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ABSTRACT

Preventing viral contamination is critical in the manufacturing of safe and
effective biotherapeutic proteins. Virus filtration is an integral part of the overall strategy
for viral clearance of cell culture-based proteins. Virus filtration membranes provide a
robust size-based removal of viruses through a multi-layer structure that is uniquely
designed to provide high levels of viral clearance and significant recovery of the protein
products. The objective of this thesis is to develop a more complete understanding of the
fundamental mechanisms governing protein transport and fouling, as well as virus
retention, during virus filtration. This includes the role of solution conditions, protein
concentration, and membrane structure on protein transport, membrane fouling, and the
observed decline in virus retention during virus filtration.
Experimental studies were performed using three very different virus filters, the
Pall Ultipor® DV20, the Millipore Viresolve® Pro, and the Millipore Viresolve® 180
membranes operated in both the standard and reverse flow orientations. The Viresolve®
membranes have an asymmetric structure with a retentive skin layer on top of a more
open substructure. In contrast, the Ultipor® DV20 membrane has a fairly homogenous
(isotropic) pore structure. The decline in filtrate flux through the Viresolve membrane
was primarily due to concentration polarization, with the extent of polarization dependent
upon solution pH due to the pH dependence of the protein mass transfer coefficient. In
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contrast, the dominant mechanism of flux decline with the DV20 membrane was protein
fouling due to the constriction of the membrane pores.
Several novel approaches were developed to probe the pore morphology and
retention characteristics of the virus filtration membranes. First, a dextran sieving test
was developed that was appropriate for the large pores in virus filters. The dextran
sieving profiles depend on both the pore size and the asymmetric structure of the virus
filter. For example, the dextran sieving profiles for the Ultipor® DV20 membrane were
slightly different in the two orientations, demonstrating that the DV20 membrane had a
slightly non-homogeneous pore structure, in contrast to the highly asymmetric structure
of the Viresolve® membranes. Second, a confocal scanning laser microscopy method
was developed to directly visualize the capture of fluorescently labeled bacteriophage
within the pore structure of the virus filters. Third, transmission electron microscopy was
used to visualize the capture of nanometer-sized gold particles.
Several different hypotheses were examined to describe the reduction in virus
retention including: small pore plugging, virus polarization, virus breakthrough, and virus
internal polarization. Experimental data for retention of PP7 bacteriophage through the
DV20 membrane were consistent with predictions of the internal virus polarization
model, in which the accumulation of viruses within the membrane matrix (but in the
liquid phase within the porous structure) leads to the observed reduction in virus
retention. These results provide important insights into the key factors controlling the
performance of virus filtration membranes for bioprocessing applications.
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Chapter 1
Introduction

1.1

Viral Contamination of Biotherapeutics
Most complex recombinant protein therapeutics are currently expressed in

mammalian cell lines at the manufacturing scale. For example, monoclonal antibodies
are typically produced in Chinese Hamster Ovary (CHO) cells. The potential risk of viral
contamination is a critical issue in the manufacturing of biotherapeutics intended for
administration to humans. Such contamination could have serious clinical consequences.
Therefore, providing high degrees of viral clearance is critical to insuring the safety and
efficacy of biotherapeutic products (Roberts, 1994; FDA, 1996; ICH, 1999).
Viral contamination of protein-based therapeutics can originate either from the
original source of the animal cell lines (endogenous viruses) or from the adventitious
introduction of viruses during production (ICH, 1999). Adventitious viruses can be
introduced into the manufacturing processes of therapeutic proteins through contaminated
reagents, buffers, or equipment. Although no cell culture-based therapeutics have been
implicated in the transmission of infectious viruses to date, several documented instances
of adventitious viral contamination have been reported (Rabenau et al., 1993; Harasawa
et al., 1995; EMEA, 2006). For example, a large biotechnology facility in Massachusetts
detected virus contamination in their CHO cell lines (Bush, 2009), leading to complete
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shutdown and extensive decontamination of the facility. Several instances of adventitious
contamination of mammalian cell lines from minute virus of mice (MVM) have also been
documented (Garnick, 1996; Garnick, 1998; Zoletto, 1985).
These contamination incidents not only jeopardize the safety and availability of
the therapeutic products, they also result in significant economic consequences in terms
of product loss, anticipated sales loss, and decontamination and regulatory costs. The
cost of a typical decontamination has been estimated to approach $6-8 million for a
10,000 L batch of cell culture (Liu et al., 2000).
Endogenous viruses can be introduced into the cell line through several routes
such as: (a) derivation of cell lines from infected animals; (b) use of virus to establish the
cell line; (c) use of contaminated biological reagents such as animal serum components;
or (d) contamination during handling of the cells. Although most CHO cells do not
produce detectible levels of murine retroviruses (Hojman et al., 1989; Dinowitz et al.,
1991), they are known to express multiple copies of endogenous retroviral genomes
(Bartal, 1982; Anderson et al., 1991; Lie et al., 1994) that produce retrovirus-like
particles (RVLP) (Manley et al., 1978; Hojman et al., 1989). The retrovirus-like particles
exist at levels of 106-109 particles/mL as detected by transmission electron microscopy
(TEM), although they have not been shown to be infectious to humans, and therefore,
they pose primarily a theoretical safety concern (Miesegaes et al., 2010).
Contaminated blood-derived products have also been responsible for a number of
outbreaks of hepatitis C and hepatitis A in both the United States and Europe. Many
patients who use blood and plasma derived products, especially haemophiliacs, have been
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infected with pathogenic viruses including human immunodeficiency virus (HIV) (Darby
et al., 1995) and hepatitis A virus (HAV) from blood-clotting factors (Altman, 1996),
hepatitis C virus (HCV) from contaminated intravenous anti-D immunoglobulin
(Blanchette et al., 1996; Burckhardt, 1999), hepatitis B virus (HBV) from yellow fever
vaccine (Aranha-Creado et al., 1999), and human parvovirus B19 from coagulation factor
concentrates (Williams et al., 1990).

1.2

Virus Characteristics and Assays
Viruses consist of genetic material (DNA or RNA) contained within a protective

protein shell called the capsid, and may be surrounded by an envelope made of proteins,
carbohydrates, and lipids. Viruses exploit the enzymes and other host-cell machinery to
replicate. Viruses vary in size between 20 nm to 200 nm in diameter based on the size of
their genome and protein coating (Table 1.1).
Physical observation of viruses is possible by electron microscopy (EM),
however, this provides information only on the total number and size of the viruses and
not their infectivity. The plaque forming method, which is based on the infectivity of a
virus, is generally used for quantification of virus infectivity. The virus titer is
determined by dividing the number of plaque forming units (PFU) by the volume of the
original sample. In cases where plaques do not form, other techniques such as
Quantitative Polymerase Chain Reaction (Q-PCR) can be used to evaluate the virus titer
by measuring the amount of viral DNA / RNA (Tortora et al., 1982).
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1.3

Viral Clearance Strategies
To ensure the safety and efficacy of biopharmaceutical products, regulatory

agencies provide guidelines on virus clearance for manufacturers. The viral safety
approach to be used in the manufacture of biopharmaceuticals is described in three key
regulatory documents: the International Conference on Harmonization (ICH) viral safety
evaluation of biotechnology products derived from cell lines of human or animal origin
Q5A (ICH, 1999), the Food and Drug Administration (FDA) Center for Biologics
Evaluation and Research (CBER) points to consider in the manufacture and testing of
monoclonal antibody products for human use (FDA, 1996), and the European Medicines
Evaluation Agency (EMEA) guideline on virus safety evaluation of biotechnological
investigational medicinal products (EMEA, 2006).
The strategy for ensuring viral safety of biologicals includes screening all source
materials and cell lines and implementing virus removal or inactivation steps within the
downstream purification process. The desired extent of viral clearance is determined on a
case-by-case basis that considers the number of virus particles per unit volume detected
in the feed stock, the anticipated dosage of the final product, process productivity, and the
yield of the cell line. The current regulatory safety standard is less than one retrovirus
particle per million doses of final product. For monoclonal antibodies (mAbs) and
recombinant proteins produced using well-defined cell lines, such as CHO cells, this
roughly translates to approximately 12-15 orders of magnitude clearance for endogenous
retroviruses and approximately 6 orders of magnitude clearance of adventitious viruses
(Builder et al., 1989; Levy et al., 1998; Gail, 2006). Current guidelines recommend
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incorporating multiple orthogonal methods for viral clearance; that is, methods that rely
upon different mechanisms for virus removal and / or inactivation (ICH, 1999). It is
important that these virus removal steps are robust and effective under a variety of
operating conditions to prevent contamination during process disturbances or by
unexpected viruses. Regulations require at least two orthogonal and robust steps for
endogenous viral clearance (FDA, 1996). Having two orthogonal mechanisms is a
necessary precaution since it is possible that viruses which pass through a given operation
will also be able to pass through a second operation if it were to utilize the same type of
removal mechanism.
To meet the requirements of regulatory agencies, manufacturers have developed a
number of different strategies to reduce the concentration of active viruses during
downstream processing. The overall virus clearance strategy involves a combination of
steps that either inactivate or physically remove the viral particles. Inactivation
techniques typically rely on physical treatments such as low pH (Gail, 2006), heat
(Chandra et al., 2002; Roberts, 2000; Gail, 2006), radiation (Roberts, 2000), or chemical
treatments (Lundblad, 1991; Brown, 1991; Bachmann, 1993; Scheidler et al., 1998;
Roberts, 2000; Alonso et al., 2000; Lawrence, 2000; Korneyeva et al., 2002;
Dichtelmuller et al., 2002). Each method is selected based on the product stability and
physical properties of the target viruses. For example, low pH inactivation and solventdetergent (S/D) treatments are effective in clearance of large enveloped viruses, including
endogenous retrovirus (FDA, 1996). Inactivated viruses and their genome remain in the
product solution after inactivation. Thus, in order to remove such contaminants and

5

inactivated non-enveloped viruses from protein products, physical clearance techniques
are required.
Sterile filtration (for bacteria removal) is a well-established method in
bioprocessing that has been used for many decades. However, bacteria are more than an
order of magnitude larger than recombinant proteins and are thus relatively easy to
remove from process streams using 0.2 m pore size membranes. On the other hand,
viruses are only slightly larger than the proteins of interest and are therefore much more
difficult to remove. Physical removal strategies for virus clearance generally use
chromatography or membranes. Ion exchange, gel permeation, affinity, and hydrophobic
interaction chromatography steps are widely used for protein purification, and each of
these can also provide viral clearance (Levy et al., 1998; Valdés et al., 2002; Curtis et al.,
2003). However, due to the large variety of column resins and process conditions defined
for different product characteristics, it is very difficult to predict the viral clearance
values that will be obtained by column chromatography. Unlike chromatography,
membrane filtration is considered to be a robust technique for the removal of viral
contaminants, and the expected viral clearance for filtration processes are much more
predictable (Levy et al., 1998; Hongo-Hirasaki et al., 2006).
The inactivation and physical removal steps used in the downstream purification
process need to be validated to insure that they provide the desired degree of viral
clearance. The objective of viral clearance validation studies is to assess the ability of the
downstream purification process to provide sufficient levels of virus clearance, and to
quantify the overall level of virus reduction obtained by the entire process. However,
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virus validation studies at the process scale are impractical due to the potential infectivity
of the virus, the high virus titers needed for accurate assays, and the inability to introduce
viruses into the production environment due to GMP (good manufacturing practice)
requirements. Therefore, virus validation studies need to be conducted in scale-down
models of the actual manufacturing unit operations.
Scale-down filtration models are typically down-sized up to 1/4000 (Phillips et
al., 2007). The strategy to validate the viral clearance step is to spike a small quantity of
a concentrated virus, typically less than 5% of the volume of the process fluid, into a
representative process feedstock (FDA, 1996; ICH, 1999). The virus loads in the inlet
and outlet streams are then measured to determine the effectiveness of the viral clearance
step as determined by the log reduction value (LRV):

C

LRV   log 10  outlet 
 Cinlet 

(1.1)

where Cinlet and Coutlet are the virus loads in the inlet and outlet streams, respectively. The
virus loads are measured using either infectivity assays or quantitative polymerase chain
reaction (Q-PCR). Virus challenge studies are typically performed using a number of
model viruses that span the range of virus sizes and properties that might be encountered
in a given process. Common model viruses used in validation studies of cell culture
based products are summarized in Table 1.1.
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Table 1.1

Viruses typically used in filter validation studies (ICH, 1999).
Virus

Type

Size (nm)

Envelope

Genome

MuLV

mammalian

80-110

Yes

RNA

Reovirus 3

mammalian

60-80

No

RNA

SV40

mammalian

40-50

No

DNA

MMV

mammalian

18-26

No

DNA

Poliovirus

mammalian

22-30

No

RNA

PPV

bacteriophage

18-26

No

DNA

PR772

bacteriophage

50-60

No

DNA

X-174

bacteriophage

25-27

No

DNA

PP7

bacteriophage

25

No

RNA

Bacteriophages, a class of viruses that infect bacteria, have been extensively used
as surrogates for mammalian viruses in the design and validation of virus filtration
membranes. Bacteriophages are available in a wide range of size, charge, and shape,
with physical properties (i.e. size, isoelectric point, etc.) similar to those of mammalian
viruses (Brorson et al., 2008; Lute et al., 2008; Strauss et al., 2009). The safety
considerations regarding bacteriophages are considerably less than for mammalian
viruses. Bacteriophages can be grown to high concentrations, their assays do not require
specialized facilities, and results from the assays are available within several hours
(Aranha-Creado et al., 1999; Aranha, 2001a; Aranha, 2001b). It is important to note that
the current expectations for filter validation studies for submission to regulatory
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authorities require the use of mammalian viruses (Miesegaes et al., 2010), although
bacteriophage can be used as part of the overall virus validation package.

1.4

Virus Filtration Membranes
In recent years, virus filtration has become an integral part of the overall strategy

for viral clearance of biological products. Virus filtration provides a robust, size-based
removal of both enveloped and non-enveloped viruses, and it complements other
inactivation and adsorptive techniques in downstream processing of protein-based
products. Virus filtration membranes are thought to act solely by a sieving mechanism,
in which the larger virus particles (20-100 nm) are rejected by the retentive layer of the
membrane while the smaller proteins (radius than 10 nm) are allowed to permeate
through the membrane with high efficiency. Virus filtration is believed to be a robust
process since the virus removal is predictable and is not significantly affected by typical
variations in process parameters (PDA, 2005). As a result, most downstream purification
processes include a virus filtration step as part of their overall viral clearance strategy.
An effective virus filter must provide high levels of viral clearance while insuring
adequate protein transmission / recovery and good capacity (volume of feed that can be
processed per unit membrane area). The ultimate goal of virus filtration is to remove
greater than 99.9% of the virus while recovering at least 95% of the protein product in the
permeate solution. These incredibly high purity levels make virus filtration very
challenging.
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Virus filters target two main classes of viruses: large viruses (e.g., retroviruses
and retrovirus-like particles, typically 80-110 nm in size) and small viruses (e.g.,
parvoviruses, typically 18-26 nm in size). Filtration of small parvoviruses is particularly
challenging since the virus is only a few times larger than the size of most therapeutic
proteins.
Table 1.2 presents a summary of commercially available virus filtration
membranes (as of 2011). Virus filters typically have complex multilayer structures made
from a variety of polymers including surface modified polyvinylidene fluoride (PVDF),
polyethersulfone (PES), and cuprammonium regenerated cellulose (CRC). Although all
filters provide similar degrees of virus removal, they can have very different pore
structures and morphologies. This includes both symmetric and asymmetric (anisotropic)
membranes as well as multilayer structures. Depending on the manufacturer, membranes
can be used in the form of pleated sheets, flat sheets bonded to plates, or bundled hollow
fibers. Note that attempts to use conventional ultrafiltration membranes with small pore
size for virus filtration applications have almost always been unsuccessful due to the
presence of a very small number of abnormally large pores (Azari et al., 2000; Urase et
al., 1996). Commercial membranes designed for virus removal are specifically
manufactured to avoid the formation of large pores or other defects. This often involves
the use of composite membrane structures, e.g., the casting of a small pore size
ultrafiltration membrane directly on a microporous microfiltration membrane.
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Table 1.2
Filter
Vendor

Millipore

Pall

Asahi Kasei

Sartorius
a
d

Commercially available virus filtration membranes.
Membrane
Filter

Operation
Mode

Target
Virus

No. of layers/
Pore Structure

Material

Viresolve® 70

TFF

Parvovirus

1/Asymmetric

Hydrophilic PVDF a

Viresolve®180

TFF

Retrovirus

1/Asymmetric

Hydrophilic PVDF

Viresolve® NFP

NFF

Parvovirus

3/Asymmetric

Hydrophilic PVDF

Viresolve® NFR

NFF

Retrovirus

3/Asymmetric

Hydrophilic PES b

Viresolve® Pro

NFF

Parvovirus

2/Asymmetric

Hydrophilic PES

Ultipor® DV20

NFF

Parvovirus

2/Symmetric

Hydrophilic PVDF

Ultipor® DV50

NFF

Retrovirus

3/Symmetric

Hydrophilic PVDF

Pegasus® LV6

NFF

Retrovirus

2/Symmetric

Hydrophilic PVDF

Pegasus® SV4

NFF

Parvovirus

2/Symmetric

Hydrophilic PVDF

Planova® 15N

TFF/NFF

Parvovirus

HF d/Asymmetric

Hydrophilic CRC c

Planova® 20N

TFF/NFF

Parvovirus

HF/Asymmetric

Hydrophilic CRC

Planova® 35N

TFF/NFF

Retrovirus

HF/Asymmetric

Hydrophilic CRC

Planova® BioEX

TFF/NFF

Parvovirus

HF/Asymmetric

Modified PVDF

NFF

Parvovirus

2/Symmetric

Hydrophilic PES

Virosart® CPV
b

c

PVDF: polyvinylidene fluoride, PES: polyethersulfone, CRC: cuprammonium regenerated cellulose,
HF: Hollow Fiber

Virus filtration can be performed in two different modes of operation: normal
flow filtration (NFF; also known as dead-end or direct flow filtration) and tangential flow
filtration (TFF; also known as cross flow filtration). In NFF, the feed flow is directed
perpendicular to the membrane surface. In contrast, in TFF the feed flow passes in a
direction parallel (tangential) to the surface of the membrane with only the permeating
fluid passing through the membrane (Levy et al., 1998). When originally developed,
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virus filtration was performed using tangential flow filtration with the membrane oriented
so that the virus-retentive (tight) layer faced the feed. Current applications of virus
filtration use disposable normal flow filters, with the more open side of the membrane
facing the feed stream (Brough et al., 2002).
Asahi Kasei Corporation (Japan) manufactures 15N, 20N, and 35N Planova®
membranes, which consist of dead-end hollow fiber units with membranes made from
naturally hydrophilic cuprammonium regenerated cellulose. The designation 15N
corresponds to a membrane designed to retain species larger than 15 nm. Asahi Kasei
recently launched the Planova® BioEX parvovirus filter made from modified
polyvinylidene fluoride. The effective filtration layer of Planova® filters is considerably
thicker than most ultrafiltration membranes (35 m) to assure high viral retention. The
Planova® filters were among the first membranes specifically designed for virus filtration,
and numerous studies have explored the behavior of these membranes both for virus
filtration (Laursen et al., 2007; Furuya et al., 2006; Kreil et al., 2006; Burnouf et al.,
2003; Johnston et al., 2000; Troccoli et al., 1998; O'Grady et al., 1996; Eibl et al., 1996;
Burnouf-Radosevich et al., 1994) and for removal of pathogenic prion protein (Tateishi et
al., 2001).
Pall Corporation has developed the Ultipor® DV50 and DV20 membranes
(Oshima et al., 1995; Oshima et al., 1996; Oshima et al., 1998; Aranha-Creado et al.,
1997; Aranha-Creado et al., 1998; Roberts, 1997) for virus filtration. Both membranes
are hydrophilic modified PVDF, with DV20 having two and DV50 having three discrete
layers. Each layer has a relatively homogenous pore structure. Commercial scale

12

Ultipor® filters utilize pleated membranes in a dead-end configuration. The DV50 and
DV20 membranes provide high passage of proteins while effectively removing viruses
larger than 50 nm (e.g. retroviruses) and 20 nm (e.g. parvoviruses), respectively. Pall
Corporation also provides PegasusTM Grade LV6 virus filters, which are designed for
efficient removal of large viruses. The next generation of Pall’s virus filters will be
PegasusTM Grade SV4, which is a hydrophilic modified PVDF membrane designed for
removal of small parvoviruses (Miesegaes et al., 2010).
Millipore Corporation has developed a number of skinned, composite membranes
specially manufactured to avoid formation of macrovoids. The first of these membranes
were produced from PVDF with a hydrophilic surface and were designed to pass proteins
with 70 kDa or 180 kDa molecular weight - the Viresolve 70 and the Viresolve 180
membranes (DiLeo et al., 1992; DiLeo et al., 1993a, DiLeo et al., 1993b; Hughes et al.,
1996), respectively. The composite structure of these Viresolve membranes features a
thin, asymmetric, ultrafiltration layer cast onto a microfiltration membrane. The skin
provides the selectivity needed to exclude viruses and virus-like particles, while the
thicker microporous support layer provides mechanical support for the membrane.
Viresolve 70 and 180 membranes are used in tangential flow filtration devices.
Millipore also provides Viresolve NFP (Parkkinen et al., 2006; Kim et al., 2008;
Zhou et al., 2008) and NFR filters (Brough et al., 2002), both of which are designed for
normal flow filtration. The Viresolve NFP membrane is made from PVDF (like the
Viresolve 180 and Viresolve 70 filters), but it is designed for removal of parvovirus and
other small viruses from protein solutions. The Viresolve NFR filter is designed for
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retrovirus removal and features a hydrophilic PES structure in which the densest layer is
in the interior of the membrane, rather than on the external surface. Both the NFP and
NFR filters are multilayer structures consisting of three separately cast membranes placed
directly on top of each other.
Millipore has recently introduced the Viresolve® Pro filter which features a dual
layer polyethersulfone (PES) membrane designed for removal of small parvoviruses. A
pre-filter “shield” is designed to be used in-line with the Viresolve® Pro filter to increase
process robustness and productivity.
Sartorius produces the Virosart CPV filter (Tarrach et al., 2007), which features a
double-layer, symmetric polyethersulfone membrane. This membrane is designed to
provide high retention of parvoviruses and other small viruses.

1.5

Protein Transport through Virus Filtration Membranes
An effective virus filter must provide high levels of viral clearance while insuring

adequate protein throughput and recovery. The small pore size needed for virus retention
hinders the transport of proteins into the filtrate. Additionally, the performance of virus
filtration membranes is highly limited by protein fouling. Due to very low virus
concentrations in a normal process stream, the dominant fouling component will typically
be the protein and any impurities directly associated with the protein product. Protein
fouling is characterized by irreversible alterations of the membrane structure due to
specific interactions between the membrane and proteins present in the process stream.
Fouling may occur by either physical deposition or adsorption of proteins onto or within
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the membrane pores. The protein can also constrict or block the individual pores or lead
to the formation of a cake layer on the external surface of the membrane (Zeman and
Zydney, 1996).
For a membrane with idealized cylindrical pores, the filtrate velocity in each pore,
v, is related to the transmembrane pressure, P, through Poiseuille’s law:

v

r2P

(1.2)

8  m

where r is the pore radius,  is the solution viscosity, and m is the membrane thickness.
Equation (1.2) is only valid for filtration of water or a buffer containing only salts or
sugars since it neglects the effects of membrane fouling and the accumulation of retained
solutes by the small pores. Equation (1.2) is usually modified to account for these
additional phenomena as:
Jv   v 

P  
 ( Rm  Rc )

(1.3)

where Jv is the volumetric filtrate flux through the membrane (volumetric flow rate per
unit membrane area) and  is the membrane porosity. The membrane resistance, Rm, is a
function of the membrane thickness and the details of the pore shape and pore size
distribution. The resistance of any fouling layer, Rc, includes the effects of pore
blockage, pore constriction, and the formation of a cake layer or deposit on the membrane
surface. The osmotic pressure differential, , is associated with the concentrated layer of
protein that accumulates in the solution immediately upstream of the membrane surface.
The influence of the osmotic pressure differential is determined by the magnitude of the
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osmotic reflection coefficient, , which is equal to one for a fully retained solute and zero
for a completely non-retained solute. A quantitative understanding of the effects of these
different phenomena is important for the design and operation of effective membrane
processes.
The complex pore structure, morphology, and multilayer structure of virus
filtration membranes have a significant impact on the performance of virus filters.
Almost all virus filtration membranes used in normal flow filtration are oriented with the
tight pores of the membrane facing away from the feed. This allows the membrane
substructure to serve as a built-in pre-filter, effectively protecting the skin layer by
capturing larger aggregates and fouling components within the more open pore structure
in this region of the membrane. Protein transmission through virus filtration membranes
is also a strong function of the membrane orientation due to the effects of internal
concentration polarization within the substructure when the membrane is used with the
virus retentive (skin-side) oriented away from the feed.

1.6

Virus Retention during Virus Filtration
Virus filters are typically thought to act solely by a sieving mechanism. However,

other mechanisms such as electrostatic interactions can potentially affect retention of
viruses during filtration. The importance of each retention mechanism is highly
dependent on the type of filter, the mode of filtration (TFF versus NFF), as well as the
chemical and physical interactions between the virus and membrane and between virus
particles (Grant et al., 1989).
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Solution characteristics such as pH (Herath et al., 1999), salt concentration, and
the type of ions present (Yokoyama et al., 2004; Lukasik et al., 2000) can all affect virus
transmission through virus filtration membranes. These changes are usually attributed to
virus adsorption to the membrane surface caused by charge effects, virus aggregation in
the feed solution, and / or the formation of protein-virus complexes (Troccoli et al., 1998;
Burnouf et al., 2003).
Several recent studies have reported a significant decline in virus retention during
the course of filtration through different parvovirus filters (Hirasaki et al., 1994; Omar et
al., 2002; Ireland et al., 2004; Bolton et al., 2005; Lute et al., 2007). The underlying
mechanisms controlling this loss of virus retention are still not well understood. Bolton
et al. (2005) attributed the decline in virus retention to preferential blockage of the
smallest pores in the membrane, with the fluid flow re-directed to the larger (nonretentive) pores. However, data with other virus filters are inconsistent with this simple
physical model, suggesting that the mechanisms controlling this behavior may depend on
the properties of the virus filter and / or the feed stream. This phenomenon is discussed
in more detail in Chapters 6, 7, and 8.

1.7

Research Objectives
The overall goal of this thesis is to develop a more complete understanding of the

fundamental mechanisms governing protein transport and fouling, as well as virus
retention, during virus filtration. The work was divided into two main parts. The first
part of this research was focused on protein transport and fouling, including the role of
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solution conditions, protein concentration, and membrane structure. The second part of
the thesis is focused on virus retention, including the decline in virus retention during
virus filtration. To achieve these goals, several new experimental techniques were
developed for probing the properties of virus filtration membranes: confocal scanning
laser microscopy to directly visualize the capture of fluorescently labeled bacteriophage,
transmission electron microscopy to visualize the capture of nanometer-sized gold
particles, and dextran sieving measurements to probe the retention characteristics and
pore size of different virus filters.
The details of the general experimental methods and the materials used in this
research are described in Chapter 2. Chapter 3 examines the effects of solution pH and
ionic strength on protein transport and the overall filter capacity during protein filtration
through virus filters. The effects of protein concentration on the capacity of virus
filtration membranes are discussed in Chapter 4. A novel dextran retention test is
introduced in Chapter 5 to characterize the retention characteristics and pore size /
morphology of virus filtration membranes. Chapter 6 describes a novel technique to
directly visualize and quantify the capture of fluorescently labeled bacteriophage within
the interior of virus filtration membranes using confocal scanning laser microscopy.
Chapter 7 presents the use of transmission electron microscopy to visualize the capture of
nanometer-sized colloidal gold particles within virus filters. The underlying mechanisms
that control virus retention during virus filtration are discussed in Chapter 8, with an
emphasis on investigating the reduction in virus retention (LRV decline) observed during
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the course of filtration. The major conclusions that can be drawn from this work, as well
as recommendations for future research in this area, are presented in Chapter 9.
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Chapter 2
Materials and Methods

2.1

Introduction
This chapter describes the materials, techniques, and equipment used for the bulk

of the experimental studies performed in this thesis. Additional details of specific
materials or methods are described in later chapters.

2.2

Membranes
All experiments were performed using commercially available virus filtration

membranes including: the Viresolve® Pro and Viresolve® 180 from Millipore Corp.
(Billerica, MA), and the Ultipor® DV20 from Pall Corp. (East Hills, NY). Membranes
were obtained from the manufacturers as flat sheets and were cut into 25 mm and 47 mm
discs using a specially designed cutting device.
The Viresolve® 180 membrane has a composite structure made from
hydrophilized polyvinylidene fluoride (PVDF). The membrane has a thin skin layer that
provides the desired virus retention and is designed for permeation of proteins with
molecular weight less than 180 kDa. A scanning electron microscopy (SEM) image of
the cross-section of the Viresolve® 180 membrane is shown in Figure 2.1.
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Figure 2.1

Scanning electron micrographs of the cross-section of Viresolve 180
membrane (adopted from Bohonak and Zydney, 2005).

Both Ultipor® DV20 and Viresolve® Pro membranes are designed to remove
parvoviruses as small as 20 nm in size. The Ultipor® DV20 membrane is a hydrophilic
modified polyvinylidene fluoride (PVDF) with a fairly homogenous (isotropic) pore
structure. The Viresolve® Pro membrane is made from polyethersulfone (PES) and has a
highly asymmetric structure with a thin skin layer that provides the desired virus
retention and a macroporous support layer that provides the required mechanical
integrity. Scanning electron microscopy images of the cross-section of these membranes
are shown in Figure 2.2. The majority of filtration experiments were performed using
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single layer membranes for easier interpretation of the results; commercial modules use 2
layers of membrane to obtain the very high degree of virus retention required for
bioprocessing applications. A single membrane was used for each filtration experiment.
Membrane discs were used in dead-end, normal flow filtration. The Viresolve®
membranes were used either with the skin-side facing the feed solution (normal
orientation) or in the reverse orientation, i.e. with the skin-side facing away from the feed
stream. Although the DV20 membrane does not have a distinct skin layer, the membrane
was also used in two orientations, both with the shiny-side facing away from the feed as
per the manufacturer's instructions and in the reverse orientation.
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Figure 2.2

Scanning electron micrographs of the cross-section of Viresolve® Pro (top)
and Ultipor® DV20 (bottom) membranes.
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2.3

Solution Preparation

2.3.1

Buffer Solutions
Buffer solutions were prepared by dissolving pre-weighed amounts of the

appropriate salts in deionized distilled water obtained from a NANOpure® water
purification system (Model D11911, Barnstead/Thermodyne Co., Dubuque, IA) with
resistivity greater than 18 M-cm. All salts were analytical reagent grade. The pH was
determined using a pH meter (Model 420, Thermo Orion, Beverly, MA) and adjusted by
the addition of acid or base as needed. The solution conductivity was measured using a
105A Plus conductivity meter (Thermo Orion, Beverly, MA). All buffer solutions were
pre-filtered through 0.2 m pore-size Supor®-200 membranes (PALL Corp., Ann Arbor,
MI) to remove any particles or undissolved salts prior to use. The ionic strength of the
buffer solutions were evaluated as:

I

1
 zi2 Ci
2 i

(2.1)

where zi and Ci are the net charge and total concentration of each ion, respectively.

2.3.2

Protein Solutions
Due to the extensive previous work on bovine serum albumin (BSA) fouling

during ultrafiltration and microfiltration, a majority of the filtration experiments were
performed using BSA (Fraction V heat shock precipitated BSA, A7906, Sigma Chemical,
St. Louis, MO) as the model protein. BSA has a molecular weight of approximately 67
kDa and an isoelectric pH of about 4.7. A limited number of filtration experiments were
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performed using bovine gamma globulin (Sigma 49030) and human serum
immunoglobulin G (Seracare HS-470), as well as with a recombinant monoclonal
antibody provided by Genentech, Inc. (South San Francisco, CA). These IgG molecules
have molecular weights of approximately 150 kDa. Protein solutions were prepared by
slowly dissolving the appropriate mass of powdered protein in the desire buffer.
Experiments performed at Genentech (Chapter 4) used feedstocks obtained
directly from purification of a harvested cell culture fluid as described in Chapter 4. The
pH of the resulting solution was then adjusted by adding small amounts of 0.1 M
solutions of the appropriate acid (e.g. HCl, CH3COOH) or base (e.g. NaOH, KOH) as
required. The pH was measured to within 0.1 pH units using a Thermo Orion Model 420
pH meter (Beverly, MA). Protein solutions were prepared fresh for each filtration
experiment, and were used as is or after pre-filtration through 0.22 m Durapore filter
(Millipore, Bedford, MA) or through 0.22 m Acrodisc® syringe filters (PALL Corp.,
Ann Arbor, MI), to remove any large protein aggregates immediately prior to use. The
proteins solutions were stored at 4 oC whenever the experiments were delayed for more
than 8 hours.

2.3.3

Dextran Solutions
The sieving characteristics of the virus filtration membranes were determined

from dextran sieving measurements using polydisperse dextrans with weight average
molecular weight of 2000 kDa (Sigma, D5376), 500 kDa (Sigma, D5251), and 75 kDa
(Sigma D1390). Dextran solutions were prepared by dissolving preweighed amounts of
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polydisperse dextran in the desired buffer solution. All dextran solutions were prefiltered through a 0.22 m Acrodisc® syringe filter (PALL Corp., Ann Arbor, MI) to
remove any undissolved dextran immediately prior to use.

