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ABSTRACT

Protein aggregation is a common issue encountered during
manufacture of biotherapeutics. It is possible to influence
the amount of aggregate produced during the cell culture
and purification process by carefully controlling the envi-
ronment (eg, media components) and implementing appro-
priate strategies to minimize the extent of aggregation. Steps
to remove aggregates have been successfully used at a man-
ufacturing scale. Care should be taken when developing a
process to monitor the compatibility of the equipment and
process with the protein to ensure that potential aggregation
is minimized.
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INTRODUCTION

This article is based on a presentation given at the 2005
AAPS Open Forum on Protein Aggregation in San Fran-
cisco, CA on June 5, 2006, and briefly describes some anec-
dotal encounters with aggregation during the manufacturing
process. Little information has been published on the extent
and causes of aggregation during bioprocessing for pharma-
ceutical proteins. Conversations with colleagues at confer-
ences such as this Open Forum reveal that the observation
of aggregation during manufacture is not uncommon. This
article serves to acknowledge that there are challenges with
aggregation during the manufacturing process and to briefly
review some of the approaches taken to minimize the aggre-
gates.

It should be noted that many proteins require association to
be active, and that the associated state is the native form for
those proteins. The issues with aggregation referred to in
this article do not pertain to these native forms, but rather
focus on the proteins where multimeric forms are
undesirable.
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WHAT IS PROTEIN AGGREGATION?

Aggregation is a general term that encompasses several
types of interactions or characteristics. Aggregates of
proteins may arise from several mechanisms and may be
classified in numerous ways, including soluble/insoluble,
covalent/noncovalent, reversible/irreversible, and native/
denatured. For protein therapeutics, the presence of aggre-
gates of any type is typically considered to be undesirable
because of the concern that the aggregates may lead to an
immunogenic reaction (small aggregates) or may cause
adverse events on administration (particulates).

There is no consistent definition of what is meant by a
“soluble” aggregate, so working definitions are often
employed. For the purpose of this article, soluble aggre-
gates refer to those that are not visible as discrete particles
and that may not be removed by a filter with a pore size
of 0.22 um. Conversely, insoluble aggregates may be
removed by filtration and are often visible to the unaided
eye. Both types of aggregates may be problematic for the
development of a therapeutic protein. There are clear
guidelines and limitations on the number of particles >10
pm and >25 pum in size that may be present in pharmaceu-
tical preparations.! However, the levels of soluble aggre-
gates such as dimers and trimers that are acceptable are
not well defined.

Covalent aggregates arise from the formation of a chemical
bond between 2 or more monomers. Disulfide bond forma-
tion resulting from previously unpaired free thiols is a com-
mon mechanism for covalent aggregation.3 Oxidation of
tyrosines may also result in covalent aggregation through the
formation of bityrosine.*> For some proteins, a covalent inter-
action between monomers is required to form a stable protein
structure. Many of the growth factors, including Vascular
Endothelial Growth Factor (VEGF), Transforming Growth
Factor-f 1, and Nerve Growth Factor, have extremely stable
structures owing to the presence of several disulfide bonds,
including one that exists between monomers to lead to a
native covalent dimer.

Reversible protein aggregation typically results from rela-
tively weak noncovalent protein interactions. The reversibility
is sometimes indicative of the presence of equilibrium between
the monomer and higher order forms. This equilibrium may
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shift as a result of a change in solution conditions such as a
decrease in protein concentration or a change in pH. A weak,
reversible self-association of this type has been observed in
a monoclonal antibody to VEGFE.¢ On occasion, reversible
protein self-association manifests itself as an increase in
viscosity.”

