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Abstract

Protein aggregation is arguably the most common and troubling manifestation of protein instability, encountered in almost
all stages of protein drug development. Protein aggregation, along with other physical and/or chemical instabilities of proteins,
remains to be one of the major road barriers hindering rapid commercialization of potential protein drug candidates. Although
a variety of methods have been used/designed to prevent/inhibit protein aggregation, the end results are often unsatisfactory
for many proteins. The limited success is partly due to our lack of a clear understanding of the protein aggregation process.
This article intends to discuss protein aggregation and its related mechanisms, methods characterizing protein aggregation,
factors affecting protein aggregation, and possible venues in aggregation prevention/inhibition in various stages of protein drug
development.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The past two decades saw an explosive growth
in biopharmaceutics, fueled by the advancement of

sensitive and high-throughput analytical methodolo-
gies. Yet, a rapid commercialization of protein drug
candidates has not been fully realized due to the
presence of many road barriers. One undisputable
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barrier is the physical and chemical instabilities of
proteins (Wang, 1999, 2000). Among these physical
and chemical deterioration pathways, protein aggre-
gation is arguably the most common and troubling
manifestation of protein instability, almost in all
phases of protein drug development. Presence of any
insoluble aggregates in a protein pharmaceutical is
generally unacceptable for product release.

Protein aggregation is also well represented in
human etiology. More than 20 different diseases are
caused at least partially by abnormal protein aggre-
gation (Stefani and Dobson, 2003), which may result
from mutations and physical or chemical changes
of cellular environment (Koo et al., 1999). Among
these are Alzheimer’s disease, Parkinson disease,
prion diseases (bovine spongiform encephalopathy
and Creutzfeldt-Jacob diseases), Huntington’s disease,
Down’s syndrome, cataract, and sickle cell disease.
Some of these diseases are characterized by formation
of protein fibrils, such as sickling cell disease (intra-
cellular fibrillation of hemoglobin) and Alzheimer
disease (extracellular fibrillation of amyloid� peptide
(A�) (Koo et al., 1999). It is the protein aggregates
(such as fibrils) that usually cause cytotoxicities
(Stefani and Dobson, 2003).

Although significant progress has been made,
our current understanding of protein aggregation is
still incomplete (Gupta et al., 1998; Carpenter et
al., 1999; Chi et al., 2003). Its prevention or even
moderate inhibition has been mostly experimental.
T tein
a ar-
m tion
t ticle
i lated
m tein
a rize
p ion.
I e in
l and
v

2
f

by
p any
c ion)

or by formation of a new covalent bond(s) (chemical
aggregation). Formation of such a bond(s) can either
directly crosslink proteins (aggregation), or indirectly
alter the aggregation tendency of the original protein
(Finke et al., 2000). Both mechanisms can occur
simultaneously to a protein and may lead to formation
of either soluble or insoluble aggregates, depending
on the protein, environmental condition, and stage
of the aggregation process. For example, insulin can
undergo both physical aggregation process, leading
to formation of either soluble hexamers or insoluble
fibrils and chemical aggregation process, leading
to formation of either soluble dimmers via cyclic
anhydride intermediate or insoluble disulfide-bonded
aggregates (Sluzky et al., 1991, 1992; Costantino et
al., 1994a, 1994b;Darrington and Anderson, 1995).

Protein aggregation has been observed frequently
in several key biopharmaceutical processes, including
fermentation (Georgiou and Valax, 1999; Finke et al.,
2000), refolding (van den Berg et al., 1999a, 1999b;
Smith and Hall, 2001; Nguyen and Hall, 2002), shear-
ing/shaking (Katakam et al., 1995), freeze-thawing
(Kreilgaard et al., 1998a, 1998b), drying (Andya et
al., 1999), reconstitution (Zhang et al., 1995a, 1995b),
and storage (Vemuri et al., 1993; Costantino et al.,
1994a, 1994b). The following section will discuss
aggregation mechanisms and its influencing factors.

2.1. Mechanisms of physical aggregation

2
p

so-
c iew
i ntal
d ill,
1 that
p ors
i 98),
e table
a ast,
c re-
g ither
m ly
s con-
t ing
i . Ag-
g initi-
herefore, achieving a better understanding of pro
ggregation is critical not only in various bioph
aceutical processes but also in finding a solu

o those devastating diseases. This review ar
ntends to discuss protein aggregation and its re

echanisms, to analyze factors affecting pro
ggregation, and more importantly, to summa
ossible venues in aggregation prevention/inhibit

t is not the intention of this paper to be exhaustiv
iterature review but to stimulate more intensive
igorous investigation on protein aggregation.

. Protein aggregation and its influencing
actors

Protein molecules may aggregate simply
hysical association with one another without
hanges in primary structure (physical aggregat
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.1.1. Folding/unfolding intermediates and
rotein aggregation

A traditional view of protein aggregation is the as
iation of the unfolded state(s) of proteins. This v
s supported by model predictions and experime
ata as well (De Young et al., 1993; Stigter and D
993). However, there is overwhelming evidence
rotein folding/unfolding intermediates are precurs

n protein aggregation (Fields et al., 1992; Fink, 19
ven though the intermediates are usually not s
nd poorly populated (Murphy et al., 1992). In contr
ompletely folded or unfolded proteins do not agg
ate easily as the hydrophobic side chains are e
ostly buried out of contact with water, or random

cattered (Uversky et al., 1999). It is the patches of
iguous hydrophobic groups in the folding/unfold
ntermediates that initiate the aggregation process
regation of many proteins has been shown to be
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ated by intermediates, such as scrapie amyloid (prion)
protein (PrP27–30) (Safar et al., 1994), carbonic an-
hydrase B (CAB) (Cleland and Wang, 1992; Ham-
marstrom et al., 1999), recombinant human growth hor-
mone (rhGH) (Bam et al., 1996), insulin (Brange et al.,
1997), human lysozyme variants (Booth et al., 1997),
P22 tailspike polypeptide (Speed et al., 1997; Schuler
et al., 1999), and phage P22 wild-type coat protein and
its mutants (A108V, G232D, F353L) (Teschke, 1999).
Computer simulation studies also demonstrate origi-
nation of the aggregation process primarily from in-
teractions of partially folded intermediates (Gupta et
al., 1998; Istrail et al., 1999). Thermal treatment can
easily generate protein-unfolding intermediates, which
can rapidly aggregate, such as ovalbumin (Kato and
Takagi, 1988), and a mutant of Cro repressor (Fabian
et al., 1999). Another factor contributing to the rapid
aggregation of intermediates is their high rate of diffu-
sion relative to the folded state (Damodaran and Song,
1988). The high diffusion rate can significantly increase
the chance of association of the intermediates.

The intermediates can be formed either from the
folded or unfolded state (Wetzel, 1996). In many cases,
more than one intermediate may exist, such as CAB
(Wetlaufer and Xie, 1995), staphylococcal nuclease
(Uversky et al., 1999), a mutant of Cro repressor
(Fabian et al., 1999), and immunoglobulin G (IgG)
(Vermeer and Norde, 2000). In addition, the number
and structure of folding intermediates may be different
from those of unfolding intermediates (Kim and Yu,
1 med
l sig-
n ter-
t al.,
1

2
a

ocess
c form
r re-
v ag-
g

The intermediate state (I) is equivalent to the
aggregation-competent state (A) or transition state
(TS* ) as proposed recently by other investigators
(Krishnamurthy and Manning, 2002; Chi et al., 2003).
The process from N to A can be considered as the nu-
cleation step, which is usually rate limiting; in another
word, the aggregation process is nucleation dependent.
Nucleation has been demonstrated or suggested to be
the initial step for fibrillation of a sequence ofE. coli.
OsmB protein (Jarrett and Lansbury, 1993), aggrega-
tion of K97I interleukin 1�during refolding (Finke
et al., 2000), and aggregation of�-amyloid peptide
(Lomakin et al., 1997; Szabo et al., 1999).

Further growth of protein aggregates after nucle-
ation can be divided into two types: monomer–cluster
aggregation (addition of a monomer to a growing mul-
timer) and cluster–cluster aggregation (addition of a
multimer to another multimer) (Speed et al., 1997).
These two processes can be described as schemes(2)
and(3) (Patro and Przybycien, 1994).

nI + Am → (n − 1)I + Am+1 (2)

Am + An → Am+n (3)

whereAm andAn are aggregates composed ofmandn
monomers. These two processes can occur at the same
time to the same protein. Examples of the first type of
aggregation include staphylococcal nuclease (Uversky
et al., 1999), and amyloid formation (Tomski and
Murphy, 1992; Lomakin et al., 1997). Cluster–cluster
p n of
P in
v ein
a luble
a ink,
1 ag-
g ng,
1 SA)
d

2
a

lly
d cess.
T le-
a in-
s pre-
c lt-
996). Since the folding intermediates can be for
ocally or globally, these intermediates may have
ificant amount of secondary structures, and even

iary structures (Safar et al., 1994; Kendrick et
998a, 1998b; Uversky et al., 1999).

.1.2. Nucleation and growth of protein
ggregates

Based on the above analysis, the aggregation pr
an be described as scheme (1), where proteins
eversible unfolding intermediates, which then form
ersible unfolded proteins or irreversible/reversible
regates.
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olymerization was responsible for the aggregatio
22 tailspike polypeptide (a trimer) chains during
itro refolding (Speed et al., 1997). The initial prot
ggregates are soluble but gradually become inso
s they exceed certain size and solubility limits (F
998; Uversky et al., 1999). Such examples include
regation of CAB during refolding (Cleland and Wa
990) and aggregation of human serum albumin (H
uring storage at 40, 55 or 70◦C (Oliva et al., 1999).

.1.3. Reversibility and specificity of physical
ggregation

The reversibility of protein aggregation is usua
ependent on the stage of the aggregation pro
he initial formation of soluble aggregates (nuc
tion) may be reversible but the later formation of
oluble aggregates is usually irreversible, unless
ipitation is artificially induced such as during sa
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ing out. The two different stages correspond, respec-
tively, to thermodynamically unfavorable and favor-
able processes (also see next section). Thermally in-
duced protein aggregation is often irreversible, such
as thrombin (Boctor and Mehta, 1992), recombi-
nant pGH (Charman et al., 1993), recombinant hu-
man megakaryocyte growth and development factor
(rhMGDF) (Narhi et al., 1999).

Physical aggregation is generally believed as a result
of strong but non-specific protein–protein interactions
(Durbin and Feher, 1996). For example, bovine serum
albumin (BSA) aggregates easily because of the forma-
tion of incorrect intermolecular salt bridges (Giancola
et al., 1997). Yet, recent evidence suggests that aggre-
gation may occur by specific interaction of certain con-
formations of protein intermediates rather than by non-
specific interactions (Speed et al., 1997; Fink, 1998).
The fibril growth of a sequence ofE. coli. OsmB pro-
tein was specific, as each peptide could be nucleated by
fibrils of the same peptide but not by fibrils of closely
related sequences (Jarrett and Lansbury, 1993). In map-
ping an aggregation nucleation site in an intermediate
of human CAB, it was found that the aggregation of
CAB is highly specific with intermolecular interactions
in the vicinity of position 206 at the edge of�-strand 7
(Hammarstrom et al., 1999). Specificity was also im-
plicated in the in vitro/in vivo immunoglobulin light
chain amyloidosis (AL) (Helms and Wetzel, 1996) and
fibrillation of insulin (Nielsen et al., 2001a, 2001b).

