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which protein is present, processing conditions, etc). These protein aggregates may exhibit less desirable
characteristics like reduced or no biological activity, potential for immunogenicity or other side effects.
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1. Introduction

Proteins generally will tend to aggregate under a variety
of environmental conditions in comparison with small drug
molecules. The extent of aggregation is dependent on many factors
that can be broadly classified as intrinsic (primary, secondary,
tertiary or quaternary structure) or extrinsic (environment in
which protein is present, processing conditions, etc). These protein
aggregates may exhibit less desirable characteristics like reduced
or no biological activity, potential for immunogenicity or other
side effects. The scientific and regulatory challenges in overcoming
protein aggregation issues remain one of the major hurdles in
commercialization of such drug products. Thus, it has been one of
the most important areas of intensive research and development
in both academia and biopharmaceutical companies to identify the
cause(s) of protein aggregation and to control protein aggregation
to an acceptable level. A significant number of review articles have
been published in recent years emphasizing different aspects of
protein aggregation, such as physical aggregation-driving forces
(Chi et al., 2003), aggregation mechanisms (Philo and Arakawa,
2009), kinetics (Morris et al., 2009), prediction (Weiss et al.,
2009), theoretical considerations (Gsponer and Vendruscolo,
2006), inhibition (Wang, 2005; Hamada et al., 2009), and its
relation to diseases (Wang et al., 2008a). This article is intended
to review/discuss protein aggregation pathways and the possible
extrinsic factors that affect the protein aggregation process.

2. Protein aggregation pathways and characteristics

Proteins aggregate through different mechanisms/pathways.
The major pathways are shown in Fig. 1 and can be roughly
divided into: (1) aggregation through unfolding intermediates and
unfolded states (pathway 1); (2) aggregation through protein self-
association (pathway 2a) or chemical linkages (pathway 2b); and
(3) aggregation through chemical degradations (pathway 3).
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Fig. 1. Graphic illustration of major protein aggregation pathways.

2.1. Aggregation through unfolding intermediates and unfolded
states

Under normal conditions, native proteins in solution are in
equilibrium with a small amount of unfolding intermediates—I
states, which are further in equilibrium with the completely
unfolded/denatured states—D states in Fig. 1. Depending on the
degree of protein unfolding, the unfolding intermediates may be
further divided into more native-like intermediates and more
unfolded-like intermediates. The latter are also referred to as
molten globules for globular proteins, commonly used in the
description of the protein folding/unfolding process.

In terms of the physical aggregation process, significant evi-
dence suggests that the poorly populated protein folding/unfolding
intermediates are precursors of the aggregation process. This is
because these intermediates expose more hydrophobic patches
and have higher flexibility relative to the folded state. Completely
folded or unfolded proteins, in contrast, do not aggregate easily
since the hydrophobic side chains are either mostly buried out
of contact with water or randomly scattered. Recent simulation
studies indicate that aggregation of native proteins with accessible
hydrophobic areas on its surface is intensified when the solution
conditions favor the partially unfolded conformation as opposed
to either the native or fully unfolded conformations (Zhang et al.,
2008).

Interaction (attraction) of these intermediates leads to forma-
tion of protein aggregates (A state in Fig. 1). The definition of newly
formed aggregate is still debatable. We propose that protein aggre-
gates be defined as any protein species in non-native states and
whose sizes are at least twice as that of the native protein. Dimers,
trimers, which maintain the native-like state will not fall under
the definition of aggregates. Another similar term is oligomers or
critical oligomers (Modler et al., 2003). These terms are often used
for the description of early protein or peptide fibrillation process,
also referred to as fibrillogenesis or amyloidogenesis. Based on our
proposed definition of aggregates, all non-native protein oligomers
can be termed as protein aggregates. They can be the nuclei both
for amorphous aggregation or fibrillation.

The initial protein aggregates are soluble but gradually become
insoluble as they exceed certain size and solubility limits (precip-
itates; P state in Fig. 1). The P state can take on different forms
such as amorphous precipitates or ordered structures such as fib-
rils. The amorphous precipitation and fibril formation have been
described, respectively, as disordered and ordered aggregation
pathways. Because of the possible co-existence of the two aggre-
gation outcomes, initial oligomerization may not be an obligate
intermediate step in the process of fibril formation as demonstrated
for AB42.

2.2. Aggregation through self-association

Many proteins can directly associate into protein aggregates
physically from the native (folded) state (pathway 2a in Fig. 1)
without going through the intermediate state (I). Such associations
can be simply electrostatic or both electrostatic and hydrophobic
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depending on the experimental conditions. Other weaker forces
(van der Waals forces) can also initiate the association process.
Protein self-association may or may not be accompanied by subtle
conformational changes. Such association often leads to forma-
tion of reversible oligomers/aggregates which can be considered
the precursors of irreversible aggregates. If protein self-association
is the rate-limiting step, protein aggregation resulting from self-
association would be association-limited (Weiss et al.,, 2009).
Multiple sites can participate in a single protein in the association
process (Kanai et al., 2008).

A key parameter for the measurement of the tendency of
protein-protein self-association is the osmotic second virial coef-
ficient. A positive By, value indicates protein-protein repulsion
while a negative value indicates protein-protein attraction. In
the latter case, protein-protein interactions are favored over
protein-solvent interactions, resulting in colloidal instability of
proteins which could potentially lead to protein aggregation.
The By, values can be significantly different depending on the
solution pH and ionic strength since both affect the charge den-
sity/distribution of proteins. Denaturants and even non-electrolyte
excipients could have a strong influence on the B,; value. It should
be noted that a protein with a large and positive B,, value can still
aggregate if the measured B;, value does not reflect the true value
of the monomer form (Alford et al., 2008a).

