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ABSTRACT
There is considerable clinical interest in the use of "second-generation"
therapeutics produced by conjugation of a native protein with various polymers including
polyethylene glycol (PEG). PEG–protein conjugates, so-called PEGylated proteins, can
exhibit enhanced stability, half-life, and bioavailability. One of the challenges in the
commercial production of PEGylated proteins is the purification required to remove
unreacted polymer, native protein, and in many cases PEGylated proteins with nonoptimal degrees of conjugation. The overall objective of this thesis was to examine the
use of ultrafiltration for the purification of PEGylated proteins.

This included: (1)

analysis of size-based separation of PEGylated proteins using conventional ultrafiltration
membranes, (2) use of electrically-charged membranes to exploit differences in
electrostatic interactions, and (3) examination of the effects of PEGylation on protein
fouling. The experimental results were analyzed using appropriate theoretical models,
with the underlying physical properties of the PEGylated proteins evaluated using size
exclusion chromatography, capillary electrophoresis, dynamic light scattering, and
reverse phase chromatography.
PEGylated proteins were produced by covalent attachment of activated PEG to a
protein via primary amines on the lysine residues. A simple model was developed for the
reaction kinetics, which was used to explore the effect of reaction conditions and mode of
operation on the distribution of PEGylated products. The effective size of the PEGylated
proteins was evaluated using size exclusion chromatography, with appropriate
correlations developed for the size in terms of the molecular weight of the native protein
and attached PEG.

The electrophoretic mobility of the PEGylated proteins were

iii

evaluated by capillary electrophoresis with the data in good agreement with a simple
model accounting for the increase in protein size and the reduction in the number of
protonated amine groups in the PEGylated proteins.
Ultrafiltration experiments were performed using PEGylated α-lactalbumin,
ovalbumin, and bovine serum albumin. In contrast to the size exclusion chromatography
data, the sieving coefficient of the PEGylated proteins depended upon both the number
and size of the attached PEG chains due to the elongation or deformation of the PEG
associated with the filtrate flux. Sieving coefficients at low filtrate flux were in good
agreement with predictions of available hydrodynamic models, with significant
elongation occurring when the Deborah number for the PEG chain exceeded 0.001. The
effects of electrostatic interactions on the ultrafiltration of PEGylated proteins were
examined using electrically-charged membranes generated by covalent attachment of
sulphonic acid groups to the base cellulosic membrane. Transmission of PEGylated
proteins through charged membranes was dramatically reduced at low ionic strength due
to strong electrostatic interactions, despite the presence of the neutral PEG.

The

experimental results were in good agreement with model calculations developed for the
partitioning of charged spheres into charged cylindrical pores. The experimental and
theoretical results provide the first quantitative analysis of the effects of PEGylation on
transport through semipermeable ultrafiltration membranes.
The results from small-scale ultrafiltration experiments were used to develop a
two-stage diafiltration process to purify PEGylated α-lactalbumin. The first-stage used a
neutral membrane to remove the unreacted protein by exploiting differences in size. The
second stage used a negatively-charged membrane to remove hydrolyzed PEG, with the
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PEGylated product retained by strong electrostatic interactions. This process provided a
purification factor greater than 1000 with respect to the unreacted protein and greater
than 20-fold with respect to the PEG with an overall yield of PEGylated α-lactalbumin of
78%. These results provide the first demonstration of the potential of using ultrafiltration
for the purification of protein-polymer conjugates.
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Chapter 1
INTRODUCTION
1.1 Biotechnology
The advent of biologically-derived pharmaceuticals began in the 1970s with the
production of human insulin from recombinant bacterial cells developed by cloning the
human insulin gene into the bacteria. The use of protein-based therapeutics provides
opportunities for much more targeted therapies with fewer side effects by exploiting the
unique three-dimensional structure, binding properties, and biological activity of these
macromolecules. Currently, therapeutic proteins are used to treat a wide variety of
diseases including cancers, AIDS, hepatitis B and C, infectious diseases, diabetes,
arthritis, and cardiovascular ailments (Walsh, 2006).
The first recombinant protein products were highly active hormones such as
human-growth hormone, clotting factors such as erythropoietin, insulin, colony
stimulating factors, and α-, β-, and γ-interferons.

The past decade has seen the

development of monoclonal antibodies as a major class of biotherapeutics for the
treatment of cancer, rheumatoid arthritis, and acute organ transplant rejection (Rang,
2001). Overall revenues for the biotech industry have risen from $7.6 billion in 1996
(Paugh and Lafrance, 1997) to more than $54 billion in 2004 (Mirasol, 2005) and more
than $80 billion in 2007 (Ernest and Young, 2008) while the number of FDA approved
biological products has increased from 30 (Paugh and Lafrance, 1997) to over 230
(Mirasol, 2005) from 1997 to 2005.
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1.1.1 Post-Translational Modifications
Although all of the early recombinant therapeutic products were designed to
provide exact copies of the native protein, several recent studies have demonstrated the
clinical potential of using "second generation" therapeutics produced by conjugation of
the native protein with various natural or synthetic polymers including polyethylene
glycol (Asahina, et al., 2007; Hamidi, et al., 2006; Heredia and Maynard, 2007; Muller, et
al., 2000), polysaccharides (Mehvar, 2003), or other synthetic polymers made from
divinyl ether, maleic anhydride, and lauric acid (Shibata, et al., 2004; Shibata, et al.,
2005).

The resulting protein-polymer conjugates can have a significantly longer

biological half-life and lower immunogencity than the native protein, particularly for
smaller proteins that are rapidly cleared by the kidney.

In addition, the use of

chemically-modified proteins can provide active targeting of the therapeutic agent to
tumors or reticuloendothelial tissues (Mehvar, 2003). These protein-polymer conjugates
can have much greater clinical efficacy, allowing less frequent dosing at lower
concentrations with greater therapeutic effectiveness. More detailed information on the
use and performance of protein-polyethylene glycol conjugates is provided in
Section 1.2.
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1.1.2 Purification of Biotherapeutics
Biologically derived pharmaceutical are typically produced using either
recombinant mammalian cells (e.g., Chinese Hamster Ovary cells) or bacteria (e.g., E.
coli). Recombinant products can also be produced using yeast, plant, or insect cell lines,
and there have been a number of studies using transgenic plants and animals. In each
case, the desired protein product must be purified from the host cells, host cell proteins,
DNA, and cell debris to the very high levels of purity. Intravenous or subcutaneous
administered biologically-derived products must contain less than 0.1 % of protein
impurities and less than 100 picograms of nucleic acid per dose (Blanch and Clark,
1997).

Purification is usually performed through a series of steps including

centrifugation, chromatography (usually a mixture of protein A, ion exchange, and
hydrophobic interaction), and membrane filtration steps. Additional steps are used to
ensure that there are no active viruses present in the final product, including viral
inactivation by pH or heat and virus filtration.

A thorough review of biological

purification processes and more specifically the chromatography techniques for
bioseparations is given by Jungbauer (2005).
Although there is considerable variability in the economics for different
therapeutic products, Blanch and Clark (1997) reported that up to 80% of the total
production cost for large-scale manufacture is attributed to the downstream purification
process. The high cost is a result of low product yield in the initial reaction mixture as
well as the necessity to remove impurities through multiple processing steps. In recent
years, the titer of biological products has increased as much as an order of magnitude
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(Butler, 2005), which has created new challenges with respect to the overall capacity and
throughput of the downstream purification process.
Production of second-generation therapeutic proteins is currently accomplished in
two distinct steps. First, the native recombinant protein is made and purified from the
original cell culture fluid. The purified protein is then conjugated to the desired polymer,
e.g., to appropriate molecular weight polyethylene glycol chain(s).

The desired

conjugated product must then be purified from unreacted polymer, native protein, and
any reaction by-products. In some cases, the desired conjugated protein must also be
purified from protein conjugates with non-optimal degrees of conjugation. The presence
of unreacted (native) protein can provoke an undesired immunological response that can
affect both the native and modified forms of the therapeutic protein (Bailon and Berthold,
1998). The presence of unreacted polymer can also have an adverse impact on the
biological response of the therapeutic product. The final purification of the proteinpolymer conjugate is thus essential for the successful commercial production of these
second-generation biotherapeutics. The purification of the optimal form of the modified
protein from other forms, as well as from the unreacted precursors, can have a significant
impact on the overall economics due to the high value of the product.

1.2 PEGylation
One of the most common polymers used for conjugation to therapeutic proteins is
polyethylene glycol (PEG). PEG is attractive because of its compatibility with biological
tissue and the wide range of chemical strategies that can be used to couple PEG to
specific sites on the native protein (Abuchowski et al., 1977b). A number of PEG-protein
4

conjugates have been approved by the FDA: Adagen in 1990, Oncaspar in 1994, Miralax
in 1999, and Cimzia in 2008 (Food and Drug Administration, 2008).
PEG can be produced as a linear polymer or with specific branched structures.
Polymers with low molecular weight (0.2 - 35 kDa) are generally referred to as
polyethylene glycol while high molecular weight species (> 35 kDa) are typically
referred to as polyethylene oxide; the term PEG will be used throughout this thesis for
any polymer with ethylene glycol monomer units. PEG is usually produced by anionic
polymerization, which provides superior control of the polymer molecular weight.
Activated forms of PEG are created by attaching facile leaving groups that will react with
specific moieties on the protein (e.g., lysine amino groups) under mild conditions. More
details on different activated groups and the corresponding chemical reactions are given
in Chapter 4.
The covalent attachment of PEG to a protein is called PEGylation. The use of
PEG as a method to increase the half-life and reduce the immunogenicity of a protein
in vivo was first discussed by (Abuchowski et al., 1977a). They demonstrated that the
concentration of PEGylated bovine serum albumin (BSA) injected into rabbits stayed at a
higher level for a longer period of time than that for un-modified BSA, which was
attributed to the shielding of the PEGylated protein from the immune system.
Abuchowski et al. (1977b) also showed that the activity of a PEGylated liver catalase
enzyme in rabbits was comparable to that of the native protein but with much slower
degradation. The first clinically approved PEGylated protein was Adagen, a PEGylated
adenosine deaminase introduced by Enzon Pharmaceutical in 1990.

Many other

PEGylated products have since been approved including PEGylated interferon α-2a,
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PEGylated interferon α-2b, PEGylated human granulocyte colony-stimulating factor, and
PEGylated L-asparaginase (Food and Drug Administration, 2008).

All of these

PEGylated proteins have shown marked improvements in therapeutic efficacy compared
to the native proteins (Foser et al., 2003; Michallet et al., 2004; Muller et al., 2000;
van der Auwera et al., 2001). For example, the half life of interferon α-2b was increased
from 4 to 40 hr by conjugation with a 40 kDa PEG (Michallet, et al., 2004). The half-life
of growth releasing factor was increased from approximately 20 minutes to more than
70 hr by conjugation with 42-46 kDa of PEG (Parkinson, et al., 2003), eliminating the
need for using a continuous intravenous feed.
Table 1.1 provides a list of FDA approved PEGylated proteins currently on the
market, including company information, the primary indication, and data on the
biological half-life. The total molecular weight of PEG conjugated to the protein is
provided in the second to last column.
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Table 1.1. Commercially available PEGylated proteins.
Company

Indication

FDA
Approval

BLA #

Half Life of
PEGylated
form

Adagen

ademase
bovine

Enzon

Sever
Combined
Immunodeficiency

1990

19818

1 - 5 days

Oncaspar

asparagase

Enzon

Leukemia

1994

103411

50 hrs

Pegintron

interferon
a-2b

ScheringPlough

Hepatitis C

2001

103949

40 hrs

Neulasta

filgrastim

Amgen

Neutropenia

2002

125031

15 - 80 hrs

Pegasys

interferon
a-2a

HoffmanLaRoche

Hepatitis C

2002

103964

77 hrs

Somavert

visomant

PharmaciaUpjohn

Acromegaly

2003

21106

70hrs

Macugen

aptanib
sodium

Osi EyeTech

Wet Macular
Degeneration

2004

21756

Cimizia

certolizumab

UCB Inc.

Crohns'
Disease

2008

125160

Commercial
Name

Scientific
Name

Half life
increase

Amount
PEG added

References

5 kDa

Enzon Pharmaceuticals 2008; Food and Drug
Administration, 2008

33x

100 kDa

Enzon Pharmaceuticals 2008; Food and Drug
Administration, 2008; Kodera, et al., 1998

10x

12 kDa 40 kDa

Food and Drug Administration, 2008; Wang,
et al., 2002; Wylie, et al., 2001

6 kDa 30 kDa

Amgen, 2008; Food and Drug Administration,
2008; Kinstler, et al., 2002; Kodera, et al.,
1998; Piedmonte and Treuheit, 2008

8.5x

20 kDa 40 kDa

Food and Drug Administration, 2008; Foser, et
al., 2003; Michallet, et al., 2004; Reddy, et al.,
2002; Yun, et al., 2005b

210x

5 kDa 46 kDa

Esposito, et al., 2003; Food and Drug
Administration, 2008; Parkinson, et al., 2003;
Piquet, et al., 2002; Youn, et al., 2004

10 days

20 kDa

Food and Drug Administration, 2008; Pfizer
and (OSI)Eyetech, 2006

14 days

40 kDa

Food and Drug Administration, 2008; UCB
Group, 2008
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Although PEG has been used most extensively for conjugation to therapeutic
proteins, a number of other polymers such as polyacrylamide, poly(vinyl pyrrolidone),
and poly(acryloyl morpholine) have also shown promise. The resulting protein-polymer
conjugates have shown comparable improvement in circulation half-life to PEGylated
proteins.

One of the biggest challenges associated with using these polymers is

developing appropriate activated groups to facilitate attachment to the protein under mild
reaction conditions (Torchilin and Trubetskoy, 1995).

1.2.1 Benefits of PEGylation
As discussed previously, PEGylated proteins can have significantly longer halflives than the native product, particularly for small therapeutic proteins. This increase in
half-life can reduce the number and frequency of the required dosing leading to improved
patient compliance (Wang, et al., 2002) and reduced side effects.

For example,

Figure 1.1 shows data for the concentration of α-interferon and PEGylated α-interferon,
Pegasys, in the body as a function of time. The unmodified α-interferon was dosed three
times per week, with the in vivo concentration varying by well over an order of
magnitude between the doses. In contrast, the concentration of PEGylated α-interferon
stays relatively constant over a full week after only a single injection (Harris, 2001). The
increased stability and solubility of PEGylated proteins can also provide opportunities for
using subcutaneous or intramuscular injection instead of the traditional intravenous
administration used for most therapeutic proteins (Chapman, 2002). Recent studies have
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also shown that PEGylated proteins may be attractive in oral formulations (Chapman,
2002).

Figure 1.1. Concentration of α-interferon in the body as a function of time for the PEGylated and
native forms. The PEGylated form shows a relatively constant concentration profiles
while the native form shows significant variations. Taken from Harris, (2001).

PEGylation also causes a shift in the biodistribution of the therapeutic protein
among different tissues. Bioaccumulation in the liver and spleen is typically reduced for
PEGylated proteins (Zalipsky, 1995), with increased accumulation in the lymph nodes.
This makes PEGylated compounds especially effective in treating lymphatic cancers but
they tend to be less effective in treating ailments of the liver and spleen, although this can
be compensated for by attachment of specific targeting moieties (Caliceti and Veronese,
2003). Many studies have shown that PEGylated molecules tend to accumulate in tumors
9

due to the leaky vascular structure in the rapidly growing tumor tissue. A number of
PEGylated molecules have been examined that specifically target tumor growth
suppression (Ton, et al., 2005); although there is also evidence that large PEGylated
molecules may not be able to penetrate throughout the tumor (Ton, et al., 2005).
Free PEG has been shown to be non-immunogenic in numerous studies (Kodera,
et al., 1998), which is usually attributed to the absence of biospecific antigenic sites.
PEG is highly flexible and interacts strongly with water, which may also reduce the
immune response (Kopelman et al., 2002).

In general, linear PEG has a lower

immunological response than branched versions, which is probably related to the greater
flexibility of the linear molecule (Caliceti and Veronese, 2003). PEGylation suppresses
protein immunogenicity (Abuchowski et al., 1977b) by “hiding” antigenic sites on the
protein surface especially when the PEGylation site is located near the antigenic site
(Kopelman et al., 2002). For example, the antigenic character of asparaginase was
reduced by 10-fold by attachment of 10 kDa PEG (Caliceti and Veronese, 2003). PEG
has also been shown to effectively block an immunological response to liposomes
(Torchilin and Trubetskoy, 1995). The use of a branched PEG appears to provide better
immunoprotection since its umbrella-like structure can more effectively cover antigenic
sties on the protein.

1.2.2 Mechanisms of Increased In Vivo Activity
The therapeutic efficacy of PEGylated proteins compared to their native
counterparts is determined by changes in the protein half-life, the biodistribution within
the body (i.e., the fraction of the product that actually reaches the appropriate therapeutic
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site), and the intrinsic activity of the biomolecule. Proteins are cleared from the body by
a variety of mechanisms including proteolysis, renal ultrafiltration, liver clearance, and
the immune system (Chapman, 2002), all of which can be altered by PEGylation (Caliceti
and Veronese, 2003). However, the resulting increase in circulation time can be offset by
a reduction in biological activity. PEGylation can partially block the active site of the
protein, potentially causing a significant reduction in activity. The optimal degree of
PEGylation thus reflects a balance between reducing clearance while maintaining the
intrinsic biological activity.
One of the major benefits of PEGylation is the reduction in glomerular (renal)
filtration, particularly for smaller molecular weight proteins. The extent of renal filtration
is controlled primarily by the size of the molecule, with smaller effects associated with
the chemical composition and charge. Proteins greater than 70 kDa in size are retained
by the kidney, with smaller proteins excreted in the urine. Experimental studies with
unmodified PEG show nearly complete retention for PEG molecules larger than about 30
kDa reflecting the much more open configuration of the PEG compared to that of a
globular protein (Caliceti and Veronese, 2003).
Quantitative studies of the effects of PEGylation on glomerular filtration are
somewhat contradictory (Caliceti and Veronese, 2003). Nakaoka (1997) found that the
clearance of PEGylated proteins was independent of the molecular weight of added PEG,
although this was attributed to differences in immune degradation. PEGylated proteins
with highly branched PEG chains tend to have lower rate of immune degradation but
greater kidney clearance than PEGylated proteins with a single linear PEG chain (Caliceti
and Veronese, 2003). The rate of glomerular filtration is also affected by protein charge

11

with more highly charged molecules showing greater retention by the kidneys (Caliceti
and Veronese, 2003).

PEGylation can directly alter the protein charge through the

covalent reaction, and it can also physically shield the effective surface charge (Caliceti
and Veronese, 2003). These phenomena are discussed in more detail in Chapter 6.
PEGylation often decreases the rate of liver degradation, although again the
results are contradictory (Caliceti and Veronese, 2003). For example, Caliceti (1999)
found that the conjugation of a 5 kDa PEG to Uricase reduced accumulation in the liver
but the reverse was true for conjugation to 10 kDa of PEG (Caliceti and Veronese, 2003).
The change in liver accumulation may be related to a shift in biodistribution, with the
PEGylated proteins preferentially partitioning in the blood stream (Zalipsky, 1995). In
addition, the PEG may inhibit degradation by hepatocytes.
The site of PEGylation affects the immunological response of the PEG-protein
complex (Francis, et al., 1998). In addition, the conformation of PEG may also be a
factor. For example, PEGylation of IgM and IgG with branched PEG caused a greater
reduction in immune response than a linear PEG (Caliceti, et al., 2001). However, there
is also evidence that anti-PEG antibodies can be created causing an increased
immunological clearance in some cases (Caliceti and Veronese, 2003).
Several studies have shown that the intrinsic in vitro activity of PEGylated
proteins is often reduced due to steric hindrance of the active site and to a much lesser
extent a physical change in three-dimensional structure of the PEGylated molecule. For
example, (Digilio et al., 2002) examined the effect of PEGylation on human growth–
hormone releasing factor using NMR and found no change in protein structure.
However, any small decrease in activity is usually more than compensated for by a
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decrease in clearance. This is clearly shown in the data in Figure 1.2 for erythropoietin
(Bailon and Berthold, 1998; Bailon, 2000), with PEGylation providing a significant
increase in in vivo activity despite the reduction in in vitro activity.

Figure 1.2. Comparison of the in vitro and in vivo activity of a PEGylated erythropoietin as a
function of the mass of PEG added. Curves are simple fits to clarify the trend of the data.
Adapted from Bailon and Berthold (1998).

1.2.3 Current Separation Techniques
In order to obtain the benefits of PEGylation, it is necessary to separate the
desired form of the PEGylated protein from the unreacted (native) protein, from any
hydrolyzed PEG generated during the conjugation process, and possibly from other forms
of the PEGylated protein with reduced activity (Esposito et al., 2003). This can be very
difficult due to the inherent heterogeneity in both the number and position of attached
PEG molecules (Fee and Van Alstine, 2006). A number of methods have been examined
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for the purification of PEGylated proteins including two phase aqueous partitioning
(Delgado et al., 1992), capillary and gel electrophoresis (Li et al., 2001; Veronese et al.,
2001), and a variety of chromatographic techniques such as ion exchange (Piquet et al.,
2002), hydrophobic interaction (Vincentelli et al., 1999), reverse phase (Calceti et al.,
2004; Esposito et al., 2003), and size exclusion (Lee et al., 1999b; Veronese, 2001)
chromatography. This wide range of purification strategies reflects the changes in size,
electrical charge, and hydrophobicity associated with the attachment of the polyethylene
glycol chain (Fee and Van Alstine, 2006). Table 1.2 and Table 1.3 shows a list of
purification techniques used for different PEGylated proteins, including both small
(analytical) and preparative scale separations.
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Table 1.2. Purification techniques for a range of PEGylated proteins – Chromatographic methods.
Technique

PEGylated proteins purified

Purpose of Purification

References

Size Exclusion
Chromatography

Alpha-interferon 2b, Alpha-lactalbumin, Antiinterleukin-8, Anti-tumour Necrosis Factor-Alpha scFC
fragment, Beta-interferon, Beta-lactoglobulin, BSA,
Calcitonin, Carboxypepidase A, Epidermal Growth
Factor, Gelonin, Granyulocute Colony-simulating Factor
(human), Immunoglobulin Antigen Binding Domains,
Immunoglobulins, Insulin, Lysozyme, Methioninase,
Parathyroid Hormone, Ovalbumin, Staphylokinase,
Tumor Necrosis Factor-Alpha, Uricase

Analytical fractionation of
different PEGylated forms,
Buffer exchange, Preparative
fractionation of different
PEGylated forms, Reaction
during separation, Removal of
unreacted PEG and protein

Arduini, et al., 2004; Arpicco, et al., 2002; Brumeanu, et al., 1995;
Calceti, et al., 2004; Fee, 2003; Fee and Van Alstine, 2004; Johnson, et
al., 2003; Kinstler, et al., 2002; Koumenis, et al., 2000; Lee and Park,
2003; Lee and Park, 2002a; Lee, et al., 1999a; Lee, et al., 1999b; Li, et
al., 2007; Molek and Zydney, 2006; Moreadith and Collen, 2003; Na, et
al., 2004; Pabst, et al., 2007; Pettit, et al., 1997; Schiavon, et al., 2000;
Tan, et al., 1998; Ton, et al., 2005; Veronese, 2001; Wang, et al., 2002;
Yamamoto, et al., 2003; Yang, et al., 2003; Yun, et al., 2006; Yun, et
al., 2005b; Zhang, et al., 2007

Anion Exchange
Chromatography

BSA, Granyulocute Colony-simulating Factor (human),
Hemoglobin, Immunoglobulins, Methioninase.
Myelopoietin

Analytical fractionation of
different PEGylated forms,
Removal of PEG and protein

Brumeanu, et al., 1995; Hall, 2004; Manjula, et al., 2003; Pabst, et al.,
2007; Tan, et al., 1998; Yun, et al., 2005b

Cation
Exchange
Chromatography

Alpha-interferon 2a, Alpha-interferon 2b, Antiinterleukin-8, Beta-interferon, Beta-lactoglobulin,
Chymopapain, Granyulocute Colony-simulating Factor
(human), Granulocyte Hormone Releasing Factor,
Growth Hormone Releasing Factor 1-29 Analogue,
Human Growth Hormone, Interleukin-1 Receptor
Antagonist, Interleukin-2, Myelopoietin, Staphylokinase,
Trichosanthin, Tumor Necrosis factor-RI

Analytical fractionation of
different PEGylated forms,
Concentration, Reaction during
separation, Removal of PEG,
Separation of positional isomers

Arduini, et al., 2004; Azarkan, et al., 2003; Azarkan, et al., 1996;
Edwards, et al., 2003; Esposito, et al., 2003; Hall, 2004; He, et al., 1999;
Jiang, et al., 2005; Johnson, et al., 2003; Kinstler, et al., 2002;
Koumenis, et al., 2000; Lee and Lee, 2004; Moreadith and Collen,
2003; Olson, et al., 1997; Piquet, et al., 2002; Reddy, et al., 2002; Sato,
2002; Wang, et al., 2002; Wylie, et al., 2001; Yun, et al., 2006;
Yun, et al., 2005b

Hydrophobic
Interaction
Chromatography

Beta-lactoglobulin, BSA, Caricain, Chymopapain,
Lysozyme

Analytical fractionation of
different PEGylated forms

Azarkan, et al., 2003; Nijs, et al., 1997; Vincentelli, et al., 1999

Reverse Phase
Chromatography

Calcitonin, Epidermal Growth Factor,
Growth Hormone Releasing Factor, Insulin

Analytical fractionation of
different PEGylated forms,
Separation of positional isomers

Lee and Park, 2002a; Lee, et al., 1999b; Veronese, 2001; Youn, et al.,
2004; Zhang, et al., 2007

Affinity
Chromatography

Asparaginase, Basic Fibroblast Growth Factor, Catalase,
Immunoadhesin, Recombinant Human Necrosis Factor
Receptor

Analytical fractionation of
different PEGylated forms,
Reaction protection of the active
site, Removal of unreacted PEG

Baran, et al., 2003; Chamow, et al., 1994; Pettit et al. 1997; Wu et al.
2007
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Table 1.3. Purification techniques for a range of PEGylated proteins – Nonchromatographic methods.
Technique

PEGylated proteins purified

Purpose of Purification

References

Capillary Electrophoresis

Calcitonin, Human Tumor Necrosis Factoralpha, Lysozyme, Ribonuclease A

Analytical fractionation of different
PEGylated forms

Li, et al., 2002; Li, et al., 2001; Na, et al.,
2001

Ultrafiltration

Alpha-lactalbumin, Beta-interferon, BSA,
Gelonin, Growth Hormone Releasing Factor,
Immunoglobulins, Lysozyme, Methioninase,
Ovalbumin, Tumor Necrosis Factor-RI

Concentration of purified product, Removal
of unreacted PEG

Arduini, et al., 2004; Arpicco, et al., 2002;
Brumeanu, et al., 1995; Caliceti and
Veronese, 2003; Edwards, et al., 2003;
Esposito, et al., 2003; Molek and Zydney,
2006; Molek and Zydney, 2007; Tan, et al.,
1998; Veronese, 2001

Dialysis

Alpha-lactalbumin, Beta-lactoglobulin,
Epidermal Growth Factor, Immunoglobulins,
Insulin, Lysozyme, Tumor Necrosis FactorRI

Buffer Exchange, Removal of PEG and
protein

Brumeanu, et al., 1995; Edwards, et al., 2003;
Hinds, 2002; Kim, et al., 2002; Lee and Park,
2003; Molek and Zydney, 2007; Nijs, et al.,
1997; Veronese, 2001

MALDI-TOF

Calcitonin, Granyulocute Colony-Simulating
Factor (human), Human Growth Hormone
Anatagonist, Interferon Alpha-2b

Identification of PEGylated forms,
Identification of Positional Isomers

Li, et al., 2007; Liu, et al., 2002; Na, et al.,
2001; Olson, et al., 1997; Yun, et al., 2006;
Yun, et al., 2005b
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1.2.3.1 Ion Exchange
Ion exchange chromatography has probably been used most frequently for the
purification of PEGylated proteins, but implementation of this technology at large scale
can be difficult due to the low capacity of the ion exchange resins for most PEGylated
proteins associated with steric hindrance and charge-shielding by the PEG (Fee and Van
Alstine, 2006; Pabst et al., 2007; Piquet et al., 2002; Snider et al., 1992; Wylie et al.,
2001; Yamamoto et al., 2003). For example, the dynamic binding capacity of BSA
PEGylated with a 12 kDa polyethylene glycol chain on a Capto Q resin (GE Healthcare,
Piscataway, NJ) was only 37 g/L, which is nearly a factor of 4 smaller than the capacity
of the un-modified protein under the same conditions (Pabst et al., 2007). In contrast,
(Hall, 2004) found that PEGylation had little affect on the dynamic binding capacity of
myelopoietin on SP or Q Sepharose (GE Healthcare, Piscataway, NJ) ion exchange
resins, which may be due to the specific surface charge and binding characteristics of this
particular molecule.
Ion exchange can be used for the separation of PEGylated proteins containing
different numbers of added chains as well as the removal of unreacted precursors. Ion
exchange chromatography has been used for the purification of PEGylated GRF
(Monkarsh et al., 1997), PEGylated insulin (Zhang et al., 2007), PEGylated rhG-CSF
(Yun et al., 2005b), and PEGylated C-IFN (Yun et al., 2006) including removal of both
the unmodified (native) protein and undesired PEGylated forms. In all cases the more
heavily PEGylated species eluted first in the presence of a salt gradient, with the
unreacted protein being the most strongly retained (Zhang et al., 2007). Yun (2005a)
obtained improved separation using cation and anion exchange chromatography in series.
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In this case, the native protein was bound during the first cation exchange step while the
PEGylated proteins were captured and then selectively eluted from an anion exchange
resin using a salt gradient (Yun et al., 2005a).

There is even some evidence for

separation of "isomers" of the PEGylated protein, species containing the same total
amount of PEG but with different sites for covalent attachment, although this has not yet
been demonstrated on a preparative scale. For example, Monkarsh (1997) identified 11
different mono-PEGylated isomers of interferon α-2a using cation exchange
chromatography, although not with baseline resolution.

1.2.3.2 Reverse Phase
Alternatives to ion exchange chromatography include reverse phase and
hydrophobic interaction chromatography, although the successful separation performance
is highly variable and most of the studies have been limited to small analytical scale
separations (Snider et al., 1992; Youn et al., 2006; Youn et al., 2004; Zhang et al., 2007).
For example, Youn et al. (2004) used a C-8 reverse phase column for purification of
PEGylated growth hormone releasing factor, with the native protein eluting first and the
most PEGylated species eluting last in an acetonitrile gradient, suggesting the PEG made
the protein more hydrophobic (PEGylated protein interacts less with the water than the
native protein). Similar results were obtained by Zhang et al. (2007) for the separation of
PEGylated insulin using a C-18 column with an acetonitrile gradient. It is also possible
to use ion exchange and reverse chromatography in series (Esposito et al., 2003). For
example, Zhang et al. (2007) obtained enhanced separation of PEGylated insulin on an
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analytical scale using ion exchange to remove the PEG prior to separating the protein
from the PEGylated protein using reverse phase chromatography.

1.2.3.3 Size Exclusion
Size exclusion chromatography is used extensively for small analytical scale
separations, but applications at large scale are more limited due to the very large columns
and processing times needed for the separation (Snider, et al., 1992; Vestling, et al.,
1992). Fundamental studies of PEGylated proteins using size exclusion chromatography
have examined the affect of PEGylation on the protein partition coefficient providing a
measure of the effective size of the PEGylated species (Fee and Van Alstine, 2004).
These results are discussed in more detail in Chapter 5.

Ton (2005) showed that

PEGylated carboxypeptidase could be separated from unreacted PEG and protein using
preparative size exclusion chromatography, although this was probably not viable at a
commercial scale.

1.3 Ultrafiltration
Ultrafiltration is used for both concentration and formulation (i.e., concentration
in combination with buffer exchange) in the large-scale production of nearly all
recombinant protein products.

Although ultrafiltration developed in the 1920’s,

widespread use of the technology didn't begin until the late 1960’s with the
commercialization of asymmetric ultrafiltration membranes (Howell, 1993).

These

asymmetric or anisotropic membranes have a thin skin layer that provides the membrane
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its selectivity but with much less resistance than for a homogeneous (isotropic)
membrane, and a support layer with an open structure that provides the membrane its
mechanical stability.
The type of membrane chosen for a separation process is usually based on the size
of the species to be separated. Some common types of membranes used for separation of
liquid streams include: ultrafiltration, microfiltration, reverse osmosis, and nanofiltration.
Ultrafiltration membranes typically have pore size between about 1 and 20 nm and are
thus used to retain macromolecules. In contrast, microfiltration membranes typically
have pore size between 0.1 and 10 μm although these limits are somewhat arbitrary.
Microfiltration is used extensively in bioprocessing for sterile filtration of final products,
for initial clarification of cell broths, and for removal of aggregates and debris throughout
the downstream process (Subramanian, 1998). Reverse osmosis membranes have pore
size below about 0.5 nm and are used primarily for desalination. Reverse osmosis can
also be used to concentrate and possibly even fractionate very small solutes
(Subramanian, 1998). Nanofiltration membranes have pore size between reverse osmosis
and ultrafiltration, providing opportunities for selective removal of divalent salts for
water softening and for concentration of organic compounds with molecular weights
above 200 Da (Subramanian, 1998).
Most membranes are produced from organic polymers, although inorganic
membranes made from metals, ceramics, and zeolites have also been developed typically
for use in high pressure or high temperature applications (Shah, et al., 2007). A variety
of polymers are used commercially including: polypropylene, polytetrafluoroethylene
(PTFE), polyvinylidenefluoride (PVDF), cellulose nitrate, cellulose acetate, cellulose
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triacetate, aliphatic polyamides, aromatic polyamides, polysulfone, polyethersulfone,
polyimide, polyvinyl alcohol, polyacrylonitrile, polycarbonate, and polyetheretherketone.
Cellulosic membranes are very hydrophilic, leading to low levels of protein adsorption,
but they are less stable to extremes of pH, cleaning agents, and temperature (Howell,
1993). The membrane properties can often be improved by using polymer blends, e.g.,
polyvinylpyrrolidone is often added to polysulfone membranes to improve hydrophilicity
and facilitate pore formation.
Membrane separations are well suited for use with biomolecules since they
typically cause little degradation or denaturation of the biological product. They are able
to separate a wide variety of molecules with vastly disparate sizes, and the membrane
properties (pore size and surface chemistry) can be tailored to improve separations.
Scale-up is generally straight-forward if the proper modular structures are available
(Howell, 1993). Ultrafiltration is typically performed using tangential flow (also known
as cross flow) filtration, in which the feed solution is circulated across the membrane and
perpendicular to the direction of filtration. Tangential flow filtration systems maintain
higher filtrate flux over longer processing times since the retained species are continually
removed from the membrane by the flow (Ratledge and Kristiansen, 2001). Diafiltration
is used for buffer exchange and desalting, with a diafiltration buffer continuously added
to the feed solution as filtrate is removed (Subramanian, 1998). Typical challenges with
membrane separations are low selectivity, particularly compared with chromatographic
separations, and membrane fouling, the irreversible decline in membrane performance
due to interactions between the feed and membrane. Membrane fouling can often be
reduced by using more hydrophilic surfaces, either by proper selection of the base
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polymer or by surface modification after membrane formation by chemical reaction,
plasma treatment, or adsorptive coatings (Howell, 1993).
Recent experimental and theoretical work has shown that membrane selectivity
can be dramatically improved by exploiting electrostatic interactions between the
naturally charged proteins and intentionally charged membranes (Burns and Zydney,
2001; Mehta and Zydney, 2006; Pujar and Zydney, 1994; Saksena and Zydney, 1994;
van Eijndhoven et al., 1995; van Reis, 2006; Zulkali et al., 2005). Charged membranes
have been successfully used for fractionation of whey proteins (Cheang and Zydney,
2003), for purification of recombinant therapeutic proteins (van Reis et al., 1999), and for
selective retention of small molecules in blood (Nakajima et al., 2001). Optimization of
these membrane separations typically involves selection of the appropriate solution ionic
strength, pH, and membrane charge to control the extent of the electrostatic interactions.

1.4 Thesis Summary
1.4.1 Overall Objectives
Previous work on ultrafiltration of PEGylated proteins is quite limited. A few
studies (Arduini et al., 2004; Brumeanu et al., 1995; Edwards et al., 2003; Lee and Park,
2002a; Nijs et al., 1997; Pabst et al., 2007) have reported the use of ultrafiltration for
concentration and buffer exchange in the formulation of purified PEGylated products, but
there have been no prior studies examining the potential use of ultrafiltration for the
purification of PEGylated proteins from unreacted precursors.
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The overall objective of this thesis was to examine the use of ultrafiltration as a
method to separate PEGylated protein from unreacted precursors and from PEGylated
species with different numbers of PEG chains. This included: (1) analysis of size-based
separation of PEGylated proteins using electrically neutral membranes, (2) examination
of the use of electrically-charged membranes for purification of PEGylated proteins by
exploiting electrostatic interactions, and (3) development of appropriate models for the
separation of PEGylated proteins. As part of this effort, a number of techniques were
used to evaluate the underlying physical properties of the PEGylated proteins and to
relate these to the observed separation characteristics.

In particular, size exclusion

chromatography and dynamic light scattering were used to evaluate the effective size of
the PEGylated proteins and capillary electrophoresis was used to examine the
electrophoretic mobility and effective surface charge.

1.4.2 Thesis Outline
The general theoretical background used to analyze the ultrafiltration results is
presented in Chapter 2. This includes theoretical models for solvent and solute transport
for idealized membranes consisting of a parallel array of cylindrical pores with the
solutes described as uniformly charged spheres. The relative contributions of convective,
diffusive, and electrophoretic solute transport are also discussed.
Chapter 3 presents the basic experimental systems, materials, and methods used
throughout the thesis for size exclusions chromatography, capillary electrophoresis,
ultrafiltration, and diafiltration.
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Chapter 4 provides a description of the reaction system used to produce the
PEGylated proteins. Data are presented for the effects of solution pH, ionic strength, and
ratio of PEG to protein on the degree and uniformity of the PEGylation. Both the extent
of reaction and the kinetics are explored as well as different reaction schemes.
Chapters 5 and 6 show results for the characterization of PEGylated proteins by
size exclusion chromatography and capillary electrophoresis, respectively. The effective
sizes of the PEGylated proteins were determined from the measured partition coefficient
in a size exclusion chromatography resin by comparison with results for appropriate
molecular standards. Electrophoretic mobility data for the PEGylated proteins were used
to evaluate the effective protein charge including the possibility of charge shielding by
the PEG.
The behavior of PEGylated proteins in ultrafiltration systems is explored in
Chapters 7 and 8.

Chapter 7 examines the behavior during ultrafiltration through

electrically-neutral membranes, with a specific focus on the effects of the ultrafiltration
flux on the elongation or deformation of the PEG chains. Chapter 8 examines the effects
of electrostatics on the transport of PEGylated proteins using electrically-charged
membranes generated by covalent attachment of sulfonic acid groups to the base
cellulosic membrane.
Chapter 9 shows results for the separation of PEGylated α-lactalbumin from
native α-lactalbumin and hydrolyzed PEG using a two-stage diafiltration process to
selectively remove the different impurities.

This process provided a PEGylated

α-lactalbumin product with a purification factor greater than 100 and a yield of 78%.
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Chapter 10 examines the fouling characteristics of PEGylated proteins using both
hydrophilic and hydrophobic membranes.

The results clearly demonstrate that

PEGylation of bovine serum albumin increases the extent of fouling with hydrophobic
membranes due to the reduced hydrophilicity of the PEGylated protein.
A summary of the final conclusion and implications of the results are presented in
Chapter 11 along with a discussion of appropriate future studies that build directly on the
work presented in this thesis.
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Chapter 2
THEORETICAL BACKGROUND

2.1 Introduction
This chapter reviews the theoretical models used to describe the basic mass
transport and separation phenomena that govern the behavior of ultrafiltration systems.
Previous reviews of this theoretical background have been presented by Zeman and
Zydney (1996), Pujar (1996), and Rao (2007); the discussion in this chapter draws
heavily from these prior discussions. The theoretical framework used to analyze results
from the size exclusion chromatography and capillary electrophoresis experiments are
discussed in the specific chapters focused on those results.
The overall rate of solute transport in ultrafiltration is determined by both the rate
of transport from the bulk solution to the membrane and the rate of transport through the
membrane pores. These phenomena are discussed separately in the following sections,
including both the rate of solvent and protein transport through the membrane. Transport
in the bulk solution is controlled by the system hydrodynamics while transport through
the membrane has contributions from thermodynamics (possibly including electrostatic
interactions) and hydrodynamics.

2.2 Bulk Mass Transport
The transport of solute molecules to the membrane surface during pressure-driven
filtration reflects the balance between the convective flow toward the membrane and
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diffusion away from the region of higher concentration of retained solutes that develops
near the membrane surface. This phenomenon is often referred to as concentration
polarization. Figure 2.1 shows a graphical depiction of the concentration polarization
phenomenon, including the expected concentration profile. The concentration profile
through the membrane is discussed in more detail later in this chapter.
The increase in solute concentration at the surface of the membrane can reduce
the filtration rate by three distinct mechanisms. First, the accumulated solute can give
rise to a large osmotic pressure on the feed side of the membrane (Denisov, 1994),
reducing the effective pressure driving force for filtration. This effect tends to be most
significant for small solutes since osmotic pressure is a colligative property, but it can
also be important for some proteins due to the non-linear dependence of the osmotic
pressure on the protein concentration. Second, the solute can form a dense cake or gel
layer that provides an additional hydraulic resistance to the solvent flow (Bowen and
Jenner, 1995). Third, the high solute concentration at the surface of the membrane can
lead to irreversible fouling both on and within the membrane pores (Palecek and Zydney,
1994).
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Figure 2.1. Schematic of concentration polarization in solution above a membrane. The highest
solute concentration is at the membrane surface. Cb, Cw, and Cf represent the
concentration of the solute in the bulk solution, at the membrane surface (wall), and in
the filtrate solution Adapted from Bohonak (2006).

2.2.1 Stagnant Film Model
The most common approach used to describe the effects of concentration
polarization is through the stagnant film model. This model assumes that solute transport
occurs in a stagnant film above the membrane surface. In the basic stagnant film model
particle-particle interactions are neglected and the solute diffusivity and viscosity are
both assumed to be constant (independent of the solute concentration). At steady state,
the solute flux through the membrane and into the filtrate solution is equivalent to the net
solute flux towards the membrane as described by Equation 2.1.

− J v C f = − J v C − D∞

dC
dz

(2.1)
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where Jv is the filtrate flux (volumetric filtrate flow rate divided by the membrane area),

Cf is the concentration of solute in the filtrate, C is the local solute concentration at a
positive position, z, above the membrane, and D∞ is the solute diffusivity. Equation 2.1
can be integrated over the thickness of the concentration polarization boundary layer (δ)
with the solute concentration at the surface of the membrane (z = 0) equal to Cw while the
solute concentration at the outer edge of the boundary layer is Cb (see Figure 2.1):

Jv =

⎛ Cw − C f
ln⎜
δ ⎜⎝ C b − C f

D∞

⎞
⎟
⎟
⎠

(2.2)

A more detailed analysis of this model, including the validity of the one-dimensional
transport analysis, is provided by Zydney (1997).
In addition to altering the filtrate flux, concentration polarization also affects the
rate of solute transport through the membrane. This is typically described in terms of the
observed sieving coefficient, which is defined as the ratio of the solute concentration in
the filtrate solution to that in the bulk solution well above the membrane (So = Cf / Cb).
The observed sieving coefficient can be related to the actual sieving coefficient (Sa),
which is defined as the ratio of the solute concentration in the filtrate to that at the
membrane surface or "wall" (Sa = Cf / Cw), by rearranging Equation 2.2 to give:
⎛
⎞
⎜ Jv ⎟
S a exp⎜
⎟
⎜ D∞ ⎟
δ ⎠
⎝
So =
⎛
⎜ J
1 − S a + S a exp⎜ v
⎜ D∞
δ
⎝

⎞
⎟
⎟
⎟
⎠

(2.3)

29

2.2.2 Mass Transfer Coefficient
The ratio of the solute diffusion coefficient (D∞) to the boundary layers thickness
(δ) in Equations 2.2 and 2.3 is typically defined as the solute mass transfer coefficient, km.
The mass transfer coefficient is a function of the solute diffusivity and the
hydrodynamics of the particular membrane device. A semi-empirical equation for the
mass transfer coefficient in a stirred cell was developed by Smith et al. (1968) based on
the rate of benzoic acid dissolution:

Sh = A(Re ) (Sc )
d

0.33

(2.4)

where Sh =kmb/D∞ is the Sherwood number, Re = ωb2/υ is the Reynolds number, Sc
=υ/D∞ is the Schmidt number, b is the radius of the stirred cell, ω is the stirring speed, υ
is the kinematic viscosity, and D∞ is the solute diffusion coefficient.
The solute diffusion coefficient can be evaluated using the Stokes-Einstein
equation:
D∞ =

k BT
k T
= B
f
6πηa

(2.5)

where kB is Boltzmann’s constant (kB = 1.38 × 10-23 J/K), T is temperature, f is the
frictional coefficient, η is the solution viscosity, and a is the hydrodynamic radius of the
solute.