The effect of the presence of self-associated species is not
always known. Both the thermodynamics and the kinetics
of the system may assist in understanding how to control
the association of the protein. In addition, this knowledge
aids in determining how serious the presence of associated
species may be during the development of a protein
therapeutic. Both the potential for increased exposure to the
associated species and the route of administration present
potential safety concerns. In vivo, it is not unusual for
aggregates to clear more slowly than their monomeric coun-
terparts, leading to increased circulating levels of and expo-
sure to the associated species. For covalently aggregated
insulin, the half-life for clearance of aggregates was mea-
sured to be approximately double that observed for mono-
mer in a study in human volunteers, and the authors
attributed the fairly high immunogenicity response to these
preparations to the aggregate species.® However, there may
be some cases in which the dissociation of the aggregate
forms is much faster than the clearance rate. For example, if
dissociation occurs rapidly on dilution, the presence of
reversible dimers may not be troublesome if delivered intra-
venously. Conversely, slowly dissociating dimers or other
aggregate species administered subcutaneously may trigger
an immunogenic response.’

Historically, investigators believed that denaturation was a
prerequisite for protein aggregation. Exposure of hydropho-
bic surfaces upon denaturation results in favorable protein:
protein interactions in aqueous solutions. It is true that this
type of interaction leads to the formation of aggregates in
many proteins and may cause extreme precipitation. How-
ever, the role of native protein interactions in the formation
of self-associated species has recently become more appre-
ciated. Small perturbations in protein structure may expose
hydrophobic surfaces that lead to aggregation. Electrostatic
interactions have been implicated in the formation of
self-associated species of a monoclonal antibody,” while
dipole-dipole interactions are believed to be the cause of
fibrillogenic association of B-sheets.!0

Just as there are many types of interactions that can lead to
protein aggregation, there are many environmental factors
that can lead to aggregation.!! Solution conditions such as
temperature, protein concentration, pH, and the ionic
strength may affect the amount of aggregate observed. The
presence of certain ligands, including specific ions, may
enhance aggregation. Stresses to the protein such as freez-
ing, exposure to air, or interactions with metal surfaces may
result in surface denaturation, which then leads to the for-

mation of aggregates. Finally, mechanical stresses may
cause protein aggregation. Each of these environmental fac-
tors is typically encountered during bioprocessing.

During the manufacture of protein therapeutics, the protein
is exposed to many stresses. Take, for example, the typical
production of a monoclonal antibody from a mammalian
cell culture. During the cell culture, the protein is secreted
from the cell into the medium containing the cells, ions,
nutrients for the cells, host cell proteins (including prote-
ases), dissolved oxygen, and other species. This cellular
suspension at near neutral pH is held at temperatures above
30°C for several days. Once a sufficient amount of protein
has been made, the cell culture fluid is harvested and puri-
fied over Protein A chromatography. This affinity chroma-
tography elutes the monoclonal antibody using an acidic
solution. Polishing steps typically include cation exchange
chromatography, which elutes the protein with high ionic
strength solutions, and anion exchange chromatography,
which employs high pH conditions to purify the monoclo-
nal antibody from process-related impurities. Finally, the
protein is formulated using ultrafiltration/diafiltration. The
formulated protein may be stored frozen for some period of
time before being filled into its final container. Throughout
production, the protein solution is pumped, stirred, and fil-
tered. The solution encounters containers made of different
materials of composition including stainless steel, glass,
and plastic. All of these processes can potentially result in
the formation of aggregates.

Aggregation in Cell Culture

There are several opportunities for protein aggregation to
occur during cell culture. During expression, accumulation
of high amounts of protein may lead to intracellular aggre-
gation owing to either the interactions of unfolded protein
molecules or to inefficient recognition of the nascent pep-
tide chain by molecular chaperones responsible for proper
folding.12 As described above, secretion of the protein into
the cell culture medium exposes the protein to conditions
that may be unfavorable for protein stability. Judicious
selection of the expression system and culture conditions is
important to minimize aggregation.