It is known that protein self-association is mainly related
to colloidal stability and formation of intermediates is mainly
related to conformational stability. Either conformational or col-
loidal stability could potentially be rate-limiting, depending on
the solution conditions. It is sometimes difficult, in reality, to dif-
ferentiate between these two pathways. Partly because of this,
the relative B, values do not necessarily indicate the relative
aggregation tendency of a protein. In general, minimization of
protein surface charge (reduction of B,) often leads to increased
aggregation.

2.3. Aggregation through direct chemical linkages

Many chemical degradations directly crosslink protein chains
and thereby lead to aggregation (pathway 2b in Fig. 1). The
most common cross-linking reaction is the intermolecular disul-
fide bond formation/exchange. Formation of disulfide linkages can
further promote physical aggregation of proteins (Cabra et al.,
2008). It is obvious that surface-located cysteines are more readily
involved than internally located cysteines in participation of disul-
fide bond formation/exchanges. Disulfide-bonded proteins without
any free cysteines can still undergo aggregation through disulfide
exchanges via 3-elimination. The formation of disulfide-bonded
aggregates remains a key challenge in the development of protein
drug products.

Other non-disulfide cross-linking pathways have also
been reported, which lead to protein aggregation, including
formaldehyde-mediated cross-linking, dityrosine formation, oxi-
dation, and Maillard type reactions. These degradation pathways
do not, in general, seem to occur as frequently as the disulfide
bond formation/exchange.

2.4. Aggregation through chemical degradation

The last major aggregation pathway (pathway 3 in Fig. 1)
is the chemical degradation-induced protein aggregation. Many
chemical degradation pathways have been shown to increase
the aggregation tendency of proteins. Such examples include
auto-oxidation/oxidation (Rosenfeld et al., 2009), dimerization
(Roostaee et al, 2009), deamidation (Takata et al, 2008),
hydrolysis (Van Buren et al., 2008), and glycation (Wei et
al,, 2009). Chemical degradation often changes the physical

properties of a protein, such as protein hydrophobicity or
association tendency, secondary/tertiary structures, and the ther-
modynamic/kinetic barrier to protein unfolding. Therefore, it is
essential to analyze the composition/structure of the protein
aggregates and determine the true cause of protein aggre-
gation before designing a strategy for aggregation inhibition/
prevention.

2.5. Other aggregation pathways and multiplicity

Theoretically, the denatured state (D) of a protein can form
aggregates directly (pathway 2a’ in Fig. 1). This is true for many
proteins that have been shown to be largely in the unfolded state
naturally or to possess only two apparent states, i.e. native and
denatured states, such as the microtubule-associated protein tau,
and a-synuclein. The denatured state can also undergo chemical
degradation and form aggregates either directly (pathway 2b’ in
Fig. 1) or indirectly (pathway 3’ in Fig. 1). However, most pro-
tein drug products, in reality, are in folded states and aggregation
contribution from the unfolded states is likely not significant. It is
worth noting that multiple aggregation pathways can often occur
to a single protein. In such cases, one aggregation pathway often
dominates and should be controlled first.

2.6. Aggregation nucleation and kinetics

Several types of aggregation kinetics or models have recently
been discussed in detail. Analysis of the kinetic data could help to
identify the potential aggregation mechanisms. If protein unfold-
ing is the rate-limiting step in protein aggregation, the aggregation
kinetics would be considered as unfolding-limited aggregation and
the observed aggregation rate constant (ko) should be equal to the
unfolding rate constant (ky,r) (Weiss et al., 2009).

It appears that majority of protein aggregation events are
initiated by formation of an aggregation nucleus and hence is
nucleation-dependent aggregation. The most widely studied exam-
ple of nucleation-dependent protein/peptide aggregation is the
fibrillation of B-amyloid peptides. The process from N or D to A
in Fig. 1 can be considered as the nucleation step. Therefore, sev-
eral aggregation pathways may lead to formation of a nucleus. The
definition of an aggregation nucleus has not been described consis-
tently in the literature. Such a nucleus has been considered as small
as the size of a dimer (Krishnan et al., 2003), or multimer/oligomer
(Baynes et al., 2005). The next phase after nucleation is growth in
aggregate size. Several terms have been exchangeably used in the
literature to describe the growth phase. These include aggregation,
elongation, fibrillation, and polymerization.

A lag time before aggregation often signifies the nucleation
step. Depending on the solution conditions, the observable lag
phase can take from a few minutes to several days. A recent study
demonstrated multiple lag phases with multiple steps in the aggre-
gation of IL-1ra (Krishnan and Raibekas, 2009). Needless to say,
the apparent aggregate rate of proteins can be significantly dif-
ferent depending on the duration of lag phase and the time of
measurement. Although protein aggregation requires participation
of at least two molecules, an apparent first-order reaction kinet-
ics was often observed, especially when protein unfolding is the
rate-limiting step in the aggregation process.

2.7. Reversibility of protein aggregation

The reversibility of protein aggregation means the ability of
protein aggregates to dissociate (disaggregate) in an equilibrium
or upon reversal of the solution condition when aggregation is
induced—such as pH, temperature, or concentration of excipients
(e.g. salts). A dilution test can be used conveniently to examine the
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reversibility of concentration-dependent protein aggregation. The
reversibility of protein aggregation mainly depends on the stage of
the aggregation process. While early aggregation process tends to
be reversible (N to A in Fig. 1), late-stage aggregation or precipi-
tation tends to be irreversible. The reversibility obviously depends
on the time scale at which protein aggregation is evaluated and
also the size of the aggregates. Thermally induced protein aggrega-
tion is often irreversible. Understanding aggregation reversibility
is important since this may relate to the biological consequence of
protein aggregates.