2.3.3.1 Properties of Dextran Solutions
Dextrans are polysaccharides produced by a strain of the bacterium Leuconostoc
mesenteroides. The naturally occurring polymer is reduced to a desired range of
molecular weight by partial hydrolysis. Dextrans are polymers of glucose, joined by α1,6 linkages, with a small number of branches attached to the main chain by α-1-3 links.
The structure of a typical dextran molecule is shown in Figure 2.3. Dextrans are
available in a wide range of molecular weights. Dextrans have been used extensively in
the past for membrane characterization (Mochizuki and Zydney, 1992a) since they tend
to cause little fouling of most membranes and they do not have any ionizable side groups,
thus providing a purely size-based measure of the membrane sieving characteristics.
Granath (1958) measured the diffusion coefficient for different molecular weight
dextrans using a diffusion cell. Granath correlated the dextran diffusion coefficient (in
m2/s) using a simple power law expression as:

D  7.667  10 9  M w

0.47752

(2.2)

where Mw is the molecular weight in Da. The Stokes radii of dextran can be evaluated
from Equation (2.2) using the Stokes-Einstein equation as (Granath and Kvist, 1967):

RSE  0.31 M w

0.47752

(2.3)

with RSE given in Å.
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Figure 2.3 Structure of dextran (adopted from Pujar, 1996).

2.3.4

Colloidal Nano-Gold Particle Solutions
Colloidal gold nanoparticle solutions were obtained from Asahi Kasei Medical

(AGP-HA20, Japan). The gold particles had a density of 19.32 g/cm3 in solution and a
stock concentration of 6.2 x 1015 particles/mL. The gold solution was diluted with
acetate buffer to obtain the desired concentration for the filtration experiments. The
concentration of dilute gold solutions was determined spectrophotometrically using a
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NanoDropTM 1000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE) with
the absorbance measured at 520 nm based on the red color of the particle suspension. All
experiments using the colloidal gold nanoparticles were performed at Genentech, Inc. in
South San Francisco, CA.

2.4

Preparation of Fluorescently-Labeled Bacteriophage
Bacteriophage PP7 (ATCC 15692-B4) and MS2 (ATCC 15597-B1) were both

obtained from the American Type Culture Collection (ATCC, Manassas, VA). A second
preparation of bacteriophage PP7 was obtained from Pall Corporation (Port Washington,
NY). Analysis of the two preparations of bacteriophage PP7 showed slight differences in
the size of the phage and the level of impurities between the two preparations. The
isoelectric points of MS2 (Dowd et al., 1998) and pp7 (Brorson et al., 2008)
bacteriophage are 3.9 and 4.3-4.9, respectively. Bacteriophages have an outer protein
capsid enclosing the viral genetic material. The capsid of both PP7 and MS2 is
constructed of 180 copies of a capsid protein, each of which is approximately 14 kDa in
molecular weight. The capsid proteins were labeled via reaction with surface-exposed
amine groups on the lysine amino acids as shown schematically in Figure 2.4 for labeling
with Alexa Fluor® 488.
The MS2 bacteriophage was labeled with ﬂuorescein-5-isothiocyanate (FITC)
(Invitrogen-F143), while the PP7 bacteriophage was labeled with Alexa Fluor® 488
(Invitrogen-A10235), both obtained from Invitrogen (Eugene, OR). FITC conjugation
was performed using the procedure described by Gitis et al. (2002). Brieﬂy, 1.2 mL of a
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6 x 109 pfu/mL (plaque forming units per mL) suspension of MS2 phage in 0.1 M borate
buffer at pH 9.2 were mixed with 0.021 g FITC and 5 mL N,N-dimethylmethanamide
(also known as Dimethylformamide (DMF)). The resulting mixture was allowed to react
overnight at 4 oC. The PP7 bacteriophage was labeled using the Alexa Fluor® 488
protein labeling kit provided by Invitrogen and designed for conjugation of this dye to the
lysine amine groups of IgG. 0.5 mL of a 2.6 x 1010 pfu/mL suspension of PP7 phage in
0.1 M bicarbonate buffer at pH 8.3 was mixed with one vial of the Alexa Fluor® 488 dye
(sufficient to label approximately 1 mg of IgG). The resulting solution was stirred
overnight at 4oC.

Figure 2.4

Schematic of the reaction of the fluorescent dye Alexa Fluor® 488 with the
amine groups on the surface of the bacteriophage protein capsid.
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The labeled phage was purified using a Bio-Rad Bio-Gel® P-30 fine size
exclusion resin followed by diafiltration to remove low molecular weight organic
compounds and free dye molecules. The P-30 resin was packed into a 13 mL plastic
column that was provided with the Alexa Fluor® 488 protein labeling kit. The reaction
mixture was loaded onto the column and eluted with PBS under gravity at a flow rate of
approximately 0.05 mL/min. The labeled phage was collected as the first eluted fraction;
the phage and free dye were easily visualized using a hand-held UV lamp. The amount
of free (un-reacted) dye was further reduced by diafiltration using a 210 mM acetate
buffer at pH 5.5. Diafiltration was performed using a 100 kDa Ultracel® membrane
(Millipore Corp., Billerica, MA) in a 10 mL Amicon stirred cell. The purified
fluorescently-labeled bacteriophage was stored at 4 oC in the dark.

2.5

Stirred Ultrafiltration Cells
Most of the protein / dextran filtration experiments were performed in a 10 mL

(effective membrane area = 4.1 cm2) Amicon stirred ultrafiltration cell (Model 8010,
Millipore Corp., Bedford, MA) placed on a magnetic stir plate. Stirring of the bulk
solution in the cell was achieved with a magnetic stirrer, with the stirring speed evaluated
using a Strobotac Type 1531-AB phototachometer (General Radio Co., Concord, MA).
A 25 mm diameter non-woven polypropylene spacer (pore size of approximately 30 m)
was placed beneath the membrane to prevent deformation of the membrane structure into
the support. The stirred cell was connected to a polycarbonate feed reservoir that was
pressurized with compressed air (see Figure 2.5).
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Figure 2.5 Schematic of experimental set-up for constant pressure filtration
experiments.

2.6

Stainless Steel Membrane Holder
All virus retention experiments using fluorescently-labeled PP7 bacteriophage

were conducted in a 47 mm stainless steel filter holder (Millipore Corp., Bedford, MA).
Membranes were placed in the filter holder on top of a non-woven polypropylene spacer
to prevent deformation of the membrane structure into the support. Filtration
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experiments using colloidal nano-gold particles and PP7 bacteriophage were conducted in
25 mm and 47 mm stainless steel filter holders (Pall Corp., Ann Arbor, MI), respectively.

2.7

Protein Filtration Experiments
Membrane discs were placed in an ultrafiltration cell or stainless steel membrane

holder. The stirred cell and polycarbonate feed reservoir were initially filled with the
desired buffer taking care to remove any trapped air bubbles from the cell and associated
tubing. When a membrane holder was used, air bubbles were removed from the head
space above the membrane using a vent valve. A minimum of 40 mL of buffer was
flushed through the membranes to wet the pore structure and to remove any storage
agents from the membrane. The clean membrane hydraulic permeability:

Lp 

J

(2.4)

P

was determined from the slope of data for the filtrate flux (J) as a function of applied
trans-membrane pressure (P). The trans-membrane pressure ranged from 7 kPa to 103
kPa (corresponding to 1 to 15 psi) when Viresolve membranes were used. The upper
limit of pressure was increased to 210 kPa (equal to 30 psi) for the DV20 membrane.
The flux through the membrane was measured by timed collection, with the filtrate mass
determined using a digital balance (Model AG104, Mettler Toledo, Columbus, OH). The
stirred cell and feed reservoir were then emptied and refilled with the desired protein
solution. The device was then re-pressurized (for the constant pressure experiments) or
the flux was set using the filtrate pump. Constant filtrate flux was maintained by a
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Masterflex model 7523-20 peristaltic pump (Cole-Parmer, Vernon Hills, IL). The pump
was placed downstream of the membrane to assure that any possible protein denaturation
or aggregation associated with the pump had no affect on the experiment. During the
constant flux filtration, the feed reservoir was maintained at a constant pressure of at least
34 kPa (5 psi) above the maximum transmembrane pressure drop anticipated during a
given experiment so that a positive gauge pressure was maintained throughout the
system. The pressure was measured using differential pressure transducers placed
immediately before and after the stirred cell / membrane holder. The pressure drop
across the stirred cell was measured using a PX26-030DV (Omega Engineering,
Stamford, CT) digital pressure transducer with the output recorded using a Excel
spreadsheet. Excitation of the transducer sensor at 10 V was achieved using a separate
model XP-580 Quad Power direct current power supply (Elenco, Wheeling, IL). Output
from the process monitor was acquired on a computer at regular time intervals.
Filtrate samples (approximately 200 µL) were collected periodically for
measurement of the protein concentration. After completion of the filtration experiment,
the filtrate port was clamped and a 200 L sample of the bulk solution was taken directly
from the stirred cell. The stirred cell / membrane holder was then carefully emptied,
rinsed with the desired buffer, and the membrane hydraulic permeability was reevaluated.
No viruses were added to the protein solutions since the virus concentration in typical
biotechnology process streams are many orders of magnitude smaller than the protein
concentration. All experiments were performed at room temperature (22  3 oC).
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Protein concentrations were evaluated using either a SpectraMax UV-vis
spectrophotometer (SPECTRAmax plus384, MD Corp., Sunnyvale, CA) or a NanoDrop
UV spectrophotometer (Thermo Scientific), with the absorbance measured at 280 nm.
Calibration curves were developed for each protein using solutions of known
concentration. Samples with high protein concentrations were diluted with the desired
buffer to assure that readings were taken within the linear portion of the calibration curve.
All samples were analyzed within 48 hours of collection, with storage at 4 oC whenever
the analysis was delayed for more than 8 hours.

2.8

Dextran Sieving Experiments
The sieving characteristics of the virus filtration membranes were determined

from dextran sieving measurements obtained in 10 mL Amicon stirred ultrafiltration cell
(Model 8010, Millipore Corp., Bedford, MA). Filtration experiments were performed at
constant filtrate flux provided by a Masterflex 7523-20 peristaltic pump (Cole-Parmer,
Vernon Hills, IL) connected to the filtrate line (downstream of the membrane) at the exit
from the stirred cell. The stirred cell was air-pressurized to maintain a positive gauge
pressure throughout the system. Filtrate samples were collected after filtration of a
minimum of 500 L to wash out the dead volume beneath the stirred cell.
The molecular weight distributions of the dextrans in the bulk and permeate
solutions were determined by size exclusion chromatography (also known as gel
permeation chromatography) (Agilent 1100 series, Agilent Technologies, Palo Alto, CA).
Three different size exclusion chromatography resins were used including: a pre-packed
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TSK-GEL G4000SW resin (Tosoh Biosciences, Montgomeryville, PA) packed in a 7.5
mm diameter column with 300 mm height, a Sephacryl S500-HR resin (GE Healthcare,
17-0613-10) packed in a 6.6 mm diameter column with 155 mm height, or a pre-packed
PL Aquagel-OH 60 resin in a 7.5 mm column with 300 mm height (Varian Inc., Amherst,
MA). The TSK-GEL G4000SW resin has an average particle diameter of 13 µm and is
used for separation of small molecular weight dextrans ranging from 4 kDa to 500 kDa.
The Sephacryl resin has an average particle diameter of 47 µm with a dextran fraction
range between 40 kDa and 20,000 kDa. The Aquagel resin has an average particle
diameter of only 8 µm and can resolve dextrans with molecular weight between 200 and
10,000 kDa. The columns were first equilibrated with the desired buffer at the flow rates
recommended by the manufacturer, using at least two column volumes of buffer. 25 µL
of the dextran samples were injected into de-gassed buffer immediately upstream of the
guard column by the autosampler that is part of the Agilent 1100 system. The dextran
concentration in the exit stream was evaluated using a refractive index detector.
The molecular weight of each dextran fraction was determined by comparison of
the elution time with results obtained using narrow molecular weight dextran standards
(American Polymer Standards, Mentor, OH) ranging from 11 to 2800 kDa, with
properties summarized in Table 2.1. Appropriate dextran standards were selected to
cover the entire range of molecular weight for the polydisperse dextran used in the
sieving experiments. Data were also obtained with essentially monodisperse bovine
immunoglobulin G (IgG) (Sigma-I5506) and thyroglobulin (Sigma-T9145) for
comparison. Calibration standards were run along with each set of unknown samples to
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eliminate artifacts associated with small changes in the ambient temperature, buffer
conditions, or column packing / properties. A calibration curve was constructed relating
the peak average molecular weight (Mp) and retention volume (VR) in the form:

log( M p )   VR  

(2.5)

where  and  are constants fit to the data for the dextran standards using simple linear
regression. Additional details on the dextran analysis are provided by Burns and Zydney
(2001).

Table 2.1

Properties of narrow dextran and protein standards (data from
manufacturer)
Average Molecular Weight (Da)
Mw/Mn

Mw

Mp

Mn

DXT11K

11,700

9,900

8,000

1.46

DXT28K

28,700

27,500

21,900

1.31

DXT62K

62,600

52,600

40,800

1.53

DXT102K

102,000

87,500

64,000

1.59

DXT165K

165,500

150,000

110,800

1.49

DXT325K

326,600

245,000

205,000

1.59

DXT750K

749,500

560,000

500,500

1.50

DXT1300K

1,360,000

1,199,000

877,800

1.55

DXT2800K

2,800,000

2,655,000

1,970,000

1.42

Bovine IgG

160,000

-

-

-

Thyroglobulin

670,000

-

-

-
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2.9

Fluorescently-labeled Bacteriophage Filtration Experiments
Membrane discs were placed in the 47 mm stainless steel membrane holder. The

membrane hydraulic permeability was measured following the procedure discussed in
section 2.7. The feed reservoir was then emptied and refilled with a suspension of the
fluorescently labeled bacteriophage. The device was then re-pressurized to obtain a
constant filtrate flow rate of approximately 1 mL/min, corresponding to a transmembrane pressure of approximately 210 kPa (30 psi) for the Ultipor® DV20 membrane
and 10 kPa (1.5 psi) for the Viresolve® Pro membrane. Filtrate samples (approximately
200 µL) were collected periodically for measurement of the fluorescence intensity. After
completion of the filtration experiment, the membrane was removed from the filter
holder, gently rinsed, and then placed in acetate buffer until observation by confocal
microscopy. All experiments were performed at room temperature (22  3 oC).
Bacteriophage concentrations were determined by fluorescence using a 96-well
GENios FL microplate reader (TECAN group Ltd). FITC and Alexa Fluor® 488 have
similar excitation and emission maxima of approximately 494 nm and 519 nm,
respectively. Actual concentrations were determined by comparison with a calibration
curve constructed using phage suspensions of known concentration.

2.10

Colloidal Nano-Gold Particle Filtration Experiments
Filtration experiments were performed using Ultipor® DV20 (Pall Corp., Port

Washington, NY) virus filtration membranes. Membranes were cut into 25 mm discs
from large flat sheets using a specially designed cutting device. A single membrane was
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used for each filtration experiment. Filtration experiments were typically conducted in a
25 mm stainless steel filter holder (Pall Corp., Ann Arbor, MI). To examine the effects
of concentration polarization on the filtration behavior, some experiments were
performed in a 10 mL Amicon stirred ultrafiltration cell (Model 8010, Millipore Corp.,
Bedford, MA). Membranes were placed in the filter holder or stirred cell on top of a nonwoven polypropylene spacer. Data were obtained at constant pressure, which was
maintained by air pressurization of the feed reservoir. The membrane hydraulic
permeability was measured following the procedure discussed in section 2.7. The feed
reservoir was then emptied and refilled with a solution of colloidal gold particles. The
system was re-pressurized to a trans-membrane pressure of approximately 210 kPa (30
psi), with the filtration conducted for a set period of time. Filtrate samples
(approximately 200 µL) were collected periodically for measurement of the filtrate flux
and concentration of nano-gold particles. After completion of the filtration experiment,
the membrane was removed, gently rinsed, and then placed in acetate buffer until
observation by transmission electron microscopy. The concentration of dilute gold
solutions was determined spectrophotometrically using a NanoDropTM 1000 UV-Vis
spectrophotometer (Thermo Scientific, Wilmington, DE) with the absorbance measured
at 520 nm based on the red color of the particle suspension. All experiments were
performed at room temperature (22  3 oC).
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2.11

Confocal Scanning Laser Microscopy
Confocal scanning laser microscopy has been used to study transport and binding

of fluorescently-labeled proteins in both chromatographic resins (Hubbuch et al, 2008)
and membranes (Ferrando et al, 2005). Fluorescent images of the virus filtration
membranes were obtained using an Olympus FluoviewTM 1000 confocal scanning laser
microscope (Olympus American Inc.) available in the cytometry facility at the Huck
Institutes of the Life Sciences at The Pennsylvania State University. Figure 2.6 shows a
schematic of a confocal scanning laser microscopy apparatus. Membrane samples were
cut into small pieces of about 5 x 5 mm and were mounted on a glass bottom dish
(MatTek Corp., Ashland, MA). Excitation was performed using a 488 nm blue laser that
was directed through a pinhole aperture positioned in a confocal plane with the desired
scanning point in the specimen. Emitted fluorescent light was collected through a
detector pinhole aperture using a 100x oil objective lens with the zoom magnification set
at 2.0. The detector aperture obstructs any out-of-focus light, thereby providing an image
from a specific depth within the membrane. The sample was scanned by automatically
moving the objective lens, with the resulting stack of optical sections used to reconstruct
a three dimensional fluorescent image using the Olympus FluoViewTM viewer software
(Olympus American Inc). Additional background on the use of confocal microscopy is
discussed by Paddock (1999).
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Figure 2.6

2.12

Schematic of a confocal scanning laser microscopy apparatus (adapted
from Paddock, 1999).

Scanning Electron Microscopy
Scanning electron micrographs of the cross-section of the virus filtration

membranes were obtained at 10 kV at a working height of approximately 19 mm using a
JSM 5400 scanning electron microscope (Jeol, Peabody, MA) available in the Huck
Institutes of the Life Sciences at The Pennsylvania State University. Membrane samples
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were freeze-fractured in liquid nitrogen. The fractured samples were then mounted on
specimen studs and sputtered with a thin layer of gold / palladium (10 nm) using a Baltec
SCD-050 sputter coater (Techno Trade, Manchester, NH).

2.13

Dynamic Light Scattering
The particle size distribution of sample protein solutions was determined using a

Zetasizer Nano S (Malvern Instruments, Worcestershire, UK) dynamic light scattering
instrument equipped with a 4-mW laser (633 nm wavelength). Data were obtained at a
scattering angle of 173° and a temperature of 25 °C. The results were used to evaluate
the intensity-average, volume-average, and number-average size distributions, as well as
the mean size (z-average diameter) and polydispersity index (PDI) for each solution.

2.14

Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC)
The protein hydrophobicity was characterized by reverse-phase HPLC using a

Symmetry Trade Mark 300 C4 column (4.6 mm × 50 mm, 30 nm pore size, 5 μm particle
size from Waters, Milford, MA). The mobile phase was a mixture of (A) 0.1% (v/v)
trifluoroacetic acid (TFA) in water and (B) 0.1% TFA in acetonitrile. Injection volume
was 100 μL and the mobile phase flow rate was constant at 0.75 mL/min. The column
was initially washed for 5 min with mobile phase (A) to remove any highly hydrophilic
species. The mobile phase was rapidly increased to 30% B and then run in a gradient
mode from 30 to 50% B over 35 min. After the gradient was completed, the column was
washed with 100% B to remove any tightly bound aggregates.
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2.15

Transmission Electron Microscopy
The Ultipor® DV20 membranes that were challenged with colloidal nano-gold

particles were examined by transmission electron microscopy in the Electron Microscope
facility at Genentech. A small piece of membrane filter was infiltrated twice in Epon 812
(Electron Microscopy Sciences, Hatfield, PA) for a total of 8 hr (4 hr each) at room
temperature. The samples were then transferred to an oven and allowed to cure at 60–80
°C for 48 hr. Thin cross-sections of the membrane sample, with a thickness of
approximately 80 nm, were obtained using a Microtome (Leica Microsystems,
Bannockburn, IL) and stained with 1% uranyl acetate. The samples were examined using
a Philips CM12 (FEI, Eindhoven, The Netherlands) transmission electron microscope.
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Chapter 3
Effect of Solution Conditions on Membrane Fouling and Capacity of
Virus Filtration Membranes
Note: Most of the material presented in this Chapter was previously published in:
Bakhshayeshi M., Zydney A.L., Effect of solution pH on protein transmission and
membrane capacity during virus filtration, Biotechnology and Bioengineering, 100
(2008) 108-118.

3.1

Introduction
An effective virus filter must provide high levels of viral clearance while insuring

adequate protein transmission/recovery and good capacity. When originally developed,
virus filtration was performed using tangential flow filtration with the membrane oriented
so that the virus-retentive skin layer faced the feed. Current applications of virus
filtration use disposable normal flow filters, with the more open side of the membrane
facing the feed stream (Brough et al., 2002). This orientation provides greater capacity
than obtained with the skin-side up, which is usually attributed to the capture of protein
aggregates and other large foulants within the macroporous substructure thereby
protecting the virus-retentive skin layer (Syedain et al., 2006).
The overall performance of virus filters is governed in large part by membrane
fouling, which can alter the flux, capacity, and transmission characteristics. Higuchi et
al. (2001; 2002) observed a large increase in flux and capacity for the Planova virus
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filters when operated at high NaCl concentrations or after treatment of the feed with
DNase. The authors attributed these improvements to dissociation of large complexes
formed between trace amounts of DNA and the -globulins. Similar results were
reported during filtration of bovine serum albumin (BSA) solutions (Higuchi et al.,
2004).
Syedain et al. (2006) examined the effect of operating conditions and membrane
orientation on BSA fouling during virus filtration. The capacity of the Viresolve 180
membrane with the skin-side up increased with decreasing pressure and when operated at
low flux (for constant flux experiments). The capacity was also much greater when the
membrane was used with the skin-side down, which the authors attributed to the removal
of protein aggregates within the macroporous substructure, thereby reducing the rate of
fouling of the membrane skin. Similar results were obtained by Ireland et al. (2004) for
normal-flow parvovirus filters during filtration of a 10 g/L human IgG solution, with
changes in the filter capacity attributed to variations in the properties and quantity of
large protein aggregates at different solution pH and ionic strength.
In contrast to these results, Bolton et al. (2006) showed that pre-filtration of a
human IgG solution to remove protein aggregates had little effect on the capacity of
parvovirus filters, suggesting that large aggregates were not a critical factor governing
protein fouling during virus filtration. However, significant improvements in
performance were obtained using a pre-filter containing diatomaceous earth, which led
the authors to hypothesize that fouling was due to a trace hydrophobic species that may
have been a denatured form of the native protein.
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In addition to these studies of protein fouling during virus filtration, there is also
extensive prior work on protein fouling during both ultrafiltration and microfiltration.
Fane et al. (1983) found that the filtrate flux during BSA filtration through both fully
retentive and semi-permeable ultrafiltration membranes was minimum at the protein
isoelectric point (pI), i.e. under conditions where the proteins had no net charge. The flux
also decreased with increasing ionic strength for solutions above or below the protein
isoelectric point, with this behavior attributed to the effects of solution environment on
the extent of protein adsorption within the membrane pores and/or deposition on the
membrane surface. Similar results were obtained by Palecek et al. (1993) for the constant
pressure microfiltration of BSA, with the steady-state flux increasing with the square of
the protein charge, clearly demonstrating the importance of electrostatic interactions.
Protein fouling of larger pore size microfiltration membranes is typically
dominated by the deposition of large protein aggregates, with the filtrate flux determined
by the properties of the protein deposit that forms on the membrane surface (Kelly at al.,
1993). The deposited layers of BSA have been shown to function as a compressible
porous media, providing significantly greater resistance to filtration at high pressures
(Opong and Zydney, 1991). Ho and Zydney (1999) found that the rate of protein fouling
during filtration with isotropic membranes was much greater than that with asymmetric
membranes due to the highly interconnected pore structure in the isotropic membranes.
The data were in good agreement with the behavior predicted by a fouling model that
accounted for the combined effects of pore-blockage and cake-filtration (Ho and Zydney,
2000).
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Although these studies have provided useful insights into the fouling
characteristics of different membranes, there is still considerable discrepancy regarding
the underlying mechanisms governing protein fouling during virus filtration and there is
no quantitative understanding of the effects of solution pH on the overall performance
characteristics of these virus filters. The objective of the work described in this Chapter
was to obtain quantitative data for the effects of solution pH on protein transmission,
filtrate flux, and membrane capacity during BSA filtration through the Viresolve 180
membrane and to use these results to develop a more fundamental understanding of the
fouling / filtration mechanisms.

3.2

Materials and Methods
The general procedures for the protein filtration experiments were described in

Chapter 2 and are summarized below for convenience.

3.2.1

Solution Preparation
Solutions of 0.01 M KCl were prepared by dissolving pre-weighed amounts of

KCl (J.T. Baker, Philipsburg, NJ) in deionized distilled water obtained from a
NANOpure® water purification system (Model D11911, Barnstead/Thermodyne Co.,
Dubuque, IA) with resistivity greater than 18 M-cm. Salt solutions were buffered with
0.001 M phosphoric acid (J.T. Baker) for pH between 4 and 5.5 and with potassium
phosphate monobasic (Sigma) for pH 5.8 to 7. All buffer solutions were prefiltered
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through 0.2 m pore-size Supor®-200 membranes (PALL Corp., Ann Arbor, MI) to
remove any particles or undissolved salts prior to use.
Bovine serum albumin (BSA, Sigma A7906, Lot No. 066K0708) was used as a
model protein due to the extensive previous literature of BSA fouling during
ultrafiltration and microfiltration. The Sigma BSA contains about 15% dimers (Kelly
and Zydney, 1993) and a small concentration (approximately 0.03% by mass) of large
aggregates (Ho and Zydney, 1999). Protein solutions were prepared by dissolving the
appropriate mass of powdered protein in buffered 0.01 M KCl. The pH was adjusted
using small amounts of 1 M HCl or KOH as required and was measured with a model
420Aplus Thermo Orion pH meter (Orion Technology, Beverly, MA). Protein solutions
were prepared fresh for each filtration experiment and were always used within 6 hours
of preparation. All protein solutions were filtered through a 0.22 m Acrodisc® syringe
filter (PALL Corp., Ann Arbor, MI) to remove any large insoluble protein aggregates
immediately prior to use. Protein concentrations were analyzed using a UV-vis
spectrophotometer (SPECTRAmax plus384, MD Corp., Sunnyvale, CA) with the
absorbance measured at 280 nm. Calibration curves were established at each pH using
protein solutions of known concentration.

3.2.2

Membranes
All filtration experiments were performed using Viresolve 180 membranes

(Millipore Corp., Billerica, MA). Each membrane disc was soaked for 24 h at 4°C in a 3
g/L protein solution in 0.01M KCl at pH 4.7 (the isoelectric point of BSA) to insure
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equilibrium adsorption prior to use. Immediately before the experiment, each membrane
was gently rinsed with 0.01 M KCl at pH 7.0 to remove any labile protein. A single
membrane was used for each filtration experiment.

3.2.3

Protein Filtration
All filtration experiments were conducted in a 10 mL Amicon stirred

ultrafiltration cell (Model 8010, Millipore Corp., Bedford, MA). Data were obtained
with the membrane oriented so that the skin-side was either up (facing the feed) or down
(substructure facing the feed) to obtain additional insights into the mechanisms governing
fouling and protein transmission. Filtration experiments were performed at either
constant pressure, which was maintained by air pressurization of the stirred cell, or at
constant filtrate flux. Constant flux was provided by a Masterflex 7523-20 peristaltic
pump (Cole-Parmer, Vernon Hills, IL) connected to the filtrate line (downstream of the
membrane) to avoid the possibility of protein denaturation or aggregation associated with
the pump. The feed reservoir was air-pressurized so that a positive gauge pressure was
maintained throughout the system. Filtrate flow rate was measured by timed collection
using a digital balance (Model AB104-S, Mettler Toledo, Columbus, OH). Filtrate
samples (approximately 200 µL) were collected periodically for measurement of the
protein concentration.
The clean membrane hydraulic permeability was determined using Equation (2.4)
from the slope of data for the filtrate flux (Jv) as a function of applied pressure (P)
between 7 and 103 kPa (corresponding to between 1 and 15 psi). The stirred cell and
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feed reservoir were then emptied and refilled with a 1 g/L protein solution at the desired
pH. The device was then re-pressurized (for the constant pressure experiments) or the
flux was set using the filtrate pump. After completion of the filtration experiment, the
filtrate port was clamped and a 200 L sample of the bulk solution was taken directly
from the stirred cell. All experiments were performed at room temperature (22  3 oC).

3.2.4

Membrane Characterization
The sieving characteristics of each membrane were determined from dextran

sieving measurements obtained in the stirred cell at a stirring speed of 600 rpm. A 4 g/L
polydisperse dextran with average molecular weight of 75 kD (Sigma D1390) was
dissolved in a 0.15 M KCl solution buffered with 1 mM potassium phosphate monobasic
(Sigma) at pH 7. Filtration was performed at a constant flux of 5 m/s, maintained with a
peristaltic pump on the filtrate line. The molecular weight distributions for the dextrans
in the bulk and permeate solutions were determined by size exclusion chromatography
(Agilent 1100 series, Agilent Technologies, Palo Alto, CA) using a TSK-GEL G4000SW
gel filtration column (Tosoh Biosciences, Montgomeryville, PA). The column was
calibrated with narrow molecular mass dextran standards ranging from 11 to 165 kD
(American Polymer Standards, Mentor, OH) dissolved in the KCl buffer. Additional
details on the dextran analysis are provided by Burns and Zydney (2001).
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3.3

Results and Discussion

3.3.1

Skin-Side Up Orientation
Typical experimental data for the filtrate flux during the constant pressure (∆P =

103 kPa = 15 psi) filtration of a 1 g/L BSA solution through a Viresolve 180 membrane
with the skin-side up are shown in the top panel of Figure 3.1 for several values of the
solution pH. The error bars on the measured values were all within the size of the
symbols and are thus not shown for clarity. Repeat measurements under the same
conditions were reproducible, with deviations in the flux of less than 10%. The net
protein charge, as determined by Menon and Zydney (1998) using capillary
electrophoresis, varied from +11 at pH 4 to -18 at pH 7. Note that this membrane is
typically used in the skin-up orientation but in a tangential flow filtration device, while
the data in Figure 3.1 were obtained using normal flow filtration. The initial flux was
lowest at pH 4.7 (Jv = 21 µm/s = 76 L/m2/h), which is the isoelectric point of BSA, and
increased to more than 100 m/s (360 L/m2/h) at pH 7. The flux declined quite rapidly at
the start of the filtration, decreasing to 20% of its initial value after 20 min at pH 7 and 90
min at pH 4.7. This flux decline was directly related to the convective flow during
filtration – the hydraulic permeability of the membrane evaluated after protein adsorption
was only about 10% less than the value for the clean membrane. In contrast, the
permeability measured after the protein filtration at pH 7 was only 67 % of the initial
value and this dropped to 60% for the experiment performed at pH 4.7.
The corresponding data for the protein concentration in the filtrate stream, Cf, are
shown in the bottom panel of Figure 3.1. The concentrations were measured by
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collecting small samples (approximately 200 µL) at each time point. The filtrate
concentration at pH 7 was fairly constant throughout the filtration with a value
approximately equal to the feed concentration CF = 1 g/L. In contrast, the filtrate
concentration for the experiments at pH 4 and 4.7 started at a value around 0.7 g/L and
gradually increased towards a value of 1 g/L over the course of the 90-minute filtration.
However, the observed sieving coefficient, defined as the ratio of the filtrate to bulk
protein concentrations, remained below 0.95; the measured bulk concentration in the
stirred cell at the end of the experiment at pH 4.7 had increased by about 4% due to
retention of the protein throughout the course of the filtration.
The performance characteristics of the virus filtration system at different pH were
compared more quantitatively by evaluating the membrane capacity and the overall
protein yield. The capacity was defined as the total cumulative filtrate volume collected
up until the point where the flux had declined to 10% of the clean membrane flux (which
was Jo = 136  10 µm/s for these experiments). The calculated values of the capacity
from the data in Figure 3.1 ranged from only 3 L/m2 for the filtration at the protein
isoelectric point to 75 L/m2 at pH 7 (see Table 3.1). The effect of solution pH on the
capacity is shown more explicitly in Figure 3.2. The membrane capacity showed a weak
minimum at the protein isoelectric point and then increased quite sharply up until pH 7.
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Figure 3.1

Filtrate flux (top panel) and filtrate concentration (bottom panel) as a
function of time for the unstirred filtration of a 1 g/L solution of BSA at
different pH through the Viresolve 180 membrane with the skin-side up at a
constant pressure of 103 kPa.
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Table 3.1

Membrane capacity and protein yield at different pH for filtration of 1 g/L
BSA solutions through the Viresolve 180 membrane with the skin-side up
and skin-side down orientations
Membrane Capacity
(L/m2)

pH

Protein Yield (%)

Skin-side
Up

Skin-side
Down

Skin-side
Up

Skin-side
Down

4

5

110

80

100

4.7

3

27

75

100

7

75

240

100

100

The corresponding of values the protein yield (Y) for these experiments were
evaluated as:
t

C
Y
C 
0

F

J v dt

f
t
0

(3.1)

J v dt

where CF is the protein concentration in the feed (equal to the initial bulk protein
concentration). Equation (3.1) was integrated numerically using Simpson’s rule up until
the time at which Jv /Jo = 0.1, with the results summarized in Table 3.1. The protein yield
was only 75% at pH 4.7 but was nearly 100% at pH 7.
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Figure 3.2

Membrane capacity as a function of solution pH for the unstirred filtration
of a 1 g/L solution of BSA through the Viresolve 180 membrane with the
skin-side up at a constant pressure of 103 kPa.