An example of the effect of overexpression on protein
aggregation can be found in the Escherichia coli production
of the coxsackievirus and adenovirus receptor (CAR)
amino-terminal immunoglobulin variable region domain, a
protein fragment that is ~16 kd.!? The original experiments
with culture temperatures between 18°C and 37°C targeted
expression in the periplasmic space, but undetectable levels
of protein were observed. A 22-amino acid carboxy-terminal
extension was added as a result of a vector change to target
the cytoplasmic space. With culture conditions at 37°C,
expression was observed but the protein was found to be
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completely insoluble. Shifting the culture temperature to
18°C resulted in the expression of largely soluble protein
with this 22-amino acid extension. Studies with this protein
and several other fusion peptides concluded that the high
negative charge of the peptide most likely prevented aggre-
gation due to electrostatic repulsion, indirectly minimizing
protein aggregation by allowing the protein to spend more
time in the folding pathway.!2

The choice of the components in the growth medium used
during cell culture may affect the observed aggregation by
influencing the ability of the protein to fold to a native struc-
ture. During protein production, disulfide bond formation
occurs in the endoplasmic reticulum (ER) of cells. Proper
disulfide bond formation is critical for folding of native pro-
tein structures. Typically an enzyme-catalyzed process, for-
mation of the disulfide bond typically requires an oxidative
environment.!4 In the absence of this environment, the free
thiols on the cysteines may remain unpaired, leading to
improper folding.

It has been reported that monoclonal antibodies expressed
in a Chinese hamster ovary (CHO) cell line sometimes con-
tain unpaired thiols.!3 In one study, the effect of addition of
copper sulfate to the cell culture medium on the level of free
thiol observed in a monoclonal antibody produced from
CHO cells using this culture was examined.!¢ Cu?*, a known
oxidizing agent, was added to the medium to drive disulfide
bond formation. The free thiol content of the Protein
A-purified protein was assessed by hydrophobic interaction
chromatography of a papain-digested preparation. The
results were quantified as percentage of free thiol per Fab.
Without CuSQO, in the medium, the level of free thiol was
quantified as 37%. Adding CuSO, at concentrations of 5,
50, and 100 pumol/L decreased the free thiol content to 12%,
3%, and 3%, respectively. These data show that addition of
as little as 5 umol/L CuSO, to the cell culture medium
resulted in a 3-fold reduction in the level of free thiol
observed in the purified antibody with greater reduction
observed when higher CuSO,4 concentrations were used.

The presence of a free thiol may affect long-term stability of
the protein. During development of a formulation for a
monoclonal antibody, aggregates formed during storage of
the lyophilized product at 30°C.7 Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was used
to determine that these aggregates were covalent. The disap-
pearance of these aggregates upon reduction indicated that
they were the result of disulfide bond formation. Preparative
size exclusion chromatography (SEC) was used to isolate
fractions of monomer and dimer for characterization. The
most striking difference between these fractions was the
level of free thiol observed, with the monomer fraction
showing ~1 mol of free thiol per mole of protein, while the
dimer showed <0.1 mol free thiol per mole of protein. These
results indicate that the free thiol on 1 monomer can interact

with that on another monomer, leading to a covalent dimer
form. Thus, elimination of this free thiol on the monomer
should result in better lyophilized stability of the monomer.

Noncovalent aggregates have also been observed to form
during cell culture. During clinical development of a mono-
clonal antibody, the Protein A pool showed an increase in
aggregate content after modest changes were made to the
cell culture process, including the use of an amplified cell
line, a shift in the temperature of the culture, and subtle
changes to the medium used for production. To understand
the cause of the increased aggregation, a study was per-
formed in which samples were taken from the cell culture
fluid and purified over an analytical scale Protein A column.
This Protein A purified sample was analyzed by SEC to
determine the percentage aggregate in each sample. The
results are displayed in Figure 1. Between days 3 and 13,
there was an almost linear increase in the aggregate content.
A complication in understanding these results is that there
was accumulation of product in the cell culture medium
during this time. This increase in protein concentration
alone could cause the increase in aggregation observed. To
determine if this was the case, at day 13 the cells were
removed from the cell culture medium and the harvested
cell culture fluid was incubated at 37°C for an additional 2
weeks. These results are represented by the dashed line in
Figure 1. There was no change in protein concentration dur-
ing this time; aggregation occurred at the same apparent
rate as when the cells were present. The greater the length of
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Figure 1. Increase in aggregate for a MAD in cell culture fluid.
Samples were analyzed after Protein A purification. The solid
line represents samples taken during cell culture. The dashed line
indicates samples taken from the harvested cell culture solution
held at 37°C. The total peak area was constant for samples taken
from the harvested cell culture solution and indicates that the
protein concentration did not change during incubation.