2.8. Pathway-dependent aggregate morphology

Protein aggregates come in a variety of forms such as fibrils
(ordered aggregates), particulates (irregular or spherical), skin, gels,
or a combination of these. Even fibrils may have different types
with different secondary structures and intermolecular interac-
tions (Natalello et al., 2008). The final form of aggregates seems
to depend on the aggregation pathway (Giurleo et al., 2008).

The solution pH is a key parameter that determines the dom-
inant form of aggregates, since the solution pH affects the type
and density of surface charge and the degree of protein structural
disruption. It was demonstrated that seven widely different, non-
related proteins (bovine insulin, bovine B-lactoglobulin, human
transthyretin, horse heart myoglobin, hen egg white lysozyme, BSA,
and human a-synuclein) could all form fibrils under pH conditions
favoring high net charge, however, under conditions of low net
charge, particulates form (Krebs et al., 2007). Similar results were
also obtained in other studies (Krebs et al., 2009). These results
suggest that the formation of particulates in the regime where
charge on the molecules is minimal is a common property of all
proteins. Therefore, protein misfolding into clearly defined aggre-
gates is apparently a generic process which depends solely on the
general properties of the protein state during aggregation rather
than the specific amino acid sequence.

Protein gelation is another form of aggregation and can often
occur when the solution condition favors weak interactions among
protein molecules or particulates. A typical condition would be
when the solution pH is close to the pl of a protein (Krebs
et al., 2007). The formation of incipient gels can take place
quickly, e.g. within a minute, depending the experimental condi-
tions (Chodankar et al., 2009) and continue to grow in multiple
phases (Mercade-Prieto and Gunasekaran, 2009). The strength of
the resulting gels depends on the solution temperature, pH, ionic
strength, protein concentration, and formation of chemical link-
ages. The gel appearance can be translucent or turbid. Effective
prevention or inhibition of protein aggregation may mean multiple
interventions against different aggregation mechanisms in differ-
ent stages of the aggregation process.

3. Effect of processing steps on protein aggregation

Protein aggregation can be induced by various processing steps.
Such processing steps include fermentation/expression, unfold-
ing/refolding, purification, freeze-thaw, shaking and shearing,
pressurization, drying, preparation of protein drug delivery sys-
tems, and administration, etc.

3.1. Fermentation/expression

Fermentation or cell culturing is the first step in large-scale
protein production. Proteins can be expressed in a variety of cell
systems under a wide range of process conditions. Many proteins
easily aggregate into so-called inclusion bodies during expres-
sion in bacterial systems (Espargaro et al.,, 2008). Formation of

aggregates competes with the proper folding in these systems. Inhi-
bition of protein aggregation during fermentation/expression can
be achieved by adjusting the fermentation/expression conditions
such as fermentation temperature (Hao et al., 2007), use of sur-
factants (Bahrami et al., 2009), or other additives (Bahrami et al.,
2009). The host systems have a strong influence on the glycosyla-
tion state/pattern of expressed proteins, leading to various behavior
of protein aggregation.

3.2. Unfolding/refolding

Unfolding/refolding is a key step after protein expression in a
microbial expression system during large-scale protein production.
Unfolded proteins can easily aggregate during the refolding process
as they go through the various intermediate states (Yazdanparast
et al., 2007). Protein aggregation can therefore significantly reduce
the yield of correctly folded proteins during refolding. Many fac-
tors have been found to affect protein aggregation during refolding.
These include temperature, protein concentration, type and con-
centration of denaturant, pH, ionic strength, refolding catalysts,
thiol/disulfide agents, and miscellaneous additives. These factors
are not discussed here, as a vast body of literature is available
(Jungbauer and Kaar, 2007; Mannall et al., 2007; Burgess, 2009).

3.3. Purification

Purification is another key step in protein production where
residual host cell proteins and other contaminants are removed.
This process could potentially induce protein aggregation, if the
purification conditions are too harsh. Protein A affinity chromatog-
raphy is a highly efficient method for protein purification and
generally requires low pH for protein elution. The low pH during
elution could induce significant protein aggregation (Shukla et al.,
2007). Protein aggregation can also occur even under mild purifi-
cation conditions. Processing of Eprex bulk drug substance through
an ion exchange HiTrap Q HP column (with 10 mM Tris buffer at pH
6.9 and a step gradient of NaCl) increased the aggregate level from
1.4% to 3.6% presumably due to an unfavorable solution condition
(Heavner et al.,2007). Protein aggregation during purification could
be minimized by adjusting the detailed purification conditions. Use
of proper additives could significantly reduce the aggregation of a
mAD during the UF/DF process (Cromwell et al., 2006).

3.4. Freeze-thaw

Freezing a protein solution is often required for preservation
of protein activity/stability during protein production processes.
The freezing process could potentially cause protein aggregation,
depending on the type/concentration of proteins and presence of
other formulation additives. Freezing-induced protein aggregation
is likely due to one or more of the following stresses—low tem-
perature, solute concentration, formation of ice-water interfaces,
potential pH changes, and phase separation. The rate of freez-
ing could affect aggregation of proteins as it affects the size of
the ice crystals and therefore, the surface area of ice-water inter-
face. It also influences crystallization of other solution components.
Freezing-induced pH change is another major cause for protein
aggregation due to selective crystallization of certain buffering
species. Other factors also influence the aggregation of proteins
such as freezing/thawing time, which varies significantly depend-
ing on the configuration of containers (Pivovarova et al., 2007), and
the solution pH before freeze/thaw (Kueltzo et al., 2008).