The protein radius can be estimated based on the molecular weight using

Equation 2.6
1

Rh , protein = 0.082 × MW pro3

(Young, et al., 1980)

(2.6)

with an analogous expression for polyethylene glycol given as
0.559
Rh , PEG = 0.01912 × MWPEG

(Singh, et al., 1998)

(2.7)
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where the hydrodynamic radius (Rh) is in nm and the molecular weight (MW) is in Da.
Equations 2.6 and 2.7 are valid for infinitely dilute solutions, with no dependence of D∞
on the solute concentration or ionic strength. This approximation is not always valid
experimentally and can lead to significant discrepancies between the data and model
correlations (Rautenbach and Holtz, 1980).
The value of A in Equation 2.4 has been determined experimentally and is a weak
function of the stirred cell geometry. Colton (1969) calculated the value of A to be 0.285
based on the dissolution of benzoic acid in a turbulent flow system. Opong and Zydney
(1991) calculated the value of A to be 0.23 for laminar flow in a 25 mm Amicon stirred
cell (which is the system used in most of the experiments performed in this thesis). The
value of d varies with Re from a value of 0.567 in the laminar region (for Re < 10,000) to
a value of 0.746 in the turbulent region (for Re > 60,000). Reynolds numbers between
10,000 and 60,000 are in the transition region. The appropriate value of d in this region
is typically determined by linear interpolation between the values for laminar and
turbulent flow.

2.3 Solvent Transport
The rate of solute and solvent transport through porous membranes can be
described using hydrodynamic theories presented in Anderson and Quinn (1974) and
Deen (1987) for membranes modeled as an array of well-defined, typically cylindrical,
pores. The advantage of the hydrodynamic models is that the key transport parameters
can be calculated directly in terms of the physical properties of the solute and the pores.
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The available hydrodynamic models for spherical solutes in cylindrical pores are
discussed in more detail in the following sections.

2.3.1 Permeability
The hydraulic permeability (Lp) of the membrane is defined experimentally as:
Lp =

ηJ v
ΔP

(2.8)

where ΔP is the transmembrane pressure, η is the solution viscosity, and Jv is the
volumetric filtrate flux (volumetric flow rate per total membrane area). For a membrane
with a uniform array of cylindrical pores, the flux can be evaluated using the HagenPoiseuille equation:

εrp 2ΔPTM
Jv =
8ηδ

(2.9)

where rp is the pore radius and ε is the porosity of the membrane. Equation 2.9 assumes
that end effects are negligible, which is valid for typical ultrafiltration membranes since
the membrane thickness is typically more than 100 times greater than the pore radius. In
some cases a tortuosity factor is added to Equation 2.9 to account for the irregular flow
path through the membrane.

2.3.2 Electrostatic Effects on Solvent Flow
The fluid flow characteristics through a charged membrane are considerably more
complicated.

The fluid flow through the charged pores generates an electrical

(streaming) potential due to interactions between the flow and the ions in the electrical
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double layer. This induced streaming potential causes a net electrophoretic flux of ions
that exerts stresses on the fluid, a phenomenon known as counter electro-osmosis.
The one dimensional momentum equation describing fluid flow through the
cylindrical pore can be written as (Newman, 1991):

η d ⎛ dv z ⎞

dP
=0
⎟ + ρe Ez −
⎜r
r dr ⎝ dr ⎠
dz

(2.10)

where r is the radial position within the pore, vz is the axial velocity, Ez is the axial
electric field, dP/dz is the pressure gradient, and ρe is the local charge density of the
electrolyte solution defined as:

ρ e = F ∑ z i Ci

(2.11)

i

where F is Faraday’s constant, zi is the ion valence number, and Ci is the ion
concentration. The velocity profile within the pore is determined by integrating Equation
2.10 over the radial direction with boundary conditions that vz = 0 at r = rp and vz and Φ
are finite at r = 0 giving (Newman, 1991):

(

)

2
2
ε 0ε r
dP rp − r
vz = Ez
Φ − Φ r =r −
dz 4η
η
p

(2.12)

where εo is the permittivity of a vacuum, εr is the relative permeability of the buffer
solution, Φ is the potential at radial position r, and Φr=rp is the potential at the surface of
the pore.
The electrical potential gradient is typically evaluated by solving the linearized
form of the Poisson-Boltzmann equation in cylindrical coordinates.

ρe
1 ∂ ⎛ ∂Φ ⎞
⎜r
⎟=−
r ∂r ⎝ ∂r ⎠
ε oε r

(2.13)
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The local charge density is evaluated in terms of the potential from the constraint that the
net ion flux in the radial direction is zero:
N i = Di

∂C i Di
∂Φ
=0
−
zi F
∂r
∂r RT

where Di is the ion diffusion coefficient and

(2.14)

∂Φ
is the radial electric field. Integrating
∂r

Equation 2.14 over the radius of the pore gives the Boltzmann distribution:

⎤
⎡ zF
C i = C i0 exp ⎢− i (Φ − Φ r =0 )⎥
⎦
⎣ RT

(2.15)

where the exponential term can be approximated using the first term in a Taylor series
expansion, 1 −

zi F
(Φ − Φ r =0 ) , at low potentials. The electrical potential is evaluated by
RT

solving the Poisson-Boltzmann equation (Equations 2.11, 2.13, and 2.15) to give:
⎛ q p ⎞ ⎡ I 0 (κr ) − 1⎤
⎟⎟ ⎢
⎥
⎝ ε 0 ε r κ ⎠ ⎣ I 1 (κr ) ⎦

(Φ − Φ r =0 ) = ⎜⎜

(2.16)

where qp is the constant surface charge density of the pore and κ-1 is the Debye length
defined as:

κ

−1

⎛ ε ε RT
= ⎜ 20 r 2
⎜F ∑z C
i
i
⎝

⎞
⎟
⎟
⎠

1

2

(2.17)

where R is the ideal gas constant. Equation 2.16 is valid at low surface potentials and is
typically referred to as the Debye Huckel approximation.
The average fluid velocity can be calculated by integrating Equation 2.12 over the
pore radius with the electrostatic potential evaluated from Equation 2.16:
⎛ εr p 2
Jv = ⎜
⎜ 8ηδ
⎝

⎞
q
⎟ΔP + ⎛⎜ p ⎞⎟ ⎡ I 2 (κa ) ⎤ E
TM
⎜ κη ⎟ ⎢ I (κa ) ⎥ z
⎟
⎦
⎠⎣ 1
⎝
⎠

(2.18)
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where I1(κa) and I2(κa) are the modified Bessel Functions of the first kind of order 1 and
2, respectively. The effects of counter-osmosis are described by the second term in
Equation 2.18. A more detailed review of the fluid flow through electrically-charged
membranes is provided by Burns (2000) and Pujar (1996).

2.4 Solute Transport
The solute flux (Ns) through the membrane has contributions from the diffusive,
convective, and electrophoretic transport as described by Equation 2.19.
N s = − K −1 D∞ ∇C s + GVC s − K −1 D∞

Cs
∇ψ
RT

(2.19)

where K and G are hindrance factors for diffusion and convection, respectively. K and G
are both complex functions of the pore size, solute size, and electrostatic interactions as
discussed in more detail in Section 2.4.1. V is the velocity of the fluid with respect to the
pore wall, ψ is the electrical potential energy of interaction, and Cs is the solute
concentration in the pore at a specified z and r coordinate. Equation 2.19 assumes that
the solute activity coefficient is unity and thus neglects any nonidealities associated with
solute-solute interactions. A detailed derivation of this equation is presented by Pujar and
Zydney (1994).
The overall solute flux through the pore is evaluated by integrating Equation 2.19
over the cross sectional area of the pore to give:
1

Ns =

∫N

s

β dβ

0

1

∫ β dβ

1− λ

= 2 ∫ N s βdβ

(2.20)

0

0
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where β is the dimensionless radial position (β = r / rp) and λ is the ratio of the solute to
pore radii (λ = rs / rp). The upper bound of the integral represents the maximum distance
away from the pore center for a given solute molecule accounting for the steric exclusion
of the solute from the region within one solute radius of the pore wall. Substitution of
Equation 2.19 into Equation 2.20 and performing the integration gives:
1− λ

N s = −2 D ∞

−1
∫K
0

1− λ
1− λ
∂C s
C ∂Ψ
βdβ − 2 D∞ ∫ K −1 s
βdβ + 2 ∫ GC sVβ dβ
∂z
RT ∂z
0
0

(2.21)

The radial concentration profile in the pore is assumed to follow a Boltzmann
distribution:
⎡ ψ (β ) − ψ (β = 0 )⎤
C s (β ) = C s (β = 0) exp ⎢−
⎥⎦
RT
⎣

(2.22)

where ψ(β=0) and Cs(β=0) are the potential energy and the solute concentration at the
center of the pore.
Substitution of Equation 2.22 into Equation 2.21 gives the following expression
for the radially averaged solute flux:

N s = K c V C s − K d D∞

where V , C s , and

∂ψ
∂z

d Cs
dz

(2.23)

are the radially averaged velocity, concentration, and

potential energy. The coefficients Kc and Kd are given as:
1− λ

Kc =

⎛ ψ (β ) ⎞
⎟ β dβ
RT ⎠

∫ GV exp⎜⎝ −
0

⎡
⎤⎡ 1
⎤
⎛ ψ (β ) ⎞
−
exp
β
d
β
⎜
⎟
⎢∫
⎥ ⎢2∫ Vβdβ ⎥
⎝ RT ⎠
⎣0
⎦⎣ 0
⎦
1− λ

(2.24)
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1− λ

∫K

Kd =

0

1− λ

∫
0

−1

⎛ ψ (β ) ⎞
exp⎜ −
⎟ β dβ
⎝ RT ⎠

⎛ ψ (β ) ⎞
exp⎜ −
⎟ β dβ
⎝ RT ⎠

(2.25)

The exact forms of the hydrodynamic parameters G and K will be discussed in
Section 2.4.1.
Equation 2.23 is expressed in terms of the radially averaged solute concentration
within the pore. The concentration in the pore can be related to the concentration in the
solution immediately outside the membrane pore using the equilibrium partition
coefficient:

φ=

Cs

z =0

Cw

=

Cs

z =δm

Cf

1− λ

⎞β dβ
= 2 ∫ exp⎛⎜ − ψ
⎟
k
T
b ⎠
⎝
0

(2.26)

The partition coefficient for a hard sphere in a cylindrical pore in the absence of any
electrostatic interactions becomes:

φ = (1 − λ )2

(2.27)

which describes the steric exclusion of the solute from the region within one solute radius
of the pore wall.
The solute flux can be related to the solute concentrations in the solution outside
the membrane by integrating Equation 2.23 across the membrane with the boundary
conditions at the upper (z = 0) and lower (z = δ) surfaces of the membrane evaluated
using Equation 2.26 to give (Opong and Zydney, 1991):

Ns

⎤
⎡ ⎛Cf ⎞
⎟⎟ exp[− Pem ]⎥
⎢1 − ⎜⎜
⎥⎦
⎢ ⎝ Cw ⎠
= S∞Cw V ⎣
[1 − exp[− Pem ]]

(2.28)

where
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1− λ
⎡ −ψ ⎤
2
S ∞ = φK c = 4 ∫ G (1 − β ) exp ⎢
⎥ β dβ
⎣ k bT ⎦
0

(2.29)

1− λ
⎡ −ψ ⎤
= φK d = 2 ∫ K −1 exp ⎢
⎥ β dβ
D∞
⎣ kbT ⎦
0

(2.30)

rp2 dP
V =−
8η dz

(2.31)

Deff

⎛ S
Pem = ⎜⎜ ∞
⎝ φK d

⎞⎛ V δ
⎟⎟⎜
⎜
⎠⎝ D∞

⎞
⎟
⎟
⎠

(2.32)

The convective contribution to the solute flux is described by the asymptotic
sieving coefficient (S∞). At very high filtration velocities, the solute flux across the
membrane reduces to <Ns> = S∞<V>Cw. The membrane Peclet number describes the
relative contributions of the convective and diffusive fluxes. In the limit of very low
Peclet numbers (corresponding to low filtration velocities), solute transport is dominated
by diffusion with the solute flux given as <Ns> = φKDD∞(Cw-Cf).
The solute flux through the membrane (as given by Equation 2.28) is equal to the
solute flux into the filtrate solution <Ns> = <V>Cf. Substitution of this expression into
Equation 2.28 gives upon rearrangement an expression for the actual sieving
coefficient, Sa.
Sa =

S∞ exp(Pem )
S∞ + exp(Pem ) −1

(2.33)

where Sa is defined as the ratio of the solute concentration in the filtrate solution (Cf) to
that at the upstream surface of the membrane (Cw). Equation 2.33 predicts that the actual
sieving coefficient decreases from a value of one at very low Pem to a constant
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asymptotic sieving coefficient at high filtration velocities, in good agreement with
experimental observations (Zeman and Zydney, 1996).

2.4.1 Hydrodynamic Transport Parameters
The expressions for Kc and Kd are given as integrals involving the lag coefficient
[G(λ,β)] and the enhanced drag coefficient [K(λ,β)], both of which are related to
properties of the membrane and the solute. These terms are typically evaluated using the
centerline approximation which assumes that the solute is located at the axis of the pore
(Deen, 1987) in which case the integrals simply become:

(

K c = G (λ ,0 ) 2 − (1 − λ )

2

)

K d = K −1 (λ ,0)

(2.34)
(2.35)

Expressions for G(λ,0) and K(λ,0) were developed by Bungay and Brenner
(1973) for all values of λ using matched asymptotic expansions with the results expressed
as (Brenner and Gaydos, 1977; Bungay and Brenner, 1973; Deen, 1987):
G (λ ,0 ) =

Ks
2K t

K −1 (λ ,0 ) =

6π
Kt

(2.36)

(2.37)

where Ks and Kt are given by Equation 2.38 and Equation 2.39 with the expansion
coefficients provided in Table 2.1.
2
7
9
n⎤
−5 ⎡
K t = π 2 2 (1 − λ ) 2 ⎢1 + ∑ a n (1 − λ ) ⎥ + ∑ a n λn −3
4
⎣ n =1
⎦ n =3

(2.38)

2
7
9
n⎤
−5 ⎡
K s = π 2 2 (1 − λ ) 2 ⎢1 + ∑ bn (1 − λ ) ⎥ + ∑ bn λn −3
4
⎣ n =1
⎦ n =3

(2.39)
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Table 2.1 Expansion coefficients for the Kt and Ks functions in Equation 2.38 and Equation 2.39.

Subscript n
1
2
3
4
5
6
7

an
-73/60
77293/50400
-22.5083
-5.6117
-.3363
-1.216
1.647

bn
7/60
-2227/50400
4.0180
-3.9788
-1.9215
4.392
5.006

Kc varies between 1.47 and 1 depending on the value of λ. The value of Kc is
greater than one because the solute flux is expressed in terms of the area averaged
velocity while the velocity at the pore centerline is twice the average velocity. The
hindrance factor for diffusion (Kd) is much smaller than Kc, particularly for large values
of λ, due to the greater hydrodynamic interactions associated with solute diffusion.
Figure 2.2 shows the hydrodynamic functions, G and K-1, as a function λ. Both G and K-1
decrease with increasing λ due to the increased drag on the solute due to the pore wall.
The value of K-1 decreases to 0 as λ goes to 1 since the hydrodynamic drag becomes
infinitely large. The value of G approaches 0.5 as λ approaches 1 because the solute will
move at the average solution velocity, equivalent to one-half of the maximum velocity in
the pore.
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Figure 2.2. Hydrodynamic functions, G and K-1 as a function of the solute to pore ratio, λ.

2.4.2 Electrostatic Effects on the Partition Coefficient
The presence of electrostatic interactions can influence both the equilibrium
partition coefficient and the hindrance factors for convection and diffusion. Smith and
Deen (1980; 1983) evaluated the partition coefficient by solving the linearized PoissonBoltzmann equation (Equation 2.40) for a charged sphere in a charged cylindrical pore:
∇ 2ψ = (κrp )ψ

(2.40)

Equation 2.40 is valid at low electrical potentials (< 25 mV) due to the linearization of
the exponential in the Boltzmann distribution (i.e. the Debye-Huckel approximation).
Smith and Deen (1980) solved Equation 2.40 using matched asymptotic expansions in
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spherical and cylindrical coordinates. The dimensionless interaction energy (Vσ) was
determined using the procedure described by Verwey and Overbeek (1948) as:
Vσ =

Asσ s2 + Aspσ sσ p + A pσ p2

[πτ (1 + τλ )]exp(− τλ ) − M 0 h(τλ )

(2.41)

where
4πλ4 eτλ M 0
As =
1 + τλ

(2.42)

4π 2 λ2
Asp =
I 1 (τ )

(2.43)

Ap =

π 2 h(τλ )
τ 2 I 12 (τ )

(2.44)

where τ = κrp is the dimensionless pore size, I1 is the Bessel function of the first kind
order 1, and σs and σp are the dimensionless solute and pore surface charge densities,
respectively:

σs =

σp =

Frp q s

ε o ε r RT
Frp q p

ε o ε r RT

(2.45)

(2.46)

where qs and qp are the dimensional charge densities. The functions h(τλ) and M0 are
shown in Equation 2.47 and Equation 2.48.

h(τλ ) = (1 + τλ )e −τλ − (1 − τλ )eτλ

(2.47)

1
K 1 ⎡(τ 2 + α 2 ) 2 ⎤
⎢
⎥⎦
dα
M0 = ∫ ⎣
1
2
2
0 I ⎡(τ + α ) 2 ⎤
1
⎢⎣
⎥⎦

(2.48)

∞
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where I1 and K1 are the Bessel functions of the first and second kind, respectively. The
integral in Equation 2.48 can be approximated as (Smith and Deen, 1980)

( )

1
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π ⎛π ⎞ 2
⎡ 15
⎤
+O 1 2 ⎥
M 0 = ⎜ ⎟ e − 2τ ⎢τ + −
τ
2 ⎝τ ⎠
⎣ 16 512τ
⎦

(2.49)

for τ ≥ 3. The potential energy of interaction is directly related to the dimensionless
interaction energy (Vσ):
2

⎡ RT ⎤
ψ (0) = rp ε o ε r ⎢ ⎥ Vσ
⎣ F ⎦

(2.50)

The potential energy of interaction Equation 2.41 is represented as the sum of
three separate contributions: the energy associated with the deformation of the electrical
double layer surrounded by the solute, the deformation of the double layer within the
pore, and the direct charge-charge interaction between the pore and the solute. The
change in energy due to the deformation of the electrical double layer surrounding the
solute or the pore always increases the potential energy, leading to a reduction in the
magnitude of the partition coefficient, while the direct interaction term is positive if the
membrane pore and solute have like charges and is negative if they are oppositely
charged.
The analysis of the potential energy of interaction has been extended to account
for off-center positions within the pore (Smith and Deen, 1983), constant surface
potential boundary conditions (Smith and Deen, 1980), and the effects of charge
regulation (Pujar and Zydney, 1997). A more detailed discussion of these results is
provided by Pujar (1996).
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2.5 Log-Normal Pore Size Distribution
The previous sections describe the transport of solvent and solute through a single
pore. In order to apply these equations to real membranes it is necessary to account for
the distribution of pore sizes within the membrane. A number of previous studies have
examined the effects of a pore size distribution on both solute and solvent transport
(Mochizuki and Zydney, 1993; Saksena and Zydney, 1995). This section briefly reviews
these analyses.
Most studies of membrane pore size distributions have used a log-normal density
function (Causserand et al., 1996; Mochizuki and Zydney, 1993; Saksena and Zydney,
1995):

⎡ ⎛ rp b ⎞ 2 ⎤
⎢ ⎜⎜ ln + ⎟⎟ ⎥
r 2⎠ ⎥
1
⎢
exp ⎢− ⎝
f R (r ) =
⎥
2b
rp 2πb
⎢
⎥
⎢
⎥
⎣
⎦

(2.51)

⎡ ⎛ σ ⎞2 ⎤
b = ln ⎢1 + ⎜ ⎟ ⎥
⎣⎢ ⎝ r ⎠ ⎥⎦

(2.52)

with

where rp is the pore radius, r is the mean pore radius, and σ is the standard deviation.
The log-normal pore size distribution is convenient for this analysis because it is only
defined for positive values of the pore radius (in contrast to the Gaussian distribution
which is defined for -∞ < rp < ∞).
The average velocity through the membrane is evaluated by integrating the
velocity for each pore over the pore size distribution.
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∞

∫ V n(r )πr
p

V =

2
p

drp

0

(2.53)

∞

∫ n(r )πr
p

2
p

drp

0

where V is the average velocity through the membrane, V is the average velocity in a
single pore with radius rp, and n is number of pores with radius (rp). The weighting of the
integrals by πrp2 accounts for the cross-sectional area of the pore. The average solute
flux N s is evaluated in an analogous fashion as:
∞

Ns =

∫

N s n(rp )πrp2 drp

0

(2.54)

∞

∫ n(r )πr
p

2
p

drp

0

where N s is the flux through a single pore. Equation 2.53 and Equation 2.28 can be
combined to develop an expression for the average asymptotic sieving coefficient:
∞

Ns
=
S∞ =
C wV

∫ S (r )n(r )r
∞

p

p

∫ n(r )r

4
p

4
p

drp

0

(2.55)

∞

p

drp

o

The hydraulic permeability for a membrane with a pore size distribution
(assuming no electrostatic interactions) is shown in Equation 2.56.
∞

ε
Lp =
8ηδ

∫ n(r )r
p

4
p

dr

0
∞

∫ n(r )r
p

(2.56)
2
p

dr

0
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The r4 dependence in the numerator comes from the Hagen-Poiseuille equation (Equation
2.9) while the r2 dependence in the denominator comes from the circular cross sectional
area of the cylindrical pores.

2.6 Solute Deformation
All of the discussion in this Chapter has implicitly assumed that the solutes are
unaffected by the fluid flow, which ignores the possibility of any deformation or
elongation of the solutes during ultrafiltration. This assumption is typically valid for
most proteins due to their highly globular structure, but this may not be valid for the
PEGylated proteins examined in this thesis.

The degree of flow-induced polymer

deformation is typically characterized in terms of the Deborah number (De):

De =

τ0
= τ 0 ⋅γ
γ −1

(2.57)

where τ 0 is the time scale for polymer relaxation and γ-1 is the time scale characteristic of
the fluid flow. The elongation of molecules is generally thought to become significant at
De ≥ 1 although some studies have reported deformation effects at De as small as 0.05
(Long and Anderson, 1984).
The relaxation time is the longest time required for a polymer chain to return to its
natural equilibrium state after elongation, which is typically calculated using the chain
like bead-spring model originally developed by Rouse (1953) and modified by Zimm
(1956). Alternatively, τ0 can be evaluated experimentally using transient analysis of the
post-stretching recovery using electric birefringence (Thompson and Gill, 1967), flow
dichroism (Callis and Davidson, 1969), creep recovery (Klotz and Zimm, 1972), or
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microscopy (Perkins, et al., 1997). The time-scale for the fluid flow is typically set equal
to the inverse shear rate (γ-1), which is proportional to the volumetric flow rate through
the membrane and inversely proportional to the characteristic distance to the third power:
⎛Q ⎞

p
γ ≈ ⎜⎜ 3 ⎟⎟
⎝L ⎠

(2.58)

where Qp is the flow rate through a single pore and L is the characteristic distance. The
flow rate Qp can be related to the filtrate flux (Jv) as:

Qp =

J vπrp2

(2.59)

ε

Daoudi and Brochard (1978) argued that the critical distance from the pore entrance
where deformation effects become significant should be evaluated using the solute radius
of gyration (RG) giving:

⎛ J v ⋅ rp2 ⎞
⎟
γ ≈ ⎜⎜
3 ⎟
ε
R
⋅
G ⎠
⎝

(2.60)

In contrast, Long and Anderson (1984) assumed that the critical distance was equal to the
membrane pore radius giving:

⎛ Qp
⎜ r3
⎝ p

γ ≈⎜

⎞ ⎛ Jv
⎟=⎜
⎟ ⎜ ε ⋅ rp
⎠ ⎝

⎞
⎟
⎟
⎠

(2.61)

which has a totally different dependence on both the pore and solute radius. The use of
these models is discussed in more detail in Chapter 7.
In general, the Zimm model is typically used for very dilute polymer solutions
where each polymer segment is modeled as a bead in a chain. The Rouse model is more
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appropriate for polymer melts that are not strongly intertwined. Equation 2.62 shows the
characteristic time given by the Zimm model:

τ≈

η ⋅ RG3

(2.62)

k BT

where η is the fluid viscosity, kB is the Boltzmann constant, and T is the absolute
temperature. The Rouse model is shown in Equation 2.63:

τ = S [η o ]η

MW
RT

(2.63)

where [ηo ] is the intrinsic viscosity, MW is the polymer molecular weight, and R is the
ideal gas constant.
The intrinsic viscosity for a PEG system was determined experimentally by Singh (1998):

[η o ] = 4.9 × 10 −4 M 0.672

(2.64)

The Zimm model was chosen for use in this study as discussed in more detail in
Chapter 7.
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Chapter 3
MATERIALS AND METHODS

3.1 Experimental Materials
3.1.1 Polyethylene Glycol
Polyethylene glycol (PEG) is a linear or branched polymer made of ethylene
glycol monomer units with terminal hydroxyl groups as shown in Figure 3.1. The most
common method of production of PEG is through the anionic polymerization of ethylene
glycol. PEG is biocompatible and has been approved for intravenous applications for
MW > 400 Da. Lower molecular weight species (< 300 kDa) have been shown to result
in complete respiratory arrest of canines at concentrations above 3 g/kg (Working et al.,
1997).

HO

O
O

OH
n

Polyethylene Glycol
Figure 3.1. Chemical structure of polyethylene glycol.
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The hydrodynamic radius (Rh) of the PEG used in this study was estimated using the
correlation developed by Singh (1998) based on intrinsic viscosity data for molecules up
to 35 kDa in molecular weight (Equation 2.7). Polyethylene glycols were obtained from
Sigma (St. Louis, MO) and Fluka (Busch, Switzerland) with nominal molecular weights
ranging from 1,450 to 35,000.

3.1.2 Activated Polyethylene Glycol
A number of methods have been used for the covalent attachment of PEG to
different chemical groups on proteins including the N-terminus or C-terminus, primary or
secondary amines, cysteines, and saccharides (Roberts, et al., 2002).

Each method

requires somewhat different activation of the PEG to allow the reaction to proceed under
mild conditions. The specific reaction chemistry used in this thesis is described in
Chapter 4.
In this study, activated polyethylene glycol molecules with nominal molecular
weight ranging from 2 to 30 kDa were used to produce PEGylated proteins. Two forms
of activated PEG were used: N-hydroxylsuccinimide esters (NHS) or maleimide which
react with primary amines or free cysteine groups, respectively. PEG activated with NHS
were obtained from Nektar Therapeutics (Huntsville, AL) and NOF Corporation (Tokyo,
Japan). Two commercial forms were used: methoxyPEG succinimidyl propionic acid
(mPEG-SPA) and methoxyPEG succinimidyl α-methylbutanoate (mPEG-SMB) with
chemical formula shown in Figure 3.2. The hydrolysis rates of mPEG-SPA and mPEGSMB were 16.5 minutes and 44 minutes, respectively, when placed in DI water at room
temperature at pH 8.1 (Olson, et al., 1997). The maleimide activated form, methoxy
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polyethylene glycol – maleimide (mPEG-MAL) was obtained from NOF Corporation
(Tokyo, Japan). All activated PEG samples were kept at -20oC surrounded by calcium
sulfate desiccants when not in use to limit the amount of hydrolysis of the activated
group. The polydispersity of each sample was less than 1.05 and the diol concentration
was less than 4% as provided by the manufacturer.

O

O

O
mPEG

O
O

N

mPEG

O

O

N
O

mPEG-SPA
O
H
N

mPEG-SMB

N

mPEG
O

O

mPEG-MAL
Figure 3.2. Chemical structures of activated polyethylene glycols used for protein PEGylation.

3.1.3 Proteins
α-lactalbumin, ovalbumin, and bovine serum albumin were used as model
proteins. All proteins were obtained from Sigma Chemical (St. Louis, MO) with catalog
numbers shown in Table 3.1. These proteins were chosen due to their availability, high
stability over a wide range of pH and ionic strength, and well defined physical properties.
Figure 3.3 shows the 3D stereoview of the protein structures (Chrysina et al., 2000; Stein
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et al., 1991; Sugio et al., 1999). Note that the structure of human serum albumin is
shown, but it is similar to bovine serum albumin both in the number of disulfide bonds
and the amino acid sequence (Peters, 1996). Table 3.1 shows key physical properties of
these proteins. The number of lysine groups was taken from the published amino acid
sequences (Bairoch et al., 2005). The hydrodynamic radii were calculated from the
molecular weight using the expression developed by Young et al. (1980) as given in
Equation 2.6. The diffusion coefficients were calculated from the hydrodynamic radii
using the Stokes-Einstein equation.

α-lactalbumin (Chrysina et al., 2000)

Ovalbumin (Stein et al., 1991)

Human Serum Albumin (Sugio et al., 1999)
Figure 3.3. Structure of globular proteins: α-lactalbumin, ovalbumin, and human serum albumin.
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Table 3.1 Physico-chemical properties of proteins.
Property
α-Lactalbumin Ovalbumin BSA
Catalog
Number
L5385
A5503
A7906
(Sigma)
Molecular
14,200
42,750
69,300
Weight (Da)
D∞(m2/s)
Stokes Radius
(nm)
Isoelectric Point
# Lysine Groups

1.06×10-10
1.9
4.6
12

7.8×10-11 6.0×10-11
2.7
4.5
20

3.2
4.9
60

Protein solutions were prepared by dissolving pre-weighed quantities of dry
protein into the appropriate buffer. The pH of the protein solution was measured using a
Model 402 Thermo Orion pH meter (Beverly, MA). The proteins were then filtered
through a 0.2 µm Pall Acrodisc Syringe Filter (Supor Membranes) to remove any large
aggregates prior to each experiment. Proteins were stored at 4oC when not in use.
Protein solutions were used within ten days of preparation.

3.1.4 Protein Modifications
3.1.4.1 PEGylated Protein Reaction

PEGylated proteins were produced by reaction of a globular protein with an
activated form of mPEG. The protein of interest was dissolved in an appropriate buffer
(pH above 6.5) with concentration between 2 and 30 g/L. The activated mPEG was then
added at a desired ratio (usually ranging from 0.5 to 10 moles of PEG per mole of
protein) and slowly stirred at room temperature (21-24oC) for a minimum of 8 hours to
allow the reaction to go essentially to completion. The resulting product solution, which
contained the PEGylated protein, the un-reacted protein and any residual mPEG, the
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hydrolyzed PEG reagent, and n-hydroxysuccinimide (produced from hydrolysis of the
mPEG-SPA or mPEG-SMB), was then diluted approximately four-fold with the same
buffer. The solution was pre-filtered through a 0.2 μm pore size Acrodisc syringe filter
(Pall Corporation, Ann Arbor, MI) to remove any particulate matter and larger aggregates
prior to use. The solution ionic strength was adjusted to the desired value by addition of
1 M KCl or NaCl containing the buffer species of interest or the solution was diafiltered
through a 10 kDa Ultracel membrane using an appropriate diafiltration buffer.
PEGylated proteins were stored at 4oC when not in use. PEGylated proteins were used
within 25 days of preparation. More details on the PEGylation reaction are given in
Chapter 4.
PEGylated BSA, formed by attachment of a single 12 kDa PEG to the free
sulfhydryl group on BSA, was provided by Pfizer Inc. (St. Louis, MO) in a 20 mM Bis
Tris propane solution containing 10 mM NaCl. This 12 kDa PEG-BSA conjugate was
purified by Pfizer Inc. (St. Louis, MO) to remove both unreacted protein and hydrolyzed
PEG. 12 kDa PEGylated BSA was used for fouling experiments discussed in Chapter 10.
Additional PEGylated BSA was produced in our laboratory using either an activated
mPEG-SPA to obtain species with multiple PEG branches (attached at the lysine amino
groups) or using maleimide to obtain a PEGylated BSA with one PEG branch (attached at
the single free cysteine).
Typical PEGylated α-lactalbumin was produced with PEG branches ranging from
5 kDa to 20 kDa. PEGylated ovalbumin was produced with 5 kDa and 10 kDa PEG
branches and PEGylated BSA was produced with a 12 kDa PEG branch.

Scaled

schematics of some of the PEGylated proteins used in this study are shown in Figure 3.4

54

with the darker circle representing the protein with fixed negative surface charges and the
lightly shaded outer circle representing the PEG.

-

-

-

-

5 kDa PEGylated
α-lactalbumin

-

-

-

-

-

-

-

-

20 kDa PEGylated
α-lactalbumin

12 kDa PEGylated
BSA

Figure 3.4. Scaled schematic of PEGylated α-lactalbumin with 5 kDa or 20 kDa total molecular
weight of PEG and BSA with 12 kDa of PEG attached.

In order to reduce the amount of PEGylated protein required in the ultrafiltration
experiments, the PEGylated proteins were re-used for multiple experiments by
performing an ultrafiltration / diafiltration to re-adjust the concentration, pH, and
conductivity to the desired values. Diafiltration was performed using 10 kDa UltracelTM
membranes for 10 diavolumes using the procedures described in Section 3.2.4. The pH,
conductivity, and composition of the final solution were evaluated immediately before
use in the ultrafiltration experiments. There was no degradation of the PEGylated protein
as determined by SEC.
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3.1.4.2 Protein Acetylation

Acetylated proteins were synthesized using the general procedure described by
Gao and Whitesides (1997). This involved reaction of the protein with acetic anhydride,
which converts the free amine groups on lysine to the corresponding amide as shown in
Figure 3.5. The acetylated proteins were created by first adding 2 g/L of protein to
deionized water and chilling in an ice bath to 5oC. The solution pH was adjusted to 12 by
the addition of 0.1 M NaOH. Four molar equivalents of acetic anhydride (as a 9.75 g/L
solution in dioxane) were then added to the protein solution. The reaction mixture was
stirred continuously for 15 minutes while adding 0.1 M NaOH to maintain the pH at 12.
The reaction mixture was quenched by adding 0.5 M HCl to rapidly reduce the pH to
approximately 6. The resulting solution was placed in an ultrafiltration cell containing a
10 kDa UltracelTM membrane (Millipore Corp., Bedford, MA).

A constant volume

diafiltration was performed using a 10 mM Bis Tris buffer for a minimum of five
diavolumes to remove acetic acid, unreacted acetic anhydride, and other small impurities
using a flux of 14 μm/s (50 L m-2 hr-1). The resulting solution was then filtered through a
0.2 µm Pall Supor Acrodisc syringe filter prior to use.
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O
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N
H
Acetylated Protein

Figure 3.5. Acetylation reaction between the primary amine on a protein and acetic anhydride.
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3.1.5 Dextrans
Dextrans are neutral polymers of glucose joined via α-1,6 linkages with possible
branches occurring at the α-1,3 linkage as shown in Figure 3.6. Dextran is synthesized
naturally by certain lactic acid bacteria. Dextrans of specific molecular weight are
typically produced by partial hydrolysis of the natural product.

Dextran diffusion

coefficients were evaluated using the correlation presented by Granath (1958) for
molecular weights between 21,600 and 526,000 Da.
Log (D∞ ) = −4.1154 − 0.47752 Log ( MW )

(3.1)

where D∞ is in cm2/s. and MW is in g/mol.
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Figure 3.6 Chemical structure of dextran. Adapted from Burns (2000).
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Dextran solutions were prepared by dissolving powdered dextran (Sigma
Chemical, St. Louis, MO) in the desired buffer.

Narrow molecular weight dextran

standards were used for calibration in size exclusion chromatography while polydisperse
dextrans with either 40 kDa or 75 kDa average molecular weight were used to
characterize the pore size distribution of the ultrafiltration membranes. Blue dextran with
1,000,000 Da molecular weight (Catalog number D5751 from Sigma, St. Louis, MO) was
used as a fully excluded solute in size exclusion chromatography.

3.1.6 Buffers
Buffers were used to control the pH and ionic strength of the protein and PEG
solutions.

All buffers were prepared using the methods described by Beylon and

Easterby (1996) with the ionic strength (I) evaluated as
I=

1
z i2 C i
∑
2 i

(3.2)

where zi is the the valence charge and Ci is the total concentration of a buffer species.
Buffers were prepared by dissolving the desired buffer components in deionized water
obtained from a NANOpure Diamond water purification system (Barnstead Thermolyne
Corporation, Dubuque, IA) with resistivity greater than 18.0 MΩ-cm. All salts were
certified ACS grade or higher and obtained from Sigma (St. Louis, MO) unless otherwise
noted. The solution pH was measured using a Model 402 Thermo Orion pH meter
(Beverly, MA) and was adjusted by addition of 1.0 or 0.5 M hydrochloric acid, potassium
hydroxide, or sodium hydroxide as required. The solution conductivity was evaluated
using a Model 105 Thermo Orion conductivity meter referenced to 25oC.

Buffer

solutions were filtered through a 0.2 μm Pall Supor200 47 mm filter with a vacuum pump
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to remove any particulate matter before use. The concentrations of buffer components
used in the most common buffers are shown in Table 3.2.

Table 3.2. Components for different buffers used in experiments.
Buffer
Ionic
pH Acid
Acid
Base
Strength
(mol/L)
Bis Tris
10mM
7.0 HCl
0.002
Bis Tris
Bis Tris
500mM 7.0 HCl
0.010
Bis Tris
Bis Tris
10mM
6.0 HCl
0.008
Bis Tris
Acetate
10mM
5.0 CH3COOH
0.003
NaCH2COO
Tris
10mM
8.0 HCl
0.005
Trizma Base
Tris
10 mM
8.5 HCl
0.003
Trizma Base
Phosphate
150mM 7.0 NaPO2(OH)2 0.019
Na2PO3OH•
7H2O
Phosphate
200mM 7.0 NaPO2(OH)2 0.197
Na2PO3OH•
7H2O

Base
(mol/L)
0.008
0.007
0.002
0.007
0.005
.007
0.031

Salt

Salt (g/L)

KCl
KCl
KCl
KCl
KCl
KCl
NaCl

0.564
37.059
0.177
0.254
0.353
0.531
2.318

0.030

NaCl

5.147

3.1.7 Ultrafiltration Membranes
Ultrafiltration and diafiltration experiments were performed using UltracelTM
composite regenerated cellulose membranes with nominal molecular weight cut-offs
(MWCO) of 30 kDa or 100 kDa (Millipore Corp., Bedford, MA). Fouling experiments
were performed with UltracelTM membranes as well as BiomaxTM polyethersulfone
membranes (MWCO of 100 kDa or 300 kDa) also provided by Millipore Corp. (Bedford,
MA). The nominal molecular weight cut-off refers to the molecular weight of a solute
which has a 90% rejection as determined by the manufacturer. UltracelTM membranes
with 10 kDa molecular weight cut off were used for buffer exchange.

These

ultrafiltration membranes all have an asymmetric structure with a thin skin on a thicker
more porous substrate (Figure 3.7). The skin thickness is approximately 1.0 μm while
the total membrane thickness is approximately 0.018 to 0.038 cm (Millipore, 2008b).
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Skin Layer

Substrate

Figure 3.7. SEM image of the cross section of an Ultracel 100 kDa membrane produced by Millipore
Corporation (2008a)

Membrane disks were cut from large flat sheets using a specially designed cutting
tool. All membranes were soaked in isopropanol for 45 minutes to remove any wetting /
storage agents prior to use. The membranes were then thoroughly rinsed with at least 40
L/m2 of DI water and 40 L/m2 of the working buffer.
Negatively charged versions of the UltracelTM membranes were created by
covalently attaching sulfonic acid groups to the membrane surface using the base
activated chemistry described by van Reis (2006) as shown in Figure 3.8. Membranes
were initially soaked in 0.1 M NaOH for at least 12 hours. The negatively-charged
membrane was made by immersing the membrane in a 2 M solution of
3-bromopropanesulfonic acid sodium salt (Catalog #B2912, Sigma Chemical) in 0.1 N
NaOH for a specified amount of time. The membrane was then thoroughly washed with
0.1 M NaOH followed by DI water, 0.2 M acetic acid, DI water again, and finally the
buffer solution that was to be used in the ultrafiltration experiments.
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Figure 3.8. Schematic of reaction chemistry used to make negatively charged membranes.

3.2 Experimental Methods
3.2.1 Ultrafiltration Set-up
Ultrafiltration experiments were performed in Amicon 8003, Amicon 8010, or
Amicon 8200 stirred cells with effective membrane areas of 0.9, 4.1, and 28.7 cm2,
respectively (Millipore Corp., Bedford, MA). UltracelTM and BiomaxTM membranes
were placed in the bottom of the stirred cell directly on top of a porous layer of Tyvek®
that was used to minimize deformation of the membrane at higher pressures.

The

membrane was held in place by a rubber o-ring that provided a leak-free seal. A stir bar
was placed directly above the membrane, suspended from the top of the stirred cell
module, and rotated at 600 rpm unless otherwise stated to minimize the effects of
concentration polarization. The stirring speed was controlled by a VWR 205 Autostirrer
magnetic stir plate and adjusted to 600 rpm using a Strobotac 1531-AB phototachometer
(General Radio Company, Concord, MA). The stirred cell was air-pressurized, with the
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filtrate flux controlled by a pressure regulator (Scott Specialty gases, Plumsteadville,
PA). The pressure was measured by an Ashcroft model 0518 (0-30 psi) or model 8920
(0-15 psi) pressure gauge. More accurate control of the filtrate flux was obtained in some
experiments by connecting the filtrate exit line directly to a Rabbit-Plus peristaltic pump
(Rainin Instrument Co. Woburn, MA) as shown in Figure 3.9.
Air Pressured Feed

Amicon
Stirred
UF cell

Stir Bar
Membrane
Filtrate

Pump:
to aid in constant flow rate
Figure 3.9. Schematic of ultrafiltration stirred cell set-up.

3.2.2 Membrane Hydraulic Permeability
The membrane hydraulic permeability (Lp) was evaluated by measuring the
filtrate flux as a function of transmembrane pressure for at least five pressures using a 10
mM Bis Tris buffer unless otherwise stated. Filtrate flux was determined by timed mass
collection of the filtrate using a Mettler Toledo AG104 digital balance. The hydraulic
permeability of the charge-modified membrane was also evaluated using a 500 mM KCl
buffer solution containing 10 mM Bis Tris to minimize the contribution of counterelectroosmosis.

The permeability was calculated from the slope of the data using
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Equation 2.8.

In each case, the solution was filtered through the membrane for

approximately 25 min to insure stable operation. The membrane permeability was reevaluated after this initial adsorption step using the same method described above and
then again after completion of the experiment. The decrease in permeability provided a
measure of the extent of undesired fouling during the experiments.

3.2.3 Sieving Experiments
Sieving experiments were performed with proteins, PEG, and PEGylated proteins.
Immediately after evaluating the membrane permeability, the stirred cell was emptied and
re-filled with the desired feed solution.

The system was equilibrated at 4oC for a

minimum of 10 hr prior to use to minimize transients during ultrafiltration. The stirred
cell was then emptied and refilled with a fresh feed solution. An initial ultrafiltration was
performed for approximately 25 min at low flux (below 11 μm/s). The pressure / flux
were then readjusted, and a minimum of 2 ml of filtrate collected to washout the dead
volume beneath the membrane and to insure stable operation. Selected experiments were
run using a variable speed, 10 roller peristaltic pump (Rabbit-Plus, Rainin Instrument Co.
Woburn, MA) connected to the filtrate line to insure a constant flux. The filtrate flux was
evaluated by timed collection and small samples of the filtrate and bulk solutions were
collected for subsequent analysis by size exclusion chromatography or UV
spectrophotometry as described in Section 3.3. After each measurement, the stirred cell
was opened and refilled with feed solution. In order to reduce the amount of PEGylated
protein required for these experiments, the feed solution was re-used for multiple
experiments by performing an ultrafiltration / diafiltration to re-adjust the concentration,
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pH, and conductivity to the desired values (see Section 3.2.4).

Diafiltration was

performed using the 10 kDa UltracelTM membranes for 10 diavolumes, with the pH,
conductivity, and composition of the resulting solution evaluated before use in
subsequent ultrafiltration experiments. No degradation of the protein molecules were
observed by SEC for the re-used feed.

3.2.4 Diafiltration
Diafiltration was used for the actual separation of NHS, PEG, PEGylated protein,
and α-lactalbumin. The diafiltration system was identical to the apparatus shown in
Figure 3.9 except a buffer reservoir was attached to the feed side of the stirred cell to
provide diafiltration buffer at the same rate that the permeate solution was drawn through
the membrane. The buffer reservoir was air pressured to the appropriate value. The
filtrate flux was measured by timed collection with small adjustments made to the applied
pressure to maintain the flux at an essentially constant value (within 0.5 μm/s). Small
samples were taken periodically from both the collected filtrate and the stirred cell for
subsequent analysis of the solute concentrations. More details on the diafiltration of the
PEGylated protein solution are given in Chapter 9.

3.2.5 Membrane Characterization
3.2.5.1 Pore Size Distribution

The pore size distribution of select membranes was determined by dextran sieving
measurements using polydisperse dextrans. Dextrans with an average molecular weight
of 40 kDa were used to characterize the 30 kDa membranes while dextrans of 75 kDa
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average molecular weight were used to characterize the 100 kDa membranes. A 5 g/L
solution of the polydisperse dextran was placed in a stirred cell and air pressurized to
obtain the desired flux.

Approximately 2 ml of solution were passed through the

membrane to washout the dead volume, with samples of retentate and filtrate then
collected and analyzed by size exclusion chromatography as described in Section 3.3.

3.2.5.2 Membrane Charge Characterization

The membrane surface charge was determined using streaming potential
measurements. The membrane was placed between two chambers, each filled with the
buffer solution of interest, as shown in Figure 3.10 (Mehta, 2006). Ag/AgCl electrodes
were inserted into the end of each chamber to measure the voltage difference across the
membrane. O-rings were used to seal the electrodes in place and prevent leakage.
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Figure 3.10. Streaming potential apparatus used to determine the membrane surface charge.
Adapted from Mehta (2006).