E574



The AAPS Journal 2006; 8 (3) Article 66 (http://www.aapsj.org).

time the protein was held in the cell culture medium at ele-
vated temperature, the greater the amount of aggregate
observed. Thus, it would be possible to minimize the extent
of aggregation in the purified product by limiting the time of
the cell culture process.

Aggregation During Purification

Once a therapeutic protein has been produced from a cell
culture (or other expression system), it is imperative that it be
further purified to reduce or remove host cell proteins, viruses,
and process-related impurities. To achieve the high level of
purity required, multiple orthogonal purification techniques
are employed. These techniques exploit differences in affin-
ity, charge, size, or other properties of the desired protein
from the impurities to enhance purification. As mentioned
above, the result may be that the protein experiences a wide
range of pH, ionic strength, and protein concentrations dur-
ing the process. Each condition experienced by the protein
may affect the degree of aggregation observed.

Protein A affinity chromatography is a powerful purification
technique used in the production of monoclonal antibodies.
The binding of antibodies to protein A resin is highly spe-
cific. The high affinity of the monoclonal antibodies to the
resin requires acidic conditions to elute the proteins from
the resin. Exposure to these acidic conditions can result in
the formation of aggregates. This has been observed in prep-
arations of CamPath-1H (alemtuzumab), in which elution
from the Protein A column with 0.1 M sodium citrate, pH
3.2, resulted in a pool containing protein with ~25% aggre-
gated material.!”

The choice of the components of the elution buffer from
Protein A columns can affect not only the recovery of the
protein from the column but also the quality of the protein
in the resulting pool. The recovery of a monoclonal anti-
body from Protein A using different buffer species in the
elution was examined.!® This study demonstrated that the
use of arginine in the elution buffer yielded a higher recov-
ery with a lower percentage of aggregate in the recovered
pool compared with the use of citrate, guanidine hydrochlo-
ride, and amino acids such as glycine and histidine.'® The
pool eluted with guanidine hydrochloride showed good
recovery, but the protein was extensively aggregated pre-
sumably from the denaturing effects of the guanidine.

If aggregates are created either during cell culture or during
processing, it may be possible to remove them during the
purification process by exploiting the differences in physi-
cal properties of the monomers and aggregates, including
surface charge, hydrophobicity, and size. As described above,
CamPath-1H contains ~25% aggregated species after Pro-
tein A purification. The purification process for this antibody
uses preparative SEC to reduce the levels of aggregates in

the final solution. By employing either Sephacryl 300 or
Superdex 200, gel filtration resins that separate according
to size, it is possible to achieve final pools with <2%
aggregate.!’

Although it is technically possible to reduce the level of
aggregates in a protein solution using SEC, it is often not
cost efficient to do so. Preparative SEC is typically ineffi-
cient because of the poor resolution of aggregates from
monomer. SEC resolves species by differences in their
hydrodynamic radii. For spherical proteins, the hydrody-
namic radius depends approximately on the cubed root of
the molecular weight, meaning that increasing the molecu-
lar weight 2-fold will only increase the hydrodynamic radius
by ~25%. This size difference is often insufficient to achieve
baseline resolution of the monomer and dimer peaks on an
analytical SEC column. Worse resolution is typically ob-
served on preparative columns compared with analytical
columns because of the large amounts of protein loaded
onto these columns. This problem can be exacerbated by
dilute protein solutions. To minimize this resolution chal-
lenge, the protein loads are concentrated and loaded in mul-
tiple cycles to preparative SEC columns. The use of multiple
cycles results in a lengthy process, and the resulting pools
are fairly dilute.