2
a

ag-
g care-
f on
p
a n-
e cess,
a obic
a hey
d o an
i inly
d on-
f py).
T nu-
c or-
a that
p en-

ergetic barrier for aggregation and are less likely to
aggregate (Istrail et al., 1999). After the initial step,
further aggregation results in a decrease in the overall
free energy of the system and the aggregation process
is thermodynamically favored (Patro and Przybycien,
1994). This is because mutual attraction of hydropho-
bic residues/patches (aggregation) minimizes the area
of unfavorable protein–solvent interface (interaction).

Kinetically, the initial aggregation process can be
linear or, in many cases, non-linear. The non-linear pro-
cess can be exponential or parabolic (Ferrone, 1999).
Exponential growth is often associated with a signif-
icant lag time, a period usually attributable to nucle-
ation. Rapid protein aggregation eventually slows down
and the aggregation signal reaches a plateau as the sol-
uble protein monomers gradually deplete (Won et al.,
1998; Zlateva et al., 1999). These different aggrega-
tion behaviors have been well documented, including
linear polymerization of isolated P22 tailspike�-helix
domain (Bhx) (Schuler et al., 1999) and non-linear ex-
ponential polymerization with an initial lag phase for
the aggregation of acid-denatured cold shock protein A
(CspA) in solution (Alexandrescu and Rathgeb-Szabo,
1999). A lag time was also seen in the aggregation of
acidic fibroblast growth factor (aFGF) at 0.1 mg/ml in
4.6 mg/ml phosphate buffer (pH 7.4) at 50◦C (Won et
al., 1998) and apomyoglobin in aqueous urea solutions
(De Young et al., 1993).

Physical protein aggregation arising from protein–
protein interactions generally exhibits an apparent re-
a k et
a start
w
a ),
C hu-
m SF)
( 9).
D lti-
m with
a ehan
a tein
a ics.
T n-
f nd
d t hu-
m r
k
t

.1.4. Thermodynamics and kinetics of protein
ggregation

The thermodynamic change associated with the
regation process for folded proteins has been

ully modeled. In a Monte Carlo simulation study
rotein aggregation in a two-dimensional space,Patro
nd Przybycien (1994)analyzed the detailed free e
rgy change associated with the aggregation pro
ssuming two types of protein surfaces—hydroph
nd hydrophilic, and no electrostatic interactions. T
emonstrated that protein aggregation initially led t

ncrease in the overall free energy of the system ma
ue to the loss of certain number of monomer c

ormational and translational states (loss of entro
his initial aggregation process is analogous to the
leation step, where it is thermodynamically unfav
ble and rate limiting. Therefore, it is predicated
roteins with low native energies have a higher
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ction order of 2 (Fink, 1998; De Bernardez Clar
l., 1999). Several aggregation processes clearly
ith the formation of a dimer such as synthetic�-
myloid peptide,�1–40 (Tomski and Murphy, 1992
AB (Cleland and Wang, 1990), recombinant
an granulocyte colony stimulating factor (rhGC

Krishnan et al., 2002) and HSA (Oliva et al., 199
imerization can lead to further formation of mu
ers and precipitates/fibrils. Protein aggregation
higher reaction order >2 was also reported (Hev
nd De Bernardez-Clark, 1997). Sometimes, pro
ggregation may follow apparent first-order kinet
his would be the case if the initial formation of u

olding intermediates is rate limiting. Both heat a
enaturant-induced aggregations of recombinan
an interferon-�(IFN-�) apparently follow first-orde

inetics (Kendrick et al., 1998a, 1998b). At 60◦C,
he aggregation/precipitation of interleukin 1� (IL-1�)
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follows apparent first-order up to 30% drug remain-
ing (Gu et al., 1991). If the percentage of precipi-
tates/aggregates increases with increasing protein con-
centrations, multimolecular aggregation/precipitation
processes is usually involved.

2.1.5. Computer-assisted probing of protein
aggregation

Protein aggregation mechanisms may be conve-
niently probed by computer simulations (Patro and
Przybycien, 1994; Istrail et al., 1999). Agitation- or hy-
drophobic surface-induced aggregation of insulin has
been modeled by computer simulation and the model
predicts rather reliably the effect of protein concentra-
tion, agitation rate, and hydrophobic surface area on
insulin aggregation (Sluzky et al., 1991, 1992). In an-
other study, the colloid aggregation process has been
simulated for a cluster–cluster aggregation (CCA) pro-
cess. The heat-induced aggregation of BSA at pH 7.0
seems to fit a reaction-limited CCA model while at pH
5.1, it fits a diffusion-limited CCA model (Hagiwara et
al., 1996).

2.2. Chemically-induced protein aggregation

There are many chemical reactions that can directly
crosslink protein chains or change the hydrophobic-
ity of a protein, indirectly changing its aggregation
behavior. Chemical reactions of many amino acids in
proteins require certain local molecular flexibility and
t ured
s ange
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v ns.
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thiol, and therefore generally increases as the solution
pH increases until the pKof the nucleophilic thiol group
is exceeded.

Even without a free cysteine, disulfide-bonded pro-
teins can still undergo aggregation through disulfide
exchanges via�-elimination. This is the case for
lyophilized insulin during storage (Costantino et al.,
1994a, 1994b).�-elimination was also observed for
interleukin-1 receptor antagonist (IL-1ra) in aqueous
solution (Chang et al., 1996a, 1996b, 1996c). There-
fore, the apparent aggregation process can be mul-
timolecular, including thiol–disulfide interchange in
BSA and thiol-catalyzed disulfide exchange in insulin
(Costantino et al., 1994a, 1994b), or unimolecular, in-
cluding those initiated by�-elimination and intrachain
disulfide scrambling or formations such as IL-1ra in
aqueous solution (Chang et al., 1996a, 1996b, 1996c).

Although disulfide formation is a frequent cause of
protein precipitation in solid state, it is not always the
case in liquid state. BSA showed a tendency to form in-
soluble aggregates by disulfide linkages in lyophilized
state but soluble aggregates were formed in solu-
tion (Jordan et al., 1994). Freeze-dried�-galactosidase
formed insoluble precipitates via disulfide bonding dur-
ing storage, while non-covalent interaction caused for-
mation of soluble aggregates in solution (Yoshioka et
al., 1993).

2.2.2. Non-disulfide crosslinking pathways
by

n een
s ers
d the
A 2).
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e
w n-
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c on,
2 ing
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o ing
s

hus, the rate of reaction may be higher in denat
tates than in native states, such as disulfide exch
n �-lactoglobulin-A (Apenten, 1998). Native prote
onformation, therefore, needs to be preserved for
enting or inhibiting potential chemical degradatio

.2.1. Disulfide bond formation/exchange
Disulfide bond formation/exchange is probably

ost common pathway of chemically induced pro
ggregation. Free Cys residues in proteins can b

dized easily to form disulfide bond linkages or in
te thio-disulfide exchanges, resulting in protein p
erization/aggregation, such as bFGF (Shahrokh et al
994a, 1994b; Wang et al., 1996), and�-galactosidas
Yoshioka et al., 1993). The thio-disulfide excha
tarts from formation of an ionized thiol group,
hiolate anion. The rate of thiol–disulfide exchange
ends on the extent of ionization of the nucleoph
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Proteins may form covalent dimers or polymers
on-disulfide crosslinking pathways. Insulin has b
hown to form transamidated dimers and polym
uring storage mainly through reactions involving
snA-21 and PheB-1 residues (Brange et al., 199
ecent evidence suggests formation of two dif
nt insulin dimers (AspA21-PheB1 and AspA21-GlyA1),
hich arise from the initial formation of a cyclic a
ydride intermediate at the C-terminal Asn both
queous and lyophilized formulations (Strickley a
nderson, 1997).
Other non-disulfide crosslinking pathways

lude dityrosine formation (Malencik and Anders
003) and formaldehyde-mediated crosslink
Schwendeman et al., 1995). The latter crosslin
athway apparently caused significant aggrega
f lyophilized tetanus and diphtheria toxoids dur
torage.
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2.2.3. Oxidation
Complicated oxidation reactions modify the pri-

mary sequence of a protein and may indirectly cause
protein aggregation. Oxidation of human relaxin at
HisA12 by ascorbate/Cu(II)/O2 led to formation of
both 2-oxo-His derivative, which is soluble and other
(unidentified) HisA12 derivative(s), which can easily
aggregate/precipitate (Khossravi et al., 2000). The ag-
gregation/precipitation of the oxidized product(s) was
also pH dependent.

2.2.4. Maillard reaction
Sugars are often used as protein stabilizers both in

liquid and solid states. Reducing sugars have the ten-
dency to react with amino groups in proteins forming
carbohydrate adducts in multiple steps, especially at
high temperatures. This extremely complex browning
pathway is known as the Maillard reaction (Ledl et
al., 1989). Although the reaction intermediates may be
soluble, the end-stage products are often dark brown
aggregates, likely as a result of altered protein stability
and solubility (Liang and Rossi, 1990; Zarina et al.,
2000).

2.3. Factors affecting protein aggregation

Many factors can affect the aggregation behavior
of proteins. These factors are either structural (internal
factors) or environmental (external factors).
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the content of non-polar groups would require a higher
concentration of a denaturant for disaggregation. Using
a mean-field model in the study of aggregation behav-
ior of apomyoglobin,Stigter and Dill (1993)demon-
strated that a small increase in the fraction of non-polar
monomers in the protein chain from 0.37 to 0.38 led
to a substantial decrease in solubility. Further studies
demonstrate that the aggregation behavior is actually
more correlated with the surface content of hydropho-
bic groups (Patro and Przybycien, 1994).

On the other hand, protein aggregation is also
strongly influenced by the relative amount and location
of hydrophilic residues in proteins. In a Monte Carlo
simulation study,Istrail et al. (1999)demonstrated the
aggregability of a protein is related to the local concen-
tration of hydrophobic and hydrophilic residues in con-
tiguous blocks of the sequence and, in general, fewer
blocks of either type (hydrophobic or hydrophilic) lead
to increased aggregability. Indeed, the sequential loca-
tion of hydrophilic residues is critical in controlling the
formation of fibrils in wild-type A�peptide (Fraser et
al., 1994) and insulin (Nielsen et al., 2001a, 2001b).

2.3.2. Secondary structure
Secondary structures in peptides or proteins may

play a role in controlling aggregation (Fink, 1998) as
well as stability (Querol et al., 1996) and toxicity (Sato
et al., 1995). Generally, protein/peptide aggregation in-
volves mostly�-sheets while�-helix structures seem
to be less likely to form aggregates. This may be due
t f
�
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.3.1. Primary structure
It is generally believed that the amino acid seque

ltimately determines the propensity of protein ag
ation, which is strongly influenced by environmen
onditions (Fink, 1998). Protein aggregability is c
idered to be a meaningful and consistent proper
rotein sequences (Istrail et al., 1999). Mutation of
mino acid in a peptide or protein can dramatically
rease the aggregation propensity (Soto et al., 1
eschke, 1999). For example, two human lysoz
ariants (I56T and D67H), unlike the wild-type prote
asily aggregate upon heating (Booth et al., 1997

Generally, the more hydrophobic a protein is,
ore likely it forms aggregates (Calamai et al., 2003

n modeling physical protein aggregation,Fields et al
1992)demonstrated that changing the non-polar c
osition by only a few percent could drastically cha

he aggregation behavior of a protein and increa
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o a stronger dipole moment of�-helices than that o
-sheets (Querol et al., 1996).