The Ag/AgCl electrodes were prepared by reducing pieces of pure silver wire (1
mm radius) in a 1 M KCl solution. The silver wires were first lightly sanded and placed
in a beaker of concentrated nitric acid for 10 s. The wire was then washed with DI water
and placed in a beaker containing 1 M KCl. A DC power source was then connected to
the silver electrode and a steel wire in a separate beaker containing 1 M KCl. A
commercial Kimwipe was used as a salt bridge. A current of 20 mA was maintained for
20 minutes to reduce the silver to AgCl. The same process was repeated for the second
silver electrode. Electrodes were stored in 0.5 M KCl between experiments.
To measure the streaming potential of the membrane, the streaming potential
apparatus was assembled, a solution reservoir was attached to one chamber, and a drain
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was connected to the other insuring no air bubbles were trapped in either chamber. A
small pressure was applied across the membrane by either adjusting the height of the feed
reservoir or by air pressurization. The system was allowed to equilibrate for 5 min, and
the voltage then measured using a Keithley 200 multimeter. The voltage was measured
continuously every 5 min until equilibrium was attained. Data were obtained at several
discrete pressures with the zeta potential (ζ) evaluated from the change in streaming
potential as a function of the applied pressure using the Helmholtz-Smoluchowski
equation (Hunter, 1981):

ζ =

ηc dE z
ε o ε dP

(3.3)

where η is the solution viscosity, c is the conductivity, εo is the permittivity of a vacuum,
and ε is the relative permittivity of the solution. Note that Equation 3.3 is developed by
assuming that the double layer is small compared to the pore radius, a condition that is
not strictly valid in these experiments. dEz/dP was evaluated from the slope of the
streaming potential as a function of the applied transmembrane pressure. More details on
the stream potential measurements and analysis are given in Chapter 8.

3.3 Assays
3.3.1 UV Spectrophotometry
Concentration of individual (pure) proteins were measured using a UV
spectrophotometer model 1240 (Shimadzu, Columbia, MD) at a wavelength of 280 nm,
which is the natural absorbance of the protein aromatic groups. A calibration curve was
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created for each protein from protein standards generated by serial dilution using at least
five different concentrations (Figure 3.11). The limit of detection for α-lactalbumin was
0.005 g/L. Measurements were obtained by placing approximately 1 ml of sample in a
1.5 ml cuvette (model number 759165, Plastibrand Wertheim, Germany) to evaluate the
absorbance. The observed sieving coefficient was evaluated directly from the ratio of the
solute concentration in the feed and filtrate solutions.

Figure 3.11. Calibration curve of α-lactalbumin using UV absorbance at 280 nm.

3.3.2 Size Exclusion Chromatography
The concentrations of the different components in the feed containing the
PEGylated protein, the native protein, n-hydroxysuccinimide, and the unreacted
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polyethylene glycol were determined using size exclusion chromatography with an
Agilient 1100 HPLC system as shown in Figure 3.12. The same approach was used to
evaluate the molecular weight distribution of the polydisperse dextrans.

The

chromatography system was operated using Chemstation software version A.04.08
(Agilent Technologies).
The PEG and protein samples were analyzed using a Superdex 200, 10/300 gel
permeation column (13 μm particle size, 1x105 MW exclusion limit) obtained from GE
Healthcare (Uppsala, Sweden). The mobile phase was a 50 mM phosphate buffer at pH 7
containing 0.15 M NaCl with a flow rate of 0.3 ml/min. The column was initially flushed
with a minimum of 2 column volumes of running buffer to insure equilibration. 100 μl
samples were injected over a period of 30 s. Sample detection was performed using an
Agilent 1100 series refractive index detector and an Agilent 1200 series UV-Vis detector
at 280 nm, with the two detectors operated in series. The PEG was effectively invisible
to the UV detector, providing much more accurate measurements of the protein
concentrations.

The concentrations of PEG and the PEGylated protein could be

accurately measured to within 0.02 g/L (with baseline resolution of the peaks) using the
RI detector; the α-lactalbumin and NHS concentrations could be accurately measured to
±0.002 g/L using the UV detector. Calibration curves were constructed using samples of
known concentration, with the peak areas determined by numerical integration.
Overlapping peaks were simply split at the location of the minimum.
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Figure 3.12. Schematic of size exclusion chromatography set-up.

Concentrations of the PEGylated proteins were evaluated from the peak areas
assuming that the total RI response (nRI) was determined by the contribution of each
species weighted by its specific response (Kunitani et al., 1991):
⎛ dn ⎞
⎛ dn ⎞
n RI = ⎜ RI ⎟ C pro + ⎜ RI ⎟ C PEG
⎝ dc ⎠ pro
⎝ dc ⎠ PEG

(3.4)

where (dnRI /dc)pro and (dnRI /dc)PEG are the specific RI response for the pure PEG
(2.78× 106 nRIU/g/L) and pure protein (3.78×106 nRIU/g/L). The use of Equation 3.4 is
discussed in more detail by Kunitani et al. (1991) and Li et al. (2005). Figure 3.13 and
Figure 3.14 show calibration curves for the PEG and α-lactalbumin.
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Figure 3.13. Calibration curve for PEG using refractive index detection.

Figure 3.14. Calibration curves for α-lactalbumin using both refractive index and UV absorbance.
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Dextran samples were analyzed using a G2000SW TOSOH (Montgomeryville,
PA) silica gel permeation column for the 40 kDa dextran and a G3000SW TOSOH
(Montgomeryville, PA) for the 75 kDa dextran. The columns were calibrated before each
experiment using a set of narrow molecular mass dextran standards (4.4 kDa, 9.9 kDa,
18.5 kDa, 20.5 kDa, 27.5 kDa, 42.8 kDa, 78.8 kDa, 102.0 kDa, 123.4 kDa, 165.5 kDa)
obtained from America Polymer Standards (Mentor, OH). A calibration curve for the
TSK gel 2000SW column is shown in Figure 3.15. Data were obtained using 50 mM
phosphate buffer at pH 7 containing 0.15 M NaCl as the mobile phase at a flow rate of
0.8 ml/min. The sample size and injection rate were the same as for the PEGylated
protein mixtures. A sieving curve was constructed by analyzing the dextran peak at fixed
intervals (~1 min) corresponding to a range in dextran molecular weight. The sieving
coefficient for each molecular weight dextran was evaluated directly from the ratio of the
dextran concentration in the filtrate and retentate solutions. The membrane pore size
distribution was determined from the dextran sieving data as described in Appendix B.
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Figure 3.15. Dextran molecular weight calibration for the G2000SW column.

3.3.3 Reverse Phase High Performance Liquid Chromatography
The relative degree of hydrophobic interactions between the BSA or PEGylated
BSA and a C4 hydrophobic resin was characterized using reverse-phase HPLC with the
Symmetry 300TM C4 column (4.6 mm × 50 mm, 30 nm pore size, 5 μm particle size from
Waters, Milford, MA). The set-up was similar to that shown in Figure 3.9, except no RI
detector was employed. The mobile phase was a mixture of: (A) 0.1% v/v trifluoroacetic
acid (TFA) in water and (B) 0.1% TFA in acetonitrile. Prior to sample injection the
column was equilibrated with two column volumes of (A). Injection volume was 100 μL
and the mobile phase flow rate was constant at 0.75 mL/min. Once the sample was
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injected, the column was washed for 5 min with mobile phase (A) to remove molecules
with no specific interactions to the hydrophobic resin. The mobile phase was quickly
increased to 30% B and then run in a gradient mode from 30-50% B for 35 min. At the
end of the gradient the mobile phase was held at 50% B for 5 min and then quickly
increased to 100% B to remove any tightly bound aggregates. The specific gradient
chosen was based on the measured protein resolution over a range of experimental
conditions. Initial experiments showed that the BSA and PEGylated BSA eluted in the
range of 40-45% B under a gradient mode from 0 to 100% B for 40 min.

3.3.4 Dynamic Light Scattering
Dynamic light scattering was performed using the Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, United Kingdom) to determine the average size of the
proteins and PEGylated proteins. Data were obtained using 1 g/L solutions in 10 mM Bis
Tris at a scattering angle of 1730 with the solution temperature maintained at 25oC. The
particle size was calculated from the homodyne intensity-intensity correlation
function G (q, t ) , with q (scattering vector) given by q = (4πn0 / λ0 ) sin(θ / 2) , where n0 is
the refractive index of the medium, λ0 is the wave-length of the excitation light in a
vacuum, and θ is the scattering angle. The correlation time was approximately 1 minute
per run and 3 runs were performed per measurement. The autocorrelation function was
analyzed using the CONTIN algorithm for monomodal samples. The autocorrelation
function was converted to a diffusion coefficient, D ∞, which was used to calculate the
particle hydrodynamic radius, Rh , using the Stokes-Einstein equation, Rh = k B T / 6πηD∞ ,
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where, kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity
of the solvent.

3.3.5 Capillary Electrophoresis
Capillary electrophoresis was used to analyze samples containing multiple
PEGylated species and to understand how the protein electrophoretic mobility is affected
by PEGylation. Data were obtained using an Agilent G1600 capillary electrophoresis
system equipped with a dual-polarity variable high voltage DC supply (0-30 kV) and a
diode array UV/visible absorbance detector (214 nm wavelength for detection).
Experiments were performed with fused-silica capillaries (inner diameter of 0.5 μm) with
a total length of 80.5 cm (effective length to the detection window of 70.2 cm) or 64.5 cm
(effective length of 52 cm). The capillary and solution reservoirs were filled with the
buffered electrolyte solution. Protein samples (approximately 65- 140 nL) containing 5
mM of mesityl oxide as a neutral marker were injected for 3 or 25 seconds at a pressure
of 4000 Pa. Data were obtained at a constant applied electric field of 25 kV, with the
field direction chosen so that the direction of the bulk flow was toward the detector (and
cathode). The current was less than 45 µA, so Joule heating was negligible. The
electrophoretic mobility (μ) was calculated from the migration times of the protein and
neutral marker:

μ=

Ld
Ez

⎛ 1 1⎞
⎜⎜ − ⎟⎟
⎝ to t ⎠

(3.5)

where Ez is the applied electric field, Ld is the length of the capillary, and t and to are the
times for the protein and neutral marker to reach the detector.

75

3.3.6 Mass Spectrometry
A Waters micromass Matrix Assisted Laser Desorption Ionization Time of Flight
(MALDI-TOF) mass spectrometer was used to confirm the molecular weight and identity
of the individual PEGylated proteins. Sinapinic acid from Waters Corporation (Milford,
MA) was used as the matrix to aid in ionization of the PEGylated proteins. The device
was operated in a positive linear mode in a mass range of 5,000 to 50,000 m/z. The use
of a matrix causes less fragmentation of larger biomolecules than other mass
spectrometry ionization techniques such as electron or chemical ionization (both of which
are used primarily for smaller organic molecules). The ionization was performed using a
nitrogen laser at 355 nm.

MALDI was chosen over methods such as electrospray

ionization due to the significant polydispersivity of the PEG that is difficult to analyze
when multiply charged molecules are produced. Previously PEGylated proteins have
also been successfully analyzed using MALDI-TOF (Chowdhury et al., 1995; Na et al.,
2001; Na et al., 2003).

Figure 3.16 shows typical results for a 5 kDa PEGylated

α-lactalbumin molecule run with MALDI-TOF. The graph shows the percent total mass
as a function of the species molecular weight. The peaks from left to right include
α-lactalbumin (15301 Da), α-lactalbumin covalently bonded to a single 5 kDa nominal
molecular weight mPEG (19818 Da), α-lactalbumin with two 5 kDa mPEG branches
(25318 Da), α-lactalbumin with three 5kDa mPEG (30795 Da), and α-lactalbumin with
four 5 kDa mPEG (36446 Da).

Table 3.3 shows the experimentally determined

molecular weights of the PEGylated proteins and the standard deviations obtained using
at least 3 repeat measurements.
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Figure 3.16. MALDI-TOF results with a 5 kDa PEG conjugated to α-lactalbumin.

Table 3.3. Molecular weight of PEG, α-lactalbumin and PEGylated α-lactalbumin as determined by
MALDI-TOF.

5 kDa PEG
α-lactalbumin
5 kDa PEGylated α-lactalbumin
2 - 5 kDa PEGylated α-lactalbumin
3 - 5 kDa PEGylated α-lactalbumin
4 - 5 kDa PEGylated α-lactalbumin

Average
Molecular Weight
(kDa)

Standard
Deviation
(kDa)

5.53
14.18
19.80
25.59
30.84
36.42

0.10
0.17
0.78
0.49
0.33
0.34
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Chapter 4
PEGYLATED PROTEIN REACTIONS

4.1 Introduction
PEGylated proteins are produced by the covalent attachment of polyethylene
glycol (PEG) to specific sites on a protein. This chapter discusses the reaction chemistry,
basic kinetics, effects of solution conditions, and physical reaction schemes that were
examined as part of this work.

Some initial modeling work is also presented and

suggestions are provided on how this work could be expanded in the future to obtain a
more quantitative description of the PEGylation process. The possibility of performing a
combined reaction and separation is also discussed, with focus on the potential
advantages of this approach. The overall goal of the work presented in this chapter is to
provide the basic understanding of the reaction between activated PEG and protein
needed to produce consistent PEGylated protein feed solutions for use in the
experimental studies described in subsequent chapters of this thesis.

4.2 Reaction Chemistry
A variety of different conjugation chemistries have been examined for the
covalent attachment of PEG to a therapeutic protein. Each conjugation method offers
distinct advantages and disadvantages for different protein products. The conjugation
chemistries include attachment of the PEG to primary amines, carboxyl groups, free
cysteine residues, hydroxyl groups, and azidophenylalanine (Deiters et al., 2004; Roberts
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et al., 2002; Veronese 2001). Each method requires a slightly different functionalization
(activation) of the PEG and in some cases more than one form of activated PEG can be
used for the same covalent linkage (Li and Kao, 2003).

4.2.1 Primary Amines - Lysine
The most common covalent attachment site of PEG to a protein is through the
primary amine of a lysine group. The reaction is usually performed with PEG containing
an N-hydroyxlsuccinimide (NHS) ester, an electrophilic leaving group, as shown in
Figure 4.1 (Fee, 2003; Roberts and Harris, 1998; Wang et al., 2002). Other activated
PEG compounds that react with primary amines include PEG-p-nitrophenyl carbonate,
PEG trichlorophenyl carbonate, PEG-oxycarbonylimidazole, and PEG-benzotriazole
carbonate (Veronese, 2001). PEG-1-3-dioxocompounds can react with arginine amino
acids, but the reaction rate is relatively slow compared to the attachment of PEG at a
lysine amino acid (Veronese, 2001).
O
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Figure 4.1. The reaction between PEG-SPA (an NHS derivative) and a primary amine group occurs
under mild conditions in aqueous buffer (15-30oC and pH 7.0-8.5).

For the NHS ester compounds, the rate of reaction is a strong function of the
number of methylene groups between the active ester and the PEG. The number of
methylene groups also controls the rate of hydrolysis of the activated PEG. For example,
the half life of an activated PEG containing 3 methylene groups between the PEG and N79

hydroxysuccinimide group is 23 hours at pH 8 and 25 oC while the half life of an
activated PEG containing only one methylene group between the PEG and NHS is 0.75
hours at the same conditions (Bentley et al., 2004; Harris and Antoni, 1997).
Since lysine amino acids often compose up to 10% of a protein, many PEGylation
sites are available under standard conditions using PEG activated with NHS esters. This
can be a disadvantage because the number of possible substitution sites is often greater
than the optimal number and the extent of reaction can be difficult to control (Esposito et
al., 2003). In most cases, PEG will covalently bond to the least sterically hindered lysine
groups first, but there are often a number of amino sites on the protein with similar
accessibility.
It is also possible to specifically target the terminal amine group of a protein
(compared to the lysine amino groups). Attachment of PEG to a terminal amine can be
performed using a 2-fluoro-1-methylpyridinium toluene – 4 sulfontate group as shown in
Figure 4.2 (Yun et al., 2005). The advantage of using a terminal amine reaction site is
that only one reaction site is available, although the specificity is not 100% (Veronese,
2001).
H3C
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Protein

CH3

Figure 4.2. The reaction between 2-fluoro-1-methylpyridinium toluene-4-sulfonate PEG and a
terminal amine occurs under mild conditions in aqueous buffer (4oC and pH 7 - 8).
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4.2.2 Sulfides - Cysteine
Another common method of conjugation between a protein and PEG is through a
free cysteine amino acid. The reaction can be performed using a PEG-orthopyridyldisulphide, or more commonly PEG-maleimide as shown in Figure 4.3 (Veronese, 2001).
Cysteine conjugation can be very specific, especially since many proteins have only a
single free cysteine residue. If no free cysteine exists in the protein, it is possible to add a
cysteine at a specific location (typically away from the active site) through site-directed
mutagenesis (Veronese, 2001). Despite these advantages, reproducibility and yield of the
reactions with cysteine are typically low (Esposito et al., 2003).
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Figure 4.3. The reaction between PEG-maleimide and a protein under mild conditions in aqueous
buffer (pH 7.5-8.5).

4.2.3 Carboxylic Acid – C terminal amino acid
PEG can also be conjugated to the protein through a primary carboxylic acid.
This is usually performed using an amino PEG or a PEG-hydrazide (as shown in Figure
4.4), typically involving the addition of either N-(-3-dimethyl aminopropyll)-N’ethylcarbodiimide or N-ethylcarbodiimide hydrochloride, respectively. N-(-3-dimethyl
aminopropyl)-N’-ethylcarbodiimide cannot be used when both amino and carboxyl
groups are present because cross linking will occur. Cross linking between the amines
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and carboxylic acids can be avoided by operating at pH between 4.5 and 5 with Nethylcarbodiimide hydrochloride (Veronese, 2001). Conjugation to a carboxylic acid is
often performed when attachment to an amine would greatly shield the active site of the
protein. Reactions with carboxylic acids are not commonly used because these typically
cause a significant reduction in biological activity (Esposito et al., 2003).
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Figure 4.4. The reaction between PEG-hydrazine and a protein in aqueous buffer (pH 4.5-5.0) in
the presence of N-(-3-dimethyl aminopropyl)-N’-ethylcarbodiimide.

4.2.4 Other Reaction Chemistries
PEG can be covalently bonded to a hydroxyl group using PEG-isocyanate
(Veronese, 2001) as shown in Figure 4.5. PEG-isocyanate will also react with primary
amines that are present; thus, this chemistry is most useful for small peptides that do not
contain primary amines. This approach is rarely used for proteins due to the presence of
large numbers of lysine residues.
O
PEG O

N

O

+

HO Protein

PEG O

N
H

O Protein

Figure 4.5. The reaction between PEG-isocyanate and a peptide containing no available primary
amines (lysine residues).

PEG can be attached to a para-azidophenylalanine by the use of a cycloaddition
reaction with an alkyne-activated PEG as shown in Figure 4.6. This artificial amino acid
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can be introduced into a protein sequence at a specific location by site specific
incorporation. The reaction is highly selective to this artificial amino acid (Deiters et al.,
2004).
N
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Protein
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Figure 4.6. Reaction between an alkyne-activated PEG and a para-azidophenylalanine amino acid
added into a protein.

4.3 Materials and Methods
4.3.1 Materials
The model protein used for the reaction studies was α-lactalbumin as described in
Chapter 3.

Two activated PEG molecules were used: methoxyPEG succinimidyl

propionic acid (mPEG-SPA) and methoxyPEG succinimidyl a-methylbutanoate (mPEGSMB). The structure of these activated PEG molecules are shown in Figure 3.2. The
methoxyPEG succinimidyl propionic acid (mPEG-SPA) and methoxyPEG succinimidyl
a-methylbutanoate (mPEG-SMB) are n-hydroxlysuccinimide derivatives that react with
the primary amines on a protein.

4.3.2 Reactions
Reactions were performed by mixing the desired concentration of activated PEG
and protein in an aqueous buffer solution of specific ionic strength and pH. Samples
were removed at specified time intervals to determine the concentration of reactants and
products by size exclusion chromatography. The PEGylation reaction was quenched by
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the addition of 0.1 M HCl (volume equal to the sample volume) for at least 5 minutes
followed by re-equilibration with the starting buffer using about a 4:1 volume ratio of
buffer to the quenched sample. Reactions were performed at different solution pH, ionic
strength, protein concentration, and ratio of PEG to protein. PEG and protein were
reacted in an aqueous buffer, unless otherwise specified.
In addition to the simple batch reaction, experiments were also performed using a
fed-batch reactor and a combined reaction-separation system. The fed-batch reaction was
performed by first dissolving the protein in buffer and then adding very small volumes of
10 kDa mPEG-SPA dissolved in dioxane throughout the reaction time. Samples were
taken after each mPEG-SPA addition to evaluate the reactant and product concentrations.
The combined reaction-separation was performed using a fed-batch reaction, with the
PEGylated protein and most of the PEG separated from the unreacted protein after each
addition of the mPEG-SPA. The separation was performed using diafiltration through a
30 kDa UltracelTM membrane using 5 diavolumes of a 10 mM Bis Tris buffer. The
filtrate was then concentrated back to the original volume by ultrafiltration through a 10
kDa UltracelTM membrane. A small amount of activated PEG in dioxane was then added
to the reaction mixture and the entire procedure repeated. The reaction in the retentate
was quenched with 0.1 M HCl, with the resulting solution diafiltered through a 10 kDa
UltracelTM membrane using a pH 7.0 Bis Tris buffer.
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4.4 PEGylation Reaction
Figure 4.7 shows the concentration of PEG, protein, and PEGylated proteins as a
function of time for a reaction between α-lactalbumin and either a 5 kDa mPEG-SPA
(upper panel) or 5 kDa mPEG-SMB (lower panel) in a 5 to 1 molar ratio. The reaction
was performed in a 10 mM Bis Tris (pH 7.0) buffer with an initial α-lactalbumin
concentration of 10 g/L. The reactant and product concentrations at each time point were
obtained by removing a small sample from the reaction vessel, quenching it by rapid
addition of 0.1 M HCl to drop the pH below 4.0, and then analyzing the resultant solution
by size exclusion chromatography.

The concentration of PEG and α-lactalbumin

decreased over time as expected. The concentration of the PEGylated species with one 5
kDa branch (PEG 1) increased rapidly at the start of the experiment but then went
through a maximum around t = 5.5 minutes for the mPEG-SPA sample and t = 38
minutes for the mPEG-SMB sample. At longer times, the concentration of singly
PEGylated species decreased as it was converted to the doubly (PEG 2) and triply (PEG
3) PEGylated products.
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Figure 4.7. Concentration of α-lactalbumin, 5 kDa PEG, and 5 kDa PEGylated α-lactalbumin as a
function of time. Solid curves represent model fits as discussed in the text.
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The solid curves in Figure 4.7 were evaluated using a simple kinetic model
accounting for the formation and reaction of the first five PEGylated species (the
concentration of higher order PEGylated products was sufficiently small that these
species were neglected in the mathematical analysis).

The differential equations

describing the species concentrations are shown in Equations 4.1 thru 4.8.
dC P1
= k1Cαlac C PEG − k 2 C P1C PEG
dt

(4.1)

dC P 2
= k 2 C P1C PEG − k 3 C P 2 C PEG
dt

(4.2)

dC P 3
= k 3C P 2 C PEG − k 4 C P 3 C PEG
dt

(4.3)

dC P 4
= k 4 C P 3C PEG − k 5 C P 4 C PEG
dt

(4.4)

dC P 4
= k 5 C P 4 C PEG
dt

(4.5)

dC PEG
= −k1Cαlac C PEG − k 2 C P1C PEG − k 3C P 2 C PEG − k 4 C P 3C PEG − k 5 C P 4 C PEG − k PEG C PEG (4.6)
dt

dCαlac
= − k1Cαlac C PEG
dt

dC HydroPEG
dt

= k PEG C PEG

(4.7)

(4.8)

where C is the concentration of each species and ki is the rate constant associated with
that particular step in the reaction. P1, P2, P3, P4, and P5 represent the PEGylated
species with 1, 2, 3, 4 or 5 branches, respectively. PEG, and αlac represent the activated
PEG and the native α-lactalbumin respectively. HydroPEG represents the hydrolyzed
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form of the activated PEG. The hydrolyzed form of the PEG cannot be differentiated
from the active form in the SEC analysis so the concentration of these species is reported
in all subsequent graphs simply as the sum of CPEG + CHydroPEG.
The differential equations were solved numerically using the Runge-KuttaFehlberg method with Polymath v. 5.1 software. The best fit values of the rate constants
were estimated by minimizing the sum of the squared residuals between the data and
model calculations using experimental results for the concentration of all reactants and
products. The best fit values of the rate constants for the reactions with mPEG-SPA and
mPEG-SMB are shown in Table 4.1. The rate constants for the mPEG-SPA reaction are
larger than the rate constants for the mPEG-SMB reaction (Figure 4.7), although the
equilibrium product distributions in the two systems are similar.
Table 4.1. Rate constants for reaction of α-lactalbumin with 5 kDa mPEG-SPA and mPEG-SMB in a
10 mM Bis Tris (pH 7.0 ) buffer.

PEG hydrolysis

mPEG-SPA
0.01 min-1

mPEG-SMB
0.008 min-1

1- 5 Da PEGylated

0.11 L mol-1 min-1

0.012 L mol-1 min-1

2 – 5kDa PEGylated

0.04 L mol-1 min-1

0.008 L mol-1 min-1

3 – 5 kDa PEGylated

0.022 L mol-1 min-1

0.0045 L mol-1 min-1

4 – 5 kDa PEGylated

0.014 L mol-1 min-1

0.0025 L mol-1 min-1

5 – 5 kDa PEGylated

0.007 L mol-1 min-1

---

The rate constants for the reactions with the activated PEG are smaller for the
more highly substituted PEGylated species, which could be due to differences in the
accessibility / reactivity of the different PEGylation sites and / or to a reduction in the rate
of reaction associated with the presence of the attached PEG chain(s). There is well over
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an order of magnitude difference in rate constants for PEGylation of the native protein
compared to that for the PEGylated product with five PEG chains.

4.5 Effect of Solution Parameters on Reaction Yield
It is also possible to control the rate and extent of PEGylation by adjusting the pH,
temperature, and ionic strength of the solution (Monkarsh et al., 1997; Nijs et al., 1997;
Orsatti and Veronese, 1999; Wang et al., 2002). The effects of the molar ratio, total
protein concentration, pH, and ionic strength on the extent of reaction of α-lactalbumin
with 5 kDa mPEG-SPA were examined in this section. All results were obtained after the
reaction between the PEG and protein proceeded essentially to completion (greater than
12 hours reaction time), at which point the concentration of mPEG-SPA was negligible
due to the combination of the PEGylation reaction and the hydrolysis of the activated
PEG species.

4.5.1 Molar Ratio
Experiments were performed with molar ratios of PEG to protein from 0.1:1 to
5:1 using a 10 mM Bis Tris buffer (pH 7.0) and an α-lactalbumin concentration of 10
g/L. Figure 4.8 shows the concentration of each compound as a function of the PEG to
α-lactalbumin ratio in the initial reaction mixture. The solid curves are spline fits to the
data. Increasing the ratio of PEG to protein increased the conversion of α-lactalbumin as
expected. The concentration of the PEGylated species containing a single 5 kDa PEG
branch (PEG 1) initially increased with increasing concentration of PEG but then went
through a maximum at a PEG to protein ratio of approximately 2:1.

Higher
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concentrations of PEG resulted in the conversion of the singly PEGylated protein into αlactalbumin species containing two or more 5 kDa branches (PEG 2 and PEG 3).

Figure 4.8. Equilibrium concentration of PEG, protein, and PEGylated proteins as a function of the
PEG to α-lactalbumin ratio. Data obtained at pH 7 using a 10 g/L α-lactalbumin
solution in 10 mM Bis Tris buffer. Solid curves are simple spline fits to the data.

4.5.2 Solution pH
Figure 4.9 shows the final concentration of PEG, α-lactalbumin and PEGylated
α-lactalbumin as a function of the solution pH. The experiments were performed using a
0.5 to 1 molar ratio of mPEG-SPA to α-lactalbumin with an α-lactalbumin concentration
of 10 g/L. The solution pH was adjusted by using different buffers: a 10 mM acetate
buffer was used at pH 5.0, a 10 mM Bis Tris buffer was used at pH 6.0 and 7.0, and a 10
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mM Tris buffer was used at pH 8.0. Specific buffer compositions are given in Chapter 3.
The product concentrations are nearly independent of solution pH over this range of pH,
with a slight increase in the concentration of the PEGylated products at the highest pH.
Note that several other studies have shown a significant effect of pH on the PEGylation
reaction. For example Besselink (1993) found that the half-life of NHS activated N-tBOC glycine decreased almost ten fold by changing the pH from 6.0 to 8.0. Zhang et al.
(2007) reported a low yield of PEGylated insulin at pH 9.0 compared to results at pH 8.0.
Thus, the effects of pH seem to depend on both the nature of the activated PEG and
possibly the detailed properties of the protein, although it should also be noted that the
data in Figure 4.9 reflect the final equilibrium concentrations of the various components
and thus provide no information on the detailed kinetics of the reactions.
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Figure 4.9. Effect of pH on the concentration of PEG, protein, and PEGylated protein using a 0.5 to
1 molar ratio of PEG to protein. Solid curves are spline fits to the data.

4.5.3 Ionic Strength
The effect of ionic strength on the PEGylation reaction was examined over a
range from 1 to 500 mM using a 5 mM Bis Tris buffer with the ionic strength adjusted by
addition of KCl. Data were obtained with the PEG to protein ratio fixed at 0.5 to 1 and
with an α-lactalbumin concentration of 10 g/L. The final concentrations of the different
PEGylated proteins were essentially independent of the ionic strength, with a slight
increase in the concentration of the PEG 2 species and a corresponding decrease in
PEG 1 at the highest ionic strength.
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4.5.4 Reactant Concentration
The effect of reactant concentration on the PEGylation reaction was examined by
performing a series of experiments with different mPEG-SPA and α-lactalbumin
concentrations with the PEG to protein ratio fixed at 0.5:1 and with a 10 mM Bis Tris
buffer at pH 7. Figure 4.10 shows the percentage of PEG that has reacted with protein
(rather than hydrolyzing) as a function of the concentration of α-lactalbumin in the
solution. At low α-lactalbumin concentrations, relatively little PEG was involved in the
formation of the PEGylated proteins suggesting the PEGylation reaction is bimolecular
(first order in both PEG and protein) while the rate of hydrolysis is first order. Thus,
most of the mPEG-SPA hydrolyzes before it reacts with the protein. The use of higher
reactant concentrations increases the relative rate of the PEGylation reactions, increasing
the yield of both the singly and doubly PEGylated products. However, the final ratio of
the concentrations of PEGylated α-lactalbumin with a single 5 kDa PEG chain to that
with two 5 kDa PEG chains was nearly independent of the initial α-lactalbumin in the
feed mixture for reactions formed at a constant ratio of the two reactants.
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Figure 4.10.

Effect of reactant concentration on the fraction of activated PEG that participates in
the PEGylation reaction. Data obtained at pH 7, 10 mM Bis Tris, using a 0.5 to 1
molar ratio of PEG to α-lactalbumin. Solid curve is spline fit to the data.

4.6 Reaction Schemes
It is typically desirable if the activated PEG can be covalently linked to the
protein at only a single site since more highly substituted species tend to have lower
biological activity due to steric hindrance or blockage of the active site. Two different
reaction schemes were analyzed both theoretically and experimentally to explore
opportunities for increasing the yield of the desired (singly) PEGylated product.
Calculations were performed using the rate constants determined for the reaction between
mPEG-SPA and α-lactalbumin. First, a fed-batch system was examined in which the
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activated PEG was added to the α-lactalbumin solution in small increments with the
PEGylated reaction allowed to go to completion between each addition. In this case, the
PEG was added at a molar ratio of 0.15 moles of activated PEG to each mole of native
protein remaining in solution at the end of the prior step. Second, a reaction-separation
scheme was examined in which the PEG and PEGylated products were removed from the
reaction mixture (after the reaction had gone to completion), with the native
α-lactalbumin recycled for subsequent reaction with additional fresh PEG. Theoretical
calculations were performed assuming ideal separation at each step. Three different
addition ratios were analyzed: adding PEG at a ratio of 0.40 moles of PEG for every
mole of native protein remaining in solution, adding PEG at a ratio of 0.15 moles of PEG
for every mole of native protein, and adding PEG at a ratio of 0.02 moles of PEG for
every mole of native protein. All calculations were performed using Polymath v. 5.1.
Figure 4.11 shows the theoretical results for the concentrations of the singly and
doubly PEGylated species using both the fed-batch and reaction-separation schemes
(with 0.40, 0.15, and 0.02 addition ratios). The results are plotted as a function of the
ratio of total PEG to protein added to the system. The results for the fed-batch system are
identical to those for the corresponding batch reaction since all of the reactions have a
first order dependence on the concentration of activated PEG. In contrast, the ideal
reaction-separation scheme increases the yield of the singly PEGylated species, with a
corresponding reduction in the amount of the more highly substituted PEGylated species,
since the PEGylated products are removed from the reactor after each step in the
reaction-separation scheme. The yield of the singly PEGylated species increases as the
number of reaction-separation cycles is increased since this reduces the likelihood that
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the singly PEGylated product is able to encounter an activated PEG.

At a total

PEG:protein ratio of 1:1, the selectivity for the singly PEGylated protein is approximately
74% when adding 0.15 moles of PEG for every mole of native protein compared to a
selectivity of only 28% for the fed-batch and batch reaction systems.

Figure 4.11.

Theoretical concentration (g/L) of the 5 kDa PEGylated species with either one or two
PEG branches as a function of the molar ratio of PEG to protein added. The initial αlactalbumin concentration is 14.6 g/L.

Experimental studies of the fed-batch and reaction-separation systems were
conducted using a 10 kDa mPEG-SPA with α-lactalbumin (in contrast to the 5 kDa PEG
examined in Figure 4.11). The fed-batch reaction was performed by making a 15 g/L
solution of α-lactalbumin and adding the 10 kDa mPEG-SPA in a molar ratio of
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0.15 moles of PEG to each mole native protein remaining in the reaction system. Results
are shown in Figure 4.12 for the concentration of the α-lactalbumin, the hydrolyzed PEG,
and the singly and doubly PEGylated proteins at the end of a 50 minute reaction. The
data are plotted as a function of the total molar ratio of added PEG to protein, with the
open symbols representing data from a corresponding batch reaction. The results for the
batch and fed-batch systems were very similar, within the accuracy of the experimental
measurements, in good agreement with the model fits in Figure 4.11.

Figure 4.12.

Comparison of the concentration of PEGylated reaction products for a batch and a
fed-batch process. Kinetic parameters for the model curves are shown in Table 4.2.

It was not possible to describe the experimental results in Figure 4.12 for reaction
with the 10 kDa mPEG-SPA using the rate constants determined previously for the 5 kDa
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mPEG-SPA due to the significantly different reaction rates in the two systems. Instead,
the solid curves in Figure 4.12 were evaluated by fitting a new set of rate constants to the
same kinetic model, with the best fit values shown in Table 4.2. The rate constant for the
hydrolysis reaction for the 10 kDa mPEG-SPA was assumed to be identical to that for the
5 kDa mPEG-SPA to reduce the number of fitted parameters. The rate constant for the
first PEGylation reaction with the 10 kDa mPEG-SPA was approximately 8 times smaller
than the corresponding rate constant for the 5 kDa mPEG-SPA. A similar reduction in
rate constant was seen for all of the other PEGylation reactions. This reduction in rate of
PEGylation may be related to steric hindrance effects or possible mass transfer
limitations associated with the larger size of the 10 kDa mPEG-SPA. The model fits are
in good agreement with the experimental data for all of the PEGylated species.

Table 4.2. Rate constants for reaction of 10 kDa mPEG-SPA with α-lactalbumin in a 10 mM Bis Tris
pH 7.0 buffer.

PEG hydrolysis
1- 5 Da PEGylated
2 – 5kDa PEGylated
3 – 5 kDa PEGylated

10 kDa mPEG-SPA
0.01 min-1
0.014 L mol-1 min-1
0.006 L mol-1 min-1
0.003 L mol-1 min-1

Experimental studies were also performed using the reaction-separation scheme
with the 10 kDa mPEG-SPA. Experiments were performed by reacting a small quantity
of PEG with the native α-lactalbumin solution (initial protein concentration of 15 g/L)
followed by a 5 diavolume diafiltration through a 30 kDa UltracelTM membrane to collect
the PEGylated protein (with the bulk of the PEG) while the large majority of the
unreacted protein was removed in the filtrate. For each cycle approximately 12 % of the
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native α-lactalbumin remained in the retentate after the diafiltration and about 14% of the
hydrolyzed PEG was removed from the retentate. The details of the diafiltration process
are discussed in Chapter 9. After the separation, the α-lactalbumin in the filtrate was
concentrated using a 10 kDa UltracelTM membrane to its original volume, and the entire
procedure was repeated multiple times. In each case, approximately 0.10 moles of fresh
activated PEG were added to the reaction vessel per mole of recovered α-lactalbumin.
The product (retentate) streams from the reaction-separation scheme were pooled and
concentrated to the original volume, with the data in Figure 4.13 representing the
concentrations in the final pool.

The filled symbols represent results from a

corresponding fed-batch reaction shown for comparison.

The yield of the singly

PEGylated product in the reaction-separation system is slightly larger than that obtained
in the fed-batch system, although the difference was quite small for the relatively low
values of the PEG to protein ratio examined in this experiment.

The increase in

selectivity towards the singly PEGylated product is somewhat less than that shown
previously in Figure 4.11 due to the incomplete separation during the diafiltration
process.
The solid curves in Figure 4.13 are model simulations for the reaction-separation
scheme using the rate constants in Table 4.2 (obtained from data obtained in the batch
and fed-batch experiments). The calculations were performed assuming that the sieving
coefficients of α-lactalbumin, PEG, were constant throughout each diafiltration with
values of 0.42, and 0.03 based on small scale experiments. The sieving coefficient of the
PEGylated protein is assumed to be negligible. The model calculations are in good
agreement with the experimental data for both the singly and doubly PEGylated proteins.
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The small difference between the model calculations and experimental data are
presumably due in part to some loss of solution volume during the transfer of the feed
solution between the reaction and separation steps.

The model calculations were

relatively independent of the α-lactalbumin sieving coefficient since the simulations were
performed by adding 0.10 moles of fresh PEG per mole of α-lactalbumin in the reactant
solution. Thus, any increase in α-lactalbumin retention during the diafiltration was at
least partially compensated for by a corresponding reduction in the amount of mPEGSPA added in the next reaction step. The final concentration of the singly PEGylated
species formed after removal of 88% of the α-lactalbumin from the reaction mixture
(initial concentration of 15 g/L) is predicted to be 6.5 g/L, which is less than half the
value assuming complete conversion of the α-lactalbumin into the desired PEGylated
species.
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Figure 4.13.

Reaction-separation process for PEGylation of α-lactalbumin using a 10 kDa mPEGSPA. Solid curves are model calculations using the rate constants in Table 4.2 for a
separation system with a 12 % loss of α-lactalbumin during every cycle. The curves
end when 88% of the α-lactalbumin is assumed to be in the product stream.

4.7 Conclusions
The experimental studies described in this chapter examined the key factors
controlling the extent and selectivity of the reaction between the amino groups on the
lysine residues in α-lactalbumin and an activated PEG with an N-hydroxylsuccinimide
ester as the leaving group. The solution pH and ionic strength had very little effect on the
selectivity of the PEGylation reaction, with the dominant variables being the total
reactant concentration and the molar ratio of PEG to protein in the initial feed. Robust

101

reaction conditions were identified that could provide a final product solution with
consistent composition, which was critical for use in the characterization and separation
experiments discussed in Chapters 5-10 of this thesis.
The batch reaction data for PEGylation of the α-lactalbumin with 5 kDa mPEGSPA and mPEG-SMB were well-described using a kinetic model assuming all reactions
are first order in the key reactants. The rate constants for the attachment of PEG to the
PEGylated protein decreased with the number of previously attached PEG groups, which
is likely due to the reduced accessibility and reactivity of the reaction sites. This simple
kinetic model provides a framework for the analysis of alternative reaction schemes, e.g.,
fed-batch and combined reaction-separation. The fed-batch and batch systems were
predicted to provide equivalent yield of the singly PEGylated protein, and this was
confirmed experimentally using a 10 kDa mPEG-SPA. It was possible to increase the
selectivity for the singly PEGylated species using a reaction-separation scheme, although
experimental results showed only marginal improvements due to the incomplete
separation of the PEGylated product and unreacted α-lactalbumin which limited the
maximum attainable ratio of PEG to protein.
Future improvements in the membrane separation step should provide
opportunities for increasing the yield of the desired singly PEGylated product by using a
reaction-separation scheme similar to that presented in this Chapter.

However,

significant improvements in selectivity would require the development of membranes, or
alternative separation methods, that could rapidly separate the singly PEGylated product
from the un-reacted PEG to minimize the formation of the more highly PEGylated
species. In contrast, the membrane diafiltration process used in the reaction-separation
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scheme examined in this Chapter only provided effective removal of the un-reacted αlactalbumin, with the PEG remaining with the PEGylated protein.
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Chapter 5
SIZE EXCLUSION CHROMATOGRAPHY OF
PEGYLATED PROTEINS

5.1 Introduction
As discussed previously, one of the primary benefits of PEGylation is the
reduction in the rate of kidney clearance associated with the increase in effective size of
the PEGylated proteins. The objective of this chapter was to quantitatively evaluate the
effect of PEGylation on protein size using both size exclusion chromatography (SEC) and
dynamic light scattering (DLS).

The results are discussed in terms of available

theoretical models for the partitioning of hard spheres. The implications of these results
on the behavior of PEGylated proteins during ultrafiltration and electrophoresis are
discussed in Chapters 6 through 9.
Size exclusion chromatography (SEC) is a well-established technique for protein
separations and for the analysis of the effective size of biological molecules (Ogez et al.,
1989). SEC has also been used extensively for the analysis of PEGylated proteins
(Snider et al., 1992; Vestling et al., 1992) as discussed in Chapter 1. Fee and Van Alstine
(2004) used size exclusion chromatography to evaluate the effective size of a variety of
PEGylated proteins as a function of the molecular weight of the protein and PEG. These
data are discussed in more detail later in this Chapter.
Dynamic light scattering provides a more direct measure of the effective size from
transient decay in scattering intensity arising from the random thermal (Brownian)
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motion of the particles (Pecora, 1985; Pike and Abbiss, 1997). McGoff (1988) obtained
limited data for the effective size of PEGylated superoxide dismutase by dynamic light
scattering, although the results were complicated by the polydispersivity of the PEG.
Many studies have reported successful analysis of large PEGylated particles, e.g.,
PEGylated liposomes and nanoparticles, using dynamic light scattering (Lee et al., 2005;
Miyamoto et al., 2008).

5.2 Theory
5.2.1 Size Exclusion Chromatography
In size exclusion chromatography, molecules are separated by the extent to which
they partition into the pores of the stationary resin. Most analyses assume that diffusion
is very rapid, with the solute concentration in the stationary and mobile phases in
equilibrium at any point in the column. Larger solutes pass quickly through the column
as they are excluded from most of the pore space, while small solutes have access to the
entire pore volume. The largest molecules will have a retention volume equal to the
external fluid volume while the smallest molecules will have a retention volume equal to
the external fluid volume plus the pore volume. The equilibrium partition coefficient (φ)
between the pore volume and the external fluid volume is evaluated as:

φ SEC =

(Vr − Vi )
(Vv − Vi )

(5.1)

where Vr is the retention volume of the species of interest. The interstitial (excluded)
volume (Vi) can be evaluated using a very large (fully excluded) solute while the total
void volume (Vv) can be evaluated using a very small solute like NaCl. The partition
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coefficient ranges from zero to one with a value of zero for the largest molecules that do
not enter into the pore structure of the resin and a value of one for the smallest molecules
that can penetrate all resin space.

5.2.2 Dynamic Light Scattering
Dynamic light scattering is used to calculate the effective particle size from
measurements of the diffusion coefficient based on the Stokes Einstein equation.

Rh = k B T / 6πηD∞

(5.2)

where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity
of the solvent. The diffusion coefficient is evaluated experimentally by measuring the
time-dependent fluctuations in the scattered intensity from a laser using a photomultiplier tube and correlator. It is critical that the temperature be uniform to insure
constant viscosity and to minimize free convection. Other factors that may have an effect
on the diffusion coefficient are the ionic strength, intermolecular interactions, and solute
surface structure (Grigsby et al., 2000; Junfeng et al., 2005). Data are typically obtained
using relatively dilute solutions to avoid scattering from multiple solutes.
The correlator analyzes the variation of scattered light intensity as a function of
time. At short times, the measured signal is similar to the initial scattering, but this
decays to zero as the particle locations become random due to diffusion. Measurements
are typically taken over 100 ns to 1 s depending on the particle size and solution
viscosity. The scattering intensity data are used to fit an autocorrelation function G(τ) as
discussed by Pecora (1985):
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G (τ ) =

I (t o )I (t o + τ )
= A + β 0 exp(−2Γτ )
2
I (t o )

(5.3)

where to is the initial time, τ is the time step, and A, β0, and Γ are fit to the experimental
data. Figure 5.1 shows the autocorrelation function for a monodisperse suspension of
96 nm spheres in water. If the particles are monodispersed then the autocorrelation
function can be defined by the exponential decay of the correlator time delay (Γ). Since
most samples are not perfectly monodisperse more complex schemes are used for fitting.
CONTNIN, the fitting analysis used in the Zetasizer nano, fits multiple exponential
correlation functions to obtain a distribution of sizes.

Figure 5.1. Autocorrelation function for a 96 nm standard sample (taken from Brookhaven, 2004).
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The diffusion coefficient (D∞) is related to the time delay (Γ) by the scattering
intensity (q):

D∞ =

Γ
q2

(5.4)

where the intensity of the scattering (q) is dependent on the refractive index of the solvent
(n), the wavelength of light from the laser (λ), and the scattering angle (θ):

q=

4πn

⎛θ ⎞
sin ⎜ ⎟
λ
⎝2⎠

(5.5)

Equations 5.4 and 5.5 are discussed in more detail by Pecora (1985).