The use of anion- and cation-exchange chromatography has
been demonstrated to be useful at production scale to sepa-
rate monoclonal antibody monomers from dimers and larger
molecular weight species.!® Under optimal conditions, the
purification of aggregates from monomers using ion
exchange chromatography results in solutions containing
<0.5% aggregate.! These chromatography columns are
operated under bind-and-elute conditions, which eliminate
some of the issues associated with preparative SEC, includ-
ing the problems with loading dilute solutions. In addition,
the resulting pools are relatively concentrated compared
with the pools obtained from SEC.

Filtration membranes are used throughout the purification
process to remove impurities, to perform buffer exchange,
and to concentrate the protein.20 Ultrafiltration/diafiltration
(UF/DF) is typically performed to exchange the buffer and
to increase the protein concentration in solution. During the
UF process, the concentration of protein at the membrane
surface may be much higher than that of the bulk solution.
This phenomenon may lead to membrane fouling due to the
formation of aggregates in the region of locally high con-
centration. In addition, during the UF/DF process the pro-
tein is being continually pumped, with a typical process
requiring at least 50 passes through the pump.2:22 This
mechanical stress may result in an increase in protein
aggregation.

Ultrafiltration has also been used to remove aggregates in a
monoclonal antibody process. As mentioned in a previous

E575



The AAPS Journal 2006; 8 (3) Article 66 (http://www.aapsj.org).

paragraph, the purification of alemtuzumab, the [gG1 mono-
clonal antibody found in CamPath-1H, uses SEC chroma-
tography to reduce the substantial levels of irreversible
dimers and higher molecular weight oligomers observed,
typically on the order of 25% of the total protein.!”-23 A
study was conducted to determine whether ultrafiltration
could be more efficient than SEC for aggregate reduction
with this protein.2? Three membranes were evaluated in the
study: 100 kd polyethersulfone (PES), 100 kd polyviny-
lidene fluoride (PVDF), and 300 kd PES. Selection of pore
size is not as trivial as may be anticipated, because the
molecular weight cutoff represents a typical pore size and
not a limit. The molecular weight of a monoclonal antibody
is typically ~150 kd, so the molecular weight of a dimer is
~300 kd. Thus, the use of a 300-kd membrane may not suf-
ficiently remove the dimers to an acceptable level. Simi-
larly, the 100-kd membrane may have a lower recovery
owing to the ability of some monomers to cross the mem-
brane or may be fouled easily because of the presence of a
large amount of high molecular weight species. In this study,
the effect of different buffer conditions including pH and
ionic strength on the ability of the membranes to separate
monomers from aggregates was evaluated. The 100-kd PES
membrane quickly fouled, with high resistance and a low
flux resulting. No substantial fouling was observed with the
100-kd PVDF or 300-kd PES membranes. Under optimized
conditions, the best separation was observed using the 100-
kd PVDF membrane with final product purity of 93% mono-
mer and a yield of 85%. The authors predict optimization of
pore size and operating parameters could increase the purity
to 96%. One additional observation noted in this article
regarded the stirring speed used for the study and the effect
of shear stress on protein aggregation. Several speeds were
tested, and it was observed that stirring speeds of 600 rpm
and above resulted in cloudy solutions within the first 2
hours of processing. Clear solutions for greater than 6 hours
were obtained by limiting the speed to 300 rpm.