A few studies on peptide aggregation support
bove contentions. The aggregation of amyloid p

ides upon dilution was shown to have two ste
andom/helix-to-�-sheet transitions and aggregatio
-sheets (Szabo et al., 1999). In the study of a

oid � peptide aggregation, a single mutation of V1
nduced a significant increase in�-helical conten
nd dramatically reduced aggregation of A�1–40 a
.0 mg/ml by 80%; on the other hand, substitution
22E decreased the propensity of�-helical formation
t the N-terminal domain and increased amyloid for

ion (Soto et al., 1995). Incorporating proline, ano
mino acid of low�-sheet propensity, in A�1–40 (
�1–42) also reduced the aggregation tendency (Soto
t al., 1996). In the study of the association beha
f water-soluble de novo�-sheet peptides(22–32 a
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Table 1
External factors affecting protein aggregation

Factors Protein examples Protein formulations Study conditions Results References

Temperature IL-1� 0.1 mg/ml in acetate, pH 5.0 Incubation at 39–60◦C Increased aggregation Gu et al. (1991)
Bovine/porcine insulin 30 mg/ml, pH 2.5 Incubation at 35–75◦C Increased fibrillation Brange et al. (1997)

pH IL-1� 0.1 mg/ml Incubation at pH 2–9 at
30◦C

Increased aggregation below
or above pH 6

Gu et al. (1991)

Ionic strength RNase A 5 mg/ml in 100 mM citrate,
pH 3.0

Incubation at 75◦C Aggregation: 500 mM
NaCl > 250 mM NaCl > 0 mM
NaCl

Tsai et al. (1998a, 1998b, 1998c)

Shaking hGH 0.5 mg/ml in phosphate, pH
7.4

Vortexting for 1 min Precipitated by 67% Katakam et al. (1995)

Shearing hGH 2 mg/ml in 5 mM phosphate,
pH 7.4

Exposed to a shear of
105

Aggregated by 30% Maa and Hsu (1997)

Hydrophobic surface Bovine insulin 0.6 mg/ml in PBS, pH 7.4 Agitation at 37◦C with
different beads

Aggregation:
teflon > siliconized
glass > polypropylene > glass

Sluzky et al. (1992)

Protein concentration Bovine insulin 7.5 to 50 mg/ml, pH 2.5 Incubation at 21◦C Aggregation:
50 > 30 > 15 > 7.5 mg/ml

Brange et al. (1997)

Organic solvent �-Lactoglobulin 50 mg/ml at pH 7–9 Addition of ethanol at
25◦C

Aggregation/gelation within
few hours at 1:1 (v/v) ratio

Renard et al. (1999)

Metal ions Deoxyribonuclease I ∼18 mg/ml in 150 mM NaCl Incubation at 40◦C for
30 days

Complete aggregation but no
visible aggregation in the
presence of 1 mM CaCl2

Chen et al. (1999)

Protein source Bovine insulin 15 mg/ml, pH 2.1 Incubation at 21◦C Lot A > lot B Brange et al. (1997)
Pressure H+-ATPase 0.05 mg/ml in 3 mM MgCl2,

5% glycerol, and 50 mM
Tris–HCl, pH 7.0

Increasing pressure
from 0 to 2.3 kbar

Increased aggregation with
increasing pressure

Tsai et al. (1998a, 1998b, 1998c)

Freeze-thawing Hemoglobin 50 mg/ml in PBS, pH 7.4 Freeze-thawing 0, 3 and
5 times

Aggregation:5 > 3 > 0times Kerwin et al. (1998)

Freeze-drying Bovine IgG 0.5 to 8 mg/ml in 0.22 M
NaCl and 10 mM phosphate,
pH 7.1

Freeze-drying Increased formation of
insoluble aggregates with
decreasing protein
concentration

Sarciaux et al. (1999)

Spray-drying or rhMAb 10 mg/ml Spray-drying Aggregated by 5.6% (Andya et al., 1999)
Spray-freeze drying BSA 20 mg/ml Spray-freeze drying Particle size-dependent

aggregation
Costantino et al. (2000)

Reconstitution KGF 0.4–0.65 mg/ml in 10 mM
phosphate, p

Reconstitution with Aggregation: water > heparin Zhang et al. (1995a, 1995b)
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H 7.0 water or 0.5% heparin
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Janek et al. (1999)demonstrated that the degree of as-
sociation correlated with the stabilization of the�-sheet
structure. Amyloid formation of several A�analogues
directly correlated with the content of�-sheet confor-
mation (Soto and Castano, 1996).

2.3.3. External factors
Protein aggregation may be induced by a variety of

external/environmental factors. These factors or condi-
tions may destabilize the folded state, stabilize the un-
folded state, or favor formation of intermediates. These
factors and their effect on the aggregation of represen-
tative proteins are listed inTable 1.

Among these factors, temperature is probably the
most common and critical in affecting protein aggre-
gation. Proteins unfold above certain temperatures and
thermally induced protein unfolding is often followed
by immediate aggregation due to exposure of the hy-
drophobic residues. Increasing temperature increases
the rate of protein aggregation by increasing both fre-
quencies of molecular collision and hydrophobic in-
teractions (Speed et al., 1997). Aggregation lag time
observed at low temperature may be reduced or elim-
inated at high temperatures such as human IFN-�ag-
gregation at 1�M (Zlateva et al., 1999). High tem-
peratures also accelerate chemical aggregations, such
as increased formation of covalent insulin oligomers
and polymers at temperatures >25◦C (Brange et al.,
1992). Changing temperature may also change the rel-
ative composition of secondary structures and alter the
a
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dicts that proteins will aggregate/precipitate at suffi-
ciently high concentrations (Fields et al., 1992). In-
creasing protein concentration generally increases pro-
tein aggregation, such as aFGF (Won et al., 1998),
insulin (Brange et al., 1992, 1997),�-lactoglobulin
(Roefs and De Kruif, 1994), IL-1�(Gu et al.,
1991), low molecular weight urokinase (LMW-UK)
(Vrkljan et al., 1994), and apomyoglobin (De Young
et al., 1993).Alexandrescu and Rathgeb-Szabo (1999)
demonstrated that increasing protein concentration re-
duced the lag time (to the power 2.1 of the protein con-
centration). A sharp increase in the aggregation of K97I
interleukin-1�was observed during refolding when its
concentration exceeded a critical value (Finke et al.,
2000). This is because proteins may need a critical con-
centration to form the initial nucleus for initiation of the
aggregation process (Lomakin et al., 1997). Exceptions
do exist. Increasing human IFN-�concentration from
1 to 4�M increased the time of reaching maximum
aggregation. The slower aggregation of this protein at
a higher concentration is probably due to an increase
in the concentration of dimers, which is less competent
for aggregation (Zlateva et al., 1999).

Other factors may also influence protein aggrega-
tion, including freeze-thawing, freeze-drying, spray-
drying, reconstitution, etc. (Table 1). It should be men-
tioned that concentrated protein solutions are often
more resistant against freezing-induced protein aggre-
gation such as labile lactate dehydrogenase (LDH)
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ggregation behavior (Vermeer and Norde, 2000).
The second critical factor is the solution pH. The

ution pH can strongly affect the rate of protein aggre
ion by changing the type and distribution of charge
roteins (Schein, 1990; Kohn et al., 1997). The solu
H was found to affect aggregation of many prote

ncluding basic fibroblast growth factor (bFGF) (Wa
t al., 1996), deoxy hemoglobin (Kerwin et al., 199

L-1� (Gu et al., 1991), rhIL-2 (Advant et al., 199
uman relaxin (Li et al., 1995), bovine pancreas ribo
lease A (RNase A) (Townsend et al., 1990; Tsai e
998a, 1998b, 1998c), and bovine insulin (Brang
l., 1997). The pH of a protein solution designed

yophilization can also affect the aggregation of
ried product during storage, such as lyophilized
ra (Chang et al., 1996a, 1996b, 1996c).

Protein concentration is another important facto
rotein aggregation. The mean-field lattice model
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(Carpenter et al., 1990, 1997). The increased stab
at high protein concentrations during freezing is lik
due to one or more of the following factors—limite
area of ice-water interface for interfacial denatu
tion, protein’s self stabilization, and conversion
monomers to active and more stable dimers or m
timers (Mozhaev and Martinek, 1984; Allison et a
1996).

3. Characterization of protein aggregation

Protein aggregates usually exhibit either redu
or in many cases, no biological activity (Cleland a
Wang, 1990; Townsend et al., 1990; Runkel et al., 19
Nesta et al., 2000). However, protein aggregates o
have stronger immunogenicity or toxicity, such as
sulin (Brange et al., 1997) and rhIL-2 (Curatolo et
1997). To minimize protein aggregation, protein
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gregates need to be properly analyzed to identify the
cause(s) of aggregation. The following section will dis-
cuss general characteristics of protein aggregates and
analytical techniques in characterizing protein aggre-
gates.

3.1. Morphology of protein aggregates

Protein aggregates come in different shapes and
sizes, even for aggregates of a single protein (Schuler et
al., 1999; Khurana et al., 2001). In most cases, protein
aggregates are amorphous. For many small proteins
or peptides, fibrils are a common form of aggregates
such as insulin (Brange et al., 1997),�-amyloid peptide
and its fragments (Tomski and Murphy, 1992; Shen et
al., 1993), human calcitonin (Cholewinski et al., 1996),
a synthetic peptide (Ac-KLKLKLELELELG-NH2) in
saline (Lazo and Downing, 1997), human lysozyme
variants (I56T and D67H) (Booth et al., 1997). Certain
proteins may form gels, such as heated�-lactoglobulin
(Matsuura and Manning, 1993; Tobitani and Ross-
Murphy, 1997) or BSA (Tobitani and Ross-Murphy,
1997), and denatured CspA at pH 2.0 (Alexandrescu
and Rathgeb-Szabo, 1999). The CspA gels were made
of ribbon-like aggregates, similar to protein amyloid
fibrils and the polymers are long, unbranched, with an
average diameter of about 12 nm.

The size of protein aggregates varies greatly from
soluble submicron range to visible precipitates. Heat-
ing a 0.1% (w/w) BSA solution at 95◦C for 7 min gen-
e adius
o 40
( ed
fi ep-
t
h ng,
1 iants
( nd
8 lin
fi to
s al.,
2

ro-
t se-
q ex-
t
a a et
a story

(Shen et al., 1993). A single mutation in a protein or
peptide can dramatically change the morphology of
resultant aggregates (Fraser et al., 1994; Helms and
Wetzel, 1996). Other factors affecting aggregate mor-
phology include temperature, pH, protein concentra-
tion, and solution composition (Fraser et al., 1994;
Roefs and De Kruif, 1994; Soto et al., 1996; Nielsen et
al., 2001a, 2001b).

