein to investigate the feasibility of using modulated DSC, as a novel 

technique for the thermal characterization of protein solutions. Using Lysozyme as a 

model protein, the use of MDSC for thermal characterization of other therapeutically 

active proteins may be explored.
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CHAPTER 3

APPLICATION OF TZER0 CALIBRATED MODULATED TEMPERATURE 

DIFFERENTIAL SCANNING CALORIMETRY FOR THERMAL 

CHARACTERIZATION OF PROTEIN SOLUTIONS

Abstract

The objective of this study was to evaluate the feasibility of using T z e r o  Modulated 

temperature differential scanning calorimetry (MDSC) as a novel technique to 

characterize protein solutions using lysozyme as a model protein and IgG as a model 

monoclonal antibody. MDSC involves the application of modulated heating program, 

along with the standard heating program, that enables the separation of overlapping 

thermal transitions. Although characterization of unfolding transitions for protein 

solutions requires the application of high sensitive DSC, separation of overlapping 

transitions like aggregation and other exothermic events may be possible only by use of 

MDSC. A newer Tzero calibrated MDSC model from TA instruments that has improved 

sensitivity than previous models was used. MDSC analysis showed total, reversing and 

non-reversing heat flow signals. Total heat flow signals showed a combination of melting 

endotherms and overlapping exothermic events. Under the operating conditions used, the 

melting endotherms were seen in reversing heat flow signal while the exothermic events 

were seen in non-reversing heat flow signal. This enabled the separation of overlapping 

thermal transitions, improved data analysis and decreased baseline noise. MDSC was
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used here for characterization of Lysozyme solutions, but its feasibility for characterizing 

therapeutic protein solutions needs further assessment.

Introduction

A critical aspect in the development of protein formulations is the stabilization of its 

native, biologically active conformation. Proteins, unlike conventional drug molecules, 

possess a complex 3-dimensional structure that makes them physically and chemically 

unstable. Protein stability arises generally from a combination of different forces such as 

hydrogen bonding, hydrophobic interactions, and electrostatic interactions. Factors that 

displace the balance among these forces tend to affect the stability of proteins (Branchu et 

al., 1999; Wang, 1999). This necessitates the need to characterize protein formulations at 

every stage of their development as therapeutically efficacious pharmaceuticals. 

Differential scanning calorimetry (DSC) is a thermal analysis technique that is well 

established and widely used in the characterization of polymers and pharmaceuticals. 

However, to characterize protein solutions, one needs to use a high-sensitivity differential 

scanning calorimeter (HSDSC) that is capable of detecting small changes in enthalpy or 

heat capacity that arise when proteins unfold. But the cost of such an instrument is very 

expensive.

Modulated temperature differential scanning calorimetry (MDSC), is an extension of 

conventional DSC, in which a sinusoidal wave modulation is applied to the standard 

linear temperature program. A discrete Fourier Transform algorithm is then applied to the 

resultant data to deconvolute the sample response to the underlying (linear) and 

modulated temperature programs. The response to the underlying temperature program is
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similar to that obtained by a conventional DSC. MDSC is thus, a software development 

rather than a change in the basic DSC equipment. The use of the modulated temperature 

program improves the quality and quantity of information that may be obtained by 

conventional DSC (Coleman and Craig, 1996; Reading et al., 1994).

In case of a conventional DSC, the heat flow signal is a combination of ‘kinetic’ and 

‘heat capacity’ responses. During a linear heating program, in the absence of any 

physical or chemical reaction, the heat flow signal is governed by the heat capacity of the 

sample. When temperature attains a certain value such that a kinetically controlled event 

occurs (e.g.: polymer cure, crystal reorganization or aggregation) the resultant heat flow 

signal is a combination of the heat capacity of the sample and that associated with the 

kinetically controlled event. MDSC is capable of separating these two processes, while 

conventional DSC heat flow signal represents the sum of the two types of process. The 

basis of the separation of the two types of heat flow signals is their difference in response 

to the underlying and modulated temperature programs. MDSC thus, represents a 

significant advance over conventional DSC. The application of large modulation 

amplitudes produces large instantaneous heating rates that result in increased heat flow 

sensitivity compared to conventional DSC. Also, the use of low underlying heating rates 

provides better resolution as compared to conventional DSC (Coleman and Craig, 1996; 

Reading et al., 1994). High resolution would be necessary if two thermal events such as 

aggregation (exothermic event) and unfolding of protein (endothermic event) occur 

simultaneously. Unfolding may be overwhelmed by aggregation, such as the single 

exothermic peak observed for rhKGF unfolding and aggregation (Chen et al., 1994). 

MDSC would be able to differentiate overlapping thermal events due to its higher
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resolution (Craig and Royall, 1998; Wang, 1999). A combination of large modulation 

amplitude and a low underlying heating rate enables high sensitivity without 

compromising on resolution (Coleman and Craig, 1996; Craig et al., 2000; Craig and 

Royall, 1998; Reading et al., 1994). This may not be possible in case of either 

conventional DSC or high sensitive DSC. Furthermore, a four-term heat flow equation 

used in the newer T Ze r o  calibrated models (TA instruments, Q-100 & 1000 series) makes 

the instrument more sensitive due to flatter baselines and improved signal-to-noise ratios. 

Although, the sensitivity achieved by this instrument may not compare to that of a high 

sensitivity DSC (HSDSC), it is a relatively cheaper instrument. The use of such an 

instrument for characterization of protein solutions was investigated. The objective of our 

study was to investigate the applicability of MDSC technology in achieving sensitivity 

comparable to a HSDSC at a cost comparable to a conventional DSC.

Lysozyme, an enzyme with a molecular weight of 14,400 Daltons and a pi of 10.7, was 

used as a model protein. Lysozyme has been studied extensively by DSC and is known to 

exhibit reversibility upon unfolding (Branchu et al., 1999; Sturtevant and Velicelebi,

1981; Takano et al., 1999b; Takano et al., 1999a; Velicelebi and Sturtevant, 1979). It was 

used here to investigate effect of formulation factors on such behavior as characterized by 

MDSC. Immunoglobulin G (IgG) is the most abundant of the immunoglobulin with an 

average molecular weight of 150,000 Daltons. Most of the FDA-approved monoclonal 

antibodies available in the market are one of the subclasses of IgG and are currently 

being used to treat various types of cancers such as prostate adenocarcinoma, non- 

Hodgkin lymphoma, colorectal, and ovarian cancers. Human IgG is a multi-domain 

protein and was used as a model antibody to study the feasibility of MDSC technique for
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thermal characterization of monoclonal antibodies. Circular Dichroism is a widely used 

and well-established technique to study protein unfolding and probe changes in higher 

order structure of proteins (Vermeer et al., 1998; Vermeer et al., 2000; Vermeer and 

Norde, 2000a; Vermeer and Norde, 2000b). It was used here to validate the results 

obtained by the T Ze r o  calibrated MDSC.

Materials and Methods

Chemicals

Chicken-egg lysozyme, human Immunoglobulin G (IgG), sucrose and mannitol were 

purchased from Sigma. Citric acid anhydrous, sodium citrate, tris and acetic acid were 

purchased from Fisher Scientific and sodium acetate and PEG 8000 was purchased from 

Mallinckrodt Chemical Works. HPLC grade water was used for preparation of all 

solutions

Sample Preparation

Lysozyme solutions (20 mg/ml for MDSC and 0.25 mg/ml for CD) were prepared in 

different buffers ( 100 mM acetate, citrate, citrate-phosphate, phosphate and tris) at pH 4, 

7.4 and 9.0 with various concentrations of sucrose (0-50% w/v), mannitol (0-25% w/v) 

and PEG 8000 (0-50% w/v). IgG solutions (20 -  50 mg/ml) were prepared in 10 mM 

phosphate buffer (pH 5.8 and 7.4).
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Modulated Temperature Differential Scanning Calorimetry

Thermal analysis was performed using a Modulated differential scanning calorimeter 

(DSC Q100, TA instruments, DE). Indium (m.p = 156.6°C) was used for temperature 

calibration. Aqueous solutions (25pl) were placed in aluminum pans and sealed 

hermetically. DSC analysis was carried out in the modulated heat only mode, by scanning 

the samples from a temperature of 30°C to 100°C at an underlying heating rate of 

2°C/min and a modulation amplitude of +0.5°C every 100 seconds to determine unfolding 

temperature (Tm). The data obtained was analyzed using the TA Universal Analysis 

software.

Circular Dichroism

CD analysis (Jasco J-810 spectropolarimeter) was carried out in the spectrum 

measurement mode in the far UV region (260-190nm) at a scanning speed of 100 nm/min 

at standard sensitivity for 3 accumulations with a response of 1 sec and in the variable 

temperature scan mode by scanning the samples from a temperature range of 30°-100°C 

at 222 nm at a heating rate of 5°C/min. Samples (300ul) were placed into 0.1cm path 

length quartz cells. A lid covered the quartz cell during each temperature scan. Data 

obtained was plotted using an Excel spreadsheet.
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Results and Discussion 

MDSC Analysis of Lysozyme Solutions

A typical MDSC graph for lysozyme solution at pH 4 in 10 mM acetate buffer is 

shown in Figure 3. The graph comprises of three signals, namely, reversing heat flow 

signal, non-reversing heat flow signal and total heat flow signal. The total heat flow 

signal is essentially similar to heat flow signal obtained when using a conventional DSC. 

Figure 4 shows a comparison of a MDSC temperature profile and constant heating rate 

ramp. As discussed in the introduction, the application of a modulated temperature 

program in MDSC separates the total heat flow signal into reversing and non-reversing 

signals. The total heat flow is essentially a combination of the heat capacity of the sample 

(reversing signal) and any other kinetically controlled event (non-reversing signal). The 

basis of this separation is their difference in the response to the underlying and modulated 

heating rate. As seen in Figure 3, the total heat flow signal which is the sum of the 

reversing and non-reversing heat flow signals (Coleman and Craig, 1996), shows an 

endothermic event around 74°C that is followed closely by an exothermic event. The 

endothermic event may be attributed to protein unfolding because proteins absorb energy 

during unfolding. Since unfolding exposes hydrophobic residues to solvent, these 

exposed hydrophobic residues associate with each other, thereby releasing energy. Thus 

the exothermic event may be due to aggregation. By looking at the total heat flow signal 

alone, it is not possible to resolve the two different events as separate transitions. Under 

the operating conditions selected the endothermic event around 74°C, which reflects the 

unfolding of lysozyme, appears in the reversing heat flow signal whereas the exothermic
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Figure 3. MDSC analysis showing total, reversing and non-reversing heat flow signals at 
pH 4 in 10 mM acetate buffer.

event that could be attributed to protein aggregation is seen in the non-reversing signal. 

The separation of the total heat flow signal into its components (reversing and non

reversing heat flow signals) by MDSC depends immensely upon the choice of operating 

parameters. Optimization of these parameters, namely, underlying heating rate, 

modulation amplitude and modulation period, is important. These parameters determine 

the quality of separation afforded by the instrument, which in turn governs the reliability 

of the data obtained. Low underlying heating rates improve the resolution of analysis 

(properly separate total heat flow into its components) where as, large modulation 

amplitudes provide large instantaneous heating rates and hence increase sensitivity. Long
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Time (min)

figure 4. Comparison of MDSC temperature profile and standard heating rate ramp. 
Heating rate 2°C/min, modulation amplitude 0.5°C and modulation period 100 seconds.

modulation periods are necessary for allowing the sample to follow the applied 

temperature modulation. In order to enable the complete separation of underlying and 

cyclic responses, the combination of parameters used should be such that at least 4 - 6 

modulations occur throughout the duration of each thermal event. This is depicted in 

Figure 5. If this requirement is not satisfied, the data obtained cannot be viewed with 

confidence. As a generalization, low underlying heating rates (0.1°C - 5°C), large 

modulation amplitudes (+/- 0.1°C - 1°C) and long modulation periods (40 -  100 seconds) 

must be applied to suffice the above requirement.
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"igure 5. DSC profile showing occurrence of 4 - 6 modulations each during the unfolding
and aggregation of lysozyme as seen in the total heat flow signal.

Before performing an MDSC experiment to determine unfolding temperatures, it is 

necessary to run the sample using the conventional DSC mode. This gives an 

approximate temperature range within which the thermal transition can be expected to 

occur. Once this is known the next step would be to use the MDSC mode. While in the 

MDSC mode, one has the option of using the general MDSC mode or the MDSC heat 

only mode. In the general MDSC mode, all three parameters, namely, underlying heating 

rate, modulation amplitude and modulation period need to be specified by the operator. 