5.3. Materials and Methods
5.3.1 Materials
PEGylated protein samples were prepared by dissolving 10 g/L of protein in a 150
mM phosphate buffer and then adding the desired amount of mPEG-SPA. Two to one
molar ratios were used to obtain PEGylated proteins with 1, 2, and 3 branches while a
five to one molar ratio was used to obtain PEGylated proteins with 2, 3, 4, and 5
branches.

Experiments were performed with ovalbumin, α-lactalbumin, and bovine

serum albumin (BSA).

A detailed discussion of the preparation of the PEGylated

proteins is provided in Chapters 3 and 4. PEGylated BSA with a single 12 kDa branch
was obtained from Pfizer in a 10 mM Bis Tris Propane buffer. PEG standards ranging
from 1.45 kDa to 35 kDa (Fluka, Steinheim, Germany) were used to generate a
calibration curve for the SEC system. PEG standards were dissolved in a 150 mM
phosphate buffer at a concentration of 1 g/L.
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5.3.2 Size Exclusion Chromatography
PEG, protein, and PEGylated protein samples were tested on an Agilent 1100
Series HPLC system with a Superdex 200 10/300 gel permeation column (GE
Healthcare) as discussed in Chapter 3.

PEG standards (5 to 35 kDa) and protein

standards (α-lactalbumin, ovalbumin, and bovine serum albumin) were run before each
set of experiments to verify consistency of the column.

A calibration curve was

constructed from a plot of the logarithm of the PEG molecular weight as a function of the
solute elution time. The column was only used when the r2 value for the standard plot of
the log of the molecular weight as a function of the retention time was greater than 0.98.

5.3.3 Dynamic Light Scattering
A Zetasizer Nano ZS (Malvern Instruments, Worcestershire, United Kingdom)
was used for the dynamic light scattering experiments. Data were obtained using 1 g/L
solutions in a 150 mM phosphate buffer. The calculated value for the solute diffusion
coefficient was used to evaluate the effective hydrodynamic radius, Rh , using the StokesEinstein equation.

5.4 Results
5.4.1 Protein and PEG Standards
Figure 5.2 shows a plot of the molecular weight versus retention time for the
protein and PEG standards, with the molecular weight taken from the certificate of
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analysis provided by the manufacturer. In both cases, the retention time increases with
decreasing molecular weight due to the greater accessibility of the pore space by the
smaller size (i.e., smaller molecular weight) solutes. The data are linear when plotted in
this fashion, with r2 > 0.98. The absolute value of the slope for the proteins is somewhat
greater than that for the PEG due to the different conformation of these macromolecules.

Figure 5.2. Calibration curves for the Superdex 200 G/L column for the PEG and protein standards.

The experimental data in Figure 5.2 are re-plotted in Figure 5.3 in terms of the
solute partition coefficients evaluated from Equation 5.1 with the retention volume equal
to the retention time multiplied by the constant flow rate of 0.3 ml/min. The interstitial
volume (Vi = 8.19 cm3) was determined using the retention time of a blue dextran and the
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total void volume (Vv = 21.35 cm3) was determined using NaCl. The protein partition
coefficients are uniformly larger than those of the PEG (at the same molecular weight)
reflecting the much larger size of the PEG caused by the open structure arising from the
high degree of hydration (Branca et al., 2002). For example, the 5 kDa PEG has a
partition coefficient that is very similar to that of ovalbumin, a 43 kDa globular protein,
and the partition coefficient of the 10 kDa PEG (φSEC = 0.47) is significantly smaller than
that for α-lactalbumin with a molecular weight of 14.6 kDa (φSEC = 0.73).

Figure 5.3. Partition coefficient of PEG and globular proteins as a function of the molecular weight.
Curves are fits to the data given by Equations 5.6 and 5.7.

The solid curves in Figure 5.3 are fits to the experimental data to give the partition
coefficient (φ) as a function of the molecular weight (kDa) of each compound.
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φ PEG = −0.229{± 0.009}Ln(MWPEG ) + 0.992{± 0.023}

(5.6)

φ Pr o = −0.156{± 0.015}Ln(MWPr o ) + 1.147{± 0.053}

(5.7)

The experimental data for the solute partition coefficients have been re-plotted in
Figure 5.4 as a function of the solute hydrodynamic radius, which was determined from
empirical correlations for the radius as a function of MW developed using measurements
of the diffusion coefficient and intrinsic viscosity for both globular proteins
(Equation 2.6) and PEG (Equation 2.7). The partition coefficient data collapse to a single
curve when plotted in this manner, consistent with previous studies showing that the
partition coefficient in SEC is a unique function of the hydrodynamic radius even for
molecules with significantly different shape, size, or flexibility (Grubisic et al., 1967).
The solid curve in Figure 5.4 represents the theoretical results for the partition
coefficient of a hard sphere in a porous media consisting of an array of uniform
cylindrical pores:

φ = (1 − λ )2

(5.8)

where λ is the ratio of the hydrodynamic radius of the solute (rs) to the radius of the pore
(rp). The best fit values of the pore radius were determined by minimizing the sum of the
squared residuals between the model calculations and the experimental data giving
rp = 11 nm for the hard-sphere model. The experimental data are in good agreement with
the model calculations, consistent with prior results obtained by Pujar and Zydney (1998)
for a series of globular proteins.
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Figure 5.4. Partition coefficient as a function of the solute radius. The solid curve is a model fits for
the partitioning of a hard sphere into a cylindrical pore.

5.4.2 PEGylated Proteins
A typical SEC chromatogram for a PEGylated protein mixture produced by
reaction of the 5 kDa mPEG-SPA and α-lactalbumin is shown in Figure 5.5. The first
four peaks (from left to right) are the PEGylated proteins: the first peak (PEG 4)
corresponds to α-lactalbumin having four covalently bonded 5 kDa nominal molecular
weight PEG groups (total PEG molecular weight of approximately 20 kDa), the second
peak corresponds to α-lactalbumin with three covalently bonded 5 kDa PEG groups
(PEG 3), and so on. The concentration of α-lactalbumin with only a single covalently
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bonded PEG was quite low due to the relatively high concentration of activated PEG (5:1
molar ratio of mPEG-SPA to protein) used in the original reaction mixture. It was not
possible to resolve peaks with more than five PEG groups for the 5 kDa PEGylated αlactalbumin species using the Superdex 200 G/L column, although very low
concentrations of species with higher molecular weight were identified using MALDITOF in the tail that exits at the leading edge of the first peak. The fifth peak corresponds
to the native (non-activated) 5 kDa PEG that was added to the mixture after reaction, and
the last peak corresponds to the unmodified α-lactalbumin (MW = 14.2 kDa). The
relatively broad peak seen for the PEG is a direct result of the larger polydispersity of the
unmodified PEG (approximately 1.12) compared to that of the activated mPEG-SPA
(polydispersity of 1.02).
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Figure 5.5

Chromatogram for a mixture of α-lactalbumin PEGylated with 5 kDa mPEG. PEG #
refers to the number of 5 kDa branches of PEG added to the α-lactalbumin.

The identities of the peaks corresponding to the PEG and α-lactalbumin were
confirmed by running samples of the pure components alone, with the retention volumes
being identical to those seen in Figure 5.5 (95% confidence interval). This also indicates
that there were no measurable intramolecular interactions between the PEG, protein, and
PEGylated species in the complex reaction mixture. The smaller retention volume for the
5 kDa PEG compared to that of the 14 kDa α-lactalbumin arises from the very different
conformations of these species as discussed previously.
The retention time data for the different PEGylated proteins were used to
calculate the equilibrium partition coefficient using Equation 5.1, with the results shown
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as a function of solute molecular weight in Figure 5.6 for data obtained with αlactalbumin, ovalbumin, and BSA. The data were highly reproducible, with partition
coefficients varying by less than 1.0 % for repeat runs performed with different mixtures
of the PEGylated proteins. The calculated values of the partition coefficients for the
PEGylated α-lactalbumins are similar to those reported previously by Fee and Van
Alstine (2004) using a Superdex 200 resin, with the small differences likely arising from
differences in column packing and resin lots for the SEC experiments. The partition
coefficients of the PEGylated proteins lie between the values for the PEG and proteins
(when plotted as a function of the solute molecular weight), consistent with the
intermediate conformation of these composite molecules.

Figure 5.6

Partition coefficient as a function of molecular weight for native protein, unmodified
PEG, and PEGylated versions of α-lactalbumin, ovalbumin, and bovine serum albumin.
Solid curves are given by Equation 5.10.
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The molecular weight dependence of the partition coefficient for both the PEG
and PEGylated proteins is much stronger than that for the unmodified proteins. The
partition coefficients for PEGylated proteins with the same total molecular weight were
identical, independent of the number of attached PEG groups, in good agreement with
previous observations by Fee and Van Alstine (2004).

For example, the partition

coefficient for α-lactalbumin with four 5 kDa PEG chains is 0.287 ± 0.017 compared to a
value of 0.282 ± 0.006 for α-lactalbumin with two 10 kDa PEG chains. This behavior is
very different than what is seen with the protein sieving coefficients as discussed in
Chapter 7.

5.4.3 Modeling of the Partition Coefficient
The data in Figure 5.6 for the PEG and the different PEGylated proteins show a
very similar dependence on the molecular weight of the PEG portion of the molecule,
with the curves for the different proteins shifted down and to the right based on the
molecular weight and partition coefficient of the base protein. This suggests re-plotting
the partition coefficient data as a function of an effective solute molecular weight, which
is determined from the sum of the molecular weight of the attached PEG and the
“effective” molecular weight of the protein. In this case, the equivalent molecular weight
of the protein is calculated from its partition coefficient using a calibration curve for φ as
a function of molecular weight constructed from data for the unmodified PEG (Equation
5.6 and Equation 5.7):
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Ln(MWeffective ) = 0.68{± 0.01}Ln(MW protein ) − 0.68{± 0.37}

(5.9)

where MWeffective is the molecular weight (kDa) of a PEG molecule with the same
partition coefficient as a protein having a molecular weight (kDa) MWprotein. This allows
a general correlation to be developed for the partition coefficient of the PEGylated
proteins based on the molecular weight of the protein and PEG components:

φ SEC = −0.23{± 0.01}Ln(MWPEG + MWeffective ) + 0.99{± 0.02}

(5.10)

The solid curves in Figure 5.6 are model calculations based on Equation 5.10. The model
is in excellent agreement with the data for the PEG, the proteins, and the PEGylated
proteins over the full range of PEGylation tested with an absolute deviation of less than
10%. Although Equation 5.10 provides a good fit for the experimental data obtained in
this study, care must be taken in extrapolating this correlation to other proteins or to a
broader range of PEG molecular weights.
Several different theoretical approaches were used to examine the partitioning
behavior of the PEGylated proteins in terms of the effective hydrodynamic radius of the
PEG and protein. The simplest approach was to assume that the total volume of the
PEGylated protein is equal to the sum of the volume of the isolated PEG and protein
components in which case the effective hydrodynamic radius is given as:

[

3
R Pegylated = RPEG
+ RPr3 o

]

1

3

(5.11)

Fee and Van Alstine (2004) assumed that the surface area to volume ratio of the PEG
portion of the PEGylated molecule remains constant, with the hydrodynamic radius of the
PEGylated protein given as:
R pegylated =

R
A 2 2
+
RPEG + PEG
6 3A
3

(5.12)
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where

(

3
3
A = ⎡108 RPr3 o + 8 RPEG
+ 12 81RPr6 o + 12 RPr3 o RPEG
⎢⎣

)

1

2

⎤
⎥⎦

1

3

(5.13)

with RPEG and RPro in Equation 5.12 and Equation 5.13 evaluated for the isolated PEG
and protein, respectively.
These different models are compared with the experimental results for PEGylated
α-lactalbumin and PEGylated BSA in Figure 5.7.

The experimental values of the

hydrodynamic radius were calculated from the measured partition coefficients using
Equation 5.8 with the best fit value of the pore radius (rp = 11 nm) determined by fitting
the data for the PEG and protein standards. The solid curve represents the calculated
values of the hydrodynamic radius determined using the empirical correlation for the
partition coefficient in terms of the PEG and protein molecular weight (Equation 5.10),
with the radius calculated from Equation 5.8. This empirical fit is in excellent agreement
with the data for both the PEGylated α-lactalbumin (standard deviation of 1.72) and the
PEGylated BSA (standard deviation of 1.53). The equation developed by Fee and Van
Alstine (2004) based on the assumption of a constant PEG surface area to volume ratio
(Equation 5.12) slightly over predicts the data but properly describes the general behavior
as well as the curvature (standard deviation of 2.71 and 2.14 for α-lactalbumin and BSA
respectively) . The model based on the additivity of the PEG and protein volumes
(Equation 5.11) slightly under predict the data, especially at low molecular weights of
PEG (standard deviation of 1.97 and 4.44 for α-lactalbumin and BSA respectively).
Despite the differences between the experimental data and the models, an analysis of the
variance of the empirical model compared to the variance of the other possible models
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suggest that it is not possible to determine if one model is better than another with any
significant (>95%) degree of certainty with the given experimental data.
The deviation between the volume based on the additivity of the volumes and the
experimental data suggests that the conformation of the PEG is effected, at least to some
degree, by the covalent attachment to the protein. This effect may simply be related to
the loss flexibility associated with the attachment of one end of the PEG chain to the
globular protein, or it could be related to specific interactions between the ethylene glycol
groups and the amino acid residues on the surface of the protein. Although the Fee and
Van Alstine model is in good agreement with the experimental results, there is no
obvious reason why the surface area to volume ratio of the PEG should remain constant
upon attachment to the protein.

Additional work is needed to develop a more

fundamental understanding of the volume / conformational changes associated with
protein PEGylation.
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Figure 5.7. Comparison of models and experimental data for the hydrodynamic radius of
PEGylated BSA and α-lactalbumin.

5.4.4 Dynamic Light Scattering
The hydrodynamic radius of the protein and PEGylated proteins were also
determined using dynamic light scattering. Data were obtained using dilute (1 g/L)
solutions in a 150 mM phosphate buffer at pH 7.0 to minimize protein-protein
interactions and electrostatic effects. Figure 5.8 shows the calculated values of the
hydrodynamic radius of α-lactalbumin, ovalbumin, and BSA determined from both light
scattering and size exclusion chromatography. Error bars are shown for a minimum of
three repeat measurements using the dynamic light scattering system. Error bars are not
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shown for the size exclusion chromatography system since the errors are similar in size to
the actual data point. There was good agreement between the calculated radii determined
from these independent experimental methods, demonstrating the consistency of the two
methods.

Figure 5.8. Hydrodynamic radius of α-lactalbumin, ovalbumin, and BSA determined using size
exclusion chromatography and dynamic light scattering. Error bars represent
plus/minus one standard deviation of the experimental data.

It was considerably more difficult to obtain accurate measurements of the
hydrodynamic radius of the PEGylated proteins by dynamic light scattering. Initial
studies using mixtures of the differently PEGylated species were unsuccessful since it
was impossible to interpret the data from the measured autocorrelation function.
Subsequent experiments were performed with purified samples of the individual
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PEGylated proteins separated by size exclusion chromatography using a Superdex 200
G/L column following the procedures discussed in Chapter 3 with one 500 μL injection
volume. The eluent was collected in 0.3 ml fractions, with the two fractions containing
the highest concentration of a given PEGylated species pooled. The fractions collected
from three identical SEC runs were combined to obtain sufficient material for use in the
dynamic light scattering experiments.
Figure 5.9 shows the calculated radii of the different PEGylated α-lactalbumin
species determined by both SEC and light scattering. The results are in good qualitative
agreement, although there are some small deviations between the measurements.
However, the data were insufficient to draw any conclusions about possible differences in
the hydrodynamic radius of the PEGylated proteins determined by dynamic light
scattering and size exclusion chromatography.

The use of larger PEG or protein

components may provide more complete information regarding differences in the size of
these molecules measured using SEC and DLS.
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Figure 5.9. Hydrodynamic radii of PEGylated α-lactalbumin calculated using SEC and dynamic
light scattering.

5.4 Conclusions
The experiments performed in this chapter provide quantitative data for the
effective size of PEGylated α-lactalbumin, ovalbumin, and BSA based on measurements
of the equilibrium partition coefficient in size exclusion chromatography. PEG itself has
a much more open and flexible structure than the globular proteins, resulting in smaller
values for the equilibrium partition coefficient, corresponding to a larger effective size,
for a PEG chain compared to a protein of equal molecular weight. The effective size of
the PEGylated proteins were between those of the PEG and protein, reflecting the
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composite structure of these protein-polymer conjugates. In addition, the effective size of
the PEGylated proteins was determined entirely by the molecular weight of the base
protein and the total molecular weight of the attached PEG, independent of the number of
PEG groups attached to the protein. Thus, PEGylated α-lactalbumin with two 5 kDa
PEG groups had an identical partition coefficient, and thus identical size, to that of a
PEGylated α-lactalbumin with a single 10 kDa PEG. This behavior is in sharp contrast
to the results obtained in the ultrafiltration studies discussed later in Chapter 7.
An empirical correlation was developed for the effective hydrodynamic radius of
the PEGylated protein in terms of the molecular weight of the protein and PEG
components in the protein-PEG conjugate. This empirical model provides a very good
agreement with the experimental data. It was possible to describe the results using two
fairly simple geometric models: the model proposed by Fee and Van Alstine (2004) in
which the surface area to volume ratio of the PEG was assumed to remain constant upon
attachment to the protein and a hydrodynamic volume model in which the volumes of the
PEG and protein in the PEGylated molecule are assumed to be unchanged from those of
the isolated components. The data suggest that there is some increase of PEG volume in
the composite molecule, probably due to a change in conformation of the PEG chain
associated with the covalent linkage of one end of the molecule to the protein and / or to
some non-specific interactions between the PEG chain and the surface of the protein.
The hydrodynamic radius of the PEGylated proteins were also evaluated using
dynamic light scattering.

The calculated radii for α-lactalbumin and ovalbumin

determined by dynamic light scattering were in excellent agreement with the results from
size exclusion chromatography, demonstrating the viability of the two methods. Results
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for the PEGylated proteins showed very similar trends but there were some significant
deviations between the values determined by dynamic light scattering and SEC. This
may simply reflect the experimental challenges in evaluating the effective size using
dynamic light scattering, particularly the possible presence of protein oligomers, species
with different degrees of PEGylation, and the inherent polydispersity of the added PEG.
Future studies using more highly purified samples would be needed to determine if there
are any significant differences in the effective radius for a PEGylated protein as
determined from the partition coefficient in SEC and the diffusion coefficient in dynamic
light scattering.
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Chapter 6
CAPILLARY ELECTROPHORESIS OF PEGYLATED
PROTEINS

6.1 Introduction
Capillary electrophoresis has become a well-established technique for evaluating
the composition and concentrations of a wide range of protein samples (Carbeck et al.,
1998; Corradini 1997; Na et al., 2001; Watzig et al., 1998). In addition, capillary
electrophoresis can be used to study a variety of protein properties including the net
protein charge (Gao and Whitesides, 1997), the extent of ion binding (Menon and
Zydney, 1998), and the presence of specific biomolecular interactions (Caravella et al.,
1999; Martinez-Gomez et al., 2007; Safi et al., 2007).
Several investigators have used capillary electrophoresis for analysis of
PEGylated protein samples. Semi-aqueous capillary electrophoresis has been used to
resolve the different PEGylated forms of ribonuclease A (Li and Su, 2004), lysozyme
(Corradini et al., 2005), and recombinant TNF-α (Li et al., 2002). Li and Su (2004) used
capillary electrophoresis to measure the extent of aggregation of PEGylated
ribonuclease A under different storage conditions. More recently, Na et al. (2008) used
SDS capillary gel electrophoresis to check the purity of PEGylated α-interferon with both
single and multiple PEG chains. In addition, Sharma and Carbeck (2005) used capillary
electrophoresis to calculate the effective size of PEGylated lysozyme using Henry's
equation, implicitly assuming that the electrical charge on the native protein is displaced
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to the outer radius of a PEGylated sphere.

The calculated values of this effective

spherical radius were in good agreement with results from partitioning in size exclusion
chromatography, although the authors provided no physical basis for the use of this
model.
In this chapter, quantitative data on the resolution and mobility of PEGylated αlactalbumin molecules using capillary electrophoresis are reported including the effects
of buffer additives on the behavior of the PEGylated proteins. The electrophoretic
mobility data for the PEGylated proteins are compared with results for acetylated forms
of α-lactalbumin to account for the change in charge associated with the PEGylated
reaction. Acetylated forms of the protein were generated by covalent modification of the
same lysine amino groups used in the PEGylation reaction but without any significant
change in the protein molecular weight due to the small size of the ligand. Mobility data
are analyzed using available theoretical models for the electrophoretic mobility of
composite objects to obtain additional insights into the underlying structure of the
PEGylated proteins. These results provide important information on the use of capillary
electrophoresis for analysis of PEGylated proteins as well as a basis for understanding the
effect of electrostatic interactions on the transmission of PEGylated proteins through
charged ultrafiltration membranes (Chapter 9) and the extent of fouling with both
hydrophilic and hydrophobic membranes (Chapter 10).
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6.2 Theory
6.2.1 Background
The wide range of applications of capillary electrophoresis for the separation and
analysis of protein samples is possible, at least in part, because of the strong theoretical
foundation for describing the electrophoretic mobility of globular proteins.

The

electrophoretic mobility reflects the balance between the electrical forces arising from the
applied electric field and the hydrodynamic (friction) forces associated with the viscosity
of the suspending medium. A large number of theoretical analyses have been presented
in the literature for the electrophoretic mobility, with the differences lying primarily in
the approximations made in evaluating the electrical interactions. These differences
include both the detailed structure of the equilibrium electrical potential (e.g., the use of
the low electrical potential, small Debye length, or flat plate approximations) and the
distortion of the equilibrium structure associated with the particle and fluid motion during
electrophoresis.
The earliest analysis of electrophoresis is due to Smoluchowski and is valid for
arbitrary particle shape under conditions where the Debye length (double layer thickness)
is much smaller than the characteristic particle size and the potential is assumed to be low
(Masliyah, 1994). The Smoluchowski analysis describes the mobility (μ) of the particle
as:

μ=

ε r ε oζ
η

(6.1)
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where εr is the relative permittivity (or dielectric constant) of the solution, εo is the
permittivity of vacuum, η is the fluid viscosity, and ζ is the zeta potential, defined as the
electrostatic potential at the plane of shear (slip) (Masliyah, 1994).
If the electrical double layer is much larger than the particle, the electrophoretic
mobility (μ) is given by the Debye-Huckel equation assuming that the potential is low:

μ=

2ε r ε oζ
3η

(6.2)

The zeta potential for a uniformly charged hard sphere can be expressed in terms of the
particle surface charge (q) assuming a low potential as:

ζ =

q

(6.3)

4πRε r ε o (1 + κR )

where R is the particle radius and κ is the inverse Debye length given by Equation 6.4
(Masliyah, 1994).
⎛
1
κ = ⎜⎜
⎝ ε r ε o k BT

⎞
z C io ⎟⎟
∑
i =1
⎠
N

1/ 2

2
i

(6.4)

where kB is Boltzmann's constant, T is the absolute temperature, and zi and Cio are the
valence and bulk concentration of the mobile ions.
Henry (1931) obtained a more complete solution for the electrophoretic mobility
that accounts for the distortion of the electric field lines by the presence of the particle,
with the resulting expression valid over the entire range of Debye lengths as long as the
particle zeta potential is small so that the exponential terms in the Poisson-Boltzmann
equation can be approximated using the first term in the Taylor series expansions:

μ=

2ε r ε oζH (κR)
3η

(6.5)
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where
H (κR ) = 1 +

2
⎛
1
(κR )2 − 5 (κR )3 − 1 (κR )4 + 1 (κR )5 + 1 (κR )4 exp[κR]⎜⎜1 − (κR )
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48
96
96
8
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⎝

⎞ ∞ exp[− t ]
⎟∫
dt
⎟
⎠κa t

(6.6)

A number of studies have analyzed the effects of relaxation and electrophoretic
retardation on the electrophoretic mobility (e.g., O'brien and White, 1978; Ohshima,
2001). These theoretical developments are not discussed here due to the relatively low
surface potential of the PEGylated proteins examined in this study. At surface potentials
below 25 mV the relaxation effect on the ion cloud is negligible; this effect is often
insignificant even up to surface potentials of 50 mV (Hiemenz and Rajagopalan, 1997).
The highest calculated surface potential for the native α-lactalbumin in our experimental
studies was 48 mV. The calculated surface potentials of the PEGylated proteins were
below 30 mV for all experiments.
There have also been a number of theoretical studies of the electrophoretic
behavior of particles with more complex geometries / morphologies. For example, the
mobility of non-spherical particles has been examined by Yariv (2005). The mobility of
porous particles has been examined by Hill et al. (2003), Cohen and Khorosheva (2001),
Ding and Keh (2003), and Bhatt and Sacheti (1994). Several studies have examined the
behavior of composite particles containing both electrically neutral and charged
components, analogous to the PEGylated proteins examined in this thesis, although the
majority of this work has focused on larger particles in which the Smoluchowski analysis
is valid (Hill et al., 2003; Keh and Ding, 2002; Lietor-Santos and Fernandez-Nieves,
2005; Ohshima, 1995; Sharp and Brooks, 1985; Yoon, 1990). Jones (1979) examined the
effects of polymer length, density, and charge on the electrophoretic mobility of large
particles. In this analysis, it was assumed that the Smoluchowski equation could be
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followed, the polymer density was constant throughout the polymer layer, and the
dielectric constant was similar in the polymer layer and the bulk. The hydrodynamic drag
of the molecule was calculated based on the drag of the solid colloid and the drag
associated with the density and length of the polymer segments. The electrostatic force
was calculated based on the charge on the solid surface and an average charge in the
polymer layer, based on the polymer density. By comparing the drag force and the
electrostatic force it was determined that at low polymer surface concentration the
addition of charged polymer increased the electrostatic forces to a greater degree than the
hydrodynamic forces, but the opposite was seen at higher polymer concentrations.

6.2.2 PEGylated Proteins
Despite the extensive prior work on the electrophoretic mobility of a variety of
composite objects, it is unclear how to most appropriately describe the electrophoretic
mobility of a PEGylated protein due to uncertainties in the actual geometry / structure of
the PEGylated species. We examined a number of different physical models in this
work, which are conveniently described in two broad groups: (1) models in which the
PEG and protein components are used to determine the overall drag while the protein is
used to determine the electrophoretic force (Kim and Karrila, 2005; Long and Ajdari,
1996), and (2) models in which the PEGylated protein is treated as a composite sphere
with an effective radius determined from the contributions of the PEG and protein to the
overall solute volume (Cohen and Khorosheva, 2001; Hill et al., 2003; Sharma and
Carbeck, 2005).

These different models are described briefly in the following
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paragraphs, and are discussed further in the context of the experimental results presented
later in this Chapter.
Long and Ajdari (1996) developed a model for the electrophoretic mobility of a
composite particle consisting of two spheres connected by a tether.

Their analysis

assumes that the spheres align with the electrical field (with no rotational diffusion) and
that the hydrodynamic drag on each sphere is unaffected by the presence of the other
sphere (or tether) with:

ω i = 6πηRi

(6.7)

where ωi is the hydrodynamic drag on sphere i, η is the viscosity, and Ri is the radius of
sphere i. The overall mobility of a PEGylated protein can be evaluated using this
theoretical framework as:

μ=

R pro
ω Pr o μ pro
= μ pro
(R pro + RPEG )
ω pro + ω PEG

(6.8)

where the PEG is assumed to be completely uncharged with a radius RPEG and μpro is the
electrophoretic mobility of the isolated protein as determined by Equation 6.5. Equation
6.8 predicts that the electrophoretic mobility of the PEGylated protein is reduced because
of the additional drag associated with the PEG (modeled as a sphere), with no change in
the electrical force.
The PEGylated molecule may also be modeled as an effective prolate spheroid
formed by the direct linkage of the PEG and protein, without any "tether" as assumed in
the model by Long and Ajdari (1996). In this case, we evaluated the effective diameter
of the spheroid (g) as the larger of the diameters of the isolated PEG and protein, with the
effective length (h) evaluated as the sum of the diameters of the isolated PEG and protein
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components. The drag force on a prolate spheroid depends upon the geometry (defined
by the ratio h/g) and the orientation of the spheroid with respect to the direction of motion
(Kim and Karrila, 2005):

ω = 6πη (RPEG + RPr o ) f ⎛⎜ h g ⎞⎟
⎝

(6.9)

⎠

For a freely rotating spheroid, the drag ratio is determined by averaging the drag force
over all possible orientations giving:

ωTotal = 6πη (RPEG + RPr o )⎡⎢ 2 3 f g ⎛⎜ h g ⎞⎟ + 13 f h ⎛⎜ h g ⎞⎟⎤⎥
⎣

⎝

⎝

⎠

⎠⎦

(6.10)

where fg and fh refer to the drag force with the motion directed along the short (g) and
long (h) axes, respectively. The electrophoretic mobility of the prolate spheroid can be
evaluated directly from the drag force assuming that the electric force is unaffected by the
presence of the PEG component:

μ=

ω Pr o μ pro
= μ pro
ωTotal

R pro

(RPEG

⎛
⎞
+ RPr o )⎜ 2 f g ⎛⎜ h ⎞⎟ + 1 f h ⎛⎜ h ⎞⎟ ⎟
3
g
3
g
⎝
⎠⎠
⎝
⎠a
⎝

(6.11)

An alternative approach for evaluating the electrophoretic mobility of a
PEGylated protein is to assume the molecule is a single composite sphere. The simplest
approach is to assume that the PEG layer is impermeable to the flow, in which case the
hydrodynamic drag acts on the exterior surface of the PEGylated protein, while the
electrical force is determined by the charge on the surface of the protein. Under these
conditions, the electrophoretic mobility can be estimated using Henry’s equation with the
zeta potential and the Henry correction factor, H(κR) both evaluated at the outer surface
of the PEGylated protein (assumed to be the surface of shear). The electrical potential on
the surface of shear can be related to the electrical charge at the protein surface (qsurface)
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by solving the linearized form of the Poisson-Boltzmann equation in both the PEG layer
and in the bulk solution:
d 2 (rψ 1 )
= κ 12 rψ 1
2
dr

(for a ≤ r ≤ s)

(6.12)

d 2 (rψ 2 )
= κ 22 rψ 2
2
dr

(for r ≥ s)

(6.13)

where a is the radius of the protein and s is the radius of the PEGylated protein. The
Debye length in regions 1 (6.12) and 2 (6.13) may be different since the "bulk" salt
concentrations in the PEG layer and bulk solution can be different due to thermodynamic
(partitioning) of the salt between the PEG and aqueous solution. This phenomenon is
discussed in more detail subsequently. The general solution to Equation 6.12 and 6.13
can be written as:
Ae −κ 1r + Beκ 1r = rψ 1

(6.14)

Ce −κ 2 r + Deκ 2 r = rψ 2

(6.15)

The integration constants (A, B, C, and D) in Equations 6.14 and 6.15 are evaluated using
the boundary conditions:
qsurface = 4 πa 2ε1εo

dψ1
dr

at r = a

(6.16)

ψ2 → 0

at r Æ ∞

(6.17)

ψ1 =ψ 2

at r = s

(6.18)

dψ1 dψ 2
=
dr
dr

at r = s

(6.19)
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Equation 6.19 is valid if the electrical permittivity (i.e., dielectric constant) in the PEG
The electrical potential (ζ) at the surface of shear is

and bulk solution are equal.

evaluated from the resulting expression for ψ1 at r = s:

ζ =

(

e aκ1 + sκ1 κ 1 q surface

(

)

(

2ε r ε oπs e 2 aκ1 κ 1 − aκ 12 − κ 2 + aκ 1κ 2 + e 2 sk1 κ 1 + aκ 12 + κ 2 + aκ 1κ 2

))

(6.20)

with the electrophoretic mobility given as:

μ=

(

e aκ1 +sκ1 κ1qsurface

(

)

(

3πη e 2aκ1 sκ1 − asκ12 − sκ 2 + asκ1κ 2 + e 2sk1 sκ1 + asκ12 + sκ 2 + asκ1κ 2

))

H (κ 2 s) (6.21)

Equation 6.21 has not been presented previously in the literature. However, if the
Debye length inside the PEG layer is very large, κ1a Æ 0, Equation 6.21 reduces to:

μ=

q surface

6πηs (1 + κ 2 s )

H (κ 2 s )

(6.22)

which is equivalent to the expression presented by Sharma and Carbeck (2005) for the
electrophoretic mobility of a PEGylated protein. Note that Sharma and Carbeck provided
no discussion of the development leading to Equation 6.22 or of the key underlying
assumptions, including the limitation that Equation 6.22 is only valid when κ1a is very
small. If the Debye length inside the PEG layer is equal to that in the bulk solution, the
electrophoretic mobility given by Equation 6.21 simplifies to:

μ=

e aκ −sκ qsurface

6πηs(1 + κa )

H (κs )

(6.23)

where κ = κ1 = κ2. Equation 6.23 reduces to Equation 6.22 in the limit of a very thin
PEG layer, i.e., when κ(s – a) Æ 0.
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Cohen and Khorosheva (2001) developed a theoretical description of the
electrophoretic mobility for a composite object with an inner solid charged surface and an
outer uncharged (polymer) layer that was permeable to the surrounding fluid with a
constant permeability factor (fperm). Their analysis implicitly assumes that the Debye
length and dielectric constant are the same in the polymer and bulk solution. The
electrophoretic mobility was evaluated using Smoluchowski's analysis, which is valid
when the Debye length is much smaller than the characteristic particle size, with the final
result given in Equation 6.24.
2
ε o ε r ζ Pr o κ e
μ=
η

(− f perm ( s − a ))

2
− f perm
e ( −κ ( s − a ) )

2
κ 2 − f perm

(6.24)

This model was in good agreement with experimental data for the mobility of charged
liposomes coated with a thin layer of a neutral polymer, a system in which the
Smoluchowski approximation should be valid. Hill et al. (2003) suggested that Equation
6.24 could be extended to molecules of all sizes (with low zeta potentials) by multiplying
the bare particle mobility by the factor accounting for both the change in position of the
zeta potential and the permeability of the polymer layer.

μ=

2ε o ε r ζ pro H (κa ) κ 2 e
3η

(− f perm ( s − a ))

2
− f perm
e ( −κ ( s − a ) )

2
κ 2 − f perm

(6.25)

The application of this model to describe the electrophoretic mobility of PEGylated
proteins is questionable since the permeability factor for the PEG layer may vary with
position (distance from the protein surface) and the Debye length within the PEG layer
may be different from that in the bulk solution.
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6.3 Materials and Methods
6.3.1 Materials
All experiments were performed using α-lactalbumin PEGylated with mPEGSPA (activated with succinimidyl propionic acid) or mPEG-SMB (activated with
succimidyl a-methylbutanoate) with nominal weight-average molecular weight of 2, 5,
10, 20, or 30 kDa in a 10 mM Bis Tris or 10 mM Tris Glycine buffer. A molar ratio of
protein to PEG of approximately 1:4 was used for the 2, 5, and 10 kDa PEG, while a
molar ratio of 1:2 was used for the 20 and 30 kDa PEG. More details on the PEGylation
reactions are given in Chapters 3 and 4.

Acetylated forms of α-lactalbumin were

produced as described in Chapter 3.
Bis Tris buffer was prepared as described in Chapter 3. Tris buffer with glycine
was prepared by adding 1.21 g/L of Trizma base (Sigma, St. Louis, MO) and 7.507 g/L
glycine (Sigma) to deionized water. The pH was adjusted to 8.1 by the addition of KOH,
with the ionic strength adjusted by the addition of KCl (Sigma). The pH was measured
using a Model 402 Thermo Orion pH meter (Beverly, MA). Solution conductivity was
measured using a Model 105 Thermo Orion conductivity meter.

6.3.2 Capillary Electrophoresis
The electrophoretic mobility of the PEGylated and acetylated proteins were
determined using the procedure described in Chapter 3. Several different running buffers
were examined including 10 mM Tris/Glycine (pH 8.1) and 10 mM Bis Tris (pH 7.0).
The current was less than 45 µA during all experiments, so Joule heating was negligible.
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The electrophoretic mobility was calculated from the migration times of the protein (or
PEGylated protein) and the neutral marker as:

μ=

Ld
Ez

⎛1 1
⎜⎜ −
⎝ t to

⎞
⎟⎟
⎠

(6.26)

where Ld is the effective capillary length to the detector, Ez is the applied electric field,
and t and to are the times for the protein and neutral marker to reach the detector.

6.4 Results and Analysis
6.4.1 Effects of Buffer Additives
A typical electropherogram for the PEGylated α-lactalbumin (formed with the 20
kDa mPEG-SPA) using a running buffer of 10 mM Bis Tris (the buffer used in the
PEGylation reaction) are shown in Figure 6.1 (lower electropherogram). The first peak is
the neutral marker (mesityl oxide) that was added to the PEGylated sample. The second
distinct peak is the PEGylated α-lactalbumin with one 20 kDa branch. The third peak is
the native α-lactalbumin. Although it was possible to resolve peaks corresponding to the
PEGylated proteins with different numbers of PEG chains and the native protein, there
was significant peak asymmetry and the overall resolution was poor using this buffer.
A number of previous studies have shown that the buffer type and composition
can strongly influence the overall resolution and separation during capillary
electrophoresis (Shibata et al., 2004), both by reducing protein adsorption to the walls of
the capillary and by altering the electro-osmotic flow. For example, a number of organic
compounds have been used to inhibit protein adsorption (Watzig et al., 1998). Li and Su
(2004) used a 1:1 mixture of acetonitrile to 0.025M phosphate for the analysis of
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PEGylated RNAase using a silica capillary dynamically coated with PEG. Zwitterionic
additives are used to alter the magnitude of the electro-osmotic flow without increasing
the conductivity (MacDonald et al., 2005). Also zwitterions have been shown to reduce
the binding of positively charged compounds onto negatively charged silica capillaries.
For example trimethyl ammonium propylsulfonate was used to improve the resolution of
a humanized monoclonal antibody by capillary electrophoresis (Corradini, 1997).
Several different buffer additives were examined as part of this project. Initial
efforts were focused on the semi-aqueous (water + acetonitrile) buffer employed by Li et
al. (2001) for analysis of PEGylated RNAase. Results were obtained between 10 and
80% acetonitrile, but peak resolution was poor and decreased at high acetonitrile
concentrations. Much better results were obtained using added glycine. For example, the
upper electropherogram in Figure 6.1 shows results using a 10 mM Bis Tris with 0.1 M
glycine added to the buffer. The improvement in performance can be quantified by
evaluating the resolution (S):
S=

RT 2 − RT 1
1 W1 + 1 W2
2
2

(6.27)

where RT2 and RT1 are the retention times of the two peaks and ½W1 and ½W2 are the
peak widths at half height, equal to 2.355 times the standard deviation assuming standard
Gaussian curves.

The resolution between α-lactalbumin and the PEGylated

α-lactalbumin with a single 20 kDa PEG chain increased from 2.1 to 4.7 upon addition of

the glycine, consistent with results obtained previously using other zwiterionic additives
(Corradini, 1997). A similar improvement was seen in the symmetry factor, defined as
the ratio of the peak width to the left and right of the peak apex (with the larger value in
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the numerator). Thus, a symmetry factor of 1 indicates perfect symmetry, with larger
values corresponding to greater degrees of asymmetry. The symmetry factor of the αlactalbumin peak decreased from 13.6 to 3.6 upon addition of the 0.1 M glycine.
The large improvement in peak resolution and symmetry is probably not simply
due to the small change in conductivity (1190 μS/cm for the Bis Tris alone versus
1310 μS/cm with 0.1 M glycine) or with the associated change in bulk electroosmotic
flow (7% difference between the two buffers). Instead, the improved performance is
likely due to competition of the glycine for the silanol groups on the capillary, which
reduces the extent of protein adsorption (Bushey and Jorgenson, 1989). As seen in
Figure 6.1, the effect of glycine tended to be significantly more pronounced for the more
highly substituted PEGylated proteins, which is probably associated with the greater
interaction of the silica surface with the PEGylated molecules, caused by the lack of
hydrophilic interactions of the PEGylated protein with the buffer solution.

This is

discussed in more detail in Chapter 10.
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Figure 6.1. Electropherogram of a 20 kDa PEGylated α-lactalbumin with two different running
buffers: Bis Tris (pH 7.0, 10 mM), and Bis Tris with Glycine (pH 7.0, 11 mM).

Similar results were obtained with the 5 kDa PEGylated protein when different
buffers were employed. The resolution between the first and second PEGylated species
in the sample run without glycine was 0.57 compared to 0.76 in the presence of 0.1 M
glycine. The symmetry factor for the PEGylated species with one PEG branch was 1.37
without glycine while the sample with glycine had a symmetry factor of 1.12. All of the
experimental results presented in the remainder of this Chapter were obtained using 0.1
M glycine as a buffer additive.
To further improve the resolution, the pH of the solution was increased from 7.0
to 8.1 by changing from Bis Tris buffer to a Tris buffer. The higher pH gave slightly
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better resolution and reproducibility. Other factors that improve the resolution include an
increase in column length. While some experiments in this study were run using a 64.5
cm length column, the majority of the experiments were run using an 80.5 cm column.
The column length did not change the overall mobility but it did improve the resolution
by nearly a factor of two. Previous studies have shown that increasing the viscosity (by
lowering the temperature) can improve the resolution of samples in capillary
electrophoresis (Corradini, 1997; Watzig et al., 1998). The resolution between a two
5 kDa branched PEGylated α-lactalbumin and a three 5 kDa branched α-lactalbumin
increased from 0.66 to 0.72 by decreasing the solution temperature from 35oC to 25oC,
consistent with the expected change in viscosity. However, it was impractical to perform
the capillary electrophoresis experiments at lower temperatures due to the inability to
obtain consistent temperature control with available cooling systems. All subsequent
data reported in this thesis were obtained at 25 oC.

6.4.2 Effects of PEGylation on Protein Mobility
Figure 6.2 shows electropherograms for both the acetylated (lower curve) and
PEGylated (upper curve) α-lactalbumin using a 10 mM pH 8.1 Tris-Glycine running
buffer at 25 kV. The acetylation and PEGylation reactions both involve the –NH2 on
lysine amino acids; thus, the singly acetylated and PEGylated species each have one less
protonated amino group than the native protein. In both cases, the first peak is the neutral
marker (mesityl oxide), which is carried to the detector solely by the electroosmotic flow
generated within the negatively charged capillary. The small difference in elution times
for the mesityl oxide reflects the inherent variability in capillary properties and / or buffer
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conditions.

The second peak with the acetylated sample corresponds to the native

α-lactalbumin, which migrates back against the electroosmotic flow and thus exits at a

later time than the neutral marker. Each subsequent peak in the lower curve represents an
acetylated α-lactalbumin with one more lysine group capped by reaction with acetic
anhydride, resulting in a more negatively charged species. Twelve distinct peaks were
easily resolved, corresponding to modification of up to the twelve different lysine
residues on the native protein. Only the first four are shown in Figure 6.2 to compare
with the PEGylated forms. The nearly evenly spaced peaks produced from the acetylated
species have been previously referred to as "rungs" in a "charge ladder" (Carbeck et al.,
1998). Note that even the most heavily acetylated species in this system has a molecular
weight that is only 3.6% larger than the unmodified α-lactalbumin due to the small size
of the ligand.
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Figure 6.2.

Electropherograms of acetylated α-lactalbumin (lower curve) and α-lactalbumin
PEGylated with 5 kDa mPEG-SPA (upper curve). The first peak corresponds to the
neutral marker (mesityl oxide), while the subsequent peaks in the PEGylated sample
correspond to samples with decreasing amount of PEG. The acetylated peaks each
differ by one reacted lysine group, with the first peak representing the native αlactalbumin.

The upper curve in Figure 6.2 shows the electropherogram for the PEGylated αlactalbumin formed by reaction with 5 kDa mPEG-SPA. Similar results were obtained
with the PEGylated protein produced by reaction with mPEG-SMB. In contrast to the
data for the acetylated α-lactalbumin, the peaks for the PEGylated species lie between
those for the neutral marker and the unmodified α-lactalbumin due to the reduction in the
electrophoretic mobility associated with the addition of the large neutral polyethylene
glycol chain. Three distinct peaks, each corresponding to a PEGylated species with one
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more PEG chain, are easily observable in the electropherogram.

A fourth peak,

corresponding to α-lactalbumin PEGylated with four PEG chains, appears as a shoulder
at t = 6.22 min. The peaks for the PEGylated species are much broader than those for the
acetylated α-lactalbumin, due primarily to the polydispersity in the mPEG-SPA. It is
also possible that the variability in location of attachment of the PEG chain contributes to
peak broadening, although this effect was not seen in the results for the acetylated
proteins (lower curve).

6.4.3 Electrophoretic Mobility of PEGylated Proteins
6.4.3.1 Effect of the Number of Substitutions

Data such as that shown in Figure 6.2 was used to calculate the electrophoretic
mobility of the acetylated and PEGylated species using Equation 6.26. Results are shown
in Figure 6.3 for experiments performed with PEGylated α-lactalbumin formed by
attachment of PEG with molecular weight of 2, 5, 10, 20, and 30 kDa PEG along with the
corresponding results for the acetylated α-lactalbumin. Error bars show the standard
deviation of at least three repeat experiments. In each case, the data are plotted as a
function of the number of modifications to the native protein; thus, the species with n = 1
represents α-lactalbumin with either a single PEG group or a single acetylated lysine.
The electrophoretic mobility of the acetylated species increases with increasing number
of acetyl groups due to the increase in net negative charge associated with the conversion
of the protonated amino group to an amide. The dependence on n is slightly non-linear
due to the effects of charge regulation; the increase in negative charge causes an increase
in the local H+ concentration near the protein surface which leads to the slight protonation
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of other basic or acidic amino acid residues. This phenomenon is discussed in more
detail by Menon and Zydney (2000).
In contrast, the electrophoretic mobility of the PEGylated α-lactalbumin
decreases with increasing number of attached PEG groups even though PEGylation also
eliminates multiple amine groups (analogous to the acetylation reaction). For example,
the mobility of the α-lactalbumin with a single 5 kDa PEG is approximately 34 % smaller
than that of the native protein while the mobility of the PEGylated α-lactalbumin with a
single 30 kDa PEG is more than 75 % smaller than that of the un-modified
α-lactalbumin. The electrophoretic mobility of the PEGylated α-lactalbumin with one 20

kDa PEG chain is slightly smaller than that of the PEGylated protein with two 10 kDa
PEG chains which is in turn smaller than that for the PEGylated protein with four 5 kDa
PEG chains even though these species all have basically the same molecular weight (and
thus the effective size as determined by size exclusion chromatography as discussed in
Chapter 5). These differences are a direct result of the change in molecular charge, in
addition to size, due to PEGylation.
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Figure 6.3. Electrophoretic mobility of the acetylated and PEGylated α-lactalbumin in 10 mM pH
8.1 Tris-Glycine running buffer as a function of the number of substituted lysine groups.
Error bars represent plus/minus one standard deviation of the experimental data.