In order to understand the flux and sieving behavior in more detail, the
membranes used for the experiments in Figure 3.1 were gently rinsed and then used to
evaluate the dextran sieving coefficients. Data were obtained using a 4 g/L dextran
solution at a constant flux of 5 m/s, with this relatively low filtrate flux used to
minimize the effects of concentration polarization. Results are shown in Figure 3.3 along
with data obtained for a clean membrane and for a membrane that had been pre-soaked in
a 3 g/L solution of BSA at pH 4.7 for 24 hr at 4 oC. The dextran sieving coefficients for
the membrane that had been pre-adsorbed with BSA are only slightly smaller than those
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for the clean membrane, consistent with the relatively small reduction in permeability
seen after protein adsorption. There was a further reduction in the dextran sieving
coefficients for the fouled membranes. For example, the sieving coefficient of a 50 kD
dextran was So = 0.43 for the clean membrane compared to values of 0.15 for the
membrane used to filter the BSA at pH 4.7 and 0.20 for the membrane used at pH 7. The
difference in the dextran sieving coefficients for the membranes used at pH 4.7 and 7 was
relatively small (typically less than 25%), particularly compared to the very large
difference in filtrate flux and membrane capacity seen in Figure 3.1. These results are
discussed in more detail subsequently.

Figure 3.3

Dextran sieving coefficients for clean, pre-adsorbed, and fouled membranes
(at different pH) at constant flux of 5 m/s.
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3.3.2

Concentration Polarization Effects
The relatively small reduction in the membrane permeability and dextran sieving

coefficients after protein filtration suggests that the flux decline observed in Figure 3.1 is
due not to some type of irreversible fouling but might instead be associated with
concentration polarization effects during normal flow filtration. This phenomenon was
examined by performing a series of experiments in the presence of stirring (stirring speed
of 600 rpm) to increase the rate of back mass transfer and thus control the extent of
polarization in the stirred cell. Results for the filtrate flux and filtrate concentration are
shown in the top and bottom panels of Figure 3.4. The initial values of the flux were very
similar to those obtained in the unstirred experiments, particularly at pH 4 and 4.7.
However, the rate of flux decline was much less pronounced. The flux at pH 4.7
remained above 13 µm/s (47 L/m2/h) throughout the 40-minute filtration compared to the
70 % reduction in flux seen previously in Figure 3.1. The net result was that the
membrane capacity at the protein isoelectric point with the skin-side up was 28 L/m2 in
the presence of stirring compared to only 3 L/m2 in the same orientation but without
stirring. Similarly, the flux at pH 7 decreased by about 50% after 40 min of filtration
compared to the 90 % reduction in flux obtained in the unstirred experiment. The filtrate
concentration (bottom panel) decreased with time during the stirred cell filtration, which
is exactly opposite of the behavior seen in Figure 3.1 for the unstirred system. The
filtrate concentration at pH 7 decreased to about 0.3 g/L at t = 40 min filtration, while the
filtrate concentration at pH 4.7 was less than 0.1 over most of the experiment.
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Figure 3.4

Filtrate flux (top panel) and filtrate concentration (bottom panel) as a
function of time for the stirred cell filtration of a 1 g/L solution of BSA at
different pH through the Viresolve 180 membrane with the skin-side up at a
constant pressure of 103 kPa.
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The experimental data in Figure 3.4 were re-plotted in Figure 3.5 in the form
suggested by the simple stagnant film model for concentration polarization (Zeman and
Zydney, 1996):
Cw  C f 
J v  k m ln 

 C b  C f 

(3.2)

where km is the bulk mass transfer coefficient and Cw is the protein concentration in the
solution immediately adjacent to the membrane surface. The bulk protein concentration,
Cb, was evaluated as a function of time by numerical integration of the protein mass
balance over the stirred cell (using the experimental values of Jv and Cf):
V

dCb
 J v A C F  C f
dt



(3.3)

where V is the constant volume of the stirred cell and A is the effective filtration area.
The semi-log plots are highly linear with r2 values greater than 0.95 at all pH, consistent
with predictions of the concentration polarization model (Equation (3.2)) with a constant
value of Cw-Cf. The assumption of constant Cw is consistent with the high pressure used
for the filtration; this should cause the protein osmotic pressure difference across the
membrane to remain nearly constant at a value slightly below ∆P. The filtrate
concentration Cf is always small relatively to Cw and thus has no significant affect on the
analysis.
The slopes for the semi-log plots in Figure 3.5 should be equal to the protein mass
transfer coefficients, with the values of km (determined by simple linear regression of the
data) shown in the fourth column of Table 3.2. The mass transfer coefficient is minimum
at the protein isoelectric point (pH 4.7) with a value of 6.6 × 10-6 m/s and increases by
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more than 70% as the pH increased to 7. This strong dependence of the mass transfer
coefficient on pH is consistent with available data for the pH dependence of the protein
diffusion coefficient (Doherty and Benedek, 1974) which show a two-fold increase in the
diffusivity as the pH goes from 4.7 to 7. In addition, the results are in good agreement
with available correlations for the mass transfer coefficient in a stirred cell (Smith et al.,
1968):
 b 2
k m   
 





0.567

 
 
D

0.33

D
b

(3.4)

where  is the stirring rate,  is the kinematic viscosity, D is the protein diffusion
coefficient, and b is the radius of the stirred cell. The coefficient  is a function of the
detailed device geometry and impeller location. Opong and Zydney (1991) calculated 
as 0.23 based on filtrate flux data through fully-retentive ultrafiltration membranes. The
calculated values of the mass transfer coefficients, determined using literature data for the
BSA diffusion coefficient (Doherty and Benedek, 1974), are in qualitative agreement
good agreement with the experimental results, providing further confirmation of the
importance of concentration polarization effects during protein filtration through the
Viresolve 180 membranes. The calculated mass transfer coefficients are uniformly
smaller than the experimental values, which may simply be due to differences in impeller
location (or geometry) in combination with differences in membrane porosity, both of
which would affect the coefficient .
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Figure 3.5

Filtrate flux as a function of the concentration driving force at different pH.

The final column of Table 3.2 shows the calculated values of the wall
concentration determined from the intercepts of the data in Figure 3.5. The wall
concentration was minimum at the protein isoeletric point (pH 4.7) with a value of about
15 g/L and increased by more than a factor of 20 as the pH increased to 7. These large
values of the wall concentration imply that the actual protein sieving coefficients through
the Viresolve 180 membrane are quite small. For example, the filtrate concentration data
in Figure 3.4 at t = 40 min correspond to actual sieving coefficients:

Sa 

Cf
Cw

(3.5)
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of 0.003, 0.005, and 0.0009 at pH 4, 4.7, and 7, respectively. The actual sieving
coefficient is maximum around the protein isoelectric point, which is consistent with
previous studies of BSA transmission through ultrafiltration membranes and is a direct
result of the lack of significant electrostatic exclusion at pH 4.7 due to the absence of any
net electrical charge on the BSA under these conditions.

Table 3.2

Mass transfer parameters for filtration of BSA.

pH

Diffusion Coefficient
(m2/s × 1011) [7]

4

Mass Transfer Coefficient
(m/s × 106)

Wall Concentration, Cw
(g/L)

Calculated
(Equation 3.4)

Experimental
(Figure 3.5)

-

-

8.8

20

4.7

7.7

6.5

6.6

15

5.5

9.6

7.6

8.2

200

7

16

10.7

11.5

340

3.3.3

Skin-Side Down Orientation
Most current virus filtration applications use membranes oriented with the

selective (skin) layer faced away from the feed stream, although the Viresolve 180
membrane is not currently used in this orientation in any commercial modules.
Experimental data for the filtrate flux and filtrate concentration for filtration of a 1 g/L
BSA solution through the Viresolve 180 membrane with the skin-side down are shown in
top and bottom panels of Figure 3.6. The filtrate flux with the skin-side down orientation
are uniformly higher than the values obtained with the skin-side up for normal flow
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filtration (Figure 3.1) and are actually similar to the results obtained previously with the
skin-side up and in the presence of stirring (Figure 3.4). For example, at t = 40 min, the
flux at pH 7 with the skin-side down is 54 µm/s compared to values of 14 µm/s for the
skin-side up orientation in the absence of stirring and 53 µm/s for the skin-side up but
with stirring. In addition, the hydraulic permeability measured after the protein filtration
at pH 7 was 69% of the initial value and this increased to 87% for the experiment
performed at pH 4.7. These values were both slightly higher than the corresponding
values obtained in the skin-side up orientation, indicating that there was less irreversible
fouling when the flow enters the membrane through the substructure.
The filtrate concentration data for the skin-side down experiments remained fairly
constant throughout the filtration with a value approximately equal to the feed
concentration at all three solution pH. The large values of the observed sieving
coefficient (So=Cf /Cb) are consistent with the high degree of internal concentration
polarization within the membrane substructure that occurs when the membrane is
operated in the skin-side down orientation. This type of internal polarization has been
discussed previously by Syedain et al. (2006).
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Figure 3.6

Filtrate flux (top panel) and filtrate concentration (bottom panel) as a
function of time for the unstirred filtration of a 1 g/L solution of BSA at
different pH through the Viresolve 180 membrane with the skin-side down
at a constant pressure of 103 kPa.
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The calculated values of the membrane capacity and protein yield for the
experiments in Figure 3.6 are summarized in Table 3.1. In this case, the capacity was
defined as the total cumulative filtrate volume collected before the flux decreased to 30%
of the value for the clean membrane since the flux hadn't dropped much below this level
even after 90 min of filtration. The protein yield was evaluated from Equation (3.1) with
the integration performed over the same time interval used for the capacity. The
membrane capacity with the skin-side down orientation was much larger than that with
the skin-side up; the capacity at pH 4 increased by more than 20-fold simply by switching
the membrane orientation and this effect would have been even more pronounced had the
filtration (and thus the capacity) with the skin-side down been evaluated out until the flux
had decayed to 10% of the value for the clean membrane. The capacity was again a
strong function of solution pH, with the capacity at pH 7 (240 L/m2) being more than 8
times the value at the protein isoelectric point. The protein yields in the skin-side down
orientation, which were calculated by integrating Equation (3.1) up until the time at
which Jv /Jo = 0.3, are essentially 100% irrespective of the solution pH. The high yield in
the skin-side down orientation is due to the high degree of protein transmission arising
from the extensive internal concentration polarization that occurs within the substructure
when the membrane is oriented with the skin-side facing away from the feed.
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Figure 3.7

The observed sieving coefficient of a 50 kDa dextran through membranes
fouled at different pH and under different filtration conditions (unstirred
skin up, stirred skin up, and unstirred skin down).

The membranes used for the experiments in Figure 3.6 were removed from the
stirred cell, gently rinsed, and then returned to the stirred cell but now oriented with the
skin-side up. The stirred cell was then filled with a dextran solution, with the dextran
sieving coefficients evaluated for the fouled membranes at a stirring speed of 600 rpm.
This eliminated any affects associated with concentration polarization within the
membrane substructure. The sieving curves were qualitatively similar to those seen in
Figure 3.3 for the membranes used with the skin-side up. Figure 3.7 shows data for the
sieving coefficient of a single dextran (MW = 50 kD), with each bar representing data for
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a separate Viresolve 180 membrane used for a particular protein filtration (skin-up
unstirred, skin-up stirred, or skin-down) and at a specific pH (4, 4.7, or 7). The sieving
coefficients for the membranes used in the skin-side down orientation were considerably
larger than those obtained for the membrane used with the skin-side up (in the absence of
stirring), particularly at pH 4 and 4.7. For example, the sieving coefficient of the 50 kDa
dextran at pH 4.7 through the membrane oriented with the skin-side down was So = 0.29
compared to a value of 0.15 with the skin-side up. The greatest dextran sieving
coefficients were seen with the membranes that had been used with the skin-side up in the
presence of stirring, although this difference was probably in large part due to the much
shorter filtration time used for the stirred experiments (t = 40 min) compared to the 90minute filtration for the experiments in which the skin-side was oriented away from the
feed (or with the skin up but in the absence of stirring).

3.4

Conclusions
The experimental data presented in this Chapter provide the first quantitative

results for the effects of solution pH on the performance characteristics of virus filtration
membranes. The data clearly demonstrate that membrane capacity is minimum near the
protein isoelectric point and increases monotonically with pH at pH above the isoelectric
point. The low flux obtained at pH 4.7 was due primarily to the small value of the
protein mass transfer coefficient under these conditions, an effect that is directly related
to the small value of the protein diffusion coefficient near the isoelectric point. The
reduction in protein mass transfer coefficient appeared to be more important than the
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small increase in membrane resistance due to the slightly greater amount of protein
fouling at pH 4.7. The protein yield was close to 100% when the membrane was used in
the skin-side down orientation due to the high degree of concentration polarization within
the membrane support structure. In contrast, the protein yield with the skin-side up was
only 80% at the protein isoelectric point but increased to essentially 100% at pH 7.
The filtrate flux data obtained in the skin-side up orientation were very consistent
with predictions of the concentration polarization model, both in terms of the linear
dependence on the concentration driving force and the calculated values of the mass
transfer coefficient. However, it is important to note that the estimated wall
concentration at pH 4.7 (Cw = 15 g/L) is much too low to provide the osmotic pressure
needed to explain the relatively low flux obtained under these conditions. This apparent
discrepancy could be due to the formation of a "gel layer" on the membrane surface
which would provide a significant additional hydraulic resistance to filtration. There was
no evidence of a gel layer in either the measured values of the membrane permeability or
dextran sieving coefficients after protein filtration, although it is possible that this layer
could have been re-solubilized during the rinsing of the stirred cell used to remove the
bulk protein solution or during the post-sieving permeability experiments. Future studies
will be needed to examine this behavior in more detail and to develop appropriate models
for the flux during virus filtration.
The effect of pH on the membrane capacity could have significant implications
for the design of downstream processes for protein purification. Virus filtration is
typically done after the primary purification, e.g., after a Protein A affinity column in the
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purification of monoclonal antibodies. But, the exact location of the virus filtration in the
overall process is somewhat flexible relative to the other chromatography and
purification steps. The data obtained in this study clearly demonstrate that the capacity of
the virus filter can be significantly improved by performing the filtration at pH well
removed from the protein isoelectric point, conditions that may well occur naturally at
specific points within the downstream process due to the different elution conditions used
in the various chromatography steps. The possibility of using the solution pH, based on
the location in the overall downstream process, for optimization of the virus filtration has
not been discussed previously in the open literature.
Although the protein concentration in the filtrate solution was greatest during
filtration at pH 7, the calculated value of the actual protein sieving coefficient was
minimum under these conditions. The higher degree of protein retention at pH 7 is
consistent with the increase in electrostatic exclusion associated with the greater
electrical charge on BSA at pH well above the protein isoelectric point, a phenomenon
that has been discussed in some detail by Pujar and Zydney (1994) and Burns and
Zydney (1999). The small values of the actual sieving coefficient at pH 7 did not cause a
loss of protein yield because the large filtrate flux caused a very high degree of
concentration polarization under these conditions.
The membrane capacity and protein yield were both significantly higher when the
membrane was oriented with the skin-side down, even though the capacity was defined as
the total cumulative filtrate volume collected before the flux decreased to 30% of the
value for the clean membrane (in contrast to 10% when the membrane was oriented with
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the skin-side up). The capacity difference was most pronounced at pH 4 where the
change in orientation caused more than a 20-fold increase in capacity. The high protein
yield in the skin-side down orientation is consistent with the high degree of protein
polarization that occurs within the membrane support structure under these conditions.
However, the high filtrate flux (and capacity) in the skin-side down orientation is
somewhat unexpected; the high degree of internal concentration polarization should
reduce the flux due to the high protein osmotic pressure. Instead, the flux profile in the
skin-side down orientation looked very similar to that seen with the skin-side up but in
the presence of stirring, which significantly reduces the extent of concentration
polarization. The dextran sieving data clearly showed that there was less fouling in the
skin-side down orientation, suggesting that the substructure may somehow protect the
skin layer from fouling when operated in this orientation. Future studies will be required
to clarify the origin of this phenomenon and to quantify its effect on filter performance
during virus filtration.
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Chapter 4
Effect of Protein Concentration on Protein Fouling and Capacity of
Virus Filtration Membranes

4.1

Introduction
As discussed in Chapter 3, the membrane capacity can be affected by the protein

concentration because of two very different mechanisms: protein reduces the effective
pressure driving force across the membrane due to the osmotic back-pressure arising
from the highly concentrated region of retained protein at the upstream surface of the
membrane and protein fouling can occur on or within the membrane thereby increasing
the total resistance to filtrate flow. Note that the concentration of viruses in typical
process streams is orders of magnitude lower than that of the protein product. Hence, the
dominant foulants in most applications are the protein and / or other impurities associated
with the protein product. For operation at constant pressure, the filtrate flux typically
declines with time throughout the filtration process, which is continued until the flux
reaches an unacceptably small value. This endpoint is typically defined as the cumulative
filtrate volume corresponding to the time at which the flux has declined by between 75%
and 90% from its initial value. At this point, the membrane filter needs to be replaced.
Although both membrane fouling and osmotic pressure effects lead to a filtrate
flux decline during a filtration run, the underlying mechanisms (and possible solution
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strategies) are very different. The osmotic pressure is a function of the protein
concentration in the solution immediately above the membrane surface, and any changes
in the rate of mass transfer (e.g., by stirring or tangential flow) will change the extent of
concentration polarization, and consequently, the osmotic pressure. In contrast, fouling is
due to specific interactions between the protein and membrane and is much less
dependent on the hydrodynamics of the filtration device, although the high protein
concentration on the external surface of the membrane due to polarization may
subsequently lead to enhanced rates of fouling. In addition, fouling is typically
considered as an irreversible phenomenon, while concentration polarization can be
readily reversed by increasing the rate of bulk mass transfer.

4.1.1

Previous Work
Ireland et al. (2004) evaluated the capacity of a Viresolve NFP filter during

filtration of IgG solutions having concentrations ranging from 5 to 10 g/L. The
volumetric capacity of the filter decreased as the IgG concentration in the feed solution
increased. The required membrane area for the virus filtration process was a trade-off
between the reduced volumetric capacity at higher concentrations and the larger feed
volumes that could be processed at lower concentrations. The optimum IgG feed
concentration for this particular system was in the range of 6 to 10 g/L.
Phillips et al. (2007) observed a significant reduction in the average filtrate flux
through two different normal flow virus filters with increasing protein concentration. In
both cases, the average filtrate flux decreased by more than 50% as the protein
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concentration increased from 4 to 10 g/L. The authors did not provide any physical
interpretation for these results, and no details were provided on the properties of the
proteins or membranes used in these experiments.
Smith et al. (2003) evaluated the effect of monoclonal antibody (mAb)
concentration on the volumetric capacity of four commercially available virus filters:
Ultipor DV20, Ultipor DV50, Viresolve NFP, and Viresolve NFR. The DV20 and
Viresolve NFP membranes are designed to remove small parvoviruses, while the Ultipor
DV50 and Viresolve NFR filters are used for removal of larger retroviruses. Two
different preparations of mAb with aggregate contents of 0.2% and 2% were used in the
filtration experiments. All four virus filters showed higher volumetric capacities, as
determined based on the Vmax analysis, when mAb solutions containing lower aggregate
content were used, demonstrating the importance of aggregate levels on protein fouling.
The volumetric capacity of the DV20 filter declined by less than 20% for both mAb
preparations as the concentration increased from 2 g/L to 8 g/L. In contrast, the capacity
of the other three filters declined significantly with increasing mAb concentration. For
example, the volumetric capacity of the Viresolve NFP filter decreased by more than
80% for a similar increase in mAb concentration. No further analysis of the fouling
phenomenon was discussed.

4.1.2

Classic Models of Protein Fouling
Fouling can occur by physical deposition and/or adsorption of proteins on or

within the membrane pores. The protein can block individual pores, it can lead to the
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formation of a cake layer on the external surface of the membrane, and / or the protein
can constrict the membrane pores thus reducing the effective pore size. Protein fouling is
a complex function of the experimental conditions and the detailed properties of the
proteins and the membrane.
Most previous models of protein fouling have employed one of three classical
fouling mechanisms: pore constriction, pore blocking, or cake filtration, with the filtrate
flux expressed as:

J

P  
 Rm  Rc 

(4.1)

where the resistance of the cake layer (Rc) and the membrane (Rm) are both allowed to
vary with time. For a membrane with uniform parallel cylindrical pores, the membrane
resistance can be evaluated directly from the Hagen-Poiseuille equation as:

Rm 

8 m
N r4

(4.2)

where m is the membrane thickness, r the pore radius, and N the number of membrane
pores. The pore constriction and pore blockage models thus correspond to changes in r
and N. Although pore blockage, pore constriction, and cake filtration can occur
simultaneously (and non-uniformly) in any given process, the classical filtration models
are all developed by assuming that one mechanism dominates, with the flux decline
determined completely by that particular mechanism, and with the membrane and fouling
properties assumed to be completely uniform over the membrane surface.
The osmotic pressure differential, , is associated with the concentrated solution
of protein that accumulates immediately upstream of the membrane surface. The
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influence of the osmotic pressure differential is determined by the magnitude of the
osmotic reflection coefficient, , which is equal to one for a fully retained solute and zero
for a completely non-retained solute.
The pore constriction model is typically developed by assuming that the fouling
uniformly reduces the pore volume at a rate that is proportional to the convective flux of
protein through the membrane:





d
 r 2 m    pore A J Cb
dt

(4.3)

where pore is the volume of the protein in solution that contributes to the deposit per
mass of protein. Equation (4.3) can be combined with Equations (4.1) and (4.2) and
integrated over time to evaluate the filtrate flux:

J   pore A J 0 Cb
 1
J 0 
 ro 2  m


t 


2

(4.4)

where ro is the initial (clean) pore radius. Note that both the osmotic pressure and cake
resistance are assumed to be negligible throughout the process. The cumulative filtrate
volume, V, can be calculated from the expression for the flux as a function of time:
t

V
 J dt
A 0

(4.5)

Equations (4.4) and (4.5) can be combined to develop an expression for the normalized
flux (J/Jo) as a function of the volumetric throughput (V/A):

J   pore A Cb V 
 1
J 0 
 ro 2  m A 

2

(4.6)
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Alternatively, Equations (4.4) and (4.6) can be combined to develop an expression for V
as a function of time, which can be rearranged in a linearized form as:
t  pore Cb
1

t
2
V  ro  m
q0

(4.7)

where q0 is the initial volumetric flow rate through the membrane (q = Jv × A). The
maximum possible capacity of the membrane, i.e. the cumulative filtrate volume at which
the flux goes to zero, can be calculated directly from Equation (4.6) as:

Vmax 

 ro 2  m
 pore Cb

(4.8)

Vmax is typically determined experimentally by plotting t / V as a function of time as in
Equation (4.7), with the slope equal to 1/Vmax.
In the pore blockage model, the rate of pore blockage is assumed to be
proportional to the rate at which particles are carried to the membrane surface:

dN
   block A J Cb
dt

(4.9)

where pore is a constant equal to the number of pores blocked by a given mass of protein.
Integrating Equation (4.9) over time and combining with Equations (4.1) and (4.2) yields:

 
A J 0 Cb
J
 exp   block
J0
N0



t 


(4.10)

where N0 is the number of pores per unit area of the clean membrane (before fouling).
Osmotic pressure effects and other fouling mechanisms have again been ignored. The
pore blockage model can be rearranged to provide a linear relationship between the
normalized flux and V:
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 C
J
 1  block b V
J0
N0

(4.11)

with the maximum possible filtrate volume now given as Vmax = (N0 / block Cb).
The cake filtration model assumes that the foulant forms a distinct, uniform
deposit or layer on the external surface of the membrane which provides an additional
resistance to filtration. The resistance of the cake layer is assumed to be directly
proportional to its mass, mcake:
Rc   cake

mcake
A

(4.12)

where cake is the specific cake resistance. The growth of the cake layer is assumed to be
proportional to the rate of convection of foulant to the membrane:
dmcake
 f ' A J Cb
dt

(4.13)

with f’ representing the fraction of the protein that adds to the cake. Assuming f’ and

cake to be constant throughout the filtration, Equation (4.13) can be combined with
Equations (4.12) and (4.1) and integrated over time to give:

J  2  cake f ' J o Cb
 1 
J 0 
Rm


t 


1

2

(4.14)

Equation (4.14) can again be rewritten as a linear function of V as:

J0
  f ' Cb J o 
 1   cake
V
J
P



(4.15)
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Note that the cake filtration model does not predict a maximum in the cumulative filtrate
volume; the filtrate flux continues to decline with time while V increases without bound
(although at a progressively slower rate).
Experimental data obtained during filtration experiments are conveniently
analyzed in terms of the total resistance, Rtotal, which is defined as:
Rtotal 

P
J

(4.16)

Equations (4.4), (4.10), and (4.14) can be used to develop the following equations for the
variation of the total resistance with filtration time:
2

Pore constriction

Rtotal   pore A J o Cb
 1 
Rm
 ro 2  m


Pore blockage
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A J o Cb 

 exp  block
t
Rm
No



Cake filtration
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 1 
Rm
Rm



t 



t 


(4.17)

(4.18)
1

2

(4.19)

Equations (4.17) through (4.19) indicate that a plot of data for Rtotal as a function of time
should collapse to a single curve when plotted as a function of the parameter JoCbt, with
the relationship being concave downwards for cake filtration and concave upwards for
the pore constriction and pore blockage models.

4.2

Materials and Methods
The general procedures for the protein filtration experiments were described in

Chapter 2 and are summarized below for convenience.
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4.2.1

Solution Preparation
Phosphate-buffered saline (PBS) solutions were prepared by dissolving 0.03 M

KH2PO4 and 0.03 M Na2HPO4·7H2O (Sigma) in deionized distilled water obtained from
a NANOpure® water purification system (Model D11911, Barnstead/Thermodyne Co.,
Dubuque, IA) with resistivity greater than 18 M-cm. The pH was adjusted to 7.4 by
adding a small amount of NaOH, with the pH measured using a Model 420 Thermo
Orion pH meter (Orion Technology, Beverly, MA). All buffer solutions were pre-filtered
through 0.2 m pore-size Supor®-200 membranes (PALL Corp., Ann Arbor, MI) to
remove any particles or undissolved salts prior to use. Solutions of 0.01 M phosphate
buffer were prepared by dissolving preweighed amounts of phosphate salts and KCl in
deionized distilled water, with the solution pH adjusted to pH 4.7, 5.5, or 7 as desired.
The solutions of monoclonal antibody were prepared at Genentech, Inc. using proprietary
buffer solutions at pH 6 and 8 and conductivities of 10 and 40 mS/cm.
Due to the extensive previous work on bovine serum albumin (BSA) fouling
during ultrafiltration and microfiltration, we used BSA (Sigma A7906) as the model
protein for most of the filtration experiments. A limited number of filtration experiments
were also performed using bovine gamma globulin (Sigma 49030), human serum
immunoglobulin G (Seracare HS-470), and a monoclonal antibody (Genentech Inc.,
South San Francisco, CA). Antibody experiments were performed at Genentech under
the direction of Amit Mehta and Robert van Reis. Some of the experiments with the
Seracare IgG were performed at Pall Corporation under the direction of Nigel Jackson
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and Ralf Kuriyel. The results presented in this Chapter are presented with the permission
of Genentech and Pall.
Solutions of BSA and Seracare IgG were prepared by dissolving the appropriate
mass of powdered protein in the desired buffer. Protein solutions were prepared fresh for
each filtration experiment and filtered through a 0.22 m Durapore filter (Millipore,
Bedford, MA) to remove any large protein aggregates immediately prior to use.
Monoclonal antibody solutions were obtained directly from purification of a harvested
cell culture fluid using protein A and / or ion exchange (cation or anion-exchange)
chromatography. Protein concentrations were evaluated using either a SPECTRAmax
(SPECTRAmax plus384, MD Corp., Sunnyvale, CA) or a NanoDropTM 1000 (Thermo
Scientific, Wilmington, DE) UV-Vis spectrophotometer, with the absorbance measured at
280 nm. No viruses were added to the protein solutions since the virus concentration in
typical biotechnology process streams are many orders of magnitude smaller than the
protein concentration.

4.2.2

Heat-induced Aggregation of BSA and IgG
A beaker containing 30 mL of a 4 g/L BSA solution was placed on a stirred hot

plate and heated to 70 ± 2 °C for two hours. The BSA was then cooled to room
temperature in a water bath. IgG aggregates were generated following a similar approach
by heating the IgG solution to 58 ± 1 °C for 1.5 hours. A desired amount of the
aggregated protein was added to the feed solution immediately prior to use in the
filtration experiment.
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4.2.3

Protein Filtration
All filtration experiments were performed using Ultipor® DV20 (Pall Corp.,

Northborough, MA) membrane. Filtration experiments using BSA were performed in a
10 mL Amicon stirred ultrafiltration cell (Model 8010, Millipore Corp., Bedford, MA).
Filtration experiments using Seracare IgG were performed at Pall Corporation using a 47
mm stainless steel filter holder (Pall Corp., Ann Arbor, MI). Filtration experiments were
performed at constant pressure maintained by air pressurization of the stirred cell. The
filtrate flow rate was measured by timed collection using a digital balance.
Filtration experiments using monoclonal antibody were performed at Genentech
using a 25 mm stainless steel filter holder (Pall Corp., Ann Arbor, MI) at a constant
filtrate flux provided by a peristaltic pump connected to the protein feed reservoir.
Pressure transducers were connected to the upstream of each filter and the transmembrane pressure was recorded using custom-made Millidaq or Netdaq systems. The
protein mass throughput was measured and recorded using a load cell.
The stirred cell and feed reservoir were initially filled with the desired buffer
taking care to remove any trapped air bubbles from the cell and associated tubing. The
hydraulic permeability of the clean membrane was determined using Equation (2.4) from
the slope of data for the buffer filtrate flux, Jv, as a function of applied pressure, P,
using data for pressures between 35 and 210 kPa (corresponding to between 5 and 30
psi). The viscosity of the buffer solution, was assumed to be equal to the viscosity of
pure water. The stirred cell and feed reservoir were then emptied and refilled with the
desired protein solution, and the device was re-pressurized. After completion of the
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filtration experiment, the stirred cell was carefully emptied, rinsed with buffer, and the
membrane hydraulic permeability was reevaluated. All filtration experiments were
performed at room temperature (22  3 oC).

4.2.4

Protein Characterization

4.2.4.1

Size Exclusion Chromatography
BSA solutions were characterized by size exclusion chromatography using an

Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA) with a Superdex 200
column (GE Healthcare, Uppsala, Sweden). IgG solutions were characterized using a
Shimadzu Prominence system (Shimadzu, Columbia, MD) with a TSKgel Super SW3000
column (Tosoh Bioscience, Japan). Protein detection was by UV absorbance at 280 nm.
Phosphate-buffered saline (PBS) was used as the mobile phase at flow rates of
0.3 mL/min and 0.35 mL/min for Superdex 200 and Super SW3000 columns,
respectively.

4.2.4.1.1

Fractionation of Human IgG

Experiments with size exclusion fractions of the Seracare IgG were performed at
Pall Corporation. A 25 mL solution of 40 g/L IgG solution was prepared by dissolving
powdered IgG in phosphate buffer. The prepared IgG solution was then diluted by a
factor of 40 and stored at room temperature. The IgG samples were then injected into the
size exclusion chromatography column, and fractions of IgG monomer, dimer + trimer,
and larger aggregates were separated using a Super SW3000 column over a time period
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of 48 hours. In order to obtain sufficient amounts of each fraction for filtration
experiments, the size exclusion chromatography was run for 35 cycles. The IgG fractions
were then diluted to the concentrations equal to those in the SEC feed sample.

4.2.4.2

Dynamic Light Scattering
The mean size of BSA was determined using a Zetasizer Nano S (Malvern

Instruments, Worcestershire, UK) dynamic light scattering instrument. Data were
obtained using BSA solutions in PBS with different concentrations at a scattering angle
of 173° and a temperature of 25 °C. The results were used to evaluate the intensityaverage, volume-average, and number-average size distributions, as well as the mean size
(z-average diameter) and polydispersity index (PDI) for each solution.

4.2.4.3

Reverse-Phase Chromatography
The hydrophobicity of the BSA was characterized by reverse-phase

chromatography using a Symmetry Trade Mark 300 C4 column (4.6 mm × 50 mm,
30 nm pore size, 5 μm particle size from Waters, Milford, MA). The mobile phase was a
mixture of (A) 0.1% (v/v) trifluoroacetic acid (TFA) in water and (B) 0.1% TFA in
acetonitrile. Injection volume was 100 μL and the mobile phase flow rate was constant at
0.75 mL/min. The column was initially washed for 5 min with mobile phase (A) to
remove any highly hydrophilic species. The mobile phase was rapidly increased to 30%
B and then run in a gradient mode from 30 to 50% B over 35 min. Initial experiments
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showed that BSA eluted in the range of 40–45% B. After the gradient was completed,
the column was washed with 100% B to remove any tightly bound aggregates.

4.3

Results and Discussions

4.3.1

Bovine Serum Albumin
As discussed in Chapter 3, the primary mechanism responsible for the decline in

filtrate flux over the course of filtration using the Viresolve 180 membranes was
polarization of proteins on the external surface of the membrane. In order to evaluate the
contribution of the polarization phenomenon during filtration through the DV20
membrane, filtration experiments were performed in the absence or presence of stirring
(stirring speed of 600 rpm). Stirring the bulk solution increases the rate of back mass
transfer and thus controls the extent of polarization in the stirred cell. Results for the
filtrate flux and filtrate concentration are shown in Figure 4.1. In contrast to the data
obtained with the Viresolve 180 membrane where the rate of flux decline was much more
pronounced in the absence of stirring, the flux decline during filtration using a DV20
membrane was essentially independent of stirring. In addition, the filtrate concentration
remained fairly constant and equal to the feed concentration over the course of the
filtration, independent of the stirring speed. At the end of the experiment, the membrane
was gently rinsed and the hydraulic permeability re-evaluated using fresh buffer. The
permeability of the DV20 membrane after the filtration experiment was approximately
24% smaller than that measured for the clean membrane, consistent with the 28%
decrease in filtrate flux during the course of the filtration. These data suggest that the
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flux decline in Figure 4.1 is most likely associated with some type of irreversible fouling
during filtration and not to any concentration polarization effects. The mechanism of
protein fouling is discussed in more detail subsequently.