Use of proper formulation additives could prevent or inhibit
freeze/thaw-induced protein aggregation. These additives may
inhibit protein aggregation by minimization of protein-ice inter-
actions, suppression of pH changes, preferential interaction and/or
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other mechanisms such as increased solution viscosity, and steric
hindrance of protein-protein interactions. Among the possible
additives, surfactants seem to be the most commonly used since
they are effective in minimizing protein-ice interactions. It should
be mentioned that concentrated protein solutions are often more
resistant to freezing-induced protein aggregation, likely due to
one or more of the following factors—limited area of ice-water
interface for interfacial denaturation, protein’s self stabilization,
and conversion of monomers to active and more stable dimers or
multimers.

3.5. Shaking and shearing

Shaking and shearing are often encountered during protein pro-
duction or shipping. Both shaking and shearing could potentially
induce protein aggregation although the extent of impact depends
both on the intensity and duration of exposure to such stresses.
Shaking creates air/water interfaces. The hydrophobic property of
air relative to water induces protein alignment at the interface,
maximizes exposure of the hydrophobic residues to the air, and
initiates aggregation. Shearing could also potentially expose the
hydrophobic areas of proteins and causes aggregation. However,
few studies have been conducted to separate the impact of shear
and air-liquid/solid interface. Moderate shear generally would not
induce protein aggregation but very high shear (~107s~1) could
(Bee et al., 2009a). Presence of a solid-liquid interface gener-
ally facilitates the impact of shear. Surfactants are often used in
reducing shaking/shearing-induced protein aggregation likely by
competing with the protein molecules for the hydrophobic sur-
faces/interfaces, by binding directly to proteins or by increasing the
viscosity of a protein solution, restraining the motion of proteins.
Alternative additives such as HP-3-CD may also work by similar
mechanisms (Serno et al., 2009).

3.6. Pressurization

It is expected that low to moderate pressures (e.g. dur-
ing filtration process) would not exert any significant effect on
the aggregation behavior of proteins. However, high pressure
could cause protein unfolding and facilitate protein aggrega-
tion due to increased hydrophobic interactions. This has been
observed for rhiL-1ra at pH 7 above 180MPa (Seefeldt et al.,
2005) and [3-lactoglobulin B at pH 7.2 above 500 MPa (Considine
et al.,, 2007). Such aggregation could be inhibited by lowering
the operation temperature. Pressure treatment can also gener-
ate chemically linked aggregates since high pressure can expose
reactive groups which are normally well covered under atmo-
spheric pressure (Huppertz et al., 2006). In contrast, in the presence
of a moderate concentration of chaotropic agents, high pressure
treatment (100-200 MPa) could actually foster disaggregation of
proteins such as GH and lysozyme by solubilizing the aggre-
gates (Crisman and Randolph, 2009). Release of pressure can then
allow the proteins to refold properly leading to a reduction in
aggregation.

3.7. Drying

Several drying methods have been used for preparation of
solid protein products, including vacuum drying, freeze-drying,
spray-drying and spray freeze-drying. All of these processes could
potentially cause protein aggregation to a different degree, as the
drying process removes part of a protein’s hydration layer, dis-
rupting its native state (Mukherjee et al., 2009). Vacuum drying
is the simplest method for rapid dehydration of proteins and can
induce protein aggregation (Kumar et al., 2009). Freeze-drying pro-
cess is the most commonly used method for preparation of solid

protein products and could promote protein aggregation (both
non-covalent and covalent) due to impact of both freezing and
drying stresses. Protein aggregation during freeze-drying can be
effectively inhibited by addition of a protein stabilizer(s) such as
sugars. The protective effect of formulation excipients is strongly
dependent on the excipient concentration, specifically the relative
amount of sugar and protein. High initial protein concentration
could potentially saturate ice-water interfaces and thereby lim-
its the relative extent of protein aggregation. However, antibodies
have been shown to be less stable both during lyophilization and
storage at high concentrations (Hagiwara et al., 2000).
Spray-drying is another widely examined method for dehydra-
tion of proteins. During this process proteins are exposed to an
elevated temperature and a significant increase in the air-water
interface for a short period of time during atomization. Both
stresses may cause protein destabilization and aggregation. Since
the main stress during spray-drying is the exposure of proteins
to the air-water interface, use of surfactants is often effective in
inhibiting protein aggregation (Abdul-Fattah et al., 2008). Spray
freeze-drying eliminates the use of elevated temperature but the
air-water interfaces are still created for possible protein aggrega-
tion (Yu et al., 2006). This process could be more damaging to a
protein than the simple spray-drying process. Supercritical fluid
(SCF) drying is another drying method that has been evaluated
and found to induce protein aggregation (Jovanovic et al., 2008).
Reconstitution of a dried protein product could also lead to a vari-
able degree of protein aggregation, depending on the reconstitution
procedure, reconstitution medium, and presence of other additives.

3.8. Analytical methodologies

The level of protein aggregates measured in samples can be
significantly different depending on the sample treatment and ana-
lytical procedures utilized. Limitations of several key analytical
methodologies have been reviewed recently in the characteriza-
tion of non-particulate aggregates (Philo, 2009). For example, the
aggregates of a therapeutic IgG formed at pH of approximately 7
can be easily disrupted during field flow fractionation (FFF) analysis
(Demeule etal.,2007). The rate and extent of thermal protein denat-
uration/aggregation can be significantly different depending on the
heating rate (Golub et al., 2008). Therefore, the result from one
particular analytical method may not reflect the true aggregation
behavior of a protein and partly for this reason, multiple analytical
methods are often used in charactering protein aggregates.