The effects of the solution parameters, including the PEG and protein
concentrations and the solution viscosity, were tested to ensure that the measured
electrophoretic mobility provided a true measure of the actual mobility of the PEGylated
proteins. Injection volumes containing either 30 nl or 140 nl showed no dependence of
the electrophoretic mobility on the total protein concentration. In addition, the mobility
of the α-lactalbumin in the acetylated and PEGylated samples are within 5% of each
other. The mobility of the 5 kDa PEGylated α-lactalbumin was unaffected by the
concentration of other PEGylated species; there were no differences between data
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obtained with mixtures containing different amounts of native α-lactalbumin or with
more highly substituted species.

6.4.3.2 Effect of Ionic Strength
Figure 6.4 shows the effect of solution ionic strength on the electrophoretic
mobility of α-lactalbumin, the PEGylated α-lactalbumin with a single 5 kDa PEG chain,
and the PEGylated α-lactalbumin with four 5 kDa PEG chains. The data were again
obtained in a Tris buffer at pH 8.1 with 0.1 M glycine, with the ionic strength varied by
addition of KCl. Error bars show the standard deviation of three repeat experiments. The
smallest compound, the native α-lactalbumin, had the highest electrophoretic mobility for
all ionic strengths while the PEGylated α-lactalbumin with four PEG branches had the
lowest mobility. The electrophoretic mobility of each species decreased with increasing
ionic strength due to the electrostatic shielding provided by the bulk electrolyte, with the
absolute value of slope of the data being slightly greater for the PEGylated α-lactalbumin
with a single 5 kDa PEG chain. There was no evidence of any discontinuity in the data
(or slope) when the double layer thickness exceeded the thickness of the PEG layer,
which was estimated as 1.1 nm for the PEGylated protein with one 5 kDa branch
(corresponding to a solution ionic strength of 75 mM) and 3.2 nm for the protein with
four 5 kDa branches (corresponding to 9 mM), in both cases assuming that the PEGylated
protein consisted of a composite sphere with inner protein core and uniform PEG layer
with total radius as determined by the partition coefficient in size exclusion
chromatography.
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Figure 6.4.

The effect of ionic strength on the mobility of α-lactalbumin and PEGylated αlactalbumin with one 5 kDa PEG or one 20 kDa PEG. Error bars represent
plus/minus one standard deviation of the experimental data. Solids curves are spline
fits to the data.

Figure 6.5 shows the electrophoretic mobility of three PEGylated proteins with
the same hydrodynamic radius (based on the size exclusion chromatography
measurements) but with different configurations of attached PEG:

PEGylated

α-lactalbumin with four 5 kDa branches, PEGylated α-lactalbumin with two 10 kDa

branches, and PEGylated α-lactalbumin with one 20 kDa branch. Error bars show the
standard deviation of three repeat experiments. The PEGylated α-lactalbumin with four
5 kDa branches has a higher mobility than the PEGylated proteins with one or two added
branches, consistent with the increase in net negative charge associated with the reaction
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of the additional amino groups with the activated PEG. The effect of ionic strength on
the mobility is similar for all 3 species.

Figure 6.5. The effect of ionic strength on the mobility of PEGylated α-lactalbumin with 20 kDa
total PEG molecular weight. Electrophoretic mobility is shown for molecules with one,
two, or four branches. Error bars represent plus/minus one standard deviation of the
experimental data.

6.4.4 Drag Ratio
In order to account for the change in both size and net charge of the PEGylated
proteins, the experimental data in Figure 6.3 were analyzed by calculating the drag ratio,
KD, which is equal to the electrophoretic mobility of the PEGylated α-lactalbumin

divided by the mobility of the corresponding acetylated species with the same number of
chemical substitutions. Thus, the drag ratio for the PEGylated α-lactalbumin with a
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single 10 kDa PEG group was evaluated by normalizing the mobility using data for the
singly acetylated protein while the drag ratio for the PEGylated α-lactalbumin with two
5 kDa PEG groups was evaluated by normalizing with data for the doubly acetylated
protein. The use of the drag ratio enables the comparison PEGylated proteins with
different number of substitution since the change in protein charge is accounted for by the
acetylated species (assuming that the presence of the PEG has no effect on the electrical
potential other than the elimination of one or more lysine groups). Sharma and Carbeck
(2005) used a similar approach to calculate the effective size of PEGylated proteins using
capillary electrophoresis.
Experimental data for the drag ratio for the different PEGylated species are shown
in Figure 6.6 as a function of the effective protein radius. The error bars are plus/minus
one standard deviation as determined from standard propagation of error based on the
experimental measurements of the PEGylated and acetylated species. The data collapse
to a single curve when plotted based on the drag ratio. For example, the drag ratio for the
PEGylated α-lactalbumin with a single 10 kDa PEG chain is 0.44, which is within 10 %
of the value for the PEGylated α-lactalbumin having two 5 kDa PEG chains (which is
within the standard deviation of the measurements). This is in sharp contrast to the 40%
difference in the electrophoretic mobility of these species, which is directly due to the
difference in electrical charge associated with the different number of modified lysine
groups.
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Figure 6.6.

Drag coefficient as a function the hydrodynamic radius for PEGylated proteins
containing 2, 5, 10, 20 and 30 kDa branches. Error bars represent plus/minus one
standard deviation of the experimental data. The solid curve is a spline fit to the data.

The experimental data for the drag ratio were compared with predictions of the
different physical models discussed in Section 6.2.2.

Theoretical drag ratios were

calculated by dividing the mobility of the PEGylated protein (calculated by Equations
6.8, 6.11, 6.22, and 6.23) by the mobility of the un-modified α-lactalbumin as given by
Equation 6.5. Since the surface charge for the PEGylated and acetylated molecules was
assumed to be the same, the charge term (q) drop out in the evaluation of the drag ratio.
The theoretical expressions for the drag ratios for the different physical models are
summarized in Table 6.1.
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Table 6.1. Theoretical expressions for drag ratios using physical models discussed in Section 6.2.2.
Model #

Model
Depiction

-- - -

1

-- --

2

Particle Shape

Mobility
Equation

two spheres

Eq. 6.8

prolate sphere

Eq. 6.11

3

- - -

sphere

Eq. 6.22

4

- ----

sphere

Eq. 6.23

Drag Coefficient

R pro
R pro + RPEG
R pro
(R pro + RPEG )⎛⎜ 2 f g + 1 f h ⎞⎟
3 ⎠
⎝3
H (κ 2 s ) ⎛ a ⎞ (1 + κ 2 a )
⎜ ⎟
H (κ 2 a ) ⎝ s ⎠ (1 + κ 2 s )
H (κs ) a −κ (a − s )
e
H (κa ) s

The calculated values of the drag ratio for the different models are plotted in
Figure 6.7 as a function of the hydrodynamic radius, as determined from the partition
coefficient in size exclusion chromatography along with the corresponding experimental
results from Figure 6.6. The radius of the unmodified protein was 1.99 nm and the
Debye length in the bulk solution was 3.07 nm as calculated for a 10 mM ionic strength
solution.
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Figure 6.7.

Theoretical drag coefficient for PEGylated α-lactalbumin as a function of the
PEGylated α-lactalbumin radius. Experimental results are listed for comparison.

The dumbbell model under predicts the experimental data when the PEG is small,
but it over predicts the data obtained with large PEG (corresponding to large
hydrodynamic radii). The total standard deviation between the experimental data and the
model is 0.07. The discrepancies may be due to the inaccurate physical picture of the
PEG and protein being attached by a long tether as well as the assumption that the PEG
and protein behave as independent spheres with no hydrodynamic interactions. Instead,
the fluid flow around the protein is likely to alter the hydrodynamic drag on the PEG and
vice versa.
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The prolate spheroid model significantly over predicts the drag ratio for all values
of the hydrodynamic radius with a total standard deviation from the experimental data of
0.10. The discontinuity in the slope of the model calculations at a hydrodynamic radius
of 3.0 nm is due to the evaluation of the effective diameter of the spheroid using the
diameter of the protein when the PEG is smaller than the protein and as the diameter of
the PEG when the PEG is larger than the protein. In the limit of a very large PEG, the
mobility is determined almost entirely by the drag on the PEG, with the predicted drag
ratio equal to the value predicted by the dumbbell model (Equation 6.8).
The drag ratio calculated using the composite sphere model in which the Debye
length within the PEG layer is the same as that in the bulk solution (Equation 6.23) under
predicts the experimental data, suggesting that this model underestimates the electrical
force on the PEGylated protein with a total standard deviation of 0.12 compared to the
experimental data. In contrast, the model calculations developed in the limit in which the
Debye length in the PEG layer is very large are in good agreement with the experimental
data over the entire range of hydrodynamic radii (standard deviation of 0.05). This
suggests that the polyethylene glycol forms a shell that has a substantially lower ionic
strength (larger double layer thickness) than the bulk solution. An analysis of the variance
of the model describing the Debye length within the PEG layer as very large
(Equation 6.22) compared to the other models, suggests that it is not possible to
determine if the dumbbell model (Equation 6.8) is more or less accurate than the model
described in Equation 6.22 (within 95% accuracy). In contrast the prolate sphere model
(Equation 6.11) and composite sphere model with the Debye length the same as the
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Debye length in the bulk (Equation 6.23) do show significant differences compared to the
model given by Equation 6.22.
The thermodynamics of PEG-salt systems have been studied quite extensively
(Andrews et al., 2005; de Belval et al., 1998; Schmidt et al., 1996; Willauer et al., 2002).
These systems tend to phase separate due to the strong "negative" interactions between
the salts and the polyethylene glycol. The salt concentration in the PEG phase can be as
much as 7 times smaller than the salt concentration in the non-PEG phase (Willauer et al.,
2002). Although it is difficult to directly extrapolate these data for PEG-salt systems to
the behavior of PEGylated proteins, the results clearly indicate that there may be a
significant exclusion of buffer salts from the polyethylene glycol layer in the PEGylated
protein.
Figure 6.8 shows the theoretical drag ratio of a PEGylated α-lactalbumin with 20
kDa of PEG as a function κ2/κ1 (ratio of the Debye length in the PEG layer to that in the
bulk). The results show the drag ratio goes from zero, when the Debye length inside the
PEG layer is very small (κ2/κ1 < 0.1) to a finite drag ratio associated with an infinitely
large Debye length (κ2/κ1 > 10). If the salt concentration in the PEG layer is reduced by 7
fold compared to the bulk solution as suggested by Willauer et al. (2002), the ratio of
κ2/κ1 would be 2.7 and the drag ratio would be 92% of the drag ratio for the 20 kDa

PEGylated α-lactalbumin with the salt completely excluded from the PEG layer.
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Figure 6.8. Theoretical drag ratio of a 20 kDa PEGylated α-lactalbumin as a function of the κ2/κ1
ratio where κ2 is the inverse Debye length in the bulk fluid and κ1 is the inverse Debye
length in the PEG layer.

6.5 Conclusions
The data presented in this chapter provide an extensive experimental investigation
of the use of capillary electrophoresis for the analysis of PEGylated α-lactalbumin.
Buffer conditions had a very strong effect on the peak shape and resolution. The use of
acetonitrile-water mixtures, as suggested by Li and Su (2004), was largely ineffective for
the resolution of PEGylated α-lactalbumin species using a bare fused silica capillary
giving very broad and asymmetric peaks.

In contrast, the, addition of glycine

significantly improved the peak symmetry, reduced peak spreading, and increased

158

resolution between PEGylated species with different numbers of attached polyethylene
glycol chains.
PEGylation alters the electrophoretic mobility by increasing the hydrodynamic
drag (due to the presence of the PEG chains) and by increasing the net protein charge
(through reaction with the –NH2 of the amino acid lysine). The experimental data for the
electrophoretic mobility of the different PEGylated species collapsed to a single curve
when plotted as the drag ratio, which is equal to the electrophoretic mobility of the
PEGylated α-lactalbumin divided by the mobility of the acetylated protein having the
same number of covalently linked lysines. Various models were examined and all
showed similar trends to the experimental drag ratio as a function of the hydrodynamic
radius. More insight could be obtained into the best possible model by using a larger
protein with similar quantities of PEG attached in addition to investigating the effects of
salt concentration on the mobility. The experimental drag ratio was best predicted by the
model based on Equation 6.22 in which the PEGylated protein was assumed to be a
composite sphere with the surface of shear located at the outer radius of the sphere. The
electrical potential at the surface of shear was calculated using a simple model in which
the Debye length within the PEG layer was very large compared to the Debye length in
the bulk solution, with the mobility evaluated using Henry's equation (Equation 6.5).
This behavior is consistent with the strong exclusion of charged ions from the
polyethylene glycol layer, similar to results reported previously for the thermodynamics
of two-phase aqueous systems composed of PEG and salt. This phenomenon could have
important implications for understanding the transport and separation characteristics of
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PEGylated proteins. Additional studies will be needed to fully characterize this salt
partitioning phenomenon and its effect on the physical properties of PEGylated proteins.
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Chapter 7
ULTRAFILTRATION CHARACTERISTICS OF
PEGYLATED PROTEINS

7.1 Introduction
Ultrafiltration is a potentially attractive alternative to chromatography for the
purification of PEGylated proteins. Previous studies comparing ultrafiltration and size
exclusion chromatography for concentration and buffer exchange of therapeutic proteins
have clearly demonstrated the advantages of using ultrafiltration in terms of both cost and
throughput (Kurnik et al., 1995). Previous studies by Edwards et al. (2003) reported
limited data on the ultrafiltration of PEGylated soluble Tumor Necrosis Factor Receptor
Type I, but there have been no prior quantitative studies examining the detailed transport
behavior of PEGylated proteins in ultrafiltration or the potential use of membrane
systems for the purification of desired PEGylated products.
This chapter examines the ultrafiltration characteristics of a series of PEGylated
proteins with different degrees of PEGylation with the goal of understanding the effects
of PEGylation on the protein transmission through semipermeable ultrafiltration
membrane. Sieving data were obtained over a range of filtrate flux to examine possible
effects of flow-induced elongation on transmission.

Results were compared with

available theoretical models for the ultrafiltration of hard sphere solutes, with deviations
between theory and data analyzed using available models for the transport of flexible
polymers during ultrafiltration.

The sieving coefficients of the PEGylated proteins
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depend not only on the protein size and the total molecular weight of the polyethylene
glycol but also on the number and configuration of the polyethylene glycol chains. This
is in sharp contrast to the results shown in Chapter 5 in which the partition coefficient in
size exclusion chromatography was uniquely determined by the total molecular weight of
the polyethylene glycol and protein, independent of the number of PEG chains linked to
the protein.

These results provide important insights into the physical phenomena

governing the ultrafiltration of PEGylated proteins, including the role of macromolecule
deformation and / or elongation on the sieving characteristics.

7.2 Materials and Methods
7.2.1 Protein PEGylation
The proteins used in this study included ovalbumin, α-lactalbumin, and bovine
serum albumin (BSA), all obtained from Sigma Chemical (St. Louis, MO). Active PEG,
in this case, mPEG-SPA or mPEG-SMB with 5 kDa, 10 kDa, and 20 kDa molecular
weight, were obtained from Nektar Therapeutics (Huntsville, AL). More information
about the proteins and PEG are given in Chapter 3. The PEGylation reactions and
ultrafiltration experiments were performed in phosphate buffered saline (PBS) or TrisEDTA (TE), both at pH 7 and 10 mM total ionic strength. PEGylation reactions were
performed using 15 g/L solutions of mPEG-SPA or mPEG-SMB. The molar ratio of
mPEG-SPA or mPEG-SMB to protein used in this PEGylation reaction was five to one
for the 5 kDa and 10 kDa activated PEG and two to one for the 20 kDa activated PEG.
After the reaction was complete the samples were diluted using the desired buffer in a
three to one ratio. Additional (unreacted) protein and native (not activated) PEG were
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added to the final reaction mixture at a concentration of approximately 3 g/L to allow
accurate detection of the protein and PEG in the experiments. The ionic strength was
adjusted to 0.15 M by the addition of NaCl after completion of the reaction unless
otherwise noted.

More details on the PEGylation reaction procedures are given in

Chapters 3 and 4.

7.2.2 Ultrafiltration
Ultrafiltration experiments were performed using composite regenerated cellulose
UltracelTM membranes with nominal molecular weight cut-offs of 30 and 100 kDa
(Millipore Corp., Bedford, MA).

The membrane hydraulic permeability (Lp) was

evaluated using Equation 2.8 by measuring the flux of a 150 mM ionic strength PBS or
150 mM TE buffer as a function of transmembrane pressure. The clean UltracelTM 30
kDa membranes had an average permeability of (0.60 ± 0.06) ×10-12 m while the clean
UltracelTM 100 kDa membranes had an average permeability of (2.4± 0.1) ×10-12 m.
After evaluating the permeability, the stirred cell was filled with a PEGylated protein
solution and allowed to sit overnight to ensure equilibrium adsorption.

Sieving

experiments were performed as described in Section 3.2. The stirring speed, ω, was set
to 600 rpm or 1200 rpm depending on the experiment. Samples were analyzed using size
exclusion chromatography as reported in Section 3.3.

The minimum measurable

concentration was 0.02 g/L for the PEG component and 0.002 g/L for the protein
component.
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7.3 Results
7.3.1 Observed Sieving Behavior
Figure 7.1 shows experimental data for the observed sieving coefficients, defined as
the ratio of the solute concentration in the filtrate solution (Cf) to that in the bulk feed
(Cb), for a series of PEG molecules with molecular weight ranging from 5 to 35 kDa, for
the globular proteins: α-lactalbumin, ovalbumin, and BSA, and for several different
PEGylated species generated from reaction of α-lactalbumin (upper panel) or ovalbumin
(lower panel) with 5 kDa or 10 kDa mPEG-SPA. The data are plotted as the mean value
of the sieving coefficients determined from at least three repeat measurements using
different membranes from the same lot, with the error bars representing the calculated
values of the standard deviation.

All data were obtained at a flux of

13.6 μm/s

(50 L/m2/hr) using a 0.15 M ionic strength PBS buffer to minimize any electrostatic
interactions. The molecular weights of the pure PEG and the various proteins were
provided by the manufacturer. The molecular weights of the PEGylated proteins were
determined by the sum of the molecular weights of the PEG and protein components after
subtracting off the molecular weight of the N-hydroxyl succinimide released as a reaction
by-product.
The sieving coefficients for each class of molecules decrease with increasing
molecular weight as expected, although the dependence on molecular weight is very
different for the PEG, the unmodified proteins, and the PEGylated species. The sieving
coefficient at a given molecular weight is greatest for the globular proteins and smallest
for the PEG, with the sieving coefficients for the PEGylated proteins lying between these
values. These differences in sieving coefficients reflect the different conformations of
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the PEG and proteins in solution, with the PEG behaving as a random coil with a larger
specific molar volume and radius of gyration than a globular protein of the same
molecular weight (Hellberg et al., 1996; Kunitani et al., 1991). The addition of the PEG
chains to the globular protein causes a large reduction in the protein sieving coefficient.
For example, the observed sieving coefficient for the ovalbumin was more than three
times as large as the sieving coefficient of the ovalbumin with one 5 kDa PEG group
attached even though these species differ in molecular weight by only 12%.
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Figure 7.1. The observed sieving coefficient of PEG, protein, and PEGylated proteins as a function
of the molecular weight. The upper panel shows the sieving data for PEGylated αlactalbumin (5 kDa and 10 kDa series) and the lower panel shows the sieving data for
PEGylated ovalbumin (5 kDa and 10 kDa series). Error bars represent plus/minus one
standard deviation for at least three repeat experiments.
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The observed sieving coefficient data from Figure 7.1 are replotted in Figure 7.2
as a function of the effective solute radius as determined from the measured retention
volume in size exclusion chromatography (data from Chapter 5). Plotting the data as a
function of the effective radius tends to collapse the results to some extent, although there
are still significant differences between results for the PEG, proteins, and PEGylated
proteins. For example, the 10 kDa polyethylene glycol, the unmodified BSA, and the
PEGylated ovalbumin with a 5 kDa PEG chain all have a hydrodynamic radius of
approximately 3.3 nm as determined by SEC, but the observed sieving coefficients for
these species vary by a factor of ten from approximately 0.003 for the BSA to 0.03 for
the PEG alone. These results clearly indicate that there are fundamental differences in
the phenomena controlling the partitioning behavior in SEC and the sieving behavior in
ultrafiltration.
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Figure 7.2. The observed sieving coefficient as a function of the effective radius determined by SEC
for PEG, globular proteins, and PEGylated proteins. Error bars represent plus/minus
one standard deviation for at least three repeat experiments.

7.3.2 Comparison of Different PEG Configurations
Figure 7.3 compares the sieving coefficients of PEGylated α-lactalbumin (upper
panel) and ovalbumin (lower panel) produced by covalent attachment of either the 5 kDa
or 10 kDa mPEG-SPA, again at a constant flux of 13.8 μm/s. In each case, the sieving
coefficients of the PEGylated proteins produced from the 10 kDa mPEG-SPA, which
have fewer branches for the same total molecular weight, are considerably greater than
the sieving coefficients of the PEGylated proteins generated using the 5 kDa mPEG-SPA.
For example the PEGylated α-lactalbumin molecule with four 5 kDa branches has an
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observed sieving coefficient of 0.01 while the PEGylated α-lactalbumin with two 10 kDa
branches has an observed sieving coefficient of 0.13 even though these molecules have
nearly identical amounts of protein and PEG and nearly identical partition coefficients
based on SEC measurements.

Similar results were obtained with the PEGylated

ovalbumin, although the magnitude of the difference in sieving coefficients was smaller.
This is consistent with the smaller contribution of the PEG chains to the sieving behavior
of the larger ovalbumin. These data clearly demonstrate that the configuration of the
PEGylated proteins, in this case the number of branches of PEG, and not just the total
molecular weight of the added PEG, is an important factor governing the sieving
behavior during ultrafiltration. This is discussed in more detail subsequently.
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Figure 7.3. The observed sieving coefficient as a function of molecular weight for PEGylated αlactalbumin (upper panel) and ovalbumin (lower panel) formed using 10 kDa and 5 kDa
mPEG-SPA. Error bars represent plus/minus one standard deviation for at least three
repeat experiments.
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7.3.3 Stagnant Film Model Calculations
One major factor affecting the observed sieving coefficients during ultrafiltration
is concentration polarization in the stirred cell.

PEGylation changes the degree of

concentration polarization due to the change in the bulk diffusion coefficient associated
with the increased size of the PEGylated proteins.

The effect of concentration

polarization in the stirred cell was estimated using the stagnant film model as discussed in
Chapter 2 (Zeman and Zydney, 1996). The diffusion coefficients of the PEGylated
proteins were calculated using the Stokes-Einstein equation assuming that the
hydrodynamic radius Rh of the molecule was equivalent to the experimentally determined
radius using SEC.
Figure 7.4 shows the effects of filtrate flux on the observed sieving coefficients of
ovalbumin, the 5 kDa PEG, and ovalbumin PEGylated with either one, two, or three 5
kDa PEG chains. In each case, data are shown from 2-4 replicated experiments. The
error bars in the x-direction represent the standard deviation in the flux values between
experiments while those in the y-direction represent the standard deviation in the
observed sieving coefficient. The observed sieving coefficient increases with increasing
filtrate flux, consistent with predictions of the classical concentration polarization model.
The increase in sieving coefficient for the PEGylated proteins is somewhat greater than
that for the ovalbumin and PEG due to the smaller value of the mass transfer coefficient
for the larger PEGylated proteins.
The solid curves in Figure 7.4 are model calculations developed using Equations
2.3 - 2.5 with the best fit value of Sa for each species determined by minimizing the sum
of the squared residuals between the model and the data. The values of Sa and km for the
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PEGylated proteins, ovalbumin and 5 kDa PEG are given in Table 7.1. Calculations
were performed using a stirring speed of ω = 600 rpm, η = 0.915 cP, d = 0.567, and A =
0.23, b = 1.14 cm with the hydrodynamic radius of the solutes determined by SEC. For
all five molecules, the model calculations properly capture the increase in the observed
sieving coefficient with increasing filtrate flux. An analysis of variance of the data
suggests that the models are significant (> 95%) for all sets of data and there are no
significant “left out terms” for the PEGylated protein models.

Table 7.1.

Mass transfer coefficient (km) and actual sieving coeffients (Sa) of ovalbumin, PEG, and
PEGylated forms of ovalbumin through a 30 kDa UltracelTM membrane.

Compound
Ovalbumin
5 kDa PEG
1 – 5 kDa PEGylated
2 – 5 kDa PEGylated
3 – 5 kDa PEGylated

km (μm/s)
8.21
9.42
6.65
6.01
5.51

Sa
0.116
0.379
0.016
0.004
0.001
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Figure 7.4. Observed sieving coefficient as a function of flux for ovalbumin and PEGylated forms of
ovalbumin with 5 kDa PEG branches. Curves are model calculations using the stagnant
film theory with best fit values of the actual sieving coefficient given in Table 7.1. Error
bars represent plus/minus one standard deviation for at least three repeat experiments.

7.3.4 Model Calculations for a Hard Sphere
The effects of the number and size of the PEG chains on the actual sieving
coefficients of the PEGylated α-lactalbumins are examined in Figure 7.5.

Results are

shown for PEGylated α-lactalbumin with one to four 5 kDa PEG chains and two to four
10 kDa PEG chains through the 30 kDa UltracelTM membrane.

Also shown for

comparison are data for a series of native (un-PEGylated) proteins: α-lactalbumin,
ovalbumin, and bovine serum albumin through the same pore size membrane. In each
case, the actual sieving coefficients were determined by fitting the observed sieving
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coefficient data to the concentration polarization model as discussed in the previous
section. The data are plotted as a function of the effective hydrodynamic radius with the
radius of the PEGylated proteins calculated using Equations 5.8 and 5.10. The actual
sieving coefficients decrease with increasing effective radius as expected, but the data for
PEGylated α-lactalbumins lie uniformly above those for the unmodified proteins, with
this discrepancy being most pronounced for the α-lactalbumin PEGylated with the
10 kDa mPEG-SPA.

Figure 7.5. Actual sieving coefficient through the 30 kDa UltracelTM membrane for PEGylated αlactalbumin formed with 5 kDa and 10 kDa PEG chains. Data for a series of globular
proteins, α-lactalbumin, ovalbumin, and bovine serum albumin, are shown for
comparison. Results are plotted as a function of the effective radius determined by size
exclusion chromatography. Error bars represent plus/minus one standard deviation for
at least three repeat experiments.
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The solid curve in Figure 7.5 represents the predicted values of the actual sieving
coefficient determined using Equations 2.19 – 2.39 for the transport of a hard spherical
particle through a cylindrical pore accounting for the effects of convection and diffusion.
Electrostatic effects were considered to be negligible. See Sections 2.4 and 2.5 for more
details on the theoretical development. Calculations were performed assuming a lognormal pore size distribution with the best fit value of the mean pore size ( r = 2.7 nm)
determined by minimizing the sum of the squared residuals between the model and data
for the proteins assuming a coefficient of variation of σ / r = 0.20 based on previous
studies of the pore size distribution of ultrafiltration membranes (Mehta and Zydney,
2005; Zeman and Zydney, 1996). The fitted pore size distribution was consistent with
experimental measurements of the clean membrane permeability, with the calculated
value of the permeability using Equation 2.56 within 10 % of the experimental value
assuming a membrane thickness of δm = 1.0 µm and a porosity of ε = 0.5.
The model is in excellent agreement with the experimental data for α-lactalbumin
and ovalbumin, but it over predicts the results for BSA, which may reflect some degree
of fouling with this larger protein (Pujar and Zydney, 1998). In contrast, the actual
sieving coefficients for the PEGylated proteins were uniformly larger than the model
calculations. This was especially true for the 10 kDa PEGylated proteins. For example
an α-lactalbumin molecule with one 10 kDa PEG group had a sieving coefficient that
was an order of magnitude higher than that of the PEGylated α-lactalbumin molecule
with two 5 kDa PEG groups and more than 100 times larger than the model calculation.
In addition, the sieving coefficient of immunoglobulin G, a globular protein with
approximately the same effective size as the PEGylated α-lactalbumin with 10 kDa of
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attached PEG (as determined by SEC), was undetectable under these conditions
(So < 0.01). These results provide clear evidence that the PEGylated α-lactalbumin
behaves as a smaller species during ultrafiltration compared to what would be expected
from the partitioning behavior in size exclusion chromatography.

7.3.5 Deviations from the Stagnant Film Model
Figure 7.6 and Figure 7.7 show the observed sieving coefficients of PEGylated
α-lactalbumin with 20 kDa of total attached PEG using either four 5 kDa PEG chains,

two 10 kDa PEG chains, or a single 20 kDa PEG. The data in Chapter 5 demonstrated
that PEGylated proteins having different size PEG chains, but with the same total
molecular weight, have identical sizes as determined by size exclusion chromatography,
consistent with results presented by Fee (2007).

For example, the PEGylated α-

lactalbumin with four 5 kDa PEG chains has Reff = 5.3 nm compared to Reff = 5.2 nm for
the PEGylated protein with one 20 kDa PEG chain as determined by SEC; this 1%
difference in radius is due to the very small difference in total molecular weight of the
attached PEG groups (21.0 kDa versus 20.7 kDa) associated with the slight variations in
molecular weight of the mPEG-SPA used to form the PEGylated proteins.
Figure 7.6 shows data for α-lactalbumin with four 5 kDa PEG chains and two 10
kDa PEG chains using a 150 mM phosphate buffer with a 30 kDa membrane at a stirring
speed of 600 rpm. The error bars represent the standard deviation in these replicated
measurements.

The sieving coefficients of both PEGylated proteins increase with

increasing filtrate flux, however the effect is much more pronounced for the
α-lactalbumin with two 10 kDa PEG chains.

At very low filtration fluxes (below
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6 μm/s), the observed sieving coefficients for both proteins are below 0.005. However, at
a filtrate flux of 15.5 μm/s, the observed sieving coefficient of the PEGylated αlactalbumin with two 10 kDa PEG chain has increased to nearly So = 0.2, which is an
order of magnitude larger than the sieving coefficient for the PEGylated protein with four
5 kDa PEG chains.

Figure 7.6. Observed sieving coefficient of PEGylated α-lactalbumin with four 5 kDa PEG and two
10 kDa PEG chains through an UltracelTM 30 kDa membrane at a stirring speed of 600
rpm. The solid curve is the model calculation as described in the text. Error bars
represent plus/minus one standard deviation for the experimental data.

The solid curve in Figure 7.6 represents the calculated values of the observed
sieving coefficient using the stagnant film model (Equation 2.3) with a mass transfer
coefficient of 4.5 μm/s as calculated from Equations 2.4 and 2.5 using a hydrodynamic
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radius for the PEGylated protein of 5.2 nm. The actual sieving coefficient was evaluated
using the hydrodynamic models described by Equations 2.19-2.39 using the best fit
parameters for the membrane determine for the protein data in Figure 7.5. The model
calculations are in good agreement with the data for the PEGylated α-lactalbumin with
four 5 kDa PEG chains, but dramatically under-predict the results for the PEGylated
protein with two 10 kDa PEG chains even though these species have identical size (as
determined by SEC) and should thus have very similar diffusivities and mass transfer
coefficients.
Figure 7.7 shows corresponding data for the PEGylated α-lactalbumin with four
5 kDa PEG chains and with one 20 kDa PEG chain, in this case obtained using two
separate 100 kDa UltracelTM membranes, both cut from a single flat sheet of membrane.
At low filtrate flux, the sieving coefficients of the two PEGylated proteins are similar,
with So ≈ 0.1 at a filtrate flux of 7 μm/s, which is consistent with the very similar values
of the effective hydrodynamic radii of the PEGylated proteins. The observed sieving
coefficients increase with increasing filtrate flux for both proteins, with the magnitude of
this increase being much more pronounced for the protein with one 20 kDa PEG chain.
Thus, at a filtrate flux of 30 μm/s the sieving coefficient of the PEGylated α-lactalbumin
with one 20 kDa PEG chain is almost twice as large as that for the PEGylated protein
with four 5 kDa PEG chains.
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Figure 7.7. Observed sieving coefficients of PEGylated α-lactalbumin with four 5 kDa PEG chains
and one 20 kDa PEG chain through an UltracelTM 100 kDa membrane at a stirring
speed of 1200 rpm. The solid curve is the model calculation as described in the text.

The solid curve in Figure 7.7 represents calculations from the stagnant film
model, with the mass transfer coefficient calculated as km = 9.0 µm/s using Equations 2.4
and 2.5 with Re = 22,000 at a stirring speed of 1200 rpm (compared to 600 rpm in
Figure 7.6), d = 0.59, and A = 0.285 based on the correlations presented by Colton
(1969).

The mass transfer coefficient is larger for this experiment than for the

experiment in Figure 7.6, consistent with the higher stirring speed (1200 rpm versus
600 rpm).

The best fit value of the actual sieving coefficient was Sa = 0.038 as

determined by minimizing the sum of the squared residuals for the fluxes below 25 μm/s
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using data for the PEGylated α-lactalbumin with four 5 kDa PEG chains. The model is in
good agreement with the data at filtrate flux below about 25 µm/s; the discrepancies at
higher flux may be due to fouling effects under these conditions. The model significantly
under predicts the observed sieving coefficient data for the PEGylated α-lactalbumin
with one 20 kDa PEG chain, particularly at high filtrate flux.
The observed sieving coefficient data in Figure 7.6 and 7.7 clearly indicate that
the PEGylated proteins having only a single long PEG chain have a greater flux
dependence than that predicted by the classical concentration polarization model. This
effect could be due to the elongation of the PEG chain at high filtrate flux, which would
reduce the effective size of the PEGylated protein and increase its transmission through
the ultrafiltration membrane. This effect would not be seen at low filtrate flux where the
hydrodynamic forces on the PEG are insufficient to elongate the polyethylene glycol
chain. This phenomenon is discussed in more detail in the next two sections.

7.3.6 Scaled Sieving Coefficient
The experimental data in Figure 7.6 and 7.7 have been re-plotted in Figure 7.8 as
the scaled sieving coefficient (χ):

χ=

S o − S1
S 2 − S1

(7.1)

S1 is defined as the observed sieving coefficient for an undeformed protein at the same

flux, which was evaluated directly from the model calculations (solid curve) in Figure 7.6
and Figure 7.7. S2 is defined as the observed sieving coefficient for the PEGylated
protein with a fully elongated PEG chain. Experimentally, S2 is taken as the sieving
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coefficient of the native protein which assumes that the fully elongated PEG chain has no
influence on the protein transmission. Thus, a scaled sieving coefficient of unity (χ = 1)
indicates that the PEGylated protein behaves as if the PEG has no effect on the overall
size of the molecule, with the observed sieving coefficient determined entirely by the
protein. A scaled sieving coefficient of zero (χ = 0) indicates that the molecule behaves
as a hard sphere with an effective radius equal to that of the PEGylated protein as
determined by SEC. The scaled sieving coefficients for the PEGylated α-lactalbumin
with 10 or 20 kDa PEG chains increase with increasing flux, consistent with the
elongation of the PEG associated with the fluid flow. The data for the PEGylated
proteins with 10 and 20 kDa PEG nearly collapse to a single curve when plotted in this
manner, even though the experiments were performed with different molecular weight
cut-off membranes having very different absolute sieving coefficients.

The scaled

sieving coefficient for the PEGylated α-lactalbumin with four 5 kDa chains stays nearly
constant at zero for all fluxes tested, suggesting that the smaller PEG chains do not
elongate under these conditions.
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Figure 7.8. Scaled sieving coefficient as a function of flux for PEGylated α-lactalbumin. Data for
the protein with two 10 kDa PEGylated samples were obtained using a 30 kDa
UltracelTM membrane while that with one 20 kDa PEG was obtained using a 100 kDa
UltracelTM membrane.

7.3.7 Deborah Number
In a good solvent, PEG is often described as an "ideal" flexible molecule (Long
and Anderson, 1984).

As discussed previously, the sieving characteristics of the

PEGylated proteins having only a single long PEG chain may be strongly influenced by
the flow-induced elongation of the PEG in the vicinity of the pore entrance. The degree
of flow-induced deformation is typically characterized in terms of the Deborah number
(De) as discussed in Chapter 2. The Deborah number for the PEGylated protein was
calculated using the radius of gyration of the PEG in a good solvent, which implicitly
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assumes that the elongation of the PEG chain is unaffected by the covalent attachment to
the protein. Nguyen and Neel (1983) showed that the relaxation of PEG in a good
solvent is well described by the Zimm equation; thus, Equation 2.62 was used to evaluate
the relaxation time. The radius of gyration of the PEG chain was determined to be 1.5
times the hydrodynamic radius based on a correlation presented by Kok and Rudin
(1981) for linear polyethylene glycol in a good solvent. This gives RG = 7.3 nm for the
20 kDa PEG. The characteristic time for the fluid flow was calculated as the reciprocal
of the shear rate as given by Equation 2.61. The mean pore size of the 100 kDa
membrane was calculated to be 6.0 nm and the mean pore size of the 30 kDa membrane
was calculated to be 2.7 nm based on the measured values of the hydraulic permeability
assuming a log-normal pore size distribution with the ratio of the standard deviation to
mean pore size equal to 0.20.
The value of the critical Deborah number for the PEGylated protein, defined as
the value of De corresponding to χ = 0.2 in Figure 7.8, is approximately 9 ×10-4 for the
10 kDa PEGylated α-lactalbumin using the 30 kDa membrane and 4 ×10-4 for the 20 kDa
PEGylated α-lactalbumin using the 100 kDa membrane. These values are much smaller
than the typical assumption that elongation becomes significant when Decrit ≈ 1, although
there is clear evidence in the literature for significant polymer elongation at De = 0.05
(Long and Anderson, 1984; Zeman and Wales, 1981). In addition, Latulippe et al. (2007)
found values of Decrit around 10-3 for the ultrafiltration of plasmid DNA through the same
UltracelTM membranes used in this study.
Daoudi and Brochard (1978) hypothesized that there was a sharp transition in
polymer transmission at a critical value of the filtrate flux corresponding to a Deborah
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number of approximately one. This type of sharp transition has been experimentally
observed using a special double-layer membrane that minimized interactions between the
flow-fields of adjacent pores (Jin and Wu, 2006). In contrast, Keh (1984) predicted a
gradual transition in polymer transmission with increasing filtrate flux. This behavior is
consistent with experimental data for polystyrene transmission through both track-etch
(Long and Anderson, 1984) and immersion-cast (Beerlage et al., 1996) ultrafiltration
membranes. A similar gradual increase in transmission was seen by Latulippe et al.
(2007) for ultrafiltration of plasmid DNA, although they attributed this effect to the
distributions in membrane pore size and plasmid morphology.
In contrast to these studies of very large polymers, there has been relatively little
work on the effects of flow-induced deformation on the ultrafiltration of flexible
polymers that are smaller than the membrane pore radius such as the ultrafiltration of
PEGylated proteins through the 30 and 100 kDa UltracelTM membranes examined in this
thesis. Long and Anderson (1984) obtained data for polystyrene transmission through
track-etched membranes with pores that were slightly larger than the radius of gyration of
the polymer and found clear deviations from the classical hard-sphere theory when
De ≥ 0.1. However, there was no attempt to develop a quantitative model for polymer
transmission under these conditions.
There are several possible explanations for the very small values of the critical
Deborah number seen with the PEGylated proteins. First, the critical distance above the
membrane pore was set equal to the mean pore radius, which completely neglects the
effect of the α-lactalbumin and the detailed geometry of the PEGylated protein. The data
in Figure 7.8 would be shifted to much larger Deborah numbers if the calculations had
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been performed using a smaller value of the critical distance. Second, the concentration
of PEGylated protein at the membrane surface can be quite large due to concentration
polarization effects, which would significantly alter both the solution viscosity and the
PEG relaxation time, with the latter effect becoming very large when the local
concentration exceeds the polymer overlap concentration (Odell et al., 1985). There
could also be a significant viscosity difference between the solution immediately
upstream of the membrane and that inside of the pore, which would tend to enhance
polymer elongation (Chauveteau, 1982). The analysis also neglects the distribution of
pore sizes in the UltracelTM membrane.

Finally, the small value of Decrit for the

PEGylated protein could be directly associated with the covalent attachment of the PEG
chain to the α-lactalbumin. Perkins et al. (1997) showed that attachment of a 144 kbp
linear DNA to a 0.3 μm rigid bead significantly increased the relaxation time of the DNA
due to the restricted motion of the attached end. A similar phenomenon with the PEG
chains would cause a shift in the Deborah numbers for the PEGylated proteins, although
it is unlikely that this would cause a 3-4 order of magnitude shift in De. It is also possible
that the hydrodynamic drag on the α-lactalbumin causes a preferential orientation of the
PEGylated protein potentially increasing the extent of elongation of the PEG chain.

7.4 Conclusions
This chapter provides the first quantitative results for the effects of the number
and size of the polyethylene glycol chains on the sieving coefficients of different
PEGylated proteins. The results clearly demonstrate that PEGylation reduces the sieving
coefficient due to the increase in the effective protein size. At low filtrate flux, the
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observed sieving coefficient was determined by the size of the base protein and the total
molecular weight of the attached PEG, independent of the number of PEG chains, similar
to the behavior seen previously for the partition coefficient in size exclusion
chromatography. Under these conditions, the PEGylated protein appears to behave as an
effective hard sphere, with the measured sieving coefficients in good agreement with
model calculations using the effective size determined by SEC.
In contrast to the behavior at low filtrate flux, the observed sieving coefficients at
high flux depend on the number of attached PEG chains (in addition to the total
molecular weight of the attached PEG). For example, the observed sieving coefficient
for the PEGylated α-lactalbumin with four 5 kDa PEG chains at a flux of 16 μm/s was
more than an order of magnitude smaller than that for the PEGylated α-lactalbumin with
two 10 kDa PEG chains even though these species have the same total mass of attached
PEG. This behavior appears to be associated with the deformation of the PEG chains in
the converging flow into the membrane pores. This phenomenon was more pronounced
for the PEGylated proteins having longer PEG chains; the sieving coefficient for
PEGylated α-lactalbumin with one 20 kDa PEG chain was a factor of two larger than that
for the PEGylated α-lactalbumin with four 5 kDa chains at high filtrate flux (Figure 7.7)
with even greater differences seen between the PEGylated α-lactalbumin with two 10
kDa chains compared to that with four 5 kDa PEG chains (Figure 7.6).
The effect of filtrate flux on the sieving characteristics of the PEGylated proteins
was qualitatively similar to that predicted using available models for polymer elongation,
but the critical Deborah number was about 4 orders of magnitude smaller than that
assumed (or measured) in most previous studies. It is possible that this discrepancy may
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be directly related to the covalent attachment of one end of the PEG chain to the protein,
causing a large reduction in the polymer relaxation time. Alternatively, the experimental
results are consistent with an early orientation (and elongation) of the PEG chain due to
the strong hydrodynamic drag on the protein part of the polymer-protein conjugate.
Additional studies will be needed to fully understand the effects of molecular flexibility
and elongation on the ultrafiltration characteristics of these important second-generation
biotherapeutics.
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Chapter 8
ULTRAFILTRATION OF PEGYLATED PROTEINS USING
CHARGE-MODIFIED MEMBRANES

8.1 Introduction
Ultrafiltration membranes have traditionally been used for the separation of
molecules of vastly different sizes such as:

(1) cells and / or particles from

macromolecule solutions or (2) macromolecules from solvents and buffer components.
More recently, several studies have demonstrated that ultrafiltration can also be used for
separating solutes that are similar in size by exploiting electrostatic interactions to
increase the selectivity (Pujar and Zydney, 1998).

The earliest discussions of

electrostatic effects in ultrafiltration systems date back to at least 1978 (Malone and
Anderson, 1978), although the most extensive work in this area has been conducted over
the past decade.
Figure 8.1 shows a schematic of an electrically charged membrane used for the
separation of two solutes of similar size, one that is negatively-charged and one that is
nearly electrically neutral. The like charged proteins are electrostatically excluded from
the membrane pores by an energetic barrier created by the interactions between the
charged groups on the protein and membrane. Neutral molecules have much weaker
electrostatic interactions with the membrane and are thus able to pass through the
membrane pores more readily.
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Figure 8.1. Schematic of electrically charged membrane used for the separation of negatively
charged molecules from neutral molecules (adapted from Mehta, 2006).