Figure 4.1

Filtrate flux (left axis) and filtrate concentration (right axis) as a function of
protein volumetric throughput for stirred and unstirred filtration of a 4 g/L
BSA solution through DV20 membranes at a constant pressure of 210 kPa.

In order to obtain additional insights into the fouling behavior, the filtrate flux
data were analyzed using the classical fouling models using the form given by Equations
(4.17) through (4.19). Figure 2 shows a plot of the scaled resistance, Rtotal/Rm, as a
function of protein mass throughput, JoCbt for filtration of 1 and 8 g/L BSA solutions
through two separate DV20 membranes. The data with both feed concentrations are
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concave upwards when plotted in this fashion, in good agreement with predictions of the
pore constriction and pore blockage fouling models. However, the data do not collapse to
a single curve when plotted as a function of the mass throughput as predicted by the
fouling models. This behavior is discussed in more detail later in this Chapter.

Figure 4.2

Scaled resistance as a function of protein mass throughput during filtration
of 1 g/L and 8 g/L BSA solutions through DV20 membranes at a constant
pressure of 210 kPa.

In order to understand the fouling phenomenon and sieving behavior of the DV20
membrane in more detail, the membrane used for filtration of BSA was gently rinsed and
then used to evaluate the dextran sieving coefficients. The details of the dextran sieving
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test for characterization of virus filters are discussed in Chapter 6. Dextran sieving
results are shown in Figure 4.3 along with data obtained for a separate clean membrane
cut from the same flat sheet. The dextran sieving coefficients for the fouled membrane
were uniformly smaller than those for the clean membrane. For example, the sieving
coefficient of a 1000 kDa dextran was 0.37 for the clean membrane compared to a value
of 0.18 for the membrane that was used to filter the BSA solution. This reduction in the
dextran sieving coefficients is consistent with a constriction of the membrane pores
associated with protein fouling.

Figure 4.3

Dextran sieving coefficient as a function of dextran molecular weight for a
clean DV20 membrane and a membrane fouled with BSA by filtration of a
1 g/L BSA solution for 20 hr at a transmembrane pressure of 210 kPa.
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Figure 4.4 shows the normalized filtrate flux as a function of the protein
volumetric throughput during filtration of BSA at four different protein concentrations
through four separate DV20 membranes. The filtrate flux (J) was scaled with the buffer
flux (Jo) evaluated immediately prior to the protein filtration; this avoids any uncertainty
in the evaluation of the initial flux. The membrane capacity was defined as the
volumetric throughput (volume of feed solution filtered per unit membrane area) when
the filtrate flux had declined to 50% of the buffer flux (J/Jo = 0.5) as indicated by the
dashed horizontal line in Figure 4.4. The normalized filtrate flux was largely
independent of the protein concentration when plotted as a function of the protein
volumetric throughput; the small variations between the data for the different filtration
runs may simply be due to the inherent variability in the membrane and protein properties
between experiments. The membrane capacity ranged from 335 L/m2 for the 8 g/L
protein solution to 400 L/m2 for the 1 g/L solution.
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Figure 4.4

Normalized filtrate flux as a function of protein volumetric throughput for
filtration of different concentration BSA solutions through DV20
membranes at a constant pressure of 210 kPa. The dashed line denotes
50% flux decline.

Figure 4.5 shows the same data plotted as a function of the protein mass
throughput,

M Cb V
. In contrast to the results in Figure 4.4, the mass capacity (g/m2)

A
A

increased significantly as the protein concentration increased, varying from 400 g/m2 to
more than 2500 g/m2 as the BSA concentration increased from 1 to 8 g/L. This behavior
is surprising since the classical fouling models [Equations (4.6), (4.11), and (4.15)] all
predict that the mass capacity should be completely independent of the protein
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concentration since the fouling parameters (pore, block, and cake) should be independent
of Cb:
2

Pore constriction

A pore M 
J 

 1 
J 0   ro 2  m A 

Pore blockage

A block M
J
 1
J0
N0
A

Cake filtration

A cake f ' M 
J 

 1 
J0 
Rm
A 

Figure 4.5

(4.20)

(4.21)
1

(4.22)

Normalized filtrate flux as a function of protein mass throughput for
filtration of different concentration BSA solutions through DV20
membranes at a constant pressure of 210 kPa. The dashed line denotes
50% flux decline.
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Equations (4.6), (4.11), and (4.15) also suggest that the normalized filtrate flux
should be independent of the transmembrane pressure. A series of filtration experiments
were thus performed over a range of transmembrane pressures from 10 psi (70 kPa) to 50
psi (350 kPa). The filtrate flux data at each transmembrane pressure were qualitatively
similar to the behavior seen previously in Figures 4.4 and 4.5. Figure 4.6 shows the
calculated values of the volumetric capacity of the DV20 membrane as an explicit
function of the transmembrane pressure for data obtained at BSA concentrations of 1 and
8 g/L. The volumetric capacity for the 8 g/L BSA solution was essentially independent
of the transmembrane pressure, in good agreement with predictions of the classical
fouling models. In contrast, the volumetric capacity for the 1 g/L solution increased from
135 L/m2 to 500 L/m2 as the transmembrane pressure increased from 70 to 350 kPa. The
origin of these differences is discussed in more detail subsequently.
There are several possible explanations for the increase in mass capacity with
increasing protein concentration. In particular, the fouling models all assume that the
concentration of the fouling component is directly proportional to the measured bulk
protein concentration. However, there are many examples where the key fouling species
is actually a trace component in the feed solution. For example, Kelly et al. (1993)
clearly demonstrated that BSA fouling during microfiltration is due to the presence of
trace protein aggregates in the bulk solution, although in this case the concentration of
these aggregates was proportional to the bulk protein concentration. This hypothesis is
examined in more detail in the next several sections.
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Figure 4.6

The volumetric capacity of the DV20 membrane during filtration of 1 and
8 g/L BSA solutions as a function of transmembrane pressure.

4.3.1.1

Time-Dependent Formation of Fouling Component
One possible explanation for the unusual behavior in Figures 4.4 – 4.6 is that the

concentration of the fouling component in the BSA solution varied with time over the
course of the filtration experiment due to some phenomenon that either generates or
degrades this fouling species. In order to examine this possibility in more detail, two
filtration experiments were performed: one using a 4 g/L fresh BSA solution and one
using a 4 g/L BSA solution that was allowed to sit on the shelf overnight at room
temperature before performing the filtration. Results are shown in Figure 4.7 for the
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normalized filtrate flux as a function of the volumetric throughput; the initial
permeabilities of the two membranes used in these experiments differed by less than
10%. The data for the two filtration experiments were essentially identical, giving
membrane capacities of 290 L/m2 for the fresh BSA solution and 270 L/m2 for the stored
BSA solution.
A further experiment was performed in which two consecutive filtrations were
performed using the same 4 g/L solution of BSA. The first filtration was performed for
17 hr (corresponding to a flux decline of 50%). The stirred cell was then disconnected
from the reservoir, emptied, and the fouled membrane was replaced with a new (fresh)
DV20 membrane. The stirred cell was then reassembled, connected to the same
reservoir, and the filtration was continued for another 15 hours. The filtrate flux data for
the two filtration runs were again essentially identical, suggesting that there was no timedependent formation or degradation of a fouling component in the 4 g/L BSA solutions
used in these experiments.
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Figure 4.7

Normalized filtrate flux as a function of volumetric throughput during
filtration of 4 g/L solutions of fresh BSA and stored BSA at a constant
pressure of 210 kPa.

Figure 4.8 shows results a parallel set of experiments performed with 1 g/L BSA
solutions instead of the 4 g/L solutions examined in Figure 4.7. In contrast to the
behavior with the 4 g/L solution, the filtrate flux was significantly lower for the
membrane used with the stored BSA solution. The volumetric capacity for the fresh BSA
solution was 550 L/m2 compared to only 300 L/m2 for the solution that had been stored
overnight. This increase in fouling with the stored solution is consistent with an increase
in the concentration of some fouling component during storage of the dilute (1 g/L) BSA
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solution, an effect that was not seen in the more concentrated solution. This behavior is
discussed in more detail in Section 4.3.1.3.

Figure 4.8

Normalized filtrate flux as a function of volumetric throughput during
filtration of 1 g/L solutions of fresh BSA and stored BSA at a constant
pressure of 210 kPa.

4.3.1.2

Fouling Component Originated from Buffer
An alternative explanation for the effects of protein concentration on the observed

fouling behavior is that the foulant present in the feed solution is actually derived (at least
in part) from the buffer used to prepare the protein solution. In order to examine this
possibility, a series of filtration experiments were performed using the same initial feed
but with the protein concentration in that feed adjusted by ultrafiltration through a
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Optiflux F200NR (Fresenius Medical Care, Lexington, MA) dialysis membrane. Thus, 4
L of a dilute 1 g/L BSA solution was prepared by dissolving 4 g of BSA in 4 L of
phosphate buffer. 3.4 L of this solution was then removed and concentrated to 2 g/L by
removal of 1.7 L of buffer by filtration through the dialysis membrane. The actual BSA
concentration was measured spectrophotometrically; the data indicate that BSA retention
by the dialysis membrane was greater than 97%. 1.4 L of the 2 g/L BSA solution was
then removed and concentrated to 4 g/L using the same approach. If the original buffer
had contained a large fouling component, then the concentration of this component
should be greatest in the 4 g/L BSA solution since the fouling component would have
been retained along with the BSA during filtration through the dialysis membrane.
Figure 4.9 shows data for the normalized filtrate flux as a function of the protein
mass throughput during filtration of the 2 and 4 g/L BSA solutions. The filtrate flux at a
given mass throughput was considerably larger for the 4 g/L solution, giving mass
capacities of 700 g/m2 for the 2 g/L solution compared to 2000 g/m2 for the 4 g/L
solution. These values are similar to the results obtained previously with freshly prepared
(not ultrafiltered) BSA solutions at the same concentrations (850 and 1550 g/m2). The
observed differences in membrane capacity between the two sets of experiments may be
due to small differences in the BSA preparations, although it is also possible that this is
simply a reflection of the inherent membrane-to-membrane variability. These results
strongly suggest that the fouling component does not originate from the buffer solution.
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Figure 4.9

Normalized filtrate flux as a function of protein mass throughput during
filtration of 2 and 4 g/L BSA solutions through DV20 membranes at a
constant pressure of 210 kPa. The BSA solutions were prepared from a
single dilute BSA solution by ultrafiltration through a small pore dialysis
membrane.

4.3.1.3

Nature of the Fouling Component
As discussed previously, the actual fouling component in the BSA solutions could

be a product-related variant, e.g., a protein dimer, a large aggregate, or some altered
version of the native protein that is more susceptible to fouling. In order to identify the
nature and possible origin of any fouling component(s) in the BSA solution, a series of
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experiments were performed to evaluate the size / size distribution and the
hydrophobicity of the protein samples.

4.3.1.3.1

Size Exclusion Chromatography

Size exclusion chromatography (SEC) is a well-established method for
characterizing the size and size distribution of protein samples. BSA solutions for SEC
analysis were prepared using two different approaches: (1) the desired mass of powdered
BSA was dissolved directly in a buffer solution to achieve a specific protein
concentration; (2) a solution of 8 g/L BSA was prepared as per the above method and
then diluted with additional buffer solution immediately before injection into the SEC
column to give final BSA concentrations of 4, 2, and 1 g/L.
Figure 4.10 shows the size exclusion chromatograms for BSA solutions prepared
according to the first approach. In each case, a total of 80 g of BSA was injected into
the SEC column by appropriately adjusting the injection volume. Major peaks were
observed at elution times of 47, 41, 37, and 35 min, which correspond to the BSA
monomer, dimer, trimer, and tetramer, respectively. The chromatograms for the different
BSA concentrations were nearly indistinguishable, indicating that the different BSA
solutions had nearly identical levels of monomer, dimer, trimer, and tetramer. Similar
results were obtained with BSA solutions prepared following the second approach (data
not shown).
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Figure 4.10 Size exclusion chromatograms for BSA solutions prepared by dissolving
the desired mass of powdered protein in buffer solution. Major peaks were
observed at elution times of 47, 41, 37, and 35 min, which correspond to
BSA monomer, dimer, trimer, and tetramer, respectively.

Table 4.1 shows the size distributions of the BSA solutions. All BSA solutions
had very similar size distributions, with the concentration of the tetramers ranging from
0.9 to 1.0%. The very similar levels of higher molecular weight species in the 1, 2, 4, and
8 g/L solutions suggest that the fouling component is not simply a high molecular weight
oligomer / aggregate whose concentration varies non-linearly with the bulk protein
concentration, although it is certainly possible that the fouling component is a larger
oligomer (larger than a 4-mer) that is undetectable by the SEC analysis.
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Table 4.1

Size distributions of BSA solutions with different concentrations.
Protein Concentration (g/L)

1

2

4

8

Monomer (%)

86.0

86.1

86.2

86.2

Dimer (%)

10.9

10.8

10.7

10.7

Trimer (%)

2.2

2.2

2.2

2.1

Tetramer + (%)

0.9

0.9

0.9

1.0

As discussed previously, filtrate flux data obtained with a stored 1 g/L BSA
solution showed an increase rate of flux decline, an effect that was not seen in a more
concentrated solution (4g/L). In order to examine if this might have been due to the
generation of a higher molecular weight oligomer, BSA solutions with different
concentrations were prepared and analyzed by size exclusion chromatography
immediately after preparation, and after storage for 15 hr at room temperature. The
amount of trimer and larger oligomers in the 1 g/L solution increased by approximately
75% over the course of this 15-hr storage; there was essentially no change (< 5%
increase) in the amount of trimers + larger oligomers in the 8 g/L solution under the same
conditions. This behavior is consistent with the flux decline data, indicating that the
increase in flux decline after storage of the 1 g/L solution may well be due to the
formation of larger BSA oligomers in solutions.
A separate experiment was performed in which the feed, retentate, and filtrate
solutions were all examined by size exclusion chromatography, with results summarized
in Table 4.2. The first two columns show the fractions of monomer, dimer, trimer, and
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tetramer in the initial feed solution and the retentate remaining in the feed reservoir at the
completion of the 740 min filtration experiment. The residual feed solution had a slightly
larger concentration of dimers and higher order oligomers, which would be consistent
with the greater retention of these components by the DV20 membrane and / or the
formation of a small number of additional aggregates during the time course of the
experiment. Interestingly, the filtrate samples also showed a slightly increased
concentration of dimers and oligomers compared to the feed (with the exception of the
final filtrate sample). The reason for this behavior is unclear. Note that the slightly
different oligomer concentrations in Tables 4.1 and 4.2 are likely due to small differences
in the preparation of the protein used in these experiments.

Table 4.2

Size distributions of the feed, retentate, and filtrate samples during
filtration of a 4 g/L BSA solution through a DV20 membrane.
Feed

Residual Feed

Filtrate
(5 min)

Filtrate
(30 min)

Filtrate
(290 min)

Filtrate
(740 min)

Monomer (%)

88.7

88.2

87.8

87.8

87.8

88.4

Dimer (%)

9.1

9.3

9.6

9.6

9.5

9.3

Trimer (%)

1.60

1.80

1.87

1.89

1.87

1.72

Tetramer + (%)

0.60

0.70

0.73

0.73

0.80

0.61

In order to obtain more insights into the nature of the fouling component, samples
of heat-induced BSA aggregates were generated by heating a 4 g/L BSA solution at 70 oC
for two hours. Figure 4.11 shows the size exclusion chromatogram of the heat-induced
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BSA sample. This solution shows a very high concentration of large aggregates with a
distinct peak observed at retention time of about 28 min which would correspond to a
molecular weight of approximately 600 kDa based on the calibration curve constructed
for this SEC column.

Figure 4.11 Size exclusion chromatograms for a heat-induced BSA sample after
heating at 70 oC for two hours (dashed curve), feed solution containing
20% of the BSA aggregate, and filtrate sample during filtration through a
DV20 membrane at constant pressure of 210 kPa.

A small amount of this heat-treated BSA was added to a normal BSA solution
(20:80 mixture) and then filtered through a DV20 membrane. The size exclusion
chromatograms of the feed and filtrate solutions are shown as the two solid curves in
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Figure 4.11; the baseline for these chromatograms were shifted up to make it easier to see
the shape of the curves. The size distribution in the feed and filtrate samples were
essentially identical, indicating that the DV20 membrane was highly permeable to even
the largest BSA aggregate. Figure 4.12 shows the normalized filtrate flux data as a
function of membrane volumetric throughput during filtration of 4 g/L solutions of both
the standard BSA and the high-aggregate BSA through DV20 membranes at a constant
transmembrane pressure of 210 kPa. The rate of flux decline during filtration of the highaggregate feed is greater than that seen with a standard BSA solution, indicating that this
heat-treated solution does contain a higher concentration of the key fouling component.
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Figure 4.12 Normalized filtrate flux as a function of membrane volumetric throughput
during filtration of 4 g/L solutions of a) standard BSA, and b) highaggregate BSA through DV20 membranes at a constant trans-membrane
pressure of 210 kPa.

4.3.1.3.2

Dynamic Light Scattering

Although size exclusion chromatography can provide quantitative data for the
relative concentrations of monomers and small oligomers in protein solutions, it is unable
to resolve / measure the level of much larger molecular weight aggregates. In contrast,
dynamic light scattering (DLS) has much greater sensitivity for larger molecular weight
species due to the r6 dependence of the scattering intensity on solute radius (Pusey and
van Megen, 1984). Figure 4.13 shows the intensity size distribution for the BSA
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solutions with concentrations of 1, 2, 4, and 8 g/L. The BSA monomer is easily visible
with an effective diameter ranging from 10.2 nm in the 1 g/L solution to 9.58 nm in the 8
g/L solution. It was not possible to detect any BSA oligomers or higher order aggregates
in these experiments.

Figure 4.13 Intensity size distribution of the 1, 2, 4, and 8 g/L BSA solutions obtained
from dynamic light scattering measurements.

The results for the intensity size distribution were used to evaluate the volumeand number-weighted size distributions using the software provided by Zetasizer Nano S
light scattering apparatus. The results are summarized in Table 4.3. The calculated size
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distributions are very similar for the four samples, with no obvious dependence on the
BSA concentration.

Table 4.3
Concentration
(g/L)

Calculated size distributions for the different concentration BSA solutions.
Z-average
diameter

Intensity
PdI

(nm)

Volume

Number

Diameter
(nm)

Width
(nm)

Diameter
(nm)

Width
(nm)

Diameter
(nm)

Width
(nm)

1

8.99

0.165

10.2

4.03

6.96

2.53

5.54

1.50

2

8.68

0.107

9.72

3.32

7.16

2.39

5.81

1.55

4

8.48

0.101

9.37

2.88

7.30

2.23

6.11

1.52

8

8.68

0.142

9.58

3.33

7.02

2.35

5.70

1.51

4.3.1.3.3

Reverse Phase HPLC

Further insights into the fouling characteristics of the BSA solutions were
obtained using reverse-phase chromatography, which provides a measure of the protein
hydrophobicity. A number of previous studies have shown that more hydrophobic
species typically have greater fouling tendency during membrane filtration (Kwon et al,
2008; Xiao et al, 2011). The stationary phase in the column has a surface of four-carbon
alkyl chains (-CH2-CH2-CH2-CH3) that interact with the protein through hydrophobic
interactions. The protein tends to bind to the column from the highly aqueous mobile
phase (Solution A - 0.1% TFA in water) and is then eluted using a gradient formed with a
highly organic mobile phase (Solution B - 0.1% TFA in acetonitrile). The specific
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elution volume provides a measure of the protein hydrophobicity, allowing one to resolve
multiple components (with different hydrophobicities) in a complex feed.

Figure 4.14 Reverse-phase chromatograms for BSA solutions with four different
concentrations on a C4 column using a gradient of TFA in water and TFA
in acetonitrile. The dash-dot line corresponds to the percent of solution B
(0.1% TFA in acetonitrile).

Figure 4.14 shows the reverse-phase chromatograms for the 1, 2, 4, and 8 g/L
BSA solutions. The large peak at short retention volumes is probably due to the BSA
monomer. The monomer retention volume decreased from VR = 17.6 mL for the 1 g/L
solution to VR = 16.8 mL for the 8 g/L solution. The greater retention volume
corresponds to a greater apparent hydrophobicity; the protein is eluted in buffer
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containing a higher percentage of the organic component (solution B, 0.1% TFA in
acetonitrile) in the mobile phase. This effect is relatively small, with the percentage of
the organic component B increasing from 37.1% for the 8 g/L solution to 37.7% for the 1
g/L solution. The species eluting after the BSA monomer in Figure 4.14 corresponds to a
more hydrophobic component in the BSA solution, very possibly to the larger molecular
weight BSA aggregates seen in the SEC chromatograms. These hydrophobic aggregates
correspond to approximately 17% of the total BSA in the 1 g/L solution, and this value
increases to 19% in the 8 g/L BSA solution.

4.3.1.4

Effect of Solution Conditions on Membrane Capacity
In order to get more insights into the nature of the fouling component, a series of

experiments were performed to examine the effects of solution conditions on protein
fouling of the DV20 membranes. Table 4.4 summarizes results for filtration experiments
performed using BSA solutions at pH 4.7, 5.5, and 7.0. In each case, the protein solution
was dissolved in a phosphate buffer of the appropriate pH, with the protein then used
immediately after preparation. Results are shown in Table 4.4 for the volumetric and
mass capacity (evaluated at the point of 50% flux decline) for filtration experiments using
1 and 8 g/L BSA solutions. The error bars represent the standard deviation in the
capacity for two repeat experiments under identical conditions. The mass capacity (g/m2)
increased with increasing protein concentration at all three pH values, with the strongest
dependence on pH seen at pH 7. The capacity at pH 4.7 and 5.5 were similar, with the
largest capacity obtained at pH 7 where the protein has the largest negative charge.
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Table 4.4

Mass and volumetric capacity of DV20 membrane (at 50% filtrate flux
decline point) for filtration of 1 and 8 g/L BSA solutions at three pH
values.

Solution pH

Volumetric Throughput
(L/m2)

Mass Throughput
(g/m2)

1 g/L

8 g/L

1 g/L

8 g/L

4.7

194 ± 54

50 ± 9

194 ± 54

396 ± 74

5.5

247 ± 22

52 ± 8

247 ± 22

416 ± 68

7.0

354 ± 101

124 ± 0

354 ± 101

992 ± 0

The effect of solution pH and conductivity were more pronounced during
filtration of a monoclonal antibody (mAb) solution through the DV20 membranes. Data
are shown in Figure 4.15 for the normalized permeability, defined as the ratio of the
filtrate flux to the transmembrane pressure at any given time divided by the clean
membrane permeability, for experiments conducted at a constant filtrate flux. The
normalized permeability declined very rapidly at pH 8 (near the protein isoelectric point
of pH 9) and at high conductivity, conditions in which electrostatic interactions should be
minimal. The membrane performance was dramatically improved by decreasing the pH
from 8 to 6 and reducing the conductivity to 10 mS/cm, conditions in which the protein
has a significant positive charge. For example, the membrane permeability declined to
70% of its initial value after processing of about 200 L/m2 protein solution at pH 6
compared to less than 5 L/m2 at pH 8. This large difference in capacity was not due to a
change in the amount of protein aggregates with solution pH; the aggregate level in the
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mAb solutions, evaluated using size exclusion chromatography, were essentially the same
(approximately 2.3% dimers and higher order oligomers) for all three conditions.

Figure 4.15 Normalized membrane permeability as a function of protein volumetric
throughput for filtration of monoclonal antibody solutions at different pH
and conductivity through DV20 membranes.

4.3.2

Bovine Gamma Globulin G (BGG)
Figure 4.16 shows data for the normalized filtrate flux as a function of protein

mass throughput during filtration of solutions of bovine Gamma Globulin G (BGG)
through two separate DV20 membranes. The flux data for the 1 and 4 g/L solutions were
similar, with the mass capacity increasing from 310 g/m2 for the 1 g/L solution to 410 for
the 4 g/L solution. This small increase in mass capacity with the BGG is in sharp
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contrast to the nearly 4-fold increase in mass capacity obtained with BSA solutions over
the same range of protein concentrations.

Figure 4.16 Normalized filtrate flux as a function of protein mass throughput for
filtration of BGG solutions through DV20 membranes at a constant
pressure of 210 kPa.

4.3.3

Human Immunoglobulin G (IgG)
Figure 4.17 shows the mass capacity of DV20 membranes during filtration of

immunoglobulin G solutions at concentrations ranging from 2 to 27 g/L. Similar to the
behavior observed with bovine gamma globulin, the variations in mass capacity of the
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DV20 membranes were very small over this large range of protein concentration,
consistent with predictions of the classical fouling models.

Figure 4.17 Mass capacity of DV20 membranes during filtration of immunoglobulin G
solutions at different concentrations ranging from 2 to 27 g/L at a constant
pressure of 210 kPa.

In order to evaluate the nature of the fouling component in these IgG solutions,
heat-induced IgG aggregates were generated and added to a solution of IgG prepared by
dissolving powdered IgG in phosphate buffer. The monomer, dimer / trimer, and higher
aggregates in the IgG solution were then separated using size exclusion chromatography.
Figure 4.18 shows the size exclusion chromatogram of the IgG feed solution along with
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that of the IgG monomer, dimer/ trimer, and multimer solutions that were collected and
then re-injected into the size exclusion chromatography column. The IgG monomer was
obtained with only a small amount of dimers still present in the solution. The dimer /
trimer and multimer fractions contained significant amounts of IgG monomer, although at
levels far smaller than that in the original feed solution.
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Figure 4.18 Size exclusion chromatograms for the IgG feed solution, as well as the
monomer, dimer / trimer, and multimer fractions collected and then reinjected into the size exclusion chromatography column.
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Filtration experiments were performed through 4 separate DV20 membranes
using the original IgG feed solution and the separated IgG fractions. Table 4.5 shows the
volumetric capacity, Vmax, of the DV20 membranes used to filter these different IgG
solutions. In each case, the Vmax values were determined by plotting the cumulative
filtrate volume data in the form of Equation (4.7) with the slope related to Vmax using
Equation (4.8). The capacity of the membrane used to filter the multimer sample was
only 290 L/m2, which is similar to that for the membrane used to filter the unfractionated
IgG solution. In contrast, the membrane capacity was dramatically greater (well above
2000 L/m2) for the solutions containing the fractionated monomer and dimer / trimer.
These results strongly suggest that the primary fouling component in the IgG solution
was a multimer / aggregate and not the IgG monomer, dimer, or trimer.

Table 4.5

Volume capacity, Vmax, of DV20 membranes after filtration of an
unfractionated IgG solution along with solutions enriched in monomer,
dimer / trimer, and multimer as prepared by SEC.

Sample Feed

Volumetric Capacity, Vmax
(L/m2)

Original

310

Multimer

290

Dimer/ trimer

2220

Monomer

2560
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4.4

Conclusions
The reduction in filtrate flux during protein filtration through the DV20

membranes is primarily due to fouling. Dextran retention tests suggest that the dominant
mechanism of fouling was some type of pore constriction, which is also consistent with
the observed upward concavity in a plot of the total resistance versus volumetric
throughput. Concentration polarization effects with the DV20 membrane were minimal,
in sharp contrast to the behavior seen with the Viresolve 180 membrane in Chapter 3.
These differences are a direct result of the differences in pore morphology and structure
of the DV20 and Viresolve 180 membranes. The Viresolve membrane has a highly
asymmetric pore structure with high permeability compared to the relatively homogenous
pore structure of the DV20 membrane, leading to very high initial filtrate flux and thus a
greater degree of concentration polarization with the Viresolve membrane.
The filtrate flux data obtained with BSA solutions show a significant increase in
mass capacity of the DV20 membrane with increasing BSA concentration, while the
classical fouling models all predict that the mass capacity should be independent of
concentration. A number of hypotheses were explored to explain this behavior. There
was no evidence for the presence of a fouling component in the buffer solution;
experiments performed using BSA solutions that were concentrated by ultrafiltration
through a small pore dialysis membrane (or that were diluted by additional buffer) all
showed very similar flux decline. However, data obtained with a dilute (1 g/L) BSA
solution that was allowed to sit overnight prior to use did show a significant increase in
fouling and a significant increase in the concentration of higher order oligomers,
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suggesting that there may be a fouling component that forms slowly over time at low
BSA concentrations. This might imply that the concentration of the fouling component is
a non-linear function of the protein concentration, which could explain the observed
increase in mass capacity with increasing BSA concentration.
A variety of analytical methods were used to try to identify the nature and origin
of the fouling component including: size exclusion chromatography, dynamic light
scattering, and reverse-phase chromatography. Size exclusion chromatography showed a
slightly higher aggregate content in the 1 g/L solution, with the concentration of trimers
and higher-order oligomers increasing after overnight storage, although this difference in
aggregate concentration was unable to explain the large difference in mass capacity at the
different BSA concentrations. Dynamic light scattering was unable to detect any
significant difference in the size distribution of samples with different BSA
concentrations. There was also no clear evidence of preferential retention of the higher
order BSA oligomers during filtration through the DV20 membranes. The
hydrophobicity of the BSA, as determined by reverse phase chromatography, was a weak
function of the protein concentration, although again the differences did not seem to be
sufficient to explain the observed increase in mass capacity with increasing BSA
concentration. The mass capacity during BSA filtration through the DV20 membrane
was also a function of solution conditions, with the greatest capacity obtained at pH 7
where the BSA has a strong negative charge, suggesting that electrostatic interactions
play a significant role in determining the extent of protein fouling with the DV20
membranes.
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Limited experiments were also performed with IgG solutions, including a
monoclonal antibody, a human immunoglobulin G, and a bovine gamma globulin G. In
contrast to the results with BSA, the mass capacity of the DV20 membrane during IgG
filtration was essentially independent of the protein concentration, in good agreement
with predictions of the classical fouling models. Data obtained with size-fractionated
samples of the human IgG demonstrated that the fouling component was present in the
fraction containing the largest molecular weight species; there was relatively little fouling
by the IgG monomer or a sample enriched in IgG dimers / trimers. The capacity during
filtration of the monoclonal antibody was a strong function of the solution pH and
conductivity, with the greatest capacity obtained when the protein is highly charged and
at low ionic strength, conditions that maximize intermolecular repulsion (similar to the
behavior observed with BSA).
Although it is difficult to draw any quantitative conclusions about the exact nature
of the fouling component during virus filtration, the results presented in this chapter
suggest that the fouling component is directly related to the protein (as opposed to
something in the buffer / water) and that the concentration and / or fouling characteristics
of this species are reduced under conditions where there is significant intermolecular
electrostatic repulsion. One possibility is that the fouling component is some type of
intermediate trace species formed on the pathway involved in the formation of large
protein aggregates. This intermediate must be smaller than 200 nm in size; prefiltration
of the BSA and IgG solutions through a 0.2 µm pore size sterile filter had no affect on
fouling of the DV20 membrane. Data with the size-fractionated IgG suggest that this
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intermediate is larger than an IgG trimer, which would have a hydrodynamic radius of
about 15 - 20 nm, and is thus similar in size to the pores of the DV20 membrane. The
data obtained with BSA suggest that the concentration of the fouling component varies
non-linearly with the bulk protein concentration, with some evidence that this fouling
component can be formed during overnight storage of dilute (1 g/L) solutions.
Additional experimental studies would be needed to obtain more quantitative information
on the identity of this fouling component and the mechanisms controlling its formation.
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Chapter 5
Dextran Sieving Test for Characterization of Virus Filtration
Membranes
Note: Most of the material presented in this Chapter is taken from: Bakhshayeshi M.,
Kanani D.M., Mehta A., van Reis R., Kuriyel R., Jackson N., Zydney A.L.,
Dextran sieving test for characterization of virus filtration membranes, Journal of
Membrane Science (In Press).