The modulation amplitude in this mode oscillates from positive to negative. The 

modulation amplitude is the most important parameter from the viewpoint of interpreting
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the data with confidence. In the MDSC heat only mode, the underlying heating rate and 

modulation period are specified, while the modulation amplitude is automatically 

adjusted by the software (based on the other two parameters) such that no cooling of the 

sample occurs during temperature modulation, i.e., the modulation amplitude is always 

positive and never negative. The modulation amplitude selected will be such that at least 

4 - 6  cycles occur during the thermal transition, resulting in better resolution.

Effect of pH, Buffers and Excipients on Lysozyme Unfolding

Figure 6 shows typical calorimetric recordings of lysozyme unfolding in acetate buffer 

(pH 4) for three independent samples. The values for Tm seem to be reproducible and 

precise with very less standard deviation. Having optimized the parameters for MDSC 

analysis of lysozyme solution at pH 4 in 10 mM acetate buffer, it was now necessary to 

determine the feasibility of using MDSC as a novel technique to investigate the effect of 

different formulation variables on lysozyme stability. Although it is possible to perform a 

complete thermodynamic analysis using the MDSC instrument, determination of the free 

energy of unfolding (AGunf) is a complex process. Determination of changes in Tm rather 

than AGunf is a much simpler and faster method to determine changes in protein stability. 

Literature reports (Cueto et al., 2003; Wang, 1999) show that Tm values have been used 

as a stability indicator, fundamentally for comparative purposes. Hence we used Tm as a 

parameter to study changes in lysozyme stability as a function of various formulation 

parameters. Unfolding temperature is known to be a function of various formulation 

conditions such as pH, buffer concentration, type of buffer and excipients. Changes in 

any of these factors could cause changes in Tm suggesting a change in formulation
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7igure 6. DSC profile showing three independent calorimetric determinations for 
lysozyme unfolding at pH 4 in 10 mM acetate buffer.

(solution) stability. Changes in formulation conditions caused a change in the Tm of 

lysozyme. Surprisingly, formulation changes also influenced the onset of the exothermic 

event that was seen in Figure 3. This made it difficult to properly analyze the thermal 

scans by looking at the total heat flow signal alone. As seen from the total heat flow 

signal in Figure 7, it is difficult to distinguish the end point of unfolding and the onset of 

exothermic peak. As formulation conditions varied, the temperature for onset of this 

exothermic event changed, thereby overwhelming the unfolding transitions in some 

cases. It was not possible to correctly assign integration limits for many of the thermal
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Figure 7. MDSC analysis for lysozyme in 500 mM citrate buffer, pH 4 depicting 
improved resolution compared to Conventional DSC.

scans by looking at the total heat flow signal alone. The use of MDSC resolved this issue 

as the exothermic event was now seen in the non-reversing heat flow signal whereas the 

unfolding transition was seen in the reversing heat flow signal. By looking at the 

reversing heat flow signal, it was now possible to properly integrate the unfolding 

transition without any interference from aggregation and other kinetically controlled 

events. Also the post-transition baseline for the reversing heat flow signal was flat, with a 

good signal-to-noise ratio. Literature reports (Vidanovic et al., 2003) show that the use 

of conventional DSC may sometimes generate thermal scans that may not have well 

separated transitions and hence lead to problems in data interpretation. The use of MDSC

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

precludes this possibility. Hence for all further analyses, the unfolding transition seen in 

the reversing heat flow signal was used to characterize changes in the Tm as a function of 

formulation parameters. In all of the scans, there is a baseline noise within a temperature 

range of 40-50° C which is due to instrument start up.

Figure 8 and Table 1 summarize the effects of pH and buffer on the unfolding of 

lysozyme. Tm was found to be dependant on pH and buffer concentration. An increase in 

pH led to a decrease in Tm suggesting higher stability at lower pH values in commonly 

used buffers. Repetitive scans with MDSC show that unfolding was reversible only at 

lower pH (pH 4) and irreversible at higher pH (pH 7.4, 9.0) as seen in Figure 9. Addition 

of 50% sucrose to lysozyme solutions at higher pH (9.0) also was unable to show 

reversibility in unfolding (figure not shown). Thus reversibility of lysozyme unfolding 

seems to be a function of pH rather than excipients. These changes could be attributed to 

a combination of pH and/or buffer effects. To probe dependence of Tm on type of buffer 

species, a study was conducted wherein pH was kept constant and the type of buffer 

varied. Since a minimum change of 1 °C in Tm is considered as the threshold of 

thermostability change (Querol et al., 1996) it can be inferred from Table I that lysozyme 

exhibited no significant change in Tm, and hence stability, when formulated in 100 mM 

acetate buffer, 100 mM citrate buffer or 100 mM citrate-phosphate buffer, pH 4.

Similarly, at higher pH (pH 7.4), lysozyme Tm in 100 mM phosphate buffer was not 

significantly different from 100 mM citrate-phosphate buffer. Thus, change in Tm as seen 

in Figure 6 was due to change in pH, rather than a change in the type of buffer used.
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ugure 8. Effect of pH on unfolding temperature of lysozyme. Tm was found to increase 
as pH decreased.

Interestingly, Tm was also found to be a function of the strength of the buffer used. It was 

observed that a low buffer concentration (100 mM citrate buffer, pH 4) stabilized the 

protein better than high concentration (500 mM citrate buffer, pH 4) (Table I). pH affects 

the formulation stability of proteins. Solution pH determines the type (positive or 

negative) and total charge on the protein, thereby affecting electrostatic interactions. 

Changes in pH can cause changes in the electrostatic environment of the protein leading 

to charge effects and protonation changes during thermal unfolding. Moreover, lysozyme 

is known to associate within a pH range of 5-9, especially above pH 6.5 and at 

concentrations above 10 mg/ml. In contrast, association is insignificant at lower pH and
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Table 1. Effect of pH and buffers on lysozyme Tm as determined by IV
BUFFER SYSTEM Tm

100 mM Acetate Buffer, pH 4 73.9

100 mM Citrate Buffer, pH 4 73.2

500 mM Citrate Buffer, pH 4 70.9

100 mM Citrate-Phosphate buffer, pH 4 73

100 mM Citrate-Phosphate buffer, pH 7.4 70.2

100 mM Phosphate Buffer, pH 7.4 71

100 mM Tris Buffer, pH 9.0 69.2

DSC.

at lower concentrations. This association has shown to cause a decrease in Tm (Branchu et 

al., 1999; Chi et ah, 2003b; Chi et ah, 2003a). Thus, decrease in Tm as observed by us at 

high pH may be attributed to changes in the electrostatic environment, resulting in 

dimerization of lysozyme. At low buffer concentrations, charge-shielding effects result in 

reduced electrostatic interactions. However, at higher concentrations, in addition to 

charge-shielding effects, preferential binding of ions to protein surface can further 

decrease the thermodynamic stability of the native conformation (Chi et ah, 2003b; Chi et 

ah, 2003a). Unfolding temperature of lysozyme was also found to be a function of 

excipient type and concentration. Sucrose and mannitol had a positive effect on lysozyme
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"igure 9. Reversibility of lysozyme unfolding as a function of pH.

stability as shown by an increase in Tm. Addition of sucrose and mannitol to lysozyme in 

acetate buffer increased the Tm from 74.0°C to 82.4°C and 80.7°C, respectively, for the 

highest concentration used (Figures 10 and 11). Sugars and polyols have been commonly 

employed as protein stabilizing excipients. Their non-specific stabilizing effect is usually 

attributed to the mechanism of preferential exclusion (Wang, 1999). Preferential 

interaction, preferential hydration and preferential exclusion are terms used to explain the 

effects of additives on protein stability. Preferential interaction means that a protein
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Figure 10. Effect of sucrose on unfolding temperature of lysozyme.

prefers to interact with either water or an excipient. In the presence of a stabilizing 

excipient is preferentially excluded from the protein domain i.e. preferential exclusion. 

This preferential hydration of protein leads to increased hydrogen bonding between 

protein and solvent molecules, thereby stabilizing the folded state.

Addition of increasing concentrations of PEG 8000 resulted in a decrease in Tm as 

shown in Figure 12. Tm decreased from 74.0°C to 69.0°C for the highest concentration 

used. PEG’s are commonly used as cryoprotectants and precipitating/crystallizing agents 

in aqueous media at high concentrations. Also, PEG 8000 has been used as a 

cryoprotectant in the lyophilization of LDH (Corveleyn and Remon, 1996). Being
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hgure 11. Effect of Mannitol on unfolding temperature of lysozyme.

hydrophobic in nature PEG 8000 may interact, especially at higher concentrations, with 

hydrophobic side chains in proteins and interfere with hydrogen-bonding between water 

molecules and proteins, promoting unfolding, especially at high temperatures. Extensive 

binding of an excipient to a protein molecule decreases preferential hydration and 

destabilizes its conformation (Farruggia et al., 1997; Wang, 1999).

From MDSC analysis, it was not only possible to determine the unfolding temperature 

of lysozyme, but also possible to improve the resolution of analysis. Protein aggregation, 

in some cases, may occur simultaneously as unfolding occurs. The onset of aggregation 

may depend on various formulation conditions such as pH, buffer concentration and
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"igure 12. Effect of PEG 8000 on unfolding temperature of Lysozyme.

excipient. In such cases the aggregation peak could obliterate the proper analysis of the 

unfolding peak. By the selection of optimal MDSC operating parameters, such 

interferences as aggregation and instrument noise may be separated from the unfolding 

transitions.

Heat-induced Changes in the Secondary Structure

The main aim of our study was to determine the feasibility of MDSC as a tool for the 

biophysical characterization of protein solutions. For this, it was necessary to confirm the 

validity of the data obtained by MDSC using a second biophysical technique. The second
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technique used would have to be complimentary to MDSC. Circular Dichroism (CD) is 

one such technique. Data obtained by calorimetric or MDSC technique provides 

information regarding protein’s structural stability on a macroscopic level. 

Complimentary information, on a molecular level may be obtained by CD spectroscopy 

(Vermeer et al., 2000; Vermeer and Norde, 2000b). CD measures heat induced secondary 

and tertiary structural changes that can be correlated to the unfolding of a protein. This is 

possible by measuring the ellipticity, either as a function of the wavelength at a given 

temperature, or as a function of temperature at a given wavelength (Vermeer et al., 1998; 

Vermeer et al., 2000; Vermeer et al., 2001; Vermeer and Norde, 2000a; Vermeer and 

Norde, 2000b). The % loss in mean residual ellipticity as a function of temperature can 

then be correlated to the unfolding temperature of the protein. CD analysis for lysozyme 

in the far UV region showed two minima’s, one at 222 nm and the other at 208 nm 

(Figure 13). Presence of both these minima’s in the CD scan suggests a predominance of 

alpha helical content in the secondary structure of lysozyme. Presence of minima at 222 

nm is unique for a-helical structures. The ellipticity at 208 nm is more negative as 

compared to that at 222 nm, suggesting presence of other secondary structural elements 

such as random coil and P-sheets along with a-helical structure. By measuring the 

ellipticity at 222 nm it is possible to measure changes occurring in the helical content of 

lysozyme. Hence, changes in mean residual ellipticity at 222 nm were used to study 

changes in the alpha helical content of lysozyme. The data obtained by CD correlated 

well with that obtained by MDSC. Table 2 summarizes the data obtained by CD analysis. 

Temperature scans from 30°-100°C at 222nm showed that unfolding (as defined by a
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"igure 13. Wavelength scan for lysozyme by Circular Dichroism in the Far UV region 
showing predominance of a-helical structure.