Electrostatic interactions have been successfully exploited for the separation of a
variety of protein feedstreams. For example Saksena and Zydney (1994) showed that
BSA and IgG could be separated by operating the ultrafiltration device at the isoelectric
point of BSA (the pI, or pH at which the protein has no net charge) and at low salt
concentrations to enhance the electrostatic repulsion of the IgG. Similar results were
obtained by van Reis et al. (1997) in a tangential flow filtration system using an antigen
binding fragment of a monoclonal antibody. Van Eijndhoven et al. (1995) were able to
separate BSA and hemoglobin by operating at pH 7 where the BSA was negatively
charged and the hemoglobin was electrically neutral. The high protein transmission at its
isoelectric point is consistent with data obtained in a number of published studies
(Balakrishnan and Agarwal, 1996; Ehsani et al., 1996; Nakao et al., 1988; Yang and
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Tong, 1997). The use of low ionic strength to enhance electrostatic interactions is also
well established (Deen and Smith, 1982; McDonogh et al., 1984; Pujar and Zydney,
1994; Rabiller-Baudry et al., 2000). For example, Pujar and Zydney (1994) found that
the sieving coefficient of BSA could be reduced by two orders of magnitude simply by
changing the ionic strength from 150 to 1.5 mM. Improved separations have also been
achieved by increasing the surface charge density of the membrane (Ebersold and
Zydney, 2004a; Mehta and Zydney, 2006). For example, Mehta and Zydney (2006)
showed that the transmission of positively-charged cytochrome C could be reduced by a
factor of 100 by increasing the zeta potential of the membrane from 0.3 to +6.6 mV.
The partition coefficient for charged spherical solutes in charged cylindrical pores
has been evaluated theoretically by Smith and Deen (1980; 1983) and by Lin and Deen
(1990) by solving the linearized Poisson-Boltzmann equation. Pujar and Zydney (1994)
extended this theoretical framework to account for the effects of charge regulation, the
change in protein / membrane charge (or surface potential) due to the electrostatic
interactions between the protein and pore.

These model calculations are in good

qualitative agreement with experiment results for the transport of spherical globular
proteins through track-etched (Mitchell and Deen, 1986), polyethersulfone (Burns and
Zydney, 1999; Cho et al., 2000; Pujar and Zydney, 1994), polyvinylidenefluoride and
polysulfone (Causserand et al., 1996) membranes, and also with data obtained using a
series of charge-modified composite regenerated cellulose membrane (Mehta and
Zydney, 2006).
The objective of the work described in this chapter is to understand how
electrostatic interactions affect the transport of PEGylated proteins during ultrafiltration.
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Experiments were designed to explore the influence of pH, ionic strength, and membrane
charge on the transport characteristics of PEGylated proteins with different degrees of
PEGylation. The results were compared with predictions of available theoretical models,
with the protein charge and hydrodynamic radius calculated as described in Chapters 5
and 6 while the membrane properties were evaluated from dextran sieving (Appendix B)
and streaming potential measurements (discussed subsequently). The results provide
insights into the potential use of electrically-charged membranes for ultrafiltration of
PEGylated proteins and also into the underlying physical phenomena governing
electrostatic interactions with these protein-polymer conjugates.

8.2 Materials and Methods
8.2.1 Materials
Ultrafiltration experiments were performed with α-lactalbumin, PEG with
nominal molecular weights of 5, 10, and 20 kDa, and PEGylated α-lactalbumin with one
or more 5, 10, or 20 kDa branches.

PEGylated α-lactalbumins were prepared as

described in Chapter 3 using a 10 mM Bis Tris buffer. Bis Tris buffers at pH 7.0 were
prepared over a range of ionic strengths by addition of KCl, with the molarity of the
active buffering species set to 10 mM. Acetate buffer at pH 5.0 with a 10 mM active
buffering concentration and total ionic strength of 10 mM was prepared as described in
Chapter 3. Bis Tris buffers at pH 6.0 and 7.0 were prepared in the same manner. Buffer
exchange was performed using a 10 kDa UltracelTM membrane for a minimum of 10
diavolumes to adjust the solution conditions as described in Chapter 3.
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UltracelTM membranes with either 30 or 100 kDa molecular weight cut-off were
used for the ultrafiltration experiments. Negatively-charged versions of these membranes
were produced by chemical modification of the base cellulose by attachment of sulfonic
acid moieties. More details on the membrane preparation and handling are given in
Chapter 3. Charging times ranged from 12 to 24 hours.

8.2.2 Methods
All filtration experiments were performed in the 25 mm diameter stirred
ultrafiltration cell (Amicon model 8010) using the procedure described in Chapter 3. The
membrane was placed in the bottom of the stirred cell and flushed with at least 40 L/m2
of the buffer solution prior to exposure to protein. The membrane hydraulic permeability
(Lp) was evaluated by measuring the filtrate flux of buffer as a function of the
transmembrane pressure using at least five different pressures between 3.4 and 76 kPa
(0.5 and 11 psi). The membrane was then equilibrated with the PEGylated protein
solution for 12 hrs. At the start of the ultrafiltration experiment, a minimum of 4 ml of
filtrate was passed through the membrane to ensure stable operation; this also served to
flush the dead space beneath the membrane in the stirred cell. For each experimental
condition, a small filtrate sample was collected followed directly by a small sample of the
bulk solution from the stirred cell. The stirred cell was then refilled with the PEGylated
protein solution and a repeat measurement obtained. The stirred cell was then emptied
and refilled with a 10 mM Bis Tris pH 7.0 buffer to re-evaluate the hydraulic
permeability. The process was repeated using solutions of different ionic strength or pH
to cover the range of solution conditions.
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Size exclusion chromatography was used to analyze the filtrate and bulk samples.
Data were obtained with a Superdex 200 G/L (GE healthcare) column with a running
buffer of 150 mM KCl, 50 mM phosphate buffered saline at pH 7.0. Peaks for the
different PEGylated proteins were easily resolved, although not with baseline resolution.
More details on the SEC procedures and data analysis are given in Chapter 3.

8.3 Results
8.3.1 Membrane Charge
The effective surface charge densities of the unmodified and negatively-charged
UltracelTM membranes were determined using streaming potential measurements. The
effective zeta potential (ζ) of the membrane was calculated directly from the measured
streaming potential using the Helmholtz-Smoluchowski equation (Hunter, 1981):

ζ =

ηc dE z
ε o ε r dP

(8.1)

where η is the solution viscosity, c is the conductivity, εo is the permittivity of a vacuum,
and εr is the relative permittivity of the solution. dEz/dP is the slope of the measured
streaming potential as a function of the applied transmembrane pressure. Note that
Equation 8.1 is rigorously valid only when the electrical double layer is very thin relative
to the pore radius, a condition that is not typically satisfied in the streaming potential
experiments (the double layer thickness in a 10 mM solution is around 3.1 nm compared
to the approximately 3.0 nm mean pore radius of the 30 kDa UltracelTM membranes).
Equation 8.1 also assumes that all electrical transport occurs through the electrolyte
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solution within the pores; the contributions of surface conduction and conduction through
the solid polymer are both neglected.
The effective surface charge density (σp) within the membrane pores was then
evaluated as (Hunter, 1981):
⎛ Fζ ⎞
⎟
⎝ 2 RT ⎠

σ p = 4C o Fκ −1 Sinh⎜

(8.2)

where Co is the bulk ion concentration, F is Faraday’s constant, κ-1 is the Debye length
(defined in Equation 2.17), R is the ideal gas constant, and T is the temperature. Equation
8.2 was developed for a flat surface immersed in a 1:1 electrolyte solution. More detailed
information on the derivation of Equations 8.1 and 8.2, as well as a discussion of
different approaches to account for the more complex phenomena involved in the
streaming potential measurements, is provided by Burns and Zydney (2000).
Figure 8.2 shows typical data for the streaming potential as a function of the
transmembrane pressure for 100 kDa UltracelTM membranes that are unmodified, charged
for 12 hours, and charged for 24 hours. Data were obtained using a 10 mM Bis Tris
buffer at pH 7.0.

The non-zero value of the intercept arises from asymmetries in the

Ag/AgCl electrodes and has no effect on the results. The data were highly linear, with r2
> 0.99 for all membranes. The data in Figure 8.2 were used to calculate the effective zeta
potential and surface charge density yielding values of 7.7 ± 0.1 mV and 1.8 ± 0.02 × 10-3
C/m2 for the membrane charged for 24 hrs.

This latter value corresponds to

approximately 0.01 electronic charge groups per nm2 (or 1 electronic charge per 100
nm2), indicating a relatively low coverage of the sulfonic acid moieties. A complete
listing of the zeta potentials and average surface charge densities for the different
membranes used in this thesis are shown in Table 8.1.
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Figure 8.2. Streaming potential as a function of applied transmembrane pressure for the 100 kDa
UltracelTM membranes charged for different periods of time.

Table 8.1. Zeta potential and charge density for 30 kDa and 100 kDa UltracelTM membranes charged
for 0, 12, or 24 hours.
Buffer Ionic
Charge Density
UltracelTM
Charging
Zeta Potential
Membrane Time (hr)
Strength (mM)
(mV)
(μC/m2)
30 kDa
10
0
-2.6 +/- 0.2
-0.6 +/- 0.04
30 kDa
10
12
-7.9 +/- 0.5
-1.8 +/- 0.1
100 kDa
10
0
-4.2 +/- 0.2
-1.0 +/- 0.05
100 kDa
10
12
-6.1
-1.4
100 kDa
10
24
-7.7 +/- 0.1
1.8 +/- 0.02
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8.3.2 Effect of Ionic Strength on Sieving
Figure 8.3 shows the observed sieving coefficient of α-lactalbumin, a 5 kDa PEG,
and PEGylated α-lactalbumin with 5 kDa PEG branches as a function of solution ionic
strength. Data were obtained with a 100 kDa UltracelTM membrane that was charged for
12 hours (1.4×10-3 C/m2). The experiments were performed using a pH 7.0 Bis Tris
buffer at a flux of approximately 8 μm/s (Lower than the fluxes associated with
deformation in Chapter 7). The error bars represent plus/minus one standard deviation
for three repeat measurements; some error bars lie within the size of the data points and
are not shown. The sieving coefficient of the 5 kDa PEG was nearly independent of ionic
strength, varying from 0.86 to 0.90 over the entire range of ionic strength. The sieving
coefficient of α-lactalbumin increased from 0.50 to 0.93 as the ionic strength increased
from 2.3 to 200 mM due to the reduction in electrostatic interactions at high salt
concentrations. The ionic strength dependence was even greater for the PEGylated
protein with four 5 kDa PEG groups, with So increasing from undetectable levels
(approximately 0.1%) to greater than 30% over the same range of ionic strength.
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Figure 8.3.

Observed sieving coefficient of a 5 kDa PEG, α-lactalbumin, and a PEGylated
α-lactalbumin with different numbers of PEG chains as a function of ionic strength at
a flux of 8 μm/s. Error bars represent plus/minus one standard deviation of the
experimental data. Error bars that are smaller than the symbols are not shown.

The sieving data were analyzed using the theoretical model developed by Smith
and Deen (1980) for the partitioning of charged spherical solutes into infinitely long
cylindrical pores. More details on the theoretical development are given in Chapter 2.
The actual sieving coefficient (Sa) is given as:
⎛ −ψ E
2
S a = (1 − λ ) K c exp⎜⎜
⎝ k BT

⎞
⎟⎟
⎠

(8.3)

where the term (1-λ)2 describes the steric (hard-sphere) exclusion of the sphere from the
region within one solute radius of the pore wall (with λ equal to the ratio of the solute
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radius to the pore radius), Kc is the hindrance factor associated with the convection, and
⎛ψE ⎞
⎜⎜
⎟⎟ is the electrostatic energy of interaction:
⎝ k BT ⎠

ψE
k BT

= Asσ s2 + Aspσ sσ p + A pσ p2

(8.4)

where As, Asp, and Ap are given in Equations 2.42 – 2.44 and σs and σp are the
dimensionless surface charge density of the solute and pores, respectively (Equations
2.45 and 2.46). The three terms in Equation 8.4 represent the energy of interaction
associated with the distortion of the electrical double layer around the solute, direct
charge-charge interactions between the solute and the pore, and the distortion of the
electrical double layer adjacent to the pore wall, respectively.
The surface charge densities of both the α-lactalbumin and the PEGylated protein
were calculated theoretically from the amino acid sequence using the charge regulation
model presented in Appendix C. These calculations implicitly assume that all charges are
placed uniformly on the outside of the sphere, consistent with the analysis of the capillary
electrophoresis data in Chapter 6 for the proteins in this study. The radius of the
PEGylated protein was set equal to the hydrodynamic radius evaluated using the
correlation presented by Fee and Van Alstine (2004) as discussed in Chapter 5. The
membrane pore size distribution was evaluated from dextran sieving data assuming a lognormal distribution as discussed in Appendix B. The ratio of the standard deviation to
the mean pore radius was fixed as σ /r = 0.20, based on previous results (Mehta, 2006)
yielding a mean pore radius of 6.0 nm. This value of the pore size is in excellent
agreement with the membrane hydraulic permeability measured with the 500 mM Bis
Tris buffer, Lp = 3.2 x 10-12 m; the permeability calculated using Equation 2.8 is
198

2.8 x 10-12 m using a membrane porosity of 50% and a membrane thickness of 1 µm.
The small difference between the calculated and measured permeabilities is well within
the uncertainties in the values used for the membrane thickness, porosity, and the breadth
of the pore size distribution ( σ /r ). A summary of the model parameters is provided in
Table 8.2 and Table 8.3.

Table 8.2. Physical properties of α-lactalbumin, PEG, and PEGylated α-lactalbumin in 10 mM pH
7.0 Bis Tris buffer.

Compound
α-lactalbumin
5 kDa PEG
5 kDa PEGylated α-lac
5 kDa PEGylated α-lac
5 kDa PEGylated α-lac
5 kDa PEGylated α-lac

Hydrodynamic
Radius
(nm)
1.99
2.23
3.01
3.83
4.51
5.15

Diffusion
Coefficient
(10-6 m2/s)
7.54
6.99
5.64
4.86
4.39
3.99

Surface Charge
(free electron
charges)
4.67
0
5.61
6.55
7.49
8.44

Table 8.3. Physical parameters of the 100 kDa UltracelTM membrane charged for 12 hours.

Pore Radius
Standard Deviation
z ratio
Membrane Thickness
Surface Charge

nm
nm
μm
C/m2

6.0
1.2
0.20
1.0
1.4×10-3

The experimental data in Figure 8.3 are compared with the model calculations in
Figure 8.4. Results are plotted in terms of the actual sieving coefficient (Sa), which was
evaluated directly from the observed sieving coefficient data using the stagnant film to
account for the effects of concentration polarization as described in Equation 2.3. The
solute mass transfer coefficients were evaluated from Equation 2.4 using the diffusion
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coefficients given in Table 8.2, a stirrer speed of 600 rpm, and a flux of 8 μm/s. The
model calculations are in reasonable agreement with the experimental data for the
α-lactalbumin and the PEGylated α-lactalbumin with 1 and 4 PEG chains (all using the

same set of model parameters). The model under predicts the data at low ionic strength
which could be due to charge regulation effects in the presence of strong electrostatic
interactions (Pujar and Zydney, 1997; Burns and Zydney, 2001). The charge regulation
effect occur to do the theoretical simplification that the surface charge of the protein and
pore are constant when in fact that charge shifts due to the high electrostatic potential
between the protein and pore wall.
The model calculations in Figure 8.4 implicitly assume that solute diffusion
across the membrane was insignificant compared to the convective transport.

The

validity of this assumption was examined by calculating the membrane Peclet number:
Pe =

J v δ φK c
εD∞ φK d

(8.5)

where Kc and Kd are the hindrance factors for convection and diffusion, respectively. A
Peclet number greater than one (Pe > 1) indicates that convection is dominant. The
values of φKc and φKd were calculated by numerical integration over the log-normal pore
size distribution.

The calculated values of the membrane Peclet numbers for this

experiment ranged from 0.3 to 11, with the smallest Pe for the smaller compounds: αlactalbumin and the hydrolyzed PEG. Thus, diffusion is probably negligible for the
PEGylated proteins, but causes an increase in the calculated values of the actual sieving
coefficient for the α-lactalbumin and PEG compared to the results for purely convective
transport.
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Figure 8.4.

Actual sieving coefficient of α-lactalbumin, PEG and, PEGylated α-lactalbumin as a
function of ionic strength. Model calculations using the Smith and Deen analysis are
shown as solid curves.

In order to examine the model predictions in more detail, a sensitivity analysis
was performed to examine the effects of the membrane pore size distribution, membrane
surface charge density, and solute size and charge on the calculated values of the actual
sieving coefficient.

Figure 8.5 shows the effect of the breadth of the pore size

distribution, defined by the ratio of the standard deviation to the mean pore size. Results
are shown for z = σ / r = 0.10, 0.20, and 0.30 with a constant pore size of 6.0 nm. The
calculated values of the actual sieving coefficient increase with increasing values of σ /r
due to the increased transport through the largest pores in the distribution. Although it is
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difficult to see in Figure 5, the changes in σ /r have the greatest relative effect on the
actual sieving coefficient for the largest species at the lowest ionic strength.

For

example, the actual sieving coefficient of the PEGylated α-lactalbumin with four 5 kDa
PEG groups varies by more than two orders of magnitude as σ /r was increased from 0.1
to 0.3 at an ionic strength of 5 mM but varies by only a factor of 5 at an ionic strength of
200mM.

Figure 8.5. Effect of pore size distribution on the calculated values of the actual sieving coefficient of
PEG, α-lactalbumin, and PEGylated α-lactalbumin. Dashed curves represent model
calculations with σ /r = 0.10 and 0.30; bold curves represents results with σ /r = 0.20.
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The effect of the mean pore size on the actual sieving coefficients is shown in
Figure 8.6 for calculations with σ /r =0.20. The mean pore size has a strong effect on the
sieving coefficient. A 1 nm shift in the mean pore size (using a constant value of

σ /r = 0.2) can change the sieving coefficient of the PEGylated α-lactalbumin with four
5 kDa PEGylatd groups by up to an order of magnitude with smaller changes in the
sieving coefficient for the smaller molecules. The effect of changing the mean pore size
is a very weak function of the solution ionic strength. The effects of protein size on the
sieving coefficients are similar to the effects of changing the pore size (results not shown)
as long as deformation is considered to be negligible. A 15 percent change in the size of
the PEGylated α-lactalbumin with four 5 kDa groups caused an increase or decrease in
the sieving coefficient by approximately 2 fold, fairly independent of the ionic strength.
The changing in sieving coefficient of the smaller molecules was less pronounced.
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Figure 8.6.

Effect of mean pore size on the actual sieving coefficient of PEG, α-lactalbumin, and
PEGylated α-lactalbumin. Dashed curves represent model calculations with r = 5.0
and 7.0 nm. The bold curves represent the model calculation with r = 6.0 nm.

The effect of the membrane surface charge density on the sieving coefficients is
examined in Figure 8.7.

At low ionic strength, the sieving coefficient of the

α-lactalbumin and the PEGylated proteins decrease with increasing membrane surface

charge density due to the increase in electrostatic repulsion. For example, at 5 mM ionic
strength, the predicted sieving coefficient for the α-lactalbumin decreases by almost an
order of magnitude (from Sa = 0.30 to 0.04) as the membrane charge density increases
from 0.6 × 10-3 C/m2 to 3.0 10-3 C/m2. This effect is negligible at high ionic strength due
to the shielding provided by the bulk electrolyte. The membrane surface charge density
has very little effect on the sieving coefficient of the neutral PEG, although at very low
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ionic strength the sieving coefficient does decrease with increasing surface charge density
due to the increase in free energy associated with the distortion of the electrical double
layer adjacent to the pore wall by the neutral PEG.

Figure 8.7.

Effect of membrane surface charge density on actual sieving coefficient of PEG, αlactalbumin, and PEGylated α-lactalbumin.
Dashed curves represent model
calculations with membrane charge of 0.6 × 10-3 C/m2 and 3.0 × 10-3 C/m2. The bold
curves represent model calculations with membrane charge of 1.3 × 10-3 C/m2.

The effect of protein surface charge density is examined in Figure 8.8.
Simulations were performed in which the net surface charge was either increased or
decreased by 15% (approximately 0.5 to 2 charge units) compared to the charge
determined from the amino acid sequence. As shown in Figure 8.8, these small changes
in protein charge changed the predicted values of the sieving coefficient by less than 20%
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even at relatively low ionic strength (< 10mM). Thus, small uncertainties in the protein
charge would have no measurable effect on the agreement between the model
calculations and experimental results.

Figure 8.8. Effect of protein surface charge density on the predicted values of the actual sieving
coefficient of PEG, α-lactalbumin, and PEGylated α-lactalbumin. Dashed curves
represent model calculations in which the solute charge was varied by ±15%. The bold
curves represent the model calculation in which the solute charge was calculated directly
from the published amino acid sequence.

Figure 8.9 shows results for the actual sieving coefficient of 20 kDa PEGylated αlactalbumin containing four 5 kDa branches, two 10 kDa branches, and one 20 kDa
branch as a function of solution ionic strength.

In each case, the actual sieving

coefficient was calculated directly from the observed sieving coefficient data using the
stagnant film model as discussed in Equations 2.3 with km = 3.99 × 10-6 m/s for all 3
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species based on their identical size as determined by size exclusion chromatography. At
high ionic strength, all 3 molecules have nearly identical sieving coefficients. In contrast,
the PEGylated protein with a single 20 kDa PEG chain had the largest sieving coefficient
at low ionic strength while the PEGylated protein containing four 5 kDa PEG chains had
the lowest sieving coefficient under these conditions.

This behavior is completely

consistent with the differences in net charge of the different PEGylated proteins
associated with the PEGylation reaction. The PEGylated α-lactalbumin with four 5 kDa
PEG chains has four blocked lysine groups, which eliminates four potential positive
charges on the protein surface at pH 7.0 (which is well below the pKa = 9.8 of the lysine
amino groups). Thus, the PEGylated α-lactalbumin with four 5 kDa PEG chains will
have the greatest net negative charge leading to the greatest electrostatic exclusion at low
ionic strength.
The solid curves in Figure 8.9 are model calculations, with the net charge of the
different PEGylated proteins evaluated from the amino acid sequence accounting for the
elimination of one or more lysine amino groups as discussed in Appendix C. The
predicted values of the actual sieving coefficient are identical at high ionic strength since
electrostatic interactions are negligible under these conditions. The model correctly
predicts the trend in the experimental data for the different PEGylated proteins, but the
model tends to over predict the data at intermediate ionic strength and under predicts the
experimental results at very low ionic strength. These discrepancies could simply be due
to uncertainties in one or more of the model parameters. In addition, the poor agreement
at very low ionic strength is likely due to the effects of charge regulation on the protein
partition coefficient, with the hydrogen ion concentration in the region between the
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negatively-charged protein and the negatively-charged pore being significantly greater
than that in the bulk solution due to the very strong electrostatic attraction of the
positively-charged H+. This causes a shift in the local pH at the protein surface, leading
to a reduction in the net negative charge due to the protonation of some of the acidic /
basic amino acid residues. There is no clear evidence of any charge shielding by the PEG
itself; the model calculations were all performed by assuming that the net protein charge
was uniformly distributed over the external surface of the PEGylated protein, analogous
to the approach used to describe the electrophoretic mobility in Chapter 6.

Figure 8.9. Actual sieving coefficient as a function of ionic strength for α-lactalbumin PEGylated
with 20 kDa total molecular weight of PEG in one 20 kDa branch, two 10 kDa branches,
or four 5 kDa branches. Error bars represent plus/minus standard deviation of at least
three repeat experiments. Solid curves are model calculations as described in the text.
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8.3.3 Effect of pH on PEGylated Protein Transport
The solution pH controls the protein charge and the diffusion coefficient (Doherty
and Benedek, 1974), and it can also alter the protein conformation and degree of fouling
(Burns and Zydney, 1999). The effects of pH on the actual sieving coefficient of PEG,
α-lactalbumin, and PEGylated α-lactalbumin are shown in Figure 8.10.

Data were

obtained using a 100 kDa UltracelTM membrane that was charged for 12 hrs to generate
an effective charge density of -1.4 × 10-3 C/m2.

The flux was kept constant at

approximately 8 μm/s and the ionic strength was adjusted to 7 mM by adding KCl to
either 10 mM Bis Tris (at pH 6.0 or 7.0) or 10 mM acetate (at pH 5.0) buffer. The
hydraulic permeabilities of the clean membranes, evaluated using a 200 mM ionic
strength buffer, ranged from 2.8×10-12 m to 3.2 ×10-12 m. The permeability after each
experiment was within 15% of the initial flux, suggesting minimal fouling during the
ultrafiltration measurements.
The results are plotted as the actual sieving coefficients, which were again
calculated directly from the observed sieving coefficient data using the stagnant film
model assuming that the mass transfer coefficients are independent of solution pH. The
actual sieving coefficients of the α-lactalbumin and PEGylated α-lactalbumins decrease
with increasing pH, consistent with the increase in net negative charge on the protein at
higher pH. In contrast, the sieving coefficient of the neutral PEG was independent of the
solution pH, consistent with the very low pKa value of the sulfonic acid groups used to
generate the charge-modified membrane. The solid curves in Figure 8.10 are the model
calculations accounting for electrostatic and hydrodynamic interactions. The pore size
distribution was calculated from dextran sieving measurements as r = 5.8 nm with
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σ /r =0.2, while the membrane surface charge density was calculated from zeta potential
measurements as -1.4 ×10-3 C/m2. The net electronic charge of the α-lactalbumin and
PEGylated α-lactalbumins at pH 5, 6, and 7 were calculated based on the amino acid
sequence as described previously, with the results summarized in Table 8.4. The model
calculations are in good qualitative agreement with the experimental data for all 4
species, properly capturing the effects of solution pH on the transmission of both the
α-lactalbumin and the different PEGylated α-lactalbumins.

Table 8.4.

Calculated electronic charge (number of free electrons) based on the published amino
acid sequence (Brew et al., 1970).

Compound
α-lactalbumin
5 kDa PEG
1-5 kDa PEGylated α-lac
4-5 kDa PEGylated α-lac

pH 5.0
1.8
0
2.54
4.76

pH 6.0
3.44
0
4.25
6.83

pH 7.0
4.65
0
5.59
8.42

210

Figure 8.10.

The actual sieving coefficient of 5 kDa PEG, α-lactalbumin, and PEGylated αlactalbumin as a function of pH. Solid curves are model calculations as described in
the text.

8.3.4 Effect of Membrane Charge
Figure 8.11 shows the effect of the membrane charging time (12 and 24 hrs) on
the actual sieving coefficients of α-lactalbumin, PEGylated α-lactalbumin with one 20
kDa branch, and the 20 kDa PEG alone. In each case, the data points represent the mean
values for three repeat measurements with the error bars showing the corresponding
standard deviations.

At high ionic strength the actual sieving coefficients of the

PEGylated protein and the α-lactalbumin were nearly independent of the charging time,
consistent with the absence of any significant electrostatic interactions under these
conditions. The sieving coefficients of the α-lactalbumin and the PEGylated
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α-lactalbumin are smaller for the membrane with the greater charging time, reflecting the

increase in electrostatic exclusion of the negatively-charged proteins from the negativelycharged membrane. This effect was most pronounced for the PEGylated protein due to
its larger size. There was a small difference in sieving coefficients of the neutral PEG for
the membranes charged for 12 and 24 hr, although this difference is likely due to
differences in the membrane pore size (variability in the membrane samples) as opposed
to any specific electrostatic interactions.

Figure 8.11. Actual sieving coefficient as a function of the solution ionic strength for membranes that
were charged for either 12 or 24 hr (charge densities of -1.4 × 10-3 and -1.7 × 10-3 C/m2).
Error bars represent plus/minus one standard deviation of the experimental data.
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8.4 Conclusions
Although many studies have examined the use of charged-modified membranes
for the separation of globular proteins, there have been no prior studies of the effects of
membrane charge on the transmission of PEGylated proteins through semipermeable
ultrafiltration membranes. The sieving coefficients of the PEGylated proteins increased
with increasing solution ionic strength due to the shielding of the electrostatic
interactions. For example, the sieving coefficient of the PEGylated α-lactalbumin with
four 5 kDa groups was undetectable at a salt concentration of 2.3 mM but increased to
almost So = 0.3 when the ionic strength of the solution was increased to 200 mM. There
was no evidence of any shielding of the electrical charges by the PEG layer that
surrounds the protein core; the sieving coefficient data were in good agreement with
model calculations developed for a charged sphere in which the net protein charge was
assumed to be uniformly distributed over the external surface of the PEGylated protein.
The sieving data for PEGylated proteins having the same total mass of PEG but
with different numbers of PEG groups were essentially identical at high ionic strength,
consistent with the SEC data showing that these species have identical size, but the
results showed significant differences at low salt concentrations.

This behavior is

consistent with the shift in net protein charge arising from the chemical reaction of
different number of lysine amino groups with the activated PEG chains. Thus, the
PEGylated protein with four 5 kDa PEG chains has four less lysine amino groups,
leading to a significant increase in the net negative charge at pH 7. The experimental
results were in good agreement with model calculations accounting for this shift in
protein charge. All model parameters were evaluated from independent experimental or

213

theoretical measurements: the pore size distribution was determined from dextran sieving
measurements, the membrane surface charge density was determined from zeta potential
measurements, the protein size was determined from the partition coefficient in size
exclusion chromatography, and the protein charge was calculated using the amino acid
sequence accounting for the loss of lysine amino groups associated with the PEGylation
reaction. The model accurately captured all of the key experimental trends, including the
effects of solution pH, ionic strength, and membrane charge.
Despite the good qualitative agreement between the model and data, there were
some clear deviations, particularly at low ionic strength. This behavior is similar to that
seen previously by Pujar and Zydney (1994) and Burns and Zydney (2001) for the
sieving behavior of different globular proteins in low ionic strength solutions. Pujar and
Zydney (1994) and Burns and Zydney (2001) attributed these discrepancies to the effects
of charge regulation.

The region between the negatively-charged protein and the

negatively-charged pore will have a higher concentration of positively-charged H+ ions
than the bulk solution, leading to a reduction in the local pH near the protein surface.
This pH shift can cause the protonation of acidic and basic amino acid residues on the
protein, leading to a reduction in the net negative charge on the protein (and a
corresponding reduction in the electrostatic repulsion). This effect has been discussed in
more detail by Pujar and Zydney (1997) and Ebersold and Zydney (2004b) in the context
of globular proteins; the same phenomenon should occur for the PEGylated proteins
examined in this work.
The ability to control the transmission of PEGylated proteins by altering the
charge on the ultrafiltration membrane can potentially be exploited for enhanced
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ultrafiltration processes. For example, it should be possible to use a larger pore size
membrane, with larger hydraulic permeability and greater ability to clear small
impurities, for concentration and buffer exchange while still maintaining very high
rejection of the PEGylated protein due to the strong electrostatic interactions. It should
also be possible to use electrically charged ultrafiltration membranes to enhance the
separation of charged PEGylated proteins from electrically neutral PEG. This latter
problem is discussed in more detail in Chapter 9 of this thesis.
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Chapter 9
SEPARATION OF PEGYLATED PROTEINS FROM
UNREACTED PRECURSORS

9.1 Introduction
One of the challenges in the production of PEGylated proteins is the need to
remove residual polymer, native (un-reacted) protein, and any reaction by-products from
the final therapeutic formulation. These separations are required even if the PEGylation
reaction is site specific and only produces a single PEGylated product since the
PEGylation reaction does not have a 100% yield. Additional purification would typically
be required if more than one PEGylated form of the molecule is produced, e.g., reaction
at multiple lysine amino groups.

This chapter evaluates the feasibility of using

ultrafiltration for the separation of un-reacted protein and residual (hydrolyzed) polymer
from a model PEGylated protein. Experiments were focused on the purification of an
α-lactalbumin molecule PEGylated with one 20 kDa branch.

Sieving coefficients for the PEGylated α-lactalbumin were obtained over a range
of pH, ionic strength, and filtrate flux using both neutral and charge-modified UltracelTM
membranes with molecular weight cutoffs of 30 and 100 kDa. Optimal separation
conditions were identified using the strategies outlined by van Reis et al. (1997) for the
development of high performance tangential flow filtration (HPTFF) systems for protein
separations.

Purification of the PEGylated protein was achieved using a two stage

diafiltration process with a final purification factor of 23 and more than 75 % product
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yield. The first stage used a neutral membrane to remove the un-reacted protein and any
small reaction by-products while retaining the large PEGylated product. The second
stage used a negatively-charged membrane to remove the neutral polyethylene glycol
while retaining the PEGylated α-lactalbumin due to strong electrostatic interactions. The
results clearly demonstrate the potential for using ultrafiltration as a scalable technology
platform capable of purifying PEGylated protein products for large-scale manufacturing.

9.2 Materials and Methods
9.2.1 Protein PEGylation
A 20 kDa PEGylated α-lactalbumin solution was created using the procedure
given in Chapter 3. Specifically 10 g/L of α-lactalbumin was mixed in a 1 to 2 molar
ratio with mPEG-SMB in a Bis Tris buffer (pH 7.0) with 10 mM total ionic strength.
After the reaction was complete, the solution was diluted with additional Bis Tris buffer.
No additional α-lactalbumin or PEG was added to the solution prior to the beginning of
the ultrafiltration experiment.

The concentration of each species in the initial

ultrafiltration experiments and the actual diafiltration experiments is shown in Table 9.1.
Note that the 20 kDa PEG was actually in the hydrolyzed form since all of the activated
PEG had undergone hydrolysis (see Chapter 4).
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Table 9.1. Feed concentration of 20 kDa PEG, native α-lactalbumin, and PEGylated α-lactalbumin
for the ultrafiltration and diafiltration experiments.

20 kDa PEG
Native α-lactalbumin
20 kDa PEGylated Protein

Concentration (g/L)
Ultrafiltration
Diafiltration
Experiments
Experiments
3.5
2.2
0.9
0.44
0.9
0.56

9.2.2 Ultrafiltration Membranes / Apparatus
Ultrafiltration and diafiltration experiments were performed using UltracelTM
composite regenerated cellulose membranes with nominal molecular weight cut-offs of
30 or 100 kDa (Millipore Corp., Bedford, MA) as described in Chapter 3. Negatively
charged versions of the 100 kDa membrane were created by covalent attachment of
sulfonic acid groups to the surface of the membrane using a base activated chemistry as
described in Chapter 3 using a 24 hour reaction time.

9.2.3 Ultrafiltration Sieving Experiments
Ultrafiltration was performed in Amicon 8010 stirred cells as described in
Chapter 3. The membrane hydraulic permeability (Lp) was evaluated from Equation 2.8
by measuring the filtrate flux as a function of pressure using a 10 mM Bis Tris buffer.
The hydraulic permeability of the charge-modified membrane was also evaluated using a
500 mM Bis Tris / KCl solution, which minimized the contribution of counterelectroosmosis. Each membrane was exposed to the feed solution for at least one hour
prior to initiating the ultrafiltration to minimize any transients associated with protein
adsorption. The membrane permeability was re-evaluated after this initial adsorption and
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then again after protein filtration to provide a measure of the extent of fouling. Sieving
experiments were performed as described in Chapter 3 to identify appropriate conditions
for separation of the protein, PEG, and PEGylated protein. Small samples of the filtrate
and bulk solutions were collected and analyzed using size exclusion chromatography.
The flux was varied by adjusting the transmembrane pressure. The ionic strength of the
solution was adjusted by addition of KCl to a 10 mM Bis Tris buffer. The solution pH
was adjusted by the use of different buffer species: a 10 mM acetate buffer was used at
pH 5, a 10 mM Bis Tris buffer was used at pH 6 and 7, and a 10 mM Tris buffer was used
at pH 8.5. Specific buffer compositions are given in Chapter 3. In order to reduce the
amount of PEGylated protein required for these experiments, the feed solution was
reused for multiple experiments by performing a diafiltration to readjust the
concentration, pH, and conductivity to the desired values. Diafiltration was performed
using a 10 kDa UltracelTM membrane for 10 diavolumes, with the pH, conductivity, and
composition of the resulting solution evaluated before use in subsequent ultrafiltration
experiments.

9.2.4 Diafiltration
The diafiltration was performed in two stages to separate the PEG, PEGylated
protein, and α-lactalbumin. For each stage, a 62 mm diameter membrane was preadsorbed with the PEGylated protein feed for at least 12 hrs and then placed in an
Amicon 8200 stirred cell with 47 mL solution volume. The first stage diafiltration used a
30 kDa unmodified UltracelTM membrane. The diafiltration reservoir was filled with a 10
mM Bis Tris buffer at pH 7.0 (500 mM ionic strength) that was free of any NHS, PEG,
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protein, or PEGylated proteins. The second stage diafiltration used a 100 kDa UltracelTM
membrane that had been charged for 24 hours as described in Chapter 3. The surface
charge density of the membrane was estimated as -1.8 × 10-3 C/m2 from streaming
potential measurements as described in Chapter 8. The diafiltration buffer was 10 mM
Bis Tris at pH 7.0 (10 mM ionic strength). Between stages 1 and 2 a 10 diavolume
diafiltration was performed to change the buffer ionic strength. All diafiltrations were
performed at constant flux. For the 30 kDa membrane the flux was set to 9 μm/s while
the flux for the 100 kDa membrane was set to 17 μm/s. Small samples were taken
periodically from both the collected filtrate and the stirred cell for subsequent analysis of
the solute concentrations.

9.2.5 Assays
The concentrations of the PEGylated protein, the native α-lactalbumin, and the
unreacted polyethylene glycol were determined using size exclusion chromatography as
described in Chapter 3. The concentrations of PEG and the PEGylated protein could be
accurately measured to within 0.02 g/L (with baseline resolution of the peaks) using the
RI detector; the α-lactalbumin concentration could be accurately measured to ±0.002 g/L
using the UV detector.
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9.3 Results
9.3.1 Sieving Experiments
9.3.1.1 Uncharged Membranes

Initial filtration experiments were used to determine the optimal flux, pH, ionic
strength, and membrane for the separation of α-lactalbumin from the singly PEGylated
α-lactalbumin. Experiments were focused on the neutral 30 kDa UltracelTM membrane to

exploit the large size of the PEGylated protein relative to the native α-lactalbumin.
Data for the effect of filtrate flux on the observed sieving coefficient of the 20
kDa hydrolyzed PEG (3.5 g/L in feed), α-lactalbumin (0.9 g/L), and PEGylated
α-lactalbumin (0.9 g/L) are shown in Figure 9.1. The feed solution also contained a

small amount of the doubly PEGylated protein (approximately 0.27 g/L), although the
presence of this additional component had no effect on the sieving results as determined
from experiments employing feed solutions with different levels of the singly and doubly
PEGylated products. The unmodified composite regenerated cellulose 30 kDa membrane
had a permeability of 6.6 ×10-13 m (evaluated using the 10 mM buffer) while the
permeability after exposure to protein was 5.8 × 10-13 m. There was a negligible drop in
permeability during the actual filtration experiment, suggesting that there was little
membrane fouling beyond some initial protein adsorption.
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Figure 9.1. Observed sieving coefficients for PEGylated α−lactalbumin, native α−lactalbumin, and
20 kDa polyethylene glycol as a function of filtrate flux through a 30 kDa UltracelTM
membrane at pH 7 and 10 mM total ionic strength. Error bars represent plus/minus one
standard deviation of the experimental data.

The symbols in Figure 9.1 represent the mean values of the observed sieving
coefficients determined from two repeat experiments using the same membrane with the
error bars representing the standard deviation in the data. In some cases, the error bars
lay within the size of the symbol and are not shown for clarity. The sieving coefficients
for α-lactalbumin were significantly greater than those for the 20 kDa PEG and the
PEGylated protein over the entire range of filtrate flux. This behavior is consistent with
measurements of the effective solute size as determined by size exclusion
chromatography in Chapter 5. The effective radius of the α-lactalbumin [reff = 1.99 nm]
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was significantly smaller than that of either the 20 kDa PEG [reff = 4.85 nm] or the
PEGylated protein [reff = 5.15 nm]. The increase in sieving coefficient with increasing
filtrate flux is consistent with concentration polarization effects associated with the
accumulation of retained species at the upstream surface of the membrane. It is also
possible that there is some flow-induced deformation or alignment of the PEGylated
protein at high filtrate flux as discussed in Chapter 7. In this particular experiment, the
sieving coefficient of all species decreased slightly at very high filtrate flux which may be
a result of fouling or compaction of the membrane.
In order to quantify the effect of filtrate flux on the separation of the PEG,
protein, and PEGylated protein, the data in Figure 9.1 were re-analyzed in terms of the
selectivity, which is defined as the ratio of the observed sieving coefficient for the
impurity (either α-lactalbumin or the 20 kDa PEG) to that of the desired product, in this
case the PEGylated protein. Results are shown in Figure 9.2 for the selectivity of the
PEGylated α-lactalbumin from both α-lactalbumin and the PEG. The selectivity with
respect to α-lactalbumin (Ψprotein) is greater than 60-fold at a filtrate flux of 7 μm/s, but it
decreases with increasing flux to a value of less than 4 at Jv = 13 μm/s. This large
reduction in selectivity is a direct result of the greater relative increase in transmission of
the PEGylated protein with increasing filtrate, which is consistent with the greater degree
of concentration polarization associated with the smaller value of the bulk mass transfer
coefficient and / or to the flow-induced deformation of the PEGylated protein at high
flux. The selectivity for the separation of the PEGylated protein from the PEG (ΨPEG) is
quite small, with values less than 4 over the entire range of filtrate flux, reflecting the
very similar effective size of these two species.
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Figure 9.2. Selectivity between the PEGylated protein and α-lactalbumin and between the
PEGylated protein and the 20 kDa PEG using the 30 kDa UltracelTM membrane at pH 7
and 10 mM ionic strength. Error bars represent plus/minus one standard deviation of
the experimental data.

9.3.1.2 Charged Membrane Separations

A variety of conditions were examined for the separation of the PEGylated
protein from the unreacted PEG using the UltracelTM 30 kDa membrane, but none of
these provided any significant selectivity due to the very similar size of these species. As
discussed in Chapter 8, it is also possible to separate proteins using ultrafiltration by
exploiting differences in the net charge of the product and impurity (Burns and Zydney,
2001; Saksena and Zydney, 1994; van Reis et al., 1999). The selectivity under these
conditions is a strong function of both the solution ionic strength and the electrical charge
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of the solute and the membrane. Since the UltracelTM membrane has very little charge,
experiments were performed with an electrically-charged version of the cellulose
membrane generated by covalent attachment of a sulfonic acid functionality to the free
hydroxyl groups on the base cellulose. Since the attachment of the charged ligand causes
a small reduction in the membrane pore size (Mehta and Zydney, 2006), experiments
were focused on using a charged-modified 100 kDa composite regenerated cellulose
membrane produced by reaction with 3-bromopropanesulfonic acid for 24 hrs. The
charged density on the membrane was calculated to be -1.8 mC/m2, similar to charge
densities determined in previous studies using membranes modified with the same
chemistry (Rao and Zydney, 2006). The charge-modified 100 kDa membrane had a
permeability of 2.85×10-12 m and 3.22 ×10-12 m, respectively, in the 10 mM and 500 mM
buffer. The small increase in permeability at high salt concentrations is due to the
reduction in counter electro-osmosis as discussed by Mehta and Zydney (2006), with the
appropriate

equations

describing

this

phenomenon

presented

in

Chapter

2

(Equations 2.10 – 2.18).
Experimental data for the observed sieving coefficients of the PEGylated protein,
the hydrolyzed PEG, and the native α-lactalbumin through the negatively-charged 100
kDa membrane are shown in Figure 9.3 as an explicit function of the solution ionic
strength at a filtrate flux of approximately 17 μm/s. The symbols represent the mean
value of the observed sieving coefficient determined from four replicated experiments
with the error bars representing the standard deviation in the data.

The sieving

coefficients for all 3 species increase with increasing ionic strength, with the weakest
variation in So seen for the un-charged polyethylene glycol. The transmission of the
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negatively-charged α-lactalbumin and the negatively-charged PEGylated protein increase
significantly at high ionic strength due to the reduction in the electrostatic exclusion of
these species from the negatively-charged pores of the charge-modified membrane. The
small increase in sieving coefficient of PEG with increasing ionic strength is probably
due to the decrease in the thickness of the electrical double layer adjacent to the
membrane pore wall at higher salt concentrations; this phenomenon is discussed in more
detail by Burns and Zydney (2001). The different electrostatic interactions for the PEG
and α-lactalbumin cause the sieving coefficient for the PEG to be greater than that for the
α-lactalbumin at low ionic strength (where the electrostatic exclusion of the charged α-

lactalbumin is most significant), with the reverse behavior seen at high salt
concentrations (where solute transmission is dominated by steric interactions). It is
interesting to note that the sieving coefficient of the PEGylated protein is a fairly strong
function of the solution ionic strength, increasing by more than a factor of 10 as the ionic
strength increases from 1 to 200 mM, even though the PEGylated protein is
predominantly polyethylene glycol -- 58% by mass and more than 94 % by volume
(Chapter 5). The effect of electrostatic interactions on the sieving characteristics of the
PEGylated proteins is discussed in more detail in Chapter 8.
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Figure 9.3. Observed sieving coefficients for PEGylated α-lactalbumin, native α-lactalbumin, and
hydrolyzed 20 kDa polyethylene glycol as a function of ionic strength using a negativelycharged 100 kDa UltracelTM membrane at pH 7 and a filtrate flux of 17 μm/s. Error
bars represent plus/minus one standard deviation of the experimental data.

The selectivity between the PEGylated protein and the PEG and between the
PEGylated protein and the unreacted α-lactalbumin was calculated using the data in
Figure 9.3 with the results shown in Figure 9.4. The selectivity for the PEGylated protein
compared to the PEG was greatest at low ionic strength with a value of approximately 7
for ionic strengths below 5 mM.

The selectivity decreased with increasing salt

concentration due to the large increase in the sieving coefficient of the PEGylated
protein. The selectivity of the PEGylated protein compared to the α-lactalbumin is also
highest at low ionic strength due to the very strong effect of salt on the sieving coefficient
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of the PEGylated α-lactalbumin. Note that the best selectivity between the PEGylated
protein and α-lactalbumin with the 100 kDa membrane (approximately 7 at 2.5 mM ionic
strength) is still considerably smaller than that obtained with the unmodified 30 kDa
(approximately 25 at the same flux) demonstrating that it is much more effective to
exploit size differences, rather than charge differences, in the removal of the small
unreacted protein.