3.9. Miscellaneous processes

Other processes were also reported to destabilize a protein and
cause protein aggregation. Such processes include filtration (Wang
et al., 2008b), filling (Cromwell et al., 2006), nebulization (Webb et
al,, 2002), and protein labeling (Holmberg et al., 2007), and prepa-
ration of protein delivery systems (Castellanos et al., 2003).

4. Effect of temperature on protein aggregation

Temperature is a measure of the average kinetic energy of
a certain kind of vibrational motion of the constituent particles
(i.e. molecules, atoms, and subatomic particles). In a liquid state,
the Stokes-Einstein equation relate the diffusion coefficient of a
species (D) directly to the absolute temperature (T) (Macchioni et
al.,2008). Therefore, changing the temperature of a protein solution
or solid would alter the degree of vibrational motion and diffusion
of protein molecules, which is a necessary step for physical protein
aggregation. Temperature is arguably the most critical environ-
mental factor for consideration when proteins are handled during
the entire development and commercialization processes.
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Fig. 2. Relationship between temperature and protein thermodynamic stability.

4.1. Temperature change vs protein aggregation

The relationship between AG,r and temperature (T) has been
described under certain pressure and solution conditions (Talla-
Singh and Stites, 2008). This relationship can also be graphically
illustrated in Fig. 2 (Rees and Robertson, 2001). It is clear that the
maximum AGy,s resides in a narrow temperature range. Decreas-
ing or increasing temperature will destabilize the protein and
can potentially promote protein aggregation. Some proteins can
aggregate easily at room temperature. Increasing temperature may
have several additional effects leading to accelerated formation of
aggregates. These effects include reduction of activation energy,
enhancement of hydrophobic interaction, increased diffusion of
proteins, and increased frequency of molecular collisions. The acti-
vation energy for aggregation pathway 1 (Fig. 1) is the energy
required for the formation of I states and facilitated formation
of I states may lead to increased protein aggregation. Reduc-
tion of the activation energy for chemical reactions could lead to
increased protein aggregation via pathway 2b (formation of chem-
ically linked aggregates) and pathway 3 (formation of chemical and
aggregation-prone degradants).

When the aggregation process is composed of two distinct steps,
i.e. nucleation and growth, temperature may affect each step to a
different degree (Andrews et al., 2008). Due to the multiple aggre-
gation steps and/or co-existence of multiple protein aggregation
pathways, temperature may change the kinetic regime of protein
aggregation. Temperature can also affect protein aggregation indi-
rectly by changing the relative composition of secondary structures
and, thereby, result in different aggregation behavior. Thus, high
temperature is a common parameter to be selected for accelerating
protein aggregation, albeit frequent non-Arrhenius temperature
dependency.

As indicated in Fig. 2, decreasing temperatures also destabilize
or even denature proteins. RNase undergoes cold denaturation at
—22°Cunder 3000 bar (to prevent freezing) (Zhang et al., 1995) and
so does serum albumin at a temperature lower than 0°C (Kosa et
al., 1998). Destabilization at low temperature may facilitate gener-
ation of unfolding intermediates for protein aggregation. However,
aggregation may not occur easily at low temperatures due to
weaker hydrophobic interactions. Probably due to similar reasons,
low temperature-induced protein aggregation is often reversible
in contrast to high temperature-induced protein aggregation. The
well-known low temperature-induced aggregation (below 37 °C) of
serum cryoglobulins is reversible. Human IgM cryoglobulin prepa-
rations easily precipitate or gel at temperatures below 10-12°C
but the process can be reversible at a higher temperature. Although

the low temperature-induced protein aggregation does not seem to
present a critical issue, it should be well understood and controlled,
especially before drug administration.

Low temperature storage below the freezing point can still pro-
mote protein aggregation by changing the physical properties of the
frozen solutions. A frequent observation is the crystallization of an
excipient(s) which leads to phase separation, loss of protein pro-
tection, and protein aggregation during low temperature storage
above the glass transition temperature (Tg) of the maximally freeze-
concentrated solution. Freezing can easily cause phase separation
in the presence of a polymeric excipient and, thereby, promote pro-
tein aggregation. Such aggregates are typically not reversible. In
summary, temperature can have a complex effect on protein aggre-
gation, either directly or indirectly for both physical and chemically
induced aggregation processes.

4.2. Melting temperature (T, ) and protein aggregation

The melting temperature (T, ) of proteins generally represents
its relative thermal stability. It is usually expressed as the peak
temperature where protein molecules (assuming homogeneous
and pure sample) are half way through the unfolding process.
The higher the T, the less likely the protein will unfold. A
general positive relationship was found between protein thermo-
dynamic stability and Ty, with a stability increase of approximately
0.008 kJ/mole/degree in T, (Rees and Robertson, 2001). Ther-
mally induced protein unfolding is often followed/accompanied
by immediate aggregation due to exposure of the hydrophobic
residues. Exceptions do exist possibly because of one or more of
the following reasons—low aggregation tendency of the protein
sequence, positive By, value, or unfavorable solution conditions for
aggregation (e.g. extreme pHs, low protein concentration and low
salt condition, etc.). In these cases, a higher temperature above Ty,
may be required for protein aggregation. Therefore, a protein with a
higher Ty, does not necessarily possess a lower tendency to aggre-
gate. Very often, it is the actual solution conditions that control
protein aggregation.