20% loss in alpha helical content) of the protein occurred in the vicinity of 74.5°C in 

acetate buffer (pH 4), 71.5°C in phosphate buffer (pH 7.4) and 69.5°C in tris buffer (pH 

9.0). Wavelength scans taken before and after heating to 100°C (Figure 14) showed that 

the loss of alpha helical content was reversible in acetate buffer (pH 4) but irreversible in 

phosphate buffer (pH 7.4) and tris buffer (pH 9.0) which suggests that even at lower 

concentrations (0.25 mg/ml for CD studies as compared to 20 mg/ml for MDSC), there is 

a decrease in the thermal stability of lysozyme with an increase in pH. Thus changes in 

pH may have a dominant effect on the association of lysozyme resulting in subsequent 

decrease in protein stability. Addition of sucrose to lysozyme in acetate buffer, pH 4 

increased the unfolding temperature to around 79°C (Table II). The effect of pH and
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figure 14. Reversibility of a-helical content of lysozyme as a function of pH.

sucrose on lysozyme stability as inferred by CD spectroscopy therefore supports the data 

obtained by MDSC

Characterization of Human IgG Solutions by MDSC

After determining the feasibility of using MDSC technique for characterizing 

lysozyme solutions, we wanted to see if this technique could be extended to other 

therapeutically active proteins, such as human IgG. Human IgG is a relatively complex 

protein as compared to lysozyme and is known to exhibit multiple values of Tm which 

may be related to its multi-domain nature (Vermeer et al., 1998; Vermeer et al., 2000; 

Vermeer et al., 2001; Vermeer and Norde, 2000a; Vermeer and Norde, 2000b). Due to
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Table 2. Unfolding temperature of lysozyme as determined by CD (as measured by 20% 
__________ loss in a-helical content). _____

BUFFER SYSTEM Tm

10 mM Acetate Buffer, pH 4 74.5

10 mM Phosphate Buffer, pH 7.4 71.5

10 mM Tris Buffer, pH 9.0 69.5

10 mM Acetate Buffer, pH 4 + Sucrose 79

the complex nature of IgG, we thought it would be prudent to start with the conventional 

DSC mode initially so as to optimize a thermal range within which thermal transitions 

could be expected and then move on to the MDSC mode. This was necessary to expedite 

the optimization of MDSC parameters. Based on the lysozyme data we started with a 

concentration of 20 mg/ml and a heating rate of 2°C/min. The use of the conventional 

DSC mode for IgG solutions showed no perceptible transition at 20 mg/ml. Upon 

inspection of the sample pans, the solution had completely gelled suggesting that 

aggregation may have occurred. This was consistent irrespective of either changing the 

magnitude of heating rate used (0.1°C/min -  10°C/min) or increasing the concentration of 

IgG solutions to 50 mg/ml. Due to the absence of any perceptible transition, it was 

difficult to apply the modulated temperature program. Upon increasing the sample 

volume from 25 pi to 75 pi, by using high volume pans, and keeping the concentration of 

IgG solutions at 50 mg/ml, a perceptible thermal transition was obtained. The heating rate
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Figure 15. DSC analysis for IgG solution at 50 mg/ml using the conventional DSC mode 
at 0.5°C/min showing a Tm at 69°C followed by aggregation.

used was 0.5°C/min. This can be seen in Figure 15. The figure shows an endothermic 

event around 70°C that may be attributed to IgG unfolding, and an exothermic event 

around 80°C attributed to aggregation. The sample volume was increased by using 

stainless steel high volume pans. Based on this result an underlying heating rate of 

0.5°C/min was chosen and various combinations of modulation amplitudes (+/- 0.1°C - 

1°C) and modulation periods (30 -  100 seconds) were selected to achieve 4 - 6  

modulations throughout the duration of thermal transition. This resulted in thermal scans 

that were not reproducible and with increased baseline noise, therefore difficult to 

interpret (data not shown). This could be explained as the application of high sample
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volumes, used to improve the sensitivity could increase the possibility of thermal 

gradients when using MDSC analysis. Increasing the sample size could make it difficult 

for the sample to follow the applied modulation program which in turn could result in 

thermal gradients resulting in transitions that are difficult to interpret.

Caveats in Characterization of Therapeutically Active Protein Solutions Using MDSC

MDSC, in the past, has been extensively used for the characterization of lyophilized 

protein formulations, frozen protein solutions and polymers (Coleman and Craig, 1996; 

Craig and Royall, 1998; Liao et al., 2002). The goal of our study was to investigate the 

feasibility of using T z e r o  modulated DSC as an alternative biophysical technique to 

evaluate the stability of protein solutions using lysozyme as a model protein and IgG as a 

model antibody. Although, we were able to use MDSC for thermal characterization of 

lysozyme solution as a model protein, there are some caveats that need to be considered 

before using MDSC as an alternative technique for therapeutically active proteins.

Firstly, lysozyme and IgG used in this study are not therapeutic proteins. Lysozyme, 

especially, is a relatively stable enzyme that exhibits reversibility in unfolding and hence 

considered to be a ‘model or ideal protein’. Most of the therapeutically active proteins are 

not known to be ‘ideal proteins’. Many of them exhibit much lower thermodynamic 

stability and often show irreversibility in unfolding. Secondly, the concentration of 

lysozyme used for MDSC analysis was 20 mg/ml. At concentrations lower than 20 

mg/ml, the thermal transition is imperceptible from the baseline noise. Changes in heat 

capacity or enthalpy of therapeutic protein solutions are usually very small. 

Characterization of such changes requires the use of a HSDSC. Thus, although the cost of
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an MDSC instrument may be cheaper than an HSDSC, sensitivity is still an issue that 

needs improvement. Thirdly, during DSC analysis of therapeutic proteins at such high 

concentrations of 20 mg/ml or higher, self-association or aggregation of these proteins 

much before the unfolding temperature could occur resulting in no unfolding transition 

per se. Finally, the reliability of data obtained by MDSC depends on the proper selection 

of operating parameters. Since more than one parameter needs to be optimized, MDSC, 

initially, is a more complex technique compared to conventional DSC or HSDSC. 

Operating parameters for different therapeutic proteins need to be individually optimized. 

Also it would be prudent to first scan the protein using the conventional DSC mode 

before trying the MDSC modes. The applicability of MDSC technique for 

characterization of model protein solutions was investigated here. The feasibility of using 

this technique for characterizing therapeutic protein solutions needs further assessment.

Conclusions

Stability of lysozyme, as investigated by T z e r o  modulated DSC and confirmed by 

circular dichroism, was found to be a function of pH, buffer concentration and excipients 

and independent of buffer type. Reversibility of lysozyme Tm was found to be dependent 

on pH. Lower pH stabilized lysozyme in contrast to neutral or alkaline pH. Sucrose and 

mannitol, in contrast to PEG 8000, increased the thermal stability of lysozyme. Under the 

experimental conditions studied, MDSC analysis of IgG solutions gave increased 

baseline noise and data that was not reproducible. This could be due to increased thermal 

gradients during MDSC analysis of IgG solutions using high volume pans. As sample 

size increases, the sample may not follow the modulation applied by the instrument
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giving rise to increased thermal gradients. MDSC, because of its ability to separate 

overlapping transitions, has improved resolution as compared to conventional DSC or 

HSDSC but its sensitivity does not compare to that of a HSDSC. Although it was 

possible to use MDSC for characterizing lysozyme formulations as model protein 

solutions, its applicability for characterization of therapeutic protein solutions needs 

further assessment.
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CHAPTER 4

EFFECTS OF TEMPERATURE AND pH/BUFFER CONDITIONS ON THE

CONFORMATIONAL STABILITY OF IMMUNOGLOBULIN G

Abstract

The purpose of this work was to evaluate the effects of temperature and pH on the 

conformational stability of human Immunoglobulin G (IgG). Conformational stability of 

IgG was studied at various temperatures (20° -  90°C) and pH values (4.0 -  9.0) using far- 

and near-UV circular dichroism (CD) spectroscopy, differential scanning 

microcalorimetry (DSC) and dynamic light scattering (DLS). CD studies in the far and 

near UV region showed significant changes in secondary and tertiary structure of IgG 

above 50°C in pH 4 and above 58°C in pH 5.8, 7.4 and 9. Below these temperatures, 

gradual changes in secondary and tertiary structures were observed that were attributed to 

partial unfolding of IgG. At pH 5.8 and above, formation of such intermediates led to 

aggregation of IgG. At pH 4 and elevated temperatures, IgG had the tendency to form a 

new, well defined conformation that was highly stable to aggregation. The aggregation 

behavior of IgG was confirmed by DLS and DSC studies. Under different pH and 

temperature conditions defined, IgG had the ability to form multiple partially unfolded 

states. These intermediate states could play an important role in the aggregation and long 

term stability of aqueous IgG formulations.

77
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Introduction

Recent advances in biotechnology have resulted in a significant increase in the 

number of proteins and monoclonal antibodies (mAbs) that can be used as specific 

therapeutic targets. Proteins and mAbs provide treatments for human diseases and 

conditions, such as diabetes, cancer, hemophilia, myocardial infarction, rheumatoid 

arthritis and many more. However, development of protein formulations as efficacious 

pharmaceuticals poses immense challenges to the formulation scientist. Formulation 

issues for proteins/mAbs in solution relate to their complex, three-dimensional native 

structure and often result in physical instability such as unfolding, aggregation, self

association and precipitation. Stability issues become more complex in case of mAbs as 

they not only have three-dimensional conformation but also possess a multi-domain 

structure. Changes in solution conditions such as pH, salt type, salt concentration, 

temperature and presence of excipients can cause perturbation of higher order structure 

and consequent instability issues.

It is important to understand the basic behavior of proteins, their instabilities, and the 

various means to stabilize them in aqueous state so as to facilitate the development of 

stable and efficacious liquid protein pharmaceuticals. Biophysical characterization of 

proteins not only enables determining solution conditions that tend to promote 

instabilities such as unfolding and aggregation, but also helps in understanding the 

pathways of such instabilities. For example, the traditional view of protein aggregation is 

the association of unfolded state(s) of proteins. This view is supported by model 

predictions and experimental data (De Young et al., 1993; Dong et al., 1995; Stigter D 

and Dill KD, 1993). But subsequent research suggests that under different solution
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conditions such as varying pH and temperature conditions, proteins may exist as partially 

unfolded intermediates that may accelerate the process of aggregation and cause proteins 

to aggregate even before completion of the unfolding process (Chi et al., 2003b; Sharma 

and Kalonia, 2003; Wang, 2005). Recently, it was shown that interferon-a-2a has the 

ability to form multiple partially unfolded states (Sharma and Kalonia, 2003).

Biophysical characterization of such intermediate states along with the stability of 

proteins is necessary in the formulation of protein solutions. Characterization of such 

intermediate states helps better understand the overall long term stability of protein 

formulations and aids in the development of stable and efficacious protein 

pharmaceuticals.

The broad goal of this study was to evaluate the structural and conformational changes 

that occur in human monoclonal antibodies using immunoglobulin G (IgG) as a model 

antibody. However, the specific aims of this work were to investigate the effects of 

moderate solution conditions (pH and temperature) on the conformational stability of 

IgG, its ability to form folding/unfolding intermediates and the role of these intermediates 

in the aggregation behavior of IgG. This was achieved using various biophysical 

characterization techniques such as far and near-UV circular dichroism (CD), dynamic 

light scattering (DLS) and microcalorimetry. Circular dichroism spectroscopy, especially, 

has been extensively used to characterize partially folded/unfolded intermediate states 

(Gomez-Orellana et al., 1998; Sharma and Kalonia, 2003; Strickland, 1974). This is 

because these intermediate states may be formed locally or globally and hence possess 

significant amount of secondary as well as tertiary structure (Sharma and Kalonia, 2003; 

Strickland, 1974; Wang, 2005). Further, far and near UV CD spectra are indicative of
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secondary and tertiary structural changes, respectively, thereby making CD spectroscopy 

especially useful in investigation of intermediate states. IgG is the most abundant of the 

immunoglobulin with an average molecular weight of 150,000 Daltons. IgG’s represent 

an important class of therapeutic proteins. Most of the FDA-approved monoclonal 

antibodies available in the market are one of the subclasses of IgG. Examples of some of 

these include Rituxan® (Chimeric murine/human IgGiK by Genentech/Biogen Idee), 

Herceptin® (Humanized IgGiK,by Genentech) and Remicade® (Chimeric IgGiK by 

Centocor)(Spada S and Walsh G, 2005). Although biophysical characterization of IgG 

has been reported in literature (Giacomelli et al., 2000; Thies et al., 2001; Vermeer et al., 

1998; Vermeer et al., 2000; Vermeer et al., 2001; Vermeer and Norde, 2000a; Vermeer 

and Norde, 2000b; Welfle et al., 1999), the effect of different solution conditions on the 

conformation of IgG, at moderately elevated temperatures (between 20°C -  58°C), and its 

tendency to form intermediate states at these temperatures has not been adequately 

addressed. These reports have not addressed the fact that gradual changes in native 

conformation of IgG may occur even at temperatures well below its equilibrium melting 

temperatures and that these conformational changes could play a significant role in the 

aggregation behavior of IgG under various solution conditions explored. We report here 

that at temperatures below 58°C, which is well below its equilibrium melting 

temperature, IgG has a propensity to undergo partial loss in native structure so as to form 

stable intermediate states, and that the conformation of these intermediates is a function 

of pH and temperature conditions explored. Further, different intermediates formed under 

different solution conditions may have varying effects on the aggregation potential of 

IgG. Presence of such intermediate states could not only affect the aggregation potential

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of IgG but also play an important role in its long term stability in aqueous solutions. 