3.2. Structure and dissolution of protein
aggregates

Protein aggregation usually leads to loss of tertiary
structure except under certain treatment conditions
such as salting-out procedures (Fink, 1998). However,
protein aggregates usually contain significant amounts
of secondary structures. In fact, the�-sheet content in
proteins often increases upon aggregation (Chen et al.,
1999). If a protein has both�-helix and�-sheet struc-
tures, the aggregation-induced increase in�-sheet con-
tent is often accompanied by a drop in�-helix structure,
such as insulin (Nielsen et al., 2001a, 2001b), human
lysozyme variants (Booth et al., 1997), and ovalbumin
(Kato and Takagi, 1988). Therefore, protein aggregates
are often composed of dominant�-sheet structures.
Typical examples include insulin fibrils consisting of
extended�-chains lying perpendicular to the fibril axis
(Brange et al., 1997) and amyloid fibrils consisting of
cross-�conformation (Tomski and Murphy, 1992).

Physical protein aggregates could be dissolved by
a pH,
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t ent
rated aggregates with an average hydrodynamic r
f 68 nm (Hagiwara et al., 1996). Incubation of A�1–
2 mg/ml) formed amyloid-like, 8–10 nm unbranch
brils (Soto et al., 1996). The fibrils of a synthetic p
ide (Ac-KLKLKLELELELG-NH 2) formed in saline
ad a uniform diameter of 2 nm (Lazo and Downi
997). The aggregates of two human lysozyme var
I56T and D67H) are rigid fibers of variable lengths a
–10 nm in diameter (Booth et al., 1997), while insu
brils are 3–15 nm in diameter with lengths of up
everal microns (Brange et al., 1997; Nielsen et
001a, 2001b).

Many factors may influence the morphology of p
ein aggregates. Major ones include the primary
uence of the protein (Helms and Wetzel, 1996),

ent and distribution of the hydrophobic surface (Patro
nd Przybycien, 1994), sample condition (Khuran
l., 2001), and sample preparation method and hi
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djustment of certain solvent properties, such as
emperature, and polarity. For example, recombi
actor XIII (rFXIII) is a dimer between pH 3.9 t
0.4 but dissociates into monomers upon lowe

he pH to 3.6 without loss of any compact str
ure or enzymatic activity (Kurochkin et al., 199
eating the solution of fibrillated human calcitonin
0% AcOH/water could reconvert the fibrils to solu
onomers (Cholewinski et al., 1996).
Strong protein denaturants often dissolve protein

regates (mainly physical). Apomyoglobin precipita
ormed in 0.5–4 M urea can be dissolved in 8 M u
De Young et al., 1993). The insoluble aggregate
GH can be completely dissolved in 2% sodium
ecyl sulfate (SDS) (Katakam et al., 1995). Howe
on-covalent insulin fibrils could not be dissolved
everal solvent systems including 7 M urea from p
o 8, 5 M GdnHCl, 50% acetonitrile or other deterg
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solutions due to strong hydrophobic interactions in in-
sulin fibrils (Brange et al., 1997). The ease of dissolu-
tion also depends on the density of protein aggregates
(Patro and Przybycien, 1994).

3.3. Analytical techniques in monitoring protein
aggregation

There are many techniques for monitoring pro-
tein aggregation, or characterizing protein aggregates
(Nguyen et al., 2003). These analytical techniques and
their major applications, and protein examples are sum-
marized inTable 2. Among these methods, the most
convenient way of detecting formation of insoluble pro-
tein aggregates is, albeit subjective, visual inspection.
Under a microscope, the size and shape of insoluble

protein aggregates can easily be determined (Schuler et
al., 1999). For smaller aggregates or higher resolution,
an electron microscope may be used (Alexandrescu and
Rathgeb-Szabo, 1999).

A traditional and simple instrumental method in
monitoring protein aggregation is the turbidimetric
method by measuring the optical density of the sample
based on light scattering in the near UV or visible re-
gion, where proteins have negligible absorption. A va-
riety of wavelengths have been used, including 300 nm
for urokinase (Vrkljan et al., 1994), 350 nm for aFGF
(Tsai et al., 1993; Volkin et al., 1993) or insulin (Kwon
et al., 2001), 340–360 nm for met-hGH and tissue plas-
minogen activator (tPA) (Hsu et al., 1995), 450 nm for
pGH (Charman et al., 1993), and 500 nm for IL-1ra
(Chang et al., 1996a, 1996b, 1996c). A requirement of

Table 2
Analytical techniques in characterizing protein aggregation

Categories Individual techniques Applications Protein examples References

Calorimetry DSC Thermal protein
unfolding/aggregation

FVIII SQ Fatouros et al. (1997)

Centrifugation Analytical centrifugation Size and shape estimation Insulin Richards et al. (1998)
Chromatography SEC-HPLC Size estimation and

quantitation
Factor IX Bush et al. (1998)

hGH Pikal et al. (1991)
RP-HPLC Isoforms of aggregates bFGF Shahrokh et al. (1994a,

1994b)
Electrophoresis SDS-PAGE Size estimation and

mechanistic probing
aFGF Won et al. (1998)

Native PAGE Aggregation process and
obing

IL-2 Curatolo et al. (1997)
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oluble

M ze dete
mechanistic pr
ight scattering Static light scattering Size and sha

Dynamic light scattering Size distributi
aggregates

Light scattering/obscuration Size estimati
distribution

heology Dynamic shear rheometry Gelation cha

pectroscopy CD Aggregation pr

Fluorescence Aggregation pr

IR Aggregation pr
NMR Aggregation pr

UV–vis Soluble and ins
aggregates

icroscopy Light microscopy Shape and si

Electron microscopy Shape and size dete
Atomic force microscopy Shape and size dete
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imation �-Amyloid peptide,�1–40 Tomski and Murphy (1992
Insulin Sluzky et al. (1991)

oluble Deoxy hemoglobin Kerwin et al. (1999)

relative Deoxy hemoglobin Kerwin et al. (1999)

ization BSA Tobitani and Ross-Murph
(1997)

Interferon-� Kendrick et al. (1998a
1998b)

�1-Antitrypsin James and Bottomley
(1998)

�-Lactoglobulin, etc. Dong et al. (1995)
CspA Alexandrescu and Rathge

Szabo (1999)
aFGF Tsai et al. (1993)

rmination Immunoglobulin mutantsHelms and Wetzel (1996)

rmination�-Amyloid peptide Soto and Castano (1996)
rmination�-Amyloid peptide (Parbhu et al., 2002)
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using this method is uniform distribution of all the ag-
gregates. Although this method can be more sensitive
than HPLC in the early detection of aggregate forma-
tion (Wang et al., 1996) and a reasonable linearity can
be established in a certain concentration range (Chang
et al., 1996a, 1996b, 1996c), results from this method
can be very variable. As high as 30% variation was ob-
served in the determination of LMW-UK aggregation
(Vrkljan et al., 1994). Therefore, this method is gener-
ally used for comparison of relative degree of protein
aggregation and not for accurate quantitation, unless
the protein aggregates are completely dissolved in a
denaturant solution before UV measurement.

In comparison with the UV method, static light
scattering can estimate the size and shape of the ag-
gregates, while dynamic light scattering can estimate
both the size and relative distribution of protein ag-
gregates (Lomakin et al., 1999). Examples of moni-
toring protein aggregation by light scattering include
�-amyloid peptide (Tomski and Murphy, 1992; Shen
et al., 1993), P22 tailspike polypeptide (Speed et al.,
1997), and interleukin-1�(Finke et al., 2000). Dy-
namic light scattering has been used in monitoring ag-
gregation of carbonic anhydrase (Cleland and Wang,
1990; Hammarstrom et al., 1999) and�-amyloid pep-
tide (Tomski and Murphy, 1992; Lomakin et al., 1997).
Like the UV method, static light scattering is usually
used to estimate the relative degree of protein aggrega-
tion, while dynamic light scattering is limited to mon-
itoring formation of soluble aggregates. Using light
s on-
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R tein
f ant
c con-
f pro-
t

an-
o ina-
t re-
g non-
r nder
d hich
m hysi-
c e this
l be
n 00).
O te of

a protein or its aggregates may influence the migration
pattern and complicate interpretation of the results.

Generally, the above-mentioned methods are used
for qualitative analysis, although quantitation by UV
and PAGE is possible with additional experimental
steps. In contrast, size exclusion HPLC (SEC-HPLC)
is a commonly used technique for quantitative assess-
ment of aggregate size and content. Similarly, this
method has several limitations. First, since an ag-
gregated protein sample is usually filtered through a
0.2�m Acrodisc filter to remove any particulates be-
fore injection, SEC-HPLC method is limited for the de-
termination of soluble aggregates. Second, the size of a
protein or its aggregates can be overestimated by SEC-
HPLC 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). Third, 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. To
solve these issues, SEC-HPLC can be coupled 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).

While SEC-HPLC can only detect protein aggre-
gates based on size, reversed phase HPLC (RP-HPLC)
may detect both covalent and non-covalent aggregates
such as hGH (Perlman and Nguyen, 1992) or different
isoforms of protein aggregates such as of bFGF dimers
b t al.,
1 hod
i tes.
A phic
a g or
r tion
t h et
a old-
i he
m

ten-
s tud-
i (or
l for-
m -
t and
a ncy
b ).
cattering principle, protein aggregation can be m
tored by a fluorimeter (Chrunyk and Wetzel, 19
ozema and Gellman, 1996a, 1996b). Since pro

olding/unfolding is often associated with a signific
hange in fluorescence, care must be taken not to
use any signal changes with those resulting from
ein aggregation.

Polyacrylamide gel electrophoresis (PAGE) is
ther simple and traditional method in the determ

ion of protein aggregation. Disulfide-bonded agg
ates can be easily probed under reduced and
educed conditions. In most cases, PAGE was run u
enaturing conditions in the presence of SDS, w
ay dissociate physical aggregates. In this case, p

al aggregates may not be detectable. To overcom
imitation, native PAGE or 2D native PAGE may
eeded (Speed et al., 1997; Arakawa and Kita, 20
n the other hand, any change in the charged sta
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ased on hydrophobicity differences (Shahrokh e
994a, 1994b). As with SEC-HPLC, RP-HPLC met

s limited for the determination of soluble aggrega
potential issue associated with any chromatogra

nalysis is that a protein may experience unfoldin
efolding in the mobile phase, changing the reten
ime and complicate data interpretation (Shahrok
l., 1994a, 1994b). Therefore, prevention of unf

ng/refolding by addition of certain modifiers in t
obile phase may be needed in these cases.
Recently, infrared (IR) spectroscopy has been ex

ively used in protein denaturation/aggregation s
es. A common feature of thermally induced
yophilization-induced) protein aggregation is the

ation of an intermolecular antiparallel�-sheet struc
ure, which is characterized by a low-frequency b
round 1620 cm−1 and an associated high-freque
ut weaker band around 1685 cm−1 (Dong et al., 1995
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For example, an aggregation band has been found at
1619 cm−1 for human FXIII (Dong et al., 1997) and
1620 cm−1 for recombinant human IFN-�(Kendrick et
al., 1998a, 1998b). This aggregation-induced structural
transition occurs regardless of the initial composition
of the secondary structures in native proteins. There-
fore, these bands can be used to monitor and quantify
aggregation in both aqueous solution and dried solid
(Dong et al., 1997; Szabo et al., 1999). In addition, IR
can be used to determine the reversibility of protein
aggregation based on the reversibility of the aggregate
band such as human FXIII (Dong et al., 1997).