Aggregation During Formulation

As described above, UF/DF is often used to formulate
protein therapeutics. It offers the advantage of producing a
formulation with high protein concentration and high yield.?!
During the clinical development for a monoclonal antibody,
there was a desire to improve the cost of goods associated
with the UF/DF process by changing the conditions under
which that process was performed. One key excipient in the
formulation was expensive and limited in availability. Dur-
ing the DF portion of the process, 10 diavolumes of the buf-
fer were used to achieve the final solution. This resulted in
90% of the DF buffer going to waste. Thus, there was a
strong desire to remove the expensive excipient from this
process because of the large waste and cost. A study was
conducted to determine if it was possible to remove this

costly excipient from the UF/DF process. The experiment
was performed at ambient temperature using a laboratory
scale UF/DF system fitted with a diaphragm pump and a
30-kd cellulose membrane. Samples were taken at various
stages during the UF/DF process and analyzed for protein
concentration by UV spectroscopy, turbidity as determined
by the absorbance at 350 nm in a 1-cm path length cell, and
percentage aggregate as determined by SEC. It should be
noted that using turbidity in this way to monitor particulate
formation does not provide absolute numbers on the number
of particles present. The light scattering observed using this
method will depend on both the size and number of particles.
However, it does provide a means of presenting information
that is observed visually; solutions that appear more opales-
cent to the eye produce higher absorbance at 350 nm.

The results from this experiment are displayed in Table 1.
The first sample, Load, represents the pool entering the UF/
DF system and is the same sample for both processes. The
normalized turbidity was determined by dividing the Tur-
bidity value by the protein concentration to eliminate any
light scattering that results solely as an effect of protein con-
centration. The next sample described in the table, UF, was
taken after the UF process was complete. In each process,
the protein was concentrated to ~10 mg/mL and there was
little difference in the product quality observed between the
2 processes. The third sample in each set, DF, was taken
after 10 diavolumes of formulation buffer had been
exchanged into the protein. For condition 1, the buffer con-
tained the excipient of interest; condition 2 did not contain
this excipient. There are essentially no differences in prod-
uct quality observed between the 2 conditions. The turbidity
observed for both conditions was substantially higher than
observed in the UF sample, indicating the presence of par-
ticulates in the sample. The turbidity further increased for
the “Recovered Pool” sample under each condition. This
sample was taken after the system was flushed and included
any particulates that may have settled during the processing.
These particulates resulted from the shear stress experi-
enced from the continual pumping of the protein solution
throughout the process. The turbidities observed for the
Recovered Pool samples were significantly higher than in
the previous pool, with the pool generated by condition 2
showing higher levels of turbidity and slightly increased
aggregate compared with that generated by condition 1.
This finding indicates that the excipient used in condition 1
may afford some protection to the protein during the UF/DF
operation, although it is possible that the difference in pro-
tein concentration contributes to some of the observed dif-
ferences in quality. The final sample in each set was taken
after conditioning of the pools with excipients that were not
used during the UF/DF process and after filtration through a
0.22-pum membrane. The pools generated under each condition
were, once again, in the same buffer and were approximately
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Table 1. Removal of an Excipient From the Diafiltration Buffer Had Minimal Effect on the Product Quality*

Protein Concentration Normalized
Sample (mg/mL) % Aggregate Turbidityt Turbidityt
Condition 1: Excipient present during UF/DF process
Load 4.2 2.7 0.015 0.004
UF 10.0 2.4 0.070 0.007
DF 7.8 2.7 0.166 0.021
Recovered pool 9.2 3.0 0.443 0.048
0.22 um Filtered pool 9.5 2.8 0.030 0.003
Condition 2: Excipient removed during UF/DF process
Load 4.2 2.7 0.015 0.004
UF 10.2 2.4 0.059 0.006
DF 9.5 29 0.200 0.021
Recovered pool 11.1 33 0.587 0.053
0.22 pm Filtered pool 9.4 3.0 0.036 0.004

*UF/DF indicates ultrafiltration/diafiltration.

+The normalized turbidity was obtained by dividing the Turbidity (absorbance at 350 nm for an undiluted solution) by the protein concentration.

the same concentration. The turbidity observed in the recov-
ered pools was substantially decreased in the filtered pools
and there, once again, was no substantial quality difference
between pools. Although visually significant levels of pre-
cipitate were observed in this process, their presence did not
affect the performance of downstream filters, they could be
removed by filtration, and they did not affect long-term sta-
bility of the filtered product (data not shown). This experi-
ment supported the removal of the excipient from the
process.