Based on these results, solution conditions that augment the aggregation potential of IgG 

would then be used for future investigation of aggregation behavior of IgG.

Materials and Methods

Chemicals

Human Immunoglobulin G (IgG) was purchased from Sigma as a lyophilized powder. 

SDS-PAGE analysis on this sample showed a single band having a molecular weight of 

150kD. All buffer components and chemical reagents used were of highest purity grade 

and obtained from commercial sources. Filtered HPLC grade water was used for 

preparation of all solutions. IgG solutions were prepared in 10 mM acetate buffer (pH 4), 

10 mM phosphate buffer (pH 5.8 and 7.4) and 10 mM tris buffer (pH 9). Solutions were 

filtered through 0.2 p syringe filters to remove any insoluble material. Final pH of the 

filtered solutions was verified before performing the studies.

Circular Dichroism (CD)

CD analysis (Jasco J-810 spectropolarimeter) was carried out in the spectrum 

measurement mode in the far UV (260 nm -  185 nm) and near UV (320 nm -  250 nm) 

regions at a scanning speed of 200 nm/min at standard sensitivity. CD scans were 

performed in the wavelength scan mode at specific temperatures between 20°C to 95°C. 

Temperature regulation was done using a Peltier temperature controller. Comparison of 

the actual temperature in the cell with the temperature set by the Peltier element showed 

that the deviation of the actual temperature was <0.1 °C. Each scan was an average of 10
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accumulations and all scans were normalized for concentration by dividing the ellipticity 

values for each sample by the concentration of that sample. Accurate concentrations for 

each sample were determined by UV spectroscopy using an extinction coefficient of 1.4 

and Xmax at 280 nm. For the Far UV CD analysis, 300 pi of sample (0.2 mg/ml) was 

placed into 0.1 cm path length quartz cells. For the near UV CD analysis, 3.5 ml of 

sample (2 mg/ml) was placed into 1 cm path length quartz cells. A lid covered the quartz 

cell during each temperature scan. Data obtained was plotted using an Excel worksheet.

Dynamic Light Scattering (DLS)

DLS analysis of IgG solutions (0.75 mg/ml) was done on a Precision detectors’ 

PDDLS/Batch system at a fixed angle of 90°. A standard solution of BSA (BSA obtained 

from Sigma chemical Co, St Louis, MO, part # P-0834 is recommended in the manual) at 

2 mg/ml was used to standardize the instrument prior to IgG sample analysis. Also, as 

suggested in the manual, since the buffers prepared were dilute aqueous solutions, the 

viscosity of 0.00890 cPoise at 25°C was used for all experiments. All samples were 

stressed at 60°C for 1 hour and change in average hydrodynamic radius (Rh) of IgG, 

before and after thermal stress, was used as an indication of soluble aggregation. Data 

was analyzed using the precision deconvole/deconview software and re-plotted using an 

Excel worksheet to determine formation of soluble aggregates as determined by a change 

in average Rh-
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Differential Scanning Calorimetry (DSC)

Thermal analysis was performed at a scan rate of 0.5C°/min using a differential 

scanning microcalorimeter (Micro-DSC, Setaram) using 750 pi of solution and a 

concentration of 5 mg/ml. All scans were normalized for concentration and baseline 

subtracted for comparisons. Because aggregation occurred before completion of 

unfolding, scans were analyzed mainly for the onset of unfolding and overall shape of the 

thermogram. All scans were re-plotted using an Excel worksheet.

Results and Discussion

Circular Dichroism Spectroscopic Studies in the Far-UV Region

CD studies in the far UV region were conducted to investigate changes in the secondary 

structure of IgG. Figure 16 shows the effect of pH/buffer conditions on the secondary 

structure of IgG using far-UV CD. As seen from the figure, the wavelength scan for IgG 

shows a minimum at 216.5 nm and a maximum at 200.5 nm suggesting predominance of 

[3-sheet in the secondary structure of IgG, irrespective of solution conditions. This result 

corroborates well with literature reports (Amzel and Poljak, 1979; Davies and Metzger, 

1983; Welfle et al., 1999). According to these reports, IgG secondary structure consists of 

[3-stranded sheets arranged in two layers. Although, the far UV CD scans for IgG 

solutions show similar maxima and minima irrespective of solution conditions, small 

differences in the magnitude of intensities for the maxima and minima are observed as a 

function of pH/buffer conditions. These subtle differences in intensities at 200.5 nm and 

216.5 nm (without any thermal stress) are not a concentration effect, because all scans
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figure 16. Effect of pH/buffer conditions on the secondary structure of IgG.

were normalized for concentration. Rather, these differences could suggest small 

differences in the extents of IgG backbone folding as a function of solution conditions. At 

pH 4, however, IgG secondary structure shows significantly low [3-sheet content as 

compared to higher pH values (pH 5.8, 7.4 and 9). This suggests that at pH 4 (10 mM 

acetate buffer), IgG may exist in a conformation that is significantly altered or different 

from that at higher pH values studied. Presence of an altered conformation for IgG has 

been reported in literature, but only under highly acidic conditions, such as pH 2 (Amzel 

and Poljak, 1979; Buchner et al., 1991; Thies et al., 2001; Vermeer and Norde, 2000b; 

Welfle et al., 1999). This new conformation at pH 2, termed as an alternatively folded 

state or “A-state” conformation, exhibited a high degree of secondary structure (large
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"igure 17. Effect of temperature on secondary structure of IgG at pH 5.8 (lOmM 
phosphate buffer), below 58°C.

negative ellipticity), good tertiary contacts and a tendency towards slow aggregation. 

Formation of such a conformation was attributed to protonation of amino acid side 

chains. Thus, the conformation of IgG at pH 4, as observed by us, could either be similar 

to the A-state or an intermediate state between the native and alternatively folded state 

conformations.

Wavelength scans were performed at various temperature values ranging from 20°C to 

95°C, to assess the thermal stability of IgG. At all pH/buffer conditions studied, loss in 

secondary structure was observed with an increase in temperature. Figure 17 shows the 

changes in the secondary structure of IgG below 58°C at pH 5.8 (10 mM phosphate
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figure 18. Effect of temperature on secondary structure of IgG in pH 7.4 (lOmM
phosphate buffer) below 58°C.

buffer). Initial gradual, upward shifts in the entire spectral scans were seen when IgG was 

heated below 58°C in pH 5.8 (10 mM phosphate buffer). These changes in CD spectra, 

suggests loss in secondary structure of IgG. However, since the overall shape of these 

scans was not significantly changed, relative to that at 20°C and that there were no peak 

broadening or peak shifts observed at these temperatures, these changes could be 

attributed to partial loss in secondary structure and hence to partial unfolding of IgG. 

Sharma and Kalonia (2003) have made similar observations for interferon-a-2a in the 

far and near UV CD regions (Sharma and Kalonia, 2003) They attributed the gradual 

shifts in CD scans to structural changes in the secondary and tertiary stmcture of IFN -  a 

- 2a, signifying partial loss and hence to partial unfolding. Similar to changes observed at
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figure 19. Effect of temperature on secondary structure of IgG in pH 9 (lOmM tris 
buffer), below 58°C.

pH 5.8, gradual loss in secondary structure of IgG, suggesting partial unfolding, was also 

observed below 58°C at pH 7.4 and 9 (Figures 18 and 19). As compared to gradual 

changes observed at moderately elevated temperatures, thermal stress above 58°C, caused 

significant loss in secondary structure of IgG at pH 5.8 and higher. Figure 20 shows these 

changes for IgG at pH 5.8. Significant changes in secondary structure were observed as 

broadening of and shifting of both maxima (200.5 nm) and minima (216.5 nm) to lower 

wavelengths. In fact when heated to 75°C the maxima shifts from 200.5 nm to 190 nm. 

This shift in maxima was accompanied by the appearance of shoulders in minima around 

210 nm and 220-230 nm suggesting significant changes in the secondary structure of IgG. 

Because presence of a-helix is attributed to presence of minima’s at 222 nm and 208 -
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hgure 20. Effect of temperature on secondary structure of IgG at pH 5.8 (lOmM
phosphate buffer), above 58°C.

210 nm and a maxima at 190 nm, these changes could suggest an increase in a-helical 

structure upon increasing temperatures (Greenfield, 1996; Sharma and Kalonia, 2003). 

This observation corroborates well with previous literature reports (Buchner et al., 1991; 

Thies et al., 2001; Vermeer and Norde, 2000b) suggesting that an increase in a-helical 

content is observed in secondary structure of IgG at elevated temperatures. This increase 

in a-helical content was ascribed to formation of hydrogen bonds between peptide units 

arriving in a non-aqueous environment upon aggregation (Vermeer and Norde, 2000b).

In contrast to the observations at higher pH, conformational changes at pH 4 were 

seen at much lower temperatures (Figure 21). Gradual loss in secondary structure,
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"igure 21. Effect of temperature on secondary structure of IgG in pH 4 (lOmM acetate 
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suggesting partial unfolding of IgG, was observed only below 50°C, whereas above this 

temperature significant changes such as broadening and shifting of maxima and minima, 

similar to those at higher pH, were observed. Shift in maxima from 200.5 nm to 190 nm 

was observed at 63°C at pH 4, in contrast to 75°C at pH 5.8 and higher. Moreover, when 

heated above 73°C, there is a significant increase in negative ellipticity within the 

wavelength range of 230 nm to 200 nm, with a shift in minima from 216.5 nm to 200 nm 

at 95°C. This is in contrast to the decreased secondary structure observed at lower 

temperatures (20°C). Thus, IgG at pH 4 and elevated temperatures showed a significantly 

increased secondary structure which was characterized by an increase in negative 

ellipticity. This is similar to the A-state conformation (as reported by other researchers
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(Buchner et al., 1991; Thies et al., 2001; Vermeer and Norde, 2000b; Welfle et al.,

1999)), whereby, under highly acidic conditions, such as pH 2, IgG conformation exhibits 

increased secondary structure as seen by an increased negative ellipticity. Hence from 

these observations, it seems that presence of A-state conformation for IgG may not be 

confined to highly acidic conditions, as reported by other researchers (Buchner et al., 

1991; Thies et al., 2001; Vermeer and Norde, 2000b; Welfle et al., 1999), but such a 

conformation may also be observed at pH 4 and highly elevated temperatures.

—•—Wavelength Scan at 20C (native conformation)

^ —Wavelength scan at 40C (partially unfolded conformatoin)

- — Wavelength scan after heating to 40C and cooling back to 20C 
(re-folded conformation)

a
230 240.200 210 220

-20  -

Wavelength (nm)-30 J

Figure 22. Irreversibility in wavelength scans for IgG in pH 7.4, after heating to 40°C.

Next, it was necessary to investigate the reversibility of conformational changes that 

were observed at moderate temperatures (between 20°C to 58°C). This was done by
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"igure 23. Irreversibility in wavelength scans for IgG in pH 4, after heating to 40°C.

performing far UV CD scans for IgG at 20°C and 40°C, cooling it back to 20°C and re

scanning the sample after cooling to 20°C. Figures 22 and 23 show the reversibility of 

conformational changes, upon thermal stress at 40°C, for IgG at high (pH 7.4), and low 

(4) pH explored, respectively. From the figures, it can be observed that upon cooling 

back to 20°C, IgG secondary structure does not refold to its native conformation observed 

before heating. A significant fraction of IgG secondary structure undergoes irreversible 

changes upon heating to 40°C and the extent of these changes varies as a function of pH 

conditions explored. This suggests that the intermediate states formed upon heating to 

moderately elevated temperatures are stable intermediates. Similar changes were 

observed at pH 5.8 and 9 (data not shown). Moreover, the conformation of IgG was 

found to be a function of pH and temperature conditions studied. At different pH and
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temperatures conditions specified, IgG had the propensity to assume a different 

conformation, suggesting the existence of different intermediate states as a function of 

varying solution conditions. As observed for various other proteins (Chi et al., 2003b; 

Gomez-Orellana et al., 1998; Khurana et al., 2001; Sharma and Kalonia, 2003; Wang, 

2005), presence of such intermediate states for IgG could affect its aggregation behavior 

and long term stability in solution formulations.