There are other assays suitable for determining the
formation of certain protein aggregates. For example,
the fibrils of �-amyloid peptide possessing cross-�-
pleated sheet structure can bind to Congo red dye
and cause spectral changes of the dye (Shen et al.,
1993). A red shift was observed in using such a dye
for monitoring the aggregation of acid-induced CspA
(Alexandrescu and Rathgeb-Szabo, 1999). Another la-
beling compound, thioflavin T, can also be used as a
fluorescence probe in monitoring protein aggregation
(Shen et al., 1993; Wall and Solomon, 1999; Nielsen
et al., 2001a, 2001b).

4. Inhibition of protein aggregation

Protein aggregation can be inhibited either by mod-
ifying proteins’ structure (internally) or by chang-
i ly).
M ta-
g and
P 97).
T za-
t od-
i GF
( any
s to
h sin-
g am-
m ),
t amy-
l sti-
t h
s dys
e ne
g re-

sistance to shaking-induced fibrillation (Hinds et al.,
2000).

Changing proteins’ environmental properties often
lead to inhibition of protein aggregation. A common
method is to add excipients/additives in the protein
preparation. A variety of excipients/additives are avail-
able for use, such as sugars and polyols, amino acids,
amines, salts, polymers, and surfactants. These ad-
ditives stabilize proteins by preferential interactions,
a widely accepted concept of protein stabilization
(Arakawa et al., 1991; Timasheff, 1998). Other mech-
anisms are also operable, such as increased rate of pro-
tein folding (Wang et al., 1995; Frye and Royer, 1997),
reduction of solvent accessibility and conformational
mobility (Kendrick et al., 1997), and increase in solvent
viscosities (Jacob and Schmid, 1999).

The following section will discuss possible ways
of adjusting proteins’ environmental properties for in-
hibition of aggregation in various processes. Typical
examples are summarized inTable 3.

4.1. Refolding of proteins

A vast body of literature addresses protein aggre-
gation during refolding (Clark, 1998; De Bernardez
Clark et al., 1999). Due to our lack of understanding
of the competition between on-pathway folding and
off-pathway aggregation, inhibition of protein aggre-
gation during refolding has been a trial and error pro-
cess (Hevehan and De Bernardez-Clark, 1997; Clark,
1 ul-
t 6;
P ffect
p m-
p t and
p ata-
l .

4
de-

g 99).
T ing
t tate.
I e the
r ius
m tein-
s n et
a both
ng proteins’ environmental properties (external
odification can be made by site-directed mu
enesis or by chemical reactions (Knappik
lhckthun, 1995; Lundblad and Bradshaw, 19
he key issue in structural modification for stabili

ion is to preserve the protein activity, as the m
fied protein can easily lose activity such as aF
Volkin and Middaugh, 1996). Nevertheless, m
tructurally modified proteins have been shown
ave reduced tendency to aggregate, including
le amino acid mutants of human macrophage infl
atory protein (hMIP)-1�(Czaplewski et al., 1999

hymidylate synthase (Prasanna et al., 1999) and
oid � peptide (Soto et al., 1995), and monosub
uted, disubstituted, and trisubstituted insulins witp-
uccinamidophenylglucopyranoside (SAPG) (Bau
t al., 1995). Conjugation of methoxypoly ethyle
lycol (mPEG) to insulin substantially increased its
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998). Added to the difficulty is the presence of m
iple folding pathways and its rapidity (Yon, 199
opov, 1999). Many factors have been found to a
rotein aggregation during refolding, including te
erature, type and concentration of the denaturan
rotein, pH, ionic strength, presence of refolding c

ysts, thiol–disulfide agents, and stabilizing agents

.1.1. Temperature
Protein folding can be considered as, to a certain

ree, a diffusional process (Jacob and Schmid, 19
herefore, thermal motion is required during fold

o cross an energy barrier—the folding transition s
ncreasing the folding temperature should increas
ate of protein folding but in an apparent non-Arrhen
anner as the temperature also affects the pro

tabilizing forces (Scalley and Baker, 1997; Kuhlma
l., 1998). Since increasing temperature increases
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Table 3
Inhibition of protein aggregation by excipients

Processes (protein
examples)

Protein formulations Study conditions Results References

Refolding
rhGH 0.667 mg/ml in 4.5 M GdnHCl Refolding by dilution A350∼= 0.6 Bam et al. (1996)

+ Tween 20 (10:1 = molar Tween:rhGH) 36% reduction
+ Tween 40 (same ratio) 65% reduction
+ Tween 80 (same ratio) 55% reduction

Lysozyme 1 mg/ml in 1 mM DTT, 5 mM GSSG, 1 mM EDTA,
0.5 M GdnHCl, 50 mM Tris–HCl, pH 8 at 25◦C

Oxidative refolding 50% folding yield Hevehan and De Bernardez-
Clark (1997)

+ 0.75 Ml-arginine 96% folding yield

Thermal treatment
aFGF 0.1 mg/ml in PBS, pH 7.2 Incubation at 55◦C A350 reaches >1 instantly Tsai et al. (1993)

+ 0.033 mg/ml heparin A350 reaches 0.1 in
∼20 min

+ 0.033 mg/ml heparin and 2 M sucrose No significant change in
A350 in 30 min

aFGF 0.1 mg/ml in 0.033 mg/ml heparin in PBS, pH 7.2 Incubation at 55◦C Observed aggregation Tsai et al. (1993)
+ Sufficient sodium sulfate, trehalose, dextrose,
sorbitol, glycine, histidine, or EDTA

At least 50% reduction in
aggregation rate

aFGF 0.1 mg/ml in 4.6 mg/ml phosphate buffer, pH 7.4 Incubation at 50◦C Aggregation dA
(min) = 100

Won et al. (1998)

0.1 mg/ml in 9.2 mg/ml phosphate buffer, pH 7.4 Aggregation dA
(min)∼= 10

rhDNase ∼18 mg/ml in 150 mM NaCl, pH 6.5 Incubation at 40◦C for 30 days Almost complete
aggregation

Chen et al. (1999)

+ 1 mM CaCl2 Virtually no aggregation
IgG 50 mg/ml in 100 mM phosphate, pH 6.8 Heating at 60◦C for 1.5 h 32.2% aggregation Gonzalez et al. (1995)

+ 33% (w/v) sorbitol 6.5% aggregation
pGH 0.5 mg/ml in 50 mM ammonium bicarbonate, pH 8.5 Incubation at 63◦C for 1 h ∼60% aggregated Charman et al. (1993)

+ 1% Tween 20 ∼40% aggregated
rhMGDF In 10 mM phosphate or citrate buffer (pH 4–7) Thermal unfolding Precipitated Narhi et al. (1999)

In 10 mM imidazol, histidine, or Tris from (pH 6–8) No visible precipitates
RNase A 5 mg/ml in 100 mM Tris–HCl, pH 7.8 Incubation at 75◦C for 24 h Aggregation detectable Tsai et al. (1998a, 1998b,

1998c)
not

not

relative Manning et al. (1995)
+ 0.1% dextran sulfate Aggregation
detectable

+ 0.1% SDS Aggregation
detectable

Urokinase 38.5 kU/ml Incubation at 60◦C for 30 min A325= 100% (
value)

+ 1% gelatin type B or A A325∼= 25%
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Shaking/shearing
Bovine insulin 0.6 mg/ml in PBS, pH 7.4 Agitation at 37◦C at 100 rpm Aggregated in 2 days Sluzky et al. (1992)

+ 10 mMn-octyl-�-d-glucopyranoside or 10 mM
n-dodecyl-�-d-maltoside

No significant change for
40 days

Deoxy
hemoglobin

80 mg/ml in PBS, pH 7.2 Shaking at 225 rpm for 1 h Particles
(≥2�m)∼= 106 ml−1

Kerwin et al. (1999)

+ 0.045% Tween 80 Shaking at 225 rpm for 1 h Particles
(≥2�m) < 104 ml−1

FXIII 1 mg/ml in 0.1 mM EDTA and 10 mM Tris, pH 8 Shaking at 400 rpm at 23◦C for 24 h Complete aggregation Kreilgaard et al. (1998a,
1998b)

+ 6 �M Tween 20 Complete aggregation
+ 60 or 120�M Tween 20 No significant change

rhGH 0.5 mg/ml in 20 mM phosphate, pH 7.4 Vortexing for 1 min 67% aggregated Katakam et al. (1995)
+ 0.1% Tween 80, 0.1% Pluoronic F68, or 0.013%
Brij 35

Aggregation not
detectable

pGH 0.5 mg/ml in 50 mM ammonium bicarbonate, pH 8.5 Vortexing for 1 min ∼75% aggregated Charman et al. (1993)
+ 1% Tween 20 Aggretation not

detectable
+ 2% (w/v) HPCD ∼15% aggregated
+ 10% (w/v) HPCD ∼10% aggregated

Freezing/drying
GDH 0.1 mg/ml in 10 mM citrate, pH 6.5 Quench freezing and thawing A500> 0.05 Chang et al. (1996a, 1996b,

1996c)
+ 0.01% Tween 80 A500< 0.01

Hemoglobin 50 mg/ml in PBS, pH 7.4 Freeze-thawing for 5 times (−20◦C) Particles
(≥2�m)∼= 1.4× 104 ml−1

Kerwin et al. (1998)

+ 0.0125% Tween 80 Particles
(≥2�m)∼= 2× 103 ml−1

+ 0.1 M sucrose Particles
(≥2�m)∼= 7× 103 ml−1

Bovine IgG 1 mg/ml in 0.22 M NaCl and 10 mM phosphate, pH
7.1

Freeze-drying A350= 0.54 Sarciaux et al. (1999)

+ 0.02% (w/w) Tween 80 A350= 0.18
Light scattering >1300 Katakam and Banga (1995)
ht scattering <300
= 0.11 Chang et al. (1996a, 1996b,

1996c)
< 0.01

Pa
Bovine insulin 1 mg/ml in phosphate, pH 7.4 Freeze-drying
+ 1 mg/ml dextrose Lig

LDH 0.1 mg/ml in 10 mM citrate, pH 6.5 Queech freezing and thawing A500

+ 0.01% Tween 80 A500
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Table 3 (Continued)

Processes (protein
examples)

Protein formulations Study conditions Results References

rhMAb 10 mg/ml Spray-drying Aggregated by∼5.6% Andya et al. (1999)
+ Trehalose at 100 mol:1 mol protein Aggregated by <1%
+ Lactose at the same ratio Aggregated by∼1%
+ Mannitol at the same ratio Aggregated by∼2.6%

Trypsinogen 20 mg/ml in 1 mM HCl, pH 3.1 Spray-drying Dimerization >8% Tzannis and Prestrelski
(1999)

+ 1% sucrose Dimerization <2%
+ 2% sucrose Dimerization <0.5%

Reconstitution
IFN-� 0.4 mg/ml in PBS, pH 7.0 Reconstitution with water A350 (mg) = 0.525 Webb et al. (2002a, 2002b)