5.1

Introduction
Virus filtration provides a robust, size-based method for removal of a wide range

of viruses. Retrovirus filters are designed to remove larger viruses (greater than
approximately 50 nm in size), while parvovirus filters are designed to provide significant
removal of viruses as small as 20 nm.
The pore size distribution is the critical factor determining the performance of
virus filtration membranes – the pore size determines the overall virus clearance; it has a
major influence on the membrane permeability and in turn the filtrate flux; and it controls
the rate of protein transmission, which effects the overall protein yield, the degree of
concentration polarization, and the magnitude of any osmotic pressure effects. A number
of non-destructive integrity tests have been developed to verify the integrity of virus
filters, i.e., to ensure that there are no very large pores or defects in the membrane, i.e., to
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verify the overall integrity of the virus filter after shipping, storage, or installation. These
tests are based on displacement of a fluid from the pores of the membrane by a second
fluid, with the rate of displacement providing evidence for the presence (or absence) of
large defects. Forward flow (diffusion) integrity tests use a pressurized gas, typically air
or nitrogen, on the upstream side of a pre-wetted membrane (typically with water or an
appropriate buffer). A small number of defects cause displacement of the liquid from the
pores, generating a convective gas flow that is significantly higher than the background
diffusive flow across the wetted pores (Emory 1989). The vendor establishes the
integrity test specification based on a demonstrated correlation between the total gas flow
rate and the clearance of appropriate model viruses. Giglia and Krishnan (2008) have
recently developed a binary gas diffusion test employing a mixture of two gases with
very different permeabilities that provides much greater sensitivity than the classical
diffusion test.
Liquid-liquid integrity tests use fluids with very low interfacial tension to identify
the presence of smaller size defects that cannot be identified using forward flow, pressure
decay, or bubble point measurements since the required pressures for intrusion of these
small defects would exceed the maximum pressure rating of the membrane and / or
device (Philips, 1996). The most common liquids are immiscible mixtures of alcohol and
water or the two immiscible phases produced by a mixture of ammonium sulfate,
polyethylene glycol, and water. The flow rate of the intrusion fluid is typically evaluated
at a specified transmembrane pressure for a membrane that has been thoroughly wet with
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the other fluid. High values of the intrusion fluid flow rate are indicative of membrane
defects that would compromise the virus retention properties.
In addition to non-destructive integrity tests, virus filters are also characterized by
measuring the retention of model viruses (Marques et al., 2009), bacteriophage (Lute at
al., 2004), or gold nanoparticles (Hirasaki et al., 1994). All of these methods are focused
on providing information on the largest pores in the membrane, i.e., the pores that are
most likely to compromise the virus retention characteristics of the filter. Grznárová et
al. (2006) presented information on the development of a dextran sieving test for
characterizing virus filtration membranes at Euromembrane 2006, but no results or
experimental details have yet been published. Although liquid-liquid porosimetry could
be used to study the entire pore size distribution by obtaining data for the intrusion fluid
flow rate over a wide range of transmembrane pressures, these data can be difficult to
interpret due to uncertainties in the surface tension, the contact angle, and the detailed
pore geometry. In addition, liquid-liquid porosimetry provides data on the narrowest
throat in a given flow path through the membrane; it gives no information on the
anisotropic pore structure found in most virus filtration membranes, which can have a
critical effect on the permeability and fouling characteristics of the virus filter (Syedain et
al., 2006). The net result is that there are currently no methods available that can provide
data on the overall retention and pore size characteristics of virus filtration membranes.
In contrast, the retention characteristics and pore size distribution of ultrafiltration
membranes have been extensively studied using dextran sieving (or retention) tests
(Tragardh, 1985; Tkacik et al., 1991; Schock et al., 1989). Dextrans provide attractive
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probe molecules since they do not interact with most membranes, they are well
characterized, and they are relatively inexpensive. Experiments typically use
polydisperse dextrans with molecular weights ranging from about 5 to 200 kDa
depending upon the pore size range of interest, with the concentration of the different
molecular weight fractions evaluated using gel permeation (also known as size exclusion)
chromatography. The resulting sieving (or rejection) curve can be used to evaluate the
selectivity of the ultrafiltration membrane (Schock et al., 1989), to estimate the
membrane pore size distribution (Mochizuki et al., 1992a), and to study the extent of
membrane fouling (Mochizuki et al., 1992b). Recent efforts have extended the
sensitivity of the dextran test by using fluorescently labeled dextrans (Mulherkar et al.,
2004), and Zydney and Xenopoulos (2007) have provided important insights into the
effects of device size and format on the proper interpretation of dextran data.
The standard dextran tests cannot be applied to virus filtration membranes since
the size of the dextrans (typically < 200 kDa) are too small to provide any useful
information on the properties of these larger pore size membranes. The objective of the
work described in this Chapter was to develop an appropriate dextran sieving test to
characterize the retention properties and pore structure of parvovirus filtration
membranes as a complement to existing virus and particle challenge tests. Data were
obtained with single layer membrane discs from two very different virus filters, the Pall
Ultipor® DV20 and the Millipore Viresolve® Pro, operated in both the standard and
reverse flow orientations. The results demonstrate the potential of using this modified
dextran sieving test to evaluate the pore size characteristics of virus filtration membranes.
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5.2

Materials and Methods
The general experimental procedures were described in Chapter 2 and are

summarized below for convenience.

5.2.1

Solution Preparation
.

Phosphate buffer was prepared by mixing 0.03 M Na2HPO4 7H2O (Sigma) and
0.03 M KH2PO4 (J.T. Baker) in deionized distilled water obtained from a NANOpure®
water purification system (Model D11911, Barnstead/Thermodyne Co., Dubuque, IA).
The pH of the phosphate buffer was adjusted to 7.4 by adding NaOH (J.T. Baker), with
the pH measured using a model 420Aplus Thermo Orion pH meter (Orion Technology,
Beverly, MA). All buffer solutions were pre-filtered through 0.2 m pore-size Supor®200 membranes (Pall Gelman Laboratory, Ann Arbor, MI) to remove any particles or
insoluble salts prior to use.
The sieving characteristics of the virus filtration membranes were determined
from dextran sieving measurements using polydisperse dextrans with weight average
molecular weight of 2000 kDa (Sigma, D5376) and 500 kDa (Sigma, D5251). Dextran
solutions were prepared by dissolving preweighed amounts of polydisperse dextran in
phosphate buffer. All dextran solutions were pre-filtered through a 0.22 m Acrodisc®
syringe filter (PALL Corp., Ann Arbor, MI) to remove any undissolved dextran
immediately prior to use.
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5.2.2

Membranes
Filtration experiments were performed using Ultipor® DV20 (Pall Corp., Port

Washington, NY) and Viresolve® Pro (Millipore Corp., Billerica, MA) virus filtration
membranes, both of which are designed to remove parvoviruses as small as 20 nm in
size. Filtration experiments were performed using single layer membranes for easier
interpretation of the results; commercial modules use two membrane layers to obtain the
very high degree of virus retention required for bioprocessing applications. Membranes
were cut into 25 mm discs from large flat sheets using a specially designed cutting
device. A single membrane disc was used for each filtration experiment.

5.2.3

Filtration Experiments
All filtration experiments were conducted in a 10 mL Amicon stirred

ultrafiltration cell (Model 8010, Millipore Corp., Bedford, MA). A 25 mm diameter
Tyvek spacer (pore size of approximately 30 m) was placed beneath the membrane to
prevent deformation of the membrane structure into the support. Data were obtained with
membranes oriented with both the skin (or shiny-side) facing the feed and away from the
feed to explore the underlying pore morphology. There was no evidence of any bypass
flow in either orientation; the membrane hydraulic permeability was identical in both
orientations and these membranes showed essentially complete retention of gold
nanoparticles (approximately 60 nm in size) under typical filtration conditions (data not
shown). Filtration experiments were performed at constant filtrate flux provided by a
Masterflex 7523-20 peristaltic pump (Cole-Parmer, Vernon Hills, IL) connected to the
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filtrate line (downstream of the membrane) at the exit from the stirred cell. The stirred
cell was air-pressurized to maintain a positive gauge pressure throughout the system. All
filtration experiments were performed in the presence of stirring at a stirring speed of 600
rpm. This reduced the extent of concentration polarization in the bulk solution of the
stirred cell so that the measured dextran sieving coefficients would provide information
on the true retention characteristics of the filter.
The clean membrane hydraulic permeability was determined using Equation (2.4)
from the slope of data for the filtrate flux (Jv) as a function of applied trans-membrane
pressure (P) between 37 and 210 kPa (corresponding to between 5 and 30 psi). The
stirred cell and feed reservoir were then emptied, refilled with a dextran solution, and the
stirring speed set to 600 rpm. The device was then re-pressurized, and the filtrate flux
was set to 1 m/s. 200 µL samples of the filtrate solution were obtained after filtration of
a minimum of 500 µL to insure equilibration and to wash out the dead volume
downstream of the membrane. After completion of the filtration experiment, the filtrate
port was clamped and a 200 µL sample of the bulk solution was taken directly from the
stirred cell. The stirred cell was then carefully emptied, rinsed with the phosphate buffer,
and the membrane hydraulic permeability was reevaluated to obtain a measure of the
extent of membrane fouling. All experiments were performed at room temperature (22 ±
3 oC).
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5.2.4

Size Exclusion Chromatography
The actual molecular weight distributions for the dextrans in the bulk and filtrate

solutions were analyzed using high performance size exclusion chromatography (SEC).
An Agilent 1100 Series HPLC (Agilent Technologies, Palo Alto, CA) system was used
with either a Sephacryl S500-HR resin (GE Healthcare, 17-0613-10) packed in a 6.6 mm
diameter column with 155 mm height or a pre-packed PL Aquagel-OH 60 resin in a 7.5
mm column with 300 mm height (Varian Inc, Amherst, MA). The Sephacryl resin has an
average particle diameter of 47 µm while the Aquagel resin has an average particle
diameter of only 8 µm. The Aquagel and Sephacryl columns were first equilibrated with
phosphate buffer at flow rates of 1 mL/min and 0.1 mL/min respectively, as
recommended by the manufacturer, using at least two column volumes of buffer. 25 µL
of the dextran samples were injected into de-gassed phosphate buffer immediately
upstream of the guard column by the autosampler that is part of the Agilent 1100 system.
The dextran concentration in the exit stream was evaluated using a refractive index
detector.
The column was calibrated with narrow molecular weight dextran standards
(American Polymer Standards, Mentor, OH) ranging from 325 to 2800 kDa, with
properties summarized in Table 5.1. The standard dextrans used cover the primary range
of molecular weight of interest for the analysis of parvovirus filtration membranes. Data
were also obtained with essentially monodisperse bovine immunoglobulin G (IgG)
(Sigma-I5506) and thyroglobulin (Sigma-T9145) for comparison. Calibration standards
were run along with each set of unknown samples to eliminate artifacts associated with
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small changes in the ambient temperature, buffer conditions, or column packing /
properties. A calibration curve was constructed relating the peak average molecular
weight (Mp) and retention volume (VR) in the form:

log( M p )   VR  

(5.1)

where  and  are constants fit to the data for the dextran standards using simple linear
regression. The molecular weight of the dextran fractions was determined by comparison
of the elution volume with results obtained using the narrow dextran standards.

Table 5.1

Properties of narrow dextran and protein standards (data from
manufacturer)
Average Molecular Weight
Mw/Mn
Mw

Mp

Mn

DXT325K

326,600

245,000

205,000

1.59

DXT750K

749,500

560,000

500,500

1.50

DXT1300K

1,360,000

1,199,000

877,800

1.55

DXT2800K

2,800,000

2,655,000

1,970,000

1.42

Bovine IgG

160,000

-

-

-

Thyroglobulin

670,000

-

-

-
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5.3

Results and Analysis

5.3.1

Size Exclusion Chromatography
Figure 5.1 shows typical size exclusion chromatograms for the PL Aquagel-OH

60 resin obtained with the narrow dextran standards having peak average molecular
weights of Mp = 245 and 2655 kDa. Also shown for comparison is the chromatogram
obtained with the protein thyroglobulin having a molecular weight of 670 kDa. In each
case, the refractive index signal (nRIU) has been normalized by the maximum value for
that peak for easier comparison of the chromatograms. The 2655 kDa dextran exits first
since it is most strongly excluded from the resin pores. The thyroglobulin peak exits last,
even though its molecular weight is significantly greater than that of the 245 kDa dextran,
due to the much more compact structure of the globular protein. This is discussed in
more detail subsequently.
The dextran peaks show a significant overlap even though the dextran standards
differ in molecular weight by more than an order of magnitude. The broad peaks
obtained with the dextrans are due to a combination of peak spreading within the column
and the relatively high polydispersity of these large dextran standards. For example, the
polydispersity of the 245 kDa dextran, defined as the ratio of the weight average
molecular weight (Mw) to the number average molecular weight (Mn), is 1.59; this is
relatively high compared to polydispersities less than 1.1 for dextran standards with Mp <
200 kDa used to calibrate the SEC columns typically employed for characterization of
ultrafiltration membranes.
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Figure 5.1

Size exclusion chromatograms obtained with standard dextrans having
peak average molecular weights of 245 and 2655 kDa using the PL
Aquagel-OH 60 resin. Also shown for comparison is the chromatogram
obtained with the protein thyroglobulin having a molecular weight of 670
kDa.

The peak spreading associated directly with the SEC column was quantified using
the protein thyroglobulin as a monodisperse feed. The peak for the thyroglobulin is
nearly a perfect Gaussion, with standard deviation equal to 0.17 mL. This spreading is
due to the combination of flow channeling, longitudinal diffusion, and mass transfer
limitations between the stationary and mobile phases (Striegel at al., 2009). The standard
deviation of the peak associated with the 245 kDa dextran standard is  = 0.25 mL (with
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mean retention volume of Vm = 8.92 mL) while that for the 2655 kDa dextran standard is

 = 0.22 mL, both of which were determined from the second moment of the distribution.
In addition, the peak for the 2655 kDa dextran displays considerable skewness,  = 2.48,
where:


 V  m  f V dV
3

1

0



 

m3

m2 

3


2

 f V dV
0


  V  m1 2 f V dV
0



f V  dV


0










3

(5.2)
2

with m2 and m3 the second and third statistical moments, both taken around the first
moment, m1.
Similar results were obtained with the Sephacryl S500-HR resin, with Vm = 4.35
mL and  = 0.43 mL for the mean and standard deviation of the 245 kDa dextran. Thus,
the coefficient of variation, defined as the ratio of the standard deviation to the mean, was
Cv = 0.1 for the Sephacryl S500-HR resin compared to only 0.028 for the PL AquagelOH 60, corresponding to a significantly greater degree of peak spreading in the Sephacryl
S500-HR. A number of attempts were made to reduce the extent of peak spreading by
reducing the injection volume and optimizing the flow rate of the mobile phase; however,
these variables had no significant effect on the chromatograms over a wide range of
conditions. All subsequent dextran analyses were performed with the PL Aquagel-OH 60
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using a mobile phase flow rate of 1 mL/min since this column had much better resolution
than the Sephacryl S500-HR resin for the large molecular weight dextrans.
Additional insights into the effects of peak spreading on the SEC chromatograms
were obtained as follows. Narrow dextran fractions (volumes less than 0.1 mL) were
collected at specified times during the size exclusion chromatography of the 2655 kDa
dextran standard. These fractions were then separately re-injected into the PL AquagelOH 60 column. Figure 5.2 shows an overlay of the chromatograms corresponding to
seven fractions collected after elution volumes of 7.9, 8.0, 8.1, 8.3, 8.4, 8.5, and 8.9 mL.
If the broad peak in Figure 5.1 had been due entirely to the polydispersity of the dextran
standard, then the re-injected fractions in Figure 5.2 would have appeared as very narrow
peaks. Instead, the actual chromatograms show very significant peak broadening, with
substantial overlap between peaks for the different fractions. In addition, the peaks are
shifted to smaller retention volumes. For example, the fraction collected at 8.4 mL
during the initial SEC yields a chromatogram with peak maximum at Vm = 8.1 mL and a
standard deviation of 0.25 mL. This large standard deviation (compared to the 0.17 mL
for the monodisperse thyroglobulin) is due to a combination of the polydispersity in the
original fraction collected at 8.4 mL and the peak spreading due to dispersion in the SEC
column; similar results were obtained with the Sephacryl S500-HR resin although with a
greater relative degree of peak spreading. The shift to smaller retention volumes is
consistent with the presence of significant mass transfer limitations between the mobile
and stationary phases, with the smaller dextrans collected during the initial
chromatography exiting the column sooner upon re-injection due to their inability to fully
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access the pore space within the resin due to their slow rate of diffusion. Flow
channeling could also explain these observations, although one would expect very
different degrees of channeling in the PL Aquagel-OH 60 and Sephacryl S500-HR resins
due to their very different particle sizes (8 and 47 µm, respectively). The implications of
the peak spreading on the analysis of dextran sieving data are discussed subsequently.

Figure 5.2

Size exclusion chromatograms corresponding to the re-injection of the
seven fractions (7.9, 8.0, 8.1, 8.3, 8.4, 8.5, and 8.9 mL) collected during
chromatography of the 2655 kDa standard dextran.
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The calibration curve for the PL Aquagel-OH 60 is shown in Figure 5.3. The yaxis is the hydrodynamic radius calculated using the Stokes-Einstein equation:

rs 

kT

(5.3)

6 D

where k is the Boltzmann constant ( k = 1.38 × 10-23J/K), T is the absolute temperature, µ
is the solution viscosity, and D is the solute diffusion coefficient. The dextran diffusion
coefficients (in m2/s) were calculated using the correlation developed by Granath (1958):

D  7.667  10 9  M w

0.47752

(5.4)

where Mw is the molecular weight in Da. The diffusion coefficients of bovine IgG and
thyroglobulin were calculated as (Young et al., 1980):

 T
D  8.34  10 15 
  M 13
w







(5.5)

The data for the proteins and dextrans collapse to a single straight line when plotted in
terms of the hydrodynamic radius, consistent with the use of the hydrodynamic radius (or
volume) to characterize the behavior of different classes of macromolecules in previous
studies of SEC (Bessieres et al., 1995; Aimar et al., 2010).
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Figure 5.3

5.3.2

Calibration curve for the PL Aquagel-OH 60 column obtained using the
standard dextrans () and proteins () shown in Table 5.1.

Ultipor® DV20 Membrane
Figure 5.4 shows typical chromatograms of the feed and filtrate samples obtained

during filtration of a 0.4 g/L solution of the polydisperse 2000 kDa dextran through a
DV20 membrane oriented with the shiny-side facing away from the feed, which is the
manufacturer's suggested orientation for this membrane. The filtrate sample is
preferentially depleted in the larger dextrans, i.e., the dextrans with smaller retention
volumes, as expected. There are no measurable amounts of dextran with retention
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volumes less than 7.8 mL, which corresponds to the size of the largest dextrans that are
able to pass through the pores of the DV20 membrane.

Figure 5.4

Size exclusion chromatograms of the feed and filtrate solutions obtained
during filtration of a 0.4 g/L solution of the polydisperse 2000 kDa dextran
through a DV20 membrane oriented with the shiny-side facing away from
the feed at a filtrate flux of 1 µm/s.

The observed sieving coefficient, S o 

C filtrate
C feed

, for each dextran fraction was

calculated by dividing the absorbance of the filtrate samples by the corresponding values
for the feed. Results are shown in Figure 5.5 for data obtained using 0.4 g/L solutions of
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the 500 and 2000 kDa polydisperse dextrans for the DV20 membranes oriented with the
shiny-side facing the feed. The So values are plotted as a function of the molecular
weight of the dextran fraction determined from the calibration curve constructed using
the narrow dextran standards based on the manufacturer's values for the peak average
molecular weights given in Table 5.1. Results are shown up to a dextran molecular
weight of 4000 kDa, which is slightly beyond the size of the largest dextran standard used
to construct the calibration curve (Mp = 2655 kDa). Some care must be taken in
interpreting the molecular weights of these very large dextrans since the conversion of
the SEC retention volume to the molecular weight required an extrapolation of Equation
(5.1) to Mp values outside of the calibration range. The dextran sieving profiles evaluated
using the different polydisperse dextrans are essentially identical, demonstrating that the
results are independent of the detailed distribution of the dextrans in the feed even with
the significant peak spreading that is known to occur in the PL Aquagel-OH 60 column.
Note that this was not true when using more concentrated dextran solutions; this is
discussed in more detail subsequently.
Corresponding results for a DV20 membrane oriented with the shiny-side down
(facing away from the feed) are shown in Figure 5.6 for data obtained using dextran
solutions with concentrations of 0.4 g/L (top panel) and 4 g/L (bottom panel). In contrast
to the data in Figure 5.5 (shiny-side up), the sieving coefficients obtained with the 500
kDa polydisperse dextran are uniformly larger than those obtained with the 2000 kDa
polydisperse dextran when the membrane is oriented with the shiny-side down, even
though the results are plotted as a function of the molecular weight of each dextran
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fraction (as determined from the retention volume in the SEC chromatogram). These
differences were even more pronounced with the 4 g/L solution, suggesting that this
behavior is likely due to some type of dextran-dextran interaction (discussed in more
detail below).

Figure 5.5

Observed sieving coefficients as a function of dextran molecular weight
obtained during filtration of 0.4 g/L solutions of the 500 and 2000 kDa
polydisperse dextrans at a filtrate flux of 1 m/s through DV20 membranes
oriented with the shiny-side facing the feed.

The dextran sieving coefficients obtained with the shiny-side of the membrane
facing away from the feed (Figure 5.6) were significantly larger than those obtained with
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the shiny-side up. For example, the sieving coefficient of the 1000 kDa dextran fraction
with the shiny-side up was So = 0.09 compared to values of 0.46 and 0.34 for the two
polydisperse dextran feeds with the shiny-side down. This behavior is consistent with a
small but significant asymmetry in the pore structure of the DV20 membrane, with the
shiny-side of the membrane having a smaller average pore size. Thus, when the
membrane is oriented with the shiny-side down, the dextrans are able to enter the
membrane pore structure more easily but are then retained within the interior of the filter,
leading to a significant amount of internal concentration polarization in this orientation.
This internal polarization results in a high concentration of dextrans inside the membrane
pore structure near the downstream surface of the membrane. It is likely that the high
concentration of the larger molecular weight dextrans present in the 2000 kDa feed
causes a reduction in observed sieving coefficients of the smaller dextrans compared to
that seen with the 500 kDa polydisperse dextran feed, with this effect being more
pronounced at the higher bulk dextran concentration (lower panel).
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Figure 5.6

Observed sieving coefficients as a function of dextran molecular weight
obtained during filtration of 0.4 g/L (top) and 4 g/L (bottom) solutions of
the 500 and 2000 kDa polydisperse dextrans at a filtrate flux of 1 m/s
through DV20 membranes oriented with the shiny-side facing away from
the feed.
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5.3.3

Viresolve Pro® Membrane
The dextran sieving results for the Viresolve® Pro membrane are shown in Figure

5.7 for two membranes, one used with the skin-side up and one with the skin-side down.
Both membranes had essentially identical hydraulic permeabilities. In each case, data
were obtained using 0.4 g/L solutions of the polydisperse 500 kDa dextran at a filtrate
flux of 1 m/s. The dextran sieving coefficients for the Viresolve® Pro membranes were
dramatically different in the two orientations; the sieving coefficients with the skin-side
up decrease to below 0.01 for dextran molecular weights greater than 400 kDa while the
sieving coefficients remain greater than So = 0.8 for dextran molecular weights up to 500
kDa when the membrane is oriented with the skin-side down. These large differences are
consistent with the highly asymmetric pore structure of the Viresolve® Pro membrane,
which has a very thin skin layer and a relatively thick macroporous support (effective
pore size greater than 1 µm). This causes a very high degree of internal concentration
polarization within the macroporous support and the substructure adjacent to the skin
when the membrane is operated with the skin-side down, resulting in a large increase in
dextran transmission. Interestingly, the sieving coefficients for the Viresolve® Pro
bracket those for the DV20; the So values with the skin-side down lie above those for the
DV20 with the shiny-side down while the sieving coefficients with the skin-side up lie
well below those for the DV20 membrane in the corresponding orientation. This is a
direct result of the large differences in pore structure for these membranes; the
Viresolve® Pro has a highly asymmetric structure (tight skin and very open substructure)

139

while the DV20 membrane has a more homogeneous structure with only a small variation
in pore size between the two sides of the membrane.
The filled symbols in Figure 5.7 are model calculations for the sieving
coefficients through the Viresolve® Pro membrane developed using a classical two layer
membrane model in which the skin and substructure are treated as distinct
(homogeneous) layers of the overall membrane (Boyd et al., 1997):

Sa 

S 1 S  2

S 1 exp ( Pe1 ) S  2 exp ( Pe 2 )
 exp ( Pe 2 )  1  S  2 exp ( Pe 2 ) exp ( Pe1 )  1

(5.6)

where S∞ is the asymptotic membrane sieving coefficient and Pe is the membrane Peclet
number, with the upstream and downstream layers of the membrane denoted by the
subscripts “1” and “2”, respectively. The Peclet number describes the relative
importance of convective and diffusive solute transport through the membrane:

Pe 

J v  S
Pm

(5.7)

where Pm is the diffusive membrane permeability for the solute of interest. Note that at
high filtrate flux (large Pe), the actual sieving coefficient for the two-layer membrane is
predicted to approach the asymptotic sieving coefficient of the upper (feed-side) layer,
irrespective of the properties of the lower layer. The asymptotic sieving coefficients and
membrane permeabilities were evaluated using available hydrodynamic models as (Deen,
1987):

S 

 2    K s

(5.8)

2 Kt

140

 6    D

Pm  
 Kt    m

(5.9)

where  = (1-)2 is the equilibrium partition coefficient and the coefficients Ks and Kt are
expressed as expansions in , the ratio of the solute to pore radii:
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(5.11)

with the coefficients an and bn given in Table 5.2.

Table 5.2

Expansion coefficients for hydrodynamic functions Kt and Ks.
Subscript n

an

bn

1

-73/60

7/60

2

77,293/50,400

-2,227/50,400

3

-22.5083

4.0180

4

-5.6117

-3.9788

5

-0.3363

-1.9215

6

-1.216

4.392

7

1.647

5.006
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The actual sieving coefficient given by Equation (5.6), which is equal to the ratio
of the dextran concentration in the filtrate to that in the solution immediately adjacent to
the membrane, was used to calculate the observed sieving coefficient by accounting for
the extent of concentration polarization in the stirred cell using a simple stagnant film
model:
So 

Sa
1  S a exp   J v   S a
 k 

(5.12)

The mass transfer coefficient, km, for each molecular weight dextran was evaluated using
the correlation presented by Smith et al. (1968):
  b2 

k m  0.23 
  

0.567

 
 
D

0.33

D
b

(5.13)

where  is the stirring rate,  is the kinematic viscosity, and b is the radius of the stirred
cell.
The model calculations were performed as follows. The experimental value of
the observed sieving coefficient for a given dextran fraction (obtained with the Viresolve
membrane oriented with the skin-side up) was used to calculate the best fit value of  for
the membrane skin (with So calculated from Equation (5.12) using the actual sieving
coefficient given by Equation (5.6) with S∞ and Pm calculated using Equations (5.8) to
(5.11)). These values of S∞ and Pm were then used to "predict" the actual sieving
coefficient for the membrane with the skin-side down, with the observed sieving
coefficient determined using Equations (5.12) and (5.13). In both cases, the asymptotic
sieving coefficient for the macroporous substructure was assumed to be equal to one (S∞
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=1) and the diffusive permeability was calculated using Equation (5.9) with the effective
thickness of the substructure estimated as  m   100 µm, where  is the porosity,  is
the tortuosity, and m is the thickness of that layer.
The predicted values of the sieving coefficients in the skin-side down orientation
are in excellent agreement with the experimental data over the entire range of dextran
molecular weights, providing quantitative evidence that the very high values of the
dextran sieving coefficients for the Viresolve Pro® membrane in this orientation are due
to the high degree of internal concentration polarization within the membrane
substructure.
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Figure 5.7

5.4.3

Observed sieving coefficients as a function of dextran molecular weight for
filtration of 0.4 g/L solutions of the polydisperse 500 kDa dextran through
Viresolve® Pro membranes with the skin-side facing up and down at a
filtrate flux of 1 µm/s. The filled symbols are model calculations from a
classical two layer membrane model (Equation (5.6)).

Dextran Sieving Analysis
In order to understand the effects of peak broadening on the analysis of the

dextran sieving data, a series of model calculations were performed using simulated
dextran feeds composed of a mixture of one or more monodisperse dextran standards.
The SEC peak for each monodisperse dextran was assumed to follow a Gaussian
distribution of the form:
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(5.14)

where  and Vm are the standard deviation and mean, respectively. The standard
deviation for each monodisperse dextran was calculated from the data for thyroglobulin
(Figure 5.1) as Cv = 0.019. The simulated feed solution was made by mixing 11% of the
150 kDa dextran (Vm = 9.13 mL), 21% of the 290 kDa dextran (Vm = 8.85 mL), 22% of
574 kDa dextran (Vm = 8.57 mL), 20% of 1181 kDa dextran (Vm = 8.29 mL), 16% of
2604 kDa dextran (Vm = 7.99 mL), and 10% of 5540 kDa dextran (Vm = 7.71 mL), where
the relatively amounts of each dextran were determined by fitting the simulated feed to
the actual chromatogram of the 2000 kDa polydisperse dextran by eye. The predicted
chromatogram for this simulated feed accurately captures the general shape of the
chromatogram for the 2000 kDa polydisperse dextran (upper panel of Figure 5.8).
The sieving profile for this simulated feed was determined in two different ways.
First, the relative amounts of the 6 monodisperse dextrans were adjusted to try to fit the
experimental chromatogram for the filtrate solution, with the results shown as the dashed
curve in the lower panel of Figure 5.8. This gave So = 0.40, 0.26, 0.15, 0.07, 0.01 and
0.001 for the 150 kDa, 290 kDa, 574 kDa, 1181 kDa, 2604 kDa, and 5540 kDa dextrans,
respectively, with the resulting chromatogram in excellent agreement with the
experimental results for the filtrate solution.
An independent fit was determined by evaluating the sieving coefficient for each
monodisperse dextran using the simple sieving model developed by Mochizuki and
Zydney (1992a):

145

 r 
S  exp  s 
 2 s 

(5.15)

where rs is the Stokes-Einstein radius given by Equation (5.3) and s provides a measure

of the effective pore size of the membrane. Note that Equation (5.15) neglects the
slightly asymmetric structure of the DV20 membrane as well as the effects of
concentration polarization; thus, the model calculations should be treated as rough
approximations. The predicted chromatogram using this second method is shown as the
dot-dash curve in the bottom panel of Figure 5.8 using s = 4.3 nm. The simulated filtrate
concentration profile given by this approach slightly overpredicts the data at small
retention volumes (corresponding to large dextrans), with the reverse behavior seen at
large VR. Note that for a membrane with uniform cylindrical pores, the parameter s is
equal to one-quarter the pore diameter. Thus, the data in Figure 5.8 are consistent with
an effective pore size for the DV20 membrane of approximately 17 nm. However, it is
important to note that this “effective pore size” is specific to the use of Equation (5.15) to
describe the sieving coefficient data and cannot be directly extrapolated to other models
or experimental measures. In addition, Equation (5.15) is based on a membrane having
an isotropic porous network formed by a random arrangement of parallel planes, which is
unlikely to provide an accurate description of the long tail of the pore size distribution
that controls virus retention by the DV20 membrane.
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Figure 5.8

Experimental and simulated chromatograms for the feed (top panel) and
filtrate solution (bottom panel) for filtration through a DV20 membrane
with the shiny-side facing down. The dashed curve represents the
chromatogram using fitted amounts of 6 monodisperse dextrans as
described in the text. The dot-dash curve represents the predicted
chromatogram using Equation (5.15) with an effective pore size s = 4.3 nm.
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Figure 5.9 compares the simulated sieving coefficients through the DV20
membrane with the experimental results. The filled symbols represent the fitted values
for the 6 monodisperse dextrans while the solid curves represent the results given by
Equation (5.15) using several values of the effective pore size s. The symbols are in
excellent agreement with the experimental sieving curve determined directly from the
chromatograms for the feed and filtrate samples. Calculations performed using different
numbers of monodisperse dextrans with different molecular weights were all in good
agreement with the experimental curve, suggesting that the calculated sieving profiles are
fairly robust with respect to the details of the molecular weight distribution in the dextran
feed. The greatest discrepancies between the simulations and experimental data occurred
at the extremes of the sieving curves, corresponding to dextran molecular weights below
200 kDa and above 2500 kDa, although these are typically outside the range of primary
interest for parvovirus filters. The model calculations using Equation (5.15) with s
between 3.5 and 5 nm fit span the experimental results, with the data for the smaller
dextrans being consistent with s = 5 nm while the date for the largest dextrans are in best
agreement with the model using s = 3.5 nm. These deviations were likely due to the
inherent approximations in the use of Equation (5.15) to describe the size dependence of
the dextran sieving coefficients. Even so, the model simulations indicate that the dextran
data can provide an estimate of the effective membrane pore size (s) for the DV20
membrane, as given by the sieving model in Equation (5.15), within approximately ±
25%.
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Figure 5.9

5.4

Sieving coefficients as a function of dextran MW. Solid curves are model
calculations using Equation (5.8) with several values of effective pore size
s. Symbols represent the fitted values for the 6 monodisperse dextrans.
The dashed curve represents the experimental sieving obtained during
filtration of a solution of 2000 kDa polydisperse dextran as shown in
Figure 5.5.

Conclusions
This study presents the first quantitative results and analysis of dextran sieving /

retention measurements for characterizing the pore size / sieving properties of virus
filtration membranes. The experimental results provide insights into the properties of
virus filtration membranes that should complement data provided by virus / particle
challenge tests in understanding protein transmission, membrane fouling phenomena, and
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virus retention characteristics of different virus filters. In contrast to liquid-liquid
porosimetry methods, in which the measured flow rate is completely independent of the
membrane orientation, the dextran sieving profiles depend on the underlying morphology
of the virus filter. For example, the dextran sieving coefficients for the highly
asymmetric Viresolve® Pro membrane are dramatically higher when the membrane is
oriented with the skin-side down due to the high degree of internal concentration
polarization that occurs within the macroporous substructure of this filter. The dextran
sieving profiles for the Ultipor® DV20 membrane are slightly different in the two
orientations; these results provide the first quantitative demonstration that the DV20
membrane has a slightly non-homogeneous pore structure, with the shiny side of the
membrane having somewhat smaller pores than the dull side.
There are several challenges in applying dextran sieving tests to virus filtration
membranes. Most significantly, the SEC columns that are available for analyzing the
dextran molecular weight (or size) distribution show very high degrees of dispersion.
This was seen in the high degree of peak spreading in the chromatogram for the
monodisperse protein thyroglobulin as well as in the spreading and shifting of the reinjected peaks for the narrow dextran fractions (Figure 5.2). In addition, the large
molecular weight dextran standards have considerable polydispersity, making it difficult
to accurately determine the effective size of the dextrans from the measured retention
volumes. Model calculations performed using a simulated feed constructed with several
monosdisperse dextrans demonstrated that the measured sieving profiles were relatively
independent of the detailed properties of the feed for dextrans between approximately
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200 and 2500 kDa, which is the critical region of interest in characterizing the pore size
properties of parvovirus filters with pores around 20 nm in size.
Internal concentration polarization can also obscure the retention characteristics
of the membrane when the filter is oriented with the tighter surface facing away from the
feed. This phenomenon would be an even greater problem for membranes in which the
region having the smallest pores is located within the depth of the membrane since it
would be impossible to eliminate internal polarization simply by changing the membrane
orientation as was done with the Viresolve® Pro membrane. The experimental results and
model calculations presented in this Chapter demonstrate that a properly designed
dextran sieving test can provide useful information about the pore size and underlying
morphology of both asymmetric (e.g., the Viresolve® Pro) and relatively homogeneous
(e.g., the Ultipor® DV20) parvovirus filters that can complement the information
provided by other membrane characterization methods.
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Chapter 6
Use of Colloidal Nano-Gold Particles to investigate Retention in Virus
Filtration Membranes

6.1

Introduction
Although commercially available parvovirus filters provide similar degrees of

virus removal (> 4 log reduction in virus titer), they have very different pore structures
and morphology. This includes both symmetric and asymmetric (anisotropic)
membranes as well as multi-layer structures (Miesegaes et al., 2010). Several recent
studies have reported a significant decline in virus retention during the course of filtration
through different parvovirus filters (Lute et al., 2007; Bolton et al., 2005; Hirasaki et al.,
1994). The underlying mechanisms controlling this loss of virus retention are still not
well understood. Bolton et al. (2005) hypothesized that the decline in virus retention is
due to preferential blockage of the smallest pores in the membrane, with the fluid flow redirected to the larger (non-retentive) pores. Experimental data obtained with Millipore
Viresolve® NFP membranes seem to collapse to a single curve when plotted as a function
of the extent of flux decline, in good agreement with this physical picture (Bolton et al.,
2005). However, data with other virus filters are inconsistent with this simple physical
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model, suggesting that the mechanisms controlling this behavior may depend on the
properties of the virus filter and / or the feed stream.
One of the challenges in developing an appropriate model to describe virus
retention during virus filtration is the absence of an appropriate experimental method that
can be used to identify the mechanism and location of virus capture within the filter.
Nanometer-sized gold particles have often been used as surrogates for mammalian
parvoviruses to study the retention characteristics of virus filters (Tsurumi et al., 1990;
Hirasaki et al., 1994; Hongo-Hirasaki et al., 2006). For example, Asahi Kasei Medical
provides nanometer-sized gold particles for integrity testing of its Planova virus filters
(PlanovaTM filters data sheet, 2009). These gold particles are available in 15, 25, and 35
nm diameters, which are similar to the size of typical viruses. The advantage of using
colloidal gold particles is that they can easily be detected by UV absorbance, and they
have very well-defined physical characteristics.
The objective of the work described in this chapter was to examine the retention
gold nanoparticles within the porous structure of DV20 membranes using transmission
electron microscopy, exploiting the high contrast of the colloidal gold. This technique
not only provides information on the location of viruses within the filter, it also provides
insights into the capture mechanism and its dependence on the underlying pore structure
and morphology of the membrane.
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6.2

Materials and Methods
The general experimental procedures described in Chapter 2 and are summarized

below for convenience.