Circular Dichroism Spectroscopic Studies in the Near-UV Region

As compared to the far UV region, proteins exhibit relatively weaker CD bands in the 

near UV region. These bands arise mainly due to the various aromatic amino acid groups, 

although, cystinyl and other prosthetic groups may contribute too. Since, aromatic rings 

are chromophores possessing a plane of symmetry or a center of inversion, CD bands 

may occur only if these chromophores are perturbed by their surroundings in any 

appropriate way. Thus, the aromatic rings of tryptophanyl, tyrosyl and phenylalanyl gain 

their near UV CD bands through interactions with the amino acid moiety or with nearby 

groups in a protein (Strickland, 1974). Changes in the near UV CD region, hence, may be 

attributed to changes in the orientation of these aromatic amino acids and therefore to the 

overall tertiary structure of proteins (Strickland, 1974). Figure 24 shows the effect of 

pH/buffer conditions on the tertiary structure of IgG. The near UV CD scans show a 

maximum at approximately 292 nm and a minimum around 268 nm irrespective of 

pH/buffer conditions, and these bands may be attributed to tryptophanyl and phenylalanyl 

groups respectively (Strickland, 1974). From the figure it can be observed that the 

magnitude of intensities for the maxima (292 nm) and minima (268 nm) were found to
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"igure 24. Effect of pH/buffer conditions on the tertiary structure of IgG.

vary as a function of solution conditions. Since all CD data obtained was normalized for 

concentration, the minor differences in intensities for maxima and minima are not a 

concentration effect, rather these changes could be attributed to differences in the 

orientations of the aromatic amino acids as a function of solution conditions. This 

correlates with the far UV CD results and supports the claim that IgG conformation may 

be affected by solution conditions explored. Moreover, tertiary structure of IgG in pH 4 is 

not significantly reduced or altered relative to that at higher pH explored. This suggests 

that although the secondary structure of IgG is altered at pH 4, it still possesses good 

tertiary contacts.

Wavelength scans at various temperatures ranging from 20°C to 95°C were performed 

to assess the effect of thermal stress on the tertiary structure of IgG and to support the
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"igure 25. Changes in tertiary structure of IgG at pH 5.8 (lOmM phosphate buffer).

existence of intermediates for IgG as a function of solution conditions explored. Figures 

25 through 27 show changes occurring in the tertiary structure of IgG as a function of 

temperature at pH 5.8 and 7.4 (10 mM phosphate buffer) and pH 9 (10 mM tris buffer), 

respectively. Although such thermal studies on IgG have been reported in the literature 

(Buchner et al., 1991; Vermeer et al., 2000; Vermeer and Norde, 2000b), the present 

studies were focused on elucidating if the partial loss in secondary structure as seen by 

far UV CD analysis was accompanied by a concomitant loss in tertiary structure as 

observed by near UV CD analysis. In accordance with the far UV CD analysis, gradual 

loss in the tertiary structure of IgG, as observed by near UV CD analysis was evident 

below 65°C at pH 5.8 and below 63°C at pH 7.4 and 9. Conformational changes were
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hgure 26. Changes in tertiary structure of IgG at pH 7.4 (lOmM phosphate buffer).

seen as gradual decreases in ellipticity at 268 nm, however, the maxima at 292 nm 

remained unchanged, suggesting only partial loss in tertiary structure of IgG below these 

temperatures. These changes could thus be attributed to partial unfolding of IgG. Sharma 

and Kalonia (Sharma and Kalonia, 2003) observed similar changes in tertiary structure of 

interferon -a-2a and attributed them to partial unfolding of the protein. Moreover, 

according to studies based on model drugs using near UV CD analysis, conformational 

changes occurring gradually over a wide temperature range, could suggest the existence 

of multiple conformers in equilibrium (Strickland, 1974). Thus, the gradual changes 

observed in the near UV CD spectra of IgG could suggest the formation partially 

unfolded intermediate states at these temperatures. When heated above these 

temperatures (63°C at pH 7.4 and 9 and 65°C at pH 5.8), along with the gradual decrease
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Figure 27. Changes in tertiary structure of IgG at pH 9 (lOmM tris buffer).

in intensity of minima, a significant decrease in the intensity of the maxima was seen so 

that the intensity changed from a positive to negative value, suggesting increased motility 

of the side chains at high temperatures. This was followed by formation of insoluble 

aggregates upon further heating as evidenced by precipitation of IgG solutions in the 

cuvettes. According to near UV CD studies on model compounds (Strickland, 1974), a 

decrease in ellipticity suggests decreased rigidity of protein or increased motility of the 

side chains. An increase in side chain motility upon increased temperatures suggests 

increased kinetic energy, resulting in a subsequent increase in collision frequency, 

ultimately leading to aggregation of IgG. Since partial unfolding of IgG tertiary structure 

is followed immediately by aggregation, it appears that partially unfolded intermediate 

states act as reactive species in the aggregation of IgG, at higher pH explored.
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Additionally, because aggregation occurs even before complete unfolding (Tm i 62°C -  

68°C, Tm 2 71°C -  77°C (Vermeer et al., 2000; Vermeer and Norde, 2000a; Vermeer and 

Norde, 2000b) supports the role of these intermediates in the aggregation process.

75C65C 85C— 25C 35C

270 280 290 320
Ui

■o

Wavelength (nm)

Figure 28. Effect of temperature on tertiary structure of IgG in pH 4 (lOmM acetate
buffer).

Interestingly, variations in the CD bands for IgG in 10 mM acetate buffer (pH 4) were 

completely different from those under other pH/buffer conditions studied. This is 

depicted in Figure 28. From the figure it is observed that gradual changes such as, 

gradual decrease in ellipticity at 268 nm, occur below 50°C at pH 4. Above 50°C, along 

with a decrease in ellipticity at 268 nm, an increase in ellipticity at 292 nm is observed. 

This increase in ellipticity at 292 nm continues until 61°C, above which there is a
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decrease in intensity. This is in contrast to changes in higher pH explored, where the 

intensity of maxima in the near UV CD region is unchanged between 50°C -  61°C. It has 

been shown in literature (Strickland, 1974) that an increase in ellipticity in the near UV 

region occurs generally when either a tyrosyl or tryptophanyl side chain is within a 

distance of less than 10°A from another aromatic side chain, suggesting increased 

interaction between them. This increase in interaction suggests that major structural 

rearrangements may have occurred between 50°C -  61°C in IgG at pH 4 (10 mM acetate 

buffer). Moreover, upon heating the solution to 85°C, there was no visible precipitation or 

insoluble aggregation, suggesting increased stability against thermally induced 

aggregation as compared to other pH/buffer conditions studied. Therefore, based on these 

observations it may be inferred that at pH 4 (10 mM acetate buffer) and temperatures 

between 50°C -  61°C, significant rearrangements may have occurred in the environment 

surrounding the tryptophanyl residue which could be attributed to the formation of a 

conformation that is less susceptible towards aggregation, especially at high 

temperatures. This observation corresponds well with the A-state conformation as 

reported by other researchers (Buchner et al., 1991; Thies et al., 2001; Vermeer and 

Norde, 2000b; Welfle et al., 1999). According to these reports the A-state conformation 

is highly stable towards thermally induced aggregation. Thus based on these and previous 

observations using far UV CD analysis, it appears that at pH 4 (10 mM acetate buffer) 

and temperatures below 50°C, IgG forms an intermediate state which, upon further 

increase in temperature, acts as a reactive species in the formation of a conformation that 

is similar to the “A-state” conformation. The observation observed by us exhibits a 

reduced secondary structure at low temperatures and an increased secondary structure
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(highlighted by increased negative ellipticity) at highly elevated temperatures, good 

tertiary contacts and an increased stability towards thermally induced aggregation.

From the far and near UV CD studies it seems that the conformational stability of IgG 

is a function of solution conditions studied. Under different solution conditions (pH and 

temperature) specified, IgG has the ability to assume a different conformation, suggesting 

the presence of several intermediates as a function of solution conditions explored. The 

unfolding and aggregation behavior of IgG, as seen by far and near UV CD analysis, is 

further supported by performing calorimetric and dynamic light scattering studies.

Differential Scanning Calorimetry

Differential scanning calorimetry is a widely used thermal analysis technique to probe 

conformational changes in proteins as a function of temperature. DSC studies were 

carried out to study the effect of pH/buffer conditions on the thermal unfolding of IgG 

and the existence of any correlation with the far and near UV CD studies. Figure 29 

shows a comparison of thermal scans for IgG at pH 4 and higher pH values (pH 5.8 and 

7.4). The thermal scans for IgG at higher pH show a single endothermic event with an 

onset temperature (T0) around 58°C that is closely followed by an exothermic event, 

which appears to initiate even before completion of the endothermic event. The 

endothermic event is attributed to the unfolding of IgG while the exothermic event is due 

to aggregation. The T0 obtained by DSC correlates well with that obtained by CD studies 

as significant structural changes by far and near UV CD studies (under similar pH/buffer 

conditions) were observed above 58°C. From literature reports it is well known that IgG 

exhibits at least two unfolding temperatures (Tm i 62°C -  68°C, Tm2 71°C -  77°C
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(Vermeer et al., 1998; Vermeer et al., 2000; Vermeer et al., 2001; Vermeer and Norde, 

2000a; Vermeer and Norde, 2000b; Welfle et al., 1999). These different unfolding 

temperature ranges are assigned to the F(ab) and F(c) domains of IgG, respectively. 

However, under the experimental conditions studied, aggregation occurred even before 

the two domains unfold completely. This observation not only supports the data obtained 

by near UV CD, wherein aggregation, as observed by precipitation in the cuvettes, was 

seen even before complete unfolding, but also suggests the role of partially unfolded 

intermediates in the aggregation of IgG. Thus, at higher pH studied, aggregate species for 

IgG are not formed from fully unfolded molecules. Rather, it is the partially unfolded IgG 

molecules that may act as reactive species and initiate the process of aggregation. This 

observation supports the formation of intermediate states for IgG and their role in 

aggregation, based on data obtained by CD analysis at higher pH studied. Moreover, 

since the onset of aggregation observed at higher pH varies as a function of solution pH 

(aggregation occurs at a lower temperature at pH 7.4 as compared to higher temperature 

at pH 5.8), the claim (as observed by CD studies) that different intermediate states exist 

for IgG under different solution conditions, is supported. Formation of aggregate species 

from partially unfolded molecules for various other proteins has been observed by other 

researchers (Carrotta et al., 2001; Chi et al., 2003b; Gomez-Orellana et al., 1998; Grillo et 

al., 2001; Khurana et al., 2001; Sharma and Kalonia, 2003). According to their reports, 

formation of partially unfolded molecules could be initiated at temperatures below the 

onset of unfolding. Although there was no change observed in the baseline below the 

onset temperature, gradual changes in the secondary and tertiary structure of IgG that 

were observed by far and near UV CD could be attributed to formation of partially
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"igure 29. Comparison of DSC scans for IgG at pH 4 and higher pH values.

unfolded intermediate states.

In contrast to higher pH studied, thermal scan for IgG at pH 4 in 10 mM acetate buffer 

showed a single endothermic event that had an T0 of 50°C, which corresponds well with 

that observed by far and near UV CD studies under similar pH/buffer conditions. This is 

seen in Figure 29. The midpoint of this transition, which corresponds to the unfolding 

temperature (Tm), was seen at 71.5°C. Under the experimental conditions explored, only a 

broad single endotherm was observed for the unfolding of IgG. From the figure, it is also 

observed that the endothermic event, suggesting unfolding, is not followed by any 

exothermic event that could be attributed to aggregation, even after heating up to 95°C. 