4.3. Linearity of temperature-induced protein aggregation

A major force in controlling protein aggregation is the inter-
molecular hydrophobic interactions. Since such interactions are
temperature-dependent, protein aggregation is generally not
expected to follow the Arrhenius relationship. This is because the
Arrhenius relationship is mainly based on the effect of temperature
on molecular diffusion. Therefore, predication of protein aggrega-
tion based on accelerated stability studies is generally not accurate.
In reality, protein aggregation may follow the Arrhenius relation-
ship in a narrow temperature range (Wang et al., 2008b). The
temperature-induced protein aggregation in a solid state appeared
to be better predicted thaninaliquid state due to limited hydropho-
bic interactions.

5. Effect of environmental factors on protein aggregation

A variety of environmental factors can significantly impact the
aggregation behavior of proteins. These major factors include gen-
eral solution conditions, protein concentration, container/closure
system and surfaces, and light and irradiation.

5.1. General solution conditions

Several solution conditions play a critical role in controlling pro-
tein aggregation. Among these, the solution pH is arguably the
most critical one. The solution pH dictates the type and distribution
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of surface charges on proteins, which not only affect intramolec-
ular folding interactions but also intermolecular protein-protein
interactions. Therefore, the solution pH, along with sequence
hydrophobicity and propensity of forming secondary structures
are key parameters in determining the rate of protein aggrega-
tion. At extreme pHs, proteins are heavily charged. The dense
charges on the protein surface would significantly increase repul-
sive intramolecular and intermolecular interactions, which lead
to at least partial protein unfolding. Proteins may or may not
aggregate depending on the relative contribution of intermolec-
ular hydrophobic attraction and electrostatic repulsion. Because of
the multiple effects of pH, several types of relationships between
protein aggregation and solution pH have been reported such as
well-shaped, bell-shaped, sigmoidal, and roughly linear.

Theoretically, protein solubility is minimal at its pl due to min-
imal protein charge—charge repulsions. Recent results suggest that
significant protein-protein interactions can still exist from the
marked charge anisotropy of protein around its pl as observed
for insulin (Giger et al., 2008). Therefore, many proteins actually
aggregate at a lower rate around their pIs (Majhi et al., 2006).
Therefore, selection of a solution pH away from the pl of a protein
may not be always successful in minimizing protein aggregation.
Lastly, changing the solution pH may indirectly change the aggre-
gation rate-limiting step/mechanisms and thus, the morphology of
protein aggregates (Olsen et al., 2009).

Since pH strongly affects the behavior of protein aggregation,
a buffering agent is usually used to maintain an optimum pH
for stability. Although many buffering agents are available for pH
adjustment, the stability and aggregation behavior of proteins can
be significantly different in different buffer systems and concentra-
tions. The different effect has been attributed to different binding
effects of buffers.

In close relation to solution pH, the ionic strength is another
key solution condition, which potentially affects protein aggrega-
tion. Both positive and negative ions in a solution can potentially
bind to or interact electrostatically with proteins. Such interac-
tions can lead to altered charge-charge interactions and even
different conformational states, which may result in different
aggregation behaviors. Some aggregation processes contain two
clear stages—nucleation and growth, and ionic strength may have
different effects in these stages (Alford et al., 2008b). The salt type
can also make a significant difference in protein aggregation. The
overall effect of ionic strength on protein aggregation is very much
protein-dependent. If neutralization of protein surface charges
favors protein folding/stability, reduction of such interactions by
increasing ionic strength would destabilize the protein, partially
expose the hydrophobic patches, and lead to increased protein
aggregation. Otherwise, protein aggregation may be inhibited. In
reality, more complex relationships are often seen between protein
aggregation and ionic strength (Saluja and Kalonia, 2008). The effect
of ionic strength on protein aggregation may also be dependent on
the solution pH (Saluja et al., 2007) and glycosylation state of a
protein (Hoiberg-Nielsen et al., 2006). Ionic strength can indirectly
affect protein aggregation by affecting the rate of chemical reac-
tions (Livney etal.,2003) or the effect of other aggregation-inducing
agents (Rezaei-Ghaleh et al., 2007).

In the development of protein pharmaceutical products, many
types of formulation excipients/additives are used, which could
affect their aggregation behavior. Some additives destabilize pro-
teins and promote aggregation while others stabilize proteins.
Protein stabilization can be achieved through preferential exclu-
sion between excipients/additives and proteins, a widely accepted
concept of protein stabilization. Other stabilization mechanisms
are also postulated, including increased rate of protein folding,
reduction of solvent accessibility and conformational mobility, and
increase in solvent viscosities. Recent results indicate that protein

stabilization can be achieved through binding between these addi-
tives and aggregation intermediates (Necula et al., 2007). Typical
formulation excipients/additives include small neutral additives
like sugars and polyols, amino acids, amines, polymers, surfactants,
and preservatives. Many small neutral compounds have a profound
effect on protein stability or aggregation (Hamada et al., 2009). A
major category of these neutral compounds is sugars/polyols. These
sugars/polyols normally have a stabilization effect and inhibit pro-
tein aggregation under different experimental conditions. They
can maintain the correct conformation of proteins and are widely
referred to as osmolytes or sometimes chemical chaperons (Xia et
al,, 2007). In a few cases, these sugars/polyols have been shown
to destabilize proteins and promote protein degradation, or even
aggregation (Schule et al., 2008). Several types of small charged
organic additives have been shown to affect the aggregation of pro-
teins. They influence the aggregation behavior of proteins as aresult
of ionic strength and/or specific interactions with proteins. Addi-
tional effects include destabilization of the partially folded states
and early aggregate formation; or solubilization of the native state
(Ghosh et al., 2009). Some of these compounds may behave like
chemical chaperones. Particularly, some positively charged amino
acids are very effective in inhibiting protein aggregation, likely by
weakening protein—protein interactions/associations such as histi-
dine, arginine, proline, hydroxyproline, glycine, lysine, putrescine
and spermidine, imidazole, betaine and sulfobetaine. Negative
effect was also reported in a few cases, such as histidine (Lam
et al., 2000), glycine or trimethylamine-N-oxide (Eronina et al.,
2005), and dopamine (Moussa et al., 2008). The dual effects of these
compounds on protein aggregation can occur to the same protein
simply by changing their concentrations. Other additives include
organic acids, polyions and polymers, and amphoteric polymers. A
strong hydrophobic/electrostatic interaction between the polymer
and protein, however, may cause denaturation or even aggregation.