6.2.1

Solution Preparation
All experiments described in this Chapter were performed at Genentech, Inc., in

South San Francisco, CA. Sodium acetate buffer was prepared by diluting a 3.5 M
acetate stock buffer solution (Media Prep code A4400 - 10X elution, 70X Equilibrium,
pH 5.5), which was diluted 16.7 fold to obtain a 210 mM acetate buffer. The pH was
measured using a Mettler Toledo SevenMulti pH meter (Biopharm Inc., Arkansas) and
was adjusted to 5.5. All buffer solutions were pre-filtered through Nalgene vacuum
filters with 0.2 m pore-size PES membrane (Thermo Fisher, Rochester, NY) to remove
any particles prior to use.
The colloidal gold particle solutions were obtained from Asahi Kasei Medical
(AGP-HA20, Japan). The gold particles had a density of 19.32 g/cm3 in solution and a
stock concentration of 6.2 x 1015 particles/mL. The gold solution was diluted with
acetate buffer to obtain the desired concentration for the filtration experiments. The
concentration of dilute gold solutions was determined spectrophotometrically using a
NanoDropTM 1000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE) with
the absorbance measured at 520 nm based on the red color of the particle suspension.
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6.2.2

Filtration of Colloidal Gold Particles
Filtration experiments were performed using Ultipor® DV20 (Pall Corp., Port

Washington, NY) virus filtration membranes. The majority of filtration experiments
were performed using single layer membranes for easier interpretation of the results;
commercial modules use 2 layers of membrane to obtain the very high degree of virus
retention required for bioprocessing applications. Membranes were cut into 25 mm discs
from large flat sheets using a specially designed cutting device. A single membrane was
used for each filtration experiment.
Filtration experiments were typically conducted in a 25 mm stainless steel filter
holder (Pall Corp., Ann Arbor, MI). To examine the effects of concentration polarization
on the filtration behavior, some experiments were performed in a 10 mL Amicon stirred
ultrafiltration cell (Model 8010, Millipore Corp., Bedford, MA). Membranes were placed
in the filter holder or stirred cell on top of a Tyvek spacer (pore size of approximately 30
m) to prevent deformation of the membrane structure into the support. Data were
obtained at constant pressure, which was maintained by air pressurization of the feed
reservoir. Filtrate flow rate was measured by timed collection using a digital balance.
Filtrate samples (approximately 200 µL) were collected periodically for measurement of
the filtrate flux and fluorescence intensity.
The feed reservoir and the head space within the filter holder or stirred cell were
initially filled with 0.21 M acetate buffer at pH 5.5 taking care to remove any trapped air
bubbles from the holder and associated tubing. A minimum of 40 mL of buffer was
flushed through the membrane at a transmembrane pressure of 210 kPa (30 psi) to fully
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wet the pore structure. The clean membrane hydraulic permeability was determined
using Equation (2.4) from the slope of data for the filtrate flux (Jv) as a function of
applied pressure (P). The feed reservoir and stirred cell were then emptied and refilled
with a solution of colloidal gold particles. The system was re-pressurized to a
transmembrane pressure of approximately 210 kPa (30 psi), with the filtration conducted
for a set period of time. After completion of the filtration experiment, the membrane was
removed, gently rinsed, and then placed in acetate buffer until observation by
transmission electron microscopy. All experiments were performed at room temperature
(22  3 oC).

6.2.3

Transmission Electron Microscopy
Membranes were examined by transmission electron microscopy in the Electron

Microscope facility at Genentech. A small piece of membrane filter was infiltrated twice
in Epon 812 (Electron Microscopy Sciences, Hatfield, PA) for a total of 8 hr (4 hr each)
at room temperature. The samples were then transferred to an oven and allowed to cure
at 60–80 °C for 48 hr. Thin cross-sections of the membrane sample, with a thickness of
approximately 80 nm, were obtained using a Microtome (Leica Microsystems,
Bannockburn, IL) and stained with 1% uranyl acetate. The samples were examined using
a Philips CM12 (FEI, Eindhoven, The Netherlands) transmission electron microscope.
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6.3

Results and Analysis

6.3.1

Effect of Membrane Orientation on Retention of Gold Particles
To verify that the gold particles were stable and monodisperse in the acetate

buffer used in the filtration experiments, a series of TEM images were obtained of gold
particles deposited directly on a grid mesh, with typical results shown in Figure 6.1 for
both low (left panel) and high (right panel) magnification. The gold particles were fairy
monodisperse with only a few small particle aggregates visible. The size of the gold
particles in solution was 23±3 nm, which was similar to the size of typical parvoviruses
used for validation studies of virus filtration membranes. These gold particles are
designed for integrity testing of PlanovaTM 20N virus filters having mean pore size of 19
± 2 nm (PlanovaTM filters data sheet, 2009).

Figure 6.1

Transmission electron microscopy (TEM) images of the gold particles in
solution.

157

Filtration experiments were performed with a 6.2 x 1014 particle/mL solution of
gold nanoparticles using DV20 membranes oriented with the shiny-side facing away
from the feed (normal orientation) as per the manufacturer's instructions or with the
shiny-side facing the feed (reverse orientation). Experimental data for the normalized
filtrate flux during the constant pressure (∆P = 201 kPa = 30 psi) filtration experiment are
shown in the top panel of Figure 6.2. The filtrate flux in the normal orientation declined
to 44% of the buffer flux after filtration of approximately 50 mL (130 L/m2) of gold
solution through the DV20 membrane. The particle-free buffer flux evaluated after
completion of the particle filtration experiment was similar to that determined with the
gold particle solution indicating that the observed flux decline was due to the constriction
or blockage of the membrane pores and not to some type of concentration polarization
effect. The filtrate flux for the membrane that was used in the reverse orientation
declined to 30% of the buffer flux, which is a significantly greater flux decline than was
seen in the normal orientation. However, the buffer flux evaluated after completion of
the filtration experiment was about 50% larger than that measured with the gold particle
suspension, giving a value that was very similar to the post-filtration buffer flux obtained
for the experiment with the membrane in the normal orientation. This increase in flux is
likely due to the removal of some gold particles from on or within the membrane when
used in the reverse orientation. This behavior is discussed in more detail subsequently.
Note that there was no change in buffer flux after simply soaking the membrane in a 6.2 x
1014 particle/mL gold solution overnight, demonstrating that the flux decline seen in
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Figure 6.2 is directly associated with the pressure-driven filtration of the gold
nanoparticles.
The retention characteristics of the DV20 membrane are examined in the lower
panel of Figure 6.2 which shows the log reduction value (LRV) as a function of the
volumetric throughput where,
C

LRV   log  retentate 
C

 filtrate 

(6.1)

with Cretentate and Cfiltrate the concentrations of gold particles in the retentate and filtrate
solutions, respectively. The LRV values were very similar in the two orientations. In
both cases, the initial LRV was about 2, but this declined quite rapidly at the start of the
filtration, decreasing to a LRV of less than 0.05 after filtration of about 130 L/m2 of the
gold solution.
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Figure 6.2

Normalized filtrate flux (top panel) and LRV of gold particles (bottom
panel) as a function of volumetric throughput during filtration of a 6.2 x
1014 particle/mL gold solution through a DV20 membrane oriented with the
shiny-side facing away from the feed (normal) and a separate membrane
oriented with the shiny-side facing the feed (reverse).
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The DV20 membrane was then removed from the filter holder and allowed to dry
at room temperature. Photographs from both surfaces of the membrane were taken using
a regular digital camera. Figure 6.3 shows the digital photographs from the dull (left
panel) and shiny-side (right panel) of the DV20 membrane that was used in the normal
orientation (shiny-side down). The captured gold particles changed the color of the
membrane to dark red, with a much darker color seen when the membrane is imaged
from the shiny side. This suggests that more gold particles are captured near the shinyside of the membrane, i.e. at the downstream surface of the membrane when oriented
with the shiny-side down.

Figure 6.3

Photographs of the dull (left) and shiny (right) surfaces of the DV20
membrane after filtration of gold particles with the membrane oriented with
the shiny-side facing away from the feed during the filtration (normal
orientation).
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To examine the location of gold particles within the membrane in more detail, the
DV20 membrane shown in Figure 6.3 was sectioned and analyzed using TEM (Figure
6.4). The black spots inside the membrane are clusters of gold particles captured during
filtration. The gray and white regions correspond to the porous structure of the
membrane. The magnified images from different locations within the depth of the
membrane (lower panels in Figure 6.4) show that the majority of the gold particles have
migrated all the way through the membrane and are captured near the shiny-side (bottom
surface) of the membrane, consistent with the differences in color seen in Figure 6.3.
Figure 6.5 shows digital photographs of the shiny-side (left panel) and dull-side
(right panel) of the DV20 membrane that was used in reverse orientation (shiny-side up).
Similar to the photographs of the membrane in the normal orientation (Figure 6.3), the
shiny side of the membrane is much darker than the dull side. However, in this case the
image of the dull side of the DV20 membrane shows very little color suggesting that
fewer gold particles are captured near the dull side of the membrane when used in the
reverse orientation.
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Transmission electron microscopy images of the cross-section of the DV20
membrane shown in Figure 6.3. Images 1, 2, 3, and 4 correspond to
magnified images from the different regions within the depth of the
membrane moving from the upper (image 1) to lower (image 4) surface.
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Figure 6.5

Digital photographs of the shiny (left) and dull (right) surfaces of a DV20
membrane used with the shiny-side facing the feed (reverse orientation).

This behavior can be seen even more clearly in the TEM images of the membrane
cross-section shown in Figure 6.6. The majority of the gold particles are captured in a
band near the shiny-side (top surface) of the membrane, with very few particles seen
within the deeper structure of the membrane.
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Figure 6.6
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Transmission electron microscopy images of the cross-section of the DV20
membrane shown in Figure 6.5. Images 1, 2, 3, and 4 correspond to
magnified images of the regions within the depth of the membrane.
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Figure 6.7 shows digital photographs of the DV20 membranes examined
previously in Figures 6.4 (left panel) and 6.5 (right panel) after those membranes were
wet with acetate buffer. Wetting the pore structure causes the membranes to change from
opaque to semi-transparent, allowing one to see the red color from the gold particles
captured throughout the depth of the membrane. The membrane that was oriented with
the shiny-side facing away from the feed (left panel) appears significantly darker than the
membrane used in the reverse orientation, suggesting that a larger number of gold
particles were captured inside the membrane when used in the normal orientation (shinyside down).

Figure 6.7

Digital photographs of DV20 membranes examined in Figure 6.3 (left) and
Figure 6.5 (right).

Although no large particle aggregates were observed in the TEM images of the
DV20 membranes, it is still possible that the flux decline observed during filtration was
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due to the presence of small aggregates of two or three gold particles. In order to
examine this in more detail, the filtrate solution obtained during filtration of a gold
nanoparticle suspension was collected and then filtered through a second DV20
membrane, with both membranes used with the shiny-side facing down. The overall
particle concentration in this pre-filtered solution was similar to that in the fresh solution;
gold particle retention was only significant during the beginning of the filtration process,
with the average LRV over the full filtration being less than 0.2 (see lower panel in
Figure 6.2). The normalized filtrate flux during filtration of the pre-filtered gold solution
is shown in Figure 6.8 along with corresponding data for the flux during filtration of a
standard (not pre-filtered) nanoparticle suspension. The flux decline behavior for the two
gold particle suspensions are very similar; the slightly smaller flux decline observed with
the pre-filtered solution is likely due to the somewhat lower gold concentration caused by
the small degree of particle retention during the initial filtration step. These results
demonstrate that the fouling components in the gold suspension are not removed by
filtration through the DV20 membrane, suggesting that the flux decline observed during
these experiments is due to the capture of individual gold particles within the membrane.
Several attempts were made to remove the trapped gold particles from the filter
and restore the permeability of the fouled membrane. For example, a fouled membrane
was removed from the filter holder, rinsed with buffer, and then flipped in the reverse
direction before returning to the filter holder. The membrane was then extensively
flushed with buffer in this reverse direction (shiny-side facing the feed). The hydraulic
permeability after flushing with more than 30 L/m2 of buffer increased slightly (by less
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than 15%), but there were no detectable gold particles in the buffer flush (as determined
by UV absorbance).

Figure 6.8

Normalized filtrate flux as a function of volumetric throughput during
filtration of the original (un-filtered) gold suspension and a gold solution
that was first passed through a DV20 membrane oriented with the shinyside facing away from the feed.
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6.3.2

Effect of Bulk Stirring on Retention of Gold Particles
As mentioned previously, the membrane used with the shiny-side facing the feed

showed a small but significant increase in flux after replacement of the gold suspension
with particle-free buffer. This effect was likely due to the removal of some of the gold
nanoparticles that were retained on the membrane surface or in the bulk solution
immediately above the membrane. To examine this hypothesis in more detail, a series of
filtration experiments were performed in a stirred ultrafiltration cell, with the degree of
stirring used to control the build up of retained gold particles in the solution exterior to
the membrane. Figure 6.9 shows results for the retentate concentration, evaluated by
taking a sample directly from the bulk solution in the stirred cell, after filtration of
approximately 85 L/m2 of a 6.2 x 1014 particle/mL gold solution through two separate
DV20 membranes. When the membrane was oriented with the shiny-side facing away
from the feed (top panel), the retentate concentration at the end of the experiment was
only slightly larger than that in the feed, with very similar results in the presence /
absence of stirring. This behavior is consistent with the penetration of the majority of
gold particles into the membrane pore structure when the membrane is oriented with the
shiny-side down.
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Figure 6.9

Feed and retentate concentrations (in absorption units) of gold particles
after filtration of 85 L/m2 of a 6.2 x 1014 particle/mL gold solution through
a DV20 membrane with the shiny-side facing away from the feed (top
panel) and towards the feed (bottom panel).
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In contrast, when the membrane was oriented with the shiny-side facing the feed
(bottom panel), the retentate concentration after filtration was substantially higher than
that in the feed; there was a 2-fold increase in the retentate concentration in the absence
of stirring and nearly a 10-fold increase when the device was stirred. Note that if the
membrane had been fully retentive to the gold particles, with all of the gold particles
present in the final retentate solution, there would have been a 20-fold increase in
retentate concentration. These results confirm that the DV20 partially retains the gold
nanoparticles when the shiny-side of the membrane, i.e. the side with the smaller mean
pore size, faces the feed. Stirring the system increases particle retention in the bulk
solution, most probably by re-suspending particles that were retained at the membrane
surface in the absence of stirring.
Stirring also had a large effect on particle retention when the DV20 membrane
was oriented with the shiny-side facing the feed. Results for the normalized filtrate flux
and LRV during filtration of a 6.2 x 1014 particle/mL gold suspension through a DV20
membrane are shown in the top and bottom panels of Figure 6.10, respectively. The
normalized flux was similar in the presence and absence of stirring. The initial LRV in
both the stirred and unstirred system was about 2. However, the LRV remained fairly
constant around 1.5 during the stirred filtration, but it declined to less than 0.2 in the
unstirred system. Stirring disrupted the concentration polarization layer in the bulk
solution above the membrane surface, reducing the local particle concentration thereby
increasing the measured retention of gold particles.
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Figure 6.10 Normalized filtrate flux (top panel) and LRV (bottom panel) as a function
of volumetric throughput for the stirred cell filtration of a 6.2 x 1014
particle/mL solution of gold through the DV20 membrane oriented with the
shiny-side facing up.

172

6.3.3

Effect of Gold Loading on Retention of Gold Particles
Figure 6.11 compares the capture profiles for the gold nanoparticles within the

DV20 membrane after filtration of different volumes of a 6.2 x 1014 particle/mL gold
solution through four different membranes oriented with the shiny-side facing away from
the feed. The flux decline and particle LRV during these experiments were statistically
identical. The top panel shows the TEM images of four regions within the depth of the
DV20 membranes. Regions A and D are close to the dull and shiny surfaces of the DV20
membrane, respectively. The bottom panel shows the TEM images for experiments (i),
(ii), (iii), and (iv), corresponding to filtration of 10, 15, 25, and 35 mL, respectively. In
each case, the majority of the gold particles are captured near the shiny-side (bottom
surface) of the membrane, with the number of gold particles in Region D increasing with
increasing filtration volume. The number of gold particles in Region A also increased as
more gold particles were loaded into the membrane.
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(i)

(ii)

(iii)

(iv)

A
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D

Figure 6.11 (Top) Regions A, B, C, and D within the cross-section of a DV20
membrane oriented with the shiny-side facing down. (Bottom) TEM
images of Regions A, B, C, and D after filtration of i) 10 mL, ii) 15 mL, iii)
25 mL, and iv) 35 mL of a 6.2 x 1014 particle/mL gold solution through
DV20 membranes oriented with the shiny-side away from the feed.
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6.3.4

Effect of Membrane Layering on Retention of Gold Particles
Commercial virus filtration modules employing the DV20 membrane use two

membranes in series (one stacked on top of the other) to insure the high degree of virus
retention required for bioprocessing applications. In order to examine the effect of
membrane layering on the capture of gold particles in a 2-layer structure, experiments
were performed by filtration of 30 mL (80 L/m2) of a 6.2 x 1014 pfu/mL gold solution
through two different 2-layer membranes. In the first 2-layer structure, the top layer was
oriented normally (shiny-side down) while the bottom layer was used in with the reverse
orientation. The second filter was constructed with the top layer in the reverse
orientation and the bottom layer in the normal orientation. Thus, both filters have one
membrane in each orientation, with the order simply reversed.
The normalized filtrate flux and LRV data for these 2-layer membranes are shown
in Figure 6.12. The filtration experiment was performed in the stainless steel holder
described earlier (with no stirring) at the same applied pressure (210 kPa) as that used in
the prior experiments with single layer membranes; the initial filtrate flux through the
two layer structures was approximately one-half that through the single layer membrane
as expected. The normalized flux and LRV data are nearly identical for both two-layer
structures. The LRV values in Figure 6.12 were determined by dividing the
instantaneous filtrate concentrations by the initial feed concentration. However, this
neglects the increase in retentate concentration that occurs during the course of filtration,
particularly when the membrane is used with the shiny-side facing the feed (reverse
orientation). The very similar values of the LRV decline for these two experiments
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suggests that the retention above the shiny-side of the membrane is similar whether that
membrane is placed first or second in the two-layer structure, although additional
experiments would be needed to verify this hypothesis. The bottom panel of Figure 6.12
also shows the LRV values for the 1-layer DV20 membranes oriented with the shiny-side
facing both up and down. The similar values of the LRV decline for the 1-layer and 2layer membranes suggests that addition of a second layer of DV20 membrane, has
minimal effect on the retention of gold particles. However, the LRV values seen with
gold particles through the DV20 membrane is not representative of the LRV typically
observed with virus-spiked feedstocks as the concentration of gold particles is multiple
orders of magnitude (7 – 8 logs) higher than the virus concentration used in virus
validation studies in the biopharmaceutical industry.
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Figure 6.12 Normalized filtrate flux (top panel) and LRV (bottom panel) as a function
of volumetric throughput for filtration of a 6.2 x 1014 particle/mL gold
solution through 2-layer DV20 membranes with different orientations
(Normal on top of reverse, and reverse on top of normal). Also shown for
comparison are results for 1-layer DV20 membranes used in the normal
and reverse orientations.
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6.4

Conclusions
Virus filtration is used throughout the biotechnology industry as part of the

overall virus clearance strategy to achieve the required levels of viral removal. However,
there is currently little fundamental understanding of the underlying mechanisms
controlling virus capture in different virus filters. This is due at least in part to the
absence of any methods for directly identifying the location of captured virus within the
pore structure of different virus filters.
The work described in this chapter clearly demonstrates that transmission electron
microscopy of DV20 membranes challenged with colloidal gold particles can be used to
directly visualize captured gold particles within the membrane. The advantage of using
colloidal gold particles is that they can easily be detected by TEM within a virus filter
due to their high contrast; similar experiments with actual viruses or bacteriophage would
require extensive (selective) staining of the viruses / phage to enhance contrast.
The gold particles were stable and monodisperse in the acetate buffer used in the
filtration experiments with an average size similar to the size of typical parvoviruses used
for validation studies of virus filtration membranes. The TEM images from different
locations within the depth of the membrane oriented with the shiny side facing both up
and down showed that the majority of the gold particles were captured near the shiny-side
of the membrane. This behavior is consistent with color changes seen in digital
photographs of the dry membranes after the gold particle challenge. Wetting the pore
structure caused the membranes to change from opaque to semi-transparent, making it
possible to see the red color from the gold particles captured throughout the depth of the
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membrane. The digital photographs of the wet membranes suggested that a larger
number of gold particles were captured inside the membrane when used in the normal
orientation. This behavior is consistent with the asymmetry in the pore size / structure of
the DV20 membrane seen in Chapter 5, with the shiny-side having a smaller average pore
size.
The gold retentate concentration at the end of the filtration experiment was only
slightly larger than that in the feed when the membrane was oriented with the shiny-side
facing away from the feed. In contrast, when the membrane was oriented with the shinyside facing the feed, the retentate concentration was significantly higher than that in the
feed. These results confirm that the DV20 partially excludes the gold particles when
oriented so that the tighter pores of the membrane (shiny side) face the feed.
The LRV decline were very similar for the 2-layer DV20 membranes with
different orientations (normal on top of reverse, and reverse on top of normal) suggesting
that retention above the shiny-side of the membrane is similar whether that membrane is
placed first or second in the two-layer structure. The similar values of the LRV decline
for the 1-layer and 2-layer membranes suggest that the addition of a second layer of
DV20 membrane has minimal effect on the retention of gold particles. This effect may
be due to the very high concentration of gold particles in the feed. Data with dilute
solutions of bacteriophage did show much greater retention with multi-layer structures as
expected. This phenomenon is discussed in more detail in Chapter 8 of this thesis.
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Chapter 7
Transport of Fluorescently-Labeled Bacteriophage using Confocal
Scanning Laser Microscopy
Note: Most of the material presented in this Chapter is taken from: Bakhshayeshi M.,
Jackson N., Kuriyel R., Mehta A., van Reis R., Zydney A.L., Use of confocal
microscopy to study virus retention during virus filtration, Journal of Membrane
Science (In Press).

7.1

Introduction
As discussed in Chapter 6, one of the challenges in developing an appropriate

model to describe virus retention during virus filtration is the absence of an appropriate
experimental method that can be used to identify the mechanism and location of virus
capture within the filter. Transmission electron microscopy was used in Chapter 6 to
visualize the capture of colloidal gold nanoparticles within virus filtration membranes,
but these particles have significantly different surface characteristics, shape, and rigidity
than mammalian viruses. In addition, detection of these gold particles is not possible for
concentrations below about 1014 particles/mL, which is nearly 7 orders of magnitude
larger than what is commonly used for virus retention studies.
Bacteriophages, a class of viruses that infect bacteria, have been extensively used
as surrogates to study the retention characteristics of virus filters. Bacteriophages are
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available in a wide range of size, charge, and shape, with physical properties similar to
those of mammalian viruses (Aranha-Creado et al., 1999). However, it is very difficult to
directly detect bacteriophage within a virus filter due to the poor contrast and the low
levels of virus loading. The objective of the work described in this Chapter was to
develop a method to directly visualize virus capture within different filters using confocal
scanning laser microscopy with fluorescently-labeled bacteriophage. This technique not
only provides information on the location of viruses within the filter, it also provides
insights into the capture mechanism and its dependence on the underlying pore structure
and morphology of the membrane.

7.2

Materials and Methods
The general experimental procedures were described in Chapter 2 and are

summarized below for convenience.

7.2.1

Solution Preparation
.

Sodium acetate buffer was prepared by mixing 0.21 M CH3COONa 3H2O
(Sigma-S7670) and 0.028 M glacial acetic acid (EMD-AX0073-9) in deionized distilled
water obtained from a NANOpure® water purification system (Model D11911,
Barnstead/Thermodyne Co., Dubuque, IA). The pH was measured using a model
420Aplus Thermo Orion pH meter (Orion Technology, Beverly, MA) and was adjusted
to 5.5 using small amounts of 1 M HCl or KOH as required. Solutions of 0.1 M sodium
tetraborate and 1 M sodium bicarbonate were prepared by dissolving pre-weighed
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.

amounts of Na2B4O7 10H2O (Sigma-S9640) and NaHCO3 (Invitrogen-A10235) in
deionized distilled water, respectively. Phosphate buffered saline (PBS), prepared by
appropriate dilution of a 10x PBS buffer (Invitrogen-A10235) containing 0.1 M
potassium phosphate, 1.5 M NaCl, and 2 mM sodium azide, was used as an elution buffer
during the purification of the labeled phage. All buffer solutions were pre-filtered
through 0.2 m pore-size Supor®-200 membranes (Pall Gelman Laboratory, Ann Arbor,
MI) to remove any particles or undissolved salts prior to use.

7.2.2

Membranes
Filtration experiments were performed using Ultipor® DV20 (Pall Corp., Port

Washington, NY) and Viresolve® Pro (Millipore Corp., Billerica, MA) virus filtration
membranes, both of which are designed to remove parvoviruses as small as 20 nm in
size. Scanning electron micrographs of the cross-section of these membranes were
shown previously in Figure 2.1. The majority of filtration experiments were performed
using single layer membranes for easier interpretation of the results; commercial modules
use 2 layers of membrane to obtain the very high degree of virus retention required for
bioprocessing applications. Membranes were cut into 47 mm discs from large flat sheets
using a specially designed cutting device. A single membrane was used for each
filtration experiment.
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7.2.3

Preparation of Fluorescently-Labeled Bacteriophage
Bacteriophage PP7 (ATCC 15692-B4) and MS2 (ATCC 15597-B1) were both

obtained from the American Type Culture Collection (ATCC, Manassas, VA). A second
preparation of bacteriophage PP7 was obtained from Pall Corporation (Port Washington,
NY). Analysis of the two preparations of bacteriophage PP7 showed slight differences in
the size of the phage and the level of impurities between the two preparations. The
isoelectric points of MS2 (Dowd et al., 1998) and pp7 (Brorson et al., 2008)
bacteriophage are 3.9 and 4.3-4.9, respectively. Bacteriophages have an outer protein
capsid enclosing the viral genetic material. The capsid of both PP7 and MS2 is
constructed of 180 copies of a protein, each of which is approximately 14 kDa in
molecular weight. The capsid proteins were labeled via reaction with surface-exposed
amine groups on the lysine amino acids as shown schematically in Figure 2.3 for labeling
with Alexa Fluor® 488.
The MS2 bacteriophage was labeled with ﬂuorescein-5-isothiocyanate (FITC)
(Invitrogen -F143), while the PP7 bacteriophage was labeled with Alexa Fluor® 488
(Invitrogen-A10235), both obtained from Invitrogen (Eugene, OR). FITC conjugation
was performed using the procedure described by Gitis et al. (2002) as discussed in
Chapter 2. The PP7 bacteriophage was labeled using the Alexa Fluor® 488 protein
labeling kit provided by Invitrogen and designed for conjugation of this dye to the lysine
amine groups of IgG.
The labeled phage was purified using a Bio-Rad Bio-Gel® P-30 fine size
exclusion resin followed by diafiltration to remove low molecular weight organic
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compounds and free dye molecules. The purified fluorescently-labeled bacteriophage
was stored at 4 oC in the dark. In preparation for phage challenge experiments,
fluorescently-labeled PP7 stock was diluted using the acetate buffer to the desired phage
concentration.
Bacteriophage concentrations were determined by fluorescence using a 96-well
GENios FL microplate reader (TECAN group Ltd). FITC and Alexa Fluor® 488 have
similar excitation and emission maxima of approximately 494 nm and 519 nm,
respectively. Actual concentrations were determined by comparison with a calibration
curve constructed using phage suspensions of known concentration.

7.2.4

Bacteriophage Filtration
All filtration experiments were conducted in a 47 mm stainless steel filter holder

(Millipore Corp., Bedford, MA). Membranes were placed in the stainless steel filter
holder. Data were obtained at constant pressure, which was maintained by air
pressurization of the feed reservoir. The feed reservoir and the head space of the filter
holder were initially filled with 0.21 M acetate buffer at pH 5.5 taking care to remove any
trapped air bubbles from the holder and associated tubing. The clean membrane
permeability was determined using Equation (2.4) from the slope of data for the filtrate
flux (Jv) as a function of applied pressure (P). The feed reservoir was then emptied and
refilled with a suspension of the labeled phage. The system was re-pressurized to obtain
a constant filtrate flow rate of approximately 1 mL/min, corresponding to a transmembrane pressure of approximately 210 kPa (30 psi) for the Ultipor® DV20 membrane
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and 10 kPa (1.5 psi) for the Viresolve® Pro membrane. After completion of the filtration
experiment, the membrane was removed from the filter holder, gently rinsed, and then
placed in acetate buffer until observation by confocal microscopy. All experiments were
performed at room temperature (22  3 oC).

7.2.5

Confocal Scanning Laser Microscopy
Fluorescent images of the virus filtration membranes were obtained using an

Olympus FluoviewTM 1000 confocal scanning laser microscope (Olympus American Inc)
available in the cytometry facility at the Huck Institutes of the Life Sciences at The
Pennsylvania State University. Excitation was performed using a 488 nm blue laser that
was directed through a pinhole aperture positioned in a confocal plane with the desired
scanning point in the specimen. Emitted fluorescent light was collected through a
detector pinhole aperture using a 100x oil objective lens with the zoom magnification set
at 2.0. The sample was scanned by automatically moving the objective lens, with the
resulting stack of optical sections used to reconstruct a three dimensional fluorescent
image using the Olympus FluoViewTM viewer software (Olympus American Inc).
Additional background on the use of confocal microscopy is available in the literature
(Paddock 1999:446).

7.3

Results and Discussion

7.3.1

Labeling of Bacteriophage
The labeling reactions were performed with significant excess of the fluorescent
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dye. The un-reacted dye was removed by size exclusion chromatography followed by
diafiltration. The fluorescence intensity of the filtrate samples collected during the
diafiltration decreased by more than 400-fold after 9 diavolumes, with the logarithm of
the intensity varying linearly with the cumulative filtrate volume as expected for this type
of diafiltration (Kurnik et al., 1995). The final fluorescence intensity of the filtrate was
more than 15-fold smaller than that of the labeled phage suspension.
The degree of labeling of the fluorescently-labeled phage was determined as
follows. The amount of dye in the labeled phage suspension was determined directly
from the measured fluorescence. The total concentration of capsid protein (Cp) in the
labeled phage solution was evaluated as:

Cp 

A280  Aex CF

(7.1)

 phage

where A280 and Aex are the measured UV absorbance of the phage suspension at 280 nm
and the dye excitation wavelength, respectively, and, CF is a correction factor accounting
for the UV absorbance associated with the dye, and phage = 10,220 cm-1 M-1 is the molar
extinction coefficient of the PP7 phage calculated following the procedure described by
Pace et al. (1995) based on the number of tryptophan, tyrosine, and cysteine amino acids
in the protein capsid. The number of attached dye molecules per capsid protein on the
PP7 was approximately 0.02 which corresponds to about 4 dye molecules per phage.
Higher degrees of labeling could be achieved by adjusting the reaction conditions.
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7.3.2

Ultipor® DV20 Membrane
Initial filtration experiments were performed with the MS2 bacteriophage labeled

with the fluorescent dye FITC. MS2 is approximately 27 nm in size and has been used in
a number of prior studies of virus removal during water treatment (Herath et al., 1999;
Schijven, 2000). Data were obtained with a 1 x 108 pfu/mL suspension of the labeled
MS2 phage using a DV20 membrane oriented with the shiny-side facing away from the
feed as per the manufacturer's instructions. Approximately 50 mL of the phage
suspension was filtered through the membrane, which was then removed from the
stainless steel holder and analyzed using confocal microscope. Figure 7.1 shows a
confocal image of an x-y plane inside the DV20 membrane located at a depth (z) of 6.55
µm beneath the upstream surface of the membrane. The green dots are due to the
fluorescently-labeled MS2, with the darker (nearly black) regions corresponding to the
porous membrane.
Although the FITC-labeled MS2 provided useful confocal images, there was
some concern about the stability of the thiourea linkage between the amine group on the
lysine amino acid and the isothiocyanate group on the FITC (Haugland 2005). In
addition, there was considerable irreversible fouling during filtration of the FITC-labeled
MS2 through the DV20 membrane, which may have been related to impurities present in
the original MS2 preparation. MS2 is also not well accepted as a model organism for
characterizing virus filters in bioprocessing applications; prior studies using MS2 have
been limited to applications in the field of water treatment. Because of these issues, all
subsequent experiments were performed using PP7 bacteriophage, which has been used
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in a number of previous studies of virus filtration membranes for bioprocessing (Lute et
al., 2007; Aranha-Creado et al., 1997; Aranha-Creado et al., 1999), labeled with Alexa
Fluor® 448 via a much more stable carboxamide linkage.