Moreover, visual observation of the IgG sample after DSC analysis showed no particulate 

matter or turbidity suggesting that IgG at pH 4, does not form insoluble aggregates even
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upon heating up to 95°C. This observation supports the observation during near UV CD 

analysis that even upon exposure to elevated temperatures, IgG does not form insoluble 

aggregates at pH 4. This supports the formation of an aggregation stable conformation for 

IgG at pH 4 and elevated temperatures and hence supports the claim that IgG, at pH 4 and 

elevated temperatures, has the tendency to form a conformation that is similar to the A- 

state conformation of IgG that has been observed by other researchers at extremely low 

pH such as pH 2 (Buchner et al., 1991; Thies et al., 2001; Vermeer and Norde, 2000b; 

Welfle et al., 1999).

Analysis by Dynamic Light Scattering

Dynamic light scattering (DLS) is often used as a non-destructive technique to study 

the aggregation behavior of protein solutions. This technique gives information regarding 

the hydrodynamic radius (Rh) of a molecule in solution. An increase in Rh or broadening 

of distribution peak (increase in peak width) suggests an increase in the overall size of the 

protein and hence can be used as an indicator of soluble aggregation. DLS studies were 

performed to corroborate the aggregation behavior of IgG as seen during near U V CD 

and DSC analysis. Figure 30 shows the effect of heat treatment at 60°C for 1 hour, on the 

average hydrodynamic radius of IgG as a function of pH/buffer conditions. Before 

application of any thermal stress, DLS analysis showed a size distribution of particles for 

IgG with an average hydrodynamic radius of 6.5 nm at pH 5.8 and higher. Upon thermal 

stress for 1 hour, IgG solutions at pH 5.8 and higher, showed broadening in the size 

distribution peak and an increase in the average hydrodynamic radius. Average 

hydrodynamic radius increased from 6.5 nm to 14 nm at pH 5.8, 15 nm at pH 7.4 and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

□  Before Heating ■  After Heating

lOmM acetate lOmM phosphate lOmM phosphate lOmM tris buffer, 
buffer, pH 4 buffer, pH 5.8 buffer, pH 7.4 pH 9

Hgure 30. Effect of pH/buffer on aggregation of IgG upon thermal stress at 60°C for 1 
hour as determined by an increase in average hydrodynamic radius.

16.5 nm at pH 9. In contrast, the size-distribution for IgG at pH 4 had an average 

hydrodynamic radius of 5 nm before application of any thermal stress, and remained 

unchanged at 5 nm even after application of thermal stress for 1 hour. An increase in 

average hydrodynamic radius and broadening of size distribution suggests an increase in 

molecular size and/or shape, which in turn suggests formation of high molecular weight 

species or soluble aggregates. Thus, when heated to 60°C for 1 hour, IgG, at a 

concentration of 0.75 mg/ml, forms soluble aggregates in solutions of pH 5.8 or higher. 

The onset of unfolding for IgG, as seen by far UV CD and micro-DSC studies, was 

observed around 58°C whereas, soluble aggregation was observed at 60°C. The onset 

temperature is the temperature at which unfolding initiates. Thus, at temperatures where 

unfolding is initiated, IgG, at higher pH values, has the propensity to form soluble

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

aggregates. This further supports the formation of partially unfolded intermediates and 

their role as nucleation species in the aggregation process of IgG, at pH 5.8 and higher. 

However, at pH 4, IgG is resistant towards aggregation as seen by no change in the 

average hydrodynamic radius. This further supports the claim that IgG at pH 4 and 

elevated temperatures, has the tendency to assume a conformation that is similar to the A- 

state conformation.

Practical Significance of Unfolding Intermediates

Aggregation is one of the most commonly observed problems during formulation 

development of proteins. Significant progress has been made in understanding the 

mechanisms of protein aggregation and many articles discussing this issue have been 

published recently (Chi et al., 2003b; Sharma and Kalonia, 2003; Wang, 2005).

According to these literature reports, aggregation can occur even under solution 

conditions where the protein native state is highly thermodynamically favored. Thus, for 

some proteins, aggregation may occur at temperatures well below their equilibrium 

melting temperatures. This is because even under moderate solution conditions many 

proteins may have the propensity to undergo partial loss in native conformation resulting 

in the formation of stable, partially unfolded intermediates. Since partial unfolding leads 

to exposure of contiguous hydrophobic residues, they have a greater probability to 

aggregate. In contrast, completely folded or unfolded proteins may not aggregate easily, 

because the hydrophobic residues are either mostly buried, or randomly scattered.

Further, partially unfolding intermediates have a higher rate of diffusion, relative to the 

folded state, which may contribute also to the rapid aggregation of these species (Wang,
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2005). Partially unfolded intermediates could therefore, play an important role in the 

conformational stability of proteins by acting as reactive species and initiating the process 

of aggregation, even under moderate solution conditions. Thus, during formulation 

development of proteins, it is imperative that gradual changes occurring under moderate 

solution conditions, be carefully investigated and documented, as these changes could be 

aid in predicting the long term aggregation of proteins.

Conclusions

Based on this study it was found that even under moderate solution conditions, IgG 

has the propensity to undergo partial loss its native conformation, resulting in formation 

of stable partially unfolding intermediate states. Further, the conformation of these 

intermediate states was found to be a function of different solution conditions explored.

At pH 5.8 and higher, intermediate states formed below 58°C, act as reactive species that 

form aggregates above 60°C. Aggregation of these intermediates states was also found to 

be a function of solution pH explored. At pH 4, partially unfolded intermediate is formed 

below 50°C. When heated above this temperature, structural rearrangements are observed 

that result in the formation of a conformation that exhibits a high secondary structure 

(seen as large negative ellipticity), good tertiary contacts and less susceptibility towards 

thermally induced aggregation. This appears to be similar to the A-state conformation, 

which has been previously reported to exist only in extremely acidic solutions. Presence 

of these different intermediates of IgG and their role in aggregation was detected and 

characterized using several biophysical techniques such as far-and near-UV CD, micro- 

DSC and dynamic light scattering. Presence of multiple partially folded/unfolded

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

intermediates, as observed for IgG, has also been observed for various other proteins 

(Fink et al., 1994; Gomez-Orellana et al., 1998; Khurana et al., 2001; Sharma and 

Kalonia, 2003; Wang, 2005). Characterization of such intermediate states, along with the 

various types of protein instabilities, is extremely important during protein drug 

development and commercialization as existence of such intermediate states could affect 

the long term aggregation of protein formulations.
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CHAPTER 5

EFFECTS OF VARIOUS STRESS FACTORS ON AGGREGATION OF HUMAN 

IMMUNOGOBULIN G FORMULATIONS.

Abstract

The objective of this work was to investigate the effect of various processing stress 

factors on the aggregation potential of Immunoglobulin G (IgG) solutions, as model 

antibody formulations, in the presence and absence of polysorbate 80. IgG formulations 

at 15 mg/ml were exposed to thermal stress at 60°C, mechanical shaking stress and stress 

due to single and multiple freeze-thawing. All stressed samples were compared to control 

samples placed at 2 -  8°C and were analyzed for presence of soluble aggregates using 

dynamic light scattering and size-exclusion chromatography and for insoluble aggregates 

by visual appearance test and UV assay. The results obtained suggest that the aggregation 

behavior of IgG is a function of the type of stress applied. Thermal stress caused 

formation of soluble and insoluble aggregates and addition of polysorbate 80 did not 

prevent aggregation. Mechanical shaking caused formation of only insoluble aggregates 

and addition of polysorbate 80 decreased the percentage of aggregation. In contrast to 

thermal and shaking stress, stress due to single and multiple freeze-thawing did not cause 

formation of any type of aggregates under the experimental conditions used. In 

conclusion, IgG aggregates by different mechanisms under different conditions and hence 

results in different types and extents of aggregates.

107
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Introduction

Due to recent advances in recombinant DNA technology, the past two decades have 

seen a rapid commercialization of protein therapeutics. As compared to conventional 

molecules, proteins generally posses high specificity and activity at relatively low 

concentrations (Wang, 1999). However, monoclonal antibodies are one class of protein 

drugs that are often administered at high doses (several mg/kg) to be therapeutically 

effective (Shire et al., 2004). To achieve such high dosing regimens, it is necessary to 

formulate monoclonal antibodies at high concentrations. The concentration of these 

macromolecules is usually a function of the route of administration. For formulations 

given via the subcutaneous route, achieving such high doses requires development of 

formulations at concentrations exceeding 100 mg/ml because of the small volume (< 1.5 

ml) that can be given by this route. For intravenous delivery, where large volumes can be 

administered, protein concentrations of tens of milligram per milliliter shall be needed. 

Therefore, most of the marketed formulations of monoclonal antibodies are developed at 

concentrations ranging from 10-200 mg/ml (PDR, 2005; Shire et al., 2004). Achieving 

these concentrations is challenging not only due to solubility issues of certain proteins but 

also due to stability concerns as it is well known that self-association and aggregation 

may increase as concentration of protein increases.

Aggregation of proteins is also known to be a function of various processing stress 

factors and the extent of aggregation would be greater at higher concentrations. Because 

of their biological origin and/or production methods, there is particular focus on the 

contamination of proteins and mAbs with other biological impurities, such as viruses and 

other cellular components. Heat treatment at 60°C is a commonly used viral inactivation
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procedure for protein purification (Kadir F, 1997; Wang, 2005). Unfortunately, many 

proteins aggregate at this temperature. Similarly, proteins may be exposed to various 

other processing stresses, such as, mechanical shaking and single and multiple freeze- 

thawing that could lead to conformational changes resulting in irreversible protein 

aggregation and the extent of aggregation would increase as the concentration of protein 

increases.

One of the key approaches to mitigating irreversible protein aggregation for improving 

the shelf life of protein formulations is the use of molar concentrations of osmolytes, such 

as sugars (Shire et al., 2004). However, the use of this approach to prevent irreversible 

aggregation of concentrated protein formulations is limited due to two reasons. First, 

addition of molar concentrations of sugars may add to the increased viscosity and 

osmolality issues of high concentration antibody formulations. This will not only render 

it impractical for parenteral route but also result in manufacturing and delivery 

challenges. Second, addition of high sugar concentrations may result in increased 

reversible self-association of native protein molecules (Shire et al., 2004). For these 

reasons, use of molar concentrations of sugars to prevent aggregation may not always be 

the best option and hence there is a need to develop antibody formulations with 

excipients other than sugars.

Surfactants, such as Polysorbate 80, are commonly used in most of the marketed mAb 

formulations at concentrations around 0.01% (PDR, 2005). In fact, Polysorbates are used 

in 12 out of the 18 mAb formulations, currently approved by the FDA. The use of 

Polysorbate 80 in preventing aggregation of antibody formulations could overcome the 

problems associated with the use of molar concentrations of sugars. The goal of this
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study was to have a better understanding of the effects of various stress factors such as 

heat treatment at 60°C, mechanical shaking and single and multiple freeze-thaw stress on 

the aggregation behavior of immunoglobulin G (IgG), used as a model antibody, and the 

feasibility of using Polysorbate 80 in preventing aggregation of IgG formulations due to 

these stress factors. If Polysorbate 80 has the ability to decrease or prevent aggregation of 

IgG upon different stress conditions, the use of molar concentrations of sugars may not 

be necessary thereby circumventing the limitations of using these excipients.

Immunoglobulin G, with a molecular weight of 150,000 Daltons, is the most abundant 

of immunoglobulin found in the human body and provides humoral immunity. It is the 

only immunoglobulin that is capable of passing the placenta thereby providing immunity 

to the new bom. Moreover, since most of the monoclonal antibody formulations currently 

on the market are one of the sub-classes of immunoglobulin G (IgG), human IgG was 

used as a model to study effects of various stress factors on the aggregation behavior of 

antibody formulations. Monoclonal antibody formulations are currently being used to 

treat various critical human conditions such as cancers, rheumatoid arthritis, psoriasis, 

and also during organ transplant rejection. Examples of these include Herceptin® 

(Genentech), Rituxan® (Genentech/Idec), Xolair® (Genentech/Novartis), Raptiva® 

(Genentech/Xoma), Zenapex® (Roche/Protein Design Labs), Remicade® (Centocor), 

Humira® (Abott), Reopro® (Eli Lilly).
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Materials and Methods

Chemicals

Human Immunoglobulin G (IgG) was purchased from Sigma as a lyophilized powder. 