Reconstitution with 0.03% Tween 20 A350 (mg) = 0.0.175
KGF 0.4–0.65 mg/ml in 10 mM phosphate, pH 7.0 Reconstitution with water ∼10% aggregated Zhang et al. (1995a, 1995b)

Reconstitution with 0.5% heparin <2% aggregated

Emulsification
�-Chymotrypsin 40 mg in 1 ml methylene chloride containing 360 mg

of PLGA
Emulsified with 10% PVA (o/w type) 34% aggregated Castellanos et al. (2003)

Emulsified with 10% PVA (o/w type) 12% aggregated

Liquid storage
�1-Antitrypsin In 0.1 M NaCl and 20 mM phosphate, pH 7.5 Incubation at 4◦C Aggregation at∼1.5%

per week
Vemuri et al. (1993)

+ 0.9 M NaCl ∼1% per week
rhGCSF 1.5 mg/ml in PBS, pH 7 Incubation at 37◦C for 5 days 96% aggregated Krishnan et al. (2002)

+ 0.5 M sucrose <50% aggregated
+ 1 M sucrose 7% aggregated

Insulin
(LysB28ProB29)

3.5 mg/ml, 7 mM phosphate (pH 7.2), 16 mg/ml
glycerol, 50 mM NaCl, 17.5�g/ml zinc ion

Self-association at room temperature Irregular association Richards et al. (1998)

+ 3.2 mg/mlm-cresol Regular association
rhKGF 0.5 mg/ml in PBS, pH 7 Incubation at 37◦C for 3 days >60% aggregated Chen et al. (1994)

+ 0.05 mg/ml poly(acrylic acid) or poly(methacrylic
acid)

<10 aggregated

ation Bush et al. (1998)

regation
soluble) by Kreilgaard et al. (1998a,

1998b)
y∼50%
y∼40%,
Solid storage
Factor IX 0.5 mg/ml rFIX in 1% sucrose, 255 mM glycine,

0.005% Tween 80, and 10 mM phosphate, pH 7.0
Incubation (lyophilized) at 30◦C for
3 months

>2.5% aggreg

Replacing phosphate with histidine <0.2% agg
Factor XIII 2 mg/ml in 0.1 mM EDTA and 10 mM Tris, pH 8 Incubation (lyophilized) at 40◦C for

1 month
Aggregated (
∼60%

+ 3.5% dextran Aggregated b
+ 100 mM mannitol, trehalose, or sucrose Aggregated b

<10% or <5%
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hGH 2 mg/ml in phosphate buffer, pH 7.4 Incubation (lyophilized) at 25◦C for
2 months

∼6% aggregated Pikal et al. (1991)

+ 2 mg/ml glycine ∼3.5% aggregated
+ 2 mg/ml glycine and 10 mg/ml mannitol ∼2.5% aggregated

rhIL-1ra 10 mg/ml in 2% glycine and 10 mM citrate, pH 6.5 Incubation (lyophilized) at 50◦C TurbidityA500

(week) = 0.075
Chang et al. (1996a, 1996b,
1996c)

+ 1% maltose, trehalose, sucrose, or sorbitol A500 (week) = 0.003,
0.005, 0.008, or 0.037

+ 1% sucrose and 4% mannitol, 4% alanine, or 2%
glycine

A500 (week) = 0.006,
0.021, or 0.008

rHA 1 mg/ml, pH 7.3 Incubation (lyophilized) at 37◦C and
96% RH for a day

Aggregated by 81% Costantino et al. (1995a,
1995b)

+ Dextran at 1:6, 1:1, or 3:1 (g dextran:g protein) Aggregated by 63%,
12%, or 6%

rHA 1 mg/ml, pH 7.3 Incubation (lyophilized) at 37◦C and
96% RH for a day

Aggregated by∼80% Costantino et al. (1995a,
1995b)

+ Sorbitol at a ratio of 1:50, 1:6, 1:1 (g sorbitol:g
rHA)

Aggregated by∼80%,
∼40%, or <5%

+ d-glucaric acid,d-glucamine, NaCl, or lactic acid
at a ratio of 1:6

Aggregated by∼20%,
<5%, <5%, or <5%

Tetanus toxoid 1 mg/ml, pH 7.3 Incubation (lyophilized) at 37◦C and
86% RH for 9 days

Aggregated by 88% Costantino et al. (1996)

+ NaCl or sorbitol at a ratio of 1:5 (1 g:5 g protein) Aggregated by 58% or
21%

rhMAb 10 mg/ml Incubation (spray-dried) at 30◦C Aggregation rate
constant = 0.0022 per day

Costantino et al. (1998)

+ Mannitol at a ratio of 1:9 or 1:4 (g mannitol:g
protein)

Aggregation rate
constant = 0.0013 or
0.0009 per day

TNF 0.25 mg/ml in 1% mannitol and 10 mM citrate, pH
6.5

Incubation (lyophilized) at 37◦C for
1 month

Dimerization by 1.5% Hora et al. (1992a, 1992b)

+ 2% trehalose Dimerization by 0.2%
+ 2% dextran, 2% PEG-6000, or 0.5% sucrose Dimerization not

detectable
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hydrophobic interactions and chances of intermolec-
ular intermediate interactions, an increase in protein
aggregation is usually associated with a higher rate of
folding at a higher temperature. A folding temperature
of higher than 35◦C often increases protein aggrega-
tion significantly relative to protein folding, such as
protein CheY (Klein and Dhurjati, 1995),�-lactamase
(Georgiou et al., 1994), and phage P22 coat protein
mutants (Teschke, 1999).

In reality, the optimal refolding temperature is pro-
tein dependent. For examples, at pH 8.5, the rela-
tive renaturation recovery for carbonic anhydrase was
37◦C (32%) > 25◦C (30%) > 4◦C (19%) > 50◦C (0%)
(Karuppiah and Sharma, 1995). The refolding yield
(about 60%) for bovine CAB at 150 min at 20◦C was
greater than at either 4 or 36◦C (Xie and Wetlaufer,
1996). Among the four temperatures (10, 15, 20 and
25◦C) studied in the refolding of P22 tailspike polypep-
tide, refolding at 20◦C produced the highest yield of
native tailspike trimer (Speed et al., 1997). Decreasing
the temperature from 20 to 10 or 0◦C resulted in an
increase in the renaturation yield of a fusion protein
at high salt concentrations (Stempfer et al., 1996). For
an unknown protein, a refolding temperature of 15◦C
could be a safe bet (De Bernardez Clark et al., 1999).

4.1.2. Protein concentration
Increasing protein concentration during refolding

usually increases protein aggregation due to increased
chances of intermolecular interactions (Lomakin et al.,
1 ro-
t ega-
t en-
t ases
w al.,
1 ped
g in-
c m-
b
( v,
1 eda
e 92),
a

ely
l ega-
t und
t
f 9a,

1999b) and <18�M for K97I interleukin-1� (Finke
et al., 2000). On the other hand, refolding of pro-
teins at very low concentrations is not efficient and
loss or denaturation of proteins from surface adsorption
may become relatively significant (van den Berg et al.,
1999a, 1999b). Thus, refolding of unknown proteins
is recommended in a narrow concentration range of
10–50�g/ml (Hevehan and De Bernardez-Clark, 1997;
Clark, 1998; De Bernardez Clark et al., 1999).

4.1.3. Denaturant concentration
In close relation to protein concentration, the denat-

urant concentration strongly affects both the rate and
extent of on-pathway folding and off-pathway aggre-
gation during refolding (Hevehan and De Bernardez-
Clark, 1997). This is because denaturants at different
concentrations affect protein solubility to different de-
grees. Low concentrations of denaturants may decrease
the solubility of a protein as the denaturants convert na-
tive to denatured and aggregation-prone species, while
high denaturant concentrations should solubilize the
protein as it weakens the protein–protein attractions
in water (Fields et al., 1992; Stigter and Dill, 1993).
Because of denaturants’ effect on solubility, protein
aggregation is usually favored at low denaturant con-
centrations. This is clearly the case in the refolding of
CAB (Cleland and Wang, 1990) and K97I interleukin-
1�(Finke et al., 2000). It seems that protein aggregation
under such conditions results from the favorable forma-

).
the
V-

fold-
ing

L9
s,
tein
ing
ns
on-

s on
cen-
ld-
.5 M
Cl
nd
et
997; Finke et al., 2000). Simulation of in vitro p
ein refolding and aggregation indicates that aggr
ion dominates over refolding at high protein conc
rations and the size of protein aggregates incre
ith increasing protein concentrations (Gupta et
998). The refolding yield of several proteins drop
radually with increasing protein concentrations,
luding �-lactamase (Georgiou et al., 1994), reco
inant pGH (Cardamone et al., 1995),�1-antitrypsin
Kim and Yu, 1996), lysozyme (Rariy and Klibano
997; Yasuda et al., 1998), immunoglobulin G (Ma
t al., 1996a, 1996b), rhDNase (Cleland et al., 19
nd CAB (Wetlaufer and Xie, 1995).

Therefore, proteins are refolded usually at relativ
ow concentrations to avoid or reduce protein aggr
ion. Optimal refolding concentrations have been fo
o be <1 mg/ml (Cleland and Wang, 1990), at 5�M
or reduced lysozyme (van den Berg et al., 199
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tion of misfolded intermediates (Gupta et al., 1998
Since denaturants also have a strong effect on

rate of protein refolding, several studies showed
shaped relationships between the rate of protein
ing (lnk) and the denaturant concentration, includ
refolding of the N-terminal domain of the protein
(ribosomal protein fromBacillus stearothermophilu
residues 1–56) (Kuhlman et al., 1998) and pro
L (Y43W) (Scalley and Baker, 1997), and model
the kinetic folding profile of two hypothetical protei
(Clarke and Waltho, 1997). Therefore, a desirable c
centration of a denaturant during refolding depend
the nature of the denaturant, the protein and its con
tration, and other refolding conditions. Optimal refo
ing concentrations of denaturants are found to be 3
urea for rpGH (Cardamone et al., 1995), 1.5 M GdnH
for lysozyme (0.02 mg/ml) (Yasuda et al., 1998), a
higher or lower than 4.5 M GdnHCl for rhGH (Bam
al., 1996).



W. Wang / International Journal of Pharmaceutics 289 (2005) 1–30 19

4.1.4. Use of additives
The well-known function of molecular chaperones

in bacteria led to the use of such molecular sys-
tems (such as DnaK-DnaJ-GrpE and GroEL-GroES)
to inhibit protein aggregation during protein refolding
(King, 1997; Golbik et al., 1998). They suppress pro-
tein aggregation by alternate binding and releasing of
the folding intermediates (Thomas et al., 1997). How-
ever, two major limitations seem to be associated with
a routine use of these folding modulators—production
cost and the extra purification burden. Therefore, other
additives have been explored to achieve the same goal
during refolding.

The term “artificial chaperone” has been used
to describe such non-protein additives, which have
chaperone-like effect. Such additives include deter-
gents and cyclodextrins. Detergents were found to sup-
press formation of protein aggregates (rather than dis-
solve aggregates) during protein refolding (Wetlaufer
and Xie, 1995). Similarly, cyclodextrins were shown
to prevent formation of protein aggregates during
renaturation of carbonic anhydrase (Karuppiah and
Sharma, 1995). To increase the efficiency, a combi-
nation of such additives was used for the refolding of
lysozyme (Rozema and Gellman, 1996a, 1996b) and
CAB (Rozema and Gellman, 1996a, 1996b).