Figure 7.1

Confocal scanning laser microscopy image of a DV20 membrane in normal
orientation after filtration of 50 mL of a 1x108 pfu/mL suspension of FITClabeled MS2 at a constant pressure of 210 kPa. The image corresponds to
an x-y plane inside the membrane at a depth of 6.55 µm.
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Figure 7.2 shows confocal images of a DV20 membrane obtained after ﬁltration
of 15 mL of a 1 x 108 pfu/mL suspension of PP7 bacteriophage labeled with Alexa
Fluor® 448 dye. The filtration was performed with the membrane again oriented so that
the shiny side of the filter was facing away from the feed. The images correspond to x-y
planes (63 µm by 63 µm) at depths of 4.59 µm (top panel) and 7.55 µm (bottom panel).
The individual green dots correspond to single phage or possibly small aggregates of
PP7. The overall fluorescence intensity is considerably greater in the image obtained
nearer to the upper surface of the membrane, indicating that the phage are preferentially
captured near the entrance to the filter. The filtrate flux declined only slightly during the
experiment, with the flux after filtration of 15 mL only 6% smaller than the initial flux.
The fluorescence intensity in the filtrate samples was below the limit of detection
throughout the filtration, corresponding to a log reduction value:
C

filtrate
LRV  log

 C

 feed 

(7.2)

of greater than one. Determination of higher LRV required the use of more concentrated
phage suspensions or greater degrees of labeling.

Two control experiments were performed to verify that the fluorescence intensity
seen in Figure 7.2 was due to the labeled PP7. First, a confocal image was obtained for a
DV20 membrane that was used to filter the acetate buffer alone, without any added
phage. Second, a filtration experiment was performed using a solution of the pure Alexa
Fluor® 488 dye in acetate buffer (without any conjugation to the phage). Neither
membrane had any detectable fluorescence using the same laser intensity and detection
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parameters (confocal images not shown). The absence of any fluorescence demonstrates
that the fluorescence intensity seen in Figure 7.2 is directly due to the presence of labeled
PP7 within the DV20 membrane. In addition, confocal images obtained with membrane
samples that were stored in buffer at 4 oC for as much as 8 months appeared completely
unchanged, demonstrating that the phage are irreversibly trapped within the DV20 filter
and that there was no perceptible degradation in the carboxamide linkage between the
Alexa Fluor® 488 dye and the amine groups on the capsid protein.
Figure 7.3 shows a fluorescent image of the cross-section of the DV20 membrane
examined previously in Figure 7.2. This cross-sectional view was constructed as follows.
First, a series of 54 in-focus images of the x-y planes inside the membrane, each 0.74 µm
in thickness, were stacked along the z-axis using the Olympus FluoView® viewer
software. The resulting 3-dimensional picture was then sliced through an arbitrary x-z
plane, approximately 1 µm in thickness, to obtain the image shown in Figure 7.3. Images
of multiple x-z and y-z planes appeared very similar, consistent with the relatively
homogenous structure of the DV20 membrane. The fluorescence intensity is greatest
near the upper surface of the membrane, with the labeled PP7 phage penetrating
approximately 12 µm into the depth of the filter (total membrane thickness of m ≈ 40
µm). The captured phage appear to be localized in streaks that move down into the
membrane pore structure, with some areas showing greater penetration into the
membrane than others. This reflects the probabilistic nature of the phage capture due to
the very low phage concentrations in combination with the inherent pore size distribution
within the membrane.
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Figure 7.2

Confocal scanning laser microscopy images of a DV20 membrane after
filtration of 15 mL of a 1x108 pfu/mL suspension of PP7 labeled with
Alexa Fluor 448. Filtration was performed at a constant pressure of 210
kPa with the membrane oriented shiny-side down. The images correspond
to x-y planes inside the membrane at depths of 4.59 µm (top panel) and
7.55 µm (bottom panel).
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One potential artifact that can limit the quantitative interpretation of the confocal
image in Figure 7.3 is the absorbance (or screening) of the excitation laser and / or the
emitted fluorescence by the membrane material or the other dye molecules, sometimes
referred to as the inner filter effect (Parker et al., 1997). The excitation laser used to
generate the images in Figures 7.2 and 7.3 was directed at the upstream surface of the
membrane, thus the intensity of laser light should decrease as one moves down through
the membrane due to absorption by the membrane polymer and / or the fluorescent dye.
Similarly, the emitted fluorescence from within the depth of the membrane has to travel
through the upper layers of the filter, with the measured intensity of this emitted light
being reduced due to absorption. In order to examine the magnitude of these effects, the
membrane examined in Figures 7.2 and 7.3 was flipped upside down and a second set of
confocal images was obtained with the shiny-side now facing the objective lens. The
resulting confocal images (not shown) looked essentially identical to that shown in Figure
7.3, with the phage capture zone clearly located within the region of the membrane that
faced the feed during the actual filtration, independent of the orientation of the sample
relative to the excitation laser and objective lens.
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Figure 7.3

Confocal scanning image of a cross-section of the DV20 membrane
examined in Figure 7.2 after filtration of 15 mL of a 1x108 pfu/mL
suspension of PP7 labeled with Alexa Fluor 448.

A more quantitative comparison was performed by constructing plots of the
normalized fluorescence intensity as a function of depth within the filter. The mean
fluorescence intensity (I) at each focal plane inside the membrane was calculated from
the confocal images by averaging the fluorescence intensity over the entire confocal
plane using the Olympus FluoViewTM software. The mean fluorescence intensity was
then normalized by the intensity of the focal plane with maximum fluorescence intensity
(Io), for easier interpretation of the results and comparison between the two membrane
orientations. The resulting penetration profiles are shown in Figure 7.4, with the
calculations performed using images obtained with the membrane oriented either up or
down relative to the excitation laser. The penetration profiles show a distinct maximum
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in fluorescence intensity (phage concentration) within the membrane. It is important to
note that there is some uncertainty in the definition of the upper surface of the DV20
filter due to limitations in the resolution of the confocal microscope as well as the
inherent roughness in the membrane. Although there are small discrepancies between the
profiles, these differences were not statistically significant, confirming that there was no
significant absorbance of either the excitation laser or the emitted light during
transmission through the membrane material. The location of the maximum fluorescence
intensity (phage penetration depth) was

and

z

m

z

m

 0.13 ± 0.01 with the membrane oriented up

 0.12 ± 0.01 with the membrane oriented down (relative to the excitation laser).
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Figure 7.4

Normalized mean fluorescence intensity as a function of the dimensionless
position inside a DV20 membrane used to filter 15 mL of a 1 x 108 pfu/mL
suspension of the labeled PP7 phage. Confocal images were obtained with
the membrane oriented up or down with respect to the excitation laser.

The DV20 membrane is generally thought to be relatively homogeneous in
structure, consistent with the scanning electron micrograph of a cross-section through the
DV20 membrane shown in the left hand panel of Figure 2.1. However, the dextran
sieving data in Chapter 5 and the gold nanoparticles data in Chapter 6 clearly demonstrate
that there is some asymmetry in the pore structure. In order to examine the possible
effects of membrane orientation (and pore structure) on virus capture, a filtration
experiment was performed with the DV20 membrane oriented so that the shiny-side faces
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the feed, i.e., in the opposite orientation as that shown in Figures 7.2 and 7.3. The
filtration was performed using the same labeled PP7 phage using the same applied
pressure and feed challenge, with the confocal image through the depth of the filter
shown in Figure 7.5. In contrast to the image in Figure 7.3, the capture zone for the
membrane oriented with the shiny-side up appears as a narrow band near the upstream
surface of the membrane. This behavior is consistent with the small but significant
asymmetry in the pore size of the DV20 membrane seen in Chapters 5 and 6. Thus, when
the membrane is oriented with the shiny (tight) side facing the feed, the PP7 phage are
largely excluded from the depth of the membrane, with the capture zone located near the
upper (feed-side) surface of the membrane. In contrast, when the membrane is oriented
with the more open pores (dull-side) facing the feed, the PP7 phage are transported
further into the depth of the membrane pore structure by the pressure-driven filtrate flow.
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Figure 7.5

7.3.3

Confocal scanning laser microscopy image of the cross-section of a DV20
membrane used with the shiny-side up after filtration of 15 mL of a 1 x 108
pfu/mL suspension of PP7 labeled with Alexa Fluor® 448.

Viresolve® Pro Membrane
In order to explore the potential role of the membrane pore structure on virus

retention in more detail, a second set of experiments were performed with the Viresolve®
Pro membrane which has a highly asymmetric structure consisting of a very thin skin
layer and a relatively thick macroporous support as shown in the SEM image in the right
hand panel of Figure 2.1. Filtration experiments were performed with two Viresolve®
Pro membranes, one used with the skin-side down, which is the manufacturer's
recommended orientation, and one used with the skin-side up. In both cases, the
membrane was used to filter 15 mL of a 1 x 108 pfu/mL suspension of PP7 phage labeled
with Alexa Fluor® 488. The filtration was performed at a constant pressure of 10 kPa
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(1.5 psi) corresponding to an initial flow rate of approximately 1 mL/min (the same as the
initial flow rate for the DV20). The filtrate flux remained nearly constant when the
membrane was oriented with the skin-side down; a small but measurable (approximately
10%) decline in flux was observed during the experiment in which the membrane was
oriented with the skin-side up. The fluorescence intensity of the filtrate samples was
again below the detection limit of the fluorescence plate reader.
Confocal images through the depth of the Viresolve® Pro membrane are shown in
the upper and lower panels of Figure 7.6. In both cases, the images were obtained with
the skin-side of the membrane closest to the objective lens. The 100x objective lens in
the Olympus Fluoview 1000 confocal scanning laser microscope had a maximum
working distance of about 80 µm, making it impossible to obtain images through the
entire depth of the Viresolve® Pro membrane (total thickness of 140 µm) from a single
side. Instead, confocal images of the support structure were obtained by reversing the
membrane in the confocal scanning laser microscope so that an image could be obtained
from the opposite side. In both cases, there was no observable fluorescence deep within
the membrane support structure, irrespective of whether the filtration was performed with
the skin-side facing up or down.
When the Viresolve® Pro was oriented with the skin-side down (upper panel), the
labeled PP7 were captured deep within the membrane in a diffuse region right above the
selective skin layer. The relatively diffuse capture zone is consistent with the pore
structure of these asymmetric membranes, with the pore size gradually decreasing as one
moves from the macroporous support, through a "transition zone", and then into the tight
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skin layer. There were no observable phage in the support structure, i.e., near the
entrance to the filter; the PP7 migrated all the way through the macroporous support until
they were captured in the small pores upstream of the membrane skin. The confocal
image obtained with the Viresolve® Pro used in the reverse orientation (lower panel in
Figure 7.6) is very different. In this case, the phage are located in a fairly narrow zone
immediately within or on top of the skin layer of the membrane.
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Figure 7.6

Confocal scanning laser microscopy images of Viresolve® Pro membranes
after filtration of 15 mL of a 1 x 108 pfu/mL suspension of PP7 labeled
with Alexa Fluor® 448 at a constant pressure of 10 kPa. Upper panel
shows membrane used with the skin-side facing down (away from the
feed). Lower panel shows membrane used with the skin-side facing up.

The normalized mean fluorescence intensity profiles for the DV20 and Viresolve®
Pro are compared in Figure 7.7. The top panel shows the membranes oriented as
recommended by the manufacturer (shiny-side down for the DV20 and skin-side down
for the Viresolve® Pro). Both membranes were challenged with 15 mL of a suspension
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containing 1 x 108 pfu/mL of the PP7 phage labeled with Alexa Fluor® 488. The results
for the Viresolve® Pro were obtained by piecing together data from scans performed
beginning at the upper and lower surfaces of the membrane due to the limited range of
the objective lens. In both cases, the upper surface of the filtering membrane, i.e., the
surface that faces the feed stream, is indicated by

z

m

 0 . The capture zone for the

DV20 is located near this upper surface, with the fluorescence intensity decreasing as one
moves into the depth of the filter. In contrast, the capture zone for the Viresolve® Pro is
located near the bottom surface of the membrane, with the fluorescence intensity
increasing as one moves through the filter. The results are very different when the
membranes are used in the reverse orientation (shiny-side up for the DV20 and skin-side
up for the Viresolve® Pro). In this case, the phage are captured immediately on or within
the entrance to both filters in a fairly thin region at or just within the upper surface of the
membrane.
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Figure 7.7

Normalized mean fluorescence intensity as a function of the dimensionless
position inside the DV20 and Viresolve® Pro membranes after the filtration
of 15 mL of a 1x108 pfu/mL suspension of PP7 labeled with Alexa Fluor®
448. Upper panel shows membranes with shiny-side / skin-side down.
Lower panel shows membranes with shiny-side / skin-side up.
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7.3.4

Two-Layer Ultipor® DV20 Membrane
Commercial modules employing the DV20 membrane use two membranes in

series (one stacked on top of the other) to insure the high degree of virus retention
required for bioprocessing applications. In order to examine virus capture in this 2-layer
structure, experiments were performed using a more concentrated bacteriophage
preparation (approximately 109 pfu/mL) obtained from Pall Corporation. TEM images of
the phage in the two preparations (not shown) showed slight differences in mean size and
also in the concentration and nature of the impurities. The degree of fluorescent labeling
was also lower with the more concentrated PP7 preparation; the reasons for these
differences are uncertain. The 2-layer filter, with both membranes oriented with the
shiny-side down (the standard configuration for the commercial filter), was used to filter
150 mL (110 L/m2) of a 1 x 109 pfu/mL suspension of the fluorescently-labeled PP7.
Note that this level of phage loading (>1014 phage/m2) is several orders of magnitude
larger than that used in typical phage challenge experiments. The filter was then
removed from the stainless steel holder, the two membranes were separated, and confocal
images were obtained separately for each layer.
Figure 7.8 shows confocal images for the two layers. There is extensive
penetration of the labeled phage through much of the upper layer of the two-layer filter,
consistent with the very high loading (>1014 phage/m2) used in this experiment. In
contrast, there are very few phage seen in the bottom membrane; images obtained at a
much higher gain do show some isolated phage but with dramatically lower overall
intensity compared to that in the upper layer. This behavior reflects the very high degree
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of phage capture by the upper DV20 membrane, with the few phage that do enter the
lower layer being effectively captured in that membrane.

Figure 7.8

Confocal scanning laser microscopy images of the top and bottom layers of
a 2-layer DV20 filter after filtration of 150 mL of a 1x109 pfu/mL
suspension of PP7 labeled with Alexa Fluor® 448. Data for both
membranes were obtained at a constant pressure of 210 kPa, with the
confocal images of the two membranes in the 2-layer structure obtained
separately.
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7.4

Conclusions
Virus filtration is used throughout the biotechnology industry as part of the

overall virus clearance strategy to achieve the required levels of viral removal. However,
there is currently little fundamental understanding of the underlying mechanisms
controlling virus capture in different virus filters nor is there any agreed upon explanation
for the decline in virus retention observed with some filters after prolonged filtration and
/ or high virus loading. This is due at least in part to the absence of any methods for
directly identifying the location of captured virus within the pore structure of different
virus filters.
The work described in this Chapter clearly demonstrates that confocal scanning
laser microscopy of virus filters challenged with fluorescently-labeled bacteriophage can
be used to directly visualize captured phage within commercially available virus filters.
Experiments with FITC and Alexa Fluor® 488 dyes showed that the observed
fluorescence within the filter was due entirely to the labeled bacteriophage; there was no
measurable fluorescence associated with the free dye or the membrane itself. Previous
studies have demonstrated that the size and shape of bacteriophage are unaffected by this
type of fluorescent labeling (Gitis et al., 2002). However, additional studies will be
required to examine the possibility that the fluorescent dye alters the surface charge and /
or hydrophobicity of the phage, which could affect the possibility of phage adsorption
within different virus filtration membranes. The bacteriophages MS2 and PP7 were both
labeled through the free amine groups on the lysine amino acid residues in their
respective capsid proteins. This technique should thus have broad applicability for a
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wide range of bacteriophage and mammalian viruses, nearly all of which have lysine
amino acids in their capsid, providing opportunities to study the capture of phage /
viruses of different size, shape, and physical properties.
The Ultipor® DV20 captured phage at the upstream (inlet) surface of the
membrane, irrespective of the membrane orientation. There was clear evidence of some
asymmetry in the pore size / structure of the DV20 membrane, with the phage penetrating
somewhat deeper into the filter when the membrane was oriented with the shiny-side
down (away from the feed) as per the manufacturer's recommendation. The behavior of
the highly asymmetric Viresolve® Pro was very different. When the Viresolve® Pro was
oriented with the skin-side down (recommended orientation), the fluorescently-labeled
bacteriophage were able to penetrate through most of the depth of the macroporous
support before being captured in a fairly diffuse region located within the membrane just
upstream of the retentive skin layer. In contrast, when the Viresolve® Pro was used in the
reverse (skin-side up) orientation, the phage were captured in a narrow band at or within
the upper surface of the membrane.
Confocal microscopy was also used to visualize virus capture within individual
layers of a multi-layer virus filter, providing one of the first techniques capable of
examining virus retention phenomena in these complex multi-layer filters. The images
show a very high degree of phage capture within the upper layer of the filter with only a
few isolated phage seen in the lower layer. These results demonstrate that confocal
microscopy has the potential to guide the development of novel membrane structures,
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including the optimization of multi-layer virus filters, with desired capture profiles for
enhanced virus filtration.
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Chapter 8
Factors Controlling Virus Retention during Virus Filtration

Note: Most of the material presented in this Chapter is taken from: Jackson N.,
Bakhshayeshi M., Zydney A.L., Mehta A., van Reis R., Kuriyel R., Analysis of
the decline in virus retention during virus filtration based on an internal
polarization model, Biotechnology and Bioengineering (In preparation).

8.1

Introduction
Several recent studies have reported a significant decline in virus retention during

the course of filtration through different virus filters (Hirasaki et al., 1994; Omar et al.,
2002; Ireland et al., 2004; Bolton et al., 2005; Lute et al., 2007). Lute et al. (2007)
investigated the performance of several commercially available parvovirus filters by
challenging the filters with small phiX-174 and PP7 bacteriophages, both alone and in the
presence of a therapeutic protein. All parvovirus filters provided high initial phage
retention (6-7 orders of magnitude reduction in phage titer), but the extent of phage
retention declined during the course of filtration, particularly under conditions of high
phage loading. A decline in filtrate flux was also observed after high loading of phage
through the filters. In some of the filters, the protein alone caused a decline in filtrate
flux, while in others, a cumulative bacteriophage load of 2 - 4×1015 pfu/m2 was required
for the flux to decrease to less than 20 % of its initial value. The authors divided the
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observed behavior into “protein-dominated” and “phage-dominated” regimes based on
the level of the phage and protein challenge, although no detailed mechanistic
explanation for the differences in these regimes was provided.
The underlying mechanisms controlling the loss of virus retention during virus
filtration are still not well understood. Bolton et al. (2005) hypothesized that the decline
in virus retention is due to preferential blockage of the smallest pores in the membrane,
with the fluid flow re-directed to the larger (non-retentive) pores. Experimental data
obtained with Millipore Viresolve® NFP membranes seem to collapse to a single curve
when plotted as a function of the extent of flux decline, in good agreement with this
physical picture (Bolton et al., 2005). However, data with other virus filters are
inconsistent with this simple physical model, suggesting that the mechanisms controlling
this behavior may depend on the properties of the virus filter and / or the feed stream.
In this Chapter, we examined several different hypotheses for the reduction in
virus retention including: small pore plugging, virus polarization, virus breakthrough, and
virus internal polarization. The validity of each hypothesis was tested by: (1) comparing
the observed virus retention profiles for DV20 membranes with that predicted based on
simple mathematical models based on the assumed physical phenomena and (2) using
appropriate insights into the underlying virus retention behavior obtained from studies
performed using fluorescently labeled bacteriophage (Chapter 7) and nanometer-sized
colloidal gold particles (Chapter 6). The general approach presented in this Chapter
provides a framework for the systematic analysis of virus capture during virus filtration
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that can also be used to guide the development of new virus filtration membranes /
processes with enhanced performance characteristics.

8.2

Materials and Methods
The phage challenge experiments described in this Chapter were performed by

Pall Corporation’s microbiology laboratories in Port Washington, NY, under the
instruction of Nigel Jackson at Pall Europe Ltd. during 2008 to 2010.

8.2.1

Preparation of Bacteriophage
All bacteriophage and host organisms were originally obtained from the American

Type Culture Collection (ATCC, Manassas, VA). PP7 (model parvovirus) and PR772
(model retrovirus) bacteriophage stocks were generated by infecting an agar plate of the
host organism (Pseudomonas aeruginosa or Escherichia coli respectively) using current
phage stocks to achieve confluent lysis (greater than 1000 plaque forming units per 90
mm plate). The top layer of the plates was then resuspended in tryptone soya broth
(TSB) before being centrifuged at 3000 rpm for 10 minutes twice and then filtered
through a 0.2 µm filter to remove contaminants. The phage stocks were then stored at 4
o

C prior to use.

8.2.2

Virus Retention Experiments
All filtration experiments were performed using Ultipor® DV20 virus filtration

membranes (FTKDV20047, Pall Corp., NY) in a 47 mm stainless steel filter holder
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validated for virus retention studies (FTK200, Pall corp., NY). The concentration of
phage in stock solution was first measured to determine the volume required to spike the
feed solution to achieve the target phage load. To ensure the stability of the phage in the
feed solution, the phage load before and after filtration experiment was assayed, and the
average virus concentration was used as the feed concentration.
All virus challenge experiments were performed at a constant pressure of 210 kPa
(30 psi). Except where otherwise stated, 10 mL filtrate aliquots were collected and
assayed to determine the filtrate concentrations. No recovery of PR772 phage was
observed in any filtrate aliquots, indicating the integrity of the filtration device without
any bypass of the flow.

8.2.3

Bacteriophage Plaque Assay
The filtrate samples were collected over the course of filtration and concentration

of PP7 was evaluated. One mL of the sample was added to 4.5 mL of molten tryptone
soya agar (TSA) and 0.5 mL of host cell suspension, which were then overlayed onto 90
mm plates containing TSA and incubated overnight at 37°C. The plaques were counted
to give the number of plaque forming units (pfu) per mL of sample. Where necessary,
10-fold serial dilutions of the sample in tryptone soya broth (TSB) were prepared and
assayed to reduce the phage concentration and generate a measureable amount of
plaques.
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8.3

Results and Analysis

8.3.1

Small Pore Plugging
The small pore plugging model was originally developed by Bolton et al. (2005).

The model assumes that virus retention occurs entirely by size exclusion, with viruses
retained by all pores that have a pore radius (or throat) smaller than that of the virus. The
high degree of virus retention obtained with parvovirus filters is thus due to a pore size
distribution in which 99.99% of the flow (for a 4-log retention) occurs through pores that
are smaller than 20 nm in size (the size of a small parvovirus). The model also assumes
that membrane fouling occurs by pore blockage, with preferential fouling of the small
(virus-retentive) pores in the pore size distribution. The net result is a shift in the fluid
flow distribution through the membrane, with the fraction of the liquid flow that occurs
through the large (non-retentive) pores increasing with time as the membrane becomes
fouled, leading to a corresponding reduction in virus retention.
The extent of virus passage through a single layer membrane is directly
proportional to the fraction of flow occurring through the large non-retentive pores (qnon):

q 
LRV  log non 
qtotal 

(8.1)

where qtotal is the total volumetric flow rate through the membrane. The behavior for a

multi-layer membrane is somewhat more complicated. If each layer of the membrane is
assumed to act independently, the total LRV will be the sum of the LRV of the individual
layers. In the original formulation of the small pore plugging model, the number of large
(non-retentive) pores is assumed to remain constant, with the extent of small pore
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blockage assumed to be identical in the different layers. The extent of virus retention is
thus given as (Bolton et al., 2005):

q 
LRV  LRVo  n log  o 
 q 

(8.2)

where LRVo is the initial virus retention, q0 and q are the initial and instantaneous
volumetric flow rates through the membrane, and n is the number of effective layers.
Note that n is not necessary equal to the actual number of membranes in the filter since
each membrane could potentially provide more than one "effective" layer in the context
of this model. According to Equation (8.2), a 90% decline in filtrate flow rate will cause
a 10-fold reduction in virus retention for a single layer membrane and a 100-fold
reduction in virus retention (decrease by 2 logs) for a two layer membrane. Equation
(8.2) appears to be in reasonable qualitative agreement with experimental data obtained
with the Millipore Viresolve® NFP filter (Bolton et al., 2005).
A large number of studies have shown that virus retention (LRV) and filtrate flux
do decline during the course of virus filtration for most virus filters. However, this does
not necessarily imply that there is a cause and effect relationship between the decline in
filtrate flux and the decline in LRV, which is the critical assumption that underlies the
small pore plugging model. In order to obtain a more rigorous test of this model, it is
necessary to independently control the magnitude of the flux decline while measuring the
change in LRV.
The experimental approach that was used to test the small pore plugging model
involved two sets of experiments. First, retention data were obtained with a highly
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purified suspension of PP7 bacteriophage in which the extent of flux decline was minimal
(most of the fouling during virus filtration is due to proteins and other impurities in the
feed solution – virus or phage concentrations are typically too small to cause significant
flux decline). Second, a series of phage challenges were performed using DV20 filters
that were first fouled using a solution of immunoglobulin G (IgG) that contained no virus
or phage. The IgG solution was filtered through the membrane at a constant pressure of
210 kPa until the desired level of flux decline was achieved. The membrane and stainless
steel holder were gently rinsed and then challenged with a protein-free solution of PP7
bacteriophage.
Figure 8.1 shows the log reduction value for the PP7 bacteriophage as a function
of volumetric throughput through three DV20 membranes, one that was not previously
exposed to IgG and two that were used to filter an IgG solution until the flux had
decreased to 50% of the value through the clean (un-fouled) membrane. The LRV profile
during the phage challenge for the pre-fouled membranes was essentially identical to that
through the un-fouled membrane; thus, the 50% decline in filtrate flux due to fouling had
no effect on either the initial LRV or the rate of LRV decline during the phage challenge.
In addition, the filtrate flux during the phage challenge remained essentially constant for
all 3 membranes (varying by less than 10% over the course of the filtration) even though
the extent of virus retention varied by nearly 2 orders of magnitude.
Experiments performed with DV20 membranes that were fouled to different
extents using monoclonal antibodies showed very similar behavior to that seen in Figure
8.1 (data not shown). Thus, the DV20 membranes show a significant decline in LRV
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even under conditions where there is no flux decline, and pre-fouling of these membranes
with a protein solution has no measurable effect on the observed LRV during a
subsequent phage challenge. These results are inconsistent with the small pore plugging
model, indicating that this hypothesis is inappropriate for explaining the LRV decline
seen with the DV20 membrane.

Figure 8.1 The log reduction value (LRV) as a function of volumetric throughput
through clean and fouled DV20 membranes during phage challenge by a
solution containing 1.5 x 106 pfu/ml PP7 bacteriophage. Two of the DV20
membranes were first fouled with 16 g/L solutions of Immunoglobulin G
(IgG) until the filtrate flux had declined to 50% of its initial value.

215

8.3.2

Virus Polarization
An alternative hypothesis that could potentially explain the LRV decline is the

accumulation of retained viruses in the solution immediately upstream of the retentive
membrane. This phenomenon is generally referred to as concentration polarization, and
it has been analyzed in great detail in the context of both reverse osmosis (Caetano et al.,
1995; Bhattacharyya et al., 1992; Sudak et al., 1990) and ultrafiltration (Jonsson, 1984;
Denisov, 1994; Zydney, 1997). The effects of protein polarization on the filtrate flux and
protein transmission through the Viresolve 180 membranes were discussed in Chapter 3.
Concentration polarization will cause an increase in the observed transmission of retained
components due to the high concentration that exists near the membrane surface. For
example, if concentration polarization were to cause a 10-fold increase in the phage
concentration at the upstream surface of the membrane there should also be a
corresponding one log reduction in the LRV.
If the virus polarization hypothesis were correct, then it should be possible to
directly measure the accumulation of retained viruses / phage in the solution upstream of
the membrane. This phenomenon was examined as follows. 100 mL of a solution
containing a mixture of 2.8 x 107 pfu/mL PP7 and 2.5 x 104 pfu/mL PR772
bacteriophages were filtered through a DV20 membrane oriented with the shiny-side
facing down (normal orientation). PR772 is 50 – 60 nm in size and is used as a model
phage for studying the retention characteristics of large-virus (retrovirus) filters (Lute et
al., 2004). The PR772 were used in these experiments to verify that the DV20 membrane
was integral and that there was no by-pass flow around the membrane in the stainless
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steel holder; the DV20 membrane should provide essentially complete retention of the
PR772 phage (to within the limit of detection). Four permeate aliquots of approximately
24 mL were collected over the course of the experiment. The remaining feed of
approximately 4 mL was collected first by gravity, and then by circulating 200 mL of
pure buffer through the filter headspace upstream of the membrane at a flow rate of
approximately 40 mL/min.
Figure 8.2 shows a schematic of the phage challenge experiment. The phage load
in the permeate samples, the residual feed, and the buffer rinse was determined by a
standard infectivity test. Table 8.1 summarizes results for the phage concentrations in the
different samples, with the final two columns showing the fraction of the original phage
challenge recovered in that particular sample. No PR772 bacteriophage were detected in
any of the permeate samples, demonstrating that the filter and device were integral. The
number of PR772 phage in the residual feed, the sum of phage collected in the 3.5 mL
from the headspace plus the phage recovered in the buffer rinse, was 1.9 x 106 pfu, which
is approximately 75% of the initial phage challenge. The remaining 25% of the PR772
were likely captured on or within the DV20 membrane, although it should be recognized
that there is considerable uncertainty in the phage concentrations due to the inherent
variability in the infectivity assay.
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Table 8.1

The phage concentrations during the phage challenge experiment. The last
2 columns show the phage mass balance.

Volume
(mL)

*

Phage Concentration

Mass Balance

(pfu/mL)

(%)

PP7

PR772

PP7

PR772

Feed

100

2.8 x 107

2.5 x 104

100

100

Aliquot 1

25

1.0 x 102

0*

0

0

Aliquot 2

23

4.5 x 102

0

0

0

Aliquot 3

24

6.2 x 102

0

0

0

Aliquot 4

24

9.0 x 102

0

0

0

Residual Feed

3.5

3.0 x 107

2.7 x 105

3.8

37.8

Upstream Rinse

200

2.3 x 106

4.6 x 103

16.4

36.8

Total phage recovered upstream

20.2

74.6

below the detection limit of the infectivity assay.

The initial permeate sample had a phage concentration of 1.0 x 102 pfu/mL,
corresponding to an LRV of 5.5. There was a clear reduction in LRV during the course
of the filtration, although this corresponds to less than a one-log change in virus retention.
The number of PP7 bacteriophage in the residual feed and the buffer rinse collected at the
end of the filtration was 5.6 x 108 pfu, which is only 20% of the initial phage challenge.
This indicates that nearly all of the PP7 phage were trapped on or within the DV20
membrane, which is consistent with the observed penetration of fluorescently-labeled
phage (Chapter 7) and colloidal gold particles (Chapter 6) into the depth of the DV20
membrane. Note that the number of phage in the residual buffer would correspond to a
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concentration of 1.6 x 108 pfu/mL if one assumes that all of the phage collected in the
buffer rinse were present in the 3.5 mL of residual feed. This final concentration of PP7
is about 5 times the initial phage concentration compared to the more than 25-fold
reduction in retentate. In contrast, the majority of the large PR772 phage were recovered
in the residual feed and upstream rinse, indicating that phage / viruses that are much
larger than the membrane pore size do accumulate in the retentate solution as expected.
However, the results for the PP7 phage, which is similar in size to the pores of the DV20
membrane, indicate that the virus polarization phenomenon cannot (by itself) be the cause
of the observed LRV decline during virus filtration.

Figure 8.2 Schematic diagram showing procedure used to study virus polarization. 100
mL of a solution containing a mixture of 2.8 x 107 pfu/mL PP7 and 2.5 x
104 pfu/mL PR772 bacteriophages were filtered through a DV20 membrane
with the residual feed collected from the headspace by flushing with fresh
buffer.
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A similar experiment was performed using nano-meter sized gold particles in a
small stirred cell (described previously in Figure 6.9). The concentration of gold
particles in the bulk solution remained essentially constant throughout the course of the
filtration when the DV20 membrane was used in the normal orientation. However, a
small but statistically significant increase in gold particle concentration within the stirred
cell was observed when the DV20 membrane was used in the reverse orientation, with
the smaller pores of the membrane facing the bulk solution. This behavior is similar to
that observed with the larger PR772 phage for the DV20 membrane in normal
orientation, suggesting that concentration polarization will occur when the virus particle
(or phage) is much larger than the membrane pore size.