Aggregation During Filling

The effect of protein aggregation on the filling operation
may not be given sufficient consideration. As with the puri-
fication process, aggregates may be formed during the filling
operation. Because there is no further purification after the
fill, it is critical that the formation of aggregates is minimized
if not prevented completely. For this reason it is essential
that compatibility of the protein formulation with the filling
equipment is assessed before production.

During clinical development of a monoclonal antibody, it
was necessary to transfer the filling operation to a new facil-
ity. This facility offered 2 options for the type of filler used.
The first type of filler used a rolling diaphragm pump, while
the second type of filler used a radial piston pump. The pre-
vious manufacturing experience with this protein had used a
rolling diaphragm pump with no issues. There was no expe-
rience with the piston pump for this protein. One of the con-
cerns with the piston pump was that the protein solution is
used to lubricate the piston during the operation, and it was
known that this particular protein is sensitive to shear stress.

A study was conducted to evaluate whether the piston pump
could be used to fill this protein solution. In this experiment,
1 L of protein formulation was transferred from 1 reservoir
to another at ambient temperature using a piston pump head
operating at 1 of 2 speeds, representing the typical and the
fastest filling speeds that would be used. A total of 13 trans-
fers occurred between the 2 containers. After each transfer, a
sample was taken for analysis by turbidity (absorption at 350
nm in a 1-cm path length cell) and by light obscuration (Hiac
Royco, Grants Pass, OR) to determine the number of small
particles. The results of this study are displayed in Figure 2.
As the number of pump passes increased, both the turbidity
and the number of particles >2 pm/mL increased substan-
tially. Based on these results and the knowledge that there
was no compatibility problem observed during manufactur-
ing with the rolling-diaphragm pump, the decision was made
to use only the filler equipped with the rolling-diaphragm
pump for this protein.

As mentioned in the Introduction, self-association of pro-
teins may result in the formation of viscous solutions. Con-
sideration of the effect of the viscosity on the filling operation
should be given prior to the first production. The ability to
accurately fill the viscous solution may be compromised if
appropriate process development is not performed. The pro-
cess development should include investigating the effect on
nozzle size and filling speed.

An antibody in clinical development exhibited viscosity
that resulted in difficulties in the filling process. The viscos-
ity was found to be highly temperature dependent as shown
in Figure 3. Under refrigerated conditions, the viscosity was
~350 cps, while at ambient temperature the viscosity was
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Figure 2. Recirculation of a MAb formulation through a piston
pump. The solid line reflects the number of particles >2 mm/mL
as determined by Hiac Royco. The dashed line reflects the
absorbance at 350 nm in a 1-cm path length cell and is an
indicator of the turbidity of the solution. Both the number of
particles and the turbidity increase with an increased number of
passes through the pump. The large increase in turbidity
observed for the sample taken at pass 12 is believed to result
from dried protein shedding from the piston into the solution.

reduced to a more manageable, yet still viscous, 40 to 70
cps. Even by increasing the temperature of the solution
being filled, problems were encountered in the initial fill of
this product. The formulation was found to drip from the
nozzle of the filler resulting in inaccurate fill volumes. Dur-
ing development of the filling process, a combination of dif-
ferent nozzle sizes and filling speeds were tested to maximize
the recovery of the protein and to prevent dripping from the
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Figure 3. Viscosity of a MAb formulation as a function of
temperature.

nozzle. This development work resulted in the ability to
accurately fill the protein solution.

CONCLUSION

There is the potential for protein aggregation throughout the
manufacturing process of therapeutic proteins. Care should
be taken to minimize the aggregates created, particularly in
the final filling operation. The purification process may be
designed to exploit differences in characteristics of the aggre-
gates compared with the monomers (eg, hydrophobicity,
charge, size) to reduce their levels in the final product.
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