Many other additives have been used to inhibit pro-
tein aggregation during refolding. Examples include
surfactants for CAB (Wetlaufer and Xie, 1995), recom-
binant�- and�-chains of the class II major histocom-
p 7)
a r
h dez-
C for
� hD-
N sol-
v ) for
l
( ddi-
t me,
i
a al.,
1 addi-
t ive
s les
o les
o nd
T

In the oxidative refolding of reduced proteins, a
proper redox pair is often used to promote disul-
fide bond formation or catalyze the SH–SS inter-
change. A common pair is the reduced and oxi-
dized glutathione (GSH/GSSG) (De Bernardez Clark
et al., 1999). Such a redox pair (2-mercaptoethanol
and oxidized glutathione) was shown to facilitate
the refolding of reduced immunoglobulin G by cat-
alyzing the SH–SS interchange reaction at pH 8.0
and 4◦C (Maeda et al., 1996a, 1996b). An opti-
mal ratio may exist, depending on the redox pair
and the protein concentration (Rozema and Gellman,
1996a, 1996b). In the oxidative renaturation of hen
egg white lysozyme (HEWL) at 1 mg/ml, the opti-
mum ratio of GSH/GSSG was between 0.8 and 3,
and for dithiothreitol (DTT)/GSSG, the ratio was be-
tween 0.3 and 0.6 (Hevehan and De Bernardez-Clark,
1997).

4.1.5. Miscellaneous techniques
To prevent protein aggregation during refolding, a

variety of novel techniques or methods have been tried.
These include refolding of proteins on a size-exclusion
column during elution (Batas et al., 1997), use of fusion
protein construct (with a polyionic tag) (Stempfer et al.,
1996), use of a temperature leap (Xie and Wetlaufer,
1996), and use of high hydrostatic pressure (Zhang et
al., 1995a, 1995b; Frye and Royer, 1997; Gorovits and
Horowitz, 1998).
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s rhi
atibility molecules (MHC-II) (Stockel et al., 199
nd rhGH (Bam et al., 1996),l-arginine or glycerol fo
en egg-white lysozyme (Hevehan and De Bernar
lark, 1997; Rariy and Klibanov, 1997), sucrose
-lactamase (Georgiou et al., 1994), PEG for r
ase and rhtPA (Cleland et al., 1992), organic
ents (acetone, acetamide, or dimethyl sulfoxide
ysozyme (Yasuda et al., 1998), and Na2SO4 for CAB
Rozema and Gellman, 1996a, 1996b). Several a
ives increased the folding yield of reduced lysozy
ncluding sarcosine, glycerol, ammonium sulfate,N-
cetyl glucosamine (NAG) or glucose (Maeda et
996a, 1996b). Possible mechanisms of the above

ives during refolding include stabilization of the nat
tate, destabilization of incorrectly folded molecu
r intermediates, solubilization of folded molecu
r folding intermediates (Clark, 1998; Arakawa a
sumoto, 2003; Tsumoto et al., 2003).
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.2. Processing of proteins

Many routine processing steps can lead to pro
ggregation to various degrees, such as heat-treat
ltration, shaking/shearing, atomization, freezing, d
ng, and reconstitution (Table 3).

.2.1. Heat treatment
One of the viral inactivation methods in protein

ification is heat treatment, which is usually perform
t 60◦C. Unfortunately, many proteins aggregate at

emperature and thus, need proper protection. To
ect a protein, the first step is to choose a stable
ution pH, as proteins are usually stable in a nar
H range (Vrkljan et al., 1994; Fatouros et al., 19
lthough many buffering agents are available for
djustment, the aggregation behavior of proteins ca
ignificantly different in different buffer systems (Na
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et al., 1999) and at different buffer concentrations (Won
et al., 1998).

Another two critical parameters in controlling pro-
tein aggregation during thermal treatment are protein
concentration and ionic strength. Generally, increasing
protein concentration increases the rate of protein ag-
gregation due to the increased chances of intermolecu-
lar interactions (Narhi et al., 1999). The effect of ionic
strength is very much protein dependent (Wang, 1999).
The salt type can also make a significant difference
in protein aggregation (Kita and Arakawa, 2002). In
addition, a stabilizer(s) is often added into a protein
preparation to inhibit protein aggregation under ther-
mal treatment (Table 3). Their stabilizing effect is gen-
erally considered as the result of preferential exclu-
sions, weak and non-specific. These stabilizers include
sugars, polyols, polymers, surfactants, and amino acids
(Tsai et al., 1993; Gonzalez et al., 1995; Zhang et al.,
1995a, 1995b).

Polymers may inhibit protein aggregation through
one or more of these properties: surface activity, pref-
erential exclusion, steric hindrance of protein–protein
interactions, and increased viscosity limiting protein
structural movement. PEGs of different molecular
weights were found to inhibit aggregation of recom-
binant human keratinocyte growth factor (rhKGF) at
45◦C (Zhang et al., 1995a, 1995b), and to inhibit ther-
mally induced aggregation of LMW-UK (Vrkljan et al.,
1994). Both gelatin (up to 1%) and hydroxyethyl (heta)
starch (up to 20%) can inhibit the thermal aggrega-
t .,
1 at-
i
d oric
a en
e rged
p ag-
g ons
s 98)
o ace
o 98b,
1

tion
h t, as
t hi-
b as
o ita,
2 by

poloxamers 407 and 188 (Pluronic, F68) (Katakam
and Banga, 1997). However, Tween 80 at 0.1%
showed no effect on the aggregation of IL-1� at
100�g/ml at 60◦C (Gu et al., 1991) and POE(10)L
[CH3(CH2)11(OCH2CH2)10OH)] did not inhibit ag-
gregation of CAB upon heating (Rozema and
Gellman, 1996a, 1996b). In fact, increasing concen-
trations of non-ionic surfactants (Tween 20, Tween 80,
and Triton X-100) accelerated the aggregation of aFGF
at 0.1 mg/ml in phosphate buffer (pH 7.4) at 50◦C
(Won et al., 1998). Ionic surfactants are usually not
used because they can bind to both polar and non-
polar groups in proteins and cause denaturation. How-
ever, they can be used to inhibit protein aggregation
if the denaturation binding is reversible (Rozema and
Gellman, 1996a, 1996b). SDS was found to reduce ag-
gregation of aFGF in a concentration-dependent man-
ner at 50◦C (Won et al., 1998), and to prevent ag-
gregation of heat-denatured RNase (Tsai et al., 1998a,
1998b, 1998c) or CAB (Rozema and Gellman, 1996a,
1996b).

4.2.2. Shaking and shearing
Shaking creates air/water interface. The hydropho-

bic property of air relative to water induces protein
alignment at the interface, maximizing exposure of the
hydrophobic residues to the air and initiating aggre-
gation (Volkin and Klibanov, 1989). Shearing also ex-
poses the hydrophobic areas of proteins, causing aggre-
gation. Many proteins easily aggregate during shaking
o 8a,
1 and
B e
e

ced
a sed.
T ng,
c ur-
f ins
( 2b).
C o in-
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b 97;
B een
ion of LMW-UK (Vrkljan et al., 1994; Manning et al
995). A variety of polymers were found to inhibit he

nduced aggregation of rhKGF, including HP-�-CD,
extran sulfate, pentosan polysulfate, polyphosph
cid, poly-l-glutamic acid, poly-l-lysine, etc. (Ch
t al., 1994; Zhang et al., 1995a, 1995b). The cha
olymers may protect proteins from heat-induced
regation through multiple electrostatic interacti
uch as EGF (Volkin et al., 1993; Won et al., 19
r via alteration of charge distribution on the surf
f a protein such as RNase (Tsai et al., 1998a, 19
998c).

The effect of surfactants on protein aggrega
as not been consistent during thermal treatmen

heir effects are multifaceted (Chi et al., 2003). In
ition of thermally induced protein aggregation w
bserved for BSA by Tween 80 (Arakawa and K
000), and recombinant hGH or methionyl pGH
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r shearing, such as rFXIII (Kreilgaard et al., 199
998b), hGH (Katakam et al., 1995; Katakam
anga, 1997; Bam et al., 1998), and insulin (Brang
t al., 1997; Kwon et al., 2001).

To protect proteins from shaking/shearing-indu
ggregation, surfactants are most commonly u
hey inhibit protein aggregation by accumulati
ompetitively with proteins, at hydrophobic s
aces/interfaces and/or by binding directly to prote
Bam et al., 1995, 1998; Webb et al., 2002a, 200
ertain surfactants such as poloxamers may als
rease the viscosity of a protein solution, restraining
otion of protein backbone to inhibit protein aggre

ion (Wang and Johnston, 1993). In addition to th
isted in Table 3, other successful examples incl
nhibition of shear/shaking-induced rhGH aggrega
y Pluronic F88 or Tween 20 (Maa and Hsu, 19
am et al., 1998), PEG-GCSF aggregation by Tw
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20 (Treuheit et al., 2002) and insulin aggregation by
glyceryl monooleate (Sadhale and Shah, 1999).

4.2.3. Freezing
Freezing of a protein solution may cause protein ag-

gregation due to one or more of the following freezing-
induced stresses: low temperature, solute concentra-
tion, formation of ice-water interfaces, and potential
pH changes or phase separation (Wang, 2000). Under-
standing the cause(s) of protein aggregation is the first
step in aggregation prevention/inhibition during freez-
ing. For proteins that denature during freezing due to
their interaction with the ice-water interface, a slower
rate of freezing should inhibit aggregation of these pro-
teins as a smaller ice-water interface will be gener-
ated (Chang et al., 1996a, 1996b, 1996c). On the other
hand, a lower freezing rate may facilitate crystalliza-
tion of other solution components, promoting potential
crystallization-induced protein aggregation (Eckhardt
et al., 1991). A frequent cause of protein aggregation
during freezing is the buffer-induced pH change during
the freezing process. In this case, selection of a suitable
buffer would prevent/inhibit protein aggregation.

Many additives can be used to inhibit freezing-
induced protein aggregation. They may inhibit pro-
tein aggregation by preferential interaction and/or other
mechanisms such as increased solution viscosity, steric
hindrance of protein–protein interactions (Farruggia et
al., 1997) or suppression of pH changes during freezing
(Anchordoquy and Carpenter, 1996). Among these ad-
d used
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hydrogen bonds with the protein, are added to replace
water so that the hydrogen bonding requirements of
polar groups on the protein surface can be satisfied
(Crowe et al., 1993). These excipients serve as wa-
ter substitutes (Carpenter and Crowe, 1989; Carpenter
et al., 1990). The formation of hydrogen bonding has
been demonstrated by IR spectroscopy between car-
bohydrates and many freeze-dried proteins (Carpenter
and Crowe, 1989; Crowe et al., 1993; Prestrelski et
al., 1993). These excipients are preferably amorphous
(Lueckel et al., 1998). In fact, the formation of an amor-
phous glass during dehydration has been considered as
a prerequisite for protein stabilization (Franks, 1994;
Fox, 1995).