Surfactants are often added into protein solutions to inhibit pro-
tein aggregation in different processes, such as shaking/shearing
and thermal treatment. Their stabilization effect is likely due
to their weak binding to proteins blocking or partially blocking
the aggregation-prone hydrophobic sites on the protein surface
(Hoffmann et al., 2009). However, a negative effect of non-ionic
surfactants has also been observed on protein aggregation in
several accelerated or real-time stability studies (Wang et al.,
2008c). The increased protein aggregation in the presence of a
non-ionic surfactant could also be a result of binding between sur-
factants and proteins. A strong binding could possibly induce partial
denaturation of proteins, leading to increased protein aggregation
(Panyukov et al., 2007).

Other formulation excipients/additives, that potentially affect
protein aggregation, include preservatives, antioxidants, reducing
agents, and organic solvents. Other residual components from raw
materials or process equipment are also critical in controlling the
rate of protein aggregation, such as multivalent metal ions (Long et
al,, 2008), denaturants (Hamada et al., 2008), contaminant enzymes
(Creusot and Gruppen, 2007), lipids (Tsiroulnikov et al., 2009), and
protein aggregates (Andrews et al., 2008).

5.2. Protein concentration

The effect of protein concentration on protein aggregation has
been evaluated extensively. Because of the existence of different
aggregation pathways (e.g. partial unfolding-induced vs simple
association-initiated aggregation), increasing protein concentra-
tion could potentially result in the following consequences—(1)
decreased aggregation due to crowding effect; (2) increased aggre-
gation due to increased chance of association; and (3) precipitation
due to solubility limit. The ultimate effect is protein-dependent
and the net result of these factors. The concept of macromolecu-



96 W. Wang et al. / International Journal of Pharmaceutics 390 (2010) 89-99

lar crowding has been proposed elsewhere and is used to describe
the crowded environment in intracellular compartments. Accord-
ing to this theory, crowding should favor formation of compact
conformations over extended conformations of flexible macro-
molecules and thereby reduce the aggregation tendency. On the
other hand, increasing protein concentrations would increase the
chances of protein-protein association, in most cases, facilitat-
ing protein aggregation. Lastly, each protein has a solubility limit,
which is strongly dependent on the solution conditions. Proteins
can readily aggregate, precipitate, or in few cases crystallize when
protein concentration exceeds this limit (Adachi et al., 2009). In
many cases, protein concentrations are well below its solubility
limit under normal experimental conditions and solubility-limited
protein aggregation is not a common concern.

5.3. Contact surfaces and container/closure systems

Proteins have a tendency to be adsorbed onto a variety of sur-
faces. Such adsorption may cause loss of proteins and/or protein
aggregation with or without structural changes. In any case, the
energy barrier to the formation of aggregate seeds is likely reduced
upon protein adsorption. Adsorption of recombinant factor VIII
(rFVIII) to hydrophobic silica surface (silanized) caused changes
in tertiary structure while a less degree of structural change was
seen on negatively charged hydrophilic surfaces (Joshi et al., 2008).
The reversible adsorption of rhPAF-AH (pI=6.7) to nano-sized
hydrophilic silica particles induced no detectable change in protein
secondary/tertiary structures but resulted in rapid and extensive
aggregation of rhPAF-AH at pH 6.5 (Chi et al., 2005). Protein adsorp-
tion can form multiple layers, facilitating aggregation such as IgG

Table 1
Major factors affecting protein aggregation.

on the surface of polyethylene terephthalate (PET) (Holmberg and
Hou, 2009).

Proteins may have different affinities to different types of sur-
faces, and adsorption is strongly affected by solution pH, salt
concentration and temperature. For example, recombinant factor
VIII at 50 wg/mL can be adsorbed at 0.13 p.g/cm? on hydrophobic
silica surface (silanized) in the presence of 8 ppm Tween 80 mainly
through hydrophobic interactions and at 0.3 wg/cm? on negatively
charged hydrophilic surface mainly through electrostatic attrac-
tions (Joshi et al., 2008). Surfactants may or may not affect protein
adsorption depending on the type of surface and the protein (Joshi
and McGuire, 2008). Reduction in protein adsorption in the pres-
ence of a surfactant can be attributable to several possibilities—(1)
faster movement of the surfactant to the interface; (2) higher affin-
ity of the surfactant at the interface than the protein; or formation
of surfactant-protein complex.

The container/closure systems can certainly induce surface-
related protein aggregation. Metal containers/surfaces have been
shown to cause surface-induced protein aggregation (Bee et al.,
2009b; Zhang et al., 2009). The effect of surface material on pro-
tein aggregation could be amplified under stressed processing
conditions (Kueltzo et al., 2008). In addition, indirect effect on
protein aggregation was reported through container/closure leach-
ables or residual processing aids. Rubber stoppers or syringes
are often siliconized for ease of processing or administration.
Trace amount of silicone may facilitate protein aggregation due
to its hydrophobic nature (Thirumangalathu et al., 2009). Residual
tungsten extract in syringe manufacturing process could induce
significant protein aggregation (Bee et al., 2009c; Jiang et al.,
2009).