8.3.3

Virus Breakthrough
An alternative hypothesis for the observed reduction in virus retention is that the

viruses "break through" the membrane by slowly saturating the available capture sites
within the filter. This is in many ways analogous to the traditional breakthrough
phenomenon seen in column (or membrane) chromatography as shown schematically in
Figure 8.3. The filtrate obtained at the start of the filtration will have an incredibly low
concentration of viruses since nearly all virus particles will be captured during passage
through the filter. The probability of a virus particle passing into the filtrate will increase
during the course of the filtration as more and more of the capture sites become occupied
with previously captured virus. This physical picture is, at least qualitatively, consistent
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with the observation that nearly all of the PP7 bacteriophage are captured on, or more
likely within, the DV20 membrane.
This phenomenon is also consistent with the confocal scanning laser microscopy
images of the fluorescently-labeled PP7 phage within the DV20 membrane (as described
in Chapter 7). For example, Figure 7.5 shows the confocal scanning image of a crosssection of the DV20 membrane after filtration of 15 mL of a 1x108 pfu/mL suspension of
fluorescently-labeled PP7 phage. The phage are easily visible within the upper 10 µm of
the filter (1/4 of the total 40-µm thickness of the membrane).

Figure 8.3

Typical breakthrough curve showing the ratio of the virus concentration in
the filtrate (C) to that in the feed solution (C0) as a function of time.
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The breakthrough phenomenon has been extensively studied in both column
chromatography (Arnold et al., 1985; Liapis, 1989; Liapis, 1990; Clonis et al., 1990) and
membrane chromatography (Thömmes et al., 1995; Charcosset, 1998; Xianfang et al.,
1999; Ghosh, 2002). A variety of mathematical models have been developed based on
the nature of the adsorption isotherm and the mass transfer characteristics. The change in
solute concentration within the chromatographic medium is given as:



c
c
c
 2c
 1    solid  u
D 2
t
t
z
z

(8.3)

where c and csolid are the local average solute concentrations in the liquid and solid
phases, respectively, D is the solute diffusion coefficient,  is the void fraction in the
chromatographic medium, and u is the liquid velocity. A general solution of Equation
(8.3) is not available; however, a number of analytical solutions can be developed in
certain limiting cases. For a system with irreversible adsorption, negligible axial
dispersion, and simple Langmuir adsorption kinetics, all of which appear to be reasonable
assumptions for phage / viruses, the solution to Equation (8.3) can be expressed as
(Hiester et al., 1952):
C
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(8.4)

where m is the dimensionless number of transfer units and T is the dimensionless
throughput:

T

 C0
  1
1   c1

(8.5)
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where c1 is the total capture capacity based on the volume of solids in the
chromatographic medium. The dimensionless throughput is simply equal to the ratio of
the total amount of solute loaded into the chromatographic medium to the maximum
amount of solute that can be captured by the medium. When the dimensionless time,



ut

m

, is much greater than one, Equations (8.4) and (8.5) can be combined to develop

an expression for the dimensionless solute concentration in the solution exiting the
chromatographic medium:
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where m is the membrane thickness, t is time, and

 
 
 

(8.6)

M
 C 0 u t is the solute mass
A

throughput through the membrane. Equation (8.6) implies that the LRV should be a
unique function of the virus load (M/A), irrespective of the virus concentration in the
challenge (feed) solution; a similar relationship can be derived using other models for
chromatographic breakthrough.
To examine the validity of the breakthrough model, a series of filtration
experiments were performed using solutions of PP7 bacteriophage with different feed
concentrations. Figure 8.4 shows the results, plotted as C/C0 as a function of cumulative
PP7 phage load (pfu/m2) (equivalent to the phage mass throughput). In contrast to the
form given by Equation (8.6), the PP7 breakthrough profiles do not collapse to a single
curve when plotted in this fashion. Instead, the dimensionless concentration increases

223

most rapidly for the experiment with the lowest feed concentration. The net result is that
the phage challenge corresponding to a given C/C0 varies by around an order of
magnitude. For example, a value of C/C0 = 0.0001 is obtained after 1 x 1011 pfu/m2 at a
feed concentration of 3 x 106 pfu/mL but this increases to 8 x 1011 pfu/m2 at a feed
concentration of 2 x 107 pfu/mL. These results clearly demonstrate that the phage
retention behavior is not consistent with the breakthrough model (Equation 8.6). Note
that more sophisticated models for the breakthrough phenomenon have very different
forms than Equation (8.6), but still predict that the dimensionless concentration should
depend primarily on the total phage throughput.
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Figure 8.4

8.3.4

Breakthrough plot for PP7 phage showing the ratio of virus concentration
in the filtrate (C) to that in the feed (C0) for three different feed
concentrations.

Virus Internal Polarization
The final hypothesis that was examined in this work was internal virus

polarization, in which the accumulation of viruses within the membrane matrix (but in the
liquid solution contained within the matrix) leads to the observed reduction in virus
retention. The dextran retention data in Chapter 5 clearly demonstrate that internal
polarization of large dextrans occurs in both the DV20 and Viresolve® Pro membranes,
leading to a significant increase in dextran transmission when the membrane is oriented
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with the skin (smaller pore size) facing away from the feed. Bohonak et al. (2005)
demonstrated that internal polarization can have a large effect on protein transmission
through highly asymmetric Viresolve® membranes, similar to the results in Chapter 3,
and the confocal microscopy images in Chapter 7 revealed a significant difference in
virus capture behavior for the DV20 membrane oriented with the shiny-side up and
down, all of which are consistent with the key hypothesis underlying the internal
polarization model.
A simple version of the internal polarization model was developed by assuming
that the DV20 membrane consists of two regions – a slightly more open “reservoir zone”
close to the entrance of the filter (dull-side) where viruses are able to accumulate in the
solution contained within the larger pores of the membrane and a virus “retentive zone”
that provides the actual virus exclusion (shiny-side). Figure 8.5 shows a confocal image
of the DV20 membrane in which the reservoir and retentive zones are shown adjacent to
the image. The pores of the virus retentive zone are small enough to exclude viruses by a
sieving mechanism, leading to an increase in virus concentration in the reservoir zone
over the course of the filtration.
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Figure 8.5

Confocal scanning image of the cross-section of a DV20 membrane
oriented with the shiny-side down after filtration of a solution
fluorescently-labeled PP7 bacteriophage. The membrane is modeled as
having two distinct zones: a reservoir layer and a virus retentive layer.

8.3.4.1 Mathematical Model for Internal Polarization
The extent of virus retention given by the internal polarization model was
quantified using the following simple mathematical analysis. First, we assumed that each
virus retentive zone of the membrane has a constant sieving coefficient for the virus /
phage (S). The reservoir zone of the membrane is assumed to be well-mixed with a
constant volume (VR). The transient mass balance for the virus / phage concentration in
the reservoir zone is thus:

VR

dC
 x q CF  q S C
dt

(8.7)

where q is the volumetric flow rate, CF is the virus / phage concentration in the challenge
(feed) solution, and x is the fraction of phage that enter the reservoir zone that remain in
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solution. Thus, x = 1 would imply that all of the phage accumulate in the reservoir zone
while x = 0 would correspond to a situation in which the phage are effectively captured
within this region of the membrane by either physical or adsorptive mechanisms (and are
thus no longer in solution).
Equation (8.7) can be directly integrated assuming that the reservoir initially
contains no phage, yielding:
 SV 
C
x

 1  exp  
CF S 
V
R 


(8.8)

where
t

V   q dt

(8.9)

0

is the cumulative filtrate volume. Equation (8.8) predicts that the phage concentration in
the filtrate solution (Cfiltrate = S C) increases from zero at the start of the experiment to x
with increasing volumetric throughput. The LRV can be evaluated directly from
Equation (8.8) giving:

 SC 
V
   log x S   log 
LRV   log 
 CF 
 VR





(8.10)

where the second expression is developed using the first term in the Taylor series
expansion for the exponential and is thus valid when

SV
 1 . The term -log(xS) can be
VR

thought of as the intrinsic virus retention characteristic of the membrane; it is directly
related to the fraction of the virus that remain in solution within the filter and the sieving
coefficient of the retentive zone for the virus of interest. The term involving V/VR
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describes the loss of virus retention during filtration, with the LRV declining as the total
volumetric throughput increases.
This simple model is easily extended to a 2-layer membrane (shown
schematically in Figure 8.6). Equation (8.8) now describes the virus concentration in
solution in the reservoir of Layer 1 (C1). The transient mass balance for the reservoir
zone in Layer 2 is then:

VR

dC 2
 x q S C1  q S C 2
dt

(8.11)

Equation (8.11) can be solved using an integrating factor [after substituting Equation
(8.8) for C1(t)] giving:
 SV
C2 x 2 
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(8.12)

The virus / phage concentrations in the 2-layer membrane are shown as a function of
V/VR in Figure 8.6 for x = 0.25 and S = 6.4 x 10-6. The feed concentration is assumed to
be constant. The phage concentration in the filtrate from the 2-layer membrane is very
low at the start of the experiment (corresponding to LRV > 7). The LRV declines with
time (i.e., with increasing V) due to the accumulation of phage in the two reservoir zones.
Equation (8.12) can again be approximated using a Taylor series expansion for
the exponentials as:

C2 1 2  V
 x S 
CF 2
 VR





2

(8.13)

with the LRV now given as:

229

V 
LRV  2logx S  log(2) 2log  
VR 

(8.14)

The first term in brackets on the right hand side can again be thought of as the intrinsic

retention parameter for the multi-layer membrane, with the second term describing the
reduction in LRV during filtration. The LRV of an n-layer membrane ( n  2 ) was
developed by extending this formulation to a membrane with n separate layers, with the
analytical solution to the resulting equations given as:
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(8.15)

(8.16)

where the second expression is developed using appropriate Taylor series expansions.
The approximate model (Equation 8.16) is in excellent agreement with the full model
(Equation 8.15) at low volumetric throughput (V), as shown in Figure 8.6. At higher
values of V, the approximation begins to show small deviations, although in this case the
deviations in the predicted values of the phage concentrations remain less than 1% over
the course of the filtration.
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Figure 8.6

The phage concentration as a function of V/VR in the different zones of a
two-layer DV20 membrane. Solid and dashed curves correspond to the full
and approximate (linearized) internal polarization models, respectively.

The experimental data for the phage concentrations in Figure 8.4 were re-plotted
as a function of the volumetric throughput in Figure 8.7, which is the form suggested by
Equation (8.10) for a single layer membrane. The data with the three feed concentrations
collapse to a single curve when plotted in this fashion, in good agreement with
predictions of the internal polarization model. The solid curve in Figure 8.7 is the model
calculation. The volume of the reservoir zone (VR) was estimated as VR/A = 5 µm based
on the thickness of the capture zone determined from the confocal image in Figure 7.5.
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The fraction of the phage remaining in solution within the reservoir zone (x) was
estimated as x = 0.25 from data for the total number of phage collected from a DV20
membrane that was extensively flushed (with flow in the reverse direction) after initially
challenging the membrane with phage. The sieving coefficient of the retentive layer was
evaluated as S = 6.4 x 10-6 (equal to 5.2 log removal) by fitting the model to the LRV
data in Figure 8.7. The model calculations (both the approximate and full solution) are in
excellent agreement with the experimental data, properly capturing the observed decline
in LRV over the course of the filtration.

232

Figure 8.7

8.4

LRV for PP7 bacteriophage as a function of volumetric throughput during
filtration of phage solution having different concentrations through the
DV20 membrane. Solid and dashed curves show calculated values of the
LRV given by the full and approximate internal polarization models,
respectively.

Conclusions
Several different hypotheses for the reduction in virus retention were examined in

this Chapter including: small pore plugging, virus polarization, virus breakthrough, and
virus internal polarization. The first 3 of these models were shown to be inconsistent
with experimental data obtained during filtration of the PP7 bacteriophage through the
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DV20 membrane. In particular, there was a significant decline in LRV under conditions
where there was no decline in filtrate flux and pre-fouling the membranes with protein
had no affect on the LRV profile, both of which are inconsistent with the small pore
plugging model. There was minimal accumulation of the small PP7 bacteriophage in the
solution upstream of the membrane, with most of the phage captured within the depth of
the filter, which is inconsistent with the virus polarization model. Finally, the retention of
PP7 bacteriophage was highly dependent upon the phage challenge (feed) concentration
when the data were plotted as a function of the phage load (cumulative number of phage
filtered per unit membrane area), which is inconsistent with the virus breakthrough
model.
In contrast, the experimental data for the LRV decline were in good agreement
with predictions of the internal virus polarization model, in which the accumulation of
viruses within the membrane matrix (but in solution) leads to the observed reduction in
virus retention. The extent of virus retention by a multi-layer membrane was evaluated
mathematically using a simple model in which the membrane consists of a reservoir zone
(assumed to be well-mixed) and a retentive layer, with the LRV evaluated by solution of
the resulting mass balance equations. The LRV for the multi-layer membrane was given
by the sum of two terms: one describing the intrinsic retention characteristics of the
multi-layer membrane, and one describing the reduction in LRV due to the accumulation
of virus / phage in the reservoir zone. The LRV data obtained with different phage
concentrations collapse to a single curve when plotted as a function of the volumetric
throughput, which is the exact form given by the internal polarization model.
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The internal polarization model can not only be used to describe the virus
retention characteristics of commercially available membranes, it can also provide a
framework to help guide the development of enhanced virus filtration membranes. This
would require a more extensive study to try to relate the key model parameters (x, S, and
VR) to the detailed pore structure and morphology of the membrane. The overall
membrane structure (including the number of distinct layers) could then be chosen to
give the desired virus retention characteristics of the membrane needed to meet the
performance objectives for the particular virus filtration process.
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Chapter 9
Conclusions and Recommendations

9.1

Introduction
Virus filtration is an integral part of the overall strategy for viral clearance in the

manufacturing of cell culture-based biotherapeutic proteins. The performance of virus
filtration membranes is limited by the decline in filtrate flux and virus retention over the
course of filtration, both of which severely limit the overall capacity of the virus filter.
However, there is still no fundamental understanding of the underlying causes for this
behavior, and there is little quantitative data that have directly examined the key
mechanisms that control the performance of virus filtration membranes. The primary
objective of this work was to develop a more complete understanding of the factors
governing protein transport and fouling, as well as virus retention, during virus filtration.
Specific focus was directed towards understanding the role of solution conditions, protein
concentration, and membrane structure on protein transport and membrane fouling, as
well as the mechanisms that control the reduction in virus retention during virus filtration.
In order to accomplish this, several new approaches were developed to directly probe the
behavior of these virus filtration membranes including the use of dextran retention tests,
transmission electron microscopy to directly image gold nanoparticles, and confocal
microscopy to image captured fluorescently-labeled bacteriophage. This section
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summarizes the results and conclusions of this work and provides recommendations for
further research in this area.

9.2

Conclusions

9.2.1

Membrane Fouling and Capacity

9.2.1.1

Effect of Solution Conditions
The effect of solution conditions on the membrane capacity can have significant

implications for the design of downstream processes for protein purification. The exact
location of the virus filtration step in the overall process is somewhat flexible relative to
the other chromatography and purification steps, and these process locations often
correspond to very different buffer conditions associated with the elution or
preconditioning of the feed. Therefore, understanding the effects of solution conditions
on the performance of virus filtration membranes is vital to designing and developing
effective virus filtration steps.
The experimental data obtained in Chapter 3 provide the first quantitative results
for the effects of solution pH on the performance of the Viresolve 180 membrane. The
membrane capacity was minimum near the protein isoelectric point, with this minimum
arising from the increase in concentration polarization associated with the minimum in
the protein diffusion coefficient, and thus the protein mass transfer coefficient, under
these conditions. These results clearly demonstrate that the capacity of the virus filter
can be significantly improved by performing the filtration at pH well removed from the
protein isoelectric point, conditions that may well occur naturally at specific points within
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the downstream process due to the different elution conditions used in the various
chromatography steps.
The membrane permeability and dextran sieving coefficients for the Viresolve
180 membrane used with the skin-side up (its normal orientation) were largely unchanged
after the protein filtration suggesting that the flux decline observed during protein
filtration was not due to some type of irreversible fouling. Instead, the filtrate flux data
were consistent with predictions of a simple concentration polarization model. The
effects of solution pH on the flux were primarily due to differences in the extent of
concentration polarization arising from the pH-dependence of the protein diffusion
coefficient.
The protein yield was also a function of the solution conditions, with the
minimum in the yield (about 80%) occurring during filtration at pH near the protein
isoelectric point. The protein yield was essentially 100% at pH well removed from the
protein isoelectric point, although the calculated values of the actual protein sieving
coefficient were quite low under these conditions due to in the strong electrostatic
exclusion associated with the greater net charge on the protein under these conditions.
This small sieving coefficient did not affect the protein yield due to the high degree of
concentration polarization caused by the high filtrate flux, although this might not be the
case when the Viresolve 180 membrane is used in tangential flow filtration due to the
much larger bulk mass transfer coefficients in this configuration.
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9.2.1.2

Effect of Protein Concentration
The protein concentration varies significantly throughout the downstream

purification processes. It is also possible to adjust the protein concentration during a
preconditioning step involving either dilution with buffer or concentration by
ultrafiltration. The experimental studies described in Chapter 4 examined the effects of
protein concentration on the flux and capacity of the DV20 membrane using BSA, a
monoclonal antibody, and human / bovine immunoglobulins as model proteins.
The filtrate flux data obtained with BSA showed a significant increase in mass
capacity of the DV20 membrane with increasing BSA concentration, in sharp contrast to
the predictions of the classical fouling models. A number of hypotheses were examined
to try to explain this unexpected behavior. The increase in capacity was not due to the
presence of a fouling component in the buffer; filtration experiments performed using
BSA solutions concentrated by ultrafiltration showed very similar flux decline, as did
experiments in which the BSA was diluted using added buffer. Experimental data
obtained with a dilute (1 g/L) BSA solution that was allowed to sit overnight at room
temperature prior to use did show a significant increase in fouling, suggesting that there
may be a fouling component that forms slowly over time at low BSA concentrations.
The mass capacity during BSA filtration through the DV20 membrane was also a
function of solution conditions, with the greatest capacity obtained at pH 7 where the
BSA has a strong negative charge, suggesting that electrostatic interactions play a
significant role in determining the extent of protein fouling with the DV20 membranes.
The experimental results were consistent with the presence of a fouling component that is
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an altered form of the native protein but whose concentration varies in a non-linear
fashion with the bulk BSA concentration, although it was not possible to verify this
hypothesis.
A number of analytical methods were used to try to identify the nature and origin
of the fouling component including: size exclusion chromatography, dynamic light
scattering, and reverse-phase chromatography. The BSA aggregate content and
hydrophobicity were weak functions of the protein concentration, but the small
differences observed using SEC and reverse-phase chromatography did not seem to be
sufficient to explain the observed increase in mass capacity with increasing BSA
concentration. There was also no clear evidence of retention of the higher order BSA
oligomers during filtration through the DV20 membranes.
In contrast to the results with BSA, the mass capacity of the DV20 membrane
during filtration of IgG solutions was essentially independent of the protein
concentration, in good agreement with predictions of the classical fouling models. Data
obtained with size-fractionated samples of human IgG demonstrated that the fouling
component was present in the fraction containing the largest molecular weight species;
there was relatively little fouling by the IgG monomer or by a sample enriched in IgG
dimers / trimers. The mass capacity of a monoclonal antibody was a strong function of
solution conditions (pH and salt), again suggesting that electrostatic interactions play an
important role in determining the extent of fouling, possibly by affecting the
concentration of the large IgG oligomers in solution.
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Although there are still significant uncertainties regarding the nature of protein
fouling during virus filtration, the results obtained in this thesis suggest that the fouling
component is directly related to the protein (as opposed to something in the buffer) and
that the concentration of this species is reduced under conditions where there is
significant intermolecular electrostatic repulsion. One possibility is that the fouling
component is some type of (trace) intermediate formed on the pathway involved in the
generation of large insoluble protein aggregates. This intermediate must be smaller than
200 nm in size since it cannot be removed by prefiltration through a sterilizing grade (0.2
µm pore size) filter. The data with the human IgG suggest that the fouling component is
a protein oligomer, probably on the order of 15 - 20 nm in size, which is similar to the
pore size of the DV20 membrane.

9.2.1.3

Effect of Membrane Pore Structure
The capacity of virus filtration membranes is also a strong function of pore

structure and morphology of the membrane. Although all virus filters provide similar
degrees of virus removal, currently available commercial membranes have very different
pore structures. The Viresolve membranes have a highly asymmetric pore structure and
thus a high hydraulic permeability. In contrast, the DV20 membrane has a relatively
homogenous pore structure and a relatively low permeability. The filtrate flux during
virus filtration is affected by two different mechanisms: protein fouling on or within the
membrane pores, which increases the total resistance to filtrate flow; and / or protein
concentration polarization which reduces the effective pressure driving force across the
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membrane due to the osmotic back-pressure arising from the highly concentrated region
of retained protein at the upstream surface of the membrane. The high permeability of
the Viresolve membrane leads to a very high initial filtrate flux and thus a greater degree
of concentration polarization. In contrast, the low flux through the DV20 membrane
minimizes the concentration polarization effects.
The orientation of the asymmetric Viresolve membrane also had a significant
effect on the performance of the filter. The membrane capacity and protein yield were
both significantly higher when the membrane was oriented with the skin-side down. The
high protein yield in the skin-side down orientation is consistent with the high degree of
internal protein polarization that occurs within the membrane support structure under
these conditions. Dextran sieving data also showed that there was less fouling when the
membrane was used in the skin-side down orientation, suggesting that the substructure
may somehow protect the skin layer from fouling when operated in this orientation.

9.2.2

Mechanisms of Virus Retention
Several recent studies have reported a significant decline in virus retention during

the course of filtration through different parvovirus filters. Several different hypotheses
were examined to explain this phenomenon including: small pore plugging, virus
polarization, virus breakthrough, and virus internal polarization. The small pore plugging
model was inconsistent with the experimental virus retention data; there was a significant
decline in LRV under conditions where there was no decline in filtrate flux and prefouling the membranes with protein had no affect on the LRV profile. The minimal
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accumulation of the small PP7 bacteriophage in the solution upstream of the membrane
was inconsistent with the predictions of the virus external polarization model, and the
dependence of the LRV profile on the mass throughput of phage was inconsistent with
the virus breakthrough model.
The experimental data for the LRV were consistent with predictions of an internal
polarization model in which the phage (or viruses) are captured within the depth of the
virus filtration membrane where they accumulate in the fluid phase contained within the
membrane pores. Two novel experimental approaches were developed to explore this
phenomenon in more detail. First, transmission electron microscopy was used to directly
visualize the capture of nanometer-sized colloidal gold particles within the membrane
structure. Second, a confocal scanning laser microscopy method was developed to
directly visualize the capture of fluorescently labeled bacteriophage within the virus
filters. Confocal images of the DV20 membrane showed that the phage were captured at
the upstream (inlet) surface of the membrane, irrespective of the membrane orientation.
There was clear evidence of some asymmetry in the pore size / structure of the DV20
membrane, with the phage penetrating somewhat deeper into the filter when the
membrane was oriented with the shiny-side down (away from the feed) as per the
manufacturer's recommendation. This behavior was consistent with the capture of a
larger number of gold particles inside the membrane when used in this same (shiny-side
down) orientation. In contrast, the phage were captured near the retentive skin layer of
the Viresolve® Pro membrane, irrespective of the membrane orientation although the
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capture region was much more diffuse when the membrane was oriented with the skinside down (i.e., in the normal orientation for this membrane).
In order to evaluate the pore structure and retention characteristics of the virus
filtration membranes in more detail, a dextran sieving test was developed specifically for
virus filters. The experimental data showed that the dextran sieving profiles depend on
both the pore size and the asymmetric structure of the virus filter. For example, the
dextran sieving profiles for the DV20 membrane were slightly different in the two
orientations, demonstrating that the DV20 membrane has a slightly non-homogeneous
pore structure, in contrast to the highly asymmetric structure of the Viresolve®
membranes. The asymmetry in the pore structure of the DV20 membrane was consistent
with the observed differences in gold particle and bacteriophage penetration in the two
membrane orientations.
The experimental data for the LRV decline were very consistent with predictions
of the internal virus polarization model, in which the accumulation of viruses within the
membrane matrix (but in the liquid phase within the porous structure) leads to the
observed reduction in virus retention. The extent of virus retention by a multi-layer
membrane was evaluated mathematically using a simple model in which the membrane
consists of a well-mixed reservoir zone and a retentive zone, with the LRV evaluated by
solution of the resulting mass balance equations. The LRV for the multi-layer membrane
was a function of the intrinsic retention characteristics of the multi-layer membrane,
including both the virus sieving coefficient and the fraction of virus that remain in
solution, in addition to the volumetric capacity of the filter. The LRV data obtained with
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different phage feed concentrations collapse to a single curve when plotted as a function
of the volumetric throughput, in excellent agreement with predictions of the internal
polarization model.

9.3

Recommendations
The results presented in this thesis provide significant fundamental insights into

the key phenomena that control protein fouling, membrane capacity, and virus retention
during virus filtration. This information can be utilized in developing the next generation
of enhanced virus filtration membranes / processes. However, there are a number of
important areas that would benefit from additional experimental and theoretical
investigation.
The results in Chapter 3 demonstrated that the capacity of asymmetric virus
filtration membranes was significantly higher when the membrane was oriented with the
skin-side facing down with the membrane substructure facing the feed stream. It is
important to develop a better understanding of the role of the membrane substructure on
the membrane capacity. Most previous studies have hypothesized that the membrane
substructure functions primarily as a depth filter, protecting the retentive skin layer from
fouling by large protein aggregates. However, this ignores the effects of concentration
polarization on the filtration; experimental data with the Viresolve 180 membrane clearly
indicate that the flux is determined primarily by concentration polarization and not
protein fouling. In particular, the high degree of internal concentration polarization

245

would be expected to reduce the filtrate flux due to the increase in the protein osmotic
pressure at high protein concentrations.
It is possible that the presence of the membrane matrix influences the rate of
transport and / or the osmotic pressure of the concentrated protein solution. Direct
measurements of the osmotic pressure and effective protein diffusivity within the
membrane matrix could help resolve the underlying phenomena. Several studies (Gardon
et al., 1957; Coll, 1967) have demonstrated that it is possible to measure the osmotic
pressure for membranes that are partially permeable to solutes, and it may be possible to
apply this methodology to evaluate the protein osmotic pressure using different virus
filtration membranes. Janácek et al. (2000) have developed a theoretical framework for
calculating the osmotic pressure across semi-permeable membranes that could be
incorporated into a more fundamental model for the filtrate flux and membrane capacity
during virus filtration.
In order to understand the role of the membrane substructure in the skin-side
down orientation, it would be useful to design an experimental study using custom-made
composite membranes having substructures with different pore size and morphology.
This could include membranes with a very homogeneous substructure, e.g., existing
polyvinylidene fluoride microfiltration membranes with 0.1, 0.2, and 0.45 µm pore size,
as well as substructures with well-defined straight-through cylindrical pores, e.g., existing
polycarbonate track-etch membranes. These “substructures” would be placed directly on
top of an appropriate virus filtration membrane, with the resulting composite membrane
used in a series of protein / virus / gold nanoparticle filtration experiments. Preliminary
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studies with simple “layered” membranes conducted as part of this thesis were largely
unsuccessful, most probably due to leakage of the phage through the small gap between
the membrane layers. Appropriately cast composite membranes, or layered structures in
which the layers are somehow sealed or chemically-bonded, would be required for these
experiments. Transmission electron microscopy could be used to visualize the location
of trapped gold nanoparticles within these membranes, and confocal microscopy could be
used to visualization the location of captured fluorescently-labeled phage using the
procedures developed in this thesis. The results from these experiments would provide
important insights into the role of the pore size and morphology of the membrane
substructure on the performance of virus filtration membranes.
The majority of experiments performed in this thesis used bovine serum albumin
as a model protein. Although BSA has been used extensively in the past for fouling
studies of microfiltration and ultrafiltration membranes, the limited experimental data
obtained with immunoglobulins suggest that the fouling characteristics of BSA may be
quite different from that of other proteins. Future experimental studies should examine
the behavior of a wider range of proteins to develop a more complete understanding of
the key properties of the protein and buffer solution that ultimately determine the filtrate
flux, fouling characteristics, and capacity during virus filtration. It would also be very
appropriate to perform more extensive experimental studies to identify the nature and
properties of the actual fouling components in these different protein solutions. Results
with the human IgG suggest that the fouling species may be a soluble oligomer similar in
size to the pores of the virus filtration membrane, although additional experiments would
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clearly be required to confirm this hypothesis and to determine the generality of this
result. Data with both BSA and a monoclonal antibody suggest that electrostatic
interactions have a strong influence on the fouling characteristics, a phenomenon that
could be explored more quantitatively using proteins with very different surface charge
characteristics.
The dextran retention test discussed in Chapter 5 provides a framework for
characterizing the pore size and underlying morphology of virus filtration membranes.
Future work should focus on correlating the retention data from dextran molecules
against the retention data from bacteriophage / viruses with different size characteristics.
The dextran retention test is much easier and less expensive to perform than virus / phage
challenge experiments, and a single dextran retention test can potentially provide
retention information over a wide range of effective virus / phage size. This can provide
a useful tool for virus filter manufacturers to evaluate the retention properties of virus
filtration membranes.
The use of transmission electron microscopy with colloidal gold nanoparticles
discussed in Chapter 6 was developed specifically for the DV20 membrane. It would be
very appropriate to expand this method to other commercially available virus filters,
including the highly asymmetric Viresolve® membranes. Although the surface and
mechanical properties of the gold nanoparticles are different from those of viruses, this
method has a number of distinct advantages for studying the capture mechanisms for
different virus filtration membranes. First, it is much easier (and less expensive) to
prepare gold nanoparticle solutions than fluorescently-labeled bacteriophage. Second, it
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is easy to examine the behavior of gold nanoparticles with different particle size, and it
should even be possible to modify the surface of these nanoparticles to develop welldefined systems for studying the effects of surface charge or hydrophobicity on
nanoparticle capture. In addition, transmission electron microscopy has much higher
resolution than can be obtained using confocal microscopy – in principle, it should be
possible to directly image the location of the gold nanoparticles within individual pores /
pore constrictions in the virus filtration membrane. These studies could provide
important fundamental insights into the nature of virus retention in membranes with
different underlying pore structures.
The use of fluorescently-labeled viruses is a very promising technique for
studying virus retention by different virus filters. In addition to probing the location of
viruses / phage within the filter using confocal microscopy, fluorescently-labeled phage
could also be used to evaluate the degree of virus retention, i.e., the LRV. The LRV is
currently evaluated using infectivity assays or Q-PCR, but these methods are slow, laborintensive, have poor reproducibility, and they require specialized (and often expensive)
equipment. The use of fluorescently-labeled virus would provide direct quantification of
virus concentrations in the feed and filtrate using the fluorescence intensity. One of the
challenges in using this method is the sensitivity of the assay due to the relatively low
degree of fluorescent labeling achieved in the studies performed in this thesis which
provided only 4-5 fluorescent dye molecules per bacteriophage. It should be possible to
increase the degree of labeling by further optimization of the labeling reaction, and it
should be possible to increase the overall sensitivity of the assay by improvements in the
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phage purification process to reduce the concentration of free dye in the challenge
solution. These changes could potentially allow one to detect much lower phage
concentrations, providing accurate measurements of the LRV up to at least 3 or 4 log
removal of viruses.
Confocal scanning laser microscopy using fluorescently-labeled bacteriophage
provides a unique opportunity to directly visualize the capture of viruses within the
membrane matrix. The Alexa Fluor dyes used in the labeling are available over a range
of excitation and emission wavelengths from green Alexa Fluor 488 to red Alexa Fluor
633. Therefore, it should be possible to label multiple viruses with different dyes that can
be identified separately within a single confocal image. This technique could be used to
determine if phage / viruses of different size, or different surface charge, are captured in
different regions of the membrane. In addition, experiments using a single phage labeled
with two different dyes could be used to study phage migration within the membrane
matrix. For example, one could challenge a virus filtration membrane with a greenlabeled version of the phage followed by a challenge using a red-labeled version of the
same phage. Confocal images showing the colocalized green and red phage after
different loadings would allow one to directly determine if the subsequent (red) phage are
able to displace the initially bound (green) phage. Similar experiments could be done
with combinations of labeled phage and protein, allowing one to study how the presence
of protein alters phage retention, including whether trace fouling components (e.g.,
soluble oligomers) are able to compete with and / or displace phage within the virus
filtration membrane.
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The different hypotheses for virus retention examined in Chapter 9 were tested
using experimental LRV data for a single phage (pp7) using a single virus filter, the
relatively homogenous DV20 membrane. The experimental approach developed in this
thesis provides an appropriate framework for studying retention of different viruses with
any number of virus filtration membranes. Future studies are needed to examine the
LRV behavior of membranes having very different pore structure and morphologies, e.g.,
the highly asymmetric Viresolve® membranes, with the goal of studying the applicability
of the internal polarization model to describe virus retention behavior in a broader range
of virus filters. In addition, these studies should provide important insights into how the
key model parameters, the volume of the reservoir and the intrinsic retention
characteristics of the highly retentive layer, depend on the underlying pore structure and
morphology of the membrane.
All of the experimental studies conducted in this thesis used PP7 bacteriophage as
a model virus. This bacteriophage is much cheaper and safer to use compared to
mammalian viruses, they can be grown to fairly high concentrations, and they are easily
assayed using bacterial plating. Although bacteriophage have been used extensively in
previous studies of virus retention, filter validation studies for submission to regulatory
authorities currently require the use of mammalian viruses. Future studies should extend
the work in this thesis to examine the behavior of specific mammalian viruses to develop
a more complete understanding of the key phenomena that controlling virus retention
during virus filtration. Note that it should be possible to perform experiments with
fluorescently-labeled viruses (instead of bacteriophage) using the same basic
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methodology developed in this work since mammalian viruses also have capsid proteins
that contain free amine groups that should be accessible for the labeling reactions.
Additional studies may be required to optimize the labeling conditions for different
viruses, and it will also be necessary to do more extensive studies to explore whether the
presence of the label has any effect on the virus surface properties, effective size, and / or
retention characteristics. The latter could be studied by directly comparing the LRV for a
given virus / phage with different labels (having different chemistries) and that for the
native (unlabeled) virus / phage (determined using Q-PCR or an appropriate infectivity
assay). Confocal microscopy could then be used to directly visualize the capture of these
different viruses within the virus filter, providing critical new insights into the
mechanisms controlling virus retention during virus filtration.
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