Figure 9.4. Selectivity between the PEGylated protein and α-lactalbumin and between the
PEGylated protein and the 20 kDa PEG for the 100 kDa UltracelTM membrane charged
for 24 hrs at pH 7 and 17 μm/s.

The observed sieving coefficients of the PEGylated protein, 20 kDa PEG, and the
native α-lactalbumin through the negatively charged 100 kDa membrane are shown in
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Figure 9.5 as a function of the solution pH using a 10 mM ionic strength buffer at a
filtrate flux of approximately 31 μm/s. The sieving coefficients for the PEGylated
protein and the α-lactalbumin decrease with increasing pH due to the reduction in
electrostatic exclusion associated with the decrease in net charge as one moves closer to
the isoelectric point (the pI for α-lactalbumin is 4.6). The sieving coefficient of the PEG
is nearly independent of the solution pH in agreement with the data presented in
Chapter 8. The small decrease in the sieving coefficient of the PEG at pH 8.5 may be due
to a small amount of fouling during that experiment, although the permeability of the
membrane showed essentially no change before and after the ultrafiltration. At low pH
the net charge on the PEGylated protein is very small; thus, the sieving coefficients of the
PEG and PEGylated protein are very similar under these conditions. As the pH increases,
the sieving coefficient of the PEGylated protein decreases while that of the PEG remains
nearly constant. The net result is that the sieving coefficients of these very similarly
sized molecules differ by more than an order of magnitude at pH 8.5.

229

Figure 9.5. Observed sieving coefficient as a function of pH for native α-lactalbumin, PEGylated αlactalbumin, and 20 kDa PEG through a negatively charged 100 kDa membrane at a
flux of 31 μm/s. Error bars represent plus/minus one standard deviation of the
experimental data.

The selectivity for the PEGylated protein is shown in Figure 9.6 as an explicit
function of the pH. The selectivity increases with increasing pH in the range of pH 5.0 to
8.5 due to the increase in the net charge of the protein as the pH increases. The greatest
selectivity between the PEGylated protein and the PEG was thus obtained at pH 8.5,
conditions which gave the largest electrostatic exclusion of the negatively-charged
PEGylated α-lactalbumin. Experiments performed at higher pH showed minimal
improvements in selectivity and seemed more susceptible to membrane fouling.
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Figure 9.6. Selectivity between the PEGylated protein and α-lactalbumin and between the
PEGylated protein and the 20 kDa PEG for the 100 kDa UltracelTM membrane charged
for 24 hrs at 10 mM ionic strength and a flux of 31 μm/s. Error bars represent
plus/minus one standard deviation of the experimental data.

9.3.2 Diafiltration
Based on the results from the initial ultrafiltration experiments, a two-stage
diafiltration process was designed to purify the PEGylated α-lactalbumin from the
unreacted precursors, in this case the 20 kDa PEG and the native α-lactalbumin. The first
stage was designed to remove the α-lactalbumin and was performed with an un-modified
30 kDa UltracelTM membrane at a flux of 9 μm/s using a pH 7 Bis Tris buffer with 500
mM ionic strength.

The second stage was designed to remove the PEG, with the

diafiltration performed using the negatively-charged 100 kDa UltracelTM membrane at pH
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7 and 2.5 mM ionic strength to enhance the electrostatic exclusion of the negativelycharged PEGylated protein from the membrane pores. A buffer pH of 7.0 was chosen
instead of 8.5 due to excessive fouling that seemed to occur at high pH over a long time
period. A conventional buffer exchange was performed between these processes using
the 30 kDa UltracelTM membrane with the 2.5 mM buffer used for the diafiltration.
Experimental data for the normalized concentration of α-lactalbumin, the
hydrolyzed PEG, and the PEGylated protein in the retentate solution for the first-stage
diafiltration are shown in Figure 9.7 as a function of the number of diavolumes (N),
defined as the ratio of the total collected filtrate volume to the constant retentate volume
in the stirred cell.

In each case, the solute concentration was normalized by the

concentration of that species in the feed (0.44 g/L for α-lactalbumin, 2.2 g/L for the PEG,
and 0.56 g/L for the PEGylated protein). The concentration of α-lactalbumin decreased
rapidly during the diafiltration, dropping to less than 1% of its initial value after only 7
diavolumes. The α-lactalbumin concentration after 9.5 diavolumes was less than 0.003
g/L, which is near the detection limit for the SEC assay. In contrast, the concentration of
the PEGylated α-lactalbumin and PEG remained nearly constant throughout the
diafiltration, decreasing by less than 5% even after 9.5 diavolumes.
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Figure 9.7. Normalized concentrations of the PEGylated α-lactalbumin, native α-lactalbumin, and
hydrolyzed 20 kDa polyethylene glycol as a function of the number of diavolumes for a
diafiltration performed with a 30 kDa UltracelTM membrane at pH 7, 500 mM ionic
strength, and a filtrate flux of 9 μm/s. Solid lines are model calculations using the best
fit values of the sieving coefficients as shown in Table 9.2.

The experimental data in Figure 9.7 were analyzed using a simple species mass
balance on the diafiltration system:
d (Vsys C )
dt

= J v Amem S o C

(9.1)

where Vsys is the constant system volume and Amem is the membrane area. Equation 9.1
can be integrated to obtain an expression for the solute concentration in the retentate as a
function of the number of diavolumes (N):
C
= exp[− NSo ]
Co

(9.2)
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Equation 9.2 predicts a linear relationship between ln(C/Co) and N, consistent with the
results in Figure 9.7. The solid lines represent the model calculations, with the best fit
value of the observed sieving coefficient determined by minimizing the sum of the
squared residuals between the model and data. The simple model provides an excellent
fit to the data, indicating that there were no measurable changes in the sieving
coefficients over the course of the diafiltration. The constant sieving coefficient is
indicative of a lack of fouling of the membrane and that the protein sample is stable.
The best-fit values of the sieving coefficients for the PEG, PEGylated protein, and
α-lactalbumin are summarized in Table 9.2. The best-fit value for α-lactalbumin was So

= 0.67, which is considerably larger than the values seen in Figure 9.1 for α-lactalbumin
transmission through a separate 30 kDa membrane, while the sieving coefficients of the
PEG and PEGylated protein were similar but slightly smaller than the values obtained in
the initial experiments.

These differences could be due to the inherent variability

between membrane samples as well as possible effects of electrostatic interactions; the
initial ultrafiltration experiments were performed using a 10 mM ionic strength buffer
while the diafiltration was performed using a higher ionic strength buffer (500 mM) to
further reduce any electrostatic repulsion of the negatively charged α-lactalbumin (Pujar
and Zydney, 1994). In addition, the diafiltration experiments were performed using the
larger diameter (62 mm) stirred cell while the initial sieving experiments were performed
in a 25 mm diameter cell. Experimental and theoretical correlations indicate that the
mass transfer coefficient is considerably larger in the large diameter cell, which would
reduce the degree of concentration polarization for the more retained species (Zydney and

234

Xenopoulos, 2007). This effect could contribute to the very high degree of retention for
the PEGylated product (So = 0.001) during the diafiltration.

Sieving coefficients for α-lactalbumin, 20 kDa PEG, and PEGylated protein for the first
and second stage diafiltration.
Solute
First Stage
Second Stage
0.67
-α-lactalbumin
20 kDa PEG
0.002
0.24
PEGylated protein
0.001
0.006

Table 9.2.

The size exclusion chromatograms of the initial feed, at various points within the
diafiltration, and the final retentate solution after the first stage diafiltration are shown in
Figure 9.8. The initial feed contains a high concentration of α-lactalbumin (retention
time of 58.4 min), the PEGylated α-lactalbumin (retention time of 40.8 min), and a small
peak for α-lactalbumin conjugated to two 20 kDa PEG chains (retention time of 35.1
min). The presence of the doubly PEGylated protein had no affect on the sieving results
of the α-lactalbumin or first PEGylated species.

The PEG is not apparent in this

chromatogram since the PEG has no absorbance at 280 nm. The α-lactalbumin peak is
essentially absent in the chromatogram for the final retentate, consistent with the very
high degree of purification achieved during the diafiltration.
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Figure 9.8. Size exclusion chromatograms showing the initial feed and final retentate for the firststage diafiltration using a 30 kDa UltracelTM membrane at pH 7, 500 mM ionic strength,
and a filtrate flux of 9 μm/s. Detection is by UV at 280 nm.

After the first stage diafiltration, the ionic strength of the retentate solution was
reduced by buffer exchange to achieve the desired conditions for the second-stage
diafiltration. This was performed with a 30 kDa membrane using 10 diavolumes of a 10
mM Bis Tris (2.5 mM ionic strength with no additional KCl) at pH 7.0 as the diafiltration
buffer at a flux of 7 μm/s. The ionic strength and pH of the final solution were measured
and found to be identical (within experimental error) to that of the diafiltrate buffer. The
retentate solution was then transferred to a second stirred cell housing a negativelycharged 100 kDa membrane. The concentrations of PEG and PEGylated protein in the
feed to the second stage diafiltration were 1.76 g/L and 0.48 g/L, respectively. This
corresponds to overall yields based on the initial feed of 80% and 85%, respectively, due
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to the combined losses associated with the first-stage diafiltration, the buffer exchange,
and the solution transfer. The dominant contribution to the yield loss (greater than onehalf) occurred during the solution transfer due to the very small volumes involved in
these experiments.
Experimental data for the normalized concentrations of PEG and the PEGylated
protein during the second-stage diafiltration using the negatively-charged 100 kDa
membrane are shown in Figure 9.9. In this case, the concentrations were normalized
using the initial solute concentrations at the start of the second diafiltration, which were
evaluated immediately after the system had reached stable operation. No results are
shown for the α-lactalbumin since its concentration in the second stage was too low to
determine accurately. The PEG concentration decreased throughout the diafiltration,
dropping to less than 7% of the initial value after 15 diavolumes. The PEGylated protein
was strongly retained by the negatively-charged membrane, with the concentration
decreasing by less than 10% even after 15 diavolumes. The final product at the end of
the two-stage diafiltration contained 0.44 g/L of PEGylated α-lactalbumin (compared to
the initial concentration of 0.56 g/L in the feed), with only 0.086 g/L of PEG and
undetectable (less than 0.002 g/L) concentrations of the un-reacted α-lactalbumin.
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Figure 9.9.

Normalized concentrations of the PEGylated α-lactalbumin and free 20 kDa
polyethylene glycol as a function of the number of diavolumes for a diafiltration
performed with a negatively-charged 100 kDa UltracelTM membrane at pH 7, 2.5 mM
total ionic strength, and a filtrate flux of 21 μm/s. Solid lines are model calculations
using the best fit values of the sieving coefficients shown in Table 9.2.

The solid lines in Figure 9.9 are the model calculations evaluated from Equation
9.2 using the best fit values of the sieving coefficients determined by linear regression of
the data for ln(C/Co) versus N (see final column in Table 9.2). These sieving coefficients
were significantly smaller than the values determined in the initial sieving experiments
(Figure 9.3), which is probably due to the smaller degree of concentration polarization in
the 62 mm diameter stirred cell. Note that the initial permeability of the membrane used
for the diafiltration was also about 13% less than that for the membrane used in the
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ultrafiltration experiments, which is consistent with the smaller solute transmission seen
during the diafiltration.

9.3.3 Purification – Yield Analysis
In order to examine the separation performance of this system in more detail, the
experimental data for the first-stage diafiltration (Figure 9.7) were re-plotted in terms of
the yield of the PEGylated protein as a function of the purification factor (P) in
Figure 9.10. The product yield (Y) was evaluated as the ratio of the concentration of the
PEGylated protein in the retentate solution to that in the feed since the retentate volume
remains constant during the diafiltration.

The product yield can also be evaluated

theoretically in terms of the selectivity (Ψ) as discussed by van Reis and Saksena (1997):

P = Y 1−ψ

(9.3)
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Figure 9.10. Yield versus purification factor for the PEGylated α-lactalbumin based on native αlactalbumin as the impurity. Data for a diafiltration using a 30 kDa UltracelTM
membrane at pH 7, 500 mM ionic strength, and a filtrate flux of 9 μm/s. The solid curve
is the model calculation using a selectivity of Ψprotein = 530.

The solid curve in Figure 9.10 represents the model calculation evaluated using
Equation 9.3 with a selectivity of 530 based on the values in Table 9.2. The process
begins with a 100% product yield (all of the PEGylated protein is contained in the
retentate) and a purification factor of 1, corresponding to the data point in the upper left
hand corner of the graph. The purification factor increases throughout the diafiltration
due to the removal of the impurity, with the product yield decreasing slightly because of
the slow leakage of the product through the membrane. The model is in excellent
agreement with the experimental data over the entire diafiltration using this single
(constant) value of Ψprotein.

The final results of the first diafiltration provided an
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experimental purification factor greater than 1000 with respect to the native protein with
more than 98% product yield. Extrapolation of the model to higher diavolumes using
Equation 9.3 suggests that this diafiltration process could have provided purification
factors greater than 105 while still maintaining a product yield above 97 %.
Figure 9.11 shows the yield - purification factor behavior for the second-stage
diafiltration, where the purification factor is defined using the 20 kDa PEG as the
impurity of interest. The scatter in the data arises from errors in the evaluation of the
PEG concentration by the SEC assay due to the use of the RI detector. The UV detector
used to analyze the PEGylated protein and the α-lactalbumin had much greater sensitivity
and accuracy. There were also small fluctuations in the retentate volume during the
second-stage diafiltration, which would have minimal effect on the overall impurity
removal but could easily have caused some of the scatter seen in Figure 9.11. The
second-stage diafiltration provided more than 15-fold purification of the desired
PEGylated protein with greater than 90% yield. The solid curve in Figure 9.11 is the
model calculation evaluated from Equation 9.3 using a selectivity of 43 based on the best
fit values of the sieving coefficients (Table 9.2). The model is in good agreement with
the data and suggests that a purification factor greater than 100 could have been obtained
with a product yield of 87% by using approximately 20 diavolumes.
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Figure 9.11. Yield versus purification factor for the PEGylated α-lactalbumin based on the 20 kDa
PEG as the impurity. Data for a diafiltration using a negatively-charged 100 kDa
UltracelTM membrane at pH 7, 2.5 mM ionic strength, and a filtrate flux of 21 μm/s.
Solid curve is a model calculation using a selectivity of ΨPEG = 43.

9.4 Conclusions
One of the critical challenges in the commercial development of protein-polymer
conjugates as second-generation biotherapeutics is the need to remove unreacted
precursors from the desired product. The results obtained in this chapter provide the first
quantitative demonstration that it is possible to use a two-stage diafiltration system for
the purification of a PEGylated protein, with nearly complete removal of the native (unreacted) protein and a 25-fold reduction in the concentration of the PEG. The overall
product yield for this process was greater than 75%, with much of the loss occurring
242

during transfer of the feed between the membrane stages, an effect that would be much
less significant at larger scale. The high degree of purification obtained in the two-stage
system was achieved by exploiting differences in both the size and electrical charge of
the PEGylated protein. The unreacted protein was very effectively removed in the first
stage by a size-based separation using an UltracelTM membrane in which the separation
was driven by the very large size of the PEGylated protein. The unreacted PEG was then
removed in the second stage using a negatively-charged UltracelTM membrane that
provided high retention of the negatively-charged PEGylated product while allowing the
neutral PEG to pass into the filtrate.
A small scaled stirred cell system can be used as a basis for larger scale
diafiltration systems. Tangential flow membranes such as the Pellicon XL and hollow
fiber membrane systems tend to have higher mass transfer coefficients than the stirred
cell set-ups that will limit concentration polarization. Thus it is expected that the sieving
coefficients of the larger PEG and PEGylated protein may be smaller in the large scale
system. The difference in mass transfer coefficients will increase the selectivity of the
PEG and PEGylated protein for the first stage operation and most likely have little effect
on the selectivity of the second stage since the size of the PEG and PEGylated proteins
are similar.
It is difficult to compare the purification and yield data obtained in this chapter
with previous work using chromatographic separations due to the lack of experimental
detail in most published studies.

Arduini et al. (2004) used size exclusion

chromatography to purify PEGylated rat interferon-β from the native protein with
purification factors greater than 99%, which is similar to the results obtained in this study
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during the first-stage diafiltration.

No data were provided for the removal of the

unreacted PEG, which may reflect the very similar size (and thus very difficult
separation) of these species using size exclusion chromatography.

Brumeanu et al.

(1995) examined the purification of two different antigenized immunoglobulins
conjugated with polyethylene glycol using a combination of size exclusion followed by
anion exchange chromatography. The size exclusion chromatography provided relatively
little removal of the free PEG, consistent with the similar size of the PEG and PEGylated
proteins, but the anion exchange step was able to reduce the concentration of PEG to
nearly undetectable levels. The overall purification factor was above 100, but no data
were provided on the product yield and it is difficult to compare results for this large
antigenized immunologlobulin (MW > 120 kDa) with those obtained in this study using
the 14 kDa α-lactalbumin.
The design and optimization of the two-stage diafiltration for the purification of
the PEGylated protein requires the proper selection of the membrane pore size,
membrane surface charge, solution pH, ionic strength, and filtrate flux.

The data

obtained with the PEGylated α-lactalbumin showed that removal of the native protein
was relatively easy based on the large increase in effective size associated with the
attachment of the polyethylene glycol chain. Selectivities greater than 500 were obtained
using a commercially available 30 kDa UltracelTM membrane simply by operating at
relatively low filtrate flux (7 - 10 μm/s).

In contrast, the separation between the

PEGylated protein and the PEG was much more challenging, requiring proper selection
of the membrane charge and solution conditions to exploit differences in the electrostatic
interactions. For example, reducing the ionic strength from 200 mM to 2.4 mM caused
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the selectivity between the PEGylated α-lactalbumin and PEG to increase by nearly an
order of magnitude.
Although the PEGylated α-lactalbumin used in these studies is a model system
with no clinical applications, the physical characteristics of this system are very similar to
those encountered in the production of actual PEGylated proteins.

For example

PegasysTM (Roche), a recombinant interferon α-2a, contains 44 kDa of PEG added to the
19.2 kDa protein through a single amide bond (Foser et al., 2003). Human granulocyte
colony stimulating factor has a molecular weight of 18.8 kDa, only slightly larger than
that of α-lactalbumin, and animal trials of PEGylated forms of this molecule have been
performed with total molecular weight ranging from 81 to 150 kDa (Niven et al., 1994).
PegvisomantTM (Pfizer) is composed of a 22 kDa protein with 20 – 24 kDa of PEG
(Parkinson et al., 2003), which is very similar to the molecular weights of the PEGylated
α-lactalbumin used in this study. Future studies will be needed to evaluate the economics

and performance characteristics of the membrane process relative to that of alternative
separation technologies for the large-scale commercial purification of clinically-relevant
protein-polymer conjugates.
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Chapter 10
FOULING AND CONCENTRATION POLARIZATION
DURING ULTRAFILTRATION OF PEGYLATED
PROTEINS

10.1 Introduction
One of the critical issues in the application of membrane technology for protein
purification is membrane fouling, the largely irreversible adsorption and/or deposition of
solutes on and within the membrane. Previous studies of protein fouling in ultrafiltration
and microfiltration have clearly demonstrated the importance of solution conditions
(Burns and Zydney, 2001; Fane et al., 1983; Jones and O'Melia, 2001; Palacio et al.,
2003; Palecek and Zydney, 1994), membrane chemistry (Ho and Zydney, 2001; Hosch
and Staude, 1996; Iordanskii, 1996; Ko and Pellegrino, 1992; Matthiasson, 1983;
Nakatsuka and Michaels, 1992; Nystrom, 1989), and protein properties (Kelly et al.,
1993; Kelly and Zydney, 1994; 1995; 1997; Palecek and Zydney, 1994) on both the rate
and extent of fouling. For example, Jones and O’Melia (2001) showed that the flux
decline during ultrafiltration of bovine serum albumin (BSA) through regenerated
cellulose membranes was greatest at a pH equal to the protein isoelectric point (pI).
Similar results were obtained by Fane et al. (1983), with maximum BSA adsorption to
polyethersulfone membranes at pH near the pI and at high ionic strength, which the
authors attributed to changes in the electrostatic interactions between the protein and
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membrane surface. Several studies have clearly demonstrated that fouling is also greater
on membranes with less hydrophilic characteristics (Nakatsuka and Michaels, 1992).
Protein fouling during ultrafiltration is often described in terms of the effects of
pore blockage, pore constriction, and cake formation (Mochizuki and Zydney, 1992;
Palacio et al., 2003 and 2002; Robertson and Zydney, 1990; Zeman and Zydney, 1996).
The filtrate flux is written using Darcy’s law:
Jv =

ΔPTM − σ o ΔΠ
μ ( R m + Rc )

(10.1)

where ΔPTM is the transmembrane pressure, σo is the osmotic reflection coefficient, ΔΠ is
the osmotic pressure difference across the membrane, Rm is the resistance associated with
the membrane (including the effects of pore blockage and pore constriction), and Rc is the
hydraulic resistance associated with the cake layer. The membrane resistance is often
approximated using the Hagen-Poiseuille equation for laminar flow through a membrane
consisting of a uniform array of cylindrical pores:
Rm =

8δ
nπrp4

(10.2)

where n is the number of pores, δ is the membrane thickness, and rp is the pore radius.
Fouling due to pore blockage reduces the number of pores (n) while pore constriction
reduces the pore radius (rp). Pore constriction usually occurs in relatively larger pores
compared to the size of the solute molecules while pore blockage and cake formation are
usually more important for large solutes. However, even small proteins can block pores
of microfiltration membranes due to the presence of trace amounts of large aggregates
(Kelly et al., 1993). More details on these models are given by Hermia (1982) and
Zeman and Zydney (1996).
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The objective of this chapter was to evaluate the effects of PEGylation on the
filtrate flux and fouling characteristics during ultrafiltration of a model PEGylated protein
using both fully and partially retentive regenerated cellulose and polyethersulfone
membranes. Experiments were performed using PEGylated bovine serum albumin as a
model protein, with the native (un-PEGylated) BSA used for comparison. The results are
analyzed in terms of the underlying physical properties of the PEGylated proteins as
determined by liquid chromatography (Chapter 5), dynamic light scattering (Chapter 5),
capillary electrophoresis (Chapter 6), and reverse phase chromatography (discussed
subsequently). The filtration behavior with the cellulose membranes was dominated by
concentration polarization effects, with the lower flux for the PEGylated protein solutions
associated with the smaller bulk mass transfer coefficient.
observed with the polyethersulfone membranes.

Significant fouling was

Greater fouling was seen with the

PEGylated protein due to its increased size, greater hydrophobicity, and lower
electrostatic interactions, all of which are directly associated with the attached
poly(ethylene glycol) chains.

These results provide important insights into the

ultrafiltration characteristics of PEGylated proteins.
Much of the experimental data presented in this chapter were obtained by
Dr. Boksoon Kwon, a postdoctoral researcher who spent several months at Penn State
collaborating on this project.
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10.2 Materials and Methods
10.2.1 Protein PEGylation
Bovine serum albumin was used as a model protein for this set of experiments due
to the extensive prior literature on BSA fouling in both ultrafiltration and microfiltration
(Ghosh and Cui, 1999; Nabe et al., 1997; Palacio et al., 2003). PEGylated BSA, formed
by attachment of a single 12 kDa PEG to the free sulfhydryl group on BSA, was provided
by Pfizer in a 20 mM Bis Tris propane solution containing 10 mM NaCl. BSA was also
PEGylated in our laboratory using 5 kDa mPEG-SMB as described in Chapter 3.
Conjugation was performed by adding activated PEG in a 6 to 1 molar ratio to 12 g/L
BSA dissolved in a 10 mM Bis Tris buffer solution at pH 7.0. These solutions were
diluted with 10 mM Bis Tris buffer (MP Biomedicals, Solon, Ohio) to obtain the desired
protein concentration, with the appropriate amount of KCl added to achieve the desired
10 mM ionic strength. Additional HCl was added in select experiments to reduce the pH.

10.2.2 Ultrafiltration
Ultrafiltration experiments were conducted using UltracelTM composite
regenerated cellulose membranes and BiomaxTM polyethersulfone membranes, both
provided by Millipore Corporation (Bedford, MA). The handling and preparation of
these membranes is described in Chapter 3. All filtration experiments were performed in
25 mm diameter stirred ultrafiltration cells (Millipore Corp., Bedford, MA). A Model
8010 cell (effective area of 4.1 cm2) was used with the 30 and 100 kDa membranes while
Model 8003 (effective area of 0.9 cm2) was used with the 300 kDa membranes; the
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smaller volume cell was used with the larger molecular weight cut-off membranes to
reduce the amount of protein needed for experiments with these higher flux membranes.
Prior to each experiment the hydraulic permeability was evaluated using Equation 2.8
based on the measured values of the filtrate flux as a function of the transmembrane
pressure. The zeta potential of the membrane (ζ) was evaluated from streaming potential
measurements obtained with a 10 mM Bis Tris buffer containing 10 mM KCl at pH 7 as
described in Chapter 8.
After measuring the permeability of the clean membrane, the stirred cell and
solution reservoir were emptied and rapidly refilled with a solution containing either the
native or PEGylated BSA. The system was re-pressurized, and the filtrate flux was
measured as a function of time using timed collection at constant pressures between 14
and 140 kPa (corresponding to 2 and 20 psi). Samples were obtained periodically from
both the bulk and filtrate solutions for subsequent analysis by either UV
spectrophotometry or size exclusion chromatography (SEC). At the completion of the
ultrafiltration, the stirred cell was emptied and gently rinsed to remove any labile protein.
Rinsing was done by filling the stirred cell with DI water (2 times) and stirring at
600 rpm for about two minutes in the absence of any applied transmembrane pressure.
This procedure was then repeated using Bis Tris buffer instead of DI water. The device
was then filled with fresh Bis Tris buffer and re-pressurized, and the buffer flux was
evaluated as a function of time to obtain a measure of the extent of irreversible fouling.
Protein

adsorption

studies

on

regenerated

cellulose

(UltracelTM)

and

polyethersulfone (BiomaxTM) membranes were performed by simply soaking the
membrane in the protein solution for approximately 12 hours. The membrane was then
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gently rinsed as described above to remove any labile protein prior to evaluating the
permeability. The extent of adsorption was determined based on the difference in the
permeability of the membrane before and after soaking the membrane in protein solution.

10.2.3 Protein Characterization
The molecular weight of the BSA and PEGylated BSA solutions were determined
by size exclusion chromatography using an Agilent 1100 HPLC system with a Superdex
200 column as described in Chapter 3. Protein detection was by UV absorbance at
280 nm, with the UV detector used in series with an Agilent 1100 series refractive index
detector to detect any free PEG.
Protein electrophoretic mobilities were determined using a G1600A High
Performance Capillary Electrophoresis instrument as described in Chapter 3. Fused silica
capillaries (inner diameter = 50 μm, total length = 80.5 cm) were used with an applied
voltage of 25 kV and a running buffer of 10 mM Bis Tris at pH 7.0.
Hydrophobic interactions of the BSA and PEGylated BSA were characterized by
reverse-phase HPLC using a Symmetry TM 300 C4 column (4.6 mm × 50 mm, 30 nm pore
size, 5 μm particle size from Waters, Milford, MA) as described in Chapter 3. The
molecules were eluted with a linear gradient between water and acetonitrile each with
0.1% TFA.
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10.3 Results
10.3.1 Regenerated Cellulose Membranes
Typical experimental data for the normalized filtrate flux as a function of time for
the ultrafiltration of BSA and the 12 kDa PEGylated BSA through 100 kDa nominal
molecular weight cut-off UtracelTM membranes at a constant pressure of 35 kPa (5 psi)
and 140 kPa (20 psi) are shown in the top and bottom panels of Figure 10.1. A separate
membrane was used for each protein / pressure. Two repeat experiments with the 12 kDa
PEGylated BSA are shown at the higher pressure, with the measured flux being nearly
identical (within 10%) throughout the ultrafiltration. The reproducibility was excellent
for both the native and PEGylated BSA for all experimental conditions tested. In each
case, the data are normalized by the buffer flux evaluated immediately prior to the protein
ultrafiltration at the same transmembrane pressure. The filtrate flux at 35 kPa was
slightly greater for the 12 kDa PEGylated BSA although the differences were relatively
small. For both the protein and PEGylated protein, there was a small decline in flux over
the course of the filtration, with the flux decreasing by about 40%. The average sieving
coefficients for both proteins at 35 kPa were greater than 0.9; thus, there was relatively
little accumulation of protein in the stirred cell during these experiments. Immediately
after each protein filtration experiment, the stirred cell was emptied and re-filled with 10
mM Bis Tris buffer. The filtrate flux for the protein-free buffer (shown as the second set
of data immediately after the protein ultrafiltration) was approximately 5~13% smaller
than the buffer flux evaluated with the clean membrane (Jo = 122 μm/s), suggesting that
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there was relatively little irreversible protein fouling during the ultrafiltration experiments
with the UltracelTM membranes under these conditions.

Figure 10.1.

Flux decline for ultrafiltration of 1 g/L solutions of native BSA and the 12 kDa
PEGylated BSA at pH 7 and 10 mM ionic strength through 100 kDa UltracelTM
membranes at a constant pressure of 35 kPa (upper panel) and 140 kPa (lower panel).
Data for t > 1800 s (upper panel) and t > 5400 s (lower panel) are the buffer flux
through the fouled membranes.
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The results at a pressure of 140 kPa (bottom panel in Figure 10.1) are
qualitatively similar to those at 35 kPa, with the flux for the 12 kDa PEGylated BSA
being significantly greater than that for the native BSA over the first 1500 s and then
remaining approximately 6 % larger at t > 2400 s. However, the rate of flux decline was
much more pronounced at the higher pressure, with the flux for the 12 kDa PEGylated
BSA decreasing by nearly a factor of 5 over the 90 minute ultrafiltration. The final
fluxes for both the 12 kDa PEGylated BSA and the native BSA were similar to those
obtained at the lower pressure (despite the large differences in the normalized flux). For
example, the flux with the 12 kDa PEGylated BSA at ∆P = 35 kPa was 75 μm/s
compared to 78 μm/s at the higher pressure. The lack of any significant dependence on
the applied pressure is consistent with the classical concentration polarization
phenomenon, with the steady-state flux determined by the balance between the
convective flow towards the membrane and the rate of mass transfer back into the bulk
solution. The sieving coefficient of the 12 kDa PEGylated BSA was slightly smaller at
140 kPa (So = 0.85) compared to that at 35 kPa (So = 0.94), with similar results for the
BSA.
The buffer flux after protein ultrafiltration at 140 kPa began at a value similar to
that for the clean membrane, but there was a distinct decline in buffer flux over the next
20 min. The final (essentially steady-state) buffer flux through the membrane that was
used to filter the 12 kDa PEGylated BSA was 208 μm/s, which is 44 % smaller than the
buffer flux through the clean membrane. The small decline in buffer flux with time may
reflect the slow compression of a protein deposit on the membrane surface, with the data
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clearly suggesting that the deposit formed with the 12 kDa PEGylated BSA was less
permeable than the deposit formed with the native BSA.
Additional insights into the contributions of fouling and concentration
polarization were obtained using 30 kDa UltracelTM membranes that were fully retentive
to both BSA and the PEGylated BSA. Filtrate flux data at 120 kPa (18 psi) are shown in
Figure 10.2. In contrast to the results in Figure 10.1, the greatest filtrate flux was
obtained with the native BSA, with the flux at t = 60 min approximately twice that for the
12 kDa PEGylated BSA. This is exactly opposite the results seen with the 100 kDa
membrane where the 12 kDa PEGylated BSA had the greatest flux (top and bottom
panels of Figure 10.1). The buffer flux after the protein ultrafiltration was nearly equal to
that of the clean membrane for the BSA, while the membrane that was used to filter the
12 kDa PEGylated BSA showed a significant amount of fouling (approximately 40%
reduction in buffer flux). The fouling seen with the 12 kDa PEGylated BSA may be
related to the hydrophobicity of the PEGylated protein, something that is discussed in
more detail in the next section.
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Figure 10.2.

Flux decline for ultrafiltration of 1 g/L solutions of native BSA and the 12 kDa
PEGylated BSA at pH 7 and 10 mM ionic strength through 30 kDa UltracelTM
membranes at a constant pressure of 120 kPa. Data for t > 3600 s are the buffer flux
through the fouled membranes.

The higher flux for the BSA relative to the PEGylated BSA through the 30 kDa
membrane is likely due to differences in concentration polarization arising from the
reduction in protein diffusion coefficient associated with the attachment of the poly
ethylene glycol. From the results in Chapter 5, the hydrodynamic radii of the BSA and
the 12 kDa PEGylated BSA are 3.3 nm and 5.1 nm as determined using size exclusion
chromatography. This difference in protein size would correspond to a difference in
mass transfer coefficient (km) of approximately 20 % between BSA and the 12 kDa
PEGylated BSA assuming that the diffusion coefficient varies as 1/Rh and that km varies
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as D∞2/3 based on available correlations for mass transfer in stirred cells (discussed in
Chapter 2). This reduction in mass transfer coefficient should lead to a corresponding
decrease in the filtrate flux as given by Equation 2.2. In contrast, the long-time flux with
BSA (Jv = 58 μm/s) was more than a factor of two larger than that obtained with the
12 kDa PEGylated BSA, which is likely due to the greater degree of fouling with the
12 kDa PEGylated BSA (as shown by the lower buffer flux through the fouled
membrane).
The results for the UltracelTM membranes are summarized in Table 10.1, which
also shows data for a corresponding set of experiments performed with the 5 kDa
PEGylated BSA generated in our laboratory. This PEGylated BSA had an average
effective size of about 5.3 nm (determined by size exclusion chromatography), which is
greater than that of the 12 kDa PEGylated BSA due to the attachment of approximately
three PEG chains per protein. The membrane resistance (Rm) is simply equal to the
reciprocal of the clean membrane permeability. The resistance of the fouling layer (Rf)
was determined from the resistance of the fouled membrane (determined after rinsing
with DI water and buffer to remove any labile protein from the boundary layer)
subtracting off the resistance of the clean membrane.

The fouling resistance thus

accounts for the increase in resistance due to both internal membrane fouling and the
formation of a stable cake / gel layer on the membrane surface. The resistance of the
polarization layer (final column in Table 10.1) was evaluated from the steady-state
protein flux (Jss) using the resistance in series model:
Rp =

ΔP
− Rm − R f
μJ ss

(10.3)
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Table 10.1. Membrane, fouling layer, and polarization resistances through UltracelTM membranes.
UltracelTM
Membranes

30 kDa

100 kDa

Pressure

Protein

(kPa)

Jss

JB

Rm

5

5

-11

(×10 m/s)

(×10 m/s)

(×10

Rf
-1

m )

(×10

-11

Rp
-1

m )

(×10-11 m-1)

140

BSA

5.8

9.1

13.3

0.8

8.1

120

12 kDa PEG-BSA

2.7

6.0

13.0

8.4

26.1

130

5kDa PEG-BSA

4.0

9.0

12.9

1.2

17.8

34

BSA

7.0

11.1

3.0

0.3

1.9

35

12 kDa PEG-BSA

7.4

10.7

2.9

0.4

1.5

39

5kDa PEG-BSA

4.6

11.7

2.9

0.2

4.7

140

BSA

7.1

26.0

3.8

1.8

14.9

130

12 kDa PEG-BSA

7.8

20.7

3.8

3.2

11.6

130

5kDa PEG-BSA

4.8

29.7

3.7

1.2

24.9

The resistance of the fouling layer on the 30 kDa membranes is lowest for the
experiment with BSA and highest for the experiment with the 12 kDa PEGylated BSA,
with similar behavior seen for the 100 kDa membrane. The Rf values for the experiments
with BSA and the 5 kDa PEGylated BSA are much larger with the 100 kDa membrane,
which probably reflects the presence of both internal and external fouling of the larger
pore size membrane. This effect was not seen with the 12 kDa PEGylated BSA; the
reason for this difference is unclear. The polarization layer resistances for the 5 and 12
kDa PEGylated BSA with the 30 kDa membrane were both significantly greater than that
for BSA, which is consistent with the smaller mass transfer coefficients for the
PEGylated proteins. The 5 kDa PEGylated BSA had the highest Rp for the 100 kDa
membrane; however, the Rp values for BSA and the 12 kDa PEGylated BSA for the 100
kDa membrane were similar, which may simply reflect the very low degree of protein
retention (around 10 %) with the 100 kDa UltracelTM membranes.
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10.3.2 Polyethersulfone Membranes
Filtrate flux data for BSA and PEGylated BSA through 100 kDa BiomaxTM
polyethersulfone membranes are shown in Figure 10.3 for ultrafiltration at a constant
pressure of 28 kPa (4 psi).

This slightly lower pressure was used to achieve

approximately the same initial buffer flux (Jo = 125 μm/s) as that for the UltracelTM
membranes at 35 kPa (top panel of Figure 10.1). In contrast to the data with the 100 kDa
UltracelTM membrane, the filtrate flux was greater for the BSA. In addition, the buffer
flux through the BiomaxTM membranes after protein ultrafiltration was approximately a
factor of two smaller than the buffer flux through the clean membranes, indicating that
there was a significant amount of fouling during ultrafiltration through the BiomaxTM
membranes. The extent of fouling for the BiomaxTM membranes with the BSA and
PEGylated BSA were similar, with somewhat greater fouling seen for the membrane used
to filter the 12 kDa PEGylated BSA. The average sieving coefficient of the BSA was
0.09 while the sieving coefficient of the 12 kDa PEGylated BSA was 0.22, even though
the PEGylated protein is approximately 35 % larger than the native BSA. This difference
may be due to the greater degree of concentration polarization of the 12 kDa PEGylated
BSA associated with the smaller mass transfer coefficient of the larger molecule in
addition to possible deformation of the PEGylated protein (discussed in Chapter 7). The
significantly smaller sieving coefficients of the BSA and PEGylated BSA for the
BiomaxTM membrane compared to the UltracelTM membrane is probably a result of the
higher degree of fouling with the BiomaxTM membranes.
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Figure 10.3.

Flux decline for ultrafiltration of 1 g/L solutions of native BSA and the 12 kDa
PEGylated BSA at pH 7 and 10 mM ionic strength through 100 kDa BiomaxTM
membranes at a constant pressure of 28 kPa. Data for t > 1800 s are the buffer flux
through the fouled membranes.

Similar data for protein ultrafiltration through the 300 kDa BiomaxTM membrane
are shown in Figure 10.4. Protein transmission through the 300 kDa membrane was quite
high, with greater than 90% transmission of both BSA and the PEGylated BSA. The
filtrate flux data for the 300 kDa membrane were qualitatively similar to the results for
the 100 kDa membrane, with the greatest flux seen with BSA. However, the buffer flux
after protein ultrafiltration show distinct differences; the membrane used with BSA had a
buffer flux that was 2.7 times the value obtained with the membrane used with the
12 kDa PEGylated BSA. These data clearly indicate that the PEGylated protein causes
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much greater fouling than the native BSA during ultrafiltration through the larger pore
size 300 kDa BiomaxTM membrane.

Figure 10.4.

Flux decline for ultrafiltration of 1 g/L solutions of native BSA and the 12 kDa
PEGylated BSA at pH 7 and 10 mM ionic strength through the 300 kDa BiomaxTM
membranes at a constant pressure of 14 kPa. Data for t > 3600 s are the buffer flux
through the fouled membranes.

The calculated values of the membrane resistance (Rm), the fouling layer
resistance (Rf), and the polarization layer resistance (Rp) for the experiments with the 100
kDa and 300 kDa BiomaxTM membranes are shown in Table 10.2. The polarization layer
resistance for the 100 kDa membrane is lowest for the BSA and greatest for the 5 kDa
PEGylated BSA, consistent with the differences in the effective size (and mass transfer
coefficients) of these proteins: Rh = 3.3 nm for BSA, 5.1 nm for the 12 kDa PEGylated
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BSA, and 5.3 nm for the 5 kDa PEGylated BSA as determined by size exclusion
chromatography. Similar behavior is seen with the 300 kDa membrane, although the
polarization layer resistance is quite small due to the relatively low degree of protein
retention with this large pore size membrane. The fouling layer resistance is greatest for
the 12 kDa PEGylated BSA and lowest for the BSA on both the 100 and 300 kDa
membranes, which is similar to the behavior seen with the UltracelTM membranes.

Table 10.2. Membrane, fouling layer, and polarization resistances for ultrafiltration experiments
with BiomaxTM membranes
Biomax

TM

Membranes
100kDa

300kDa

Pressure

Protein

Jss

JB

Rm

Rf

Rp

(kPa)
28

BSA

(×105 m/s)
4.1

(×105 m/s)
5.4

(×10-11 m-1)
2.3

(×10-11 m-1)
3.0

(×10-11 m-1)
1.7

28

12 kDa PEG-BSA

3.1

4.3

2.3

4.4

2.6

33

5kDa PEG-BSA

3.0

4.6

2.3

3.9

3.3

14

BSA

8.2

12.2

0.5

0.7

0.6

14

12 kDa PEG-BSA

3.8

4.5

0.4

2.8

0.6

14

5kDa PEG-BSA

5.9

9.2

0.4

1.1

0.9

Although the greater fouling of the PEGylated proteins may be due, at least in
part, to the increase in size (and therefore retention) caused by the attachment of the
polyethylene glycol chain, the large difference in Rf values for the 300 kDa BiomaxTM
membranes (which had little retention even for the large PEGylated proteins) suggests
that size may not be the dominant factor governing this behavior. Further insights into
the fouling characteristics were obtained using reverse phase chromatography, which
provides a measure of the relative hydrophobicity (balance of van der Waals and
hydrogen bonding forces) of a protein. Results are shown in Figure 10.5 for BSA and the
12 kDa PEGylated BSA using a C4 column. The PEGylated protein eluted considerably
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after the native BSA, corresponding to a greater acetonitrile concentration, indicating that
the BSA had a stronger interaction with hydrophilic mobile phase than the PEGylated
BSA. Similar results have been reported by Hu et al. (2005) for PEGylated hemoglobin
and by Zhang et al. (2007) for PEGylated insulin. This behavior is also consistent with
previous studies of polyethylene glycol adsorption to hydrophobic surfaces, which have
clearly demonstrated that PEG chains do have a significant hydrophobic character
(Leininger et al., 2004; Pagac et al., 1997).

Figure 10.5.

Reverse phase chromatography for BSA and the 12 kDa PEGylated BSA on a C4
column using a gradient of trifluoroacetic acid (TFA) in water and TFA in
acetonitrile.

The greater hydrophobicity of the PEGylated protein compared to the native BSA
may be the cause of the greater degree of fouling seen during ultrafiltration of the
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PEGylated BSA through the more hydrophobic BiomaxTM polyethersulfone membranes.
Additional insights into the effect of the protein hydrophobicity were obtained by
measuring the extent of protein adsorption to the polyethersulfone membranes. In this
case, the hydraulic permeability was evaluated before and after soaking the membrane in
1 g/L solutions of the different proteins for 24 hr at pH 7 (in the absence of any
ultrafiltration). BSA adsorption caused a 43% reduction in the permeability of the 100
kDa BiomaxTM membrane, while the 12 kDa PEGylated BSA caused a 51% reduction in
permeability, consistent with the greater hydrophobicity of the PEGylated protein. In
contrast, the permeability of the UltracelTM membranes were largely unaffected by
adsorption of either BSA or PEGylated BSA; the permeability after protein adsorption
was always within 10% of the clean membrane permeability.

10.3.3 Electrostatic Interactions
In addition to hydrophobicity, previous studies have clearly demonstrated the
importance of electrostatic interactions on membrane fouling (Palacio et al., 2003). In
order to explore these effects, ultrafiltration experiments were performed at various ionic
strengths and solution pH with results at pH 4.8 (near the isoelectric point of native BSA)
and pH 7 (where BSA has a significant negative charge) shown in Figure 10.6 for both
BSA (top panel) and the 5 kDa PEGylated BSA (bottom panel). The filtrate flux with the
native BSA was a strong function of solution conditions, with the greatest flux attained at
pH 7 and low salt concentration, conditions which maximize electrostatic interactions. In
addition, the extent of membrane fouling was also a function of solution conditions, with
the membrane used at the protein isoelectric point having the smallest buffer flux after
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the protein ultrafiltration. In contrast, the flux and fouling characteristics of the 5 kDa
PEGylated BSA (bottom panel) were largely independent of solution conditions,
indicating that the poly(ethylene glycol) chains significantly reduce the effects of
electrostatic interactions on protein adsorption.
The results from the membrane fouling experiments are consistent with the data
obtained in Chapter 6 for the electrophoretic mobility, with the mobility of the PEGylated
proteins decreasing as the size of the molecule increases (due to the addition of the PEG
chains). For example the electrophoretic mobility of BSA was -15 ± 1 x 10-9 m2 V-1 s-1,
which is approximately 40% larger than the electrophoretic mobility of the two
PEGylated proteins (-11 ± 1 x 10-9 m2 V-1 s-1 for the 12 kDa PEGylated BSA and -10 ± 1
x 10-9 m2 V-1 s-1 for the 5 kDa PEGylated BSA) using a Bis Tris pH 7.0 and 10 mM ionic
strength buffer.
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Figure 10.6. Effect of solution pH and salt concentration on the flux decline for BSA (top panel) and
the 5 kDa PEGylated BSA (bottom panel) through 100 kDa BiomaxTM membranes at a
constant pressure of 103 kPa. Data for t > 5400 s are the buffer flux through the fouled
membranes.
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10.4 Conclusions
The data obtained in this chapter provide the first experimental results for the
effects of PEGylation on the fouling characteristics during ultrafiltration using
hydrophilic regenerated cellulose (UltracelTM) membranes and more hydrophobic
polyethersulfone (BiomaxTM) membranes.