The commonly used stabilizing agents during dry-
ing are sugars. Both trehalose and sucrose inhibit ag-
gregation of many proteins during lyophilization such
as IL-6 (Lueckel et al., 1998) and human factor XIII
(Kreilgaard et al., 1998a, 1998b). Some polymers are
also effective, as they can form a glass with a high
transition temperature. Examples include hydroxyethyl
cellulose at 1% in the complete inhibition of aFGF
aggregation (Volkin and Middaugh, 1996) and PEG
in the inhibition of human FXIII aggregation during
lyophilization (Kreilgaard et al., 1998a, 1998b). Prob-
ably due to polymer-associated properties, many pro-
teins protect themselves from aggregation during dry-
ing (Sarciaux et al., 1998).

Other techniques were sometimes effective in in-
hibition of protein aggregation during drying, such as
a
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itives, surfactants seem to be the most commonly
see examples inTable 3). Other examples include u
f Tween 80 to inhibit the aggregation of FIX duri

reezing and thawing (Bush et al., 1998) and Tw
0 in reducing the formation of insoluble aggrega
uring freeze-thawing of rFXIII at 1, 5, or 10 mg/
Kreilgaard et al., 1998a, 1998b).

.2.4. Drying
Generally, the amount of water covering the s

ace of a protein in a fully hydrated state is arou
.3 g/g protein (Rupley and Careri, 1991; Kuhlma
l., 1997), while the water content of a dried pro
roduct is usually less than 10%. Therefore, the dr
rocess removes part of the hydration layer, which
isrupt the native state of a protein and cause pro
ggregation. To protect the protein from dehydrat

nduced aggregation, excipients, capable of form
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nnealing before drying (Webb et al., 2003).

.2.5. Miscellaneous processes
Many other processes may induce protein ag

ation, such as preparation of protein delivery
ems using an organic solvent (Kwon et al., 2001
astellanos et al., 2003). Proper use of a stabili
gent(s) may inhibit or prevent protein aggrega
nder these processing conditions. Hydroxypro
-cyclodextrin was shown to protect both oval
in and lysozyme against methylene chloride/w

nterface-induced denaturation and aggregation (Sah
999). Sucrose and�-crytallin have been shown to i
ibit, respectively, denaturant-induced aggregatio
hIFN-� (Kendrick et al., 1998a, 1998b) and lysozy
Raman et al., 1997). Small liposomes were sh
o inhibit jet nebulization-induced IFN-�aggregation
Kanaoka et al., 1999). Tween 20 significantly inhib
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nebulization-induced aggregation of rhIFN-�(Webb
et al., 2002a, 2002b) or recombinant consensus�-
interferon (rConIFN) (Ip et al., 1995) and atomization-
induced rhIFN-�aggregation (Webb et al., 2002a,
2002b).l-Tyrosine was effective in preventing aggre-
gation of caeruloplasmin and haemoglobin during ir-
radiation (Assemand et al., 2003).

4.3. Storing of proteins

Proteins need short- and/or long-term storage for
various purposes. A 18-month shelf life is usu-
ally the minimum requirement for protein pharma-
ceutical products. Although storage at an extremely
low temperature is generally a safe bet to protect
a protein from aggregation, it is not always practi-
cal. In addition, low-temperature itself may be the
cause of aggregation for certain proteins. Ideally, a
liquid or solid protein product needs to be stored
under room conditions and this generally requires
extensive optimization of the protein’s immediate
environment.

As discussed in the protection of proteins against
thermally induced aggregation (Section4.2), the first
step in optimizing the protein’s environment for both
liquid and solid protein pharmaceuticals is to select a
good buffering agent at a proper concentration to con-
trol the formulation pH. This should be done by testing
several types of buffering agents at different concentra-
tions and different pH’s. Many examples demonstrated
t sig-
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al., 1993). Many multiple-charged compounds have
been shown recently to inhibit aggregation of several
proteins (Maclean et al., 2002). Other excipients in-
clude PEGs and zinc chloride in the inhibition of�1-
antitrypsin aggregation during storage at 4◦C (Vemuri
et al., 1993) and maltosyl-�-cyclodextrin in the sup-
pression of the insulin aggregation (Tokihiro et al.,
1997). It should be noted that surfactants, widely used
to prevent protein aggregation, could actually promote
aggregation of certain proteins during storage (Treuheit
et al., 2002).

As discussed in Section4.2, proteins in solid states
are stabilized mainly by amorphous excipients because
of their ability to form a glass and to replace wa-
ter for the required formation of hydrogen bondings
with proteins. In addition, several other mechanisms
were proposed in protecting solid proteins from ag-
gregation, including physical dilution and separation
of protein molecules (Liu et al., 1990; Costantino et
al., 1995a, 1995b; Chang et al., 1996a, 1996b, 1996c;
Strickley and Anderson, 1997), excipient–water inter-
actions (Costantino et al., 1995a, 1995b), alteration of
the glass transition temperature, and inhibition of crys-
tallization of stabilizing excipients. Among these ex-
cipients, sugars are again the most commonly used
for stabilizing proteins against aggregation in solid
states. In addition to those listed inTable 3, other sta-
bilized proteins by sugars include IL-6 (Lueckel et al.,
1998), IL-11 (Garzon-Rodriguez et al., 2004), insulin
(Strickley and Anderson, 1997),Humicola lanuginosa
l nti-
b 04).
S ion
o lude
h t
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d 0),
a tor-
a IL-
2 ctor
( ex-
c of
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hat the tendency of protein aggregation can be
ificantly different in different buffer systems and
ifferent concentrations (Pikal et al., 1991; Eberlei
l., 1994; Wang et al., 1996).

The next step in protecting liquid proteins from
regation during storage is to select a suitable pro
tabilizer(s). Theoretically, all the additives, used in
ibiting protein aggregation during refolding or un
ifferent processing conditions, are potential stab

ng excipients during storing liquid proteins. Many
hese excipients and their protein examples are list
able 3. Among these excipients, sugars are the
only used (Vemuri et al., 1993; Chang et al., 199
996b, 1996c; Wang et al., 1996; Soenderkaer e
004). NaCl, the often-used salt, may play a crit
ole in the inhibition of aggregation of certain p
eins, such as recombinant factor VIII SQ (rFVIII S
Fatouros et al., 1997) and�1-antitrypsin (Vemuri e
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ipase (Kreilgaard et al., 1999), and monoclonal a
odies (Andya et al., 1999, 2003; Sane et al., 20
ome polymers are also effective in the inhibit
f protein aggregation during storage. These inc
ydroxylethyl starch for IL-11 (Garzon-Rodriguez e
l., 2004), carboxymethyl-cellulose, dextran, DEA
extran, or PEG for lyophilized BSA (Liu et al., 199
nd HP-�-CD for several solid proteins during s
ge, including insulin (Katakam and Banga, 1995),
(Hora et al., 1992a, 1992b), and tumor necrosis fa

TNF) (Hora et al., 1992a, 1992b). Other stabilizing
ipients include salts in the inhibition of aggregation
yophilized BSA (Liu et al., 1990) and recombinant h

an albumin (rHA) (Costantino et al., 1995a, 1995
arboxylic acids for lyophilized rHA (Costantino et a
995a, 1995b), amino acids for lyophilized IL-2 (Ho
t al., 1992a, 1992b), and metal ions for rhDNase (C
t al., 1999).
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A critical factor in controlling the rate of protein ag-
gregation in solid states is the moisture content of the
formulation (Breen et al., 2001). Generally, increasing
the moisture content increases the rate of protein aggre-
gation during storage, such as insulin (Costantino et al.,
1994a, 1994b) and bovine pancreas RNase (Townsend
et al., 1990). In many cases, however, the effect of mois-
ture on protein aggregation is a complex function. For
example, maximum aggregation (78%) of lyophilized
tetanus toxoid occurred at a water content of about 36%
during storage at 37◦C for 10 days, and less aggrega-
tion was observed at water contents either below or
above that level (Schwendeman et al., 1995). Aggrega-
tion of both (lyophilized) rHA and BSA during storage
at 37◦C had a bell-shaped relationship as a function
of water content with maximum aggregation at about
32% and 28% moisture, respectively (Liu et al., 1990;
Costantino et al., 1995a, 1995b). Similar bell-shaped
aggregation dependence on water content was also ob-
served for ovalbumin (chicken egg albumin), glucose
oxidase, bovine�-lactoglobulin (Liu et al., 1990), and
insulin (Katakam and Banga, 1995; Separovic et al.,
1998). In addition, the moisture content of a solid pro-
tein formulation could dictate the aggregation pathway.
The mechanism of aggregation of lyophilized tetanus
toxoid (150 kDa) was different under different rela-
tive humidities during storage (Schwendeman et al.,
1996).

It should be noted that the pH of a protein solu-
tion for preparation of a solid formulation may af-
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soluble, non-covalent or covalent, and reversible or ir-
reversible. Although protein sequence determines the
behavior of protein aggregation, many external fac-
tors play a critical role in controlling/affecting pro-
tein aggregation, including temperature, pH, ionic
strength, surface adsorption, shearing, shaking, pres-
ence of metal ions, organic solvents and addi-
tives, protein concentration, purity and morphism,
pressure, freezing and drying. Chemical transforma-
tions can lead to direct or indirect protein aggre-
gation, such as disulfide bond formation/exchange,
non-disulfide crosslinking, transamidation, and oxida-
tion. Although many analytical techniques are avail-
able in monitoring protein aggregation, their differ-
ences in quantatation, accuracy, sensitivity, and ease
of operation require careful selection of some of
these methods in monitoring all aspects of protein
aggregation.

Protein aggregation occurs readily in almost all
the biopharmaceutical processes, especially during fer-
mentation, refolding, purification, formulation, and
storage. Recognition of different causes of protein
aggregation in these processes is the basis for se-
lection of different techniques/methods for aggrega-
tion inhibition. Although protein aggregation can be
inhibited effectively by modifying the primary se-
quence of a protein, this method is seldom used
mainly because of the unpredictable consequences of
structural modifications. Therefore, inhibition of pro-
tein aggregation is commonly achieved by changing
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t mino
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rge
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ect the aggregation of proteins in solid states
ng storage. This is to say that the solid-state “a
ty/basicity” may still affect protein aggregation, bo
hysically and chemically. Therefore, the pH of a p

ein solution before drying may have to be caref
etermined to prevent or inhibit protein aggrega
uring storage of the dried product. Such exam
ere reported in the storage of lyophilized prote
uch as RNase (Townsend et al., 1990), antibody-v
onjugate (Roy et al., 1992), insulin (Costantino
l., 1994a, 1994b) or rHA (Costantino et al., 199
995b).

. Summary

A common phenomenon of protein instability is
ormation of aggregates, which can be soluble o
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he immediate environment of the protein. One
icularly useful and simple method is the use o
ompatible excipient(s). The often-used protein
ilizing excipients include sugars, polyols, surf

ants, salts, PEGs, polymers, metal ions, and a
cids.

Although there are a variety of methods and a la
ool of excipients for use to inhibit protein agg
ation, a satisfactory level of aggregation inhibit
as not been achieved for many proteins. Trial-a
rror has been the main stay in the prevention o
ibition of protein aggregation in most biopharm
eutical processes. This is partly due to our lac
clear understanding of the protein aggregation

ess. Therefore, intensive and rigorous investigatio
echanisms of protein aggregation is urgently ne

or an ultimate solution of protein aggregation
iopharmaceutics.
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