Category Individual factors

Effects on protein and aggregation

General factors Temperature
Light/irradiation

Container/closure systems

Solution factors pH

Buffering agent and concentration

[onic strength

Additives (excipients) or residual components
Protein concentration

Processing factors Fermentation/expression

Refolding
Purification
Freeze-thawing
Shaking

Shearing

Pressurization

Drying

Analytical methodologies

Potentially induces partial/complete protein unfolding, protein-protein
association, and chemical degradations, enhancing protein aggregation
Potentially induces chemical degradation, which may enhances protein
aggregation or directly crosslink proteins

Generally induce surface protein adsorption, partial protein unfolding, release
of stability-influencing leachables, enhancing protein aggregation

Potentially induces partial/complete protein unfolding and alters colloidal
stability, which may enhance protein aggregation

Variable effects, depending on the specificity and strength of ion-protein
interaction (chaotropic vs kosmotropic effect) and effect of ionic strength (see
below)

Variable effects, balancing on general charge-screening effect, ion-protein
interactions, and interference with protein-protein interactions

Variable effects, depending on the additive/component type and concentration
High protein concentration generally enhances protein aggregation through
enhanced protein-protein interactions, and solubility limitations

Variable effects, depending on the expression host system, and
fermentation/expression conditions

Generally lead to protein aggregation to a variable level, depending on
refolding reconditions, such as temperature, protein concentration,
type/concentration of denaturant and redox pair, and other additives
Variable effects, depending on the purification conditions

Induces ice—protein interaction, interfacial adsorption and unfolding,
cryoconcentration, cold denaturation, and changes in pH and ionic strength,
leading to enhanced protein aggregation

Induces air-liquid interfacial protein adsorption and unfolding, enhancing
protein aggregation

Potentially expose hydrophobic patches/regions, have either no effect or in
some cases enhancing protein aggregation

No effect under low to moderate pressures encountered in the protein drug
product manufacturing. Potentially (>100 MPa) induces loss of structure,
affecting protein aggregation

Loss of hydration layer leads to disruption of protein structure, enhancing
protein aggregation

Potentially induce/eliminate protein aggregation during sample preparation
and analysis
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5.4. Light and irradiation

Proteins can be sensitive to light/UV exposure. Light/UV irra-
diation has been shown to promote protein unfolding, leading
to protein aggregation (Redecke et al., 2009), or induce photo
cross-linking reaction(s), leading to covalent aggregation (Qi et
al., 2008). It has been found that UV irradiation can induce cross-
linking reactions between Cys and Trp residues and photolysis of
native disulfide bonds for new disulfide bond formation/exchange
(Davies, 2003). UV irradiation can oxidize Trp residues, leading to
formation of thiol radicals and subsequent formation of new disul-
fide bonds (Roy et al., 2009). Gamma irradiation was also shown to
cause aggregation of ceruloplasmin and haemoglobin (Assemand
et al., 2003). Therefore, light protection is necessary for such light-
sensitive protein products.

6. Summary

Aggregation is a common but complex mode of protein instabil-
ity. Several distinctive aggregation pathways have been discussed
and illustrated in Fig. 1. The major aggregation pathways include:
(1) physical aggregation through unfolding intermediates and
unfolded states; (2) aggregation through protein self-association
or chemical linkages; and (3) aggregation through chemical degra-
dations. These aggregation pathways may change depending on
the experimental conditions. It is not uncommon that a protein can
aggregate by multiple pathways, making it difficult to elucidate the
mechanism. All these aggregation pathways can eventually lead to
formation of physical and/or chemically linked aggregates with or
without visible precipitates.

A variety of factors have been identified affecting the rate and
extent of protein aggregation, as summarized in Table 1. These
major factors can be divided into several categories: (1) general
environmental factors (temperature, light, and container/closure
system); (2) solution factors (pH, buffer type and concentra-
tion, ionic strength, excipients and level, protein concentration,
etc.); (3) processing factors (fermentation/expression, unfold-
ing/refolding, purification, freeze-thaw, shaking and shearing,
pressurization, formulation/filling, drying, preparation of modi-
fied protein or delivery systems, and analytical methodologies,
etc.).

Among these factors, temperature is the most critical and
commonly encountered variable that needs to be controlled.
The next critical factor is arguably the solution pH. All these
factors need to be considered during processing or storing pro-
teins. Since the aggregation pathways and ultimate aggregate
composition/structure are different under different experimental
conditions, it is critical to identify the major stresses that cause
aggregation before designing an effective way to inhibit/prevent
protein aggregation. Inhibition of protein aggregation is frequently
achieved by changing the immediate environment of the pro-
tein through use of a compatible additive(s). The commonly used
protein stabilizing additives include sugars, polyols, surfactants,
salts, metal ions, and amino acids. These additives may not always
have a positive effect depending on the protein and additive
concentration.

Proteins are structurally diverse and the relative effect of these
factors on protein aggregation is very much protein-dependent. It
is not unusual that a single factor can have a completely opposite
effect on different proteins or even the same protein depending
on the experimental conditions such as solution pH (Singh et al.,
2009). Many exceptions do exist. Therefore, universal rules, which
canbe applied in prevention/inhibition of protein aggregation, have
not yet been defined. The traditional, semi-empirical approach in
controlling protein aggregation will continue to be adopted by

scientists in the near future until a better understanding of the
mechanism(s) of protein aggregation is achieved.
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