All buffer components and chemical reagents used were of highest purity grade and 

obtained from commercial sources. Filtered HPLC grade water was used for preparation 

of all solutions. IgG solutions were prepared at 15 mg/ml in 10 mM phosphate buffer pH 

7.4, with and without 0.01% Polysorbate 80. Solutions were filtered through 0.2 p 

syringe filters to remove any insoluble material. Final pH of the filtered solutions was 

verified before performing the studies. After exposure to one of the stresses discussed 

below, all samples were analyzed for soluble aggregation by dynamic light scattering and 

size-exclusion chromatography and for insoluble aggregation by visual appearance test 

and UV assay.

Stress Studies

Heat treatment at 60°C

IgG formulations with and without Polysorbate 80 were placed in an incubator at 60°C 

for 48 hours. Samples were taken at 1, 3, 6, 12, 24 and 48 hours and compared to control 

samples at 2-8°C.

Mechanical shaking

IgG formulations with and without Polysorbate 80 were placed on a mechanical 

shaker at 250 rpm for 7 days. Samples were placed horizontally on the shaker so as to
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maximize the surface area exposed during shaking. Samples stressed due to mechanical 

shaking were compared to control samples at 2-8°C.

Single and multiple freeze-thaw stress

For the freeze-thaw studies, IgG formulations with and without Polysorbate 80 were 

placed in a -80°C freezer. Formulations were removed each of the following days and 

allowed to thaw at room temperature for at least 2 hours, after which they were placed at 

2-8°C until analysis. This procedure was repeated up to five times to simulate multiple 

freeze-thaw stress. Formulations stressed after single and multiple freeze-thaw cycles 

were compared to control samples placed at 2-8°C and -80°C.

Size-Exclusion Chromatography

SEC analysis was performed using a TSK G3000SW column attached to a Waters 

Alliance HPLC system. HPLC method as described by Ahrer and coworkers (Ahrer et al., 

2003) was used for characterization of soluble aggregates. In brief, separation was carried 

out at a flow rate of 0.6 ml/min at room temperature. An aqueous buffer consisting of 20 

mM sodium phosphate and 0.1 M sodium chloride at pH 6.8 was used as eluent. Elution 

of protein was monitored at 214 nm by a photo diode array detector. Samples were 

diluted and filtered before injecting into system.

Dynamic Light Scattering

DLS analysis of IgG solutions (0.75 mg/ml) was done on a Precision detectors’ 

PDDLS/Batch system at a fixed angle of 90°. A standard solution of BSA recommended
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in the manual at 2 mg/ml was used to standardize the instrument prior to IgG sample 

analysis. Also, as suggested in the manual, since the buffers prepared were dilute aqueous 

solutions, the viscosity of 8.9 X 10 3 cPoise at 25°C was used for all experiments. All 

samples were diluted and filtered directly into the cuvette through a 0.2 pm whatman 

syringe filter. The change in average hydrodynamic radius (Rh), before and after stress 

application was determined and plotted using an excel worksheet. Data was analyzed 

using the precision deconvole/deconview software and re-plotted using an Excel 

worksheet to determine formation of soluble aggregates as determined by a change in 

average Rh-

Determination of Insoluble Aggregation

All samples were visually observed for appearance of particulate matter or 

precipitation before and after application of stress. The samples were also analyzed by 

UV assay to determine the exact concentration before the application of stress. At the end 

of each stress study, all samples were centrifuged at 12000 g for 60 minutes at 4°C. After 

centrifugation, the supernatant was separated and analyzed by UV assay for loss in 

concentration. The loss in concentration was determined and plotted as a function of time 

of stress applied using an excel worksheet.

Determination of Change in Secondary Structure of IgG Using Far-UV CD Analysis

CD analysis (Jasco J-810 spectropolarimeter) was carried out in the spectrum 

measurement mode in the far UV (260 nm -  185 nm) region at a scanning speed of 200 

nm/min at standard sensitivity. For the far UV CD studies, 300 pi of sample (0.2 mg/ml)
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was placed into 0.1 cm path length quartz cells. CD scans were performed in the 

wavelength scan mode at specific temperatures between 20°C to 95°C. A lid covered the 

quartz cell during each temperature scan. Temperature regulation was done using a 

Peltier temperature controller. Comparison of the actual temperature in the cell with the 

temperature set by the Peltier element showed that the deviation of the actual temperature 

was <0.1 °C. Each scan was an average of 10 accumulations and all scans were 

normalized for concentration by dividing the ellipticity values for each sample by the 

concentration of that sample. Accurate concentrations for each sample were determined 

by UV spectroscopy using an extinction coefficient of 1.4 and %iax at 280 nm. Data 

obtained was plotted using an Excel worksheet.

Results
Heat treatment at 60°C

Heat treatment at 60°C caused formation of both soluble and insoluble aggregates. 

Visual appearance test showed formation of precipitate in thermally stressed samples 

within one hour of heat treatment, suggesting formation of insoluble aggregates as 

compared to control samples placed at 2 -  8°C. Analysis of the samples for insoluble 

aggregation revealed that IgG formed 10% of insoluble aggregates within one hour that 

increased to 40% at the end of 48 hours of thermal stress at 60°C (Figure 31). From the 

Figure it can also be observed that addition of Polysorbate 80 (0.01% w/v) during thermal 

stress did not show any statistically significant difference in formation of insoluble 

aggregates as compared to samples without Polysorbate 80 suggesting that Polysorbate 

80 did not prevent the formation of insoluble aggregates in IgG upon thermal stress.
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Figure 31. Formation of insoluble aggregates for IgG upon thermal stress, as determined
by loss in IgG concentration by UV spectroscopy.

Formation of soluble aggregates was determined using dynamic light scattering and 

size-exclusion chromatography. Figure 32 shows the effect of thermal stress on the 

average hydrodynamic radius of IgG at pH 7.4 in the presence and absence of 

Polysorbate 80, as determined by dynamic light scattering. Before application of any 

thermal stress, dynamic light scattering analysis of IgG showed a single size distribution 

of molecules with an average hydrodynamic radius of 6.5 nm, irrespective of presence or 

absence of Polysorbate 80. However, upon thermal stress, there was broadening of the 

size distribution and an increase in average hydrodynamic radius to 12 nm after 1 hour of 

incubation and to almost 50 nm after 48 hours of thermal stress. The broadening of size
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figure 32. Effect of thermal stress on hydrodynamic radius of IgG in presence and 
absence of Polysorbate 80, as determined by dynamic light scattering.

distribution was observed even in the presence of Polysorbate 80. Broadening of size 

distribution and an increase in average hydrodynamic radius suggests an increase in 

molecular size and/or shape and hence suggests soluble aggregation. Thus upon thermal 

stress, IgG also formed soluble aggregates irrespective of presence or absence of 

Polysorbate 80. Analysis of samples by size-exclusion chromatography confirmed data 

obtained by dynamic light scattering. As compared to control samples at 2-8°C, all 

thermally stressed samples showed formation of higher molecular weight species, 

suggesting soluble aggregation. Figure 33 is a representative chromatogram that shows 

the formation of higher molecular weight species in IgG solution that was thermally 

stressed for an hour. Similar data was obtained for IgG samples containing Polysorbate
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"igure 33. Formation of higher molecular weight species upon thermal stress at 60°C for 
1 hour, as determined by SE-HPLC.

80. Thus addition of Polysorbate 80 did not affect the aggregation behavior of IgG. Even 

in the presence of Polysorbate 80, IgG formed both, soluble and insoluble aggregates. To 

investigate why addition of Polysorbate 80 did not affect the aggregation behavior of IgG 

upon thermal stress, far UV circular dichroism studies were performed with increasing 

concentrations of Polysorbate 80 (0% -  0.15%).

Far UV Circular Dichroism Analysis

IgG solutions formed both soluble and insoluble aggregates upon thermal stress and 

addition of Polysorbate 80 did not affect the aggregation behavior of IgG. Hence, CD
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7igure 34. Effect of temperature on secondary structure of IgG in pH 7.4 and below 60°C.

analysis in the far-UV region was performed to follow changes in secondary structure of 

IgG in the presence and absence of Polysorbate 80, upon thermal stress. Wavelength 

scans at 20°C for all formulations showed minima at 216.5 nm and maxima at 200.5 nm, 

suggesting a predominance of (3-sheets in the secondary structure of IgG. Based on our 

previous far-UV CD analysis for IgG in 10 mM phosphate buffer (pH 7.4), gradual loss 

in secondary structure of IgG was observed below 58°C. This gradual loss in secondary 

structure may be attributed to partial loss and hence partial unfolding of IgG secondary 

structure, suggesting formation of partially unfolded intermediates. Moreover, these 

intermediate states formed at temperatures below 58°C and were found to be stable 

intermediates. These intermediate states played an important role as reactive species in 

the aggregation of IgG above 58°C. Presence of these intermediates at moderately
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Figure 35. Effect of temperature on secondary structure of IgG in pH 7.4 and 0.01 
Polysorbate 80, below 60°C.

elevated temperatures, and their role in the aggregation process of IgG at elevated 

temperatures was supported and confirmed using other biophysical characterization 

techniques such as near-UV CD, DSC and DLS (Chapter 4). Figure 34 shows the changes 

in secondary structure, below 60°C, for IgG in 10 mM phosphate buffer and in the 

absence of any excipients. Similar to the partial loss in secondary structure of IgG as seen 

in Figure 34, Figure 35 shows gradual loss in secondary structure of IgG in the presence 

of 0.01% w/v Polysorbate 80. Irrespective of the presence of Polysorbate 80, gradual loss 

in secondary structure of IgG was observed below 58°C. The loss in secondary structure 

was observed as gradual decrease in ellipticity at 216.5 nm and 200.5 nm. The overall
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shape of the scans, below 58°C, was unchanged and there were no peak shifts or peak 

broadening effects observed. Similar changes in secondary structure of IgG were 

observed in the presence of higher concentrations of Polysorbate 80 (0.075% and 0.15%, 

data not shown). Thus partial unfolding was observed below 58°C, even in the presence 

of increasing concentrations of Polysorbate 80. In contrast to the changes at relatively 

lower temperatures, changes at higher temperatures showed a significant loss in 

secondary structure that was accompanied by broadening and shifting of maxima to lower 

wavelengths (190 nm), broadening and increase in intensity of minima and appearance of 

shoulders around 210 nm and 230 nm suggesting an increase in random coil and/or a- 

helical content. These changes suggest significant conformational changes such as 

unfolding and/or aggregation. Moreover, after heating the samples to above 80°C, minute 

amounts of precipitate, suggesting insoluble aggregation, were also observed in the 

sample cuvettes. Thus, addition of increasing concentrations of Polysorbate 80 did not 

prevent formation of partially unfolded intermediate states and hence may not have 

prevented aggregation of IgG upon thermal stress, as these partially unfolded 

intermediates may act as reactive species in the aggregation of IgG at elevated 

temperatures.

Stress due to Mechanical Shaking

As compared to thermal stress, stress due to mechanical shaking caused formation of only 

insoluble aggregates at the point of measurement and under the experimental conditions 

studied. Visual observation of stressed samples showed presence of small amounts of 

precipitate in all samples irrespective of the presence or absence of Polysorbate 80,
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"igure 36. Formation of insoluble aggregates as determined by loss in IgG concentration 
by UV assay.

although the amount of precipitate was lower in samples containing Polysorbate 80. All 

samples stressed due to mechanical shaking were compared to control samples at 2-8°C. 

Figure 36 shows the formation of insoluble aggregates as determined by a loss in 

concentration of IgG by UV assay. In the absence of Polysorbate 80, stress due to 

mechanical shaking resulted in 11.5% loss in IgG concentration as compared to control 

samples. A loss in IgG concentration corresponds to an increase in insoluble aggregation. 

Thus shaking stress caused formation of insoluble aggregates in IgG solutions. From the 

Figure it can also be observed that the % loss in IgG concentration decreased to 3.8% in 

samples containing Polysorbate 80, suggesting that addition of Polysorbate 80 decreases 

formation of insoluble aggregates upon mechanical shaking. The decrease in aggregation
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"igure 37. Effect of shaking stress on average hydrodynamic radius of IgG.

of IgG due to presence of Polysorbate 80 could be explained due to the ability of 

Polysorbate 80 to preferentially adsorb, as compared to IgG, at the air-water interface that 

is created during shaking, thereby preventing unfolding and its successive aggregation.

Dynamic light scattering was performed to evaluate formation of soluble aggregates. 

Under the experimental conditions studied, as compared to the control samples, there was 

no broadening of size distribution observed and the average hydrodynamic radius 

remained unchanged at 6.5 nm upon shaking at 250 rpm for 7 days. This can be seen in 

Figure 37. The data obtained by DLS was verified using size-exclusion chromatography. 