There was relatively little fouling of the

UltracelTM membranes by the BSA or PEGylated BSA, with the flux dominated by
concentration polarization effects. In this case, the increase in size of the PEGylated
protein caused an increase in the extent of protein retention and a reduction in the protein
mass transfer coefficient, both of which contribute to a lower value of the filtrate flux.
There was some protein fouling of the UltracelTM membranes at high pressures,
particularly with the PEGylated BSA, which is consistent with the greater hydrophobicity
and greater retention of the PEGylated protein.
The filtration behavior with the BiomaxTM membranes was more complex. There
was a considerable amount of protein fouling with the polyethersulfone BiomaxTM
membranes under all conditions. The greater fouling seen with the PEGylated BSA is
likely due to the greater size and hydrophobic interactions, both of which are a direct
result of the attached poly(ethylene glycol) chains. For example, the resistance of the
fouling layer formed on the 300 kDa membrane with the 12 kDa PEGylated BSA was 8
times that of the fouling layer formed with native BSA. In addition, the PEG shields
electrostatic interactions between the proteins and membrane, significantly reducing the
effects of solution pH and salt concentration on protein adsorption and fouling compared
to that observed with the native protein. Future studies will be needed to determine the
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implications of this increase in fouling on membrane cleaning / regeneration and
membrane lifetime.
The increase in hydrophobic interactions of the PEGylated proteins is somewhat
counterintuitive since PEG is typically considered to be hydrophilic (Li and Kao, 2003;
Makino et al., 1999; Shi et al., 2007). However, the increase in elution time for the
PEGylated BSA on the C4 column was very significant, and this behavior is consistent
with previous results using PEGylated hemoglobin (Hu et al., 2005) and PEGylated
insulin (Zhang et al., 2007).

This increase in hydrophobic interactions could have

significant implications in the downstream processing of PEGylated proteins, particularly
for filtration steps that utilize hydrophobic membranes that are more susceptible to
fouling by hydrophobic species.
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Chapter 11
CONCLUSIONS AND FUTURE WORK

11.1 Introduction
There is a growing clinical interest in the use of PEGylated recombinant proteins
with enhanced stability, half-life, and bioavailability. One of the critical issues in the
large-scale commercial production of these second generation biotherapeutics is the need
for high resolution and high throughput purification processes. This thesis provides the
first comprehensive study of the use of membrane ultrafiltration to purify PEGylated
proteins. The experimental and theoretical studies clearly demonstrated the importance
of both steric (size-based) and electrostatic interactions in determining the transmission
of PEGylated proteins through semipermeable ultrafiltration membranes.

Sieving

coefficient data were in good agreement with model calculations with key physical
parameters evaluated independently using size exclusion chromatography and capillary
electrophoresis. Data from small-scale ultrafiltration experiments were used to design a
two-stage diafiltration process that provided effective purification of the PEGylated
product from unreacted protein and hydrolyzed polyethylene glycol. The following
subsections summarize the key results and conclusions from each chapter of this thesis.
Recommendations for future work are also discussed.
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11.2 PEGylation Reactions
PEGylated proteins were produced using PEG activated n-hydroxylsuccinimide
esters (mPEG-SPA or mPEG-SMB) which react with terminal amine groups (primarily
on the lysine amino acids). Reactions were performed over a range of experimental
conditions, with the data analyzed using a simple kinetic model assuming that the rate of
each reaction was first order in each reactant. The rate constants for the PEGylation
reactions decreased as more PEG was added to the protein due to the lower accessibility
and / or reactivity of the subsequent PEGylation sites. The mPEG-SPA had significantly
higher rate constants for the PEGylation reaction than the mPEG-SMB, but the rates of
hydrolysis of the activated PEGs were similar. The yield of PEGylated protein was
increased by using high concentrations of the protein and PEG reactants while keeping
the molar ratio of PEG to protein constant, although the selectivity for a given PEGylated
protein product, e.g., the singly PEGylated species, was largely unaffected by the reactant
concentrations.

The extent of reaction was relatively independent of pH and ionic

strength, although more detailed analysis would be needed to quantify the dependence of
the rate constants on solution conditions. These reaction studies were used to identify
robust conditions for the production of a PEGylated protein solution with consistent
composition, which was critical for use in the characterization and separation
experiments performed throughout the rest of the thesis.
Two different reaction schemes were examined to potentially increase the
selectivity for production of the desired, typically the singly, PEGylated protein product.
A fed-batch reaction system was examined in which PEG was added to the reactor in
small consecutive increments.

The fed-batch and batch systems were predicted to
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provide equivalent yield of the singly PEGylated protein using the first-order kinetic
model, and this was confirmed experimentally using a 10 kDa mPEG-SPA. Data were
also obtained using a combined reaction-separation scheme in which the PEGylated
protein and unreacted PEG were separated from the protein (α-lactalbumin), which was
collected in the filtrate and recycled for additional reaction. Model calculations showed
that this type of reaction-separation process has the potential to provide higher yields of a
desired singly PEGylated product compared to the more highly substituted PEGylated
species. However, the selectivity for the singly PEGylated species was only marginally
increased by using the reaction-separation scheme due to the incomplete separation of the
PEGylated product, PEG, and unreacted α-lactalbumin by the diafiltration process.

11.3 Size Characterization
The experimental studies in Chapter 5 examined the effects of PEGylation on the
effective protein size using size exclusion chromatography and dynamic light scattering.
The addition of one or more PEG chains greatly increased the effective size of the
protein, with the effective size of the PEGylated protein depending only on the molecular
weight of the protein and total added PEG, independent of the configuration of the PEG
chains (i.e., the number of PEG branches). A simple empirical correlation was developed
for the effective size based on the molecular weight of the PEG and protein components.
It was also possible to analyze the size of the PEGylated protein using simple geometric
models, but data for additional proteins (including PEGylated proteins formed with very
small PEG adducts) would be needed to identify the most appropriate geometric
description.
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The hydrodynamic radii of the PEGylated proteins were also determined by
dynamic light scattering. The results were in agreement with the size determined by size
exclusion chromatography, demonstrating the viability of the two methods. However, the
dynamic light scattering measurements were only successful when using fairly pure feed
solutions consisting of only a single PEGylated species, e.g., a protein with only one PEG
chain. Light scattering data obtained with mixtures of proteins with different extents of
PEGylation or with significant amounts of un-reacted PEG or protein were difficult to
interpret and did not provide any useful information on the size (or size distribution) of
the PEGylated proteins.

11.4 Charge Characterization
Capillary electrophoresis was used to examine the electrophoretic mobility of the
PEGylated proteins with the data used to develop a better understanding of the surface
charge characteristics of these protein-polymer conjugates.

The mobility of the

PEGylated α-lactalbumin decreased upon the addition of one or more PEG groups. In
contrast, data obtained with acetylated proteins, formed by reaction of acetic anhydride
with the same lysine amino groups involved in PEGylation, showed an increase in the
electrophoretic mobility with increasing degree of acetylation. The change in mobility
associated with PEGylation is caused by both the increase in size, and thus the
hydrodynamic drag, and also the increase in net negative charge due to the removal of
one or more positively-charged amines on the lysine residues.

For the conditions

examined in this study, the increase in hydrodynamic drag dominated the increase in
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charge, resulting in a significant reduction in the electrophoretic mobility for the
PEGylated proteins.
The experimental data for the electrophoretic mobility were analyzed by
calculating the drag ratio, defined as the electrophoretic mobility of the PEGylated
protein to the corresponding mobility of the acetylated molecule with the same number of
substitutions. Data for the drag ratio of the different PEGylated proteins collapse to a
single curve when plotted as a function of the hydrodynamic radius evaluated from size
exclusion chromatography. The experimental values for the electrophoretic mobility
were in good agreement with a simple model in which the PEGylated protein is treated as
a composite sphere, with the electrical potential at the surface of shear evaluated by
solving the linearized Poisson-Boltzmann equation under conditions where the Debye
length in the PEG layer is much larger than the Debye length in the bulk solution. This
model was mathematically equivalent to assuming that the electrical charges on the
protein core were simply distributed on the external surface of the PEGylated protein as
proposed previously by Sharma and Carbeck (2005). The large value of the Debye
length in the PEG layer is consistent with thermodynamic data on the partitioning of salts
in aqueous two-phase systems employing salt – PEG mixtures, although future studies
will be required to quantify the importance of salt partitioning in determining the physical
properties of PEGylated proteins. The electrophoretic mobility data provide no evidence
of charge shielding by the PEG groups (beyond the elimination of positively-charged
lysine amino groups due to the PEGylation reaction itself).
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11.5 Ultrafiltration and PEG Elongation Effects
Experimental data were obtained for the sieving coefficients for a series of
PEGylated proteins through different pore size ultrafiltration membranes. At low filtrate
flux, PEGylation reduces the protein sieving coefficient due to an increase in the effective
size associated with the long PEG chains. This effect is quite dramatic due to the very
open structure of the PEG (compared to that of a globular protein). For example, the
sieving coefficient of PEGylated α-lactalbumin with a single 5 kDa PEG chain (total
molecular weight of 19.6 kDa) is more than a factor of 4 smaller than that of the native
protein (MW = 14.6 kDa) when using a 30 kDa UltracelTM membrane at a flux of 6 μm/s.
The measured sieving coefficients at low filtrate flux are in good agreement with
available hydrodynamic models for hard sphere solutes, with the effective size of the
PEGylated protein determined from the measured partition coefficient in size exclusion
chromatography.
In contrast to the behavior at low filtrate flux, the sieving coefficient at high flux
depends on the number of attached PEG chains in addition to the total molecular weight
of the PEGylated protein. It is important to recognize that a higher degree of sieving is
observed than expected based on the results predicted by the hard sphere model for
PEGylated molecules with long PEG chains. This behavior appears to be associated with
the deformation of the PEG chains in the converging flow into the membrane pores.
Deformation of the PEGylated proteins is not observed in a capillary electrophoresis
system with a similar or higher velocity than that found in the ultrafiltration system. In
ultrafiltration, PEGylated proteins with a greater number of PEG branches have smaller
sieving coefficients than the corresponding proteins with the same total molecular weight
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of PEG but with fewer PEG groups due to the greater elongation of the long PEG chains.
For example, the observed sieving coefficient through a 30 kDa UltracelTM membrane for
the PEGylated α-lactalbumin with four 5 kDa PEG chains at a flux of 16 μm/s was more
than an order of magnitude smaller than that for the PEGylated α-lactalbumin with two
10 kDa PEG chains even though these species have the same total mass of attached PEG
and thus the same effective size as determined by size exclusion chromatography.
The effect of filtrate flux on the sieving characteristics of the PEGylated proteins
was consistent with that predicted using available models for polymer elongation
developed from a simple scaling analysis based on the time constant for the flow field
and the characteristic time for polymer relaxation. However, the critical Deborah number
for elongation of the PEGylated proteins was about 4 orders of magnitude smaller than
that expected based on the scaling analysis. It is possible that this discrepancy may be
directly related to the covalent attachment of one end of the PEG chain to the protein,
which could cause a large reduction in the polymer relaxation time. Alternatively, the
experimental data are consistent with an early orientation (and elongation) of the PEG
chain due to the strong hydrodynamic drag on the protein part of the polymer-protein
conjugate. Additional studies will be needed to fully understand the effects of molecular
flexibility and elongation on the ultrafiltration characteristics of these important secondgeneration biotherapeutics.
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11.6 Ultrafiltration and Electrostatic Effects
Although a number of previous studies have shown the importance of electrostatic
interactions during protein ultrafiltration using charged membranes, the data obtained in
Chapter 8 provide the first experimental measurements of electrostatic effects during
ultrafiltration of PEGylated proteins.

Experiments were performed using negatively

charged membranes generated by covalent attachment of sulfonic acid groups to the base
cellulose membrane. Data were obtained over a range of ionic strength, solution pH, and
membrane surface charge density to control the magnitude of the electrostatic
interactions. The transmission of the PEGylated proteins was drastically reduced when
using the negatively-charged membranes at low ionic strength due to the strong
electrostatic repulsion under these conditions. For example, decreasing the ionic strength
from 200 to 2.3 mM caused more than a two order of magnitude reduction in the sieving
coefficient of the PEGylated α-lactalbumin with four 5 kDa PEGylated groups; there was
no significant change in the sieving coefficient of the neutral PEG over the same
conditions.

Similar effects were seen in response to changes in solution pH and

membrane charging time.
The sieving coefficient data for the PEGylated proteins were in good agreement
with model predictions accounting for the change in free energy arising from the
partitioning of a charged sphere into a charged cylindrical pore.

The key model

parameters were all determined using independent experimental measurements or
theoretical analyses: the membrane pore size distribution was evaluated from dextran
sieving profiles, the membrane surface charge density was evaluated from streaming
potential measurements, the protein charge was evaluated from the amino acid sequence
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(as confirmed by measurements of the electrophoretic mobility), and the effective protein
size was evaluated from the partition coefficient in size exclusion chromatography. The
model does tend to slightly under predict the sieving coefficient at low ionic strength,
which could be due to errors in some of the key model parameters, e.g., the presence of
some very large pores (beyond that predicted by the log-normal pore size distribution).
Alternatively, this discrepancy might reflect underlying simplifications in the theoretical
model. In particular, the model neglected the effects of charge regulation, which can lead
to changes in protein (and membrane) surface charge due to the change in local pH
arising from the preferential partitioning of the positively-charged H+ ions into the region
of high negative electrical potential between the PEGylated protein and the pore wall.
The ability to control the transmission of PEGylated proteins by altering the
surface charge on the ultrafiltration membrane can potentially be exploited for enhanced
ultrafiltration processes. For example, it should be possible to use a larger pore size
membrane, with larger hydraulic permeability and greater ability to clear small
impurities, for enhanced concentration and buffer exchange. In this case, the use of a
negatively-charged membrane would provide the high rejection of the negatively charged
PEGylated protein needed to minimize loss of valuable product due to the strong
electrostatic repulsion between the PEGylated protein and the membrane pores.
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11.7 Purification of PEGylated Proteins
The separation of PEGylated proteins from unreacted precursors is often a critical
step in the overall purification of PEGylated protein products. Previous studies have
focused on the use of ion exchange chromatography, but the dynamic binding capacity
for PEGylated proteins is typically very small due to the steric hindrance provided by the
long PEG chains (Pabst et al., 2007). Size exclusion chromatography does provide good
resolution for the purification of PEGylated proteins, but preparative size exclusion
chromatography systems tend to be cumbersome and expensive. The results obtained in
Chapter 9 of this thesis provide the first demonstration that ultrafiltration can be used to
purify a PEGylated protein, in this case PEGylated α-lactalbumin, from the unreacted
protein and PEG precursors.
Purification of the singly PEGylated α-lactalbumin was performed using a
diafiltration mode in which the impurities were washed through the membrane and into
the filtrate solution by continuous addition of diafiltration buffer.

The appropriate

conditions for performing the diafiltration were determined from measurements of the
selectivity obtained using small scale total recycle experiments for: (a) the PEGylated
protein and the α-lactalbumin and (b) the PEGylated protein and the hydrolyzed PEG.
For example, high selectivities between the PEGylated protein and the α-lactalbumin
were obtained at a filtrate flux of 9 μm/s using a 150 mM Bis Tris buffer and a standard
30 kDa UltracelTM membrane to exploit the large size difference between these species.
The relatively low flux minimized concentration polarization effects and the elongation
of the PEG chains, both of which would tend to compromise the selectivity. It was not
possible to obtain high selectivities between the PEG and PEGylated protein using purely
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size-based separation, but these species could be separated using a negatively charged
membrane at low salt concentrations to exploit differences in electrostatic interactions.
A two-stage separation process was designed and tested for the purification of the
PEGylated α-lactalbumin. The first stage removed the native α-lactalbumin using a 30
kDa UltracelTM membrane, while the second stage removed the PEG using a charged 100
kDa UltracelTM membrane.

Selectivities of over 500 were obtained between the

PEGylated protein and the native α-lactalbumin in the first stage since these species have
very different effective sizes. Selectivities of more than 40 were obtained between the
PEGylated protein and the PEG in the second stage due to the strong electrostatic
exclusion of the negatively charged PEGylated α-lactalbumin. The two-stage diafilration
provided a final product solution that had undetectable levels of the un-reacted
α-lactalbumin and more than a 25-fold reduction in the concentration of hydrolyzed PEG.

The final yield (recovery) of the desired PEGylated protein was approximately 75%.
Much of the product loss occurred during transfer of the feed between the two membrane
stages, an effect that would be much less significant in larger scale applications of this
type of membrane separation. The yield and purification results for both stages were in
good agreement with model calculations developed from simple mass balances assuming
constant sieving coefficients for all species throughout the diafiltration.

The yield-

purification analysis provides an appropriate framework for the optimization of
membrane processes for the purification of PEGylated proteins. These results clearly
demonstrate the feasibility of using ultrafiltration systems for the purification of
PEGylated protein products, and they provide initial guidelines for the design of these
membrane systems.
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11.8 Membrane Fouling
One of the important aspects to consider in the design and operation of
ultrafiltration devices is membrane fouling. The experimental data presented in Chapter
10 provide the first published results comparing the fouling characteristics of a
PEGylated protein with that of the native protein. Experiments were performed with
bovine serum albumin using both composite regenerated cellulose and polyethersulfone
membranes. There was very little fouling of the cellulose membranes with either the
native BSA or the PEGylated BSA. Instead, most of flux decline during ultrafiltration
was associated with concentration polarization effects associated with the build-up of a
concentrated region of retained protein above the membrane. Concentration polarization
effects were more pronounced with the PEGylated BSA due to the reduction in back
mass transfer rates associated with the smaller diffusion coefficient for the large
PEGylated species. Some fouling was observed for the PEGylated proteins at the highest
filtrate flux when using the cellulose membranes, although this may simply be related to
the greater retention of the large PEGylated proteins.
In contrast to the data with the composite regenerated cellulose membranes, there
was significant fouling during ultrafiltration through the polyethersulfone membranes,
with the extent of fouling being greater for the PEGylated BSA. This increase in fouling
appears to be related to the lack of hydrophilic interactions between the PEGylated
protein and buffer solution (as determined using reverse phase chromatography) and to
the reduced electrostatic repulsion between the negatively charged polyethersulfone
membrane and the negatively charged protein attributed to the attached PEG chains. This
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physical picture is consistent with experimental data obtained over a limited range of
solution pH and ionic strength. The fouling behavior for the PEGylated BSA was nearly
independent of solution conditions while fouling by the un-modified BSA was
significantly reduced at pH well above the isoelectric point of the protein and at low ionic
strength, conditions that enhance the electrostatic repulsion.
The increase in hydrophobic interactions of the PEGylated proteins is somewhat
counterintuitive since PEG is typically considered to be hydrophilic (Li and Kao, 2003;
Makino et al., 1999; Shi et al., 2007). However, the increase in elution time for the
PEGylated BSA on the C4 reverse phase column was very significant, and this behavior
is consistent with previous results obtained with a number of other PEGylated proteins.
This increase in hydrophobic interactions could have significant implications in the
downstream processing of PEGylated proteins, particularly for filtration steps that utilize
hydrophobic membranes that are more susceptible to fouling by hydrophobic species.

11.9 Recommendations
Although the experimental studies and theoretical analyses presented in this thesis
provide important insights into the physical characteristics and ultrafiltration properties of
PEGylated proteins, there are a number of areas that are ripe for additional studies. This
includes work on the underlying properties and structure of the PEGylated proteins as
well as efforts to enhance the production and purification of these valuable secondgeneration therapeutic products. Increasing the yield of the desired PEGylated species
such as a molecule with a single PEG branch can improve the overall effectiveness of the
drug.
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The limited experimental data obtained in this thesis for the production of
PEGylated proteins using a combined reaction-separation system demonstrate that it is
possible to increase the selectivity for the desired PEGylated species by rapidly
separating the PEGylated protein from the reactants as the product is formed. Effective
implementation of this approach would require the development of an appropriate
separation strategy that would be able to effectively and rapidly separate both the PEG
and the un-reacted protein from the PEGylated protein as the product is formed. This
might be possible using the negatively charged composite regenerated cellulose
membranes that were used in the second stage of the two-stage diafiltration process
examined in Chapter 9. However, high selectivities between the PEG and the PEGylated
protein required the use of low ionic strength solutions and relatively high pH to enhance
the electrostatic exclusion of the negatively charged PEGylated product while allowing
the neutral PEG to pass into the filtrate. The optimization of this process would thus
require a more detailed understanding of the effects of solution pH and ionic strength on
both the intrinsic kinetics of the PEGylation reactions and the ultrafiltration
characteristics of the PEGylated protein. These studies should be performed with a range
of PEGylated proteins so that general strategies can be developed for the enhanced
production of desired PEGylated products.
The effective size of the PEGylated proteins is a critical factor influencing the
separation characteristics and the biological properties of these biomolecules.

The

effective size in this thesis was evaluated by measuring the partition coefficient in size
exclusion chromatography and by measuring the diffusion coefficient using dynamic
light scattering. These studies showed no measurable differences in the effective size

282

determined using these two methods even though the effects of the PEG layer might well
be different in these systems. For example, large PEGylated proteins should be able to
enter even very small pores in an SEC resin because of the conformational flexibility of
the PEG, a phenomenon that could have a significant effect on the size determined by
size exclusion chromatography. Future studies with more highly purified versions of the
PEGylated proteins, covering a wider range of PEG molecular weight and protein size,
might be able to identify differences in the effective size determined using different
experimental methods. It would also be desirable to perform these experiments over a
range of solution ionic strength and pH since these factors may also have different effects
on the diffusion coefficient and the partition coefficient.
The electrophoretic mobility data for the PEGylated α-lactalbumin were well
described using a very simple model in which the protein charge was assumed to be
located on the external surface of an effective sphere, consistent with a strong exclusion
of the salt from the PEG layer surrounding a protein core. Previous studies of salt
partitioning in aqueous two-phase systems employing PEG clearly demonstrate that
different salts can have very different interactions in these PEG-water systems. Future
studies should examine the effect of different salts on the electrophoretic mobility to
develop a more quantitative understanding of the role of salt partitioning on the
properties of the PEGylated protein. These experiments should be performed over a wide
range of solution ionic strength and extents of PEGylation to fully explore the
electrophoretic mobility behavior. These results would also make it possible to verify the
predictions of the simple model developed in this thesis for the surface potential of the
PEGylated protein in terms of the radius of the protein core and the PEG layer as well as
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the size of the Debye length within the PEG region. It might also be possible to
complement these studies of electrophoretic mobility with other direct or indirect
measures of the surface charge, e.g., by using titration or dye-binding studies.
The ultrafiltration experiments performed in this thesis indicate that the
PEGylated proteins tend to behave as effective hard spheres at low filtrate flux but there
is clear evidence that these molecules can deform with the flow when the ultrafiltration is
performed at high filtrate flux. However, the onset of PEG elongation appears to occur at
a much lower filtrate flux than would be expected based on simple scaling models
(assuming a critical Deborah number of order one).

Additional experimental and

theoretical studies are clearly needed to develop a more quantitative understanding of the
effects of molecular flexibility / elongation on the ultrafiltration characteristics of
PEGylated proteins. Experiments performed using membranes with very well defined
pore structure, such as the Nuclepore track-etched membranes that have very uniform
cylindrical pores, could provide important insights by providing greater control of the
flow due to the much lower porosity and more uniform pore size for these membranes. It
would also be useful to perform a series of experiments with PEG molecules having
different branched structures which should have very different elongational properties
than the linear PEG chains examined in this thesis.
It would also be very appropriate to try to directly examine the physical properties
of different PEGylated proteins in response to elongation forces. For example, single
molecule studies have been performed using DNA to directly observe the stretching of
the DNA polymer in response to both well-defined flow fields (e.g., in microfluidic
devices) and direct mechanical forces (e.g., using DNA molecules tethered at one end to
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a solid surface). It might be possible to perform analogous experiments using PEGylated
proteins or to add fluorescent tags to the surface of the protein and to the free end of the
PEG chain and to then track the distance between these tags through measurements of the
interactions between the excitation / fluorescence (FRET). These studies would provide
important insights into the physical structure of the PEGylated proteins that could then be
used to develop a more fundamental understanding of the ultrafiltration behavior.
All of the fouling experiments performed in this thesis used PEGylated BSA, and
most of the data was with a singly PEGylated form of this protein having a 12 kDa PEG
chain. Additional studies are needed to develop a more fundamental understanding of the
fouling mechanisms of PEGylated proteins. These studies should be performed using a
range of proteins with different extents of PEGylation, with both fully-retentive and
semi-permeable ultrafiltration membranes. The hydrophobic nature of these molecules
may be better quantified by examining changes in Gibbs free surface excess energy in
addition to the reverse phase chromatography that was used in this thesis. These studies
would help identify the importance of hydrophobicity in determining the fouling behavior
of these PEGylated species.
There is also clinical interest in the use of protein-polymer conjugates formed
with polymers other than polyethylene glycol. It would be very interesting to extend the
studies using PEGylated proteins performed in this thesis to other related systems. This
would involve both ultrafiltration experiments as well as different characterization
studies, including size exclusion chromatography, and capillary electrophoresis as was
done in this thesis. These results could be used to develop a much more quantitative
understanding of the relationship between the physical properties of these novel protein-
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polymer conjugates and their behavior during ultrafiltration. These studies would not
only be of importance for the development of separation strategies for different
therapeutic products, they may also provide a broader fundamental understanding of the
general behavior of protein-polymer conjugates.
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Appendix A
Nomenclature
Amem

= membrane area (m2)

Ap

= coefficient describing the pore double layer in the energy of interaction (-)

As

= coefficient describing the solute double layer in the energy of interaction (-)

Asp

= coefficient describing the solute-pore term in the energy of interaction (-)

A

= constant in mass transfer coefficient calculation (-)

A

= coefficient in light scattering calculation (chapter 5 only) (-)

a

= hydrodynamic radius (m)

an

= expansion coefficient for KS andKT (-)

apro

= radius of the protein (m)

b

= radius of the stirred cell (m)

bn

= expansion coefficient for KS and KT (-)

C

= local solute concentration (g/L)

Cb

= bulk solute concentration (g/L)

Cf

= filtrate solute concentration (g/L)

Ci

= ion concentration (mol/L)

Co

= initial solute concentration in diafiltration (g/L)

Cs

= solute concentration in the pore (g/L)

Cs

= radially averaged concentration (g/L)

Cw

= wall solute concentration (g/L)

c

= solution conductivity (S/cm)

Di

= ion diffusion coefficient (m2/s)

D∞

= solute diffusivity (m2/s)

De

= Deborah number (-)

d

= constant in mass transfer coefficient correlation (-)

Ez

= applied electric field (V)

F

= Faraday constant (C/mol)
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f

= frictional coefficient (kg/s)

fg

= drag force coefficient with the motion along the short (a) axes (-)

fh

= drag force coefficient with the motion along the long (b) axes (-)

fperm

= permeability factor (m-1)

G

= hydrodynamic lag coefficient (-)

G

= homodyne intensity-intensity auto correlation function (Chapter 5 only) (-)

g

= effective spheroid diameter (the larger diameter of the PEG or protein) (m)

H

= Henry correction factor (-)

h

= spheroid length (equal to the diameters of the PEG and protein component) (m)

I

= ionic strength (mol/L)

I1

= modified Bessel Function of the first kind of order 1 (-)

I2

= modified Bessel Function of the first kind of order 2 (-)

Jv

= filtrate flux (m/s)

K

= enhanced drag coefficient (-)

Ka

= dissociation constant (-)

Kc

= hindrance factor for convection (-)

Kd

= hindrance factor for diffusion (-)

Ks

= hydrodynamic function describing convection

Kt

= hydrodynamic function describing convection and diffusion

K1

= modified Bessel Function of the second kind of order 1 (-)

kB

= Boltzmann’s constant (J/K)

ki

= kinetic rate constant for PEGylation reactions (mol-1min-1)

km

= solute mass transfer coefficient (m/s)

Ld

= length of the capillary to detector (m)

Lp

= hydraulic permeability (m)

MW

= solute molecular weight (Da)

N

= number of diavolumes (-)

Ns

= average solute flux through pore (m/s)

Ns

= radially averaged solute flux (m/s)

n

= number of pores (-)

ni

= total number of titratable species (-)
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n0

= refractive index of the medium (-)

nRI

= total RI response (-)

dn/dc = specific RI response (nRIU/g/L)
P

= purification factor (-)

Pe

= Peclet number (-)

Qp

= flow rate through a single pore (m3/s)

q

= charge on a particle (C)

q

= scattering vector (Chapter 5 only) (-)

qp

= constant surface charge density of the pore (C/m2)

qs

= constant surface charge density of the solute (C/m2)

qsurface = charge of the protein surface (C)
R

= ideal gas constant (J mol-1 K-1)

Rh

= protein hydrodynamic radius (m)

RG

= radius of gyration (m)

RPEG

= hydrodynamic radius of PEG (m)

RPro

= hydrodynamic radius of protein (m)

Rp

= particle radius (m)

Ri

= radius of sphere i (m)

Reff

= effective hydrodynamic radius (m)

RT

= retention times in capillary electrophoresis (s)

Rm

= resistance associated with the membrane (m-1)

Rc

= resistance of the cake layer (m-1)

Rf

= resistance of the fouling layer (m-1)

Rp

= resistance of the polarization layer (m-1)

Re

= Reynolds number (-)

r

= radial position within the pore (m)

ri

= number of dissociated groups (-)

rp

= pore radius (m)

r

= mean pore radius (m)

S

= peak resolution (-)

Sa

= actual sieving coeffient (-)

315

So

= observed sieving coefficient (-)

Sh

= Sherwood number (-)

S1

= observed sieving coefficient for an undeformed protein (-)

S2

= observed sieving coefficient for the PEGylated protein at very high flux (-)

s

= radius of the PEGylated protein (m)

T

= absolute temperature (K)

t

= time needed for solute to reach capillary electrophoresis detector (s)

to

= time needed for neutral marker to reach capillary electrophoresis detector (s)

to

= initial time (light scattering – Chapter 5 only) (s)

V

= fluid velocity (m/s)

V

= average fluid velocity through the membrane (m/s)

V

= radially averaged velocity (m/s)

Vi

= interstitial (excluded) volume (L)

Vsys

= system volume (L)

Vr

= retention volume of the species of interest (L)

Vv

= total void volume (L)

Vσ

= dimensionless interaction energy (-)

vz

= axial velocity (m/s)

½W

= peak width at half height (s)

Y

= product yield (-)

z

= distance above the membrane (m)

zi

= ion valence (-)

Greek Symbols

β

= dimensionless radial position (-)

β0

= prefactor in the autocorrelation function (-)

χ

= scaled sieving coefficient (-)

ΔP

= transmembrane pressure (kPa)

ΔΠ

= osmotic pressure difference across the membrane (kPa)

δ

= membrane thickness (m)
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ε

= porosity of the membrane (-)

εo

= permittivity of a vacuum (C2 N-1 m-2)

εr

= relative permittivity (-)

Φ

= electrical potential at specific radial position (V)

Φr

= electrical potential at the surface of the pore (V)

φ

= equilibrium partition coefficient (-)

Γ

= correlator time delay (s-1)

γ

= inverse of characteristic time for fluid flow (s-1)

η

= solution viscosity (kg m s-1)

[ηo ]

= intrinsic viscosity (L/g)

κ -1

= Debye length (m)

λ

= ratio of the solute to pore radii (-)

λ

= wavelength of light (Chapter 5 only) (m)

λ0

= wavelength of excitation light in a vacuum (m)

μ

= electrophoretic mobility (m2 V-1 s-1)

μpro

= electrophoretic mobility of a native protein (m2 V-1 s-1)

θ

= scattering angle (-)

ρe

= local charge density (C m-3)

σ

= standard deviation of the pore size distribution (-)

σo

= osmotic reflection coefficient (-)

σs

= dimensionless solute surface charge density (-)

σp

= dimensionless pore surface charge density (-)

τ

= dimensionless pore size (-)

τ

= time step for dynamic light scattering (Chapter 5 only) (s)

τ0

= time scale for polymer relaxation (s)

υ

= kinematic viscosity (m2/s)

ω

= stirring speed (s-1)

ωi

= hydrodynamic drag on sphere i (kg/s)

Ψ

= selectivity (-)
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ψ

= electrical potential energy of interaction (J)

ψo

= electrical potential at the surface of the protein (V)

∂Ψ
∂z

ζ

= radially averaged potential energy (J/m)
= zeta potential (V)
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Appendix B
ANALYSIS OF MEMBRANE PORE SIZE USING
POLYDISPERSED DEXTRANS

Many methods exist to characterize the pore size of ultrafiltration membranes;
some of these include permeation tests, solute transport tests and visual analysis.
Permeation tests can be performed using a solvent (either liquid or gas) that is able to
enter all the pores. The permeation along with the Hagan- Poiseuille equation (Equation
2.9) is used to determine the average pore size.

Visual analysis methods include

examining the membrane using techniques such as atomic force microscopy (Khayet and
Matsuura, 2003) or scanning electron microscopy (Chaturvedi, et al., 2000). While visual
analysis can provide a good understanding of pore structure at the surface, determining
the internal pore structure using visual methods is much more difficult due to the
additional preparation steps needed to visualize the surface. The disadvantage of this
method is that flow-through and dead-end pores cannot be differentiated. One of the
most common techniques used for pore characterization for ultrafiltration membranes is a
solute transport analysis. This technique has the advantage that the sieving coefficient of
a range of molecular sizes can be examined instead of a simple solvent flow. The
disadvantage of using the solute transport analysis is that the results must be fit to a pore
size distribution to obtain information about a mean pore size. Dextrans (Kim, et al.,
1994; Schock, et al., 1989; Zydney and Xenopoulos, 2007) are a very common solute
used for membrane characterization, but PEG (Chaturvedi, et al., 2000; Cleveland, et al.,
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2002) or polystyrenes (Beerlage, et al., 2000) have also be used.

Membrane

characterization studies have also been performed using charged solutes such as natural
organic matter (Lee, et al., 2002), though the use of such compounds can be difficult to
analyze due to both electrostatic and hydrodynamic effects.

In this appendix the

procedure to calculate the mean pore size and the extent of pore size distribution will be
summarized. A computer program used to perform the calculations is given at the end of
this appendix.
To determine the pore size distribution, an ultrafiltration sieving test with a
polydispersed dextran was performed as described in Chapter 3. The filtrate and bulk
samples of the dextran solution were analyzed using size exclusion chromatography with
a TOSOH G2000SW or G3000SW column, depending on the range of dextran molecular
weight used. The sieving coefficient of the dextrans at fixed retention time values, each
corresponding to approximately 5% of the peak width of the polydispersed dextran were
analyzed. Figure B.1 shows an example of the experimental results obtain for the sieving
coefficient of a polydispered dextran as a function of molecular weight in a 100 kDa
UltracelTM membrane that had been charged-modified for 24 hours. The results are
plotted as the actual sieving coefficient determined from the observed sieving coefficient
and the stagnant film model (Equation 2.3) as a function of molecular weight determined
from a calibration of the retention time in the SEC system. These results were obtained at
a flux of 19.3 μm/s.
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Figure B.1. Actual sieving coefficient as a function of the dextran molecular weight in a 100 kDa
UltracelTM membrane that was charged modified for 24 hours.

The hydrodynamic models described in Chapter 2 are used to calculate the actual
sieving coefficient as a function of the solute radii over a range of mean pore sizes and
pore distribution ratio. A sample of the computer calculations for this analysis is shown
in at the end of this appendix. It was assumed that the pore sizes follow a log normal
pore size distribution. Previous studies have often used a value of 0.10- 0.5 for the ratio
of the standard deviation to the mean pore radius (Mehta and Zydney, 2005).
The results of the theoretical calculations are compared to the experimental values
of the actual sieving coefficient for molecular weights over a range of mean pore size and
pore size distributions. The squared residuals between the experimental and theoretical
data are determined. Figure B.2 shows the sum of squared residuals (SSR) between the
theoretical values and the experimental sieving coefficients of the polydispered dextrans
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in a 100 kDa membrane that has been charged modified for 24 hours as a function of the
mean pore size and ratio of pore size distribution to mean pore size (z). Low residuals
indicate a high correlation between the experimental and the theoretical data. Though a
SSR of zero indicates no error between the theory and experimental data, a SSR of 0.004
is the limit of to which the experimental data can be compared to the theory for this
particular experiment.

Figure B.2. Sum of squared residuals (SSR) between the theoretical and experimental actual sieving
coefficient for various values of mean pore radius and Z ratio.
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Figure B.2 shows there is a tradeoff between the higher pore size and the lower
pore distribution to which the data can be correlated. In most of the membranes tested
there were many combinations of mean pore radius and z ratios that provide similar fits.

Computer Program (Software: Mathematica 6.0)

H*Computer program to determine the best fit pore size and pore size distribution
from polydispersed dextran sieving data*L
H*Experimental Conditions*L
e = 0.5; H*membrane void fraction*L
dm = .5 * 10-6; H*membrane thickness, m*L
Jv = 1.439 * 10-5; H*Flux ,mês*L
m = .001; H*viscosity, kgêmês*L

H*Constants for hydrodynamic drag*L
a1 = - 73 ê 60;
a2 = 77 293 ê 50 400;
a3 = - 22.5083;
a4 = - 5.6117;
a5 = - 0.3363;
a6 = - 1.216;
a7 = 1.647;
b1 = 7 ê 60;
b2 = - 22 77 ê 50 400;
b3 = 4.0180;
b4 = - 3.9788;
b5 = - 1.9215;
b6 = 4.392;
b7 = 5.006;
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H*Loop parameters*L
i = 0;
Finalz = 100;
FinalMeanRad = 100;
FinalResidualSum = 100;
FinalPerm = 100;
LoopCount = 1;
Residual = 0;

ResidualList = 8<;
zlist = 8<;
Rlist = 8<;
Tot = 0;

H*Experimental data*L

H*Dextran molecular weights used*L
MWKD = 8125.5, 112.8, 104.1, 93.6, 86.4, 77.7, 71.7, 64.5, 59.5, 53.5,
49.4, 44.4, 43.9, 41.0, 36.8, 34.0, 31.4, 28.2<;
MW = MWKD * 1000;

H*Experimental Actual Sieving Coefficients*L
Sexp = 80.00560, 0.00747, 0.00930, 0.01172, 0.01404, 0.01732, 0.02042,
0.02473, 0.02878, 0.03439, 0.03973, 0.04710, 0.05036, 0.05670,
0.06600, 0.07377, 0.08222, 0.09234<;
H*Do Loop to form matrix of residuals*L
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Do B:

Do B:i = 0;
Residual = 0;
Do Bi = i + 1;

:InitMW = Part@MW, iD;
Dinf = 7.667 * 10-9 * InitMW-.47752 ;
H*diffusion coefficient for Dextran from molecular weight*L
Rs = I1.3806503 * 10-23 * H23 + 273.15LM ë H6 * p * 0.001 * Dinf L * 109;

H*hydrodynamic radius from molecular weight*L
l = Rs ê r;
f = H1 - l L2;

Ks =

9
4

* p * H2L
2

0.5

H1 - l L

-2.5

* 1 + ‚ bk H1 - l Lk
2

+

k= 1

k
‚ Hbk+3 L * Hl L ;
4

k=0

Kt =

9
4

* p * H2L
2

0.5

H1 - l L

-2.5

* 1 + ‚ ak H1 - l Lk
2

+

k= 1

k
‚ Hak+3 L * Hl L ;
4

k=0

Kc =

H2 - fL * Ks

2 * Kt
Kd = 6 * p ê Kt;

;
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Sinf =

NIntegrate Bf * Kc *
ExpB- LogB

1

r * H2 * pL0.5

1
R˜

ILogA1 + HzL2 EM

Jr ∗ I1 + HzL2 M

0.5

NF

2

−0.5

*

ì I2 * LogA1 + HzL2EMF * r4 ,

8r, HRs + 0.1L, •<F ì

NIntegrate B

1

r * H2 * pL0.5

ExpB- LogB

1

ILogA1 + HzL2EM

Jr ∗ I1 + HzL M

2 0.5

R˜

Sdif =

NIntegrate Bf * Kd *
ExpB- LogB
NIntegrate B

1
R÷

r * H2 * pL0.5

1

1
R÷

2

*

ì I2 * LogA1 + HzL2EMF * r4 , 8r, 0, •<F ;

ILogA1 + HzL2 EM ^ H- 0.5L *

Ir * I1 + HzL2 M ^0.5MF ^2 ì I2 * LogA1 + HzL2EMF * r4, 8r, HRs + 0.1L, •<F ì

r * H2 * pL0.5

ExpB- LogB

1

NF

−0.5

ILogA1 + HzL2 EM ^ H- 0.5L *

Ir * I1 + HzL2 M ^0.5MF ^2 ì I2 * LogA1 + HzL2EMF * r4, 8r, 0, •<F ;

Pem = Sinf ê HSdif * εL ∗ HJv ∗ δm ê DinfL; H∗Peclet number∗L
Sa = Sinf * HPemL ê HSinf + HPemL − 1L;
H∗Actual Sieving coefficient∗L

Residual = Residual + HSa − Sexp@@iDDL2 ;
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Lp =

e

dm * H10L9 * 8

* NIntegrate B

ExpB- LogB
NIntegrate B

1
R÷
1

H10L-9;

1
R÷

r * H2 * pL0.5

ILogA1 + HzL2 EM ^ H- 0.5L *

Ir * I1 + HzL2M ^0.5MF ^2 ì I2 * LogA1 + HzL2 EMF * r4, 8r, 0, •<F ì

r * H2 * pL0.5

ExpB- LogB

1

ILogA1 + HzL2 EM ^ H- 0.5L *

Ir * I1 + HzL2M ^0.5MF ^2 ì I2 * LogA1 + HzL2 EMF * r2, 8r, 0, •<F *

>, 8LoopCount, 18<F;

ResidualList = Append@ResidualList, ResidualD;
zlist = Append@zlist, zD;
Rlist = Append@Rlist, R˜E;

Finalz = If @Residual < FinalResidualSum, z, FinalzE;
FinalMeanRad = If @Residual < FinalResidualSum, R˜ , FinalMeanRadE;
FinalPerm = If @Residual < FinalResidualSum, L p, FinalPerm D;
FinalResidualSum = If @Residual < FinalResidualSum, Residual,
FinalResidualSumD;

>, 8z, .1, .6, .05<F;

>, 8R÷, .4, 8, .5<F;

Arraycomp = 8ResidualList, zlist, Rlist<;
TranArray = Transpose@ArraycompD;
Export@"ToGraph.csv", TranArrayD
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Appendix C
CHARGE REGULATION THEORY

The net electrostatic charge on a protein can be estimated directly from the amino
acid sequence, the pH, and the solution ionic strength. The number of dissociated acid
and basic amino residues is calculated from the pKai value for each amino acid as shown
for a carboxylic acid residue in Equation C.1.
K

i
a

[R − COO ][H ]
=
−

+

[R − COOH ]

(C.1)

Equation C.1 can be rewritten in terms of the pH and the number of dissociated groups
( r i)
i
pH = pK int
+ log

ri
(ni − ri )

(C.2)

i
i
where pH = −log10 [H + ], pK int
= −log10 [K int
], and ni is the total number of titratable

species. The local concentration of [H+] at the protein surface (required in Equations C.1
and C.2) can be related to the bulk H+ concentration assuming a Boltzmann distribution:
+
H + = H bulk
exp[− (eψ o / k B T )]

(C.3)

where e is the charge of an electron (1.602*10-19 C), kB is Boltzmann’s constant, T is the
temperature, and ψo is the electrical potential at the surface of the protein. The surface
potential for a hard sphere is directly proportional to the net protein charge (z):

ψo =

ez
4πε o ε r a (1 + κa)

(C.4)
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where εo is the permittivity of a vacuum, εr is the relative permittivity, a is the protein
radius, and κ is the inverse Debye length. The protein charge is equal to the difference
between the maximum number of positive charges (N-terminal, histidine, lysine,
arginine) and the sum of all the dissociated groups:
+
z = z max
− ∑ ri

(C.5)

i

Equations C.2 to C.5 are solved iteratively to evaluate the net protein charge as a function
of the bulk pH and the solution ionic strength (which determines the Debye length). The
development of these equations is discussed in more detail by Menon and Zydney (2000).
Table C.1 shows the number of each type of ionizable amino acid present in the
protein α-lactalbumin molecule along with the corresponding pKa. The net charge for
each PEGylated and acetylated α-lactalbumin species was calculated by removing one
lysine group for each covalent linkage. It is implicitly assumed that the net charge of the
PEGylated and acetylated α-lactalbumin with the same number of substitutions was
equal.

Table C.1. Number and pKa values for the dissociable amino acids in α-lactalbumin (Brew, et al.,
1970)
pkai
Chart of Residues
ni
C terminal
1
2.16
N terminal
1
9.87
Asp (D)
9
3.9
Glu (E)
8
3.9
His (H)
3
6.04
Lys (K)
12
10.54
Tyr (Y)
4
10.35
Arg (R)
0
12.48

It is important to note that the net charge evaluated from Equations C.2 to C.5
completely ignores the possible effects of ion binding to the protein, a phenomenon
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which is known to be important for bovine serum albumin (Menon and Zydney, 1998)
but has not been studied in any detail for α-lactalbumin. In addition, the analysis ignores
the detailed distribution of charge groups over the protein surface, with each amino acid
residue of a given type assumed to have identical pKa and thus identical degrees of
protonation. More sophisticated models for calculating protein charge are available
(Sharma et al., 2003), but those analyses require very detailed information about the
protein structure.
Figure C.1 shows the theoretical charge of the α-lactalbumin as a function of pH
for α-lactalbumin and α-lactalbumin with one or two primary amines removed from the
system. The number of positive charges on the protein is high at low pH and goes
through the point of zero charge at the isoelectric point of the protein. Most
electrophoresis experiments were performed at pH 8 where the charge of the
α-lactalbumin and the substitutied α-lactalbumin molecules differ by approximately one

charge unit. At very high pH, all of the ionizable groups become neutral or positively
charge so no difference exists between the different substituted groups.
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Figure C.1. Calculated net charge of α-lactalbumin and an α-lactalbumin with 1 or 2 substituted
lysine groups as a function of the solution pH.
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