As compared to control samples, SEC did not show formation of higher molecular weight 

species in stressed samples irrespective of the presence or absence of Polysorbate 80.
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Thus, under the experimental conditions studied, IgG formed only insoluble aggregates 

and addition of Polysorbate 80 decreased formation of insoluble aggregates.

Stress due to single and multiple freeze-thaw studies

Visual observation of samples stressed after single and multiple freeze-thawing did not 

show any precipitate or particulate matter. Analysis of samples by dynamic light 

scattering as well as size-exclusion chromatography did not show formation of soluble 

aggregates. Thus, in contrast to thermal and shaking stress and under the experimental 

conditions studied, stress due to single and multiple freeze-thawing did not cause 

formation of either soluble or insoluble aggregates.

Discussion

The objective of this work was to investigate the effect of various processing stress 

factors on the aggregation potential of immunoglobulin G solutions, as model antibody 

formulations, and to study the potential of Polysorbate 80 in preventing/decreasing the 

aggregation of IgG under the influence of such stress conditions. If Polysorbate 80 can 

prevent/decrease aggregation of IgG under various stress conditions, the use of molar 

concentrations of sugars that are commonly used in most marketed antibody 

formulations, could be avoided. The use of such high concentrations of sugars could not 

only aggravate the already existing viscosity related issues for concentrated antibody 

formulations, but also result in reversible self-association of these formulations. Increased 

viscosity will result in manufacturing and drug delivery issues, whereas, self-association 

could be detrimental to its shelf life.
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For this purpose IgG formulations in 10 mM phosphate buffer, pH 7.4, with and 

without Polysorbate 80 were exposed to thermal stress at 60°C, mechanical shaking at 

250 rpm for 7 days and stress due to single and multiple freeze-thawing. Thermal stress 

caused formation of both soluble and insoluble aggregates. Aggregation was observed 

even in presence of Polysorbate 80 and the extent of aggregation in the presence and 

absence of Polysorbate 80 was statistically insignificant from each other. Mechanical 

shaking, on the other hand, resulted in formation of only insoluble aggregates, under the 

experimental conditions used, and addition of Polysorbate 80 in the formulation 

decreased the percentage of insoluble aggregation. In contrast to both thermal and 

shaking stress, stress due to single and multiple freeze-thaws did not cause formation of 

either soluble or insoluble aggregates, under the experimental conditions studied and this 

was seen irrespective of the presence or absence of Polysorbate 80. Aggregation of IgG 

in the presence and absence of Polysorbate 80 was therefore, found to be a function of the 

type of stress applied. The kind of processing stress determined the type (soluble or 

insoluble), and extent of aggregation. Under the experimental conditions studied, thermal 

stress showed greater insoluble aggregation as compared to shaking stress. Hence, it 

could be suggested that the mechanisms of aggregation of IgG are a function of the type 

of processing stress applied.

It is well known that shaking causes the formation of an air/water interface and that 

the hydrophobic property of air relative to water induces alignment of protein at the 

air/water interface, thereby causing exposure of hydrophobic residues to the air ultimately 

leading to aggregation (Katakam et al., 1995; Katakam and Banga, 1997; Wang, 1999; 

Wang, 2005). Surfactants are surface active and hence protect proteins against shaking
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induced aggregation by accumulating, competitively with proteins, at the hydrophobic 

air/water interface and/or by binding directly to the hydrophobic residues of proteins, 

thereby preventing adsorption of hydrophobic residues at the interface. Thus it could be 

suggested that Polysorbate 80 decreased insoluble aggregation of IgG by decreasing 

adsorption of its hydrophobic residues at the air/water interface. However, Polysorbate 80 

did not affect the aggregation behavior of IgG upon thermal stress, and hence aggregation 

of IgG upon exposure to thermal stress may not due to adsorption of its hydrophobic 

residues.

To investigate why Polysorbate 80 did not affect the aggregation behavior of IgG 

upon thermal stress, far UV CD analysis of IgG formulations, with and without 

increasing concentrations of Polysorbate 80, was performed. Far UV CD analysis showed 

that in the absence of any added excipients IgG, in 10 mM phosphate buffer (pH 7.4) and 

temperatures below 58°C had the propensity to form stable, partially unfolded 

intermediate states. Partial unfolding was observed as gradual loss in secondary structure 

of IgG. Formation of such intermediate states, at relatively lower temperatures, and their 

role in aggregation of IgG at higher temperatures was previously demonstrated and 

confirmed using various other biophysical characterization techniques such as near UV 

CD, micro DSC and DLS analysis (Chapter 4). Thus, intermediate states formed below 

58°C, acted as reactive species in the aggregation process of IgG at higher temperatures 

(above 58°C). Far UV CD analysis of IgG samples in the presence of increasing 

concentrations of Polysorbate 80 (0.01% -  0.15%) showed similar gradual changes in 

secondary structure, below 58°C that could be attributed to partial unfolding. Thus, IgG 

had the propensity to form stable intermediate states, even in the presence of increasing
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concentrations of Polysorbate 80 and these partially unfolded intermediate states, formed 

below 58°C, played an important role as nucleation or reactive species in the aggregation 

process of IgG upon thermal stress at 60°C. Polysorbate 80, therefore, did not affect the 

formation of these intermediate states and hence did not influence the aggregation 

behavior IgG during thermal stress. The generation of partially unfolded intermediates, 

upon thermal stress and their role in the aggregation process of various other proteins is 

well documented in literature (Fink et al., 1994; Gomez-Orellana et al., 1998; Khurana et 

al., 2001; Sharma and Kalonia, 2003; Wang, 2005). According to these reports thermal 

treatment can easily generate partially unfolded intermediates, which can rapidly 

aggregate. Rapid aggregation of partially unfolded intermediates as compared to 

completely folded or unfolded states may be attributed to the presence of contiguous 

hydrophobic groups within such intermediates, initiating the process of aggregation. 

Another factor contributing to the rapid aggregation of intermediates is their high rate of 

diffusion relative to the folded state. The high diffusion rate can significantly increase the 

chance of association of the intermediates(Chi et al., 2003b; Fink et al., 1994; Gomez- 

Orellana et al., 1998; Khurana et al., 2001; Sharma and Kalonia, 2003; Wang, 2005).

In contrast to thermal and shaking stress, stress due to single and multiple freeze- 

thawing did not cause aggregation of IgG. Similar results upon freeze-thaw induced 

aggregation of bovine IgG were obtained by Sarciaux and coworkers (Sarciaux et al., 

1999). According to them, freezing of a protein solution may cause protein aggregation 

due to exposure of protein to various stresses such as low temperature, solute 

concentration, formation of ice/water interfaces, and potential pH changes or phase 

separation. Exposure of proteins to any of these stresses during freezing may lead to
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denaturation and hence aggregation. However, any denaturation that may have been 

caused upon freezing may have been reversible upon thawing.

Conclusions

Thus, based on the study it was found that the aggregation behavior of IgG was a 

function of the type of stress applied. Under the experimental conditions studied, thermal 

stress resulted in both soluble and insoluble aggregates. However, mechanical shaking 

caused formation of only insoluble aggregates. Moreover, addition of Polysorbate 80 did 

not prevent aggregation of IgG upon thermal stress but decreased aggregation caused due 

to mechanical shaking. In contrast to thermal and shaking stress, stress due to single and 

multiple freeze-thawing did not cause aggregation of IgG solutions. Thus, it may be 

suggested that under different stress conditions, IgG solutions follow different 

mechanisms of aggregation and hence result in different types and extents of aggregates. 

Thermal stress may cause formation of partially unfolded intermediate states that act as 

reactive species in the aggregation of IgG solutions, in the presence or absence of 

Polysorbate 80. However, shaking stress may have caused the protein to adsorb at the air- 

water interface and hence resulted in insoluble aggregation. Thus, it is important that the 

effects of different stress conditions on protein stability be investigated separately. 

Different stress conditions could lead to different mechanisms of aggregation for the 

same protein and hence an excipient that decreases protein aggregation due to one stress 

condition may not decrease aggregation under different stress conditions.
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CHAPTER 6 

SUMMARY AND CONCLUSIONS

The broad goal of this work was to investigate the effects of various formulation and 

processing stress factors on the physical stability of (monoclonal) antibody formulations, 

using IgG as a model antibody. Conformational stability of IgG solutions was studied as 

a function of varying solution conditions (temperature and pH/buffer conditions) and 

processing stresses. Using various biophysical characterization techniques such as DSC, 

far- and near-UV CD, DLS and SEC, unfolding and aggregation potential of IgG 

solutions was explored. Apart from these conventional techniques, the feasibility of using 

MDSC as a novel technique for thermal characterization of protein solutions was also 

investigated, using lysozyme as a model protein. Modulated DSC enabled better 

resolution as compared to the conventional DSC technique and provided better separation 

and hence improved analysis of lysozyme unfolding and aggregation events. Thus, the 

feasibility of using this technique as a novel thermal analytical technique for lysozyme 

solutions was demonstrated. However, thermal characterization of IgG solutions using 

MDSC technique gave increased baseline shifts, possibly due to increased thermal 

gradients during heating, and hence gave results that were difficult to interpret. The use 

of MDSC technique for characterization of IgG and other therapeutic proteins/mAbs, 

therefore, needs further investigation.

128
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However, biophysical characterization of IgG solutions using micro-DSC, CD, DLS 

and SEC was possible. Based on the data obtained from these studies, formulation 

conditions such as solution temperature and pH/buffer conditions were found to influence 

the conformational stability of IgG solutions. It was found that even under moderate 

solution conditions (conditions that would generally favor stability of the native state)

IgG had the propensity to undergo partial loss in its native conformation, resulting in 

formation of stable partially unfolding intermediate states. Further, the conformation of 

these intermediate states was found to be a function of different solution conditions 

explored. At pH 5.8 and higher, intermediate states formed below 58°C, acted as reactive 

species and formed aggregates above 60°C. Aggregation of these intermediate states was 

also found to be a function of solution pH explored. At pH 4, partially unfolded 

intermediate was formed below 50°C. When heated above this temperature, structural 

rearrangements were observed that led to the formation of a conformation that exhibited a 

high secondary structure (seen as large negative ellipticity), good tertiary contacts and 

less susceptibility towards thermally induced aggregation. This appears to be similar to 

the A-state conformation, which has been previously reported to exist only in extremely 

acidic solutions. Formation of such partially unfolded intermediate states not only 

affected the aggregation behavior of IgG, but could also have implications in its long 

term stability.

Finally, the effects of various processing stress factors on the aggregation behavior of 

relatively concentrated IgG solutions, and the use of Polysorbate 80 in preventing 

aggregation of these solutions was investigated. Based on the results it was found that the 

aggregation behavior of IgG was a function of the type of stress applied. Under the
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experimental conditions studied, thermal stress resulted in both soluble and insoluble 

aggregates for IgG and addition of Polysorbate 80 did not prevent formation of these 

aggregates. However, mechanical shaking caused formation of only insoluble aggregates 

and the percentage of these aggregates formed decreased with the addition of Polysorbate 

80. In contrast to thermal and shaking stress, stress due to single and multiple freeze- 

thawing did not cause aggregation of IgG solutions. Thus, different stress conditions led 

to different mechanism of aggregation for IgG solutions and hence resulted in formation 

of different types and extents of aggregates. Thermal stress caused the formation of 

partially unfolded intermediate states that may have acted as reactive species in the 

aggregation of IgG solutions, in the presence or absence of Polysorbate 80. However, 

shaking stress may have caused the protein to adsorb at the air-water interface and hence 

resulted in insoluble aggregation. Addition of Polysorbate 80 decreased this insoluble 

aggregation. In contrast to thermal and shaking stress, single or multiple freeze-thawing 

did not cause IgG aggregation.

Thus, different stress conditions could affect the same protein/mAb differently. Effect 

of each stress condition on the physical, chemical and biological stability of proteins 

should therefore be investigated separately. In this work we have tried to investigate the 

effects of various stress conditions on only the physical stability of IgG solutions.

Because most monoclonal antibody formulations are structurally similar to IgG, one may 

expect similar results for the unfolding and aggregation behavior of monoclonals. 

However, due to the complex nature and multidomain structure of these molecules, it is 

necessary to study these effects on a case by case basis.
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